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Pre-equilibrium/Compcund Nuclear Model Code
for Personal Computer

Introduction

Code EMPIRE [1,2) is based on the statistical compound model and the
pre-equilibrium hybrid or multistep compound emission model. It has been
written with angular momentum conservation taken into account throughout
the whole calculations.

It was presented at the Workshop on Applied Nuclear Theory and
Nuclear Model Calculations for Nuclear Technology Applications in the
International Centre for Theoretical Physics, Trieste (15 February - 18
March 1988). It has been implemented for IBM compatible personal
computers Olivetti M-24 and MK-380, using professional FORTRAN compiler
[3}.

1. Changes in the text program

Originally, EMPIRE code has been written for CDC 6600 computer on
FORTRAN 1Y programming languange. To be implemented on IBM personal
computer, the following modificaticns were made:

a. Input/output operators were writtem according to FORTRAN
Reference Manual [4].

b. Work with scratch files was re-organized in unformatted mode in
consistent way.

c. Subroutines BRE and BWR were changed making them without ENTRY
point and EOF procedure.

4. Subroutine ILOW of multicascade calculation organization was
changed for reading of gamma transitions of previous step
reaction.

2. ngpilini and linking of the code was done in accordance with PROFORT
1.0 compiler manual [2), wusing compilers 1library of standard
subroutines.

3. Example of batch file

EMP /R 60000 >EMP2.LST <EMP2.INP

where EMP is an execution module of the code
EMP2.INP is input data file
EMP2.LST is output listing




4. Examples of input/output data files used in exercises are described
in the proceedings of the Workshop and are available together with
the source file of the code on a dickette.

5. Running time of the exercises: 15-20 minutes for 16 Mhz computer.
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T¥PIRE -« A Program for Calcul=iion of Srectra and Creoss Sectiosns
within the Combined Pre-e~uilibrium/Comround Nucleug Mcdel of
Nuclear Rezctions

A. Marcinkowski
Institute for Nuclear Studies, Taresaw, Poland

4bstract

A comruter csde based on the statistical compound nucleus =o-
del and the pre-ecuilibrium hybrid model or the multi-ster coz-
pound emission model is described. iAnsul=r momentum conservation
is sbhserved throuchout the whole c=21lculation. The models, the

* etructure of the ecode and the content of input z2nd outrut are

described, The validation 5f the calculations by comp:rison -ith
exverimental data for gnme neutron induced rezctions is aleo
rresented.

1. Nz2ture of the rhysic2l protlem

The ecnde EVPIRE is designed for czlculation of essenti=l ch=-
rzcteristics of 2 larze variety of nuclear reactione involving
lisht particles znd rzmma-rays. The rrosram is flexible enouch
to treat canture cross sections at energies btelow 1 KeV. =g well
ag successive multip=zrticle emission at enersies of several tene
of MeV. These fezatures enzble a coneistent treatment of =211 com-
retitive channels. which contribute si~nificantly to the rezc-
tion eross section, within 2 sinfle computer run, :nd imrose
hizh cnnetrainte on the varameterization of the modele involved.
This voesibility h=e proved advantarceous in mzny rezactiosn mechz-
nism studies and evalusticn =vrlicztions [1.2].

The enercy-:verazed cross sectiong for re=actione with several
emitted psrticles ard gamms-rays. under the =2ssumntion 5 senuen
tizl evamnorztion, -re evalu=ted =ccording to the different zys.
in ~hich =2 r=rticular estate of a finzl nucleus by such 2 rez=c-
tion c3n be reached, as illustrated in ¥fiw. 1. Each ev=rarztion
eter is treated in the Tramerork of the statisticzl theory »°
the compound nucleus (CN). In the first stzge of the rezcticon
th= w~re-eruilitrium enisgion of neutrons and protong is c2leul--
ted, i.e. the multirle rre-souilibrium decay. eimultznenus or
senuentizl and the emission of comurlex rarticles are Aisverariel,
The multiparticle rre-esuilidbrium decay =rrears to rlay some
role at ovrojectile ener~ies anrroachin~g 50 MeV =2nd becomes @
cresgincly sinnificant at hizher excitztione [3]. The rre-e-~u
librium deczy dominates the alrha-particle emission for heavy
naclei, rhere thie channel ig rather unsirrificant because »of
the Coulomb bharrier effects. Nevertheleses these omissions rut
natural limitz2%tione on the arnliczbility of the c2lculations
‘nother corstraint is imrosged by omission of the fission chz
“hieh limits the arnrlicakility of the code to nonfissionatle
clei.
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ne have heen incorporzted into the recmetry de-en

congidematio jeren-
jent hyhrid (30H) model [4], deseribin~ the emission of nucleone
rrior to the e~ruilibrztion of the excited nucleus. This model
has been chocsen for calcul-tion of the a nriori nre -eruilibrium

cross sectiang, for it nrovides = better descrintion of the rhy-

gical process, i.e. 2 hizher rrobability of rerirvherzl collisiosns
to unde”FG rre-eruilib»ium decay than for central collls‘ohk. It

offeres 2lso the sttractive vrosgitility of 2voidins the use o

free rarameters by assuming the ortion for evaluztion of the nue-
leon mean free r2th in the nucleugs from the zbsorntive imz2-~in-~y

orticzl potenti=1l.

Another ortion in the newest version of ENPIRE is the c2lcu-
lztion of the pre-e~uilibrium emission yieldes for nucleons
aquantum~mechanically, .=ceording to the theory.of Fecb;:ch.
Kerm2n and Koonin [5] for the multi-gter comround ( NEC) Aden
The ¥SC erission 2ccounte “ar that nortion of the rre-eruil:
rium eﬁzssion. which is due to the decay of bound-particle
firuratiorns formins the chzin o foorvay states develor1n~
vwrarde incre=cinz complexity. It is resroneible forthe sym»
rortion of the anzul=ar distribution only 2nd thue does not
haust the full rre-esuilibrium cross section., but in same
atione it m=zy nlay the dominent role [61.

The decz2y of the camround nucleus is trezated either in ¢
of the HRTW theory [ 7.8]. which redefines all the inelzstic
charnels in order to .account for the width fluctuations caus
v the ecorrelation of the incident and cutrmoing waves in tke
elastic channel, or in terms of the standard Hauser-Feskhach
theory, =2t hirher enerries, where many oren channele cauce 3
effect of the ridth fluctuation to czncel. The former theory ‘e
of nerticulzr imrortance for caleculation of the first chance
famma-rays 3t low neutron enercies, close to the inel=zstie shen-
nel threshold.

The calecul=sted = rriori opre-ecuilibrium cross sections =re
used to rescale the maznitude of the compound nucleus ¢rose
gections ss 22 to satiefy the normzlization of their incoherent
sum to the ortical model reaction cross section.

The EMPIRE pro=ram is srecizlly well suited for caleulsiinn
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of:

-« activation sroese gsections,

- isomeric crose sections,

- rroduction cross sections for gamma-rays accommranyi the

decay of low excited levels,

~ enerry srvectra for emitted evarticles and gzmmz-raye.
The firet three tyres of data sre availsble., from the outrut,
for fin3l nuclei of each staze in the multi-pirticle emission.
In addition the enerzvespvin dietr1but10ne of rorulation of
etates for the intermediste nuclei, for both rvarities. are zi-
ven at each stapge. Similarly the ener~y srectra of the reaction
vrroducte in 211 zgsumed comretine channels are ~iven 2t the en?d
for each stace.

The ENPIRE cofe hag teen published [2] and m=de svailzble viz
the C.P.C. Pro”-am Litrary of the Nueens Universgity of Belfast
Since then it h=2es been validated in m=ny czleculztiones of f2et
neutron erose sectiecn for struetursl m'to“1ﬁls. ag well as for




liskter and hez2vy ruclei. The ccle hze been incluaded zlss in the
Irternational Nuclaar ¥odel Code Intercompariscn, for Spherieal
Orticzl =2n4d Statistic=1 Wodel Stuldy., czrried out by the NE:! D=ta
Bank under the auspices of the I2Z4. The results of intercemp=-
rigon h=ve been widely Jiscussed in ref. [10]. In fix. 2 2ne of
the compirisons is shovm.

The follo:ing charters contain the Jetailed descrirtion of
the modjels and formalism emrleyed in eoroceeding of the eodie, the
methods of solutions and the eiructure o *the code, the restric-
tions cn the comrlexity of the rroblem imposed by the practicity
of the dinit=21l calcul:tions end eventu=1lly the comrarison of
ealculstions ~'ith experimental datz is vresented.

L]
2. Models and formul=tion =prlied in the EMPIRE code
2.1 Formation 2nd decay of the compound nucleus

2.1.17 The HEauser-Feshbz2ch formul-: for compround nucleugs croes
gection

The thefBlozical rezction cross section for a vrojectile with
2 vavelenmth of the relative moticn dp is usuzlly wri ten in
terms of the rartizl wave transmisecion coeffic1ent°1} n® the
oprtic21 model potentizl barrier

12 & a .
6R=w&ez(,&£+/)T,L ) 1)
It crincides —-ith the cross section ‘or the formation of the
Cq in the 1imit of ro rre-enuilibrium emiesion. In case +her the

vr0b=5111uv of particle emission FL&Q rrior to the ?or*qtlﬂﬂ 2°
the CN is rnonnerli~itle the cross gection for the formztisn of
the CN rezde.

Eon = w2 (20 )L 2L Pheyde], (2)

vhere E is the excitz tion energy of the CN and By is the binsi
enerzy c¢f the edec tile. Lssuming the chznnel svln'gé_7+ug. i
Sr. 83 belrn trhe srins of the tar~et nucleus and of the proie
tile 1 _considering the form=t10n of 2 CN etate with defin: *e
epin I4§4 and p~r1thT reocuires revrlecement of the summztion
over the orbtital arzul :r momentum 1 by a triple sum indiestin-
the coupling of =r“r3t*i=‘e anrul:r momenta

=TT O ‘7‘ 1~ Z'_/ Prede] . (3)

I%0 S=ls;-sot €o(L-S]

In writinz (3) use was m=2de of the relation

é:‘ (2I+1) =(20+4)(25 1) (22)

I=
and the usuzl notztion 571=(2I+1)/(253+")(2s;+1) ‘or the statis-
tie=1 weishting f=ctor was 3dorted.

The ortieczl model cffers the rossibility tn calculzte the
j-1erendent transmission c3e®“icients T¢% use of vhich leads
to 2 courling scheme bq-l*e and I-==g, S +i=, reducing the eumm--

tion over S =nd 1 to
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| The resultinn eroese section is no

71#13l .
| =7 ol
| Gen = g. ;0 JaclL=sr/ ?I )

with ?1 teinz the reduction factor in sguzre btrackets of eq.(2).
| vhich accourts for the loss of flux due to rre- equlllb“lgm (%)
| enission.
| The decay of the CN is czlcul=ted according to the H:uscer-
Feshbach feormul-=. which factorizes into the formation cross sec-
tion =nd the emission probzbility for an ejectile b

7:/2;_7: , (52)

leaving the residual nucleues ith 2n excitztion enermy Up in a
state of spin Iy 2nd rarity 9yw. The deczy width F% is =overned
by the densities of levels, vhich undergos the deczy Q(U.I.ﬂ) and
of those zccessitle, z=2fter emiseion, in the residu3ll nucleus

UpeIn, T
?( b o) E- Bb L+l

Tzm =k >[4 > ff‘/ L, %)d (¢)

700 hf(‘/l—’?a =(I-Ty/

The croes sectior thus reais,

de(U Lm) . 2 Hr ape S5 __y _
==t 2. R T%%(4 L 7, ,
o L5yl iz 1;?/)2‘_?4/ <545, ‘)/é_/c ()

where the summation, in the denomin=tor, over all competing
n=rticles 2 bein~ emitted assures nrorer normalization of the
decay rrohability,

S T.=2- > ZUI: / [u L w)di, (72

< e 1IF-0 pId o

The varity selectisn rules are implicitely imposed on 21l the
summztione in ers. (3) to (72), 38 indicated .by the index 7 .
The reduction factor R is 1 or j derendent in zcecordance =ith
the 2dnrted PZ emission model.

2.1.1 The width fluctuztion effectse at low neutron enermies

The factorization of the CN cross section, in terms of the
ortical model transmission coefficients, as given by the Hauser
Feshbach formula (7). ie = good assumption when many chznnels
are oren. The factorization breaks he ever, thus violating the
Eohr, £ hyrothesis, i a3 result of =idth fluctuation, at low
enercies ~hen cnly Ter gtrongly and weakly absorbing channelrs
are mixed. Thie cace is of r2rticular interest in avrlied work

nvo‘ving neutron capture or lou enn“"v neutron scattering.
Tven in txhics case ithe factorization of the cross section can ke




reeatabllshed by introducing the charnnel correction factore,
~hich result in redefinition,of the effective partial wave
transmission coefficients V@? in the inelastic channels znid the
appearance of the enhancement factor Wy in the elastic channell
[23. In the frzmework of the HRT: theory [ 2] the CN cross sec-
tion fzctorizes in =2 way similar to eq. (7),

HRTW ooy

ey, 5 5 G i i A

T:0 ’, /I '57/ b

vz ZT 5
with 2V ~§Jg=07,o:ﬂ_ ol f(Uc, L, 72 )dl. (7c)

The measure of the lzck o‘ uritarity of the average S-mz2triz,
Ta= 1 -|<Saa?j =2 KSgy212, provides the relation between the op-
tical model transmisslon coefficients and ﬂdﬁ

_ 7470: VI + (e (1) Wi~ 1). ©)

The elastic ernhancement factor “Qf’ varies between 2 ané 3 for
strong 2nd weak absorption, re=pect1ve1y. It has been 2lsg0 rela-
ted to the transmission coefficients 7,* by generating numeri-
cally the statisticzl S-m=atrizx [113,

e 2 -7
%—L+1*(V)x+(g7 5)( ][Z (9)
where )t=‘r—7-——— /(:l 527') and :7—";-. Z c (10) ‘
For 2 given elastic enhancement f‘ac*l:or ”Q¢ er.,(ﬂ) n te sol-

ved by iteration. Kkzking use of the fact that \Zf-(z,‘ ,.7'#{2. Y% ke
the first step iteration gzves for Vi«

N = T+ (- 1)) ¢

Already arproaches the exact solution of eq. (8), when the
numver of open channele does exceed 20. If not we follow up to

« Zﬁ-

- VJ" Tj" [1+ -(uy If"i ) -2, ('2)

One car see from eq. {17) that for a large number of cpen chzn-
nels ever in the case of strong zbsorntion (T*:1) 12’«27'
2nd the Hzauser-Feshbach formula holis.




2.1.3 Tke level densities

The level density }(U.I.ﬂ):'ﬁ?(U.I) 28 calculated accerdin-
to the two-component formul: by Cimeron and 3ilbert L12]. In the
region of high excitations the model predicts

Gn)- F exsL2lBTAT (RI%) . (I-t)y ,
Su D)= 5 et 2Ble) Lol enpl- G2 3

with the level density prarameter @ and the pairing enerzy shif
A. At excitation energies lower than the matching roint U; a
constant temperature T arprroximation is assumed

1. 2
FLUI) = expL(V-uMT] z(ff ;’f expl~ Se] (14)

where U, and the nuclear temperature T are Tree parameters rela-
ted to %he observed discrete levels. The recuirement that ire
two formul:e rrovide level densities, which are tangent at the
mztching energy Uy lezds to the relations

Up =Ux = T(nT)gu(lUs) 5 ("5)
=) _'_ _3 <
Tl Z(L&—A] : (e

Once @ and one of the parameters Ug,T.Uyx 2re defined the rem:i-
ning two parameters are calcul:ted from egs. (i5) ani (16). Two
options for choosing the spin cut-off psrameter g2 are avail-tle
in EMPIRE. The Fermi gzzs model prediects

2,
2= £ kAYfalTaT ()

where k¥12/3 =<m2> ig an averaze izken over ansular mozentum

projections m o7 single rarticle states in the vicinity cf the
Fermi energy. The value of the constant k has been evzluztesd

by Cameron and 3ilbert to te C.14c, while 0.24 was suzgestes ty
Reffo [13]. 3lternative is the rirmid-tody formula

G2= 1.505 - 102 A lu-A)/e . R O

In the 1o energy rance, belox Uy, the spin cut-off piraveter
ie line=rly intervolated between the value & §j, calcul=ted “or
the N 35 kno'n excited levels with erins I; (3round stzte exclu-

ded). 2 ” N 2
Gut = 7w &y (Ler 1), (12)

given by the maximum likelihood method, and the value of & from
egs. (17) or (%)

&%) -Gé

&)= —, (V-leuz) + &3, (29)




vhere Ugyt is the energy of the hicshest knon level. At excits-
tion energies lewer than U,,t the discrele levels zre counted

9V, L,m) = ZNICV-v:) Irr o - (27

The parameterizztion of the above given formulse may te found in
the original parver of Csmeron 2nd %ilbert [12] or in the extexn~
sive elaboration by Reffo [137. To =zllov the use of other models
the promram sccerts zlso numericzal level densities put in pcint-
by~-point for srvin secuences from 1/2 to 53/2 or from 0 to 29 =t
twenty excitation energies 3, 5, 9.... 60 MeV. Level densities
for particulzar nuclei chould be plzced in order, in vhich they
sopear in the main input.

2.7.4 Partizl wave transmission coefficients for pzrticles
znd transmission coefficients for gammi-rays

The j-dererdent transmission coefficients for particles uses
throuzhout the czlculztions 2re computed from a eprheriezl orti-
ezl model (ON) by means of the subroutine SCAT [141. A rotenti-1
%well is renersted from the input rarameters and the radial
Schr¥dincer ecuation ig solved for rsrtizl waves by numeric
interration cutwards the ortizzl rotentisl ie negligible. !
this roint the rszdisl wave function for each partizl wave,
being solution , ig8 Joint to its zsymptotic value-, usging lesa-
rithmic devivative. This yields the rhase shifts<§q OT mOoTEe Pre-
cisely the aversage scattering matrixz {S;= exp 2i613. which
defines the transmiesion coefficients ¢

Tj=i-/<5.e/>lz . (22)

There z=re geveral potentizl well Forme available in the rrograw,

which cover the ranse of those currently of interest. The gene-

ral rarameterization is of the following form 23)
(23

Vo) = =Vy ) + Vool L [ £ =il W, 53 - 4 G057

where f£(» r;)={" + exp(r-riA1/3)/ai}'1 is the Woods~3zzen f:orm
factor.

The surfazce, =bsorptive term ith well depih Wg is somg}imes
sumed to have the 3zusgeizn share f(r.r§)= exp-[(r-rehA’ 3)/--1S
The exiesting zlobsl pzrameterizations of the OM use rotentisl
wellg, which devend on the vrojectile erersgy in many ways. The
E-PIRE code offers three mongt common options

)
2
'~
] <
.

Vi = Vi),

V. o= V3(1) + Vy(2)1nEa, ‘

Vi = 7500) 4 T(2)E, + Vy(3)BS  and (24)
7= (1),
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In 2398ition some c¢f the Tostly used slohszl CV notentizls. n:mely
the ones revorted by Maldguer [15], Ejﬂrklund and Perndach [16],
Deccretti 2nd Sreenless [17)znd "ilmore and Hodmeon (18], for
neutrons, 3j8rklund and Fernbach [14], Becchetti and Treenless
{17, for protones and NeFadden and Satehler [19] feor 21thz raﬁ ic=
lec are included ag cerzrate ortions. Both the individuzl d/:r
the globzl OM potentials can be anrlied in defined enernmy inter-
vals. Different roterntials in different energy rexiong with
rracticzlly unlimited number of energy rezions.

T™he transmicesion coefficients for gammz-rays 2re caleul-te?
“ram the r3diztive strenzth functions

(=5
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rHI'
{txt= % ch::djpz' ) (25)
in =ccordance with the knggn deTinition
X2 — 2¢+1
Ty = 2a "1%:)“6‘ =27 fxe b (z5)

Here D1 denotes the srzacinsg of levels with spin I =nd X1 stands
for el ectrzc T or magnetic ¥ transition of mulitioolarity 1.
The “eisskopl sinzle-pirticle model C20] prescribes the

strenth functions Far electiric transitions of multipola~-iiy 1

= —18(2+1) (.zwi) e? /R e
fEL e(e+3)2L(2tr)!1]° D (t;c/ (27)

and for m2snetic trarsitions

fue = 0 fee (775 )3 (22

- A -

where R.M.D, ~rd e are the nuclear radius, the mass of 3 rrotoan,
the spzcin~y between low lying levels ~ 0. 5 eV 3 d the chzrre
of the electrorn., respectively. Assumins R=1. 25A 3fm resultz in
£511l0 'ine trznemiccsion coefficients for ramm2-r2diztion

1""::-1 = 2.71.10-642/2 ¢ 2

y_, = L ...ar

Tgur = 7.70:1077 g . (2?)

... -12 2 s M

Tim = 3.54-1072a8/7 £;5 | By in eV,

It ie known that the eincle-pirticle model overesstim=tes the
trs n-;tlﬂn gtrencths in compwurison with exrerimental 42tz evern
vy three orders of marnituie, therefore ens .(22) c=n te scazled
hy multirlicztive factore CE1, CX1 and CEZ, respectively, in
arder to brinc the theoretical ectimztes into agreement ith
exrerimental rzdi-tive strenths. Comp:rison with resulte of
zveraze neutron reeo“‘nhr cqvtu“e exrerlnents L?1Jy1el~~
2E1=0.21. C¥1=0." arnd CE2=0.7 “or continuum transitions. Tor
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itione beiween lo: lyinm st=2tes the values CE1=0.

.1 and CZ2=30 -ere obtélneﬂ from spectroscopic stud1“-.
The main contribution to the electric dipol tranesitions
comes however from the decay of the siant dipole resonince ( 3D3)
3tates. The strenath 5F the 5DXR can be evaluzted from the rho-
toabsorption cross section [22]

C3r+

3

Aessumin;; the Lorentzizn shape for the GDR ,

2 2
* é;(/tl;) .
63’51 ,f; (524'5‘2)2*([-'#‘,_)2 3 G

znd satestituting (31) into (30) 2nd the resulting stren-th “un-
ction into (26) one nbt2ins

. o [T
TGDR-' 5l‘f6 10 7Z (Ez ELZ)ZfrJEZ ) (3?_)

here @3 (in md), M 2nd E; are the reak cross section. the
'1dtq =rd the enerzv of the srlitted gi=2nt dipcle resonznce.
The code 21lo7s a superrosition of the DR and the single-p2r-
ticle contributions
= T T50R <TE<
Trey=(1-TE) T}y + TE Trgy , OSTESL, 33

In c=2ee vhen the rarzmeterz 0of the GDR for a mnarticul=xr nuecleus
are lzckinz = =*n~1= humred resonance of Lorentzizn shzavre with
zloba1 r=r35e£g6 agsumed: &41=322(4~2)/A M. [M=0.2Eq,
E1=47.9 A °1n"'1t= humpred M1 and E2 ciant resonznces czn
21eo0 be included into the calculation.

Tor rzdi=tive charnels the summations in eqs. (7) to (7c)
over tke pirticle anmular momentvm jy are rronerly rerlaced b"
sumg over the finz1 states srins IL-10£I$r§|I+1|apd the tran
gition multipolarities 1.

2.2 Pre-eruilibrium emission
2.7 The zmeometry derendent hybrid model

2.

E-rly compirisons between exrerimental results, exciton mo-
del calecul=ztiong and intrz-nuclear casczde calculations indic=z-
ted thzt the exciton model rave too few pre-equilibrium pirtic-
les 2and that these were too £27t in epectral distribution. Tte
comparieon indiczted that the exciton model deficliency resulted
from 2 fa2ilure to rronerly descrite the enhanced emission from
naclea* surface. The first order correction to this deficiency

vzg8 provided bty the geometry devendent hybrid model [23](GDH),
which sesumes that the ve=ction rroceeds in srheric=2l ghell-
shared regiorns of thickness Xe and radius determined by the
rroiectile imp-ct rorameter. In this way the Aiffuse surface
“rﬁhnrtles are gamrle? by the hirsher imract rerameters.
The 4ifferenti~l emission srectrum is given in the 3D0H moiel

e
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de(e"" _,2 )

= 2¢+4 p (e

—a—g——— 11’) Z( ) ) (34)
The usual assumrtion that the composite system develcors to .arie
equilibrium viaz a sequence of states of icreasing complexity
clagsified with the number of excited particles p and holes h,
both referred as the excitons n=p+h, underlies the physiczl pic-
ture cf the emissgion rrocess. The initial state with ng ezcitzns
is formes as a result of interaction of the incoming rzrticle

| with one of the tarmset nucleons. The chain of the two-body inte-
ractions ends at the average exciton number characterising the

| eruilibrium state n=y2gE. At each stage of the enquilibration

| process the emigsion probadbility of neutrons x=v or protone x=w
~ith enerzy & to &£+dg is czlculsted

” ,Af«’/,x,é) X V| €)
p(e)oze—z Rimerde = Zﬁ;f e[ D,

|
|
‘ A‘n'Z A-n ‘2 *(
|
|
\

Here p is the fraction of the n excitons that are nucleons of
tyre x, uznﬂ4we)1s the density of n exciton states, suchk th=t the
nucleor if emitted, would have charnel energy £ and leave the
residual nucleus at excltatlon energy U=E~By-£€ . where 3, stan
for the binding energy of rarticle x, w“(E} is the Zricson's
dengity of states [24), involving n ex01tone. 7. ie the ginzle~
rarticle state density for nucleone X, A.(€) is tﬁe emiseion rate
irto the continuum, of =2 ra*tlcle of channel enerry € ,AL(€) 1
the intranuclear transition rate. The so-called depletion f'c-
tor D, rerresents the porulz2tion surviving the rarticle emission
from previosus stases. The subscript 1 is introduced in the seo-
metry dependent model to mark that all magnitudes enterins th
s~uzre brackets, but p% derend on the entrance chamnel ortital
anrular momentum.

The fraction of the initial porulatior, which has survives
to 2 n-exzciton cofisurstion mqy be vritten

) = 7i {1- Zf P"(fn-z edef . (35)

mr%#l
The DH model employs the Fermi density distribution function
d(R) = ds[exp(R-C)/0.55fm + 1172, 37

with = char=e radius c=1.07 11/3¢m and dg taken from electron
gcattering results [25]. for evaluating either the maximum or

zn 2verage density 2lcrng the vroaectile trajectory in the nucle-
ue

<d>"f d(R)AR /R , +here Rg=C+5 0.55 “m. (37)

rormul=e (37) %nd (37%) 2»re usesf to define the rmeometry Jerverient
ruclezr Zensity nd Fermi enerty Ep zccording to the imriet




rarazeter 31=2h;1+1/2) for each incoming rairtizl -ave.

<d(R)> :r-szd.(R)aLR /(Rs~Ryg) , 3%

> 72/
EF(Ry) = ‘*O[ <d.> ], 4o

The Fermi erergzy has been taken 40 MeV for saturation density
2nd was rredicted, by the Fermi gae model, to vary as the ave-
rage density to the two-third porer. The value of Ep(Ry) =t
e=ch 1l is used for determining the single-particle efel cengi-

ty
A <a ) 2/
2(Rg) = 29x(R) = 77, [ EF(R()] = 7% | Gzl (47)

Wow 21l the terms enterins the snuare brackets in forzul:
(35) can be formulated. The second bracket contains the rrobs-
blllty of pariicle emission. The emission rate into the conti-
nuum is exnressed viz the inverse reaction crose section

MES, )
2R3 g, (Re) w “2)
and the 1htranuclear transition rate is related to the mezn
free rath (MFP) of the rarticle having velocity v,2e)= v/¥FP.
The MFF c¢an be evaluzted either fromthe imaginary ortical po-

tentizl W [23], .
E+rV,
MFP = <7 Zm.) y S

; . — NN
or from the average nucleon scattering cross section & in
nuclear matter of denesity 4

MEP=[cl Srve+v) ]t (433)

In the former case averaring z2longs the trajectory cf the rar-
ticle results in

/3, .
< W(Rg)}—_/ W(R)d@é‘/?) where Rg=ry,A + 5%,
(43%)
r, srd Zy being the radlus znd the diffusivity of the inzgin:ry
ottical rotentisl, -nd

_Af(59:= :£2%§522? . (43¢)

In the lz2tter case ore obtains

ey = BMerv)<d(R)DVZEFVI, (422)

The ‘1vst of the brackets in formule (35)defines the fraction
2% the n=p+h exciicr ccnfizurations hzving one of the p-pertic-
les in the continuuz, 2t channel enersy & to £ +d€&. Tue




l-depenient state densities enterin- this prokakility il
1°cu°se5 in the following. The p pnrare+er determines th
numbser of nucleoneg of given ki nu % in the n-exciton kierar
For the initi2l confifuration ~ith n, esuzl 3 thise is

1 he
.

L]

e
c

&

3_202Z+2N) . 3_,.,.3
Pr=Tez+2n) "™ PeT27Pn

for neutron prcjectile,

% ) (44)
PP z(gg :25) 2nd P4§=2",b; for proton trojectile.

Formulze (44) were obtained by assuminnm the free scattering cross
gection for unlike nucleons &np to be three times the cross
pection for like nucleons G&u-égpp ani ty -weighinn the resultinng

configuration by the numters >f neutrons N =nd rrotons 2 irx the
t=rret [261.

By exrloiting the naive Zerenience 2f the terme entering the
emigeion probability exrression (35), on the orbitzl angul-:r
momentum, in the entrance channel, one czn no~ develor =z eross
gection formul: for the rorul-tion of a final level with srvin Iy
and parity ¥,.. in the fin21 nucleus after emiggion. Startine
from the exrression (34) and observins the conservation of the
ansgul=r momentun throupghout the formztion 2nd deczy of the cnm-
roelte system one arrives ot

fDH 222 Aﬁ;ib
dé@xzxﬁ WZ_, T e a' xe(,;z’é)x

I7:0 Ssfsp-saf L</T-S| ‘* "°

45
4#1 .L-rI’ ( )) |
|
(D Tadurzy Y D bl nn]
JA‘II‘.TA/ .ro / /J”"/
Here, 28 in e~s. €¢7) =znd (7t the nz2rity selection rulers =zre

improse? imprlicitely as indicaveﬂ by the subserint I. Thz cour-
linz schemes for the aniul=r momentz =re the same 38 in eos.
€3) and ¢45%. It should be emrhzcgizei that unlike in ers. (7D
znd ( 7b). the srectrsl distributiore of emitted nucleons., i.e.
21lco the number of nucleone emitted with channel enersy £ to
€+de. is determined a pvricri by formula (34) =2nd the tern
in eruzre brackeits in (45) defines only the erin distribution
of levels in the residu2l nucleus, ~hich z2re rorulzted in the
corresponding excitztion enerry inuﬂrVal Ux to Up+edUx .

The geometriez1 considerstions based on the imp:et rarsme-
ter imvly the uge of the 1 derendent transmission coefficientes
for ezlculation of the comp091te nucleus fTormation croes gec-
tion in (45). Hence it is convenient to resort to the relation

a_  RAL 4acl+sa ¥4 0= 45
T =3eer + T T (46)




?

.2 Exciton-:izte dencsities in the 3DH model

ny

It h2s been concluied 41, that snly "or the initi2l confi
Furition, n.= 3. must the surfzce Jdiffuseness be taken ints ac-
count, in the Aensities of states @Wps , because only then can
an exﬁitan accuire enoush enerry to senﬁe the bottom of the ro-

enti=2l well. This leid tn the combinatorizl formulae

(D‘z'i(u,ﬁ) =w1‘1(U)=9EF(Rz) and wZﬂ (E)-_—g,?ZEF(&)[ZE .E/:[Q)J’(A'?)

for both U 2nd E> 5,(R,). Orisinally the GDH model was fornuls-
tes in terrg of exci*on EA rzy nartition functions., hich ho
ever are e~uivalent %o the 4=n=itie° of exciton states.

The st=te densities Wpna For confizurations involving hizher
exciton numbere 2re ¢alculates from the Ericson formuls E24J

The p=vticle-hole level dencities g,,‘.,;(l/.‘,.?,. )-ff,‘d,(Ux,Ix
arrearing in the s~u=re brzckets of (45),, 2re zssumes tn Facto-
rize into the enersy derendent state density 2and the srin die-
tribution p-ri

U ) ) 2 o S

The svin cut-o0ff nzrameter &n w2s derived from combinztorizl
shel]l model C°}Su1=t10n° tv Reffo =2nd Herman [27] in * form:

{(E&r)c = 0 28:Lc Sixil=r calculztion rrovides the ener~y of
the yr e stzte ag a funetion »f ite spin: U =

7‘19/ 3("-1/2) [eV]. This relation =1llowe ¥o exc?uﬂe the no-
gtate rersion from the calculatione., In practical computztionne

n h~s been kert constant. e~usl to (ny-1). which reflect the
Taet that the level densgities are eva?uated in the residuszl nu-
clei 2¢ter emisgion of the first chance nucleon.

2.2.3 The multi-citer cHmround emisgssin

The rusntum~-mechiniecz]l stztisticzl theonry for PE enies i
wag formulsted by Fechba2ch, Kermzn and Koonin [2¢) (FEX).
authore introduced two p=“°11=1 PE reactiosn tvres. The f‘“
»eferred tc 2 multi-siep comround (mSu) reaction, descridb
the flo: of flux through 1 series of doorway gtz tes cf iner
sinz ccmplexity, each of them containing only bound nuclecrn
The SC mechsnieT gives riese tc syzmetric anzular distribu-
tiones of reaction producis. The other, involving doorvay states
contzining =2t least ome resrticle in the continuum of states,
+hich retains the memery of the incident chznnel, thus leadinz
to for=ard peaked angulsr distributions, is callﬁd the multi-
ster direct reaction (NSD). The ¥SC ‘o-..lisw is incorpor=ted
intos the EMPIPE code as an orntion for PE czlculztion.

The 2nzle-intesrated croes section formul+ derived in tre
framerork oF the FAK theory ie gimilar to the osnes kromn ‘row
the sericl=ssiczl ﬂodel The rrobability of formation of zhe

composite ﬂystem iveﬂ ty the strensth u*ctlcn for the for-

ese

3O 'ﬂ +3 0

mmm (+'1‘:3

-
a

mation of the fir s doovray states 9w3‘(2rr?/3,). The probabi-




. +4+ 1 . - .
lity 2% -ezchin~ the Y'logia~e docwiay state (eruivaent to the
Jerletion Tactar ~7 e-. (25)) is,

sni the c~rotahility of erission “wom the H'Pegtace ie To=[WWI..

ith w hein~ the emissinn width, Zearins in ming thot™ )
oo qm [L¥ie the sprealinn width and [ = s F'-f‘, the mraduc
£7'%he thrée rrob=tilities can be vewriilen iff thé Tollowin~

The Fully e~uilitratel CU r-gizme ig excluded Fvom the Tirel
zutT 352 the second sur reflects the “act th=1 the ewieszian o=
the Mh.giz~e hound state (emhede? in the cantlnzum) sesuvae
indivectly viz the continuum states inVClvei in the 337 rrocess
“hese contiruum giates can be reiched in three 2iffereri -2yes,

7=21,0 c21122 exit modes. The uMﬁnt n over v is Juet z sum-~
mation over the rogeitle exit modes.

In »rder t2" comprute the erose sectisn Tor rorul:tien 27 =
fin-1 siate with erxergr Uy, snin Iy nd poritiy %y, b kein=~ the
emitted reriicle, »ne h2s to inelade the an~ul-» momentum cin-~
eideration intc (52)

dely; f"’" : ,szz %4 ;4:[7’ -.,-.-)Z_‘ [Z< (q)exq, 1y ] 0 )

=1 v= N"’JL /L

FParmatisn ¢ the initizl Zdoorwmy confimurstion from the enivrzne
ce crhannel is zprrozimite” By the oartica) madel eivensth ‘unc-

tion :ri, in the zbegence >7 mierdecopiec evalu:tion, relzte? -

tte reriial ove iransmission ccefficients

Tre reductinsn Tactar 3 takes ‘ato aceount the lops of Flux Iue
to Sivect znd YSD rrocesses. hile na thesreticzl estimates of
R re avail=hle it ig evalirted “rcm experimentzl dztz zg 2 ri-
ti~ ™ +tha gvm~etripo romtions of the =ncul » Aistrihutisng ~°
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211 reaction products to tae veactiorn cross section LZ23]. For a

different zrryoich see ref . [301. X . .

The term ny is the same as (44), py = A/ e + "}). “itr ol
beirng the nuzter of nucleons of siven ki no excited atove ‘he
Fermi level. Here nx is calculzted from z recursive formuls

Zhh{‘lg' Snn F#' Gnp *"?N
"f
v GnntCrmp | 17 G tnp P (st

incident neutrons the initizl conditicns are 72: |
and conversely for incident rrotons.

2.2.4 The varticle-hole level densities 2nd the tranciti
widths in M¥SC re=ctions

The level densities avvearing in eges. (51 and (52) sre nzav-
ticle-hole densities. which factorize with reegpect to the execi-
i nergy U =nd level esrin I 3es zgiven by (48). EHovever tre

sity com nov used has t:z corualn o ly confi~urstions
=11 p:rticles bourd. Such state densities have been Ze-
rived zlwebraiczlly vith neslect of the P“ull exclusicn rrin-
ciple and the finite well depth effect [37] and later with an~
count for these effects [321. The former are used in the code
ENPIRE.

They hasve been obtzine? from a ceneral “ormula for
les atove the PFermi enersy and h-holes below it, with

citztinn enevzy E

-partic
1 ex-

ctr3

I\
b

.n

AN -h
COP,)\,(E)’ ﬁ’h (P E) (h- )/ (E) p’hh’(E 6)d£ (53)

p! k!
ith pler. bi< b eogf= s(Ex + ). W)= 5(Er - E) 'nd g(2) Tein-
the girnzle-p:riicle siz=te de"51uy.

Zruziion (55) yiells the vell kno'n Zrieson formul: for the
e~uidiestznt grzcinse g(€)= g o7 the sgingle-pzrticle levels. The
recuirement of havinsg 311 virticles tound, imposed by VIZ, c=n
be farrul=ted =28 W4 (E)= g or C) ‘F'ov'e“s ar E> 3, resrectively.
The stzte dencities c2lcul=te? ith the 2bcve vestriction L
Starkievicz =t sl. [3°] are laa,;e' Yy ithe rindinz encresw I,

/= B rh-L
wpnE) = "‘27:7'2 (£)H & (( pt Lt.t)/ for T8<EL(L+)B 1501, ~(p~1)

WhhlE)= 4——[2.( )t‘!)(—g’;i—h‘% + (5%)
S Pl Dy (23 ey RPN

L0 m=0 Chrom)! (/b ~om-1).f




The =zesume? erer-v-zrngulsir momentum fzetoriz=tism 27 the rar-
ticle~kolie level Jencsity €4%) implies a girilir Tactorization
cf 211 idthe involved ir the :8C eorocess. The emissiosn wisdy
then reais

E.ZL
gc

w)ev(u,,5,)> =

2%

"0,) XEEL) . ")

The .52 ithneory uses the gubeeript M for marking the stzge in the
intersction ch2in, T“rox vhich the emissian takee plice. The zm-
ti~uity heitween N -nd the nurber of excitons n, vhick sarks the
rirtigle-hole level fensity, csn be removed by ;ﬂuut-n_ the cx-
citon reprezentzsiion for the rertition of the doorzy viatez.,

In thie 23age n=r+h=21+7. Tbis “el=t1~ns“1“ will hewever nat he
used, s&ince 28 we¢ —ill see below the u6251twes of stitec =2rcec-
sitle in the »nessitle exit =modes derend only on the number oF
excitoneg, which immediastely ““”tlcl“‘te in the interzciion. The
remzining core excitons or sheervers 40 not court

Tke 7 furctiong inr ec. (57) contzin =11 the U derenience ari-
gip-ting in trhe final ctate level density, while the Fynctiane
% cort-in the angul:r momentun gtructure embodiies in
=1 interaction force of §-tvre znd the assumed srin : .
~f 1e zingle-pariicle levels gRaCI) [23], =ith Ry(I)t:ken From
(4?) 2t n=".

“'e now evalazte the Vo (U) funeiion, which is the dexcity o7
ctatec accessible in the toseidvle exit modes v = N1, T,

Tor v =, pirticle emigzion, without chznve in the navber of
rarticles zrd holes, ecan take rl=2ce if 2 rarticle esllilez witkh
srother rariticle or with a hele, znd is scatteresd int2 the con-
tiruam, The pewticle-perticle collisinsn c3n t2ke plzee Ix
@/2) o (=) ~ays, so thst

~here Ipw (J). the crovability thet 2fter gevaration o7 the irn-
serzatirs nintinle r3ir the remzining nuclecns have 2n excitsze
tior enerzy n7t ~rester th:n U, covresponiingly to the enerry

of the emitted rarticle Trom 0 io E~3-U, can bhe exrressed as the
~2ti0 »2f the Jdenegity oFf etates with (v-2) r:rticles zn? - hnlzs
and vith exscitsticr enersmy less or equil U, to the ie:sm‘" Lo

= ~:piicles gnd k. h-leg ot excitstion 2

(7]
N \ 2/(p-2)! .
N e v R o SOTECY
O
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. e -4)! o
%"'P’*}ﬁ'(&; ~phgcire Lo wolEgd, ()dz . 6

v after conductin~ the intermratians

m +
The sur of hoth th 'l

rrovides
1,n(l)
YN~‘39 h c:)-%h;-E—)- "(hfl}{/sz)w i{E)[ h+2 %z,hu{ v)+ (5

+4 p-z,:.+2[5 -2B) - p?z,hﬂ/ U)] y

“ith & = 1 for E£2B+U, (J= 1 Tor E>2B and both esu:l 0 else-
where.

For ¥ = ¥+1, 2 rarticle undersnes eca*tewlnv »ith the =i
t=nesus cveetlon o = tairticle-hnle rair or a hole =c=tters
with creation 2f = rarticle-hole pzir, the marticle of ~hich
is emitted. The first case dces not contritute to emissicon be-
cause 3 narticle occuryine the bound orbital czn only 1loose
ene~ry in such interaction. It contributes however to the\ 37
ping =idth with no p:rticle emnission. The corresronding VI+
functions are vroducts of the number of waye of choosing “the
interactin~ r:rticle »r hole from the r+h excitons. the densi-
ty of etates acceseible to the created rvarticle -hole r=ir, 2nd
the prcbzbility thet the noninteractinz. core excitons h:ve
exactly the enersy U-t, where t is the particle-hole pair ener-
7y . The latter rrobibility is

p-L,h - pah
REHU-t) ER 00| - ——g@ folE Uy \(U-1), 52)
Intesrating over the erfrey of the nirticle-hole rnir t gives

Nd

P 4 _/dt 2(t) P (U-t) (¢3)

Nfl 10,h-~ ,
=h dfdtwaz(t) R (U-t) . (34)

The deneity of st;tes aVQ1lable to the ereated n=rticle-hole
nair is Cd1$(t) »min(t,2) and for the pa2ir ¢f holes remzining
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in the systenm Wn (t):iiq(at). Conducting ithe irtezration in
(64) vraovides c2 2

N+4 hs. (U) ,
Yy = £gh(htd) % (¢5)

After 2ddinz (63) and (€4) and integrating within the liniis
E-B =nd E, wkich do rnot allo~ the interacting rarticles to esczarype
cne ob%tains the damrinz with,

YNN"‘J ag ‘21 ,”2)[ th luz{ E)-o -21"’7'[0 he2 (E -B) +(/v5»w Pk (E)

(65)
D)l yule8) ol D) 98005, -8,

with 8 equal * for E>3 =nd O for E<B.

In the ¥ = J—1 c3se, a particle is emitted with simulizneous
annihil2ticn of 2 rarticle-hole vzir. A similar ccnsideration
lezd4e to

& - e
Yo he $hplp-t) G P B < islEfLeanll) (g
x=y P o

.,.'I
The =2nzulzr momentum structure of the A.il“ funeticn igs ob-
z

\
|
tained by evaluatior 5 the transition mat* element. The cor-
tributing terws come from the irnitisl 2né finsl wave functicne,
the interaction potertizl and the spin derendence of the level
den ity. The matrix element for 3n antiegymretric two~pirticle
=zve furction, of the delta interaction votentizl
V(r1 o)==V (gqrr Yo(rq - »5). his bteen derived by Starklievic:z
2rd Mireinks ski [33].

Adf =t Imiﬂy 3 yﬁsa){:a+,z)aJ,¢)/zfq)(}.1)[dq)/Ih s/ 1.?0 J:fg ’ (£7)

for Jpedss@Q and A, +), +@Q even or O otherwise. Rere % ic
the vhzsge factor (_1)10'6‘#0')’1‘14’31’3 and the rsdizl

overlar intesrzl reais.

"l 7ods _ Wy /4 f &)
RNe )'-"2}‘ (5fro) ) MJ-AZ M}AJ QM 11 r,z, e




The indexzins of the ~uartum numters ( main-n, orbital=A ani
total ansul=r mcmentum-3) of the 1q‘e“acu1np excitong is clari-
fied in Ti=z.3. Far convenierncy 3;:1 nd I%-s is uge? teneszth.

>

XL

- )
Y
Ré S

Pir., 3 The dlzgram describins the angul=ar momentux
courling in p=*ticie pirticle scattering
relevant for the X function
Jnln
In cemputing the KWI functions only the sruare of the par-

ticle-r-rticle maitrix~ element is used. since particle-hole 3ie-
tinpuishability w=s treated in counting for the Y functions. 7o
find X the sruzre 5f the matrix element has to be averased over
initial corfigurations. summed over final states and muliirlied
by 2. Thus for v = K

LsN £§ﬂ2)RNQQ&2 Ry(11) Ry(1a
K “Zf:‘/z R ) GrIGgpRe)
'T-’,’_))

Z 7, L ()4 )2 4)@(41/@5,1) [Ia J) /1 j{ ’_;5 -ée , ‘

Xgear 22 Jf(U)A- COYRQBER )G (45 /f e

with F@Q) 7_7_1_62‘;,1'1)62(;,4),? )R, g,_)(/'J’ )

The first sum ir er.(70) with the weightinz factors assurins
rrorer angulzr morentum structure of the initizl econfi-urztion
gtandg for averaging over the initial states. Tomether with
suarmation over finzl statesg jq it entails introducing =zn =2vers
e radizl intesrzl I (UD free of detailg of the wave “unctiore
(izrd T ,1=t1r~ulsh the contiruum -ave function only).

Tor v = N* 1 ore obtzine similorly




' tINLSs e ;
XEHi _%%rjyf/% szfza«.op,/o)@w)rya)ev G s )ﬁi}f 3, "2

sitn F(3) - 5_;(.z/;u)e,g;)(z/aijagz)[ 14 L)

xﬁh o K Z([j) [IZ(U) LQQ4¢)/-(Q){2 5+ )Re(13) ( lja )A(ZS.L C2)

with A(lsl) eruzl 1 for Il-s](Ié l+e and J otherwice.
Zventuzlly

y . 4 25 —~ . N
Xpr =27 /e,,(.r)fsgﬁ R Q) FIR)Ru-1 (Jir) D

“nere  F(Q) = FZ 4 Fa)@ent)RA( S 3@)2

For diarsrams reprecentins, the anjul=r mo~entum courlin-: ’3?
the v = Nt1 exit modes the reader is referred to ref. [27]

The totzl width caleculited according to ec.(52) contzins s
of the X-functions cver Iw=s, this can be conveniently done *y
Lclnp the corpleteness relation for the -3 =nd 3-j c- e“ficients
[23]. Ir the lizht of the armroximations done it is possidle to
evaluate the scale of the cverlar intezrale assuring =11 ke
rzdi=2l mave functiosns as cornstant inside the nuclear vcliTe.

this yields,

’ v2n 30 0 T4
~2 V2 . 22 4 Vo Tokm -
2T dg =27 = and Zﬂl’&(U) =3 7ZA )

uced in the ZwIIRZ ccde.
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3. Struciure o7 the rrasranm

The code E'PIRZ is orzarized ag cshovn in fis. 4. AL the vewy
besinninn the tahles ofF j-derendent rartial wave transtission
coefficients are calculited »ith use of the SCAT [14] subrou

and level densities are czlculzted for all channels 2nd the c
responding nuclel under consideration on the first chance emie-
sion starce 2f the reaction N=1. The continuum levels in each
nucleus are discretized into enerpgy bins of width AU, ezch »F
them containins @(U.I,MAU levels rl-iced in the centre of the
birn. In the first stace the FE emissicn of rrotons an? neutrors
is 3llowed.

If the PE ortion is gelected, HVYBR=1 or H¥BR > 1, erectra of
emitted nucleons are calculated with the use of the HYEBRID C41]
or the MSC subroutines, recvrectivelyv. The rorulations of levels
both discrete =2nd in the continuum 2re c=2lculated from formulze
(45) or (51) “or the residual nuclei zfter neutron =2nid rraton
emigeion. The rorul:ticne of the continuum stetes are recorded
on the local files ascribed to the two residual nuclei involwved.
The factor Rl (see description of en. (5)) are computed z2nd sto-
red to be usged ir norazlizztion of the ecuilibrium cezlculztion
(see en. (7).

The populz2tion of levels. continuum =2nd discrete, of the CN,
resulting from the rrojectile carture, as well as thcse resul-
ting from the decay of the CYN into theascsumed channels are cal-
culated according to formula (7). The partial cross sections for
the particle emission are labelled by the enersy bin., the spin
and the rarity of the rorul=ted level 2nd stored on local files.
The PE nucleon cross sections labelled accordingly being 233ed.
The radiative +transitions between and from the enersy tins in
the cornitinuum, and optionally between the discrete levels are
calculzted in competition with the energetically allowe2 emission
of particles, thus vrovidinsg the popul=ztions of the continuum
2nd discrete levels of the CH. These calculzations result in the
croeg sectioneg for mamma~-ray production and populztiorn of 2ig-
crete levels, e.3. isomeric states in the CH. In a3d43ition 42 the
"full =smmz cascade™ mode, 38T7=0, described above three ~ther
options are availatle, which reduce the CPU time recuirei. The
first one stcre the gamma-rz2y casczde 2t the rarticle bindinz
enerzy level. Within thie option the cross sections for rartizle
emiesion are calculated but the zammi-ray spectra and level vo-
rulations in the CI =re Jeformed. The second option =zllaws for
primary rzdiative transitions from the carturinsz state o7 the CI
only and rreatly reduces the comput2tion time. It prcvides zarcrs
ximzte radiative cariure cross sections and exact primory fgzT~3-
ray spectrum. The third rossibility allows one to eliminate the
gamn: transitions from consideration. This option is sumzested
at the first sizge of reaction involving multi-particle emigsior.
The cavture croses section is nesligibdle in such caces.

IT the width fluctu=ticn effects, ir tke decay of the cartu-
riny siates, zre important, FLUC=D, the cross sections 2t the
firet stage ave calculsted sceording to the HRTY =2prroach [F]

er. (Tt-c)). The iteratinn scheme (11)-("2) is continues until
!

-

: is achived.

v
F4: 2 B

- - -
acourzey ¥ O0.°
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e CI precedz?
d 2t the end of

In the case of a re: ct¢on 1nv01v1“ﬁ mualti- p.Ltlclp erissinn
(2>, aD#0 in card Xo 39) new tables of transmission creffi-
ciente and level densities zare c;lcal:ted reveatecly at each
stage and =211 infarmaticn pertaining the residuzl nucleus st
the stage unier congiderzition »enl ces in the memory the inf-»r-
mzticn ecncerning the »recedin-~ stuze oFf the rrocess. The =p-
prorrinte local file is filled, scrted 2nd summed ur o mive
the prorpulzticzn of the continuum =21d diserete levels of the rnu~-
leus of interest. Its decay is cazliculzted in a3 way =znalorous
thast described sbove. Such rrocedure is repeated until the
of subsecuently enitted particles is exhsustel.

I
3e0e

M ct
O

3.% Restrictions

on the cotplexity oF the computationsal

| preolen

| I:rticles considered irn the roroaram 3re neutrnns, prot-ns
2nd zlrhie. In 33dition deuterons in the entrance chzrnel =223
gzmmis in the exit channels are included. The PE emisgeginn d-ceg
120t 21lew Tor slpha rarticles.

The mzaximum enersy and number of gsubgsenuently emittes r=r-

icles are not restricted in the code dut the enersy discret:i-
z=t13q of the contiruum is confined to2 120 bing, which pute =z
limit on the acecurzcy o7 the intesration rrocedure.

The maxzimum nutker oF partial waves considered in the celou-
lation is 20. Only %7, 17 2rd EZ2 ~wmm:~-iransitions sre 2110 €d
to contribute to the ramr“ caseade. Up to 50 discrete levels
“ov ezch nucleus taker into zceonunt can te uced. In the REMmT e
decsy of these levels up t> 11 trarnsitiosns dercrulating ezch

level 7i-ht e ccncevrned.

The *ur“ing time deperds strongly cn the composite nuclsus
excitation enersy, the enersy integsratiosn ster. the number =°
rnvolved channels, n:rtizl <wsves 3nd rezciicon stages. 4
running time for 2 (n»,2n) reaction, =t an enersy eca41 &
2nd for intemration ster equzl O KeV, involving 4 r=z
ves =2nd all zlloved competitions, is 2bout 12 =in on 2
corputer.

4. Zomrarigan of s2alculatione vith expsrimentz]l d3i-

In 1705 :n Inzternziicrnel 27fcri hags been urderiaken t0 onn-
rare etzticticsl nuclesr rezeiicn mofeles a=nd cades trhst nualsou-
1gte rezction croses sections, emission spectrz 2nd ansula~
Iiatrihutions, with zcenunt fov toth the evaroration fram the
O end the T enissisn. These models are widely use? in or:ces
section evsluatione Tor technolesizczl anrlicat‘o:s. ir the
vrajestile enermy interval fTeom 0.5 NeV to 30 leV, vhich i
21g2 ¥ pariticulsv inierezy Tor testing nuclesr ﬁriels Teoouge
ke veartiosn mechinign chivres in ihis resisn. Yeuzlly the in-
tevzeticn arrezrs rredioninmtly compround just 2hove the rezo-
ticn threzhol? snd chanren with inere=zein~ enersy o rredovi-
rertly DY ot direct, The sodes, wni sevaeektzch
tie¢*} 1t haive cantwitited o the exennien re
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of the qBHb(u._ ). PBamn.n) and 15%e (n,2n) reactisn erses o
ti~ng {277 ere very enesurzzine, fizs. 12 and 11, The mnrz =
vanced czlcul=tione usgins “ormul:ze (56) to (75) or the averls
integrzls with the wave functions senerzted in a harmonic 2
1llator notentiel (1] have shown that the resulte 2re not v
fully satis®actory, ae shorn in fig. 12. The ¥SC model in E-
h=g the terndency to rvrovide = PE ewnctru" of emitted nuclearns.
which is softer thzn thit of the 3DH model. It dicnlﬂve too Fee
high enevgy nucleons snd ‘a0 w~ny in the intermediate srectral
enerzy resion., providine s-maltareously too hicgh FE yield.

The m=in task in conductin~ =2ny of such czlculzticn is 2 con-
sistent varameterizztion of (i) the orticzal model potentizle.
€ii) the level znd state dencities and (iil) the radiztive stire-
n+th functione. E'PIRE offers 3 wide choice of optical woten-
tiale, 38 descr:beﬂ in sect. 2.7.4, =nl1 the level dencities h=ve
been czrefully vorimeterized in re ’~ [12.13]. The r:ziiztive
stren~th function for the D2 =re =2vail=zble, e.g. frem ref. (470
5. Conclusions

O

The ccde LIFIRET ie art tc c3alculzate 3 variety o7 crozs sex-
tione for an evaraorztion se-uence from a CN . The Fa”'°-“9" c2
cades are trezted in gre=t detail. The inclusion of the PC dse
in the Tiret ctep rrocessee, for whick the CY cencept is not
zdecuzte enoush. validate the calculations of particle emisesion

spectrz esrecially for heavier tarset nuclides. Hevertheless
there remz:in croes sections of some practical importance. wni
can not be relizbly evaluzted with use of I PIRE. Some of the
cons*rainte have been mentioned in the 15t gection. Other 1ik
the excitztion o* Lcw lyinn ccllective states ie not inclutes
in the exiegting versiong > the PE models 2nd has to te zal-uiz-
ted with use of direct rezation theories. The radiative czrture
of nucleons at hircher incident enerzies is well descrited Ty the
cemidirect mechanism, . involving the excitation »° the D%, wkigh

t.-

[ =]
-

ig als> not containes in the formalism described. This inlusn-
ce= the higk enersy rart of the gamuz-rzy vra‘uctl % orcgs cec-
lone =% higk incident erevsy. Still the code has prove? well
in degcribing the m2in body o° the fast neutron 1nduce§ reac-
tions, low energy neut~on 2nd proten capture, z2s well ss the

%CCD"'p MY LN ZAMTR-rNy r""Oﬂ'.RG..lOﬁ cross sections.
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(n,n)

(n2n)

Fizg. 1 Schematic rpresentation of the (n,2n)
reaction. The ramma cascades and neutron emi-
sgion spectra are schown. The neutron binding
enerpies in the compouni nucleue B, and in the
tarecet Ppp “re indientedl. Other marticle chinne's
leadineg to dicferent nuclei 2re omittied.
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Fim. 2 Compz2rison tetween the c¢2lculzted and tke messu-
red neutrcn srectra from the reaction 93Hb + n 1t 25.7
lMieV. The dashed line vas obtzine? from EMNFIRE =nd the

s0lid one from 3NASH.
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Tirz. 5 Comr-rissn of the total nentrcn emiseion spectr: =t
12,6 e, ealeulited with use of EUPIRE (dached line) 2ai WiSH
(solid line), =itz exvrimeniz: clesed cireles - Techzical Uni-
vers' )ty Lreciern, cracses - Jgaxs Uriversity wnd -ren circies -
Couinex 22%3,
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sectiong for fast neutron induced re=zctinns
alzted mith use of EXFIRE ~ceordinrn to the
el and the reometry depenient hybrii models.
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rerimentzl data 3:ta;re~ *y the =z2uthor. The ar-
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the tar-ei nuclel.
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Ta + n

reaction =t *4.5 ¥eV z2nd the excitation curve for the

1= 18 . .
1Ta(n,2n)'€OTa reaction (below) ae calculated =it}

S PIREs multi-step compourd option for the rvre-ernui-

Fi~e. 10 - 11 7Totz2l neutron spectrum for the

librium ewissian (sgclid lines). The 2zashed lines cor-
vegpond io the deczy of the ecompouni nucleus oniv. For
de<=zils see ref. [29].
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Fis. 12 ﬂmp**l-«n of ec2lculated (=F plue 1S3
neuiron gpectrum ith the symveiric wnortion 2F
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(Cezk: Univergity izta). Sclid line is with
Ericecn state dencsities and harmonice oseillator
qave faﬂctﬂon Caghed line chore the effect of
tours econ ,urauions.
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