PHYSICAL REVIEW C

VOLUME 14, NUMBER 3

SEPTEMBER 1976

Nuclear reactions of ’Au with 11.5- and 300-GeV protons*

S. B. Kaufman, M. W. Weisfield,! E. P. Steinberg, B. D. Wilkins, and D. Henderson
Chemistry Division, Argonne National Laboratory, Argonne, Illinois 60439
(Received 29 April 1976)

The formation cross sections of more than 60 nuclides produced in the reaction of 11.5- and 300-GeV protons
with 'Au were measured. Most of the measurements were done by direct counting of the target with
calibrated Ge(Li) 7y-ray spectrometers and spectral analysis with computer programs. In addition, chemical
separations of osmium and gold fractions permitted the assay of nuclides which could not be resolved in the
unseparated targets. The cross-section ratio at the two energies 0/305/0",, s was within 20% of unity for all nuclides
studied, which ranged in mass from *?Na to '"*Au. This is interpreted as showing that the spectrum of
excitation energies left in the nucleus is nearly independent of bombarding energy above ~ 10 GeV. The small
cross-section changes observed are shown to be continuations of trends seen previously at lower energies.
Charge dispersion curves were estimated with the aid of an empirical formula, and a mass-yield curve was

constructed.

NUCLEAR REACTIONS !®'Au+11.5-, 300-GeV protons; measured ¢ for forma-

tion of 63 nuclides from *Na to !%Au; estimated charge dispersions and mass
yield curve.

RADIOACTIVITY Measured Ty, of #20s, #30s, #30s™,

I. INTRODUCTION

As part of a program to study the interactions
of high-energy protons with complex nuclei sever-
al comparisons of formation cross sections at
300 GeV and at lower energies have been made
recently. For targets of vanadium,' cobalt,!
silver,®™ gold,® and uranium®® the cross sections
of most products measured were essentially the
same between proton energies of 11.5 and 300
GeV. A wide mass range of products was mea-
sured in those studies, except for gold,® where
only products near A =131 were determined. With
the exception of uranium, the ratio 6,,,/0,; 5-5
was unity to within 10%. However, that ratio was
significantly lower for products in the mass re-
gion 7T0<A <140 formed from uranium.® Although
the difference is small, it was felt desirable to
further investigate these cross-section ratios for
a heavy element target. Gold was chosen as the
target element because the absence of appreciable
low-excitation-energy fission makes the high-en-
ergy processes more prominent.

In order to measure cross sections efficiently
for a large variety of products, the technique of
nondestructive analysis of the target using high-
resolution y-ray spectroscopy was chosen. This
technique has been used successfully to study low-
energy fission of uranium,®! photofission of heavy
elements up to 1 GeV 2" and fission of gold by
580-MeV protons.!® Of the previous cross-section
comparisons at 300 GeV, this method was also
used for vanadium,! cobalt,! and silver 2 but for
gold® and uranium®-® selected elements were chem-
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ically separated, because of the much larger num-
ber of nuclides formed and the resulting complex-
ity of the spectra. However, it has been estab-
lished!® that long-lived nuclides can be satisfactor-
ily resolved from heavy targets bombarded with
GeV protons after a suitable decay period, and
with care some short-lived nuclides with promi-
nent ¥ rays can be determined, such as ?*Na and
28Mg from gold and uranium targets bombarded
with GeV protons.”

In addition to measuring the cross section ratios
at 11.5 and 300 GeV, it was also desired to inves-
tigate the charge dispersion curves for the pro-
ducts in different mass regions, in conjunction
with a concurrent study'® of the average recoil pro
perties of many of the same nuclides. Knowledge
of such charge dispersions is required to estimate
the mean atomic number of precursor nuclei to the
product measured, in order to calculate the mean
kinetic energy from the mean range. In connec-
tion with the recoil study chemical separations of
osmium and gold fractions were made, and thus
the cross-section measurements for the nuclides
1850s, '%‘Au, and '*Au made by gross y-ray spec-
troscopy could be checked against those made on
chemically separated samples. In addition, the
nuclides '%20s, !%30s, and '%°0s™, which could not
be resolved in the gross y-ray measurements,
could also be determined.

II. EXPERIMENTAL PROCEDURE

The irradiations at 11.5 GeV were performed in
the internal circulating proton beam of the Argonne
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National Laboratory zero gradient synchrotron
(ZGS). Targets consisted of three aluminum moni-
tor foils (each of 7 mg cm™ thickness) upstream of
three gold target foils (each of 24 mg cm™ thick-
ness). Before the irradiation the leading edge of
the target stack was carefully cut to insure align-
ment; after the irradiation the stack was cut 1 cm
back from the leading edge and the center alumi-
num and gold foils were weighed to determine
their exact thickness prior to counting. The irra-
diations at 300 GeV were performed in the meson
hall external proton beam at the Fermi National
Accelerator Laboratory (Fermilab). Similar tar-
get stacks to those described above were enclosed
in evacuated polyethylene bags, and after the irra-
diation a portion of the stack centered on the beam
spot was cut out.

The center foils were used in order that recoil
loss be compensated. With the thicknesses used
in this experiment the compensation was complete
for all nuclides of interest!’”!® with the exception
of "Be. In the latter case the kinetic energy spec-
trum of the recoils extends to several hundred
MeV 20 and foils much thicker than used here
would be necessary to completely compensate for
loss. This was borne out by the cross sections
observed in this work for "Be at 11.5 and 300 GeV,
which were both about 30% lower than that mea-
sured at 30 GeV,? in which much thicker targets
were used.

A total of five irradiations with the total proton
intensity varying from approximately 1 X 10'° to
3 x10'® were carried out at each energy. Lengths
of irradiations varied from 2 to 40 min at the ZGS
and from 0.5 to 48 h at the Fermilab. The single
48-h irradiation was only used to assay nuclides
with half-lives greater than about 10 days. Satura-
tion corrections were made in all cases, taking
account of periods of varying beam intensity.

The proton flux was determined by assaying the
aluminum monitor foil for 2*Na, using both a 8 -y
coincidence counter and the same calibrated Ge(Li)
detectors used for counting the gold targets. The
agreement between the two methods was always
within 2%. The disintegration rate of ?*Na was cor-
rected for secondary effects by reducing it by 7%,
since the effect was measured in a separate ex-
periment to be 10% per 100 mg cm™ of gold target
downstream of the monitor. This value is in good
agreement with other such measurements.5 2223
The monitor cross section at 11.5 GeV was taken
to be 8.6 mb.?* In previous work!™® at 300 GeV the
monitor cross section was assumed to be the same
at both energies. It has recently been measured at
300 GeV ?*° relative to the 2C(p,pn)*'C cross sec-
tion, whose absolute cross section has now been
measured.?® Using the value for the latter reac-

tion cross section of 24.6+1.6 mb at 300 GeV and
the measured® ratio of 0.33+0.01, one calculates
a monitor cross section for ?*Na from aluminum
of 8.1+0.6 mb. Since this value is the same within
experimental error as the 8.6 mb value used in
previous work, and in order to be consistent with
that work, we will also use the value 8.6 mb at

300 GeV.

The gold targets were counted on one of two
Ge(Li) spectrometers with 4096-channel capacity
and magnetic tape readout. The two detectors
used both had resolutions of 2.0 keV [full width at
half maximum (FWHM)] at 1332 keV; their effi-
ciences relative to Nal were 6% and 10%. A source
distance of 10 cm was used, making summing of
coincident y rays negligible, and the detectors
were calibrated for absolute efficiency with a var-
iety of standards over the energy range 88-2754
keV. Based on the deviations of individual calibra-
tion points from a smooth curve we estimate the
absolute accuracy of the calibrations to be +5%.

A precision pulser was used to determine the
counting losses due to pulse pileup, which were
appreciable for the early counts.

Spectra were recorded periodically, starting
from 5 h to 5 days after the bombardment, depend-
ing on the total proton intensity, and measurements
continued for as long as 2 yr. The spectra were
analyzed with the aid of two computer programs,
SAMPO? and GAMANAL.?® In addition, all of the
spectral peaks of interest were visually examined
for indications of more than one y ray, such as
shoulders, asymmetric shape, or abnormal width.
The two different computer programs usually gave
good agreement for the peak areas of those peaks
which were single and well separated from neigh-
bors. The GAMANAL program proved to be better
than SAMPO in resolving close multiplet structure,
as shown by the better resulting decay curves and
agreement of measured intensities with literature
values for y rays from the same nuclide.

Peaks in the spectra were identified and assigned
to specific nuclides on the basis of energy and
half-life. For each peak of interest the calculated
photon intensity as a function of time was used as
input to a weighted least-squares decay-curve re-
solution program (CLSQ),% using as weights the
values of 1/0,2 for each data point, with the stan-
dard deviation o; given by the spectral analysis
program. The literature value of the half-life of
the assumed nuclide was used, and a poor fit of
the data to that half-life was grounds for rejection
of the peak, unless it could be established that a
known nuclide was also contributing to the peak.

In that case, the second nuclide’s half-life was in-
cluded in the decay-curve resolution, and the in-
tensity of the interfering y ray was required to be
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TABLE I. Decay properties of observed nuclides. Half-lives and abundances taken from
the compilation of W. W. Bowman and K. W. MacMurdo [At. Data Nucl. Data Tables 13, 89
(1974)] unless otherwise indicated.

Observed y ray Reliability
Nuclide Ty/9 (keV) Abundance grade 2
2Na 2.62 yr 1274.5 1.00 B
%Na 15.03 h 1368.5 1.00 A
2753.9 1.00
BMg 20.93 hP 1778.9(%8Al) 1.00 B
42 124 h 1524.7 0.18 B
44gem 2.44 day 1157.0(*4sc) 1.058 ¢ B
483¢ 83.8 day 889.3 1.00 A
1120.5 1.00
8y 15.97 day 983.5 1.00 A
1312.1 0.97
52Mn8 5.7 day 1434.3 1.00 B
54Mn 312.5 day 834.8 1.00 B
S9pe 44.6 day 1099.2 0.565 A
1291.6 0.432
8Co 77.3 day 846.8 1.00 B
8o 71.3 day 810.8 ¢ 0.99 c
8co 5.26 yr 1173.2 1.00 A
1332.5 1.00
857Zn 244  day 1115.5 0.508 B
897y 13.76 h ® 438.7 0.95 B
TAs 17.77 day 595.9 0.592 B
5se 120  day 264.7 0.573 B
279.5f 0.248
8Rb 86.2 day 529.5 0.304 A
552.5 0.165
84Rb 33 day 881.58 0.734 c
83gp 324 h 762.5 0.332h B
81y 80.3 h 388.4(¢'Sr™) 0.8554 A
484.8 0.9921
897y 78.5 h 909.2 1.00 B
9Nb 14.6 h 2319.2 0.82 B
%Nb 35.1 day 765.8 1 0.99 C
%Tc 4.3 day 849.9 0.98 B
103Ry 39.6 day 497.1K% 0.90 c
100Rp 20 h 1553.5 ! 0.28 B
2376.11 0.446
100pq 4.0 day 1553.5! (1°Rh) 0.28 B
2376.11 (100RD) 0.446
105 A 41.29 day ® 280.4f 0.32 c
120gpm 5.8 day 1023.2 0.99 B
211e 16.8 day ™ 573.1" 0.80 c
12ipem 154 day 212.2 0.89 B
122%e 200 h 564.0 (1221 0.177 B
121xe 36.4 day 172.1° 0.247°P B
202.8 4 0.681P
131 11.7 day 123.7 0.287 B
496.2 K 0.48T
133Ba 10.9 yr 355.9 0.67 B
B3ce 137.2 day 165.8 0.804° B
43pm 265 day 742.0 0.385° B
W44pm 360 day 618.0 1.00 B
gy 5.93 day* 893.7 0.475 B
Wigy 24.5 day! 601.4 0.060 A
677.5 0.090
USgy 54.9 day" 550.2 0.99 B
gy 93.1 day' 277.2 0.036Y A
3217.7 0.040"
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TABLE I (Continued)

Observed y ray Reliability
Nuclide T/ (keV) Abundance grade ?
1464 48.3 day 114.7 + 115.5 0.91 A
633.4 + 634.2(4Eu) 0.909
747.1(14%Eu) 1.084
148Gd 9.4 day 149.6 0.426 A
298.5 0.232
81T m 9.25 day ¥ 207.9 0.43 B
189y 32  day 177.2 0.218 B
110 ,q 2.15 day 2126.1 0.052 A
2691.5 0.023
2748.2 0.022
2845.3 0.018
My 8.3 day 667.6 0.12¥ A
739.8 0.48"
By 1.37 yr 272.4 0.18 B
egf 1.87 yr* 181.4 ("% Lu) 0.199 A
810.0 ®(2Lu) 0.158
912.1(1"2Lu) 0.147
1093.5(!"2Lu) 0.636
115p£ 70  day 3434 0.85 B
183Re 70  day 162.3 0.267 B
8205 22.0 h? 180.2 0.3722 Chem.
180g 14.0 h? 381.8 0.78Y Chem.
18ogm 9.1 h? 1102.0 0.50Y Chenmn.
1108.0 0.23Y
850 93.6 day 646.1 0.813 B;Chem.
1881y 41,5 h 2214.6 P 0.13 C
190ry 12.1 day°¢ 407.2 0.262°¢ A
557.8 0.273°¢
605.3 0.382¢°¢
1921y 74.0 day 295.9 0.291 A
316.5 0.831
468.1 0.476
188py 10.2 day 195.1 0.18 A
2214.6 PP (188r) 0.1574
1844y 39.5 h 328.5 0.591 B; Chem.
196Ay 6.18 day 333.0 0.238 A;Chem.
355.7 0.88

2 Defined in text.

bs. J. Rothman, N. L. Peterson, W. K. Chen, J. J. Hines, R. Bastar, L. C. Robinson, L. J.
Nowicki, and J. B. Anderson, Phys. Rev. C 9, 2272 (1974).

¢ Daughter radiation.

d Includes factor for genetic relationship.

¢ Two-component decay (**Co and 1"2Hf).

f Two-component decay ('°Se and 1%Ag).

8 Two-component decay (“Rb and 850s, 880.3-keV y ray).

"R. C. Etherton, L. M. Beyer, and W. H. Kelly, Phys. Rev. 168, 1249 (1968).

1 w. H. Zoller, W. B. Walters, and C. D. Coryell, Phys. Rev. 185 1537 (1969).

j Two -component decay (¥Nb and 12Rh™, 766.8-keV y ray). %Zr parent not observed.

k Two-component decay (!BRu and 131Ba)

! parent-daughter decay (°°Pd— 100Rh),

™H. M. A. Karim, Radiochim. Acta 19, 1 (1973).

n Parent-daughter decay (1?lTe™ —*mTe)

° Two-component decay (1¥’Xe and ®Lu, 171.5-keV vy ray).

PR. Collé and R. Kishore, Phys. Rev. C 9, 981 (1974).

4 Two-component decay (127Xe and 1"2Hf, 203.3-keV y ray).

' C. M. Lederer, J. M. Hollander, and I. Perlman, Table of Isotopes (Wiley, New York,
1967), 6th ed.

® J. Legrand, M. Blondel, and P. Magnier, Nucl. Instrum. Methods 112, 101 (1973).
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TABLE I (Continued)

'Y. Y. Chu, E, M. Franz, and G. Friedlander, Phys. Rev. C 1, 1826 (1970).

U D. R. Nethaway, B. Mendoza, and R. S, Newbury, Phys. Rev. C 12, 1310 (1975).
v P. J. Karol, J. Inorg. Nucl. Chem. 32, 2817 (1970).

¥D. Barneoud, J. Boutet, J. Gizon, and J. Valentin, Nucl. Phys. A138, 33 (1969).
*Y. Y. Chuand P. J. Karol, Inorg. Nucl. Chem. Lett. 7, 1205 (1971).

Y Reference 30.
Z Measured in this work.

223, B. Burson, P. J. Daly, P. F. A, Goudsmit, and A. A. C. Klaasse, Nucl. Phys. A204,

337 (1973).
b parent-daughter decay (*¥¢pt—188r).
©¢ Nucl. Data B9, 401 (1973).

in agreement with other y rays from that nuclide,
if any. If the half-lives of two such nuclides dif-
fered by less than about a factor of 3, no clear re-
solution of the decay curve could be made, and the
peak was rejected. In many cases genetically re-
lated nuclides were thus eliminated, although their
y rays were intense and well resolved, for example
85-day %%Zr and 108-day %Y.

Table I lists the nuclides whose cross sections
could be determined, their half-lives, the y rays
used, and their abundances, and also identifies in
the footnotes any interfering y rays for which de-
cay-curve resolutions were performed. In addi-
tion there is given for each nuclide a “reliability
grade,” based on the above considerations. A
grade of A indicates a nuclide with two or more y
rays which both showed single-component decay
curves and whose observed relative intensities
agreed with the literature values. In this context,
a peak due to a long-lived nuclide which decayed
with the correct half-life after short-lived inter-
ferences had decayed away was classed as a sin-
gle-component decay curve. A grade of B indicates
a nuclide for which only one y ray could be used
and which exhibited a single-component decay
curve, or a nuclide with two y rays requiring de-
cay-curve resolution and whose intensities agreed.
A grade of C indicates nuclides with only one y ray
which required resolution of the decay curve.

Three of the nuclides listed in Table I were not
resolved in the gross y-ray spectra but rather in
chemically separated osmium samples, '%%0Os,
1830g®, and '%°0s™, and are denoted by “chem” in
this column. Cross sections for #0s, '**Au, and
19%Au were determined both in the chemically sep-
arated samples and by gross y-ray spectroscopy,
with good agreement between the two methods. The
half-lives for '®?0Os and '®°0s™ listed were mea-
sured in this work by following the decay of the
listed ¥ rays. The experimental values found were
22.0+0.2 h for '*?0s and 9.1+0.2 h for '¥%0s™. The
intensity of the 381.8-keV y ray of #°0s® decayed
with an apparent half-life of 14.5+ 0.3 h; this is a

resultant of the combined growth and decay of the
ground state from the isomeric state and its inde-
pendent decay. Assuming a 16% branch for the iso-
meric transition® and using the value of 9.1 h for
the half-life of the isomeric state, the calculated
half-life of the ground state is 14.0+0.8 h. The
cross section for ®°0s® was then calculated taking
into account the partial feeding from !#30s™. Near-
ly equal cross sections for the two states were
found, in agreement with the isomer ratio result-
ing® from decay of '®r.

III. RESULTS

A cross section was calculated for each nuclidic
Y ray and each bombardment, based on the end-of -
bombardment (EOB) photon intensity and the abun-
dance as given in Table I. At least three bombard-
ments at each energy were included for each nu-
clide. In most cases the EOB photon intensity of
a given photon in different bombardments had sim-
ilar percentage standard deviations, as given by
the least-squares decay-curve program, and the
scatter of the individual cross sections calculated
from these intensities was consistent with those
standard deviations. Therefore, an unweighted
average cross section was computed for each y
ray, together with the standard deviation of the
average, calculated as (2JA %)/ ?/(N -1)'/2, where
4, is the deviation of the i{th measurement from the
average and N is the number of measurements.

An “internal” standard deviation was also calcu-
lated, o=(1/2J0,%)"/2, where o, is the standard
deviation of the ith measurement, derived from that
of the photon intensity. The larger of the two num-
bers was used as the standard deviation of that cross
section, and in cases where two or more y rays
were used, the final cross section was calculated
as a weighted average of the cross sections for
each y ray.

In addition, the following estimated errors were
folded in quadratically to obtain the error listed
for each cross section: 5% uncertainty in the ab-
solute efficiency calibrations of the detectors and
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TABLE II. Cross sections from interaction of 11.5-GeV protons with *"Au, cross-section
ratios 03,)/0y; 5, and previous measurements.

Type Previous measurements
of T o
Nuclide yield 2 (mb) T300/ 0115 (mb) (GeV) Ref.
22Na C 2.52+0.15 1.09+0.03 2.10+ 0.3 30 35
2UNa c 12.7 + 1.0 1.10£0.07 104 1.2 30 35
BMg C 3.03+0.22 1.07+0.06
42K I 3.6 £0.5 1.08+0.11
44gem I 1.57+0.13 1.11+0.08 1.64+0.12 18.2 37
465¢ I 4.60+0.30 1.07+0.04 0.075+£0.019  0.58 15
4.42+0.36 18.2 37
8y C 1.56+0.12 1.13+0.07
52Mn ¢ I 1.19+0.07 1.09+0.04
54Mn 1 4.09+0.26 1.05+0.04 0.181+0.075 0.58 15
S9Fe c 1.69+ 0.13 1.02+0.05 0.16 +0.05 0.45 32
0.375+0.088 0.58 15
56co c 0.45+ 0.04 1.15+0.10
8o I 3.43+0.31 1.06+0.07
80Co I 2.83+0.19 1.00+0.04
85Zn c 4.08+0.25 1.03+0.04
89Zn™ Cc 1.23+0.10 0.98+0.07
T4As I 2.48+0.20 1.01+0.08 1.2 +0.4 0.45 32
1.8 0.2 2.9 34
5Se c 5.18+0.33 1,00+ 0.03
8Rb c 6.85+0.49 1.00+0.04 2.27+0.39 0.58 15
84Rb I 1.75+0.35 1.0 +0.3 1.60+0.69 0.58 15
1.7 +0.4 29 36
83gr c 3.21+0.32 1.05+0.11
81y c 7.1 £0.5 1.02+0.05 0.70+0.18 0.58 15
897y C 5.46+0.36 1.03+0.04
Nb c 4.39£0.35 1.04+0.08
%Nb C 0.83£0.09 0.93+0.10 1.90+ 0.26 0.58 15
%7e I 2.58+0.17 1.00+0.04 0.59+0.26 0.58 15
103y C 0.41+ 0.04 0.85+0.12 0.97+0.08 0.58 15
100RH I 2.5 £0.5 1.0 +0.3
100pg c 1.32+0.09 1.00+0.05
057g c 5.0 +0.4 1.01+0.08 0.475+0.099  0.58 15
120gym I 0.16+0.03 1.0 £0.3 0.150+0.017 18.2 37
21pg c 7.1 £0.6 0.96+0.06
12ipgm I 0.45+0.03 0.97+0.05
122xe C 7.8 £0.6 0.95+0,10 7.6 +0.5 29 36
2txe c 9.5 +0.6 0.96+ 0,03 9.6 0.6 3 36
7.9 £0.5 29 36
B1gy c 9.3 +0.6 0.96+ 0,05 8.8 0.3 11.5 5
8.3 £0.7 300 5
33pa C 8.8 £0.8 0.93+0.10
B3ce c 11.0 0.7 0.94+0.03 10.3 +1.8° 28 38
Bpm c 9.8 +0.6 0.92+0.03
4ipm 1 0.22+0.03 0.9 0.2
Uspy c 13.0 +0.8 0.94+0.04 9.38+0.09° 28 38
UTEy C 14.3 £1.0 0.93+0.05 10.9 +0.9 28 38
8Ey 1 0.58+0.06 1.0 +0.2 1.20+ 0.25 28 38
oty c 17.7 +2.0 0.89+0.15
146Gd c 11.5 0.8 0.92+ 0.04 7.4 £0.6 28 38
149Gq c 15.6 +1.0 0.94+0.04 10.6 + 1.9 28 38
187rm c 15.5 £ 1.1 0.95+ 0.04
169yh c 17.5 £ 1.8 0.92+ 0.06
1101y C 19.1 +1.3 0.95+ 0.04
e Y c 17.3 1.1 0.93+0.04
M1y C 20.5 = 1.3 0.93+0.04
12gpe C 16.3 +1.3 0.91+0.04
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TABLE II (Continued)

Type Previous measurements
of Oi1.5 o E,
Nuclide yield ? (mb) 0300/ 115 (mb) (GeV) Ref.
175 £ c 17.7 +1.1 0.88+0.04
183Re c 20.6 +1.3 0.94+0.05
820s c 19.0 2.0
830 C 12.0 +2.0 e
1830 gm c 10.0 £1.7 e
850s c 21.8 +1.7 0.94+0.04
1881y, I 6.5 +1.1 1.2 £0.3
190ry I 4.06+0.30 1.22+0.08
1927y, I 2.45+0.16 1.21+0.06
188py c 20.7 £1.4 0.98+0.05
194Ay I 29.4 +£2.2 1.02+0.05
1%6Ay I 75 %5 1.10+0.05 70.5 +5.7 0.426 33

4 C, cumulative; I, independent.
b5 corrected to present y-ray abundance.

2% uncertainty in the secondary correction for 2*Na
in the monitors. Uncertainties in the y-ray abun-
dances were not included separately since agree-
ment between the observed relative intensities and
the literature values was one of the requirements
for the acceptability of the y rays for cross-sec-
tion determinations, as discussed above.

In calculating the cross-section ratios 0,,,/0,,.s,
the ratio was calculated separately for each y ray
so that errors in efficiency and abundance would
cancel out. Moreover, only those data taken with
the same detector were compared, eliminating
another source of error.

The results of these measurements are presented
in Table II, which give for each nuclide the cross
section at 11.5 GeV and the cross-section ratio
0300/01,.5 at the two energies. Also given for each
nuclide is the type of yield (C, cumulative; I, in-
dependent) and any previous cross-section mea-
surements with a gold target® %3238 for compari-
son with the present measurement.

With a few exceptions the cross sections mea-
sured here are in satisfactory agreement with pre-
vious measurements at proton energies above 10
GeV. This agreement supports the conclusion that
the technique of gross y-ray spectroscopy without
chemical separation can be used to assay a large
number of nuclides in the complex mixture pro-
duced when GeV protons interact with heavy tar-
gets. The exceptions to this agreement are the
rare-earth nuclides measured by Bichmann® at
28 GeV, for which satisfactory agreement is found
only for 1**Ce. For the nuclides**Eu, *’Eu, *6Gd,
and !*°Gd, Bichmann’s cross sections are lower than
those measured here at 300 GeV by ratios of 0.7-
0.8. However, it is stated in Ref. 38 that “in some
cases a subtractive correction for a decay is ap-

plied.” Since no details of this correction were
given, or for which nuclides it was applied, it is
impossible to judge whether the cross sections for
the above four nuclides were so corrected. If they
were, it might account for the lower values of Ref.
38.

The discrepancy is in the opposite direction for
18Fu, for which Bichmann’s cross section is twice
as large as that measured here. Because the cross
section for this nuclide is independent and thus
helps delineate the charge dispersion curve in this
mass region, it is an important measurement.
Both experimental values have been included in the
charge dispersion data in Fig. 3, where it is seen
that the empirical equation discussed below is in
good agreement with the measurement of Bich-
mann. It is possible that the 550.2-keV ¥ ray of
14%Eu was not correctly resolved from the nearby
552.5-keV y ray of ®*Rb, which was twice the in-
tensity.

For bombarding energies below 10 GeV, the data
in Table II show that most nuclides have lower
cross sections. The exceptions are the medium-
mass (A~ 90) neutron-excess nuclides 8‘Rb, %*Nb,
and '°Ru, whose cross sections are the same or
larger at ~0.5 GeV than at 11.5 GeV. In addition,
the (p,pn) reaction product **®Au has essentially
the same cross section at 0.4 GeV as at 11.5 GeV.
These trends with energy are discussed more fully
in the next section.

IV. DISCUSSION
A. Energy variation of cross sections
The experimental ratios of the cross sections at

300 GeV to those at 11.5 GeV, 0,,,/0,,.5, are
shown as a function of mass number in Fig. 1.
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FIG. 1. Ratio of cross sections at the two bombarding
energies, 03,)/044 5, as a function of mass number. Open
symbols are neutron-deficient nuclides, solid symbols
are neutron-excess nuclides. (O, @): cumulative cross
sections; (U, ®): independent cross sections; (V):

Ref. 5.

Nuclides for which the error in the ratio is greater
than 20% have been omitted from Fig. 1 for clarity.
The data of Yu and Porile® for the same energies
and target have been included, and separate sym-
bols have been used to denote independent and cu-
mulative cross sections and to distinguish neutron-
excess and neutron-deficient nuclides. It is seen
that the cross-section ratio varies regularly with
mass number, decreasing from about 1.1 for the
lightest nuclides measured to about 0.9 for nuclides
in the mass range 121=A =185, The ratio then in-
creases to values of 1.0-1.2 for nuclides close to
the target. Although the absolute value of these
ratios is uncertain to the extent of the uncertainty
in the absolute values of the monitor cross section,
the variations of the ratio would be unaffected by
such uncertainty. These data on gold cross sec-
tions are similar to the observations of Chang and
Sugarman® for a uranium target that o,,,/0,, ;
averaged 1.03+0.14 for products of 45 <4 <67 and
decreased to 0.81+0.14 for products of 83=<A4
=140.

These general trends are of some interest and
will be discussed in more detail below, but the
striking fact is that the individual cross sections
for a wide range of products change so little be-
tween 11.5- and 300-GeV incident proton energy.
This observation has been commented on previ-
ously,'"8 with the conclusion that the spectrum of
excitation energies deposited in the nucleus is es-
sentially independent of bombarding energy above
10 GeV. The increased number of pions and other
hadrons produced in nucleon-nucleon collisions at
the higher energy must escape the nucleus without
multiplying the intranuclear cascade.

There is considerable evidence from studies of
charged-particle multiplicities in proton-nucle-
us3%% and pion-nucleus?*! interactions that at multi-
GeV energies there is no cascading of the second-
ary hadrons inside the nucleus. The average mul-
tiplication of particles inside the nucleus is mea-

sured by R ,={n),/n),, where (n), is the average
number of charged relativistic (shower) particles
produced in a hadron-nucleus interaction, and (n),
is the number of charged secondaries in the cor-
responding hadron-proton collision. The quantity
R, is only weakly dependent on incident energy in
the GeV region and becomes energy independent
above 60 GeV.***? The increase of R, with target
mass is also small, with most of the increase due
to particles produced at large angles.?** The for-
ward relativistic particles, in contrast, have the
same multiplicity for a heavy nucleus as for hydro-
gen.*

These observations suggest*® that at ultrarela-
tivistic energies the hadron state produced in the
first interaction acts like a single hadron while
traversing the nucleus, and does not decay to its
final multiparticle state until after it has left the
nucleus. Under these circumstances one would ex-
pect that at sufficiently high energies the cross
sections and recoil properties of nuclides result-
ing from hadron-nucleus interactions would ap-
proach asymptotic values. Although cross-section
measurements alone may not be the most sensi-
tive test of these ideas, the near constancy of
cross sections above 10 GeV suggests that the
asymptotic region may have been reached. There
is evidence!™'%** that the recoil properties of cer-
tain nuclides formed from heavy targets are still
changing between 11.5 and 28-GeV incident energy,
and only approach limiting values at 300 GeV.

The small changes in cross-section values be-
tween 11.5 and 300 GeV are mainly continuations
of the trends observed at lower energy. Although
there has been no comprehensive study of the en-
ergy variation of cross sections with heavy targets
since the early work at the cosmotron,® it is pos-
sible to make some generalizations. In the frag-
mentation region of masses (A< 50) the formation
cross sections from heavy targets rise rapidly
above a threshold of about 0.5 GeV 3% %57 leveling
off in the multi-GeV region. The observed ratios
in this work of ¢,44,/0,,.s=1.07-1.13 for these light
nuclides are consistent with such a leveling off
above 10 GeV. On the other hand, the heavier neu-
tron-deficient nuclides with 120=4 <190 have
characteristic spallationlike excitation functions
which go through a maximum and then decrease
with increasing bombarding energy.*®=*® The en-
ergy at which the cross section peaks is higher the
farther the product is from the target in mass, but
all such products are apparently over the peak at
an energy of 11.5 GeV, and show a further small
decrease in going to 300 GeV.

Most of the nuclides in the middle-mass region
have the same cross section at 11.5 and 300 GeV,
and probably are formed by a mixture of mecha-
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TABLE III. Values for the parameters of Eq. (1).
Mass region o) P R S T
40=A =105 7.8 —8.2x1073 304079 0.470 2.1x10~4
120= A =185 0.70 0.015 6.5A470-38 0.478 2.9%x1074
Rudstam 2 0.056 11.8A470-45 0.486 3.8x10™¢

2 Reference 52.

nisms in which the two energy dependences de-
scribed above are combined and cancel out. The
exceptions to this are the neutron-excess medium-
mass nuclides (**Nb, !°°Ru), which are formed pri-
marily by binary fission at low bombarding ener-
gies, and whose cross sections decrease with in-
creasing energy. Since the total binary fission
cross section for gold increases slightly between
0.6 and 2 GeV and remains constant above 2 GeV,*
the decreasing cross sections for these two nu-
clides suggest a change in the mass or charge dis-
tributions of fission which reduces their yield,
such as a shift in the charge distribution away
from neutron-rich nuclides.

The cross sections for nuclides close to the tar-
get are the same orlarger at 300 GeV as at 11.5
GeV. In particular, the nuclides *Ir and '*Ir
show a 20% increase in cross section at the higher
energy. It may be significant that these are inde-
pendent cross sections, as is that of '®Ir, which
also has a larger cross section, although with a
large error. Since a charge-dispersion curve is
determined by such independent cross-section
values, a possible interpretation of these ratios is
that the charge-dispersion curves are shifted more
toward neutron-excess nuclides at 300 GeV than at
11.5 GeV. This could arise, for example, from
an increased probability of emission of positively
charged particles as compared to neutral or neg-
atively charged particles in the intranuclear cas-
cade, since the evaporation sequence is most likely
independent of incident energy.

B. Charge dispersions and emprirical cross-section formulas

As stated in the Introduction, one of the aims of
these measurements was to construct representa-
tive charge-dispersion curves for different mass
regions, in order to allow the calculation of the
atomic number of the average precursor for a
given nuclide. This could then be used to relate the
experimental mean range for that nuclide to the
mean kinetic energy at formation.

Unfortunately there is insufficient data on inde-
pendent cross sections in any local region to con-
struct such charge-dispersion curves. This has
been done for gold as a target only at mass number

A=131at 11.5 and 300 GeV,® near A =148 at 28
GeV,*® and at A="72 at 2.9 GeV.* It was decided
to use the available data and fit the parameters of
an empirical formula, then use that formula to es-
timate the unmeasured cross sections. The for-
mula used was first suggested by Rudstam®? and is
his “CDMD” equation:

G(Z,A)=OoeXp[PA-RIZ_SA+ TAZIs/z] , )

where o(Z,A) is the independent cross section for
the nuclide of atomic number Z and mass number
A, and P, R, S, and T are empirical parameters.
Rudstam fitted Eq. (1) to a large body of spallation
data and found how the parameters varied with in-
cident energy and target mass. Most of the data
used for the fit were for medium-weight target
elements (Z = 23-47), and the equation was in-
tended to apply only to spallation products and not
to nuclides formed by fission or fragmentation of
heavy targets. Furthermore, while the form of
Eq. (1) results in symmetric charge-dispersion
curves, the experimental evidence for GeV protons
interacting with heavy targets (e.g., Ta,*® Au,>3%38
and Pb>%5°%) is that they are asymmetric.
Nevertheless, the cross-section data of this
work, together with previous measurements® 36-38
at 11.5-29 GeV, were used in an attempt to fit the
parameters of Eq. (1). It was found that a satis-
factory fit could be obtained by separating the data
into two mass regions; these correspond approxi-
mately to a spallation region (120 < A< 190) and to
a medium-mass region with contributions from
fission, deep spallation, and fragmentation (40< A
<105). The parameters of Eq. (1) for these two
mass regions which gave the best fit to the experi-
mental cross sections are given in Table I, with
the values found by Rudstam®? for comparison.
Charge-dispersion curves calculated with these
values of the parameters for particular mass num-
bers are shown in Figs. 2 and 3, with experimental
cross sections for nuclides close to those mass
numbers. The most probable charge Z, was cal-
culated for each mass number from the equation

Z,=SA - TA? (2)

and the experimental cross section for each isobar
was plotted at the corresponding value of Z,-Z.
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FIG. 2. Charge-dispersion curves calculated for
specific mass numbers from Eq. (1). Open symbols are
independent yields, solid symbols cumulative yields.
©, @): this work; (O, ®): Ref. 37; @): Ref. 36.

The dashed curves in Figs. 2 and 3 show how the
cumulative cross sections behave for positron/
electron-capture decay. In Fig. 3, the cross sec-
tions for *Eu, *"Eu, *°Eu, %5Gd, and !%°Gd have
been corrected for the contribution to their cross
section from «a decay of the A +4 nuclides, using
Eq. (1) to estimate the formation cross sections of
the latter.

The quality of fit of the data to Eq. (1) in the two
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FIG. 3. Charge-dispersion curves calculated for
specific mass numbers from Eq. (1). Open symbols are
independent yields, solid symbols cumulative yields.
©, @): this work; (V, W: Ref. 5; (1, A): Ref. 38. The
dashed curves show the cumulative yields from positron/
electron-capture decay.
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FIG. 4. (a) Variation of parameter R of Eq. (1) with
mass number: Full lines: this work; dashed line:
Rudstam (Ref. 52). (b) Variation of Z,/A with mass
number. Full lines: this work; dashed line: Rudstam
(Ref. 52); dotted curve: B-stable nuclides.
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FIG. 5. Mass-yield curve for 11.5-GeV protons + "Au,
@®): cumulative cross sections, including data from
Ref. 5; (O) independent cross sections; (x): total isobaric
cross sections at 29 GeV (Ref. 36). The full lines are
calculated from Eq. (1) and the dashed lines represent
likely extrapolations.
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regions of mass is seen to be adequate for the pur-
pose of estimating the atomic number of the aver-
age precursor of a given nuclide, and Eq. (1) pro-
vides a simple formulation for estimating unmea-
sured cross sections. The dependence of the pa-
rameters R, S, and T on mass number is shown

in Fig. 4, where the present fit is given by the
solid lines in the two mass regions, and the values
given by Rudstam®? are the dashed lines. Figure
4(a) shows that R is smaller in the present fit than
in Rudstam’s, resulting in wider charge disper-
sions. This is especially true near A =100, where
the wide charge dispersion is due to the contribu-
tion of different reaction mechanisms, namely
spallation and fission. Figure 4(b) shows the ratio
Z,/A, which is linear in A according to Eq. (2),
and in addition the trend of 8 stability is shown as
the dotted curve. It is seen that the most probable
charge Z, for a given mass is larger for the pre-
sent set of parameters than for Rudstam’s in the
spallation region, i.e., more neutron deficient,

but is smaller in the lighter-mass region, i.e.,
closer to stability. These differences are probably
due to the fact that the present fit is restricted to
GeV protons on gold, while Rudstam’s fit made use
largely of data from lighter elements.

C. Mass-yield curve

In the spallation region A =120 the cumulative
cross sections represent very nearly the total
cross section at a given mass number, with the
exception of the mass region near A =148, where
a decay depletes the yield at some masses and en-
hances others. These cumulative cross sections
thus are useful in establishing the mass-yield
curve in this mass region. However, in the
lighter-mass region this is not generally true,
since there are appreciable cross sections for
forming stable and neutron-excess nuclides, and
the neutron-deficient cumulative yields no longer
represent most of the isobaric cross section. The
best measurements to help delineate the mass-
yield curve in this region are those of Hudis
et al.*® who measured the total isobaric cross sec-
tions at A=20, 21, 22, 38, 83, and 131 by deter-
mining the cumulative yields of the stable rare-
gas isotopes. Figure 5 shows these data, together
with cumulative cross sections from Table I and
Ref. 5 at 11.5 GeV. Although the cross sections
for '*°Au and !**Au are independent, they probably
represent the major part of the yield at those mass
numbers, and thus are included in Fig. 5. For

comparison the two solid lines indicate the mass
yield calculated from Eq. (1) with the parameter
values in Table II, while the dashed lines indicate
the likely extrapolations to the lighter masses and
the region close to the target. Of the medium-
mass nuclides, only ®*Rb and ®Sr appear to cumu-
late the major portion of the yield. As stated
above, near A =148 the cumulative cross sections
are larger than the mass-yield curve would indi-
cate because of feeding by « decay.

V. SUMMARY AND CONCLUSIONS

The technique of identifying and measuring the
intensities of y rays in a complex mixture of ra-
dionuclides by high-resolution Ge(Li) spectroscopy
was used to study the reactions of high-energy
protons with *’Au. Cross sections for the forma-
tion of more than 60 nuclides were determined for
bombarding energies of 11.5 and 300 GeV. The
ratio of cross sections at the two energies, 0,,,/
0,,.5, varies in a regular way with the product
mass number, but does not deviate from unity by
more than 20% for any of the products measured
here. This is in agreement with the results of
previous studies!-® at 300 GeV, and leads to the
conclusion that the distribution of excitation ener-
gies deposited in the nucleus changes very little
over the energy range 11.5-300 GeV.

This is supported by measurements of charged-
particle multiplicity in hadron-nucleus interac-
tions®*"*! above ~60 GeV, which show that the in-
tranuclear cascade is not multiplied by secondary
hadrons inside the nucleus. Because of this the in-
crease in secondary production with energy does
not cause a corresponding increase in the excita-
tion energy transferred to the nucleus by the cas-
cade, and the excitation-energy spectrum should
approach an asymptotic distribution above ~60
GeV. The small changes in cross sections be-
tween 11.5 and 300 GeV which are observed are
shown to be continuations of trends previously ob-
served at lower energies.

The Rudstam®? empirical cross-section formula
for spallation products was used to systematize
the cross-section values at 11.5 GeV by fitting the
parameters separately for two mass regions. In
spite of the experimental observation that charge
dispersions are not symmetric, the symmetric
form of the empirical equation gives a reasonable
fit to the independent cross-section data. A mass-
yield distribution was estimated with the aid of
this equation and a number of cumulative cross
sections for products of mass number A =120.
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