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Preface

TALYS is a nuclear reaction program created at NRG Pettenn Nbtherlands and CEA Bruyeres-le-
Chatel, France. The idea to make TALYS was born in 1998, wiedecided to implement our combined
knowledge of nuclear reactions into one single softwaré&age. Our objective is to provide a complete
and accurate simulation of nuclear reactions in the 1 kel/#d@V energy range, through an optimal
combination of reliable nuclear models, flexibility and mfé&endliness. TALYS can be used for the
analysis of basic scientific experiments or to generatecanalata for applications.

Like most scientific projects, TALYS is always under devetemt. Nevertheless, at certain mo-
ments in time, we freeze a well-defined version of TALYS andject it to extensive verification and
validation procedures. You are now reading the manual cieerl.9.

Many people have contributed to the present state of TALWSid particular order, and realizing
that we probably forget someone, we thank Jacques Raynakfending the ECIS-code according to
our special wishes and for refusing to retire, Jean-Pauhidehe and Olivier Bersillon for theoretical
support, Emil Betak, Vivian Demetriou and Connie Kalbachifgut on the pre-equilibrium models,
Dimitri Rochman for helping to apply this code even more thimally thought possible, Eric Bauge for
extending the optical model possibilities of TALYS, Padeaimain, Emmeric Dupont and Michael Bor-
chard for specific computational advice and code extensBteven van der Marck for careful reading
of this manual, Roberto Capote and Mihaela Sin for input aidismodels, Yi Xu for his direct capture
model, Gilles Noguere for a better implementation of theesnlved resonance range model, Natalia
Dzysiuk for parameter optimization, Vasily Simutkin andafail Onegin to help implementing the GEF
model for fission yields by Schmidt and Jurado, Arjan Plomplema Kopecky and Robin Forrest for
testing many of the results of TALYS, and Mark Chadwick, Pfaung and Mike Herman for helpful
discussions and for providing us the motivation to competh their software.

TALYS-1.9 falls in the category of GNU General Public Licersoftware. Please read the release
conditions on the next page. Although we have invested &f leffort in the validation of our code, we
will not make the mistake to guarantee perfection. Theesfr exchange for the free use of TALYS: If
you find any errors, or in general have any comments, coorgtiextensions, questions or advice, we
would like to hear about it. You can reach usrdbo@talys.euy if you need us personally, but questions
or information that is of possible interest to all TALYS useshould be send to the mailing listlys-
I@nrg.eu. The webpage for TALYS isvww.talys.eu

Arjan Koning
Stéphane Hilaire

Stephane Goriely






TALYS release terms

TALYS-1.9 is copylefted free software: you can redistrivitt and/or modify it under the terms of the
GNU General Public License as published by the Free Softianedation, see http://www.gnu.org.

This program is distributed in the hope that it will be usehult WITHOUT ANY WARRANTY;
without even the implied warranty of MERCHANTABILITY or FNESS FOR A PARTICULAR PUR-
POSE. See the GNU General Public License in Appehtiix G foerdetails.

In addition to the GNU GPltermswe have a fewequests

e When TALYS is used for your reports, publications, etc.agke make a proper reference to the
code. At the moment this is:
A.J. Koning, S. Hilaire and M.C. Duijvestijn, “TALYS-1.0"Proceedings of the International
Conference on Nuclear Data for Science and Technglagyil 22-27, 2007, Nice, France, editors
O.Bersillon, F.Gunsing, E.Bauge, R.Jacgmin, and S.L&BY Sciences, 2008, p. 211-214.

e Please inform us about, or send, extensions you have btalfTGLYS. Of course, proper credit
will be given to the authors of such extensions in future ioexs of the code.

e Please send us a copy/preprint of reports and publicationiich TALYS is used. This will help
us to maintain the TALY S-bibliography/ [133]-[748].

Xi



Chapter

Introduction

TALYS is a computer code system for the analysis and prexdfiatf nuclear reactions. The basic objec-
tive behind its construction is the simulation of nucleaaténs that involve neutrons, photons, protons,
deuterons, tritons’He- and alpha-particles, in the 1 keV - 200 MeV energy rangefantarget nuclides

of mass 12 and heavier. To achieve this, we have implemergadeaof nuclear reaction models into a

single code system. This enables us to evaluate nuclediamsfrom the unresolved resonance range
up to intermediate energies.

There are two main purposes of TALYS, which are strongly eated. First, itis auclear physics
tool that can be used for the analysis of nuclear reactioeraxygnts. The interplay between experiment
and theory gives us insight in the fundamental interactiemvben particles and nuclei, and precise mea-
surements enable us to constrain our models. In return, Wigeresulting nuclear models are believed
to have sufficient predictive power, they can give an indicabf the reliability of measurements. The
many examples we present at the end of this manual confirnthilsatoftware project would be nowhere
without the existing (and future) experimental database.

After the nuclear physics stage comes the second functi@f\bYS, namely as awuclear data
tool: Either in a default mode, when no measurements artablai or after fine-tuning the adjustable pa-
rameters of the various reaction models using availableraxgntal data, TALYS cageneratenuclear
data for all open reaction channels, on a user-defined ea@djgingle grid, beyond the resonance region.
The nuclear data libraries that are constructed with thekeilated and experimental results provide es-
sential information for existing and new nuclear technieg Important applications that rely directly
or indirectly on data generated by nuclear reaction sirmulatodes like TALYS are: conventional and
innovative nuclear power reactors (GEN-IV), transmutatid radioactive waste, fusion reactors, accel-
erator applications, homeland security, medical isotapelyrction, radiotherapy, single-event upsets in
microprocessors, oil-well logging, geophysics and astysjs.

Before this release, TALYS has already been extensivelg feboth basic and applied science.
A large list of TALYS-related publications is given in Ref&33]-[/48]. We have ordered these refer-
ences per topic, see the top of the bibliography, which ghgive a good indication of what the code
can be used for.

The development of TALYS used to follow the “first completssiethen quality” principle. This
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certainly should not suggest that we use toy models to astiseme quick and dirty results since several
reaction mechanisms coded in TALYS are based on theoretiodkels whose implementation is only
possible with the current-day computer power. It rathermsehat, in our quest for completeness, we
try to divide our effort equally among all nuclear reactigpds. The precise description alf possible
reaction channels in a single calculational scheme is sn@narmous task that we have chosen, to put
it bluntly, not to devote several years to the theoreticataech and absolutely perfect implementation
of one particular reaction channel which accounts for onfgva millibarns of the total reaction cross
section. Instead, we aim to enhance the quality of TALYS #ygueer the whole reaction range and
always search for the largest shortcoming that remains giféelast improvement. We now think that
“completeness and quality” has been accomplished for abvmportant parts of the program. The
reward of this approach is that with TALYS we can cover the hmath from fundamental nuclear
reaction models to the creation of complete data libraesificlear applications, with the obvious side
note that the implemented nuclear models will always nedoetapgraded using better physics. An
additional long-term aim is full transparency of the impbarted nuclear models, in other words, an
understandableource program, and a modular coding structure.

The idea to construct a computer program that gives a simadtas prediction of many nuclear
reaction channels, rather than a very detailed descrigtianly one or a few reaction channels, is not
new. Well-known examples of all-in-one codes from the pastades are GNASH[2], ALICE[3],
STAPRE [4], and EMPIREI5]. They have been, and are stilleesively used, not only for academical
purposes but also for the creation of the nuclear data légdhat exist around the world. GNASH and
EMPIRE are still being maintained and extended by the ocailgiuthors, whereas various local versions
of ALICE and STAPRE exist around the world, all with diffeteextensions and improvements. TALYS
is new in the sense that it has recently been written comiplétem scratch (with the exception of
one very essential module, the coupled-channels code EG$8)g a consistent set of programming
procedures.

As specific features of the TALYS package we mention

¢ In general, an exact implementation of many of the latesteamanodels for direct, compound,
pre-equilibrium and fission reactions.

e A continuous, smooth description of reaction mechanisnes awvide energy range (0.001- 200
MeV) and mass humber range (12A < 339).

e Completely integrated optical model and coupled-chancalisulations by the ECIS-06 code [6].

e Incorporation of recent optical model parameterisatiarsniany nuclei, both phenomenological
(optionally including dispersion relations) and microgsical.

e Total and partial cross sections, energy spectra, angigtaibdtions, double-differential spectra
and recaoils.

e Discrete and continuum photon production cross sections.
o Excitation functions for residual nuclide production, lirding isomeric cross sections.

¢ An exact modeling of exclusive channel cross sections,(e.@np), spectra, and recoils.



e Automatic reference to nuclear structure parameters asasadiscrete levels, resonances, level
density parameters, deformation parameters, fissiongbamnid gamma-ray parameters, generally
from the IAEA Reference Input Parameter Library [163].

e Various width fluctuation models for binary compound reasi and, at higher energies, multiple
Hauser-Feshbach emission until all reaction channelslaseat.

e Various phenomenological and microscopic level densitgda

e Various fission models to predict cross sections and fissamnient and product yields, and neu-
tron multiplicities.

e Models for pre-equilibrium reactions, and multiple pras#iQrium reactions up to any order.
e Generation of parameters for the unresolved resonance.rang

e Reconstruction of resonance range into pointwise crog®asaising tabulated resonance param-
eters.

e Astrophysical reaction rates using Maxwellian averaging.
e Medical isotope production yields as a function of accéteranergy and beam current.

e Option to start with an excitation energy distribution e of a projectile-target combination,
helpful for coupling TALY'S with intranuclear cascade codedission fragment studies.

e Use of systematics if an adequate theory for a particulasti@amechanism is not yet available
or implemented, or simply as a predictive alternative forenghysical nuclear models.

e Automatic generation of nuclear data in ENDF-6 format (motuiided in the free release).

e Automatic optimization to experimental data and genenatibcovariance data (not included in
the free release).

e A transparent source program.
¢ Input/output communication that is easy to use and undetsta
e An extensive user manual.

e A large collection of sample cases.

The central message is that we always provide a completé aeswers for a nuclear reaction, for
all open channels and all associated cross sections, a@eutrangular distributions. It depends on the
current status of nuclear reaction theory, and our abilityrtplement that theory, whether these answers
are generated by sophisticated physical methods or by desirempirical approach. With TALYS, a
complete set of cross sections can already be obtained viiiimiad effort, through a four-line input file
of the type:

projectile n
element Fe
mass 56

energy 14.
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which, if you are only interested in reasonably good ansyarghe most important quantities, will give
you all you need. If you want to be more specific on nuclear nsdbkeir parameters and the level of
output, you simply add some of the more than 340 keywordsdaatoe specified in TALYS. We thus
do not ask you to understand the precise meaning of all treasedtds: you can make your input file as
simple or as complex as you want. Let us immediately strextsith realize the danger of this approach.
This ease of use may give the obviously false impressiondhatgets ayood description ofall the
reaction channels, with minimum reaction specificationf a® would have solved virtually all nuclear
reaction problems (in which case we would have been famdusjortunately, nuclear physics is not
that simple. Clearly, many types of nuclear reactions arg dificult to model properly and can not be
expected to be covered by simple default values. Moreotlegr muclear reaction codes may outperform
TALYS on particular tasks because they were specificallygtes! for one or a few reaction channels.
In this light, Sectiol 713 is very important, as it containany sample cases which should give the
user an idea of what TALYS can do. We wish to mention that thevalsketched method for handling
input files was born out of frustration: We have encountememrhany computer codes containing an
implementation of beautiful physics, but with an unneces$igh threshold to use the code, since its
input files are supposed to consist of a large collection akhiand correlated, integer and real values,
for which valuesmustbe given, forcing the user to first read the entire manualclwliften does not
exist.

1.1 From TALYS-1.0 to TALYS-1.2

On December 21, 2007 the first official version of the code, WY&L1.0, was released. Since then, the
code has undergone changes that fall in the usual two c#&egaignificant extensions and corrections
that may affect a large part of the user community, and skgenall bug fixes. As appendix to this
manual, we add the full log file of changes since the releastAbiv¥S-1.0. Here we list the most
important updates:

e Further unification of microscopic structure informatioonrh Hartree-Fock-Bogolyubov (HFB)
calculations. Next to masses, HFB deformation parametersi@aw also provided. The latest
HFB-based tabulated level densities for both the grourté siad fission barriers were included in
the structure database. Another new addition is a datalfasé&scopic particle-hole densities
for preequilibrium calculations.

e Introduction of more keywords for adjustment. Often, thase defined relative to the default
values, and thus often have a default value of 1. This is coamésince one does not have to look
up the current value of the parameter if it is to be changed bgr&in amount. Instead, giving
e.g.aadjust 41 93 1.04neans multiplying the built-in value for the level densigrameter by
1.04. Such keywords are now available for many parametetiseobptical model, level density,
etc., enabling easy sensitivity and covariance analyssTiLY S.

e An alternative fission model has been added, or more prgcisslived. Pascal Romain and col-
leagues of CEA Bruyeres-le-Chatel has been more succéssfidctinide data with older TALYS
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options for fission (present in versions of the code befoeefitist released beta version TALYS-
0.64) using effective level densities, than with the newstiroms with explicit collective enhance-
ment for the level densities[8] 9]. Therefore we decidedetinclude that option again, through
thecolldamp keyword. Also his corrections for the class-Il states welepged. We generally use
this option now for our actinide evaluations, until some@nable to do that with the newer fission
models built in the code.

e Average resonance parameters for the unresolved resorarge are calculated.

e More flexibility has been added for cases where TALYS fail§itexperimental data. It is now
possible to normalize TALYS directly to experimental or lexdied data for each reaction channel.
This is not physical, but needed for several applicatiofjeuts.

e Perhaps the most important error was found by Arjan PlompenGlivier Bersillon. In the dis-
crete level database of TALYS-1.0, the internal conversinefficients were wrongly applied to the
gamma-ray branching ratios. A new discrete level databasében generated and internal con-
version is now correctly taken into account. In some ca$és afffects the production of discrete
gamma lines and the cross section for isomer production.

e TALYS can be turned into a "pure” optical model program witte tkeywordomponly y. After
the optical model calculation and output it then skips thiewtation for all nonelastic reaction
channels. In this mode, TALYS basically becomes a drive ElGIS.

e It is now possible to save and use your best input parameiegs farticular isotope in the struc-
ture database (helpful for data evaluation). With liest keyword these parameter settings can
automatically be invoked. We include part of our collectionthe current version.

e Pygmy resonance parameters for gamma-ray strength fasatemn be included.

To accommodate all this, plus other options, the followiegrkeywords were introducedadjust, see
pageZ2ZBrvadjustF, see pagE_I®&vadjustF, see pagE_193yvdadjustF, see pagE_I9%vdadjustF,
see pagEId5ysoadjustF, see pageI9@&vsoadjustF, see page_I9®est see page_1TSolldamp, see
pagd22bcoulomb, see page_I84pr, see pagE2Z14iso, see pagEZ13amgamadjust see page 211,
gnadjust, see pagEZ3Ypadjust, see pagEZB&)pr, see pagEZlHbstate see pagEZ43immode,
see pag€& IBanicro, see pagE_T13mpenergyfile see pageZ6@mponly, see pagé_I8Ihhmodel,
see pagéZ3tadialmodel, see pagE_I8Iescuefile see pagE_1YB2adjust see pagEZBS5oswitch
see pagEI85pr, see pageZ15trengthM1, see page20&irr , see pageZ0Xsalphatherm, see page
[[74,xscaptherm see pagE_IT4sptherm, see page1T5.

1.2 From TALYS-1.2 to TALYS-1.4

On December 23, 2009 the second official version of the colEY$-1.2, was released. Since then, the
code has undergone changes that fall in the usual two c#&egaignificant extensions and corrections
that may affect a large part of the user community, and seganall bug fixes. As appendix to this
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manual, we add the full log file of changes since the releastAbi¥S-1.2. Here we list the most
important updates:

e A new phenomenological model for break-up reactions by @o#mlbach was included. This
model is documented in an unpublished report to the FENDLe8ting at the IAEA, december
2010, and resolves some of the cross section predictiongmsbthat were observed in earlier
versions of TALYS. The contribution can be scaled by a noizatibn factor Cbreak keyword).

e The alpha double-folding potential by Demetriou et al[22jsradded as an option.

e Several deuteron OMP’s were added to provide a better gienliof deuteron reaction cross sec-
tions and transmission coefficients.

e As part of the output of the binary reaction information, tdwmpound nucleus formation cross
section as a function of spin and parity is now also printed.

e TALYSis now able to produce unresolved resonance range juBRmeters with a higher quality
than that of TALYS-1.2, thanks to modelling and programmivadp by Gilles Noguere, CEA-
Cadarache, and testing by Paul Koehler, ORNL.

¢ We increased the flexibility of using level densities. Up #LYS-1.2, it was possible to choose
between 5 level density models, which were then usedlfaruclides in the calculation. It is now
possible to choose one of these 5 level density mgosisuclide e.g. the Constant Temperature
model for the target nucleus and the Backshifted Fermi Gatehrfor the compound nucleus. The
Idmodel andcolenhancekeywords have been extended with (optional) Z,A identifiers

e We have added the possibility to print the direct, pre-digiilm and compound components of
each cross section in the output files, in order to check wigiabtion mechanism is responsible for
different parts of the excitation function. This can be dedlwith the newcomponentskeyword.

e It is now possible to calculate the Maxwellian averaged €section (MACS) at a user-defined
energy. By using thastroE keyword, one can for example compare TALY S with experimie3iia
keV averaged capture cross sections.

¢ We have included the possibility to calculate the so-cadfielctive cross section for integral activa-
tion measurements, by folding the excitation functionsiggerimental flux. Italys/structure/flux
we have stored more than 40 spectra which have been used aqpigation benchmarks.

For TALYS-1.4 the following new keywords were introduce@break, see pagé222jeuteronomp,
see pagEI99wadjustF, see pagE_I94awadjustF, see page_I94wdadjustF, see page_I9&wdad-
justF, see pagE_I®5wsoadjustF, see pagE_I9@wsoadjustF, see pagE_I®7ntegral, see pagE2%9,
urrnjoy , see page2Z0Eomponents see pagEZb4stroE, see pagE_ITAstroT, see pagE1T3, while
the possibilities ofalphaomp, see pagé_I99dmodel, see pagé2240lenhance see pagé 225, were
extended.

It is worthwhile to mention here that the structure databaas almost not changed since the
release of version 1.2. The only exceptions aredtmacture/mass/hftdirectory, which contains the
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latest Hartree-Fock-Bogolyubov + Skyrme-based the@kticasses, and th&tructure/fluxdirectory,
which contains a collection of experimental neutron sgeftir the calculation of effective integral cross
sections.

1.3 From TALYS-1.4to TALYS-1.6

On December 28, 2011 the third official version of the codel Y18-1.4, was released. Since then, the
code has undergone changes that fall in the usual two c#&egaignificant extensions and corrections
that may affect a large part of the user community, and seganall bug fixes. As appendix to this
manual, we add the full log file of changes since the releaséAbi¥S-1.4. Here we list the most
important updates:

e The activity of all residual products can be given in the attfhis means that TALYS can now
directly be used for medical isotope production with acetes through the use of thoduc-
tion keyword. For this the decay data library is added to the TALYS stmgctatabase. Excitation
functions are thus automatically transferred into isotppmuction rates in MBq or Ci, as a func-
tion of time. Various extra keywords for this are included flexibility.

e Part of the GEF code for fission yields, by Schmidt and Jurhds been translated into FORTRAN
and into a TALYS subroutine by Vasily Simutkin and Michail €jin. This now allows the calcu-
lation of fission yields and fission neutron multiplicitiesafunction of Z, N, A and the number of
emitted neutrons, while the calculation of fission neutrpecsra will be done in a future version
of TALYS. GEF is designed to produce this information stagtfrom an excited state of a fissile
system. Hence, the TALYS-GEF combination can now give egtisifor these fission quantities
in the case of multi-chance fission.

e Non-equidistant binning for the excitation energy grid vimtsoduced. The excitation energies
can now be tracked on a logarithmic grid, and has now becomedefault. It allows to use less
excitation energy bins while not losing precision. The atdation of TALYS-1.4 and before can
be invoked with the newequidistant keyword, but from now on the default will lequidistant n.
Especially for cross sections above 100 MeV the improverisesignificant in terms of smoothness
and more reliable absolute values.

e Thanks to the previous improvement, TALYS can now techtyda¢ used up to 1 GeV. For this,
the Koning-Delaroche OMP was extended as well.

o Aradiative capture model for the direct capture cross geatias added.
¢ An extra option for the pre-equilibrium spin distributioragincluded, see th@reeqspinkeyword.

e Theenergy keyword has been made more flexible, avoiding long files wikrgy values to be
constructed by the user.

e About 70 keywords can now have energy-dependent valuegr &it keyword and its value are
given in the input, an energy range can be specified over vwh&borresponding model parameter
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is altered. Hence, it is for example possible to have a (ysaaistant value for the optical model
radiusry,, but to increase its value between e.g. 6 and 10 MeV, throwgjmple addition on the
input line.

For TALYS-1.6 the following new keywords were introducestjuidistant, see page_I®Hisctable, see
pagel 16B Tljadjust, see pagé_I®Mhranch, see pagE_Ib4acap, see pagE 21 Ffexp see pagé214,
sfth, see pagéZl4dmodelracap, see pagE213/inf, see pagE_I9ZEjoin, see pagE I192y3adjust,
see page_188y4dadjust, see pagE_I88ncadjust, see pagEI82,iso, see pagE_Ib4isfeed see page
251, production, see pagé 24 Ebeam, see pagé ZdEback, see pagé247Tcool, see pagé25H0,
Tirrad , see pageZ234%9ho, see pageZ48beam, see page23&rea, see pageZ348adiounit, see page
243, yieldunit, see pagE24%pang see pagEI8%gradjust, see pagEZl@gradjust, see pagE 210,
sgradjust, see pagEZ1®@pradjust, see pagE_ZlFpradjust, see pagE21&pradjust, see pagE 215,
EOadjust, see pagEZBZExmatchadjust, see pagEZ3Zadjust, see pagEZBZisbaradjust, see page
243, fishwadjust, see pag€2Z2d4Xymodel, see pagéZ4dxutfy, see pagé246efran, see pagé€ 246,
while the possibilities opreeqspin see pageZ18&Imodel, see page 224, were extended.

1.4 From TALYS-1.6 to TALYS-1.8

On December 23, 2013 the fourth official version of the codd,YIS-1.6, was released. Since then, the
code has undergone changes that fall in the usual two c#&egaignificant extensions and corrections
that may affect a large part of the user community, and seganall bug fixes. As appendix to this
manual, we add the full log file of changes since the releasBAbi¥S-1.6. Here we list the most
important updates:

e Low energy resonance cross sections were added to the olputhis, the resonance keyword
was introduced. Ifesonance y TALYS will read in resonance parameters, from various iibss
sources, and call the RECENT code of Red Cullen’s PREPRCagaER3]. Low energy pointwise
resonance cross sections are added to channels like tatlcefission and capture. Choices for
adoption of resonance parameters from various librariesbeamade with theeslib keyword,
which can be equal to default, endfb7.1, jeff3.1, jendldnCaddition, use can be made of Cullen’s
SIGMAL1 code, for resonance broadening, and GROUPIE, fanmsise cross sections.

e The stand-alone Fortran version of the GEF code was addesids@utine to enable, in principle,
the evaporation of fission fragments by TALYS. For this, TAYloops over itself™, i.e. it is
restarted internally for every excited fission fragmente Tésults are not yet good however. The
option for this isfymodel 3. In principle, quantities like the neutron spectrum for mated
fission fragments, nubar etc. are available now.

e The range of elements that is allowed in the input is extengetb Z=124, with nuclear symbols
Rg(111), Cn(112), Nh(113), FI(114), Mc(115), Lv(116), T7), Og(118), B9(119), C0-4(120-
124).

e More models ¢trength 6, 7, 8for gamma-ray strength functions are added.



1.5. FROM TALYS-1.8 TO TALYS-1.9 9

e More models #lphaomp 6, 7, 8for the alpha optical model potential are addelhhaomp 6i.e.
of Avrigeanu et all[25] is now the default alpha OMP potential

For TALYS-1.8 the following new keywords were introducegashiftadjust, see pagéZB3esonance
see pagé 206Ires, see page2Z0Group, see page206eslib, see page2DGestend see pagé 176,
Elfile, see pageZ1Estop, see page_LbfopMeV, see page Ibdestbranch see page_ LT ®reakup-
model, see pagEZ23uthinspectra, see pagEZ2b6fspin, see pagE24&kipCN, see pagE207, while
the possibilities oktrength, see page20&lement see pagE_Ih4lphaomp, see pagE_I9Fymodel,
see pagE 235, were extended.

1.5 From TALYS-1.8to TALYS-1.9

On December 28, 2015 the fifth official version of the code, YAL1.8, was released. Since then, the
code has undergone changes that fall in the usual two c#&egaignificant extensions and corrections
that may affect a large part of the user community, and segenall bug fixes. As appendix to this
manual, we add the full log file of changes since the releaséAbi¥S-1.8. Here we list the most
important updates:

e More flexibility for gamma-ray strength functions, such e possibility to read in M1 strength
function tables.

e Extension of astrophysical reaction rate calculationsctited states.

¢ Addition of fission yield isomeric ratio’s to the output.

For TALYS-1.9 the following new keywords were introducedifile, see pagE_212nassdir, see page
[I&4, upbendc see pagéZ1l6pbende see pagéZl@stroex see pagE_LlT3)onthermlev, see page
[I73, while the possibilities aftable, see page212table, see page 212, were extended.

1.6 How to use this manual

Although we would be honored if you would read this manuairfrihe beginning to the end, we can
imagine that not all parts are necessary, relevant or deitabyou. For example if you are just an
interested physicist who does not own a computer, you may ski

ChaptefR: Installation guide.

while everybody else probably needs Chafler 2 to use TALY8oplete description of all nuclear
models and other basic information present in TALYS, as asglthe description of the types of cross
sections, spectra, angular distributions etc. that canrdduped with the code can be found in the next
three chapters:
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ChapterB: A general discussion of nuclear reactions andyjhes of observables that can be
obtained.

Chaptel#: An outline of the theory behind the various nucteadels that are implemented in
TALYS.

Chaptefb: A description of the various nuclear structurameters that are used.

If you are an experienced nuclear physicist and want to coengaur own specific cases directly after a
successful installation, then instead of reading Cha@#you may go directly to

Chaptefb: Input description.
The next chapter we consider to be quite important, sinagnitains ready to use starting points (sample
cases) for your own work. At the same time, it gives an impoessf what TALYS can be used for. That
and associated matters can be found in
Chaptefl: Output description, sample cases and verificatid validation.
People planning to enter the source code for extensionagelsaor debugging, may be interested in
ChapteB: The detailed computational structure of TALYS.

Finally, this manual ends with

Chapte®: Conclusions and ideas for future work.



Chapter

Installation and getting started

2.1 The TALYS package

In what follows we assume TALYS will be installed on a Unixflix operating system. In total, you will
need about 6 Gb of free disk space to install TALYS. (Thiseatarge amount of memory is almost com-
pletely due to microscopic level density, radial densigimgna and fission tables in the nuclear structure
database. Since these are, at the moment, not the defaudtsriod TALY'S you could omit these if total
hard disk storage poses a problem.) If you obtain the entMer's package from www.talys.eu, you
should do

e tar zxvf talys.tar

and the total TALYS package will be automatically storedhietalys/directory. It contains the following
directories and files:

READMEoutlines the contents of the package.
- talys.setups a script that takes care of the installation.

- source/contains the source code of TALYS: 324 Fortran subroutires the filestalys.cmb,
mom.cmb, gef.cmb, gefsubdcl2.¢cwhich contains all variable declarations and common [dpck
and a few em .h files for the PREPRO subroutines. The packafeles the fileecisO6t.f This is
basically Jacques Raynal's code ECIS-06, which we havsftsemed into a subroutine and have
slightly modified to enable communication with the rest ofL¥/S.

- structure/contains the nuclear structure database in various sutbalires. See Chaptgl 5 for more
information.

- doc/ contains the documentation: this manual in postscript atidggmat and the description of
ECIS-06.

11
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- samplestontains the input and output files of the sample cases.

The code has so far been tested by us on various Unix/Linuersgs so we can not guarantee that it
works on all operating systems, although we know that soreesusave easily installed TALYS under
Windows. The only machine dependencies we can think of aralittectory separators '/’ we use in
pathnames that are hardwired in the code. If there is anyndigmee on the operating system, the
associated statements can be altered in the subroutichine.f Also, the output of the execution time
in timer.fmay be machine dependent. The rest of the code should workyotoaputer.

TALYS has been tested for the following compilers and opegasystems:

gfortran Fortran compiler on various Linux systems

Intel ifort Fortran compiler on various Linux systems

Portland pgf95 Fortran compiler on various Linux systems

Fujitsu/Lahey Fortran90/95 compiler on various Linux syss

g95 Fortran compiler on various Linux systems

2.2 Installation

The installation of TALYS is straightforward. For a Unixfilix system, the installation is expected to be
handled by thealys.setugscript, as follows

e edittalys.setumnd set the first two variables: the name of your compiler hagtace where you
want to store the TALYS executable.

e talys.setup

If this does not work for some reason, we here provide thesseag steps to do the installation manually.
For a Unix/Linux system, the following steps should be taken

e chmod -R u+rwX talys to ensure that all directories and files have read and writaigsion and
the directories have execute permission. (This may no lobgaeeded, since these permissions
are usually only disabled when reading from a CD or DVD).

e cd talys/source

e Ensure that TALYS can read the nuclear structure databdss.isTdone in subroutinmachine.f
If talys.setuphas not already replaced the path nammachine.fdo it yourself. We think this is
the only Unix/Linux machine dependence of TALYS. Apart franfiew trivial warning messages
for ecis06t.f we expect no complaints from the compiler.

e fO5 -c *.f
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e f95* 0 -0talys

e mv talys ~/bin (assuming you have &/bin directory which contains all executables that can be
called from any working directory)

After you ortalys.setughave completed this, type
e rehash to update your table with commands.

The above commands represent the standard compilatioongptConsult the manual of your compiler
to get an enhanced performance with optimization flags edafilhe only restriction for compilation is
thatecis06t.fshouldnot be compiled in double precision.

2.3 Verification

If TALYS is installed, testing the sample cases is the lolgnext step. ThesamplesHirectory contains
the scriptverify that runs all the test cases. Each sample case has its owinesiduy, which contains

a subdirectoryorg/, where we stored the input files aodr calculated results, obtained with the Fu-
jitsu/Lahey v8.0 compiler on Linux Red Hat Enterprise 6. Iffoacontains a subdirectomryew, where
we have stored the input files only and where veefy script will produceyour output files. A full
description of the keywords used in the input files is give@lvaptefb. Sectidn4.3 describes all sample
cases in full detail. Note that under Linux/Unix, in each dinbctory a file with differences with our
original output is created.

Should you encounter error messages upon running TALY& Kiked' or 'segmentation faulf’
then probably the memory of your processor is not large emdqug. smaller than 256 Mb). Edit
talys.cmband reduce the value aiemorypar.

2.4 Getting started

If you have created your own working directory with an inplg fiamed e.ginput, then a TALYS cal-
culation can easily be started with:

talys < input > output

where the namegsput andoutputare not obligatory: you can use any name for these files.
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Chapter

Nuclear reactions: General approach

An outline of the general theory and modeling of nuclear tieas can be given in many ways. A

common classification is in terms of time scales: short iea¢imes are associated with direct reactions
and long reaction times with compound nucleus processeitekimediate time scales, pre-equilibrium

processes occur. An alternative, more or less equivaléasiication can be given with the number
of intranuclear collisions, which is one or two for direcactions, a few for pre-equilibrium reactions

and many for compound reactions, respectively. As a comsag, the coupling between the incident
and outgoing channels decreases with the number of colishmd the statistical nature of the nuclear
reaction theories increases with the number of collisidiigs [3:1 an@ 312 explain the role of the different
reaction mechanisms during an arbitrary nucleon-indueadtion in a schematic manner. They will all

be discussed in this manual.

This distinction between nuclear reaction mechanisms eaoblained in a more formal way by
means of a proper division of the nuclear wave functionsapen and closed configurations, as detailed
for example by Feshbach’s many contributions to the fields Ththe subject of several textbooks and
will not be repeated here. When appropriate, we will retorthe most important theoretical aspects of
the nuclear models in TALYS in Chapfdr 4.

When discussing nuclear reactions in the context of a coenade, as in this manual, a different
starting point is more appropriate. We think it is best titated by Fig[Z313. A particle incident on a
target nucleus will induce sevetaihary reactions which are described by the various competindiozac
mechanisms that were mentioned above. The end products birtary reaction are the emitted particle
and the corresponding recoiling residual nucleus. In garibkis is, however, not the end of the process.
A total nuclear reaction may involve a whole sequence ofitedinuclei, especially at higher energies,
resulting from multiple particle emission. All these rasatinuclides have their own separation energies,
optical model parameters, level densities, fission basrigamma strength functions, etc., that must
properly be taken into account along the reaction chain.ifiplementation of this entire reaction chain
forms the backbone of TALYS. The program has been written wag that enables a clear and easy
inclusion of all possible nuclear model ingredients for amynber of nuclides in the reaction chain. Of
course, in this whole chain the target and primary compourgdens have a special status, since they

15
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Figure 3.1: The role of direct, pre-equilibrium and compdymocesses in the description of a nuclear
reaction and the outgoing particle spectra. The C, P and &dalorrespond to those in FIg.13.2
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Figure 3.2: Schematical drawing of an outgoing particlecepen. The energy regions to which direct
(D), pre-equilibrium (P) and compound (C) mechanisms doute are indicated. The dashed curve
distinguishes the compound contribution from the rest éttansitional energy region.
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are subject tall reaction mechanisms, i.e. direct, pre-equilibrium, coomaband fission and, at low
incident energies, width fluctuation corrections in commbunucleus decay. Also, at incident energies
below a few MeV, only binary reactions take place and theetaagd compound nucleus are often the
only two nuclei involved in the whole reaction. Historigalit is for the binary reactions that most of
the theoretical methods have been developed and refinedlyrbaicause their validity, and their relation
with nuclear structure, could best be tested with exclusigasurements. In general, however, Eigl 3.3
should serve as the illustration of a total nuclear reactibany incident energy. The projectile, in this
case a neutron, and the targi., No — 1) form a compound nucleusZ, N¢) with a total energy

(3.1) E* = Ecy + Sn(Zon, Non) + By,

whereE )y is the incident energy in the CM framg,, is the neutron separation energy of the compound
nucleus, andz? the excitation energy of the target (which is usually zem, representing the ground
state). The compound nucleus is described by a range ofg®sgiin (/) and parity {I) combinations,
which for simplicity are left out of Fig—3]13. From this stateansitions to all open channels may occur
by means of direct, pre-equilibrium and compound procesdds residual nuclei formed by these
binary reactions may be populated in the discrete level gnaditin the continuum part of the available
excitation energy range. In Fig_8.3, we have only drawrettieary channels, namely th&c, No—1),
(Zc—1,N¢)and(Zo —1, No—1) nuclei that result from binary neutron, proton and deutenmission,
respectively. Each nucleus is characterized by a separatiergy per possible ejectile. If the populated
residual nucleus has a maximal excitation endijyf*(Z, N) that is still above the separation energies
for one or more different particles for that nucleus, furtbeission of these particles may occur and
nuclei with lowerZ and N will be populated. At the end of the nuclear reaction (leftttwm part of
Fig.[3.3), all the reaction population is below the lowesttipke separation energy, and the residual
nucleus(Z¢c — z, No — n) can only decay to its ground or isomeric states by means ofrgadecay.

In a computer program, the continuum must be discretizedditation energy £,) bins. We can take
these bins equidistant or non-equidistant (the defautt)pagh we already want to stress the important
fact here that themissionenergy grid for the outgoing particles is non-equidistantALYS. After the
aforementioned binary reaction, every continuum excitedinergy bin will be further depleted by means
of particle emission, gamma decay or fission. Computatigrtais process starts at the initial compound
nucleus and its highest energy bin, i.e. the bin just belgfité* (Z., N¢) = E'™, and subsequently in
order of decreasing energy bin/level, decreasingnd decreasing. Inside each continuum bin, there
is an additional loop over all possible andIl, whereas for each discrete levdl,andIl have unique
values. Hence, a bin/level is characterized by the 8efV, F,., J, IT} and by means of gamma or particle
emission, it can decay into all accessible’, N', E,., J', 11"} bins/levels. In this way, the whole reaction
chain is followed until all bins and levels are depleted dndgstall channels are closed. In the process, all
particle production cross sections and residual prodoaioss sections are accumulated to their final
values.

We will now zoom in on the various parts of FIg.13.3 to descthvarious stages of the reaction,
depending on the incident energy, and we will mention théaaunaeaction mechanisms that apply.
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Figure 3.3: Neutron-induced reaction. The dashed arrovesepnts the incident channel, while the con-
tinuous arrows represent the decay possibilitie§!** denotes the maximal possible excitation energy
of each nucleus anf, is the particle separation energy for partigleFor each nucleus a few discrete

levels are drawn, together with a few continuum energy tipén and parity degrees of freedom are left
out of this figure for simplicity. Fission is indicated by an f
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3.1 Reaction mechanisms

In the projectile energy range between 1 keV and severalraedsdbf MeV, the importance of a particular
nuclear reaction mechanism appears and disappears upgngvéine incident energy. We will now
describe the particle decay scheme that typically apptidhe various energy regions. Because of the
Coulomb barrier for charged particles, it will be clear ttie discussion for low energy reactions usually
concerns incident neutrons. In general, however, whatviallcan be generalized to incident charged
particles. The energy ranges mentioned in each paragrahnigeare just meant as helpful indications,
which apply for a typical medium mass nucleus.

3.1.1 Low energies
Elastic scattering and capture (E< 0.2 MeV)

If the energy of an incident neutron is below the excitatiorrgy of the first inelastic level, and if there
are no(n, p), etc. reactions that are energetically possible, thennhereaction possibilities are elastic
scattering, neutron capture and, for fissile nuclides dissht these low energies, only th&€c, No—1)
and(Z¢, N¢) nuclides of Figl:313 are involved, see Hig3.4. First, thepsh(or direct) elastic scattering
cross section can directly be determined from the opticalehavhich will be discussed in Sectibn}4.1.
The compound nucleus, which is populated by a reaction ptipal equal to the reaction cross section,
is formed at one single energy’®® = E™(Z~ N¢) and a range of/, II-values. This compound
nucleus either decays by means of compound elastic soagttbeck to the initial state of the target
nucleus, or by means of neutron capture, after which gammoayd®llows to the continuum and to
discrete states of the compound nucleus. The competitiomele® the compound elastic and capture
channels is described by the compound nucleus theory, winichvill discuss in Sectiofi’4.5. To be
precise, the elastic and capture processes comprise thairfimsy reaction. To complete the description
of the total reaction, the excitddc, N¢) nucleus, which is populated over its whole excitation eperg
range by the primary gamma emission, must complete its dd¢syhighest continuum bin is depleted
first, for all J andII. The subsequent gamma decay increases the population lofxtbebins, before
the latter are depleted themselves. Also, continuum biasdle above the neutron separation energy
Sy, of the compound nucleus contribute to the feeding of (theyn) channel. This results in a weak
continuous neutron spectrum, even though the elastic ehé&ntie only true binary neutron channel that
is open. The continuum bins and the discrete levels of thepooimd nucleus are depleted one by one, in
decreasing order, until the ground or an isomeric stateeofttmpound nucleus is reached by subsequent
gamma decay. If a nuclide is fissile, fission may compete ak lbah from the initial compound state
ET*(Zc, N¢) and from the continuum bins of the compound nucleus, therlagsulting in &n,~ f)
cross section. Both contributions add up to the so calleddirance fission cross section.

Inelastic scattering to discrete states (0.2 E < 4 MeV)

At somewhat higher incident energies, the first inelastianciels open up, see FIg.13.5. Reactions to
these discrete levels have a compound and a direct compdrtenformer is again described by the com-
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Figure 3.4: Neutron-induced reaction at low energy. Thdeédsarrow represents the incident channel,
while the continuous arrows represents the elastic chariied only possibilities are elastic scattering
and capture of the neutron in the compound nucleus, withesjugt decay to the ground state or an
isomeric state of the compound nucleus. A small part of thmufadion may decay to the target nucleus
by means of th¢n, yn) channel (dotted arrow). For fissile nuclei, fission may befsroopen channel.
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Figure 3.5: Neutron-induced reaction at somewhat higherggn The dashed arrow represents the inci-
dent channel, while the continuous arrows represent theydaassibilities. In addition to the possibilities
sketched in the previous figure, there is now inelastic sgat followed by gamma decay in the target
nucleus.

pound nucleus theory, while the latter is described by thetdbied Wave Born Approximation (DWBA)
for spherical nuclei and by coupled-channels equationsléformed nuclei, see Sectibn.2. When the
incident energy crosses an inelastic threshold, the compmelastic contribution rises rapidly and pre-
dominates, whereas the direct component increases mattaaiisa Obviously, the elastic scattering,
capture and fission processes described in the previousdidrsalso apply here. In addition, there is
now gamma decay to an isomeric state or the ground state taret nucleus after inelastic scattering.
When there are several, say 10, inelastic levels open to/ddmacompound contribution to each indi-
vidual level is still significant. However, the effect of thvdth fluctuation correction on the compound
cross section is already small in this case, as will be adlim Sectiol 415.

3.1.2 High energies
Pre-equilibrium reactions (E > 4 MeV)

At higher incident energies, inelastic cross sections tit loe discrete states and the continuum are
possible, see Fig._3.3. Like reactions to discrete stagesfions to the continuum also have a compound



22 CHAPTER 3. NUCLEAR REACTIONS: GENERAL APPROACH

and a direct-like component. The latter are usually desdribyy pre-equilibrium reactions which, by
definition, include direct reactions to the continuum. Thel be discussed in Sectidn 4.4. Also non-
elastic channels to other nuclides, through charge-exhae.g. (n,p), and transfer reactions, e.g.
(n, «), generally open up at these energies, and decay to thesdasuchn take place by the same direct,
pre-equilibrium and compound mechanisms. Again, the oblaraescribed in the previous subsections
also apply here. In addition, gamma decay to ground and isorsiates of all residual nuclides occurs.
When many channels open up, particle decay to individua¢stée.g. compound elastic scattering)
rapidly becomes negligible. For the excitation of a disrgtate, the direct component now becomes
predominant, since that involves no statistical compuetitvith the other channels. At about 15 MeV,
thetotal compound cross section, i.e. summed over all final disctatessand the excited continuum, is
however still larger than the summed direct and pre-equilib contributions.

Multiple compound emission (E> 8 MeV)

At incident energies above about the neutron separatiorggnthe residual nuclides formed after the
first binary reaction contain enough excitation energy tabém further decay by compound nucleus
particle emission or fission. This gives rise to multipleatean channels such ds, 2n), (n,np), etc.
For higher energies, this picture can be generalized to mesigual nuclei, and thus more complex
reaction channels, as explained in the introduction of@liapter, see also Fig_B.3. If fission is possible,
this may occur for all residual nuclides, which is known adtipie chance fission. All excited nuclides
will eventually decay to their isomeric and ground states.

Multiple pre-equilibrium emission (E > 40 MeV)

At still higher incident energies, above several tens of M&¥ residual nuclides formed after binary
emission may contain so much excitation energy that theepoesof furtherfast particles inside the
nucleus becomes possible. These can be imagined as stexuifigd particle-hole pairs resulting from
the first binary interaction with the projectile. The resitisystem is then clearly non-equilibrated and the
excited particle that is high in the continuum may, in additio the first emitted particle, also be emitted
on a short time scale. This so-called multiple pre-equilitor emission forms an alternative theoretical
picture of the intra-nuclear cascade process, whereby mbwha exact location and momentum of the
particles is followed, but instead the total energy of tretey and the number of particle-hole excitations
(exciton number). In TALYS, this process can be generalipeghy number of multiple pre-equilibrium
stages in the reaction by keeping track of all successiviicfghole excitations, see Sectibn416.2. For
these incident energies, the binary compound cross sdaticomes small: the non-elastic cross section
is almost completely exhausted by primary pre-equilibriemmission. Again, Fid._313 applies.

3.2 Cross section definitions

In TALYS, cross sections for reactions to all open channedsalculated. Although the types of most of
these partial cross sections are generally well known,dpjaropriate to define them for completeness.
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This section concerns basically the book-keeping of théowuarcross sections, including all the sum
rules they obey. The particular nuclear models that areatetmlobtain them are described in Chapter 4.
Thus, we do not yet give the definition of cross sections imgof more fundamental quantities. Unless
otherwise stated, we use incident neutrons as example ihfollavs and we consider only photons
(7), neutrons (n), protons (p), deuterons (d), tritons (t)iune-3 particles (h) and alpha particles)(
as competing particles. Also, to avoid an overburdeninghefriotation and the explanation, we will
postpone the competition of fission to the last section af @hapter.

3.2.1 Total cross sections

The most basic nuclear reaction calculation is that withdptical model, which will be explained in
more detail in Sectioi’4.1. Here, it is sufficient to summeatize relations that can be found in many
nuclear reaction textbooks, namely that the optical mouddly thereaction cross sectios,.... and, in
the case of neutrons, thetal cross sectiow,,; and theshape-elastic cross section;,,.—.;. They are
related by

(32) Otot = Oshape—el T Oreac-

If the elastic channel is, besides shape elastic scatteaiag fed by compound nucleus decay, the lat-
ter component is a part of the reaction cross section andleddde compound elastic cross section
acomp—el- With this, we can define thetal elastic cross section,;,

(33) Oel = Oshape—el + Ocomp—el»

and thenon-elastic cross section,,,,—ei,

(3.4) Onon—el = Oreac — Tcomp—el,
so that we can combine these equations to give

(3.5 Otot = Oel + Onon—el-

The last equation contains the quantities that can actballjneasured in an experiment. We also note
that the competition between the many compound nucleus/ad@mnels ensures that,,,,,—.; rapidly
diminishes for incident neutron energies above a few MeWliich caser,,,,_.; becomes practically
equal too,.cqc.

A further subdivision of the outcome of a nuclear reactioncawns the breakdown ef,,,,_.;: this
cross section contains all the partial cross sections. Hgmte introduce the exclusive cross sections,
from which all other cross sections of interest can be ddrive

3.2.2 Exclusive cross sections

In this manual, we call a cross sectierclusivewhen the outgoing channel is precisely specified by
the type and number of outgoing particles &ny number of photons). Well-known examples are the
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inelastic or(n, n’) cross section and the, 2n) cross section, which corresponds with taad onlytwo,
neutrons 4 accompanying photons) in the outgoing channel. We denetexitiusive cross secticas
o (in, ip, 14, it, In, 1o ), Wherei,, stands for the number of outgoing neutrons, etc. In thistiootawhere
the incident particle is assumed implicit, e.g. the2np) cross section is given hy“*(2,1,0,0,0,0),
for which we will also use the shorthand notatiep »,,. For a non-fissile nucleus, the sum over all
exclusive cross sections is equal to the non-elastic cextiog
o0 o0 o0 o o o0

(3.6) Tnon—et = 3 3D 3 3 0 (i bp, igy it ins da),

in=0ip=0ig=0it=0i;,=0 ia =0
provided we impose that®(1, 0,0, 0,0, 0) is the exclusivénelasticcross sectiow,, ,, i.e. it does not
include shape- or compound elastic scattering.

The precise calculation of exclusive cross sections andtispés a complicated book-keeping
problem which, to our knowledge, has not been properly derued. We will describe the exact for-
malism here. In what follows we use quantities with a printediaughter nuclides and quantities without
a prime for mother nuclides in a decay chain. Consider artaian energy bin or discrete levél, in
a nucleus(Z, N). Let P(Z, N, E,) represent the population of this bin/level before it decayst
sp(Z,N, E,, E,) be the part of the population that decays from tAeN, E..) bin/level to the residual
(Z',N', E,) bin/level, whereby Z, N) and(Z’, N') are connected through the particle typevith the
index k& running from-~y-rays up toa-particles. With these definitions, we can link the varioesidual
nuclides while keeping track of all intermediate particfaigsions. A special case for the population
is the initial compound nucleusZ¢, N¢), which contains all the initial reaction population at itsa
excitation energy*** (projectile energy + binding energy), i.e.

(37) P(ZCa NCa E;na:c) = Onon—el»

while all other population bins/levels are zero. For theahtompound nucleusy(Z¢, N, EX'** E,/)
represents the binary feeding to the excitation energy difitise first set of residual nuclides. This term
generally consists of direct, pre-equilibrium and commgboomponents.

The population of any bin in the decay chain is equal to the stitine decay parts for all particles
that can reach this bin from the associated mother bins, i.e.

(3.8) P(Z' N Eus(i)= > Y sk(Z N, Eu(i), Ex (i),

k=v,n,p,d,t,h,ac
where the sum ovef runs over discrete level and continuum energy bins in theggneange from
E. (i)+ Sk to E**(Z, N), whereS}, is the separation energy of partidleso that the sum only includes
decay that is energetically allowed, aff**(Z, N) is the maximum possible excitation energy of the
(Z, N) nucleus. Note again that the particle typdeterminesZ, N).

To obtain the exclusive cross sections, we need to start thighinitial compound nucleus and
work our way down to the last nucleus that can be reachedt, Eassider a daughter nucle(g’, N')
somewhere in the reaction chain. We identify all exclusivarmels(i,,, iy, 14, it, in, i) that lead to this
residual(Z’, N’) nucleus, i.e. all channels that satisfy

in+id+2it+ih+2ia=N0—N,
(39) Z'p—|—l'd—{—it+2ih+2ia :Zc—Z/.
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For each of these channels, thelusivecross section per excitation energy Isins equal to the
sum of the feeding from all possible mother bins, i.e.

k=~,n,p,d;t,h,oc %

(3.10) X S(in = Ok, ip — Opk ia — Odk> it — Otk» b — Onk, la — Ok, Ex(i)),
where we introduce Kronecker delta’s, with characters bs@ipt, as

ony, = 1 if k=n (neutron)
(3.11) = 0, otherwise

and similarly for the other particles. Note th&ts still inclusive in the sense that it is not yet depleted
for further decay. The summation runs over the excitaticergias of the mother bin from which decay
into the E,.(i') bin of the residual nucleus is energetically allowed. Fegdly gamma decay from
bins above théZ’, N, E,.(i")) bin is taken into account by the = ~ term, in which case all of the
Kronecker delta’s are zero.

With Eq. (3.T) as initial condition, the recursive proceslis completely defined. For a fixed
nucleus, Eq.[{3:10) is calculated for all excitation endn@s, in decreasing order, until the remaining
population is in an isomeric or the ground state of the nil®hen there is no further decay possible,
the exclusive cross section per ground state/isomer, nigtdliyi, can be identified,

(312) Uiex(in7 ipv idv it7 ihv Za) - S(va ipv idv it7 ihv ion EZ)
The total exclusive cross section for a particular charséién calculated as

(3.13) O iy ipyiar ity i ia) = > 05 (in, ip, ids ity hy Ga)-

i=0,isomers

The procedure outlined above automatically sorts andstdt@xclusive cross sections, irrespec-
tive of the order of particle emission within the reactioraich For example, thén,np) and (n, pn)
channels are automatically added. The above formalisnsleskctlyfor an arbitrary number of emitted
particles.

We stress that keeping track of the excitation endrgythroughout this formalism is essential to
get the exact exclusive cross sections for two reasons:

(i) the exact determination of the branching ratios for esitle isomeric ratios. The isomeric ratios
for different exclusive reactions that lead to the samedtesiproduct, e.g.(n, np) and (n, d),
both leading td Z¢ — 1, No — 1), are generally different from each other and thus also fiioen t
isomeric ratios of the total residual product. Hence, it lddae an approximation to apply isomeric
branching ratios for residual products, obtained afterftiieeaction calculation, a posteriori on
the exclusive channels. This is avoided with our method,

(i) the exclusive spectra, which we will explain in SectiBZ.2.
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Suppose one would only be interested in the total exclugiwsscsections of EqL{31L3), i.e. neither in
the exclusive isomeric ratios, nor in the exclusive spec®aly in that case, a simpler method would
be sufficient. Since only the total reaction population thedays from nucleus to nucleus needs to be
tracked, the total exclusive cross section for a certaimobhis easily determined by subtracting the
total ongoing flux from the total feeding flux to this channehis is described in e.g. Section Il.E.f of
the GNASH manuall2]. We note that the exact treatment of TBldbes not require a large amount of
computing time, certainly not when compared with more tiempensive parts of the full calculation.

When TALYS computes the binary reaction models and the pialpre-equilibrium and Hauser-
Feshbach models, it stores bdtiZ, N, E.,,) (through thepopexclarray) ands(Z, N, E.., E,) (through
the feedexclarray) for all residual nuclei and particles. This tempgrstorage enables us to first com-
plete the full reaction calculation, including all its piged aspects, until all channels are closed. Then,
we turn to the exclusive cross section and spectra problemwadrds in a separate subroutichannels.f
It is thus considered as an isolated book-keeping problem.

The total number of different exclusive channels rapidigrédmses with the number of reaction
stages. It can be shown that for outgoing particles (i.e. reaction stages) which can bk different
types, the maximum number of exclusive cross sectiowﬁg‘tés‘l). In general, we include neutrons up
to alpha-particles as competing particles, ke= 6, giving (mf) possible exclusive channels, or 6, 21,
56 and 126, respectively, for the first 4 stages. This clarifiby exclusive channels are usually only of
interest for only a few outgoing particles (the ENDF fornatdvaluated data libraries includes reactions
up to 4 particles). At higher energies, and thus more outgparticles, exclusive cross sections loose
their relevance and the cross sections per channel ardyugoalimulated in the total particle production
cross sections and residual production cross sectionsai@lgrat higher energies, this apparent loss of
information is no longer an issue, since the observabletdigsnto which nuclear models can be tested
are of a cumulative nature anyway, when many particles amdvied.

In TALY'S, the cumulated particle production cross sectiand residual production cross sections
are alwaysompletelytracked down until all residual nuclides have decayed tesamer or the ground
state, regardless of the incident energy, whereas exelusoss sections are only tracked up to a user-
defined depth. To elucidate this important point we discheddw and the high energy case. For low
energies, say up to 20 MeV, keeping track of the exclusivescsection is important from both the funda-
mental and the applied point of view. It can be imagined that(in, np) measurement both the emitted
neutron and proton have been measured in the detector. Hencmss section isotthe same as that of
an activation measurement of the final residual nucleusegime latter would also include a contribution
from the (n, d) channel. Another example is ttie, 2n) channel, distinguished from tHe, n’) or the
general(n, zn) cross section, which is of importance in some integral mraoénchmarks. If, on the
other hand, we encounter in the literature a cross sectigheofype'2°Sn(p, 7p18n)°Ru, we can be
sure that the residual produtRu was measured and not the indicated number of neutronsratuhg
in a detector. Thép, 7p18n) symbol merely represents the number of neutron and protits, wvhile
other light ions are generally included in the emission dehnHence, for high energies the outcome of
a nuclear reaction is usually tracked in parallel by two séguantities: thgproj, zn), ... (proj, xa)
particle production cross sections and spectra, and tidusdgproduction cross sections. These will be
exactly defined in the next sections.
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3.2.3 Binary cross sections

Some of the exclusive channels need, and get, more attehéimnothers. The exclusive binary cross
sections, for reactions that are characterized by one, alydone, particle out, are special in the sense
that they comprise both discrete and continuous energgitiams. Inelastic scattering can occur through
both direct collective and compound transitions to the fiastexcited levels and through pre-equilibrium
and compound reactions to the continuum. Let us assumedhattirget nucleus the basic structure
properties (spin, parity, deformation parameters) of trst iV levels are known. Then, thieelastic
cross sectiono,, .,/ is the sum of dotal discrete inelastic cross sectiarf’s; and acontinuum inelastic
cross sectiow "

_ _disc cont
(3.14) On,n/ = Onp/ + Tnn' s

wheres?i¢ is the sum over the inelastic cross sections for all the idd#a discrete states

(3.15) oue =N "k .

A further breakdown of each term is possible by means of i@achechanisms. The inelastic cross
section for each individual statéhas a direct and a compound contribution:

(316) O'i = O_z,dzrect + Uz,comp

n,n n,n’ nn'

where the direct component comes from DWBA or coupled-cbenpalculations. Similarly, for the
inelastic scattering to the continuum we can consider apgralibrium and a compound contribution

cont _ _PE cont,comp
(3.17) Onn! = Opt + Oy .

The set of definitiond (3 1#-3117) can be given in a compledablogous way for the other binary chan-
nelsoy, ;, i.e. 0¢%(0,1,0,0,0,0), 0y 4, Ont, onp andoy, . For the depletion of the reaction population
that goes into the pre-equilibrium channels, which will iecdssed in Sectidn'4.4, it is helpful to define
here thetotal discrete direct cross sectipn

(3.18) gdisc.direct _ Z Z O';’CZTGCt .

1 k=n'p,d,t,h,«a

Finally, we also consider an alternative division for the@+sbastic cross section. It is equal to the
sum of theinclusivebinary cross sections

inc,bin
(319) Onon—el — E : Onk
k=vy,n/,p,d,t,h,a

where again at the present stage of the outline we do notdmmfission and ejectiles heavier than
particles. This is what we actually use in the inclusive eaclreaction calculations. With the direct,
pre-equilibrium and compound models, several residudidagcan be formed after the binary reaction,
with a total population per nucleus that is equal to the teofgq. (3.I9). The residual nuclides then
decay further until all channels are closed. Note #iat"" is not a “true” cross section in the sense of
a gquantity for a final combination of a product and light paets).
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3.2.4 Total particle production cross sections

Especially for incident energies higher than about 10 Meg appropriate to define the composite or
total neutron production cross section, ... It can be expressed in terms of the exclusive cross sections
as follows

oo o o 0o 0

(3.20) Onan = Z Z Z Z Z Z in 0 (ins ip, id, ity Thy Ba),

in=01p=013=01=01,=01o=0

i.e. in the more common notation,
(3.21) Onan = Onp/ + 200.2n + Oppp + 2002np + ...

Again, o, ;, IS NOt @ true cross section since the incident and outgoiagras are not exactly defined
by its individual reaction components. (Contrary to our mi&bn, in some publications, ., is used
to indicate activation measurements of a whole string abjses (e.g.2°2~2%%Pb) in which caser is

a number that varies case by case. In our work, this is caltegikalusive cross section). Timgutron
multiplicity, oryield, Y,, is defined as

(3.22) y, = Jman

Onon—el
Similarly, thetotal proton production cross sectipa,, ., is defined as

oo o o 0 XX

(3.23) Onap = Z Z Z Z Z Z ip0 (i, ip, id, it, i, la),

in=01p=013=01t=015,=010=0

and the proton multiplicity, or yieldy), is defined as

ag
(3.24) Y, = P

Onon—el

and similarly for the other particles. We note that we do imopractice, use EqL{3.R0) to calculate the
composite particle production cross section. Instead, rigedalculate the inclusive binary cross section
of Eq. (3I9) and then, during the depletion of each residualeus by further decay we directly add
the reaction flux, equal to the,(Z, N, E,, E,+) term of Eq. [ZB), tar,, zn, 0y ap, €tC. This procedure
has already been sketched in the multiple decay scheme hegfrening of this Chapter. In the output
of TALYS, we include Eq.[(3.20) only as a numerical check. Bdew outgoing particles Eq_{3.20)
should exactly hold. For higher energies and thus more mggearticles (typically more than 4, see
the maxchannelkeyword on pag€_169) the exclusive cross sections are neddracked by TALYS
and Eq. [320) can no longer be expected to hold numeric&gmember, however, that we always
calculate the total particle production cross sectiongspective of the number of outgoing particles,
since we continue the multiple emission calculation untitesidual nuclides are in their isomeric or
ground states.
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3.2.5 Residual production cross sections

We can define another important type of derived cross seasorg the exclusive cross section, namely
the residual production cross sectiag,q. All exclusive cross sections with the same number of neutro
and proton units in the outgoing channel sum up to the sanmusdsucleus production cross section
for the final nucleugZ, N), i.e

[c o le O INe o c e o e o)

(3.25) Tprod(ZN) = 3 SN TN 0 iy i das it iy i) IN Oz,

in=01p=0143=01%;=0 =0 1o=0

where the Kronecker delta’s are defined by

oy = 1if iy +9q+ 24+ +2iq =Noc— N
0 otherwise
0z = 1if ip+ig+i+2ip +2iq = Zc - Z
(3.26) = 0 otherwise,

where the first compound nucleus that is formed from the ptitgeand target nucleus is denoted by
(Zc, N¢). As an example, consider ther 5Fe— *Mn +x reaction. The exclusive cross sections that
add up to thé*Mn production cross section a#§ 2y, o', na, andoy, ¢, 0ro%(2,1,0,0,0,0), 5% (1,0,1,0,0,0),
ando“*(0,0,0,1,0,0), respectively.

Since all exclusive cross sections contribute to the resioiwduction cross section for one nuclide
(Z, N) only, Eq. [36) automatically implies

(327) Onon—el = Z Z UpTOd(27 N)
Z N

Similar to Eq. [3.1IB), EqL{3.25) is separated per isomer

[colNe SN S S S e e

(3.28) Oprod,i(Z, N) Z Z Z Z Z Z “(in, Ip, id, it, thy 10 )ONO 7,

in=01p=013=01%:=02;,=01,=0

and the equivalent of EQ_([3113) is

(3.29) Oprod(Z,N) = > 0proailZ,N).

1=0,isomers
Also here, we do not calculate,,..; ando,,.q; using Eqs.[(3.25) an@(38), although optionally TALYS
includes it as a numerical check in the output for residualides close to the target. Analogous to the
total particle production, we determine the residual pobidm cross section, for both the isomers and
the ground state, after the complete decay of each nucleosebys of an inclusive calculation.

3.3 Spectra and angular distributions

In addition to cross sections, TALYS also predicts energacti, angular distributions and energy-angle
distributions.
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3.3.1 Discrete angular distributions

The elastic angular distributioﬁgg has a direct and a compound component:

do.el do.shape—el da.comp—el
(3.30) aa dQ) * aQ

where the shape-elastic part comes directly from the dpticael while the compound part comes from
compound nucleus theory, namely Hg.(41180). An analogelasion holds for inelastic scattering to a
single discrete state

231 dO’; y dO’ZCZZneCt do_:‘l,cr(zrzpound
(3.31) aQ  dQ + dQ) ’

where the direct component comes from DWBA or coupled-chEnealculations. For charge exchange,
we can write

da.i do_i,direct do_i,compound
32 np _ 4Onp n.p
(3:32) o) o T

and analogous expressions can be written for the othenbiractions(n, d), etc.

Of course, the integration over solid angle of every angdistribution defined here must be equal
to the corresponding cross section, e.g.

i,direct

o o,
3.33 z,dz:’ect _ / d0 n,n

In the output of TALYS, we use a representation in terms ofjoing angle and one in terms of Legendre
coefficients, i.e. EQ[{3.30) can also be written as

do,el
dQ)

(3.34) =Y (ot 4 O Pr(cos ©),
L

whereP;, are Legendre polynomials. For inelastic scattering we have

dot . .
nn Z(Czdzrect + Czcomp)PL(COS @)7

(3.35) —5"
L

and similarly for the other binary channels. The Legendigaesgion is required for the storage of the
results in ENDF data libraries.

3.3.2 Exclusive spectra

An exclusive spectrum is not only specified by the exact nurobemitted particles, but also by their
outgoing energies.
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In TALYS, exclusive spectra are calculated in the same |abpstake care of the exclusive cross
sections. The inclusive continuum spectra are obtainedhking the derivative of the inclusive cross
sections per excitation energy of EQ. (3.10) with respetiiécoutgoing particle energl;.,

(3.36) Ey =FE, — Ex/(l'/) — Sk/,

whereS;. is the separation energy for outgoing particleNote that since the inclusive cross section per
excitation energys depends oik; via sy, the product rule of differentiation applies to Hgq.(3.10here-
fore, the inclusive spectrum per excitation energy for agoing particlek’ of a given(iy,, iy, iq, it, in, ia)
channel is

as ,. . . ... _
E(ZTHvazdvzhZh7za,E$/(7,/)) = Z Z

k=v,n,p,d,t,h,ac 1%
sg(Z, N, E:v(i)>EJ:’(i/)) ds
T PZNEG)  dbn
dsk(Z, N, Ex(z), E, (Z/)) S(Zn — Onk, iy — 6pka 1q — Odks Tt — Oty th — Ohky b — Ok Em(l))]

dEy P(Z,N, E,(i)) ’

(in = Onksip — Opks id — Odks it — Otk» ih — Onk, ta — Oak, Ea (7))

Okk!

(3.37)

where, as initial condition, the derivativesQf( Z¢-, N, EX'** | E,.(i')) are the binary emission spectra.
The first term on the right-hand side corresponds to the spaabf the feeding channel and the second
term denotes the contribution of the last emitted particlée calculation of Eq.[{3.37) can be done
simultaneously with the exclusive cross section caloofati.e. we follow exactly the same recursive
procedure. The final exclusive spectrum for outgoing plartis given by

do®* as .. . ...
(338) di/(vazpvzdvthhvza) = Z di/(vazp7Zdvzt7Zhvza7Ei)7

1=0,isomers

The terms on the right hand side are the exclusive spectrgrpend state or isomer. The latter naturally
result from our method, even though only the total excluspectra of the left hand side are of interest.

We stress that for a givef,,, ip, iq4, it, in, 7o) Channel, Eq{3337) is calculated feweryoutgoing
particle k' (i.e. n, p, d, t, h andv). Hence, e.g. thén,2np«a) channel is characterized by only one
exclusive cross sectiom,, 2,,,q, but by three spectra, one for outgoing neutrons, protodsaspha’s,
respectively, whereby all three spectra are constructaad fromponents from the first up to the fourth
particle emission (i.e. tha can have been emitted in each of the four stages). In prattisemeans
that all spectra have a first order pre-equilibrium compoif@nd for higher energies also higher order
pre-equilibrium components), and a compound componem fraltiple emission. Upon integration
over outgoing energy, the exclusive cross sections may taéneial,

(3.39)

D (i i it i) 1 JE dae:”(. i i i)

O (ln,p,td, Uty Lhyta) = - - ; ; ; ; E k== (2, 2p, 2d, Lty Uhy Loy ) -

ny Py 9 9 et Zn+2p+2d+7/t+7/h+2a dEk/ ny Py I 9 Pt
k'=n,p,d,t,h,a
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3.3.3 Binary spectra

Similar to the cross sections, the exclusive spectra déterrarious other specific spectra of interest.
The exclusivanelastic spectrunis a special case of Eq.(3]138)

dop,  do®

(3.40) =

(1,0,0,0,0,0).

Since Eq.[[3:37) represents an energy spectrum, it incloglégfinition only continuum transitions, i.e.
it does not include the binary reactions to discrete stdes.ce, upon integration, Eq.(3140) only gives
the continuum inelastic cross section of Hq. (8.14):

dop

dE,,

(3.41) o = / dE,

Similar relations hold for the binargn, p), (n,d), (n,t), (n,h) and(n, «) spectra. The contributions to
the binary spectra generally come from pre-equilibrium ematinuum compound spectra.

3.3.4 Total particle production spectra

Similar to the total particle production cross sectiong dbmpositeor total neutron spectruncan be
expressed in terms of exclusive spectra as follows

[coINe OINe SN S HNe S

(3.42) dc‘l’gﬁ" SYYYY Z dh)

in=01p=013=01;=01p= 0%_0
i.e. in the other notation,

dgn,mn o dan,n/ dan,Qn dan,np dan,an

dE,  dE, dE,, dE,, dE,,

(3.43) T

Similar relations hold for thén, xp), etc. spectra. Note that, in contrast with EQ. (B.20), thé&ipligity
is already implicit in the exclusive spectra.

Again, in practice we do not use Ef.(3.42) to calculate threpmmsite spectra but instead add the
dsg(Z,N, E,, E,)/dE; term that appears in EJ.{3137) to the composite spectreevaddpleting all
nuclides in an inclusive calculation. We do use EqQ.(3.42a ammerical check in the case of a few
outgoing particles. Finally, integration of the total meut spectrum and addition of the binary discrete
cross section gives the total particle production crossmec

dop zn di
(344) On, = /dE ’ . + o ZSC/,
n,rn n dEn/ n,mn

and similarly for the other particles.
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3.3.5 Double-differential cross sections

The generalization of the exclusive spectra to angular mtdgr® cross sections is done by means of the
exclusive double-differential cross sections

dQO_ex

4 o
(3.45) dEdS)

(inv Z.]37 Z‘d7 Z‘If7 Z‘h7 Z‘04)7
which are obtained by either physical models or systematitsgration over angles yields the exclusive
spectrum

do®* . . d*oc
(346) di/(ZTHZpaZd,Ztalhala) :/dgm(ln,lp,ld,lt,lh,la).
The other relations are analogous to those of the spectya, tke inelastic double-differential cross
section for the continuum is
d20,n o dQO.ex

(3.47) = dEn/dQ(l,o,o,o,o,o),

and the total neutron double-differential cross sectiontmexpressed as

[ o IENe CHNe SN S lNe S

d n,rn
(3.48) dEU/dQ Z Z Z Z Z Z o dQ zn,zp,zd,zt,zh,za)

in=01p=0143=0 ;=0 2}, =0 10=0

For theexclusivecalculation, the angular information is only tracked foe first particle emission. The
reason is that for incident energies up to about 20 to 30 MeW, the first emitted particle deviates from
an isotropic angular distribution. Multiple compound esits to the continuum is essentially isotropic.
The isotropic contribution to the exclusive double-diffetial spectrum is then simply determined by
the part of the corresponding cross section that comes fraosét-Feshbach decay. At higher incident
energies, where the approximation of only one forward-pdgbarticle becomes incorrect, the interest
in exclusive spectra, or for that matter, the computatiamack of Eq.[(3.48), is no longer there. The
presence of multiple pre-equilibrium emission at energiesve several tens of MeV requires that we
include angular information for every emitted particle lire total double-differential cross section, i.e.
the left-hand side of EqL{3.M8). Again, this is all trackedrectly in the full inclusive calculation.

3.4 Fission cross sections

For clarity, we have kept the fission channel out of the disicusso far. The generalization to a picture in
which fission is possible is however not too difficult. Forifesauclides, the first expression that needs
generalization is that of the non-elastic cross sectioresged as a sum of exclusive cross sections,
Eqg. (3). It should read

[c o Ne S INe ol c e o e o)

(3.49) Tnon—el = > DD D > 0 (in,bp, iy i, iy ia) + 0F,

in=01,=014=01;=0 i), =0 ie.=0
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where thetotal fissioncross sectiom ; is the sum over exclusive fission cross sections

[c. ol O BNe ol e CHNe 9]

(3.50) ar=> 333> Z 0 (i, iy iy it iy i),

in=01p=013=01%;=01,=01o=0

whereo—jcx(z'n, ip,id, it in, io) represents the cross section for fissioraftgrthe emission of,, neutrons,

i, protons, etc. Well-known special cases arg; = 0;1(0,0,0,0,0,0), Tpnf = ajﬁ(l,0,0,0,0,0)
andoy, 2,5 = o—jﬂc(2, 0,0,0,0,0), which are also known as first-chance, second-chance anectince
fission cross section, respectively. HQ. (B.50) is more geiethe sense that it also includes cases where
particles other than neutrons can be emitted before thduashucleus fissions, e.dn,npf), which
may occur at higher incident energies.

The generalization of the non-elastic cross section of 49 is

inc,bin bi
(351) Onon—el — E On.k + Ufln’
k:/y7n/7p7d7t7h7a

whereo—?f" represents fission from the initial compound state (i.elughiag (n, v f) processes).

Analogous to EqI{3:25), we can define a cross section for fsgibining residual product

[colNe SN S S S e e

(3.52) olP(ZN) =3 NN 05 iy i as it iy e )ONO 2

in=0ip=0ig=0it=0 i, =0 ia =0

At higher energies, the meaning@;fif)d(z, N) is more relevant than the exclusive fission cross sections.
Consequently, for the total fission cross section we have

(3.53) of = Z Z ol rod 2,

What remains to be explained is h(m/jr’ is computed. First, we need to add to HQ.3.8) a term
we denote by ¢(Z, N, E,(i)), which is the part of the population that fissions from e N, £, (7))
bin. Hence, for fissile nuclides we have

(3.54) P(Z,N,Ex(i)) = sp(Z, N, E:()) + Y Y sk(Z N, Ey(i), B (i')).
k=~,n,p,d,;t,h,oc %

where in this case the sum ovieluns over discrete levels and continuum bins from @'1¢i) — Si. The
exclusive fission cross sectior}x is

Z Sf(Z7 N7 E$(Z))

P(Z,N, E,(i)) S(inyip, ids ity ihy Ga, By (7))

(355) U;m(inaipaid>itaih>ia) —
wherei runs from 0 toE!"**(Z, N'). The rest of the calculation of the exclusive particle creesstion
proceeds exactly as before. Hg. (3.10) is now automatidalbfeted from the fission cross sectibn{B.55),

in the sense that thg, terms alone, summed oveiand particles only, no longer add up to the population
P.
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Finally, the exclusive fission cross sections are also apeaiad by spectra. For example, the first
two neutrons emitted in thi:, 2n f) channel (third-chance fission) are described by an outgzéagron
spectrum. The exclusive spectrum of outgoing parti¢le a fission channel is

do$* Z,N,E;(7)) dS
(3.56) E(zn,zp,zd,u,zh,za) => P(Z N B.(7) dBy (iny s ds Bty Ty i)

i

while the exclusive particle spectra are again describdadoy3.3T). For double-differential spectra, the
usual generalization holds. We also repeat here that the(tdiservable) fission cross section is always
calculated by letting reaction population go into the finsibannel from eact”, N, E,, J,II) channel
until all nuclides have ended up in their ground or isometates irrespective of the user request for an
exclusive channel calculation.

3.5 Recoils

3.5.1 Qualitative analysis

In a nuclear reaction code, the calculations are usualfppeed in the center of mass (CM) frame, while
the experimental data are obtained in the Laboratory (LA&NE. It is therefore necessary to perform
a transformation either by (i) expressing the experimeatditdh in the CM frame or by (ii) expressing the
CM model results in the LAB frame. Of course, the cross sest@re the same in both frames, but the
spectra are certainly different. The best example is giwethb elastic peak in an emission spectrum
which is a Dirac delta peak in the CM frame and rather looks éilGaussian when measured experimen-
tally. The reason for this, apart from the fact that the poiile beam is not perfectly mono-energetic,
is that the composite system has a velocity in the LAB franfereedecay occurs. Consequently if one
considers the emission of an ejectile with a well definedgner the CM frame, the ejectile energy in
the LAB frame will not be unique because of all the CM emissaoigles. More precisely, a maximum
ejectile energy will be obtained when the emission occur@ aand a minimum will be obtained at
180, together with all the intermediate situations. Dealinghvthis situation is simple if only one nu-
cleus decays, but if two particles are sequentially emitteglfirst emission probabilities create a velocity
distribution of the residual nuclei in the LAB frame. One mfiist loop over these velocities before one
can compute the secondary emission.

3.5.2 General method

As mentioned in sectidn3.2.2, in TALYS each nucleus thatdearay is described by an arr&y(Z, N, E,.)
which gives the population in a bin/level with excitatioreegy E,. of the nucleugZ, N'). A special case

is the initial compound nucleus which contains all the alitieaction population at its total excitation
energyE"**. For the kinematics of the binary reactions, it is necessaieep track of the velocities
and moving directions of these nuclei in the LAB frame, sd tla can reconstruct the LAB spectra
from the decays in the CM frame. We therefore have to add icjplie three dimensions to the array.
The first one to keep track of the recoil energy, and the twerathes for the emission angles. However,
such book-keeping would become very time consuming, ealbetbr high energies.
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Hence, we only take into account the recoil energies and shal® angle and define another
array P,..(Z, N, E,, E,, ©,) which indicates the fraction of the total populatiét{{Z, N, E,) moving
with the kinetic energyF, in the direction®, with respect to the beam direction in the LAB frame.
Obviously,

(3.57) P(ZN,E;)= Y Y PecZ,N,E, E,, 0,).
E, bins O, bins

Again, the initial compound nucleUc, N¢) is a special one. Its kinetic enerds} in the LAB
frame is unigue and is given by

(3.58) B0 = /(B2 + 2M, E, + M2) - M,
where E,, is the projectile kinetic energy in the LABY,, the projectile mass andl/c the compound
nucleus mass, and it moves in the beam direction (PE. Before any emission is calculated, the initial
reaction population is stored in the array element.(Z., N., E™% EY 0). As explained before, the
population of the residual nuclei bins are calculated bypiog over all possible ejectiles, emission
energies and angles in the CM frame. Therefore, each timeeagydrom a mother bin to a residual bin,
we know exactly what fraction of the total bin population mited in a given CM (energy,angle) bin.
We then simply couple the CM emission energies and angldstivt CM kinetic energy and moving
direction in the LAB frame to determine simultaneously tfextle double-differential spectrum in the
LAB and the residual nucleus population in the correspandiAB (energy,angle) bin. This may seem
simple from a qualitative point of view, it is however notvidl to implement numerically and can be
time consuming.

3.5.3 Quantitative analysis

From now on, for simplicity, we assume that the kinematicshefbinary reactions can be considered
as a classical process, i.e. we excluddecay and relativistic kinematics in the recoil calculati®Ve
here consider the emission of a given ejectile from a givesrgnbin: of the decaying nucleusZ, N)
which moves with a given velocity,,,, (or kinetic energyE.,,) in the direction©.,, with respect to
the beam direction. The total population that is going toagds P(Z, N, E;) and the fraction of this
population moving with the velocity.,,,, in the direction®.,, is given byP,...(Z, N, E;, Ecn, Ocm ). We
can determine the total emitted flux for a given emissiongnand a given emission angle in the CM
frame. In practice, we rather decay from a initial bin to ddeal bin in a given angular bin in the CM
frame. If recoil effects are neglected we directly derivanirsuch a decay an energy B2, EC/]

low >

and an angular bif©f,/, ©5M] in which the total flux®SM is emitted. Accounting for recoil effects
requires an intermediate step to share the available edeRj{difference between the energy bins of the
initial nucleus and final nucleus) among the ejectile withssra.; and the residual nucleus with mass

Mgpg.
To do this, we use the classical relation

—LAB _ - —CM
(3.59) Vel 7= Vem+ Ve,
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which connects the LAB velocity’ 24 of the ejectile with its velocitys’SM in the CM frame and the

CM frame velocity v’ ,,,. We need to conneW%M with AE.
This can be done upon writing

1 1
(3.60) AE = gmey (VM) + 5 Mr(TEM)?,

WhereﬁgM is the residual nucleus velocity in the CM frame, and usirggrédation

(3.61) mQj?@C]’_M + mR?%M = H
Combining(B.:60) and (B:6]) yields
M
(3.62) wGM = [2 R AE,
Mej (mej + MR)

which reduces to the classical relation

2AFE

(3.63) ¢

7
mej

if recoil effects are neglected (i.e. in the lindifp — +00).

Once this connection is established, EqQ.(B.59) is usedtasmae the velocity and angle of both
the emitted light particle and the residual nucleus by singpbjections on the LAB axis.

Hence, given a decay situation in the CM frame, we can renatdboth the energy and angle of
emission in the LAB frame. We now have to determine the linkveen the double-differential decay
characteristics in both frames. The solution is well knowee( Ref.[[7] for instance) and consists of
using a Jacobian which accounts for the modification of ameigary solid angl€f2 in the CM frame
when going into the LAB frame. However, in TALYS we have to doypmanother method because we do
not generally calculate decays for well defined energiesaagtes but rather for a given energy bin and
angular bin. Moreover, since we do not account for the aialiangle, we may also encounter some
problems when calculating recoil for secondary emissioleéd, only the first binary process has the
azimuthal symmetry with respect to the beam direction.

3.5.4 The recoll treatment in TALYS

The way the double-differential spectra are calculated AT in the LAB frame from those obtained
in the CM frame is illustrated in Fig.3.6. As stressed in Gkal@, the emission energy grid for the
outgoing particles is non-equidistant. Moreover, one bdseep in mind that the total flu(s, j) in an
energy-angular bii, j) is connected with the double differential cross sectis(y, j) by

(3.64) ®(i,7) = xs(i, J)AE(i) AcosO(j).

Consequently, it is appropriate to locate the grid pointagian energy-cosine grid. As an example, in
Fig.[336, we consider the decay in the CM bin defined by theggniaterval[2, 3] and the cosine interval
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0.4 ~

Figure 3.6: CM and LAB double-differential spectra in TALYS

[0.25,0.5] (black region). We assume that the decay occurs from a cdtapsstem moving with a
kinetic energy of 1 MeV in the direction 45%with respect to the initial beam direction. The mass of the
ejectile is assumed to be. = 1 arb.unit, and that of the composite systenarb.unit. In that case, the
region reached by the ejectile is a slightly deformed trajeggray region) which covers several bins.
Therefore, if the emitted flux is located in a single bin in @M, it must be distributed over several bins
when going to the LAB frame. This is the key problem to be sblveTALYS. To solve this problem,
we need to make assumptions to be able (i) to calculate tlaecakered in the LAB frame (gray region)
and (ii) the way this global area is distributed over the liinrtially covers. The assumption made in
TALYS consists of neglecting the deformation of the bouietaof the grey area and assuming this area
to be a trapezoid. In other words, we make the assumptioratin@ngle in the CM frame is transformed
into a triangle when going in the LAB. This is helpful sinceethrea of a triangle is given by a simple
analytic expression as function of the coordinates of tiersits of the triangle. Therefore, we divide the
starting CM bins into two triangles to determine the twortgkes obtained in the LAB frame. With such
a method, the whole problem can be solved and the decay a&dih the CM frame can be transformed
to the LAB frame without any further approximations.

However, in practice, coupling the angular direction (ia thAB) of the nucleus that decays with
the ejectile emission angle in the CM frame, while neglertime azimuthal angle, gives double differ-
ential ejectile spectra in the LAB which are generally natrect. In fact, we believe that it is better not
to account for the angular distribution of the decaying auslunless bot® and¢ are explicitly treated.
Fortunately, the final angular distribution of the recdailinucleus is seldom of interest.
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3.5.5 Method of average velocity

As mentioned above, we do not loop over the angular distabudf the decaying nucleus. This is equiv-
alent to replacing the arra¥,..(Z, N, E;, E,,0,) by P,..(Z, N, E;, E,.). Then, we only have to keep
track of the velocities of the nucleus that is going to decay,we have to loop over the,. bins to re-
construct both the ejectile and residual nuclei spectratidgr approximation that we have implemented
as an optionrgecoilaverage Y consists of using an average velocity before this recoastm, a method
first applied by Chadwick et al_T10,11]. This approach asdtik loop over thds, bins altogether and
reduces the calculation time. However, for high energtas,might be too crude an approximation.

3.5.6 Approximative recoil correction for binary ejectile spectra

Maybe you are not interested in a full recoil calculatiort, imerely want to correct the outgoing particle
spectra for the recoil of the nucleus. In that case you mayhsstllowing method which is implemented
in TALYSS for just that purpose and which is outlined below.

The assumptions are made thgtdnly binary emission takes place, and that €mission only
occurs under Q Hence, this approximation is basically expected to bel\fali angle-integrated spectra
only. The CM to LAB conversion of the ejectile spectra takeder these conditions the following simple
form:

me; M,
M¢,

(3.65) Elab _ Mg Mej MRV lej M,
M
C

8= AE+

E,+2 E, AE,

in which Eéjb is the LAB ejectile energy. This correction is applied to thk ejectile spectrum including
the multiple emission contributions. Hence, the approxiomais rather crude. It saves, however, a lot
of computer time. Since the high-energy tail originates plately from binary emission, this tail is
correctly converted to the LAB system. Furthermore, theamion is small at low energies where the
largest contributions from multiple emission reside.



40

CHAPTER 3. NUCLEAR REACTIONS: GENERAL APPROACH



Chapter

Nuclear models

Fig.[4] gives an overview of the nuclear models that areudedl in TALYS. They can generally be
categorized into optical, direct, pre-equilibrium, comapd and fission models, all driven by a compre-
hensive database of nuclear structure and model paramétéswill first describe the optical model
and the various models for direct reactions that are usedt, Me give an outline of the various pre-
equilibrium models that are included. Then, we describepmmd nucleus models for both binary and
multiple emission, and level densities, which are impdriagredients of pre-equilibrium and compound
models. Finally, we give an outline of the fission models.

4.1 Optical model

The central assumption underlying the optical model is thatcomplicated interaction between an
incident particle and a nucleus can be represented by a eempan-field potential, which divides the
reaction flux into a part covering shape elastic scatternimbaapart describing all competing non-elastic
channels. Solving the Schrodinger equation numericaiti this complex potential yields a wealth of
valuable information. First, it returns a prediction foethasic observables, hamely the elastic angular
distribution and polarisation, the reaction and total sresction and, for low energies, thep-wave
strength functions and the potential scattering radilisThe essential value of a good optical model is
that it can reliably predict these quantities for energied auclides for which no measurements exist.
Also, the quality of the not directly observable quantitieat are provided by the optical model has an
equally important impact on the evaluation of the variowction channels. Well-known examples are
transmission coefficients, for compound nucleus and rstaf- compound decay, and the distorted wave
functions that are used for direct inelastic reactions amdrainsitions to the continuum that describe
statistical multi-step direct reactions. Also, the reacitross sections that are calculated with the optical
model are crucial for the semi-classical pre-equilibriurodels.

All optical model calculations are performed by ECIS-05, [@hich is used as a subroutine in
TALYS.

41
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4.1.1 Spherical OMP: Neutrons and protons

The default optical model potentials (OMP) used in TALY Sthielocal and global parameterisations of
Koning and Delaroche [182].

The phenomenological OMP for nucleon-nucleus scattetifigs defined as:
Ur,E) = —Vy(rE)—iWy(r,E) —iWp(r,E)

(4.1) +Vso(r, E).l.o +iWso(r,E).Lo + Vo (r),
whereVy so andWy. p so are the real and imaginary components of the volume-ce(itrplsurface-
central (O) and spin-orbit §O) potentials, respectivelyE is the LAB energy of the incident particle in
MeV. All components are separated in energy-dependentdspths,Vy,, Wy, Wp, Vso, andWse, and
energy-independent radial pagtsnamely

VV(TﬂE) = VV(E)f(T,RV,CL\/),

Wy(r,E) = Wy(E)f(r,Rv,ay),

d
Wp(r,E) = —4aDWD(E)%f(T,RD,aD),
VeolrB) = Vsol®) (=) 1L Reo,aso)
solr, = Vso mec) 7’ \itso,as0);
@.2) WeorB) = Wol®) (==) 1L 1(r, Rso,as0)
. solr, = Wso mec) 7’ \itso,aso).
The form factorf (r, R;, a;) is a Woods-Saxon shape
(4.3) F(r, Riai) = (1+ expl(r — Ri)/ai]) ™",

where the geometry parameters are the raélius- r; A'/2, with A being the atomic mass number, and
the diffuseness parameters For charged projectiles, the Coulomb tebin, as usual, is given by that
of a uniformly charged sphere

7 ze? r2
Vo(r) = SR (3— R—%)’ forr < R¢
VA 2
(4.4) = i , forr> Reo,

r

with Z(z) the charge of the target (projectile), aRg: = rc A'/3 the Coulomb radius.

The functional forms for the potential depths depend bn- E), whereEs, the Fermi energy
in MeV, is defined as the energy halfway between the last aedugnd the first unoccupied shell of the
nucleus. For incident neutrons,

(4.5) B = —%[Sn(Z, N) + S(Z, N + 1)),

with S,, the neutron separation energy for a nucleus with proton eutiland neutron numbey, while
for incident protons

(4.6) B = 3 [S)(Z,N) + 5,(Z + 1, V)],
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with .S, the proton separation energy. We use the mass table of tiheanstructure database to obtain
the values of the separation energies.

Our OMP parameterisation for either incident neutrons otqrs is

Vv(E) = Ul[l—UQ(E—Ef)+U3(E—Ef)2—U4(E—Ef)3]
(E - Ef)
Wyv(E) = w
v(E) CEZ B+ ()
TV constant
ay constant
(B — Ey)?
Wp(E exp|—do(E — E
D constant
ap constant
VSO(E) Vsol eXP[—Usoz(E - Ef)]
(E - Ef)°
Wso(E
SO( ) wsol (E o Ef)2 + (w802)2
TSO constant
aso constant
4.7 ro constant,

whereEy = E for incident neutrons anfl; = Eiﬁ for incident protons. Heré is the incident energy
in the LAB system. This representation is valid for incidenergies from 1 keV up to 200 MeV. Note
that 1y, andWy, share the same geometry parametgranday -, and likewise for the spin-orbit terms.

In general, all parameters appearing in £q.1(4.7) diffemfraucleus to nucleus. When enough
experimental scattering data of a certain nucleus is dlaila so called local OMP can be constructed.
TALYS retrieves all the parameters, vo, etc. of these local OMPs automatically from the nuclear
structure and model parameter database, see the next €helpitch contains the same information as
the various tables of Ref_[1B2]. If a local OMP parameteiasais not available in the database, the
built-in global optical models are automatically used, ethcan be applied for ang, A combination.

A flag exists (thdocalomp keyword) to overrule the local OMP by the global OMP. The gllateutron
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OMP, validated f00.001 < E < 200 MeV and24 < A < 209, is given by

D
ap
Vso(E)

Wso(E)

Tso
(4.8) aso

WL — 03 (B — B}) +v§(E — E})? - o} (E — E})?]

(B - E})?
(B — E})? + (wh)?
1.3039 — 0.4054A4°1/3
0.6778 — 1.487.107* A
(E - E})?
(B — E})* + (d§)?
1.3424 — 0.01585A4'/3
0.5446 — 1.656.10™* A
Vo1 €XP[—vio(E — EF)]
E — E7)?
Wy & _(En)z +f()wn g
f 502
1.1854 — 0.647A~1/3
0.59,

wy

dy exp[—d3 (E — EF)]
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where the units are in fm and MeV and the parameters for thenfiat depths and?;} are given in Table

A1

The global proton OMP is given by

D
ap
Vso(E)

Wso(E)

SO

aso
(4.9) e

W[1 — vy (E — E}) + o5 (E — E})? — o) (E — E})’]

Vol [vg — 208(E — E?) + 30}(E — EV)?

(B — B})?
(B — E9)? + (wh)?
1.3039 — 0.4054A4~1/3
0.6778 — 1.487.1074 A

(E - E})?
(B — E9)? + (d})?
1.3424 — 0.01585A4/3
0.5187 +5.205.107% A
Vso1 €XP[—Vgoo (B — E?)]
Wy (Ep_ E§)2 D

(E = E})? + (wgp)?
1.1854 — 0.647A~/3
0.59

1.198 + 0.697A7%/3 4 12.994A7°/3,

p
wy

dy

exp[—dy(E — EY)]
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o =59.30 — 21.0(N — Z)/A — 0.024A MeV
v =0.007228 — 1.48.107 64 MeV~!
v} =1.994.107° — 2.0.10784 MeV—2
v =7.107° MeV—3
wf  =12.195 4 0.0167A MeV
wh  =73.55+0.0795A MeV
dy =16.0 —16.0(N — Z)/A MeV
dy  =0.0180 4 0.003802/(1 + exp[(A — 156.)/8.)] MeV~!
g =115 MeV
o, =5.922 + 0.0030A MeV
v, =0.0040 MeV~!
wh, =-3.1 MeV
w?,  =160. MeV
E}  =-11.2814 + 0.02646A MeV

Table 4.1: Potential depth parameters and Fermi energpéonéutron global OMP of EJ.(4.8).

where the parameters for the potential depths,and E? are given in Tabl€Z12. The functional form
of the proton global OMP differs from the neutron global OMitoby the Coulomb correction term in

W (E).
The spherical optical model described above provides #msinission coefficients, DWBA cross
sections, total and elastic cross sections, etc., memtionthe beginning of this section. For deformed

nuclides, strongly coupled collective levels need to b&uihed. This will be explained in Secti@n#.2 on
direct reactions.

All optical model parameters mentioned in this Section caratljusted, not only by means of
a local parameter file (see tlptmodfileN keyword), but also via adjustable parameters through the
vladjust, v2adjust etc. keywords, with which the standard values can be midtpl Even energy-
dependent adjustment of the geometry is possible as a kst te fit data, using thevadjustF, etc.
keywords.

Extension to 1 GeV

To be able to predict the total, elastic and non-elasticsceestions up to 1 GeV, the OMP described
above has been extendédl[12]. It is emphasized here thatdisigust done to test at which energy the
validity of TALYS in predicting other (residual) cross seect will fail. We are well aware of the fact that
the usual Schrodinger picture of the OMP is valid up to all®® MeV, and should then be taken over by
a Dirac approach. Nevertheless, a functional form was betaated which leaves all KD03 parameter
values below a joining energy;, at or around 200 MeV, unaltered while smoothly extendirgethergy
dependence abou@;. This was only applied to the redl;,, and imaginary}¥y,, volume parts of the
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Table 4.2: Potential depth parameters and Fermi energyéagprioton global OMP of Eq{4.9). The pa-
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o =59.30 +21.0(N — Z)/A — 0.024A MeV
v =0.007067 4 4.23.1075 4 MeV—!
o) =1.729.107° + 1.136.10 % 4 MeV—2
o = MeV—3
wy  =14.667 4 0.009629A MeV
wh = wy MeV
& =16.0+16.0(N — Z)/A MeV
& =dy MeVv 1
db =dj MeV
Usol = Viol MeV
Uso2 = Vioo Mev~!
Weot = Wiy MeV
Wooy = Wiep MeV
B} =-84075 +0.013784 MeV
Ve  =1.73.2Z.A713)r¢ MeV

rameter values for neutrons are given in Tablé 1 appears in the Coulomb correction tetWe (E),
of the real central potential.

potential. For that, the KD0O3 OMP for neutrons beléiy reads[[18R],

(4.10)

W(E) = of
V(B — EB})°)

(E - E})?
E—E}? + (w§)?’

Wi (B) = wi

o[l =3 (E — E}) + v§(E — E})? -

whereE? is the Fermi energy. Fdr, we assume that the exponential decrease should contigoade
E;. After all, the KD03 form of Eq.[[4.10) foVy is just a Taylor expansion of the exponential function,
in which we gave ourselves the freedom to alter the indivicaefficientsvy, etc. Also, following
studies like [[1B[_14], we assume that it converges to a negadlueV,,. Hence, the form chosen for
E > Ej is
(4.11) W (E) = Ve + b.exp(—c(E — E?))

We determine the new parametérandc by calculating the value & = E7, giving

(4.12) b= Vi (EY) - Va.
Hence,
(4.13) VW (E) = Voo + (W (E}) — Vo) exp(—c(E — E})).
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Next, ¢ can be determined by requiring that the high-energy patkistiequal to that of the low energy
expression Eq{4.10) at the joining energy:

(4.14) Vv (Ey) = Voo + (W(E}) = Vao) exp(—c(Ey — E})),
giving

- 1 Vi (Eg) — Vo
(#.15) =B W E) - V)

For Wy, it is expected that at high energies new absorption chanseth as pion production,
emerge and thdt/,, will show another smooth increase as function of energy.cddethe form ofiy,
for £ > Ejis

(8- B}
(E-Ep)+ ()’

(4.16) Wy (E) = w§ +d,

where we find that a power of 4, instead of the usual 2, givedtarba@escription of experimental data.
Also here, a parameterwas added to ensure a value exactly equal to KDQB ati.e. atE = E; we
have

(E; - E})*

(4.17) d=Wy(E;) — wy By — E})F + (w))?

In sum, we have the following simple extension of the KD03 OMIPE > E;:
W(E) = Voot (WI(EF) - V)

. ( E-E} 10g(vV(EJ) - Voo)>

*

*
E; — E} Vv (E7) — Voo
(B — E})*
FE) = Ejy) —w}
WV( ) WV( J) w3 (EJ _E}z)4 + (w2)4

(5B

(4.18) + g B+ (@)’

hich joins smoothly with the KD03 expression of ER.(4.10) fo < E;. The following, preliminary,
values were obtained from a fit to neutron total and protonelastic cross sections up to 1 GeV:

E; = 200.
Ve = —30.
wh = 25.—0.0417A
wy = 250.

(4.19)

All parameters can be adjusted with keywords. In EQ_{4.18)(E), Vi (E;) and Wy (E;) are
obtained from Eq.[{410). The above extension, and parametiso hold for incident protons.
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4.1.2 Spherical dispersive OMP: Neutrons

The theory of the nuclear optical model can be reformulatddrims of dispersion relations that connect
the real and imaginary parts of the optical potential, andhaxee added an option in TALYS to take them
into account. These dispersion relations are a naturaltreSthe causality principle that a scattered
wave cannot be emitted before the arrival of the incidentevane dispersion component stems directly
from the absorptive part of the potential,

P [ W(rE) , _,
4.2 A FE)=— ——=dFE
( 0) V(r7 ) T /Oo ! E d Y

whereP denotes the principal value. The total real central patémtn be written as the sum of a
Hartree-Fock termVy (r, E') and the the total dispersion potentia)(r, E)

(4.21) V(r,E) =Vyr(r,E) + AV(r, E).

SinceW(r, E') has a volume and a surface component, the dispersive aditio

AV(r,E) = AVy(r,E)+ AVp(r,E)

d
(4.22) = AW(E)f(r,Rv,av) — 4CLDAVD(E)%JC(73 Rp,ap)
where the volume dispersion term is given by
P [ W (E)
(4.23) AVy(E) = = BF dE',

and the surface dispersion term is given by

_ P [ Wp(E)

dE'.
r) o E—E

(4.24) AVp(E)

Hence, the real volume well depth of EG._{4.2) becomes
(4.25) W(E) = Vur(E) + AVy (E),
and the real surface well depth is

(4.26) Vp(E) = AVp(E).

In general, Eqs[{4.23)-{4.P4) cannot be solved analyyicelowever, under certain plausible conditions,
analytical solutions exist. Under the assumption that tieginary potential is symmetric with respect
to the Fermi energ¥r,

(4.27) W(Er — E) = W(Ep + E),
wherelV denotes either the volume or surface term, we can rewritditipeersion relation as,

dE,
gr (B' = Ep)? — (E — Ep)?

(4.28) AV(E) = %(E — Ep)P



50 CHAPTER 4. NUCLEAR MODELS

from which it easily follows tha\V (E) is skew-symmetric arounf',
(4.29) AV(E+ Er) = —AV(E — Ep),
and hence\V (Er) = 0. This can then be used to rewrite EQ. (4.20) as

AV(E) = AV(E)- AV(Ep)

B 2/ W(E/)(E’l—E_E’—lEF)dE/
 E—Ep [ W(E) ,
(430 - =T

For the Hartree-Fock term we adopt the usual formifp(E) given in Eq.[4Y). The dispersion integrals
for the functions for absorption can be calculated anaifticand are included as options in ECIS-06.
This makes the use of a dispersive optical model paramatieniz completely equivalent to that of a
non-dispersive OMP: the dispersive contributions areutaled automatically once the OMP parameters
are given. Upon comparison with a nondispersive parametén, we find that, is rather different (as
expected) and thad,, ay, v2, v3, w1 andwsy are slightly different. We have included dispersive sptari
neutron OMP parameterization for about 70 nuclides (uriphietl). They can be used with the keyword
dispersion y.

4.1.3 Spherical OMP: Complex particles

For deuterons, tritons, Helium-3 and alpha particles, weaisimplification of the folding approach of
Watanabel[15], see Rel. [[16]. We take the nucleon OMPs destin the previous section, either local
or global, as the basis for these complex particle potential

Deuterons

For deuterons, the real central potential depth at incidastgyF is

(431) V‘gleuteron(E) — V&Leutron(E/Q) + ‘/‘eroton(Ea/Q)7
and similarly fori¥y, andWp,. For the spin-orbit potential depth we have
(4.32) VG eron (1) = (VB (E) + Vig "™ (1)) /2.

and similarly foriWgso. For the radius and diffuseness parameter of the real ¢g@uotiential we have

Tdeuteron — (T‘V;eutron_kr‘p;roton)/z
(433) aa‘l/euteron — (aeeutron_ka]‘)/roton)/z

and similarly for the geometry parameters of the other giatkn

Note that several of these formulae are somewhat more deharanecessary, since the nucleon
potentials mostly have geometry parameters, and alsofdtdapths such akso, which are equal for



4.1. OPTICAL MODEL 51

neutrons and protonsf is an exception). The general formulae above have been iingpited to also
account for other potentials, if necessary.

We are well aware of the fact that others have constructedifgppotentials for deuterons that
may outperform the Watanabe-type potential described fdrerefore, we have also added the deuteron
potentials of Daehnick et al. [17], Bojowald et al.[18], Hatral.[19], and Haixia An et al.[20] as options.

Tritons

For tritons, the real central potential depth at incidergrgn £ is

(4.34) Viriton(B) = 2Veutron(B/3) + VTN (E/3),
and similarly fori¥y, andWp,. For the spin-orbit potential depth we have
(4.35) VS M(E) = (VE§"™(E) + Vg™ (E))/6,

and similarly foriWgso. For the radius and diffuseness parameter of the real ¢g@utiential we have

T,l‘t}"iton — (27,‘11/eutron_i_rgvroton)/?)7
(4.36) al‘f;iton — (2a1‘1/eutron+a€/roton)/37

and similarly for the geometry parameters of the other pitkn

Helium-3

For Helium-3, the real central potential depth at inciderdrgy £ is

(4_37) V‘fielz‘um—?)(E) _ V&Leutron(E/?)) + QV‘];TOtOn(E/?)),
and similarly fori¥y, andWp,. For the spin-orbit potential depth we have

(4.38) Vg (E) = (VESH M (B) + ViG "™ (E))/6,

and similarly foriWso. For the radius and diffuseness parameter of the real ¢g@utiential we have

T‘Ijeliumf?; — (T,‘rﬁeutron_’_zrj‘v;roton)/g’
(4.39) a‘l-/lelium*x? — (aT‘l/eutron+2az‘>/roton)/3’

and similarly for the geometry parameters of the other giatkn

Alpha particles

For alpha’s, the real central potential depth at incideerg@nF is

(4.40) VPhes(BY = avpeutron (B /4) + 2VEM (B /4),
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and similarly foriy, andWp. For the spin-orbit potential depth we have
(4.41) Virhes () = WS (B) = .

For the radius and diffuseness parameter of the real cexdtantial we have

7ng/_lphas _ (r‘r}eutron_’_r‘p;roton)/l
(4.42) at‘l/lphas — (aT‘l/eutron_’_a]‘a/?"oton)/z7

and similarly for the geometry parameters of the other giatkn

As extra options the alpha potentials by McFadden and Sat{#] and Demetriou et al [22] are
available.

All optical model parameters for complex particles can eratl via adjustable parameters through
the vladjust, rvadjust etc. keywords, with which the standard values can be midtpl Also local
energy-dependent adjustment of the geometry is possilaédaess resort to fit data, using tineadjustF,
etc. keywords.

4.1.4 Semi-microscopic optical model (JLM)

Besides the phenomenological OMP, it is also possible tmparTALYS calculations with the semimi-
croscopic nucleon-nucleus spherical optical model pitkas described in[28]. We have implemented
Eric Bauge's MOM codel[[163] as a subroutine to perform scedalleukenne-Lejeune-Mahaux (JLM)
OMP calculations. The optical model potential [of][28] arsdaktension to deformed and unstable nuclei
has been widely tested [28,129, 80! B1l, 32] and producesqi@ts from A=30 to 240 and for energies
ranging from 10 keV up to 200 MeV. MOM stands for “Modéle @pie Microscopique” in French,
or “Microscopic Optical Model” in English. In this versiorf BALYS, only spherical JLM OMP’s are
included.

The MOM module reads the radial matter densities from théeamctructure database and per-
forms the folding of the Nuclear Matter (NM) optical modelguotial described ir [28] with the densities
to obtain a local OMP. This is then put in the ECIS-06 routioedmpute observables by solving the
Schrodinger equation for the interaction of the projectilith the aforementioned OMP. The OMP'’s
are calculated by folding the target radial matter densiyr\®n OMP in nuclear matter based on the
Bruckner-Hartree-Fock work of Jeukenne, Lejeune and Mal{a3,[34,35/°36]. This NM OMP was
then phenomenologically altered [n.]28] 37] in order to ioyar the agreement of predicted finite nuclei
observables with a large set of experimental data. Thesmiraments consist in unifying the low and
high energy parameterizations of the NM interactiori_ir [2ifid in studying the energy variations of the
potential depth normalization factors In[28]. These festwow include non-negligible normalizations of
isovector component§ [28] that are needed in order to atsdmultaneously for (p,p) and (n,n) elastic
scattering as well as (p,n)s quasi-elastic scattering. The final NM potential for a givertlear matter
densityp = p, — p, and asymmetry = (p,, + p,)/p reads



4.1. OPTICAL MODEL 53

Uvi(E)pa = Av(E) [Vo(B) £ Avi(B)aVi(E)]

(4.43) + idw(E) [WO(E) + A1 (E)aW, (E)] ,

with E the incident nucleon energ@ = FE —V_. (whereV, is the Coulomb field)};, V4, Wy, and
W1 the real isoscalar, real isovector, imaginary isoscatat,imaginary isovector NM OMP components
respectively, and\y, A\y1, Aw, and Ay the real (isoscalar+isovector), real isovector, imaginand
imaginary isovector normalization factors respectiv@lfie values of\y, A\y1, Ay, and A1 given in
[28] read

(4.44) Av(E) = 0.951 + 0.0008 In(1000E) + 0.00018 [In(1000E)]?

A (B) = [1.24 — [14559)] 1} [1+0.06 e*(%)z]
(4.45) X [1 —0.09 e—(%f] [1 + <E46080> O(E — 80)]
(4.46) Avi(E) = 1.5 —0.65 [1 + eE?‘S} o

Awi(E) =

E—40\ 4 -1
114044 |1+ (e—sog )

(4.47) X [1 — 0.065 e—(El;sfm)Q] [1 —0.083 e—(E§§°°)2] .

with the energy expressed in MeV. As stated [n]28], in the 20 to 50 MeV ranige uncertainties
related to\y, Ay, Aw, and Ay, are estimated to be 1.5%, 10%, 10%, and 10%, respectivelgideu
this energy range, uncertainties are estimated to be lestianger.

In order to apply the NM OMP to finite nuclei an approximaticadho be performed. This is
the Local Density Approximation (LDA) where the local valoéthe finite nucleus OMP is taken to
be the NM OMP value for the local finite nucleus densityi-n(r) = Una(p(r)). Since this LDA
produces potentials with too small rms radii, the improv&ih,_which broadens the OMP with a Gaus-
sian form factor[{4.48), is introduced. In'137, 28] diffetgmescriptions for the improved Local Density
approximation are compared and LDA range parameters airaiaptl.

Unm(p(r'), E)

exp—f’—ﬁztfpr/dﬁ,
e (17 = 72200

(4.48) Upn(r, E) = (ty/m) ™3 /
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with ¢ the range of the Gaussian form factor. Tihe= 1.25 fm and¢; = 1.35 fm values were
found [28] to be global optimal values for the real and imagjrranges, respectively.

Finally, since no spin-orbit (SO) potential exists betwaernucleon and NM, the Scheerbalmi[38]
prescription was selected in37], coupled with the phenutagical complex potential deptbs,__, and
Aw.,- The SO potential reads

so!

(4.49) U2 (r) = O B) + 0 () 52 (3000 + 500 )
with

(4.50) Ao, = 130 exp(—0.013 E) + 40

and

(4.51) Mo, = —0.2 (E — 20).

All JLM OMP parameters can be altered via adjustable paramméhrough thévadjust, lwadjust etc.
keywords, with which the standard values can be multiplied.

4.1.5 Systematics for non-elastic cross sections

Since the reaction cross sections for complex particleseaigied by the OMP have not been tested and
rely on a relatively simple folding model, we added a posigjtiio estimate the non-elastic cross sections
from empirical expressions. The adoptegathi.f subroutine that provides this does not coincide with
the published expression as given by Tripathi et[all [391,diecking our results with the published
figures of Ref.[[3B] made us decide to adopt this empirical @hed an option. We sometimes use it
for deuterons up to alpha-particles. A high-quality OMP domplex particles would make this option
redundant.

4.2 Direct reactions

Various models for direct reactions are included in the mrog DWBA for (near-)spherical nuclides,
coupled-channels for deformed nuclides, the weak-cogptiodel for odd nuclei, and also a giant res-
onance contribution in the continuum. In all cases, TALY &el the ECIS-06 code to perform the
calculations. The results are presented as discrete stae sections and angular distributions, or as
contributions to the continuum.

4.2.1 Deformed nuclei: Coupled-channels

The formalism outlined in the previous section works, tledioally, for nuclides which are spherical
and, in practice, for nuclides which are not too stronglyodaied. In general, however, the more general
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coupled-channels method should be invoked to describeltsineously the elastic scattering channel
and the low-lying states which are, due to their collectigéune, strongly excited in inelastic scattering.
These collective excitations can be described as the m@fsthtic or dynamic deformations, which cause
the homogeneous neutron-proton fluid to rotate or vibratee dssociated deformation parameters can
be predicted from a (semi-)microscopic model or can be ddrivom an analysis of the experimental
angular distributions.

The coupled-channels formalism for scattering and reacttadies is well known and will not
be described in this manual. For a detailed presentationmefee to Ref. [4D0]. We will only state the
main aspects here to put the formalism into practice. Ré&1§.4nd [42] have been used as guidance. In
general various different channels, usually the grountd stad several inelastic states, are included in
a coupling scheme while the associated coupled equatiensofred. In ECIS-06, this is done in a so
called sequential iterative approaCh [6]. Besides Rief Ref. [43] is also recommended for more insight
in the use of the ECIS code.

Various collective models for deformed nuclei exist. Ndiattthe spherical optical model of
Eq. [42) is described in terms of the nuclear radiys= r; A'/3. For deformed nuclei, this expression
is generalized to include collective motions. Various nisdave been implemented in ECIS-06, which
enables us to cover many nuclides of interest. We will dbedtie ones that can be invoked by TALYS.
The collective models are automatically applied upon mgadhe deformation parameter database, see
Sectiof&.b.

Symmetric rotational model

In the symmetric rotational model, the radii of the differéerms of the OMP are expressed as
(452) Ri=r AV 14 37 (9)]

where theg,’s are permanent, static deformation parameters, and’'tfienctions are spherical har-
monics. The quadrupole deformatigh plays a leading role in the interaction process. Higherorde
deformationss,, (with A = 4,6, ...) are systematically smaller in magnitude than The inclusion of
(B4 andgg deformations in coupled-channels calculations produbasges in the predicted observables,
but in general, only3; and 34 are important in describing inelastic scattering to the faw levels in a
rotational band. For even-even nuclides IIRéW and?32Th, the symmetric rotational model provides
a good description of the lowest, 2, 4" (and often6™, 8+, etc.) rotational band. The nuclear model
and parameter database of TALYS specifies whether a rothtinadel can be used for a particular nu-
cleus, together with the included levels and deformatiaampaters. Either a deformation parameigr

or a deformation length, = (\r; A3 may be given. The latter one is generally recommended since
it has more physical meaning thag and should not depend on incident energy (whjlenay, in some
optical models, depend on energy). We takeequal for the three OMP componenits, Wy andWp
and take the spin-orbit potential undeformed. The sameshimidthe vibrational and other collective
models.

By default, TALYS uses the global optical model by Soukhskiitet al. [44] for actinides. For
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rotational non-fissile nuclides, if no specific potentiagjgcified through one of the various input meth-
ods, we take our local or global spherical potential andragbii5% from the imaginary surface potential
parametetl;, if rotational or vibrational levels are included in the pting scheme.

Harmonic vibrational model

A vibrational nucleus possesses a spherically symmetdaorgt state. Its excited states undergo shape
oscillations about the spherical equilibrium model. In Hamonic vibrational model, the radii of the
different terms of the OMP are expressed as

(4.53) Ry =r AY3 |14+ o YH(Q)]
Ap

where then,, operators can be related to the coupling strengthsiescribing the vibration amplitude
with multipolarity A. Expanding the OMP to first or second order with this radinegithe OMP ex-
pressions for the excitation of one-phonon (first orderational model) and two-phonon (second order
vibrational model) states[6]. For vibrational nuclei, tiienimum number of states to couple is two.
For even-even nuclei, we generally use A&, 2") coupling, where th@* level is a one-quadrupole
phonon excitation. The level scheme of a vibrational nigleug.' '°Pd) often consists of a one-phonon
state 2T) followed by a(0*, 2%, 4™) triplet of two-phonon states. When this occurs, all levetsia-
cluded in the coupling scheme with the associated defoométingthd, (or deformation parametes).

If the 3~ and 5~ states are strongly collective excitations, that is wiigerand 35 are larger than 0.1,
these levels may also be included in the coupling schemexample is'2°Sn [45], where the low lying
(0*,2%,37,4™7,57) states can all be included as one-phonon states in a siogfging scheme.

Again, if no specific potential is specified through one of ¥heous input methods, we take our
local or global spherical potential and subtract 15% fromithaginary surface potential paramefer

Vibration-rotational model

For certain nuclides, the level scheme consists not onlynefar more rotational bands, but also of one
or more vibrational bands that can be included in the cogmitheme. An example #3U, where many
vibrational bands can be coupled. In Chajpler 5 on nuclearhpmatameters, it is explained how such
calculations are automatically performed by TALYS. Depagdn the number of levels included, the
calculations can be time-consuming.

Asymmetric rotational model

In the asymmetric rotational model, in addition to the sphdal equilibrium deformation, the nucleus
can oscillate such that ellipsoidal shapes are producethidrmodel the nucleus has rotational bands
built on the statically deformed ground state and on+thagbrational state. The radius is how angular
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dependent,
1
(4.54)  Ry(©) =1;AY3 |1+ BocosyYL(Q) + \/;52 siny(YZ(Q) + Y5 2(Q)) + B1Y2(Q) |,

where we restrict ourselves to a few terms. The deformatiwarpeters,, 5, and~ need to be specified.
24Mg is an example of a nucleus that can be analyzed with the msyrit rotational model. Mixing
between bands is not yet automated as an option in TALYS.

4.2.2 Distorted Wave Born Approximation

The Distorted Wave Born Approximation (DWBA) is only validrfsmall deformations. Until the advent

of the more general coupled-channels formalism, it was ¢inengsonly used method to describe inelastic
scattering, for both weakly and strongly coupled levels.wildays, we see DWBA as a first order
vibrational model for small deformation, with only a singleration to be performed for the coupled-

channels solution. (See, however Satclilel [46] for the tedifference between this so called distorted
wave method and DWBA). The interaction between the prdgeetid the target nucleus is modeled by
the derivative of the OMP for elastic scattering times argjtie parameter. The latter, the deformation
parametep,, is then often used to vary the overall magnitude of the csestion (which is proportional

to 3%).
In TALYS, we use DWBA

(a) if a deformed OMP is not available. This applies for theesical OMPs mentioned in the pre-
vious Section, which are all based on elastic scatteringrobbles only. Hence, if we have not
constructed a coupled-channels potential, TALYS will awédically use (tabulated or systemati-
cal) deformation parameters for DWBA calculations.

(b) if a deformed OMP is used for the first excited states oRlgr the levels that do not belong to
that basic coupling scheme, e.g. for the many states at sbatdugher excitation energy, we use
DWBA with (very) small deformation parameters.

4.2.3 0Odd nuclei: Weak coupling

Direct inelastic scattering off odd- nuclei can be described by the weak-coupling model [47]ctvhi
assumes that a valence particle or hole interacts only wedkh a collective core excitation. Hence the
model implies that the nucleon inelastic scattering by ttid-A nucleus is very similar to that by the
even core alone, i.e. the angular distributions have a airaftape. Lef be the spin of the even core
state, and/y andJ the spin of the ground and excited state, respectively,ebtid-A nucleus, resulting

from the angular momentum coupling. Then, the spinaf the multiplet states in the odd-A nucleus
range from|L — Jy| to (L + Jy). If the strength of the inelastic scattering is characeetiby the square

of the deformation paramete@y‘,, then the sum of alB} ; or o(E) for the transitions in the odd-A

nucleus should be equal to the valsig or o ( E) for the single transition in the even core nucleus:

(4.55) > BLr=BL Y s =001,
7 7
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where the symbadd — L indicates a transition between the ground state to theezkstiate with spirl.
in the even core nucleus. The deformation parameiggsare now given by

27 +1 2
(2Jo+1)(2L + 1)

(4.56) By =

In practice, the DWBA cross sections are calculated forélagémass of the target nucleus and at the exact
excitation energies of the odd-A states, but for the ever-epin . and with deformation parameters

Br,J-

We stress that our weak-coupling model is not full-proofstof all, there are always two choices
for the even-even core. The default used in TALYS (by meanth@fkeywordcore -J) is to use the
even-even core obtained by subtracting a nucleon, but tie ohoice ¢ore 1), to obtain the even-even
core by adding a nucleon, may sometimes be more appropidte.next uncertainty is the choice of
levels in the odd-A core. We select the levels that are ctdsethe excitation energy of the even-spin
state of the even-even core. Again, this may not always bentist appropriate choice. A future option
is to designate these levels manually.

4.2.4 Giant resonances

The high-energy part of the continuum spectra are genataeligribed by pre-equilibrium models. These
models are essentially of a single-particle nature. Upspéntion of continuum spectra, some structure
in the high-energy tail is observed that can not be accouotdaly the smooth background of the single-

particle pre-equilibrium model. For example, many 14 Me¥lastic neutron spectra show a little hump

at excitation energies around 6-10 MeV. This structure &tdicollective excitations of the nucleus that

are known as giant resonanc@sl [48, 49]. We use a macros@b@npmenological model to describe

giant resonances in the inelastic channel. For each mldtipg an energy weighted sum rule (EWSR)

Sy applies,

(4.57) Se=Y_Eg 67, =575A71(21 +1) MeV,

7

where Ey ; is the excitation energy of theth state with multipolarity/. The summation includes all
the low-lying collective states, for each that have already been included in the coupled-channels or
DWBA formalism. The EWSR thus determines the remainingextiVe strength that is spread over the
continuum. Our treatment is phenomenological in the samsene perform a DWBA calculation with
ECIS-06 for each giant resonance state and spread the ea&msover the continuum with a Gaussian
distribution. The central excitation energy for theseestand the spreading width is different for each
multipolarity and has been empirically determined. Fordfat monopole resonance (GMR) EWSR
we have

(4.58) Sy = 23473 MeV,
with excitation energy and width

(4.59) Eocmr =18.7—0.0254 MeV, Tayr=3 MeV.
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The EWSR for the giant quadrupole resonance (GQR) is

(4.60) Sy = 5T5A75/3MeV,
with
(4.61) Eocor = 65A7Y/3MeV, Tagr = 8547 %3MeV.

The EWSR for the giant octupole resonance is
(4.62) S3 = 1208 A7%3MeV,

which has a low-energy (LEOR) and a high-energy (HEOR) campt Following Kalbach[[49], we
assume

(4.63) S3.reor = 0.3S3, S3 mpor = 0.753,

with excitation energy and width

(4.64) Eoreor = 31A7Y3MeV, Tppor = 5MeV,
and
(4.65) Eonror = 115A7Y3MeV, Tygpor = 9.3 — A/48MeV,

respectively. We also take as width for the actual Gaussaritition I g5 = 0.420.

The contribution from giant resonances is automaticaltyuided in the total inelastic cross sec-
tion. The effect is most noticeable in the single- and dowlifferential energy spectra.

4.3 Gamma-ray transmission coefficients

Gamma-ray transmission coefficients are important for #sxdption of the gamma emission channel
in nuclear reactions. This is an almost universal chanmekesgamma rays, in general, may accompany
emission of any other emitted particle. Like the particensmission coefficients that emerge from the
optical model, gamma-ray transmission coefficients eheHauser-Feshbach model for the calculation
of the competition of photons with other particles.

The gamma-ray transmission coefficient for multipola¥itgf type X (whereX = M or E) is
given by

(4.66) Txi(Ey) = 27 fxo(Ey) B2,

whereE, denotes the gamma energy afigh (£, ) is the energy-dependent gamma-ray strength function.
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4.3.1 Gamma-ray strength functions

We have included 4 models for the gamma-ray strength fumcfithe first is the so-called Brink-Axel
option [50], in which a standard Lorentzian form describesdiant dipole resonance shape, i.e.

oxeE TSy
(E% B Eg(z)Q + E%].“%Q’

(4.67) fxe(Ey) = Kx¢

whereo x¢, Ex¢ andI x, are the strength, energy and width of the giant resonanspecévely, and

1
4.68 Kxt= ————.
(4.68) Xt (20 + 1)72h2c?
At present, we use the Brink-Axel option for all transitigqpés other tha’1. For E'1 radiation,
the default option used in TALYS is the generalized LorariZiorm of Kopecky and Uh[51],

E.Tpi(E,) 0.70 147217

(4.69) fe1(Ey,T) = Kp1 -
! (B2 — E2,)? + E2T 1 ()2 B3,

oeil'E1,

where the energy-dependent damping wiﬁ(IE,y) is given by

s E2 4+ 472T?
(4.70) Iei(Ey) = FE1”72,
B
andT is the nuclear temperature given by[52]
E,+ S8, —-A—-FE,
4.71 T = ,
(4.72) \/ 5

whereS,, is the neutron separation enerdy, the incident neutron energgy the pairing correction (see
the Section on level densities) andhe level density parameter &f,.

For E1-transitions, GDR parameters for various individual ndedi exist. These are stored in the
nuclear structure database of TALYS, see Chdjter 5. Cartailides have a split GDR, i.e. a second set
of Lorentzian parameters. For these cases, the incoherembftwo strength functions is taken. For all
transitions other thai'l, systematic formulae compiled by Kopecky [163], for theoreance parameters
are used. FoFE'1 transitions for which no tabulated data exist, we use
(4.72)
op1 = 1.2x120N Z/(AnTg1) mb, Eg; = 31.2471/3420.6A47Y6 MeV, I'p; = 0.026E5" MeV.

For E2 transitions we use
(4.73)
op2 = 0.00014Z%Egy/(AY°Tgy) mb, Epy = 63.A7Y3 MeV, Tpo=6.11 —0.0124 MeV.

For multipole radiation higher thah2, we use

(4.74) ope=810""0p¢ 1), Epe=Epu-1) Tee=Tpu-1)
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For M1 transitions we use
(4.75) fan = 1.58¢ — 9A%YT at 7 MeV, Epq =41.A7Y3 MeV, Ty =4 MeV,

where Eq.[[487) thus needs to be applied at 7 MeV to obtaimfagvalue. For multipole radiation
higher thanM 1, we use

(4.76) oae =810""0ar—1y, Ene = Enr—1y Taae = Targe—y,s

For all cases, the systematics can be overruled with useredeinput parameters.

In addition to the GDR contribution above, we can include ®ygesonances by adding another
contribution of the form[{4.87) to the strength function.eTygmy resonance parameters do not have a
default but can be given through tepr, etc. keywords, see page214.

There are also two microscopic options i radiation. Stephane Goriely calculated gamma-
ray strength functions according to the Hartree-Fock BC@8eh¢trength 3) and the Hartree-Fock-
Bogolyubov model gtrength 4), see also Ref[[163]. Since these microscopical strenginttions,
which we will call fgry\, have not been adjusted to experimental data, we add adjnstiexibility
through a scaling function, i.e.

(4.77) fe1(Ey) = " furm(Ey + Egig)

where by defaulif™” = 1 and Eq;, = O (i.e. unaltered values from the tables). The energy #hift:
simply implies obtaining the level density from the tableatifferent energy. Adjusting”’! and Ey;;
together gives enough adjustment flexibility.

4.3.2 Renormalization of gamma-ray strength functions

At sufficiently low incident neutron energies, the averaggiative capture width', is due entirely to
the s-wave interaction, and it i§, at the neutron separation ener§y that is often used to normalize
gamma-ray transmission coefficienfsI[53]. The values are, when available, read from our nuclear
structure database. For nuclides for which no experimestale is available, we use an interpolation
table by Kopeckyi[54] fol0 < A < 250, the simple form

(4.78) T, =1593/A% eV,

for A > 250, while we apply no gamma normalization fdr< 40.

The s-wave radiation width may be obtained by integrating the ga@amay transmission coeffi-
cients over the density of final states that may be reachdwifirst step of the gamma-ray cascade. The
normalization is then carried out as follows

J+L

U Sn
(479) 2DFO’Y = Gnorm Z Z Z Z ZA dEvTXZ(EV)p(Sn - E77[/7H/)f(X7 H/7€)7

J I X0 D=|J—f I

whereD is the average resonance spacing aiglthe level density. Thé, IT sum is over the compound
nucleus states with spiri and parityII that can be formed witk-wave incident particles, and, IT’
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denote the spin and parity of the final states. The multipelecsion rules aref (E,IT',¢) = 1 if

I =1'(-1)¢ f(M,I',¢) = 1if IT = II'(—1)“*!, and 0 otherwise. It is understood that the integral
overdE, includes a summation over discrete stai@s,,.,, is the normalization factor that ensures the
equality [4.79). In practice, the transmission coeffidgef@6®) are thus multiplied b¢,,,., before
they enter the nuclear reaction calculati@n,,,,, can be specified by the user. The default is the value
returned by Eq{4.19). & ,..., = 1 is specified, no normalization is carried out and strengtictions
purely determined from giant resonance parameters ara.tdber values can be entered ,,;.,,

e.g. for fitting of the neutron capture cross section. Noisatibn per multipolarity can be performed by
adjusting ther x, values in the input, see Chaplér 6.

4.3.3 Photoabsorption cross section

TALYS requires photo-absorption cross sections for phmtolear reactions and for pre-equilibrium
gamma-ray emission. Following Chadwick et ALI[55], thetpkabsorption cross section is given by

(4.80) Uabs(E“/) = UGDR(Eﬁ/) + UQD(Efy)-

The GDR component is related to the strength functionsradliabove. It is given by

(4.81) oGor(E ZUEl Jf Len)” T
EEl z) +E FEl )

where the parameters where specified in the previous sidrsedthe sum ovef is over the number of
parts into which the GDR is split.

The quasi-deuteron componen}p is given by

(4.82) oQn(By) = L™ L ay(E) [ (E,).

Here,o4(E, ) is the experimental deuteron photo-disintegration crestan, parameterized as

(E, —2.224)3/2

(4.83) oa(Ey) = 61.2 = ,
Y

for £, > 2.224 MeV and zero otherwise. The so-called Levinger parametér4s 6.5 and the Pauli-
blocking function is approximated by the polynomial exjgies

(4.84) f(E,) =8.3714.107%-9.8343.10 £, +4.1222.107* E2 —3.4762.10 ° E3+9.3537.10 £
for 20 < £, < 140 MeV,

(4.85) f(E,) =exp(=T73.3/E,)

for £, < 20 MeV, and

(4.86) f(E,) = exp(—24.2348/E,)

for E, > 140 MeV.
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4.4 Pre-equilibrium reactions

It is now well-known that the separation of nuclear reactimechanisms into direct and compound is
too simplistic. As Fig[Z312 shows, the cross section as ptediby the pure compound process is too
small with respect to measured continuum spectra, and teetdirocesses described in the previous
section only excite the discrete levels at the highest antgenergies. Furthermore, the measured an-
gular distributions in the region between direct and conmgoarre anisotropic, indicating the existence
of a memory-preserving, direct-like reaction process. &pptly, as an intermediate between the two
extremes, there exists a reaction type that embodies bmbtdand compound-like features. These
reactions are referred to pse-equilibrium, precompoundr, when discussed in a quantum-mechanical
context, multi-step processesPre-equilibrium emission takes place after the first stafghe reaction
but long before statistical equilibrium of the compoundleus is attained. It is imagined that the inci-
dent particle step-by-step creates more complex statdgindmpound system and gradually loses its
memory of the initial energy and direction. Pre-equililniprocesses cover a sizable part of the reaction
cross section for incident energies between 10 and (af) I2@6tMeV. Pre-equilibrium reactions have
been modeled both classically and quantum-mechanicathybath are included in TALYS.

4.4.1 Exciton model

In the exciton model (see Ref5.[181] 56} 57] for extensivéeres), the nuclear state is characterized at
any moment during the reaction by the total eneftjy and the total number of particles above and holes
below the Fermi surface. Particlgs @nd holes k) are indiscriminately referred to as excitons. Further-
more, it is assumed that all possible ways of sharing thdatiam energy between different particle-hole
configurations with the same exciton numhbet= p + h have equal a-priori probability. To keep track
of the evolution of the scattering process, one merely srdise temporal development of the exciton
number, which changes in time as a result of intranucleartioay collisions. The basic starting point
of the exciton model is a time-dependent master equatioichadescribes the probability of transitions
to more and less complex particle-hole states as well asiti@ms to the continuum (emission). Upon
integration over time, the energy-averaged emission Bpads obtained. These assumptions makes the
exciton model amenable for practical calculations. Theeptd be paid, however, is the introduction of a
free parameter, namely the average matrix element of thdusdgwo-body interaction, occurring in the
transition rates between two exciton states. When thisixnglement is properly parameterized, a very
powerful model is obtained.

Qualitatively, the equilibration process of the exciteatlrus is imagined to proceed as follows,
see Fig[ZR. After entering the target nucleus, the intigarticle collides with one of the nucleons of
the Fermi sea, with depth'z. The formed state withh = 3 (2p1h), in the case of a nucleon-induced
reaction, is the first that is subject to particle emissiamficming the picture of the exciton model as a
compound-like model rather than a direct-like model. Sgbeat interactions result in changes in the
number of excitons, characterized by: = +2 (a new patrticle-hole pair) ahn = —2 (annihilation of
a particle-hole pair) oAn = 0 (creation of a different configuration with the same excibommnber). In
the first stage of the process, corresponding to low excitonbers, theAn = 42 transitions are pre-
dominant. Apart from transitions to more complex or less plax exciton states, at any stage there is a
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Figure 4.2: Reaction flow in exciton model

non-zero probability that a particle is emitted. Should thappen at an early stage, it is intuitively clear
that the emitted particle retains some “memory” of the iraidenergy and direction: the hypothesis of
a fully equilibrated compound nucleus is not valid. This giés called the pre-equilibrium phase, and
it is responsible for the experimentally observed highrgyéails and forward-peaked angular distribu-
tions. If emission does not occur at an early stage, themsystentually reaches a (quasi-) equilibrium.
The equilibrium situation, corresponding to high excitarnmbers, is established after a large number of
interactions, i.e. after a long lapse of time, and the sydtam“forgotten” about the initial state. Ac-
cordingly, this stage may be called the compound or evaiporatage. Hence, in principle the exciton
model enables to compute the emission cross sections ifdiadiiay, without introducing adjustments
between equilibrium and pre-equilibrium contributionsovitver, in practical cases it turns out that it
is simpler and even more accurate to distinguish betweer-&qguilibrium and an equilibrium phase
and to perform the latter with the usual Hauser-Feshbaahdtism. This is the approach followed in
TALYS.

Two versions of the exciton model are implemented in TALYBeTefault is the two-component
model in which the neutron or proton types of particles anésare followed throughout the reaction.
We describe this model first, and then discuss the simplernaore generally known, one-component
model which is also implemented as an option. The followiegt®n contains basically the most im-
portant equations of the recent exciton model study ofl[181]

Two-component exciton model

In the following reaction equations, we use a notation inolhi. (p,) is the proton (neutron) particle
number and.. (h,) the proton (neutron) hole number. From this, we define thé&prexciton number
nr = pr + h; and the neutron exciton numbey = p, + h,. From this, we can construct the charge-
independent particle number = p, + p,, the hole numbeh = h,; + h, and the exciton number
n=nmng+n,.
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The temporal development of the system can be described bgstemequation, describing the
gain and loss terms for a particular class of exciton staes[181]. Integrating the master equation
over time up to the equilibration time,, yields the mean lifetime of the exciton stat¢hat can be used
to calculate the differential cross sectidnl[58]. The priynare-equilibrium differential cross section for
the emission of a particle with emission energ¥,. can then be expressed in termgothe composite-
nucleus formation cross sectioft", and an emission rafé;,

dl];k = UCF Z Z Wk(pﬂ'7h7r7puvhmEk)T(p7rvhﬂ'vahy)
pr=p2 pvp=p)
(4.87) X P(pr,hr, v, o),

where the factorP represents the part of the pre-equilibrium population tieg survived emission
from the previous states and now passes througlpthé: -, p,, h,) configurations, averaged over time.
Expressions for all quantities appearing in this expressiitl be detailed in the rest of this Section. The
initial proton and neutron particle numbers afe= 7, andp? = N, respectively withz,, (N,) the
proton (neutron) number of the projectile. For any excitiatesin the reaction process, = p, —p? and

h, = p,—pY, so that for primary pre-equilibrium emission the initi@lé numbers arg? = rY = 0. For
e.g. a neutron-induced reaction, the initial exciton num&egiven byn® = n% = 1 (0p,0h,1p,0h,),

but only pre-equilibrium gamma emission can occur from #figge (nucleon emission from this state is
essentially elastic scattering and this is already covesethe optical model). Particle emission only
occurs fromn = 3 (2p1h) and higher exciton states. We use a hardwired valyg'st = p'** = 6 as
the upper limit of the summation, see [181]. We use the nevere-back approximation, i.e. throughout
the cascade one neglects the interactions that decreamecitn number, although the adopted solution
of Eq. (4.8T) does include transitions that convert a prgianicle-hole pair into a neutron pair and vice
versa. The maximum valueg'®* andp;'* thus entail an automatic separation of the pre-equilibrium
population and the compound nucleus population. The laténen handled by the more adequate
Hauser-Feshbach mechanism. We now discuss the variowsliagts of Eq.[{4.87).

A. Reaction cross sections The basic feeding term for pre-equilibrium emission is tlhenpound
formation cross section®", which is given by

F
(4.88) o = Oreac — Odirect

where the reaction cross section.. is directly obtained from the optical model atg c.; is the sum
of the cross sections for direct reactions to discrete steftE®% et as defined in Eq[{3.18), and for
giant resonances, see Secfion4.2.4.

B. Emission rates and particle-hole state densities The emission raté&l/;,. has been derived by Cline
and Blann[[59] from the principle of microreversibility, doan easily be generalized to a two-component
version [60]. The emission rate for an ejectilevith relative mas$:, and spinsy, is

2s +1
Wi (prs b, pvs b, Bi) - = — 5= 1k B0k inv (i)

(489) > w(pW—Zkahﬂapl/_NkahllaEtOt_Ek;)
w(pﬂvhﬁvpV7hV7EtOt) ’
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whereoy, in, (E)) is the inverse reaction cross section, again calculatdu tvit optical modelZ;, (Vi)
is the charge (neutron) number of the ejectile &nef is the total energy of the composite system.

For the particle-hole state densityp,, b, p,, hy, E,) we use the expression of Bétak and Dobes [60,
61]. Their formula is based on the assumption of equididerel spacing and is corrected for the ef-
fect of the Pauli exclusion principle and for the finite depftthe potential well. The two-component
particle-hole state density is

_ 9" 9" B n-1
w(pﬂvhﬂvpV7hV7E$) - pﬁ'hﬂ'py'h,ﬂ(n— 1)|(U A(pﬂvhﬂvpV7hV))

(4.90) x  f(p,h,UV),

whereg, andg, are the single-particle state densitidsthe Pauli correctionf the finite well function,
andU = E, — P, with P, ;, Fu’s pairing correction [62],

2

n 1.6 Em 0.68
P = A—-A1]0.996 —1.76 —
ph <ncrit> / ( A )
n \ 217
if E,/A>0.716 + 2.44 < > ,
Nerit

(4.91) = A otherwise,

with

(492) Nerit = 2chrit 1n27

whereT,it = 2 A/%g/3.5 andg = g, + g,. The pairing energy for total level densities is given by

12
4.93 A=y—,
(93 vz
where hered is the mass number and = 0,1 or 2 for odd-odd, odd or even-even nuclei. The Pauli
correction term is given by

2 2
Ao hsphy) = XPm bl ec(pesb)

In gv
2 h2 h 2 h2 » hu
(4.94) R e e 7
49x 4gy

For the single-patrticle state densities we take
(4.95) gr = Z/15, g, = N/15,

which is, through the relationship= a=?/6, in line with the values for our total level density paramete
a, see Eq.[[4242), and also provides a globally better gsgmmi of spectra than the generally adopted
g=A/13.
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The finite well functionf(p, h, E,, V') accounts for the fact that a hole cannot have an energy
below that of the bottom of the potential well depth It is given by

4 E 3 if ) [EeV TH@E '

@ sonm=1e 0 () [P e,

where0 is the unit step function. Note thditis different from 1 only for excitation energies greatentha
V. In the original version of Bétak and Dobds,is given by the deptt; of the Fermi well. This was
generalized by Kalbaclh [63.149] to obtain an effective mdttminclude surface effects in the first stage
of the interaction, leading to a harder pre-equilibriumctpen. For the first stage the maximum depth
of the hole should be significantly reduced, since in thessrfegion the potential is shallower than in
the interior. This automatically leaves more energy to bapsetl by the excited particle, yielding more
emission at the highest outgoing energies. We use the fiolgpfunctional form forV in terms of the
projectile energyy, and the mass,

4
p
B4 + (450/A1/3)4
4
D
B4+ (245/A1/3)4
4.97) V = FE;=238MeV for h > 1.
( f

V = 22416

MeV for h = 1 and incident protons,

\% 12 + 26 MeV for h = 1 and incident neutrons,

See Ref.[[18]1] for a further justification of this parametation.

C. Lifetimes The lifetimer of exciton statep,, i, p,, h,) in Eq. (£87Y) is defined as the inverse sum
of the total emission rate and the various internal tramsitates,

T(pm P,y Do, hz/) = [)\;rr(pm I, Dy, hu) + )\j(pm Py Dus hu)
(498) + A?w(pﬂ'7h7r7pu7hu) +)\27r(p7rvh7T7pV7hV) +W(p7r7h7T7pV7hV)]717

where Xt (\F) is the internal transition rate for proton (neutron) paetihole pair creation)?,, (A9 )

is the rate for the conversion of a proton (neutron) partice pair into a neutron (proton) particle-hole
pair, and\ (\,) is the rate for particle-hole annihilation. These traositrates will be discussed in
Sec.[4Z11. The total emission rdfé is the integral of Eq[{4.89) over all outgoing energies, swed
over all outgoing particles,

(499) W(pﬂ'7h7ﬁpV7hu) == Z /dEka(pﬂ'7h7T7pV7hV7Ek)'
k=~,n,p,d,t,h,c

The final ingredient of the exciton model equation, Eq._(Jt.&7the part of the pre-equilibrium popula-
tion P that has survived emission from all previous steps and haedrmat the exciton stat@, ir, p,, hy).
The expression foP is somewhat more complicated than that of the depletiomfdbat appears in the
one-component exciton modél[57]. For two components,rimritons from both particle creaticand
charge exchange reactions need to be taken into accounteaghtransitions that do not change the
exciton number cancel out in the one-component model.
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For the(px, hr, pu, hy) State,P is given by a recursive relation:

P(pr,haspyshy) = P(pr—1,he — 1,0, b)) (pr — L he — 1,py, hy)) (A)
+ P(pr,hr,py — 1, hy — OIS (pr, by py — 1,0y — 1) (B)
+ [P(or = 2,00 = 2,pp + L1y + DU (07 — 2,2 — 2,p + 1,1y, + 1)
+ P(pr—1,he —1,p, h)U, (0 — 1 he — 1,y 1))
x T9 (pr—1,hy —1,p, +1,h, + 1) (C + D)
+  [P(pr by po = L by = DU (D, hy py = 1y, — 1)
+ Ppr+1,he +1,p, —2,h, — 2T (pr + 1, hye + 1,p, — 2, hyy — 2)]
X T0,(0x+ Lhe +1,p,— 1, b, — 1) (E+ F).

(4.100)

This relation contains 6 distinct feeding terms: (A) creatdf a proton particle-hole pair from ttig, —
1,hr—1,p,, h,) state, (C) creation of a proton particle-hole pair fromthe—2, h, —2,p, +1,h, +1)
state followed by the conversion of a neutron particle-hm@e into a proton particle-hole pair, and (D)
creation of a neutron particle-hole pair from thg — 1, b, — 1, p,, h, ) state followed by its conversion
into a proton particle-hole pair. The three remaining te(Bis (E), and (F) are obtained by changing
protons into neutrons and vice versa. The probabilitiesrediting new proton or neutron particle-hole
pairs and for converting a proton (neutron) pair into a r@ufproton) pair are calculated as follows:

TF (pry haspos ) = N (D ey Py B )T (D e Py ),
LS (P B Puy o) NS (D haes Doy )T (D B Dy ),
T2 (pry hoes oy ) AF (e haes Doy )T (D e, Py ),
L5 (pr hees puvs ) Af (s haes Doy ) )T (D e, Py ),
LY, (Prs by P o) A (D B Duy ha )T (D B, s ),
L (Prs by po o) Ao (D B Dy Mo )T (D e, s ),
' (pr hes Doy b)) = [N (0 P, Dy )

+ )\ (p71'7 7T7pV7 hl/)
+ W(pﬂ'vhﬂ'vpV7hV)] 1

(4.101)

The use of’ in the probability[".+ (T';"), to create a new proton (neutron) particle-hole pair ptecean

exchange interaction, originates from the approximathat bnly one exchange interaction is allowed

in each pair-creation step. The appropriate lifetime i tase consists merely of pair creation and
emission rates [58].

The initial condition for the recursive equations is
(4.102) P2, no, p% nY) =1,

after whichP can be solved for any configuration.

To calculate the pre-equilibrium spectrum, the only quiileft to determine are the internal
transition rates\;, A7, A9, and\? .
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D. Internal transition rates The transition rate\} for the creation of a proton particle-hole pair is
given by four terms, accounting for., i, p, andh, scattering that leads to a néw;, i) pair,

1
w(pﬂv h7r7pu7 hV7EtOt)

)\jr_(pﬂv h7l'7pV7 hu) -

s
[ / )\1]7 (u)w(pﬂ' - 17h7r7pl/)hl/aEtOt —u)w(l,0,0,0,u)du
? \1h
+ / )‘ﬂw(u)w(pﬂ'vhﬂ' - lvpuvhmEtOt - U)W(O,l,0,0,u)du
Lh
Ly
+ / ME (w)w(pry By Py — 1,y B — w)w(0,0, 1,0, u)du

Lhv
(4.103) + / M o (pry By pus by — 1, B — 1)w(0, 0,0, 1, u)dul,
L

hv
1

where the first and third term represent particle scattaximdjthe second and fourth term hole scattering.
The integration limits correct for the Pauli exclusion gipie,

L = A(pr + 1, he +1,p0,h) — A(pr — 1, hay Doy b)),
Ly = E* = A(pr — 1, ha, oo o),
L' = A(pr+1,he + 1,0y, h) — A(prs he — 1,py, b)),
Ly™ = E" — A(pr, hx — 1,pu, hy),
¥ = AWr haypy + 1, by + 1) — A(pry hay py — 1, hy),
LY = E“ — A(pr,ha.py — 1,h0),
LY = Alpr+1,he +1,pu, ) — Ar, by Pus by — 1),
(4.104) Ly = B — A(px, b, py by — 1),

which demands that (a) the minimal energy available to tlatextng particle or hole creating a new
particle-hole pair equals the Pauli energy of the final stateus the Pauli energy of the inactive particles
and holes not involved in the scattering process, and (bjréveémal energy available equals the total
excitation energy minus the latter Pauli energy.

The term)\}é’r(u) is the collision probability per unit time for a proton-poot interaction leading
to an additional proton particle-hole pair. In general, doeresponding term for a hole is obtained
by relating it to the particle collision probability throlughe accessible state density of the interacting
particles and holes,

w(1,2,0,0,u)

4.1 (u) = AP (u) =L
( 05) )\7'('71'(“) )\Wﬂ(u)w(27 17 O7 07 u)

Similarly, Ai%’r(u) is the collision probability per unit time for a neutron-o interaction leading to an
additional proton particle-hole pair, and for the correxting hole term we have

w(1,1,0,1,u)

4.1 (u) = MNP (u) L
( 06) )\I/TF(U) )\Vﬂ(u)w(17 17 17 07 u)
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The transition rate for conversion of a proton particleehpdir into a neutron pair is

L

1 2
Y By Doy b)) = Alplh
7T1/(p7T7 71'7p b ) w(pﬂ—’ hﬂ-,pl/’ hl,’ Etot) /l:g”" vz (u)
(4.107) w(pr — 1, he — 1, py, by, E* —w)w(1,1,0,0,u)du,

with integration limits
L1177T = A(Pm b, Do, hz/) - A(pw —1,hr —1,py, hu)
(4.108) LYY = E" — A(pr — L he — 1, py, o).

The term\12'" is the associated collision probability. Interchangingndv in Eqs. [Z_I0B-2.108) gives
the expressions fox;, AL2, AL and A9 .

127

We distinguish between two options for the collision pralitds:

D1. Effective squared matrix element

Expressing the transition rate in terms of an effective seplianatrix element has been used in
many exciton model analyses. Also in TALYS, it is one of théiaps for our calculations and compar-
isons with data. The collision probabilities of EdS._(ZJL88d [4.10VF) are determined with the aid of
Fermi’s golden rule of time-dependent perturbation theahich for a two-component model gives

2

AP () = thﬂw(Z,l,0,0,u),
Mh) = %Mzﬂw(lj,0,0,u),
NP () = 2%M@ML1,1,o,u),
M) = %Mfﬂw(l,l,o,l,u),
(4.109) Mpthy) = %szw(0,0,l,l,u),

where the relationd {4 IDH)-(4.106) have been appliederdhaingingr and v gives the expressions
for AL, ALt AP AR and A2Y. Here, theM?2_, etc. are average squared matrix elements of the
residual interaction, which are assumed to depend on tlaé éoergy £t of the whole composite
nucleus only. Such a matrix element thus represents a éftdgtiveresidual interaction, whereby all
individual residual interactions taking place inside thelaus can be cast into an average form for the

squared matrix element to which one assigns a glébal-dependence a posteriori.

The average residual interaction inside the nucleus is ex¢ssarily the same for like and unlike
nucleons. The two-component matrix elements are givering of an averaga/?, by
M2 = R..M?
M2, = R,,M?

M2, = R M?,

TV

(4.110) M2 = R,.M>
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In TALYS, we take
(4111) Ruy = 1-57Ru7r = R7r7r = Rm/ = 1-7

which is in line with the, more parameter-free, optical ndmesed exciton model that we describe later.
Note that this deviates somewhat from the parameters atlapteef. [181]. The current parameteriza-
tion gives slightly better performance for cross sectiocitaxion functions. In TALYS, the above param-
eters are adjustabl&pinu, etc. keywords) with Eq[{4.111) as default. The followirggrs-empirical
expression for the squared matrix element has been showartofar incident energies between 7 and
200 MeV [181]:

A 4.62 x 10°
(4.112) v =S 17 450, 4 _2x 10
A (34, +10.7C3)3

Eq. (£11I2) is a generalization of older parameterisatgrgh as given in Refs [5B8,49], which apply
in smaller (lower) energy ranges. Hetg, Cy; andC5 are adjustable constants (see M2constant,
M2limit and M2shift keywords) that are all equal to 1 by default, asg is the mass number of the
projectile, which allows generalization for complex-jeé reactions. Again, EqQ[{4.T12) is slightly
different (10%) from the expression given in Réf. [1181] tlmad for better fits of excitation functions.

Finally, for matrix element based transition rates and digtant particle-hole level densities, the
integrals in the transition rates can be approximated &nally [58], giving

or g2 [EY = Alpr + 1. he + 1,ps, 0"
h 2n(n+1) (Bt — A(pr, w, pos o))"

X (nage Mz, + 2n,9,M2,) f(p+ 1, h+ 1, E*" V)
o @2 (B — A hespy + 1,y + 1]
h 2n(n+1) (Bt — A(pr, hw, pos o))"

X (nygy M2, + 2npge M2 ) f(p+ 1, h + 1, E* V)

pwhw Etot — Bm/(pwa hwapm hz/) nl
EtOt - A(pﬂa hﬂ'apl/a hl/)

)‘7T+(p7r7h7T7pl/7hV) =

)\u—l—(pm hmpw hu) ==

2 o
)\m/(pwahﬂypl/ahl/) = ?ng 912, (p, h, Et t,V) |:
X (2[Et0t - B7r1/(p7ra hwapl/, hl/)]

+ n’A(pm h7r7pu7hu) - A(pn -1 hy—1,p,+1,h, + 1)‘)

- B — Bynpe, s )"
Now(Prs s P hy) = M2 P02 (BN V T
(P 5 » Py ) i VT ng(p’ ’ ’ ) EtOt—A(thmpuvhu)
X (2[Et0t - er(thmpmhu)]

(4113) + n’A(pThhﬂ'vvahV) - A(pT( + 17h71' + 17pV - 17hV - 1)‘)7
with

Bro(pryheopos b)) = maz[A(pg, he, po, b)), A(pr — 1 he — 1py + 1, hy + 1)
(4.114) Bwr(pwa hr,s v, hl/) = max[A(pm har,s Py, hl/)? A(pﬂ T Lhe +1py =1,k — 1)]

which is also included as an option. The default is howevarsi the numerical solutions for the in-
ternal transition rates. This analytical solution regsiigevalue forM/? that is 20% larger than that of
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Eq. (411IP), which apparently is the energy-averaged effieiatroducing such approximations.

D2. Collision rates based on the optical model

Instead of modeling the intranuclear transition rate byamage squared matrix element, one may
also relate the transition rate to the average imaginangaphodel potential deptl [181]. The collision
probabilities, when properly averaged over all partiabderconfigurations as in EQ.{4.103), in principle
would yield a parameter free expression for the transitaia.r

The average well depth/; can be obtained by averaging the total imaginary part of ttergial
W over the whole volume of the nucleus

(4.115) Wi(E) = / Wf(;(b; ))gir)dr,

where p represents the density of nuclear matter for which we takefdhm factor f(r, R, a) of the
volume part of the optical model potential, given by the WiS\aods-Saxon shape of Eq.(#.3). The total
imaginary potential is given by

d
(4.116) Wi(r, E) = Wyi(E) f(r, Rvi,av;) — 4CLD,iWD,i(E)%f(Ta Rpi,ap,).

Next, we define ameffectiveimaginary optical potential [181] related to nucleon-mari collisions in
nuclear matter:

(4.117) W(E) = ¢ W;(E).
We use as best overall parameter
(4.118) CoMP = ().55.

This parameter can be adjusted with M2constant keyword, which serves as a multiplier for the value
given in Eq. [£11B). The collision probabilities are novated as follows to theffectiveimaginary
optical potential:

1205 (u—S(p))
1p - = p
)\TI'T('(U’) 4 h
Wiy = L 2WsT (u — S(p)) w(1,2,0,0,u)
™ 4 h w(2,1,0,0,u)
3 2We(u — S(n))
1p - 2 n
)\Vﬂ'(u) 4 h
M) = 3 W= 50)w@,1,0.1,u)
v 4 h w(1,1,1,0,u)
1 2Wef(u — S(n))
4.11 Pl (y) = = i
( 9) A1/71' (u) 2 h ?

and similarly for the components of" and \!_. The transition rates for the exciton model are then
obtained by inserting these terms in E§s._(41103) Bnd (3. WJFart from Eq. [4.118), a parameter-free
model is obtained.
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One-component exciton model

The one-component exciton model has been made redundahe logdre flexible and physically more
justified two-component model. Nevertheless, it is inctlde an option since it connects to many older
pre-equilibrium studies and thus may be helpful as comparign the one-component exciton model,
the pre-equilibrium spectrum for the emission of a partickt an energy;, is given by

dg_]l;)E oF Pmax
(4120) E =0 Z Wk(p7 h7Ek)T(p7 h)7
pP=Po

wherepn.. = 6 ande® are defined as below Eq._{Z187). For the initial particle nemiz we have
po = A, with A, the mass number of the projectile. In general, the hole numhbe- p — pg in
Eq. (£12D), so that the initial hole number is always zem, hy = 0 for primary pre-equilibrium
emission.

The emission ratél/;, is

2s + 1

wip—A 7h7E ot — E
(4.121) Wi(p, h, Ex) = =555~ 16 B0 inv (E) ® = A, by B — By

w(p7 h7 Etot)
with all quantities explained below Eq.({4189), aAd is the mass number of the ejectile afd(p) is a
factor accounting for the distinguishability of neutrom&lgrotons([64]

Qk(p),

p—Nj

Oule) = p! pzz @ 2 halhy! (P — Z3)!(py — Ni)!
=4k
p—Nj,
Z N 1
4,122 (=) —
(4.122) / pZZ G
=4k

For gamma’s we s&p, (p) = 1.

Finally, w(p, h, E,) is the particle-hole state density for which we use the mragonent expres-
sion by Bétak and DobeB [61], again corrected for thecefhe the Pauli exclusion principle and for the
finite depth of the potential well. The one-component phtimle state density has a simpler form than

that of Eq. [4.9D),

g
4.123 hE)—=—9
( ) w(p,h, Ex) plhl(n —1)!

whereg = A/15 is the single-particle state density and

n

[El' - A(p7 h)]n_lf(pa ha E:E, V)a

[max(p, h)]? B p>+h2+p+h
g 4g
is the Pauli correction factor. The finite well functighs given by Eq.[{4.96).

(4.124) A(p, h) =

)

To obtain the lifetimes(p, h) that appear in Eq[{4.IP0), we first define the total emissibe r
W (p, h) as the integral of EqQL{4.IP1) over all outgoing energiesraed over all outgoing particles:

(4.125) Wm= Y [ dBwi.h B
k=~,n,p,d,t,h,c
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As mentioned already, we have implemented the never-cauk-4plution of the master equation.
This is based on the assumption that at the beginning of theada one neglects the interactions that
decrease the exciton number. Then, for the one-componetIrttee expression for the lifetime is (see
e.g. Ref.[[5¥])

1

(4.126) T(p,h) = O E W Dy 1,

whereD,, ;, is a depletion factor that accounts for the removal of readfiux, through emission, by the
previous stages

p—1
AT(p' B)
4.127 D, = | | ’
( ) p,h )\—i-(p/7 h’) n W(p’, h’)’

p'=po

with againh’ = p’ — pg. The initial case of Eq[{4.126) is

1
4.128 (po. ho) = .
( ) (Po, o) At (po, ho) + W (po, ho)

To calculate the pre-equilibrium spectrum, the only qugnéft to determine is the internal transition
rate \™ (p, h) from state(p, h) to state(p + 1, h + 1). The general definition of* (p, ) is

1 Lg
+ — 1p _ tot
AT (p,h) o B Emt)[/sz dulP(uw)w(p — 1,h, E w)w(1,0,u)
h
(4.129) + / i dud™ (w)w(p, h — 1, E** — w)w(0,1,u)].
Ly

where the two terms account for particle and hole scatteragpectively, and the integration limits

" = Ap+1,h+1)—A(p—1,h)
LY = E™ —A(p—1,h)
L' = Ap+1,h+1)—Alp,h—1)
(4.130) Lh = E% _ A(p,h—1),
correct for the Pauli exclusion principle.

We again distinguish between two options:

1. Effective squared matrix element

The collision probabilities are determined with the aid efiiii’'s golden rule of time-dependent
perturbation theory, which for the one-component model are

2
AP () :-%M%@@m
1h 21 2
(4.131) Au) = —Mw(l,2,u),

h
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with M? the average squared matrix element of the residual interacin the one-component model,

“forbidden” transitions are taken into account, so that aasgd matrix element smaller than that of
Eq. (4112) of the two-component model is needed to comperlsathese transitions. We find that for

the one-component model we need to multiph? of Eq. (ZI12) by 0.5 to obtain a global comparison
with data that is closest to our two-component result, i.e.

5C1 A 4.62 x 10°
(4.132) m2 = 954 7 g, 26210

A3 (B +107C5)3 |

For completeness, we note that the transition rate can deapgtoximated by an analytical form as
discussed in Refs. [6b,61.163]. The result is

_ 2_7TM2 g3 [Etot _ A(p +1,h+ 1)] n+1

(4.133) M) = M T e g ]

f(p+ 1?h + 1?Et0t7v)’

However, the overall description of experimental data iolet with the one-component model is how-
ever worse that that of the two-component model, so we rarsdyit.

2. Collision rates based on the optical model

Also in the one-component model the transition rates canelsted to the effective nucleon-
nucleon interactiow and thereby to the imaginary optical potential,

12Weff(y — 9)
1p = -2 A &
AP (u) 5 -

12W et (4 — S) w(1,2,u)
4.134 1h - - )
(4.134) AT ) 2 I w(2,1,0)’

with S the separation energy of the particle. Since the one-coemomodel makes no distinction
between neutron and proton particle-hole pdii?’é,f ! is evaluated as follows,

(4.135) WE(E) = 0.5C°" Wi(E),

analogous to the multiplication with a factor 0.5 fof?.

Energy width representation The formalism given above, i.e. Eq§{Z4120), (4]1121) 4nd2@),
forms a representation in which the time appears, i.e. tmedsions oWV (p, h) andr(p, h) are[s] ™!
and [s] respectively. An alternative expression for the excitordeidhat is often used is in terms of
energy widths. Since this may be more recognisable to soms uge also give it here. The partial
escape WidtW,L(p, h, Ey) is related to the emission rate by

(4.136) Tl (p, b, Ey,) = hWi(p, h, Ey).
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Integrated over energy we have
(4.137) Ty (p,h) = AW (p, h),
and the total escape width is

(4.138) Tlp,h)= > Thp,h) =W (p,h).
k=~,n,p,d,t,h,

The damping width'! is related to the internal transition rate by
(4.139) Il(p, h) = BAT (p, h).
Defining the total width by

(4.140) T (p, h) = Tt(p, h) +T1(p, h),

we can rewrite the exciton model cross sectlon(4.120) as

-1

dO'P pmax p h Ek p Fl(pl h/)
4.141 Dk _ ,CF ) I, h)
( ) dEk Zp:o Ftot p h H Ttot (pl’ hl)
P =po

In the output file of TALYS, the results for the various quéas in both the time and the energy width
representation are given.

In sum, the default model used by TALYS is the two-componexiten model with collision
probabilities based on the effective squared matrix elemeiq. (Z112).

4.4.2 Photon exciton model

For pre-equilibrium photon emission, we have implemerniedtodel of Akkermans and Gruppelgar [66].
This model gives a simple but powerful simulation of the direemidirect capture process within the
framework of the exciton model. Analogous to the particléssion rates, the continuumray emission
rates may be derived from the principle of detailed balarmoaioroscopic reversibility, assuming that
only E'l-transitions contribute. This yields

(4.142)

Wy(p, h, E,) =

E,% Ufy,abs(Ev) ngww(p -1Lh—-1,E; — Ew) gnw(p, h,E; — E’y)
m2h3c? w(p, h, E) 9(n —2) + ¢*E, gn + g?E,

whereo, .5 (E-) is the photon absorption cross section of EQ.{4.80). Thiaimiarticle-hole configura-
tion in Eq. [412D) is1g = 1 (1p0h) for photon emission. For “directj-ray emission in nucleon-induced
reactions only the second term between brackets (1) contributes. The “semi-directy-ray emission
(n = 3) consists of both terms.

The emission raté (4.TK2) is included in E§S.(41120) BOP&).so that the pre-equilibrium photon
cross section automatically emerges.
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For the two-component model, we use

E? Ory.abs(Fwy)
o 0% ~v,abs \ Loy
Wv(pﬂ'y h7r7pm hm EV) - 7T2h362 w(p7” h7r7py7 hwEtot)

QQEW% [w(pﬂ' - 1>h7r - 1apl/>hl/>E1' - E’Y) + w(pﬂa hTrapl/ - 1>hl/ - 13E:E - E’y)]
g9(n —2) + g*E,

gnw(pﬂ, h7r7pu7 hm EJ: - E’y)

4.143) +
( ) gn + g>E,

).

4.4.3 Pre-equilibrium spin distribution

Since the exciton model described above does not providmalisribution for the residual states after

pre-equilibrium emission, a model needs to be adopted tbaidges the spin population in the continuum
in binary reactions. TALYS provides two options for this.€eltiefault is to adopt the compound nucleus
spin distribution (described in Secti@n4.5) also for theitexl states resulting from pre-equilibrium

emission. Another option that has been quite often usederp#st is to assign a spin distribution to
the particle-hole state density. For that, we adopt the lude@omposition of the state density into a
J-dependent part and an energy-dependent part,

(4.144) p(p,h, J,Ey) = (2J + 1)R, (J)w(p, h, Ey).

The functionR,,(J) represents the spin distribution of the states in the coatm It is given by

2J +1 (J+3)?
and satisfies, for any exciton number
(4.146) > T+ 1)Ry(J) = 1.

J

The used expression for the spin cut-off parameter [64],
(4.147) 0% = 0.24nA53,

whereA is the mass number of the nucleus. Similarly, for the two4sonent particle-hole level density
we have

(4148) p(pﬂ'7 h7T7pV7 hV7 J7 E$) == (2J + I)Rn(‘])w(pﬂ'7 h7T7pV7 hV7 E$)
In practice, with this optiondreegspin y) the residual states formed by pre-equilibrium reactionsla/

be multiplied by R,, a posteriori. There are various arguments to prefer the oamg nucleus spin
distribution, so we use that default.
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4.4.4 Continuum stripping, pick-up, break-up and knock-ou reactions

For pre-equilibrium reactions involving deuterons, tngo Helium-3 and alpha particles, a contribution
from the exciton model is automatically calculated with fhemalism of the previous subsections. It
is however well-known that for nuclear reactions involvipigjectiles and ejectiles with different par-
ticle numbers, mechanisms like stripping, pick-up, brapkand knock-out play an important role and
these direct-like reactions are not covered by the excitodeh Therefore, Kalbach_[68] developed a
phenomenological contribution for these mechanisms, lwhie have included in TALYS. In total, the

pre-equilibrium cross section for these reactions is glwethe sum of an exciton model (EM), nucleon
transfer (NT), and knock-out (KO) contribution:

dU}:E B dU}:JM n da,éVT n da,fo
dE,  dEj dE, dE},

where the contribution from the exciton model was outlinethie previous subsection.

(4.149)

Transfer reactions

The general differential cross section formula for a nuclgansfer reaction of the typé(a, b) B is

do ) 2sp + 1 Ay Eyot,ino(Ep) As \/C\"
i _ v ) K _
dFE, 25, +1 A, A, E,+V, Ap

27 2(Za+2)hr+2py
A> WNT(thmpu,hwU)

(4150) X Na <A—A
where

C, = 5500 for incident neutrons,
(4.151) = 3800 for incident charged particles,

1
N, = S0E. for pickup,

for stripping,

1
580y Ey

1
1160+/Ey,
K is an enhancement factor taking into account the fact thiaadd 3-He are loosely bound:

(4.152) =

for exchange.

K = 12 for (N,«),

E,—2
= 12—11—=2 0

for (o, N) and E, > 20,
a

(4.153) = 1 otherwise,

whereN stands for either neutron or proton. The well depihis set at

(4.154) V, = 12.54, MeV,
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and represents the average potential drop seen by the tiletween infinity and the Fermi level. The
possible degrees of freedom for the reaction are all indudéhe residual state densitwr (px, br, pu, by, U).
Since we do not use this model to describe exchange readtiamslastic scattering, there is no need to
sum the various terms of Eq.{4.150) oyer, as in Ref.[[68]. The exciton numbers are automatically de-
termined by the transfer reaction, ire= |A, — Ap|, e = hye = |Zo— Zp|, ny = hy = | Ng— Np|, pr =

p, = 0. The accessible state density that is directly determinyetthd reaction isv(py, hr, py, hy, U),
given by Eq.[[439D). The total residual state density howelso takes into account more complex
configurations that can be excited by the transfer reactios given by

3 3—1

wNT(pﬂ'? h7r>p1/a hl/a U = Z Z XNT H—]w(pw + Z h +1 »Pv +]a h +]> U)
=0 j=0
pﬂ' hTr Pz/ hl/

@155) + DD D wlpe—ihe —gip— ko~ LU)OG kL)

i=0 j=0 k=0 [=0

The first term allows that up to three particle-hole pairs loamxcited in a transfer reaction. The factor
X7 represents the probability for exciting such a pair andvsmgby

(4.156) Xnr = 77%(

e P2+ p2 4+ h2 +1.5h2)
A

For neutrons and protons we adopt Tgrthe value given by EQ.{4.97), for deuterons and tritons ke ta
V1=17 MeV, and for Helium-3 and alpha particles we tdke-25 MeV. The finite well depth correction
for Eq. (4.I55) are made using a well depth of

27
V =0 <7> if np =0
(4.157) = V] otherwise.

The second term of Eq.{4.1155) allows for transfer of nuctkeanthe Fermi level. Here, the Heaviside
function is merely used to avoid double counting®p, i, pu, hy, U).

Knockout reactions

For (nucleon, ) reactions a knockout contribution is added. The generétréifitial cross section

formula for a knockout reaction of the typ¥a, b) B is
dafbo

- (FE
_ ainlBo) o0 1) A, By (B

dFEy, 14
Pygagy [U — Axo(Pa, )]
zc:mb(zsc + 1)Ac <Uc> (Emam + 2Bcoul,c)(Emam - Bcoul,c)an.gg/ch

whereP, is the probability of exciting &-type particle-hole pait2,,, . is the maximum emission energy,
and B, is the Coulomb barrier for a particle c. The average inversescsectior{o.) is given by

(4.158)

X

(4.159) (00) = / T Beu(B)

Bcoul,c
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For the knockout model, the single-particle state densitameters for the cluster degrees of freedom
represent the number of cluster states per unit energy. eléeant values are given by

(4.160) gn = N/13, g, =Z/13, g, = A/208 MeV.

The Pauli correction factad o is given by

1 1
4.161 A w y) = — — —5
( ) K0 (Pas hw) 22 247

The probabilities for exciting the various particle-hokerg are

p Nao—@Zx
" Ap — 20724+ ¢Za)2
po_ ZA—QZx
P Ap — 2074 + ¢pZ4)2
(4.162) P, 0Z4/2

Ap —20ZA+ ¢Z4/2

The factorsp are a kind of pre-formation parametersi[68]. The followiradues are adopted

Ny <116 : ¢ =0.08
116 < Ny <126 : ¢ =0.02+0.06(126 — N4)/10
126 < Ny <129 : ¢ =0.02+0.06(N4 — 126)/3
120< Ny : ¢ =008
(4.163)

Break-up reactions

For reactions induced by complex particles, break-up may ah important role. This holds especially
for weakly bound projectiles like deuterons. Break-up ieehdefined as having a projectile fragment
emerge from the reaction in a relatively narrow peak cedtetese to the beam velocity and strongly
directed toward forward angles. For deuterons only, a smpdel by Kalbach has been includedi [69].
This leads to an extra contribution in the (d,n) and (d,pnhcieds.

The centroid energy of the breakup peak, in MeV, is given by

Ay ZaZ A n ZyZp
= — € —_ —_
A, \ ¢ Pt T gy 9.5

(4.164) €0

wheree, represents the channel energy (the energy of both the emitigicle and the recoiling nucleus
in the center of mass), ané, ; is the binding energy in the projectile for the indicatedabtep channel
(2.224 MeV for deuterons). The peak is assumed to be deddopa Gaussian line shape with a width
parameter of

Ay

4.165 =11 A2E, — —
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where E, is the laboratory energy of the incident deuteron, and tldthmparameter is given in MeV.
The break-up cross section is assumed to be

(AY? +0.8)2

4.166 g =K )
( ) BU d,b 1+ eXp(l?’EEQ)

where the normalization factors are

Kin = 18,
(4.167) Kqp = 2L

Finally, the differential break-up cross section is given b

do Y 1 < (€0 — Eb)2>
=0 —F X _—— .
dE, BUT /ar P 2

In the output, we have stored the break-up contribution éndblumn “knockout” (which is normally
only used for nucleon-induced reactions with alpha pagiels ejectiles).

(4.168)

The stripping, pick-up, break-up and knock-out contritnsi can be adjusted with ti@strip and
Cknock keywords.

4.4.5 Angular distribution systematics

A sound pre-equilibrium theory should, besides the angfiegrated spectra, also describe the smooth
forward peaked angular distributions in the continuum. Agits method to do so will be included in a
future version of TALYS (multi-step direct reactions). Sertassical models, such as the exciton model,
have always had some problems to describe angular distrilsu(essentially because it is based on a
compound-like concept instead of a direct on€l [70]). A pdulgghenomenological method is given
by Kalbach [71]. It is based on experimental informationyoahd the insight that in general, a pre-
equilibrium process consists of a forward peaked part (rstép direct) and an isotropic part (multi-step
compound), and that the angular distributions are fainycstreless and all look alike. The Kalbach
formula for the double-differential cross section for ajpotile « and an ejectilé is

dQO-a b 1 [doP® docom? a
4-1 2 = — h E . h
(4.169) dEydQY 4w { dE, + dE, } sinh(a) [cosh(a cos ©) + frrsp(Ep) sinh(a cos ©)]
Wheredc‘l’;E and“Z; are the angle-integrated pre-equilibrium and compoundtsperespectively, and

fasp is the so-called multi-step direct or pre-equilibrium oati

(4.170) fusp(Ep) =

dO‘PE dO’PE N docomp
dE, | | dE, dE,

which thus increases from practically O at very low emisginargy to 1 at the highest emission energies.
Hence, once the angle-integrated spectra are known, taeptere determines the angular distribution.
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Kalbach parameterized it as

a(e,,e)) = 0.04E1,e§’ +1.8x 10*6(E1—,e§’)3 £6.7x1077 Mamb(Es/eé){
By = min(e,, 130MeV) ’ ’
E3 = min(el,41MeV)
e, = Ey+5
e = E,+8S,.
M, = 1 for neutrons, protons, deuterons, tritons and Helium — 3

0 for alpha’s

my = 1 for protons, deuterons, tritons and Helium — 3
1
= 3 for neutrons

= 2 for alphas

Npo — Z)? Np — Zn)2
Sy = 15.68(A0—AB)—28.07|:( ¢ c) _( B B):|

Ao Ap
2/3  2/3 (N¢c — Zg)>  (Np — Zp)?
— 18.56(AX% — A%®) 4 33.22 e
c B
72 72 72 72
_ ~ZCc _ “B ZC _ZB| _
0.717 | 55 - 22 1211[AC AB:| I,
¢ B
I, = 222
I; 8.482
I, 7.718
(4.171) I, = 28.296,

Here, E, and E, are the incident and the outgoing energy, respectively. ntimber)/, represents the
incident particle, whilen,, represents the outgoing particle, C is a label for the comgaowcleus, B for
the final nucleus and the Myers and Swiatecki mass formulfpr Zpherical nuclides should be used
here to determine the separation enesgy-inally I, is the energy required to break the emitted particle
up into its constituents.

Since we calculate the pre-equilibrium and compound cressons explicitly (and actually only
usefy;sp for ENDF-6 data libraries), EQ.{4.169) can be reduced tamfita for the double-differential
pre-equilibrium cross section

dQO_PE 1d PE
(4.172) L .
dEydQ  4mw dE, sinh(a)

exp(acos ©),

to which the isotropic compound angular distribution caratided. In sum, given the angle-integrated
spectrum% by some physics model, the double-differential cross @eds returned quite simply and
reasonably accurate by ER._(4172).
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4.5 Compound reactions

The term compound nucleus reaction is commonly used for fffereint mechanisms: (i) the process
of the capture of the projectile in the target nucleus to farcompound nucleus, which subsequently
emits a particle or gamma, (ii) the multiple emission pracekhighly excited residual nuclei formed
after the binary reaction. The latter, which is known as ipldtcompound emission, will be explained
in Section[4b. We first treat the binary compound nucleusti@a that plays a role at low incident
energy. It differs from the multiple compound emission ab important points: (a) the presence of
width fluctuation corrections and (b) non-isotropic, thowill symmetric, angular distributions.

4.5.1 Binary compound cross section and angular distributn

In the compound nucleus picture, the projectile and theetamgcleus form a compound nucleus with a
total energyE*°! and a range of values for the total spirand parityll. The following energy, angular
momentum and parity conservation laws need to be obeyed,

E,+S, = Ey+E,+ Sy =FE™
s+I+1 = d+I'+1'=1J

/

(4.173) mollo(—1)! = 70 (—1)" =1L
The compound nucleus formula for the binary cross sectigiven by

lmaz+I1+s J+I J+s J+I 7 +S

s = el Y zﬂf“g;l DD D DS

J=mod(I+s,1) II=—1 =|J—I|l=|j—s|j'=|J—T'| I'=|j’—5'|
J J
Talj(Ea) <Ta/l’j/(Ea’)>
ZCM”,l”,j” (57-(((1”) <TO‘é]//l”j”(Ea//)>

In the above equations, the symbols have the following nmgani

WJ

(4.174) aljalll i

X

5r(@)dr ()

E, = projectile energy
s = spin of the projectile
mp = parity of the projectile
[ = orbital angular momentum of the projectile

j = total angular momentum of the projectile

6+(a) = 1,if (=1)!moIly = IT and O otherwise

a = channel designation of the initial system of projectile tardet nucleus:
a = {a,s, E,, E%, 1,11}, wherea is the projectile type and” the excitation energy of the target
nucleus (usually zero)
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Imae = Maximum |-value for projectile
S, = separation energy
E, = ejectile energy
s’ = spin of the ejectile
7y = parity of the ejectile
" = orbital angular momentum of the ejectile
4’ = total angular momentum of the ejectile
6.(c/) = 1,if (=1)"7;II; = T and O otherwise

o/ = channel designation of the final system of ejectile and uediducleus:
o ={d,s,Ey,E;, I' I+ }, whered' is the ejectile typeF, the excitation energy of the residual
nucleus

I = spin of the target nucleus
IIy = parity of the target
I’ = spin of the residual nucleus
II; = parity of the residual nucleus
= parity of the compound system

J = total angular momentum of the compound system

Dee™P = depletion factor to account for direct and pre-equilibriaffects

k = wave number of relative motion
T = transmission coefficient
W = width fluctuation correction (WFC) factor, see the next &#ct
In order to let Eq.[{4.114) represent the general case, we davoted the outgoing transmission coeffi-

cient by<TO{,l,j,>. For this, two cases can be distinguished. If the excitatioergy .., that is implicit
in the definition of channel/, corresponds to a discrete state of the final nucleus, thesim@y have

(4.175) (T (Ba)) = Ty (Ea)
andE/, is exactly determined by EQ._{Z.1173). kérchannels in whiclE, is in the continuum, we have
an effective transmission coefficient for an excitationrggpéin with widthA E,,

Ez+3AEs

(4.176) (T (Ew)) = / 1 AEy p(Ey, J, )T (Ear)
Ey—3AE,
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wherep is the level density, which will be discussed in Secfiod 4747 is evaluated at an emission
energyE, that corresponds to the middle of the excitation energy ibén, E,, = E*' — E, — S,.
Hence, both transitions to discrete states and transitmiise whole accessible continuum are covered
by the sum ovet in Eq. (£I7%). The normalization factérco™? is

(4177) peomp [Ureac . O,disc,direct _ UPE]/Ureac

This indicates that in TALYS we assume that direct and comgaontributions can be added incoher-
ently. This formula forD“™? is only applied for weakly coupled channels that depletdlthe such as
contributions from DWBA or pre-equilibrium. In the case @upled-channels calculations for the dis-
crete collective states, the transmission coefficientsgofffE174) are automatically reduced by ECIS-06
to account for direct effects and TALYS only subtracts thecli cross section for the weakly coupled
levels (DWBA), i.e. if

(4178) O,disc,direct — O,disc,cc + O,disc,DWBA
then
(4179) peomp [Ureac _ O,disc,DWBA _ UPE]/Ureac

TALYS also computes the compound nucleus formula for theimglistribution. It is given by

do-gi:/np ( 9 ) comp
(4.180) et = ZL: C7™ Py (cos ©),

whereP;, are Legendre polynomials. The Legendre coeffici€fts"™” are given by

J+1 Jj+s J+I' j'+s

com com 2J +1
ot =D pk2221—|—125+ Z IS

=|J-I|i=|j—s|j'=|J-T'| I'=]j'-5|
z@w>@&wwm>
Za”,l”,j” 571—(@”) <T(;¢]”l”j”(Ea//)>

where the Blatt-Biedenharn factdris given by

(4181) X (57-((@)57-(((1/) WC{let’l’j/Agle’l/j’;L7

-1 I'—s'—I+s
Ay =" 0 R 1 D )+ D)

(4.182) (1100|LO) W(JjJj; ILYW(jjll; Ls) (I'V'00|L0) W(J ' Jj'; I'LYW(5''U'l'; Ls"),

where( | ) are Clebsch-Gordan coefficients andlare Racah coefficients.

Formulae [£174) and {4 180-2.182) show that the width dlat@dn correction factors and the
angular distribution factors depend on all the angular nrdoma quantum numbers involved, and thus
have to be re-evaluated each time inside all the summatidvis.generally need these formulae for
relatively low incident energy, where the WFC has a signifi¢éanpact and where the compound nucleus
cross section to each individual discrete state is largegimto make its angular distribution of interest.
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For projectile energies above several MeV (we generallg thk neutron separation energy for safety),
the width fluctuations have disappeared, meaning Wé,tja,l,j/ = 1 for all channels. Then for the
angle-integrated compound cross section, instead of ipeirig the full calculation, Eq[{4.1Y4) can be
decoupled into two parts that represent the incoming argbing reaction flux, respectively. It simplifies
to

Imaz+I1+s (EtOt,J,H SN Em[',ﬂf)

— CF t t
(4.183) ol = g E (E™ [tot(Ftot J TI)
J=mod(I+s,1) II=—1 >

WhereaJF is the compound formation cross section per spin and parity:

J+1 J+s

2J+1
4.184 CF Etot peomp _—_
( 8) UJH( ) ]{7 (2[—’-1)(28—'—1);[[2' al] )
J=lJ= J—s

which itself obeys

lmaz+I1+s

(4.185) > Z I (E"") = D™ gy g

J=mod(I+s,1) II=—1
The partial decay widths are

J+I’ j'+s’

(4.186) T (B, J 11 — E,, I',Tl) = m YooY ) (T (E))
J=lI=I V=[5 =5

and the total decay width is

(4.187) ret(gtet gy =y Ty (EY J I — E,, 1”11
f

a//

where we sum over all possible states in the residual nigclisilugh the sum over”. Note that the
term with the compound nucleus level densityp, is present in both Eq{4.186) and Eq. {41187) and
therefore does not need to be calculated in practice foEf88). A formula similar to Eq[{4.1I83) is
used for multiple emission, see Section 4.6.

In sum, we use Eqs[{4.774) arld (41181) if either width flumbms (idthfluc y, p. [Z03) or
compound angular distributionsytangle y, p.[25T) are to be calculated and Hq.(41183) if they are both
not of interest.

A final note to make here is that the formulae of this whole iBaatan also be applied for excited
(isomeric) target states.

4.5.2 Width fluctuation correction factor

The WFC factorlW accounts for the correlations that exist between the imtidad outgoing waves.
From a qualitative point of view, these correlations enleahe elastic channel and accordingly decrease
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the other open channels. Above a few MeV of projectile enerdyen many competing channels are
open, the WFC factor can be neglected and the simple HaestibEch model is adequate to describe
the compound nucleus decay. To explain the WFC factors, wesmgtch to a more compact notation in
which we leave out/ and definex = {«, 1, j} andb = {/, 7', /}. With such a notation the compound
nucleus cross section can be written in the compact form

T 1,1y

(4188) Ogb — k_gﬁ

Wab

for each combination ofi andb. In general, the WFC factor may be calculated using thrderdifit
expressions, which have all been implemented in TALYS: Théntann-Richert-Tepel-Weidenmilller
(HRTW) model [73[74,75], the Moldauer model[76] 77], and thodel using the Gaussian Orthogonal
Ensemble (GOE) of Hamiltonian matriceés [78]. A comparis@zen the three models is given in
Ref. [183].

For each expression, flux conservation implies that

T,7T;
(4.189) .= > 7 Wab
b c™¢

This equation can be used to check the numerical accuratyedMFC calculation (see tHagcheck
keyword in Chaptell6).

The HRTW method

The simplest approach is the HRTW method. It is based on thawgstion that the main effect of the
correlation between incident and outgoing waves is in thstiel channel. In that case, it is convenient
to express the compound nucleus cross sediion (4.188) as

T VoV,

(4.190) [1+ dap(Wa — 1)],

where theV;’s are effective transmission coefficients that take intwoaat the correlations.

This expression means that only the elastic channel enhentes described since far = b,

Eq. (4190) becomes

7T a
(4.191) Coa = k_g Zc VcWa
while fora # b,
(4.192) LA

Uab = kg Zc V;
An expression for th&; values can be determined from the flux conservation comditio

™
(4193) § Oab = ﬁTaa
b a
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which yields using Eq[{4.190)

V2
4,194 Ta = Va Wa -1 = )
or
Ty
(4.195) Vo= W
2o Ve

The only required information is thus the expressioniigy, which can be derived from an analysis
using random matrix calculations. In TALYS, the expressbiRef. [75] is used. It reads

2 5

2 T,—T T,
+87 | =2

a
1+TF ST ST)
C C

(4.196) W,=1+

T
4

1+ Ta
ZTE Z TC ZTC
C

with T = £—— and the exponenf = —< -
3T
1.

T. Ly 3T

C 2

The result fol, is obtained after iterating EQ.{4.195) several timestisifrom the initial value

(4.197) V(i = 0) = LI
L+ (W, —1)="
2T
and calculating/, (7 + 1) using
. Ty
(4.198) Vai +1) = TAG)
1+ (W — 1)

> V(i)

until V(i + 1) ~ V,(¢). In a calculation, a few tens of iterations are generallyiregl to reach a stable
result.

For eachJ andIl, expressiond (4.I95)-(4.7198) only need to be evaluated.omhis is done in
hrtwprepare.f before all the loops ovel; j, I’ andj’, etc. quantum numbers are performed. For the
calculation ofWO{lja/l/j, in Eq. (£174%), which takes place inside all loops, the @trvg andV}, are then
addressed. The WFC factor can then be derived from Eqs.8yati [4.19D),

VoV > Te

Zc V’C TaTb

(4.199) W, = [1+ dap(Wa — 1)]

which is calculated ifrtw.f.
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Moldauer expression

This is the default option for the WFC in TALYS. Moldauer'spgrssion foill/,, is based on the assump-
tion that ax? law with v degrees of freedom applies for the partial widthswhich can be calculated
from a Porter-Thomas distribution. These are associatddtr@insmission coefficients as

_ 2n ()

4.2 T
(4.200) =

provided(I') << D, whereD is the mean level spacing. The WFC factby,;, reads

26ab 400 oT. = —(dac+opctre/2)
4.201 =1 1+ —— d
waoy w1452 [T (14557 ) f“

[

Moldauer has parameterisedising Monte Carlo calculations, giving

(4.202) Ve = 1.78 + (T2 — 0.78) exp (—0.228 Z Tc>

In TALYS, the integral in Eq.[{4201) is evaluated numeiigalFor this, the Gauss-Laguerre method
has been chosen and we find that 40 integration points areggerioueach convergence, the criterion
being the flux conservation of Eq.(4.189). As for the HRTW mlpdhe calculation can be split into
parts dependent and independent of the channel quantumensiniirst, inmolprepare.ffor eachJ and
2T, x

Ve Zz T;
Eq. (£201). Inside all the loops, we single out the corteahdb channel and calculate E@._{4.201) in
moldauer.f

—ve/2
I1, we calculate Eq[{4.202) for all channels and the prorlf{c(l + > that appears in

Eq. (£201) involves a product over all possible open chiann&hen the number of channels is
large, the product calculation drastically increasesithe bf computation, forcing us to consider another
method. Many open channels are considered for capturéaeaend reactions to the continuum.

A. Capture reactions If the projectile is captured by the target nucleus, the coumg nucleus is
formed with an excitation energy at least equal to the ptigeseparation energy in the compound
system. Since the transmission coefficient calculation involves all the loiesstates to which a photon
can be emitted from the initial compound nucleus state, tmeber of radiative open channels is almost
infinite, but each has a very small transmission coefficiémllowing Ref. [79], the product over the
radiative channels in E.{4.201) can be transformed as

2T, x —ve/2 2T, x —Vy/2 Teffac
4.203 1 c ~ i 14 2z _ T
(4.203) H( *v@ﬂ) w:%( *v»yzm) “P\TTT

cey

whereTif 7 is given by the procedure sketched in Secliah 4.3. The dimivis based on the hypothesis
that all the individuall’, are almost identical t0. Therefore, to calculatd’,;, whenb denotes the gamma
channel, we set;, = 0 in Egs. [4.2011) and use EqE.{4.203) to calculate the prddugtchannels.
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B. Continuum reactions For high excitation energies, it is impossible to describtha open channels
individually. It is then necessary to introduce energy indiscretize the continuum of levels and define
continuum (or effective) transmission coefficients as

Emaw

(4.204) T (U) = / ()T (e)dz,

Emin
whereU is generally taken as the middle of the interMal,.;,,, E..q..] @ndp is the density of levels under
consideration. This effective transmission coefficientresponds to an effective number of channels
Nerr(U), given by

Emaz
(4.205) Neff(U) = / p(&)d&.
Emin
Calculating the product term in Eq._{4.201) is tedious, smlene assumes that the energy variation of
T(e) is smooth enough to warrant that each of g ((U) channels has the same average transmission
coefficient

Tess(U)
Nepr(U)

Then, the product over the channeldelonging to such a continuum bin in the Moldauer integral
Eq. (4201) can be replaced by a single term, i.e.

(4206) Tmean(U) =

—v/2 —Nejt (U)vmean /2
2T, 2T,
(4.207) H 1+ — ~ |1+ %(U)x ,
; vey T, Vinean T
where
(4.208) Vmean = 1.78 + (Th212 — 0.78) exp (—0.228 > Tc>

C. Fission reactions The fission reaction is treated as one global channel, rexgardf the nature of
the fission fragments that result from fission. We will seerlain in Section"418, how the global fission
transmission coefficient is calculated. It is however int@atr to state here that the fission transmission
coefficient is generally greater than 1 since it results feosammation over several fission paths and can
therefore be defined as

Em(lfl)
(4.209) TfiS(U):/E~ pris(€)T(e)de.

Of course, one hag < Ty(e) < 1, but one can not assume ttt is constant over the whole
integration energy range as in the case of continuum rewesctifo bypass this problem, instead of using a
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global fission transmission coefficient, we have groupeddheus components of Eq.{4.209) according
to their values. Instead of dealing with a global fissiongraission coefficient, we ugg different global
transmission coefficients (wheré is an adjustable parameter) such that

(4.210) Tyis(U) =Y Tis (5, U)
where
Emaz
(4.211) Tis(i,U) = / pris(€)Ty(e)d;nde

min

ando; y = lisi/N < Ty(e) < (i + 1)/N and0 otherwise.

In this case one can define, as for continuum reactions, actig# number of channel$y;,(i, U),
and useN average fission transmission coefficients defined by

(4.212) Tfismean (i) =

If NV is large enough, thed€ average coefficients can be used for the width fluctuaticcutation
without making a too crude approximation.

The GOE triple integral

The two previously described methods to obfig, are readily obtained since both are relatively simple
to implement. However, in each case, a semi-empirical pat@msation is used. The GOE formulation
avoids such a parameterisation, in which sense it is the gemeral expression. In the GOE approach,
W, reads

Z Tc +oo —+o00 1
(4213) Wy == / d\ / dXo / dX F(Ar A2, N) [T A2, A) gab(A1, A2, A)
0 0 0

C
with

A1 = N)|A = Al
VAT M) (1 + A2) A+ A2\ + Ag)?

(4.214) SO A2, A) =

H 1-MT,
VAT + NT)

(4.215) TTOw A2, %)
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and
M Ao 22 \?
A, Ao, A) = 1-T, 1+ 6,
(4.216) 9 { A1+ M) A2(1 4 A2) 20(1 =) ]
' (1 + )\1Ta)(1 + )\1Tb) (1 + )\QTa)(l + )\QTb) (1 — )\Ta)(l — )‘Tb)

The numerical method employed to compute this complicatplttintegral is explained in Ref. [183].

Also here, a particular situation exists for the capturencle where we set

1 — \T,
(4.217) 11 AT A exp [_ (A + A+ Xo) T/ /2}

eV (L MTe) (14 Ao Te)

and for the continuum, for which we set

(1 = AT.)Ne
(4.218) Howren= 1 emvaa

c cEcontinuum

Again, for eachJ andII, the multiplications that do not depend aror b are first prepared igoepre-
pare.f while the actual WFC calculation takes placaye.f

4.6 Multiple emission

At incident energies above approximately the neutron sjoar energy, the residual nuclides formed
after the first binary reaction are populated with enouglitatton energy to enable further decay by
particle emission or fission. This is called multiple enovssiWe distinguish between two mechanisms:
multiple compound (Hauser-Feshbach) decay and multigleeguilibrium decay.

4.6.1 Multiple Hauser-Feshbach decay

This is the conventional way, and for incident energies upeeeral tens of MeV a sufficient way, to
treat multiple emission. It is assumed that pre-equilitoriprocesses can only take place in the binary
reaction and that secondary and further particles are ety compound emission.

After the binary reaction, the residual nucleus may be lefam excited discrete statéor an
excited state within a biif which is characterized by excitation enetg¥(:’), spinI’ and parityll’. The
population of this state or set of states is given by a praipaldistribution for Hauser-Feshbach decay
PHF that is completely determined by the binary reaction meisinan For a binary neutron-induced
reaction to a discrete state i.e. whenFE,.(i'), I’ andII’ have unique values, the residual population is
given by

(4.219) P (Z/ N By (i), I', ) = o, (E* 1,1 — Eu (i), I', 1),

where the non-elastic reaction cross section for a disstetes? ,, was defined in Sectioi3.2.3 and
where the ejectilé’ connects the initial compound nucle{f-, N¢) and the residual nucleyg’, N').
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For binary reactions to the continuum, the residual pomnaof states characterised By, I1') per
E,.(¢") bin is given by the sum of a pre-equilibrium and a compoundrdmstion

do,comp,cont

dEj
(4.220) + PPO(Z/,N',poT 4 1, R 4 1 ple 4 1A 41, By (i),

P (7' N' E, (i), I',TI') = /dEk/ (Bt 1,11 — E, (i), I',I')

where the integration range owéE;, corresponds exactly with the bin width &%, (i') andPP*® denotes
the population entering the compound stage after primaggquilibrium emission. The expression for
Prre will be given in Eq. [£224) of the next section. Once the fiesteration of residual nuclides/states
has been filled, the picture can be generalized to tertiaslyhagher order multiple emission.

In general, the populatio®™ before decay of a level or a set of stateél’, II', E,,(i')) in bin
i’ of a nucleugZ’, N') in the reaction chain is proportional to the feeding, thiotlge ejectiles:’, from
all possible mother binswith an energyE,. () in the (Z, N') nuclides, i.e.

PY(Z N Ey(),I'\II') = > Y Y [P"(Z N, E,(i), I,I)

IIT k¢
+ Ppl‘e(Z N pmax +1 hmax_|_1 pmaaﬁ_|_1 hma$ +1 E ( ))]
Ftot(Ex( ),I,H)

(4.221)

X

The appearance of the indicg&** indicates that only the reaction population that has not leeeitted
via the (multiple) pre-equilibrium mechanism propagateshie multiple compound stage. Similar to
Eq. (£186) the decay widths are given by

(4.222)
AR 1 gazy ' £
Fk’(E()IH—>E ( )[ H) 27Tp(E()I,H) /_%:I/ ) %:Sqé ’l’ ’( a’)>'

Again, the term27p (compound nucleus level density) of the decay willfh (4. 2215 out of the multiple
emission equatiori{4.2P1) and therefore does not need talt@ated in practice. The total decay width
is

J+l7naac

(4.223) TY(E, => > Z > Twr(Eo(i), T — Epi(i"),1",11").

k" I'"=mod(J+s,1) II"=-1 "

In sum, the only differences between binary and multiple poumd emission are that width fluctuations
and angular distributions do not enter the model and thainitial compound nucleus energy** is
replaced by an excitation energy ki, of the mother nucleus. The calculational procedure, in $esfm
sequences of decaying bins, was already explained in Gif&pte

4.6.2 Multiple pre-equilibrium emission

At high excitation energies, resulting from high incidemieggies, the composite nucleus is far from
equilibrated and it is obvious that the excited nucleus khba described by more degrees of freedom
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than justF,, J andIl. In general, we need to keep track of the particle-hole cardiipns that are
excited throughout the reaction chain and thereby caleutatltiple pre-equilibrium emission up to any
order. This is accomplished by treating multiple pre-afuiiim emission within the exciton model.
This is the default option for multiple pre-equilibrium calations in TALYS (selected with the keyword
mpreegmode ). TALYS contains, furthermore, an alternative more apprative model for multiple
pre-equilibrium emissionnjpreeqmode 3, called thes-wave transmission coefficient methd8oth
approaches are discussed below.

Multiple pre-equilibrium emission within the exciton model

We introduce the pre-equilibrium populati@®**(Z, N, px, hr, py, hy, Ex(7)) which holds the amount
of the reaction population present in a uniqug N) nucleus,(px, hr, py, h,) €xciton state and excita-
tion energy binZ, (i). A special case is the pre-equilibrium population for aipatar exciton state after
binary emission, which can be written as

Ppre(zlv vapﬂ' - Zk/v h71’7p1/ - Nk/7 hV7 E:E’(Z/)) -
= 0“"(Zc, Ne, E* YWy (Zo, Noy Y, pr, hae, Do oy Ey)
(4224) X T(ZCaNC>EtOtap7r>h7r>pl/a hu)P(ZC>NCaEtOt,Pm hwapmhz/)a

whereZ¢ (N¢) again is the compound nucleus charge (neutron) numbefZan@dVy/) corresponds to
the ejectile charge (neutron) number. The residual exmitanergyE, (i') is linked to the total energy
E™* the ejectile energy¥y,, and its separation energy(k’) by E,. (i) = E*°* — E — S(K'). ThisPrre
represents the feeding term for secondary pre-equilibeéomssion. Note that for several particle-hole
configurations this population is equal to zero.

In general, the pre-equilibrium population can be expr$sderms of the mother nucleus, ex-
citation energy bins, and particle-hole configurationsrfrerhich it is fed. The residual population is
given by a generalization of EQ.{4187), in whiek" (Z¢, N¢, E*) is replaced by the population of
the particle-hole states left after the previous emisstagesP?™(Z, N, p?, h2,p2 ho E.(i)). Since
several combinations of emission and internal transitimy lead to the same configuration, a sum-
mation is applied over the ejectiles treated in multiple-@geilibrium (neutrons and protons), over the
(P2, Y, Y, hY) configurations with which the next step is started and oventbther excitation energy

bins:

lnax hlnax max hmax

Py

PP(Z N ple, Wy 0l By B (i) = ) Z 220

E'=n,ppl=1h0=1pd=1h0=1

> PP(Z,N,p), b9, p), b, Ey(i))
Wk(Z N pﬂvhvawhmE () Ek’) (Zvapﬂ'yhﬂvpmhmEx(i))
(4.225) X P(Z,N,pﬂ,hﬂ,py,h,/,Em(Z)),
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where the mother and daughter quantities are related by

Z = 7'+ 7y,
N = N + Ny,
Pr = PptZp,
he = h.,
Py = D+ Ni,
hy = h,
(4.226) E, = Eu(i')+ Ey + Sp.

In the computation, we thus need to keep track of every ples&if, N, p/, h! ., p!, k!, E. (i) con-
figuration, which is uniquely linked to a mother exciton eté¥, N, p., hr, py, hy, E, (7)) through the
ejectile characterized byZy/, Ny, Ey). The termP(Z, N, pr, hx, Dy, hy, E.(7)) represents the part of
the pre-equilibrium cross section that startg N, p, h2. p% kO, E,(i)) and survives emission up to
a new particle-hole stateZ, N, py, hx, pu, hy, E2(7)). Again (see Eq{4.102)),

(4.227) P(Z,N,p2, b2, p), b)), By (i) = 1,

and the calculation for each newly encountet&dN, p, hr, py, hy, E.(i)) configuration proceeds ac-
cording to Eq.[{(Z.100).

The part of PP* that does not feed a new multiple pre-equilibrium poputatiotomatically goes
to the multiple Hauser-Feshbach chain of E£q.(4.221).

The final expression for the multiple pre-equilibrium spewt is very similar to EqI[4.87)

lnax hlnax pmax hmax

d
- XYYy
k p0=1h0=1pd=1h0=1
prre(Z7N7p9rvh9r7pg7h197E$(i))

max hmax pmax hmax

Z Z Z Z Wk Z N, prs by, pus s By () Ek/)

pTr—pO hTr—hO pu—po hy=
(4228) X (Zanpﬂ'vhﬂ'vpV7hV7E$(7’)) P(Zanpﬂ'7h7T7pV7hV7El‘(i))

Multiple pre-equilibrium emission with the s-wave transmission coefficient method

Apart from the exciton model, TALYS offers another, slighthster, method to determine multiple pre-
equilibrium emission[180, 81]. Within this approach the tiplé pre-equilibrium spectrum is given by
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the following expression:

do_lk\;/f[PE lI]aX hlI]aX plI]aX hlI]aX
dEy - Y Y Yy
k pO=1h0=1p0=1h0=1

> PP(Z, N, pY, by, b, Y, Eu(i))

i

1 w(Zk’>h7r>Nk’7h87Ek/ +Sk/) ( 0 Zk/ahgrapg Nk/ahyaE ( ) Ek' _Sk')

p9r+pg w(pﬂ—ahg)rap(u]ah(y]? ())

In this approach each residual particle-hole configurati@ated in the primary pre-equilibrium decay
may have one or more excited particles in the continuum. Badhese excited particles can either be
emitted or captured. The emission probability is assuméud twell represented by the s-wave transmis-
sion coefficientls(Ey ).

4.7 Level densities

In statistical models for predicting cross sections, nariclevel densities are used at excitation energies
where discrete level information is not available or incdetgy We use several models for the level den-
sity in TALYS, which range from phenomenological analytieapressions to tabulated level densities

derived from microscopic models. The complete details eafobnd in Ref.[[168].

To set the notation, we first give some general definitionse [&hel densityp(E,, J,II) corre-
sponds to the number of nuclear levels per MeV around anagiaitenergyF,., for a certain spiry/ and
parity I1. Thetotal level density'°*(E,.) corresponds to the total number of levels per MeV arobpgd
and is obtained by summing the level density over spin anidypar

(4.230) PP Z Z p(Ey, J,1I).

The nuclear levels are degeneratdinthe magnetic quantum number, which gives rise tdaked state
densityw'*(E, ) which includes th&.J + 1 states for each level, i.e.

(4.231) wtot( Z Z (2J + 1)p(E,, J,10).

When level densities are given by analytical expressioeg #ine usually factorized as follows

(4.232) p(Ey, J,NT) = P(Ey, JJI)R(E,, J)p™(E,),

where P(E,, J,1I) is the parity distribution and?(E,, J) the spin distribution. In all but two level
density models in TALYSI@model 5,6), the parity equipartition is assumed, i.e.

1

2 )

However, in our programming, we have accounted for the pihigito adopt non-equal parities, such as
e.g. in the case of microscopic level density tables.

(4.233) P(E,, J,1I) =
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4.7.1 Effective level density

We first describe the simplest expressions that are includ@4LYS for level densities. We here use
the term "effective” to denote that the nuclear collectiffe@s are not explicitly considered, but instead
are effectively included in the level density expression.

The Fermi Gas Model

Arguably the best known analytical level density exprasséathat of the Fermi Gas model (FGM). Itis
based on the assumption that the single particle stateswhbitstruct the excited levels of the nucleus
are equally spaced, and that collective levels are absemta Ewvo-fermion system, i.e. distinguishing
between excited neutrons and protons, the total Fermi geésdensity reads

exp [2vaU
(4.234) W (B, = ﬁg
12 ql/4Us/4

with U defined by
(4.235) U=FE,— A,

where the energy shifh is an empirical parameter which is equal to, or for some nsdeksely related

to, the pairing energy which is included to simulate the knadd-even effects in nuclei. The underlying
idea is thatA accounts for the fact that pairs of nucleons must be sephbati®re each component can
be excited individually. In practice)\ plays an important role as adjustable parameter to repeoduc
observables, and its definition can be different for theotmimodels we discuss here. HQ.(41234)
indicates that throughout this manual we will use bothtthie excitation energy¥,., as basic running
variable and for expressions related to discrete levels tameffectiveexcitation energy/, mostly for
expressions related to the continuum.

Eq. (£23%) also contains the level density parametewhich theoretically is given by, =
%f(gw + ¢,), with g, (g,) denoting the spacing of the proton (neutron) single partsitates near the
Fermi energy. In practice is determined, through EJ_{4.234), from experimental rimiation of the
specific nucleus under consideration or from global systiesialn contemporary analytical models, it
is energy-dependent. This will be discussed in more degddivin

Under the assumption that the projections of the total aargubomentum are randomly coupled,
it can be derived 182] that the Fermi gas level density is

12J+1 J+ 12 exp [2vaU
(4.236) (B, JTT) = =2 £ oxp _U+3) ﬁg
222703 202 12 ql/AUs/4

where the first facto% represents the aforementioned equiparity distributiash this the spin cut-off
parameter, which represents the width of the angular mameistribution. It depends on excitation
energy and will also be discussed in more detail below. [EG3®) is a special case of the factorization
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of Eq. [£232), with the Fermi gas spin distribution given by

2J +1
202

_+5)

4.237 E, J) =
(4.237) Ry (Eq, J) 53

Summingpr(E,, J,1I) over all spins and parities yields for the total Fermi gaglelensity

(4.238) ptOt(E )= 1 \/_;exp {2\/aU}
. r x oo 12 ql/AUs/4 7

which is, through Eq{4.234), related to the total Fermigiase density as

tot Em

(4.239) pieh(By) = B (Ee)

2mo

These equations show thalf* and pr are determined by three parametersg and A. The first two

of these have specific energy dependencies that will nowdmeisEed separately, while we postpone the

discussion ofA to the Section on the various specific level density models.

In the Fermi gas model, the level density paramet&an be derived fronD,, the average s-
wave level spacing at the neutron separation enéfgywhich is usually obtained from the available
experimental set of s-wave resonances. The following émuatin be used:

) J=I+1
4.240 — = Sy, J, 11
(4.240) D J:%jl|pF< )

2

where I is the spin of the target nucleus. From this equation, thelldensity parametes can be
extracted by an iterative search procedure.

In the TALYS-output, all quantities of interest are printéddequested.

The level density parameter a

The formulae described above may suggest a nuclide-speciitant value for the level density param-
etera, and the first level density analyses spanning an entireerahguclides[[83, 84, 85] indeed treated
a as a parameter independent of energy. Later, Ignatyuk f86jlrecognized the correlation between
the parametex and the shell correction term of the liquid-drop compondrthe mass formula. They
argued that a more realistic level density is obtained byragsy that the Fermi gas formulae outlined
above are still valid, but that energy-dependent shellceffshould be effectively included through an
energy dependent expression &or This expression takes into account the presence of slietitefat
low energy and their disappearance at high energy in a phemological manner. It reads,

(4.241) a=a(B,) =a (1 + 5W1_%HU]> :

Here,a is the asymptotic level density value one would obtain indbeence of any shell effects, i.e.
a = a(E, — o0) in general, but alsa = a(E,) for all E, if W = 0. The damping parameter
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Model a p N Jglobal
BFM effective | 0.0722396| 0.195267 | 0.410289| 0.173015
BFM collective | 0.0381563| 0.105378 | 0.546474| 0.743229
CTM effective | 0.0692559| 0.282769 | 0.433090| O.

CTM collective | 0.0207305| 0.229537 | 0.473625| 0.

GSM effective | 0.110575 | 0.0313662| 0.648723| 1.13208
GSM collective| 0.0357750| 0.135307 | 0.699663| -0.149106

Table 4.3: Global level density parameters for the phenahogical models

determines how rapidly(E,) approache&. Finally, 6W is the shell correction energy. The absolute
magnitude of§1 determines how different(E,) is from a at low energies, while the sign ofil’
determines whether(E,) decreases or increases as a functioiof

The asymptotic valué is given by the smooth form

(4.242)

a=aA+ BAY3,

where A is the mass number, while the following systematical foanfar the damping parameter is

used,

(4.243)

’Y:

il

—l"i"YQ-

In Eqs. [£24R){4.243)y, 3 and~, 2 are global parameters that have been determined to giveeite b
average level density description over a whole range ofidegl They are given in Tadle%.3, where also
the average pairing correcti@gin. is given. Also,y, = 0 by default. Then and 3 parameters can be
changed with thalphald andbetald keywords, see pade 227. The parameigrandy, can be adjusted
with the gammashelllandgammashell2keywords, see pade 228, afig,,.; with the Pshiftconstant
keyword, see pade 233.

We defined 1V, expressed in MeV, as the difference between the experaheratss of the nucleus
M.y, and its mass according to the spherical liquid-drop modelsii&, py (both expressed in MeV),

(4.244)

OW = Mexp — MipMm-

For the real mass we take the value from the experimental owmspilation [87]. Following Mengoni
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and Nakajimal[88], fol\/1,pn we take the formula by Myers and Swiatedkil[72]:

MLDM = MnN + MHZ + Evol + Esur + Ecoul +90
M, = 8.07144 MeV
My = 7.28899 MeV

Epi = —cA
Eqw = 02142/3
VA 72
Ecou = 03m - C4I

G = , 1=1,2

. N — Z\?2
"\ a4

a1 = 15.677 MeV

ay = 1856 MeV
Kk = 1.79
c3 = 0.717 MeV
ca = 1.21129 MeV
5 11
= ——— even — even
VA
= 0 odd
(4.245) 1 dd dd
. = — odd — odd.
VA

Eq. (£241) should in principle be applied at all excitatiemergies, unless a different level density
prescription is used at low energies, as e.g. for the CTMréfbes, a helpful extra note for practical
calculations is that for small excitation energies, &. < A, the limiting value of Eq.[[4241) is given
by its first order Taylor expansion

(4.246) Ewl_lgl_)o a(Ey) =a(l +~yoW].

From now on, wherever the level density parametappears in the formalism, we implicitly assume the
form (@.241) fora(E;).

It is important to define the order in which the various parerseof Eq.[4.24]1) are calculated in
TALYS, because they can be given as an adjustable parametes input file, they can be known from
experiment or they can be determined from systematics.

If the level density parameter at the neutron separatiorggné.S,,) is notknown from an exper-
imental Dy value, we use the above systematical formulae for the glelal density parameters. In
this case, all parameters in EG.{4.P41) are definedsdAd) can be completely computed at any exci-
tation energy. However, for several nuci€is,,) can be derived from an experimenfa} value through
Eq. (£240), and one may want to use this information. In TAL ¥his occurs when an input value for
a(Sy) is given and whemsys nis set, meaning that instead of using the systematical flaenid.24R)-
@.243) the resonance parameter database is used to detdawel density parameters. If we want to
use this “experimental(S,,) we are immediately facing a constraint: Hg.(41241) givesfidilowing
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condition that must be obeyed

—exp(—7(Sn — A))

(4.247) a(Sn) =i |1+ oW S A

This means also that(S,,), a, s/ and~ cannotall be given simultaneously in the input, since it would
lead to inconsistency. In the case of an experimemntal,), at least another parameter must be re-
adjusted. The asymptotic level density paramétisrthe first choice. This is not as strange as it seems at
first sight. Even though the values &~ depend strongly on the particular theoretical mass model an
are merely adopted to reproduce the global trend of shelttfffor various regions of the nuclide chart,
we do not alter them when going from a global to a local modidewise, we feel that it is dangerous to
adjusty; merely on the basis of discrete level information and themmeaonance spacing at the neutron
separation energy, since its presence in the exponent d@E241) may lead to level density values that
deviate strongly from the global average at high energy.

Hence, ifa(S,,) is given, and alses anddW are given in the input or from tables then the asymp-
totic level density parametéris automatically obtained from

(4.248) i = a(S,)/ {1 L= (Sh = A))]

Sp—A

Other choices can however be forced with the input filea(1$,,), @ anddW are given whiley is not
given in the input;y is eliminated as a free parameter and is obtained by ingeBan [£.24Y),

1

(4.249) v = —Sn A

11[1[1—5”_A a —1)}

oW (a(Sn)
If 61 is the only parameter not given in the input, it is automditiadetermined by inverting EqL{Z.247),

o (Sn - A)(@ - 1)
(4.250) oW = 1 —exp(—y(S, — A))

All this flexibility is not completely without danger. Sind®thdW anda(.S,,) are independently derived
from experimental values, it may occur that Hg. (41249) pgseblems. In particulag¥’ may have a

sign opposite tda(S,) — al. In other words, if the argument of the natural logarithmas letween 0

and 1, our escape route is to return to Eq.(4.243)/fand to readjusi\¥ through Eq.[[4.250.

The recipe outlined above represents a full-proof methalg&bd with all the parameters of EG.{4.241),

i.e. it always gives a reasonable answer since we are abtwed ithe Ignatyuk formula in all possible
ways. We emphasize that in general, consistent calcutatoa obtained with Eqgs.[[[4.244]), (4.242),
#.243), and when available, a specifics,,) value from the tables. The full range of possibilities of pa-
rameter specification for the Ignatyuk formula is summatizeTabldZH. The reason to include all these
parameter possibilities is simple: fitting experiments. r&twver, these variations are not as unphysical
as they may seem: Regardless of whether they are derivedefxperimental data or from microscopic
nuclear structure models, the parametdls, ), a, §1 and~ always have an uncertainty. Hence, as long
as the deviation from their default values is kept within fidg} they can be helpful fitting parameters.
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Table 4.4: Specification of parameter handling for Ignatiarknula

Input Calculation

- (Default) ~: Eq. (£248)a: Eq. (4242) or Eq{AZ38)W: Eq. (£24%)a(S,): Eq. (424Y)
a(Sp),7y,a,0W TALYS-Error: Conflict

a(Sy)(table),v,a, W | a(S,): Eq. (£24Y) (Input overruled)

",@,0W a(Sy): Eq. [@247)

v, a dW: Eq. ([A228)a(S,): Eq. (A24T)

v, 0W a: Eq. (£242)a(S,): Eq. [@247)

a, oW ~v: Eq. (£2Z48)a(S,): Eq. (424Y)

~y a: Eq. [@222)pW: Eq. [@221)a(S,): Eq. [E24Y)

i v: Eq. @ZZB)SW: Eq. [A2Z2H)a(S,): Eq. EZAY)

oW v: Eq. [@22B)a: Eq. [E22R)a(S,): Eq. (4247)

a(Sn) v: Eq. @229) orl[Z243);: Eq. [E228)5W: Eq. (E244) or[Z250)
a(Sy),a, oW ~: Eq. [@229)

a(Sn), OW a: Eq. [@24B)y: Eq. [@.249)

a(Sn),a 6W: Eq. ([4.248),: Eq (4.229) ory: Eq. (4.248))W: Eq. (423D)
a(5n), SW': Eq. [£224)4: Eq. (4.248)

a(Sy),7y, W a: Eq. (£248)

a(Sn),7,a SW: Eq. [EZ25D)

The spin cut-off parameter

The spin cut-off parameter? represents the width of the angular momentum distributibthe level
density. The general expression for the continuum is basdti@observation that a nucleus possesses
collective rotational energy that can not be used to exbi#éridividual nucleons. In this picture, one can
relatec? to the (undeformed) moment of inertia of the nuclégiand the thermodynamic temperatire

(4.251) 1=/

a

Indeed, an often used expressionrfs = aﬁ = Ipt, where the symbodrﬁ designates the parallel spin
cut-off parameter, obtained from the projection of the damgonomentum of the single-particle states on
the symmetry axis. However, it has has been observed fromostiopic level density studies that the
quantityo? /t is not constant[89, 90], but instead shows marked shelt&ffgimilar to the level density
parametet. To take that effect into account we follow Refs.|[B9] 91] andpt the following expression,

(4.252) 0? = o = oh(Es) = I,

with a from Eq. [£.24P) and

(4.253) Ip=2>——
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whereR = 1.2A4'/3 is the radius, aneh, the neutron mass in amu. This gives

5/3

VaU.

A
(4.254) 0% (E,) = 0.01389 =
On average, the/aU /a has the same energy- and mass-dependent behaviour as gegdame, /U/a.
The differences occur in the regions with large shell effe&q. [£254) can be altered by means of the

spincut keyword, see pade 2B5.

Analogous to the level density parameter, we have to acdouldw excitation energies for which
Eq. (425%) is not definedF, < A) or less appropriate. This leads us to an alternative method
determine the spin cut-off parameter, namely from the spfrthe low-lying discrete levels. Suppose
we want to determine this discrete spin cut-off paramefein the energy range where the total level
density agrees well with the discrete level sequence,rom & lower discrete leveV;, with energyF;,
to an upper leveNy with energyEy;. It can be derived that

Ny

1
Ji(Ji +1)(2J; + 1).
322?13%(24 +1) ;;L

(4.255) o2 =

whereJ; is the spin of discrete levél Reading these spins from the discrete level file readilggihe
value fora?. In TALYS, o2 can be used on a nucleus-by-nucleus basis, when discrets &e known.
For cases where either EJs._{4.254)or (41255) are not adice.g. because there are no discrete levels
andU = E, — P is negative, we take the systematical formula

(4.256) % = (0.834°%6)°

which gives a reasonable estimate for energies in the ofde2dvieV.

The final functional form foro?(E,) is a combination of Eqs[{4.2b4) arld (4.255). Defining
E; = %(EL + Ey) as the energy in the middle of tié;, — Ny region, we assume§ is constant up to
this energy and can then be linearly interpolated to theesgion given by Eq[{4.2b4). We choose the
matching point to be the neutron separation engigyf the nucleus under consideration, i.e.

o*(E,) = o} for 0 < E, < Ey4
_ o Be—Fq o 2
= o5+ ——(0p(Ey) —oy) for E; < E; <S5,
Syn — Eq
(4.257) = 0%(Ey) for E, > S,.

Analogous to the level density parameterfrom now on we implicitly assume the energy dependence
for o%(E,) wheneverr? appears in the formalism.

Constant Temperature Model

In the Constant Temperature Model (CTM), as introduced Wdiggii and Camerori [83], the excitation
energy range is divided into a low energy part from 0 MeV up tmatching energy,,, where the
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so-called constant temperature law applies and a highgpertjaboveF,;, where the Fermi gas model
applies. Hence, for the total level density we have
tot _ tot :
P (EZ‘) = pPr (Ex)v if EZ‘ S EM7
(4.258) = pY(E,), if B, > Ey,

and similarly for the level density

1
p(Ey, J,1I) = §RF(E:M J)p‘i?t(Em), if B, < Ep,
Note that the spin distribution of EQ.{4.237) is also useth&constant temperature region, including
the low-energy behaviour for the spin cut-off parametengsessed by Eq{4.257).

For the Fermi gas expression, we use the effective exditatergyl = E, — A°™ where the
energy shift is given by

12
4.260 ACTM — 2
( ) X7
with

x = 0, for odd — odd,
= 1, for odd — even,

(4.261) = 2, for even — even.

Note that by default no adjustable pairing shift parametersed in the CTM. In TALYS, the number 12
in the enumerator of Eq.{4.260) can be altered usingéweonstant keyword, see pade2P9. This also
applies to the other level density models.

For low excitation energy, the CTM is based on the experialesxidence that the cumulated
histogramV (E,,) of the first discrete levels can be well reproduced by an esmpiial law of the type

E, — Ep

(4.262) N(Es) = exp(Z50),

which is called the constant temperature law. The nucleap¢gaturel’ and F, are parameters that
serve to adjust the formula to the experimental discreteldevAccordingly, the constant temperature
part of the total level density reads

dN(E,) 1 E, - F

).

For higher energies, the Fermi gas model is more suitabldhantbtal level density is given by
Eq. (£238). The expressions fof* andp* have to be matched at a matching enefgly where they,
and their derivatives, are identical. First, continuitguies that

(4.264) PP (En) = pR*(Enm).
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Inserting Eq.[{4:283) in this equation directly leads to¢badition
(4.265) Ey=Ey — Tl [TpRY(Ewm)] -

Second, continuity of the derivatives requires that

dptot dp

Inserting Eq.[{4:283) in this equation directly leads to¢badition

pr(Em) _ dpg!

tot

(4.266)

(4.267) = g (B,
or

1 dlnptet
(4.268) 7= dEF (En).

In principle, for all Fermi gas type expressions, includthg energy dependent expressionsdpe?,
K. etc., Eq.[[4.288) could be elaborated analytically, butrecpce we use a numerical approach to
allow any level density model to be used in the matching gnobl For this, we determine the inverse
temperature of EqL{Z.ZB8) numerically by calculatifigf on a sufficiently dense energy grid.

The matching problem gives us two conditions, given by HB4G%) and[([4.288), with three
unknowns: T, Ey and E'y;. Hence, we need another constraint. This is obtained by aéima that in
the discrete level region the constant temperature lawodejmes the experimental discrete levels, i.e.
p%2* needs to obey

Ey
(4.269) Ny = Np + / dE;p**" (Ey),
Ey,
or, after inserting Eq{4.263),
E E —F
(4.270) Ny =N+ <exp[?U] - exp[%]) exp[TO].

The combination of Eqd{4.265], (4.268) ahd (41270) deitees¥’, £y andE),. Inserting Eq.[{4.285)
in Eq. (£2Z70) yields:
-F E E
(4.271) Tt (Eyr) exp| =24 (exp[—U] - exp[—L]> N, - Ny =0,
T T T
from which E'y; can be solved by an iterative procedure with the simultanese of the tabulated values
given by Eq.[[4.268). The level§;, and N;; are chosen such thai(E,) gives the best description of
the observed discrete states and are stored in the nudlectust¢ database. For nuclides for which no, or
not enough, discrete levels are given we rely on empiricahfda for the temperature. For the effective
model,

9.4

(4.272) T=-02+4—o
A(l +~0W)
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and for the collective model

10.2

(4.273) T=-025+——
A1+ 7o)

where~ is taken from Eq.[{4.243) and Talifle¥.3. Next, we directlyadobt’,, from Eq. [£26B) andy,
from Eq. [4£26b). Again, Eqsl{4.272) alid (4.P73) were otaadiby fitting all individual values of the
nuclides for which sufficient discrete level informationsx. In a few cases, the global expression for
T leads to a value foE; which is clearly off scale. In that case, we resort to emairaxpressions for
the matching energy. For the effective model

(4.274) En = 2.33 +253/A + ACTM
and for the collective model
(4.275) En = 2.67 +253/A + ACTM

after which we obtair?” from Eq. [£26B).

The Back-shifted Fermi gas Model

In the Back-shifted Fermi gas Model (BFM) 184], the pairingeegy is treated as an adjustable parameter
and the Fermi gas expression is used all the way down to O Me¥Ccelfor the total level density we
have

(4.276) P (By) = VT 2var ]
F x oo 12 ql/4ys/4

and for the level density,

12J+1 (J+3)?| 7 &P [2V@U]
(4.277) pr(Ey, J,11) = - XP |~ | 7o T
292703 202 12 ql/4ys/4

respectively. These expressions, as well as the energgndept expressions farando?, contain the
effective excitation energy = £, — AB"™ where the energy shift is given by

12
4.278 ABFM — \ —Z 4§,
( ) X3
with
x = -—1,for odd — odd,
= 0, for odd — even,
. = 1, for even — even,
(4.279) f

andé an adjustable parameter to fit experimental data per nucleus
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A problem of the original BFM, which may have hampered its aseghe default level density
option in nuclear model analyses, is the divergence of EHEZ$)-[4.2717) whert/ goes to zero. A
solution to this problem has been provided by Grossjean aetdhteier[93], has been put into a practical
form by Demetriou and Goriely [97], and is adopted in TALY SieTexpression for the total BFM level
density is

(4.280) PBEM(Ez) =

wherep is given by

exp(1) (an + a,)’
240 N
wherea,, = a, = a/2 andt is given by Eq.[4.251).

(4.281) po(t) = exp(4anapt?),

With the usual spin distribution, the level density reads

12J+1
4.282 E I = =
(4.282) pBEM (Ez, J, IT) 5 952

(J +3)?
202

exp |— pisin (Ee)-

In sum, there are two adjustable parameters for the BF&hdd.

The Generalized Superfluid Model

The Generalized Superfluid Model (GSM) takes superconekigtairing correlations into account ac-
cording to the Bardeen-Cooper-Schrieffer theory. The phramological version of the model[101, 102]
is characterized by a phase transition from a superfluidwieaat low energy, where pairing correla-
tions strongly influence the level density, to a high eneeggion which is described by the FGM. The
GSM thus resembles the CTM to the extent that it disting@isietween a low energy and a high energy
region, although for the GSM this distinction follows natlly from the theory and does not depend on
specific discrete levels that determine a matching enemgtedd, the model automatically provides a
constant temperature-like behaviour at low energies. R®idvel density expressions, it is useful to
recall the general formula for the total level density,

1 ed
4.283 () = ——
( ) P (Ey) e D

whereS is the entropy and is the determinant related to the saddle-point approxonatror the GSM
this expression has two forms: one below and one above thalled critical energy/..

For energies belowW.,, the level density is described in terms of thermodynanfigattions de-
finedat U, which is given by

(4.284) Ue = acT? + Eeona.
Here, the critical temperatufi. is

(4.285) T, = 0.567A,
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where the pairing correlation function is given by

12
4.286 Ng=—.
(4.286) 0= 5

This correlation function also determines the condensatioergyF...q, Which characterizes the de-
crease of the superfluid phase relative to the Fermi gas phasegiven by the expression

3
(4.287) Eeond = ﬁacAg,

where the critical level density parameteris given by the iterative equation

— exp(—ya.T?)
a.T? '

1
(4.288) ae=a |1+ W

which is easily obtained oncg §WW and~ are known. Eq[{4.288) indicates that shell effects arenagai
appropriately taken into account. For the determinatioih@level density we also invoke the expression
for the critical entropysS,.,

(4.289) Se=2a. 1T,
the critical determinanD,.,

(4.290) D, = 1;& al Ty,
and the critical spin cut-off parametef,
(4.291) o2 = 0.01389 A%/ 3%Tc.
Now that everything is specified &t, we can use the superfluid Equation Of State (EOS) to define
the level density below/.. For this, we define an effective excitation energy
(4.292) U = E; + xAo + 6,
where

x = 2, for odd — odd,
= 1, for odd — even,
(4.293) = 0, for even — even,

and/ is an adjustable shift parameter to obtain the best degmripf experimental data per nucleus.
Note that the convention foy is again different from that of the BFM or CTM. Defining

(4.294) =1~
then forU’ < U, the quantitiesp andT" obey the superfluid EOS101],

1.
(4.295) @ = tanh <?gp> ,
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which is equivalent to

1 -1
(4.296) T =97, ¢ [m + ﬂ .
l—¢
The other required functions féf’ < U, are the entropys,
T T.U
4.297 =52 (1-¢?)=82—
(4.297) S = Ser (1= %) = Sep 7
the determinant D,
/ I\ 2
(4.298) D=D.(1-¢) (1+¢) =D (2- L),
Ue. U.
and the spin cut-off parameter
Ul
(4.299) o? =02 (1- @2) = O'?F.

In sum, the level density can now be specified for the entierggnrange. Fot/’ < U, the total level
density is given by

(4.300) ot (By) =
. PasMi e 210 VD’
using Eqs.[[4.297=(4.299). Similarly, the level densgty i
1
(4.301) pasm( B, J, 1) = o Rp(Eq, J)pcsu(Ee).

For U’ > U. the FGM applies, though with an energy shift that is différsom the pairing
correction of the CTM and BFM. The total level density is

oo i)

tot _ ~y
(4.302) pésm(Er) = oo 12 l/AyS/A

where the effective excitation energy is definedby= E, — AGSM  with
(4.303) AGM — B i — XAy — 6.
The spin cut-off parameter in the high-energy region reads

(4.304) o2 = 1,2/Y
a

a

andlj is given by Eq.[[4233). The level density is given by

1
(4.305) pasm(Ey, J, 1) = §RF(E:E? J)p&m (Bz).-
At the matching energy, i.e., fdt!, = U. — xAg — 4, it is easy to verify that Eqs[{4:300) and

@.302) match so that the total level density is perfectlgticmious. In sum, there are two adjustable
parameters for the GSM,andoé.
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4.7.2 Collective effects in the level density

All the previously described models do not explicitly acabtor collective effects. However, it is well
known that generally the first excited levels of nuclei restdm coherent excitations of the fermions
it contains. The Fermi gas model is not appropriate to desauch levels. Nevertheless, the models
presented so far can still be applied successfully in mascaince they incorporate collectivity in the
level density in an effective way through a proper choicénefénergy-dependent level density parameter
values.

In some calculations, especially if the disappearance datve effects with excitation energy
plays a role (e.g. in the case of fission), one would like to ehdide collective effects in more detail.
It can be shown that the collective effects may be accourteaxplicitly by introducing collective
enhancement factors on top of an intrinsic level density..(F,, J,II). Then the deformed Fermi gas
level densitypr gef (£, J, 1) reads

(4-306) pF,def(EJ:7 J7 H) = Krot (Ex)Kvib(Ex)pF,int(Em J, H)7

while the total level densities;?;; . andpiR}; are related in the same wal{,. and K, are called the
rotational and vibrational enhancement factors, resgalgti If K, and K, are explicitly accounted
for, print(Ey, J, II) should now describe purely single-particle excitatioms] @an be determined again
by using the Fermi gas formula. Obviously, the level densétsameter: of pr i, Will be different from
that of the effective level density described before.

The vibrational enhancement of the level density is appnaxéd [163] by
(4.307) Ky, = expldS — (6U/t)],

where§S and §U are changes in the entropy and excitation energy, respégtikesulting from the
vibrational modes and’ is the nuclear temperature given by Hq. (41251). These @saage described
by the Bose gas relationships, i.e

S = 2(2)\1- +1) [(1 +n;)In(1 4+ n;) —n;Inn,;|,

(2

(4.308) SU = > (2N + Dwing,

2

wherew; are the energies); the multipolarities, anah; the occupation numbers for vibrational excita-
tions at a given temperature. The disappearance of cotleetihancement of the level density at high
temperatures can be taken into account by defining the ottoopaumbers in terms of the equation

n exp(—7i/2w;)
(4309 ™ exp(n/T) ~ 1

where~; are the spreading widths of the vibrational excitationsis Bpreading of collective excitations
in nuclei should be similar to the zero-sound damping in afréquid, and the corresponding width can
be written as

(4.310) v = C(w? + 47T?).



4.7. LEVEL DENSITIES 111

The value ofC' = 0.0075 A'/3 was obtained from the systematics of the neutron resonaersitig:s of
medium-weight nucle(194]. We use a modified systemalic8] Which includes shell effects to estimate
the phonon energies (in MeV), namely

(4.311) wy = 65A7°/0 /(1 + 0.056W),
for the quadrupole vibrations and
(4.312) w3 = 100A7°/6 /(1 4 0.056W),

for the octupole excitations.

An alternative, liquid drop model, estimation of the vilioagl collective enhancement factor is
given by [92]
(4.313) Ko (Ey) = exp <0.0555A%t%) .

Thekvibmodel keyword can be used to choose between these models.

A more important contribution to the collective enhancetradrthe level density originates from
rotational excitations. Its effect is not only much stron(f&,.;. ~ 10 — 100 whereask;;, ~ 3), but the
form for the rotational enhancement depends on the nudiegresas well. This makes it crucial, among
others, for the description of fission cross sections.

The expression for the rotational enhancement factor dkspen the deformation [168,195]. Basi-
cally, K, is equal to the perpendicular spin cut-off parametfgr

(4.314) ol =11t,

with the rigid-body moment of inertia perpendicular to tyensnetry axis given by

(4.315) I, =1 (1 + %) = 0.013894°/3 (1 + %) ,

wherefs is the ground-state quadrupole deformation, which we takm the nuclear structure database.
Hence,

(4.316) o2 =0.013894°/3 (1 + %) \/g.
a

For high excitation energies, it is known that the rotatldmehavior vanishes. To take this into
account, it is customary to introduce a phenomenologicaipiiag functionf(E,) which is equal to 1
in the purely deformed case and 0 in the spherical case. Tgression for the level density is then

p(Ex7 Ja H) = [1 - f(Ea:)]Kvib(Em)pF,int(Exv J7 H) + f(Ex)pF,def(Ex7 J7 H)
(4317) = Krot(E:E)Kvib(Em)PF,int(Exa J> H)

where

(4.318) Kiot(Ey) = max([o? —1]f(E,) +1,1).
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The functionf(E,) is taken as a combination of Fermi functions,

1
(4319) f(EiL') = E.—FE95
1 + eXp( xdgAsACOl )

col

which yields the desired property &f,,; going to 1 for high excitation energy. Little is known abouét
parameters that govern this damping, although attempts be@en made (see e.(. [96]). We arbitrarily
take EY7 = 30 MeV, dZ7 = 5 MeV.

Finally, these collective enhancement expressions capfdid to the various phenomenological
level density models. The CTM formalism can be extended ®stlicit collective enhancement, i.e. the
total level density reads

P (Ey) = pPYE), if By < By,
(4.320) = Kiot(Ex)Kyin(Ex)pRing(Ez), if By > Eyy,
and similarly for the level density(E,, J,II). Note that the collective enhancement is not applied to
the constant temperature region, since collectivity isia®sl to be already implicitly included in the

discrete levels. The matching problem is completely aralsgo that described before, although the
resulting parameterg,,, Ey andT will of course be different.

The BFM can also be extended with explicit collective enleament, i.e.

-1
1 1
(4.321) psin (Bz) = Krot(Bx) Kyin (Er) | =3 + ,
BFM( ) t( ) ( ) p}’,ii;nt(Ex) po(t)

and similarly for the level density(E.., J, IT). Finally, the GSM can be extended as follows
(4-322) pg)éM(Ex) = Krot(Ex)Kvib(EJ:)PtGOg'M,int(Ex)-

(In fact, the term “general” in the GSM was originally meantt the collective enhancement).

4.7.3 Microscopic level densities

Besides the phenomenological models that are used in TAthESe is also an option to employ more
microscopic approaches. For the RIPL database, S. Goralgdlculated level densities from drip line
to drip line on the basis of Hartree-Fock calculations| [38] éxcitation energies up to 150 MeV and
for spin values up td = 30. If Idmodel 4, see page224, these tables with microscopic level demsitie
can be read. Moreover, new energy-, spin- and parity-depgnouclear level densities based on the
microscopic combinatorial model have been proposed byirdiknd Goriely[[1609]. The combinatorial
model includes a detailed microscopic calculation of thérigic state density and collective enhance-
ment. The only phenomenological aspect of the model is alsioigmping function for the transition
from spherical to deformed, see also Hq. (41317). The cations make coherent use of nuclear struc-
ture properties determined within the deformed SkyrmetidarFock-Bogolyubov framework. Level
densities for more than 8500 nuclei are made available nldatformat, for excitation energies up to
200 MeV and for spin values up tb = 49. These level densities are used widmodel 5.
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The most recent option, invoked witdmodel 6, is based on temperature-dependent Hartree-
Fock-Bogolyubov calculations using the Gogny forice ]138].

Since these microscopical level densities, which we will pagy;, have not been adjusted to
experimental data, we add adjustment flexibility througkalisg function, i.e.

(4.323) p(Ex, J, 77) = exp(c E, — 5)pHFM(Ea: —4,J,7)

where by default = 0 andd = 0 (i.e. unaltered values from the tables). The “pairing 8hifsimply
implies obtaining the level density from the table at a défe energy. The constanplays a role similar
to that of the level density parameteof phenomenological models. Adjustimgandé together gives
adjustment flexibility at both low and higher energies.

For both microscopic level density models, tables for lelaxisities on top of the fission barriers
are automatically invoked fddmodel 4, 5or 6, when available in the structure database. For nuclides
outside the tabulated microscopic database, the defaurtilgas model is used.

4.8 Fission

The probability that a nucleus fissions can be estimated HdyyBon both phenomenological and mi-
croscopic grounds. Cross sections for (multi-chance)diissan be calculated. For this, various nuclear
quantities are required.

4.8.1 Level densities for fission barriers

The level density formulae given in Sectibnl4.7 for the gebgiate of the nucleus can all be applied
for the fission barriers. In general, only the ingredientsddew level density expressions change as
compared to the non-fissile case. In TALYS, two methods faidis level densities are programmed.
The level densities are used in the calculation of fissiomstréssion coefficients.

Explicit treatment of collective effects

Eq. [£3I8B) for the rotational enhancement also holds fogrifarriers with neutron numbér < 144,
which are all assumed to be axially symmetric (specified bykdtywordaxtype 1). Inner barriers with
N > 144, e.g. the Am-isotopes, are taken to be axially asymmetitype 3, and in that case the
rotational enhancement is

asym T 9 262
(4.324) Kyot(Ey) =K, (Ey, f2) = max(] Eal(l - T)UH —1]f(E;) +1,1).
For outer barriers, we apply an extra factor of 2Kq,;, due to the mass asymmetry. For all fission
barriers, the default parameters for the damping functiqn{&319) are/ }‘Z‘”“ = 45 MeV, C}“T =5
MeV.

The shell correction is also different: For the inner bayd@l = 1.5 MeV for an axially sym-
metric barrier, and 2.5 MeV otherwise. For the other basriare take 0.6 MeV in general.
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Effective treatment of collective effects

Despite being of a more “effective” nature than the apprasadcribed above, this method (invoked with
colldamp y) has been more successful in the description of fission esons, see e.gl_[459]. An
essential aspect is that the damping of collective effegaken into account in a phenomenological
way through the level density parameterThe asymptotic level density parameigisee Eq.[[{4.242) is
damped from its effective limi#l/8 to its intrinsic limit A/13 as follows

(4.325) i = LA + a1~ J(F)
where
1
(4.326) F(Ey) = =
(82) 1+ exp —(EI;;E%"’ )

col

with the same values as mentioned below EQ. (4.319). Nextebultinga(E,,) is used in all equations.
After this, an extra rotational enhancement needs only ttaken into account for tri-axial barriers
(axtype 2. Instead of Eq.[{4.318), this is taken as

(4.327) Kyot(Ex) = (L)1 = f(E.) + F(Es),

Qeff

wherea.s = 8a/13 and

(4.328) F(Ex)

1
1+ exp(—1(E, —18)’

For barriers other than tri-axial{,,; = 1. There is no vibrational enhancement in this model. For the
shell correction, for all barrier&V = %\5W9~3~ |. Finally, the spin cut-off parametdr(4.257) is multiplied

by (1 + %) as done in Eq[{4.315) for the perpendicular spin cut-ofapeater.
4.8.2 Fission transmission coefficients
For fission, the default model implemented in TALYS is basedhe transition state hypothesis of Bohr

and the Hill-Wheeler expression. This yields transmissioafficients that enter the Hauser-Feshbach
model to compete with the particle and photon transmissigificients.

Transmission coefficient for one fission barrier

The Hill-Wheeler expression gives the probability of tulmg through a barrier with heighB, and
width hw; for a compound nucleus with excitation enetgy. It reads

1
(4.329) T(E:) =
1+exp {—2777@’%;?”]
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For a transition state with excitation energyabove the top of the same barrier, one has

1

_ (Ew—Bf—ei)]
1+ exp [ 2777@%

(4.330) Ty(Eyz,e:) =

which means that the barrier is simply shifted upsby

For a compound nucleus with excitation enefgy, spin.J, and parityIl, the total fission trans-
mission coefficient is the sum of the individual transmissicoefficients for each barrier through which
the nucleus may tunnel, and thus reads in terms of the p&lyimtroducedl’s (£, €;)

Ey

(4.331) J?WEQ:EZQ@%Qﬁ@Lﬂyﬁé p(e, J, T} (Ey,€)de

4 th
The summation runs over all discrete transition states protohe barrier and;;, marks the beginning
of the continuum. In this equatiorf(i, J, IT) = 1 if the spin and parity of the transition state equal that
of the compound nucleus aridotherwise. Moreover(e, J, 1) is the level density of fission channels
with spin J and parityIl for an excitation energy. The main difference with the usually employed
expressions is that the upper limit in the integration istdiniThis expression also enables to define
the number of fission channels by replacifiig(E,, ;) by 1 in Eq. ({4331). This is needed for width
fluctuation calculations where the fission transmissiorifiwdent is treated as a continuum transmission
coefficient.

4.8.3 Transmission coefficient for multi-humped barriers

For double humped barriers, the generally employed express based on an effective transmission
coefficientT, s defined by

TATp

4.332 T, = —AB
(4.332) 1 Ty + T

whereT4, andTg are the transmission coefficients for barriérand B respectively, calculated with
Eq. (£331).
If a triple humped barrier needs to be considered, the esjmres$or 7. s ; reads

TaTc

4.333 T, = —ABLC
( ) = Tap + Tc

whereT 4 g is given by Eq.[[4:332). Consequently, the expression us@ALYS reads

TATsTe

4.334 T.rp =
( ) N T TuTs + TaTc + TsTc

For any number of barrier, the effective number of fissiomcleds is calculated as in the case for
one barrier([183].
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4.8.4 Class Il/lll states

Class Il (resp. 1) states may be introduced when doublep(rériple) humped barriers are considered.
In the particular situation where the excitation eneigyy of the compound nucleus is lower than
the barrier heights, fission transmission coefficientsldispesonant structures which are due to the
presence of nuclear excited levels (Class Il) in the seconith the third (Class IIl) well of the potential
energy surface. When such resonant structures occur, pnession for the effective fission transmission
coefficient has to be modified (generally enhanced).

The way this resonant effect is determined depends on théeuaof barriers that are considered.

Double humped fission barrier

In the case where two barriers occur, the effective fissamsimission coefficierif, s, can be written as

TATp

4.335 T, o= —AB
(4:3%5) M Ty +Tp

X Fap(Ecn)

whereF4g5(Ecy) is afactor whose value depends on the energy differenceskettie excitation
energy of the nucleus and that of the a class Il state locatdteiwell between barried and B. It has
been shown [100] that the maximum valuekfz (E) reachesﬁ and gradually decreases over an
energy interval defined as the widih; of the class |l state with excitation enerdjy;. This is accounted
for using the empirical quadratic expression

4 E—Ei\? ( 4 )
4.336 Fap(FE) = + X(1————-
(4.336) aslE) = (awu> Ta+Tp

if £ —0.50 < E<E;+05-andFp = 1 otherwise.

Theoretically, this expression is valid for the tunnelilgough a single double humped barrier
whereas in realistic situations, bdify and7s are obtained from a summation over several transition
states. One may thus have larflg and Tz values so that Eq._4.3B6 may give,z(E) < 1. Such
a situation can only occur for high enough excitation erexdor which the individual Hill-Wheeler
contributions in Eq.[{4.331) are large enough. HoweverAhYIS, we only consider class Il states with
excitation energies lower than the height of the first bar@nsequently, the resonant effect can only
occur if the compound nucleus enerfy:y is (i) lower than the top of the first barrier and (i) close to a
resonant class Il staté“¢; — 0.5I';; < Ecny < Err + 0.5I'77). With such requirements, the individual
Hill-Wheeler terms are clearly small, afith + Ts < 1.

Triple humped fission barrier

If three barriersA, B and C are considered, the situation is more complicated. In thEecthree
situations can occur depending on the positions of the tlassl class Il states. Indeed the enhancement
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can be due either to a class |l state or to a class Il stategrbtap of that, a double resonant effect can
also occur if both a class Il and a class lll state have anati@it energy close to the compound nucleus
energy. For any situation, the enhancement is first caklfdr the first and the second barrier giving
the transmission coefficient

(4.337) T/{} = Tap x Fap

with F4 5 given by Eq.[[4:336) as in the previous case.

Next, the eventual coupling with a class Il state with egeky;; of width I';;; is accounted for
by generalizing Eq[{4.385) writing

TABTC
4.338 TABC — el 7" o ppo(E
( ) ST TAT T aBc(Ecn)

whereF pc(Ecn) is given by generalizing Eq{4.336) writing

4 E—Eip\° 4
4.339 Fapc(E) = " e
( ) apc(E) Tef}? +Te ( 0.5L 11 > TILJX”? +To

e

if Er;p — 050 < E < Epp+0.50; andFABC = 1 otherwise.

4.8.5 Fission barrier parameters

In TALYS several options are included for the choice of theifis barrier parameters:

1. Experimental parameters [163]: collection of a largeddedctinide fission barrier heights and
curvatures for both the inner and outer barrier based on aditperimental data, compiled by V.
Maslov. Moreover, this compilation contains head bandsitam states.

2. Mamdouh parameters [106]: set of double-humped fissioebdeights for numerous isotopes
derived from Extended Thomas-Fermi plus Strutinsky Irdgkgalculations.

3. Rotating-Finite-Range Model (RFRM) by Siefk [103]: depumped fission barrier heights are
determined within a rotating liquid drop model, extendethviinite-range effects in the nuclear
surface energy and finite surface-diffuseness effectssilCtiulomb energy.

4. Rotating-Liquid-Drop Model (RLDM) by Coheet al [104].

In the current version of TALYS, the dependence on angulamerdum of the fission barriers is dis-
carded. If LDM barriers are employed in the calculationythee corrected for the difference between
the ground-state and fission barrier shell correction gnerg

(4.340) BJIc'DM(T) = BJICIDM(O) - (6Wgroundstate - 5Wbarrie7") * g(T)
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This correction gradually disappears with temperaturetduaie washing out of the shell effects [107]:

1 for T < 1.65MeV,

4.341 T)=
( ) 9(T) {g(T):5.809 exp(—1.066 T') for T >1.65MeV.

Shell corrections on top of the fission barrier are generailnown. They obviously play an important
role for the level density as well. Default values are addpfer subactinide® W, = 0 MeV, for
actinidess Wiyarrier, inner = 2.5 MeV anddWyg,rier outer = 0.6 MeV [163].

4.8.6 WKB approximation

As an alternative to the Hill-Wheeler approach, it is alsegiole to use the WKB approximation to
calculate fission transmission coefficients We use an imgfation by Mihaela Sin and Roberto Capote
and refer to Ref[1105] for the full details of this methodcéin be invoked with the keywofftsmodel 5

4.8.7 Fission fragment properties

Since TALYS-1.6, two models for fission fragments are awdiathe temperature dependent Brosa
model, and the GEF model.

GEF model

A fission model has been developed model by Schmidt-Juiat) [Lis based on the statistical pop-
ulation of states in the fission valleys at the moment of dyinahfreeze-out, which is specific to each
collective degree of freedom. Three fission channels arsidered. The separability principle governs
the interplay of macroscopic and microscopic effects. Téwly discovered energy-sorting mechanism
determines the division of intrinsic excitation energyvietn the fragments at scission and the creation
of a strong even-odd effect at large mass asymmetry. Thisshgides a new insight into several dy-
namical times. Most parameters are fixed from independeamices, only about 20 parameters have
specifically been adjusted. Since the parameters of thelracelelosely related to physical properties of
the systems, valuable conclusions on the fission procedsecdeduced. The good reproduction of mea-
sured data and the high predictive power of the code makefiiLi®r applications in nuclear technology
and complement the use of purely empirical models.

Temperature-dependent Brosa model

The description of fission fragment and product yields fefidhe procedure outlined in Ref. [109]. The
Hauser-Feshbach formalism gives a fission cross sectioexoitation energy bin for each fissioning
system. The fission fragment masses and charges are, sabdgqdetermined per given excitation
energy bin E, in a fissioning system FS, characterised(By-s, Args, E, ), for which the fission cross
section exceeds some minimum value. The total fragment digs#ution is given by a sum over all
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contributing bins weighted with the corresponding fissiorss sections:

(4.342) o(ArFr) = Z 0i(Zrs, Ars, Ex)Y (Arr; Zrs, Ars, Ex),
Zrs,Ars,Ex

whereY (Arr; Zrs, Ars, E.) is the relative yield of a fission fragment with mas$s  originating from
a fissioning system. Combining this expression with thelteda fission fragment charge distribution
calculation vyields the final production cross section of aidis fragment with masslz» and charge

ZFF:
Oprod(ZrF, ApF) = > 04(Zrs, Ars, B)Y (Apr; Zps, Ars, Ex)
Zrs,Ars,Ex
(4.343) XY (Zrp; Arr, Zrs, Ars, Ex)

Y(Zrr; Arr, Zrs, Ars, E,) is the relative yield of a fission fragment with charge - given its mass
App and the fissioning system characterised Bys, Ars, E.).

In general, an excitation energy distribution is connedtedhese fissiorfragmentproduction
cross sections. In theory, this could be used to deduce thierfisroductyields through a full evap-
oration calculation of the fission fragments. This is not gessible in TALYS. Instead a rather crude
approximation, outlined later in this section, is adoptedstimate the number of post-scission neu-
trons emitted from each fragment. This procedure leaddativie yields for the fission product masses
Y(Arp; Zrs, Ars, E;) and charge¥” (Zrp; Arpp, Zrs, Ars, E,) and, hence, to expressions similar
to Eq. [4:34P) and Eq[{4.343) for the final fission products.

Fission fragment mass distribution

The fission fragment mass distribution is determined witbvésed version of the multi-modal random
neck-rupture model (MM-RNRM). The original model has beewadoped by Brosa to calculate proper-
ties of fission fragments at zero temperature [108]. Howdigsion calculations within TALYS require
fragment mass distributions up to higher temperatures.

In the recent version of the mod&[1109] the temperature deddo the calculation of the potential
energy landscape of the nucleus. A search for the fissionnet&iin deformation space yields the
superlong (SL), standard | (ST 1), and standard Il (ST IDidissbarriers and prescission shapes as a
function of temperature. In this manner, the incorporatedting of shell effects naturally gives rise to
the vanishing of the asymmetric fission modes ST | and ST hwitreasing excitation energies. The
obtained temperature-dependent fission barrier and peisgishape parameters serve as input for the
fragment mass distribution computations in TALYS.

Each mass distribution is a sum over contributions of thegllominant fission modes FM:
(4.344)

Y(ArF; Zrs, Ars, Ey) = > Wrm(Zrs, Ars, Ex)Yrm(Arr; Zrs, Ars, Ez),
FM=SL,STI,STII

whereWgy (Zrs, Ars, E,) denotes the weight of a fission mode, aneh;(Arr; Zrs, Ars, Ey) IS
the corresponding mass distribution(Arr; Zrs, Ars, E,) can then be substituted in EQ.{4.842) to
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determine the full fission fragment mass distribution fa thaction under consideration. An analogous
expression can be written down f8{ Arp; Zrs, Ars, Ez).

Each mass distribution calculation is started by detemgitthe relative contributions of the dif-
ferent fission modes. These are evaluated with the Hill-Wéngenetrability through inverted parabolic
barriers using temperature-dependent barrier paranatdrsonsequently (the reader is referred {ol[109]
for a detailed explanation), ground-state level densities
(4.345)

o0
1
Tt rm(Zrs, Ars, Er) 2/ de pgs(Zrs, Ars,€)
0

2m(By.rum(Zrs,Ars,T(€))+e—FEg)
14 exp [ hwy pr(Zrs,Ars,T(€))

All actinides encounter a double-humped barrier on theiy weafission. The effective transmission
coefficient can be expressed in terms of the transmissicfficieat through the first and second barrier
denoted b)TJf‘ ande respectively by Eq[{4.382). Since, however, the theakiimer barrier is much
lower than the outer barrier, the relative contributiéfyy, (Zrs, Ars, E.) of the three fission modes
may simply be determined by an equation of the following form

B

_ Tyst

= 7B B B
T, +Tesrr +Thsrr

(4.346) Wsi(Zrs, Ars, Ex)

Equivalent formulas hold fOWST[(ZFS, AFS, Em) andWST[[(Zps, Aps, Ex)

For subactinides it is not possible to calculate the cortipptbetween symmetric and asymmetric
fission modes, since the computed fission channels exhthiéraroad and strangely shaped outer bar-
riers, which makes a parabola fit to these barriers impasshbénce, the Hill-Wheeler approach cannot
be applied. Fortunately, the SL barriers are much lower thanST barriers. Therefore, in all these
calculations the asymmetric fission modes are simply dischand the dominant symmetric SL mode
is solely taken into account for subactinides.

The RNRM is employed to calculate the mass distribution gsidhn mode. An extensive descrip-
tion of the RNRM may be found in[108]. Here it is merely attdegpto communicate its main ideas. In
this model, the fission process is regarded as a series abilitges. After the passage over the barriers,
a neck starts to form. If this neck becomes flat its rupture hagppen anywhere, which means that the
point of future constriction can shift over the neck. Thistimo of the dent is called the shift instability.
In the instant that the Rayleigh instability starts to deetiee dent, the position of the asymmetry is
frozen and rupture is taking place. The RNRM translates ffleeteof both mechanisms into measurable
guantities.

In order for the shift instability to do its work, a perfecflat neck is required. Hence, the so-called
flat-neck parameterisation is introduced: (seelElg. 4.3):

(r? = ¢ —n<C<G
(4.347) p(() = § maPe(cosh () —1) G <C<6
<r§—(21—n—r2—§)2>1/2 G<C<2A-r.

The radius of the nucleus is given pyas a function of a parametétin terms of several parameters: the
semilength, the neck radius, the positiorz of the dent, the curvature the extension of the neck the
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Figure 4.3: The upper part illustrates the flat-neck repreg®n. The lower part contains the embedded
spheroids parameterisation.

radii of the spherical heads andr,, and the transitional pointg and({,. By requiring continuity and
differentiability of the shape, volume conservation andiaimal value of ¢ for a really flat neck, only
(I, r, 2 remain as independent parameters. Subsequently, theaick is eliminated by the Rayleigh
criterion, which relates the total leng®h of the prescission shape to the neck radiley 2! = 11r. The
value ofz can be transformed into the heavy fragment masby:

(4.348) A= [ o
. h — 7T 3 P )

4T§n —1
wherer,,, is the compound nucleus radius. The actual valued,;ofind! originate from the channel
searches and are called the prescission shape paraméteyshave been stored in the structure database
and are input to the RNRM calculations.

One last ingredient is missing for the computation of the srdistribution, namely the surface
tension:

N —2Z\? .
(4.349) Y0 =0.9517 (117828 ( —— ) | MeV fm™

This is taken from the LDM by Myers and Swiatecki [72].

Fluctuations amplified by the shift instability alter theaple slightly and enable the rupture of
the nucleus to take place at another point than the most pi®lpointz. In order to determine the
fission-fragment mass distribution, the probability oftitug the neck at an arbitrary positian has to be
calculated. This probability is given by the change in pto&menergy fromz, to z F(z,) — E(z). This
is replaced by the energy to cut the nucleus at the two positiB.,:(z,) — Eeut(2), With Ecy(2,) =



122 CHAPTER 4. NUCLEAR MODELS

2my0p°(2,). The rupture probability is now proportional to the Boltaméactor:

T

(4.350) Y(App) o exp (—27770 (*(z) — p2(z))> |

The fragment mass numbdrz can be computed according to the analogue of[EQ.(#.348):

(4.351) App(z) = 4 / (0 d.

B 4T§n -1
The theoretical yield is finally determined with the followi relation in whichY (Arr) stands for the
normalized fission fragment mass yield:

(4.352) Yrm(Arr; Zrs, Ars, Ee) = y(Arr) + y(A — Afpr).

In Eq. (£350) the temperature of the scissioning nucleust imeiprovided. All calculations of the
PES and the crossing of the fission barriers have been ismheHowever, for the RNRM the loss and
gain of excitation energy in crossing the barrier is taken account into a new excitation energy and
temperature at scission:

(4353) E;cission _ Egroundstate + Fdef,scission'

The new excitation energy has two components: the origineitation energy in the ground state
Egroundstate and the deformation energy at scissibp foscission- Fdef,scission 1S POSitive for actinides
and becomes negative in the subactinide region. The newaérai energy is related to a new tempera-
ture Ti.is5i0n. HOWEVET, @ NeW prescission temperature corresponds fteeedit prescission shape with
a somewhat different value fdty. ¢ scission- Therefore, the temperatuffg.;s.;.» has to be determined
in a self-consistent manner together with the final premmsshape. If a prescission shape has a high
temperature or a very long neck, the mass distribution wilbtmad. Low temperatures and short necks
result in a narrow mass distribution.

Post-scission neutron multiplicities

The mass distribution calculated above belongs to the pyirfirssion fragments. Most fragments, how-

ever, are highly excited directly after their creation. Y¥hake their share of total excitation energy

available at scissiorl . {4.363). Moreover, they are stroadgfiprmed, which manifests itself in an extra

amount of excitation energy set free when this deformatidexes towards the ground-state deformation
of the fragments by the strong surface tension. The supetlagcitation energy is released during the
process of post-scission neutron and gamma emission. Th®nemission is responsible for a shift of

the pre-neutron emission mass distribution to somewhallemmasses.

The total excitation energy in a newly created fragment withssA i results from:

A o
(4354) Egragment(AFF) = Edef,fragment(AFF) + —ZF E;czsszon‘
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Edef, fragment (Arr) denotes the deformation energy of the fragment, and thendegeom contains the
portion of the thermal energy at scission of the whole figsi@system picked up by the fragment. The
assumption is that the fragment receives a share propaltionits mass.

For the calculation 0F 4., tragment (Arr) another shape parameterisation is employed: the em-
bedded spheroids (see Hig.]4.3). The newborn fragments @deled as two contacting spheroids with
major axesi; andas, which are linked t@l andz, by:

1 1
(4.355) a] = 5(7"1 + 2), ag =1— 5(7“1 + zp).

The minor axe$, andb, follow from volume conservation:

3 Zr 3 2l—r1
bj=-— [ pd¢, b3=-— pPdc.

4.356 =
(4.356) )

4&1 —ry

The energy difference of the spheroidally deformed and pieiscal fragmenE. ¢ ragment (ArrF) is
given by:

. 1/2
Lk arcsin(e) + € (1 — €2) B
Edef,fragment(AFF7 6) = Esurf(AFF) ( 9 (1 _ 62)1/6 1]+
1— 62)1/3 1+e
4.357 EZ (A ( ~1].
( 35 ) C’oul( FF)( % ln<1_€>

The eccentricity is defined as:

b 2 1/2
(4.358) € = <1— (a—> ) ,

and EP" (Apr) and EZ" (App) represent the LDM surface and the Coulomb energy of a sgtieric

surf

nucleus obtained from Ref.[110].
The neutron multiplicityg s (Apr) for a fragment with masd - is now derived by finding the
root of the following relation:

veM(AFF)
(4.359) Eg{mgment(AFF) = Z (Sn + 1) + E,.
=1

n

The separation energdy, is calculated from the mass formula]110]. The average kiretergy of the
neutrons is taken to bé times the fragment temperature, and the energy carriedyoff-tays . is
approximately half the separation energy of the first ncapevated neutron.

The final fission product mass yield per fission mode is given by

(4.360) Yrn (Arpp; Zrs, Ars, Ex) = Yem(Arr—vim (Arr)) +Yrm(A—Arr—vim (A—Apr)).
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Fission fragment charge distribution

Unfortunately, the MM-RNRM only yields information on theass yields of the fission fragments. Pre-
dictions of charge distributions are performed in TALYShint a scission-point-model-like approach
(Wilkins et al. [111]). Corresponding to each fission fragment mass- a charge distribution is com-
puted using the fact that the probability of producing affnegt with a chargeZ ¢ is given by the total
potential energy of the two fragment system inside a Boltamfactor:

*E(ZFFyAFFysz)>
T

oo

> —E(ZrF,, ArFr,Z,A)
ZFF; exXp T

In the original scission-point model this potential eneigyintegrated over all deformation space. Within
the MM-RNRM, however, fission channel calculations alreddfine the deformation at the scission
point. Furthermore, a strong coupling between the colledind single particle degrees of freedom is
assumed near the scission point. This means that the nusleligracterised by a single temperatiie

(4.361) Yrm(Zrr; Arr, Zrs, Ars, Ey) =

The potential energy for the creation of one fragment Wi, Arr) and a second fragment
with (Z — Zpp, A — App) consists of a sum over the binding energy of the deformedfeags by
the droplet model without shell corrections and their mu@aulomb repulsion energy as well as the
nuclear proximity repulsion energy:

(4.362) E(Zpp,Arp,Z,A) = B(Zpp,Arr) + B(Z — Zpp, A — Arr) + Ecoul + Vprox-

The single constituents of this formula are defined by thieiohg relations:

Arp — 2Z5p\ 2
(4363) B(ZFF,AFF) = —ai [1 — K <u> AFF
Arp
App —2Zpr\ 2| 2
+as |1 —k <u> A} f(shape)
Arp
2 72 2 .2 2 72
(4.364) +§e_ IE g(shape) — e (AN ZEr
57“0 Ag 2 o To AFF
FF
(4.365) Ecouw = €Zpr(Z — Zrp)Storm/(a1 + a2)
272
(4.366) Virow = 178172470010

al b% + agb%
The parameters in the binding energy formula are taken frah [210]. The functionf (shape) is

the form factor for the Coulomb term where@shape) denotes the form factor for the surface energy.
S torm 18 the form factor for the Coulomb interaction energy betwi®eo spheroids.

The fission product charge distribution is obtained from ¢hkulated fission fragment charge
distribution by shifting the corresponding fragment masg to the fission product massds. p with
the aid of the post-scission neutron multiplicity;(Arr):

(4.367)  Yrm(Zrp; Arp,Zrs, Ars, Ey) = Yerm(Zrr,Arr — vem(AFF), Zrs, Ars, Ey).

Since proton evaporation of the fission fragments is negtiedhe charge distribution connected with
Arp becomes simply linked to the fission product masss.
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4.9 Thermal reactions

The Introduction states that TALYS is meant for the analgdislata in the 1 keV - 200 MeV energy
region. The lower energy of 1 keV should not be taken toodlter More accurate is: above the resolved
resonance range. The start of the unresolved resonance difeys from nucleus to nucleus and is
related to the average resonance spadigor, equivalently, the level density at the binding energy.
Generally, the starting energy region is higher for lightlides than for heavy nuclides. Only beyond
this energy, the optical and statistical models are expdotgield reasonable results, at least for the non-
fluctuating cross sections. The lower energies are the doofdR-matrix theory, which describes the
resonances. Nevertheless, it would be useful to have afidst- estimate of the non-threshold reactions,
not only for the obvious neutron capture channel, but alsdhe exothermaln, p), (n, «) and fission
channels. The fact that a nuclear model calculation in TALY 8nly performed down to about 1 keV
should not prevent us to give at least an estimate of thdike behaviour of the excitation function down
to 10~° eV (the lower energy limit in ENDF-6 files). In collaboratiovith J. Kopecky, we constructed a
method that provides this.

4.9.1 Capture channel

First, we decide on the lower energy of validity of a TALYS fear model calculatiorZ;,. Somewhat
arbitrarily, we set as defaulf;, = Dy when we wish to construct evaluated data libraries, wligyés
taken from the nuclear model database or, if not preseriyatkefrom the level densityE;, can also be
entered as an input keyworBIpw). Next, we determine the neutron capture cross sectioreahdrmal
energyE,;, = 2.53.10~% MeV, either from the experimental database, see Chipter B,rmt present,
from the systematical relation [112]

(4.368) Oy (Ern) = 1.5 x 10" a(Sy, — A)*° mb

with a the level density parameter at the separation en8Syggnd A the pairing energy. We assign a
1/v, i.e. 1/VE, dependence to the cross section frofm® eV to an upper limitF, ,, which we set,
again arbitrarily, at”, ,, = 0.2E. Thel/v line obviously crosses,, - (E,) at Ey,. The points at, /,,
and E;, are connected by a straight line. The resulting captures@estion then looks like Fig—4.4. In
reality, the region betweef ;, and £, is filled with resolved resonances, the only feature we did no
try to simulate.

4.9.2 Other non-threshold reactions

For other reactions with positive Q-values, such/ap) and(n, «), only a few experimental values at
thermal energy are available and a systematical formulargsf~) is hard to construct. If we do have
a value for these reactions at thermal energy, the same thathéor capture is followed. If not, we
assume that the ratio between the gamma decay width andhe.gprdton decay width is constant for
incident energies up t&';,. Hence, we determing, = o,, /0, , at Er,, and since we know the thermal
(n,v) value we can produce the (n,p) excitation function down(o® eV by multiplying the capture
cross section byz,,. A similar procedure is applied to all other non-threshadations.
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Figure 4.4: Capture cross section at low energies. Themoigthe various energy regions are indicated.
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4.10 Direct capture

For light nuclides and (very) neutron-rich nuclides, theedi capture process may have a significant
contribution. Therefore, a direct capture model was impitee, to be activated with thacap keyword,
see pagEZ13. More details may become available in futustoves of this manual. For the moment we
refer to Ref. [[13D].

4.11 Populated initial nucleus

Usually, a TALYS calculation will concern a projectile withcertain incident energy and a target, ei-
ther in its ground or an excited state. For various reasoeshave introduced the possibility to start
the decay from an initial population, i.e. an excited nusleuth a population distributed over excita-
tion energy. An example of an interesting application isrbatron spectrum from fission fragments.
One could calculate the fragment distribution from fissiery. as described in Sectibn418.7 or from
empirical methods, and assume a population per excitatiengg and spin, of the excited light and
heavy fission fragment (models for such distributions exist e.g. Ref[[113]). This distribution can
then be the starting point for a TALYS calculation. The gligpopulation enters the Hauser-Feshbach
scheme and the compound nucleus calculation proceeds as Tike emitted neutrons can be recorded
as well as the path from fission fragment to fission produckréddvant nuclear structure guantities are
available since we simulate the process by a photon-indrezttion, the only difference being that we
do not excite a single compound nucleus energy but diredtlihé continuum bins and discrete levels
according to our specified starting population. TALYS carubed in this mode by simply specifying
projectile 0, see pagE_Ih4, and providing an energy file as input, see[fa&jeThe initial population
can be provided at two levels of detail. A full excitation enespin-parity population can be given,
which is then interpolated on the internal excitation epesgheme of TALYS. Alternatively, only the
total population per excitation energy can be given, afteictvthe spin-parity-dependent population is
determined by multiplying it with the spin distribution ofE(Z.Z3T). For the fission neutron spectrum
example mentioned above, one could loop over all fissiomiegs (by writing a clever script), sum the
results, and obtain the fission neutron spectrum. There are applications for this feature, such as
coupling a high-energy intranuclear cascade code with T\Ltfie latter taking care of the low energy
evaporation part including all its quantum-mechanicalsspvation rules.

4.12 Astrophysical reaction rates

A complete calculation of astrophysical reaction ratesossible with TALYS. In stellar interiors, nu-
clides not only exist in their ground states but also in diffe thermally excited states and a thermody-
namic equilibrium holds locally to a very good approximatid herefore, most of nuclear astrophysics
calculations have made use of nuclear reaction rates égdluéthin the statistical model [114]. The
assumption of a thermodynamic equilibrium combined with dompound nucleus cross sections for
the various excited states then allows to produce Maxweligeraged reaction rates, which is important
input for stellar evolution models. Calculation of stelfaaction rates is obviously not new, but TALYS



128 CHAPTER 4. NUCLEAR MODELS

provides some features which automatically makes the sixteiio reaction rate calculations very worth-
while. In contrast with existing dedicated astrophysi@ation rate codes, the present Chapter shows
that we provide the inclusion of pre-equilibrium reactioeehanism, the detailed competition between
all open channels, the inclusion of multi-particle emiss{oeglected in most astrophysics codes), the
inclusion of detailed width fluctuation corrections, thelusion of parity-dependent level densities, the
inclusion of coupled channel description for deformed aijend the coherent inclusion of fission chan-
nel. Different prescriptions are also used when normajizinclear models on available experimental
data, such as level densities on s-wave spacings or E1 resogaength on photoabsorption data.

The energies of both the targets and projectiles, as wdllaiisrelative energies’, obey Maxwell-
Boltzmann distributions corresponding to the temperaffirat that location (or a black-body Planck
spectrum for photons). The astrophysical rate is obtaineéhtegrating the cross section given by
Eq. (£I7%) over a Maxwell-Boltzmann distribution of eriegE at the given temperaturg. In ad-
dition, in hot astrophysical plasmas, a target nucleug®iisits ground as well as excited states. In a
thermodynamic equilibrium situation, the relative popigias of the various levels of nucleus with spins
I* and excitation energieB’ obey a Maxwell-Boltzmann distribution. Hence, in the fotawuto fol-
low, it is understood that the definition of the incidenthannel, see below E§._{4.174), now includes an
explicit superscripf: to distinguish between the excited states. The effectalastrate ofoe — o’ in the
entrance channel at temperatraaking due account of the contributions of the various taeyeited
states is finally expressed as

\ B 8 \1/2 (21" +1
Naloohau(T) = (=) kTg/QG / Z G D)

E+E“
kT

wherek is the Boltzmann constant; the reduced mass of thechannel,N 4 the Avogadro number, and

(4.369) o (E)E exp (- )dE,

(4.370) G(T) =Y _ (21" +1)/(2I° + 1) exp(—El! /kT)
w
the T-dependent normalized partition function. Reverse reastcan also be estimated making use of

the reciprocity theoreni[114]. In particular, the stelldmoppdissociation rates are classically derived
from the radiative capture rates by

\* (T) _ (2I+1)(2j+1) G](T) <AAQ)3/2< kT )3/2X
(7,0) (2I' +1) Gr(T)\ A 972N 4
(4.371) Na(ov)}a e~ Qe /KT

whereQ,., is the Q-value of thé®(a, v)I"° capture channel. Note that, in stellar conditions, thetieac
rates for targets in thermal equilibrium are usually bevo obey reciprocity since the forward and
reverse channels are symmetrical, in contrast to the &ituathich would be encountered for targets in
their ground states only [1114]. In TALYS, the total stelldmgpodissociation rate is determined from

(28 + 1) )\?%a) (T) exp(—FEL/KT)

ZM(QJ“ +1) exp(—EL/kT) ’

(4.372) Z“,m-)(T) =
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where the photodissociation ra)t{—i‘7 o) of stateu with excitation energy% is given by

(4.373) )\é‘%a)(T) :/O cny(E,T) aé‘%a)
wherec is the speed of Iightgrfw. (E) the photodisintegration cross section at enefjyandn., the
stellar~-ray distribution well described by the back-body Planc&apum at the given temperature

In TALYS, if astro y, an appropriate incident energy grid for astrophysicatdations is made
which overrules any incident energy given by the user.

4.13 Medical isotope production

This section describes the formalism to calculate the mtolu yield of a radioactive nucleus by a
nuclear reaction. Starting from the general formalism wk iwiroduce realistic approximations and
derive simpler equations that hold in basically all casest#rest. In TALYS we have implemented
only analytical solutions to the production and depletiguaions. This may be generalized in future
versions.

4.13.1 Production and depletion of isotopes

The most general situation is that of the irradiation of a@ief material, consisting of many different
isotopes, which were either present at the start of theiatiad, have been formed, or will be formed
during the irradiation, by either the primary flux of paréis| by secondary particles, or by radioactive
decay. If we have a total ok different isotopes (theoreticallif may stand for the the entire nuclide
chart) and the number of each isotopds Ny, then the temporal development of such a system is
described by differential equations:

K

d]illt(t) =Y AN - AN (R)
k=1,k#1
K

djv;t(t) = ) AiNi(t) — AN (1)
k=1,ki

AN (t) K

(4.374) CZ = > MexNi(t) — Ak Nk ()

k=1kAK

In each equation, the first term is a feeding term. In the meseral case, various parent nuclides may
contribute to the formation of isotope hence the summation over parent nuclidesvith A,_,; the
partial formation rate for any possible parent isotép® isotopei. Each partial formation rate can be
expressed as

(4.375) Api = Nei + Ry
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with Ax_,; the (partial) radioactive decay rate aRg_.; the (partial) nuclear reaction rate for any possible
parent isotopé: to isotope:. The second terms of EQ.{4.374) are loss terms due to rdtieatecay
and nuclear reactions from isotopéo any other isotope. Here the total depletion rate (we ¢hi@nge
“depletion” with “formation” whenever appropriate) forowpei is

(4.376) Az — )\i + Ri

where the total decay rate for isotopis

K

k=1k+#i

and the total nuclear reaction rate for isotaps

K
(4.377) Ri= > Ri
k=1,k=i

The entire loop ovek may run over isotopes in their ground or isomeric states .ofdially,
the sum over reaction rates could include secondary pestigleutrons, photons, alpha particles etc.)
formed after the first interaction of the incident beam with taterial, over the entire outgoing energy
spectrum. Since the number of isotopedV; (¢) may appear simultaneously in many equations, due to
its possible formation, or depletion, by many different leac reactions, it is clear that such a coupled
system can only be solved by complicated mathematical antpatational techniques. In fact, the
most exact simulation would involve a Monte Carlo 3D transpalculation in which all primary and
secondary particles are taken into account, including ¢etaross section libraries for all possible
particles, coupled with an activation code that keeps taddke nuclide inventory. If we neglect such
thick target transport issues, a system of equations[I&#) is often solved by methods developed by
Bateman[[116] for radioactive decay and later generalipeddurce terms by Rubinsan [117].

Fortunately, the situation is often not as complex as sketetibove, since very reasonable approx-
imations can be introduced into EQ.{4.B74), certainly fuarged-particle induced reactions. First, let us
start with the common case of the irradiation of a target Wiimntains of only one natural element at the
start of the irradiation. This set of equations can be thesdparated into a linear combination of contri-
butions by each targésotope Hence, we solve EqL{4.374) one by one for each target isaiog add
these contributions at the end to get the answer for thettargeerial. Then, for such a mono-isotopic
targetT we have at the start of the irradiation

t=0:Np = Np(0)
N, = 0

(4.378) Nk = 0

Since in practice our target isotope is not radioactive, ltiss terms reduce tdr = Ry in
Eq. (437%#) forNy. Next, if a substantial part of the target is converted intioeo isotopes, beam
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particles may interact with atoms other than the originajdhatoms. However, this is only a concern for
irradiation times of the order of months or longer. For masicfical applications, like medical isotope
production, we can often assume that the burn-up of thettaggenall and that the target composition
does not change much during the irradiation (this will beficored by some of our sample cases). Hence,
in addition we will assume there are no nuclear reactiondipeative decay feeding terms for ttarget
isotopeT'.

This means that the target isotope is described by the folpsimple equation

(4.379) d]\g; ® _ _peNg(t)

which basically assumes that the only thing that happertettarget material is burn-up through nuclear
reactions.

For the isotopes that are produced during the irradiatiomamemake similar reasonable assump-
tions. We assume there is no loss gfraducedisotope of interest through nuclear reactions with beam
particles, i.e. we assume nuclides are not hit twice (aghis,assumption becomes less accurate at
very long irradiation times). This is equivalent to statthgt the isotopes of interest are only produced
from nuclear reactions on the target isotopes or from de€ayher products formed during the irradia-
tion. Also, consistent with the assumption for the targetdpe that nuclides are not hit twice, we have
A; = )\; for the depletion term, and assume that no other nucleatiseadead to the isotope of interest.
Thus for the produced isotopésve obtain

dNi(t)

K
a Z Ak*}l’Nk(t) + RT_)Z'NT(t) — )\ZNZ(ZL,)

k=1k#i

(4.380)

Nuclides often have only one or a few radioactive decay motasially, only beta decay to the
ground state or an isomer needs to be considered, althowgimia cases alpha decay may occur as well.
If we neglect alpha decay, the summation in the first term abeduces to only one term. Thus, Eq.

#@.380) reduces to
dN;(t)
dt

where we now use the subscripfor the parent isotope which decays to isotépdhe parent isotope
itself is described by the equation,

(4.381) = Ap—ilNp(t) + Rr—iNr(t) — AiNi(t)

ANy (1)

4.382
(4.382) 0

= RT*pNT(t) - )‘pr(t)

where for simplicity we have left out a possible feeding texmn., N,(t) from its own parent (i.e. the
grandparent of isotop®. It neglects radioactive decay to channels produced btipfeiproton emission,
e.g. 1?9Te(p,2p)}'?Sb and the contribution from its feeding chanf®Te(p,2n}'1 + 23F. Although
the (p,2p) channel is generally smaller and therefore aftemelevant for most practical medical isotope
production routes, it would be safer that at higher enerfieding from radioactive decay is taken into
account. For that a more general solution of Elq._(4.374) vtialve to be implemented, similar to
solutions for neutron-induced problems where proceskeslg. multiple fission yield decay need to be
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taken into account. For most charged-particle inducedimecof interest, the current approximation is
justified.

If we now use the boundary conditiodé; (¢t = 0) = N7 (0) andN,(t = 0) = N;(t = 0) = 0,
the solutions to these equations are given by:
Nr(t) = Nr(0) e B,
N,(t) = Nz(0) Rrp [G*RTt _ e*/\pt]

A — R ’
RT—?i Rt ot RTHp)\pHZ' G*RTt _ e*)\it ef}\pt _ e*)\it
383)= N7 (0 rt_ e=Nt] 4 Nip(0 -
a3y Nr(0) T, le N O T T =Ry X — Ay

This is derived in the Appendix.
By setting the derivative aV; () to zero, the irradiation time for which a maximal yield is aioied
can be easily derived:

In(\i/Rr)
4.384 tmag = ———d—12
( ) pV—

The production of is restrained by it§-decay on the one hand and by the decreasing number of deailab
target atoms on the other hand. Hence, this obserahle depends on the decay constantand the
total production rate?;.

Now that the analytical formulae for production are set Vidth (4.38B), the remaining ingredients
needed to evaluate Eqs.(4.383) dnd (4.384) &k€0), ..., N;(0), R, and), and this will be done in the
next two sections.

4.13.2 Initial condition and stopping power

The number of target atoms at t=0;(0), for 1 < ¢ < I equals:

N,
(4.385) Ni(0) = = Bi p Viar,
whereN 4 = 6.022 10?? is Avogadro’s number4 is the mass numbeB; is the abundance of isotope i
with Zf B; = 1, p the mass density in [g/cth andV},, the active target volume in [cth Vj,, is given
by the product of the beam surfasg.,,,, in [cm?] and the effective target thickness in [cm], which can

be expressed in terms of the stopping pm%t?r

Epeam dE -1
(4-386) Vier = Sbeam / < > dE,

E back dm

where Ey..m denotes the incident beam energy alig,.. is the average projectile energy available
at the backside of the target. If the projectiles travelsulgh the target, the average projectile beam
energy will decrease. The amount of energy loss inside tigettés determined by the target thickness
and the stopping power. The integration limifs..,,, and E,,.. are fixed by the requested projectile
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energy range inside the target, which is determined by thescsection as function of projectile energy
(excitation function). This formula neglects the spregdifithe beam inside the target.

The stopping power describes the average energy loss @fgtiteg in the target by atomic colli-
sions as a function of their energy in [MeV/cm]. We use thehBeBloch formulal[118]:

dE Z zg 2me V20 Winae 9

with Z the target charge number, aggthe projectile charge number, whiterepresents a beam particle
traveling at a relative velocity

(4.388) 8=

v — Eb@am(Ebeam + 2m062)
(Ebeam + m062)2

with rest massng. Further,m, is the electron mass, and= —= —. The maximum energy transfer in

Vi

a single collision ¥V, .. is given by
(4.389) Winaz = 2mec*(67)?,

if the incident particle is much heavier than the electrorssnaFor the mean excitation potential | a
semi-empirical formula is adopted:

I
(4.390) - =976 + 58.82 119 v,

This expression is claimed to be tested onlyif> 13, but we use it for all values.

4.13.3 Nuclear reaction and decay rates

When the full beam hits the target (i.e., assuming that trembdiameter is smaller than the target
dimensions), the production rate in [atoms/s] of isotépghrough the nuclear reaction on the target
isotopeT’ is given by the following expression

[beam 1 /Ebeam <dE> -1 -
4.391 Rpr_.; = — — o P(E) dE
( ) T 2 e Vir S\ i (E)

wherely,, is the beam current in [A] angl is the electron charge. The factft,, /(z,g.) corresponds
to the number of projectiles impinging on the target perTs$le residual production cross sectior drf
[mb] is denoted by " (E).

Analogously, the production rate in{8] of all reaction channels, from the target, is given by:

Tpeam 1 /Eb (dE)‘l
4.392 Ry = —— — Onon(E) — oin(E)) dE
( ) T e Vi Ju \@ (Tnon(E) (E))

whereo,,,(E) is the non-elastic cross section asg (F) is the inelastic cross section ofin [mb],
which is nothing else than the residual production crosticee.”(E). The differences,,q,(E) —
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oin(E) provides the probability to create an isotope differentfibie original target atom in the nuclear
reaction.

The decay rate adfis given by the simple relation

In2
(4.393) Ai = pRvEL

(2

whereTZ.l/2 is the half-life of isotope in [s]. The A; in the loss term usually feeds only one or two
different channels, namely by beta decay to the ground stas®mer of the daughter isotoge

(4.394) N = Nimg = N5 4 \iso

i—d i—d*

With this, all ingredients of Eq.[{4.383) are defined and we melculate the nuclide inventory
N;(t) at any time during or after the irradiation process.

4.13.4 Activities

With NV;(¢) known, the final expression for the activity of the producsastopei, 4;, as a function of the
irradiation timet can now be given by

(4.395) Ai(t) = N\ Ni(t).

For small irradiation times the expression f9f(t), Eq. [4.38B), behaves as:
(4.396) Ni(t) = Nr(0) Rr—; t,

and hence the activity afas

(4.397) A;i(t) = Xi Nr(0) Rr—; t,

Under these circumstances, the yield scales linearly wighirradiation timef and the production rate
Rr_,;. Only then, the production yield expressed in [MBg/mAh] imaaningful quantity, which can be
used to determine the yield, given a certain irradiatioretand beam current.
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Nuclear structure and model parameters

5.1 General setup of the database

We have aimed to unify the nuclear structure and model paerdatabase of TALYS as much as possi-
ble. In thetalys/structure/directory you can find thenasses/, abundance/, levels/, fission/, resonances/,
deformation/, optical/, thermal/, gamma/, density/, dédéategral/andbest/subdirectories. Most subdi-
rectories contain about 100 files, where each individuapfii@ts to a nuclear element. One file contains
the info for all the isotopes of one element. For examplefitbdalys/structure/levels/Fe.lesontains the
discrete levels of all Fe (Z=26) isotopes. As you will seeobelthe chemical symbol is always present
in the file itself, allowing an easy search. Every directaag this same substructure and also the formats
in which the data are stored have been kept uniform as mucbssie.

The nuclear structure database has been created from eticollef “raw” data files, which for
a large part come from the Reference Input Parameter LitR#PY. [163], that we used as a basis for
TALYS.

5.2 Nuclear masses and deformations

The nuclear masses are stored intddgs/structure/massesirectory. In TALYS, we use three different
sources. In order of priority:

e Experimental masses: The Audi Wapstra table (2003) [87]

e Theoretical masses: Goriely’s mass table using either klyen® force [11B] or the Gogny force,
or the Moller mass tablé [120].

e The Duflo-Zuker mass formula121], included as a subroutinBALYS.

All these masses have been processed into our database, iMednave stored both the real madsn
atomic mass unitsafnu = 931.49386 MeV) and the mass excessM = (M — A) x amu in MeV for

135
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both the experimental mass (if available) and the theaketiass. The mass excesses are stored for a
more precise calculation of separation energies. Theré anbdirectoriesaudi/ for Audi-Wapstra hfb/

for Hartree-Fock-Bogolyubov with Skyrme forckfbd1lm/for Hartree-Fock-Bogolyubov with Gogny
force, andmoller/for Moller.

For reaction Q-values one needs the masses of two nuclidesohly one of them the experimen-
tal mass is known, we take the twloeoreticalmass excesses to calculate the Q-value, for consistency.
This only occurs for nuclides far from the line of stabilitffa nuclide is even outside the tables given in
the database, we use the formula of Duflo-Zuker, which isiohedl as a subroutine in TALYS.

As an example, below are the masses of some of the Fe-is@sg@gen in filanasses/audi/Fe.mass
We have stored’, A, mass ¢mu), mass excess (MeV), nuclear symbol with the format (22 5,42x,i4,a2).

26 45  45.014578 13.579000 45Fe
26 46  46.000810 0.755000 46Fe
26 47  46.992890 -6.623000 47Fe
26 48  47.980504 -18.160000 48Fe
26 49  48.973610 -24.582000 49Fe
26 50  49.962988 -34.475541 50Fe

For the 3 directories with theoretical masses, also thergtatate deformation parametégksands, are
given. The parameters in theb/ directory are used by default for deformed nuclides. Moegothe
ground state spin and parity (fofb/ andhfbd1m/ not for moller/) are given. As an example, below are
the masses of some of the Fe-isotopes as given imfiisses/hfb/Fe.mas¥Ve have stored’, A, mass
(amu), mass excess (MeV)y, G4, nuclear symbol with the format (2i4,2f12.6,2f8.4,20x1f4R,i4,a2).

26 42  42.055503 51.701000 0.3200 0.0400 0.0 1 42Fe
26 43  43.041632  38.780000 0.2700 0.0300 0.5 1 43Fe
26 44  44.026225  24.428000 -0.2100 0.0400 0.0 1 44Fe
26 45  45.014192  13.220000 -0.1800 0.0300 15 1 A45Fe
26 46 45999931  -0.064000 -0.1100 0.0200 0.0 1 46Fe
26 47  46.992187  -7.278000 -0.0900 0.0200 3.5-1 47Fe

26 48  47.979358 -19.228000 0.1800 0.0700 0.0 1 48Fe

5.3 Isotopic abundances

We have included the possibility to evaluate nuclear reastfor natural elements. thass (Q see page
[I53, a calculation is performed for each isotope, after wihie results are averaged with the isotopic
abundance as weight. The isotopic abundances are storée falys/structure/abundancaedirectory
and they are taken from RIPL (which are equal to those of thelédin Wallet Cards from Brookhaven
National Laboratory). As an example, below are the isot@tiandances for Fe from the fibun-
dance/Fe.abun For each isotope, we have storgd A, its abundance, its uncertainty (not used in
TALYS), nuclear symbol with the format (2i4,f11.6,f10.6)4i4,a2).

26 54  5.845000 0.035000 54Fe
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26 56 91.754000 0.036000 56Fe
26 57  2.119000 0.010000 57Fe
26 58 0.282000 0.004000 58Fe

5.4 Discrete level file

The discrete level schemes are in thfys/structure/levelsdirectory. It is based on the discrete level
file of Belgya, as stored in the RIPL-3 database. We havefoaned it to a format that corresponds
with that of the other parameter files in our database. Alsofiled in some omissions, repaired several
errors and added some information necessary for Hausab&els calculations. For consistency, we
have included all nuclides in he discrete level databadeatiegpresent in the (theoretical) mass database.
This means that for exotic nuclides, the ground state pti@seas determined from HFB calculations
have been added.

There are 3 versions of the discrete level database, andigbtable keyword alows to choose
between them. The default choice is the RIPL-3 databasewititusing theoretical level densities
to extend any discrete level sequence to at least 100 lewdtgeover, unknown spins, parities and
branching ratios are always assigned a value, based onesgtgtistical spin rules.

As an example, below are the first discrete level83dfb as given in filefinal/Nb.lev We have
storedZ, A, total number of lines for this isotope, number of levelstfas isotope, nuclear symbol with
the format (2i4,2i5,56x,i4,a2). There is a loop over thelgin which we first read the level number, level
energy in MeV, spin, parity, number of gamma-ray branchiliftime, spin assignment character, parity
assignment character, original ENSDF string with the farfidef11.6,f6.1,3x,i2,i3,19x,e9.3,1x,2a1,a18).
If the spin of a level does not come from the original file budt#ad is assigned in RIPL or by us, we
place a 'J" in column 59. Analogously, an assigned parityesaled by a 'P’ in column 60. Note also
that we have retained the original ENSDF string in columns’81 This string indicates the possible
choices for spins and parities. If TALYS produces odd resfdt a nuclear reaction, a possible cause
could be the wrong assignment of spin or parity. Columns BB&hand the ENSDF string will reveal
whether there are other possibilities that can be (and mslybeld have been) adopted. For each level,
there may be an inner loop over the number of gamma-ray birsgeshand for each branching we read
the number of the level to which the gamma-ray decay take®@ad the corresponding branching ratio
and electron-conversion factor. If a branching ratio hamnbassigned by us, a 'B’ is placed in column
58. The format for this line is (29x,i3,f10.6,e10.3,5x,al)

41 93 394 126 93Nb
0 0.000000 45 1 0 9/2+
1 0030770 05 -1 1 5.090E+08 1/2-
0 1.000000 1.690E+05
2 0.686790 15 -1 1 2.800E-13 3/2-
1 1.000000 1.870E-03
3 0.743950 3.5 11 5.100E-13 712+

0 1.000000 1.410E-03
4 0808820 25 1 2 6.160E-12 5/2+
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w

0.021580 7.670E-01
0 0.978420 1.200E-03

5 0810320 25 -1 2 1.000E-12 5/2-
2 0.000000 1.273E-01
1 1.000000 1.310E-03

6 0949800 6.5 1 1 4.360E-12 13/2+
0 1.000000 8.120E-04

7  0.970000 15 -1 2 J 1/2-,3/2-
4 0.500000 0.000E+00 B
2 0.500000 0.000E+00 B

8 0978910 5.5 11 2.580E-13 11/2+
0 1.000000 7.690E-04

9 1.082680 4.5 1 3 2.800E-12 9/2+

8 0.073863 2.044E-01
3 0.687527 9.110E-03
0 0.238610 6.080E-04
10 1.127090 1.5 11 J 3/2,5/12,7/2
4 1.000000 1.050E-02

For nuclides very far away from the line of stability, thealiete level database has been completed
with the ground state information from the mass databaséatdt spans the same range of nuclides.
For these nuclides, the string '"HFB’ has been added as a cabtmdenote that the information comes
from structure calculations.

There is a directorjevels/spectmvith spectroscopical factors for the direct capture preces

5.5 Deformation parameters

Deformation parameters, lengths and coupling schemesfgrled channels calculations are put in di-
rectorytalys/structure/deformation/They are strongly linked to the discrete level file. For e@olope,
we first write Z, A, number of levels, type of collectivity, the type of parasrenuclear symbol with
the format (3i4,3x,al,3x,al,54x,i4,a2). The type of patmncan be D (deformation lengfh) or B
(deformation parametet;). The type of collectivity can be S (spherical), V (vibratéd), R (rotational)
and A (asymmetric rotational). Next, we read for each lekel tumber of the level corresponding to
that of the discrete level database, the type of collegtpdr level, the number of the vibrational band,
multipolarity, magnetic quantum number, phonon numbeheié¢vel, deformation parameter(s) with the
format (i4,3x,a1,4i4,4f9.4). The type of collectivity gdewel can be either D (DWBA), V (vibrational) or
R (rotational). In the case of levels that belong to a rotetidband, only the level number and an 'R’ are
given. For the first level of the rotational band, the defdiomaparametefs, (and, if presents, and5s)
can be given. If thes@ parameters are not given they are retrieved frontdhes/structure/masslirec-
tory. In certain cases, the deformation parameters have dodjasted to fit data. In those cases, they are
added to the coupling schemes. Also, for the first level obaational band the deformation parameter is
given. The vibration-rotational model is thus invoked ithin the rotational model also states belonging
to a vibrational band can be specified. The level of compleaftrotational or vibrational-rotational
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calculations can be specified with theaxrot (see pagé201) amiaxband (see pagé201) keywords.
For weakly coupled levels that can be treated with DWBA, thel number, a 'D’ and the deformation
parameter is given.

As an example, below are the deformation parameters for e Ca isotopes, taken from
Ca.def This file ensures that for a reaction 8tCa, a coupled-channels calculation with a vibrational
model will automatically be invoked. Levels 2 at 3.737 MeV, withi; = 1.34), 3 2" at 3.904 MeV,
with §, = 0.36), 4 (5~ at 4.491 MeV, withés = 0.93), will all be coupled individually as one-phonon
states. There is an option to enforce a spherical OMP cdilcalthroughspherical y in the input, see
pageZ01L. In that case all levels will be treated with DWBAeTable below reveals that for the other
Ca-isotopes the direct calculation will always be done WMWBA, but with deformation parameters,
instead of deformation lengthig,.

20 40 4 V D 40Ca
0O v O
2 VvV 1 3 1 1.34000
3 VvV 2 2 1 0.36000
4 V 3 5 1 0.93000

20 42 3 S B 42Ca
O Vv ©O
1 D 0.24700
9 D 0.30264

20 44 3 S B 44Ca
0O Vv ©O
1 D 0.25300
8 D 0.24012

20 46 3 S B 46Ca
0O v O
1 D 0.15300
6 D 0.20408

20 48 3 S B 48Ca
0O v O
1 D 0.10600
4 D 0.23003

As a second example, below is the info #tU from theU.deffile. The basis for the coupling scheme is
a rotational model with deformation lengthis = 1.546 andd, = 0.445, in which levels 1, 2, 3, 4, 7 and
22 can be coupled. In practice, we would include at leastdely@and 2 (and if the results are important
enough also levels 3 and 4) as rotational levels. There arbrational bands which can be included.
By default we include no vibrational bands in a rotationaldelobut if e.g.maxband 1in the input, the
levels 5, 6, 8 and 13 would be included with deformation lardgt= 0.9.

92 238 23 R D 238U
0 R O 1.54606 0.44508
1 R O

2 R 0
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Finally, we note that in principle all level numbers in tHeformation/database need to be re-
checked if a new discrete level database (see the previatio®ds installed. It is however unlikely that
new low-lying levels will be discovered for nuclides for whithe coupling scheme is given.

5.6 Level density parameters

The level density parameters are stored inttigs/structure/densitydirectory. First, there are 4 sub-
directories,ground/ fission/ ph/, phjp for ground state, fission barrier, particle-hole level dkes

and spin-parity dependent particle-hole level densitiespectively. Inground/ctm/ ground/bfm/ and
ground/gsm/phenomenological level density parameters are storecnhe level density parameter

is given, it is derived from a fit to th®, resonance spacing of the RIPL database. As an example, below
are the parameters for the Zr-isotopes frgmund/bfm/Zr.ld For each isotope, we have storgdA, and

then for both the effective and explicit collective modél, Ny, level density parameter in MeV~!,

and pairing correction in MeV, nuclear symbol. The forma@id,2(2i4,2f12.5)4x,i4,a2).

40 86 8 17 0.00000 0.51730 8 17 0.00000 1.04574 86Zr
40 87 8 26 0.00000 0.15936 8 26 0.00000 0.65313 877Zr
40 88 5 17 0.00000 -0.04425 5 17 0.00000 0.46704 887Zr
40 89 2 15 0.00000 0.39230 2 15 0.00000 0.96543 89Zr
40 90 8 16 0.00000 0.99793 8 16 0.00000 1.80236 90Zr
40 91 3 17 9.57730 0.40553 3 17 5.13903 1.15428 91zr
40 92 3 16 9.94736 -0.03571 3 16 5.00387 0.39829 92Zr
40 93 8 18 11.07918 0.50929 8 18 5.92169 1.07202 93Zr
40 94 4 16 12.51538 0.28941 4 16 6.66540 0.60420 94Zr
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40 95 3 18 11.98832 0.83535 3 18 5.97084 1.28803 95Zr
40 9% 3 16 0.00000 0.64799 3 16 0.00000 1.06393 96Zr
40 98 8 16 0.00000 0.32758 8 16 0.00000 0.67594 98Zr
40 99 2 21 0.00000 -0.01325 2 21 0.00000 0.26100 99Zr
40 100 8 17 0.00000 -0.25519 8 17 0.00000 0.00789  100zr
40 101 8 15 0.00000 -0.13926 8 15 0.00000 0.17608  101Zr
40 102 8 17 0.00000 -0.37952 8 17 0.00000 -0.12167  102Zr

The other two subdirectorieggound/hilaire/andground/goriely/ contain the tabulated microscopic level
densities of Hilaire [[169] and Goriely [98], respectivefyso present in RIPL. For each isotope, there
are first 4 comment lines, indicating the nucleus under danation. Next, the excitation energy, tem-
perature, number of cumulative levels, total level dengdtal state density and level density per spin
are read in the format (f7.2,7.3,e10.2,31e9.2). Below isxample for the first energies &fFe from
ground/goriely/Fe.tab

kkkkkkkhkhkkkhkkkhkhkkhhkkhhkhkkkhkhkkhhkkkhkhkhkkkkkhkhkkkkk kkkkkkkkhkkkkkkhkhkkkkhkhkhkk
* /= 26 A= 42: Total and Spin-dependent Level Density [MeV-1] f or Fe 42 =«
kkkkkkkkhkkkhkkkhkhkkhhkkhhkkkhkhkkhhkkkhhkhkkkkkhhkhkkkkxk kkkkkkkkhkkkkkkhkhkkkkhkhkhkk
U[MeV] T[MeV] NCUMUL RHOOBS RHOTOT J=0 J=1 J=2
0.25 0.224 1.09E+00 7.33E-01 2.07E+00 2.44E-01 3.39E-01 1. 26E-01
0.50 0.302 1.33E+00 1.17E+00 4.14E+00 2.74E-01 4.83E-01 2. 88E-01
0.75 0.365 1.71E+00 1.86E+00 7.60E+00 3.45E-01 6.76E-01 4. 95E-01
1.00 0.419 2.29E+00 2.82E+00 1.31E+01 4.33E-01 9.05E-01 7. 55E-01

Level densities for fission barriers are tabulatefission/hilaire/andfission/goriely/ There is arinner/
andouter/subdirectory, for the inner and outer barrier, respedtividere is an example for the first few
energy/spin points of*°U from fission/goriely/inner/Th.ld The format is the same as for the ground
state, see above.

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkhkhkhhkkhkkkkkkkkhkhkhkkhkkx *kkkkkkkkkkkkkkkkkkhkkkkkx
* Z= 92 A=230: Total and Spin-dependent Level Density [MeV-1] at the inner
saddle point c= 1.24 h= 0.00 a= 0.00 B= 3.80 MeV *

UMeV] T[MeV] NCUMUL RHOOBS RHOTOT J=0 J=1 J=2
0.25 0.162 1.11E+00 8.86E-01 5.92E+00 6.44E-02 1.64E-01 1. 98E-01
0.50 0.190 1.51E+00 2.32E+00 1.81E+01 1.19E-01 3.20E-01 4. 31E-01
0.75 0.209 2.56E+00 6.10E+00 5.25E+01 2.54E-01 7.01E-01 9. 85E-01

In density/phimicroscopic particle-hole state densities are stored 2awb-component ph com-
binations and 14 one-component ph combinations. The saprgyegrid and format as for total level
densities is used. The particle-hole combinations aretddrasp,.h..p, h,,.

Here is an example for the first few energy/ph pointé*#fe fromdensity/ph/Fe.ph
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* 7= 26 A= 42 Particle-hole density [MeV-1] *
* Proton Fermi energy = -49.556 MeV *
*  Neutron Fermi energy = -31.217 MeV *
*kkkkkkkkkhhkhhhhhkhkkkkkkkkkkkkkkrhhhhhhkkkkkxikx
U[MeV] 0010 1000 0011 0020 0110 1001 1010
0.25 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+0 0 0.00E+00
0.50 0.00E+00 2.00E+00 0.00E+00 0.00E+00 0.00E+00 4.00E+0 0 0.00E+00
0.75 0.00E+00 2.00E+00 0.00E+00 0.00E+00 0.00E+00 4.00E+0 0 0.00E+00
1.00 0.00E+00 2.00E+00 0.00E+00 0.00E+00 0.00E+00 8.00E+0 0 0.00E+00
1.25 0.00E+00 2.00E+00 0.00E+00 0.00E+00 0.00E+00 8.00E+0 0 0.00E+00
1.50 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.00E+0 0 0.00E+00

Finally, in density/phjp/microscopic particle-hole state densities, dependenfponand parity,
are tabulated for direct capture calculations.

5.7 Resonance parameters

Neutron resonance parameters are provided inalys/structure/resonanceslirectory and stem from

the the RIPL-2 database. As an example, below are the paesrier the Fe-isotopes fromeso-
nances/Fe.resFor each isotope, we have stor8dA, the experimental s-wave resonance spaéiygn

keV, its uncertainty, the experimental s-wave strengtetion S, (x10~4), its uncertainty, the experimen-

tal total radiative width in eV and its uncertainty, nuclegmbol. The format is (2i4,2e€9.2,2f5.2,2f9.5,20x,i4,a2)

26 55 1.80E+01 2.40E+00 6.90 1.80 1.80000 0.50000 55Fe
26 57 2.54E+01 2.20E+00 2.30 0.60 0.92000 0.41000 57Fe
26 58 6.50E+00 1.00E+00 4.70 1.10 1.90000 0.60000 58Fe
26 59 2.54E+01 4.90E+00 4.40 1.30 3.00000 0.90000 59Fe

5.8 Gamma-ray parameters

The Giant Dipole Resonance (GDR) parameters, stored talys/structure/gamma/gddirectory, orig-
inate from the Beijing GDR compilation, as present in thelRilatabase. As an example, below are the
GDR parameters for the U-isotopes frasagdr. For each isotope, we have stor8d A, energyEy in
MeV, strengtho in mb, width of the GDRy in MeV and, if present, another energy, strength and width
for the second peak, nuclear symbol. The format is (2i42618x,i4,a2).

92 233 11.08 221.00 194 13.86 433.00 5.47 233U
92 234 11.13 371.00 2.26 13.94 401.00 4.46 234U
92 235 10.90 328.00 2.30 13.96 459.00 4.75 235U
92 236 10.92 271.00 2.55 13.78 415.00 4.88 236U

92 238 10.77 311.00 2.37 13.80 459.00 5.13 238U
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The second subdirectoyamma/hbfcs/contains the tabulated microscopic gamma ray strength
functions of Goriely [[737], calculated according to Hagtieock BCS theory. For each isotope, there
is first a line indicating the nucleus under considerati@adrin the format (2(4x,i3)). Next, one line
with units is given after which comes a table of excitatioergies and strength functions, in the format
(f9.3,e12.3). Below is an example for the first energies'®Ba fromgamma/hfbcs/Ba.psf

Z= 56 A= 121 Ba

U[MeV] fE1l[mb/MeV]
0.100  5.581E-05
0.200  2.233E-04
0.300 5.028E-04
0.400  8.947E-04
0.500  1.400E-03
0.600  2.018E-03
0.700  2.752E-03
0.800  3.601E-03

The third subdirectorgamma/hbf/contains the tabulated microscopic gamma ray strengittiuns of
Goriely [737], calculated according to Hartree-Fock QRRAdry. For each isotope, there is first a line
indicating the nucleus under consideration, read in thméor(2(4x,i3)). Next, one line with units is
given after which comes a table of excitation energies amuhgth functions, in the format (f9.3,e12.3).
Below is an example for the first energies'&tBa from gamma/hfbcs/Ba.psf

Z= 56 A= 110

U[MeV] fE1l[mb/MeV]
0.100  8.463E-03
0.200  9.116E-03
0.300 9.822E-03
0.400  1.058E-02
0.500 1.139E-02
0.600  1.226E-02
0.700  1.318E-02
0.800 1.416E-02

5.9 Thermal cross sections

In talys/structure/thermal/the thermal cross sections fot, ), (n,p), (n,«) and(n, f) cross sections
are stored. The values come from Mughabghab [99] and Kopedky has compiled this database for
use in the EAF library. In TALYS, we use this to determine sresctions for non-threshold reactions at
low energies. For each isotope, we readA, target state (ground state or isomer), final state (ground
state or isomer), the thermé@i, ) cross section, its error, the thernial, p) cross section, its error, the
thermal (n, ) cross section, its error, the thermal, f) cross section, its error, nuclear symbol. The
format is (4i4,8e€9.2,7x,i4,a2). As an example, below aeavillues for the Fe-isotopes frdre.thet
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26 54 O 0 2.25E+03 1.80E+02 1.00E-02 54Fe
26 55 0 0 1.30E+04 2.00E+03 1.70E+05 55Fe
26 56 0 0 2.59E+03 1.40E+02 56Fe
26 57 0 0 2.48E+03 3.00E+02 57Fe
26 58 0 0 1.32E+03 3.00E+01 58Fe
26 59 0 0 1.30E+04 3.00E+03 1.00E+04 59Fe

5.10 Optical model parameters

The optical model parameters are stored in tigs/structure/optical/directory. All the parameters
are based on one and the same functional form, see SéciioriTAere are two subdirectoriesteu-
tron/ and proton/ For each isotope, optical potential parameters can bengifRer isotope, we have
storedZ, A, number of different optical potentials (2), character éedmine coupled-channels poten-
tial, nuclear symbol with the format (3i4,3x,al1,58x,i4,a@n the next line we read the OMP index (1:
non-dispersive, 2: dispersive). Fermi energy and reduaadothb radius with the format (i4,f7.2,8.3).
On the next 3 lines we read the optical model parameters asedefi Sectioh 4]1 with the following
format

(2f8.3,f6.1,f10.4,f9.6,f6.1,f7.1) rv,av,v1,v2,v3,wl, w2
(2f8.3,f6.1,f10.4,f7.2) rvd,avd,d1,d2,d3
(2f8.3,f6.1,f10.4,f7.2,f6.1) rvso,avso,vsol,vso2,wso 1,wso2

For neutrons, a dispersive potential may also be availdbleese potentials have not (yet) been unpub-
lished). In that case, another block of data is given peojsat but now with an OMP index equal to
2, to denote the parameters for a dispersive potential. Aesxample, here are the parameters for the
Fe-isotopes frormeutron/n-Fe.omp

26 54 2 54Fe
1 -11.34 0.000

1.186 0.663 58.2 0.0071 0.000019 13.2 78.0

1.278 0536 154 0.0223 10.90

1.000 0580 6.1 0.0040 -3.1 160.0

2 -11.34  0.000

1.215 0.670 54.2 0.0077 0.000022 9.5 88.0

1.278 0536 154 0.0223 10.90

1.000 0580 6.1 0.0040 -3.1 160.0

26 56 2 56Fe
1 -9.42 0.000

1.186 0.663 56.8 0.0071 0.000019 13.0 80.0

1282 0532 153 0.0211 10.90

1.000 0580 6.1 0.0040 -3.1 160.0

2 -942 0.000

1212 0.670 53.2 0.0079 0.000023 10.0 88.0

1.282 0532 153 0.0211 10.90

1.000 0580 6.1 0.0040 -3.1 160.0
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For the calculation of the JLM OMP, both Stephane Goriely@tgphane Hilaire have provided ra-
dial matter densities from dripline to dripline. They areret intalys/structure/optical/jim/As an exam-
ple, below are the data of some of the Fe-isotopes as givde talfis/structure/optical/jim/goriely/Fe.rad
First we giveZ, A, number of radii (lines), incremental step between radliinafm, with the format
(2i4,i5,f7.3). Next we give the radius, and the radial deesifor different deformations, first for protons
and then for neutrons, with the format (f8.3,10(e12.5)),

26 56 200 0.100

0.100 8.04162E-02 0.00000E+00 0.00000E+00 0.00000E+00 O. 00O00OE+00 9.06018E-02
0.200 8.02269E-02 0.00000E+00 0.00000E+00 0.00000E+00 O. OOOOOE+00 9.05443E-02
0.300 7.98895E-02 0.00000E+00 0.00000E+00 0.00000E+00 O. OOOOOE+00 9.04407E-02
0.400 7.94588E-02 0.00000E+00 0.00000E+00 0.00000E+00 O. 00OOOOE+00 9.03063E-02
0.500 7.89124E-02 0.00000E+00 0.00000E+00 0.00000E+00 O. OOOOOE+00 9.01315E-02

Note that only the spherical components in this database@mezero. In the files of Hilaire,
seetalys/structure/optical/jim/hilaire/there are also deformed components, but they will only tveco
relevant when deformed JLM calculations are included in YAL

5.11 Fission parameters

The fission parameters are stored in thlgs/structure/fissiondirectory. There are various subdirecto-
ries: barrier/, states/gef brosa, mamdouh/andhfbpath/

First, the experimental fission parameter set can be fourdiréctory barrier/. The directory
states/includes headband transition states for even-even, esdnard-odd, and odd-even nuclides.
The parameters are the result of an extensive fit to many iexgetal fission cross sections, compiled
by V. Maslov for the RIPL library. As an example we show theila@e parameters for the uranium
isotopes which are present in the filarrier/U.bar. We have stored Z, A, a parameter specifying the
symmetry of the inner barrier, height of the inner barriermvature of the inner barrier, a parameter
specifying the symmetry of the outer barrier, height of tbeobarrier, curvature of the outer barrier, the
pairing correlation function at the barrier (which is noedsn the calculation) and the nuclear symbol
with the format (2i4,a5,2f8.3,a5,2f8.3,9.4,15x,i4,a2)

92 231 S 4.40 0.70 MA 5.50 0.50 0.869 231U
92 232 S 4.90 0.90 MA 5.40 0.60 0.848 232U
92 233 S 4.35 0.80 MA 5.55 0.50 0.946 233U
92 234 S 4.80 0.90 MA 5.50 0.60 0.889 234U
92 235 S 5.25 0.70 MA 6.00 0.50 0.803 235U
92 236 S 5.00 0.90 MA 5.67 0.60 0.833 236U
92 237 GA 6.40 0.70 MA 6.15 0.50 0.809 237U
92 238 GA 6.30 1.00 MA 5.50 0.60 0.818 238U
92 239 GA 6.45 0.70 MA 6.00 0.50 0.816 239U

In states we have stored files with default head band and class kssfar even-even, even-odd, odd-
odd, and odd-even nuclides. An example of a file containimghtbad band transition states is given
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below forstates/hbstates.e@his file is used for even-even nuclides. We loop over theltewoiers. On
the first line one finds the barrier number, the number of hea Istates and the energy at which the
continuum starts with the format(2i4,f8.3). Next we loogepthe transition states, in which we read the
level number, level energy in MeV, spin and parity with thenfat (i4,f11.6,f6.1,i5).

8 0.800

0.000000 0.0 1
0.500000 2.0 1
0.400000 0.0 -1
0.400000 10 -1
0.500000 2.0 1
0.400000 2.0 -1
0.800000 0.0 1
0.800000 0.0 1
4  0.500

0.000000 0.0 1
0.500000 2.0 1
0.200000 0.0 -1
0.500000 1.0 -1

A WNENONOOOOOPRAAWNRPR

We also include the possibility to incorporate the effectlafss Il states in the calculation. For this
purpose we take four parameter sets with class |l statevémr-even, even-odd, odd-odd, and odd-even
nuclides. As an example we show the flates/class2states.€€his file contains the well number, and
the number of class Il states. Subsequent lines contairetled humber, the level energy in MeV, spin
and parity with the format (i4,f8.3,f9.1,i5).

1 10
1 2.700 0.0 1
2 3.400 00 -1
3 4.100 10 -1
4 4800 20 -1
5 5.000 1.0 1
6 5.200 0.0 1
7 5.400 00 -1
8 5.500 10 -1
9 5.600 20 -1
10 5.700 1.0 1

The directorybrosa/contains three subdirectoridsarrier/, groundstate/andprescission/In brosa/barrier/
temperature-dependent fission barrier parameters penfisgdde can be found. They are the results of
calculations performed within the Brosa model. The extamgi the filename reveals the fission mode:
sl for superlong, st for standard I, and st2 for standard $laA example, below are the superlong param-
eters for several U isotopes taken framosa/barrier/U.sl Each line gives Z, A, temperature T in MeV,
Br in MeV, fiw in MeV, and the barrier position in terms of the distance leetwthe fragment centers d
in fm. The format is (2i4,4f15.5).

92 240 0.00000 11.40470 3.92020 10.37450
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92 240 0.30000 11.23440 4.18630 10.34980
92 240 0.60000 11.64780 4.25390 10.44170
92 240 0.90000 9.58680 2.58900 10.35970
92 240 1.20000 7.88030 2.36520 10.53400
92 240 1.60000 5.69890 1.58010 10.43420
92 240 2.00000 4.17750 1.07010 10.28590
92 240 2.50000 2.76320 0.47300 9.69080
92 240 3.00000 1.84230 0.25520 8.57080
92 238 0.00000 10.88450 4.67530 10.27930
92 238 0.30000 10.97680 4.87110 10.27090
92 238 0.60000 10.59680 4.44100 10.29590
92 238 0.90000 9.31080 3.69600 10.37940
92 238 1.20000 7.55620 2.32260 10.40990
92 238 1.60000 5.46180 1.51320 10.33670
92 238 2.00000 3.98050 0.82730 10.15860
92 238 2.50000 2.74050 0.43440 9.43930
92 238 3.00000 1.87030 0.34600 8.62610

The ground state energies as a function of temperature @edsin brosa/barrier/groundstate/ Each
line has the same format: Z, A, T in MeV, ang,E.ndstate IN MeV (2i4,2f15.5). An example is included
for U isotopes, sebrosa/groundstate/U.fis

92 240 0.00000 -1811.82104
92 240 0.30000 -1813.38599
92 240 0.60000 -1818.06006
92 240 0.90000 -1825.59497
92 240 1.20000 -1836.26599
92 240 1.60000 -1855.76294
92 240 2.00000 -1881.23901
92 240 2.50000 -1921.08105
92 240 3.00000 -1969.60205
92 238 0.00000 -1800.57996
92 238 0.30000 -1802.16504
92 238 0.60000 -1806.85205
92 238 0.90000 -1814.34302
92 238 1.20000 -1825.23596
92 238 1.60000 -1844.68799
92 238 2.00000 -1870.17004
92 238 2.50000 -1910.02905
92 238 3.00000 -1958.52405

The third directorybrosa/barrier/prescission/contains parameters that fix the prescission shape of the
nucleus in each fission mode. They mark the end of the fissitinfpand in the same fission channel
calculations that resulted in the Brosa barrier parametggain each line has the same format: Z, A,
T in MeV, A, the heavy fragment mass in amuthe nucleus half length in fm, and,Ecission iN

MeV (2i4,4f15.5). An example is included for prescissiomash parameters in the superlong mode of U
isotopes, sebrosa/prescission/U.sl
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92 240 0.00000 120.45900 21.29700 -1840.84900
92 240 0.30000 120.83730 21.48670 -1826.35022
92 240 0.60000 120.83670 20.74300 -1831.38477
92 240 0.90000 120.30430 20.21950 -1840.12256
92 240 1.20000 120.65520 20.13060 -1854.43555
92 240 1.60000 120.83060 19.56120 -1874.16174
92 240 2.00000 120.74340 19.33610 -1902.75671
92 240 2.50000 120.62800 18.38600 -1945.59497
92 240 3.00000 120.78300 18.45000 -1998.50598
92 238 0.00000 120.00730 21.40630 -1815.46497
92 238 0.30000 119.64770 21.36200 -1816.33203
92 238 0.60000 119.50730 20.50950 -1821.51123
92 238 0.90000 119.27930 20.50120 -1830.13428
92 238 1.20000 119.47550 19.91770 -1842.70630
92 238 1.60000 123.00390 19.23990 -1864.13489
92 238 2.00000 120.49580 19.24370 -1892.63281
92 238 2.50000 119.62200 18.37100 -1935.14502
92 238 3.00000 119.37600 18.38000 -1988.42395

In directorygef masses and shell correction energies for the GEF modelaasls

The Mamdouh fission parameter set can be found in directamdouh/ This parameter set has
been derived from Extended Thomas-Fermi plus Strutinstgghal calculations and comprise double-
humped fission barrier heights and curvatures for numesmispes. As an example we show the avail-
able parameters for the various U isotopes which are préasém filemamdouh/U.barWe have stored
Z, A, height of the inner barrier, height of the outer bariieMMeV and the nuclear symbol with the
format (i3,i4,2(24x,18.2),5x%,i3,a2).

92 230 1.24 0.00 0.00 3.80 1.77  -0.02 0.35 3.90 230U
92 231 1.24 0.01 0.00 4.10 1.83 0.05 0.50 4.30 231U
92 232 1.25 0.02 0.00 4.20 1.83 0.05 0.53 4.20 232U
92 233 1.28 0.05 0.00 4.70 1.84 0.06 0.53 4.40 233U
92 234 1.28 0.03 0.00 4.80 1.83 0.06 0.53 4.40 234U
92 235 1.28 0.04 0.00 5.40 1.63 0.01 0.53 4.10 235U
92 236 1.29 0.04 0.00 5.20 1.64 0.01 0.53 4.00 236U
92 237 1.28 0.04 0.00 5.70 1.63 0.01 0.53 4.30 237U
92 238 1.29 0.03 0.00 5.70 191 0.07 0.47 4.90 238U
92 239 1.29 0.03 0.00 6.10 1.81 -0.07 0.35 5.50 239U
92 240 1.29 0.03 0.00 6.00 190 -0.04 0.53 6.30 240U
92 241 1.30 0.04 0.00 6.30 191 -0.03 0.55 5.70 241U
92 242 1.30 0.04 0.00 5.90 190 -0.04 0.53 6.00 242U

If we use the WKB approximation to calculate fission transiois coefficientsfismodel 5 we
need potential energy curves. They can be found in the dingbfbpath/ As an example, we show the
data for?3°U as present in the filafbpath/U.fis We have stored Z, A, number of fission width values,
total energy (not used) with the format (3i4,f12.3). Nexg give the values for the fission width and
height with the format (f10.3,20x%,f10.3),
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92 235 100 -1781.682

0.269 0.000 0.152 0.000
0.298 0.000 0.180 0.332
0.326 0.000 0.189 1.047
0.355 0.000 0.171 1.987
0.383 0.000 0.216 2.846
0.412 0.000 0.199 3.921
0.440 0.000 0.194 4.695
0.470 0.000 0.158 5.002
0.501 0.000 0.136 5.391
0.531 0.000 0.156 5.390
0.563 0.000 0.173 5.186

5.12 Integral validation library

Since all excitation functions are available in TALYS afterun with many incident energies, it is rela-
tively easy to calculate production or reaction rates foiowes applications. This is for example done for
astrophysics and medical isotope production. Anotheripitisg is to calculate the so called effective
cross section for integral activation measurements, lairfgithe excitation functions by an experimen-
tal flux. In talys/structure/fluxwe have stored more than 40 spectra, coming from the EASkagac
[432,1529], which have been used in past activation bendksnaklso the effective cross sections are
stored, allowing direct comparison with experimental data

5.13 Decay data library

For medical isotope production, the decay paths to the pemtiisotopes need to be known. Therefore,
in talys/structure/decawe have stored the JEFF-3.1.1 Radioactive Decay Data Riteinosual element
by element files.

5.14 Best TALYS input parameters

We have created the possibility to store the “best” set of ehatput parameters per nuclide. This is
a helpful feature to ensure reproducibility of earlier amea results, i.e. a nuclear reaction analysis
with TALYS is stored in the best possible way (rather tharttecad over input files in several working
directories). Theoretically, a complete collection of tbEALYS input parameter files would enable a
high-quality description of nuclear reactions on all nde simultaneously (when used e.g. in a script
to produce a complete nuclear data library), especiallpefwork is divided among more than a few
persons. One would thus be able to get the best possiblés@gth a seemingly default input file. The
only requirement is that the keywoltikst yis set in the input file. All adjusted optical model, level
density etc. parameters are stored in tiflgs/structure/bestirectory. As subdirectories, full isotope
names should be used in the format (al,i3.3) or (a2,i3.Remding on the element symbol. Furthermore,
the first character of the Symbol should be in upper case higratords, valid examples of subdirectories



150 CHAPTER 5. NUCLEAR STRUCTURE AND MODEL PARAMETERS

areYb174/ F019/ Be009/ andU235 For the sets of best parameters in these subdirectoriesisave
filenameszZZZaAAAS.besthere ZZZ and AAA are the Z and A of the nuclide in i3.3 formatd&s is
the particle symbol (g, n, p, d, t, h,or a). This strict namimgcedure is required for software that uses
TALYS for nuclear data evaluation purposes. As an exampéeshiiow the best parameters for neutrons
incident on®’Se as present in the fitalys/structure/best/Se080/n-Se080.pest

gamgamadijust 34 81 0.35
rvadjust a 1.05

avadjust a 1.05

gnadjust 34 81 0.92
gpadjust 34 81 0.92
Cstrip a 1.40

Cknock a 1.40

If we usebest y, the above set of keywords will automatically be added toTREY'S input file
This directory is also the best place to store other TALY Sutrfiles such as files with tabular optical
model parameters. They need to be copied to the workingtdizewhen thebest yoption is used. Itis
also possible to create alternative “best” database uatiey/structurewith a different collection of best
input files. These can then be invoked with Hestpathkeyword, see pade 6.2.2.



Chapter

Input description

For the communication between TALYS and its users, we hamstoacted an input/output method which
shields beginners from all the possible options for nucteadel parameters that can be specified in
TALYS, while enabling at the same time maximal flexibilityr fexperienced users.

An input file of TALYS consists of keywords and their assoethvalues. Before we list all the
input possibilities, let us illustrate the use of the inpytie following example. It represents a minimum
input file for TALYS:

projectile n
element al
mass 27
energy 14.

This input file represents the simplest question that carskedsto TALYS: if a2’ Al nucleus is hit by 14
MeV neutrons, what happens? Behind this simple input filejdver, there are more than a few hundred
default values for the various nuclear models, parametertput flags, etc., that you may or may not
be interested in. When you use a minimal input file like the abeve, you leave it to the authors of
TALYS to choose all the parameters and models for you, asageihe level of detail of the output file.
If you want to use specific nuclear models other than the dtefadjust parameters or want to have more
specific information in the output file(s), more keywords i@guired. Obviously, more keywords means
more flexibility and, in the case of adequate use, betteiteeghough often at the expense of increasing
the level of phenomenology. In this Chapter, we will firstegthhe basic rules that must be obeyed when
constructing an input file for TALYS. Next, we give an outlioé all the keywords, which have been
categorised in several groups. Finally, we summarize siivkeds in one table.

151
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6.1 Basicinputrules

Theoretically, it would be possible to make the use of TALYd®pletely idiot-proof, i.e. to prevent the
user from any input mistakes that possibly can be made andniince a calculation with “assumed”
values. Although we have invested a relatively large effothe user-friendliness of TALYS, we have
not taken such safety measures to the extreme limit and dskstitsome minimal responsibility from the
user. Once you have accepted that, only very little efforegired to work with the code. Successful
execution of TALYS can be expected if you remember the fat@asimple rules and possibilities of the
input file:

1. One input line contains one keyword. Usually it is acconiga by only one value, as in the simple
example given above, but some keywords for model parammetexsto be accompanied by indices
(usually Z and A) on the same line.

2. A keyword and its value(shustbe separated by at least 1 blank character.

3. The keywords can be given in arbitrary order. If, by mistafou use the same keyword more than
once, the value of the last one will be adopted. This doesaldtfbr keywords which are labeled
with different Z and A indices, see the beginning of Sectlonl6.2.

4. All characters can be given in either lowercase or upgerca

5. A keywordmustbe accompanied by a value. (There is one exceptiorrptagional keyword). To
use default values, the keywords should simply be left oth®fnput file.

6. An input line starting with & in column 1 is neglected. This is helpful for including commtse
in the input file or to temporarily deactivate keywords.

7. A minimal input file always consists of 4 lines and contdims keywordsprojectile, element
massandenergy. These 4 keywordmustbe given in any input file.

8. Aninput line may not exceed 80 characters.

As an example of rules 2, 3, 4 and 6, it can be seen that theniolipinput file is completely equivalent
to the one given in the beginning of this Chapter:

# Equivalent input file
energy 14.
projectile n

mass 27

Element AL

#outbasic y

In the following erroneous input file, only the first 2 linegaorrect, while rules 2 and 5 are violated in
the other lines.
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projectile n
element al
mass27
energy

In cases like this, the execution will be stopped and TALY Bgie an appropriate error message for the
first encountered problem. We like to believe that we haveVall such cases and that it is impossible
to let TALYS crash (at least with our compilers, see also @), but you are of course invited to prove
and let us know about the contrary (Sorry, no cash rewarggjng errors in the input file will be spotted
by TALYS, e.g. if you writeprojjectile n, it will tell you the keyword is not in our list.

6.2 Keywords

The four-line input file given above was an example of a mimmiaput file for TALYS. In general, you
probably want to be more specific, as in the following example

projectile n

element nb
mass 93
energy 1.
Ltarget 1
relativistic n

widthmode 2
outinverse vy

a 41 93 13.115
a 41 94 13.421

which will simulate the reaction of a 1 MeV neutron incidemt ¥Nb, with the target in its first ex-
cited state l(target 1, a 16-year isomer), using non-relativistic kinematicg, HRTW-model for width
fluctuation correctionswidthmode 2) in the compound nucleus calculation, with the particlesrais-

sion coefficients and inverse reaction cross sectionsenrith the output filedutinverse y) and with

user-defined level density parametarf®r “>Nb and’*Nb.

In this Section, we will explain all the possible keywordse Wave classified them according to
their meaning and importance. For each keyword, we give ptaeation, a few examples, the default
value, and the theoretically allowed numerical range. Asitiput file above shows, there is usually one
value per keyword. Often, however, in cases where sevesidua nuclides are involved, nuclear model
parameters differ from nuclide to nuclide. Then, the patéicnuclide under consideration must also be
given in the input line. In general, for these model paranmsetee read keyword?, A, a physical value
and sometimes a possible further index (e.g. the fissionebaimdex for the giant resonance, etc.), all
separated by blanks. As the example above shows for thedewsity parameter, the same keyword
can appear more than once in an input file, to cover seveffarelift nuclides. Again, remember that
all such keywords, if you don’t specify them, have a defaalue from either the nuclear structure and
model parameter database or from systematics. The ussainréa change them is to fit experimental
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data, to use new information that is not yet in the TALYS data) or simply because the user may not
agree with our default values. A final important point to nigstéhat some keywords induce defaults for
other keywords. This may seem confusing, but in practice i$inot so. As an example, for’4Fe
target thefission keyword is automatically disabled whereas f4Th it is by default enabled. Hence,
the default value of théissionkeyword is mass dependent. In the input description thbivigl, you will
find a few similar cases. Anyway, you can always find all adbptefault values for all parameters at
the top of theoutputfile, see which values have been set by the user or by defaditpwerrule them in

a new input file.

6.2.1 Four main keywords

As explained above there are 4 basic keywords that form tyleekt level of input. They determine the
fundamental parameters for any nuclear reaction inducealligyt particle.

projectile

Eight different symbols can be given@jectile, namelyn, p, d, t, h, a, grepresenting neutron, proton,
deuteron, triton?He, alpha and gamma, respectively, @dhich is used if instead of a nuclear reaction
(projectile+ target) we start with an initial population of an excited lews.

Examples

projectile n

projectile d

Range projectile must be equal ta, p, d, t, h, a, gor 0.
Default None.

element

Either the nuclear symbol or the charge numbBeof the target nucleus can be given. Possible values
for elementrange from Li (3) to C4 (124). To accomodate target nuclidéh & > 110 the ele-
ment names are defined as follows: Rg(111), Cn(112), Nh(HIg)14), Mc(115), Lv(116), Ts(117),
0g(118), B9(119), C0-4(120-124). Obviously the symbolsZ@bove 118 will be changed when offi-
cial names are assigned to them.

Examples

element pu
element 41
element V

element B9
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Range 3 < element< 124 or Li < element< C4.
Default None.

mass

The target mass number. The case of a natural element can be specifiethags 0 Then, a TALYS
calculation for each naturally occurring isotope will befpemed (see also thebundancekeyword, p.
[I73), after which the results will be properly weighted anchened.

Examples

mass 239

mass 0

Range mass Oor 5 < mass< 339. The extra condition is that the target nucleus, i.e. thelination
of massandelementmust be present in the mass database, which correspondsitelei between the
proton and neutron drip lines.

Default None.

energy

The incident energy in MeV. The user has four possibilitidg: A single incident energy is specified in
the input as a real number, (2) A filename is specified, wheredhresponding file contains a series of
incident energies, with one incident energy per line. Anyjaaan be given to this file, provided it starts
with a character, and it is present in your working direct@dption (2) is helpful for the calculation of
excitation functions or for the creation of nuclear datadiies. Option (2) is mandatory [frojectile

0, i.e., if instead of a nuclear reaction we start with a potioteof an excited nucleus (see tBpecial
casesbelow). Since TALYS-1.6, there are an additional 2 optiortsclv allows to use a whole range
of incident energies without having to make a file for thisy A3filename that is predefined by TALYS.
This contains a hardwired energy grids with for example fawtrons a finer energy grid at low energies
and a progressively wider grid at high energies. These Hawdorm pE-E.grid wherep is the name
of the projectile, and the tw@&'’s are the start and end energy in integer form respectivéhe .grid
specifies that this concerns a predefined energy grid. An ofed example i80-200.gridwhich is the
neutron energy grid of the TENDL library. More energies agedliin the eV and keV range while at high
energies automatically a course grid is used. With thenfdle20.gridexactly the same incident energy
grid is used, but only up to the final energy of 20 MeV. Finatiption (4) is to give after thenergy
keyword 3 numbers: the starting energy, the end energy andrtrgy step. Next, an equidistant grid is
made based on these 3 numbers.

Examples

energy 140.

energy 0.002
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energy range
energy n0-30.grid
energy p10-100.grid

energy 0.5 20. 0.%Incident energies: 0.5, 1, 1.5, ...20 MeV)

Range 101! MeV < energy < 1000 MeV or afilename whereby the corresponding file contains at
least 1 and a maximum @fumenin incident energies, whemumenin is an array dimension specified
in talys.cmb Currentlynumenin=50Q

Default None.

Using the four main keywords

To summarize the use of the four basic keywords, considdiotlosving input file

projectile n
element pd
mass 110

energy range

The filerangelooks e.g. as follows

0.1
0.2
0.5
1.
15
2.
5.
8.
10.
15.
20.

In the source code, the number of incident energies, herie klipwn asnuminc. For the four-line input

given above, TALYS will simulate all open reaction chanrfelsn + !'°Pd for all incident energies given
in the filerange using defaults for all models and parameters. The mostritapbcross sections will
automatically be written to the output file, see Chabpter 7.

Special cases

There are two examples for which tlemergy keyword does not represent the incident energy of the
projectile.
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1. Populated initial nucleus If projectile 0, the usemustgive a filename for thenergy keyword.
This time however, the file does not consist of incident elesrgut of the excitation energy grid of the
initial population, see Sectidn 4]11. On the first line of fiewe read the number of energies (lines),
number of spins, and number of parities. The excitationgiesithat are read represent the middle values
of the bins, and are followed by either (a) if the number ohspé zero, the total population in that bin,
or (b) if the number of spins is not zero, the population paitation energy bin and spin, using one
column per spin. The values given in the second column reptesther a histogram, fopMeV n (the
default) or spectrumpppMeV y). If popMeV vy, these spectral values are multiplied by the energy bin
width and we obtain the population, which has a dimension iifbarns. If the population for only 1
parity is given, the population is equally distributed oleth parities. Hence, if we let TALYS determine
the spin-parity distribution (case (a)), an example of safite is

8 0 1
0.25 0.1342
0.75 0.2176
1.25 0.3344
1.75 0.6522
2.25 0.6464
2.75 0.2897
3.25 0.1154
3.75 0.0653

and if we give the full spin-dependent population (case, {i¥h equal parity distribution, we could e.g.
have

8 3 1
0.25 0.0334 0.0542 0.0112
0.75 0.0698 0.1043 0.0441
1.25 0.1131 0.2303 0.0971
1.75 0.1578 0.3333 0.1143
2.25 0.1499 0.3290 0.1212
2.75 0.1003 0.2678 0.0845
3.25 0.0844 0.1313 0.0661
3.75 0.0211 0.0889 0.0021

If in addition the population should be parity-dependeni would have e.g.

8 3 2
0.25 0.0134 0.0542 0.0112
0.75 0.0298 0.1043 0.0441
1.25 0.0531 0.2303 0.0971
1.75 0.0578 0.3333 0.1143
2.25 0.0599 0.3290 0.1212
2.75 0.0603 0.2678 0.0845
3.25 0.0444 0.1313 0.0661
3.75 0.0111 0.0889 0.0021
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0.25 0.0234 0.0142 0.0008
0.75 0.0498 0.0943 0.0141
1.25 0.0666 0.1103 0.0471
1.75 0.0678 0.1333 0.0343
2.25 0.0299 0.1290 0.0512
2.75 0.0403 0.1678 0.0245
3.25 0.0344 0.1013 0.0361
3.75 0.0100 0.0489 0.0011

Note that in this case the energy restarts in the middle;tfiessenergy grid for 3 spin values and parity
-1 is given, then for parity +1.

2. Astrophysical reaction rates If astro y, see pagE_1T2 for astrophysical reaction rate calculations
the incident energy as given in the input is overruled by dWwaed incident energy grid that is appropri-
ate for the calculation of reaction rates. However, to auidecessary programming complications, the
energy keywordmuststill be given in the input, and it can have any value. Henassifo y one could
e.g. giveenergy 1.in the input file. The adopted incident energies that overthis value will be given

in the output.

Four main keywords: summary

The first four keywords are clearly the most important: theyndt have a default value while they
determine default values for some of the other keywords lyhitc other words, may be projectile-,
energy-, element- or mass-dependent. All the keywordsfttiaiv now in this manual have default
values and can hypothetically be left out of the input filedfiyare only interested in a minimal reaction
specification. If you want to add keywords, you can enter tlogm by one in the format that will be
described below. Another way is to go to the top of the outpeittiiat is generated by the simple input file
given above. You will find all the keywords with their values adopted in the calculation, either user-
specified or as defaults. All nuclear model parameters peens are printed in the filparameters.dat
providedpartable y was set in the input. You can copy this part and paste it intoiriput file, after
which the values can be changed.

6.2.2 Basic physical and numerical parameters
The keywords described in this subsection are rather geapdado not belong to particular nuclear

models. They determine the completeness and precisiore aftloulations and most of them can have a
significant impact on the calculation time.

ejectiles

The outgoing particles that are considered in competingticgachannels. By default, all competing
channels are included even if one is interested in only ope tf outgoing particle. This is neces-
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sary since there is always competition with other partjdlee.g. Hauser-Feshbach and pre-equilibrium
models, that determines the outcome for the particle undelys Furthermore, reaction Q-values au-
tomatically keep channels closed at low incident enerditesvever, for diagnostic or time-economical
purposes, or cases where e.g. one is only interested inemgtgy(p, p’) and (p, n) multi-step direct
reactions, one may save computing time and output by skipgéntain ejectiles as competing particles.
For neutron-induced reactions on actinides up to 20 MeVingggjectiles g nis a rather good approx-
imation that saves time. Also comparisons with computeesdtat do not include the whole range of
particles will be facilitated by this keyword.

Examples

ejectiles n

ejectilesgnpa

Range ejectilescan be any combination @f, n, p, d, t, handa.
Default Include all possible outgoing particles, igjectiliesgnpdtha

Ltarget

The excited state of the target as given in the discrete Watelbase. This keyword allows to compute
cross sections for isomeric targets.
Examples

Ltarget 2

Range 0 < Ltarget < numlev, wherenumlev is specified in the filealys.cmb Currently,numlev=30
Default Ltarget 0, i.e. the target is in its ground state.

maxZ

The maximal nhumber of protons away from the initial compouoaodleus that is considered in a chain of
residual nuclides. For example,rifaxZ 3, then for an + *°Fe (Z=26) reaction, the V-isotopes (Z=23)
are the last to be considered for further particle evapmmaith the multiple emission chairmaxZ is
normally only changed for diagnostic purposes. For exampi@u are only interested in the:, n’),
(n,2n),...(n,zn) residual production cross sections, or the associatentetésgamma ray intensities,
maxZ 0 is appropriate. (Note that in this case, the competitionrofssion of protons up to alpha
particles isstill taken into account for all the nuclides along the zn) chain, only the decay of the
residual nuclides associated with this charged-particisssion are not tracked further).

Examples

maxZ 6
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Range 0 < maxZ < numZ-2, wherenumZ=2+2*memorypar is specified in the filealys.cmbwhere
memorypar=5 for a computer with at least 256 Mb of memory.

Default Continue until all possible reaction channels are closedntil the maximal possible value
for maxZ is reached (which rarely occurs). By defambxZ=numZ-2 where the parameterumZ is
specified in the filéalys.cmb This parameter should be large enough to ensure complapetion of
all daughter nuclei.

maxN

The maximal number of neutrons away from the initial comgbnucleus that is considered in a chain of
nuclides. For example, ihaxN 3, then for an + °6Fe (N=31) reaction, residual nuclei with N=28 (=31-
3) are the last to be considered for further particle evamoran the multiple emission chaimmaxN is
normally only changed for diagnostic or economical purgose

Examples

maxN 6

Range 0 < maxN < numN-2, wherenumN=4+4*memorypar is specified in the fileéalys.cmbwhere
memorypar=5 for a computer with at least 256 Mb of memory.

Default Continue until all possible reaction channels are closedntil the maximal possible value
for maxN is reached (which rarely occurs). By defamiaxN=numN-2where the parameterumN is
specified in the filéalys.cmb This parameter should be large enough to ensure complapetion of
all daughter nuclei.

bins

The number of excitation energy bins in which the continudnie initial compound nucleus is divided
for further decay. The excitation energy region betweenldsediscrete level and the total excitation
energy for the initial compound nucleus is divided ibios energy bins. The resulting bin width then
also determines that for the neighboring residual nuatethe sense that for any residual nucleus we
ensure that the bins fit exactly between the last discret #éad the maximal possible excitation energy.
For residual nuclides far away from the target, a smallerlmemof bins is automatically adopted.dins

0 a simple formula is invoked to take into account the fact thate bins are needed when the incident
energy increases. Instead of a constant number of binsthiersincident energy (E) dependent. More
specifically,nbins 0 means

2

6.1 Nbins = —_
(6.1) ins 30+50(E2—i—602)

It is obvious thabins has a large impact on the computation time.
Examples

bins 25
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Range bins = 0 or 2 < bins < numbins, wherenumbins is specified in the filéalys.cmb Currently,

numbins=100
Default bins 40

equidistant

Flag for adopting an equidistant or non-equidistant (l@lyaric) excitation energy grid for the contin-
uum of each residual nucleus. The latter option makes ttoeilegion more efficient since it uses more

precision when it is needed.
Examples

equidistant y

equidistant n

Rangey orn
Default equidistant n

segment

The number of segments to divide the standard emissionyegédany The basic emission energy grid we
use for spectra and transmission coefficient calculatisns i

0.001, 0.002, 0.005 MeV

0.01, 0.02, 0.05 MeV

0.1- 2 MeV : dE= 0.1 MeV
2 - 4 MeV : dE= 0.2 MeV
4 - 20 MeV : dE= 0.5 MeV

20 - 40 MeV : dE= 1.0 MeV
40 - 200 MeV : dE= 2.0 MeV
200 - 300 MeV : dE= 5.0 MeV
above 300 MeV : dE=10.0 MeV

This grid is divided into a finer grid by subdividing each iv@& by segment
Examples

segment 3

Range 1 < segment< 4. Extra conditions1 < segment< 3 if the maximum incident energy is larger
than 20 MeV,1 < segment< 2 if the maximum incident energy is larger than 40 Me¥gment=1if the
maximum incident energy is larger than 100 MeV. (These ratesmposed due to memory limitations).

Default segment 1



162 CHAPTER 6. INPUT DESCRIPTION

maxlevelstar

The number of included discrete levels for ttaeget nucleus that is considered in Hauser-Feshbach
decay and the gamma-ray cascade. For nuclides that do retrtealevelstar available in the discrete
level file, we take the last known level as the last discratel @ our calculation.

Examples

maxlevelstar O

maxlevelstar 12

Range 0 < maxlevelstar < numlev, wherenumlev is specified in the fileéalys.cmb Currently,num-
lev=30
Default maxlevelstar 20

maxlevelsres

The number of included discrete levels for mkidual nuclides that is considered in Hauser-Feshbach
decay and the gamma-ray cascade. For nuclides that do notrfeslevelsresavailable in the discrete
level file, we take the last known level as the last discretellen our calculation. This keyword is
overruled bymaxlevelsbinandmaxlevelstar for specified nuclides.

Examples

maxlevelsres 0

maxlevelsres 12

Range 0 < maxlevelsres< numlev, wherenumlev is specified in the filaalys.cmb Currently,num-
lev=30
Default maxlevelsres 10

maxlevelshin

The number of included discrete levels for the nuclidesltiesufrom binary emission that is considered
in Hauser-Feshbach decay and the gamma-ray cascade. Hadesaubat do not havenaxlevelsbin
available in the discrete level file, we take the last knowellas the last discrete level in our calculation.
On the input line we readhaxlevelsbin the symbol of the ejectile and the number of levels of the
associated residual nucleus.

Examples

maxlevelshin a 8

maxlevelsbin p 12
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Range 0 < maxlevelsbin< numlev, wherenumlev is specified in the filéalys.cmb Currently,num-
lev=30

Default maxlevelsbin g 10 maxlevelsbin n 10 maxlevelsbin p 10 maxlevelsbin d 5 maxlevelsbin

t 5, maxlevelsbin h § maxlevelsbin a 10 The value for the inelastic channel will however always be
overruled by thanaxlevelstar keyword, for the target nucleus, or the value for its default

Nlevels

The number of included discrete levels forspecific residuahucleus that is considered in Hauser-
Feshbach decay and the gamma-ray cascade. For nuclidedotimat haveNlevels available in the
discrete level file, we take the last known level as the lastrdie level in our calculation. On the input
line we readNlevels Z, A, and the number of levels.

Examples

Nlevels 41 93 8

Range 0 < Nlevels< numlev, wherenumlev is specified in the fileéalys.cmb Currently,numlev=30
Default Nlevelshas the value specified by the defaultsmdxlevelstar, maxlevelsbin andmaxlevel-
sres

disctable

Keyword to change the used discrete level database. Thaesthdiscrete level database from RIPL can
be updated with theoretical levels calculated from the asicopic level densities frondmodel 5, for
nuclides with no or few experimental levels. Note ttaictable 3gives the option to do nuclear reaction
calculations using purely theoretically estimated levels

Examples

disctable I RIPL database with experimental levels + theoretical lleaeided until the 100th
level

disctable 2 RIPL database with experimental levels (the only optiotil QALY S-1.4)

disctable 3 Theoretical levels for all nuclides

Range 0 < disctable< 3
Default disctable 1

levelfile

File with discrete levels. The format of the file is exactlg #ame as that of the nuclear structure database
talys/structure/levels/in practice, the user can copy a file from this database Fe.tpy to the working
directory and change it. In this way, changes in the “offfctidtabase are avoided. Note that even if
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only changes for one isotope are required, the entire fildsyaebe copied if for the other isotopes the
originally tabulated values are to be used. On the input lrereadevelfile, Z, filename.
Examples

levelfile 26 Fe.loc

Range levelfile can be equal to any filename, provided it starts with a charact
Default If levelfileis not given in the input file, the discrete levels are takemfthetalys/structure/levels
database per nucleus.

Liso

Level number of isomer. This user assigned value can owethd one determined from the discrete
level file.
Examples

Liso 2

Range 0 < Liso < numlev, wherenumlev is specified in the fileéalys.cmb Default Liso not given.

branch

Branching ratio for discrete level to overrule that giventbg discrete level file. With this keyword one
can change for example the "guessed” branching ratios ptiterdiscrete level file, or even overrule
the original values from RIPL. On the input line we reaginch, Z, A, mother level, the number of
branching levels nbr, and next the daughter level and bragahtio for each level up to nbr.

Examples

branch 38 85 7 2 2 0.7 0 0:370% decay of 7th level of°Sr to level 2, and 30% to the ground
state

branch 38 87 17 1 1 1.100% decay of 17th level 6f Sr to level 1.

Range 0 < number of levels, mother level, daughter leveK numlev, wherenumlev is specified in
the filetalys.cmb
Default branch is not given.

massmodel

Model for nuclear masses. There are 4 theoretical mass syaddlan analytic formula, see Secfiod 5.2.
They are only used when no experimental mass is availabldvenexpmass n
Examples
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massmodel 0 Duflo-Zuker formula
massmodel 1 Moller table
massmodel 2 Goriely HFB-Skyrme table

massmodel 3HFB-Gogny D1M table

Range 0 < massmodel< 3
Default massmodel 2

expmass

Flag for using the experimental nuclear mass when availdldeexpmass no overrule the experimen-
tal mass by the theoretical nuclear mass (i.e. the Audi-Wapslues will not be used). This will then
be done for all nuclides encountered in the calculation.

Examples

expmass y

expmass n

Rangey orn
Default expmass y

massnucleus

The mass of the nucleus in amu. Usassnucleudo overrule the value given in the mass table. On the
input line, we readnassnucleusZ, A, value.
Examples

massnucleus 41 93 92.12345

massnucleus 94 239 239.10101

Range A — 1 < massnucleus< A+1, whereA is the mass number.
Default massnucleus Q.i.e. the nuclear mass is read from the mass table.

MaSSEeXCESS

The mass excess of the nucleus in MeV. usessexcesto overrule the value given in the mass table.
On the input line, we reathassexcessZ, A, value.
Examples
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massexcess 41 93 -45.678
massexcess 94 239 39.98765

Range —500. < massexcess. 500,
Default massexcess 0i.e. the mass excess is read from the mass table.

massdir

User made directory with nuclear masses. With this keywertra flexibility for nuclear masses is
added. The directory should be placed under talys/streithasses, and the individual files should have
the same structure as the other mass tables. On the inpuiveneadmassdir, directory name.
Examples

massdir hfb69

Range massdir can be equal to any appropriate directory name. The maxireagth of the directory
name is 72 characters.
Default massdiris not used, i.e. the masses are read from an existing mdss tab

isomer

The definition of an isomer in seconds. In the discrete leatdlohse, the lifetimes of most of the levels
are given. Withisomer, it can be specified whether a level is treated as an isomestotdseisomer 0.

to treat all levels, with any lifetime, as isomer and is®mer 1.e38or any other number larger than the
longest living isomer present in the problem, to includeganers at all.

Examples

isomer 86400. (86400 sec.=one day)

Range 0. < isomer < 1.e38
Default isomer 1.(second)

Elow

Lowest incident energy in MeV for which TALYS performs a fulliclear model calculation. Below
this energy, cross sections result from inter- and extedjooi using the calculated valuesElbw and
tabulated values and systematics at thermal energy, s¢ierdéd. This keyword should only be used
in the case of several incident energies.

Examples

Elow 0.001

Range 1.e — 6 < Elow < 1.
Default Elow=D, for datafiles €ndfy), 1.e-6otherwise.
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transpower

A limit for considering transmission coefficients in theaahtion. Transmission coefficierits; smaller
thanTO% x 10~ transpower /(9] 4 1) are not used in Hauser-Feshbach calculations, in ordedteesthe
computation time.

Examples

transpower 12

Range 2 < transpower < 20
Default transpower 5

transeps

A limit for considering transmission coefficients in the adation. Transmission coefficients smaller
thantransepsare not used in Hauser-Feshbach calculations, irrespeaatithe value ofranspower, in
order to reduce the computation time.

Examples

transeps 1l.e-12

Range 0. < transeps< 1.
Default transeps 1.e-8

Xseps

The limit for considering cross sections in the calculationmb. Reaction cross sections smaller than
xsepsare not used in the calculations, in order to reduce the ctatipn time.
Examples

xseps 1.e-10

Range 0. < xseps< 1000.
Default xseps 1.e-7

popeps

The limit for considering population cross sections in thatiple emission calculation, in mb. Nuclides
which, before their decay, are populated with a total cresgien less thampopepsare skipped, in
order to reduce the computation time. Frpopeps also the criteria for continuation of the decay per
excitation energy bin (variablgopepsA and per(E,,, J, II) bin (variablepopepsB in Hauser-Feshbach
calculations are automatically derived.

Examples
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popeps 1.e-6

Range 0. < popeps< 1000.
Default popeps 1.e-3
popMeV

Flag to use initial population per MeV instead of per histogr in the case of an excited energy distri-
bution to be used witlprojectile 0. This keyword is given for backward compatibility. It is n@gen
that it is more natural to input the absolute value of thdéahjtopulation per continuum bin or level, as
histograms.

Examples

popMeV 'y
popMeV n

Rangey orn
Default popMeV n

Estop
Incident energy above which TALYS stops. This keyword isdegtto speed up some uncertainty appli-
cations involving random TALYS calculations. No matter ahincident energies are given in the input

file, TALYS will stop when the incident energy excedsstop.
Examples

Estop 50.

Range 1.e — 5 < Estop < 1000.
Default Estop 1000.

angles

Number of emission angles for reactions to discrete states.
Examples

angles 18

Range 1 < angles< numang, wherenumangis specified in the filéalys.cmb Currently,numang=90
Default angles 90
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anglescont

Number of emission angles for reactions to the continuum.
Examples

anglescont 18

Range 1 < anglescont< numangcont wherenumangcontis specified in the filéalys.cmb Currently,
numangcont=36
Default anglescont 36

channels

Flag for the calculation and output of all exclusive reactahannel cross sections, e.@, p, (n,2n),
(n,2npa), etc. Thechannelskeyword can be used in combination with the keywood$spectraand
outangle (see next Section) to give the exclusive spectra and andigibutions.

Examples

channels 'y

channels n

Rangeyorn
Default channels n

maxchannel

Maximal number of outgoing particles in exclusive channesatiption, e.g. ifmaxchannel 3 then
reactions up to 3 outgoing particles, e(g, 2np), will be given in the outputmaxchannelis only active

if channels y We emphasize that, irrespective of the valuenaixchannelandchannels all reaction
chains are, by default, followed until all possible react@hannels are closed to determine cumulative
particle production cross sections and residual prodoetioss sections.

Examples

maxchannel 2

Range 0 < maxchannel< 8,
Default maxchannel 4

relativistic

Flag for relativistic kinematics.
Examples
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relativistic y

relativistic n

Rangey orn
Default relativistic y

reaction

Flag to disable nuclear reaction calculation. This may bpftikeif one is e.g. only interested in a level
density calculation. A TALYS run will then last only a few hdmeds of a second. (This keyword was
used for the large scale level density analysis 0f[168]).

Examples

reaction y

reaction n
Rangeyorn

Default reaction y

recoil

Flag for the calculation of the recoils of the residual ndiet and the associated corrections to the light-
particle spectra, see Sectionl3.5.
Examples

recoil y

recoil n
Rangeyorn

Default recoil n

labddx

Flag for the calculation of double-differential cross gmt$ in the LAB system. This is only active if
recoil y. If labddx n, only the recoils of the nuclides are computed.
Examples

labddx y
labddx n

Rangeyorn
Default labddx n
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anglesrec

Number of emission angles for recoiling nuclides. This ily@ctive if recoil y.
Examples

anglesrec 4
Range 1 < anglesrec< numangrec wherenumangrecis specified in the fildalys.cmb Currently,

numangrec=9
Default anglesrec 9f labddx y, anglesrec 1if labddx n

maxenrec

Number of emission energies for recoiling nuclides. Thisrik active ifrecoil y.
Examples

maxenrec 4

Range 1 < maxenrec < numenrec, wherenumenrecis specified in the fildalys.cmb Currently,
numenrec=5*memorypar, where we suggeshemorypar=5 for a computer with at least 256 Mb of
memory.

Default maxenrec 10

recoilaverage

Flag to consider only one average kinetic energy of the liagohucleus per excitation energy bin (in-
stead of a full kinetic energy distribution). This approxition significantly decreases the calculation
time. This is only active ifecoil y.

Examples

recoilaverage y

recoilaverage n

Rangeyorn
Default recoilaverage n

channelenergy

Flag to use the channel energy instead of the center-of-araggy for the emission spectrum.
Examples

channelenergy y
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channelenergy n

Rangey orn
Default channelenergy n

astro

Flag for the calculation of thermonuclear reaction rates&irophysics, see Sectibn4.12.
Examples

astroy

astron

Rangey orn
Default astro n

astrogs

Flag for treating the target in the ground state only, foragdtysical reaction calculations. In the default
case,astrogs n an average between excited target states will be made.k&gord is only active if
astro y.

Examples

astrogs y

astrogs n

Rangey orn
Default astrogs n

astrok

Energy, in MeV, for thermonuclear reactions around whichxiellian averaging should take place.
This is only active ifastro y. Actually, specifying this value will automatically ac#ie astro y and
astrogs y Hence, if you require the Maxwellian averaged 30 keV captupss section, all you need
to give is the input line belowastroE may not be specified simultaneously wabktroT9. Theenergy
keyword must still be given in the TALYS input file, but becasrigrelevant since it concerns an average
over a large number of incident energies.

Examples

astrokE 0.03

Range 0.00001 < astroE < 1..
Default astroE 0.
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astroT

Temperature, in units of0° K, for thermonuclear reactions and Maxwellian averagindnisTs only
active ifastro y. Actually, specifying this value will automatically acsiteastro y. astroT may not be
specified simultaneously withistroE. Theenergy keyword must still be given in the TALYS input file,
but becomes irrelevant since it concerns an average ovegeanamber of incident energies.
Examples

astroT 0.53

Range 0.0001 < astroT < 10.
Default astroT O.

astroex

Flag for calculation of astrophysics reaction rate to firalg-lived excited states. This extends the
calculation of the rate for the ground state only. This kegdhis only active ifastro y.
Examples

astroex y

astroex n

Rangey orn
Default astroex n

nonthermlev

Non-thermalized level in the calculation of astrophysater
Examples

nonthermlev 2

Range 0 < nonthermlev < numlev, wherenumlev is specified in the fileéalys.cmb
Default nonthermlev is not used.

abundance

File with tabulated abundances. Taleundancekeyword is only active for the case of a natural target,
i.e. if mass 0 By default, the isotopic abundances are read from thetsneiclatabase, see Chagikr 5.
It can however be imagined that one wants to include only tbstmbundant isotopes of an element, to
save some computing time. Alsabundancemay be used to analyze experimental data for targets of a
certain isotopic enrichment. On the input line, we reddndanceand the filename. From each line of
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the file, TALYS readsZ, A and the isotopic abundance with the format (2i4,f11.6). R&aneple of an
abundance file, e.@bnew different from that of the database, is

82 206 24.100000
82 207 22.100000
82 208 52.400000

where we have left out the “unimportamt®*Pb (1.4%). TALYS automatically normalizes the abun-
dances to a sum of 1, leading in the above case to 24.44%6Bb, 22.41 % of’"Pb and 53.14 % of
208pp in the actual calculation.

Examples

abundance abnew

Range abundancecan be equal to any filename, provided it is present in the iwgrdlirectory.
Default If abundanceis not given in the input file, abundances are taken ftalys/structure/abundance
and calculations for all isotopes are performed.

xscaptherm

The thermal capture cross section in millibarn. By defathlese are read from the nuclear structure
database or taken from systematics. Xheapthermkeyword gives the possibility to overwrite this by
using the input file.

Examples

xscaptherm 320.2

Range 1020 < xscaptherm< 101°
Default xscapthermis read from the nuclear structure database or taken frotaraggics.

xsalphatherm

The thermal(n, «) cross section in millibarn. By default, these are read frbm tuclear structure
database or taken from systematics. kbalphatherm keyword gives the possibility to overwrite this
by using the input file.

Examples

xsalphatherm 0.2

Range 1029 < xsalphatherm < 1010
Default xsalphathermis read from the nuclear structure database or taken frotersgsics.
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xsptherm

The thermal (n,p) cross section in millibarn. By defaulegh are read from the nuclear structure database
or taken from systematics. Theptherm keyword gives the possibility to overwrite this by using the
input file.

Examples

xsptherm 0.2

Range 1029 < xsptherm < 101°
Default xsptherm is read from the nuclear structure database or taken frotarsgsics.

partable

Flag to write the all the model parameters used in a calaunain a separate filparameters.datThis
can be a very powerful option when one wishes to vary any ana®del parameter in the input. The file
parameters.dahas the exact input format, so it can be easily copied an@gasto any input file. This

is helpful for a quick look-up of all the parameters used imk@lation. We have used this ourselves for
automatic (random) TALY S-input generators for e.g. cauace data.

Examples

partable y

partable n

Rangey orn
Default partable n

best

Flag to use the set of adjusted nuclear model parameterpribdices the optimal fit for measurements
of all reacion channels of the nuclide under consideratibhlLY S will look in the talys/structure/best
directory for such a set, see Sectlon5.14. With the addiiotine single linebest yto the input file,
TALYS will automatically use all detailed adjusted paraerdits that are stored ialys/structure/best
Examples

besty

bestn

Rangeyorn
Default best n
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bestend

Flag to put the best set of parameters at end of input fileeaaksbf at the beginning. Withestend n
the parameters can be ovverruled later in the input file,enis is no longer possible witestend y
Obviously, this keyword is only relevantlifest y.

Examples

bestend y

bestend n

Rangey orn
Default bestend n

bestbranch

Flag to use the set of adjusted branching ratios for distegtds.
Examples

bestbranch y

bestbranch n

Rangeyorn
Default bestbranchy

bestpath

Keyword to enable to use your own collection of “best” TAL$ut parameters. This directory should
be created undéalys/structureafter which the current keyword can be used with that dirgatame. In
practice, the user can copy a file from the standalgk/structure/bestdatabase to his/her own database
and change it. In this way, changes in the “official” datatmseavoided. See Sectibn3.14 for the format
of the files in this database.

Examples

bestpath mybest

For this keyword to work, information needs to be presenthatalys/structure/mybesttith a format
equal to that of the originaialys/structure/besttlirectory, see Sectidn_5l14Range bestpath can be
equal to any filename, provided it starts with a charactenthéamore, the library must exist in the
talys/structuredirectory. This keyword is only active best y.

Default bestpathis equal tatalys/structure/best/
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rescuefile

File with incident energy dependent normalization factthf$ALYS is not able to produce the “ultimate
fit", it is possible to invoke a “rescuefile” as a last resorty @ving a table of incident energies and
normalization factors, the result of TALYS can be made dyasqjual to that of experimental data, an
evaluate data set, or any other data set. The contents ofléheofisist of a simple x-y table with x
the incident energy and y the normalization factor. A refiliean be used for the reactions (n,n’),
(ny), (n,9, (n,p), (n,d), (n,1), (n,h), (n/alpha ), (n,2n)dn,total). To invoke this, the ENDF-6 format
for MT numbers representing a reaction channel is used, measample cases below. Moreover, a
global multiplication factor can be applied. On the inpuatliwe readescuefile reaction identifier (MT
number), global multiplication factor (optional).

Examples

rescuefile 0 rescue.001 1.0, total)
rescuefile 4 rescue.00dn,n’)
rescuefile 16 rescue.01(,2n)
rescuefile 18 rescue.018 0.995,f)
rescuefile 102 rescue.10¢,y)
rescuefile 103 rescue.103 1.484,p)
rescuefile 104 rescue.10¢h,d)
rescuefile 105 rescue.108,t)
rescuefile 106 rescue.10@,h)

rescuefile 107 rescue.10{,«)

Range rescuefilecan be equal to any filename, provided it starts with a charact
Default no default.

nulldev

Path for the null device. The null device is a "black hole” futput that is produced, but not of interest
to the user. Some ECIS output files fall in this category. Tsuem compatibility with Unix, Linux,
Windows and other systems a null device string is used, oflwtiie default setting is given in machine.f.
With this keyword, extra flexibility is added. If the null dee is properly set in machine.f, this keyword
is not needed. On the input line, we readldev, filename.

Examples

nulldev /dev/null
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nulldev nul

Range nulldev can be equal to any appropriate filename, provided it stattsaxcharacter.
Default The default is set in subroutimaachine.f

strucpath

Path for the directory with nuclear structure informatihith this keyword, extra flexibility is added.
Nuclear structure databases other than the default carvbkeith with this keyword. If the path name
is properly set in machine.f, this keyword is not needed fandard use. On the input line, we read
strucpath, filename.

Examples

strucpath /home/raynal/mon-structure/

Range strucpath can be equal to any appropriate directory. The maximum leon§the path is 60
characters.
Default The default is set in subroutimaachine.f

6.2.3 Optical model
optmod

File with tabulated phenomenological optical model par@nseas a function of energy, see Secfion 4.1.
This can be helpful if one wishes to use an optical model patarisation which is not hardwired in
TALYS. One could write a driver to automatically generatalle¢ with parameters. On the input line,
we readoptmod, Z, A, filename, and (optionally) particle type. TALYS first reatle number of lines

to be read with format (8x,i4). Next, from each line of the filALYS readsFE, v, rv, av, w, rw, aw,

vd, rvd, avd, wd, rwd, awd, vso, rvso, avso, wso, Twso, awso, andrc.

Examples

optmod 40 90 ompzro0 d

optmod 94 239 omppu239

Range optmod can be equal to any filename, provided it starts with a chara€he particle type must
be equal to eithen, p, d, t, hor a. A table of up to 500 incident energies (this is setrtaynomp in
talys.cmb and associated parameters can be specified.

Default If the particle type is not given, as in the second exampt@pneutrons are assumed ofit-
mod is not given in the input file, the optical model parameteestaken from théalys/structure/optical
database per nucleus or, if not present there, from the lgbqitigal model.
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optmodfileN

File with the neutron optical model parameters of EqQ.](4The format of the file is exactly the same as
that of the nuclear structure databaakys/structure/optical/ In practice, the user can copy a file from
this database, e.gre.omp to the working directory and change it. In this way, chanigase “official”
database are avoided. Note that even if only changes forsotepe are required, the file for the whole
element needs to be copied if for the other isotopes theratdigitabulated values are to be used. On the
input line, we readptmodfileN, Z, filename.

Examples

optmodfileN 26 Fe.loc

Range optmodfileN can be equal to any filename, provided it starts with a charact
Default If optmodfileN is not given in the input file, the optical model parameterstaken from the
talys/structure/opticatlatabase per nucleus or, if not present there, from the lgbgibiaal model.

optmodfileP

File with the proton optical model parameters of Eq.l(4.Me Tormat of the file is exactly the same as
that of the nuclear structure databdabys/structure/optical/ In practice, the user can copy a file from
this database, e.g-Fe.ompto the working directory and change it. In this way, charigake “official”
database are avoided. Note that even if only changes forsotapie are required, the file for the whole
element needs to be copied if for the other isotopes thenatligitabulated values are to be used. On the
input line, we readptmodfileP, Z, filename.

Examples

optmodfileP 26 Fe.loc
Range optmodfileP can be equal to any filename, provided it starts with a charact

Default If optmodfileP is not given in the input file, the optical model parameteestaken from the
talys/structure/opticatlatabase per nucleus or, if not present there, from the lgbqitieal model.

localomp
Flag to overrule the local, nucleus-specific optical modeth® global optical model of Eqs[(4.8) or

#@3). This may be helpful to study global mass-dependents.
Examples

localomp n

Rangey orn
Default localomp vy, i.e. a nucleus-specific optical model, when available.



180 CHAPTER 6. INPUT DESCRIPTION
dispersion
Flag to invoke the dispersive optical model, see Sediioid4.These potentials are only available as

tabulated neutron local potentials. If not available, TAWill automatically resort to normal OMP'’s.
Examples

dispersion n

Rangey orn

Default dispersion n

jlmomp

Flag to use the JLM microscopic optical model potentialéastof the phenomenological optical model

potential, see Sectidn4.1.4.
Examples

jimomp n

Rangey orn

Default jilmomp n, i.e. to use the phenomenological OMP.

jimmode

Keyword to enable different normalizations for the imagjnpotential of the JLM optical model, as
explained in Ref. [[1] These different normalizations apfythe constant 0.44 in Eq[(4]47). This

keyword is only active if 'jimomp y'.
Examples

jimmode 0: standard JLM imaginary potential of EQ._(4.47)
jimmode 1: 0.44 replaced by.1 exp(—0.4E%/2)
jlmmode 2: 0.44 replaced by.25 exp(—0.2E1/?)

jimmode 3: as jlmmode 2 but with\yy(E) twice as large, recommended for energies below 1
MeV.

Range 0 < jimmode < 3
Default jimmode 0, i.e. the standard JLM OMP.
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radialmodel
Model for radial matter densities in the JLM optical modeherfe are two options. This keyword is only

active if jimomp y’.
Examples

radialmodel 1. HFB-Skyrme based matter densities

radialmodel 2. HFB-Gogny based matter densities

Range 1 < radialmodel < 2
Default radialmodel 2.

omponly

Flag to let TALYS perfornonly an optical model calculation. In this way, TALYS acts simplya driver
for ECIS. All non-elastic calculations for the various réac channels are skipped. This is helpful for
systematic, and quick, testing of optical model potentials

Examples

omponly y

Rangeyorn
Default omponly n

sysreaction

The types of particles for which the optical model reactiowss section is overruled by values obtained
from systematics, see Sectibn411.5. The optical modesinéssion coefficients will be accordingly
normalized.

Examples

sysreaction p

sysreaction d a

Range sysreactioncan be any combination of, p, d, t, handa

Default sysreactionis disabled for any particle.

Warning setting e.gsysreaction pwill thus automatically disable the default setting. Iftimeeds to be
retained as well, sedysreaction pdtha
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statepot

Flag for a different optical model parameterisation forteexcited state in a DWBA or coupled-channels
calculation. This may be appropriate if the emission enafythe ejectile, corresponding to a large
excitation energy, differs considerably from the incidenergy.

Examples

statepot y

Rangey orn
Default statepot n

optmodall

Flag for a new optical model calculation for each compoundeus in the decay chain. In usual mul-
tiple Hauser-Feshbach decay, the transmission coefficfenthe first compound nucleus are used for
the whole decay chain. When a residual nucleus is far away fhe initial compound nucleus, this

approximation may become dubious. Withtmodall y, new optical model calculations are performed
for every compound nucleus that is depleted, for all typesnoitted particles.

Examples

optmodall y
Rangey orn

Default optmodall n

autorot

Flag for automatic rotational coupled-channels calcoretj see Sectidn 4.2.1 fot > 150. The dis-
crete level file is scanned and an attempt is made to autcatiatidentify the lowest rotational band.
Deformation parameters are also read in from the databasetsmated coupled-channels calculations
can be performed. This option is possible for the rare eamthe&tinide region. Note that for all natural
isotopes, the coupling scheme is already given irtahes/structure/deformatiodatabase.

Examples

autorot y
Rangeyorn
Default autorot n
incadjust

Flag to use adjusted optical model parameters for the inticlannebnd exit channels. Disabling this
flag allows to use a different OMP for the exit channels thante incident channel, e.g. usinegadjust
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n 1.10together withincadjust n means that the OMP for the incident channel is unalterediewhat

for the outgoing channel has an adjust parameter. This can be used to simulate e.g. temperature-
dependent OMP effects.

Examples

incadjust n

Rangey orn
Default incadjust y

ecissave

Flag for saving ECIS input and output files. This has two psgso (a) if the next calculation will be
performed with already existing reaction cross sectiors tesansmission coefficients. This is helpful
for time-consuming coupled-channels calculations, (lsttoly the ECIS input and output files in detail.
ecissavemustbe set toy, if in the next runinccalc n or eciscalc nwill be used. If not, an appropriate
error message will be given and TALYS stops.

Examples

ecissave y

ecissave n

Rangey orn
Default ecissave n

eciscalc

Flag for the ECIS calculation of transmission coefficientsl aeaction cross sections for the inverse
channels. If this calculation has already been performea fmevious run, and in that previous run
ecissave yhas been set, it may be helpful to pdiscalc n which avoids a new calculation. This saves
time, especially in the case of coupled-channels calaniatiWe stress that it is the responsibility of the
user to ensure that the first run of a particular problem isdsith ecissave y You also have to make
sure that the same energy grid for inverse channels is used.

Examples

eciscalc y

eciscalc n

Rangey orn
Default eciscalc y
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inccalc

Flag for the ECIS calculation of transmission coefficierms aeaction cross sections for the incident
channel. If this calculation has already been performed presxious run, and in that previous run
ecissave yhas been set, it may be helpful to patcalc n, which avoids a new ECIS calculation. This
saves time, especially in the case of coupled-channelsladitins. We stress that it is the responsibility
of the user to ensure that the first run of a particular prohitetione witheciscalc y If not, an appropriate
error message will be given and TALYS stops. You also havegkensure that the same grid of incident
energies is used.

Examples

inccalc y

inccalc n

Rangey orn
Default inccalc y

endfecis

Flag for the ECIS calculation of transmission coefficients aeaction cross sections for the ENDF-6
energy grid. If this calculation has already been perforinea previous run, it may be helpful to put
endfecis n which avoids a new calculation. This saves time, espgdialthe case of coupled-channels
calculations. We stress that it is the responsibility of diser to ensure that the first run of a particular
problem is done witlendfecis yandendfecis y If not, an appropriate error message will be given and
TALYS stops.

Examples

endfecis y

endfecis n

Rangey orn
Default endfecis 'y

coulomb

Flag for Coulomb excitation calculation with ECIS, to be diger incident charged particles.
Examples

coulomby

Rangey orn
Default coulomby
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cpang

Flag for compound angular distribution calculation forident charged particles.
Examples

cpangy

Rangey orn
Default cpang n

soswitch

Energy switch to on-set deformed spin-orbit calculatiod saquential iterations in ECIS. For coupled-
channels calculations on rotational nuclei, such a switdds to be made. On the input line, we read
soswitch value.

Examples

soswitch 1.2

Range 0.1 < soswitch< 10.
Default soswitch 3.MeV.

vladjust

Multiplier to adjust the OMP parameter v1 of Eq._{4.7). Th&yword can also be used for double-
folding and complex particle potentials. On the input line, readvladjust, particle symbol, and value.
Examples

vladjusta 1.12

Range 0.1 < vladjust< 10.
Default vladjust particle 1.

v2adjust

Multiplier to adjust the OMP parameter v2 of EQ._{4.7). Theyword can only be used for a potential
of the Koning-Delaroche form. On the input line, we re@adijust, particle symbol, and value.
Examples

v2adjust n 0.96

Range 0.1 < v2adjust < 10. This keyword does not apply to deuterons up to alpha’s.
Default v2adjust particle 1.
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v3adjust

Multiplier to adjust the OMP parameter v3 of EQ._{4.7). Theyword can only be used for a potential
of the Koning-Delaroche form. On the input line, we reg@djust, particle symbol, and value.
Examples

v3adjust p 1.10

Range 0.1 < v3adjust < 10. This keyword does not apply to deuterons up to alpha’s.
Default v3adjust particle 1.

vdadjust

Multiplier to adjust the OMP parameter v4 of EQ._{4.7). Theyword can only be used for a potential
of the Koning-Delaroche form. On the input line, we redéddijust, particle symbol, and value.
Examples

vdadjust n 0.98

Range 0.1 < v4adjust < 10. This keyword does not apply to deuterons up to alpha’s.
Default v4adijust particle 1.

rvadjust

Multiplier to adjust the OMP parameter rv of EQ_{4.7). Thiyword can also be used for complex
particle potentials. On the input line, we readdjust, particle symbol, and value.
Examples

rvadjustt 1.04

Range 0.1 < rvadjust < 10.
Default rvadjust particle 1.

avadjust

Multiplier to adjust the OMP parameter av of Eq._{4.7). Thesnkord can also be used for complex
particle potentials. On the input line, we reaghdjust, particle symbol, and value.
Examples

avadjust d 0.97

Range 0.1 < avadjust < 10.
Default avadjust particle 1.
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rwadjust

Multiplier to adjust the OMP parameter rw of EQ_{4.7). Thi&yword can also be used for complex
particle potentials. On the input line, we re@dadjust, particle symbol, and value.
Examples

rwadjust t 1.04
Range 0.1 < rwadjust < 10.

Default rwadjust particle 1.

awadjust

Multiplier to adjust the OMP parameter aw of Eq._{4.7). Théword can also be used for complex
particle potentials. On the input line, we readadjust, particle symbol, and value.
Examples

awadjust d 0.97
Range 0.1 < awadjust < 10.
Default awadjust particle 1.
wladjust

Multiplier to adjust the OMP parameter wl of Eq._{4.7). Theyword can also be used for double-
folding and complex particle potentials. On the input linee readwladjust, particle symbol, and
value.

Examples

wladjust p 1.10
Range 0.1 < wladjust < 10.
Default wladjust particle 1.
w2adjust

Multiplier to adjust the OMP parameter w2 of Eq._{4.7). Thisyword can only be used for a potential
of the Koning-Delaroche form. On the input line, we ree2adjust, particle symbol, and value.
Examples

wZ2adjust n 0.80

Range 0.1 < w2adjust < 10. This keyword does not apply to deuterons up to alpha’s.
Default w2adjust particle 1.
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w3adjust

Multiplier to adjust the OMP parameter w3 of EQ._(4.18). Tkéyword can only be used for the high-
energy extension of the Koning-Delaroche form. On the itipet we readv3adjust, particle symbol,
and value.

Examples

w3adjust n 0.80

Range 0.1 < w3adjust < 10. This keyword does not apply to deuterons up to alpha’s.
Default w3adjust particle 1.

w4adjust

Multiplier to adjust the OMP parameter w4 of EQ._(4.18). Tkéyword can only be used for the high-
energy extension of the Koning-Delaroche form. On the itipet we readv4adjust, particle symbol,
and value.

Examples

w4adjust n 0.80
Range 0.1 < w4adjust < 10. This keyword does not apply to deuterons up to alpha’s.

Default w4adjust particle 1.

rvdadjust

Multiplier to adjust the OMP parameter rvd of Eq._{4.7). Tke&yword can also be used for complex
particle potentials. On the input line, we readladjust, particle symbol, and value.
Examples

rvdadjust d 0.97
Range 0.1 < rvdadjust < 10.

Default rvdadjust particle 1.

avdadjust

Multiplier to adjust the OMP parameter avd of E._{4.7). Tkéyword can also be used for complex
particle potentials. On the input line, we reatladjust, particle symbol, and value.
Examples

avdadjust d 0.97

Range 0.1 < avdadjust < 10.
Default avdadjust particle 1.



6.2. KEYWORDS 189

rwdadjust

Multiplier to adjust the OMP parameter rwd of Eq_{4.7). Théyword can also be used for complex
particle potentials. On the input line, we re@edadjust, particle symbol, and value.
Examples

rwdadjust d 0.97

Range 0.1 < rwdadjust < 10.
Default rwdadjust particle 1.

awdadjust

Multiplier to adjust the OMP parameter awd of Ef._{4.7). Tkeyword can also be used for complex
particle potentials. On the input line, we readdadjust, particle symbol, and value.
Examples

awdadjust d 0.97

Range 0.1 < awdadjust < 10.
Default awdadjust particle 1.

dladjust

Multiplier to adjust the OMP parameter d1 of Eq._{4.7). The&ykord can also be used for double-
folding and complex particle potentials. On the input liwe, readd1adjust, particle symbol, and value.
Examples

dladjustd 0.97

Range 0.1 < dladjust < 10.
Default dladjust particle 1.

d2adjust

Multiplier to adjust the OMP parameter d2 of EG._{4.7). Theykord can only be used for a potential
of the Koning-Delaroche form. On the input line, we retthdjust, particle symbol, and value.
Examples

d2adjust n 1.06

Range 0.1 < d2adjust < 10. This keyword does not apply to deuterons up to alpha’s.
Default d2adjust particle 1.
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d3adjust

Multiplier to adjust the OMP parameter d3 of EG._{4.7). Théyword can only be used for a potential
of the Koning-Delaroche form. On the input line, we ret&hdjust, particle symbol, and value.
Examples

d3adjust n 1.06

Range 0.1 < d3adjust < 10. This keyword does not apply to deuterons up to alpha’s.
Default d3adjust particle 1.

vsoladjust

Multiplier to adjust the OMP parameter vsol of EQ.14.7). sTkeyword can also be used for complex
particle potentials. On the input line, we reagbladjust particle symbol, and value.

Examples

vsoladjustd 1.15

Range 0.1 < vsoladjust< 10.
Default vsoladjustparticle 1.

vso2adjust

Multiplier to adjust the OMP parameter vso2 of Hq.14.7).sTkeyword can only be used for a potential
of the Koning-Delaroche form. On the input line, we reat2adjust particle symbol, and value.
Examples

vso2adjust n 1.06

Range 0.1 < vso2adjust< 10. This keyword does not apply to deuterons up to alpha’s.
Default vso2adjustparticle 1.

wsoladjust

Multiplier to adjust the OMP parameter wsol of EQ.14.7). sTkeyword can also be used for complex
particle potentials. On the input line, we readoladjust particle symbol, and value.
Examples

wsoladjustd 1.15

Range 0.1 < wsoladjust< 10.
Default wsoladjustparticle 1.
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wso2adjust

Multiplier to adjust the OMP parameter wso2 of Hq. 14.7).sTkeyword can only be used for a potential
of the Koning-Delaroche form. On the input line, we reesb2adjust particle symbol, and value.
Examples

wso2adjust n 1.06

Range 0.1 < wso2adjust< 10. This keyword does not apply to deuterons up to alpha’s.
Default wso2adjustparticle 1.

rvsoadjust

Multiplier to adjust the OMP parameter rvso of EG.{4.7). Skeyword can also be used for complex
particle potentials. On the input line, we readoadjust, particle symbol, and value.
Examples

rvsoadjustd 1.15

Range 0.1 < rvsoadjust < 10.
Default rvsoadjust particle 1.

avsoadjust

Multiplier to adjust the OMP parameter avso of EQ.14.7). sTkeyword can also be used for complex
particle potentials. On the input line, we reagsoadjust particle symbol, and value.

Examples

avsoadjust d 1.15

Range 0.1 < avsoadjust< 10.
Default avsoadjustparticle 1.

rwsoadjust

Multiplier to adjust the OMP parameter rwso of ER.{4.7). STkeyword can also be used for complex
particle potentials. On the input line, we re@gsoadjust, particle symbol, and value.
Examples

rwsoadjust d 1.15

Range 0.1 < rwsoadjust < 10.
Default rwsoadjust particle 1.
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awsoadjust

Multiplier to adjust the OMP parameter awso of Eg.14.7).sTkeyword can also be used for complex
particle potentials. On the input line, we readsoadjust particle symbol, and value.
Examples

awsoadjust d 1.15

Range 0.1 < awsoadjust< 10.
Default awsoadjustparticle 1.

rcadjust

Multiplier to adjust the OMP parameter rc of Eq._{4.7). On tiaut line, we readcadjust, particle
symbol, and value.
Examples

rcadjustd 1.15
Range 0.1 < rcadjust < 10.
Default rcadjust particle 1.
Ejoin

Joining energyl;, in MeV, for the original form and high-energy extension loé KD03 OMP, see Eq.
#138). On the input line, we redgjoin, particle symbol, and value.
Examples

Ejoin n 250.
Range 0. < Ejoin < 1000..
Default Ejoin 200.
Vinf

Limiting value V,, for the real volume potential of EqQL_{4]18). This keyword canrly be used for the
high-energy extension of the Koning-Delaroche form. Onitipait line, we read/inf, particle symbol,
and value.
Examples

Vinf n -22.

Range —200. < Vinf < 0..
Default Vinf -30.
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rvadjustF

Energy-dependent function to adjust the OMP paramater If physically adequate OMPs fail, such
energy-dependent adjustment can be invoked as a last.résodng as the deviation from the original
model is not too large, unpleasant surprises in the varieastion channels are avoided. On the input
line, we readvadjustF, particle symbol, begin energy, and end energy.. in MeV, maximal deviation

D in % , and variancer in MeV, of the function. If this keyword is specifiedy, will keep its original
constant value foF < E, andE > E,. while in between these two values if will be multiplied by the
function

(6.2) f(E) =1+ Dexp(—(E — E,)%/206%) + R
whereE,, = (E. + E3)/2 and the offset value
(6.3) R = —Dexp(—(E. — Ep)?/20%)

ensures continuity ak, and E.. Fig. [E2 shows an example for, with an original value of 1.20,
which is locally multiplied by the functiory with parameterds,=2, £.=10, D = 5, 0 = 2. Upto

10 energy ranges, i.ervadjustF keywords, per particle can be used. We suggest howeverhhat t
keywordrvadijustF is now replaced by the method explained in Sediion 612.12lfqggarameters. We
keeprvadjustF and related OMP keywords for backward compatibility reason

Examples

rvadjustF n 2. 10. 5. 2.

Range The particle symbol should be equal to n, p, d, t, hobag E, < 250, 0 < F. < 250,
Ep < Eo, —100 < D <100,0 <o < 100. If 0 = 0, then the valuer = (E. — E,,)/2 will be
adopted.

Default rvadjustF is not applied.

avadjustF

Energy-dependent function to adjust the OMP parameger On the input line, we readvadjustF,
particle symbol, begin energy, and end energ¥. in MeV, maximal deviation D in % , and varianee
in MeV, of the function. The same formalism as explained fartadjustF keyword applies.
Examples

avadjustF n 2. 10. 5. 2.

Range SeervadjustF keyword.
Default avadjustF is not applied.
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Figure 6.1: Energy-dependent raditis obtained with thevadjustF keyword

rwadjustF

Energy-dependent function to adjust the OMP parameger On the input line, we readvadjustF,
particle symbol, begin energy, and end energ¥. in MeV, maximal deviation D in % , and varianee
in MeV, of the function. The same formalism as explained fartadjustF keyword applies.
Examples

rwadjustF n 2. 10. 5. 2.

Range SeervadjustF keyword.
Default rwadjustF is not applied.

awadjustF

Energy-dependent function to adjust the OMP parameger On the input line, we readwadjustF,
particle symbol, begin energy, and end energy.. in MeV, maximal deviation D in % , and varianee
in MeV, of the function. The same formalism as explained fartadjustF keyword applies.
Examples

awadjustF n 2. 10. 5. 2.
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Range SeervadjustF keyword.
Default awadjustF is not applied.

rvdadjustF

Energy-dependent function to adjust the OMP parameter @mthe input line, we readsdadjustF,
particle symbol, begin energy, and end energ¥. in MeV, maximal deviation D in % , and varianee
in MeV, of the function. The same formalism as explained fartadjustF keyword applies.
Examples

rvdadjustF n 2. 10. 5. 2.
Range SeervadjustF keyword.

Default rvdadjustF is not applied.

avdadjustF

Energy-dependent function to adjust the OMP parameter @rdthe input line, we readvdadjustF,
particle symbol, begin energy, and end energ¥. in MeV, maximal deviation D in % , and varianee
in MeV, of the function. The same formalism as explained fartadjustF keyword applies.
Examples

avdadjustF n 2. 10. 5. 2.

Range SeervadjustF keyword.
Default avdadijustF is not applied.

rwdadjustF

Energy-dependent function to adjust the OMP parameter @ndthe input line, we readvdadjustF,
particle symbol, begin energy, and end energ¥. in MeV, maximal deviation D in % , and varianee
in MeV, of the function. The same formalism as explained fartadjustF keyword applies.
Examples

rwdadjustF n 2. 10. 5. 2.

Range SeervadjustF keyword.
Default rwdadjustF is not applied.

awdadjustF

Energy-dependent function to adjust the OMP parameter &mdthe input line, we readwdadjustF,
particle symbol, begin energy, and end energ¥. in MeV, maximal deviation D in % , and varianee
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in MeV, of the function. The same formalism as explained fartadjustF keyword applies.
Examples

awdadjustF n 2. 10. 5. 2.

Range SeervadjustF keyword.
Default awdadjustF is not applied.

rvsoadjustF

Energy-dependent function to adjust the OMP parameter @sathe input line, we readrsoadjustF,
particle symbol, begin energy, and end energy.. in MeV, maximal deviation D in % , and varianee
in MeV, of the function. The same formalism as explained fartadjustF keyword applies.
Examples

rvsoadjustF n 2. 10. 5. 2.

Range SeervadjustF keyword.
Default rvsoadjustF is not applied.

avsoadjustF

Energy-dependent function to adjust the OMP parameter. &sdhe input line, we readvsoadjustk,
particle symbol, begin energy, and end energ¥. in MeV, maximal deviation D in % , and varianee
in MeV, of the function. The same formalism as explained fartadjustF keyword applies.
Examples

avsoadjustF n 2. 10. 5. 2.

Range SeervadjustF keyword.
Default avsoadjustFis not applied.

rwsoadjustF

Energy-dependent function to adjust the OMP parameter.r@adhe input line, we readvsoadjustF,
particle symbol, begin energy, and end energ¥. in MeV, maximal deviation D in % , and varianee
in MeV, of the function. The same formalism as explained fartadjustF keyword applies.
Examples

rwsoadjustF n 2. 10. 5. 2.

Range SeervadjustF keyword.
Default rwsoadjustF is not applied.
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awsoadjustF

Energy-dependent function to adjust the OMP parameter.a@sadhe input line, we reaawsoadjustk,
particle symbol, begin energy, and end energ¥. in MeV, maximal deviation D in % , and varianee
in MeV, of the function. The same formalism as explained fartadjustF keyword applies.
Examples

awsoadjustF n 2. 10. 5. 2.

Range SeervadjustF keyword.
Default awsoadjustFis not applied.

Tljadjust

Multiplier to adjust the OMP transmission coefficient pasmlue. On the input line, we reddjadjust,
particle symbol, value andvalue.
Examples

Tljadjust n 0.80 0

Range 0.001 < Tljadjust < 1000.
Default Tljadjust particle 1. I-value

radialfile

File with radial matter densities. The format of the file imetty the same as that of the nuclear structure
databaséalys/structure/optical/jim/In practice, the user can copy a file from this database Fe.gad

to the working directory and change it. In this way, changethé “official” database are avoided. Note
that even if only changes for one isotope are required, tlieediile needs to be copied if for the other
isotopes the originally tabulated values are to be usedh®mput line, we readadialfile, Z, filename.
Examples

radialfile 26 Fe.loc

Range radialfile can be equal to any filename, provided it starts with a charact
Default If radialfile is not given in the input, radial matter densities are takemtalys/structure/optical/jlm

Ivadjust

Normalization factor for the real central potential for Jidsllculations, see EJ._{4144). On the input line,
we readvadjust and value.
Examples
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Ivadjust 1.15

Range 0.5 < Ivadjust < 1.5
Default Ivadjust 1.

Iwadjust

Normalization factor for the imaginary central potentiat ILM calculations, see Eq[{4145). On the
input line, we readwadjust and value.
Examples

lwadjust 1.15

Range 0.5 < lwadjust < 1.5
Default Iwadjust 1.

Ivladjust

Normalization factor for the real isovector potential f&M calculations, see Eq[C{Z16). On the input
line, we readvladjust and value.
Examples

Ivladjust 1.15

Range 0.5 < Ivladjust < 1.5
Default Ivladjust 1.

Ilwladjust

Normalization factor for the imaginary isovector potehta@ JLM calculations, see EqQ[{ZK7). On the
input line, we readwladjust and value.
Examples

Iwladjust 1.15

Range 0.5 < lwladjust < 1.5
Default Iwladjust 1.

Ivsoadjust

Normalization factor for the real spin-orbit potential fiitM calculations, see Eq_{4}50). On the input
line, we readvsoadjustand value.
Examples
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Ivsoadjust 1.15

Range 0.5 < Ilvsoadjust< 1.5
Default Ivsoadjust 1.

Iwsoadjust

Normalization factor for the imaginary spin-orbit potemtior JLM calculations, see EJ.{4]51). On the
input line, we readwsoadjust and value.
Examples

Iwsoadjust 1.15

Range 0.5 < lwsoadjust< 1.5
Default Iwsoadjust 1.

deuteronomp

The default deuteron optical model coming from standardavatbe folding does not always perform
well. Therefore, we have included various other options:
Examples

deuteronomp I Normal deuteron potentigl [15]
deuteronomp 2 Deuteron potential of Daehnick et &l. [17]
deuteronomp 3 Deuteron potential of Bojowald et al.[18]
deuteronomp 4 Deuteron potential of Han et al.[119]

deuteronomp 5 Deuteron potential of Haixia An et al.[20]

Range 1 < deuteronomp< 5
Default deuteronomp 1

alphaomp

Some of our users need a very old alpha optical model potdatigheir applications, namely that of
McFadden and Satchler[21]. Therefore, we included an pgitiothat. Also, there is an option to use the
double folding potential of Demetriou, Grama and GorleB}[2vhich comes in three different versions.
Since 2014, also the alpha OMPs of Avrigeanu etiall [2V, 28]Nwite [26] have been added.
Examples

alphaomp 1 Normal alpha potential
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alphaomp 2 Alpha potential of McFadden and Satchler
alphaomp 3 Alpha potential of Ref.[[22], table 1.
alphaomp 4 Alpha potential of Ref.[[22], table 2.
alphaomp 5 Alpha potential of Ref.[[22], dispersive model.
alphaomp 6 Alpha potential of Avrigeanu et al._[25].
alphaomp 7: Alpha potential of Nolte et al[]26].

alphaomp 8 Alpha potential of Avrigeanu et al._27].

Range 1 < alphaomp < 8
Default alphaomp 6

aradialcor

Normalization factor for the shape of the double-foldinghe potential. This keyword is only relevant
for alphaomp > 3. On the input line, we readradialcor and value.

Examples

aradialcor 1.07

Range 0.5 < aradialcor < 1.5
Default aradialcor 1.

adepthcor

Normalization factor for the depth of the double-foldinglz potential. This keyword is only relevant
for alphaomp > 3. On the input line, we readdepthcorand value.

Examples

adepthcor 1.07

Range 0.5 < adepthcor< 1.5
Default adepthcor 1.

6.2.4 Direct reactions
rotational

Flag to enable or disable the rotational optical model fervthrious particles appearing in the calcula-
tion. This flag is to enable or disable coupled-channelsutations for the inverse channels provided a
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coupling scheme is given in the deformation database. Usingtational model at all can be set with
another keywordspherical y.
Examples

rotational n

rotational np a

Range rotational can be any combination of, p, d, t, handa
Default rotational n p. Warning: setting e.grotational a will thus automatically disable the default
setting. If this needs to be retained as well,re¢dtional n p a

spherical

Flag to enforce a spherical OMP calculation, regardlesh@favailability of a deformed OMP and a
coupling scheme. Direct inelastic scattering will thenteated by DWBA.
Examples

spherical n

Rangey orn
Default spherical n

maxrot

Number of excited levels to be included in a rotational baiha deformed nucleus for coupled-channels
calculations. For example, useaxrot 4 if the 07 — 2T — 4T — 6T — 8T states need to be included.
Examples

maxrot 4

Range 0 < maxrot < 10
Default maxrot 2

maxband

Maximum number of vibrational bands added to the rotatiooapling scheme, regardless of the number
of bands specified in the deformation database.
Examples

maxband 4

Range 0 < maxband < 10
Default maxband 0
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deformfile

File with deformation parameters and coupling schemes farmeat of the file is exactly the same as that
of the nuclear structure databaséys/structure/deformation/in practice, the user can copy a file from
this database, e.d-e.def to the working directory and change it. In this way, chanigehe “official”
database are avoided. Note that even if only changes forsot@pie are required, the entire file needs to
be copied if for the other isotopes the originally tabulatatlies are to be used. On the input line, we
readdeformfile, Z, filename.

Examples

deformfile 26 Fe.loc

Range deformfile can be equal to any filename, provided it starts with a charact
Default If deformfile is not given in the input file, discrete levels are taken ftatps/structure/deformation

giantresonance

Flag for the calculation of giant resonance contributiomshie continuum part of the spectrum. The
GMR, GQR, LEOR and HEOR are included.
Examples

giantresonance y

giantresonance n

Rangeyorn
Default giantresonance yfor incident neutrons and protorgiantresonance notherwise.

core
Integer to denote the even-even core for the weak-coupliodeifor direct scattering of odd-nuclei.
A value of -1 means the even-even core is determined by suiipigaa nucleon from the target nucleus,

while a value of +1 means a nucleon is added.
Examples

core 1

Range-lorl
Default core -1
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6.2.5 Compound nucleus
compound

Flag for compound nucleus calculation. This keyword candmuo disable compound nucleus evapo-
ration if one is for example only interested in high-energg-pquilibrium spectra.
Examples

compound y

compound n

Rangeyorn
Default compound y

widthfluc

Enabling or disabling width fluctuation corrections (WF@)dompound nucleus calculations, see Sec-
tion[£5.2. Fowidthfluc, the user has 3 possibilitieg; n or a value for the energy above which WFC'’s
are disabled. The latter option is helpful in the case of eutation with several incident energies. Then,
the user may want to set the width fluctuation off as soon amtiiéent energy is high enough, in order
to save computing time. We have taken care of this by the Hefaidthfluc=S, where S is the pro-
jectile separation energy«(8 MeV), of the target nucleus. This default is rather safegesiim practice
width fluctuation corrections are already negligible farident energies above a few MeV, because the
presence of many open channels reduces the correctiondtcpity zero, i.e. the WFC factors to 1.
Note that the disabling of width fluctuations fanyincident energy can be accomplishedviagthfluc

n, which is equivalent tavidthfluc 0. or any other energy lower than the (lowest) incident enegiy-
ilarly, widthfluc y, equivalent tawidthfluc 20., will activate width fluctuations for any incident energy.
To avoid numerical problems, width fluctuations are nevédecuated for incident energies beyond 20
MeV.

Examples

widthfluc y
widthfluc n

widthfluc 4.5

Rangey ornor 0. < widthfluc < 20.
Default widthfluc is equal to the projectile separation energy S, i.e. widtbtdiation corrections are
only used for incident energies below this value.
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widthmode

Model for width fluctuation corrections in compound nucleasulations, see Section 4.5.2.
Examples

widthmode 0: no width fluctuation, i.e. pure Hauser-Feshbach model
widthmode 1: Moldauer model
widthmode 2: Hofmann-Richert-Tepel-Weidenmuiller model

widthmode 3: GOE triple integral model

Range 0 < widthmode < 3
Default widthmode 1

fullhf

Flag for Hauser-Feshbach calculation using the full j,lpdimg. This keyword can be used to en-
able/disable the loop over total angular momentum of thetigge;’ in Eq. (ZI7#). Iffullhf n, the
transmission coefficients are averaged over j, reducingdlailation time of the full Hauser-Feshbach
model. In practice, the difference with the results fromfikiecalculation is negligible.

Examples

fullhf y
fullhf n

Rangey orn
Default fullhf n

eciscompound

Flag for compound nucleus calculation by ECIS-06, done malf@ with TALYS. This keyword is used
for checking purposes only and does not influence the TAL¥8Ite An ECIS input file is created that
contains the same discrete levels, level density parameter, as the TALYS calculation. The compound
nucleus results given by ECIS can be compared with the sssath TALYS, but are not used in TALYS.
The results are written on a separate ECIS output file.

Examples

eciscompound y

eciscompound n

Rangey orn
Default eciscompound n
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urr

Flag for the output of unresolved resonance parameters JUERce a full compound nucleus model
and all its parameters are included in TALYS, it is only a drstdp to produce the URR parameters
in the output. All calculated parameters, per incident gyeare stored in the filerr.dat. Energy-
dependent tables can be found in the filgsspacinglj.ILL, with LL the orbital angular momentum

in (i2.2) format, for the |,j-dependent neutron spacingneustrengthl.l00for the I-dependent neutron
spacing,urrneuwidth.ILLfor the neutron widthurrgamwidth.ILLfor the gamma widthurrfiswidth.ILL

for the fission width, andirrcomwidth.ILL for the competitive width, These can be used for evaluated
nuclear data files.

Examples

urry

urrn

Rangeyorn
Default urry

lurr

Maximum orbital angular momentum taken into account for UgdiRtulations. This keyword is only
active ifurry .
Examples

lurr 1

lurr 4

Range 0 < lurr < numl, wherenumlis specified irtalys.cmb(currently lurr=60).
Default lurr 2

urrnjoy

Flag for normalization of URR parameters with NJOY methotisTkeyword is only active itirr y . In
addition to the files mentioned under the keyword, a few other files are producedtrtalys.tot the
cross sections as calculated with the TALYS URR paramatengjoy.tot, the cross sections as calculated
with the NJOY URR method, angtrratio.tot, containing the ratio between the aforementioned two.
Examples

urrnjoy y
urrnjoy n

Rangey orn
Default urrnjoy y
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resonance

Flag for the output of low energy resonance cross sectidngesbnance y TALYS will read in reso-
nance parameters, from various possible sources, andhedRECENT code of Red Cullen's PREPRO
package. Low energy pointwise resonance cross sectiohbeviddded to channels like total, elastic,
fission and capture.

Examples

resonancey

resonance n

Rangey orn
Default resonance n

group

Flag for processing pointwise resonance cross sectiongimgrgy groups. This keyword is only relevant
if resonance y
Examples

groupy

group n

Rangey orn
Default group n

reslib

Choice for the source of the resonance parameters. Thisdkdyiw/only relevant ifesonance y
Examples

reslib default
reslib endfb7.1
reslib jendl4.0

reslib jeff3.2

Range One of the 4 choices listed above.
Default reslib default
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Tres

Temperature, in Kelvin, for the broadening of resonancéss Keyword is only relevant ifesonance y
Examples

Tres 600.

Tres 0.

Range 0. < Tres < 1.e12
Default Tres 293.16

skipCN

Flag to skip the decay of a compound nucleus altogether.ignathy, for example (A;n) reactions can
be skipped. Furhermore, the flag can be used for debuggimpees or other tests.
Examples

skipCN 40 91

skipCN 92 239

Range skipCN Z A.
Default skipCN not used.

6.2.6 Gamma emission

gammax

Maximum number of-values for gamma multipolarity, whereby= 1 stands for M1 and E1 transitions,
[ = 2 for M2 and E2 transitions, etc.

Examples

gammax 1

Range 1 < gammax< 6
Default gammax 2

gnorm

Normalisation factor for gamma-ray transmission coeffitiel his adjustable parameter can be used to
scale e.g. thén, ) cross section.
Examples
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gnorm 1.6

gnorm -1. (enforce automatic normalization)

Range 0. < gnorm < 100. or gnorm -1.
Default gnorm is given by the normalization factor of Eqi_(4179) &irength 1or 2.
strength

Model for E1 gamma-ray strength function, see Seclion 4.3. There arsdhilities.
Examples

strength 1: Kopecky-Uhl generalized Lorentzian
strength 2: Brink-Axel Lorentzian

strength 3: Hartree-Fock BCS tables

strength 4 : Hartree-Fock-Bogolyubov tables
strength 5: Goriely’s hybrid modell[126]
strength 6: Goriely T-dependent HFB

strength 7: T-dependent RMF

strength 8: Gogny D1M HFB+QRPA

Range 1-8
Default strength 1 for incident neutronsstrength 2 for other incident particles.

strengthM1

Model for M1 gamma-ray strength function. There are two possibilities.
Examples

strengthM1 1: Use Eq. [4.7b)

strengthM1 2: Normalize theM 1 gamma-ray strength function with thatBfl asfz1/(0.0588A%878).

Range 1-2
Default strengthM1 2
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electronconv

Flag for the application of an electron-conversion coedfition the gamma-ray branching ratios from
the discrete level file.
Examples

electronconv y

electronconv n

Rangey orn
Default electronconvy

ear

Energy of the giant dipole resonance in MeV. On the input, lwe readegr, Z, A, value, type of
radiation (the full symbol, i.e. M1, E1, E2, etc.), numbere$onance (optional). If the number of the
resonance is not given, it is assumed the keyword conceerfirsh Lorentzian.

Examples

egr419316.2 E1

egr9423913.7E12

Range 1. < egr < 100. The optional number of the resonance must be either 1 or 2.

Default egr is read from theaalys/structure/gammadirectory. If the value for the first resonance is not
present in the directory, it is calculated from systemase® Sectiof™4l3. If no parameter for the second
resonance is given, this term is omitted altogether.

sgr
Strength of the giant dipole resonance in millibarns. Oninpet line, we readgr, Z, A, value, type of
radiation (the full symbol, i.e. M1, E1, E2, etc.), number@$onance (optional). If the number of the
resonance is not given, it is assumed the keyword conceerfirsh Lorentzian.

Examples

sgr4193 221. E1

sgr 94 239384. E12

Range 0. < sgr < 10000.The optional number of the resonance must be either 1 or 2.

Default sgris read from thealys/structure/gammadirectory. If the value for the first resonance is not
present in the directory, it is calculated from systemaste® Sectiof 4L 3. If no parameter for the second
resonance is given, this term is omitted altogether.
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ggr

Width of the giant dipole resonance in MeV. On the input liwe,readggr, 7, A, value, type of radiation
(the full symbol, i.e. M1, E1, E2, etc.), number of resonaagetional). If the number of the resonance
is not given, it is assumed the keyword concerns the firstritaran.

Examples

ggr41935.03 E1

ggr 94 239 4.25 E1 2

Range 1. < ggr < 100. The optional number of the resonance must be either 1 or 2.

Default ggr is read from thealys/structure/gammadirectory. If the value for the first resonance is not
present in the directory, it is calculated from systemase® Section™4l3. If no parameter for the second
resonance is given, this term is omitted altogether.

egradjust

Normalisation factor for the energy of the giant dipole restce. This parameter can be used as a relative
normalisation instead of the absolute valuegf.
Examples

egradjust 45 104 0.9

Range 0.1 < egradjust < 10.
Default egradjustZ A1l..

sgradjust

Normalisation factor for the strength of the giant dipoleamance. This parameter can be used as a
relative normalisation instead of the absolute valusgyf
Examples

sgradjust 45 104 0.9

Range 0.1 < sgradjust < 10.
Default sgradjustZ A1l..

ggradjust

Normalisation factor for the width of the giant dipole reaane. This parameter can be used as a relative
normalisation instead of the absolute valuayof.
Examples



6.2. KEYWORDS 211
ggradjust 45 104 0.9

Range 0.1 < ggradjust < 10.
Default ggradjustZ A1l..

gamgam

The total radiative widthl’,, in eV. On the input line, we reagamgam Z, A, value.
Examples

gamgam 26 55 1.8
Range 0. < gamgam< 10.

Default gamgamis read from thealys/structure/resonancedirectory, or, if not present there, is taken
from interpolation, see Sectign#.3.

gamgamadjust

Normalisation factor for the average radiative width. This parameter can be used to scale e.g. the
(n,~y) cross section.
Examples

gamgamadijust 45 104 0.9

Range 0.1 < gamgamadjust< 10.
Default gamgamadjusZ A1l..

DO

The s-wave resonance spacibg in keV. On the input line, we read0, Z, A, value.
Examples

D0 26 55 13.

Range 1.e — 6 < D0 < 10000.
Default DOis read from thealys/structure/resonancedirectory.

SO

The s-wave strength functiosy, in units of 10~%. On the input line, we rea80, Z, A, value.
Examples
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S026556.90

Range 0. < S0< 10.
Default SOis read from thealys/structure/resonancedirectory.

etable

ConstantEy,;;; of the adjustment functio (4177) for tabulated gamma gitefunctions densities, per
nucleus. On the input line, we reathble 7, A, value.
Examples

etable 29 65 -0.6

Range -10. < etable < 10.
Default etablez AO.

ftable

Constantf"°" of the adjustment functior . {4J77) for tabulated gamma gffefunctions densities, per
nucleus. On the input line, we reftdble, Z, A, value.
Examples

ftable 29 65 1.2

Range 0.1 < ftable < 10.
Default ftableZ A1.

Elfile

File with tabulated E1 gamma-ray strength function. Thertatr of the file is the same as that of the
nuclear structure databatsys/structure/gamma/hfbOn the input line, we real1file, Z, A, filename.
Examples

Elfile 26 56 gam.loc

Range E1file can be equal to any filename, provided it starts with a charact
Default If Elfile is not given in the input file, the default appplies.

M1ifile

File with tabulated M1 gamma-ray strength function. Thenfat of the file is the same as that of the
nuclear structure databatsdys/structure/gamma/hfbOn the input line, we reaklll1file, Z, A, filename.
Examples



6.2. KEYWORDS 213
MZ1file 26 56 gam.loc

Range M1file can be equal to any filename, provided it starts with a charact
Default If M1file is not given in the input file, the default appplies.
fiso

Correction factor for isospin-forbidden transitions t-e®njugate nuclei[114]. Since isospin-dependent
level densities are currently not implemented in TALY Sstisia way to handle transitions #6= N or

Z = N =% 1 nuclei. On the input line, we rediso, projectileZ, A, value.

Examples

fison20402.2

Range 0.01< fiso < 100.
Default If Z = N, fiso 2.for incident neutrons and protorfiso 5. for incident alpha’s. 1Z = N + 1,
fiso 1.5for incident neutrons, protons and alpha’s. In all otheeséiso 1.

racap

Flag for the inclusion of the direct capture model, for aidditto the gamma cross section.
Examples

racap y

racap n

Rangeyorn
Default racap n

Idmodelracap

Level density model for direct capture model. There are ®apt
Examples

Idmodelracap 1 Spin-parity dependent ph-state densities
Idmodelracap 2 Total ph-state densities

Idmodelracap 3 Spin-parity dependent total level densitiédniodel 5)

Range 1 < Idmodelracap < 3
Default Idmodelracap 1
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sfexp

Experimental spectroscopic factor for direct capture tieas. This keyword is only active ifacap
y. On the input line, we readfexp, Z, A, discrete level, value. The input féf, A, discrete level, is
optional.

Examples

sfexp 20402 0.1
sfexp 2 0.3
sfexp 20 40 0.1

sfexp 0.2

Range 0. < sfexp< 10.
Default sfexpis taken fromtalys/structure/levels/spectrand if not available theresfexp Z A level
0.347

sfth

Theoretical spectroscopic factor for direct capture tieast for levels in the continuum. This keyword
is only active ifracap y. On the input line, we reasfth, Z, A, value. The input foZ, A, is optional.
Examples

sfth 2040 0.1

sfth 0.3

Range 0. < sfth < 10.
Default sfth Z A0.5.

epr

Energy of the Pygmy resonance in MeV. On the input line, we eg&, 7, A, value, type of radiation
(the full symbol, i.e. M1, E1, E2, etc.), number of resonaagetional). If the number of the resonance
is not given, it is assumed the keyword concerns the firstritaian.

Examples

epr419310.2 E1l

epr94 2398.7E12

Range 1. < epr < 100. The optional number of the resonance must be either 1 or 2.
Default no default.
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spr

Strength of the Pygmy resonance in millibarns. On the inm&, lwe readspr, Z, A, value, type of
radiation (the full symbol, i.e. M1, E1, E2, etc.), numberedonance (optional). If the number of the
resonance is not given, it is assumed the keyword conceerfirsh Lorentzian.

Examples

spr419321.6 E1
Spr9423934E12

Range 0. < spr < 10000.The optional number of the resonance must be either 1 or 2.
Default no default.

gpr

Width of the Pygmy resonance in MeV. On the input line, we rgpd Z, A, value, type of radiation
(the full symbol, i.e. M1, E1, E2, etc.), number of resonaagetional). If the number of the resonance
is not given, it is assumed the keyword concerns the firstritaran.

Examples

gpr41935.03 E1
gpr 94 239 4.25E1 2

Range 0.1 < gpr < 100. The optional number of the resonance must be either 1 or 2.
Default no default.

epradjust

Normalisation factor for the energy of the Pygmy resonanides parameter can be used as a relative
normalisation instead of the absolute valuepf.
Examples

epradjust 45 104 0.9

Range 0.1 < epradjust < 10.
Default epradjust Z Al.

spradjust

Normalisation factor for the strength of the Pygmy resoearihis parameter can be used as a relative
normalisation instead of the absolute valuesof.
Examples
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spradjust 45 104 0.9

Range 0.1 < spradjust < 10.
Default spradjust Z A1..

gpradjust

Normalisation factor for the width of the Pygmy resonancéiisTparameter can be used as a relative
normalisation instead of the absolute valugpf.
Examples

gpradjust 45104 0.9

Range 0.1 < gpradjust < 10.
Default gpradjust Z A1l..

upbendc

Normalisation factor for the low-energy upbend of the gammayastrength function.
Examples

upbendc 57 138 1.e-7 M1

Range 0. < upbendc< 1.e-5
Default upbendcz AOQ..

upbende

Energy-dependent factor for the low-energy upbend of timerga ray strength function.
Examples

upbende 57 138 1.5 M1

Range 0. < upbende< 10.
Default upbendeZ AOQ..

6.2.7 Pre-equilibrium

preequilibrium

Enabling or disabling the pre-equilibrium reaction medbiam For preequilibrium, the user has 3
possibilities:y, n or a value for the starting energy. The latter option is hélpfthe case of a calculation
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with several incident energies. Then, the user may want fgreesquilibrium contributions on as soon as
the incident energy is high enough. We have taken care obthike defaultpreequilibrium=Ex(Nm),
where Ex(Nm) is the excitation energy of the last discretellBim of the target nucleus. This default is
very safe, since in practice the pre-equilibrium contitrutoecomes only sizable for incident energies
several MeV higher than Ex(Nm). Note that the disabling efequilibrium foranyincident energy can
be accomplished bgreequilibrium n. Similarly, preequilibrium y, equivalent tgpreequilibrium 0.,
will enable pre-equilibrium for any incident energy.

Examples

preequilibriumy
preequilibrium n

preequilibrium 4.5

Range y orn or 0. < preequilibrium < 250.
Default preequilibrium is equal to Ex(NL), i.e. pre-equilibrium calculations aneluded for incident
energies above the energy of the last discrete level of tgettaucleus.

preegmode

Model for pre-equilibrium reactions. There are four potisies, see Sectioh4l4.
Examples

preegmode 1 Exciton model: Analytical transition rates with energgpendent matrix element.
preegmode 2 Exciton model: Numerical transition rates with energpeledent matrix element.

preegmode 3 Exciton model: Numerical transition rates with optical debfor collision proba-
bility.

preegmode 4 Multi-step direct/compound model

Range 1 < preegmode< 4
Default preegmode 2

multipreeq

Enabling or disabling multiple pre-equilibrium reactioreamanism. Fomultipreeq, the user has 3
possibilities:y, n or a value for the starting energy. The latter option is hélpfthe case of a calculation
with several incident energies. Then, the user may wantttmatiple pre-equilibrium contributions on
as soon as the incident energy is high enough. We have takeofdhis by the defaultnultipreeq 20..
This default is very safe, since in practice the multiple@gailibrium contribution becomes only sizable
for incident energies a few tens of MeV higher than the defadbte that the disabling of multiple pre-
equilibrium for any incident energy can be accomplished rayltipreeq n. Similarly, multipreeq vy,
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equivalent tanultipreeq 0., will activate multiple pre-equilibrium for any incidenhergy.
Examples

multipreeq y
multipreeq n

multipreeq 40.

Rangey orn or 0. < multipreeq < 250.
Default multipreeq 20., i.e. multiple pre-equilibrium calculations are includfeat incident energies
above this value. TALYS always sataultipreeq n if preequilibriumn .

mpreegmode

Model for multiple pre-equilibrium reactions. There aretpossibilities, see Secti@n 4.5.2 for an expla-
nation.
Examples

mpreegmode 1:Multiple exciton model

mpreegmode 2:Transmission coefficient method

Range 1 < mpreeqgmode< 2
Default mpreegmode 2

preeqgspin

Flag to use the pre-equilibrium or compound nucleus spitnildigion for the pre-equilibrium population
of the residual nuclides. For backward-compatibility wérlier versions of TALYS, the following
options are now possible:

Examples

preeqgspin nor preegspin 1 the pre-equilibrium spin distribution is made equal to thktive
spin-dependent population after compound nucleus emissio

preeqspin 2 the spin distribution from total level densities is adapte

preeqspin yor preeqspin 3 the pre-equilibrium spin distribution is based on paetibble state
densities

Rangey orn,orl < preeqspin< 3.
Default preeqspin n
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preegsurface

Flag to use surface corrections in the exciton model.
Examples

preeqsurface y

preeqsurface n
Rangeyorn

Default preeqsurface y

Esurf

Effective well depth for surface effects in MeV in the exctmodel, see EqQL{Z.D7).
Examples

Esurf 25.
Range 0. < Esurf < Efermi, whereEfermi = 38 MeV is the Fermi well depth.

Default Esurf is given by Eq.[4.97).

preeqcomplex

Flag to use the Kalbach model for pickup, stripping and kootkeactions, in addition to the exciton
model, in the pre-equilibrium region.
Examples

preeqcomplex y

preeqcomplex n

Rangey orn
Default preegcomplex y

twocomponent

Flag to use the two-component (y) or one-component (n) @xcitodel.
Examples

twocomponenty

twocomponent n

Rangey orn
Default twocomponenty
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pairmodel

Model for pairing correction for pre-equilibrium model.
Examples

pairmodel 1: Fu’s pairing energy correction, see Elg. (4.91).

pairmodel 2: Compound nucleus pairing correction

Range 1 < pairmodel < 2
Default pairmodel 1

M2constant

Overall constant for the matrix element, or the optical nisttength, in the exciton model. The parame-
terisation of the matrix element is given by Hgq. {41132) far bne-component model, and by Hq. {41112)
for the two-component modelM2constantis also used to scale the MSD cross section (preeqmode 4).
Examples

M2constant 1.22

Range 0. < M2constant < 100.
Default M2constant 1.

M2limit

Constant to scale the asymptotic value of the matrix elenmethie exciton model. The parameterisation
of the matrix element is given by Eq.{4.132) for the one-congnt model, and by EJ.{4.112) for the
two-component model.

Examples

M2limit 1.22

Range 0. < M2limit < 100.
Default M2limit 1.

M2shift

Constant to scale the energy shift of the matrix elementénetkciton model. The parameterisation of
the matrix element is given by EQ.{4.132) for the one-congmbrmodel, and by Eq[{4.1112) for the
two-component model.

Examples
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M2shift 1.22
Range 0. < M2shift < 100.
Default M2shift 1.

Rnunu

Neutron-neutron ratio for the matrix element in the two-poment exciton model, see EQ.(4.1110).
Examples

Rnunu 1.6
Range 0. < Rnunu < 100.
Default Rnunu 1.5
Rnupi

Neutron-proton ratio for the matrix element in the two-cament exciton model, see EG.{4110).
Examples

Rnupi 1.6
Range 0. < Rnupi < 100.
Default Rnupi 1.
Rpipi

Proton-proton ratio for the matrix element in the two-comgat exciton model, see Eq.{4.110).
Examples

Rpipi 1.6
Range 0. < Rpipi < 100.
Default Rpipi 1.
Rpinu

Proton-neutron ratio for the matrix element in the two-comgnt exciton model, see EG.{4.110).
Examples

Rpinu 1.6

Range 0. < Rpinu < 100.
Default Rpinu 1.
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Rgamma

Adjustable parameter for pre-equilibrium gamma decay.
Examples

Rgamma 1.22

Range 0. < Rgamma< 100.
Default Rgamma 2.

Cstrip

Adjustable parameter for the stripping or pick-up procésscale the complex-particle pre-equilibrium
cross section per outgoing particle, see Se¢fionl4.4.4h®mput line, we rea@strip, particle symbol,
and value.

Examples

Cstripd 1.3

Cstripa 0.4

Range 0. < Cstrip < 10.
Default Cstrip 1.

Cknock

Adjustable parameter for the knock-out process, to scaledmplex-particle pre-equilibrium cross sec-

tion per outgoing particle, see Section 414.4. In practieenucleon-induced reactions this parameter
affects only alpha-particles. This parameter is howeva aked as scaling factor for break-up reactions
(such as (d,p) and (d,n)). On the input line, we r€&kthock, particle symbol, and value.

Examples

Cknock a 0.4

Range 0. < Cknock < 10.
Default Cknock 1.

Cbreak

Adjustable parameter for the break-up process, to scaledmplex-particle pre-equilibrium cross sec-
tion per outgoing particle, see Section 414.4. On the inipet, e readCbreak, particle symbol, and
value.

Examples
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Cbreak d 1.3
Cbreak a 0.4

Range 0. < Chreak < 10.
Default Cbreak 1.

breakupmodel

Model for break-up reactions.
Examples

breakupmodel 1 Kalbach model

breakupmodel 2 Avrigeanu model

Range 1 < breakupmodel < 2
Default breakupmodel 1

ecisdwba

Flag for DWBA calculations for multi-step direct calculatis. If this calculation has already been per-
formed in a previous run, it may be helpful to pdisdwba n which avoids a new calculation and thus
saves time. We stress that it is the responsibility of the tsensure that the first run of a particular
problem is done witkecisdwba y If not, an appropriate error message will be given and TAkYs.
Examples

ecisdwbay

ecisdwba n
Rangeyorn

Default ecisdwbay

onestep

Flag for inclusion ofonly the one-step direct contribution in the continuum mukigstlirect model. This
is generally enough for incident energies up to about 14 MeX,thus saves computing time.
Examples

onestep y

onestep n

Rangey orn
Default onestep n
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msdbins

The number of emission energy points for the DWBA calcutafiar the multi-step direct model.
Examples

msdbins 8

Range 2 < msdbins< numenmsd/2-1 wherenumenmsdis specified in the filéalys.cmb Currently,
numenmsd=18
Default msdbins 6

Emsdmin

The minimal emission energy in MeV for the multi-step direatculation.
Examples

Emsdmin 8.

Range 0. < Emsdmin
Default Emsdminis equal toeninc/5.whereenincis the incident energy.

6.2.8 Level densities
Idmodel

Model for level densities. There are 3 phenomenologicalldensity models and 3 options for micro-
scopic level densities, see Sectfon]4.7. Since TALYS-1i4,possible to choose a level density model
per nuclide considered in the reaction.

Examples

Idmodel 1. Constant temperature + Fermi gas model

Idmodel 2 Back-shifted Fermi gas model

Idmodel 3. Generalised superfluid model

Idmodel 4: Microscopic level densities (Skyrme force) from Gorislyables

Idmodel 5: Microscopic level densities (Skyrme force) from Hilag&ombinatorial tables

Idmodel 6: Microscopic level densities (temperature dependent HEdyny force) from Hilaire's
combinatorial tables

Idmodel 2 41 93 Back-shifted Fermi gas model just for this particular rewd

Range 1 < Idmodel < 6
Default ldmodel 1
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colenhance

Flag to enable or disable explicit collective enhancemérnih® level density, using th& .., and K,
factors. This keyword can be used in combination withlt¢imeodel keyword. For fission, itolenhance

n, collective effects for the ground state are included imithi in the intrinsic level density, and collective
effects on the barrier are determined relative to the gratset. Since TALYS-1.4, itis possible to enable
or disable the collective enhancement per nuclide coresitierthe reaction.

Examples

colenhance y

colenhance y 41 93

Rangey orn
Default colenhance yif fission y, colenhance notherwise.

colldamp

Flag for damping of collective effects in effective levelnddy, i.e. in a formulation without explicit
collective enhancement. In practice, this option is onlkgdufor fission model parameterization as em-
ployed in Bruyeres-le-Chatel actinide evaluations (PaRoanain). Using it affects also the spin cutoff
parameterization. For fission, collective effects for theugd state are included implicitly in the intrinsic
level density, and collective effects on the barrier arearined relative to the ground state, see Section
E81.

Examples
colldamp y

Rangey orn
Default colldamp n

ctmglobal

Flag to enforce global formulae for the Constant TempeeaModel (CTM), see Section 4.7.1. By
default, if enough discrete levels are available the CTM albays make use of them for the estimation
of the level density at low energies. For an honest comparnigith other level density models, and
also to test the predictive power for nuclides for which necdkte levels are known, we have included
the possibility to perform a level density calculation wéthruly global CTM. In practice it means that
the matching energy,, is always determined from the empirical formUla{41274)ijlevii” and E,, are
determined fron¥,, through Eqsl{4.268) and (4.265), respectively. This flaglg relevant ifldmodel

1

Examples
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ctmglobal y

Rangeyorn
Default ctmglobal n

spincutmodel
Model for spin cut-off parameter for the ground state levehgities, see Sectidn 4.JF.1. There are 2

expressions.
Examples

spincutmodel 1 0% = 2, /Y

a
spincutmodel 2 ¢? = c\/g

Range 1 < spincutmodel < 2

Default spincutmodel 1

asys

Flag to use all level density parameters from systematicddfgult, i.e. to neglect the connection be-

tweena and Dy, even if an experimental value is available for the latter.
Examples

asysy

Rangeyorn
Default asys n

parity
Flag to enable or disable non-equiparity level densitiesprasent, this option only serves to average
tabulated parity-dependent level densitihrodel 5, 6 over the two parities (usingarity n), for

comparison purposes.
Examples

parity y

Rangey orn
Default parity n for Idmodel 1-4, parity y for [dmodel 5, &
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a
The level density parametarat the neutron separation energy in M&V On the input line, we read,

Z, A, value.
Examples

a419311.220

a 94 239 28.385

Range 1. <a<100.
Default ais read from thdalys/structure/densitydirectory or, if not present, is calculated from system-

atics, see Eq[{4.241).

alimit
The asymptotic level density parameterfor a particular nucleus, in MeV, see Eq.[[4.241). On the

input line, we readlimit, Z, A, value.
Examples

alimit 41 93 10.8

alimit 94 239 28.010

Range 1. < alimit < 100.
Default alimit is determined from the systematics given by Eq.(4.242).

alphald

Constant for the global expression for the asymptotic |degisity parametet, see Eq.[(4.242).
Examples

alphald 0.054
Range 0.01 < alphald < 0.2

Default alphald is determined from the systematics given by Tdblé 4.3, ddipgnon the used level
density model.

betald

Constant for the global expression for the asymptotic |degisity parametet, see Eq.[(4.242).
Examples
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betald 0.15

Range —0.5 < betald < 0.5with the extra condition that ifetald < 0. thenabs(betald) < alphald
(to avoid negativea values).

Default betald is determined from the systematics given by Tdblé 4.3, ddipgnon the used level
density model.

gammald

The damping parameter for shell effects in the level dengégameter, for a particular nucleus, in
MeV~!, see Eq.[{Z221). On the input line, we regmmald, Z, A, value.

Examples

gammald 41 93 0.051

Range 0. < gammald < 1.
Default gammald is determined from either Eq._{4.243) &r(4.249).

gammashelll

Constant for the global expression for the damping paranfi@tshell effects in the level density param-

etery, see Eq.[(4.243).
Examples

gammashelll 0.5

gammashelll 0.

Range 0. < gammashelll< 1.
Default gammashelllis determined from the systematics given by Tablé 4.3.

gammashell2

Constant for the global expression for the damping paranfi@tshell effects in the level density param-

etery, see Eq.[(4.243).
Examples

gammashell2 0.054

gammashelll 0.

Range 0. < gammashell2< 0.2
Default gammashell2=0.
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aadjust

Multiplier to adjust the level density parameterOn the input line, we readadjust, Z, A and value.
Examples

aadjust 41 93 1.04

Range 0.5 < aadjust < 2.
Default aadjustZ A 1.

shellmodel

Model for liquid drop expression for nuclear mass, to be ueazalculate the shell correction. There are
2 expressions.
Examples

shellmodel 1 Myers-Siatecki

shellmodel 2 Goriely

Range 1 < shellmodel< 2
Default shellmodel 1

kvibmodel

Model for the vibrational enhancement of the level dendityere are 2 expressions.
Examples

kvibmodel 1: Eq. (£313)
kvibmodel 2: Eq. (4307)

Range 1 < kvibmodel < 2
Default kviomodel 2

pairconstant

Constant for the pairing energy expression in MeV, see [EG6[.
Examples

pairconstant 11.3

Range 0. < pairconstant < 30.
Default pairconstant=12.
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pair

The pairing correction in MeV. On the input line, we rgaalr, Z, A, value.
Examples

pair 94 239 0.76

Range 0. < pair < 10.
Default pair is determined from Eq{Z.2V8).

deltaW

Shell correction of the mass in MeV, see Hq.(41241). On thetitine, we readleltaW, Z, A, value,
the ground state or fission barrier to which it applies (omlp If the fission barrier is not given or is
equal to 0, it concerns the ground state of the nucleus.

Examples

deltaw 41 93 0.110
deltaw 94 239 -0.262 1

Range —20. < deltawW < 20.
Default deltaW is determined from Eq{4.214).

Nlow

Lower level to be used in the temperature matching probletheoGilbert and Cameron formula. On the
input line, we readNlow, Z, A, value, the ground state or fission barrier to which it agplaptional). If
the fission barrier is not given or equal to 0, it concerns tloeigd state of the nucleus.

Examples

Nlow 41 93 4
Nlow 94 2392 1

Range 0 < Nlow < 200
Default Nlow Z A2

Ntop

Upper level to be used in the temperature matching probletmeoGilbert and Cameron formula. On the
input line, we readNtop, Z, A, value, the ground state or fission barrier to which it agpl@ptional). If
the fission barrier is not given or equal to 0, it concerns tloeigd state of the nucleus.

Examples
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Ntop 41 93 14

Ntop 94 23920 1
Range 0 < Ntop < 200, andNtop > Nlow.

Default Ntop is read from thealys/structure/density/nmadirectory. If not present ther&ltop is equal
to the last discrete level used for the Hauser-Feshbachlattm.

Exmatch

The matching energy between the constant temperature amd §as region in MeV, see EJ._(4.264).
On the input line, we reaxmatch, Z, A, value, the ground state or fission barrier to which it agplie
(optional). If the fission barrier is not given or is equal tat@oncerns the ground state of the nucleus.
Examples

Exmatch 41 93 4.213
Exmatch 94 239 5.556 2

Range 0.1 < Exmatch < 20.
Default Exmatch is determined from Eq{4.2V1).

T

The temperature of the Gilbert-Cameron formula in MeV, see{(EZ68). On the input line, we redd
7, A, value, the ground state or fission barrier to which it agplegtional). If the fission barrier is not
given or is equal to 0, it concerns the ground state of theauscl

Examples

T41930.332
T942390.673 1

Range 0.001 <T < 10.
Default T is determined from Eq[{4.258).

EOQ

The "back-shift” energy of the four-component formula in Wlsee Eq.[{4.285). On the input line, we
readEO, Z, A, value, the ground state or fission barrier to which it agplieptional). If the fission
barrier is not given or is equal to 0, it concerns the grouatesdf the nucleus.

Examples

E0 4193 0.101
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E094239-0.4511

Range —10. < EO0 < 10.
Default EOQis determined from Eq{4.255).

Exmatchadjust

Normalisation factor for the matching energy of the fouragmnent formula. This parameter can be used
as a relative normalisation instead of the absolute valde 6 the input line, we realxmatchadjust,

Z, A, value, the ground state or fission barrier to which it agp{@ptional). If the fission barrier is not
given or is equal to 0, it concerns the ground state

Examples

Exmatchadjust 41 93 0.9

Exmatchadjust 94 239 -1.13 1

Range 0.1 < Exmatchadjust < 10.
Default ExmatchadjustZ A1l..

Tadjust

Normalisation factor for the temperature of the four-comgrt formula. This parameter can be used as
a relative normalisation instead of the absolute valu&.oDn the input line, we readadjust, Z, A,
value, the ground state or fission barrier to which it applgggional). If the fission barrier is not given
or is equal to 0, it concerns the ground state

Examples

Tadjust 41 93 0.9

Tadjust 94 239 -1.13 1

Range 0.1 < Tadjust < 10.
Default Tadjust Z A1l..

EOadjust

Normalisation factor for the "back-shift” energy of the fecomponent formula. This parameter can be
used as a relative normalisation instead of the absolutewdEOQ. On the input line, we reaBOadjust,

7, A, value, the ground state or fission barrier to which it agplegtional). If the fission barrier is not
given or is equal to 0, it concerns the ground state

Examples
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EOadjust 41 93 0.9

EOadjust 94 239-1.13 1

Range 0.1 < EOadjust < 10.
Default EOadjustZ A1..

Pshift
An extra pairing shift for adjustment of the Fermi Gas levensity, in MeV. On the input line, we read

Pshift, Z, A, value.
Examples

Pshift 60 142 0.26

Range —10. < Pshift < 10.
Default Pshift is determined from Eqs[ {4260}, {4.278), br (41292), ddpenon the level density
model.

Pshiftadjust

Adjustable pairing shift for adjustment of the Fermi Galalensity, in MeV. The difference witRshift
is that the default is 0. On the input line, we reé@shiftadjust, Z, A, value.
Examples

Pshiftadjust 60 142 -0.13

Range —10. < Pshift < 10.
Default Pshift O..

Pshiftconstant

Global constant for the adjustable pairing shift in MeV.
Examples

Pshiftconstant 1.03

Range —5. < Pshiftconstant< 5.
Default Pshiftconstant=1.09for I[dmodel 3 andPshiftconstant=0.otherwise.
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Ufermi

Constani/; of the phenomenological function{4.319) for damping ofexttive effects, in MeV.
Examples

Ufermi 45.

Range 0. < Ufermi < 1000.
Default Ufermi 30.

cfermi

Width C' of the phenomenological Fermi distributidn {4.819) for gamg of collective effects, in MeV.
Examples

cfermi 16.

Range 0. < cfermi < 1000.
Default cfermi 10.

Ufermibf
Constantl/; of the phenomenological functiof{4.319) for damping oflexiive effects on the fission

barrier, in MeV.
Examples

Ufermibf 90.

Range 0. < Ufermibf < 1000.
Default Ufermibf 45.

cfermibf
Width C of the phenomenological Fermi distributidn (4.819) for gémgy of collective effects on the

fission barrier, in MeV.
Examples

cfermibf 16.

Range 0. < cfermibf < 1000.
Default cfermibf 10.
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Rspincut

Global adjustable constant for spin cut-off parameter. @d®54) is multiplied byRspincut for all
nuclides in the calculation.
Examples

Rspincut 0.8

Range 0. < Rspincut < 10.
Default Rspincut 1.

s2adjust

Adjustable constant for spin cut-off parameter per nucligig. [£25%) is multiplied bg2adjust On the
input line, we read2adjust, Z, A, value, fission barrier. If the number of the fission barrsendt given
or is equal to 0, it concerns the ground state.

Examples

s2adjust 41 93 0.8
s2adjust 94 239 1.1 2

Range 0.01< s2adjust< 10.
Default s2adjustZ A1l.

beta?2

Deformation parameter for moment of inertia for the groutadesor fission barrier, see E.{4.815). On
the input line, we realleta2 7, A, value, fission barrier. If the number of the fission barrsemat given

or is equal to 0, it concerns the ground state.

Examples

beta2 90 232 0.3
beta2 94239 1.1 2

Range 0. < beta2< 1.5
Default beta2Z A 0. for the ground statdyeta2 Z A 0.6 for the first barrierpbeta2 0.8for the second
barrier, andbeta2Z A 1. for the third barrier, if present.

Krotconstant

Normalization constant for rotational enhancement foigitweind state or fission barrier, to be multiplied
with the r.h.s. of Eq.[{4£316). On the input line, we rdawtconstant, Z, A, value, fission barrier. If
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the number of the fission barrier is not given or is equal td €pmncerns the ground state.
Examples

Krotconstant 90 232 0.4

Krotconstant 94 239 1.1 2

Range 0.01 < Krotconstant < 100.
Default Krotconstant Z A1.

ctable

Constant: of the adjustment functioi.{4.323) for tabulated level déess per nucleus. On the input line,
we readctable, Z, A, value, and (optionally) fission barrier.
Examples

ctable 29 65 2.8
ctable 92234 0.11

Range -10. < ctable < 10.
Default ctableZ AO.

ptable

Constant) of the adjustment functiof {4.3R3) for tabulated level d&ss per nucleus. On the input line,
we readptable, Z, A, value, and (optionally) fission barrier.
Examples

ptable 29 65 -0.6

ptable 92 237 0.2 1

Range -10. < ptable < 10.
Default ptable Z AO.

cglobal

Constant of the adjustment functio {4.323) for tabulated level i applied for all nuclides at the
same time. Individual cases can be overruled bycthble keyword. On the input line, we readlobal,
value.

Examples

cglobal 1.5
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Range -10. < cglobal < 10.
Default cglobal 0.

pglobal

Constant of the adjustment functiofi.{4.3P3) for tabulated level dtess applied for all nuclides at the
same time. Individual cases can be overruled bypthable keyword. On the input line, we reglobal,
value.

Examples

pglobal 0.5

Range -10.
eq pglobal < 10
Default pglobal 0.

phmodel

Model for particle-hole state densities.There are two ipdgees.
Examples

phmodel 1: Phenomenological particle-hole state densities

phmodel 2: Microscopic particle-hole state densities

Range 1 < phmodel < 2
Default phmodel 1

Kph

Value for the constant of the single-particle level denpidyameter, i.eg = A/K,, Of g = Z/Kpp,
andg, = N/Kpy,
Examples

Kph 12.5
Range 1. < Kph < 100.
Default Kph 15.
g

The single-patrticle level density parameggn MeV—!. On the input line, we reag, Z, A, value.
Examples



238 CHAPTER 6. INPUT DESCRIPTION

g41937.15

g 94239 17.5

Range 0.1 < g < 100.
Default g = A/Kph

gp

The single-particle proton level density parametein MeV~!. On the input line, we readp, Z, A,
value.
Examples

gp 4193 3.15

gp942397.2

Range 0.1 < gp < 100.
Default gp = Z/Kph

gn

The single-particle neutron level density parametem MeV—!. On the input line, we reagn, Z, A,
value.
Examples

gn41934.1

gn 94 239 11.021

Range 0.1 < gn < 100.
Default gn = N/Kph

gpadjust
Multiplier to adjust the partial level density parameggr On the input line, we reagpadijust, Z, A and

value.
Examples

gpadjust 41 93 1.04

Range 0.5 < gpadjust < 2.
Default gpadjustZ A1l.
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gnadjust
Multiplier to adjust the partial level density parameger On the input line, we reaghadijust, Z, A and

value.
Examples

gnadjust 41 93 1.04

Range 0.5 < gnhadjust < 2.
Default gnadjustZ A1l.
gshell

Flag to include the damping of shell effects with excitatiemergy in single-particle level densities.
The Ignatyuk parameterisation for total level densitiesl$® applied to the single-particle level density
parameters.

Examples

gshell y

gshell n

Rangey orn
Default gshell n
6.2.9 Fission
fission

Flag for enabling or disabling fission. By defatilésion is enabled if the target mass is above 209.
Hence, for lower masses, it is necessary tdisseton ymanually at high incident energies (subactinide
fission).

Examples

fission y

fission n

Rangey or n. Fission is not allowed fod < 56
Default fission yfor A > 209, fission nfor A < 209. The default enabling or disabling of fission is
thus mass dependent.



240 CHAPTER 6. INPUT DESCRIPTION

fismodel

Model for fission barrierstismodelis only active iffission y. There are 5 possibilities:
Examples

fismodel 1 “experimental” fission barriers

fismodel 2 theoretical fission barriers, Mamdouh table
fismodel 3 theoretical fission barriers, Sierk model
fismodel 4 theoretical fission barriers, rotating liquid drop

fismodel 5 WKB approximation for fission path model

Range 1 < fismodel< 5
Default fismodel 1

fismodelalt

"Back-up” model for fission barriers, for the case that theapzeters of the tables usedfiamodel 1-2
are not available. There are two possibilities:
Examples

fismodelalt 3: theoretical fission barriers, Sierk model

fismodelalt 4: theoretical fission barriers, rotating liquid drop model

Range 3 < fismodelalt< 4
Default fismodelalt 4

axtype

Type of axiality of the fission barrier. There are five options

1: axial symmetry

2: left-right asymmetry

3: triaxial and left-right asymmetry
4: triaxial no left-right asymmetry

5! no symmetry
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On the input line, we readxtype, Z, A, value, fission barrier. If the number of the fission barrgenot
given or is equal to 0, it concerns the first barrier.
Examples

axtype 90 232 3

axtype 94 23912

Range 1 < axtype <5
Default axtype 2 for the second barrier any > 144, axtype 3for the first barrier andV > 144,
axtype 1for the rest.

fisbar

Fission barrier in MeV. On the input line, we refidbar, Z, A, value, fission barrier. This keyword
overrules the value given in the nuclear structure databHsbhe number of the fission barrier is not
given or is equal to 0, it concerns the first barrier.

Examples

fisbar 90 232 5.6

fisbar 94 239 6.1 2

Range 0. < fisbar < 100.
Default fisbar is read from thealys/structure/fissiondirectory, or determined by systematics according
to the choice ofismodel

fishw

Fission barrier width in MeV. On the input line, we reig&ghw, 7, A, value, fission barrier. This keyword
overrules the value given in the nuclear structure databHshe number of the fission barrier is not
given or is equal to 0, it concerns the first barrier.

Examples

fishw 90 232 0.8

fishw 94 239 1.1 2

Range 0.01 < fishw < 10.
Default fishw is read from thealys/structure/fissiondirectory or determined by systematics, according
to the choice ofismodel
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fisbaradjust

Normalisation factor for the fission barrier. This paramesmn be used as a relative normalisation instead
of the absolute value dfsbar. On the input line, we reafisbaradjust, Z, A, value, fission barrier. If
the number of the fission barrier is not given or is equal toé €pmcerns the first barrier.

Examples

fisbaradjust 90 232 0.9

fisbaradjust 94 239 1.13 2

Range 0.1 < fisbaradjust < 10.
Default fisbaradjust Z A1..
fishwadjust

Normalisation factor for the fission barrier width. This @areter can be used as a relative normalisation
instead of the absolute value fishw. On the input line, we reafishwadjust, Z, A, value, fission
barrier. If the number of the fission barrier is not given oedgial to 0, it concerns the first barrier.
Examples

fishwadjust 90 232 0.9

fishwadjust 94 239 1.13 2

Range 0.1 < fishwadjust < 10.
Default fishwadjustZ A1l..

Rtransmom
Normalization constant for moment of inertia for transitistates, see Eq._{4.315). On the input line, we
readRtransmom, Z, A, value, fission barrier. If the number of the fission barmsemdt given or is equal

to O, it concerns the first barrier.
Examples

Rtransmom 90 232 1.15

Rtransmom 94 239 1.1 2

Range 0.1 < Rtransmom < 10.
Default Rtransmom 0.6for the first barrierRtransmom 1.0for the other barriers.
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hbstate

Flag to use head band states in fission.
Examples

hbstate y

hbstate n

Rangey orn.
Default hbstate .

hbtransfile

File with head band transition states. The format of the §ilexactly the same as that of the nuclear
structure databadalys/structure/fission/barrier/In practice, the user can copy a file from this database,
e.g. U.bar, to the working directory and change it. In this way, chanigethe “official” database are
avoided. Note that one file in the working directory can orgyused for one isotope. On the input line,
we readhbtransfile, Z, A, filename.

Examples

hbtransfile 92 238 u238.hb
Range hbtransfile can be equal to any filename, provided it starts with a charact

Default If hbtransfile is not given in the input file, the head band transition statestaken from the
talys/structure/fission/statafatabase.

class?

Flag for the enabling or disabling of class Il/Ill states ssfon.class?2is only active iffission y.
Examples

class2y

class2 n

Rangeyorn
Default class2 y

Rclass2mom

Normalization constant for moment of inertia for classlllitates, see EqL{4.3115). On the input line,
we readRclass2mom Z, A, value, fission barrier. If the number of the fission barrgendt given or is
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equal to 0, it concerns the first barrier well.
Examples

Rclass2mom 90 232 1.15

Rclass2mom 94 239 1.1 2

Range 0.1 < Rclass2mom< 10.
Default Rclass2momZ A 1.

class2width

Width of class Il/lll states. On the input line, we reeldss2width Z, A, value, fission barrier. If the
number of the fission barrier is not given or is equal to 0, ta@ns the first barrier well.
Examples

class2width 90 232 0.35

class2width 94 239 0.15 2

Range 0.01 < class2width< 10.
Default class2widthZ A0.2

class2file

File with class Il/lll transition states. The format of théefis exactly the same as that of the nuclear
structure databadalys/structure/fission/stateslh practice, the user can copy a file from this database,
e.g.class2states.e¢o the working directory and change it. In this way, charigake “official’ database
are avoided. Note that one file in the working directory caly twe used for one isotope. On the input
line, we reactlass2file Z, A, filename.

Examples

class2file 92 238 u238.c2

Range class2filecan be equal to any filename, provided it starts with a charact
Default If class2fileis not given in the input file, the head band transition statestaken from the
talys/structure/fission/statafatabase.

betafiscor

Factor to adjust the width of the WKB fission path. (only applforfismodel 5. On the input line, we
readbetafiscor, Z, A, value.
Examples
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betafiscor 92 239 1.2

Range 0.1 < betafiscor < 10.
Default betafiscorZ A 1.
viiscor

Factor to adjust the height of the WKB fission path. (only &spforfismodel §. On the input line, we
readvfiscor, Z, A, value.
Examples

vfiscor 92 239 0.9

Range 0.1 < vfiscor < 10.
Default vfiscor Z A1l.

Rfiseps

Ratio for limit for fission cross section per nucleus. Thisgmaeter determines whether the mass distri-
bution for a residual fissioning nucleus will be calculat€doss sections smaller th&fisepstimes the
fission cross section are not used in the calculations, iardadreduce the computation time.

Examples

Rfiseps 1.e-5

Range 0. < Rfiseps< 1.
Default Rfiseps 1.e-3

fymodel

Model for the calculation of fission yields.
Examples

fymodel 1. Brosa model (the only option until TALYS-1.4)
fymodel 2 GEF model from Schmidt-Jurado [115]

fymodel 3: GEF model from Schmidt-Jurado [115], but evaporation @lidis fragments done by
Hauser-Feshbach model of TALYS

Range 1 < fymodel < 3
Default fymodel 1
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outfy

Detailed output of fission yields from each excited bin.
Examples

outfy y
outfy n

Rangeyorn
Default outfy n
ffspin

Flag to enable a choice between spin dependent excitatiwetidms for excited fission fragments as
emerging from GEF, or assignment of spin distributions by.Y&. This only applied tdymodel 3.
Examples

ffspiny
ffspin n
Rangeyorn

Default ffspin n

gefran

Number of random samples for GEF calculation.
Examples

gefran 18000
Range 1000 < gefran < 1000000
Default gefran 50000

massdis

Flag for the calculation of the fission-fragment mass distion.
Examples

massdis y

massdis n

Rangeyorn
Default massdis n
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ffevaporation

Flag to enable phenomenological correction for evaporamdrons from fission fragments with the
Brosa model.
Examples

ffevaporation y

ffevaporation n

Rangeyorn
Default ffevaporation n

6.2.10 Medical isotope production
production

Flag to calculate medical isotope production.
Examples

production y

production n

Rangeyorn
Default production n

Ebeam

The incident energy of the particle beam in MeV. This keywiordnly active ifproduction y.
Examples

Ebeam 140.

Ebeam 16.

Range 101! MeV < Ebeam < Emax MeV, where Emax is the highest incident energy.
Default None,Ebeammust be given ifproduction y.

Eback

The lower end of the energy range at the back end of the tangetel. This energy degradation is
directly related to the effective thickness of the targdtiskeyword in only active iproduction y.
Examples
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Eback 130.
Eback 12.

Range Emin < Eback < Ebeam, where Emin is the lowest incident energy.
Default Eback = Ebeam - 5MeV.

Ibeam

Particle beam current in mA. This keyword in only active@ibduction y.
Examples

Ibeam 0.1

Ibeam 5.

Range 0 <= Ibeam <= 10000
Default Ibeam 1. mA.

Area

Area of the target in cf This keyword in only active iproduction y.
Examples

Area 1.

Range 0 <= Area <= 10000
Default Area 10.cn?.

rho

Material density of the target in g/émThis keyword in only active iproduction y.
Examples

rho 10.

Range 0 <= rho <= 100
Default rho 1. is read from a hardwired material density table.

radiounit

Unit for radioactivity, to be used in the output files for igpé production. This keyword in only active
if productiony.
The following units are possihle
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radiounit Bq : Becquerel
radiounit kBq : kiloBecquerel
radiounit MBq : MegaBecquerel
radiounit GBq : GigaBecquerel
radiounit Ci : Curie

radiounit mCi : milliCurie

radiounit kCi : kiloCurie

Range radiounit should be equal to one of the units above.
Default radiounit Mbq .

yieldunit

Unit for isotope yield, in weight or number of isotopes. Tkéyword in only active ifproduction y.
The following units are possihle

yieldunit mug: microgram
yieldunit mg: milligram

yieldunit g: gram

yieldunit kg : kilogram

yieldunit num: number of isotopes

Range yieldunit should be equal to one of the units above.
Default yieldunit num.

Tirrad

Irradiation time. A general input for the irradiation timashbeen enabled. On the input line we read
integer values and time units, which can be y (years), d {d&yéours), m (minutes) or s (seconds).
These all need to be separated by blanks. This keyword inamtiye if production y.

Examples

Tirrad 2d5h
Tirrad 32h30m
Tirrad 1d6h24mil2s

Range 0 <= Tirrad <= le6for every time unit.
Default Tirrad 1 d.
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Tcool

Target cooling time. A general input for the cooling time l@en enabled. On the input line we read
integer values and time units, which can be y (years), d jddycours), m (minutes) or s (seconds).
These all need to be separated by blanks. This keyword inamtiye if production y.

Examples

Tcool 2d5h
Tcool 32h30m

Tcool 1dé6m24mil2s

Range 0 <= Tcool <= le6for every time unit.
Default Tcool 1 d.

6.2.11 Output

The output can be made as compact or as extensive as you like.cdn be specified by setting the
following keywords. We especially wish to draw your attentito the several keywords that start with
"file”, at the end of this section. They can be very helpful if yoredily want to have specific results
available in a single file. Note that if you perform calcuwat with several incident energies, the files
produced with thesefile” keywords are incrementeduring the calculation. In other words, you can
already plot intermediate results before the entire catmr has finished.

outmain

Flag for the main output. The header of TALYS is printed, thge with the input variables and the
automatically adopted default values. Also the most imgrdrcomputed cross sections are printed.
Examples

outmainy

outmain n

Rangeyorn
Default outmainy

outbasic

Flag for the output oéll basic information needed for the nuclear reaction calarasuch as level/bin
populations, numerical checks, optical model parameteassmission coefficients, inverse reaction
cross sections, gamma and fission information, discreteldeand level densities. Hutbasic is set
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to y or n, the keywordsoutpopulation, outcheck outlevels outdensity, outomp, outdirect, outdis-
crete, outinverse, outgammaandoutfission (see below for their explanation) will all be set to the same
value automatically. Settingutbasic yis generally not recommended since it produces a rathee larg
output file. Less extensive output files can be obtained bglergpsome of the aforementioned keywords
separately.

Examples

outbasic y

outbasic n

Rangey orn
Default outbasic n
outpopulation

Flag for the output of the population, as a function of extwtaenergy, spin and parity, of each compound
nucleus in the reaction chain before it decays.
Examples

outpopulation y

outpopulation n

Rangey orn
Default the same value asutbasic outpopulation n

fisfeed

Flag for the output of the fission contribution per excitatenergy bin. This allows to couple TALYS
with e.qg. fission yield software, by using the feeding perdmrinput for normalization. The associated
files have the namBsZZZAAA.nexwvhere ZZZ is the charge number and AAA is the mass number in
(i3.3) format.

Examples

fisfeed y

fisfeed n

Rangeyorn
Default fisfeed n
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outcheck

Flag for the output of various numerical checks. This is teathinterpolation schemes for the transfor-
mation from the emission grid to the excitation energy grid &ice versa, and to test the WFC method
by means of flux conservation in the binary compound nuclalsutation. Also, the emission spectra
integrated over energy are compared with the partial cressoss, and summed exclusive channel cross
sections are checked against total particle productioascsections and residual production cross sec-
tions.

Examples

outcheck y

outcheck n

Rangeyorn
Default the same value asutbasic outcheck n

outlevels
Flag for the output of discrete level information for eacttleus. All level energies, spins parities,

branching ratios and lifetimes will be printed.
Examples

outlevels y

outlevels n

Rangeyorn
Default the same value asutbasic outlevels n

outdensity

Flag for the output of level density parameters and levesities for each residual nucleus.
Examples

outdensity y

outdensity n

Rangey orn
Default the same value asutbasic outdensity n
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outomp

Flag for the output of optical model parameters for eachiggarand energy.
Examples

outomp y

outomp n

Rangey orn
Default the same value asutbasic outomp n

outdirect
Flag for the output of the results from the direct reactiolcwation of ECIS (DWBA, giant resonances
and coupled-channels).

Examples

outdirect y

outdirect n

Rangey orn
Default the same value asutbasic outdirect n

outinverse

Flag for the output of particle transmission coefficientd averse reaction cross sections.
Examples

outinverse y

outinverse n

Rangeyorn
Default the same value asutbasic outinverse n

outtransenergy

Flag for the output of transmission coefficients sorted pargy §) or per angular momenturm).
outtransenergyis only active ifoutinverse .
Examples

outtransenergy y
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outtransenergy n

Rangeyorn
Default outtransenergy y

outecis
Flag for keeping the various ECIS output files produced duamALYS run. This is mainly for diag-

nostic purposes.
Examples

outecis y

outecis n

Rangeyorn
Default outecis n

outgamma
Flag for the output of gamma-ray parameters, strength iflumst transmission coefficients and reaction

Cross sections.
Examples

outgammay

outgamma n

Rangeyorn
Default the same value asutbasic outgamma n

outpreequilibrium

Flag for the output of pre-equilibrium parameters and ceesgions.outpreequilibrium is only active
if preequilibriumy .
Examples

outpreequilibrium y

outpreequilibrium n

Rangey orn
Default outpreequilibrium n
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outfission

Flag for the output of fission parameters, transmissionficbefits and partial cross sectiormutfission
is only active iffission y.
Examples

outfission y

outfission n

Rangeyorn
Default the same value asutbasic outfission n

outdiscrete

Flag for the output of cross sections to each individualrdigcstate. This is given for both the direct and
the compound component.
Examples

outdiscrete y

outdiscrete n

Rangeyorn
Default the same value asutbasic outdiscrete n

adddiscrete

Flag for the addition of energy-broadened non-elasticscsestions for discrete states to the continuum
spectraadddiscreteis only active ifoutspectra y.
Examples

adddiscrete y

adddiscrete n

Rangey orn
Default adddiscrete y

addelastic

Flag for the addition of energy-broadened elastic crossogsecto the continuum spectra. This case is
treated separately fromdddiscrete since sometimes the elastic contribution is already aoted from
the experimental spectruraddelasticis only active ifoutspectra y.

Examples
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addelastic y

addelastic n

Rangey orn
Default the same value adddiscrete addelastic y

outspectra

Flag for the output of angle-integrated emission spectra.
Examples

outspectra y

outspectra n

Rangey orn
Default outspectra yif only one incident energy is given in the input file, andtspectra nfor more
than one incident energy.

outbinspectra

Flag for the output of emission spectra per compound nudbius outbinspectra is only active if
outspectra yandpopulation y.
Examples

outbinspectray

outbinspectra n

Rangeyorn
Default outbinspectra n.

elwidth

Width of elastic peak in MeV. For comparison with experinaiaingle-integrated and double-differential
spectra, it may be helpful to include the energy-broademesscsections for discrete states in the high-
energy tail of the spectralwidth is the width of the Gaussian spreading that takes care ofehigdth

is only active ifoutspectra yor if ddxmode 1, 2or 3.

Examples

elwidth 0.2

Range 1.e — 6 < elwidth< 100
Default elwidth 0.5
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outangle

Flag for the output of angular distributions for scatteringliscrete states.
Examples

outangle y

outangle n

Rangey orn
Default outangle n

outlegendre

Flag for the output of Legendre coefficients for the angulairithutions for scattering to discrete states.
outlegendreis only active ifoutangle y.
Examples

outlegendre y

outlegendre n

Rangey orn
Default outlegendre n

ddxmode

Option for the output of double-differential cross secsioihere are 4 possibilities.
Examples

ddxmode Q No output.
ddxmode 1 Output per emission energy as a function of angle (angusarilaltions).
ddxmode 2 Output per emission angle as a function of energy (spectra)

ddxmode 3 Output per emission energy and per emission angle.

Range 0 < ddxmode< 3

Default ddxmode Q If there is afileddxe keyword, see p[C262, in the input fildgxmode 1will be
set automatically . If there is fleddxa keyword, see p[C283, in the input filddxmode 2will be set
automatically. If botHileddxe andfileddxa are presentldxmode 3will be set automatically.
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outdwba

Flag for the output of DWBA cross sections for the multi-sti@ct model.
Examples

outdwba y

outdwba n

Rangeyorn
Default outdwba n

outgamdis

Flag for the output of discrete gamma-ray intensities. Alggible discrete gamma transitions for all
nuclei are followed. In the output they are given in tablesmelide and for each decay from state to
state.

Examples

outgamdis y

outgamdis n

Rangeyorn
Default outgamdis n

outexcitation

Flag for the output of excitation functions, i.e. cross med as a function of incident energy, such as
residual production cross sections, inelastic cross@es;tetc.
Examples

outexcitation y
outexcitation n
Rangeyorn

Default outexcitation n if only one incident energy is given in the input file, aodtexcitation y for
more than one incident energy.

endf

Flag for the creation of various output files needed for theeabling of an ENDF-6 formatted file.
Apart from the creation of various files that will be discu$$er the following keywords, a filendf.tot
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is created which contains the reaction, elastic and totzscsections (calculated by ECIS) on a fine
energy grid. Also a filadlecay.Xwill be created, with X the ejectile symbol in (al) formatattcon-
tains the discrete gamma decay probabilities for the bimesydual nuclides. This will be used for
gamma-ray production from discrete binary levels. In addito all the output detailed below, the
continuum gamma-ray spectra per residual nucleus andeincahergy will be stored in filegamzZZZA-
AAEYYY.YYY.towhere where ZZZ is the charge number and AAA is the mass numigi8.3) format,
and YYY.YYY is the incident energy in (f7.3) format. Settiegdf y will automatically enable many of
the “file” keywords given below. All these specific files will be writtéo output ifendfdetail y, see the
next keyword.

Examples

endfy

endfn

Rangeyorn
Default endf n

integral

Keyword to calculate the effective cross section for indg@rctivation measurements, by folding the
excitation functions by an experimental flux. thdys/structure/fluxwe have stored more than 40 spec-
tra, coming from the EASY package 1432, $29], which have bgsed in past activation benchmarks.
Obviously, this keyword does not produce a reliable answetdw energies, since TALYS does not
cover the resonance range. On the input line, we ieiagral, the cross section filename and the name
of the experimental spectrum. The latter should be equahaoektension of thepectrum. files in
talys/structure/flux

Examples

integral xs010000.L01 tudcucrzr

integral xs200000.tot cf252Xlux

Range Both the cross section file and the flux file should exist.
Default integral is not used.

endfdetail

Flag for detailed ENDF-6 information. Certain ENDF-6 datedj usually those for incident charged par-
ticles, only require lumped cross sections, spectra ettnabhall the exclusive channels. Tardfdetail
keyword enables to choose between this. For incident neuand photons, it is generally assumed that
detailed ENDF-6 info, such as exclusive channels for alhssgie MT numbers, is required.

Examples
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endfdetail y

endfdetail n

Rangey orn
Default endfdetail y for incident neutrons and photorendfdetail n for incident charged particles.

ompenergyfile

File with incident energies to calculate the total, elaatid reaction cross section on a sufficiently precise
energy grid for ENDF-6 file purposes. On the input line, wealreanpenergyfilg filename.
Examples

ompenergyfile energies.omp

Range ompenergyfilecan be equal to any filename, provided it starts with a charadthe incident
energies should be in the rang®—1! MeV to < 250 MeV, whereby theompenergyfile contains at
least 1 and a maximum ofumen6incident energies, wherumen6is an array dimension specified in
talys.cmb Currentlynumen6=10000

Default ompenergyfileis not given in the input file,

filedensity

Flag to write the level density and associated parameteessaparate filldZZZAAA totwhere ZZZ is
the charge number and AAA is the mass number in (i3.3) forfilatensity is only active ifoutdensity
y.

Examples

filedensity y

filedensity n

Rangey orn
Default filedensity n

fileelastic

Flag to write the elastic angular distribution on a sepdlilgeXXYYY.YYYang.LO@here XX is the par-
ticle symbol in (2al) format (e.gin for elastic scattering), and YYY.YYY the incident energy(fii.3)
format. The file contains the angle, and 3 columns contaittiegtotal, shape elastic, and compound
elastic angular distribution, respectively. If in additioutlegendre y; the elastic scattering Legendre
coefficients will be written on a filXXYYY.YYYleg.LOTO his file contains thd.-value, and 4 columns
containing the total, direct, compound and normalized bdge coefficientfileelasticis only active if
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outangle y.
Examples

fileelastic y, giving filesnn014.000ang.LQ0and (if outlegendre y) nn014.000leg.LO0for an in-
cident energy of 14 MeV.

fileelastic n

Rangeyorn
Default fileelastic n

fileangle

Designator for the output of the non-elastic angular distion of one specific level on a separate file
PXYYY.YYYang.LMMhere P and X are the particle symbols in (al) format for tlogeptile and ejec-
tile, respectively, YYY.YYY is the incident energy in (f).8rmat, and MM is the level number in (i2.2)
format. The file contains the angle and 3 columns with thd to&dastic, direct inelastic and compound
inelastic angular distribution to the specified level. Oa thput line we read the level number. The
fileangle keyword can appear more than once in an input file, one for leehthat one is interested in.
It will automatically produce files for all ejectiles. If irddition outlegendre y; the non-elastic scattering
Legendre coefficients will be written on a fiRXYYY.YYYleg.LMM his file contains thd.-value, and

4 columns containing the total, direct, compound and ndeedlLegendre coefficientileangleis only
active if outdiscrete yandoutangle .

Examples

fileangle 2 giving filesnp014.000ang.LO2nd @utlegendre y) np014.000leg.LO2for the (n, p)
reaction to the second discrete level and an incident eradri MeV, and similarly for the other
ejectiles.

Range 0 < fileangle < numlev. Currently,numlev=30
Default fileanglenot active.

filechannels

Flag to write the exclusive channel cross sections as aiimcif incident energy on separate files.
The files will be calledxsNPDTHA.tot where N is the neutron number of the exclusive channel, P
the proton number, etc., in (al) format. For exam@210000.totontains the excitation function for
o(n,2np), if the incident particle was a neutron. The files containitisdent energy and 3 columns
with the exclusive cross section, the associated gammaroajuction cross section, and the fraction of
this cross section relative to the total residual producticoss section. If in addition isomers can be
produced, files calleasNPDTHA.LMMwill be created with MM the isomeric level number in (i2.2)
format. If filechannels y the exclusive binary continuum cross sections, such asncom inelastic
scattering, will also be written to fild®X.con where P and X are the particle symbols in (al) format for
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the projectile and ejectile, respectively.ofitspectra ythe exclusive channel spectra will be written on
filesspNPDTHAEYYY.YYY.twhere YYY.YYY is the incident energy in (f7.3) format. Thedd contain
the incident energy and 6 columns, with the spectra per dguarticle typefilechannelsis only active

if channels y

Examples

filechannels y

filechannels n

Rangeyorn
Default filechannels n

filespectrum

Designator for the output of the composite particle specatfar a specific particle type on a separate
file. On the input line we read the particle symbols. This welult in filesXspecYYY.YYY.fathere

X is the outgoing particle symbol in (al) format, and YYY.YMHe incident energy in (f7.3) format.
The file contains the emission energy and 5 columns with ttad, wirect, pre-equilibrium, multiple pre-
equilibrium and compound spectrum, respectivélgspectrum s only active ifoutspectra y.

Examples

filespectrum n p a giving filesnspec014.000.tppspec014.000.tandaspec014.000.tpfor an
incident energy of 14 MeV.

Rangenpdtha
Default filespectrum not active.

fileddxe

Designator for the output of double-differential crosstiegrs per emission energy for a specific parti-
cle type. On the input line we read the particle type and thission energy. This will result in files
XddxYYY.Y.mewhere X is the particle symbol in (al) format and YYY.Y theission energy in (f5.1)
format. The file contains the emission angle and 5 columns tivé total, direct, pre-equilibrium, muilti-
ple pre-equilibrium and compound spectrum, respectivEhe fileddxe keyword can appear more than
once in an input file, one for each outgoing energy that ongésested in. If there is at least ofileddxe
keyword in the inputildxmode, see p[(237, will automatically be enabled.

Examples

fileddxe n 60.(giving a filenddx060.0.mév

Range n p d t h a for the patrticles an@. - E;,,. for outgoing energies.
Default fileddxe not active.
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fileddxa

Designator for the output of double-differential crosstisers per emission angle for a specific parti-
cle type. On the input line we read the particle type and thession angle. This will result in files
XddxYYY.Y.degvhere X is the particle symbol in (al) format and YYY.Y theission angle in (f5.1)
format. The file contains the emission energy and 5 columtistwe total, direct, pre-equilibrium, mul-
tiple pre-equilibrium and compound spectrum, respectivEhefileddxa keyword can appear more than
once in an input file, one for each outgoing angle that ongésésted in. If there is at least ofieeddxa
keyword in the inputidxmode, see p[237, will automatically be enabled.

Examples

fileddxa n 30. (giving a filenddx030.0.deg

Range n p dt h a for the particles an@. - 180.for outgoing angles.
Default fileddxa not active.

filegamdis

Flag to write the discrete gamma-ray intensities as a fanatif incident energy to separate files. This
will result in files gamZZZAAALYYLMM.tptvhere ZZZ is the charge number and AAA is the mass
number in (i3.3) format, YY is the number of the initial diste state and MM the number of the final

discrete statefilegamdisis only active ifoutgamdis .

Examples

filegamdis y

filegamdis n

Rangeyorn
Default filegamdis n

filetotal

Flag to write all the total cross sections as a function oident energy on a separate fiteal.tot The
file contains the incident energy, and 9 columns contairtiegibn-elastic, total elastic, total, compound
elastic, shape elastic, reaction, compound non-eladtiectdand pre-equilibrium cross section. In ad-
dition, the total particle production cross sections wél\ritten on filesXprod.tot with X the particle
symbol in (al) format. Finally, separate x-y tables will bada for the total cross section, totalxs.tof
the total elastic cross section, elastic.tof and the total nonelastic cross sectionnomelastic.tatfile-
total is only active ifoutexcitation y or endfy.

Examples

filetotal y
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filetotal n

Rangeyorn
Default filetotal n

fileresidual

Flag to write all the residual production cross sections fametion of incident energy on separate files.
The files for the total (i.e. the sum over ground state + isenexsidual production cross sections have
the namepZZZAAA.towhere ZZZ is the charge number and AAA is the mass number iB)(f8rmat.

If a residual nuclide contains one or more isomeric statesetare additional filegpZZZAAA.LMM
where MM is the number of the isomer (ground state=0) in {io2nat. The files contain the incident
energy and the residual production cross secfiitc@residual is only active ifoutexcitation y or endfy.
Examples

fileresidual y

fileresidual n

Rangeyorn
Default fileresidual n

components

Flag to write the direct, pre-equilibrium and compound comgnts of the cross sections in the various
output files.
Examples

components 'y

components n

Rangeyorn
Default components n

filerecoil

Flag to write the recoil spectra of the residual nuclides dsnation of incident energy on separate
files. The files for the recoil spectra have the naeeZZZAAAspecYYY.YY Yudtere ZZZ is the charge
number and AAA is the mass number in (i3.3) format and YYY. Y€ incident energy in (f7.3) format.
If in addition flagchannels y there are additional filesspNPDTHAEYYY.YYY.rathere N is the neutron
number of the exclusive channel, P the proton number, ete filés contain the incident energy and the
recoil.

Examples
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filerecoil y

filerecoil n

Rangeyorn
Default filerecoil n

filefission

Flag to write all the fission cross sections as a function oidient energy on a separate fiission.tot
The file contains the incident energy and the total fissiose®ction. If in additiofilechannels ythe
exclusive fission cross sections will be written to filsNPDTHA.totwhere N is the neutron number of
the exclusive channel, P the proton number, etc., in (adibr For examplefjs200000.totontains the
excitation function for (n, 2n f), also known as the third chance fission cross secfitgfissionis only
active iffission y.

Examples

filefission y

filefission n

Rangeyorn
Default filefission n

filediscrete

Designator for the output of the excitation function of opedfic non-elastic level on a separate file
PX.LMM, where P and X are the particle symbols in (al) format for tlugeptile and ejectile, respec-
tively, and MM is the level number in (i2.2) format. The filentains the incident energy and 3 columns
with the total inelastic, direct inelastic and compoundadstic cross section to the specified level. On the
input line we read the level number. Thikediscretekeyword can appear more than once in an input file,
one for each level that one is interested in. It automatigaibduces a file for each ejectilBlediscrete

is only active ifoutdiscrete y.

Examples

filediscrete 2, giving filesnn.L02 np.LO2 etc. for the excitation functions of (inelastic and other)
neutron scattering to the second discrete level.

Range 0 < filediscrete < numlev. Currently,numlev=30
Default filediscrete not active.
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6.2.12 Energy-dependent parameter adjustment

TALYS contains hundreds of parameters and most of them ameggfindependent. They are ingredients
of phenomenological models which have been constructdd inileed, energy-independent parameters.
The OMP parametery,, or the height of the fission barridisbar are examples. There are two reasons
to deviate from this. First, since these models are a phenological representation of reality, there is
no strict law that these parameters should be energy-indepe. Suppose for example that one tries to
use a simple Hill-Wheeler expression to approximate fisp@ths coming from microscopic analyses,
which are supposedity built on a better physical basis. Iiteignd widths of the fission barriers which
are dependent on (in this case, excitation) energy will gbbbemerge. Then, one may want to use those
in calculations.

A second reason is that if physically adequate models fdit experimental data, such energy-
dependent adjustment can be invoked as a last resort. Asbotige deviation from the original model is
not too large, unpleasant surprises in the various reactiannels are avoided.

To accomodate this, no less that 65 TALYS keywords (paramisiet@w have the possibility to be
extended with such an energy-dependence.

On the input line, we read the usual keyword and its enerdggendent value. If a local variation
is required, one adds (1) 4 extra parameters, or (2) a filentortbe input line. With either method a
multiplication factor deviating from 1 can be given, as adiion of energy. The 4 extra parameters, Ea,
Eb, Em and D, drive the following multiplication function

_ / (E — E)N .
f(B) = 1+D(E_EQ)N+(C_EQ)N,1fE<Em
N
(6.4) = 1+D (Ep — P) it E>E,

(Ep — E)N + (C = Ep)N’

whereN is currently fixed to 4, and

1N
(6.5) D’:(D—1)(1+5 )
and
c = Ea+%(Em—Ea),ifE<Em
(6.6) C = Em+%(Eb—Em),ifE2Em

An input line would then look as follows:
keyword value(s) Ea Eb Em D

This means the following: the parameter has a constant Yafual energiesoutsidethe begin energy
Ea and end energy Eb. The multiplication function changesosity from Ea until Em, and at Em the
deviation from the constant value has reached its maximdoeJa. Between Em and Eb the function
changes in the opposite direction until the constant valueached again at Eb. To ensure some smooth-
ness, Eq. [[6]4) was borrowed from the KD0O3 OMP expressioriifp £'). An example for the real
volume radius of the optical model is
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Local parameter adjustment

13

1.28 - 8

1.26 - N

E

D

1.24 - 8

1.22 - 8

Ea Em Eb
12 L L L L 1 L L L L 1 L L L L 1 L L L L
0 1 2 3 4

Energy [MeV]

Figure 6.2: Local adjustment of the parameter foP3Nb.

rvadjust n 1. 0.4 3. 1.7 1.02

Suppose we use this input line for neutrons?dNb. The default value for, is 1.215 fm. We do not
change this globally, hence the parameter value 1. Next,haager, between 0.4 and 3 MeV with
the top (D is positive in this case) at 1.7 MeV. The result sspnted in figure rv. One may use several
segments, i.e. several input lines, with such local deviatin the same input file, as long as the energy
ranges do not overlap (TALYS tests this).

The other option is to use a table with multiplication fasta.g.
rvadjust n myfile.ad]

wheremyfile.adjlooks e.g. as follows

0.0 1.
0.4. 1.
1.7 11
3.0 1.
200 1.

which will simply produces a triangle with top at 1.7 MeV. Farch simple cases, the use of Hq.(6.4)
may be better.
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The latter option may be interesting if one manages to fit,omes nuclear structure study, a
phenomelogical prescription available in TALYS to a morengbex microscopic description of a nuclear
process. For example, maybe a JLM OMP can be simulated by al$A®axon OMP with energy
dependent parameters, or a microscopic fission model byl-a\Hiéeler model with energy dependent
fission parameters. The resulting fit can then be used asfitgtd TALYS.

The energy-dependent adjustment is currently possiblthéofollowing keywords.

Optical model:avadjust, avdadjust, avsoadjust, awadjust, awdadjust, agoadjust, dladjust,
d2adjust, d3adjust, lvladjust, Ivadjust, lvsoadjust, Iwkhdjust, lwadjust, lwsoadjust, rcadjust, rvad-
just, rvdadjust, rvsoadjust, rwadjust, rwdadjust, rwsoadjust, tljadjust, vladjust, v2adjust, v3adjust,
vdadjust, vsoladjust, vso2adjust, wladjust, w2adjust, waljust, w4adjust, wsoladjust, wso2adjust,adepthcor,
aradialcor

Level density:ctable, krotconstant,ptable, rspincut, s2adjust

Gamma-ray strength functiorsgr, sgradjust, spr, spradjust, egr, egradjust, epr, epragust,
etable,ftable, ggr, ggradjust, gnorm, gpr, gpradjust

Pre-equilibrium:cbreak, cknock, cstrip, m2constant
Fission:fisbar, fisbaradjust, fishw, fishwadjust

In a previous version of TALYS, this local adjustment wasyospplicable for the optical model
parameters, with a different muliplication function, seg evadjustF on pagd_193. We now suggest the
formalism described above for all parameters.

6.2.13 Input parameter table

From all the keywords given above you can see that certamuttefalues depend on mass, energy or
other parameters. In tadle’b.1 we summarize all these depeied and give the full table of keywords
including their relation with each other.
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Table 6.1: The keywords of TALYS.

Keyword Range Default Page
a 1. - 100. table or systematics
aadjust 0.5-2. 1. 2209
abundance filename no default a73
adddiscrete y,n y
addelastic y,n y
adepthcor 05-15 1.
alimit 1. - 100. systematics
alphald 0.01-0.2 systematics
alphaomp 1-8 1
angles 1-numang 90 169
anglescont | 1-numangcont (36) 36
anglesrec 1-numangrec (9) | 9 o7a
aradialcor 05-15 1.
area 0. - 10000. 1.
astro y,n n a2
astroE 0.00001-1. 0. a7a
astroex y,n n 173
astrogs y,n n 2
astroT 0.0001-10. 0. a7z3
asys y,n n
autorot y,n n 182
avadjust 0.5-2. 1. 180
avadjustF -100 - 100 no default 193
avdadjust 0.5-2. 1.
avdadjustF -100 - 100 no default
avsoadijust 0.5-2. 1. [KeK |
avsoadjustF -100 - 100 no default
awadjust 0.5-2. 1. 184
awadjustF -100 - 100 no default 194
awdadjust 0.5-2. 1.
awdadjustF -100 - 100 no default 195
awsoadjust 0.5-2. 1. 192
awsoadjustH -100 - 100 no default o1
axtype 1-5 1 and 2,3 forV > 144
best y,n n 73
bestbranch y,n y I7a
bestend y,n n [Iza
bestpath pathname no default 74
beta2 0.-15 0.-1. (barrier dep.) 235
betafiscor 0.1-10. 1.
betald 0.-05 systematics 2271
bins 0, 2 - numbins (100) 40 160

269
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Continuation ofTable[61.

Keyword Range Default Page
branch 0 - numlev | no default
breakupmodel 1-2 1
Cbreak 0. - 10. 1.
cfermi 0.-1000. | 10. P32
cfermibf 0.-1000. | 10. P32
cglobal -10.-10. | 1. 234
channelenergy y,n n o7a
channels y,n n
Cknock 0. - 10. 1.
class2 y,n n 743
class2file filename no default
class2width 0.01-10. | 0.2 LY
colenhance y,n [Z,A] n
colldamp y,n n 225
components y,n n
compound y,n y
core -11 -1
coulomb y,n y

cpang y,n n
Cstrip 0. - 10. 1.
ctable -10. - 10. 1. P39
ctmglobal y,n n
DO 1.e-6 - 10000.| table 211
dladjust 0.2-5. 1. 139
d2adjust 0.2-5. 1.
d3adjust 0.2-5. 1. 190
ddxmode 0-3 0
deformfile filename no default
deltaw -20. - 20. | calculated
deuteronomp 1-5 1
disctable 1-3 1 &3
dispersion y,n n
EO -10. -10. | calculated | 231
EOadjust 0.1-10. 1. 232
Elfile filename no default | 212
Eback 0. - Ebeam | Ebeam - 5.
Ebeam 0. - Ein no default | 241
eciscalc y,n y 183
eciscompound y,n n
ecisdwba y,n y
ecissave y,n n 183
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Continuation ofTable[61.

Keyword Range Default Page
egr 1.-100. table or systematics
egradjust 0.1-10. 1. Z1a
ejectiles gnpdtha gnpdtha
Ejoin 0. - 1000. 200. o2
electronconv y,n n
element 3-124 or Li- C4| no default 157
Elow l.e6-1. Dy
elwidth 1l.e-6 - 100. 0.5 250
Emsdmin >0. Eninc/5.
endf y,n n
endfdetail y,n y for n,g; n otherwise
endfecis y,n y 184
energy l.e-11-250. | no default
epr 1. - 100. no default P13
epradjust 0.1-10. 1. P13
equidistant y,n n a3
Estop 1.e-5-1000. | 1000.
Esurf 0. - 38. systematics 219
etable -10. - 10. 0. 213
Exmatch 0.1 - 20. calculated 231
Exmatchadjust 0.1-10. 1. 232
expmass y,n y
ffevaporation y,n n
ffspin y,n n
fileangle 0 - numlev no default
filechannels y,n n
fileddxa n,...,a0. - 180. | no default
fileddxe n,...,a 0. - energyl no default
filedensity y,n n
filediscrete 0 - numlev no default
fileelastic y,n n
filefission y,n n
filegamdis y,n n
filerecoil y,n n
fileresidual y,n n 264
filespectrum gnpdtha no default
filetotal y,n n 263
fisbar 0. - 100. table or systematics
fisbaradjust 0.1-10. 1. LY.
fisfeed y,n n
fishw 0.01-10. table or systematics | 241
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Continuation ofTable[61.

Keyword Range Default Page
fishwadjust 0.1-10. 1.
fismodel 1-5 1 240
fismodelalt 3-4 4
fiso 0.01-100. | 1.5,2or 5 (nuc-dep) 213
fission y,n,A > 56 y for mass> 209, n for mass< 209
ftable 0.1-10. 1. 212
fullhf y,n n
fymodel 1-3 1 245
g 0.1-100. systematics 231
gamgam 0. - 10. table or systematics 1
gamgamadijust] 0.1-10. 1. P13
gammald 0.01-1. systematics
gammashelll 0.-1. systematics
gammashell2 0.-0.2 0. 228
gammax 1-6 2
gefran 1000 - 1000000 50000 744
gor 1. - 100. table or systematics 210
ggradjust 0.1-10. 1. 210
giantresonance y,n y for n,p; n otherwise
gn 0.1-100. systematics
gnadjust 0.5-2. 1.
gnorm 0. -100. or-1. | calculated
ap 0.1-100. systematics
gpadjust 0.5-2. 1. 239
gpr 1. - 100. no default 213
gpradjust 0.1-10. 1. P1a
group y,n n
gshell y,n n 2309
hbstate
hbtransfile filename no default
Ibeam 0.-10000. | 1.
incadjust y,n y 182
inccalc y,n y 184
integral filenames no default
isomer 0.-1.e38 1. 160
jimmode 0-3 1
jimomp y,n n 180
Kph 1. - 100. 15. 231
Krotconstant 0.01-100. 1. 235
kvibmodel 1-2 2 229




6.2. KEYWORDS

Continuation ofTable[61.

Keyword Range Default Page
labddx y,n n Iza
ldmodel 1-6[ZA] 1
Idmodelracap 1-3 1 213
levelfile filename no default &3
Liso 0 - numlev no default
localomp y,n y WA
Ltarget 0 - numlev 0
lurr 1-numl 2
Ivladjust 05-15 1.
Ivadjust 05-15 1. (KeN|
lvsoadjust 0.5-1.5 1.
lwladjust 05-15 1. 199
lwadjust 0.5-1.5 1.
lwsoadjust 05-15 1. 199
M1file filename no default 212
M2constant 0. - 100. 1.
M2limit 0. - 100. 1.
M2shift 0. - 100. 1.
mass 0,5-339 no default
massdir filename no default
massdis y,n n
massexcess -500. - 500. mass table
massmodel 1-3 3
massnucleus A-0.5- A+0.5 mass table
maxband 0-100 0
maxchannel 0-8 4 169
maxenrec 0 - numenrec (25) | 10 171
maxlevelsbin 0 - numlev 10 (g,n,p,a) and 5 (d,t,h)162
maxlevelsres 0 - numlev 10
maxlevelstar 0 - numlev 20
maxN 0 - numN-2 22
maxrot 0-10 2
maxZ 0 - numz-2 10 159
micro y,n n I13
mpreegmode 1-2 1 218
msdbins 2 - numenmsd/2-1 (8) 6
multipreeq y,n or 0.001 - 250. | 20. 217
Nlevels 0 - numlev equal to maxlevelsres | [163
Nlow 0-200 2 230
Ntop 0-200 table or equal to Nlevels
nonthermlev 0 - numlev not used 173
nulldev filename no default 2
ompenergyfile filename no default
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Continuation ofTable[61.

INPUT DESCRIPTION

Keyword Range | Default Page
omponly y,n n as1
onestep y,n n
optmod filename | no default aza
optmodall y,n n 182
optmodfileN filename | no default AS|
optmodfileP filename | no default I VAS|
outangle y,n y for one energy, n for many 254
outbasic y,n n
outbinspectra y,n n
outcheck y,n equal to outbasic
outdensity y,n equal to outbasic
outdirect y,n equal to outbasic
outdiscrete y,n equal to outbasic 2585
outdwba y,n n
outecis y,n n
outexcitation y,n n for one energy, y for many 258
outfission y,n equal to outbasic 258
outfy y,n n
outgamdis y,n n
outgamma y,n equal to outbasic 257
outinverse y,n equal to outbasic
outlegendre y,n n
outlevels y,n equal to outbasic
outmain y,n y
outomp y,n equal to outbasic 253
outpopulation y,n equal to outbasic
outpreequilibrium y,n n ASY
outspectra y,n y for one energy, n for many 254
outtransenergy y,n y
pair 0. -10. | systematics
pairconstant 0.-30. | 12. AAS
pairmodel 1-2 1
parity y,n n
partable y,n n I3
pglobal -10.-10.| O. 231
phmodel 1-2 1 231
popeps 0. -1000.| 1.e-3 Ied
popMeV y,n n
preegcomplex y,n y P19
preegmode 1-4 2 211
preegspin y,norl-3| n P13




6.2. KEYWORDS

Continuation ofTable[61.

Keyword Range Default Page
preegsurface y,n y 219
preequilibrium| y,nor 0.001 - 250. | Ex(NL) 218
production y,n n
projectile n,p,d,t,h,a,g,0 no default | [I5Z
Pshift -10. - 10. systematics 233
Pshiftadjust -10. - 10. systematics 233
Pshiftconstant -5. - 5. 0.or1.09 |33
ptable -10. - 10. 0. 234
racap y,n n 13
radialfile filename no default | 94
radialmodel 1-2 2 181
radiounit (k,M,G)Bq, (m,k)Ci | Gbq
rcadjust 0.5-2. 1. 1oa
Rclass2mom 0.1-10. 1.
reaction y,n y I7a
recoil y,n n Iza
recoilaverage y,n n o7a
relativistic y,n y
rescuefile filename no default | 74
reslib library name, default default
Rfiseps 0.-1. l.e-3 245
Rgamma 0. - 100. 2.
rho 0. - 100. from table
Rnunu 0. - 100. 1.
Rnupi 0. - 100. 1.
rotational npdtha np
Rpinu 0. - 100. 1.
Rpipi 0. - 100. 1.
Rspincut 0. - 10. 1.
Rtransmom 0.1-10. 1.
rvadjust 0.5-2. 1.
rvadjustF -100 - 100 no default | [[93
rvdadjust 0.5-2. 1.
rvdadjustF -100 - 100 no default | [I95
rvsoadjust 0.5-2. 1. o1
rvsoadjustF -100 - 100 no default
rwadjust 0.5-2. 1. 184
rwadjustF -100 - 100 no default | [I94
rwdadjust 0.5-2. 1. 189
rwdadjustF -100 - 100 no default | [I95
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Continuation ofTable[61.

Keyword Range Default Page
rwsoadjust 0.5-2. 1. [KeK |
rwsoadjustF -100-100 | no default
{0 0. -10. table 213
s2adjust 0.01-10. | 1.
segment 1-4 1 &1
sfexp 0. - 10. table or 0.347 P14
sfth 0. - 10. table or 0.5 214
sgr 0. - 10000. | table or systematicg
sgradjust 0.1-10. 1. 210
shellmodel 1-2 1
skipCN [Z,A] no default
soswitch 0.1-10. 3. 183
spherical y,n n
spincutmodel 1-2 1
spr 0. - 10000. | table or systematics 213
spradjust 0.1-10. 1. 213
statepot y,n n 182
strength 1-8 1 for n, 2 for otthers
strengthM1 1-2 2
strucpath filename | no default aza
sysreaction npdtha |dtha as1
T 0.001 - 10. | calculated 231
Tadjust 0.1-10. | 1. 232
Tcool 0.-1e6 |1d
Tirrad 0.-le6 |1d
Tljadjust 0.001 - 1000.| 1. RSy
transeps 0.-1. l.e-8 a1
transpower 2-20 5 ey
Tres 0.-1.el12 | 293.16
twocomponent y,n n 219
Ufermi 0. - 1000. | 30. P33
Ufermibf 0. -1000. | 45. P33
upbendc 0.-1.e5 | 0. P14
upbende 0. - 10. 0. P1d
urr y,n n
urrnjoy y,n y
vladjust 0.2-5. 1. 83
v2adjust 0.2-5. 1.
v3adjust 0.2-5. 1. 1849
vdadjust 0.2-5. 1.
vfiscor 0.1-10. 1. 245
Vinf -200.-0. |-30 o2
vsoladjust 0.2-5. 1 190




6.2. KEYWORDS

Continuation ofTable[G.1.

Keyword Range Default Page
vso2adijust 0.2-5. 1.
wladjust 0.2-5. 1. 81
wZ2adjust 0.2-5. 1. 81
w3adjust 0.2-5. 1. 1889
wdadjust 0.2-5. 1.
wsoladjust 0.2-5. 1. 190
wso2adjust 0.2-5. 1. [KeK |
widthfluc y,nor0.001-20. | S(n)
widthmode 0-3 1
xsalphatherm 10720 — 10 table or systematics 174
xscaptherm 10720 — 10%0 table or systematics [I74
XSeps 0. - 1000. l.e-7 ey
xsptherm 10720 — 1010 table or systematics 79
yieldunit num, mug, mg, g or kg num 249
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Chapter

Verification and validation, sample cases and
output

TALYS has been tested both formally ("computational robass”) and by comparison of calculational
results with experimental data. This will be described im pinesent Chapter. Also a description of the
output will be given.

7.1 Robustness test with DRIP

One way to test a nuclear model code is to let it calculatetefar a huge number of nuclides, and the
whole range of projectiles and energies. We have writtetila ode DRIP, not included in the release,
that launches TALYS for complete calculations for all ndel, from dripline to dripline. Besides check-
ing whether the code crashes, visual inspection of manyesusimultaneously, e.g. (n,2n) excitation
functions for 50 different targets, may reveal non-smoathaviour. Various problems, not only in the
TALYS source code itself, but also in the nuclear structiatadase, were revealed with this approach in
the initial development stages.

7.2 Robustness test with MONKEY

Chapte[D contains a description of the more than 340 keysmbiat can be used in a problem for TALYS.
Some of them are flags which can only be sey tr n. Other keywords can be set to a few or several
integer values and there are also keywords whose values avay a quasi-continuous range between
the minimum and maximum possible value that we allow for th&tmictly speaking, the total number
of possible input files for TALYS is huge (though theoretigdinite, because of the finite precision of
a computer), and obviously only a small subset of them cpomds to physically meaningful cases.
Indeed, as with many computer codes it is not too difficulttimdpa TALYS calculation to a formally
successful end, i.e. without crashing, with an input filet tlegresents a completely unphysical case.
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Obviously, there is no way to prevent this - the user is supgpas have full responsibility for what she
or he is doing - and we can never anticipate what input filesreade by other users. Nevertheless, to
test the robustness of our code, we wrote a little prograned&dMONKEY which remotely simulates
TALYS in the hands of an evil user: It creates an input file f&LYS, usingall the keywords, with
randomvalues, and starts a run with it. Each keyword in this inpet fids a value that remains within
the allowed (and very broad) range as specified in Chapter FALYS is compiled with all checking
options (i.e. array out-of-bounds checks, divisions byzether over/underflow errors, etc.) enabled
and runs successfully for thousands of such random inpstyilthout crashing, we can at least say we
have testedomputationalrobustness to some extent, and thatmagyhave probed every corner of the
code. We realize that this is not a full-proof method to te&SLYS formally on the Fortran level (if
there exists such a test!), but MONKEY has helped us to descaew bugs during development which
otherwise would have come to the surface sooner or laterhifk it is better thatvefind them first. The
ideal result of this procedure would be that TALYS never lsessor stops without giving an appropriate
error message. We emphasize that this test alone does slyvitat guarantee any physical quality of
the results. For that, much more important are the input filasare physically meaningful. These are
discussed in the next Section.

7.3 \Validation with sample cases

With this manual, we hope to convince you that a large variétyuclear reaction calculations can be
handled with TALYS. To strengthen this statement, we wiladiss many different sample cases. In each
case, the TALYS input file, the relevant output and, if aual#a a graphical comparison with experi-
mental data will be presented. The description of the firstpda case is the longest, since the output
of TALYS will be discussed in complete detail. Obviouslyattoutput description is also applicable
to the other sample cases. The entire collection of sam@escserves as (a) verification of TALYS:
the sample output files should coincide, apart from numkdifi@rences of insignificant order, with the
output files obtained on your computer, and (b) validatio@AEYS: the results should be comparable
to experimental data for a widely varying set of nuclear tieas. Tabld7Z]1 tells you what to expect in
terms of computer time, and this shows that it thus may takbikevabout two hours on a PC) before all
sample cases have finished. Runninguwbefy script will be worth the wait, since a successful execution
of all sample cases will put you on safer ground for your owlewdations. In general, we will explain
the keywords again as they appear in the input files belowotlfeonsult Tabl€6l1, which will tell you
where to find the explanation of a keyword.

Finally, from an extensive number of referendes [183]-][7#8u may deduce whether TALYS is
the appropriate code to perform the calculation you need.
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Sample case Time Sample case Time

la 0m1.27 sec 1b O0m 1.35sec
1c 0m5.34 sec 1d 0m 1.39 sec
le 0m 1.33 sec 1f 0m 2.03 sec
19 0m 1.24 sec 1h 0m 2.10 sec
1i 0m 1.90 sec 2 0 m 34.93 sec
3a 0m 0.42 sec 3b 0m0.41 sec
3c 0m0.41 sec 3d 1 m 10.53 sec
4a 0m14.19sec 4b 0 m 9.69 sec
5 27 m10.36 sec 6a 0 m 8.60 sec
6b 0m 8.72 sec 7 0m 10.61 sec
8 2m 8.51 sec 9 O0m2.73 sec
10a 0 m 9.04 sec 10b 0m 27.21 sec
11 O0mb58.63sec 12 0m 2.92 sec
13 O0m33.35sec 14 17 m 57.55 sec
15 0m4.99 sec 16a 0 m 10.82 sec
16b 0m10.76 sec  16¢c 0m10.72 sec
16d O0mil2.24sec 17a 0 m 21.58 sec
17b 0m21.93sec 17c 0 m 20.66 sec
18a 0 m 4.38 sec 18b 1 m44.35 sec
19 O0m 1.52 sec 20 0m 8.76 sec
21 Om32.11sec 22 6 m37.12 sec
23 29mbl.22sec 24 0m 13.54 sec
25 O0m10.00sec 26a 4 m21.47 sec
26b 4m43.42sec  26¢ 6 m 39.52 sec
26d 5m12.07sec 27a 0m 12.81 sec
27b 1m15.14sec 27c 0 m59.76 sec

Table 7.1: Computation time for the sample cases, run ored XE#ON X5472 3.0 GHz processor, and
TALYS compiled with the Lahey/Fujitsu f95 compiler undemux Red Hat Enterprise 6.
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7.3.1 Sample 1: All results for 14 MeV n +*Nb

We have included 9 different versions of this sample caserder to give an impression of the various
types of information that can be retrieved from TALYS. Mdstit not all, output options will be de-
scribed, while the remainder will appear in the other saropkes. We have chopped the sample output
after column 80 to let it fit within this manual. We suggest tmsult the output files in theamples/
directory for the full results.

Case la: The simplest input file

The first sample problem concerns the simplest possible B\t¥lculation. Consider the following
input file that produces the results for a 14 MeV neutrori“dyb:

#

# General
#

projectile n
element nb
mass 93
energy 14.

where the purpose of the lines starting with a “#” is purelgroetical. This input file callethput can
simply be run as follows:

talys < input > output

An output file of TALYS consists of several blocks. Whetheedf blocks are printed or not
depends on the status of the various keywords that weresdisdun Chaptéi 6. By default, the so-called
main output is always given (through the defaultmain y), and we discuss this output in the present
sample case. For a single incident energy, a default céiloalgives the most important cross sections
only. “Most important” is obviously subjective, and probalevery user has an own opinion on what
should always appear by default in the output. We will dentrates in the other sample problems how to
extract all information from TALYS. The output file startstvia display of the version of TALYS you
are using, the name of the authors, and the Copyright staterikso the physics dimensions used in the
output are given:

TALYS-1.9 (Version: December 23, 2017)

Copyright (C) 2015 A.J. Koning, S. Hilaire and S. Goriely
NRG CEA ULB

Dimensions - Cross sections: mb, Energies: MeV, Angles: deg rees
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The next output block begins with:

s USER INPUT ########H#H#

Here, the first section of the output is a print of the keywbngigit parameters. This is done in two steps:
First, in the block

USER INPUT FILE

#

# General
#

projectile n
element nb
mass 93
energy 14.

an exact copy of the input file as given by the user is returiiekt, in the block

USER INPUT FILE + DEFAULTS

Keyword Value  Variable Explanation

#

# Four main keywords

#

projectile n ptype0 type of incident particle
element Nb Starget symbol of target nucleus
mass 93 mass mass number of target nucleus
energy 14.000 eninc incident energy in MeV
#

# Basic physical and numerical parameters

#

ejectlies g npdtha outtype outgoing particles

a table with all keywords is given, not only the ones that yauehspecified in the input file, but also
all the defaults that are set automatically. The corresipgnBEortran variables are also printed, together
with a short explanation of their meaning. This table can &efhl as a guide to change further input
parameters for a next run. You may also copy and paste th& tipectly into your next input file.

In the next output block

#H##HHHHH BASIC REACTION PARAMETERS #####H#HHHH

Projectile : neutron Mass in a.m.u. : 1.008665
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Target : 93Nb Mass in a.m.u. :92.906378

Included channels:
gamma
neutron
proton
deuteron
triton
helium-3
alpha

1 incident energy (LAB):
14.000
Q-values for binary reactions:

Q(n,g): 7.22755
Q(n,n):  0.00000
Q(n,p): 0.69112
Q(n,d): -3.81879
Q(n,t): -6.19635
Q(n,h): -7.72313
Q(n,a): 4.92559

we print the main parameters that characterize the nuaeation: the projectile, target and their masses
and the outgoing particles that are included as competifiannels. The incident energy or range of
incident energies in the LAB system is given together withliimary reaction Q-values.

The block with final results starts with

H#itHHH#H RESULTS FOR E= 14.00000 #H#HHHHHH
Energy dependent input flags

Width fluctuations (flagwidth) 'n
Preequilibrium (flagpreeq) Y
Multiple preequilibrium (flagmulpre) 'n
Number of continuum excitation energy bins: 40

with no further information for the present sample caseesimz further output was requested. When all
nuclear model calculations are done, the most importasiscgections are summarized in the main part
of the output, in which we have printed the center-of-masrgn the main (total) cross sections. the
inclusive binary cross sectiom%"g’bm, see Eq.[[3.]9), the total particle production cross sestiq ,,

of Eg. (320) and the muItipIicitié};’n of Eq. (3:222), and the residual production cross sectiohs.|atter
are given first per produced nuclide and isomer. Next, naslidith the same mass are summed to give
mass yield curves. Also, the sum over all the residual crestans is compared with the non-elastic
cross section. Obviously, these two values should be appataly equal.
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#H#HHHH REACTION SUMMARY FOR E= 14.000 #####HHHHHH
Center-of-mass energy: 13.849

1. Total (binary) cross sections

Total = 3.98195E+03
Shape elastic = 2.21132E+03
Reaction = 1.77063E+03

Compound elastic= 6.00478E-04
Non-elastic = 1.77063E+03
Direct = 3.13938E+01

Pre-equilibrium = 4.15372E+02

Giant resonance = 6.25327E+01

Compound non-el = 1.26133E+03
Total elastic = 2.21132E+03

2. Binary non-elastic cross sections (non-exclusive)

gamma = 4.18076E+00
neutron = 1.69541E+03
proton = 3.82455E+01
deuteron= 4.95187E+00
triton = 1.81580E-01
helium-3= 7.05611E-10
alpha = 2.76590E+01

3. Total particle production cross sections

gamma = 2.20703E+03 Multiplicity= 1.24647E+00
neutron = 3.08077E+03 Multiplicity= 1.73993E+00
proton = 4.06703E+01 Multiplicity= 2.29694E-02
deuteron= 4.95187E+00 Multiplicity= 2.79667E-03
triton = 1.81580E-01 Multiplicity= 1.02551E-04
helium-3= 7.05612E-10 Multiplicity= 3.98509E-13
alpha = 2.83527E+01 Multiplicity= 1.60128E-02

4. Residual production cross sections
a. Per isotope

Z A nuclide total level isomeric isomeric lifetime
cross section cross section ratio

41 94 ( 94Nb) 1.18322E+00 0 5.99984E-01 0.50708
1 5.83234E-01 0.49292  3.76000E+02 sec.
41 93 ( 93Nb) 3.23646E+02 0 2.77623E+02 0.85780
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1 4.60226E+01 0.14220 5.09000E+08 sec.
40 93 ( 93Zr) 2.98798E+01 0 2.98798E+01 1.00000
41 92 ( 92Nb) 1.37164E+03 0 8.51757E+02 0.62098

1 5.19887E+02 0.37902 8.77000E+05 sec.
40 92 ( 92Zr) 1.57424E+01 0 1.57424E+01 1.00000
40 91 ( 91Zr) 1.81576E-01 0 1.81576E-01 1.00000
39 90 ( 90Y ) 2.53059E+01 0 1.28873E+01 0.50926

2 1.24186E+01 0.49074 1.15000E+04 sec.
39 89 ( 89Y ) 3.04682E+00 0 1.23419E+00 0.40508

1 1.81263E+00 0.59492 1.57000E+01 sec.

b. Per mass
A cross section

94 1.18322E+00
93 3.53525E+02
92 1.38739E+03
91 1.81576E-01
90 2.53059E+01
89 3.04682E+00

Total residual production cross section: 1770.62915
Non-elastic cross section : 1770.62939

At the end of the output, the total calculation time is prihtiollowed by a message that the calculation
has been successfully completed:

Execution time: 0 hours 0 minutes 3.88 seconds

The TALYS team congratulates you with this successful calcu lation.

Case 1b: Discrete state cross sections and spectra

As afirst extension to the simple input/output file given abhave will request the output of cross sections
per individual discrete level. Also, the cumulated angitegrated and double-differential particle spectra
are requested. This is obtained with the following input file

#

# General
#

projectile n
element nb
mass 93
energy 14.
#
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# Output

#

outdiscrete y
outspectra y
ddxmode 2
filespectrum n p a
fileddxa n 30.
fileddxa n 60.
fileddxa a 30.
fileddxa a 60.

287

In addition to the information printed for case 1la, the cresstions per discrete state for each binary

channel are given, starting with tkie, v) channel,

5. Binary reactions to discrete levels and continuum

(n,9) cross sections:

Inclusive:

Level Energy E-out J/IP Direct Compound
0 0.00000 21.07609 6.0+ 0.00000 0.00000
1 0.04090 21.03519 3.0+ 0.00000 0.00000

Total

0.00000
0.00000

Origin

Preeq
Preeq

after which the inelastic cross section to every individdiacrete state of the target nucleus is printed,
including the separation in direct and compound, see[Ef8)3These are summed, per contribution, to
the total discrete inelastic cross section, see [EqQ.J(3Tib)hese cross sections, the continuum inelastic
cross sections of EJ.{3117) are added to give the totalstieleross sectiol {3.14). Finally, tlie, yn)

cross section is also printed. This output block looks dsvicd

Inelastic cross sections:

Inclusive:

Level Energy E-out Jip Direct Compound
1 0.03077 13.81777 0.5- 0.00670 0.00013
2 0.68709 13.16145 1.5- 0.01311 0.00025
3 0.74386 13.10468 3.5+ 4.28791 0.00048
4 0.80849 13.04005 2.5+ 0.08705 0.00037
5 0.81025 13.03829 2.5- 3.20756 0.00036
6  0.94982 12.89872 6.5+ 7.43461 0.00065
7 0.97000 12.87854 1.5- 0.02590 0.00024
8 0.97891 12.86963 5.5+ 6.36403 0.00062
9 1.08257 12.76597 4.5+ 5.27768 0.00056

Total

0.00683
0.01336
4.28839
0.08741
3.20792
7.43526
0.02614
6.36465
5.27823

Origin

Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
Direct
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10 1.12676 12.72178 2.5+ 0.31992 0.00036 0.32028 Direct
11 1.28440 12.56414 0.5+ 0.01591 0.00012 0.01603 Direct
12 1.29000 12.55854 1.5- 0.24336 0.00024 0.24360 Direct
13 1.29715 12.55139 4.5+ 0.26629 0.00055 0.26684 Direct
14 1.31515 12.53339 2.5- 0.02135 0.00035 0.02170 Direct
15 1.33000 12.51854 1.5+ 0.03001 0.00024 0.03025 Direct
16 1.33516 12.51338 8.5+ 0.96835 0.00060 0.96895 Direct
17 1.36400 12.48454 3.5- 0.42107 0.00044 0.42152 Direct
18 1.36970 12.47884 1.5+ 0.03173 0.00024 0.03197 Direct
19 1.39510 12.45344 2.5+ 0.08954 0.00035 0.08990 Direct
20 1.45420 12.39434 0.5+ 0.10706 0.00012 0.10718 Direct
Discrete Inelastic: 29.21914 0.00727 29.22641

Continuum Inelastic: 428.71729 1231.55090 1660.26819

Total Inelastic: 457.93640 1231.55823 1689.49597

(n,gn) cross section: 1.05107

This is repeated for thén, p) and other channels,

(n,p) cross sections:

Inclusive:

Level Energy E-out Jip Direct Compound Total Origin
0 0.00000 14.53966 2.5+ 0.33165 0.00026 0.33191 Preeq
1 0.26688 14.27278 1.5+ 1.10724 0.00017 1.10741 Preeq
2 0.94714 13.59252 0.5+ 0.85027 0.00008 0.85035 Preeq
3 1.01800 13.52166 0.5+ 0.24244 0.00008 0.24252 Preeq

The last column in these tables specifies the origin of thectoontribution to the discrete state. “Direct”
means that this is obtained with coupled-channels, DWBAasrin this case, weak coupling, whereas
“Preeq” means that the pre-equilibrium cross section ipséd onto the discrete states, as an approx-
imate method for more exact direct reaction approacheshfange-exchange and pick-up reactions. We
note here that the feature of calculating, and printingjrieéastic cross sections for a specific state is of
particular interest in the case of excitations, i.e. to ibtiis particular cross section for a whole range
of incident energies. This will be handled in another sancpke.

Sinceoutspectra ywas specified in the input file, the composite particle spdairthe continuum
are also printed. Besides the total spectrum, the divisitmdirect (i.e. smoothed collective effects and
giant resonance contributions), pre-equilibrium, migtipre-equilibrium and compound is given. First
we give the photon spectrum,

7. Composite particle spectra
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Spectra for outgoing gamma

Energy  Total Direct Pre-equil. Mult. preeq Compound
0.001 1.10530E+01 0.00000E+00 2.22494E-13 0.00000E+00 1. 10530E+01
0.002 1.11348E+01 0.00000E+00 2.17671E-12 0.00000E+00 1. 11348E+01
0.005 1.13792E+01 0.00000E+00 2.99265E-11 0.00000E+00 1. 13792E+01
0.010 1.17873E+01 0.00000E+00 2.25661E-10 0.00000E+00 1. 17873E+01
0.020 1.26069E+01 0.00000E+00 1.71084E-09 0.00000E+00 1. 26069E+01
0.050 1.54725E+01 0.00000E+00 2.42110E-08 0.00000E+00 1. 54725E+01
0.100 3.27488E+01 0.00000E+00 1.71082E-07 0.00000E+00 3. 27488E+01
followed by the neutron spectrum
Spectra for outgoing neutron
Energy  Total Direct Pre-equil. Mult. preeq Compound
0.001 1.77195E+01 7.72138E-03 9.45985E-02 0.00000E+00 1. 76172E+01
0.002 3.53846E+01 7.73366E-03 1.42810E-01 0.00000E+00 3. 52340E+01
0.005 8.83650E+01 7.77059E-03 2.69012E-01 0.00000E+00 8. 80882E+01
0.010 1.45726E+02 7.83249E-03 4.82712E-01 0.00000E+00 1. 45236E+02
0.020 2.71007E+02 7.95765E-03 9.71034E-01 0.00000E+00 2. 70028E+02
0.050 5.46087E+02 8.34413E-03 2.85497E+00 0.00000E+00 5. 43223E+02
0.100 8.71934E+02 9.02631E-03 6.72888E+00 0.00000E+00 8. 65196E+02

and the spectra for the other outgoing particles. Dependimghe value ofddxmode the double-
differential cross sections are printed as angular digiohs or as spectra per fixed angle. For the
present sample cas#gxmode 2 which gives

9. Double-differential cross sections per outgoing angle

DDX for outgoing neutron at  0.000 degrees

E-out Total Direct Pre-equil. Mult. preeq Compound

0.001 1.41397E+00 1.50567E-03 1.05321E-02 0.00000E+00 1. 40193E+00
0.002 2.82124E+00 1.50806E-03 1.59003E-02 0.00000E+00 2. 80383E+00
0.005 7.04130E+00 1.51527E-03 2.99548E-02 0.00000E+00 7. 00983E+00
0.010 1.16128E+01 1.52734E-03 5.37603E-02 0.00000E+00 1. 15575E+01
0.020 2.15979E+01 1.55174E-03 1.08185E-01 0.00000E+00 2. 14882E+01
0.050 4.35484E+01 1.62711E-03 3.18426E-01 0.00000E+00 4. 32283E+01
0.100 6.96037E+01 1.76013E-03 7.51868E-01 0.00000E+00 6. 88501E+01
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followed by the other angles and other particles. A final intgoat feature of the present input file is that
some requested information has been written to separgtetdiles, i.e. besides the standard output file,
TALYS also produces the ready-to-plot files

aspec014.000.tot
nspec014.000.tot
pspec014.000.tot

containing the angle-integrated neutron, proton and apleatra, and

addx030.0.deg
addx060.0.deg
nddx030.0.deg
nddx060.0.deg

containing the double-differential neutron and alpha spest 30 and 60 degrees.

Case 1c: Exclusive channels and spectra

As another extension of the simple input file we can print tkeusive cross sections at one incident
energy and the associated exclusive spectra. This is adisbiegh with the input file

#

# General
#

projectile n
element nb
mass 93
energy 14.
#

# Output
#

channels y
outspectra y

Contrary to the previous sample case, in this case no dalitidzential cross sections or results per
separate file are printed (since it only concerns one intideargy). The exclusive cross sections are
given in one table, per channel and per ground or isometie.dtas checked whether the exclusive cross
sections add up to the non-elastic cross section. Notehitsasam rule, Eq{3.25), is only expected to
hold if we include enough exclusive channels in the calautatlf maxchannel 4 this equality should
always hold for incident energies up to 20 MeV. This outpatckllooks as follows:

6. Exclusive cross sections
6a. Total exclusive cross sections
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Emitted particles cross section reaction level isomeric i

n p d t h a
0O 0 O O 0 o 1.18344E+00 (n,g)

1 0 0 0 0 0  326664E+02 (n,)

2.96168E+01 (n,p)
1.04112E+01 (n,d)
6.70822E-01 (n,t)

2.73777E+01 (n,a)

o O OO
O OO
[eoN el o)
O rFr OO
O O oo
= O O O

2 0 0 0 0 0  1.35982E+03 (n,2n)

1 1 0 0 0 0 1.06861E+01 (n,np)
1 0 0 0 ©O 1 3.14862E+00 (n,na)

0 1 0 0 0 1  1.49401E-05 (n,pa)

Sum over exclusive channel cross sections: 1769.57593

(n,gn) + (n,gp) +...(n,ga) cross sections: 1.05321
Total : 1770.62915
Non-elastic cross section . 1770.62939

Cross section

0 5.75062E-01
1 6.08379E-01
0 2.74409E+02
1 5.22550E+01
0 1.35359E+01
2 1.38418E+01
0 8.46000E+02
1 5.13817E+02
0 1.27412E+00
1 1.87450E+00

Note that the(n, np) and(n, d) cross sections add up to the residual production crossosefcti %2 Zr,

as given in the first sample case.

Sinceoutspectra y, for each exclusive channel the spectrum per outgoinggbais given. This

output block begins with:

6b. Exclusive spectra

Emitted particles cross section reaction gamma cross secti on

n p d t h a

1 0 O O o0 O 3.26664E+02 (n,n") 1.00870E+03

Outgoing spectra
Energy gamma neutron proton deuteron triton

0.001 4.06619E+00 2.14250E-03 0.00000E+00 0.00000E+00 O.
0.002 4.08311E+00 4.22497E-03 0.00000E+00 0.00000E+00 O.
0.005 4.13354E+00 1.04500E-02 0.00000E+00 0.00000E+00 O.
0.010 4.21777E+00 2.08288E-02 0.00000E+00 0.00000E+00 O.

helium-3

00000OE+00 0.00000E+00
0000OE+00 0.00000E+00
OOOOOE+00 0.00000E+00
OOOOOE+00 0.00000E+00
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0.020 4.38694E+00 4.16553E-02 0.00000E+00 0.00000E+00 O.
0.050 4.92328E+00 1.04608E-01 0.00000E+00 0.00000E+00 O.
0.100 6.46225E+00 2.10358E-01 0.00000E+00 0.00000E+00 O.

Emitted particles

p d t
1 0 O

Outgoing spectra

Energy

0.001
0.002
0.005
0.010
0.020
0.050
0.100
0.200
0.300
0.400
0.500
0.600
0.700
0.800
0.900
1.000

gamma

6.35050E-02
6.94942E-02
8.74445E-02
1.17368E-01
1.77238E-01
3.57037E-01
6.57333E-01
1.58990E+00
1.88712E+00
2.01034E+00
1.41701E+00
5.68786E+00
8.64822E+00
4.28359E+00
2.37448E+00
2.20641E+00

h a
0 0
neutron

cross section reaction

1.06861E+01

proton

(n,np)

deuteron

1.87485E-01 0.00000E+00 0.00000E+00 O.
3.74836E-01 0.00000E+00 0.00000E+00 O.
9.36836E-01 0.00000E+00 0.00000E+00 O.
1.88679E+00 0.00000E+00 0.00000E+00 O.
3.89497E+00 0.00000E+00 0.00000E+00 O.
6.03595E+00 0.00000E+00 0.00000E+00 O.
8.96107E+00 0.00000E+00 0.00000E+00 O.

1.04045E+01
9.88185E+00
9.03657E+00
8.28305E+00
7.59201E+00
6.60600E+00
5.86945E+00
5.09628E+00
4.19745E+00

0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00

0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00

1.23263E-07 0.00000E+00 O.

triton

©Coo0oo0o0o0o0o

00000E+00
OOO00E+00
0OO00E+00

gamma cross secti

1.97965E+01

0OO00E+00
00000E+00
00000E+00
OOO00E+00
00000E+00
00000E+00
OOO00E+00
OOOO00E+00
00000E+00
OOOO00E+00
OOO00E+00
00000E+00
00000E+00
OOO00E+00
00000E+00
00000E+00

0.00000E+00
0.00000E+00
0.00000E+00

on

helium-3

0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00

Note, as explained in Secti@n_318.2, that the (n,np) chaisneharacterized by both a neutron and a
proton spectrum.

Case 1d: Nuclear structure

It is possible to have all the nuclear structure informaiiothe output file. The simplest way is to set
outbasic y, which means that about everything that can be printed,beilprinted. This may be a bit
overdone if one is only interested in e.g. discrete levelkewel densities. If the keywordgutlevels
and/oroutdensity are set toy, discrete level and level density information will always fiven for
the target nucleus and the primary compound nucleus. Witgamma y, photon strength function
information is also given. If we would set, in additiomtpopulation y, this info will also be given for
all the other residual nuclides that are reached in theimrachain. The input file for this sample case is

#

# General

#
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projectile n
element nb
mass 93
energy 14,
#

# Output

#

outlevels y
outdensity y
outgamma y

In addition to the output of case l1a, the separation enefgidke six light particles are printed.

NUCLEAR STRUCTURE INFORMATION FOR Z= 41 N= 52 ( 93Nb)

Separation energies:

Particle S
neutron 8.83126
proton 6.04337
deuteron 12.45360
triton 13.39081
helium-3 15.65202
alpha 1.93144

293

In the next output block, the discrete level scheme is piiftethe firstmaxlevelstarlevels. The discrete
level info contains level number, energy, spin, paritynotdng ratios and lifetimes of possible isomers.
Itis also indicated whether the spin (J) or parity (P) of &lés experimentally known or whether a value
was assigned to it (see Sect[onl5.4). The “string” of theinalgENSDF database is also given, so that
the user can learn about possible alternative choices fors@ parity. This output block begins with:

Discrete levels of Z= 41 N= 52 ( 93Nb)

Number Energy Spin Parity Branching

0 0.0000 4.5 +
1 0.0308 0.5 -

>
2 0.6871 1.5 -

>
3 0.7439 35 +

>
4 0.8085 25 +

>

>

Ratio (%) Lifetime(sec

o w

) Assignment

Sinceoutdensity y, we print all the level density parameters that are invohasidiscussed in Section
H.2: the level density parameter at the neutron separatiergga(S,, ), the experimental and theoretical
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average resonance spacibg, the asymptotic level density parameiethe shell damping parameter
the pairing energy\, the shell correction energy/’, the matching energy,., the last discrete level,
the levels for the matching problem, the temperaflir¢he back-shift energy, the discrete state spin
cut-off parameter and the spin cut-off parameter at the neutron separatiorggnélext, we print a
table with the level density parameterthe spin cut-off parameter and the level density itselfaala

function of the excitation energy. This output block begirith:

Level density parameters for Z= 41 N= 52 ( 93Nb)

Model: Gilbert-Cameron
Collective enhancement: no

a(sn) : 12.33543
Experimental DO : 0.00 eV +- 0.00000
Theoretical DO : 77.69 eV
Asymptotic a :12.24515

Damping gamma 0.09559

Pairing energy : 1.24434

Shell correction: 0.10845

Last disc. level: 20

Nlow : 5

Ntop : 15

Matching Ex : 7.63849
Temperature : 0.86816

EO : -1.36134

Adj. pair shift : 0.00000

Discrete sigma 2.78158

Sigma (Sn) : 4.57840

Level density per parity for ground state
(Total level density summed over parity)

Ex a sigma total JP= 05 JP= 15 JP= 25 JP=

0.25 12.372 2.782 3.685E+00 4.465E-01 7.356E-01 7.987E-01

0.50 12.372 2.782 4.915E+00 5.955E-01 9.810E-01 1.065E+00
0.75 12.372 2.782 6.555E+00 7.942E-01 1.308E+00 1.421E+00
1.00 12.372 2.782 8.742E+00 1.059E+00 1.745E+00 1.895E+00

35 JP= 45

6.774E-01 4.734E-0
9.035E-01 6.313E-0
1.205E+00 8.420E-0
1.607E+00 1.123E+0

Finally, a comparison of the total level density with the adative number of discrete levels is given,

Discrete levels versus total level density
Energy Level N_cumulative
0.9498 6 7.125

0.9700 7 7.462
09789 8 7.614
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1.0826 9 9.491
1.1268 10 10.363
1.2844 11 13.856
1.2900 12 13.992
1.2972 13 14.167

Note also that, sinceutdensity yby default impliediledensity y, the filesild041093.totandld041094.tot
have been created. They contain all level density parameted a comparison between cumulated
discrete levels and the integrated level density.

With outgamma ythe gamma-ray information is printed. First, all relevaatgmeters are given:
the total radiative widtH'r, the s-wave resonance spaciby, the s-wave strength functiofl, and
the normalization factor for the gamma-ray strength fuorcti Second, we print the giant resonance
information. For each multipolarity, we print the strengththe giant resonancey, its energy and its
width. Next, the gamma-ray strength function and transimissoefficients for this multipolarity and as
a function of energy are printed. This output block beginthwi

#HHHHHHH GAMMA STRENGTH FUNCTIONS, TRANSMISSION COEEEHNTS AND CROSS SECTIO
Gamma-ray information for Z= 41 N= 53 ( 94Nb)

S-wave strength function parameters:

tal radiative wid

Exp. total radiative width=  0.14500 eV +/- 0.01000 Theor. to

Exp. DO = 80.00 eV +/- 10.00 Theor. DO
Exp. S-wave strength func.=  0.45000E-4 +/- 0.07000 Theor. S -wave strength fun
Normalization factor = 0.70061

Gamma-ray strength function model for E1: Kopecky-Uhl

Normalized gamma-ray strength functions and transmission coefficients for I= 1

Giant resonance parameters :

2.515
9.017
4.000
8.67373E-08

sigma0O(M1) =
E(M1) =

gamma(M1) =
k(M1) =

sigmaO(E1l) = 192.148
E(E1l) = 16.523
gamma(El) = 5.515
k(El) = 8.67373E-08
E f(M1) f(E1)

T(M1) T(E1)

0.001 0.00000E+00 1.36200E-08 0.00000E+00 8.55769E-17

0.002
0.005
0.010
0.020
0.050

7.39798E-13
1.84950E-12
3.69900E-12
7.39805E-12
1.84960E-11

1.36205E-08
1.36221E-08
1.36248E-08
1.36301E-08
1.36461E-08

3.71863E-20
1.45259E-18
2.32415E-17
3.71867E-16
1.45267E-14

6.84642E-16
1.06988E-14
8.56071E-14
6.85126E-13
1.07176E-11
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0.100 3.69981E-11 1.36725E-08 2.32466E-13 8.59069E-11

which is repeated for eadhvalue. Finally, the photoabsorption cross section istpdn

Photoabsorption cross sections
E reaction

0.001 2.2413E-04
0.002 5.5010E-04
0.005 1.2228E-03
0.010 2.3445E-03
0.020 4.5901E-03
0.050 1.1345E-02
0.100 2.2662E-02
0.200 4.5515E-02
0.300 6.8659E-02
0.400 9.2090E-02
0.500 1.1581E-01

Case le: Detailed pre-equilibrium information

The single- and double-differential spectra have alreaBntrovered in sample 1b. In addition to this,
the contribution of the pre-equilibrium mechanism to thec and cross sections can be printed in
more detail with theoutpreequilibrium keyword. With the input file

#

# General

#

projectile n

element nb

mass 93

energy 14.

#

# Output

#

outpreequilibrium vy
outspectra y
ddxmode 2

we obtain, in addition to the aforementioned output blocksletailed outline of the pre-equilibrium
model used, in this case the default: the two-componentaxenodel. First, the parameters for the
exciton model are printed, followed by the matrix elemersts &inction of the exciton number:
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s PRE-EQUILIBRIUM ##H##HHHHHH#

++++++++++ TWO-COMPONENT EXCITON MODEL ++++++++++

1. Matrix element for E=

Constant
p-p ratio
n-n ratio
p-n ratio
n-p ratio

for
for
for
for
for

matrix
matrix
matrix
matrix
matrix

p(P) h(p) p(n) h(n)

21.076
element : 1.000
element: 1.000
element: 1.500
element: 1.000
element: 1.000

M2pipi

M2nunu M2pinu M2nupi

2.63420E-05 3.95131E-05 2.63420E-05 2.63420E-05
1.08884E-04 1.63327E-04 1.08884E-04 1.08884E-04

1.76643E-04 2.64964E-04 1.76643E-04 1.76643E-04

0
1
0 1.08884E-04 1.63327E-04 1.08884E-04 1.08884E-04
2
1

1.76643E-04 2.64964E-04 1.76643E-04 1.76643E-04

Next, the emission rates are printed: first as function digartype and particle-hole number, and in the
last column summed over patrticles:

2. Emission rates or escape widths

A. Emission rates ( /sec)

p(P) h(p) p(n) h(n)

gamma neutron proton deuteron triton
0 2.16570E+18 0.00000E+00 0.00000E+00 0.00000E+00 0.0 0000E+0
1 5.29285E+17 1.63578E+21 0.00000E+00 0.00000E+00 0.0 0000E+0
0 5.58040E+17 8.15540E+20 2.32728E+20 2.79804E+19 0.0 0000E+0
2 1.26381E+17 4.52770E+20 0.00000E+00 0.00000E+00 0.0 0000E+0
1 1.08464E+17 3.04371E+20 1.11136E+19 3.36637E+18 9.2 1406E+1

Also, the alternative representation in terms of the eseagths, see Eqs{4.1B7) anE{4.138), is given,

B. Escape widths (MeV)

p(P) h(p) p(n) h(n)

o, OO
O, OO

WkFk NP

gamma neutron proton deuteron triton
0 1.42549E-03 0.00000E+00 0.00000E+00 0.00000E+00 0.0 0000E+0
1 3.48382E-04 1.07669E+00 0.00000E+00 0.00000E+00 0.0 0000E+0
0 3.67309E-04 5.36798E-01 1.53184E-01 1.84170E-02 0.0 0000E+0
2 8.31858E-05 2.98019E-01 0.00000E+00 0.00000E+00 0.0 0000E+0
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1 1 2 1
2 2 1 0

The internal transition rates such as those of Eq.(4.108}l@massociated damping and total widths are

given next,

3. Internal transition rates or damping widths, total width

A. Internal transition rates ( /sec)

p(p) h(p) p(n) h(n) lambdapiplus  lambdanuplus lambdapinu I ambdanup
0 0 1 0 1.45456E+21 1.74977E+21 0.00000E+00 0.00000E+0
0 0 2 1 3.18197E+21 3.67047E+21 0.00000E+00 1.62232E+2
1 1 1 0 1.74347E+21 3.78846E+21 1.30118E+20 0.00000E+0
0 0 3 2 3.26507E+21 3.59251E+21 0.00000E+00 7.12888E+2
1 1 2 1 2.35211E+21 3.64486E+21 1.72552E+20 2.29011E+2

7.13921E-05 2.00341E-01 7.31511E-03 2.21578E-03 6.0
9.92804E-05 8.90114E-02 1.26899E-02 1.26325E-03 0.0

6481E-0
0000E+0

The lifetimest(p, h) of Eq. ({4126) and the depletion factals, , of Eq. (4.12F), are printed next,

4. Lifetimes

p(p) h(p) p(n) h(n) Strength
0 3.11867E-22
1 6.41109E-23
0 6.88639E-23
2 3.09624E-23
1 7.50433E-23
0 2.43181E-23

The partial state densities are printed for the first patimdle combinations as a function of excitation
energy. We also print the exciton number-dependent spirilisons and their sum, to see whether we
have exhausted all spins. This output block is as follows

++++++++++ PARTIAL STATE DENSITIES ++++++++++
Particle-hole state densities
Ex P(n=3) ap gn

Configuration p(p) h(p) p

1100 0011 1110 1011 2100
1.000 0.000 2.733 3.533 7.471E+00 1.248E+01 9.728E+00 1.13

2.000 0.000 2.733 3.533 1.494E+01 2.497E+01 4.559E+01 5.63

9E+01 0.000E+00
3E+01 8.212E+00
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3.000 0.000 2.733 3.533 2.241E+01 3.745E+01 1.078E+02 1.35 4E+02 2.627E+01
4.000 0.000 2.733 3.533 2.988E+01 4.994E+01 1.965E+02 2.48 6E+02 5.453E+01
5.000 0.000 2.733 3.533 3.736E+01 6.242E+01 3.116E+02 3.95 9E+02 9.301E+01
6.000 0.000 2.733 3.533 4.483E+01 7.491E+01 4.530E+02 5.77 4E+02 1.417E+02

Particle-hole spin
n J=0

1 1.7785E-02
2 6.3683E-03
3 3.4812E-03
4 2.2659E-03
5 1.6234E-03

distributions

4.3554E-02
1.7261E-02
9.7603E-03
6.4613E-03
4.6764E-03

4.8369E-02
2.3483E-02
1.4208E-02
9.7295E-03
7.1862E-03

3.6832E-02
2.4247E-02
1.6237E-02
1.1698E-02
8.9070E-03

2.1025E-02
2.0773E-02
1.5926E-02
1.2277E-02
9.7354E-03

J=5

9.3136E-03
1.5284E-02
1.3878E-02
1.1642E-02
9.7128E-03

©FP P ow

We print a table with the pre-equilibrium cross sectionsgtage and outgoing energy, for each outgoing
particle. At the end of each table, we give the total preddariim cross sections per particle. Finally
the total pre-equilibrium cross section summed over ongpiarticles is printed,

++++++++++ TOTAL PRE-EQUILIBRIUM CROSS SECTIONS ++++++++

Pre-equilibrium cross sections for gamma

E Total p=1 p=2 p=3 p=4 p=5 p
0.001 2.2249E-13 9.1810E-14 5.0384E-14 3.8551E-14 4.1750 E-14 0.0000E+00 0.000
0.002 2.1767E-12 8.9578E-13 4.9358E-13 3.7794E-13 4.0941 E-13 0.0000E+00 0.000
0.005 2.9926E-11 1.2218E-11 6.8126E-12 5.2280E-12 5.6681 E-12 0.0000E+00 0.000
0.010 2.2566E-10 9.0941E-11 5.1690E-11 3.9811E-11 4.3221 E-11 0.0000E+00 0.000
0.020 1.7108E-09 6.7253E-10 3.9631E-10 3.0739E-10 3.3461 E-10 0.0000E+00 0.000
0.050 2.4211E-08 8.9017E-09 5.7581E-09 4.5550E-09 4.9961 E-09 0.0000E+00 0.000
0.100 1.7108E-07 5.7425E-08 4.1833E-08 3.4050E-08 3.7774 E-08 0.0000E+00 0.000

19.000 1.3505E-01 1.3040E-01 4.3802E-03 2.6369E-04 4.844 8E-06 0.0000E+00 0.000
19.500 1.2227E-01 1.1875E-01 3.4007E-03 1.2338E-04 6.619 6E-07 0.0000E+00 0.000
20.000 1.1171E-01 1.0895E-01 2.7321E-03 3.1776E-05 0.000 OE+00 0.0000E+00 0.000
21.000 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.000 OE+00 0.0000E+00 0.000
22.000 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.000 OE+00 0.0000E+00 0.000

1.2864E+00 1.1291E+00 1.2096E-01 2.6279E-02 1.0140E-02 0O .0000E+00 0.000
Integrated: 1.28644

Pre-equilibrium cross sections for neutron

E Total p=1 p=2 p=3 p=4 p=5 p
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0.001 9.4598E-02 0.0000E+00 2.6248E-02 2.5416E-02 2.0231 E-02 1.4060E-02 8.642
0.002 1.4281E-01 0.0000E+00 3.9637E-02 3.8373E-02 3.0539 E-02 2.1220E-02 1.304
0.005 2.6901E-01 0.0000E+00 7.4728E-02 7.2301E-02 5.7513 E-02 3.9941E-02 2.453
0.010 4.8271E-01 0.0000E+00 1.3428E-01 1.2979E-01 1.0316 E-01 7.1572E-02 4.391
0.020 9.7103E-01 0.0000E+00 2.7090E-01 2.6131E-01 2.0733 E-01 1.4358E-01 8.790
17.500 2.5293E-01 0.0000E+00 0.0000E+00 0.0000E+00 0.000 OE+00 0.0000E+00 0.000
18.000 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.000 OE+00 0.0000E+00 0.000
18.500 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.000 OE+00 0.0000E+00 0.000
19.000 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.000 OE+00 0.0000E+00 0.000

2.6727E+01 0.0000E+00 0.0000E+00 0.0000E+00 1.0326E-02 1 .1088E-02 4.974

Integrated: 26.72690

Total pre-equilibrium cross section: 415.82114

Case 1f: Discrete direct cross sections and angular distriltions

More specific information on the characteristics of direxations can be obtained with the following
input file,

#

# General

#

projectile n

element nb

mass 93

energy 14.

#

# Output

#

outdiscrete y

outangle y
outlegendre y
outdirect y

outspectra y

Now we obtain, througtloutdirect y, the direct cross sections from inelastic collective scatyg and
giant resonances. The output block begins with

++++++++++ DIRECT CROSS SECTIONS ++++++++++
Direct inelastic cross sections
Level Energy E-out Jip Cross section Def. par.
1 0.03077 13.81777 0.5- 0.00670 B 0.00239
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2 0.68709 13.16145 1.5- 0.01311 B 0.00338

3 0.74386 13.10468 3.5+ 4.28791 B 0.04699

4 0.80849 13.04005 2.5+ 0.08705 B 0.00873

5 0.81025 13.03829 2.5- 3.20756 B 0.04070

6 0.94982 12.89872 6.5+ 7.43461 B 0.06216
92 12.99300 0.85554 0.5+ 0.01342 B 0.01008
93 13.09000 0.75854 3.5- 0.00194 B 0.00797
94 13.54200 0.30654 2.5- 0.00680 B 0.00730
95 13.58100 0.26754 1.5+ 0.00089 B 0.00437
Discrete direct inelastic cross section: 29.21914 Level 1- 20
Collective cross section in continuum : 45.69146

which for the case of>Nb gives the results of the weak-coupling model. For evevgllehe angular
distribution is given, sinceutangle ywas specified:

Direct inelastic angular distributions

Angle Ex= 0.031 Ex= 0.687 Ex= 0.744 Ex= 0.808 Ex= 0.810 Ex= 0.9 50
JP= 0.5- JP= 1.5- JP= 3.5+ JP= 2.5+ JP= 2.5- JP= 6.5+
0.0 1.06392E-03 2.02551E-03 1.31400E+00 1.33822E-02 9.82 438E-01 2.27460E+00
2.0 1.06611E-03 2.03034E-03 1.30995E+00 1.34149E-02 9.79 407E-01 2.26757E+00
4.0 1.07266E-03 2.04477E-03 1.29828E+00 1.35125E-02 9.70 673E-01 2.24731E+00
6.0 1.08348E-03 2.06854E-03 1.28032E+00 1.36731E-02 9.57 224E-01 2.21608E+00
8.0 1.09840E-03 2.10115E-03 1.25797E+00 1.38933E-02 9.40 465E-01 2.17707E+00
10.0 1.11708E-03 2.14179E-03 1.23324E+00 1.41675E-02 9.2 1900E-01 2.13374E+00

The table with total giant resonance results is given next,

++++++++++ GIANT RESONANCES ++++++++++

Cross section Exc. energy Emis. energy  Width Deform. par.
GMR 0.00000 16.37500 -2.52646 3.00000 0.02456
GQR : 0.00000 14.34671 -0.49817 4.14092 0.14081
LEOR : 24.05840 6.84228 7.00626 5.00000 0.15788
HEOR : 0.00000 25.38264  -11.53410 7.36250 0.13210
Total: 24.05840

followed, sinceoutspectra y, by the associated spectra,

Giant resonance spectra

PRrRRRPR
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Energy  Total GMR GOR LEOR HEOR Collective
0.001 7.7214E-03 0.0000E+00 0.0000E+00 7.7214E-03 0.0000 E+00 0.0000E+00
0.002 7.7337E-03 0.0000E+00 0.0000E+00 7.7337E-03 0.0000 E+00 0.0000E+00
0.005 7.7706E-03 0.0000E+00 0.0000E+00 7.7706E-03 0.0000 E+00 0.0000E+00
0.010 7.8325E-03 0.0000E+00 0.0000E+00 7.8325E-03 0.0000 E+00 0.0000E+00
0.020 7.9577E-03 0.0000E+00 0.0000E+00 7.9577E-03 0.0000 E+00 0.0000E+00
0.050 8.3441E-03 0.0000E+00 0.0000E+00 8.3441E-03 0.0000 E+00 0.0000E+00

The total, i.e. directt compound cross section per discrete level of each resididédus was already
described for sample 1b. In addition, we have now requekdrigular distributions and the associated
Legendre coefficients. First, the angular distributiondlarstic scattering, separated by direct and com-
pound contribution, is given. Sin@aitlegendre yit is given first in terms of Legendre coefficients. This

output block begins with:

8. Discrete state angular distributions

8al. Legendre coefficients for elastic scattering

L Total Direct Compound Normalized

0 1.75971E+02 1.75971E+02 4.71035E-05 7.95776E-02
1 1.55728E+02 1.55728E+02 0.00000E+00 7.04232E-02
2 1.39720E+02 1.39720E+02 1.86062E-06 6.31840E-02
3 1.21488E+02 1.21488E+02 0.00000E+00 5.49390E-02
4 1.02659E+02 1.02659E+02 3.25580E-07 4.64241E-02

where the final column means division of the Legendre coefiisiby the cross section. This is followed
by the associated angular distribution. This output bloegits with:

8a2. Elastic scattering angular distribution

Angle Total Direct Compound
0.0 6.69554E+03 6.69554E+03 6.12260E-05
2.0 6.62134E+03 6.62134E+03 6.11570E-05
4.0 6.40317E+03 6.40317E+03 6.09526E-05
6.0 6.05390E+03 6.05390E+03 6.06204E-05
8.0 5.59369E+03 5.59369E+03 6.01725E-05

10.0 5.04824E+03 5.04824E+03 5.96247E-05
12.0 4.44657E+03 4.44657E+03 5.89949E-05

Next, the Legendre coefficients for inelastic scatteringdoh discrete level, separated by the direct and

compound contribution, is given. This output block beginthw
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8bl. Legendre coefficients for inelastic scattering

Level 1
L Total Direct Compound Normalized
0 5.43660E-04 5.33254E-04 1.04057E-05 7.95775E-02
1 1.86109E-04 1.86109E-04 0.00000E+00 2.72415E-02
2 6.20916E-05 6.21244E-05 -3.27812E-08 9.08857E-03
3 1.66523E-05 1.66523E-05 0.00000E+00 2.43746E-03
4 -1.37214E-05 -1.35853E-05 -1.36110E-07 -2.00846E-03
5 -1.90397E-05 -1.90397E-05 0.00000E+00 -2.78691E-03
6 -1.61471E-05 -1.61584E-05 1.12224E-08 -2.36352E-03

which is also followed by the associated angular distrdngi This output block begins with:

8b2. Inelastic angular distributions

Level
Angle
0.0

2.0
4.0

Finally, the same is given for the:, p) and the other channels.

1

Total

1.07320E-03
1.07540E-03
1.08196E-03
1.09280E-03
1.10774E-03
1.12646E-03
1.14844E-03

Direct

1.06392E-03
1.06611E-03
1.07266E-03
1.08348E-03
1.09840E-03
1.11708E-03
1.13902E-03

Compound

9.28143E-06
9.28519E-06
9.29647E-06
9.31533E-06
9.34185E-06
9.37618E-06
9.41848E-06

Case 1g: Discrete gamma-ray production cross sections

The gamma-ray intensity for each mother and daughter désteeel appearing in the reaction can be

obtained with the following input file,

#

# General
#

projectile n
element nb
mass 93
energy 14.
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#

# Output

#

outgamdis y

For all discrete gamma-ray transitions, the intensity istpd. For each nucleus, the initial level and the
final level is given, the associated gamma energy and the saxgion. This output block begins with:

10. Gamma-ray intensities
Nuclide: 94Nb

Initial level Final level Gamma Energy Cross section
no. J/Pi Ex no. J/Pi Ex

2 4.0+ 0.0587 --> 1 3.0+ 0.0409 0.01780 2.11853E-01
3 6.0+ 0.0787 --> 0 6.0+ 0.0000 0.07867 2.12745E-01
4 50+ 01134 --> O 6.0+ 0.0000 0.11340 8.56884E-02
4 50+ 01134 --> 2 4.0+ 0.0587 0.05470 3.36955E-02
5 2.0- 01403 ---> 1 3.0+ 0.0409 0.09941 2.43882E-01
6 2.0- 03016 --> 5 2.0- 0.1403 0.16126 5.42965E-02
7 2

4.0+ 0.3118 ---> 4.0+ 0.0587 0.25311 5.48060E-02

When we discuss multiple incident energy runs in the othexpda cases, we will see how the excitation
functions for gamma production cross sections per levehacemulated and how they can be written to
separate files for easy processing.

Case 1h: The full output file

In this sample case we print basically everything that capriieed in the main output file for a single-
energy reaction on a non-fissile nucleus. The input file is

#

# General

#

projectile n

element nb

mass 93

energy 14.

#

# Output

#

outbasic y
outpreequilibrium vy
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outspectra y
outangle y
outlegendre y
ddxmode 2
outgamdis y
partable y

resulting in an output file that contains all nuclear struetaformation, all partial results, and moreover
all intermediate results of the calculation, as well asltesaf intermediate checking. Note that basically
all flags in the "Output” block on top of the output file are st the only exceptions being irrelevant

for this sample case. In addition to the output that is alyedebcribed, various other output blocks are
present. First, sinceutbasic yautomatically meansutomp y, a block with optical model parameters

is printed. The optical model parameters for all includediples are given as a function of incident

energy. This output block begins with:

#H##H#HHA##H OPTICAL MODEL PARAMETERS ####HHHHHHE

neutron on 93Nb

Energy \Y, rv av w rw aw vd rvd avd wd rwd awd
0.001 51.02 1.215 0.663 0.14 1.215 0.663 0.00 1.274 0.534 3.3 2 1.274 0.53
0.002 51.02 1.215 0.663 0.14 1.215 0.663 0.00 1.274 0.534 3.3 2 1.274 0.53
0.005 51.02 1.215 0.663 0.14 1.215 0.663 0.00 1.274 0.534 3.3 2 1.274 0.53
0.010 51.02 1.215 0.663 0.14 1.215 0.663 0.00 1.274 0.534 3.3 3 1.274 0.53
0.020 51.02 1.215 0.663 0.14 1.215 0.663 0.00 1.274 0.534 3.3 3 1.274 0.53

In the next part, we print general quantities that are useslitfhout the nuclear reaction calculations,
such as transmission coefficients and inverse reactiors @@gtions. The transmission coefficients as
a function of energy are given for all particles included lie talculation. Depending upon whether
outtransenergy yor outtransenergy n the transmission coefficient tables will be grouped pergne
or per angular momentum, respectively. The latter optioy & helpful to study the behavior of a
particular transmission coefficient as a function of enefjye default isouttransenergy n leading to
the following output block,

#H#H##H#E TRANSMISSION COEFFICIENTS AND INVERSE REACTID CROSS SECTIONS #it#H#
Transmission coefficients for incident neutron at 0.00101 MeV
L T(L-1/2,L) T(L+1/2,L) Tav(L)

0 0.00000E+00 8.82145E-03 8.82145E-03
1 1.45449E-04 2.56136E-04 2.19240E-04

Transmission coefficients for incident neutron at 0.00202 MeV
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T(L+1/2,L)

Tav(L)

0.00000E+00 1.24534E-02 1.24534E-02
4.11628E-04 7.24866E-04 6.20454E-04
2.55785E-08 1.88791E-08 2.15588E-08

Transmission coefficients for incident neutron at

L TL-1/2L)

T(L+1/2,L)

Tav(L)

0 0.00000E+00 1.96205E-02 1.96205E-02
1 1.62890E-03 2.86779E-03 2.45483E-03
2 2.52135E-07 1.86214E-07 2.12582E-07

which is repeated for each included particle type. Next,(ihneerse) reaction cross sections is given
for all particles on a LAB energy grid. For neutrons also th@ltelastic and total cross section on this

0.00505

energy grid is printed for completeness. This output bloafiis with:

Total cross sections for neutron

E

0.00101
0.00202
0.00505
0.01011
0.02022
0.05054
0.10109
0.20217
0.30326
0.40434
0.50543
0.60651
0.70760

total

1.1594E+04
1.0052E+04
8.8645E+03
8.4660E+03
8.4357E+03
8.9304E+03
9.6344E+03
1.0198E+04
1.0068E+04
9.6390E+03
9.1158E+03
8.5881E+03
8.0915E+03

reaction

6.2369E+03
4.7092E+03
3.5518E+03
3.1918E+03
3.2208E+03
3.8249E+03
4.5808E+03
5.0370E+03
4.7878E+03
4.3377E+03
3.8893E+03
3.5056E+03
3.1968E+03

elastic

5.3566E+03
5.3430E+03
5.3127E+03
5.2741E+03
5.2148E+03
5.1055E+03
5.0536E+03
5.1609E+03
5.2799E+03
5.3013E+03
5.2264E+03
5.0825E+03
4.8946E+03

OMP reaction

6.2369E+03
4.7092E+03
3.5518E+03
3.1918E+03
3.2208E+03
3.8249E+03
4.5808E+03
5.0370E+03
4.7878E+03
4.3377E+03
3.8893E+03
3.5056E+03
3.1968E+03

MeV

The final column "OMP reaction” gives the reaction crossisecas obtained from the optical model.
This is not necessary the same as the adopted reaction ex#nf the middle column, since some-
times (especially for complex particles) this is overrulgdsystematics, see ttsysreactionkeyword,
pagd18ll. For the incident energy, we separately print th® @dtameters, the transmission coefficients
and the shape elastic angular distribution,

+++++++++ OPTICAL MODEL PARAMETERS FOR INCIDENT CHANNEHK+HH++++
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neutron

Energy \%

14.000 46.11 1.215 0.663 0.98 1.215 0.663 0.00 1.274 0.534 6.

on 93Nb

v av

Optical model results

Total cross section

Elastic cross section :

w rw

: 3.9819E+03 mb
Reaction cross section: 1.7706E+03 mb

2.2113E+03 mb

Transmission coefficients for incident neutron

L

O oo ~NOoO U~ WNPEO

ol
(N

12
13

T(L-1/2,L)

0.00000E+00 7.46404E-01 7.46404E-01

8.02491E-01
7.77410E-01
7.75550E-01
9.15115E-01
6.01374E-01
7.00430E-01
1.15102E-01
1.59959E-02
2.36267E-03
3.55525E-04
5.38245E-05
8.20113E-06
1.26174E-06

T(L+1/2,L)

7.78050E-01
8.08483E-01
6.94249E-01
9.53393E-01
6.19435E-01
4.72026E-01
1.90743E-01
1.88919E-02
2.49532E-03
3.61442E-04
5.39431E-05
8.17260E-06
1.25428E-06

Tav(L)

7.86197E-01
7.96054E-01
7.29092E-01
9.36381E-01
6.11226E-01
5.77443E-01
1.55444E-01
1.75291E-02
2.43249E-03
3.58625E-04
5.38864E-05
8.18630E-06
1.25788E-06

Shape elastic scattering angular distribution

Angle

0.0
20
4.0

Cross section

6.69554E+03
6.62134E+03
6.40317E+03
6.05390E+03
5.59369E+03
5.04824E+03
4.44657E+03
3.81867E+03
3.19323E+03
2.59561E+03
2.04638E+03

Wwd

307

rwd awd

84 1.274 0.53
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At some point during a run, TALYS has performed the directtiea calculation and the pre-equilibrium
calculation. Atable is printed which shows the part of trecton population that is left for the formation
of a compound nucleus. Since the pre-equilibrium crossaecare calculated on an emission energy
grid, there is always a small numerical error when tranisfgrthese results to the excitation energy grid.
The pre-equilibrium spectra are therefore normalized. dutput block looks as follows

#H##HHHAHH POPULATION CHECK ###HH#HHHHHH

Particle Pre-equilibrium Population

gamma 1.28644 1.27794

neutron 428.71729  410.91696

proton 25.24361 25.20203

deuteron 3.50197 3.49032

triton 0.09480 0.09451

helium-3 0.00000 0.00000

alpha 26.72690 26.64193

++++++++++ Normalization of reaction cross section ++++++ ++++
Reaction cross section : 1770.63000 (A)
Sum over T(j,l) : 1770.62537 (B)
Compound nucleus formation c.s. : 1243.46240 (C)
Ratio C/B : 0.70227

After the compound nucleus calculation, the results froeimary reaction are printed. First, the binary
cross sections for the included outgoing particles aretguiinfollowed by, ifoutspectra y, the binary
emission spectra. If alsoutcheck y, the integral over the emission spectra is checked agdiestross
sections. The printed normalization factor has been apptiehe emission spectra. This output block
begins with:

. BINARY CHANNELS  ###HH
++++++++++ BINARY CROSS SECTIONS ++++++++++

gamma channel to Z= 41 N= 53 ( 94Nb): 2.23665E+00
neutron channel to Z= 41 N= 52 ( 93Nb): 1.68950E+03
proton  channel to Z= 40 N= 53 ( 93Zr): 3.79183E+01
deuteron channel to Z= 40 N= 52 ( 92Z7r): 1.04112E+01
triton channel to Z= 40 N= 51 ( 91Zr): 6.70826E-01
helium-3 channel to Z= 39 N= 52 ( 91Y ): 2.35820E-08
alpha channel to Z= 39 N= 51 ( 90Y ): 2.98966E+01

Binary emission spectra

Energy gamma neutron proton deuteron triton helium-3
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0.001 1.14462E-06 1.89788E+00 0.00000E+00 0.00000E+00 O. 00000E+00 0.00000E+0
0.002 2.28923E-06 3.74165E+00 0.00000E+00 0.00000E+00 O. OOOO0OE+00 0.00000E+0
0.005 5.72311E-06 9.25456E+00 0.00000E+00 0.00000E+00 O. OOOO0OE+00 0.00000E+0
0.010 1.14464E-05 1.84461E+01 0.00000E+00 0.00000E+00 O. 00000E+00 0.00000E+0
0.020 2.28940E-05 3.68901E+01 0.00000E+00 0.00000E+00 O. 00000E+00 0.00000E+0
0.050 5.72550E-05 9.26411E+01 0.00000E+00 0.00000E+00 O. OOOOOE+00 0.00000E+0
0.100 1.14633E-04 1.86293E+02 0.00000E+00 0.00000E+00 O. 00000OE+00 0.00000E+0
0.200 2.30055E-04 3.28686E+02 2.64905E-30 1.35926E-43 O. 00000E+00 0.00000E+0
0.300 7.48114E-04 4.14446E+02 3.56019E-23 9.99027E-34 9. 03852E-41 0.00000E+0
0.400 1.81798E-03 4.97986E+02 5.12047E-19 1.48517E-27 3. 14528E-33 0.00000E+0
0.500 2.88939E-03 5.48371E+02 3.42302E-16 1.47275E-23 2. 43692E-28 0.00000E+0
0.600 3.96241E-03 5.39365E+02 4.07677E-14 1.28871E-20 9. 22918E-25 0.00000E+0
0.700 5.03710E-03 5.29973E+02 1.64259E-12 2.45195E-18 5. 46266E-22 0.00000E+0

++++++++++ CHECK OF INTEGRATED BINARY EMISSION SPECTRA #++++

Continuum cross section

Integrated spectrum Compound norm

alizatio

gamma 2.19555E+00 2.19555E+00 1.00011E+00
neutron 1.66025E+03 1.64343E+03 1.01805E+00
proton 3.43220E+01 3.43220E+01 1.00226E+00
deuteron 3.51689E+00 3.51689E+00 1.02829E+00
triton 9.54471E-02 9.54471E-02 1.01145E+00
helium-3 2.86109E-10 2.86109E-10 0.00000E+00
alpha 2.86177E+01 2.86176E+01 9.99189E-01

Sinceoutpopulation y, the population that remains in the first set of residual idesl after binary emis-

sion is printed,

++++++++++ POPULATION AFTER BINARY EMISSION ++++++++++

Population of Z= 41 N= 53 ( 94Nb) after binary gamma

Maximum excitation energy:

emission:
21.076 Discrete levels: 10 Cont

2.23665E+00
inuum bins: 40 Conti

bin Ex Popul. J=00- J= 00+ J=10- J=10+ J=20- J=20
0 0.000 3.206E-07 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+
1 0.041 1.889E-07 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+
2 0.059 2.525E-07 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+
3 0.079 1.528E-03 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+
4  0.113 3.443E-03 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+
5 0.140 1.051E-02 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.051E-02 0.000E+
6 0.302 9.579E-03 0.000E+00 0.000E+00 0.000E+00 0.000E+00 9.579E-03 0.000E+
7 0.312 1.818E-03 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+
8 0.334 4.717E-03 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+
9 0.396 6.486E-03 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+
10  0.450 3.014E-03 0.000E+00 0.000E+00 0.000E+00 0.000E+0 0 0.000E+00 0.000E+
11  0.708 3.665E-02 2.036E-04 1.520E-04 1.592E-03 1.152E-0 3 3.293E-03 2.540E-
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1.224 5.702E-02 2.592E-04 1.935E-04 2.065E-03 1.494E-0 3 4.428E-03 3.415E-

where in this case bins 0-10 concern discrete levels andlii¥ concern continuum bins.

After this output of the binary emission, we print for eaclelide in the decay chain the population
as a function of excitation energy, spin and pabgforeit decays. This loop starts with the initial
compound nucleus and the nuclides formed by binary emissithen all excitation energy bins of
the nucleus have been depleted, the final production crasi®s€per ground state/isomer) is printed.
The feeding from this nuclide to all its daughter nuclidesal® given. If in additioroutspectra y, the
emission spectra for all outgoing particles from this nuslare printed. At high incident energies, when
generallymultipreeq y, the result from multiple pre-equilibrium emission is ged (not included in this
output). Ifoutcheck y, it is checked whether the integral over the emission sadaim this nucleus is
equal to the corresponding feeding cross section. Thisubblpck begins with:

s MULTIPLE EMISSION #H#H#HHHHHHH

Population of Z= 41 N= 53 ( 94Nb) before decay: 3.58813E+00

Maximum excitation energy: 21.076 Discrete levels: 10 Cont inuum bins: 40 Conti

bin Ex Popul. J= 0.0 J= 1.0 J= 20 J= 3.0 J= 4.0 J= 5.0
0 0.000 1.050E-06 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+
1 0.041 6.181E-07 0.000E+00 0.000E+00 0.000E+00 6.181E-07 0.000E+00 0.000E+
2  0.059 8.266E-07 0.000E+00 0.000E+00 0.000E+00 0.000E+00 8.266E-07 0.000E+
3 0.079 1.525E-03 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+
4  0.113 3.436E-03 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 3.436E-
5 0.140 1.049E-02 0.000E+00 0.000E+00 1.049E-02 0.000E+00 0.000E+00 0.000E+
6  0.302 9.558E-03 0.000E+00 0.000E+00 9.558E-03 0.000E+00 0.000E+00 0.000E+
7 0.312 1.814E-03 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.814E-03 0.000E+
8 0.334 4.706E-03 0.000E+00 0.000E+00 0.000E+00 4.706E-03 0.000E+00 0.000E+
9 0.396 6.472E-03 0.000E+00 0.000E+00 0.000E+00 6.472E-03 0.000E+00 0.000E+
10  0.450 3.008E-03 0.000E+00 0.000E+00 0.000E+00 3.008E-0 3 0.000E+00 0.000E+
11  0.708 3.657E-02 1.517E-04 1.150E-03 2.536E-03 3.531E-0 3 3.593E-03 2.702E-
12 1.224 5.693E-02 1.939E-04 1.497E-03 3.419E-03 5.023E-0 3 5.489E-03 4.513E-
13  1.739 6.580E-02 1.843E-04 1.443E-03 3.395E-03 5.210E-0 3 6.036E-03 5.335E-
14  2.255 7.347E-02 1.744E-04 1.381E-03 3.323E-03 5.274E-0 3 6.390E-03 5.973E-

Emitted flux per excitation energy bin of Z= 41 N= 53 ( 94Nb):

bin Ex gamma neutron proton deuteron triton heli

.00000E+00 0.00000
.00000E+00 0.00000
.00000E+00 0.00000

.00000E+00 0.00000
.00000E+00 0.00000

0.000 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 O
0.041 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 O
0.059 2.11853E-01 0.00000E+00 0.00000E+00 0.00000E+00 0
0.079 2.12745E-01 0.00000E+00 0.00000E+00 0.00000E+00 O
0.113 1.19384E-01 0.00000E+00 0.00000E+00 0.00000E+00 O

A WDNEFO
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5 0.140 2.43882E-01 0.00000E+00 0.00000E+00 0.00000E+00 O
6  0.302 5.42965E-02 0.00000E+00 0.00000E+00 0.00000E+00 O

gamma
neutron
proton

triton

Emission cross sections to residual nuclei from Z= 41 N= 53 ( 9

channel to Z= 41 N= 53 ( 94Nb): 2.66180E+00

channel to Z=

41 N= 52 ( 93Nb): 1.05107E+00
channel to Z= 40 N= 53 ( 93Zr): 1.67352E-03
deuteron channel to Z=

40 N= 52 ( 92Zr): 1.07608E-06

channel to Z= 40 N= 51 ( 91Zr): 2.06095E-08

helium-3 channel to Z= 39 N= 52 ( 91Y ): 1.07027E-16

alpha

Emission spectra from Z= 41 N= 53 ( 94Nb):

Energy

0.001
0.002
0.005
0.010
0.020
0.050

gamma

1.14218E-02
1.19276E-02
1.34434E-02
1.59698E-02
2.10227E-02
4.45166E-02

neutron

5.11503E-03
1.10501E-02
3.25383E-02
7.24291E-02
1.27402E-01
2.33433E-01

proton

0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00

channel to Z= 39 N= 51 ( 90Y ): 4.69800E-04

deuteron

0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00

©Cooo0o0o
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.00000E+00 0.00000
.00000E+00 0.00000

4NDb):

helium-3

00000E+00 0.00000E+0
OOOOOE+00 0.00000E+0
OOOOOE+00 0.00000E+0
00000OE+00 0.00000E+0
OOOOOE+00 0.00000E+0
OOOOOE+00 0.00000E+0

++++++++++ CHECK OF INTEGRATED EMISSION SPECTRA +++++++Ht+

Cross section  Integrated spectrum

gamma 2.66180E+00 2.66180E+00 1.776
neutron 1.05107E+00 1.05107E+00 1.174
proton 1.67352E-03 1.67334E-03 5.377
deuteron 1.07608E-06 7.97929E-07 5.635
triton 2.06095E-08 0.00000E+00 0.000
helium-3 1.07027E-16 0.00000E+00 0.000
alpha 4.69800E-04 4.69563E-04 10.831

Final production cross section of Z= 41 N= 53 ( 94Nb):

Total : 1.18344E+00
Ground state: 5.75062E-01
Level 1 : 6.08379E-01

Average emission energy

Note that once a new nucleus is encountered in the react@in,chll nuclear structure information for

that nucleus is printed as well.



312 CHAPTER 7. VERIFICATION AND VALIDATION, SAMPLE CASES AND OUPUT

Case 1i: No output at all

It is even possible to have an empty output file. With the feifay input file,

#

# General
#
projectile n
element nb
mass 93
energy 14.
#

# Output
#

outmain n

it is specified that even the main output should be suppres8eel sample output file should be empty.

This can be helpful when TALYS is invoked as a subroutine fatirer programs and the output from

TALYS is not required (if the communication is done e.g. tigb shared arrays or subroutine variables).
We have not yet used this option ourselves.



7.3. VALIDATION WITH SAMPLE CASES 313

7.3.2 Sample 2: Excitation functions:2°®Pb (n,n’), (n,2n), (n,p) etc.

Often we are not interested in only one incident energy, beicitation functions of the cross sections.
If more than one incident energy is given in the file specifigdhe energy keyword, it is helpful to have
the results, for each type of cross section, in a table asaifumof incident energy. TALYS will first
calculate all quantities that remain equal for all incidenergy calculations, such as the transmission
coefficients. Next, it will calculate the results for eachigtent energy. When the calculation for the last
incident energy has been completed, the cross sectionslieted and printed as excitation functions in
the output ifoutexcitation y (which is the default if there is more than one incident eperiyloreover,

we can provide the results in separate files: one file pericgachannel. Consider the following input
file

#

# General

#

projectile n
element pb
mass 208
energy energies
#

# Parameters
#

gnorm 0.35
Rgamma 2.2
gn 81 208 9.4
gp 81 208 6.2
egr 82 209 12.0 El1 1
optmodfileN 82 pb.omp
#

# Output

#

channels y
filechannels y
filetotal y
fileresidual y
outdiscrete y

which provides all partial cross sections for neutronsdent on?°®Pb for 46 incident energies, from 1
to 30 MeV, as given in the filenergieghat is present in this sample case directory. In the maiputut
file, first the results per incident energy are given. At the efithe output file, there is an output block
that begins with:

s EXCITATION FUNCTIONS #i##HiHH#H#HH

The first table contains the most important total cross eestas a function of incident energy. This
output block begins with:
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1. Total (binary) cross sections

Energy

1.000E+00
1.200E+00
1.400E+00
1.600E+00
1.800E+00
2.000E+00

Non-elastic

5.4614E-01
6.0181E-01
6.7627E-01
7.6416E-01
8.6914E-01

Elastic

Total Comp. el.

Shape el.

4.8367E+03 4.8372E+03 1.7271E+03 3.
4.7812E+03 4.7818E+03 1.8195E+03 2.
4.9406E+03 4.9413E+03 1.9485E+03 2.
5.2462E+03 5.2469E+03 2.1039E+03 3.
5.6345E+03 5.6353E+03 2.2653E+03 3.
1.0015E+00 6.0464E+03 6.0474E+03 2.4110E+03 3.

Next, the binary cross sections are printed. This outputkoh®gins with:

2. Binary non-elastic cross sections (hon-exclusive)

Energy

1.000E+00
1.200E+00
1.400E+00
1.600E+00
1.800E+00
2.000E+00

gamma

1.9672E-01
2.4416E-01
3.0773E-01
3.8879E-01
4.9418E-01
6.3274E-01

neutron

0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00

proton

0.0000E+00 0.0000E+00
0.0000E+00 0.0000E+00
0.0000E+00 0.0000E+00
0.0000E+00 0.0000E+00
0.0000E+00 0.0000E+00
0.0000E+00 0.0000E+00

deuteron

triton

©Cooo0o0o

Reacti on
1096E+03
9618E+03
9921E+03
1423E+03
3692E+03
6354E+03

1.7276E+03
1.8201E+03
1.9492E+03
2.1046E+03
2.2662E+03
2.4120E+03

helium-3

0000E+00
0000E+00
0000E+00
0000E+00
0000E+00
0000E+00

0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00

Next, the total particle production cross sections aret@dinParts of this output block look as follows:

3. Total particle production cross sections

gamma
Energy

1.000E+00
1.200E+00
1.400E+00
1.600E+00
1.800E+00
2.000E+00
2.200E+00
2.400E+00

neutron pr

Energy

production

2.47648E-01
3.14552E-01
4.06594E-01
5.23101E-01
6.76670E-01
8.80247E-01
1.14449E+00
1.48925E+00

oduction

Cross section Multiplicity

1.43346E-04
1.72825E-04
2.08595E-04
2.48546E-04
2.98596E-04
3.64945E-04
4.52788E-04
5.70753E-04

Cross section Multiplicity
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1.000E+00
1.200E+00
1.400E+00
1.600E+00
1.800E+00
2.000E+00
2.200E+00
2.400E+00
2.600E+00

4.26190E-03
9.15765E-03
1.71089E-02
3.18516E-02
5.42068E-02
8.89349E-02
1.41778E-01
2.20738E-01
3.30648E-01

2.46692E-06
5.03151E-06
8.77738E-06
1.51339E-05
2.39200E-05
3.68719E-05
5.60908E-05
8.45971E-05
1.24267E-04

315

2.800E+00 3.16809E+02 1.17802E-01

Next in the output are the residual production cross segtidhe output block begins with:

4. Residual production cross sections

Production of Z= 82 A=209 (209Pb) - Total

Q-value = 3.937307

E-threshold=

0.000000

Energy  Cross section

1.000E+00
1.200E+00
1.400E+00
1.600E+00
1.800E+00
2.000E+00
2.200E+00
2.400E+00

1.92452E-01
2.35002E-01
2.90625E-01
3.56940E-01
4.39971E-01
5.43801E-01
6.70818E-01
8.26660E-01

2.600E+00 1.02344E+00

and the remaining isotopes follow in decreasing order ofsnaasl isotope.

The final part of the output, for this input file at least, camsethe exclusive reaction cross sec-
tions. This output block begins with:

6. Exclusive cross sections

Emitted particles reaction
n p d t h a
O 0 O 0O o0 o (n,9)
Q-value =  3.937307

E-threshold= 0.000000
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Energy  Cross section Gamma c.s. c.s./res.prod.cs

1.000E+00 1.92452E-01 3.48872E-01 1.00000E+00
1.200E+00 2.35002E-01 4.35691E-01 1.00000E+00
1.400E+00 2.90625E-01 5.54769E-01 1.00000E+00
1.600E+00 3.56940E-01 6.97846E-01 1.00000E+00
1.800E+00 4.39971E-01 8.82793E-01 1.00000E+00
2.000E+00 5.43801E-01 1.12074E+00 1.00000E+00

Emitted particles reaction
n p d t h a
1 1 0 0 0 ©O (n,np)
Q-value = -8.003758

E-threshold= 8.042576

Energy  Cross section Gamma c.s. c.s./res.prod.cs

1.000E+00 0.00000E+00 0.00000E+00 0.00000E+00
1.200E+00 0.00000E+00 0.00000E+00 0.00000E+00
1.400E+00 0.00000E+00 0.00000E+00 0.00000E+00
1.600E+00 0.00000E+00 0.00000E+00 0.00000E+00
1.800E+00 0.00000E+00 0.00000E+00 0.00000E+00
2.000E+00 0.00000E+00 0.00000E+00 0.00000E+00
2.200E+00 0.00000E+00 0.00000E+00 0.00000E+00
2.000E+01 3.12374E+00 2.18877E+00 5.08526E-01
2.200E+01 8.55243E+00 8.69348E+00 6.06418E-01
2.400E+01 1.70454E+01 2.30865E+01 6.79074E-01
2.600E+01 2.70534E+01 4.51648E+01 7.31295E-01
2.800E+01 3.62134E+01 6.92506E+01 7.66934E-01
3.000E+01 4.31314E+01 9.02171E+01 7.89711E-01

For plotting data, or processing into ENDF-6 data files, ihi@re practical to have the data in individual
output files. Note that, sincilechannels y several files with names as e.g§s200000.tohave been
created in your working directory. These files contain thiireexcitation function per reaction channel.
Besides these exclusive cross sections, residual productdss section files are producdite(esidual
y). Note that for this reactionp082207.totandxs200000.tobbviously have equal contents.

We illustrate this sample case with various comparisonk mieasurements. Sinigetotal y, a
file total.tot is created with, among others, the total cross section. &helting curves are shown in
Figs.[Z1 an@7]12.
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Figure 7.1: Partial cross sections for neutrons incideri’&Rb.
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Figure 7.2: Partial cross sections for neutrons incideri’&Rb.
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7.3.3 Sample 3: Comparison of compound nucleus WFC modelsOkeV n + ?Nb

In this sample case, we demonstrate the difference betweeratious models for the width fluctuation
correction in compound nucleus reactions, as discussem@xely in Ref.[[183]. As sample case, we
take 10 keV neutrons incident dANb and we ask for various compound nucleus models to cagulat
cross sections and angular distributiomsitngle y), and to put the result for the elastic scattering
angular distribution on a separate file, calle®00.010ang.LQ0Since the GOE calculatiomv{dthmode

3) is rather time-consuming, we reduce the number of bins tw28ll cases. We wish to check whether
the flux is conserved in the compound nucleus model for thewsaWFC models, so we setitcheck

y. This means that for each set of quantum numbers, unitaritheécked by means of Eq.(4.189).

Case 3a: Hauser-Feshbach model
The following input file is used

#

# General

#

projectile n
element nb
mass 93
energy 0.01
#

# Parameters
#

bins 20
widthmode 0
#

# Output

#

outcheck y
outangle y
fileelastic y

This only new output block, i.e. not discussed before, is

++++++++++ CHECK OF FLUX CONSERVATION OF TRANSMISSION GDHENTS ++++++++++
Hauser-Feshbach model

Parity=- J= 3.0 j=15 I=1 T(,l)= 7.98822E-03 Sum over outgo ing channels
Parity=- J= 40 j=05 I=1 T(,l)= 4.54100E-03 Sum over outgo ing channels
Parity=- J= 40 j=15 I=1 T(,l)= 7.98822E-03 Sum over outgo ing channels
Parity=- J= 50 j=05 I=1 T(,l)= 4.54100E-03 Sum over outgo ing channels
Parity=- J= 50 j=15 I=1 T(,l)= 7.98822E-03 Sum over outgo ing channels

Parity=- J= 6.0 j=15 I=1 T(,l)= 7.98822E-03 Sum over outgo ing channels
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Model geomp—el
Hauser-Feshbach 2410.89 mb
Moldauer 2617.22 mb
HRTW 2752.25 mb
GOE 2617.12 mb

Table 7.2: Compound elastic cross section for 4 differempound nucleus models for 10 keV neutrons
incident on’>Nb.

in which the aforementioned unitarity is checked.

Case 3b: Moldauer model

As for case a, but now wittvidthmode 1in the input file.

Case 3c: HRTW model

As for case a, but now wittvidthmode 2in the input file.

Case 3d: GOE model

As for case a, but now wittvidthmode 3in the input file.
Table[Z2 lists the obtained compound nucleus elastic cest$on for the 4 cases.

Fig. [Z3 displays the elastic angular distribution for thenddels. Results like these made us
conclude in Ref.[[183] that Moldauer's model, which is cletst the exact GOE result, is the one to
use in practical applications, especially when considgtite calculation times as printed in Tablel7.1.
Obviously, this sample case can be extended to one withuaieident energies, so that the differences
between excitation functions can be studied, see also[R&] [
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n+ °Nb at 10 keV

Elastic angular distribution

660 | \ \ \
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Figure 7.3: Total elastic angular distribution for 4 difat compound nucleus models for 10 keV neu-
trons incident of¥3Nb.
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7.3.4 Sample 4: Recoils: 20 MeV n ¥Si

In this sample case, we calculate the recoils of the residuelides produced by 20 MeV neutrons
incident on?®Si reaction. Two methods are compared.

Case 4a: “Exact” approach

In the exact approach, each excitation energy bin of thelptipn of each residual nucleus is described
by a full distribution of kinetic recoil energies. The falng input file is used

#

# General

#

projectile n
element si
mass 28
energy 20.

#

# Parameters

#

m2constant 0.70
sysreaction p d t h a
spherical y

#

# Output

#

recoil y
filerecoil y

For increasing incident energies, this calculation beoguickly time-expensive. The recoil calculation
yields separate files with the recoil spectrum per residuealaus, starting withec, followed by the Z, A
and incident energy, e.gec012024spec020.000.taklso following additional output block is printed:

8. Recaoil spectra
Recoil Spectrum for 29Si
Energy  Cross section

0.018 0.00000E+00
0.053 0.00000E+00
0.088 0.00000E+00
0.676 3.21368E+00
0.720 3.22112E+00
0.763 3.21215E+00
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20 MeV n + **Si: recoil spectrum

150 \

\
! — Exact approach
! +--- Average energy approximation
\

=
o
o
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ul
o

Recoil energy of Mg (MeV)

Figure 7.4: Recoil energy distribution &fMg for 20 MeV n+ 28Si according to the exact and approxi-
mative approach.

0.807 3.10619E+00
0.851 2.60156E+00
0.894 2.30919E-01

Integrated recoil spectrum : 1.04358E+00
Residual production cross section: 9.71110E-01

Case 4b: Approximative approach

As an approximation, each excitation energy bin of the patpard of each residual nucleus is described
by a an average kinetic recoil energy. For this, we add omettirthe input file above,

recoilaverage y

The results, together with those of case (a), are compareid)ifr2.
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7.3.5 Sample 5: Fission cross sections: n*#Th

It is well known that a systematic approach for fission is cliffi to achieve. It is possible to obtain very
satisfactory fits to fission data with TALYS, but at the expeasusing many adjustable input parameters.
We are performing extensive model calculations to bringesshat more structure in the collection of
fitting parameters. In the meantime, we include here a saoaske for the description of the fission cross
section of*3?Th. We use the following input file,

#

# General

#

projectile n

element Th
mass 232
energy energies
#

# Models and output
#

outfission y

partable y

bins 40

channels y
filechannels y

best y

Note that, although no adjustable parameters are visildeeathis is certainly no “default” calculation.
Instead, this sample case illustrates the use of so-cdliest files”. By using thdest y keyword, the
file talys/structure/best/Th232/n-Th232.bisshutomatically invoked. The contents of that file are

colldamp y

asys y

class2 y

maxrot 5

gnorm 9.

t 90 233 0.41756 1
e0 90 233 -0.90113 1
exmatch 90 233 5.89461 1
t 90 233 0.56780 2
e0 90 233 -2.52108 2
exmatch 90 233 6.63983 2
fisbar 90 233 6.41136 1
fishw 90 233 0.61550 1
class2width 90 233 0.2 1
fisbar 90 233 5.23377 2
t 90 232 0.46845
e0 90 232 -0.39156
Exmatch 90 232 5.55627 0
a 90 232 31.90038

t 90 232 041262 1
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e0 90 232 -1.66339 1
exmatch 90 232 6.74958 1
t 90 232 0.44833 2
e0 90 232 -0.51471 2
exmatch 90 232 6.45816 2
class2width 90 232 0.10013 1
fisbar 90 232 6.31815 2
a 90 231 26.62965

t 90 231 0.45494
e0 90 231 -0.91497
exmatch 90 231 492684 0
t 90 231 0.47007 1
e0 90 231 -2.16775 1
exmatch 90 231 5.98780 1
t 90 231 0.68793 2
e0 90 231 -2.79424 2
exmatch 90 231 6.74959 2
a 90 230 26.21683

t 90 230 0.47155
e0 90 230 -0.33802
exmatch 90 230 552092 0
t 90 230 0.45039 1
e0 90 230 -1.14073 1
exmatch 90 230 6.80289 1
t 90 230 0.41118 2
e0 90 230 -1.25432 2
exmatch 90 230 6.52706 2

The above parameters are the usual ones to be adjusted toageagreement with experimental data:
level density and fission parameters for the ground statendop of the barriers. The resulting file
fission.totis plotted together with experimental data in Figl 7.5.

Due to the presence dalutfission yin the input file, all nuclear structure related to the fission
process is given in the output for the target and the compouctbus

Fission information for Z= 90 N=142 (232Th)

Number of fission barriers 2
Number of sets of class2 states o1

Parameters for fission barrier 1

Type of axiality 1

Height of fission barrier 1 : 5.800

Width of fission barrier 1 : 0.900
Rtransmom : 0.600
Moment of inertia . 87.657

Number of head band transition states: 8
Start of continuum energy : 0.800
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232

Th(n,f)

800

700 - a

600 7

500 r

400 -

Cross section (mb)
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Figure 7.5: Neutron induced fission cross sectio?6Th compared with experimental data.

Head band transition states

no. E spin parity
1 0000 00 +
2 0500 20 +
3 0400 00 -
4 0400 110 -
5 0500 20 +
6 0400 20 -
7 0800 00 +
8 0800 00 +

Rotational bands

no. E spin parity
1 0000 00 +
2 0034 20 +
3 0114 40 +
4 0240 6.0 +
5 0400 10 -
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6 0.400
7 0411
8 0411
9 0423
10 0.434

20
8.0
1.0
20
3.0

Parameters for fission barrier 2

Type of axiality

Height of fission barrier 2
Width of fission barrier 2

Rtransmom

Moment of inertia

Number of head band transition states:

Start of continuum energy

Head band transition states

no. E spin
1 0.000 0.0
2 0500 20
3 0200 0.0
4 0500 10

parity

+
+

2

6.318

0.600
1.000

: 154.212

4

0.500

327

Moreover, the corresponding fission transmission coeffisiare printed for all excitation energies en-
countered in the calculation

Fission transmission coefficients for Z= 90 N=143 (233Th) a

J T(J,-)

T(J,+)

0.5 4.02053E-08 6.51894E-08
1.5 0.00000E+00 0.00000E+00

nd an excitation energy of

The fission information for all residual nuclides can be oigd in the output file as well by adding
outpopulation yto the input file.
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7.3.6 Sample 6: Continuum spectra at 63 MeV for Bi(n,xp)...Bn,xa)

In this sample case, we calculate angle-integrated andl@lalifferential particle spectra for 63 MeV
neutrons ort?Bi, see Ref.[[422].

Case 6a: Default calculation

The following input file is used

#

# General

#

projectile n
element bi
mass 209
energy 63.

#

# Output

#

ddxmode 2
filespectrum n p d t h a
fileddxa p 20.
fileddxa p 70.
fileddxa p 110.
fileddxa d 20.
fileddxa d 70.
fileddxa d 110.
fileddxa t 20.
fileddxa t 70.
fileddxa t 110.
fileddxa h 20.
fileddxa h 70.
fileddxa h 110.
fileddxa a 20.
fileddxa a 70.
fileddxa a 110.

Note that we request that angle-integrated spectra foraaligies are written on separate files through
filespectrum n p d t h.aAt 20, 70 and 110 degrees, we also ask for the double-diffidespectrum for
protons up to alpha-particles. The resulting fipspec063.000.tppddx020.0.degetc. are presented,
together with experimental data, in Figs.]7.6 7.7.

Case 6b: Adjusted matrix element

The default results of case (a) for the proton spectra aretadhi. Therefore, as a second version of this
sample case, we adjust a pre-equilibrium parameter anchaddltowing to the input above:
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63 MeV 209Bi(n,xp) spectrum

63 MeV 209Bi(n,xd) spectrum
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Figure 7.6: Angle-integrated proton, deuteron, triton alptha emission spectra for 63 MeV neutrons on

209Bi. The experimental data are from[422)].



Cross section (mb/MeV/Sr)

330

DDX of 63 MeV “*Bi(n,xp)
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DDX of 63 MeV **Bi(n,xd)
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Figure 7.7: Double-differential proton, deuteron, tritamd alpha emission spectra for 63 MeV neutrons
on2%9Bi. The experimental data are from[422)].
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#

# Parameters

#

M2constant 0.80

By decreasingvi2constant by 20% (which is a common and acceptable deviation from tlesaae),
we favor the pre-equilibrium emission rate over the rate,rigading to a harder spectrum. The result is
shown in Fig[Zb for the proton spectrum.
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7.3.7 Sample 7: Pre-equilibrium angular dist. and multiplepre-equilibrium emission

At high incident energies, multiple pre-equilibrium rdans play a significant role. In this sample case,
we show the results for this mechanism in the output file. Adsoan alternative to the previous sample
case, we present another way of producing double-diffedleatoss sections, namely as a function of
angle at a fixed outgoing energy. With the following input,ftlee reaction of 120 MeV protons incident
on?Zr is simulated:

#

# General

#

projectile p
element zr
mass 90
energy 120.

#

# Output

#
outpopulation y
ddxmode 1
filespectrum n p
fileddxe p 20.
fileddxe p 40.
fileddxe p 60.
fileddxe p 80.
fileddxe p 100.

The results are presented in Figsl 7.8 7.9. For this saragk, sinceutpopulation y, after
each print of the population for each residual nucleus (asady described in the first sample case), a
block with multiple pre-equilibrium decay information isipted. This output block begins with

Multiple preequilibrium emission from Z= 41 N= 49 ( 90Nb):
Feeding terms from

bin Ex Mpe ratio neutron proton 1100 0011 1001 0110
emission emission

11 2.208 0.00000 0.000E+00 0.000E+00 0.000E+00 0.000E+00 5 .287E-01 0.000E+00
12 4.980 0.00000 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1 .249E+00 0.000E+00
13 7.752 0.00000 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1 .961E+00 0.000E+00
14 10.524 0.00001 0.000E+00 4.343E-05 0.000E+00 0.000E+00 2.645E+00 0.000E+00
15 13.296 0.00555 3.214E-04 1.999E-02 0.000E+00 0.000E+00 3.300E+00 0.000E+00
16 16.067 0.04999 5.901E-03 2.049E-01 0.000E+00 0.000E+00 3.928E+00 0.000E+00
17 18.839 0.10870 2.305E-02 5.024E-01 0.000E+00 0.000E+00 4.527E+00 0.000E+00

18 21.611 0.17335 5.014E-02 8.952E-01 0.000E+00 0.000E+00 5.098E+00 0.000E+00
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120 MeV p + zr
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Figure 7.8: Angle-integrated (p,xn) and (p,xp) spectralfe® MeV protons of®Zr. Experimental data
are taken from 127, 128]
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90Zr(p,xp) at 120 MeV

E,=20 MeV

E,=40 MeV

E,=80 MeV

Double—differential cross section (mb/(MeV.sr))

E,=100 MeV

0 30 60 90 120
Outgoing angle (degrees)

107 BT r—
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Figure 7.9: Double-differential (p,xp) spectra for 120 Mphotons or?°Zr. Experimental data are taken
from [127]
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For each continuum bin, with excitation enerfy, we print the fraction of the population that is emit-
ted as multiple pre-equilibrium. Also the total neutron gmdton emission per residual nucleus is
printed, as well as the feeding terms from previous particle configurations. With this input file, files
nspec120.000.ta@ndpspecl120.000.tare created through thigespectrum n fxeyword. The results are
displayed in Fig[Z18. Also, the combination ddxmode 1and the variougileddxe keywords generate
the pddx100.0.me\etc. files that are compared with experimental data in[ERy. 7
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7.3.8 Sample 8: Residual production cross sections: p™#'Fe up to 100 MeV

In this sample case, we calculate the residual productiesscsections for protons d¢fi‘Fe for incident
energies up to 100 MeV. A calculation for a natural targetiisiched, meaning that successive TALYS
calculations for each isotope are performed, after whietrésults are weighted with the natural abun-
dance. We restrict ourselves to a calculation with all rarcteodel parameters set to their default values.
The following input file is used:

#

# General

#

projectile p
element fe
mass 0

energy energies
#

# Output

#

fileresidual y

The fileenergiescontains 34 incident energies between 1 and 100 MeV. Ohlyidhés sample case can
be extended to more incident energies, e.g. up to 200 MeMnbgly adding numbers to thenergies
file. In that case, we recommend to include more energy bitisercalculation, (e.gbins 80) to avoid
numerical fluctuations, although this will inevitably tak®re computer time. Note that we have enabled
the fileresidual keyword, so that a separate cross sections file for each fiodupt is produced. The
results from the filesp027056.tot rp027055.tot rp025054.totandrp025052.totare presented, together
with experimental data, in Fig._Z10.
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p + natFe

Cross section (mb)

0 10 20 30 40 50 60 70 80 90 100

Incident energy (MeV)

Figure 7.10: Residual production cross sections for pionident on"**Fe. Experimental data are
obtained from[[1209].



338 CHAPTER 7. VERIFICATION AND VALIDATION, SAMPLE CASES AND OUPUT

7.3.9 Sample 9: Spherical optical model and DWBA: n #%Pb

Three types of optical model calculations are included m $bt of sample cases. In this first one,
we treat?*8Pb as a spherical nucleus and request calculations for éisticehngular distributions and
inelastic angular distributions at a few incident energiess is accomplished with the input file

#

# General

#

projectile n
element pb
mass 208
energy energies
#

# Avoid unnecessary calculations and output
#

ejectiles n
preequilibrium n
compound n
maxZ 0O

maxN O

bins 5
fileresidual n
filetotal n

#

# Output

#

outangle y
fileelastic y
fileangle 1
fileangle 2

where the fileenergiesconsists of the energies 11., 13.7, 20., 22., and 25.7 MeM(ficch experimen-
tal data exists). The keyworfileelastic yhas created the filesn011.000ang.LQOetc. which contain
the elastic scattering angular distribution and are coeparith experimental data in Fig._7]11. With
fileangle landfileangle 2we have created the files1010.000ang.LQletc. with the inelastic scattering
angular distribution to the first and second discrete stEtese are also plotted in Figs.—4.11. Note that
the keywords in the middle bloclejectiles nup tofiletotal n) have been added to avoid a full calculation
of all the cross sections. For the present sample case wmadhat only elastic scattering and DWBA
angular distributions are of interest, so we economize dpubwptions, number of bins, ejectiles and
nuclides that can be reached. Obviously, for reliable tedal all observables this middle block would
have to be deleted. See also sample case (1f) for obtaining specific information from the output.
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Figure 7.11: Elastic and inelastic scattering angularitistions between 11 and 26 MeV fgtPb.
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7.3.10 Sample 10: Coupled-channels rotational model: n #Si

In this sample case, we consider spherical OMP and rotdtmmgled-channels calculations for the
deformed nucleu$®Si.

Case 10a: Spherical optical model

In the first case, we tredtSi as a spherical nucleus and include the f2sf)( second4{*) and sixth §~)
level as weakly coupled levels, i.e. the cross sectionsaoailated with DWBA. The input file is

#

# General

#

projectile n
element si
mass 28
energy energies
#

# Parameters
#

spherical y

#

# Output

#

channels y
filechannels y

For the default calculation, TALYS will look in thdeformation/exmlatabase to see whether a coupling
scheme is given. Since this is the case ¥8i, we have to puspherical y to enforce a spherical
calculation.

Case 10b: Symmetric rotational model

In the second case, we include the first and second level afrthend state rotational band and e
state in the coupling scheme. This is accomplished withripatifile

#

# General

#

projectile n
element si
mass 28
energy energies
#

# Output

#
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Figure 7.12: Total inelastic neutron scattering i for a spherical and a deformed OMP.

channels y
filechannels y

In Fig.[Z.12, the calculated total inelastic scatteringdases a and b are plotted.
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“Ge(n,n"): first discrete state
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Figure 7.13: Inelastic scattering to the first discreteestét*Ge.

7.3.11 Sample 11: Coupled-channels vibrational model: n #Ge

In this sample case we consider a neutron-induced reactidheovibrational nucleu&'Ge which con-
sists of a one-phonon stat&"() followed by a(0*, 27, 4™) triplet of two-phonon states, anda phonon
state. The coupling scheme as storedtmcture/deformation/Ge.dé automatically adopted. The fol-
lowing input file is used:

#

# General

#

projectile n
element ge
mass 74
energy energies
#

# Output

#
outexcitation n
outdiscrete y
filediscrete 1

In Fig.[ZI3, the calculated inelastic scattering to the fliscrete state is plotted.
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20 MeV 209Bi(n,xn)

10
o Experimental data
total
—————————— direct
- - -~ primary pre—equilibrium
10° — — - multiple pre—equilibrium E
—-— compound
>
()
=
~
fo)
E10 1
W PSS
2 /
o K
-O /
/
/
101 ’/, \ \ !
/’ \\ \)
I \ 1
1 \ I
H N |
! A~ \ !
s ~ . !
0 - N A i [
10 L n n n r I 4 n n 1 n
0 10 20
E,.. [MeV]

Figure 7.14:29°Bi (n,xn) spectrum at 20 MeV. Experimental data are obtafneah [137].

7.3.12 Sample 12: Inelastic spectra at 20 MeV: Direct + Preeg GR + Compound

For pre-equilibrium studies, it may be worthwhile to digtiish between the various components of
the emission spectrum. This was already mentioned in saoagle (1c). As an extra sample case, we
compare the calculated”Bi(n,xn) spectrum at 20 MeV with experimental data. Thisdsamplished
with the following input file,

#

# General

#

projectile n
element bi
mass 209
energy 20.

#

# Parameters
#

ddxmode 2
filespectrum n

The various components of the spectrum, and the total, asmrén the filenspec020.000.tpare plotted
in Fig.[Z13.
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7.3.13 Sample 13: Gamma-ray intensities?®®*Pb(n, n~y) and 2*Pb(n, 2n~)

This feature could simply have been included in the same oa excitation functions f3P*Pb, but in
order not to overburden the description of that sample casimelude it here. With the input file

#

# General

#

projectile n
element pb
mass 208
energy energies
#

# Parameters
#

isomer 1.e-4
maxZ 0

gnorm 0.35
Rgamma 2.2
egr 82 209 12.0 El 1
optmodfileN 82 pb.omp
#

# Output

#

channels y
filechannels y
fileresidual y
outgamdis y

all discrete gamma lines are printed and stored in sepalege Tio avoid the production of too many data
files, we have putnaxZ 0 so that only the gamma-ray production files for Pb-chain seated. Also, we
include a special OMP with the filgb.ompand we setsomer 1.e-4to allow for gamma decay of some
rather short-lived levels. Experimental data exists fetiPb(n, n'v) cross section for level 1 to level O
and the’®®Ph(n, 2n’y) cross section for level 2 to level 0 and for level 1 to level Be3e data have been
plotted together with the results of the calculated fiesn082208L01L00.tpgam082207L02L00.tot
andgam082207L01L00.tpin Fig.[Z15.
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Figure 7.15: Gamma-ray production lines for a few transgim 2°*Pb(n,n’) and?®®*Pb(n,2n) reactions.

The experimental data are froim [132].
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7.3.14 Sample 14: Fission yields fof*8U

In this sample case we compute fission fragment/product/masspe yields. The fission fragment mass
yield curve is determined for neutrons 61U at incident energies of 1.6 and 5.5 MeV (these incident
energies are given in the fienergie$. The following input file is used:

projectile n
element U
mass 238
energy energies
partable y

bins 40

channels y
filechannels y
autorot y

best y

ecissave y
massdis y
ffevaporation y

The long list of adjustable parameters, not visible herabtamatically taken frortalys/structure/best/U238/n-
U238.bestthrough thebest y keyword, is mainly needed to give a decent (though not ydepgrde-
scription of the total fission cross section. For complesspeve show the results fé#*U we obtained

for incident energies of 1, 1.6, 3.5, 5.5, 7.5 and 10 MeV. TA&YIS results for the pre-neutron emis-

sion mass yields can be foundyield001.600.fi@ndyield005.500.fi@nd are given in the upper plot of
Fig.[ZI6. The two other plots show a comparison of the namedlyields with experimental data_[122].

Since we have added the keywdfelvaporation yto the input, we have also calculated the fission
product isotope yields. Fi@_ZJ17 contains the result fer pnoduction of the fission product$®Cd
and°Ba. The left plot shows the cumulative yield (obtained aftéding the calculated independent
yields of all beta-decay precursors). The normalized cativd yields are compared to experimental
data [12B8[ 124] in the other two plots.



7.3. VALIDATION WITH SAMPLE CASES 347

23 (n,f) - fission fragment mass yields

50
5.5 MeV
40 + / i
A /M
/ \\ /o
— / \ / \
a 30 / \ / \ B
.E. / \ / \
e / \ / \
© / \ / \
Q | | |
> 20 | \ | |
/ \
! \
/ \
10 | / / \ R
/ / \
/ \ / \
1.6 MeV \__/ \
0 L L L L L L L =1
70 80 90 100 110 120 130 140 150 160 170
A
238U . . . 238U . . .
(n,f) — fission fragment mass yields (n,f) — fission fragment mass yields
8 8
1.6 MeV 5.5 MeV
6 1 6 1
= k) [ —
X X
=] 4 r + ] 1 o 4 B
g e
> >
2+ 1 2 1
0 | | | | | | 0 ¥ | | Nesneer?s | | LN
70 80 90 100 110 120 130 140 150 160 170 70 80 90 100 110 120 130 140 150 160 170
A A

Figure 7.16: Fission fragment mass yield curves as funaifoime mass number A, produced by 1.6
MeV and 5.5 MeV neutrons oft®U. The upper curve shows the results as they are produced bySA
and the other two plots contain the comparison with expertaiedata in terms of normalized yields
[122].
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Figure 7.18: Photonuclear reaction $iZr. Experimental data are obtained fram [130].

7.3.15 Sample 15: Photonuclear reactions: g %Zr

This sample case illustrates the capabilities of TALYS é&atmphotonuclear reactions. We calculate the
(v,n) reaction orf°Zr as a function of incident energy, with default model paggers, and compare the
result to experimental data. The following input file is used

#

# General

#

projectile g
element zr
mass 90
energy energies

Fig.[ZI8 displays the resulting production cross sectfotizr, as obtained in filep040089.tot
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7.3.16 Sample 16: Different optical models : n +2°Sn

To demonstrate the variety of optical models that we haveddecently to TALYS, we include a sample
case in which 4 OMP’s for neutrons df’'Sn are compared. The results are given in Eig-17.19 for the
total cross section and in HiIg. 7120 for the total inelastass section.

Case 16a: Koning-Delaroche local potential
The input file is

#

# General

#

projectile n

element sn

mass 120
energy energies

This is the default calculation: TALYS will find a local OMP the structure database and will use it.

Case 16b: Koning-Delaroche global potential
The input file is

#

# General

#

projectile n
element sn
mass 120
energy energies
#

# Parameters

#

localomp n

Case 16c¢: Koning-Delaroche local dispersive potential
The input file is

#

# General

#

projectile n
element sn
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mass 120
energy energies
#

# Parameters

#

dispersion y

Case 16d: Bauge-Delaroche JLM potential
The input file is

#

# General

#

projectile n
element sn
mass 120
energy energies
#

# Parameters

#

jlmomp y

351
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Figure 7.19: Total cross section for neutrons incident?86n for different optical model potentials.

7.3.17 Sample 17: Different level density models : n ¥Tc

To demonstrate the variety of level density models that we lzlded recently to TALYS, we include
a sample case in which 3 different models are compared. Twtseare given in Figl_ 721 for the
cumulative number of discrete levels and in EIg.Y .22 for(thp) cross section.

Case 17a: Constant Temperature Model
The input file is

#

# General

#

projectile n
element tc
mass 99
energy energies
#

# Parameters
#

outdensity y
filedensity y
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Figure 7.20: Total inelastic cross section for neutronsdient on'2°Sn for different optical model
potentials.
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Idmodel 1

This is the default calculation: TALYS use the local CTM legensity for its calculations

Case 17b: Back-shifted Fermi gas Model
The input file is

#

# General

#

projectile n
element tc
mass 99
energy energies
#

# Parameters
#

outdensity y
filedensity y
Idmodel 2

Case 17c: Hartree-Fock Model
The input file is

#

# General

#

projectile n
element tc
mass 99
energy energies
#

# Parameters
#

outdensity y
filedensity y
Idmodel 5
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Figure 7.22:9Tc(n,p) cross section for different level density models.
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7.3.18 Sample 18: Astrophysical reaction rates : n ¥70s

Since TALYS-1.2, astrophysical reaction rates can be tatied, see sectidn 4112. As sample case, we
took the work done in Ref.[728] where th&"Os(n;) was studied for the derivation of the age of the
galaxy withing the Re-Os cosmochronology.

Case 18a:'870s(n;y) cross section
First, the calculated®” Os(n;) was compared with experimental data, using the followmmit file

#

# General

#

projectile n
element 0s
mass 187
energy  energies
#

# Parameters

#

Idmodel 5
asys n

strength 2

gnorm 0.27

where obviouslygnorm was used as adjustment parameter. The results are giveghZd.

Case 18b:'¥70s(n;y) astrophysical reaction rate

Next, the astrophysical reaction rates for neutron$*6@s are computed with the following input file

#

# General

#

projectile n
element 0s
mass 187
energy  energies
#

# Parameters

#

Idmodel 5
asys n

strength 2

gnorm 0.27

astro y

astrogs n
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which produces various output files in which the reactioagas function of temperature are given. The
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Figure 7.23:1¥70s(ny) cross section.

(n,~) rate as given in the output file is

8. Thermonuclear reaction rates

Reaction rate for Z= 76 A=188 (1880s)

T
0.0001
0.0005
0.0010
0.0050
0.0100
0.0500
0.1000
0.1500
0.2000
0.2500
0.3000
0.4000
0.5000
0.6000
0.7000
0.8000
0.9000

G(T)
1.00000E+00
1.00000E+00
1.00000E+00
1.00000E+00
1.00002E+00
1.20827E+00
1.64630E+00
1.95860E+00
2.21894E+00
2.48838E+00
2.79031E+00
3.49874E+00
4.31540E+00
5.20597E+00
6.15215E+00
7.14759E+00
8.19300E+00

Rate
5.46242E+08
4.96512E+08
4.45882E+08
3.52813E+08
3.01755E+08
2.03467E+08
1.87256E+08
1.82416E+08
1.80436E+08
1.79690E+08
1.79474E+08
1.79716E+08
1.80165E+08
1.80375E+08
1.80187E+08
1.79580E+08
1.78579E+08

Energy [MeV]

357
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1.0000 9.29313E+00 1.77221E+08

The same numbers can be found in the separataditerate.g In astrorate.totthe rates for all reactions
can be found.
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7.3.19 Sample 19: Unresolved resonance range parameters*n3Ba

Since the release of TALYS-1.4, parameters for the unresialesonance range (URR) can be produced.
The following input file is used

#

# General

#

projectile n
element ba
mass 136
energy energies
urr y

where the linaurr y results in a set of URR output files which are described page Z@e top of the
general output fileirr.dat looks as follows:

#

# Resonance parameters for Z= 56 A= 136 (136Ba) Target spin= 0 .0

# Thermal capture cross section= 6.70000E+02 mb  Sn= 6.90561 E+00 MeV

#

# Einc[MeV]= 1.00000E-03

# Rprime[fm]= 4.39731E+00

#1 3 D(h[ev] D(,J)[eV] S(l) S(,J)  G&x(1,3)[eV] Gn(l,J)[e
0 0.5 1.20855E+03 1.20855E+03 1.80190E+00 1.80190E+00 0.0 00O0OE+00 2.17768E-
1 05 4.17392E+02 1.20855E+03 9.29906E-01 1.16255E+00 0.0 0O00E+00 1.40500E-
1 15 4.17392E+02 6.37595E+02 9.29906E-01 8.52357E-01 0.0 0O00E+00 5.43458E-

#

# Einc[MeV]= 2.00000E-03

# Rprime[fm]= 4.38034E+00

#1 3 D(h[ev] D(,J)[eV] S(l) S(,J)  G&x(1,9)[eV] Gn(l,J)e

0 05 1.20703E+03 1.20703E+03 1.78817E+00 1.78817E+00 0.0 OOOOE+00 2.15838E-
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7.3.20 Sample 20: Maxwellian averaged cross section at 30\ken + 3*Ba

In this sample case, the Maxwellian averaged cross sed&CE) at 30 keV is calculated. The follow-
ing input file is used

#

# General
#

projectile n
element ba
mass 138
energy 1.
astroE 0.03

where the linaastroE 0.03determines the energy in MeV for which the average is caledlaNote that
the lineenergy 1.is irrelevant, but must nevertheless be given. Theafsigorate.glooks as follows:

# Reaction rate for 138Ba(n,g) at <E>= 0.03000 MeV (Excited S tates Contribution : n)
# T Rate MACS
0.3481 5.49792E+05 3.79831E+00

in which the temperature, reaction rate and MACS is given.tRis case, the deviation from a normal
30 keV calculation (which can be obtained by removingak&oE line and usingenergy 0.03 is small,
since the latter is 3.75 mb.
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7.3.21 Sample 21: Medical isotope production with p +°°Mo

In this sample case, the activity of all the produced isadpem the reaction p +*°Mo are given, for a
150 1A proton accelerator, as a function of time. The followingunfile is used

#

# General

#

projectile p

element Mo

mass 100
energy 8. 30. 05
#

# Spherical OMP

#

spherical y

#

# Medical isotope production
#

production y

Ibeam 0.15

Ebeam 24.

Eback 10.

Note the use of thenergy keyword, available since TALYS-1.6: Cross sections areuated for in-
cident energies between 8 and 30 MeV with 0.5 MeV energy st€ps keywordproduction y means
that activities of all radioactive products as a functiofombarding and/or decay time will be produced
in tables. The incident energy of the particle beam is 24 M) the required thickness of the target
(which is given in the output) is such that at the back of tngdathe energy is 10 MeV. Other keywords
relevant for isotope production, suchBsool, see pagE2birrad , see pageZ49ho, see page 248,
area, see pagB2Z248adiounit, see pagE238;ieldunit, see pagE 249, have their default values in this
sample case.

We like to point out an efficient option for medical isotopéccdations. Suppose one is interested
in varying several accelerator options, such as Elgeam Once the first calculation, like the sample
case above, has been done, one may rerun that case and adttdHmereaction n to the input file.
Then, TALYS will not redo the nuclear reaction calculations, but use the vampdZZAAA.tot, etc.
cross section output files which are already available invibek directory. ObviouslyEbeam and
Eback must always fall inside the energy grid for which the crosgieas are calculated, in this case
between 8 and 30 MeV.

The tail of the standard output files contains some generahpeters:
Summary of isotope production
Maximal irradiation time : 0 years 1 days O hours 0O minutes O se conds

Cooling time : 0 years 1 days O hours 0O minutes 0 seconds
Energy range . 24.000 --> 10.000 MeV
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Beam current 0.150 mA
Target material density 10.220 g/cm™3
Target area 1.000 cm™2
Effective target thickness 0.085 cm
Effective target volume 0.085 cm™3
Effective target mass 0.865 ¢

Number of target atoms 5.20730E+21
Number of incident particles: 9.36226E+14 s™-1
Produced heat in target 2.100 kw

More interesting are probably the files with the producediggt(in Bq or Ci) per isotope. These yields
are in filesYZZZAAA totvhere ZZZ is the charge number and AAA is the mass number iB)(f8rmat.
For produced isomers, and ground states, there are addifites pZZZAAA.LMM where MM is the
number of the isomer (ground state=0) in (i2.2) format. Ferdbove sample casép43099.L02i.e.
the production of? Tc looks as follows:

# Reaction: p + 100Mo Production of 99Tc Isomer= 1

# Half life : 0 years 0 days 6 hours 0 minutes 36 seconds

# Maximum production at: 0 years 3 days 18 hours 0 minutes 32 se conds
# Initial production rate: 1.08493E-10 [s"-1] Decay rate: 3 .20368E-05 [s™-1]
# # time points =100

# Time [h] Activity [GBq] #isotopes [ ] Yield [GBg/mAh] Isoto pic frac.

0.5 3.16572E+01 9.88152E+14 4.22096E+02 0.11878
1.0 6.15404E+01 1.92093E+15 3.98443E+02 0.11551
15 8.97491E+01 2.80144E+15 3.76115E+02 0.11233
20 1.16377E+02 3.63261E+15 3.55039E+02 0.10925
25 1.41513E+02 4.41720E+15 3.35144E+02 0.10628
3.0 1.65240E+02 5.15783E+15 3.16363E+02 0.10342
3.5 1.87638E+02 5.85695E+15 2.98635E+02 0.10067
4.0 2.08780E+02 6.51689E+15 2.81900E+02 0.09801
4.5 2.28738E+02 7.13986E+15 2.66103E+02 0.09545
5.0 2.47577E+02 7.72791E+15 2.51191E+02 0.09298
5.5 2.65361E+02 8.28301E+15 2.37115E+02 0.09060
6.0 2.82148E+02 8.80701E+15 2.23828E+02 0.08831
6.5 2.97994E+02 9.30164E+15 2.11285E+02 0.08609
7.0 3.12953E+02 9.76855E+15 1.99445E+02 0.08396
7.5 3.27073E+02 1.02093E+16 1.88268E+02 0.08190
8.0 3.40402E+02 1.06253E+16 1.77718E+02 0.07991

where the final column denotes the fraction of the producatdjie relative to all isotopes of that element.
Fig.[Z.23 shows th&™Tc production as a function of time. Note that the curve isanstraight line due
to the decay ofTc to the ground state.

7.3.22 Sample 22: Calculations up to 500 MeV for p #*Bi

Since TALYS-1.8, the maximum allowed incident energy hamfally been extended to 1 GeV. The term
'formally’ means that the code seems to produce reasonabigts, without crashing, while we are well
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Figure 7.24: Total activity of*Tc produced by a 24 MeV proton accelerator of 159and a'*°Mo
target with an energy of 10 MeV at the back of the target.
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aware that the physics beyond about 200 MeV is different fiioewh at lower energies. The question is at
which energy the “low-energy” models will start to fail. Tioviestigate this, the extension to 1 GeV has
been made. In this sample case we perform calculations fo’PBi at 5 different energies,

#

# General

#

projectile p

element bi

mass 209

energy 100. 500. 100.
bins 60

Here we use the option to give equidistant incident eneryaa 100 to 500 MeV with steps of 100
MeV. All results can be found in the usual files, e.g. the neaigbroduction cross sections ¥fPb are
in rp082204.tot which look as follows

# p + 209Bi: Production of 204Pb - Total

# Q-value =-4.42737E+00 mass= 203.973043
# E-threshold= 4.44871E+00

# # energies = 5

# E XS

1.000E+02 2.81964E+01
2.000E+02 3.70364E+01
3.000E+02 4.09552E+01
4.000E+02 3.84491E+01
5.000E+02 3.62129E+01

Obviously, the user may extend this case up to 1 GeV and withea ificident energy grid.

7.3.23 Sample 23: Neutron multiplicities and fission yieldfor n + ?42Puy

TALYS contains a partial implementation of the GEF code byl#&einz Schmidt and Beatriz Jurado.
Part of GEF has been translated by Vasily Simutkin and MidBakgin into a Fortran subroutine. In
this sample case, the prompt neutron multiplicity as a fonatf massy(A), number of neutrons?(v),
and the total averag@, are calculated, as well as the pre- and post-neutron figsdis as a function
of N andA. The following input file is used

#

# General

#

projectile n

element Pu

mass 242

energy n0-20.grid

#

# Parameters and models
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#

maxrot 2
fymodel 2
best y

#

# Output

#

channels y
filechannels y
ecissave y
inccalc y
eciscalc y
massdis y

# In a second run, you may set
# eciscalc n
# inccalc n

# for time-efficient variations of this input file

Note the comment given at the end of the input file. Note alsd ghhardwired energy grid is used

365

throughn0-20.grid The prompt average neutron multiplici#yis given in the output fil@ubar.tot Fig.

shows a comparison with experimental data and some afdnld nuclear data libraries. Fig_7126

presents the distribution @ A) as a function of fission product mass, for an incident enefdyMeV.
This is given in output filenuA001.000.fis Fig. [ZZT presents the distribution ofas a function of

number of neutrons, for an incident energy of 1 MeV. This i@giin output filePnu001.000.fis

7.3.24 Sample 24: Local parameter adjustment for n #3Nb

#

# General

#

projectile n

element nb

mass 93

energy 0.2 5. 0.2

outomp y

#

# Local parameter adjustment
#

rvadjust 1.02 1. 3. 2. 1.10
avadjust 1.02 1. 3. 2. 0.95

#H##HHH#HH OPTICAL MODEL PARAMETERS ###H#HiHHH##H

neutron on 93Nb
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n + “*pu: prompt nubar
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Figure 7.25: Average prompt neutron multipliciyfor n + 242Pu, with the GEF model, compared with
experimental data and nuclear data libraries.
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242 .
n + " "Pu: nubar as function of mass

E-inc= 1 MeV, GEF model
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Figure 7.26: Average prompt neutron multiplicity A), as a function of fission product mass, for n +
242py, with the GEF model.
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n + “**pu: Prompt neutron multiplicity distribution

E-inc = 1 MeV, GEF model
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Figure 7.27: Prompt neutron multiplicity distributid?(v), as a function of the number of neutrons, for
n +242py, with the GEF model.
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Energy \% rv av W rw aw vd rvd avd wd rwd
0.001 51.02 1.239 0.676 0.14 1.239 0.676 0.00 1.274 0.534 3.3 2 1.274
0.002 51.02 1.239 0.676 0.14 1.239 0.676 0.00 1.274 0.534 3.3 2 1.274
0.910 50.69 1.239 0.676 0.17 1.239 0.676 0.00 1.274 0.534 3.8 0 1.274
1.011 50.66 1.239 0.676 0.18 1.239 0.676 0.00 1.274 0.534 3.8 5 1.274
1.112 50.62 1.240 0.676 0.18 1.239 0.676 0.00 1.274 0.534 3.9 0 1.274
1.213 50.58 1.244 0.675 0.18 1.239 0.676 0.00 1.274 0.534 3.9 5 1.274
1.314 50.55 1.257 0.671 0.19 1.239 0.676 0.00 1.274 0.534 4.0 0 1.274
1.415 50.51 1.282 0.665 0.19 1.239 0.676 0.00 1.274 0.534 4.0 5 1.274
1516 50.47 1.309 0.657 0.20 1.239 0.676 0.00 1.274 0.534 4.1 0 1.274
1.617 50.44 1.331 0.651 0.20 1.239 0.676 0.00 1.274 0.534 4.1 5 1.274
1.718 50.40 1.346 0.647 0.20 1.239 0.676 0.00 1.274 0.534 4.2 0 1.274
1.820 50.37 1.355 0.645 0.21 1.239 0.676 0.00 1.274 0.534 4.2 4 1.274
1.921 50.33 1.360 0.643 0.21 1.239 0.676 0.00 1.274 0.534 4.2 9 1.274
2.022 50.29 1.363 0.643 0.22 1.239 0.676 0.00 1.274 0.534 4.3 4 1.274
2.224 50.22 1.352 0.646 0.22 1.239 0.676 0.00 1.274 0.534 4.4 3 1.274
2.426 50.15 1.323 0.653 0.23 1.239 0.676 0.00 1.274 0.534 4.5 2 1.274
2.628 50.08 1.270 0.668 0.24 1.239 0.676 0.00 1.274 0.534 4.6 11274
2.830 50.00 1.241 0.676 0.25 1.239 0.676 0.00 1.274 0.534 4.7 0 1.274
3.033 49.93 1.239 0.676 0.26 1.239 0.676 0.00 1.274 0.534 4.7 8 1.274
3.235 49.86 1.239 0.676 0.27 1.239 0.676 0.00 1.274 0.534 4.8 6 1.274
3.437 49.79 1.239 0.676 0.28 1.239 0.676 0.00 1.274 0.534 4.9 5 1.274

Note that outside 1 and 3 MeV both rv and av have their constdoes while in between these energies
the parameters vary according to the prescription giverettiSn[6.2.1P.

7.3.25 Sample 25: Direct neutron capture for n £9Y
For this sample case we use the input file

#

# General

#

projectile n
element y
mass 89
energy n0-5.grid
#

# Parameters
#

gnorm 0.35
racap y

The contribution of the direct capture process can be fonrtkd last column ofotal.tot
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7.3.26 Sample 26: Different alpha-particle optical model ptentials: alpha +%Ho

To demonstrate the variety of (spherical) optical modeéptals for alpha-particles available in TALYS,
we include a sample case in which 4 OMPs for alpha-partiae$3Ho are compared. The results are
given in Fig.[Z2ZB for thed,n) reaction cross sections within the incident-energyeanf most recent
measured dat& [24] below the Coulomb barrier.

Case 26a: Watanabe folding approach with Koning-Delaroch@&ucleon potentials
The input file is

#

# General
#

projectile a
element Ho
mass 165
energy energies
#

# Model

#
alphaomp 1
#

# Output

#

outomp y

where the file energies consists of energies between 7 aBdvid/ with 0.5 MeV energy steps, corre-
sponding to the energy range of the measured data. This @efhalt calculation. Fid._7.28 displays the
resulting ¢,n) reaction cross sections for the target nucleus 165Habh&sned in the file rp069168.tot.

Case 26b: McFadden-Satchler [21] potential

The input file, using the alphaomp keyword value of 2, is

#

# General

#

projectile a
element Ho
mass 165
energy energies
#

# Model

#



7.3. VALIDATION WITH SAMPLE CASES 371

alphaomp 2
#

# Output

#

outomp y

Case 26¢: Demetriou, Grama and Gorielyl[22] double folding tpersive potential

The input file, using the alphaomp keyword value of 5, is

#

# General
#

projectile a
element Ho
mass 165
energy energies
#

# Model

#
alphaomp 5
#

# Output

#

outomp y

Case 26d: Avrigeanu et al.[[25] potential
The input file, using the alphaomp keyword additional valti6,ds

#

# General
#

projectile a
element Ho
mass 165
energy energies
#

# Model

#
alphaomp 6
#

# Output

#

outomp y
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Figure 7.28: 165H0o(a,n)168Tm reaction cross sections.

where the file energies consists in addition of energies @3 t@leV corresponding to all energy ranges
which are considered in Table Il of Ref._]25].

7.3.27 Sample 27: Low energy resonance data for n*"Ag

TALYS can read in resonance parameters, from various gessilurces, and call the RECENT code of
Red Cullen’s PREPRO package, in TALYS included as a subreutiow energy pointwise resonance
cross sections will then be added to channels like totadfielission and capture.

Case 27a: Resonance input file: Standard
The input file is

#

# General

#

projectile n
element Y
mass 89
energy n0-2.grid
#
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Figure 7.29: 165Ho(a,n)168Tm reaction cross sectionstheashold.

# Model

#

resonance y
#

# Output

#

channels y
filechannels y

wheren0-2.gridis the built-in TALYS energy grid for neutrons between 0 andeV.

Case 27b: Resonance input file: Temperature broadening
The input file is

#

# General

#

projectile n
element Y
mass 89
energy n0-2.grid
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#

# Model

#

resonance y
Tres 1200.

#

# Output

#

channels y
filechannels y

Case 27c: Resonance input file: Group structure
The input file is

#

# General

#

projectile n
element Y
mass 89
energy n0-2.grid
#

# Model

#

resonance y
group 'y

#

# Output

#

channels y
filechannels y

The results are depicted in F[g.—7.30. Note the disconiirigttween the end of the resonance range and
the statistical model energy range of TALYS. Obviouslystheeds to be studied case by case.
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Figure 7.30:197Ag(n,y) cross section, at 293.15 K, 1200 K, and grouped.
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Chapter

Computational structure of TALYS

8.1 General structure of the source code

The source of TALYS-1.9 is mostly written in Fortran77, amdfar we see that it can be successfully
compiled with any f77 or f90/f95/f03/f08 compiler. We havienad at a setup that is as modular as
Fortran77 allows it to be, using programming proceduresat@consistent throughout the whole code.
In total, there are 316 Fortran subroutines, which are otedethrough one filgalys.cmbin which all
global variables are declared and stored in common blockis ddds up to a total of more than 90000
lines, of which about 45% are comments. These numbers damdode theecisO6tsubroutine (23761
lines), see below. On a global level, the source of TALYS @iaf 3 main parts: Input, initialisation
and reaction calculation. This structure can easily begeieed in the main prograntalys which
consists merely of calls to the following 5 subroutines:

TALYS
[--machine
[--constants
|--talysinput
[--talysinitial
|--talysreaction
[--natural

8.1.1 machine

In this subroutine, the database is set for the directoriéfs muclear structure information and possible
other operating system dependent settings. Only this atibeoshould contain the machine-dependent
statements.

377
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8.1.2 constants

In this subroutine the fundamental constants are definerkt, fin the block data moduleonstantsO
the nuclear symbols and the fundamental properties ofgestare defined. Also, the magic numbers,
character strings for the two possible parity values anavddiedamental constants are initialized. From
these constants, other constants that appear in varicttforetormulae are directly defined in subroutine
constants Examples ar@r /h, he, 1/m2h2c?, 1/m2h3c? andamu/m2h3c2. In the initialisation, they are
directly defined in units of MeV and mb. Also, a few other camt$ are set.

8.1.3 talysinput

Subroutine for the user input of keywords and their defaults

8.1.4 talysinitial

Subroutine for the initialisation of nuclear structure arider basic parameters.

8.1.5 talysreaction

Subroutine with reaction models.

8.1.6 natural

For calculations of reactions on natural elements a fiftr@utine may be called, namely a subroutine
to handle natural elements as target. In this subroutinethan loop ovettalysinpui talysinitial and
talysreactionis performed, for each isotope of the element.

8.1.7 ecisO6t

Another integral part of TALYS that should explicitly be miemed is Raynal’s multi-disciplinary reac-
tion code ECIS-06, which we have included as a subroutirie.clilled several times by TALYS for the
calculation of basic reaction cross sections, angularibiigions and transmission coefficients, for either
spherical or deformed nuclei. To enable the communicateiwéen ECIS-06 and the rest of TALYS, a
few extra lines were added to the original ECIS code. In thecaecis06t.four modifications, not more
than 30 lines, can be recognized by the extenak®00000n columns 73-80.

We will now describe the main tasks of the three main submestmentioned above. We will start
with the calling sequence of the subroutines, followed bgxasianation of each subroutine. A subroutine
will only be explained the first time it appears in the callinge. Moreover, if a subtree of subroutines
has already been described before in the text, we pu’d@ehind the name of the subroutine, indicating
it can be found in the text above.
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8.2 Input: talysinput

The subroutingalysinputdeals with the user input of keywords and their defaults antists of calls
to the following subroutines:

talysinput
|--readinput
[--inputl
|--getkeywords
[--abundance
[--input2
|--getkeywords
[--input3
|--getkeywords
[--input4
|--getkeywords
[--input5
|--getkeywords
[--input6
|--getkeywords
|--checkkeyword
|--getkeywords
[--checkvalue

8.2.1 readinput

This subroutine reads in all the lines from the user inputddecharacter strings and transfers them to
lower case, for uniformity. The actual reading of the keytgfrom these lines is done in the next six
subroutines.

8.2.2 inputl

In inputl, the four main keywordgrojectile, element, massandenergy are read and it is determined
whether there is only one incident energy (directly giveraasumber in the input file) or a range of
incident energies (given in an external file), after whioh émergy or range of energies are read in. The
maximal incident energy is determined, the incident plarigidentified, and the numerical, N and A
values for the target are set. A few other keywords can beirelagre as well. If a reaction start with an
excited nucleus, the population is read in this subroufiiie same holds for the reading of the collection
of “best” input parameters. The keywords are read from tpatifine using the following subroutine,

getkeywords

With getkeywordsall separate words are read from each input line. From ewguht line we retrieve the
keyword, the number of values, and the values themselvesseTare all stored in strings to enable an
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easy setting of variables in the input subroutines.

For natural targetsnputlalso calls the following subroutine,

abundance

In abundancethe isotopic abundances are read from the database or fuser anput file, if present.

8.2.3 input2, input3, input4, input5, input6

In the other 5 subroutines, all other keywords that can bggmtain the input file are identified. Most of
them are first set to their default values at the beginningn@fsubroutine, after which these values can
be overwritten by means of a read statement. In all inputauhbres, checks are built in for the most
flagrant input errors. For example, if a character stringaslrfrom the input file where a numerical value
is expected, TALYS warns the user and gracefully stops. @Guimeinput2 deals with general physical
parametersnput3deals with choices for nuclear modelsput4deals with choices for the outplmputs
deals with nuclear model parameters, amolut6 deals with output to be written to specific files. The
order of these subroutines, and the information in themmizsortant since sometimes defaults are set
according to previously set flags.

8.2.4 checkkeyword

In this subroutine, we check whether all keywords given leyuber are valid. If for example the wrongly
typed keywordprojjectile appears in the input, TALYS stops after giving an error mgssa

8.2.5 checkvalue

This subroutine performs a more intelligent check on emosénput values. Values of parameters which
are out of the ranges that were specified in Chdpter 6, anthasebeyond physically reasonable values,
are detected here. In such cases the program also givesoanrerssage and stops. Sufficiently wide
ranges are set, i.e. the input values have to be really taiswbefore TALYS stops.

8.3 Initialisation: talysinitial

In subroutinetalysinitial, nuclear structure and other basic parameters are isé@hlilt consists of calls
to the following subroutines:

talysinitial

|--particles
|--nuclides
|--grid
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[--mainout
[--timer

8.3.1 nparticles

In particles it is determined, on the basis of tlegectileskeyword (pag€_138), which particles are in-
cluded and which are skipped as competing particles in thmilesion. The default is to include all
particles from photons to alpha’s as competing channelspdtific outgoing particles in the input are
given, only those will be included as competing channelss $éts the two logical variablgerinclude
andparskip, which are each others’ opposite and are used throughout $AL

8.3.2 nuclides
In nuclidesthe properties of the involved nuclides are set. The follmnsubroutines are called:

nuclides
[--strucinitial
[--masses
|--separation
[--structure
|--weakcoupling
|--radwidtheory
[--sumrules
|--kalbachsep
[--egridastro

First, innuclideswe assign the Z, N, and A of all possible residual nuclei. ILYS we make use
of both absolute and relative designators to describe thkdes. This is illustrated in Fig.8.1.

ZZ, NN, AA, Zinit, Ninit, Ainit, Ztarget, Ntarget, Atargetrepresent true values of the charge,
neutron and mass number. The extension 'init’ indicatesnitial compound nucleus and 'target’ corre-
sponds to the target properties. Zix, Nix, Zcomp and Nconegratices relative to the initial compound
nucleus. The initial compound nucleus (created by prdgestitarget) has the indices (0,0). The first
index represents the number of protons and the second ihderumber of neutrons away from the
initial compound nucleus. Example: For the reaction p°®Pb, the set (0,0) represerff¥Bi and the
set (1,2) represent8Pb. In the calculation Zix and Nix are used in loops over déemghuclides and
Zcomp and Ncomp are used in loops over decaying mother msclish addition, TALYS makes use of
the arrays Zindex and Nindex, which are the first two indidemany other arrays. At any point in the
reaction calculation, given the indices of the mother nuslcomp, Ncomp and the particle type, these
relative nuclide designators will be directly known thrbutye arrays we initialize in this subroutine.

As an example for th&®Fe(n,pf*Mn reaction: Ztarget=26, Ntarget=30, Zcomp=0 (primary eom
pound nucleus), Ncomp=0 (primary compound nucleus), Zintle Nindex=0, Zinit=26, Ninit=31,
Z27=25, NN=31. Next, many structure and model parametersetreThis is done by calling the subrou-
tines mentioned above. Nuclear structure properties totatget, Q-values and the Coulomb barriers are
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Figure 8.1: lllustration of the various nuclide designatosed throughout TALYS.

also set imuclides Finally, some set-off energies for pre-equilibrium andithifluctuation corrections
are set here. The subroutines called are:

strucinitial

This subroutine merely serves to initialize a lot of arrayslso, the energy grid for tabulated level
densities are set.

masses

In masseshe nuclear masses are read from the mass table. The fofj®uloroutines are called:

masses
|--duflo

We read both the experimental masses, of Audi-Wapstra femttheoretical masses from the mass table.
The experimental nuclear mass is adopted, when availal#el$t read the experimental and theoretical
mass excess, to enable a more precise calculation of sepagatrgies. If a residual nucleus is notin the
experimental/theoretical mass table, we use the andlfticaula of Duflo-Zuker. Finally, the so-called
reduced and specific masses are calculated for every nucleus
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duflo

Subroutine with the analytical mass formula of Duflo-Zuker.

separation

In separation the separation energies for all light particles on all lmgd nuclides are set. For consis-
tency, separation energies are always calculated usinghtwi@ar masses of the same type, i.e. both
experimental or both theoretical. Hence if nucleus A is méWperimental part of the table but nucleus
B is not, for both nuclides the theoretical masses are used.

structure

This is a very important subroutine. Biructure for each nuclide that can be reached in the reaction
chain the nuclear structure properties are read in from tiodéear structure and model database. If the
nuclear parameters are not available in tabular form theydatermined using models or systematics.
TALYS is written such that a call tetructureonly occurs when a new nuclide is encountered in the
reaction chain. First, it is called for the binary reactidmter on, inmultiple the call tostructureis
repeated for nuclides that can be reached in multiple eomis3ihe full calling tree is as follows:

structure
|--levels
|--gammadecay
|--deformpar
|--resonancepar
[--gammapar
|--omppar
|--radialtable
|--fissionpar
|--densitypar
|--densitytable
|--densitymatch
[--phdensitytable
|--thermalxs
|--partable

levels

In levels the discrete level information is read. First, for any el we assign a 0+ ground state to
even-even and odd-odd nuclei and a 1/2+ ground state to adelinOf course, if there is information in
the discrete level file, this will be overwritten by the fulkdrete level info. The amount of information
that is read in is different for the first several levels anghler lying levels. For the discrete levels
that explicitly appear in the multiple Hauser-Feshbachagldtypically the first 20 levels), we need all
information, i.e. the energy, spin, parity, lifetime anduching ratio’s. We also read extra levels which
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are used only for the level density matching problem or foeeatireactions (deformation parameters) in
the continuum. The branching ratios and lifetimes are rexd fer these higher levels. lavels it is also
determined whether the target nucleus is in an excited, statehich case the level properties are read
in.

gammadecay

For ENDF-6 data files, specific information on gamma-ray bnémg ratios, namely the cumulated flux
originating from a starting level, needs to be handled. Therformed igammadecay

deformpar

In deformpar the deformation parameters or deformation lengths ai tegether with the associated
coupling scheme for the case of coupled-channels calonktin the case of vibrational nuclides, simple
systematical formulae are used for the first few excitestiéino experimental information is available.
Spherical (S), vibrational (V) or rotational (R) coupleldannels calculations are automated. Finally, the
deformation parameter for rotational enhancement of fisbarrier level densities is read in from the
nuclear structure database.

resonancepar

The experimental values from the resonance parametefkild,’.,, andS, are read here. A simple sys-
tematics forl", derived by Kopecky (2002), is provided in the block data mediamdatafor nuclides
not present in the table.

gammapar

In gammapayrthe default giant dipole resonance parameters for ganagatrength functions are read
from the database. Also the default values for M1, E1, E2 ate. set using systematics if no value is
present in the databade [163]. Also, Goriely’s microscg@imma ray strength functions can be read in
this subroutine.

omppar

The optical model parameters for nucleons are read fromatabese. If there are no specific parameters
for a nuclide, they are determined by a global optical mooleh&utrons and protons. Also possible user-
supplied input files with optical model parameters are rezé.h
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radialtable

The radial matter densities for protons and neutrons aré fiean the database, to perform semi-
microscopic OMP calculations. Also possible user-suppiigut files with radial matter densities are
read here.

fissionpar
In fissionpar the fission barrier parameters are read, using the follpwirbroutines:

fissionpar

|--barsierk
[--plegendre

[--rldm

[--wkb

|--rotband

|--rotclass2

Several databases with fission barrier parameters can e Téere are also calls to two subroutines,
barsierk and rldm, which provide systematical predictions for fission barparameters from Sierk’s
model and the rotating liquid drop model, respectively. Asal, it is also possible to overrule these
parameters with choices from the user inpufidinodel 1also the head band states and possible class Il
states are read in this subroutinefisimodel 5the WKB approximation as implementedvirkb.fis used.
Finally, rotational bands are built on transition and clhstates. Note that next to the chosen fission
model fismodel)), there is always an alternative fission mod&rfiodelalt) which comes into play if
fission parameters for the first choice model are not availabl

barsierk

Using the rotating finite range model, the I-dependent fis&iarrier heights are estimated with A.J.
Sierk's method. This subroutine returns the fission bafr@ght in MeV. It is based on calculations
using yukawa-plus-exponential double folded nuclear ggnexxact Couloumb diffuseness corrections,
and diffuse-matter moments of inertia [1.03]. The impleraénh is analogous to the subroutine "asierk”
written by A.J. Sierk (LANL, 1984). This subroutine make® wf the block data modulésdata

plegendre

This function calculates the Legendre polynomial.

ridm

Using the rotating liquid drop model [1D4], the fission barmeights are estimated. This subroutine
returns the fission barrier height in MeV and is based on theosiine FISROT incorporated in ALICE-
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91 [3]. This subroutine makes use of the block data mofistata

wkb

This subroutines computes fission transmission coeffigiaotording to the WKB approximation. The
subroutine itself calls various other subroutines andtfons.

rotband

Here, the rotational bands are built from the head banditramstates, for fission calculations.

rotclass2

Here, the rotational bands are built from the class |l stakaw this, the maximum energy of class Il
states is first determined.

densitypar

In densitypay parameters for the level density are set, or read from ttebeae. The following subrou-
tines are called:

densitypar
[--mliquid1
[--mliquid2

The N;, and Ny; of the discrete level region where the level density shouddcimare read or set. Next
the spin cut-off parameter for the discrete energy regiatetermined. All parameters of the Ignatyuk
formula are determined, either from systematics or fromualutelations, for the level density model
under consideration. Pairing energies and, for the gamedasuperfluid model, critical functions that do
not depend on energy, are set. There are many input possgbftir the energy-dependent level density
parameter of the Ignatyuk formula. The required parameterslev, alimit, gammald and deltaW. The
Ignatyuk formula implies that these parameters caralidite given at the same time in the input file, or in
a table. All possibilities are handled in this subroutindsdA the single-particle state density parameters
are set.

mliquidl

Function to calculate the Myers-Swiatecki liquid drop mfassspherical nuclei.

mliquid2

Function to calculate the Goriely liquid drop mass for sptamuclei.
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densitytable

This subroutine reads in microscopic tabulated level diessi

phdensitytable

This subroutine reads in microscopic tabulated particle-fevel densities.

densitymatch

The following subroutines are called:

densitymatch
[--ignatyuk
|--colenhance
|--fermi
|--matching
|--poll
|--dtheory

In densitymatchthe matching levels for the temperature and Fermi gas mesities are determined,
and the level density matching problem is solved for bothugdsstate level densities and level densities
on fission barriers. The matching problem is solved by agliratching

ignatyuk

The level density parameter as function of excitation egnergalculated here.

colenhance

In colenhancethe collective (vibrational and rotational) enhancenfenffission level densities is cal-
culated. Here, a distinction is made betweend@knhance n collective effects for the ground state
are included implicitly in the intrinsic level density, andllective effects on the barrier are determined
relative to the ground state, and @jlenhance y both ground state and barrier collective effects are
included explicitly. The calling tree is:

colenhance
|--ignatyuk

fermi

In fermi, the Fermi gas level density is calculated. The calling isee
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fermi

|--spincut

spincut

In spincut the spin cut-off parameter is calculated. Above the matgknergy, this is done by an energy-
dependent systematical formula. Below the matching endngyalue for the spin cut-off parameter is
interpolated from the value at the continuum energy and dghgevirom the discrete energy region. For
the generalized superfluid model, the spin cut-off parametelated to its value at the critical energy.
matching

In matching the matching problem of EJ._{4.271) is solved. First, weedaine the possible region of

the roots of the equation, then we determine the number afisos and finally we choose the solution
for our problem. The calling tree is:

matching
|--ignatyuk
|--zbrak
|--rtbis
[--match
[--poll

zbrak

This subroutine finds the region in which the matching equiatias a root (“bracketing” a function).

rthis

This function finds the roots of a function.

match

This function represents EQ.{4.271).

poll

Subroutine for interpolation of first order.
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dtheory

Subroutine to calculate the theoretical average resorspaeng from the level density. The following
subroutines are called:

dtheory
|--levels
|--density

density

This is the function for the level density. It is calculatesi afunction of the excitation energy, spin,
parity, fission barrier and model identifier. On the basitdaiodel, the level density model is chosen.
The following subroutines are called:

density
[--ignatyuk
[--densitytot
[--spindis
|--locate

densitytot

This is the function for the total level density. It is calatdd as a function of the excitation energy,
fission barrier and model identifier. On the basiddrhodel, the level density model is chosen. The
following subroutines are called:

densitytot
|--ignatyuk
|--colenhance >
[--gilcam
|--fermi >
|--bsfgmodel
[--fermi >
[--spincut >
[--superfluid
[--fermi >
[--spincut >
|--locate

spindis

In spindis the Wigner spin distribution is calculated. The callinggtis:
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spindis

[--spincut >

locate

Subroutine to find a value in an ordered table.

gilcam

In gilcam, the Gilbert-Cameron level density formula is calculatéthihe constant temperature and the
Fermi gas expression.

bsfgmodel

In bsfgmodelthe Back-shifted Fermi gas formula is calculated with thessjean-Feldmeier approxi-
mation at low energy.

superfluid

In superfluid the generalized superfluid model level density is caledlat

8.3.3 thermalxs

In thermalxs experimental cross sections at thermal energies aremead i

partable

Subroutine to write model parameters per nucleus to a sepangput file.

weakcoupling

Subroutineweakcouplings only called for odd target nuclides. The even-even codetermined and
its deformation parameters, if any, are retrieved. Thesetten re-distributed over the levels of the
odd-nucleus, so that later on DWBA calculations with thenesere can be made. The selection of the
odd-nucleus levels is automatic, and certainly not fullghrd he following subroutines are called:

weakcoupling
|--deformpar >
|--levels >
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radwidtheory

Subroutine for the calculation of the theoretical totaia#ide width, using gamma-ray strength functions
and level densities. The following subroutines are called:

radwidtheory
|--levels >
|--density >

sumrules

Using sum rules for giant resonances, the collective streimgthe continuum is determined. The de-
formation parameters of the collective low lying statessaretracted from the sum, so that the final GR
deformation parameters can be determined.

kalbachsep

In kalbachsepthe separation energies for the Kalbach systematics anputed. We use the Myers-
Swiatecki parameters as used by Kalbach [71].

egridastro

Subroutine to calculate the default incident energy griceisirophysical rates. For astrophysical calcu-
lations, no use is made of an incident energy as suppliedeoyghr, but instead is hardwired.

8.3.4 grid

In subroutinegrid, the outgoing energy grid to be used for spectra and theriasin coefficients and
inverse reaction cross section calculation is fixed. This-eguidistant grid ensures that the calculation
for outgoing energies of a few MeV (around the evaporatioakpés sufficiently precise, whereas at
higher energies a somewhat coarser energy grid can be usedheFsame reason, this energy grid is
used for the calculation of transmission coefficients. Tégitband end of the energy grid for charged
particles is set. The energy grid for which TALYS uses exttation (basically from thermal energies up
to the first energy where we believe in a nuclear model codmtisAlso a few parameters for the angular
grid, the transmission coefficient numerical limit, and peratures for astrophysical calculations are set
here. The following subroutines are called:

grid

|--energies
|--locate

|--locate
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energies

This subroutine is called for each new incident energy. Hraar-of-mass energy and the wave number
are calculated (relativistic and non-relativistic), thmpar energy limit for the energy grid is set, as well as
the outgoing energies that belong to discrete level saadgteFinally, several incident energy-dependent
flags are disabled and enabled.

8.3.5 mainout

Subroutinemainouttakes care of the first part of the output. The output of gériefarmation such
as date, authors etc., is printed first. Next, the basic imagtarameters are printed. The following
subroutines are called:

mainout
[--inputout
[--yesno
|--levelsout
|--densityout
|--aldmatch
[--spincut >
[--ignatyuk
|--colenhance >
|--densitytot >
[--density >
|--fissionparout

inputout

In this subroutine, the (default) values of all input keyd®iare written. This will appear at the top of
the output file.

yesno

Function to assign the strings 'y’ and 'n’ to the logical vedu.true. and .false..

levelsout

In levelsout all discrete level information for the nucleus under cdasition is printed.

densityout

In densityout all level density parameters are written, together withlde of the level density itself.
For fissile nuclides, also the level densities on top of th&dis barriers are printed. Cumulative level
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densities are calculated and written to files.

aldmatch

For fission, the effective level density parameter, whiclowly show for reference purposes, is obtained
in three steps: (1) create the total level density in Ferrsirggion, (2) apply a rotational enhancement
to the total level density (3) determine the effective ledehsity parameter by equating the rotational
enhanced level density by a new effective total level dgn3tie calling tree is:

aldmatch
[--ignatyuk
|--fermi >
|--spindis >
|--colenhance >
[--spincut >

fissionparout

In this subroutine, we write the main fission parametersh sisdoarrier heights and widths, and the head
band transition states, rotational band transition statelsclass Il states.

8.3.6 timer

Subroutine for the output of the execution time and a contatibn for the successful calculation.

8.4 Nuclear models: talysreaction

The main part of TALYStalysreaction contains the implementation of all the nuclear reactionefm
First it callsbasicxs for the calculation of transmission coefficients, inversaction cross sections, etc.
which are to be calculated only once (i.e. regardless of timaber of incident energies). Next, for
either one or several incident energies, subroutines #ontltlear reaction models are called according
to the flags set by default or by input. During these nucleadehcalculations, information such as cross
sections, spectra, angular distributions, and nuclideulaipns, is collected and stored. At the end, all
results are collected and transferred to the requesteditolEmally, a message that the calculation was
successful should be printed. The following subroutinescatled:

talysreaction
|--basicxs
|--preeqinit
[--excitoninit
|--compoundinit
|--astroinit
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|--energies >
|--reacinitial
[--incident
|--exgrid
|--recoilinit
|--direct
|--preeq
|--population
[--compnorm
[--comptarget
|--binary
[--angdis
[--multiple
[--channels
|--totalxs
|--spectra
[--massdis
|--residual
|--totalrecoil
|--normalization
|--thermal
[--output
|--finalout
|--astro
|--endf
[--timer

8.4.1 basicxs

The transmission coefficients and inverse reaction crageoss for the outgoing energy grid need to be
calculated only once for all particles and gamma'’s, for giesrup to the maximal incident energy. The
following subroutines are called:

basicxs
|--basicinitial
--inverse
[--gamma

basicinitial

In basicinitial, all arrays that appear in this part of the program are iizgd.



8.4. NUCLEAR MODELS: TALYSREACTION 395

inverse

Subroutingnverseorganises the calculation of total, reaction and elastisxsections and transmission
coefficients for all outgoing particles and the whole ensigssenergy grid (the inverse channels). The
following subroutines are called:

inverse
--inverseecis
|--inverseread
--inversenorm
|--inverseout

inverseecis

In this subroutine the loop over energy and particles isquaréd for the basic ECIS calculations. For
each particle and energy, the optical model parameterseteentined by callingptical. The subroutine
ecisinputis called for the creation of the ECIS input files. At the endhi$ subroutinegecisO6tis called

to perform the actual ECIS calculation. The following sulinees are called:

inverseecis
|--ecisinput
|--optical
--mom
|--optical
|--ecisO6t >

ecisinput

This subroutine creates a standard ECIS input file for sphleor coupled-channels calculations.

optical

This is the main subroutine for the determination of optinaldel parameters. The following subroutines
are called:

optical

|--opticaln
|--soukhovitskii

|--opticalp
|--soukhovitskii

|--opticald
|--opticaln
|--opticalp

|--opticalt
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|--opticaln
|--opticalp
|--opticalh
|--opticaln
|--opticalp
|--opticala
|--opticaln
|--opticalp

opticaln, opticalp

Subroutines for the neutron and proton optical model patarsielf an optical model file is given with
the optmod keyword, see page_1l78, we interpolate between the tabwalteds. In most cases, the
general energy-dependent form of the optical potentigpdied, using parameters per nucleus or from
the global optical model, both from subroutiomppar

soukhovitskii

Subroutine for the global optical model for actinides by wvitskii et al. [44].

opticald, opticalt, opticalh, opticala

Subroutines for deuteron, triton, helion and alpha opficaéntials. In the current version of TALYS,
we use the Watanabe methadl[15] to make a composite partisdaiial out of the proton and neutron
potential.

mom

Subroutine for the semi-microscopic JLM optical model. STl basically Eric Bauge’s MOM code
turned into a TALYS subroutine. Inside this subroutiner¢hare many calls to other local subroutines.
It also uses the filenom.cmbwhich contains all common blocks and declarationaniom.f

inverseread

In this subroutine the results from ECIS are read. For evartigie and energy we first read the reaction
(and for neutrons the total and elastic) cross sectionst, Hextransmission coefficients are read into the
array Tjl, which has four indices: particle type, energynsgnd I-value. For spin-1/2 particles, we use
the array indices -1 and 1 for the two spin values. For spiatigles, we use -1, 0 and 1 and for spin-
0 particles we use 0 only. For rotational nuclei, we tramsfdine rotational transmission coefficients
into their spherical equivalents for the compound nuclelsutation. Also, transmission coefficients
averaged over spin are put into separate arrays. For eatiblgp@nd energy, the maximal I-value is
determined to constrain loops over angular momentum laién the code.
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inversenorm

In inversenorm a semi-empirical formula for the reaction cross sectiom loa invoked to overrule the
results from the optical model. This is sometimes apprtgiier complex particles. The normalization
is only performed if the option for semi-empirical reactitnoss sections is enabled. The semi-empirical
results have a too sharp cut-off at low energies. Thereforethe lowest energies the optical model
results are normalized with the ratio at the threshold. Dilewing subroutines are called:

inversenorm

[--tripathi
[--radius

tripathi
Function for semi-empirical formula for the reaction cresstion by Tripathi et al.. The original coding

(which is hard to understand) does not coincide with the tdam given in Ref.[[39] though the results
seem to agree with the plotted results.

radius

Function for the radius, needed for the Tripathi systersatic

inverseout

This subroutine takes care of the output of reaction crastioses and transmission coefficients. Depend-
ing on theouttransenergy keyword, see pade 2b3, the transmission coefficients atgpgdoper energy
or per angular momentum.

gamma

This subroutine deals with calculations for gamma crost®es; strength functions and transmission
coefficients. The following subroutines are called:

gamma
[--gammanorm
[--gammaout

gammanorm

In this subroutine, we normalize the gamma-ray strengtletfons by imposing the condition that the
transmission coefficients integrated from zero up to newgeparation energy are equal to the ratio of the
experimental mean gamma width and mean level spacing fave-weutrons. The gamma transmission
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coefficients are generated through calls to the strengittiimfstrength The gamma-ray cross sections
are also normalized. The following subroutines are called:

gammanorm
|--density >
|--fstrength
[--gammaxs
|--fstrength

fstrength

In fstrength the gamma-ray strength functions according to KopecklyddBrink-Axel are calculated,
or are interpolated from Goriely’s HFB or HFBCS tables.

gammaxs

In gammaxsthe photo-absorption cross sections are calculated. ddmsist of a GDR part and a quasi-
deuteron part.

gammaout

In gammaoutthe gamma-ray strength functions, transmission coefiisiand cross sections are written
to output. The following subroutines are called:

gammaout
|--fstrength

8.4.2 preeqinit

General quantities needed for pre-equilibrium calcutetiare set, such as factorials, spin distribution
functions and Pauli correction factors. The following sulimes are called:

preeqinit

[--bonetti
[--mom >
|--optical >

bonetti

In this subroutine, the average imaginary volume potefiialhe internal transition rates is calculated.
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8.4.3 excitoninit

Quantities needed for exciton model calculations are seh ss preformation factors, factors for the
emission rates and charge conserving Q-factors.

8.4.4 compoundinit
