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The mass distributions of fission products and targetlike products in the reaction of 20
MeV/nucleon >)C with '’Au were determined radiochemically. The charge dispersions of the fis-
sion products were found to have Gaussian shapes with a width parameter (20%) of 1.6 units and a
most probable charge of 0.4174 +1.4. As for near- and above-target products, the broad charge
dispersions of 4 =196 to 199 suggest contributions from two mechanisms, one corresponding to a
quasielastic process and the other corresponding to deeply inelastic and/or complete fusion process-
es. The cross sections of above-target products were larger than the values expected from simple

evaporation calculations.

I. INTRODUCTION

It is interesting to study how the reaction mechanisms
in heavy-ion-induced reactions vary with incident projec-
tile energy, especially for energies near the nuclear Fermi
energy. In recent years, heavy ion beams of intermediate
energy have become available for these experiments.

A radiochemical experiment usually aims at defining
what occurs during a nuclear reaction by observing the
change induced in a heavy target nucleus. These tech-
niques were used in much of the early work with low en-
ergy reacticns (a few MeV/nucleon), where typical reac-
tion processes are elastic scattering, quasielastic scatter-
ing, deeply inelastic scattering, complete fusion, and in-
complete fusion. Similarly, in high energy heavy-ion re-
actions (hundreds of MeV/nucleon or more), radiochemi-
cal measurements of forward-backward ratios, charge
dispersions, and mass distributions of residual nuclei! —°
have helped develop the picture of a fast abrasive step fol-
lowed by thermalization and deexcitation of the primary
reaction products.

There is little published radiochemical work in the in-
termediate energy region. Most experiments performed at
these energies have involved the measurement of the ener-
gy spectra of light emitted fragments which are interpret-
ed with a moving source model,”~® a preequilibrium exci-
ton model,'®!" the nuclear fireball model,!! etc. Symons
et al.'! have used both a low energy model and a high en-
ergy model to try to explain the energy spectra of protons
in the system of 20 MeV/nucleon °O+'’Au. Egelhaaf
et al.'? have concluded that, in the system of 20
MeV/nucleon °Ne+'7Au, incomplete fusion and
sequential decay occur in addition to complete fusion and
ordinary transfer reactions, and that other mechanisms do
not contribute significantly.

In this work, we have examined the mass distribution
of 20 MeV/nucleon 'C+'"’Au using radiochemical
methods. We have chemically isolated both fission prod-
ucts and near-target products. Results have been com-
pared with an evaporation calculation assuming the for-
mation of a compound nucleus, and including preequili-
brium processes via the exciton model.
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II. EXPERIMENTAL
A. Irradiations

The experimental irradiations were performed at the
Lawrence Berkeley Laboratory’s 88-Inch Cyclotron. The
gold targets for most of the determinations consisted of
uniform, self-supporting gold foils of 5.16 mg/cm? thick-
ness, mounted between two pieces of 6.24 mg/cm? alumi-
num foil (99.99% purity) to completely collect both for-
ward and backward recoil products. An additional 6.24
mg/cm? aluminum foil in the forward direction was used
to isolate the target foils from nuclides produced in the
beam stop. For experiments where products which de-
cayed by alpha particle emission were measured (discussed
in the following), the thickness of the gold foil varied
from 1 to 2 mg/cm?, and the aluminum catcher foils were
1.8 mg/cm?, sufficient to stop complete fusion recoils.'

The target foils were bolted to a copper block at the
back of an electron-suppressed Faraday cup and were irra-
diated with 245 MeV 2C°*+ with an average intensity of
about 20 electrical nanoamperes. The aluminum catcher
foil in the backward direction degraded the energy of the
beam to 240 MeV."® The diameter of the beam spot was
10 mm, defined with an upstream graphite collimator.
The irradiation times for each experiment varied from 5
min to 12 h, depending upon the half-lives of the nuclides
which were of interest. The beam current entering the
Faraday cup was measured with an electrometer, and the
integral was recorded periodically to permit accurate
beam flux histories to be constructed.

To estimate the possible effect of charged-particle-
induced secondary reactions on the measured reaction
cross sections, a set of targets with different thicknesses
between 1.0 and 5.16 mg/cm? were irradiated. It was
found that, within statistics, there was no change in any
of the reaction product cross sections as a function of tar-
get thickness. We are unable to state that there is no con-
tribution to near-target reaction cross sections from neu-
trons produced in the thick copper beam stop. However,
given the center-of-mass velocity, the thickness of the
gold targets, and the cross sections for reactions of neu-
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trons with gold,14 we feel that the only nuclides which
may have a significant contribution from neutron-induced
reactions are 1°Au and *8Au.

B. Chemical separations

Each irradiated gold target with its aluminum cover
foils was dissolved in aqua regia with an excess of HCl in
a distillation flask containing carriers and/or tracers for
the elements of interest. The elements characteristically
present as fission products were separated with standard
chemical procedures.!” Brief comments on the separation
schemes for the elements near gold are located in the Ap-
pendix at the end of this paper. Each run produced three
to ten samples. Chemical yields were obtained either by
measuring the tracer activities, by weighing the carriers,
or by comparison of the most intense activities with those
measured from an unseparated target.

Almost all products at a significantly higher Z than
that of the target were expected to recoil in the forward
(beam) direction. In experiments designed to detect
alpha-emitting polonium and astatine isotopes, thin gold
foils were used (described previously) that allowed these
products to escape to the forward catcher foil. This was
checked by surveying an unseparated target and forward
foil for gamma-ray activity due to '°°Pb and '°*Bi. There-
fore, for measurements of polonium and astatine alpha ac-
tivities, the forward aluminum catcher foil was melted on
a copper disk and the volatile elements were collected on a
copper foil cooled with liquid nitrogen or dry ice. Only
alpha activity from polonium isotopes was observed. For
more chemical details, see the Appendix.

C. Radioactivity measurements and data treatment

The activity of each product was determined by observ-
ing its characteristic gamma rays except for *®Po, 1°°Po,
and 2%°Po, which were observed via their alpha activity.
The gamma-ray spectrometer system was based on four
Ge(Li) detectors equipped with pulse-height analyzers.
The photoelectric efficiencies of the detectors were deter-
mined as a function of gamma-ray energy for a number of
well-defined geometries with a set of calibrated radionu-
clide sources. The energy resolutions (FWHM) of the
detectors were 2.00, 2.05, 2.66, and 2.67 keV for the 1332
keV gamma ray of ®Co. The gamma-ray spectrum of
each sample in the energy range 50 keV < E <2 MeV was
measured at a pulse-height analyzer (PHA) gain of 0.5
keV/channel as a function of time for a total period of
about two months for each run. For alpha activity mea-
surements, a Si(Au) surface barrier detector was used.
The efficiency of this detector was determined with a
source containing a known amount of 2!°Po.

The gamma-ray spectral data were analyzed with the
set of computer programs described in Ref. 16. These
programs consist of a peak search, fitting, and integrating
program (SAMPO), a sorting program for decay curve con-
struction (TAUI1), and an interactive decay curve identifi-
cation program (TAU2). Since the accuracy of the initial
activities determined with TAU2 is defined by the accuracy

of the isotope table used in the identifications,!’ the inten-
sity of each line was checked against more recent compila-
tions'®! to improve the reliability of these data. The
end-of-bombardment activities were converted to cross
sections taking into account both the appropriate chemi-
cal yield and the variation of the beam intensity during
the irradiation. Whenever possible, the activities were
corrected for precursor decay before the cross section cal-
culation. If several gamma rays of the same nuclide were
observed, the cross section was calculated from the
weighted average of all the corrected gamma-ray intensi-
ties.

III. RESULTS AND DISCUSSION

The cross sections of about 250 nuclides produced in
the reaction of 20 MeV/nucleon >C with "Au were
determined and are tabulated in Table I and plotted in
Fig. 1(a). Table I also indicates whether or not a particu-
lar cross section is an independent yield, the experimental
method by which it was observed, and the half-life and
principal gamma-ray energy and intensity used in the
cross section calculation.

A. Fission products

Many of the observed fission products were members of
the same mass chain so the charge dispersion could be ob-
tained. The shape of the charge dispersion was assumed
to be Gaussian,

P(Z)=Cexpl—(Z,—Z)*/20] .

The most probable atomic number (Z,) seems to be well
reproduced with the linear equation Z,=0.4174 4 1.4.
The charge dispersions of all fission products (from
71 < A <145) were found to have similar values of the
width parameter, 20%=1.6. This is demonstrated in Fig.
2, where all the fission data are scaled and plotted on the
same axes.

The width we observe here is rather large compared to
those widths arising from processes at lower energy. In
the reaction of 112 MeV 2C with *’Au, the width 202 is
0.9.2% The widths of the charge dispersions from the low
energy fission of uranium range from 0.80 to 0.95.21%2
The broadening observed here results, in part, from the
large variety of primary reaction products which will de-
cay by fission, and partly from the high angular momen-
tum of the fissioning nuclides. The dependence of the
width parameter on excitation energy is thought to be
small.?

The data displayed in Fig. 2 give a measure of the con-
fidence with which the charge dispersions of the fission
products can be described with the Z, and width parame-
ter already detailed. Using these values, the total chain
yield for each mass number can be estimated from the
available experimental data. The obtained mass distribu-
tion is plotted in Fig. 1(b). In this figure, the solid line
represents a Gaussian fit to the data points from 4 =71
to 145. The peak of this mass distribution is at 4 =95.6.
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TABLE I. Cross sections measured in 20 MeV/nucleon 2C+ '"’Au.

Cross section E

Y Y

Nuclide (mb) Type* Method® Half-life (keV) (%) Reference
"As 0.299 + 0.047 CcD C 2.7d 174.9 83.1 19
A5 1.06 + 0.17 I C,D 1.083 d 834.0 79.5 19
As 8.49 + 1.24 I C,D 17.70 d 595.9 59.2 17
T6As 147 + 2.1 I C,D 1.096 d 559.1 44.6 17
As 16.3 + 2.8 CR C 1.613 d 239.1 1.6 19
BAs 10.1  + 2.1 CR C,D 1.510 h 613.7 54.0 19
3Se 0.288 + 0.060 CD C 7.18 h 360.9 97. 18
5Se 5.08 + 0.22 CcD C 118.45 d 264.65 58. 18
8Igem 21.1  +15.6 CR C 57.28 min 102.7 9.7 18
82Br 239 + 6.7 I D 1.479 d 698.2 27.9 17
84gym 7.46 + 1.13 CR D 6. min 1462.8 97. 18
SK ™ 299 + 1.35 CR D 4481 h 151.3 76.1 17
BKr 126 + 83 CR D 2.86 h 196.3 26.3 18
82Rb™ 2.90 + 2.30 I D 6.5 h 618.9 39.2 19
$4Rb™ 141 + 45 I D 20.405 min 247.9 59. 19
SR BB 3.19 + 1.86 I Cc 3277 d 881.6 67.8 19
8Rb 466 + 1.74 1 (o} 18.82 d 1077.2 8.79 18
8Sr 1.31 + 0.34 cD C 1.35 d 762.5 29.4 17
855 m 0.463 + 0.148 I C 68. min 231.7 84.5 18
8588 13.1 £ 1.1 I C 64.85 d 514. 100. 18
oISy 129 + 3.4 CR C 9.5 h 1024.3 33.4 18
92Sr 5.07 + 0.56 CR C,D 271 h 1383.9 90. 17
3sr 0.840 + 0.200 CR C 7.43 min 590.18 66.5 19
8ym 0.382 + 0.056 CcD C 49 h 231.7 23.4 19
8ye 0.109 + 0.023 CcD Cc 2.68 h 504.5 64. 18
8oym 2.13 + 1.72 I C,D 48. min 208.2 94, 18
86ye 3.25 + 0.16 I C,D 1474 h 627.72 32.6 18
87ym 11.3 + 2.0 CcD C,D 132 h 381.1 78. 18
87ye 136 + 2.8 I D 80.3 h 484.8 92. 18
8y 263 + 0.8 1 C 106. d 898.0 92. 17
0ym 357 + 6.4 I C 3.19 h 202.4 97. 17
oym 325 + 2.5 I D 49.694 min 555.6 94.9 17
2y 206 + 6.9 CR C,D 3.530 h 934.5 13.7 17
Sy 163 + 2.8 CR C 102 h 267. 6.8 18
%Yy 5.13 + 0.83 CR C 18.7 min 918.8 73.3 19
%Y 3.75 + 0.68 CR C 10.3 min 954.2 13.4 19
8Zr 0.438 + 0.104 CD Cc 16.5 h 243.0 96. 17
87r 0.340 + 0.315 CcD C 1.73 h 1228. 3.0 19
87y 3.19 + 0.18 CD C,D 85. d 392.8 97. 17
87 105 + 1.6 cD C 3.271 d 909.2 100. 17
SZr 253 + 6.6 CR C 64. d 756.7 54.6 18
Zr 473 + 0.12 CR C 169 h 743.4 92.8 18
ONb 3.50 + 0.76 CD Cc 14.6 h 1129.2 92.6 18
2Nb™ 19.7 +18.4 I C,D 10.1 d 934.5 99.1 17
SN 468 + 2.5 I C,D 35.1d 765.8 99. 17
%Nb 35.6 +10.2 1 D 23.501 h 1091.3 49.4 17
9TNb 280 + 0.4 I C,D 73.62 min 658.1 99. 17
%Nb? 8.23 + 1.69 CR D 51.005 min 787.2 95. 17
SMo™ 3.13 + 0.09 ch C 6.95 h 1477.2 99.1 18
Mo 384 + 3.1 CR D 66.02 h 739.6 12.1 19
122Mo 314 +13.6 CR D 11.0 min 475.0 6.3 19
94T cE 0.623 + 0.351 CD Cc 293. min 871.01 100. 18
95Tc8 3.32 + 0.77 cD C 20. h 765.8 94, 17
%Tc 6.71 + 1.60 1 C,D 43 d 849.9 97.8 17
NTcm 6.96 + 0.14 1 D 6.02 h 140.5 89. 18
101T¢ 102 + 1.6 1 D 14.00 min 306.8 88.7 17
102¢m 154 + 0.8 1 D 4.35 min 474.8 85.0 18
1047¢ 495 + 0.18 CR D 18.40 min 357.8 89.0 19
"Ru 1.61 + 0.14 CD C,D 2.89 d 215.7 87.6 17
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TABLE 1. (Continued).
Cross section E, I,
Nuclide (mb) Type* Method® Half-life (keV) (%) Reference
103Ru 51.0 + 1.1 CR C,D 39.6 d 497.1 90. 17
105Ru 178 + 0.3 CR C,D 444 h 469.4 17.5 17
10Rh 2.30 + 0.13 1 Cc 20.8 h 539.6 78.4 18
10iRhm 5.83 + 0.24 CD C,D 434 d 306.8 86.3 19
105Rh 283 + 1.9 I Cc 3547 h 318.9 19. 18
106R h™ 141 + 04 1 C,.D 130. min 717.2 29.2 18
18R H? 7.04 + 3.33 CR D 5.9 min 434.2 100. 17
100pgq 0.123 + 0.009 CD C 3.63 d 539.6f 78.4 18
101pg 0.510 + 0.043 CD Cc 8.47 h 296.29 18. 18
109pg 255 + 0.5 CR C 13.427 h 88.04 3.6 18
1ipgm 2.87 + 0.70 CR Cc 55 h 172.2 32.33 18
112pgq 1.76 + 0.03 CR C 21.05 h 617.4f 50.0 19
103A¢ 0.267 + 0.088 CD C 1.095 h 118.7 31.3 19
1047 g™ 0.600 + 0.393 1 Cc 33.5 min 767.6/ 65.78 18
1047 g8 < 0.51¢ I C 69.2 min 767.6 65.78 18
1057 421 + 0.15 CcD C 410 d 344.4 42. 17
1067 g™ 6.43 + 0.08 1 C 8.410 d 1045.7 29.7 17
1107 gm 23.7 + 0.6 1 C 253. d 657.7 93.8 17
MAg 249 £ 26 14 C 747 d 342.1 6.7 19
12p¢ 13.8 + 04 1 c 3.14 h 617.4 42. 18
3Ag 128 + 04 CR C 5.299 h 298.4 8.2 17
107¢Cd 1.53 + 0.55 CcD C 6.499 h 93.1 4.6 17
tegm 18.1 =+ 1.2 I C,D 46.8 min 245.4 94. 17
115C e 1.42 + 048 CR C 2221 d 527.9 27.5 17
10911 1.16 + 0.41 CcD C 4.301 h 203.5 72.1 17
1oy, 8 2.64 + 0.59 I C,D 4.901 h 884.7 94.9 17
n 6.85 + 2.38 cD C 2.83 d 171.3 90.3 17
H4pm 214 £+ 7.5 I C 49.5 d 558.3 3.40 19
Heépym 13.8 + 4.8 1 C,D 54.101 min 1293.4 85. 17
1158h 5.64 + 1.06 CcD C 31.8 min 498. 99.1 18
16gpm 426 + 0.86 1 C.D 1.005 h 972.6 72. 17
1658 3.13 + 0.99 I D 15.998 min 1293.7 88. 17
118gpm 9.87 + 0.43 I C,D 5.1 h 253.5 99. 18
12098 6.66 + 0.42 I C,D 5.76 d 1171.7 100. 18
126y 473 + 0.38 I C 2.681 d 564.1 70. 18
16Te 1.27 + 0.11 CD C,D 2.50 h 94.1 29. 18
7Te < 0.19¢ CD Cc 61. min 719.7 65. 18
H8Te 7.99 + 2.49 I C 6.0 d 1229.5¢ 2.5 18
H9Tem 5.83 + 0.38 I Cc 4.68 d 153.5 66. 18
11978 1.93 + 0.17 1 C 16.05 h 644.01 84. 18
12lem 105 + 14 1 C 154. d 212.2 83. 18
121Teg 1.83 + 0.39 1 C,D 16.78 d 573.01 80.3 18
123em 6.51 + 025 I Cc 119.7 d 159. 83.6 18
18y 1.79 + 0.48 CcD C 14.3 min 605.2 95. 18
19y 0.568 + 0.242 CD C 19.296 min 257.6 95, 17
12018 0.611 + 0.153 I C 53. min 560.4 100. 18
12074 1.05 + 0.23 CcD C 1.35 h 560.4 73. 18
1211 414 + 0.29 CcD C,D 2.12 h 212.5 84.3 17
1231 9.31 + 0.77 CD C,D 13.099 h 159.1 83. 17
1241 6.39 + 0.78 I C 417 d 602.7 62. 17
1261 3.37 + 0.75 I C 13.0d 388.6 34.9 17
1301 0.542 + 0.117 I Cc 12.36 h 668.4 94. 18
127Xe 126 =+ 1.7 CcD D 36.4 d 202.8 68.3 19
129Cs 4.64 + 0.65 cD Cc 3335 h 371.9 32. 18
132¢g 0.683 + 0.083 I C 6.474 d 667.5 97.5 18
126B4 2.55 + 0.50 CcD C 100. min 388.6f 42. 18
128Ba 1.61 + 0.45 CcD C 2.43 d 443 f 25.8 18
13Igam 2.19 + 2.04 I C,D 14.60 min 107. 56. 18
131Ba8 4.90 + 0.95 CcD C,D 12.0 d 123.7 28. 18
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TABLE 1. (Continued).

Cross section . E, I,
Nuclide (mb) Type* Method"® Half-life (keV) (%) Reference
133gg™ 1.08 + 0.34 I C 389 h 275.6 17.5 18
1301 5 0.797 £ 0.465 I C 8.7 min 357.3 81. 18
Blla 1.81 + 0.97 CcD C 61. min 108.1 24. 18
132 gm 4.60 + 3.10 I D 24.307 min 135.8 43.0 18
132] 58 202 + 0.54 I C 48 h 464.55 76. 18
1341 4 442 + 1.95 I Cc 6.67 min 604.7 5.04 18
13612 483 + 2.23 I C 9.87 min 818.51 2.6 18
130Ce 0.163 + 0.157 CcD C 25. min 357.3f 81. 18
Blce 2.90 + 0.92 CcD C 10.5 min 169.6 20. 18
132Ce 0.824 + 0.160 CcD C 3.,51 h 464.55¢ 76. 18
133Ces 1.12 + 0.20 CcD Cc 49 h 130.7 17.9 19
134Ce 1.59 + 1.19 CD C 759 h 604.7° 5.04 18
135Ce 3.03 + 055 CcD c 176 h 265.3 46. 17
137Cem 129 + 0.05 I C 344 h 254.3 11.1 18
137Ce8 292 + 0.96 CD C 9.0 d 447.15 2.2 18
139Ce 3.16 + 0.57 CD C 1372 d 165.9 80. 18
e 0.038 + 0.011 CR Cc 32.55 d 145.4 49.3 18
L6pp 0.927 + 0.146 I C 13.1 min 539.8 52.4 18
138ppm 1.44 + 0.43 I C 2.02 h 789.0 100. 18
136Nd 0.451 + 0.114 CcD C 50.65 min 574.9 12. 18
3'Nd 0.571 + 0.141 cD C 38.5 min 580.6 13. 18
B38Nd 202 + 1.20 CD C 5.04 h 326.3 2.9 18
BINd™ 1.01 + 0.05 1 C 55 h 113.9 34.0 19
140pym 0.269 + 0.125 I C 5.95 min 419.9 91.63 18
41pm 220 + 0.82 CcD C 20.9 min 1223.26 4.6 19
144pm 0.803 + 0.665 I C 349. d 696.5 100. 18
141§ me 0.300 + 0.090 CcD C 10.2 min 403.9 424 18
141gmm 0.192 + 0.054 CcD C 22.5 min 196.6 73.6 18
128m 0.269 + 0.114 CcD Cc 72.49 min 1576.f 3.0 18
%SEu 0.398 + 0.071 CD (o} 593 d 893.5 65. 18
Mgy 0.429 + 0.102 1 c 4.7 d 747.2 97.8 17
MRy 0.770 + 0.173 1 C 243 d 197.3 23. 17
18Ey 0.286 + 0.010 1 C 54. d 550.2 99. 18
45Gd 0.200 + 0.070 CcD C 21.8 min 1757.8 35. 18
146Gd 0.079 + 0.025 CcD C 48.3 d 115.3 45, 17
1Gd 0.253 + 0.060 CcD c 1.458 d 229.3 64.4 19
19Gd 0.549 + 0.027 CD c 9.25 d 149.7 41.7 19
4 TpA 0.123'+ 0.049 CD o} 1.61 h 1153. 75. 18
51T 0.329 + 0.157 CD C 17.6 h 108.1 25.22 18
152Tp 0.271 + 0.024 I C 17.5 h 3443 57. 19
153Tb 0.506 + 0.033 I Cc 2.34 d 211.94 32.5 19
55Tb 0.376 + 0.066 CcD c 5.32d 105.3 23. 18
156Tp 0.049 + 0.010 1 C 5.35 d 534.3 67.0 18
12Dy 0.215 + 0.040 CcD C 237 h 257. 97.6 18
155Dy 0.526 + 0.059 CcD C 6.50 h 254.3 8.33 19
155Dy 0.332 £ 0.063 cD C 10. h 227. 68. 18
157Dy 0.337 + 0.063 CcD C 8.1 h 326.3 95.0 17
156Ho 0.617 + 0.094 CD C 55.6 min 266.4 53.9 19
160E 0.214 + 0.085 CcD C 1.225 d 728.1F 36. 19
161Ey 0.225 + 0.045 CD C 324 h 826.5 61. 18
167Tm 0.114 + 0.087 CcD o) 9.25 d 207.8 41.0 18
166yb 0.167 + 0.095 CD lof 56.7 h 184.3f 21.3 19
167yp 0.086 + 0.073 I C 17.7 min 113.32 54. 18
19 u 0.142 + 0.059 CcD C 34.06 h 191.2 17.9 19
170y £ < 0.05° CcD C 1592 h 164.78 33, 18
\B3Hf 0.110 + 0.007 I Cc 240 h 123.69 83. 18
173Tq 0.064 + 0.004 CcD C 3.701 h 123.69F 83. 18
174Ta 0.057 + 0.057 CD o} 1.2 h 206.5 66.2 17
15T 0.164 + 0.017 CD C 10.5 h 207.4 13.3 17
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TABLE 1. (Continued).
Cross section E, I,
Nuclide (mb) Type* Method® Half-life (keV) (%) Reference
176Ta 0.197 + 0.028 CcD C 8.1 h 1159.3 24.0 17
17"Ta 0.192 + 0.025 CcD C 2.358 h 113.0 6.0 17
178 gm 0.014 + 0.005 1 C 245 h 325.6 94.1 18
176w 0.150 £ 0.010 CcD C 23 h 100.2 71. 17
177w 0.104 + 0.010 CcD c 225 h 115.7 58.5 19
178w 0.680 + 0.623 CcD C 215 d 1350.67 1.17 18
1800 0.331 + 0.103 CcD Cc 21.7 min 902.41 98. 18
1Blog8 0.107 + 0.008 cD C 105. min 238.7 46.2 18
18205 1.12 + 0.08 CcD C 22.10 h 180.2 33.2 18
183Qgm 0.864 + 0.044 CcD C 99 h 1102. 55. 18
1830g8 0.625 + 0.039 CcD C 13. h 114.4 19.8 18
1850s 1.37 + 0.19 CcD C 93.6 d 646.07 81. 18
184 < 3.5° CcD D 3.101 h 119.8 33.2 17
18674 < 4.4 1 D 1.75 h 630.3 19.3 17
188y 6.83 + 1.22 I C 1.729¢ 663.1 22. 17
186py 2.15 + 0.07 CcD C 20 h 434.8' 33.7 18
187p¢ 5.17 + 027 cD C 235 h 201.5 7.6 17
188py 190 + 05 CcD C 102 d 187.6 19.2 18
189p¢ 345 + 0.6 CcD C,D 10.87 h 243.5 4.4 18
9ipy 9.03 + 0.22 I C 30d 409.4 7.9 17
197p¢ 1.88 + 0.11 CR C 18.3 h 191.4 3.485 18
19Au 1.1+ 2.7 CD C 28.7 min 721.4f 5.8 18
19%Au 1.7 + 1.0 1 C 42.8 min 296.0 71. 18
YA 133 + 0.7 1 C 3.199 h 586.4 16.0 19
192Au 9.10 + 0.87 I C 5.03 h 316.6 78.3 19
193Au 10.5 + 1.8 I¢ C 175 h 255.6 7. 18
1% Au 329 + 25 I C,D 39.5 h 328.47 6l. 18
196 A y™ 5.80 + 0.38 I C,.D 9.701 h 147.7 42.0 17
196 A u8 139. + 7. I C,D 6.18 d 355.7 88.0 17
198 A u™ 1.23 + 0.14 I C 227 d 214.9 78.7 17
198 A ug 179 + 09 I C 2.69 d 411.8 94.7 17
19Au 0.794 + 0.122 CR C 3.148 min 158.24 39. 18
10Hg 362 £ 1.5 cD D 20.00 min 142.7 52.0 19
THg 267 + 15 cD Cc 50.8 min 252.6 55.1 17
192Hg 23.5 + 4.7 I C 4.901 h 274.8 46.1 17
193 gm 179 + 1.0 I C,D 11.8 h 407.7 37.0 19
195H g™ 299 + 55 1 C,D 1.667 d 261.8 334 19
19T g™ 28.7 + 5.4 I c 23.8 h 133.9 34.3 18
9T ge 3.13 £ 1.53 I C 64.14 h 77.35 19. 18
199Hg™ 8.63 + 0.85 I D 42.595 min 158.4 58.4 17
19211 351 + 92 cD C,D 10.7 min 274.8f 46.1 17
19371 458 +12.6 CcD C 21. min 255.68 7. 18
194|m 387 + 34 1 C,D 32.8 min 748.9 77. 18
194118 332 119 CcD C,D 35.107 min 645.5 13.0 17
19571 71.3 + 45 1 C 1.16 h 884.5 10.5 19
196]m 88.0 + S.1 I c 1.410 h 426.3 92. 17
197118 5.63 + 1.56 I C 1.90 h 610.6 12.4 17
19771 64.1 + 45 I C 2.837 h 307.8+308.6 3.6 19
198 m 163 £ 1.5 1 C 1.870 h 282.8 27. 17
19818 9.81 + 1.27 I C 53 h 1420.6 8.0 17
19971 449 + 1.05 I C 7.399 h 455.1 13.6 17
200] 0.324 + 0.006 I C 1.088 d 368.0 91.0 17
201y 0.070 £ 0.009 I C 73. h 167.4 10.6 19
2027 0.030 + 0.013 I C 122 d 439.4 94, 17
195ppe 27.3 + 64 CcD D 17.006 min 383.5 93.5 17
196pp 300 + 3.4 CcD c 36.994 min 425.7° 87.2 17
197ppm 233 + 1.6 CcD C 42.005 min 385.6 77.2 17
198pp 126 + 2.7 I C 2.4 h 365.4 19. 19
199ppb 574 + 1.23 CcD C,D 1.5 h 366.9 64.8 19
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TABLE 1. (Continued).
Cross section E, I,
Nuclide (mb) Type® Method® Half-life (keV) (%) Reference
200pp, 0.983 + 0.182 I C 21.499 h 147.6 37.7 19
0ipp 0.252 + 0.013 1 C 9.401 h 331.2 81.4 17
202ppm 0.085 + 0.035 1 C 3619 h 960.7 91.3 17
203pp 0.006 + 0.002 1 C 2.171 d 279.2 81.0 17
198Bj 6.29 + 0.49 CD D 11.85 min 1063.5 100. 17
200B;8 0.623 + 0.143 CD C 36.4 min 1026. 100. 18
01p; 0.127 + 0.005 CD (o) 1.8 h 331.2f 81.4 17
202 0.030 + 0.012 I C 1.67 h 961. 100. 18
203B; 0.016 + 0.012 CD C 11.8 h 820. 29. 18
204Bj 0.005 = 0.002 I C 112 h 899. 100. 18
198pgo 0.780 + 0.100 1 RC 1.78 min a (6.183 70.)" 18
199pgm 0.183 + 0.037 1 RC 4.2 min a (6.060 39.) 18
200pg 0.089 + 0.020 1 RC 11.6 min a (5.864 14.)" 18
202pg 0.034 + 0.012 CD C 44. min 686.9 47. 18
04po 0.028 + 0.021 CcD C 352 h 1016.1 24.4 19

2 I: Independent; CD: Partially cumulative from EC or B8*; CR: Partially cumulative from 3~.
® C: Chemically separated; D: Nondestructive, RC: Rapid chemistry for a counting.

‘Peak was observed, but large error.
9Not corrected for '!'PdS.
emHg"'/“”Hg": 3 was assumed.
{Obtained from daughter nuclide.
8Obtained from granddaughter nuclide.

hAlpha energy in MeV.

The full width at half maximum is about 38, which is
larger than those for the 126 MeV N induced fission of
7Au (FWHM=30+2),2 the 112 MeV '’C induced fis-
sion of '”Au (FWHM=27),%° and the 105 MeV '*C in-
duced fission of Pt (FWHM=29.2),%* but is smaller
than that for the reaction products from 391 MeV
“Ar+1%Ho (FWHM=60) (Ref. 25) for which it is as-
sumed that there is a contribution due to other reaction
processes. If we assume that the charge distributions of
the fission products are the same as those of the fissioning
nuclei, ignoring the possibility of neutron emission from
the fission fragments, the “average” fissioning nucleus is
near 'TI.

Blann?® has measured a fission cross section of 0.9 b in
the reaction of 112 MeV '2C with '?Au. Gordon et al.?’
gave 1.28 b for the fission cross section in the reaction of
124 MeV !2C with '7Au, and Britt and Quinton?® gave
1.35 b for 126 MeV C+'"Au. Wilcke et al.?¢ have cal-
culated fusion cross sections for the '>)C+ !'°7Au system at
a variety of energies. For each of the reactions listed pre-
viously, the calculated fusion cross section is larger than
the observed fission cross section. The calculated fusion
cross section in the 20 MeV/nucleon '2C+ %’Au system is
967 mb. From the fit to the charge-dispersion-corrected
mass yield, shown in Fig. 1(b), we obtain a fission cross
section of 1700 mb. In this case there are two significant
contributions to the fission cross section: fusion-fission
and fission following multinucleon transfer (sequential fis-
sion). As a simplest case, if a single proton with the ve-
locity of the '2C projectile is deposited in a '’ Au nucleus
to make '*Hg*, the excitation energy of the '“*Hg is
about 27 MeV. The fission barrier of *®Hg is on the

same order,?® about 22 MeV. From ’Au(p,f ) data® it is
known that the contribution to the fission cross section
from '"®Hg precursors is small at these excitation energies;
however, the transfer of more nucleons to the target nuclei
and the possibility of damping some of the relative
motion of the reacting system into excitation energy and
intrinsic angular momentum makes it possible to attribute
the “extra” 700 mb of fission cross section to sequential
fission processes.

When the evaporation code ALICE,*! including pre-
equilibrium processes, was used to model the reaction of
240 MeV 2C+'97Au, the resultant fission cross section
was 1700 mb. The initial exciton number was varied from
12 to 20, but this did not greatly affect the value of the
fission cross section. This is a not unexpected result since,
generally, fission occurs at rather low excitation energies,
after several nucleon emissions in this case. Gordon et
al?’ measured the angular distributions of fission frag-
ments in the 2C+ '"’Au system at different incident pro-
jectile energies. They concluded that the average excita-
tion energy of the fissioning nuclei is independent of pro-
jectile energy. At high excitation, fast processes like par-
ticle emission dominate; the slower fission process cannot
compete until the excitation energy has been decreased to
about 25 MeV. We do not consider the possibility of “fast
fission” processes since, in the reaction of 20
MeV/nucleon '>)C with '“’Au, the critical angular
momentum of fusion is 207 smaller than the value of the
angular momentum at which the fission barrier of the
compound nucleus vanishes.?®

The determination of isomer ratios gives a rough mea-
sure of the energy and angular momentum in the precur-
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FIG. 1. Cross sections from the reaction of 240 MeV '>C
with ’Au. (a) (Upper). Individual cross sections. Circles
denote independent cross sections, triangles denote partially cu-
mulative cross sections from B* or EC decay, and squares
denote partially cumulative cross sections from 8~ decay. Solid
points denote the cross section for one member of an isomer
pair. (b) (Lower). The charge-dispersion-corrected mass distri-
bution. The meanings of symbols other than circles for target-
like products are described in the text. The full curve is a result
of Gaussian fitting the fission products, and the dashed curve is
that from Ref. 20 describing the fission distribution of 112 MeV
lZC + 197 Au.

sor nuclides. The isomer ratios measured in this work are
tabulated in Table II, together with the isomer ratios for
the same nuclides determined in other reactions.>>~3” The
isomer ratio of ®Sr is significantly higher in our work
than that arising from *Sr(ny,y) reactions,* indicating
that the precursor resulting in **Sr has a nonzero angular
momentum.*® The isomer ratios of ''%Sn and !"Te in the
present work are very nearly equal to those obtained from
the complete fusion reactions "*In(a,3n) and '®Sn(a, 3n)
at E,=33 MeV.3* The isomer ratio we have determined
for '2'Te is only somewhat larger than that from
1208n(a,3n) at E, =33 MeV.3* Reference 34 gives an iso-
mer ratio for '26Sb from the '2*Sn(a,pn) reaction at
E_,=36.5 MeV which is similar to the (a,3n) values given
above. However, the isomer ratio of '2Sb produced in the
reaction of 94 MeV 2C with 2®Bi,>® which proceeds
largely via a complete fusion mechanism, is about 2.5
times larger than that from the >*Sn(a,pn) reaction. The
small values of the isomer ratios for the fission products
obtained in our experiments is another indication that
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FIG. 2. The cumulative charge dispersion of the fission prod-
ucts. Circles denote independent cross sections, triangles denote
partially cumulative cross sections from B+ or EC decay, and
squares denote partially cumulative cross sections from B~ de-
cay.

much of the fission cross section arises from relatively
low angular momentum sequential fission processes rather
than from the high angular momentum complete fusion
process.

B. Targetlike products

The cross sections of targetlike reaction products are
plotted in Fig. 1 with the cross sections of the fission
products. As shown in Fig. 3, the charge dispersions of
A =200 to 204 can be fit with single Gaussian distribu-
tions with width parameters (20%) of about 1.6. For
A =196 to 199, the charge dispersions seem to have two
components. The high-Z nuclides can be described with a
width parameter of 1.1, while the low-Z peaks are much
narrower, with 26?=0.6. The most probable charge asso-
ciated with the small width parameter increases with mass
number, consistent with a quasielastic reaction mecha-
nism where the reaction products are centered about the
(Z,A) of the target. The more neutron deficient products
described with the larger width parameter are due to some
combination of complete fusion, deep-inelastic, and/or
several-nucleon-transfer processes. The most probable
charge of these products remains constant at Z =82 for
nuclei with 4 =198 to 202. This is due, in part, to the ef-
fect of the Z =82 shell on the transfer process and on its
effect on the fission survival probability of the primary re-
action products.

The ALICE calculation described earlier did not repro-
duce the cross sections of most of the targetlike products.
The systematic behavior of the calculated cross sections
was contrary to that observed in the experiment, with
cross sections falling off from the compound nucleus
(Z,A). The experimental cross sections of the T1, Pb, and
Bi isotopes are one to two orders of magnitude larger than
the calculated cross sections. The calculation did repro-
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TABLE II. Isomer ratios (Ghigh spin/Clow spin) from the reaction of 240 MeV '2C with ’Au.

Nuclide Spins ghT, present work %—, other reactions

1
%Rb (6+),2— 44 +2.5
8Sr N - 28 49 0.67* (N, 7))
86y 8+,4— 0.66 +0.59 0.45° (p,3n),E, =660 MeV
16gp 8—,3+ 14 10.6 2.03 +0.10° (,3n),E,=32.3 MeV
119Te S 3.0 +0.8 2.70 0.05° (a,3n),E,=33.4 MeV
121Te S+ 57 +2.1 2.00 +0.30° (@,3n),E,=33.4 MeV
1321 o 6—,2— 23 %19
10Ho 5+4,2— 0.87 +0.70
1% Au —, (2— and 5%) 0.042+0.011 0.054+0.004¢ (n,2n),E,=13.4 MeV
198A0 (12—),2— 0.069+0.023
THg e - 9.2 +4.8 1.04 +0.15° (d,2n),Eq=21.4 MeV
19611 (74),2(—) 15.6 +4.4
1987 7+,2— 1.66 +0.50 12f (a,3n),E, =35 MeV

2Reference 32.
bReference 33.
‘Reference 34.

duce the cross sections of the polonium isotopes, except
for 22Po and 2**Po. This, and the shift of the charge dis-
tributions away from Z, =82 for 4 =203 and 204, we at-
tribute to the deexcitation of primary products near the
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= . ]
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L / . / i
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v 199
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1% 12c+ 197AU

10° L1 L
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PRODUCT Z

FIG. 3. The charge dispersions of targetlike products for
A =196 to 204. Circles denote independent cross sections, tri-
angles denote partially cumulative cross sections from 8+ or EC
decay, and squares denote partially cumulative cross sections
from 3~ decay. Solid points denote the cross section for one
member of an isomer pair.

dReference 35.
“Reference 36.
fReference 37.

(Z,A) of the compound nucleus by the emission of non-
equilibrium high energy nucleons.

In Fig. 4, the cross sections of the TI, Pb, Bi, and Po
isotopes are plotted versus the Qg, for their formation via
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FIG. 4. The dependence of the isotopic distribution of high
Z products on Q. The calculation of Q,, in this case is dis-
cussed in the text. Circles denote independent cross sections, tri-
angles denote partially cumulative cross sections from 8% or EC
decay, and squares denote partially cumulative cross sections
from B~ decay.
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a “compound nucleus.” Volkov*® has used the Oge
method to extract the nuclear temperature of partial
fusion reactions from projectilelike reaction products, as-
suming a binary reaction mechanism. Jacmart et al*!
were not able to reproduce a similar systematic Qg
dependence. Here, the '2C projectile is so small that we
assume that the complementary fragment for the produc-
tion of species at a significantly higher Z than the target
nucleus exists as a set of discrete, unbound nucleons. We
have, in effect, assumed for the purpose of the Qg calcu-
lation that the polonium isotopes are produced in
197Au('2C,pxn) reactions, that the bismuth isotopes are
produced in '"’Au(!?C,2pxn) reactions, etc. Since the
binding energy of the neutron is positive for all the target-
like products, the mass numbers of the isotopes of a given
element decrease from left to right in Fig. 4. The solid
lines are drawn parallel to the linear fit to the bismuth
data. The strongest deviations from linear behavior occur
in the thallium isotopes, where the size of the complemen-
tary fragments (;Be) for the more neutron deficient prod-
ucts makes the discrete-nucleon assumption untenable.
Since we are plotting evaporation residue cross sections
rather than the cross sections of primary products, the
slope no longer directly relates to the reaction tempera-
ture; in fact, the slope is of the opposite sign from that ob-
tained by Volkov.*

The charge-corrected mass distribution of targetlike
products is shown in Fig. 1(b) along with that of the fis-
sion products. In the case of 4 =196 to 199, the quasi-
elastic component (closed circles) and the deep-inelastic
component (triangles) were integrated separately, then
summed to give the data plotted as open circles. The total
cross section for the production of targetlike products
(A =170 to 204) is about 1600 mb. Combined with the
fission cross section of 1700 mb, this gives a total reaction
cross section of about 3.3 b, in excellent agreement with
the value calculated by Wilcke er al.2° of 3.3 b.

The isotopic distributions for Z =78 to 84 are plotted
in Fig. 5. In general, there is a downward trend in the
maximum cross section of each element distribution as
the nuclear charges of the products increase from the tar-
get Z. The apparent exception for the mercury isotopes
(Z +1) is due to the fact that the observed cross sections
near the predicted maximum are for only one-half of an
isomer pair. The cross sections of the thallium (Z +2)
and bismuth (Z +4) isotopes are much lower than those
arising from the '2C+!'’Au reaction at lower projectile
energies.*?

The isomeric yield ratios of targetlike products are tab-
ulated in Table II. The '®Ho isomer ratio arises from the
decay curve analysis of the gamma rays of '®Ho?, given
the internal transition branch of 65%.'* Due to the angu-
lar momentum dependence of the competition of fission
to particle evaporation, the obtained isomer ratios do not
directly relate to the angular momentum of the composite
system or the spin distribution in the primary reaction
products. They do give some indication of the reaction
mechanism resulting in these evaporation residues. The
cross section ratio of high spin to low spin isomers in
198T1, 98T, and '°’Hg are all larger than those for the typ-
ical quasielastic products '*®Au and *®Au. Even at these
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FIG. 5. The isotopic distributions of targetlike products. Z
refers to the atomic number of the target nucleus (79). Circles
denote independent cross sections, triangles denote partially cu-
mulative cross sections from B+ or EC decay, and squares
denote partially cumulative cross sections from B~ decay. Solid
points denote the cross section for one member of an isomer
pair.

projectile energies, the “thermalization” of angular
momentum in the quasielastic channels is very small, on
the order of that introduced by 13 MeV neutrons in the
197 Au(n,2n) reaction. The relative sizes of the !°*T] and
19T1 isomer ratios we cannot explain.

IV. CONCLUSION

The cross sections of about 250 nuclides were measured
in the reaction of 20 MeV/nucleon '>C with '*’Au. The
charge dispersion of fission products had a Gaussian
shape with a width parameter (20) of 1.6, which is larger
than those obtained from lower energy systems. The
FWHM of the mass yield curve of the fission products
was 38 mass units, and the fission cross section was about
1.7 b. Both these values are larger than those obtained in
low energy heavy-ion-induced fission. The broadening of
the charge dispersion and mass distribution of the fission
products may be attributed to the large variety of the fis-
sioning nuclei of high angular momentum. The isomer
ratios of the fission products were similar to those mea-
sured in low energy charge-particle-induced reactions.

The charge dispersions of 4 =196 to 199 seem to have
two components, one corresponding to quasielastic pro-
cesses, and the other corresponding to deep-inelastic
and/or complete fusion processes. The peak cross sec-
tions of the transtarget elements decrease with increasing
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Z, contrary to the result expected from an evaporation
calculation. The summed cross section of targetlike prod-
ucts was about 1.6 b. The total reaction cross section was
approximately 3.3 b, which is in agreement with the
theoretical estimate of 3.3 b.
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APPENDIX

The following are notes on the chemical procedures
used to separate the elements near gold from the fission
products and from each other.

Hafnium: After separation from the lanthanides, hafni-
um was coprecipitated with barium fluorozirconate. The
precipitate was dissolved in boric acid and nitric acid, and
a hydroxide precipitation was performed by adding am-
monium hydroxide. The precipitate was dissolved in a
small amount of hydrochloric acid, and loaded on an
anion exchange column (Dowex AG 1-X8). Hafnium was
eluted with a 4 N-HCI1—0.1 N-HF solution.

Tantalum: Tantalum oxide was precipitated from fum-
ing HNO;. The precipitate was washed with NH,OH to
remove tungsten (see the following), and then tantalum
was dissolved in hydrofluoric acid. Lanthanum hydrox-
ide, antimony sulfide, and barium fluorozirconate
scavenge procedures were performed. Tantalum oxide
was reprecipitated by adding boric acid in a nitric acid
solution.

Tungsten: Tungsten was precipitated from fuming
HNO;. After dissolving in NH,OH and scavenging with
Fe(OH);, tungsten was  precipitated with 8-
hydroxyquinoline in an ammonium acetate-acetic acid
buffer solution.

Rhenium: Rhenium was distilled from concentrated
H,SO, into a NaOH solution. After scavenging with
Fe(OH); and Ru(OH); precipitations, rhenium was precip-
itated with tetraphenyl arsonium. In this work, however,
we could not measure the gamma rays of any rhenium
isotopes, probably due to their small cross sections and the
low chemical yield of this procedure.

Osmium: Osmium was distilled from concentrated
HNO; into 6 N NaOH, and precipitated with hydrogen
sulfide with the addition of hydrochloric acid.

Iridium: After separation from platinum with an ethyl

acetate extraction, iridium was reduced to the metallic
state with formic acid.

Platinum: Initially, gold and thallium contaminants
were extracted from a 3N HCI solution with ethyl acetate
(see the following). Then platinum(IV) was reduced to
platinum(II) with Sn?*, followed by a silver chloride
scavenge. Platinum(II) was extracted into ethyl acetate.
After evaporating the organic phase, platinum was re-
duced to the metallic state with magnesium powder in 2N
HCIl.

Gold: Gold was extracted from 6 N HCI solution into
ethyl acetate. The organic layer was transferred to a
beaker containing a hydrazine hydrochloride solution,
evaporated, and the metallic gold precipitate was filtered.

Mercury: Mercury was precipitated with hydrogen sul-
fide from 0.3N HCI solution, dissolved with a sodium-
sulfide—sodium-hydroxide solution, and reprecipitated
with ammonium chloride. After dissolving the precipitate
in concentrated HCl and KI solution, mercury was pre-
cipitated with hydrogen sulfide.

Thallium: Thallium was extracted into ethyl acetate
from a 6 N HCI solution. After separation from gold (see
the preceding), thallium was precipitated with sodium
iodide.

Lead: Lead sulfide was precipitated from 0.3N HCI
solution. After washing with 6 N HCI, the lead sulfide
was dissolved in concentrated HCI. Finally, lead was pre-
cipitated with sodium chromate from an ammonium ace-
tate buffer solution.

Bismuth: A bismuth sulfide precipitation was per-
formed from a 0.3N HCI solution, then dissolved in 6 N
HCIl. Then a silver chloride scavenge was applied. Final-
ly, precipitation of BiOCl was obtained by digesting a di-
lute hydrochloric acid solution.

Polonium: (For gamma-ray counting.) Gold and thal-
lium were extracted into ethyl acetate from 3N HCI solu-
tion. Polonium was extracted from a potassium-
iodide—hydrochloric-acid mixture with ethyl acetate.
After back extraction with 3N HCI, polonium self-
deposited onto a silver foil from a 0.5N HCI solution con-
taining hydrazine hydrochloride. (For alpha counting.)
The chemical yield of polonium in volatilization experi-
ments to produce alpha sources was determined by the
direct comparison of the 2°*Po gamma-ray activity after
the end of the alpha particle measurements with that ob-
tained in the chemistry already described, where 2'°Po was
used as a tracer. With this method, however, the statisti-
cal error was large due to poor counting statistics. Five
test runs were made with the volatilization apparatus us-
ing a known amount of !°Po evaporated on an aluminum
foil. The chemical yield was fairly constant, being
(83+4)%. This chemical yield was independent of
whether the polonium source was placed with the activity
side up or down, which means the evaporation yield is
roughly independent of source depth. The reproducible
chemical yield from the test runs was applied to the ex-
perimental runs, and gave answers in each case which
were consistent with the 2**Po measurements.
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