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The cross sections of a number of (p,ypxn) reactions (y=0-4, x=23-12) of silver and indium with 200-
and 400-MeV protons have been determined. The results are compared with calculations based on the Vegas
and Metropolis cascade codes and a Monte Carlo evaporation calculation. Poor agreement is obtained with
respect to both the magnitude of the cross sections and the ratios of isobaric yields. Several possible sources

of these discrepancies are discussed.

I. INTRODUCTION

HE interaction of high-energy protons with com-
plex nuclei is commonly considered to involve a
two-step mechanism. In the first step, an intranuclear
cascade is generated by a series of successive nucleon-
nucleon collisions. The result of the cascade is the emis-
sion of prompt particles and the formation of a variety
of residual nuclei having a broad spectrum of excitation
energies. These residual nuclei deexcite in a slower
second stage by the evaporation of particles and the
emission of electromagnetic radiation.

Theoretical analyses of the cascade-evaporation
process have usually involved Monte Carlo calculations
of each of these steps. The calculation predicts the cross
sections and recoil properties of spallation products and
these can be compared with experimental determina-
tions of these quantities. A number of comparisons of
this type have been reported for a variety of targets
and bombarding energies.'~1%
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The present study falls into this category. The cross
sections of a number of (p,yprxn) (y=0-4, x=3-12)
reactions of indium and silver with 200- and 400-MeV
protons have been measured. The results are compared
with cascade-evaporation calculations. The Monte
Carlo cascade codes used in this comparison include
that by Metropolis et al.'® as well as two versions of
the recent Vegas calculation by Chen et al.1” The results
of all these computations were combined with a Monte
Carlo evaporation calculation based on the code of
Dostrovsky et al.’® A comparison of the predicted recoil
properties with experimental data for the reactions of
present interest is given in the following paper.?

The choice of indium and silver as targets was dic-
tated by the fact that the competition from fission is
small (¢7~0.3 mh)? so that this process can be ignored
as a competing deexcitation mode in the calculations.
In addition, the results can be correlated with experi-
mental data obtained in nuclear emulsion studies.2® The
experimental procedure is described in Sec. IT and the
results are given in Sec. ITI. Section IV presents the
comparison between experiment and calculation.

II. EXPERIMENTAL PROCEDURE

Targets of metallic silver or indium were irradiated
with 200- and 400-MeV protons at the Carnegie In-
stitute of Technology synchrocyclotron. Product nu-
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TastLE 1. Decay properties of observed nuclides.
Method of
Nuclide Mode of decay L/K» T2 detection D/Ab
Pdtoo 100% E.C. 0.153  3.63 day x ray 0.801¢
Pdio 96.8% E.C.;3.2% B8* 0.124 84 h xray 0.885d
Aglot 10.1 min daughter
Pdre? 100% E.C. 0.124 17 day xray 1.23¢
Aglos 1 h daughter
Aglos 100% E.C. 0.120 40 day xray 1.27¢
Cdtos 55 min daughter
Aglsm 1009 E.C. 0.120 8.3 day «xray 1.28e
Agit 1009% B~ 7.5 day B~ 1.00¢
Ag? 1009% B~ 3.2h s~ 1.00e
Ag3 100% B~ 53h B~ 1.00e

a Ratio of L/K electron capture [H. Brysk and M. E. Rose, Rev. Mod.
Phys. 30, 1169 (1958)], multiplied by the factor 1.13 [Berol L. Robinson
and Richard W. Fink, Rev. Mod. Phys. 32, 117 (1960) ].

b Disintegration per emitted radiation. Values of nuclides measured via
x ray contain corrections for percentage electron capture, fraction of K
capture, fraction of K vacancies resulting from y rays of associated daughter
and fluorescence yield of the daughter nuclide.

¢ Based on decay scheme proposed by J. S. Evans and R. A. Naumann,

Phys. Rev, B138, 1017 (1965).

d Based on decay scheme proposed by J. S. Evans, E. Kashy, R, A. Nau-
mann, and B. F. Petry, Phys. Rev. B138, 9 (1965).

e Based on decay schemes as described in Nuclear Data Sheets, compiled
by K. Way et al. (Printing and Publishing Office, National Academy of
Sciences—National Research Council, Washington 25, D. C., 1966).

clides of cadmium, silver, and palladium were selected
for study on the basis of their convenient radioactive
decay properties, as listed in Table I. The half-life of an
unreported silver isotope Ag'®! was determined in the
course of this investigation.?!

The target assembly consisted of 0.002-in.-thick in-
dium or 0.003-in.-thick silver foils of >99.99%, purity,
surrounded by 0.001-in. aluminum catcher foils of high
purity, followed by 0.001-in. aluminum monitor foils
and wrapped with 0.001-in. aluminum.?! The dimen-
sions of each foil were 1 in.X1 in. Each target foil was
cleaned by dipping in dilute nitric acid prior to bom-
bardment. The periods of irradiation varied from 1 to
45 min as described in column 4 of Tables II and III.
Solution of the target foil in nitric acid was performed
immediately after the irradiation in the determinations
of the short-lived nuclides, or two to four days later in
the case of the long-lived products. The solution was
diluted to 1000-ml and 5-ml aliquots taken for analysis.
Duplicate samples were analyzed in the majority of the
determinations.

Standard radiochemcial procedures for silver and
palladium were used to isolate the respective activities.?!
The final precipitates of silver chloride or palladium
dimethylglyoxime (~9 mg/cm?) were filtered onto tared
filter disks, washed, dried, weighed, and mounted on
aluminum cards for counting.

The activities of Agl?!, Ag!®, and Cd'*® were deter-
mined via their respective daughter activities. Removal
of the initial daughter activity and isolation of the
parent was rapidly carried out for these nuclides follow-
ing the irradiation. The procedure for silver has been
described elsewhere.?! For Cd!%, three successive silver
chloride precipitations were followed by the precipita-

21 John A. Panontin and Albert A. Caretto, Jr., J. Inorg. Nucl.
Chem. 28, 1795 (1966).
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tion of cadmium sulfide. The sulfide was allowed to
stand for 24 h to permit the complete decay of Cd'%
into Ag'%. The sulfide was then dissolved in the presence
of silver carrier and silver radiochemically separated.
In the determinations of Pd!®!, the target foil was dis-
solved 13 to 2 h after the irradiation to permit the
quantitative decay of Ag!®! into Pd'®!. The final separa-
tions of silver in the Ag!'? and Ag!!?® experiments were
carried out approximately 6 to 8 h after the irradiation,
thereby reducing the contributions from the shorter-
lived silver nuclides.

The radioactive decay measurements were performed
with the following two instruments. A calibrated Nal
crystal spectrometer coupled to a multichannel analyzer
was used to determine the x-ray emission rate of the
palladium and silver nuclides. A calibrated end-window
methane-flow B-proportional counter was used to meas-
ure the disintegration rate of the neutron excessive silver
products as well as that of Na?* in the monitor foils.

The activity of each nuclide at end of bombardment
was determined by means of a least-squares analysis of
the decay curves. This was performed by a computer
program, which also obtained the best half-life fit to the
data?!. The analysis of 33 palladium decay curves gave
a half-life of 8.27240.09 h for Pd!’t,

TaBLE I1. Formation cross sections of silver and palladium nuclides
from silver with 200- and 400-MeV protons.

) o(mb) 7'(min)
Nuclide 200 MeV 400 MeV Length of irradiation

Pdoo(c) 19.14+0.3 14.840.3 45
19.5+0.5 15.840.5 45
17.84+0.5 15.34+0.3 S

Average 18.8+0.9 15.340.5
Pdri(c) 40.241.2 33.5+0.5 5
Agloi(c) 8.410.3 5.1+0.1 1
9.340.2 5.1£0.1 1

Average 8.9+0.5 5.1+0.0
Pd19(c) 68.8423  47.5:£09 45
71.34+1.8 51.0+1.5 45
62.5+1.7 49.4+0.7 5

Average 67.5+4.6 49.3+1.8
Agl03(c) 42.7£1.2 35.146.5 45
44.041.1 28.8+1.2 45
40.8+1.1 26.0+£0.9 S

Average 42.5+1.6 28.041.5

Agl%(c) 60.6+1.3 41.0£0.8 43
62.6+1.0 429413 45
60.7£1.7  42.0+0.6 5

Average 61.2+1.1 42.0+1.0
Cds(z) 10.842.0 4.14+0.9 1
12.642.2 4.44-0.9 1

Average 11.7+0.9 4.34+0.2
Agloom(5) 17.34£0.5  13.120.5 45
17.44-0.6 12.940.4 45
16.94-0.3 13.14£0.3 5

Average 17.2+0.3 13.140.1

s Weighted average. Weight for each value was taken as inversely pro-
portional to its estimated error,
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The activities of Pd and Pd! were determined by
programming that section of the decay curve in which
Rh0 js in equilibrium with Pd!®, The activity of P4
was corrected for the presence of Rh!% by an empirically
determined factor. A least-squares analysis of three
decay curves, in which the Pd!%0-Rh!% activities were
less than 0.19, of the total activity, gave a half-life of
16.94-0.1 day for Pd. An analysis of the residual
decay curves of these samples after subtracting the
contribution of Pd!®® from the gross activity gave a
half-life of 87.24-2.1 h for Pd.

The x-ray decay curves of the silver samples from
both targets were programmed with 40- and 8.3-day
half-periods to yield the corresponding activities of Ag'%%

TasLe III. Formation cross sections of silver and palladium
nuclides from indium with 200- and 400-MeV protons.

o (mb) T (min)
Nuclide 200 MeV 400 MeV  Length of irradiation
Pdo(c) 2.58 £0.05 8.79 +£0.07 45
2.81 £0.06 8.65 +0.15 45
3.04 £0.09 9.01 £0.15 5
Average  2.81 40.22 8.82 +0.17
Pdi(c) 102 404 202 04 5
Agli(c) 1.5 £00 3.8 0.1 1
1.7 400 3.5 +0.1 1
Average 1.6 =+0.1 3.7 £0.2
Pd3(c) 240 +04 368 +0.1 45
228 +£04 358 +0.5 45
244 0.7 37.5 £0.7 5
Average 23.7 09 367 0.9
Agl%3(c) 20.2 +02 254 0.1 45
208 +0.4 258 +0.7 45
164 +04 31.8 +0.5 5
Average 19.1 24 277 3.6
Agl%s(c) 38.6 +£06 401 0.6 45
371 06 389 0.5 45
39.0 +1.3 413 08 5
Average 382 +£10 401 13
Cdros(c) 153 04 139 0.5 5
160 +£04 13.0 04 5
Average 15.7 £04 135 0.5
Aglosm(z) 146 +£0.6 169 0.6 45
142 +04 161 0.5 45
143 +£03 17.0 £0.5 5
Average 144 02 167 =05
Agi(c) 2.37 £0.07 3.77 £0.14 45
2.34 004 3.88 3-0.05 45
2.31 £0.02 3.76 £0.01 5
2.25 4005 3.54 +0.07 1
2.38 +0.04 3.58 +0.06 1
Average  2.33 0.02 3.71 £0.06
Ag12(z) 1.20 £0.07 1.82 £0.09 1
1.14 +0.05 1.80 +0.09 1
Average  1.17 £0.03 1.81 +0.01
Agh13(3) 0.042-+0.039  0.299-+:0.048 1
0.09940.026 0.27240.048 1
Average  0.0760.031* 0.2863-0.014

s Weighted average. Weight of each value taken as inversely proportional
to its estimated error.

NUCLEAR REACTIONS OF Ag AND In

1275

TaAsLE IV. Comparison of measured cross sections of products
from silver bombarded with 400-MeV protons.

a(mb)
Nuclide Kurchatov ef al.» Present work
Pdlo(c) 13.4 (12.7)® 15.34+0.5
Pdoi(c) 204 (19.4) 28.44-0.5
Pqros 10.7 (10.0) 22.44-2.6
Aglod(c) 6.0 ( 5.4) 26.9+£1.6
Aglos 29.0 (26.2) 37.61.2
Agloom(7) 10.7 (10.0) 13.1£0.7
Cd1os(z) 1.7 ( 1.3) 4.340.2

a Reference 23. .
b The values in parentheses are the values reported by the authors for
480-MeV protons.

and Ag!%m, The 8 decay curves of the samples from
the silver targets were treated in the same manner.
From these data, appropriate conversion factors of x-ray
to B activity of Ag!% and Ag!%m were determined. The
B activities of Ag!'l, Ag''?) and Ag!® from the indium
targets were then obtained by subtracting the 8 activi-
ties of Ag'% and Ag!%™ calculated from their respective
x-ray activities from the gross 8 activity.

The monitor activities were analyzed with 15.0-h and
2.60-year half-periods to yield the respective activities
of Na?t and Na??.

The activities of Ag!®l, Agl% and Cd5 at the time of
separation from the corresponding daughter activities
were obtained by means of the standard relationship.
The activities of these nuclides at the end of bombard-
ment were obtained by use of the half-lives given in
Table I. The resulting values were then increased by an
estimated 3% to correct for scavenging losses in the
milking experiments.

III. RESULTS

The activities of each product were corrected for
chemical yield, detector efficiency, recoil loss, aliquot,
and disintegration conversion factors, and the cross
sections calculated by the standard relationships. The
measured cross sections are relative to that of the Al?7
(p,3pn) monitor reaction. The reported?? values of 9.3
mb at 200 MeV and 10.5 mb at 400 MeV were used.
The results are presented in Tables IT and III, where
column 1 gives the product nuclide and type of for-
mation, i.e., (¢) independent or (¢) cumulative, columns
2 and 3 the cross section for 200- and 400-MeV protons,
respectively, and column 4 the length of the irradiation
in minutes. In those cases where more than one deter-
mination was made, the average cross section as well
as the individual values is given. The uncertainties
quoted for the average cross sections are the standard
deviations in the mean. Those listed for the individual
determination are estimates of the random errors as-
sociated with decay curve analysis, chemical yield de-
terminations, and foil thickness measurements. The
over-all uncertainty of the measurements is estimated

22 J. B. Cumming, Ann. Rev. Nucl. Sci. 13, 261 (1963).
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Fic. 1. Comparison of calculated cumulative cross sections with
experimental values of observed Cd, Ag, and Pd nuclides from 200-
MeV proton bombardment of natural indium, (Calculated curves
based on Vegas cascade program with refraction.)

to be about 209, for the electron capture products and
approximately 129, for the 8 emitters. This is mainly
comprised of the systematic error associated with the
efficiencies of the detectors (59%), the uncertainty in the
cross section of the monitor reaction (6.59%,), and the
uncertainty in the conversion of x-ray activities into
disintegration rates (10%).

The present results may be compared with the work
of Kurchatov et al.? These authors studied the spal-
lation of silver with high-energy protons. The most per-
tinent comparison may be made with their results at
480 MeV. Their data are compared with the present
work in Table IV, a correction having been made for the
difference in bombarding energy by means of the energy

28 B. V. Kurchatov, V. N. Mekhedov, N. I. Borisova, M. Ya.
Kuznetsova, L. N. Kurchatova, and L. V. Chistyakoy, in Peaceful
Uses Atomic Energy, Moscow, 1955 (unpublished); U. S. Atomic
Energy Comission Translation 2435, 1955, Part 2, p. 111,

(unpublished).
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dependence found in the present work. The results of
the two studies show rather poor agreement. The present
cross sections thus are greater by factors of 1.2 to 4.5.
Kurchatov ef al.? report a reaction cross section of 430
mb from a summation of all yields, both measured and
interpolated, and note a discrepancy between their re-
ported value and that obtained from emulsion studies?*
for the same bombarding energy, 7534150 mb. The
latter is in good agreement with the value 85685 mb,
estimated for silver bombarded with 400-MeV protons
from an analysis of the present and other radiochemical
data.” The cumulative cross sections are plotted as a
function of mass number in Figs. 1-3. The same general
trend is observable for both targets at the two bombard-
ing energies, namely a decrease in cumulative cross

1000, T T T
Experimental Calculated -
0O Cd Products E Cd
@ Ag Products % Ag
O Pd Products N Pd
100}
50
o (mb)
oF
5
b 35 103 107
A

F1c. 2. Comparison of calculated cumulative cross sections
with experimental values of observed Cd, Ag, and Pd nuclides
from 200-MeV proton bombardment of natural indium. (Calcu-
lated curves based on Vegas cascade program without refraction.)

* G. Bernardini, E. T. Booth, and S. J. Lindenbaum, Phys.

Rev. 88, 1017 (1952).
% J. A. Panontin (to be published).
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section with decreasing product mass. This trend is in
the main a consequence of the shape of the deposition
energy spectrum of the residual nuclei formed in the
cascade. It is, of course, expected that the various
curves will go through a maximum as the mass number
of the product approaches that of the target.

The energy dependence of the measured cross sec-
tions is summarized in Table V. It is seen that the
cumulative yields of the (p,xn), (p,pan), and (p,2pxn)
products exhibit an inverse dependence on bombarding
energy, whereas the cumulative yields of (p,3pxn) and
(p,4pan) products exhibit a direct dependence. These
observations undoubtedly reflect a relative decrease
with increasing proton energy in low-deposition energy
events and a concomitant increase in high-deposition
energy events. Further, the (p,an) (p,paxn) and (p,2pxn)
reaction cross sections show an energy dependence that
parallels that of the elementary nucleon-nucleon cross
sections. This behavior is indicative of the importance

1000 v T T
Experimental Calculated T
J
L O Cd Products E Cd 4
® Ag Products % Ag
O Pd Products N Pd
100+

o~ (mb)

97 o1 105 109
A

Fic. 3. Comparison of calculated cumulative cross sect'ions with
experimental values of observed Cd, Ag, and Pd nuclides from
400-MeV proton bombardment of natural silver. (Calculated
curves based on Vegas cascade program with refraction.)
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TasLE V. Calculated® and experimental ratios of the cumulative
cross section of a product from 400-MeV protons bombardments
to the value from 200-MeV proton bombardments of silver and
indium.

Target Product Calculated®  Experimental
Ag Pdioo 0.69+ 0.11  0.82+0.05
Pqo 0.69+4 0.11  0.83+0.03
Pdros 0.654 0.09  0.7340.06
Agot 048+ 0.12  0.57+0.03
Aglos 0.61% 0.16  0.6620.16
Aglos 0.55+ 009  0.694-0.02
Cdos 0.454 0.13  0.36=0.03
In Pdroo 17.2 +£10.5 3.14-£0.26
Pqtot 3.1 4 09 1.98+0.09
Pdios 1.254+ 0.24  1.5540.07
Agit 9.2 £ 5.8 2.30+0.13
Aglos 1.81+ 0.41 1.44+0.25
Aglos 1.30+ 0.25 1.0524-0.04
Cetos 1.37+ 0.31 0.86-+0.04
Agli—23 7.6 + 8.7 1.624-0.04

a The calculated cross sections have been normalized by the appropriate
factors in Table IV.

b The calculated cross sections used to determine the ratios in this
column are based on the Vegas program with refraction, STEP.

of the cascade process in determining the yields of the
simple nuclear reactions.

The measured cross sections may be used to infer a
number of independent yields. The independent cross
sections for the formation of Pd!% and Pd!*! may thus
be obtained directly from the respective measured
values by subtracting the cumulative cross sections of
Ag! and Ag'®l. The independent cross sections for
the formation of the latter may in turn be obtained with
the aid of estimated?® values of the cumulative cross
sections of the corresponding cadmium nuclides. Since
the contribution of these very neutron-deficient products
is small, reasonably accurate independent yields may
be obtained. The independent cross sections obtained
in this fashion are summarized in Table VI and the
corresponding isobaric yield ratios are given in Table
VII

The experimentally determined isobaric yield ratios
exhibit an unusual dependence on the neutron-to-pro-
tron ratio (V/Z) of the target. In all but one instance
the more neutron-deficient member of an isobaric pair,
e.g., Agi is preferentially formed from the more
neutron-rich target, i.e., In!*®. This result is in sharp
contrast with the observation by Porile and Church!®
that, other factors being equal, the more neutron-
deficient isobaric products will preferentially be formed
from the more neutron-deficient target and the more
neutron-excessive products from the more neutron-
rich target. This conclusion was based on a study of
isobaric yields of products with 4=72 formed in re-
actions of 1.8-GeV protons with Zr%, Mo%, and Ru®.
The data of Kaufman?® on the formation of the 4 =72
isobars from heavier elements support the conclusions
of Porile and Church.? These conclusions can be re-
garded as a modification of the earlier observation by

26 Sheldon Kaufman, Phys. Rev. 128, 1866 (1963),
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TaBLE VI. Comparison of experimentally determined independent formation cross sections with Monte Carlo calculations.

Bombarding
energy Target Product o (expt) a(calc)® a(calc)b a(calc)®
200 MeV Silver Cd1ws 11.740.9 24,9442
Aglts 49.44+1.5 25.64+4.3
Agl® 40.54+2.1 48.44+5.9
Pqus 25.243.1 1194238
Agin 8.8+0.5 27.14+4.4
Pd 311417 24.54+4.2
Pdo 16.3+1.6 34.0+4.9
Indium Cquosd 15.740.4 27.64+4.6 41.746.0
Agos 22.5+1.4 9.7£2.7 43420
Agl® 19.0+2.3 20.9+4.0 20.0+4.2
Pds 3.7+1.0 13.44+3.2 4.342.0
Aglt 1.640.1 22413 8.742.7
Pd 8.640.5 10.44-2.8 6.14+2.3
Pgio 2.9+0.3 22413 9.6+2.9
400 MeV Silver Cdos 4.340.2 113429 5.6+1.9
Agls 37.6+=1.2 16.543.2 20.743.6
Agi 27.3£1.7 30.9+4.4 26.4+4-4.1
Pqws 21.642.6 10.14+2.5 13.242.9
Agit 5.1+0.0 13.3£2.9 15.743.2
Pd 28.2+0.5 22.843.8 23.8+3.9
Pdwo 14.04-0.9 27.244.2 28.24-4.2
Indium Cdwsd 13.540.5 37.945.7 43.1+7.5
Aglos 26.6+1.8 10.6+3.0 144443
Agl®s 27.443.5 28.2+5.0 13.144.2
Pdwos 9.541.2 3.6+1.8 9.24-3.4
Agit 3.7+0.1 17.7+£4.0 144443
Pquor 16.54-0.5 18.5+4.0 17.044.7
Pduo 9.1+0.4 273449 22.24-5.4

a Vegas with refraction. b Vegas without refraction.

Miller and Hudis?” that the isobaric yield ratios are in-
dependent of target provided the products are at least
a few mass and atomic numbers removed from the
target. The latter conclusion is still expected tobe
valid, provided the various targets have nearly the

same N/Z.

IV. COMPARISON WITH MONTE CARLO
CALCULATIONS

The experimental results may be compared with the
Monte Carlo cascade calculations by Chen et a.7 and
by Metropolis ef al.*® The Vegas program, in its STEP
version, takes into account the radial variation of the
nuclear density by dividing the nucleus into seven con-
centric zones of different constant density. Refraction
and reflection of the cascade particles at the interfaces
of these zones are included in the calculation. On the
other hand, the Metropolis code!® assumes a nucleus
of constant density and does not consider reflection and
refraction. The output of each of these calculations con-
sisted of about 500 cascades each of which is charac-
terized by the atomic number Z, mass number 4, and
excitation energy U, of the product nucleus.

The Metropolis calculation was compared with the
400-MeV data. The calculation for Ru'® bombarded by
460-MeV protons was used for this purpose. The Z and

27 ], M. Miller and J. Hudis, Ann. Rev. Nucl. Sci. 9, 159
(1959).

¢ Metropolis et al.

d Cumulative yields.

A values of the cascade products were appropriately
shifted to correspond to Ag'®?, Agl®%, and In!!s targets.
The slight difference in energy between experiment and
calculation primarily manifests itself in a small dif-
ference in the number of predicted particles emitted
in either the cascade or evaporation phase, this number
being smaller at 400 MeV. On the other hand, the differ-
ence in target mass between experiment and calcu-
lation leads to a small effect in the opposite direction
because of the increase in the average excitation energy
with target mass. It was assumed that these two small
effects balanced each other so that the only allowance
made for the differences between experiment and calcu-
lation was the above-mentioned shift in the Z and 4
values.

The Vegas calculation!” was programmed for 200-
and 400-MeV protons incident on Ag!% and In!!5. The
(Z,4) distribution for Ag!% was shifted to correspond
to Ag!%7 and Ag!®®. The computation at 200 MeV was
also performed with the STEPNO version of the program
in which refraction and reflection effects are not
considered.

The cascade products were used as the starting nuclei
for an evaporation calculation based on the Monte
Carlo code of Dostrovsky et al.’8 The calculation used a
level density parameter a=4/10, pairing energies listed
by Cameron,?® and the inverse reaction cross-section

% A. G. W. Cameron, Can. J. Phys. 36, 1040 (1958).
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TasLE VIIL. Experimental and calculated isobaric yield ratios.

Bombarding
energy Target Ratio R (expt) R(calc)® R(calc)® R(calc)®
200 MeV Silver Cd1s/Aglos 0.2440.02 0.97+0.23
Agl03/pdus 1.6 +0.2 4.1 1.1
Agl"/pqt 0.284:0.02 1.1 403
Indium Cds/Agls 0.70=:0.05 2.8 +0.9 9.74+4.8
Agl%/pdis 5.1 =+1.5 1.6 +0.5 4.7+£2.4
Aglt/Pdi 0.194:0.02 0.211+0.14 1.440.7
400 MeV Silver Cd105/ Aglos 0.11:+0.01 0.680.22 0.274:0.10
Agl®/Pd1s 1.3 +0.2 3.1 £09 2.0 0.5
Agll/pdt 0.18+0.00 0.58=4:0.16 0.66:0.17
Indium Cdws/Aglos 0.5140.04 3.6 1.2 3.0 1.0
Agls/pdus 2.9 0.5 7.8 +4.1 1.4 0.7
Aglol/pq 0.22+0.01 0.964-0.31 0.85+0.35

a Vegas with refraction. b Vegas without refraction. ¢ Metropolis.
constants given by Dostrovsky et al.'® The calculation
was performed with the Purdue-7094 computer. In
order to improve the over-all statistics of the calcu-
lation, three or four evaporation iterations were per-
formed for each cascade product. In the case of the
silver target two or these iterations were performed
for cascade products from Ag!?” and two for the cor-
responding products from Ag!®®. The resulting yield
distributions were combined for comparison with
experiment.

A direct comparison of the experimental data with
the calculated cross sections showed that the latter
were, in general, substantially larger than the former.
Consequently, the calculated values were normalized
so that the total calculated reaction cross sections
were equal to their respective experimental values. The
experimental reaction cross sections used are 820 and
865 mb for silver with 200- and 400-MeV protons,
respectively, and 855 and 905 mb for indium at the
corresponding energies. These values were obtained
from an analysis of the present work and previously
reported data and are described elsewhere.?5 The quoted
values for indium are considerably smaller than the
reported? reaction cross section for 180-MeV protons
incident on indium, 11654-34 mb. In view of this dis-
crepancy it seems more reasonable to consider the nor-
malization as an arbitrary adjustment designed to bring
the over-all calculated yields into approximate agree-
ment with experiment. The origin of this normalizing
factor can either be the above-mentioned overestimate
of the calculated reaction cross section or a gross dis-
tortion of the calculated mass yield curve resulting in an
overestimation of the cross sections of the products of
interest. The normalization factors are listed in Table
VIII. These values may be compared to the value
0.60=40.01 found necessary by Porile and Church® to
normalize the yields predicted by the Metropolis calcu-
lation!® for the 4 =72 isobars to the experimental values
from 1.8-GeV proton bombardment of several targets

2 A, Johansson, U. Svanberg, and O. Sundberg, Arkiv Fysik
19, 527 (1961).

with 4=96. The second of the above possibilities for
such a discrepancy was invoked in that work.

Some of the results from the 200-MeV proton bom-
bardments are presented graphically in Figs. 1 and 2,
in which the cumulative cross section of a product is
plotted against its mass number, as well as in Table V1.
The shaded areas represent the calculated values plus
or minus their standard deviation. The calculated cu-
mulative cross sections of the silver and palladium
products from silver are in good agreement near the
experimentally observed maximum values for these pro-
ducts (Pd!*® and Ag!®%) but are in rather poor agreement
as the product mass decreases. The calculated cross sec-
tion of the (p,#) product, Cd%, is also in poor agree-
ment. Good (Fig. 1) to rather poor (Fig. 2) agreement
is found for the calculated cumulative cross sections of
the observed silver and palladium products from indium.
The curves of Fig. 1 represent the results obtained from
the Vegas STEP program, whereas those of Fig. 2 repre-
sent the results obtained from the Vegas STEPNO
program.

A more detailed comparison is presented in Table
VII, in which the experimental isobaric yield ratios are
compared with the calculated values. It is seen that in
the case of silver the calculated values are consistently
larger than the experimental ones. The same trend is
observable for indium, albeit less consistently. These
observations suggest that the cascade-evaporation cal-
culation underestimates the emission of charged
particles.

The results at 400 MeV are presented in Table VI

TasiLe VIII. Factors used in normalizing results
from Monte Carlo calculations.

Proton energy (MeV)

Target 200 400 460
Ag 0.58582 0.701s 0.7900
In 0.5968 0.709s 0.790>

0.698°

s Vegas program with refraction.
b Metropolis program,
° Vegas program without refraction.
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and the comparison for the cumulative yields from silver
is shown in Fig. 3. The comparison reveals substantially
the same features as at 200 MeV. The calculated cumu-
lative cross sections of palladium and silver products
thus are in good agreement near the experimentally ob-
served maximum values for these products. On the other
hand, the calculations overestimate the yields of the
most neutron-deficient palladium and silver products.

The comparison of calculated and experimental iso-
baric yield ratios again reveals that the calculation
underestimates the emission of charged particles. Simi-
lar conclusions have previously been drawn for both the
Vegas and Metropolis calculations from a number of
studies in the heavy-element region!7:9:30 at comparable
bombarding energies. This discrepancy can be attribu-
ted to either the cascade or the evaporation calculation.
The validity of the latter has been checked by compari-
son of the calculated cross sections for the reactions of
20-40-MeV He* ions with Ag!%” with the experimental
excitation functions of Fukushima ef @.3! Using a value
of a=A4/20, which is the appropriate value for inter-
mediate-energy compound nuclear reactions and the
particular formulation of Dostrovsky ef al.,'® reasonably
good agreement with experiment was obtained. For
instance the calculated value of o(a,pn)/o(a,2n) at an
energy corresponding to the maximum of the (o,27)
excitation function is 0.05; the corresponding experi-
mental value is 0.06. Similar agreement has been ob-
tained between experiment and the same calculation for
the reactions of Cd!% with He* ions,’? albeit with a
smaller value of @. It would thus appear that while the
evaporation calculation may somewhat underestimate
charged-particle emission in the mass region of interest,
it probably cannot account for the factor of 4 that is
required by many of the present isobaric ratios.

An important part of the discrepancy in isobaric yield
ratios-can thus be attributed to the cascade calculations.
One common feature of the Metropolis and Vegas calcu-
lations is that the possible emission of complex particles,
such as deuterons and «’s, is not considered. In recent
years ample evidence concerning the emission of prompt
complex particles has been obtained. The emission of «
particles in high-energy reactions has been studied
using emulsion,3—%" radiochemical % and counter#

30 M. Lindner and A. Turkevich, Phys. Rev. 119, 1632 (1960).

81 S, Fukushima, S. Hayashi, S. Kume, H. Okamura, K. Otozali,
K. Sakamoto, and Y. Yoshizawa, Nucl. Phys. 41, 275 (1963).

82 R, L. Hahn, Phys. Rev. 137, B1491 (1965).

38 A. summary of experimental data up to 1959 is contained in
the review article, N. A. Perfilov, O. V. Lozhkin, and V. P.
Shamov, Usp. Fiz. Nauk 60, 3 (1960) [English transl.: Soviet
Phys.—Uspekhi 3, 1 (1960)].

3V, I. Ostroumov and R. A. Filov, Zh. Eksperim. i Teor. Fiz.
34, 6;1:."5 (1959) [English transl.: Soviet Phys.—JETP 10, 459
(1960) 7.

3% E, W. Baker, S. Katcoff, and C. P. Baker, Phys. Rev. 117,

1352 (1960).
38V, I. Ostroumov, N. A. Perfilov, and R. A. Filov, Zh.
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techniques. The energy spectra, angular distributions,
and emission probabilities of these particles have been
analyzed?®*—35:4142 and explained in terms of emission
during both the evaporation and cascade steps. Al-
though the former mechanism appears to be the more
important one, the contribution from the cascade proc-
ess is far from negligible and, in fact, becomes compar-
able in magnitude at higher bombarding energies. The
inclusion of this process in the cascade calculations
would have the effect of reducing the discrepancy be-

~ tween experiment and calculation found in the present

study.
The energy dependence of the cumulative cross sec-

tions is compared with the calculation based on the
Vegas program with refraction in Table V. It is seen
that the calculation can qualitatively reproduce the
observed energy dependence. Both the calculated and
experimental cross sections of the (p,xn) (p,pxn), and
(p,2pxn) reactions thus decrease with increasing energy,
whereas those of the (p,3pxn) and (p,4pxn) reactions
show the opposite trend. Evidently the factors respon-
sible for the discrepancy in the isobaric yield ratios do
not have a strong dependence on bombarding energy.

V. CONCLUSIONS

The cross sections of a number of (p,ypxn) reactions
of indium and silver with 200- and 400-MeV protons
have been measured and compared with cascade-evapo-
ration calculations. Two significant discrepancies have
been noted. First, the calculation predicts substantially
larger cross sections than are obtained experimentally.
It is tempting to attribute this discrepancy to an over-
estimation of the calculated reaction cross section. Un-
fortunately, the lack of agreement between the radio-
chemical?® and counter? experiments as to the value of
the reaction cross section precludes a definite conclusion.

Second, the calculation underestimates the relative
number of emitted charged particles as evident by the
consistently larger values of the isobaric yield ratios.
Although this discrepancy may in part be due to a
shortcoming of the evaporation code, it also appears to
be associated with the cascade calculation. It is sug-
gested that the emission of complex particles during the
intranuclear cascade may account for this effect.

The experimental results have been compared with
three different cascade calculations. The comparison at
200 MeV indicates that the Vegas program with refrac-
tion, STEP, gives better agreement than that in which

Eksperim. i Teor. Fiz. 39, 105 (1960) [English transl.: Soviet
Phys.—JETP 12, 77 (1960)].

7 E. W. Baker and S. Katcoff, Phys. Rev. 123, 641 (1961).

#® M. Lefort, G. N. Simonoff, and X. Tarrago, Nucl. Phys.
19, 173 (1960); 25, 216 (1961).
( 939 g, Garvin, M. Lefort, and X. Tarrago, Nucl. Phys. 39, 447
1962).

40 M. Lefort and X. Tarrago, Nucl. Phys. 46, 161 (1963).

‘1 H. Dubost, M. Lefort, J. Peter, and X. Tarrago, Phys. Rev.
136, B1618 (1964).

4 N. T. Porile, Phys. Rev. 135, B371 (1964).
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refraction is not included, sTEPNO. This is true for both
the actual cross sections and the isobaric ratios. On
the other hand, the program without refraction is in
better agreement with the estimated total reaction cross
section, in the sense that the normalization factor for
this calculation is closer to unity. The comparison at
400 MeV indicates that the Metropolis calculation is in
somewhat better agreement with both the measured
cross sections and the isobaric yield ratios than the
Vegas program with refraction. This reflects the fact

NUCLEAR REACTIONS OF Ag AND In

1281

that the former computation predicts an average of 1.5
protons emitted per cascade compared with a value of
1.0 for Vegas.
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Recoil Properties of Products from the Spallation of
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Average projected recoil ranges in the forward, backward, and perpendicular direction to the beam have
been measured for a number of palladium and silver products formed in the interaction of silver and indium
with 200- and 400-MeV protons. The values of the forward and perpendicular ranges increase with the mass
difference between target and product and the dependence becomes exponential for A4 >7. The results
have been compared with a Monte Carlo cascade-evaporation calculation based on the Vegas cascade code.
The calculation included a correction for scattering effects. It is found that the calculated values are in
moderately good agreement with the measured values of the forward and perpendicular ranges, but under-

estimate the values of the backward range.

I. INTRODUCTION

HE formation of products from the interaction of
high-energy particles with complex nuclei is
considered to occur by one or more of the following
mechanisms: spallation, fission, or fragmentation. Of
these three mechanisms, only the spallation process has
thus far been quantitatively formulated to predict the
yields and recoil properties of final products. This
process is usually described in terms of a prompt intra-
nuclear cascade initiated by the incident particle and a
slower evaporation stage. The analysis of each of these
stages is usually performed by means of Monte Carlo
calculations programmed for computer iteration.~® The

* Supported by the U. S. Atomic Energy Commission.

IN. Metropolis, R. Bivins, M. Storm, J. M. Miller, G. Fried-
lander, and A. Turkevich, Phys. Rev. lfO, 204 (1958).

2 C. Chen, Z. Fraenkel, G. Friedlander, J. R. Grover, J. M.
Miller, and Y. Shimamoto Phys. Rev. (to be published).

3 1. Dostrovsky, Z. Fraenkel, and G. Friedlander, Phys. Rev.
116, 683 (1959).

results can be compared with experimental data, and a
number of such comparisons have been reported for
both cross sections*® and recoil properties.®

The simplest recoil experiment, and that which has
been most extensively used, employs a thick target and
27 geometry for the catcher foils.'2 This  type of
experiment provides only limited recoil information,
namely, the average projected range of a product
nuclide along a particular axis. The determination of

4 See Ref. 5 for references up to January, 1967.
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