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Angular distribution and kinetic-energy spectra of fragments, and cross sections for fission of gold with
68- to 124-Mev C* jons have been obtained by observation of the fragments in two types of detectors, gas
scintillation chambers and silicon p-# junctions. From the parameters used to fit the angular distributions
to the theoretical curves of Halpern and Strutinski, we have obtained the average excitation energy of the
fissioning nucleus at the time of fission. This quantity is approximately 25 Mev, which is nearly independent
of bombarding energy, suggesting that fission is preceded by the emission of several particles from the com-
pound nucleus. The fission cross section increases from a value of 100 mb at 68 Mev to 1.28 b at 124 Mev.
Over this range of bombarding energies, the total fragment kinetic-energy release rises from 14246 to
14646 Mev. At all bombarding energies, the variation of laboratory-system kinetic energy of the fragments
with laboratory-system angle indicates full momentum transfer by the bombarding particle to the fissioning

system.

I. INTRODUCTION

N 1955, Bohr proposed a model which explained the

then existing data on angular distributions of
fragments from low-energy photon- and neutron-
induced fission of heavy elements.! More recently,
Griffin? and, independently, Halpern and Strutinski?
have extended Bohr’s model to include fission induced
by higher energy particles. The treatment used by the
latter authors has been rather successful in explaining
the angular distributions of fragments from 43-Mev
He*induced fission of several heavy elements.* in this
work it was of interest to test these theoretical treat-
ments by studying the fission of nuclei formed with
extremely large angular momenta by heavy-ion
bombardment. For large values of the angular mo-
mentum of the compound nucleus (I) and small values
of the projection of I along the direction of the
separating fragments, Halpern and Strutinski’s model
predicts angular distributions that follow a 1/sinf
curve in the. region around 90 deg (center-of-mass
system) and fall below 1/sinf near 0 and 180 deg.
Griffin’s predicted angular distributions are similar but
in some cases go above the 1/sinf curve. The parameters
obtained by fitting the experimental angular distri-
butions with theoretical curves were used to estimate
the average excitation energy of the fissioning nucleus
at the time of fission. By obtaining this quantity, one
is able to determine an average number of particles
emitted prior to fission. Fairhall et al. have interpreted
their results as indicating that for compound nuclei

* This work was done under the auspices of the U. S. Atomic
Energy Commission.
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with Z<90 produced in helium-ion bombardments,
T';/T'» (ratio of level width for fission to that for neutron
emission) increases with excitation energy at least to
approximately 35 Mev.5 Therefore, they suggest that
most of the fission observed from the compound nuclei
at these excitation energies must occur before neutron
evaporation reduces the excitation energy and fission
probability.

In addition to the angular distributions, we have
also obtained information on the total fragment kinetic-
energy release and on the cross sections for fission of
gold with carbon ions at energies between 68 and 124
Mev. The results of some of the early phases of this
study have been reported elsewhere.®

II. EXPERIMENTAL PROCEDURES

Carbon-ion beams were obtained from the Berkeley
heavy-ion linear accelerator (Hilac), a resonant-cavity
machine that accelerates heavy ions to 10.4 Mev/
nucleon. Angular-distribution experiments were per-
formed in the vacuum tank shown in Fig. 1. During
the experiments, the tank was connected to the Hilac
vacuum system in which pressures were of the order of
5X10-% mm Hg. The targets, consisting of approxi-
mately 200 pg/cm? of gold vaporized onto 0.1-mil
aluminum backing foil, were oriented at 45 deg to the
beam, with the gold facing toward or away from the
beam when fragments were observed at backward or
forward angles, respectively. The energy of the carbon
ions was varied by placing aluminum degrading foils
in the beam path ahead of the vacuum tank. The
resulting particle energies were determined by use of
the range-energy curves of Walton.” Before striking the
target, the beam passed through two %-in. diam

5 A. W. Fairhall, R. C. Jensen, and E. F. Neuzil, in Proceedings
of the Second Umted Nations International Conference on the
Peaceful Uses of Atomic Energy, Geneva, 1958 (United Nations,
New York, 1958), Vol. 15, p. 452.

$G. E. Gordon A.E. Larsh and T. Sikkeland, Phys. Rev. 118,
1610 (1960).

7 John R. Walton, Lawrence Radiation Laboratory, University
of California (unpublished data, 1959).
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F16. 1. Schematic diagram of
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collimators, 4 in. apart. Beam particles were collected
in a Faraday cup at the rear of the vacuum tank. A
simpler arrangement, in which a gas scintillation
counter was fixed at 90 deg to the beam, was used for
experiments in which it was necessary to observe
fragments only at 90 deg to the beam.

The gas-scintillation technique has been discussed
by several authors.®~ Fragments entered the gas
scintillation chamber through a 0.03-mil nickel window,
which was supported by a grid that transmitted 49%,
of the impinging particles. The scintillating gas, argon,
was flushed through the chamber at 1 atm. “Tygon”
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F16. 2. Electronic system used with the solid-state detectors.

8 A. Sayres and C. S. Wu, Rev. Sci. Instr. 28, 758 (1958).

9 C. M. Huddleston, in Proceedings of the Second United Nations
International Conference on the Peaceful Uses of Atomic Emnergy,
Geneva, 1958 (United Nations, New York, 1958), Vol. 14, p. 298.

1o R). A. Nobles and R. B. Leachman, Nuclear Phys. 5, 211
(1958).

paint and diphenyl stilbene served as the reflector and
wavelength shifter, respectively.

The solid-state detectors were made by diffusion of
n~- or p-type impurities into one face of a silicon wafer
containing an excess of the opposite type of impurity 112
A more detailed account of the properties of these
detectors is given elsewhere.!

The electronic system used with the solid-state
detectors is shown in Fig. 2. The same system was used
with the gas scintillation chambers, except that pulses
from the photomultiplier tube were fed directly into'the
cathode follower. The pulse generator was used to
check the gain and noise level of the system and to
make corrections for coincidence losses. A signal from
the Hilac electronic system could be used to trigger the
pulse generator during the 2-msec bursts of particles.

A Cf*? spontaneous fission sample was used to
calibrate the detectors. A typical kinetic-energy
spectrum of Cf?%? fission fragments obtained with a
solid-state detector is shown in Fig. 3. Energies corre-
sponding to the peaks of the Cf?*? spectrum were taken
from the time-of-flight data of Fraser and Milton."
Corrections for energy loss in the detector windows
were made with the help of the fragment range-energy
data of Fulmer'® and Schmitt and Leachman.!¢ Correc-
tions for self-absorption in the targets were determined
empirically by bombardment of targets of various
thicknesses.

Figure 4 shows a typical fragment-kinetic-energy

11 William Hansen, Lawrence Radiation Laboratory, University
of California (private communication, 1959).

2 S, S. Friedland, J. W. Mayer, and J. S. Wiggins, Nucleonics
18, No. 2, 54 (1960). )

13 A. E. Larsh, G. E. Gordon, and T. Sikkeland, University of
California Radiation Laboratory Report UCRL-9240, May, 1960
(to be published). .

14 J.S. Fraser and J. C. D. Milton, in Proceedings of the Second
United Nations International Conference on the Peaceful Uses of
Atomic Energy, Geneva, 1958 (United Nations, New York, 1958),
Vol. 15. p. 216.

15 Clyde Fulmer, Phys. Rev. 108, 1113 (1957).

(1;55?). W. Schmitt and R. B. Leachman, Phys. Rev. 102, 183
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spectrum obtained at 90 deg to the beam with a gold
target bombarded with 93-Mev C? jons. The large
number of counts at the low-energy end of the spectrum
resulted from pileup of pulses produced by scattered
beam particles and other light particles. Individual
pulses from these light particles were clearly distinguish-
able from the pulses produced by fission fragments,
because the sensitive counting regions of both types
of counters could be made slightly longer than the
range of the densely ionizing fission fragments. Thus,
the lighter particles deposited only small amounts of
energy in the counting region. However, ‘“pileup” of
several of the small pulses in the electronic system
could result in pulses of the size produced by the fission
fragments. This difficulty became serious only at
forward angles less than about 40 deg. At those angles,
a logarithmic subtraction of the pileup background was
often necessary. The gas scintillation chamber was
mechanically limited to angles between 17 and 163 deg.
The physically smaller solid-state detectors could be
used between 8 and 172 deg.

III. EXPERIMENTAL RESULTS

The fragment kinetic-energy spectra obtained at
various angles to the beam were integrated, corrected
for coincidence loss,.and normalized to the same number
of beam particles in order to obtain fragment angular

velocity of the fissioning
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Fic. 4. Spectrum of fragment kinetic energies from fission of
Au? induced by 93.3-Mev C* ions. Observed at 90 deg to the
beam with a solid-state detector reverse-biased by 9 v.

distributions in the laboratory system. Two of the
angular distributions are shown in our earlier report.®
We have assumed that the peaks of the kinetic-energy
distributions represent the energy per fragment when
symmetric division occurs. From the change in energy
of the peak with laboratory-system angle, we were
able to obtain a value for the ratio 7, given by

nucleus in the beam direction

velocity of the fragment

The values for n obtained in this way are listed in
Table I. These values have been used in transforming
the laboratory-system angular distributions into the
center-of-mass system. Within our limits of error, this
procedure yields angular distributions that are sym-
metric about 90 deg in the center-of-mass system. The
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T16. 3. Spectrum of fragment kinetic energies from spontaneous
fission of Cf2%2, Observed with a solid-state detector reverse-biased
by 9 v.

in the center-of-mass system ’

¢y

resulting angular distributions obtained with 123.3-,
93.3-, and 72.4-Mev C® ions on Au'¥” are shown in
Figs. 5 to 7. The statistics on the points obtained at
724 Mev are poor owing to the small fission cross
section and large elastic-scattering cross sections at
that energy.

. Two types of experiments were done to obtain the
fission cross -sections as a function of bombarding
energy. All fragment angular distributions were
obtained at the energies indicated above. At closely
spaced intervening energies, fragments were observed
only at 90 deg to the beam. It is assumed that the
integration factor from the angular-distribution experi-
ments varies smoothly with bombarding energy. The
absolute fission cross sections were obtained by relating
the number of fragment counts to the number of

TasiE I. Values of the quantity ».

Laboratory
energy of From lab For full
carbon ion energy vs lab momentum
(Mev) angle transfer
123.3 0.223+0.01 0.218
93.3 - 0.18840.01 0.191
72.4 0.164+0.01 0.169
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Fic. 5. Center-of-mass angular distribution of fragments from
fission of Au¥’ induced by 123.3-Mev C® jons. The solid curve

represents Halpern and Strutinski’s theoretical angular distribution
with p=10 (see text).

elastically .scattered carbon particles observed at small
angles to the beam (~30 to 60 deg). At these angles it
is assumed that, for 72.4-Mev C® particles on gold, the
scattering cross sections are equal to those calculated
according to the Rutherford formula. The fission cross
sections obtained by this procedure are shown in
Fig. 8.

We have also obtained the most probable fission-
fragment kinetic energy as a function of the bombarding
particle. This quantity increases from a value of
7143 Mev with 70-Mev C® jons to 733 Mev with
124-Mev C®2 particles. With the assumption of sym-
metric binary fission, this result indicates a rise in total
fragment kinetic energy release from 14246 to 1466
Mev over the range of bombarding energies. The values
of the most probable fragment kinetic energy have
been used to calculate the values of  corresponding to
full momentum transfer by the bombarding particle to
the fissioning system. The results of these calculations,
given in Table I, indicate that the n values derived from
the dependence of fragment kinetic energies on
laboratory-system angle are consistent with full mo-
mentum transfer at all three bombarding energies.

IV. INTERPRETATION OF RESULTS

The fragment angular distribution have been com-
pared with theoretical curves calculated according to
the treatments by Griffin? and by Halpern and
Strutinski.! In the region between approximately 105
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F1c. 6. Center-of-mass angular distribution of fragments from
fission of Au’ induced by 93.3-Mev C* jons. The solid curve

represents Halpern and Strutinski’s theoretical angular distribution
with p=7.2 (see text).

and 160 deg (and the corresponding forward angles),
the points obtained with 123.3-Mev C®2 particles on
gold lie slightly above the 1/sind curve. This feature is
in agreement with the Griffin curves. Near 180 deg, the
experimental angular distributions exhibit some
tendencies toward the curvature predicted by Halpern
and Strutinski, rather than the linear shape given by
Griffin’s equations. With our limits of error, it is not
possible to rule out either of the theoretical treatment.
However, this is not too important as there is no
fundamental difference between them, and the end
results—the derived excitation energies at the time of
fission—are nearly the same regardless of the treatment
used. We have used Halpern and Strutinski’s method
in our interpretations because it should be more
applicable to the large angular momenta and excitation
energies present in the compound nuclei that were
formed in our experiments.

In Figs. 5 to 7, we have shown the Halpern-and-
Strutinski curves that best fit the experimental data.
The parameter p is equal to [,%/4K¢@ where I, is
approximately the maximum angular momentum of
the compound nuclei, and K, is the mean value of the
projection of the angular momentum of the fissioning
nucleus along the direction of the separating fission
fragments (see reference 1). We have estimated 1,2
from the compound-nucleus-formation calculations of
Thomas, assuming the square-well potential with a
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radius parameter of 1.5X10~% cm.!” In accord with
Halpern and Strutinski, we assure that there is no
change in the angular momentum of the compound
nucleus if small particles are evaporated prior to fission.
From the resulting value of K¢ and. the curve of
reference 1 (Fig. 2), we determine the value of the
quantity (Ee—E;), where Eex is the excitation energy
of the fissioning nucleus, and E; is the height of the
fission barrier. The fission-barrier heights have been
estimated by using the equations of Pik-Pichak'® and
Hiskes! for fission of rotating nuclei. In this framework,
the fission-barrier height is equal to the energy difference
between the stable rotating nucleus and the fissioning
nucleus at the saddle point. The calculated fission
barriers are of the order of 10 to 15 Mev and seem
reasonable when compared to those calculated according
to Swiatecki’s method that involves the difference
between actual ground-state masses and a smooth mass
surface.? The results of this analysis of the angular-
distribution data are given in Table II.
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F16. 7. Center-of-mass angular distribution of fragments from
fission of Aul’ induced by 72.4-Mev C®2 ions. The solid curve
represents Halpern and Strutinski’s theoretical angular distri-
bution with p=6 (see text).

17T, D. Thomas, Phys. Rev. 116, 703 (1959).

18 G, A. Pik-Pichak, J. Exptl. Theoret. Phys. (U.S.S.R.) [trans-
lation: Soviet Phys.-JETP }3 238 (1958).

1 John Hiskes, Lawrence Radiation Laboratory, University of
California (private communication, 1960).

2 W. J. Swiatecki, Lawrence Radiation Laboratory, University
of California (private communication). The fission-barrier
calculations are similar to those used in the systematics of
spontaneous-fission half lives, W. J. Swiatecki, Phys. Rev. 100,
937 (1955).
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F1c. 8. Cross section for fission of Au'” induced by C*
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From the results presented in Table II, it would
appear that fission occurs at about the same average
excitation energy regardless of the excitation energy
of the original compound nucleus. This observation
implies the evaporation of a higher average number of
particles prior to fission with increasing bombarding
energy. For example, at the highest bombarding energy,
this treatment of the angular-distribution data indicates
that the following sequences of particles could be
emitted before reaching the average fissioning nucleus:
Tn; pon; aSn; padn; 2a3n. These results are consistent
with Blann’s radiochemical mass-yield data for fission
of gold with carbon ions.t

Unfortunately, there are two possible effects that
make this interpretation somewhat uncertain. According
to both theoretical treatments, the fission probability
is independent of the angular momentum of a nucleus';
however, Pik-Pichak’s calculations indicate that I'y/T',
is an increasing function of angular momentum.!® If
this is true, fission takes place with higher relative
probability from the high-spin nuclei than from those
in low-spin states. Thus, the average angular momentum
of the fissioning nuclei may be considerably larger than
the average angular momentum of all the compound
nuclei. Also, it has been suggested that the value of
K¢ for a given value of (Eex— Ey) may be lower in the
astatine region than among the heavier elements.?
Such as effect could arise from the influence of the
closed shells of 82 protons and 126 neutrons. Both
effects would tend to cause the angular distributions
to be more anisotropic than predicted strictly by the
Halpern and Strutinski model. Consequently, this

2 H. Marshall Blann, thesis, University of California Radiation
Laboratory Report UCRL-9190, May, 1960 (unpublished).

2 R. Vandenbosch and J. R. Huizenga, in Nuclear Reactions
[North-Holland Publishing Company, Amsterdam (to be pub-
lished)], Vol. 2.
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TasLE II. Quantities obtained from the angular-distribution data
for fission of gold with carbon ions.

Eex of
initial
comp. Calc.?
Ec®  nucl. Lex—E; Ef Eex
(Mev) (Mev) p I K (Mev) (Mev) (Mev)
1233 986 10 4600 115 13.5 8-13  21.5-26.5
933 714 7.2 2530 87.8 12 10-16  22-28
724 516 6 1118 466 9 11-14  20-23

a Calculated according to references 18 and 19. Includes lowering of
barrier due to rotation. Upper and lower limits refer to nuclei having the
lowest and highest values of Z2/A energetically obtainable by emission of
particles prior to reaching the observed value of Eex —Ey.

would yield values for (Eex—Ey) that are too small.
This trend would tend to cancel any errors introduced
as a result of the assumption that the angular mo-
mentum of the compound nucleus is not reduced by
evaporation of particles prior to fission.

To obtain information about the probability of
fission, we have divided the fission cross sections shown
in Fig. 8 by the cross sections for compound-nucleus
formation, oemp, calculated by using a square-well
nuclear potential with a radius parameter of 1.5X107
cm.!” The resulting values of ¢;/0emp are plotted as a
function of excitation energy of the initial compound
nucleus in Fig. 9. If I';/T'r (I'r is the total level width)
remained constant with increasing excitation energy,
07/0eomp Would increase at the higher energies because
there are more stages in the chain of de-exciting nuclei
at which fission could compete with other decay modes.
From the experimental results, one can infer that above
about 70 Mev, I'y/T'r decreases with increasing exci-
tation energy. This observation is at least in qualitative
agreement with the results of the angular-distribution
experiments.

A note of caution should be added. It is certainly not
clear that the calculated cross sections for compound-
nucleus formation are correct. Whereas the n values
that we obtain for fission of gold with carbon ions are
consistent with the concept of formation of a compound
nucleus, preliminary measurements in the uranium-
plus-carbon system indicate that, at higher bombarding

energies (290 Mev), the average forward momentum

of the fissioning system is considerably less than that of
the bombarding particle.® Such an effect could arise
if fission were, in some cases, the result of reactions in
which not all of the bombarding particle entered the
target nucleus. On the other hand, the total fission
cross sections for uranium (but not gold) at bombarding
energies between 70 and 124 Mev are in agreement with
the calculated cross sections for compound-nucleus
formation. These two observations suggest that the
cross sections calculated for the formation of compound
nuclei (by using the square-well nuclear potential with

2 A. E. Larsh, G. E. Gordon, T. Sikkeland, and J. R. Walton, in
Proceedings of the Second Gatlinburg Conference onm Reactions
between Complex Nuclei, May, 1960 (to be published).
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radius parameter of 1.5X107% c¢m!”) are larger than
the observed cross sections for fission by compound
nuclei. Although in noncompound-nucleus reactions
excitation energy sufficient to cause fission may be
deposited in the nucleus formed by bombardment of
uranium the intermediate state formed in these reactions
with gold targets may not have enough excitation
energy or sufficiently large atomic number to undergo
fission with appreciable probability. From the results
of a study of fission of Bi*® carbon and oxygen ions
induced by Britt and Quinton have also suggested that
the calculated cross sections for the formation of
compound nuclei are too high.*

The interpretations of the results of the angular-
distribution and cross-section measurements suggest
that fission resulting from carbon bombardment of
gold occurs at low excitation energies following the
emission of several nucleons, Three possible explana-
tions for the apparent decrease in fission probability
at high excitation energies are:

(a) Charged-particle emission. One expects the compe-
tition from charged-particle evaporation to increase
rapidly with excitation energy.?’ This effect has been
observed by Quinton ef al. who found a ratio of approxi-
mately two alpha particles (in addition to protons) per
three fission events when Au'’ was bombarded with
160-Mev O'® jons.?6

(6) Mass-number dependence of fission probability.
Many authors have observed an increase in I';/T', with
decreasing mass number for a given atomic number.27-%
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F16. 9. Reduced fission cross section (¢f/6comp) for. Au®® bom-
barded with C2 ions as a function of excitation energy of the
initial compound nucleus.

#H. C. Britt and A. R. Quinton, in Proceedings of the Second
Gatlinburg Conference on Reactions Between Complex Nuclei, May,
1960 (to be published).

25 1. Doe Strovsky, Z. Fraenkel, and G. Friedlander, Phys. Rev.
116, 683 (1959).

26 A. R. Quinton, H. C. Britt, W. J. Knox, and C. E. Anderson
(to be published).

( 27 R) H. Goeckermann and I. Perlman, Phys. Rev. 76, 628
1949).
( 235R). Vandenbosch and G. T. Seaborg, Phys. Rev. 110, 507
1958).
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In work not reported here, we have measured the
fission cross sections of platinum (enriched in Pt!98)
bombarded with nitrogen ions to produce an initial
compound nucleus of At*2, For the same initial exci-
tation energy, the value of ¢;/0comp is lower than the
corresponding value in the gold-plus-carbon system, in
which the initial compound nucleus, At*® is three
neutrons lighter. Also, the cross sections for neutron-
evaporation reactions decrease in going from the
compound nucleus At*? to A (from Pt"¥*+4NY) to
A3 Both trends are in agreement with the notion of
increasing relative fission probability with decreasing
mass number of the compound nucleus.

(c) Angular momentum and level densities. The
calculations of Ericson and Strutinski indicate that at
some given excitation energy, E., the density of levels of
spin j is proportional to (2j+41) exp[ —#2j(j+1)/2JT7],
where J is the moment of inertia, and T is the nuclear
temperature, which is given by (10E./4)%® At very
low excitation energies, this model predicts small
probabilities for states with spins of the order of the
average value of those formed in the initial interaction
between the bombarding particle and the target
nucleus. In the early stages of evaporation of particles
from the compound nucleus, the excitation energy, and
thus the density of high-spin states, is large. Therefore,
it is expected that in early stages of the evaporation
process, the average angular momentum of the com-
pound nucleus may be reduced by only small amounts.®
Thus it is possible that particle evaporation may
proceed to an excitation energy only slightly above
the neutron binding energy while retaining most of the
angular momentum of the initial compound nucleus.
Emission of neutron will be greatly hindered because
of the small density of high-spin states in the residual
nucleus and the decreasing probability for transmission
of neutrons through the nuclear surface with higher
orbital angular momentum.* Because of the hindrance
of neutron emission in the final stages of de-excitation,

® R. Vandenbosch and J. R. Huizenga, in Proceedings of the
Second United Nations International Conference on the Peaceful
Uses of Atomic Energy, Geneva, 1958 (United Nations, New York,
1958), Vol. 15, p. 284. Most of the available data on fissionabilities
are summarized in this paper and in reference 22.

% A. W. Fairhall and E. F. Neuzil, University of Washington
(to be published). Data and analysis of cross sections for fission
of lead isotopes with helium ions are given by I. Halpern, in Annual
Review of Nuclear Science (Annual Reviews, Inc., Palo Alto, Cali-
fornia, 1959), Vol. 9, p. 245.

3T, D. Thomas, R. M. Latimer, G. E. Gordon, and G. T.
Seaborg, Lawrence Radiation Laboratory, University of California
(unpublished data, 1959).

2T, Ericson and V. Strutinski, Nuclear Phys. 8, 284 (1958).

% T, D. Thomas, Brookhaven National Laboratory (private
communication, 1960). Preliminary calculations by Thomas based
on the Ericson-Strutinski level-density expressions indicate that
the first neutron emitted from an At*® nucleus excited to 99 Mev
and having 66% of angular momentum reduces the average spin
value by about 1 unit of #. It should be noted that in this calcu-
lation, the value of J was assumed to be equal to the rigid-body
moment of inertia of the nucleus.

3 J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics
(John Wiley & Sons, Inc., New York, 1952).
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the probability for fission (a process in which large
amounts of angular momentum can be easily carried
off) may be greatly enhanced over its value for low-spin
states, other conditions being the same. Pik-Pichak’s
predicted decrease in fission barriers with increasing
angular momentum would also contribute to this
trend.!®

We feel that these three trends produced the ob-
served results of fission at low excitation energies.
However, it is not possible, on the basis of our results
alone, to determine the relative importance of the three
factors.

The value obtained for the total fragment kinetic-
energy release agrees well with Terrell’s correlation of
energy release with Z2/4% of the fissioning nucleus.®
The angular-distribution experiments indicate that the
average excitation energy at which fission occurs is
approximately independent of bombarding energy.
Thus, our data do not provide a check on the variation
of kinetic-energy release with excitation energy of the
fissioning nucleus. The slight increase in kinetic-energy
release with bombarding energy is apparently the result
of emission of a larger average number of neutrons prior
to fission. Thus, fission at higher bombarding energies
occurs from nuclei that are more neutron-deficient and
have larger values of the quantity Z2/A43%.

V. SUMMARY

In summary, we find that the shapes of the theo-
retical angular distributions predicted by Griffin® and
Halpern and Strutinski! agree well with those of the
fragment angular distributions that we have deter-
mined for fission of gold with carbon ions. It should be
noted, however, that for gold bombarded with 123.3-
Mev C%, the points between approximately 105 and
160 deg (and the corresponding forward angles) in
the center-of-mass system lie slightly above a 1/sinf
curve. This is in better agreement with Griffin’s
predictions than those of Halpern and Strutinski.

The anisotropies of the angular distributions and the
fission cross sections as functions of bombarding energy
are consistent with the occurrence of fission at low
average excitation energies (about 25 Mev) following
evaporation of particles from the initial compound
nucleus. This observation is explained on the basis of
(a) an increase in probability for charged-particle
evaporation with increasing excitation energy, (b) an
increase in relative fission probability with decreasing
mass number for a given atomic number, and (c)
hindrance of neutron evaporation at low excitation
energies as a result of angular-momentum and level-
density effects. Our data do not suffice to determine the
relative importance of the three effects.

At all bombarding energies, we find that for reactions
that lead to fission, the full momentum of the carbon
ion is transferred to the gold target nucleus. From this

35 James Terrell, Phys. Rev. 113, 527 (1959).
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result, it is inferred that fission results only from
reactions in which a compound nucleus is formed from
the carbon particle and the gold nucleus. This obser-
vation is in contrast to those in the uranium-plus-carbon
system, in which, at higher bombarding energies
(=290 Mev), there is incomplete momentum transfer
in some of the reactions that lead to fission.”

The slight increase in fragment kinetic-energy
release with increasing bombarding energy is attributed
to an increase in the average number of neutrons
evaporated prior to fission. Thus, the fissioning nuclei

SIKKELAND, AND SEABORG

produced in the higher energy bombardments have
higher values of the quantity Z2/4% and would be
expected, on the basis of Terrell’s correlation of kinetic
energy release with Z2/A4%% to yield higher kinetic
energies.
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Disintegration of Te!'?
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The disintegration of Te! has been studied with the help of magnetic spectrometers and scintillation
counters. Two half-lives are observed—one of 4.74-0.3 days and one of ~16 hours. These represent the decay
from two isomeric states. The isomeric transition is not observed because of the strong competition from
the decay to states of Sb%. The 4.7-day disintegration occurs by electron capture and exhibits gamma rays
of the following energies: 0.153, 0.270, 0.930, 1.10, 1.22, and 2.12 Mev. The following coincidences are ob-
served: (2.12,0.270), (1.22,0.930, 0.153), (1.10,0.270). The K/(L+M) ratio for the line at 0.153 Mev is
7.85 and for the line at 0.270 Mev is 5.77. The 16-hour isomer exhibits positrons of end-point energy 0.627
Mev; and two gamma rays of energy 1.76 and 0.645 Mev. A disintegration scheme is given.

INTRODUCTION

HE disintegration of Te' has, up to the present,
been the subject of very little definitive study.
Lindner and Perlman,! in studying the spallation pro-
ducts of antimony, showed that Te'® decayed with one
half-life of 16 hours and a second of 4.5 days indicating
that two isomeric states were involved. They showed
that the 4.5-day Te activity is the parent of the 39-hour
Sb', Beyond this very little information was obtained.
The Nuclear Data Sheets? quote Dropesky and Fink,
in unpublished work, as having established that there
are no strong positrons with the 16-hour activity and
that the 4.5-day activity has associated with it a gamma
ray of 0.56 Mev. In view of the small amount of informa-
tion on this radioactive nucleus and since it lies in the
region of isomeric states involving the /19, dse, and
s1/2 configurations, the present writers undertook an
investigation of Te'®,

PREPARATION OF SOURCES

In order to prepare Te''®; tin was bombarded by 22-
Mev alpha particles in the Indiana University cyclotron.

* Supported by the Joint Program of the Office of Naval
Research and the U. S. Atomic Energy Commission.

1 M. Lindner and I. Perlman, Phys. Rev. 73, 1124 (1948); 78,
499 (1950).

2 Nuclear Data Sheets, edited by C. L. McGinnis (Publications
Office, National Academy of Sciences, National Research Council,
Washington, D. C.).

In most cases tin metal was used containing, of course,
all the stable isotopes of tin. Certain confirmatory ex-
experiments were performed by bombarding separated
SnO; (92.609, Sn''6) obtained from the Stable Isotopes
Division of the Oak Ridge National Laboratory. Since
the yield was much better when metallic tin was bom-
barded, this was the usual target. Of the many possible
radioactive tellurium isotopes that can be obtained from
(a,m) and (a,21) reactions on ordinary tin, most have
long lives and well-known spectra. Interference from
these was slight and could be corrected for. The 6-day
Te!8 with its 3.5-min Sbh"8 daughter is the only tellurium
isotope that could be troublesome.

Metallic targets were treated by cutting off a thin
layer (1-5 mils) on a milling machine and dissolving
the tin metal in 12V HCI. The resultant solution was
diluted to 3N in HCIl and Te and Sb carriers added.
Tellurium metal was precipitated by the usual procedure
of . adding SO, and hydrazine hydrochloride. The Te
metal was centrifuged, washed and redissolved in dilute
HNO;. More Sb carrier was added and the cycle was
repeated. The sources were prepared by evaporation of
the nitrate. Sources made from the oxide were prepared
by fusing with KHF,, diluting and allowing the tellur-
ium to deposit electrochemically on copper. The tellur-
ium was then dissolved and further purified by the
SO, method. In cases in which sources were to be used



