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1e _IN'I'RODUC’].‘ION

A study of the interaction of fast particles with heavy
fissioning nuclei is not solely of theoretical interest, ‘but .
is also of great importance in connection with its application
to development of the e1ectronuclear method of producing stomic

,energv and accumnlating rare isotopes ). Calculations of these

interactions hsve been done in our work 2) as well as in a num—

ber of other papers ( see, e.s. refs 3-8) for further biblio-

. graphy). However none of these papers can be considered satise

factory in the sense that many of them have made use of a rather
approximate model of a nucleus with a sharp boundary. As a rule,
the development of the intranuclear cascade was not calculated
accnrstely enough ( in psrticular. none of the studies performed
so far took into account changes in the properties of the target
nucleus with growing cascade particle shower) in many studies »
the meson prodnction process was nezlected, and calculation of
the competition between the prncesses of evsporation and fission.
of the excited nuclei resulting from the cascade stage of the
interaction was based on some rather arbitrary assumptions on’
", m:vmn
crude.theoretical estimates for the T; / T; value were emp—

the evaporation to fission width ratio T, / T

loyed. This resulted in:a low accuracy of the calculations, and,
besides; it remained unclear whatrwas~responsible for’disasree—
ment with experiment: either the~substantial‘defécts of the ]
model proper or the roughness of the approximations employed 9?;
" The: Monte-Carlo methods de'veloped at our: Laboratory for
calculating intranuclear cascades allow one to get good agree—

pent with experiment over the wide energy range from several



tens of MeV up to sevaral hundred GeV 9-13) %) on the other
hand, with the hel» of the semiphenomenologica‘l approx:l.mation
for fission barr:‘.s“s, considered in refs 13’15) it is ponsib‘le
to obtain the T, / T' .values for a wide range of mass and
charge numbers A and Z, which are in good agreement with expe-
riment. A combination of these results allows one to hope for
a considerable expansion of the area of the applicability of
the interactions of fast particles with heav,y fissioning nuclei
and for an incres.se in the. accuracy of calculations. Thia par-
ticular problem is the main subject of -the present psper.

In the model of high—energy nuclear fission, two indepen—
dent aspects can be singled out, namely, 1) the fomtion of
a ftssioning nucleus as a result of the intranucloar cascade

nod of the subsequent competition with the particle evaporation

process, and 2) the figsion mechanism proper whioh is Tesnon— -
sible for the properties of decay products. In order to be able
to make surficiently derinite predictions and indioate the

points where the theory should be improved in the first place,

it is important to know tn what extent the model u.nder consi—
deration agrees with experimemt in each of these aspects.

¥ The - joint group at the ,Brookhaven-_National Laboratory and
the C_olumbia University has developed a rather detalled cas—
* cade model for an’energy region below the threshold of meson :
production, while at the Oak Ridge National Laboratory the
same has been done for emergies up to several. GeV.

Our results agree with the data. of these groups rather swellﬂ')

Nos we shall restrict ourselves to only the first aspect without
touching at all upon the fission mechanism, which 1g a problem
even in the region of low energies, . B

In our calculations we mal:e use of the model of a nucleus
with the diffuse Woods-Saxon boundary emnd take into account
the law of energ—momentum conservation in each of the intrae~ ’

- nucléar plon= and micleon-nucleon collisions, At all energies T
of primary particlea  we take into account the effect.of dep= - °
letion of the nuclear density in the course of the cascade
( the "trailing" effect). The details of the cascade calcula~

tions are the same as in refas. 9'11) ) -

For calculation of the width ratio T/ \" - we take
advantage of the method desoribed in papers: 13 '15) In order

to avoid obscurins the essence of the matter by introducing

a large number of parameters, we assume the values of the level

density parameters- to be the same in both evaporating andffis-"-"_'

sioning nuclei, namely a,-\;. o.s = 0.4 MeV"", a‘nd the value’

of & to include no corrections due to the shell structure - *

of the deoaying nucleus and to be independent of its excitation’
energy. In the case of high energy reactions to be considered, &
such an gppmach is a good enough approximation,.since’ intra=

nuclear cascades are followed by the formation of a larse set

of residual nuclei with different characteristics, and then
the effective)averaging of the parameter A over the excitation
energies E* of these nuclei, their mass and charge numbers, A
and Z, takd place. Nevertheless, we shall see later that in

7 order to get agreement.with experiment one should assume’ the 4

a value to-decrease somehow with increasing A;'_



The variation of the cross sect;;lons . 65_ with

q All the errors in theoretical results, to be indicated
e

Mwstatistical &nd do not include the errors the target-nucleus mass number and primary p;’oton'enepgy

due to inaccuracies in the models themselves. T is shown in figs, 1 ana 2,

2. THE FISSION CROSS SECTICN

i ‘ »
| It 15 seen that the theoretical curves reproduce
The fission cross section 55 is defined by the g '

well all the main featui‘es of the experimehtal dependenf-
ratio of the number NI of fiasdon events to the total number :

. . ) ) T ! ' rti : th low; 'down increase in the
Nt of Monte-Carlo simulations. However in the case of low— o ces. In P artlcular,‘ ¢ 8 10

fissioning nuclei (e.g., gold) Ny« N, end, as a consequence,

cross sectiéﬁs at high enei‘éies :Ln the case of low-fission-
a large number:of cascades ahouldybe‘ calculated to obtain the ~ - |

ing nuclei and the decrease'i.ﬁ crst sections with increas—

value of 65 - with sufficient statistical accuracye ing energy T for heavy figs ioniﬁg nuclei are explained
As a result, the calculation of the fission cross section

: . ; v that, as energy T becomes hisher, the resi-
becomes. extremely. time-consuming, We have carried out Montee : by the fact ha ' 2 o

Carlo sampling by means of the statistical weight functions S ' dual nuclei lefs after the cascade stage are lighter -

= TT W and W = 4- -W,, » where W, is the Monte-Carlo S while the fissj_on barriers are higher. As a consequence,
calcu.lated probabiliw for the nucleus to . "drop" the excitaw ERREI _ K

. sl the probability for their f:lssion becomes smaller.
tion energy E® by the chain (cascade) of N successive evapora= '. 4 :
o K . d b ed that the- correct energy dependence
tions of particles; W,  1s the probability for the nucleus ) It should be no%

to fission at one of the chain stages; . Wy =1 - QS'.‘ { ' éq(T) can be obtained in case one-assumes the “fission
is the probability of particle egiséion at the i-th stage of '

JOy

' i barrier B 5 " to deoreése with increasing exditafion .

the evaporation cascade;. (.05;_ is the corresponding fis- et eneré} E'L Because of the absence of any :mfficn.ently
sion probability which is easy to determine using the exprea- - ‘ ‘ conv:!.nci.ng conaiderations about the energy dependence v
sions for the ratios W7/ r; from rez,17), of B (Y , as an estimate we used the relation

After the subsequent ‘averaging of the Ws value over the
total number N;Ln of the cascades followed, and the multipli-
kcation of the result by the cor;'eaponding total cromsa section

“

|
i s ABs(E')_ Bg/(hw;“ ), which makes it possible to get

Sin for inelastic interactions, we obtain thé figsion . R
cross:- aection for the nucleus at a given projectile energy T:

5* GmZ(w) /N ne( The cross section G =~ 1is also calculated ' /
by the Monte-Ce.rlo method, i.e., 4. _53“"1 Ny 7 Ny . )e !

wn




agreement with experiment in the region of T <1 Gev™
within the accuracy ‘of the Imown experimental date;

It is seen from table I to what extent it is important
to take ixito account the energy dependence Bf(E“);

At T>>1 Ge_V for all huclei the fission cross
section becomes a slowly varying function of energy.
The anomalies of the cbrves 6 (4) in fig; 1 are asso-
clated with variations in the ratio Th/ T' as
a result of shell corrections in the vicinity of the

double magic nucleus with A 208.

The fission barrier can be divided into two parts,
namely a smooth "liquid-drop" paxrt and that due to shell
effects and corrections for pairing, General considera=—
-tions suggest that the conbribution from the latter
part. decreases with increasing E‘ ﬁhile the problem ofv
the energy dependence of the smooth part is less clear.
In ref, 43) by means of the classical thermodynamics the
relation Bf(E*) Bf (1—E“/E“) was obtained, where

EJ\E

o = at‘d ’ t =~ 9 Mev. In tne region of moderate energies ‘

tne results ootamed w1th this relation are elightly
dirferent .irTom ours (see also ref. )) however at high
energies, E¥» E’; s the estimates of ref.us) cannot be used,
As regards the Coulomb barrier, its energy dependence
was chosen to be of the form VC(E!) =V,/ . (1+ \/E_!_V/—E)V

as well,

@lculated cross sections-appear -to be ra@,

to experimental ones provided

the value of
o = @, = A/1044/45 llleV""I is.chosen for the level density
parameter, the best agreement is obtained for nuclel with -

Z >90 if . O 1s chosen to approach the last value;' ’
Attentlion is attracted by the large scatter of the
measured results 6!’ s especlally at T % 1 GeV, The data 16417)
obtained uaing nica detectors seem to be most accu.rate (dn

fig. ‘2 they are marked with @ and @ de

The. calculated fissilities of the nuclel S, / ,8;,"‘

( see fig, 3) are also in good agreement with: experiment”);'-

In accordance with ‘the anomaly. in the e.ependence ‘"6;*(1&) -
in the vicinitv of A=208 the fissilities of the two neighbouring
nuclei 297pp ana 209831 shown- in £igi 3 differ nearly by a'factor
of one and a half.

3. THE YIELD OF INDIVIDUAL ISOTOPES
The -extent of agreement between the calculated and expe-

Jrimental valuee is geen from figs. 4-8, where the data on the '

isotopic yield for u.ra.nium and biemuth targets are given as
tvpical examples.

Since the calculation of ‘the yleld,of ind.iv:Ldual isotopes
requiroes a large amount of computer time, the accuracv of the

theoretical data given in fige. 4~8 is not very high.

%) Por determination of the experimontal values of 6 o/ 6

the statistically analysed ex'perimental cross sections 3.

in
from the review 26) have been uaed. ’



In particular, the irregular behaviour of the calculated curves
in going from one value of A to the neighbouring ones .

1s practically completely due to statistical fluctuations.

The calculation errors are close to the average value of these
fluctuations. Like the calculation for the fission cross sece.
tions - 6, , the Monte-Carlo calculation of the yield of
individual- isotopes, which requires the selection of rather
Tare events, has been carried out using the weights Wi

ana W, |

Within the calculation errors the theoretical and experimen-

tal data shown in figs. 4-8 are rather close; the behaviour of
the eicperimenta] cross sections 1is reproduced correctly in
the interval of a few orders of magnitude. .
' In comparison with the calculations neglecting the boun=
darv diffusity, the accuracy of predictions for.reactions with
a smaller number of fast cascade particles, e.ge, for the
reactions’ 238U(p; pxn)238-Xy, is substantially increased,
This result is. entirely clear, since such reactions are, in
the main, associated with the. cascade process on the periphery
of the nucleus.

If the fission of the excited residual -nuclei is neglec—

(ted and their decay is assumed to be due to the svapo'ration‘“)

process, the calculated results agree with experiment only

for a group of nearest isotopes (the numbexr of neutrons emitted
x £ 3-5) and(appear to be enhanced largely ( somt@
several orders of msgnitude) for the remainins isotopes. '

The calculated curves shown in figs. 4—8 are related

L, = 2/15 Mev™! ®), B
A dgorease in this parameter (Within the limits = (4/15-A/20)

reduces'the relative ,contributionfrom the fission process

to the level density. paramster @& = Q,

(see ‘fiig;_B)‘;and;the_.calculation, turns out to, be closer to the .

. Pt .
experimental points. However we did not so far carry out a de-.

talled, fitting of the a-parameter value. ( A more extensive
study of this parameter as a function of Ay Z and’ E® is . our
next task).
Figs. 4—7 show for comparison also the data calculated

by Hahn and Bertini 8) under the assumption that in the region
of 7788, the Sikkeland approximation 31 44 applicable to the
width ratio ; T' / T‘ N while none of the ‘residual nuclei ,
with Z £ 88 undergo fission. As has been indicated in refs '15’323.
the Sikkeland approximation 1s relsted to the T/ T‘i '
value averageﬂ over the evaporation cascade. i.e., over. a wide
range of excitation energy E‘ This is the reason why the o

T / \" ratio depending sharply on exoitation energy .
tu.rns out to be E‘ -independent in the Sikkelsnd approximation.
This is clearlv a very crude approximation. but in oaloulsting '
the chsraoteristics averaged over En one may hope for a rather :
good applicabiliw of the Sikkeland approximstion sinoe ths . )
intranuclear cascades initiated hy high-energy particles give _‘ _

- rise to residual nuclei with a wide range of the E’ v'aluen.

This is ;just an etxpla.nation of the fact that the curves of -

" This value of the level densitv pa.'r.'ameter will also be used -
in the two following sections. o ' ' E
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Hahh and Bertini, shown in figs. 4 and 5, are in sufficient-
1y :good ‘agreement with the eiperimental Apcints‘ ¢ in some
cases even better than our’ results; see, e.g., £18e5) e

In considering some more detailed characteristics that are
functions of E' the use of the Sikkeland approx.‘l.mation nay
yield results by several orders of magnitude different from

the experimental ones.

4, ACCOMPANYING PARTICLES

The properties of the partio'les emitted by nuclei, k
which subsequently u.ndergo fission, are described well in
the framework of the cascade—evaporation model. ‘

Fige 9 shows the miltiplicity distributions Nz Ntn)/ZNuu
of the charged component of these particles (mainly of pro—
tons since at T<1 GeV the contribution from n -—mesons and
other particles is still small”). _Figs. 9 and 10 show the A
corresponding values of the partiole averege multiplicity

{nYy= Z n N(n)/Z N(n). The theoretical and the experimental

data do not diﬁer within the limits of statistical 6TTOrSe
For comparison the results of Hahn a.nd Bertinia) are also .
presented in i‘ig.‘IO. At T<‘I-2 GeV their data are rather ‘
close to the results of our calculations, but they have a‘

pronou.nced tendency for a considerably more rapid increase, . i

and at 122 GeV their results already substantiallj exoeed
our data, ‘this difference is conditioned by the fact that

in re£.8) no account is taken of the effect of a decrease in
the density of_ the number of intranuclear nucleons as the
cascade shower develops, and this effect leads to-the fiatten-
) ing of the dependence of excitation energy E" and all related
characteristics on the energy T of primary particles.( see
‘section 5 below),

12

The values of the average neutron multiplicity are: listed
in fig. 10." Since we do. not here give consideration to the -
fisslon process itself (see section 1 above), the calculated
multiplicity includes only the neutrons produced -in the course
of the.cascade stage and those neutrons which were ’evanorated .
from the excited residual nucleus prior to its tjission;j The
experimental multiplicity includes, in addition, the neutréns-
emitted from excited fission fragments and, therefore, conside- '
rably exceeds the calculated value ) ( especiallv at low .ener—-
gles, T ~ 100 MeV) o

Similarly to the case of protons, the calculated multipli=

_¢ity of neutrons fronm ref;a) increases too rapidly in the

region of T 2 > 1-2 GeVe.

In figs. 11 and 12 comparison 1ls made with experiment. of
the angular and energy distributions of particles accompanezing
the fission nrocess. Here the experimental‘ data are in good
agreement with theory as well. i

i 5. THE PROPER'I‘IES OF RESIDUAL® NUCLEI
Figs. 13-15 show the distributions of residual nuclei
over their excitation energy E%, and mass and charge numbers;
A and Z. The ‘distributions. W(E’ifg and W‘(Ef) correspond, respec- \
tively, to the excited . finsioning nuclei at the moment. imme-
diately following the cascade stage of ‘the interaction and

at the moment just prior to their fission, i.e., k’\‘vhen these

5 If fission’ neutrons are taken into a°°°“'nt"n7theor <n>exp.'
as it has been shown in the model neglecting target-nucleus .
aierunity®?, The value of. “¢nyis slightly affected by
aking into account the diffusitv of the nuclear bou.ndary

13



nuclei hav; already lost. s ccnsiderable anount- of their exci~
tation energy, For comparison the distributions W (E‘ ) for
residual nuclei that did not undergo fission and de—excited
_only by particle emission are also given, The excitation
energy distribution for all events after the completion of the
cascade stage 1s defined by the sum W(E™) = ( € /¢ m)"c(E' )+
+ (1=, /6 4 ) W (E% ), -
The figures show that before fissioning the nucleus, as
a rule,. decrecases its energ by particle evaporatio ")
The average energy < E®Y increases rapidly with increas-~
ing energy of the primary pari:icle; At T%1-3 GeV, owing to
the "“trailing effect", the quantity (E') becomes practicaliy :
constant, For instance, for the interaction p +23°U at T=10
and 20 GeV. the average energy < E') .0f nuclei after the intra-
' nuclear cascade is equal to 365 + 25 MeV and 376 + 25 Mev,
respectively, .
Although for nuclei heavier than gold the quantity <y
is practically independent of the target nucleus, the values
of (E' > for these nuclei cha.nge rather noticeably, e.g.,

at T—660 Mev’ for bismuth E") 203118 MeV, while for uranium +™

<E‘) = 111437 MeV, 1,e,, the excitation energy <E' > of the
fissioning nucleus decreases as one moves towards the

heavier targets, .

*) 1t 18 noteworthy that a similar behaviour is characteristic
of not only nuclei with A £238,° but also of very heavy excited
nuclei produced in the collisions of ions with nuclei 43) .

14
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Table 2 ghows that the experimental values of.
<E?c> are close to the theoretical ones while the latter are
relatively slightly' dspendent on the level density paramevte”r.
( The distributions shown in figs. 13-15 are calculated for
@, =0, = AM5 uevy; i

As to distributions of residual nuclei over their charge
and mass numbers, . they have a considerably larger dispersion
for heavy target nuclei. which increases with increasing energy
T until the moment when in the resion of energies exceeding .
several GeV this growth is slowed down by the "trailing" effect,
In visw of the fact that an excited nucleus, prior'to fission,
emits usually one or several particles, the distbributions of -
pre-'-fission nuclei appsar to bc considersbly.wider_than:,those
immédiately after the casca'de stage of the process; In other
words, before fissioning the nucleus becomes usually "colder"
and lighter. g . - )

Fig. 16 shows the calculated distribution of the residual
nuclel over fheir mass numbers to agrse well with experiment
both in shape and in the absolute value of the yield cross
section 6 (A); Unless the ccmpetition-wi{;h the fission process
is included, one does nct succeed in obtaining agreement with -
experiment, '

_ 6. .CONCLUSION

A ccmparison of the experiment and theory shows that ‘the
mechanism of intranuclear cascades including the competing
processes of fission and particle evaporation of excited resi-

' dual nuclei gives good fit to the avallable experimental data
on interactions of high-;energy particles with fissioning -



nuclei. As a rule, the accuracy of calculations of averaged .
quantities -and average ‘distributions turns out to be not lower
than . that of experimental measurements. Thé calculated -values
are rather slightly vdependent on uncertainties 1in the choice
of model pe.rameters. In the region of energies of T %1 GeV

it 1s very importa.nt to take into account the "trailing" effect. ’

" Noticeable differences between the experiment and theory
are observed only in the cross sections for the yield of- indi=
vidual lisotopes, where:the theory needs_; further improvement : -
and experiment should be more mocurates )

The model considered can,-in principle; ‘be used success-
fully in applied calculations assoéiated with the penetration
of high—energy radiation through fissionable media %),

The authors are thankful to S.A;Kardm;yan for helpful dis- )

cussions and critical comments,
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Fig.5. The yield of protactinium isotopes in the reaction -
238y(p,2pxn)238~Fpa at different energies T of primary
protons. Designations are the same as in figel.

The experimental points are from refe.27’29) .
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Fig.8. The yiéld of polonium, bismuth and thallium isdtopes
in the reactions 2ogBi(p_,xn)?"lo"xPo, 209Bi(n,pxn)209-xBi
and 209Bi(p,3pxn)204'mT1 at energy T of primary protons; 
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Fig;9; The distribution of the fissioning nuclei from 238U
over the number of charged particles produced, T is the
energy of primary protons. The histograms are calculated
results, the experimental points are fron re£.33).

The corresponding experimental and theoretical values
of the average multiplicity ¢n 70, are also given,
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Fig.11 The angular distribution of charged particles with
an energy higher than 20 MeV," acco-panying the fiaaion
“iof -the 23§U nuclai, ‘induced by protons with energy 7.
" ":The ‘histograms represent caléulated results, tha points
" are’ experimenéal ones from ref 39,
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Fig.12. The ' energy distribution of protons and alpnn—particles i

accompanying the fission of uranium and bismuth nuclei,
induced by 660-MeV protons, The solid histograms arer

.3|

-our calculated resultsb the dashed ones are experi-
mental data from ref;4 Lo
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Fig;13. The excitation-energy distribution for residual nuclei
immediately after the intranuclear cascade (two upper
plots) and prior to fission (two lower plots),

The histograms are results for fission events,

the curves (in the upper plots) correspond to events
without fiasion, The solid histograms and curves are
the data for the reaction p+238U, whereas the dashed
curve is the data for the reaction p+197Au. The energy
of primarv protons is equal to 0.2 and 1 GeV,
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The distribution over the mass numbers of the residual
nuclei generated in ‘the reactions p+197Au and p+23
immediately after the intranuclear cascade (two upper
plots) and prior to fission (two'lower plots).

' The solid curves and histograms are calculated results

for the nuclei that underwent fission, the dashed curves

.and ‘dotted histograms (in.the upper plot) correspond.

to events without fission, The histograms- show’ the data
for Tb1 GeV, . the. curves represent the correenonding
data for T=0.2 GeV, . :
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Fig.15. The charge distribution of the res:lﬁual nuclei produced

in the reactlons p+ 97Au and p+ 38U at energles

-‘1‘=0.2 and 1 QeV. The upper plots correspond to the

nuclel at the moment immediately after the cascade
stage of the. process, whi'le the lower. plots concern

pre~fission nuclei. Designations are those used in
fige14.
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Fig.‘iG.The y:leld of rea:ldual nucle:l in bombardnent of the

nuclei with pmtons with' energy T—1.8 GeV, asg
a function of their mass nmnbers. The solid and’ dashed
curves correspond to calculations. w:lth and without
: the fission process, respectively. The dotted curve
represents the calculated results of ref.B). The stati-
stical errors of calculations are about 10%.-.

" The histogram representa the experimental data fron
" ref, 29)
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TABIE I, The cross sections 6f(mb) for the fission of uranium and -

Nucleus
197
Augg
) .
38092.

T,GeV

gold isotopes, induced by protons with energy T C
with and without the energy d.ependence of fission
barriers 3 (E').

0.2 1 10 Barrier
30,5418 es. 423, .9 105.6%.3 B, (5%
0.69%0,046 = 3,04%0.18 4.40%0.26 (E"_o)

asstes  3g9te3 - e3stso. B, (5%
1215473 gootss - a2tz Bs’(E"_O)

TABLE IT, 'I'her average excitation energy <E¥c> ‘MeV of the

T, MeV
140
350
460

660

nuclel left after the intranuclear cascade in the
reaction p+°°°U. Only the nuclei that underwent
i:!._sSion_ha.ve been selected.

Expériment Theory . .

o o= 1/10 a= 1/15
gotan33) 7657 7627
1uokag33) 103%10 ~90%9
1304 “110%11 108%10
135%1542) o o
1estys33) e
195572 . cq3staa 136213

B B

_185%6033)



