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Cross sections for the (p,pxn) reactions of Br™ and Br8! have been measured at 2.9 GeV. The cross sections
decrease monotonically as x increases, and the decrease with increasing « is faster for Br” than for Br8l. The
results are compared with Monte Carlo cascade-evaporation calculations. The experimental values are
larger than the calculated ones for x <3 but are in good agreement for x=4-5. The systematics of (p,pxn)
reactions at high energies are considered for a number of targets. A quantitative analysis of the (p,p3%) and
(p,p4n) reactions indicates that the evaporation process determines the variation in cross section from target

to target.

I. INTRODUCTION

HE investigation of (p,pxn) reactions at high
energies has received considerable attention in
recent years. Cross section measurements at GeV ener-
gies have been performed for Ga®,! Ga™,! As75,2 1273 and
U284 The interest in the cross sections for these reac-
tions stems from the fact that they may be used for a
fairly direct comparison with the results of the Monte
Carlo cascade calculations of Metropolis e/ al.® This
comparison tests the adequacy of the cascade calcula-
tion for fairly simple cascades. It is well known that the
cascade calculation grossly underestimates the cross
sections of (p,pn) reactions. It has been shown that this
is also the case for the (p,p2n) and (p,p3n) reactions of
Ga® and Ga™ as well as the (p,pan) (x=2-7) reactions
off I®7 in the GeV region. On the other hand, the
(p,p4n), (p,p5n), and (p,p6n) reaction cross sections for
the gallium isotopes are in agreement with the cascade
calculation. In view of this situation it seemed worth-
while to measure additional (p,pxn) cross sections for
targets between gallium and iodine and compare the
results with cascade-evaporation calculations. We re-
port the results of measurements on the (p,paxn) reac-
tions of Br” and Br® at 2.9 GeV. The cross sections are
compared with Monte Carlo cascade evaporation calcu-
lations and the situation is found to be similar to that
for the gallium isotopes. A comparison with the corre-
sponding cross sections for the previously studied targets
reveals several interesting trends which demonstrate the
effect of the evaporation process on the magnitude of the
(p,pan) cross sections.

II. EXPERIMENTAL

The experiments were performed in the course of a
study of (p,pn) reactions and details of the experi-
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mental procedure have already been given.® Only a
brief summary will, therefore, be presented in this
paper.

The irradiations were performed in the circulating
beam of the Cosmotron at an energy of 2.9 GeV.
The beam intensity was monitored by means of the
Al"(p,3pn) reaction whose cross section was taken as
9.1 mb.” The irradiation times ranged from 6 to 60 min.
In the course of this study 15 irradiations were
performed.

The targets consisted of NH4Br deposited to a thick-
ness of 2-4 mg/cm? onto filter paper by a previously
described® sedimentation technique. The targets were
prepared from highly enriched isotopes® (Br**—95.19,
Br#—96.39%,). The effect of such factors as target non-
uniformity, contribution of the backing material to the
observed activities, and loss of radiobromine from the
target due to hot-atom processes, was investigated. All
these effects were found to be small and the results re-
quired no corrections because of them.

Followingirradiation, the bromine targets were chemi-
cally purified from extraneous activities® and radio-
activity measurements were performed. The +v-ray
emission rate of the samples was assayed with a
scintillation spectrometer consisting of a 3-in.X3-in.
NalI(Tl) detector connected to either a 100-channel or a
256-channel pulse-height analyzer. The detector had
previously been calibrated with a number of standard
sources. The positron emission rate was also assayed
with this detector by measurement of the annihilation
radiation. The disintegration rate of Br? was deter-
mined by measuring the v rays of the Se’™ daughter,
since the decay scheme of Br? is poorly known. The
branching ratios®2 for the particular radiations that

6 N. T. Porile and S. Tanaka, Phys. Rev. 130, 1541 (1963).

7 J. B. Cumming, J. Hudis, A. M. Poskanzer, and S. Kaufman,
Phys. Rev. 128, 2392 (1962).

8 Obtained from Oak Ridge National Laboratory.

8 Nuclear Data Sheets, compiled by K. Way et al. (Printing and
Publishing Office, National Academy of Sciences—National Re-
search Council, Washington, D. C., 1960).

1o R, K. Girgis, R. A. Ricci, and R. Van Lieshout, Nucl. Phys.
13, 485 (1959).

LR, K. Girgis, R. A. Ricci, R. Van Lieshout, and J. Konijn,
Nucl. Phys. 13, 473 (1959).

( 12 V\)I F. Edwards and C. J. Gallagher, Jr., Nucl. Phys. 26, 649
1961).

397



398

TaBLE I. Detection procedures and assumed branching ratios.

Radiation
Nuclide detected® Branching ratio
6.5 min—Br”® Gamma BT—939,b
58 h—Br" Gamma 0.25-MeV v—319%,, 0.30-MeV y—
6.9%,° 0.52-MeV v—23%,, 0.58-
MeV v—7.59%,
16.1 h—Br7® Gamma B+—65%, 0.56-MeV v—33%, 0.65-
MeV y—10%4
1.6 h—Br? Radiations 0.26-MeV y—+0.28-MeV y—85%,°

of Se’ 0.40-MeV v—11.6%

a The detectors are described in the text.
b From Ref. 9.

¢ From Ref. 10.

d From Ref. 11.

e From Ref. 12.

were used as a basis of cross-section determinations are
listed in Table 1.

3. RESULTS

The measured cross sections are presented in Table II
and in Fig. 1. The number of separate determinations of
each cross section is listed in parentheses. The errors for
each cross section include both the standard deviation
in the mean as well as an estimate of the systematic
error ascribable to decay scheme or counting uncer-
tainties. This estimate is based on the agreement be-
tween cross sections obtained from the detection of
different vy radiations. The errors range from approxi-
mately 10 to 309,. The uncertainty in the cross section
for the Al¥"(p,3pn) reaction is not included in this
estimate. The relatively large errors reflect primarily the
uncertainties in the assumed branching ratios of com-
plex or poorly known decay schemes as well as the
difficulties in the analysis of rather complex vy-ray
spectra.

The product of the Br(p,7n) reaction and of the
Br™(p,5n) reaction decays to the product of the corre-
sponding (p, p(x—1)n) reactions prior to chemical
separation. Recent measurements of (p,x#) reactions in
this mass region! indicate that the (p,x%) cross sections

TasLE II. Experimental cross sections at 2.9 GeV.

Cross section

Target Reaction (mb)

Br® (p,pm)® 59 45
(#,p3n) 14.54-2.4(4)®
(p,p4n) 10.0-£2.1(4)
(p,p5n) 9.34+1.0(4)
(p,p6m) 2.34-0.5(4)

Br® (p,pm)® 56 =+3
(p,p2m) 25.84-7.0(4)
(p,p3n) 12.341.3(4)
(p,p4n) 6.2::0.6(2)

a From Ref. 6.

b.The numbers in parentheses refer to the number of separate determi-
nations of each cross section.
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in question should be smaller than the corresponding
(p, p(x—1)m) cross sections by at least a factor of 100.
None of the other (p,xn) reaction products decays ap-
preciably to the corresponding (p, p(x—1)n) products
prior to chemical separation.

Several of the (p,pan) products can be formed from
both Br? and Br®. Small corrections for this effect were
applied to the measured cross sections on the basis of the
known isotopic enrichments.

It is seen that the cross sections for the (p,pan) re-
actions decrease as the number of emitted neutrons
increases and that the decrease is faster for Br™ than
for Brd. Similar trends have been noted for the (p,pxn)
reactions of Ga® and Ga™! These trends may be
attributed to the increasing probability of additional
proton emission during both the cascade and evapora-
tion phases of the reaction as the number of emitted
neutrons increases. The faster decrease observed for
Br? is consistent with the fact that, other factors being
equal, the proton evaporation probability increases as
the evaporating nuclide becomes more neutron deficient.

1IV. DISCUSSION

The results may be compared with the predictions of
Monte Carlo calculations based on a cascade-evapora-
tion mechanism. Cascade calculations were available for
Cu® and Ru'® for an incident proton energy of 1.84
GeV.12 In view of the small difference in the distributions
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Fic. 1. Cross sections for the (p,pxn) reactions of Br8! and Br™
at 2.9 GeV.

13 Data kindly made available to the authors by Dr. G.

Friedlander.
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of residual nuclei and excitation energy calculated for
Cu% and Rul®, it seemed appropriate to use the results
for Cu®. Each residual nucleus was shifted in charge and
mass number to correspond to the Br™ and Br?® target
nuclei, and then used as the starting point for a Monte
Carlo evaporation calculation. Cascades leading to a
deposition energy of more than 100 MeV were not used
for the evaporation calculation as it was established that
none of the nuclides of interest could be formed at these
high excitation energies. The evaporation calculation
was performed by an adaptation of the Monte Carlo
treatment due to Dostrovsky, Fraenkel, and Fried-
lander.’* The level density parameter was taken as
a=A4/20 in a level density expression of the form
W (E) cexp{2[e(E—8)]"2}. Cameron’s § values!® were
used for the pairing energy correction. The nuclear
radius parameter was taken to be 1.5 F. The branching
ratios for the evaporation process were obtained on the
basis of 20 evaporation runs for each of about 100
starting nuclei. It should be noted that the calculations
have been performed at an incident proton energy of
1.84 GeV, while the experimental points were obtained
at 2.9 GeV. Previous excitation function measurements
for (p,pxn) reactions!? indicate that the cross sections
of these reactions have a negligibly small energy de-
pendence between 1.8 and 2.9 GeV. A comparison
between experiment and calculation thus is justifiable.

The ratios of experimental to calculated cross sections
are given in Fig. 2. The error bars include the uncer-
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F1c. 2. Ratios of experimental to calculated cross sections for
the (p,pxn) reactions of Br® (open points) and Br? (closed
points).

4T, Dostrovsky, Z. Fraenkel, and G. Friedlander, Phys. Rev.
116, 683 (1959).
18 A, G. W. Cameron, Can. J. Phys. 36, 1040 (1958).
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Fic. 3. Variation of (p,pxn) cross sections with x in the low
GeV region for a number of targets. The sources of these results
are given in the text,

tainties of both experimental and calculated values. The
uncertainty in the calculated value is due to the limited
number of available cascades. It is seen that the ratios
decrease with increasing number of emitted neutrons
and indicate that experiment and calculation are in
agreement for x=4-5. This result is quite similar to that
previously noted for Ga® and Ga™. The discrepancy
between experiment and calculation for #< 3 has been
attributed to several approximations in the cascade
calculation. These result in an underestimate of the
relative number of cascades with low deposition energies
involving the emission of only a few nucleons. These
approximations are believed to include the lack of a
diffuse nuclear surface and an overestimate of the im-
portance of meson processes.

A comparison of the (p,pxn) reaction cross sections
for different targets reveals some interesting trends as
shown in Fig. 3. The most notable feature is the differ-
ence in the cross sections of the (p,pan) reactions with
x> 4, which is suggestive of the effects of the evapora-
tion process. The (p,pxn) reactions with x>4 un-
doubtedly involve the evaporation of one or more
neutrons following a (p,pa’n) cascade. Proton evapora-
tion competes at each stage of the evaporation process
and depresses the cross sections of these reactions. This
effect is more pronounced for the lighter targets where
proton evaporation competes favorably and leads to the
observed trend. The effect of proton evaporation follow-
ing a (p,xn) cascade works in the opposite directicn, but
is much smaller in magnitude because of the low
probability® of (p,xn) cascades. Differences in the distri-
bution of residual nuclei following the cascade may also
contribute to the observed trend but the cascade
calculations indicate that this effect is very small.

A more quantitative interpretation of the observed
trend may be made with the aid of evaporation calcula-
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Fic. 4. Dependence of experimental (p,p4n) reaction cross
sections on the calculated neutron branching ratios F;, for the
consecutive evaporation of 1, 2, 3, or 4 neutrons. The targets are
identified in the graph for ¢=4.

tions. If the very small contribution of (p,x#) cascades
followed by proton evaporation is neglected the cross
section for a (p,pxn) reaction is given by

z Ep

o (p,pan)= Z=%) oo i(E¥) fi(E¥)AE*, (1)

where o, ;(E*) is the differential cross section for a
(p, p(x—12)n) cascade with a residual excitation energy
E*and f;(E*) is the branching ratio for the consecutive
evaporation of ¢ neutrons from the residual nucleus in
question. The integration is performed over all possible
excitation energies. In practice, f;(E*) is a sharply
peaked function while o, ;(£*) is expected to vary more
gradually with E*, Furthermore, o, ;(E*) may, ac-
cording to the cascade calculations,® be taken as the
same for all targets under consideration. Under these
conditions Eq. (1) may be approximated by

o (p,pan)= 2}0 —iFs, (2)

where F';is the neutron branching ratio evaluated at the
energy corresponding to the peak value of f;. Let us
consider the dependence of o(p,pxn) on each of the
terms in this summation. It is seen that ¢ is directly
proportional to F,;. A plot of the experimental (p,p4n)
cross sections in the low GeV region against the calcu-

N. T. PORILE AND S. TANAKA

lated values of F; is shown in Fig. 4. The calculated
values were obtained by means of the above-mentioned
Monte Carlo evaporation program. The straight lines
are drawn through the origin and the experimental
points. It is seen that the cross sections show an ap-
proximately linear dependence on F; for every value of
1, 1.e., 0 (p,p4n) =c,F ;. A possible solution of Eq. (2) may
be obtained from the slopes of the lines in Fig. 4 to the
extent that the linear approximation is valid. The
following expression is obtained for the (p,p4n) reaction
cross section:

o(p,p4n) =1.9F1+3.0F1+4.2F;+5.5F,mb.  (3)

It should be emphasized that the numerical coefficients
in Eq. (3) are not necessarily equal to the cross sections
for forming the various residual nuclei in the cascade
process. This is due to the fact that it is not possible to
obtain a unique solution to Eq. (2) from the type of
analysis under consideration. Furthermore, the analysis
does not consider the direct formation of the product in
the cascade and the contribution of this process is
included in the other terms of Eq. (3). The above equa-
tion should, thus, be taken as a semiempirical expres-
sion based on the assumption that the difference in
(p,p4n) reaction cross sections for different targets is
due to differences in the probability for neutron evapo-
ration. This expression is expected to be wvalid for
targets and bombarding energies such that the distribu-
tion of cascade products is similar to that for the cases
under consideration. The shape of the excitation func-
tions for (p,pxn) reactions'? indicates that Eq. (3) is
not valid below about 1.5 GeV. We estimate that Eq.
(3) is accurate to within approximately 109, from the
scatter of the points about the straight lines. The maxi-
mum observable (p,p4n) cross section predicted by
Eq. (3) is 14.64=1.5 mb.

A similar analysis of the (p,p3n) reaction indicates
that the cross-sections for this reaction may be repre-
sented by the expression

o(p,p3n)=5.3F1+6.0F+7.3F; mb, ()

to within an average deviation of 209;. An analysis of
this type would be of value for (p,pxn) reactions with
x2>4 but not enough data are as yet available on these
reactions. .
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