
1 HYSICAL REVIR% VOLUME 118, NUMB ER MA Y 1, 1960

Monte Carlo Calculations of Nuclear Evaporation Processes. IV. Spectra
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The calculation of spectra of neutrons and charged particles and of cross sections for their production
from nuclear reactions is compared with experimental values. A compound-nucleus mechanism followed by
nuclear evaporation is assumed for the reactions Zr, Ta, Bi(14.1-Mev n,n'); Ni(13. 4-1 7. SMev n, p); Cu,
Pd(23-Mev p,a); and Ni(162-Mev 0",n). The production of neutrons and charged particles from the
interaction of 190-Mev protons with Ni, Ag, and Au is analyzed in terms of a nucleon cascade, followed by
particle evaporation. The calculation of the nuclear evaporation is based on Weisskopf's statistical theory.
Fairly good agreement is obtained for the values of the cross sections for producing these particles with
an appropriate set of radius and level-density parameters in each case. There are serious discrepancies,
however, in the comparison of the experimental and calculated spectra; many of the latter are de6cient in
low-energy neutrons and charged particles. Possible improvements in the calculation are discussed.

INTRODUCTION

INETIC-ENERGY spectra of particles emitted in
nuclear reactions give valuable information on the

mechanism of the reaction taking place. An angular
distribution that is symmetric about 90' in the center-
of-mass system is considered to be evidence for com-
pound-nucleus formation. ' ' At lower energies of excita-
tion, isotropy in the center-of-mass system is taken to
be evidence for such a process. ~' Comparison of the
spectra with the statistical theory of Keisskopf provides
a further check of the mechanism and, in addition, has
been used to deduce the density of energy levels of
excited nuclei. The results of various experiments,
analyzed in this way, afKi.rm the usefulness of the
statistical approach but give conQicting values for the
level density as a function of excitation energy and
mass number. ~'

The comparison of the experimental results with the
theory is fairly direct if the spectrum is that of the first
evaporated particle only; however, it has been made for

*The preceding papers in this series are: Part I, I. Dostrovsky,
R. Bivins, snd P. Rabinowits, Phys. Rev. 111, 1659 (1958);
Part II, I. Dostrovsky, Z. Fraenkel, and P. Rabinowitz, Pro-
ceedings of the Second United Nations International Conference on
the Peacefzd Uses of Atomic Energy (United Nations, Geneva,
1958), Vol. 15, p. 301; Part III, I. Dostrovsky, Z. Fraenkel, and
G. Friedlander, Phys. Rev. 116, 683 (1959).

t Research performed in part under the auspices of the U. S.
Atomic Energy Commission.' L. Wolfenstein, Phys. Rev. 82, 690 (1951).

~ T. Ericson and V. Strutinski, Nuclear Phys. 8, 284 (1958).
s W. J. Knox, A. R. Quinton, and C. E. Anderson, Phys. Rev.

Letters 2, 402 (1959).
4 W. Hauser and H. Feshbsch, Phys. Rev. 87, 366 (1952).
~ P. C. Gugelot, Phys. Rev. 93, 425 (1954).
6 R. M. Eisberg, G. Igo, and H. E. Wegner, Phys. Rev. 100,

1309 (1955).
r G. Igo, Phys. Rev. 106, 256 (1957).
s G. Igo and H. E. Wegner, Phys. Rev. 102, 1364 (1956).
v D. L. Allan, Nuclear Phys. 10, 348 (1959).
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other cases as well. " In order to treat the complexities
of the calculation more adequately when many particles
are evaporated, a computer program has been prepared
for the Weizmann Institute computer (WEIZAC). In
Part I of this series, " spectra were calculated for par-
ticles from highly excited nuclei (100 to 700 Mev).
The computer program was subsequently improved so
as to make it apphcable to lower energies of excitation. "

Kith the aid of this improved nuclear-evaporation
calculation, it is possible to compute the spectra of
particles that result from nuclei in any state of excita-
tion. By these means we hope to further test the
validity of the statistical theory and add more to what
is known of level densities. Not all of the pertinent
experiments are considered here, since further changes
in the computer program are suggested by recent
experimental and theoretical developments and by the
results of this paper. These suggested changes are
discussed below.

An important criterion for the choice of a particular
nuclear reaction A(x,y)8 for this comparison is the
absence or relative unimportance of noncompound-
nucleus processes. The (cr,p) and (p,n) reactions in the
energy range 10 to 40 Mev are thought to fall into this
category. The proton spectra from the bombardment of
Cu, Ag, and Au with 40-Mev alpha particles have been
measured by Eisberg, Igo, and Kegner and analyzed in
terms of the statistical theory. 6 Unfortunately, the data
were not presented in a form suitable for comparison
here. The (p,tr) reaction is considered below. Inelastic
scattering and to a lesser extent (p, rt) and (n,p) re-

'v J.M. B.Lang and K.J.LeCouteur, Proc. Phys. Soc. (London)
A67, 586 (1954).

'~ I. Dostrovsky, R. Bivins, and P. Rabinowitz, Phys. Rev. 111,
1659 (1958).

I I. Dostrovsky, Z. Fraenkel, and G. Friedlander, Phys. Rev.
116, 683 (1959).
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TABLE I. Reactions selected for comparison of calculated and
experimental spectra and cross sections.

Bombarding
energy (lab) Emitted

Target Projectile (Mev) particle Reference

Zr
Ta
Bi
Nl
Ni
Ni
Cu
Pd
Ni
Ni
Ag
Au

n
n
n

p
p

O16

p
p
p

14.1
14.1
14.1
13.4
14.1
17.5
23
23

162
190
190
190

n

n
p
p
p

npd
T, He'

He4

13
14
14
15
19
15
20
20
3

17, 18
17, 18
17, 18

TABLE II. Parameters used in these calculations.

actions are not well suited to this purpose. However,
since no suitable experimental data were available on
(u, N) reactions in the low-energy range, the results of
Ahn and Roberts'3 and of Rosen and Stewart'4 on the
(e,N') reaction were used for the study of neutron
spectra. The (n,p) reactions studied by Colli et al
were used as an additional comparison for proton
spectra.

Bombarding energies above 40 Mev lead to an in-
creasing contribution of noncompound-nucleus processes
if the bombarding particle is a nucleon or other light
particle such as helium ions. With heavy ions as pro-
jectiles it is possible to form compound nuclei with
excitation energies of more than 100 Mev (and with

high angular momentum). So far only a few such studies
are available. The recent determination by Knox,
Quinton, and Anderson' of the alpha spectrum from
the reaction of 0' ions on Ni is compared with our
calculations in this work.

When the projectiles are light particles with energies
of several hundred Mev, little or no compound-nucleus
formation occurs. The projectile initiates a nucleon
cascade which results in the emission of a few relatively
energetic nucleons. The nuclei remaining at the end of
the nucleon cascade have a distribution of values in

A, Z, and excitation energy. The recent calculations of

The WEIZAC computer program for the Monte
Carlo calculation of nuclear de-excitation has already
been described in Parts I and III of this series. ""
The combinations of parameters used here are shown
in Table II.

Calculations with a nuclear-radius parameter of
1.5 f (fermi) are described in detail in Part III."Use of
the radius parameter, 1.7 f, requires certain changes in
the values of the coefficients used in calculating the
inverse reaction cross sections, r.. The values that

TABLE III. CoeScients used in calculating the inverse reaction
cross section of charged particles for r0=1.7 f,

20
30
40
50

0.51.
0.60
0.66
0.68

0.00—0.06—0.10—0.10

0.81
0.85
0.89
0.93'

Ca

0.0
0.0
0.0
0.0'

a Extrapolated values.

appear in the expression

o.,/o, =n (1+P/e)

used for neutrons )see Eq. (2), reference 12) are
n=0.76+1.93A &, and

1.66A:—0.050
Mev, ra= 1.7 f,

0.76+1.93A &

where 0., is the geometric cross section.
For charged particles the inverse reaction cross sec-

tion is given Lsee Eq. (3), reference 12j by

Metropolis et 0/. ' have made such distributions avail-
able for a number of target nuclei throughout the
periodic table and for proton bombarding energies up
to 2 Bev. In this work we have used the results of
Metropolis et a/. for Cu, Ru, and Bi to compute the
various spectra of particles emitted from the excited
nuclei that result from the bombardment of Ni, Ag,
and Au with protons of 190 Mev. The calculations were
compared with the experimental results of Bailey' and
of Gross. "Table I lists the reactions selected for com-
parison. ""

CALCULATIONS

Radius
parameter, r0

(fermi)

Level density
parameter, a

{Mev ')

Barrier
correction
(see text)

~./os= (1+et) (1 &sl't/e), —

where the values of c; and k; are as given in Table III
1.5
1.5
1.7
1.7

A/10
3/20
A/20
A /20

No
No
No
Yes

' S. E. Ahn and J. H. Roberts, Phys. Rev. 108, 110 (1957).
'4 L. Rosen and L. Stewart, Phys. Rev. 107, 824 (1957)."L. Colli, M. Pignanelli, A. Rytz, and R. Zurmuhle, Nuovo

cimento 9, 280 (1958).

"N. Metropolis, R. Bivins, M. Storm, A. Turkevich, J. M.
Miller, and G. Friedlander, Phys. Rev. 110, 185 (1958);
N. Metropolis, R. Bivins, M. Storm, J.M. Miller, G. Friedlander,
and A. Turkevich, Phys. Rev. 110, 204 (1958).

'~ L. Evan Bailey, University of California Radiation Labora-
tory Report UCRL-3334, March, 1956 (unpublished).' Edward Gross, University of California Radiation Laboratory
Report UCRL-3330, February, 1956 (unpublished)."K. H. Purser and E. W. Titterton, Australian National
University Report ANU/P-200, November, 1958 (unpublished).~ C. B. Fulmer and B.L. Cohen, Phys. Rev. 112, 1672 (1958).
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TAsr, z IV. Comparison of calculated and experimental numbers
of neutrons produced per inelastic collision in the 14.1-Mev
neutron bombardment of various elements.

Target

Zr
Ta
Bl

Number of neutrons per inelastic collision
Calculated

rp=1.5 f rp=1.5 f rp=1.7 f
a =A/10 o = A /20 o = A/20 Experimental

1.62 1.51 1.48 1.62'
2.00 1.99 1.99 1 90b
2.00 2.00 2.00 1 96b

See reference 13.
b See reference 14.

expected. )This fact is taken into account in the calcu-
lation by subtracting a shell energy 8,=1.0 Mev from
the residual excitation energy. " It seems, however,
that this value of b„which gives reasonable fit for the
cross sections in the medium weight nuclei region
(24&Z&32), does not give a large enough correction
for heavier nuclei, such as Zr and Bi.7 Because of the
effect of the closed neutron shell, the results presented
here do not permit a proper study of the A dependence
of the level-density parameter. Further experiments
with targets carefully chosen so as to be free from shell
effects are clear1y desirable.

A comparison of the calculated and experimental
numbers of neutrons produced per inelastic collision for
Zr, Ta, and Bi targets is shown in Table IV.

8-
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FIG. 4. Comparison of calculated spectra of protons emitted
from Ni (nat) bombarded with 13.4-Mev neutrons with the
experimental results of Colli et al. , reference 15.

B. Protols from 13.4-Men old 17 5 Mee. -
Neutroe Bombardnseet

The proton kinetic-energy spectra for the Ni(e, p)
reaction for two neutron energies, 13.4 Mev and 17.5
Mev, are shown. in Figs. 4 and 5. The experimental
points are those of Colli et al."They were measured in
the forward direction (fji,b= 0 to 35 deg). The calculated
results were normalized so as to give the same total
cross section of protons above 4 Mev as that given by
Colli, since no data for lower kinetic energies are given
by them.

The calculated spectra, especially for ro ——1..5 f, are

displaced toward higher energies with respect to the
experimental results. (Figs. 4, 5.) The calculated curves
for rs ——1.7 f, a= A/20 show clearly the contribution of
protons from the (ts,np) reaction. For this set of
parameters at 13.4 Mev a small proportion of (ss,lp)
reaction is calculated to be present' (4%), but it is
sufhcient to aGect the spectrum near threshold because
of the low total energy available to the two emitted
particles. For the 17.5-Mev neutrons (Fig. 5) the
agreement between the calculated and experimental
values seems to be much better. This results from the
shifting of the maximum of the kinetic energy distribu-
tion to lover energies because of considerable propor-
tions of second protons from the (e,np) reaction are
present for all sets of parameters. LOnly the high-
energy part of the proton spectrum was measured
experimentally, the low-energy part being below the ex-
perimental limit of 4 Mev. The calculated spectra are
almost entirely above 4 Mev. Hence almost the total
calculated spectrum has been normalized to what

18-

l6-

l4—

l2

~ lO
O

8-
VI

Xl
E 6-

I I I I I I I I I I I I I

i7.5 Mev n on Ni(nat)
ro I.5 fe r mi a *A / IO
ro- l.5 ii a =A/20
ro= I, 7 n aeA/20
ro.* I.7 ii a*A/20 l proton spectrumst

~ experimental

2,
I

I I I
'

I f I I I I

0 2 4 6 8
PROTON ENERGY {Mev)

lO l2 l4

FIG. 5. Comparison of calculated spectra of protons emitted
from ¹i(nat) bombarded with 17.5-Mev neutrons with the
experimental results of Colli et al. , reference 15.

constitutes only the high etsergy pa-rt of the experimental
cross section. At the higher bombarding energy (Fig. 5)
an appreciable part of both the experimental spectrum
and the calculated spectrum is below the 4-Mev limit,
hence the apparent diR'erences in magnitude are much
smaller. 7 Incidentally, this illustrates the care that is
necessary in interpreting the dependence of the position
of the maximum of kinetic energy on excitation energy.
Ignoring the second proton in the example above could
easi1y have led one to assume that the "temperature"
of the compound nucleus actually decreased with in-
creasing excitation energy t

Following Weisskopf, " the single-particle spectra of
charged particles are given by the equation

P(e)de=Co, e(1 V/e) exp| 2o&(E——
Q

—e) &7, (1)

where P(e)de is the probability of emission of a particle
with kinetic energy between e and e+de, C= a constant,

n V. Weisskopf, Phys. Rev. 52, 295 (1937).
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V=the effective Coulomb barrier (corrected for pene-
tration) =k,V;, a=the level-density parameter, E=the
excitation energy of the nucleus, and Q= the separation
energy for the emitted particle. A plot of logE(c)/(e —V)
against (E—Q —e)I should lead to a straight line pro-
vided (a) the target is monoisotopic, (b) the particle
under consideration is the only one or the 6rst one to
be emitted, and (c) a correct value of the effective
Coulomb barrier is used. Here E(e) is the number of ex-
perimentally measured protons per unit energyinterval.
Colli et al." have plotted logE(e)/ea; against residual
excitation energy (E—

Q
—e). Since ea, =const(e —V),

this plot is similar to the one described above, but,

IOO
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because the function logE(e)/(e —V) was plotted
against the residual energy and not its square root, no
straight-line portions are to be expected even in the
region of single-particle emission. Furthermore, Colli
et aL do not state the value of the Coulomb barrier
(i.e., nuclear radius and penetrability) used by them
to calculate 0-,. It is not clear, therefore, what degree
of agreement between the curves for various energies
one should expect.

In Figs. 6 and 7 we have replotted Colli's data against
the square root of the residual excitation energy for
two values of the nuclear-radius parameter and the
corresponding penetrability. Also shown are our calcu-
lated spectra for a=A/20 drawn in the same way and

(Mev' ~)

{PROTONS )

FzG. 6. N(e)/(s —V) vs the square root of the residual excita-
tion energy as obtained from Figs. 4 and 5 for a nuclear radius
parameter of rp= 1.5 f and a level-density parameter of a =A/20.
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with the same value of nuclear radius. Both calculated
and experimental data were taken from Figs. 4 and 5
without any further normalization. It is seen that here
the agreement of the calculated and experimental
points for r0=1.7 f is surprisingly good, especially for
the 17.5-Mev data, and that a value of a=A/20 gives
the correct slope. The agreement is good both in the
straight-line regions representing essentially single par-
ticle emission and also in the part where the protons
from (p, rzp) reactions are important. The discrepancy
at very low residual energies (i.e. , high proton kinetic
energy) is undoubtedly due to direct interactions. It
appears, therefore, that the validity of the statistical
model is not challenged by Colli's results. It is unfortu-
nate that data for protons below 4 Mev could not be
obtained in this experiment, as it appears that in this
range there are considerable discrepancies between
calculations and experiment (see below). To make the
comparison more valid, the spectra were computed by
taking into account the natural abundance of the
various isotopes of nickel. From the fact that the fit of
calculated and experimental data seems to be much
better in Fig. 7 than it is in Figs. 4 and 5 it must be
concluded that the direct comparison of calculated and
experimental spectra (as shown in Figs. 4 and 5) permits
a more rigorous test of the general validity of the statis-
tical theory. It is for this reason that all other com-

parisons between calculated and experimental spectra
discussed in this paper are presented in the form of the

Fzo. 7. N(e)/(e —V) vs the square root of the residual excita-
tion energy as obtained from Figs. 4 and 5 for a nuclear radius
parameter of rs= 1.7 f and a level-density parameter of a=A/20.
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TABLE V. Comparison of experimental and calculated cross
section for emission of protons and alpha particles.

Reaction

NiPP(n, P) CoPP
Ni»(n, np) Co p7

Cu (p,a) N1
Pd(p, a) Rh

Bombard-
ing energy

(lab)
(Mev) Ref.

14.1 19
14.1 19
23 20
23 20

Cross
section,
experi-
mental

(mb)

560 %110
160%40
122 +25
25 +5

Cross section, calculated
rp=1.5 f rp=1.5 f rp=1.7 f
a =A/10 a =A/20 a =A f20

655 651 595
141 90 362
23 76 160
1.3 65 47

actual particle spectra rather than in the form of "level
densities" Lor logX(e)/(e —V)j.

Colli et al." do not give values for the total cross
section for proton production. The calculated cross
sections, using Bjorklund and Fernbach's value (1400
mb)'4 for the inelastic neutron cross section for Ni",
agree well with the experimental values of Purser and
Titterton' for the Ni"(n, p)Co' and Ni' (e,mp)Co'7
reactions for ro 1.5 f, a=A——/10 (see Table V). From
Colli's result one can obtain an approximate value for
the partial cross section for protons above 4 Mev;
these are 240 mb at 13.4 Mev and 380 mb at 17.5 Mev.
It follows that a considerable proportion of the protons
in Colli's experiment must have been below 4 Mev.
However, the calculated spectra (Figs. 4 and 5) show
very few protons below 4 Mev and are thus in disagree-
ment with experiment.
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3.0—

O
2.5—0

(h
20—

E

I.5-

I I I I I I I I I I I I

23 Mev p on Cu (nat)

———r.=l.s fermi a=A/IO

ro=l. 5 u 0= A/20

Io - l.j n 0 A/20

~ ex pe rime nta I ecm = I 50'

l.o—

0

06 7 8 9 IO II l2 I 3 l4 l5 l6 I7 ls l9

ALPHA ENERGY (Mev)

FIG. 8. Comparison of calculated spectra of alpha particles from
Cu (nat) bombarded with 23-Mev protons with the experimental
results of Fulmer and Cohen, reference 20, for 8,. =150 deg.

F. Bjorklund and S. Fernbach, Phys. Rev. 109, 1295 (1958).

C. Atpho, Particles from 23 Mev Proto' -Bombardment

Calculated alpha spectra for the reaction Cu(p, n)
and Pd(p, e) are shown in Figs. 8 and 9 together with
the experimental values of Fulmer and Cohen" for an
angle 0, =150 deg. The calculated spectra of Figs. 8
and 9 were obtained by using Eq. (1) and not by the
Monte Carlo calculation. This procedure was adopted
because of the small cross section of alpha emission,
which would have required undue computer time for
satisfactory statistics by the Monte Carlo method. The

procedure is justified only if all alpha's are emitted as
erst particles. Monte Carlo calculations showed that
the ratio of cross sections (p,nn)/(p, n) is less than
0.005. The calculated curves were normalized to the
differential (P,n) cross section at 9, .=150 deg as
reported by Fulmer and Cohen. "In plotting the experi-
mental results it was assumed that the differential
cross section below 5 Mev is zero.

Figure 8 indicates that the effective Coulomb barrier
is much lower than that used in the calculation. A com-
parison of the slopes of the high-energy end of the
spectra seems to indicate that the value of a=A/20 for
the level-density parameter is the most suitable here.
The Pd spectrum, Fig. 9, shows essentially no agreement
with the calculation in either respect for the radius and
level-density parameters used here. This lack of agree-
ment is probably due in part to the increased proportion
of various direct interactions. The diR'erences between
the results for Cu, for Pd, and for Au (where the
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Fro. 9. Comparison of calculated spectra of alpha particles from
Pd (nat) bombarded with 23-Mev protons with the experimental
results of Fulmer and Cohen, reference 20, for 8, =150 deg.

discrepancy is even greater) can be understood when it
is recalled that the cross section for emission of charged
particles by evaporation decreases sharply with in-
creasing Z. Therefore, on a relative basis, direct inter-
actions become more prominent for higher values of Z.

In Table V are shown the calculated cross sections
from emission from Cu(p, n)Ni and Pd(p, a)Rh. It is
obvious that ro= 1.7 f is too large, since the experimental
cross sections include the direct-interaction alpha par-
ticles and, therefore, should be higher than calculated
values.

High-Energy Reactions

A. Alpha Particles from 162-Mev
Oxygen-Ioe Bombardment

The experimental results for the spectra of alpha
particles emitted on the bombardment of Ni with
162-Mev 0" ions reported by Knox, Quinton, and
Anderson, are shown in Fig. 10. The excitation energies



N U CLFA R P ROCESSES.MONTE CARLO CALCULATIONS OF 787

of the compound nuclei lie in the rang
~ ~ o

e 123 to 136 Mev
for the various isotopes. Alpha-emission spectra were
calculated for the excited Kr nuclei in the proportions

h' h the are formed from the Ni isotopes and
with the corresponding excitation energy.

l' d to the same arealated spectra were drawn norma. ize
as the experimental results for 90 deg. This angle was
c osen or co
which a complete spectrum was avai a e, an
to minimize e eth eGects of direct interactions. The

f =1 7 f nd a=A/20 seems to agree bestspectrum o ro= . an

l8-

l6-

l2
CO

IO-
O

8—O

g

I I I I

l90 Mev p an Ni (nat)

ro = I.5 fe rmi 0 = A/IO

fo ol.s tt a= A/20
ro *1.7 tt a o A/20

-- ~-- o ol.7 «a=A/20 borrier corr.

~ experimental elob = l00 - l80'

I80-

)60-

l40—
I-

l20—

I I I II I I I I I

l62 Mev 0' an Ni (nat)
——- rool. S fermi a*A/IO
———- ro= I.5 tt a=A/20

ro, o I.7 tt aoA/20
"--"-- ro= l.7 t a=A/20barrier Carr.

~ experiment a l ecm=90'
yes

I
I
I

.~=~«~ I

25 30 35oo s
l I

lo l5 20

PROTON ENERGY (Mev)

arison of calculated evaporation spectra of
bombarded with 190-Mev protons with

17 f g 1PP t 18P d Fthe results of Bailey, reference 1, or
details of the barrier correction see Discussion.

l00—
In 80-

60—

40—

20—

l 'I I

0 4 8 20

4o-

35—

30—
0'
os

2s-

'~ 20!o
v) ls

lo

I I I I l II I I I 1 I

l90 Mev p On Nl(«t)

~-—-ao A/lo
a QA/20

e experimental glob= 135

I I I I I

l2 I400 2 6
NEUTRON ENERGY (Igev)

m arison of calculated evaporation spectra of
d d 'th 190M t 'thneutmns fmm Ni (nat) bombar e wi

the results of Gross, reference 18, for g~,b== 13 eg.

IO

with experiment, but even here the discrepancy in the
in the effectiveC 1 b barrier is noticeable. Againou om

in thebarrier is ower y s1 b several Mev than that used
'

calculations.

B. Neetrorts arsd Charged Particles from 190Mev-
Protoe Bonsbardmemt

Calculated spectra for neutrons, proton,rotons deuterons,
and alpha particles emitted from Ni, Ag, and Au
bombarded with 190-Mev protons are compared in
Figs. 11—19.

I? l6 24

ALPHA ENERGY (Mev)

m arison of calculated spectra of alpha particles
ed with 162-Mev 0"ions with the experi-i ( a ) bo ba

f th b rrier correction see Discussion.8, =90 deg. For detai)s ox L e arrier

I I I

)90 Mev p on Ni(not)
900—

8oO-
ro o l.5 fermi 0 o A/lO

ro&1.5 tt 0 oA/20
tt 0 ~ A/28

- -«root. 7 tt 0 oA/20 borrler ce«.

~ experimental elob l00 - l80'

700-

600—
lD
& soo-
Co
m 400—o

300-

Eo 200-
O
o IOO
E

0 I
5 IO

I

l5 20
DEUTERON ENERGY (IViev)

arison of calculated evaporation spectra of
bombarded with 190-Mev protons with.8 =1PP 180d Forh its of Bailey reference 17, or H~,b —— o

iscussion.details of the barrier correct&on see Discu

30 3525

prompt-cascade calculations are availableince no ro
for i an orN d f r Ag use was made of the cacu

bl f r Cu~ and Ru'~. In order to take in ointoavailable or u an
een theaccount t e mass ath ss and charge difference between

this i erence wa

the evaporation calculation was s ar e .
energy o ef th prompt-cascade product was not change .

su ts withHencet e isri uih d' t 'b tion of prompt-cascade resu t
Z 5Z E.A Z and E was substituted by A+AA, +given, , an

1 isoto sInor er o a e'd t t ke into account the two natura
'

pe
I

ted withnd A ' the calculations were repeated wiAg" an g
natural abun-O'8 t hA in the proportion of their nai eren i

dance. e s i ingTh shiftin procedure from Cu to Ni na
corn letel'l Althou h this procedure may not be comp y

total- article orreliable for the purpose of determining tota -p
product cross sections, e

' '
et' the error introduced in the s ape

o ef th particle spectra is believed to be negligi e. ince
no prompt-casca ede calculations are availab

r of 190 Mev, the Ni and Ag spectraomba ing e e gy
presen et d here were interpolated from t e par ic e



788 BERGF RAEN KEL,DOST Ro VS K&

itation e
1.6-

1.4—

1.2-
a

1.0—a
to 0.8—

Xl' 0.6-

0.4-

Ir

gers

II I

on Ni (not)l90 Mev p on

~—- ~ = I.5 fermi aoA/IO
0 A/20——ro =1.5 gi a&

a=A/20ro *17 n a=
o .7 o a=A/20

barrier corr.~ wo

l 8 = iQO'- (8Q'b

'
n Figs. i-3)nergy regionits of the low exc

ha e of the theoretica
results o

o g y
h t.

d neutron
ra lus a

d19 th 1 1 t
articles,lo-

th the shape and
ectra s ow

b lt t oftthe u son
ron spectrum for1 1 drtof t ecachigh-energy part o

II

on Ag (not)l90 Mev p on g

~ — =1.5fermi Q=A/10

Q =A/20

a =A/20
=1,5

a =A/

l lab

"--~"- ro " I,7
~ experimenta

0.2— 13—

I I

)
)
l

J

I

ALPHA ENERGY (Mev)

f alphaeva oration ps ectra o
th 190 M witht) bombarded with

f Bailey, referencethe results o ai

0
25 12

IO—
X
Ca
a

EA

details of thof the ba

in
'

f 156 Mevin energies of
fth 1

' g
6 Mev. A comparison o

the two bombarding ene
irel reliable.

ectrum from Authe neutron spec rorder to obtain
m t-cascade resu s90 M th

b h t
born a

after they ha
energiesh b b d

i
ever,

'lab e
00 3525 3020

v)

10

1000

900-

SOO-

500;
O

400-

300—a
200-O

I I I I I I I I I I

on Ag(nat)l90 Mev p on g

a =A/10—a = A/20

~ experimental lgb=~ ex
' e =155'

IOO—
180-

15 20
I

DEVTERONON ENERGY (Mev)

0
3510 25I60—

140-
eva oration ps ectra ofm arison o~ ~ p

nat) bombarded wiith j.90- ev
Forof Bailey, reference

rrier co

ow
val

5

ENERGY (Me

manner descrioe .
ichca cu a vaich 1 tions were ava

PROTON EN '

f cacua ration spec rara
' t of

A
nearest to
fort iseth' element are

r range
d-

tion ov

thpartic e sp o e

l90 Mev p on Ag (nat

va oration r
Unl was ca cu

l

f 82 Mev. Hence e

)

I'o =17 tl a = A/20

0
value of leve- ensi

0
~------ o =1,7 ~~ a =A/20 borr. corr.

for only one va

re
'

to
meter ro.

re normalize o
\

experimental eleb= l00'-

p r

ri
o li d to

the areas o e

J ~

rimenta ac w
'7 an ross.h fB'

bt ined
1 results are

ctra were o a''
entical neutron spect

with thefor r0=1.

E
~

]
i

30

IOO

f
80 f

f
E 60f'

40

20

12
I I

IO

'I I . I I

8
TRON ENERGY (Mev)NEU

s ectra os feva oration spom arison o e p
with 190-Mev pnat) bombarded w

f Gross, re erencf ce18 forethe results o

details of the ba

ith
'

ntalith the experimentad a reement with
trons wasth Io -energyne t opsp y

6 A rslt td with a=A
o low, as s ownsections are too o

Th
elude prompt-casca ein Tab e1 VI do not inc u

18according to Gross.



MONTE CARLO CALCULATIONS OF NUCLEAR PROCESSES. IV 789

TABLE VI. Comparison of experimental and calculated cross sections (in mb/sr) for the emission of neutrons, protons, deuterons,
H', He', and He4 upon the bombardment of ¹i,Ag, and Au with 190-Mev protons.

He' He4

Ni at 190 Mev

Experimental'

Prompt cascade (calculated)
ra=1 5 f, a=A/10
rp=1.5 f, a=A/20
ra=1.7 f, a=A/20
rp=1.7 f, a=A/20

Ag at 190 Mev

Experimental'

Prompt cascade (calculated)b
ra=1.5 f, a=A/10
rp ——1.5 f, a=A/20
ra=1.7 f, a=A/20
ro=1 7 f, a=A/20

Au at 190 Mev

Experimental'

Prompt cascade (calculated)
rp 1.5 f, a=A/10——

Forward

Backward

(Corr)

Forward

Backward

(Corr)

Forward

Backward

109.5

52.3
65.9
51.6
45.7
36.1

412

75
394
321.5
320.8
255.7

1085

131
980

120

69
55
90.5
76.5
80.6
81.8

128

65.8
67
49.05
46.2
42.05
53.4

136

34
80
12.31

9.25

4.43

6.57
11.2
11.5
12.85

13.7

5.84

8.69
17.6
18.0
22.5

2.06

0.98

0.70
1.72
1.87
1.93

4.53

1.97

1.52
6.18
5.62
6.87

1.93

0.92

0.92
2.16
2.62
3.95

1.76

0.64

0.28
1.18
0.997
3.02

17.4

9.65

5.75
10.0
13.95
26.0

232

14.1

9.07
17.67
20.25
58.35

15.0

9.91

2.40

Results of Bailey» and Gross. '8 The experimental neutron cross sections do not include prompt-cascade neutrons, according to Gross.
b The value given here is that from Metropolis et al.I' divided by 27r, since we assumed that the prompt nucleons go into the forward hemisphere.

The charged-particle spectra (Figs. 12, 13, 14, 16, 17,
and 18) show the same effects as were already observed
in the lower energy region. In these cases the effective
Coulomb barrier again seems to be lower than that
used in the calculations. In Figs. 12 and 16, pertaining
to proton spectra, the contribution of prompt-cascade
protons is visible even in the backward hemisphere.
This effect is far more evident in the forward direction.
The deuteron spectra (Figs. 13 and 17) show also a
contribution from prompt-cascade deuterons or—more
likely —pickup by outgoing prompt-cascade nucleons.

The calculated cross sections for the emission of
protons and alpha particles from Ni agree well with

the experimental values in the backward direction
particularly for a=A/20, Table UI. The agreement is
less satisfactory for Ag. The calculated deuteron cross
sections seem to be too high, especially in view of the
contribution of nonevaporation deuterons to the experi-
mental values. For deuterons, tritons, and He' par-
ticles a=A/10 seems to give better agreement with
experimental cross sections. However, the statistics of
the experimental and calculated values are rather poor
in the last three cases.

DISCUSSION

In Part III of this series the excitation functions of
various nuclear reactions are compared with the calcu-
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FIG. 18. Comparison of calculated evaporation spectra of alpha
particles from Ag (nat) bombarded with 190-Mev protons with
the results of Bailey, reference 17, for 8&,b=100 to 180 deg. For
details of the barrier correction see Discussion.
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FIG. 19. Comparison of calculated evaporation spectra of
neutrons from Au"' bombarded with 190-Mev protons with the
results of Gross, reference 18, for 8h„b=135 deg.
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lated values. " In general, the agreement is good.
A similar comparison made here for the cross sections
for production of light particles also indicates fairly
good agreement, depending on the choice of radius and
level-density parameters, Tables IV—VI. Especially
striking is the comparison given in Table VI, since it is
based on both a nucleon-cascade and an evaporation
calculation. An agreement within a factor of two is
indicated for most calculated entries in comparison
with the experimental values for the backward hemi-
sphere. In addition, the diGerence between the cross
sections for emission of protons in the forward and
backward hemispheres is in excellent agreement with
the value of the cross section given by the cascade
calculation, Table VI. It thus appears that the cross
sections for emission of light particles are consistent
with the two-stage model of nuclear reactions induced
by high-energy protons, namely, a prompt cascade
followed by an evaporation process. The treatment of
the first stage, however, will have to be modified to
account for the excess of heavier particles as well as of
nucleons in the forward hemisphere.

The comparison of the spectra, on the other hand,
indicates some serious discrepancies. The most striking
feature of the calculated charged-particle spectra is the
apparent displacement of the curves toward higher
energies with respect to the experimental results. This
discrepancy cannot be reduced by any reasonable choice
of level-density parameters. Although the barriers and
their penetrability used in the calculation seem to
need correction, this is not the sole difhculty, for the
neutron spectra from the reactions induced by high-
energy protons cannot be corrected in this way. This
latter discrepancy is particularly serious, since it
cannot possibly be explained by any of the direct-
mechanism reactions postulated so far, nor can it be
due to our incomplete knowledge of the Coulomb
barrier. Moreover, no such discrepancy has been found
in the lower energy region (Figs. 1—3). Changing the
nuclear-radius parameter from 1.5 f to 1.7 f does indeed
lead to a slight improvement in the spectra of charged
particles, but this is still far from sufhcient. This
change has no effect on the neutron spectra. There may
be two explanations, within the framework of the
statistical model, why the calculated and observed
spectra do not agree. In all our calculations we have
assumed constant density of nuclear matter within the
nucleus. The neglect of the diffuse edge of the nucleus

may be expected to lead to errors in the computed
inverse reaction cross sections. It is to be expected that
both classical Coulomb barriers and their penetrability
by charged particles will be aGected. " The neutron
cross sections may also be expected to be modi6ed as a
result of the change in the boundary conditions at the
surface and the reduced reQection of the outgoing wave.

"G. Igo, Phys. Rev. 117, 1079 (1960).

Scott" and later Evans' have suggested that the eGect
of the diffuse edge on the Coulomb barrier may be
approximated by using a larger eGective nuclear radius.
The choice of the larger nuclear-radius parameter
(rs ——1.7 f) may thus be regarded as a first approxi-
mation of the diffuse-edge effect. Igo has calculated the
inverse-reaction cross section for alpha particles, based
on a more correct representation of the nuclear surface. "
This would account for the emission of some lower-
energy alpha particles, but is of insufficient magnitude
to explain the large discrepancies noted in Figs. 8, 9, 10,
14, and 18. It is thus seen that the effect of the diGuse
nuclear surface alone is insufficient to account for the
discrepancies.

Another major correction may be necessary because
the inverse-reaction cross section has to be calculated
for the interaction of the outgoing particle and an
excited nucleus. For charged-particle reactions such a
dependence has already been postulated. Thus, Bagge
concludes that the Coulomb barrier is reduced as a
consequence of nuclear surface waves. "I eCouteur29 and
Fujimoto and Yamaguchi" have also assumed excita-
tion-dependent barriers. More recently the need for
such a correction was suggested by Fulmer and Cohen. "
Dostrovsky, Bivins, and Rabinowitz" have illustrated
the eGect of such a correction on the yields and spectra
of emitted particles. To investigate this point further
we repeated some of our calculations, using excitation-
dependent Coulomb barriers. The corrections used
were of the form

V= k Vs/L1+ (E./2A) 'j (2)

2 J. M. C. Scott, Phil. Mag. 45, 441 (1954).
sr J. A. Evans, Proc. Phys. Soc. (London) 73, 33 (1959).
28 K. Bagge, Ann. Physik 33, 389 (1938).

K. J.LeCouteur, Proc. Phys. Soc. (London) A63, 259 (1950}.
~ Y. Fujimoto and Y. Yamaguchi, Progr. Theoret. Phys.

(Kyoto) 5, 76 (1950).

where Vo is the classical Coulomb barrier and E„ the
residual excitation energy, and k is the penetration
coefficient (Table III).

This particular form was chosen so as to give the
same correction for Ag at 200-Mev excitation energy as
that suggested by I eCouteur. 29

At high excitation energies E„can be taken, to a good
approximation, as equal to the excitation energy prior
to the emission of the particle. This makes it possible
to use the same computer program with only minor
changes. At lower energies and towards the end of the
high-energy evaporation cascade this assumption is not
valid. The proper procedure would be to compute the
inverse reaction cross section for each choice of kinetic
energy of the outgoing particles. To do this properly
requires an entirely new program, and in view of the
tentative and doubtful nature of the correction, no
attempt has been made to compose such a program.
As is seen in Figs. 10, 12, 13, 14, 16, 17, and 18, the
barrier correction of Eq. (2) does indeed lead to a much
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better agreement with experimental spectra, and even
better agreement might possibly be obtained with other
values of ro and a. However, the cross sections for the
emission of deuterons, tritons, He', and He4 particles
are far too high with this correction, while that for the
neutrons is too low (Table VI). It should be remembered
that by use of Eq. (2) only the emission of charged
particles is corrected, while that of the neutrons remains

unchanged. This is evidently unsatisfactory, and a more
rigorous treatment should also attempt to describe the
dependence of the neutron-capture cross section on the
excitation energy of the target nucleus. The unfavorable
eQ'ect of the correction on the ratio of protons to alpha
particles emitted also indicates that its form is un-

satisfactory.
The same correction was applied also to the calcu-

lation of the alpha-particle spectra from the bombard-
ment of natural Ni with 162-Mev 0" ions (Fig. 10).
Here it seems to be somewhat too powerful, indicating
that the form chosen was not quite correct. However,

no attempts were made to find better forms of this
correction.

Clearly an excitation-energy-dependent Coulomb
barrier, as suggested by Fulmer and Cohen'0 and others,
will not in itself lead to a satisfactory agreement
between calculated and experimental spectra and par-
ticle cross sections.

A more rigorous treatment of inverse-reaction cross
sections, taking into account both the di6use edge of
the nucleus and its excitation, is highly desirable. Only
then will it be possible to examine more quantitatively
the validity of the statistical model.
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V. Emission of Particles Heavier Than He'

I. DosTRovsKY, Z. FRAENKEL, AND P. RABINowITz
The Weismann Instjtrtte of Science, Rehoooth, Israel

(Received November 20, 1959)

Previous Monte Carlo calculations of nuclear evaporation reactions have been extended to include the
emission of He', Li', Li', Li', and Be7 from Cu, Ag, Au, and Bi targets bombarded with high-energy protons
(340-2000 Mev). Comparison with available experimental results shows good agreement in most cases. A

discrepancy has been observed between the calculated and observed variation of Be formation cross section
with the mass of the target nucleus, but even here the agreement is within a factor of three. It is shown that,
for the usually chosen parameters of the calculation, a level density parameter of @=A/10 is necessary.

TUDIES of the evaporation of nucleons, deuterons,

~

~

~

~

tritons, He', and He' from various nuclei excited to
energies from a few Mev to a few hundreds of Mev were
reported in previous papers of this series. ' ' The in-
creasing availability of experimental measurements of
the formation cross sections and kinetic energy spectra
of particles heavier than He4 produced in high-energy
interactions4 ' make it useful to extend our calculations

'I. Dostrovsky, P. Rabinowitz, and R. Bivins, Phys. Rev.
111, 1659 (1958).' I. Dostrovsky, Z. Fraenkel, and P. Rabinowits, Proceedings of
the Second United Itiations International Conference on the Peacefnl
Uses of Atomic Fnergy (United Nations, Geneva, 1958), Vol. 15,
p. 301.'I. Dostrovsky, Z. Fraenkel, and G. Friedlander, Phys. Rev.
116, 683 {1959).

4 K. Baker, G. Friedlander, and J. Hudis, Phys. Rev. 112, 1319
(1958).

~ F. S. Rowland and R. L. %olfgang, Phys. Rev. 110, 175
(1958).' S. KatcoA, Phys. Rev. 114, 905 (1959).

r S. C. Wright, Phys. Rev. 79, 838 (1950).

to include such particles. In particular, it is interesting
to establish whether calculations based on the statistical
model are still valid for particles heavier than He4.

Approximate calculations of the emission of Be' from
various targets bombarded with high-energy protons
have recently been reported by Hudis and Miller to be
in reasonable agreement with measured cross sections. 4

The Monte Carlo computer program described by
Dostrovsky, Bivins, and Rabinowitz was modified so
as to include the emission of He', Li', Li', Li, and Be~

as competing process to the emission of the lighter
particles and fission. In dealing with these heavier
particles one slight complication arises in that most of
these have bound excited states. In the calculation
account has to be taken of the fact that these particles
may be emitted either in their ground state or in excited
states. This was done by considering a particle in its

e J. Hudis and J. M. Miller, Phys. Rev. 112, 1322 (1958).


