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>' '1 - ThJ<cascade~e~aporati
1~rt- model of riuclear~;ea:ctio~s r; in g6~c( ·agre~m~~t 

·, 'r ·. - l " . . '_,, . ,.1. . . - ' - . -·_. . . - . , , - - ;,·, . ' 

. ~ with the experiment over a wide; range1froni', severatdozens of Me V up to' se~' .. 
I '. ' ',~· ' • ◄ • ' ,.,. ,, \ J' T - , ' ' '·~ - ' I . \ 
-ve'ral· .d,ev~.At th1:;s~. en'~gies it has not ·only' ·:~urely~ scientific":aspect but ' .. ,·:! ' 
. is alsoimpo~tant; ins6me applic11-t_i?ns be~aus_e it 'is-the basts of ~onte-,Carlp, 1 j ; 
simulatio.n of.'diff~rent nuclear effects,:appearirig fri mattetunder·the iiiflµ<, •Ci I 
ente' of bea~s ~f high' en~rg/'partibles/and-:riucl;i, Accomp~nied by some 'Ii 

' ' modific~_timi,":the m?del, C?u)d ',l)~ \_:;~lid also-: athigHer ~hergies;· :~l~o -in \his: 
case it is not ~ a~lequate and its r~sults are .evidently dependent- on its con-., 

'/ I.. • i• ,'-.- \ / \ , , '., •' , , ,· ji , , - / , (' .- , ' ' ;;I ' I 

: , crete realizat10n .. < / : ,, . . / - · i , 

• '\, ' I It was p~inted,ioht' many ti~es before'1that>at ~nergies lesser than"--seve-" » • ,. . , ', /·, , . .'. I •. J,. ," •• ' , \ \ ~. - ' . • • / '. . . / • , ,; ,, ", ,', · , i\ • , , . ,.-- _ 

ral Ge~ th~re is .a q1:talitative- discre~ancy bet~een the, cascade '.calculation. 
', and exp-eriment, however; these;~difffoul'ties' are hot. important; ·. lJecause; as" ' 

C:' '~; ruie,' they cah' b~ ~solved' or1 significantly '.decre~s~d by app'ropiiate Jeiection'· ' 
pf, th1f.'rilod~l jiarame!,er ,Vhlti'~s or v.;ith ~he,h~lp '~Jsotne \µnpr~i,eme~tof the/ 

'calculation I ~goritlmi.~oie, serious; qualitati~e; tlisirepancies betwee? ~alcu- . 
I,ard dist,r,ib~Jibn}\~f ~u~~ea.r \fragin~,rits, a?d ,expe/i;t1en(ar~ fot1nd(\' .~I}1: ~pi~) , \I 
te __ of 1 the fa~t that .m the1r-absol,ute values· they correspond .to .only; a smaU(· ' 

aqtion ., of; t11e 1 cross-seetioq . o:r ',in~·1;stic interacti~~, < ~ .J.%), 't~~µCconfirmai · 
ri (wilPindicate 's~me qualitatively cilffere1~C mechanism-of nuclear 're'action: 
' bu~_'pcirpose is1to' arialyse.'once:a'gairi', the ei:jie~imerital 'dat~. fro~'(·'' 

c ,' ,·,' .... ,\, '.• 1', , Y.,,. - 1 ",, <"' ·J-. -,·,.-- ,• _-/~.\ _ ·~· ·,,.' :· \.' ;·, 

g- bn a: thoroughly : dl;!veloped. 11-~!1 ,empklY,ed rormany y,e~rs in .qur lal:J_o- \ .. 
rl model of iritirritielear cascades 'considering :the competing processes 
,v;po;;tion and'i fi~sion ( of ex~ited' after~tascade C r~sidual I nucleL The\ de-,. 

'-.. / ,·.· --, J,.. , •,,/\• \-:';il,- ·. :.,'",; \ 1 .• -.j -~, _ u, "'- ' • ·;· ;' , .,-',. '< 1 ',' 

d description of the mo(iel could ,be found iii~2 
-

4
./: Now let us point·,~, 

) ,\ · /~/. -.-, I - . 11 • ; 1 . , , ,1' ._ { ' , ,! r,. - \. '., 

,; that '.it takes into "accom1t tlle competition of· evaporation and 0 fission 
·, ,, , · . " , '·' ;_ ,' .:'. •1' ·,, ·. , ' . , / '1' ,1 '\ ' ·'. - -. ·, • 

1 
1 ' 

cesses in'. excited nuclei, remaining after the compYetjon' of the. cascade• 
;-✓·' ' ,(. .,.,,_, - '. ' • ,,( '',, _i :',,·, ,, "-. ·, ' • ,, . - ... , _,,,, ·. ' ',.' '' ,J.---J 

_ preequiHbrium processes, Calcµlation of :inter,nuclear cascades ,is fJerfor~ 
in' diffus~ nucle~n', cloucis, th~ spl'ice distrib~tiori"' of.~which~ is. 'd~fi~etr' 
\:, ' ' i '...__ , ' ,.· , / , ' ', , .,' '~/ _''-,- _-_.' ·I., ·,,. _' , '',,-·I "' ,, 

, . experiments , on-.: electronis<;:attering. ';,Th'e ·,riu,m,bei. _of ~tzucleor1s ~in the 
ds,Cfermi partfol~s) is,,equaJ. to JUass'~numbJ;rs ,()f striking, nuclei in the 

• . • .1 I. - • . , . , . . . , ,. ~ , ·, , . ., .. 
nn,mg ~~ 'th~ profe,~<and gr~dually.

1
dec~e~ses .. 1u_e~,_to .knockingtou.t. of. 

eons by the gro"'.mg. shower or\cascading particles-(the s9-called Trailmg,, 
\ ~ \ / '. ',,.: /. ' '\__ ' r /: ,' · ~ j .', ) ' ' : • ' __ /" - , • ,-~ ' , '•, • /' '.', , ·. •' , ' 

J). Therefore ;', the I coordinate$ of 'all nucleons are1•simulated \in' the 'be-

n. g 0. fl the col' !'1.'sion·.·· and,'.are, rede.~fined /dur,ip'g·{~ .. he_-:cp.l. ~u .. Iati' o.~n '.p. r .. o.·'c~.d,u.·r.· .. e1 
i :! ) 

nding · ~l~ . the. casc/ade '?evelopm,ent. Aha starting' poirit t;\9oiresponctirg, · : / 
moment ,when nuclei come into contact, all particle collisions permitted 

-~·1. ':' \-,·~·.::·,', / ''-"" :·' _> ,'); ·:,, > ,· , ...... , \ '..:.,,;_., ,- --:.--<. ,- ,', ,! 

' ' \ 

. ··. ', ' " . . ' ,,\!\:2/~- :. ·. ' ' ,/ ' 
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Fig,2, Angular distributions of light frag- l\ 
men ts in reaction 1 2 C + 10 8 Ag. Curves - pr 
experiment 111

; with o, o, x marks the 

calculated results are shown. 

Fig.1. Cross-section of light fragment pro

duction in interactions of 12 C ions with 
10 8 Ag nuclei. Curves - experiment 11 1, 

+ - calculated results. 
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by kinematics and the Pauli principle are simulated. Only that one which 
takes place earlier than the others - that is after 6t = min ti - is chosen; 
after that the positions of the interacting nuclei and all the cascading particles 
(nucleons and produced pions) are moved to a new position corresponding 
to a moment of time t = t + 6 t. Then the calculation procedure is repeated 
until all the cascade particles in the colliding nuclei are exhausted. 

As in 11 1, we consider separately all light, middle and heavy weight frag
ments with mass numbers A close to the target nucleus, produced in interac
tions of 1 2 C ions with an energy of 85 Me V /nucleon with heavy nuclei. 

Cross-sections related to the light fragment production, which masses 
are close to the mass of an incoming ion 1 2 C, their angular and energy distri
butions are shown in figs.1-3. Although the cascade-evaporation model itself 
is not that good when applied to the nuclei with A ..;; 12, than to heavy nuc
lei, the agreement between calculations and experiment appears to be satis
factory, No significant discrepances are evident here. More definite distinc
tions take place for 6 Li fragments, however, they could be diminished by 
corresponding selection of the model parameters. (For each fragment type 
there is a sharp decrease of cross-section while moving to lower A, the posi-

,~" ·i ' ' . ' · ,i "H"~11""!1T l llHJ~~--~f~.3t;.~i."'" ~ .. ..,.,w, 1 .-

1 ..,,..;,., .. ,:-_ t.!'' _"r~ "''""On"tt··•" J i.1o,,~-.;,~ ... :.A :::.~,,.,.,!t,,-!. H1 .. ~1.2 
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Fig.3. Energy spectra of 7 Be fragments, produced in 1 2 C + 

108 Ag reaction at different 
angles. Curves - fitted experimental data 11 1

, histograms - calculation (L'.'-B = 2.5° ).; 

tion of the maximum is sensitive to details of the calculation and 6 Li nucleus 
is just close to the maximum). It should be also noted that the probability 
for a fragment to escape at angles B;;;,. 10° is rather low (see fig.2), that is 
why the Monte-Carlo spectra in fig.3 in this region are highly inaccurate and 
characterize only the value of the magnitude. 

Cross sections of middle and heavy fragment production are shown 
in fig.4. It is pointed out in 11 1 that cascade-evaporation calculations confonn 
to the experiment only in the region of A;;;;. 80, as for the theoretical yeild 
of lighter fragments, it is many times less than that observed in experiment. 
As is clear from the figure, our calculated results do not confirm this conclu
sion, they describe the experiment well throughout the whole range of middle 
and heavy wieght fragments. 
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FigA. Mass distribution of fragments of target 
nucleus in reaction 12 C + 108 Ag. Marks • cor
respond to e~periment 11 1

, marks x and the 
connecting curve - calculation. 

Fig.5. Energy spectrum of fragments 5 2 Mn 
(50¾A¾55) and Zr (85¾A¾89), pro-
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89 - ► 
duced in reaction 12 C + 11 2 Sn. Dashed line - Q 
experiment 11 1

, histogram - calculation. Ave-
rage energy of experimental and theoretical 
values for fragments <E> are shown. 
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The contribution of fission and preequilibrium processes in the region 
A = At + AP ==c 70 is small and weakly influences the cross-section value. 
The main reason of the difference between our data and the calculated results 
obtained in 11 1

, is the trailing effect, which makes the mass number of an after
cascade nucleus significantly less. 

Calculated and measured spectra of very heavy (Zr) and middle (Mn) 
fragments are compared in fig.5. In the first case there is a good agreement. 
Particularly, the mean theoretical value of energy <E>th eor = 12 MeV is 
very close to the experimental, <E>exp = 9.9 MeV. In the Mn case a struc
ture in the experimental spectrum is observed, which is impossible to recon
struct in the framework of the cascade-evaporation mechanism. Respectively, 
the calculated dependence of the mean kinetic energy of the fragment on its 
mass is reproducing only the high energy component of the experimental spect
rum (average values <E>th eor = 29.3 MeV, <E>exp = 31.5 MeV (see fig.6). 
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A Fig.6. Dependence of average kinetic energy 

~ of a fragment on its mass number. The 

experimental data 11 1 for low energy compo· 

nent are shown with o marks. 
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Fig.7. Angular distribution of fragments 

53
Mn 

and 8 7 Y, produced in 12 C + 
10 8 

Ag collisions. 

Curves - experiment 11 1
, hisj;_ograms I and II -

calculation for 85 <A< 90 and 50 <A< 55 t\. 
respectively. So far as in 11 1 only relative va· r 10-1 

lues of fragment production cross section are 

provided, theoretical histograms shown in fig.7 

are normalized on experimental data from 
11 1 

at the point 0 1= 0°. Integrals of experimental 

curves are normalized on corresponding calcu· 

lated values. 0 

]I 
s2Mn 

50 100 0° 

It is still not clear (and imposes some doubts), why there is so many 
practically halted fragments (<E> ~ 0). The assumption that they are pro
bably due to fission of aftercascade nuclei, expressed in 11 1 is not confirmed 
by our calculations. When excluded from the model, the fission process has 
very little effect on the form of the curves in figs. 5 and 6. 

For heavy fragments this discrepancy appears only at wide angles. The 
model does not describe also the tails of angular distributions of fragments 
at wide angles. Apparently, it is this region that corresponds to such practi
cally near-halted fragments. 

All these details require further experimental and theoretical study. 
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(< Barashe~kov V,S. rt al. . , r-: _ ' i '1 _I ;-: ; '/ · .. :I_ ~ , _ 1 _, i ,E2-91-137': 
'Applicability of Casc,.de-Ev~pciration Model fo the Calculatior{ · ; ' , ',' 

'or Radiation p}uriag~~buf)o lof1S ,;ith,l?E;I-gie~ ~ > ~'Ge]'( \ ~ . , 'cJ , f 
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_ • 

~ "'':,'.I ·, '\\ :. '/ ~'-~;' ··~ .. _ _,,', ':J. :·· /L,·-_.: ,:\ ,.,,_,, +,"1 ,' '1')),• 
'I Using an example of inelastic collisions of 12G:ionsl.with'nucjei at 1.0~ GeV theaccu

r~cy 'of c~c~~e:evapor.~t.ibi_; /~;;-~~j~-in ,1predi9tion 'of:>proye';tie\r,,.tif' nuclear • fragment's 'a~': 
11 

.recoi!Jirnclei, whfoh make'a 'tmiin'contribution to'the radiation damages in semi- and super• ., 
conductors/~· artalysed; The m~del takes into: ad~o~~t a de~rease in. nµcl~ar density 'of' tlie: -
il1teractU..:g nucl~i' au1c 'to\. thELc;iscade 'process, c~ntfibutiorr; of preequilibrilim processes 

• , , • ,• ~ ' I •~ . . ' , . , , \ \ •. '-/ ' I 

in, '\o1?1petition -~ith excite~-aftercasca<\~-nucle_i fissicm. The ,'~alcul!lte~ data ate in good, 
agreement, with, the experimenL However some. of its features ·,concern'ing the production . 
9f ,T?od~rately 'heavy fr~en,t; and corres~on_dit1g to' appro~Ma~y' 1% ii'! .inelastic mte•; 

,' rac;:tion cross:'section (and to small/contribution of radiatio'n damagesiespecti.vely) cohtra
' dict- qualitatiy~ly i th~: ipo~eL ptedictiorisari<l, ~in?ica~ the in~'uencf of some-_~ss~n~iapy dif.1 
, ferent mecharusm of reaction., , 1 · · 

'', ,, ; ;-',,; /,,,~~- C' J,, ~/ ,•~ •'/ fJ I : • • • "r • - • • ' •• ; • •) /'-:>.,, ✓•, 
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