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Angular distributions, average projected ranges, and cross sections for the production of
Bimce and Y%Ce from the 1:“"Ba(AHe, 3n) and 13'{Ba(sl-{e, 3n) reactions have been measured over
the energy intervals 27—44 and 14-33 MeV, respectively. The average ranges were found to
be consistent with a compound-nuclear process over the entire energy interval for both reac-
tions. The isomer ratios are in good agreement with a calculation based on the spin-depen-
dent statistical theory. Comparison is made with previous cross-section and isomer-ratio
measurements, and various discrepancies are discussed. The angular distributions were
analyzed to give the average total kinetic energy of the neutrons and photons emitted in the
reactions. Comparison of these quantities at the same excitation energy and angular momen-
tum of the compound nuclei shows that they are equal within the limits of error and thereby
confirms the independence hypothesis. The observed differences in the average photon ener-
gies for reactions leading to Bmce and %% Ce are quantitatively related to the difference in
the average angular momentum of compound nuclei leading to each isomer.

I. INTRODUCTION

One of the underlying assumptions of compound-
nuclear reactions is that the decay of the com-
pound nucleus is independent of its mode of forma-
tion. The excited nucleus has a sufficiently long
lifetime that all correlations between the entrance
and exit channels are lost except for those associ-
ated with the conservation of energy, angular mo-
mentum, and other invariants. The independence
hypothesis was first tested by Ghoshal' by means
of excitation function measurements for reactions
involving the formation of a particular compound
nucleus in two different ways. This type of experi-
ment is not particularly sensitive to the details of
the deexcitation process since the yield of the ob-
served product is an integral over many such pro-
cesses. Moreover, recent experiments of this
kind®?® indicate that angular momentum effects can
complicate the interpretation of the results. A
more sensitive test of the independence hypothesis
involves a comparison of the energy spectra of par
ticles emitted by a given compound nucleus formed
in different ways. A recent study* confirmed the
independence hypothesis on the basis of the energy
spectra of protons and aparticles emitted from the
compound nucleus ”Br, formed with 2C and O ions.

In the present work the independence hypothe-
sis is tested by means of a different experiment
than those that have been used heretofore: the an-
gular distribution of the recoil product of a com-
pound-nuclear reaction. Such a measurement per-
mits a determination of the average total kinetic
energy of the emitted nucleons and photons.>*% A
sensitive test of the independence hypothesis can
be performed if this energy partition is determined
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for a particular deexcitation mode of a compound
nucleus formed in two different ways.

The reactions selected for this work were
13¢Ba(*He, 3n) and *"Ba(*He, 3#). The product con-
sists of an isomeric pair, ¥""Ce(t,,,=34.4h,In
=44) and *"Ce(t,,,=9.0 ,IT=3=). The use of ‘He
and *He projectiles minimizes the difference in the
angular momenta of the respective compound nu-
clei. The study of a reaction involving isomeric
products simplifies the evaluation of angular mo-
mentum effects and is also of intrinsic interest to
a more complete understanding of such effects in
compound-nuclear reactions.

In order to test the independence hypothesis it
must first be established that the reactions in
question proceed via compound-nucleus formation.
We have measured the average projected ranges
of the reaction products in order to determine the
energy interval where the compound-nuclear pro-
cess predominates. In the course of performing
these measurements, the excitation functions and
isomer ratios were also determined and the latter
were compared with the spin-dependent statistical
theory. The excitation functions and isomer ratios
for the '*°*Ba(*He, 3n) reaction have previously been
measured by Kiefer and Street” (KS) and by Matsuo,
Matuszek, Dudey, and Sugihara (MMDS).® There
were a number of discrepancies between their re-
sults. The isomer ratios reported by KS were
about 30% lower than those of MMDS. In addition,
a shift of approximately 3 MeV in the bombarding
energy scale is necessary to obtain agreement be-
tween their cross sections. The report of MMDS
also includes a measurement of the average recoil
ranges and that of KS includes the isomer ratios
and cross sections for the *"Ba(*He, 3%) reaction.
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II. EXPERIMENTAL
A. Ranges and Cross Sections

The average range measurements were per-
formed in the same manner as reported in previ-
ous communications from this laboratory.*!® The
target assembly consisted of the conventional
stacked-foil arrangement with 6-8 targets and cor-
responding catchers. The target stack also includ-
ed additional aluminum foils of various thicknesses
to degrade the *He or *He beam. The energy of the
beam at various positions aleng the target assem-
bly was calculated from the incident beam energy
and an appropriate range-energy relationship.
The target stack was mounted in an evacuated wa-
ter-cooled target holder which also served as a
Faraday cup for measurement of beam current.

The irradiations were performed with the 3He
and “He beams of the 60-in. cyclotron at Argonne
National Laboratory for periods of 1 to 2 h. The
beam intensity was limited to less than 0.3 A be-
cause the Ba(NQ,), targets tended to melt and fuse
at higher beam currents.

Enriched **Ba(92.9%) and *’Ba(89.6%) were ob-
tained from Oak Ridge National Laboratory. The
targets were prepared from this material by elec-
trophoresis of a fine suspension of Ba(NO,), in ac-
etone onto 0.8 mil-thick aluminum foil of high pur-
ity (99.999%) using a modification of a procedure
described by Bjgrnholm.'? Target thicknesses
were determined by weighing a known area and av-
eraged about 1 mg/cm?. The catcher foils also
consisted of the same pure aluminum.

After irradiation the Ce activities were separat-
ed using a modification of a previously described
chemical procedure.’® The targets and catchers
were dissolved in a mixture of HC1 and HNO, con-
taining Ce*® and La*® carriers. The Ce*® was ox-
idized to Ce™ and precipitated with 6 M NaOH.
The Ce(OH), was washed, dissolved in a mixture
of HNOg and NaBrO,, extracted into methyl isobu-
tyl ketone, and then back-extracted into H,O con-
taining a few drops of H,0,. The Ce*3 was precipi-
tated as Ce,(C,0,); - 9H,0 and weighed to determine
the chemical yield.

The decay of the *"Ce activities was determined
with several thin NaI(T1) detectors having berylli-
um windows. The detectors were used in conjunc-
tion with single-channel analyzers set to accept
the K x rays from La and Ce. The x-ray detectors
were calibrated with ®’Ce samples that had been
standardized with an x-ray detector of known effi-
ciency. Differences in efficiency due to self-ab-
sorption of the x rays were found to be negligible
for sample thicknesses (~9 mg/cm?) used in this
work.

The decay scheme' of "™ ¢Ce is shown in Fig. 1.
Cerium K x rays from the metastable product re-
sult from the 255-keV transition. Taking the inter-
nal conversion coefficient* and fluorescence yield*®
into account, there are 0.53 K x rays per disinte-
gration. In the case of '®*Ce, the x rays result
from the decay by electron capture to *"La. Ne-
glecting the x rays from the internal conversion of
the 446-keV y ray (~0.04%) and using a value's of
0.89 for the fraction of electron capture transitions
occurring as K capture, the number of K x rays
per disintegration is 0.80.

The decay curves were analyzed by a least-
squares program appropriate to the particular par-
ent-daughter system of interest, described in a re-
cent publication from this laboratory.® This pro-
gram also calculated the cross sections and aver-
age projected ranges from the disintegration rates
and included a correction for decay of **""Ce dur-
ing irradiation.

B. Angular Distributions

The experimental procedure and apparatus for
angular distribution studies have been described
previously.’”!® Thin targets are irradiated in an
evacuated chamber. The product nuclei recoil out
of the target in a forward cone and are stopped by
a circular catcher foil placed a known distance
from the target. The catcher foil is cut into con-
centric rings each of which corresponds to a par-
ticular angular interval and the radioactivity of
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FIG. 1. Decay scheme of *'Ce.
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each ring is assayed following chemical separa-
tion of cerium.

Thin targets, ranging from 5 to 15 ug/cm?,
were prepared by molecular plating.’® Fifty mi-
croliters of a solution containing 10 to 20 ug of
Ba(NO,), were placed in a cell containing approxi-
mately 20 ml isopropyl alcohol. A rotating plati-
num electrode assembly was used to deposit
Ba(NOy), on 0.8 mil-thick pure aluminum. The Al
foil served as the cathode and the cell was oper-
ated at 250 V for approximately 1 h. Irradiations
lasted from 2 to 3 h at beam intensities from 0.1
to 0.3 pA. The beam was collimated before enter-
ing the chamber by 0.95- and 0.48-cm apertures. A
0.32-cm collimator located just in front of the wa-
ter-cooled target holder further defined the beam.
Before inserting the target foil, alignment experi-
ments were performed to insure that the beam
passed through the center of the target and catcher
foils. The beam was degraded to the desired ener-
gy by placing Al foils in front of the collimators.
The catcher foil consisted of the same high-purity
aluminum as the target backing. After irradiation,
it was cut into 10 concentric rings and Ce was sep-
arated from each foil and assayed in the manner
described above.

The effects of target thickness and collimator
size on the angular distribution were investigated
for the (*He, 3un) reaction. The target-thickness
effect was determined by irradiating targets of
5.5 and 10.0 ug/cm? at 39.2- and 39.0-MeV bom-
barding energy, respectively, with a 0.32-cm col-
limator at the target. The collimator effect was
studied by irradiating a 12.0-ug/cm? target with
a 0.16-cm collimator at 39.1 MeV. The resulting
angular distributions of *""Ce are shown in Fig. 2.
The various curves have been normalized to the
same area. It is seen that there is no broadening
of the angular distribution due to target thickness
for the thin targets used in this experiment. The
mean angles obtained for target thicknesses of
5.5 and 10.0 pg/cm? were 10.1 and 10.0°, respec-
tively. The '¥"*Ce angular distributions showed the
same insensitivity to target thickness as those of
187mCe, The mean recoil angle of ¥""Ce from the
experiment with the 0.16-cm collimator was 10.8°.
The widening of the angular distribution for a
smaller collimator is opposite to the expected ef-
fect and must be due to an experimental uncertain-
ty for this particular bombardment. A subsequent®
test of the collimation effect using the same appa-
ratus and similar experimental conditions showed
that collimation effects on the angular distributions
of 13" &Ce are negligible.

III. RESULTS

The average recoil range projected in the direc-

tion of the beam is given by
R=FW, (1)

where F is the fraction of the total activity due to
a given nuclide found in the catcher foil and W is
the target thickness. The application of Eq. (1) is
based on the assumption that the production cross
section is constant throughout the target. This as-
sumption is valid in view of the negligible energy
degradation of the beam in the thin targets used in
this experiment. The experimental results for the
average projected ranges, cross sections, and iso-
mer ratios for the '**Ba(*He, 3n) and *"Ba(®He, 3n)
reactions are given in Table L

The standard deviations of the isomer ratios in
Table I were obtained from a least-squares fit to
the decay data. They only represent the statisti-
cal uncertainty in the activity measurements and
do not reflect possible systematic errors in the de-
cay scheme. The standard deviations from the
least-squares fit were less than 5% in all cases.
The cross section and average range measure-
ments are subject to errors in target thickness
and gravimetric yields as well as the statistical un-
certainties in the activities. Target thicknesses
are not expected to vary more than 10% in unifor-
mity. The uncertainties in chemical yields are
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FIG. 2. Dependence of the angular distribution of
18mce from the (‘He, 3) reaction on target thickness and
collimator size. 0—39.0 MeV, 0.32-cm collimator, and
10.0-ug/cm?® target; A-39.2 MeV, 0.32-cm collimator
and 5.5-4g/cm? target; ¥-39.0 MeV, 0.16-cm collimator,
and 12.0-ug/cm? target. The curves are normalized to
the same area.
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probably less than 5%. The random errors from
all sources for the cross sections and average
ranges are estimated to be less than 15%.

Contributions to the *"Ce activities in the He
bombardments are possible from the '**Ba(*He, 4#n)
reaction which has a @ value of —19.5 MeV. The
enriched *"Ba contained 9.6% *®*Ba as compared
with 17.4% in the work of KS.” They estimated a
maximum contribution of 5 mb due to *®*Ba. The
contribution due to '*®*Ba should consequently be
only about half this amount in the present work and
it has been neglected.

The total cross sections for the **Ba(*He, 3%)
and *"Ba(®*He, 3n) reactions are plotted and com-
pared with previous measurements in Figs. 3 and
4, The excitation function for the (*He, 3n) reac-
tion has its maximum at about the same energy as
that of KS, but at about 3 MeV above that reported
by MMDS. It would appear that the energy calibra-
tion of the cyclotrons used by MMDS differs signif-
icantly from that of KS and the present work. The
shape of the (*He, 3n) excitation function agrees
fairly well with the work of KS.

A striking discrepancy between the present work
and the earlier reports is the difference in the
magnitude of the cross sections. The (*He, 3n) ex-
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citation function rises to its maximum of about
1300 mb at 39 MeV. This value is about 2.0 and
2.5 times larger than the maximum values report-
ed by MMDS and KS, respectively. The (®*He, 3n)
excitation function has a maximum cross section
of 560 mb at 25 MeV which is about twice the cor-
responding peak value from the work of KS. These
differences can largely be attributed to the differ-
ent counting techniques and corresponding radia-
tion abundances used in the various studies. We
refer to Fig. 1 for a discussion of the various radi-
ations that have been used to detect *"™¢Ce. The
radioactivity measurements of MMDS were based
on the L x rays of 3™ ¢Ce while those of KS in-
volved the 446-keV y ray from the decay of *’¢Ce.
In order to resolve the difference between the
present results and those of KS, the disintegration
rates of several ¥"™¢Ce samples were determined
from measurements of both the 446-keV y ray and
K x rays. The intensity of the 446-keV photons
was assayed with a calibrated 3 X 3-in. NaI(T1) de-
tector. The disintegration rates of the *Ce iso-
mers were found to be 30% lower than those ob-
tained from the K x-ray measurements. In order
to bring the y-ray measurements into agreement
with K x-ray results it is necessary to assume a

TABLE I. Experimental cross sections, average ranges, and isomer ratios for the 3¢Ba (‘He, 3n)
and 1%"Ba (*He, 3#) reactions.

137gce 137mce
Bombarding
energy o o Isomer ratio
(MeV) (mb) R (ug/cm? (mb) R (pg/cm? O/
Bombardment A 3"Ba (*He, 3n)
33.4 76 74 262 83 3.43 +0.13
30.2 96 77 310 86 3.24+0.10
26.8 130 76 373 7 2.93 +0.09
25.0 158 73 382 74 2.42 +0.04
21.7 164 82 266 81 1.63+0.02
18.1 88 66 92 63 1.04 +0.07
Bombardment B ¥"Ba (He, 3n)
28.6 94 68 354 71 3.75+0.15
23.4 161 58 372 58 2.31+0.04
20.0 136 53 204 52 1.50 +0.04
18.2 93 50 107 51 1.15+0.01
16.2 37 47 33 47 0.89 +0.01
14.2 4.0 41 2.8 42 0.70 +0.01
Bombardment C 3Ba(*He, 37)
44.2 109 131 947 134 8.71+0.32
41.4 145 137 1048 144 7.25+0.30
39.0 185 121 1059 127 5.71 +0.40
36.8 203 110 965 116 4.76 +0.37
34.8 168 115 715 118 4.26 +0.19
32.8 143 115 492 116 3.43 +0.08
29.6 48 94 120 90 2.51 +0.08
27.1 42 94 11.3 95 2.66 +0.13
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FIG. 3. Excitation function for the **Ba(‘He, 3n)-
13Tm,& Ce reaction. Circles, squares, and triangles rep-

resent cross sections from this work, Refs. 8 and 7, re-

spectively.

branching ratio of 1.8% for the population of the
446-keV level in **'La instead of the adopted* val-
ue of 2.3%. Since KS used an even higher branch-
ing ratio of 3% in computing their cross sections,
most of the discrepancy can be attributed to this

difference.

The discrepancy with the results of MMDS can
be attributed to the adopted value of the L-shell

fluorescence yield, w;. The MMDS cross sec-

FIG. 5. Isomer ratios
for the (*He, 37) and (°He, 3n)
reactions are given in (a)
and (b), respectively. The
circles are from this work,
squares from Ref. 8, and
triangles from Ref. 7.
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FIG. 4. Excitation function for the ¥"Ba(*He, 3n)-

30

18Tm,& Ce reaction. The circles are from this work and
the triangles from Ref. 7.

tions are inversely proportional to w, and there
are conflicting values in the literature, w, =0.0922!
and w, =0.17." The work of MMDS assumed a val-

ue of 0.17 for w,. Their (*He, 3n) peak cross sec-
tion would be approximately the same as the pres-

ent value if w; =0.092 were used instead.

Another factor suggesting that the present cross
sections are valid is that the (*He, 3n) peak cross
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sections reported by KS and MMDS correspond to
only 0.26 and 0.35 of the total reaction cross sec-
tion, respectively. By contrast, the present re-
sults indicate that at peak energies this reaction
accounts for 65% of the total reaction cross sec-
tion. In arriving at these estimates the total reac-
tion cross section was computed on the basis of
the optical model by use of the ABACUS-2 code.??
Previous measurements of (*He, 3x) reaction cross
sections in the mass region of interest indicate
that at peak energies this reaction accounts for
60-70% of the total reaction cross section,?>?*

A comparison of the various isomer ratio mea-
surements is shown in Fig. 5. In the case of the
(*He, 3n) reaction, the isomer ratios of MMDS are
from 30 to 50% higher than our values. The values
of KS agree fairly well with the present values be-
low about 40 MeV, but become larger at higher en-
ergies. There is good agreement between the iso-
mer ratios for the (®He, 3x) reaction as reported by
KS and the present work over the entire energy
range.

The angtlar distribution data, which are avail-
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able from the authors on request, were used to ob-
tain for each reaction the values of the mean labo-
ratory recoil angle, (6,), and those of (tan?d,).
The equations by which these quantities were calcu-

lated from the measured disintegration rates, D;,
are:

(0.)=33D:80,0,)/3,D; a0, @)

and

(tan®6,)=>,D;A0,{tan%0;)/ > ,D;A6, . (3)
i i
The summations are over the ¢ rings of the catcher
foil, A@; is the angular interval corresponding to
the ith ring, and (6;) and (tan®9;) are the mean
values of these quantities for the ring in question,
The results are summarized in Table II. The un-~
certainties in the (6,) values are approximately
0.1-0.3° and arise from the statistical uncertainty
in the disintegration rates, as well as minor er-
rors in the chemical yield determinations and
alignment procedures.

TABLE II. Values of quantities derived from angular distributions.

Bombarding
energy Ecm,*Q 0 T, T,
Isomer (MeV) (MeV) (deg) {tan%0,) (MeV) (MeV)
13684 (‘He, 37)
m 43.6 17.4 11.3 0.0574 14.0 +0.3 3.4+0.3
g 43.6 17.7 12.4 0.0673 16.2 +0.8 1.54+0.8
m 41.3 15.2 10.8 0.0522 12.1+0.2 3.1+0.2
g 41.3 15.56 11.7 0.0603 13.8+0.7 1.7+0.7
m 39.2 13.2 10.0 0.0437 9.7+0.1 3.56+0.1
g 39.2 13.5 10.8 0.0503 11.1+0.6 2.4+0.6
m 39.1 13.1 10.8 0.0534 11.7+0.2 1.4+0.2
g 39.1 13.4 11.0 0.0542 11.9+0.6 1.56+0.6
m 39.0 12.9 10.1 0.0446 9.8+0.2 3.1+0.2
g 39.0 13.2 10.5 0.0466 10.2+0.5 3.0+0.5
m 36.1 10.2 9.8 0.0421 8.6 +0.2 1.6+0.2
g 36.1 10.5 10.1 0.0442 9.0+0.5 1.56+0.5
m 33.3 7.5 9.5 0.0390 7.5+0.2 0.0+0.2
g 33.3 7.8 10.1 0.0434 7.8+0.4 0.0+0.3
1314 (He, 31)
m 32.5 20.5 16.0 0.1284 16.4+0.3 4.1+0.3
g 32.5 20.8 16.9 0.1440 18.2+0.7 2.6 +0.9
m 28.0 16.1 15.4 0.1187 13.2+0.3 2.9+0.3
g 28.0 16.4 16.2 0.1336 14.7+0.7 1.7+0.7
m 27.8 15.9 15.1 0.1164 12.9+0.3 3.0+0.3
g 27.8 16.2 15.3 0.1174 13.0+0.6 3.2+0.6
m 27.6 15.8 15.5 0.1202 13.2+0.3 2.6 +0.3
g 27.6 16.1 16.1 0.1315 14.3 £0.7 1.8+0.7
m 24.3 12.5 15,7 0.1213 11.7+0.1 0.8+0.2
g 24.3 12.8 15.9 0.1242 11.9+0.6 0.9 +0.6
m 20.3 8.6 15.0 0.1059 8.6 +0.2 0.0+0.4
g 20.3 8.9 15.2 0.1082 8.8+0.4 0.1+0.4
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FIG. 6. Average recoil angles of 3£ Ce from the
(°He, 3n) and (“He, 3n) reactions. The circles refer to
13% Cg and triangles to *™Ce.

The mean angles are plotted as a function of the
available energy, E ., +Q, in Fig. 6. The @ val-
ues were determined from the nuclidic masses
compiled by Mattauch, Thiele, and Wapstra®® and
E. . is the c.m. bombarding energy. The various
trends displayed by these data are readily explain-
able. The gradual increase of (6, ) with energy
arises from the fact that the recoil velocity due to
neutron emission increases more rapidly with en-
ergy than the velocity of the compound nucleus.
For a given value of the available energy the (6,)
from ®He irradiations are some 3-5° larger than
those for *He. This difference is merely a conse-
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quence of the larger forward momentum imparted
to the compound nucleus in *He bombardments.
The (6,) of ¥"Ce are uniformly larger than those
of ¥ Ce, the difference at a given energy amount-
ing to close to 1°, This difference reflects differ-
ences in the partition of the available energy be-
tween neutrons and photons and is discussed in
more detail below.

IV. DISCUSSION

A. Comparison of Average Ranges with Compound-
Nuclear Values

The average projected ranges of the (*He, 3n) and
.(®He,3n) reaction products are plotted as a function
of projectile energy in Fig. 7 and may be compared
with values based on a compound-nuclear mechan-
ism. Reactions of this type involve complete mo-
mentum transfer from projectile to compound nu-
cleus. The product nucleus recoils with an aver-
age kinetic energy given by the formula

(4)

where E is the recoil energy, E 5 the bombarding
energy, and Ay, Ag, and Ay are the masses of the
target, bombarding particle, and recoil nucleus,
respectively. Theoretical ranges represented by
the dashed lines in Fig. 7 are based on the stop-
ping theory of Lindhard, Scharff, and Schigtt
(LSS)?® and refer to a Ba(NO,), stopping medium.
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FIG. 7. Average projected ranges of the '*$Ba(’He, 3n) and '*"Ba(°He, 3n) reaction products. The circles represent
B8tmCe and the triangles *® Ce. The squares are from Ref. 8. The dashed line is the LSS range-energy relation. The
solid line is the LSS range corrected for neutron evaporation.
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The LSS ranges were corrected for the effect of
neutron evaporation as discussed elsewhere®” and
are represented by solid lines in Fig. 7. The cor-
rections increased the ranges by as much as 6 and
12% for the *He- and 3He-induced reactions, re-
spectively. The average ranges of both the (*He,3n)
and (*He, 3n) reaction products increase with bom-
barding energy in a manner that parallels the en-
ergy dependence of the corrected LSS curves al-
though the actual values are some 10% larger than
the latter.

If direct interactions made significant contribu-
tions to these reactions, the ranges would be sub-
stantially lower than the LSS values and would not
increase with bombarding energy. It is difficult to
make an accurate evaluation of the ranges expect-
ed for such a process in the absence of detailed in-
formation about the reaction mechanism. However,
approximate estimates can be readily presented.
For example, if the (*He, 3n) reaction were to in-
volve a stripping process in which two high-energy
neutrons are emitted in the forward direction
while the third neutron is isotropically evaporated
with lower energy, the expected range at 40 MeV
would be approximately 50 pg/cm?, On the other
hand, if a knock-on-mechanism in which a single
high-energy neutron is emitted in the forward di-
rection and the two remaining neutrons are isotrop-
ically evaporated with low kinetic energies is pos-
tulated, the expected range is 70 pg/cm2, Both
values are substantially lower than the compound-
nuclear value, 110 pg/cm?® The difference be-
tween the estimated direct interaction ranges and
the measured values, coupled with the fact that the
former do not increase with bombarding energy,
indicates that the compound-nuclear mechanism
predominates. The same conclusion applies to the
3He-induced reaction.

Also included in Fig. 7 are the average projected
ranges reported by MM.® Although these data dif-
fer by as much as 40% from the present values and
scatter pronouncedly, the over-all trend is simi-
lar to that reported here,

B. Comparison of the Excitation Functions of He-
and “He-Induced Reactions

A comparison of the (*He, 3n) and (He, 3n) reac-
tion cross sections can be used to determine the
relative importance of compound-nucleus forma-
tion in 3He- and *He-induced reactions. Let us as-
sume that the compound-nucleus formation cross
section, oy, is in each case equal to the total re-
action cross section, 0g. If this assumption is val-
id then, according to the independence hypothesis,
the cross-section ratios, o(*He, 3n)/0x(*He) and
o(®He, 3n)/0x(®He), should be equal to each other

provided the comparison is made at the same exci-
tation energy of the respective compound nuclei.
For the purposes of this comparison it is reason-
able to neglect the minor differences expected be-
cause of the different angular momentum distribu-
tions of the compound nuclei.

The results of this comparison are shown in Fig.
8. The values of 0y were calculated with the
ABACUS-2 code? using published values®®?® of the
optical-model parameters. It is seen that the val-
ues of 0/0% tend to be larger for the *He-induced
reaction. The peak values of the ratios thus are
0.64 for *“He and 0.43 for He. This difference is
most readily explained on the basis of a greater
contribution of direct processes to the ®He total re-
action cross section, thereby making the quantity
ocn(CHe)/0gx(He) smaller than o-y(*He)/oz(*He).
This behavior can be understood in view of the
greater likelihood of stripping or pickup reactions
for a 3He projectile.

C. Comparison of Isomer Ratios with the Statistical
Theory

The measured isomer ratios may be compared
with the spin-dependent statistical theory. A meth-
od for the calculation of isomer ratios based on
this theory was first developed by Vandenbosch
and Huizenga.’® The calculation was subsequently
refined by Dudey and Sugihara®! to include the ef-
fects of competitive charged-particle emission and
limiting spin. The calculations usually have a num-
ber of adjustable parameters and the comparison
with experiment serves to determine the best val-
ues of one or more of these quantities. Dudey and
Sugihara®! thus determined the values of the nucle-
ar moment of inertia at excitation energies below
10 MeV. The validity of these estimates is ques-
tionable in view of some of the severe approxima-
tions made in the calculation. The analysis of the
y-ray cascade has posed particular problems be-
cause of the sensitivity of the results to the gener-
ally unknown details of the level scheme of the iso-
meric product. Our purpose in presenting the re-
sults of such a calculation is not to extract what
are admittedly dubious values of nuclear parame-
ters. Rather, the analysis offers a useful way of
examining the dependence of the isomer ratios on
such factors as the bombarding energy and the
identity of the projectile.

The calculation closely resembles that described
by Dudey and Sugihara.®! The angular momentum
distribution of the compound nucleus was evaluated
with the ABACUS -2 code.?® The changes in this dis-
tribution arising from neutron emission were de-
termined with an adaptation of the EVAMCO code®
and the effect of the y-ray cascade was evaluated
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with a program®® based on the Vandenbosch-Huizen-
ga formalism. The various parameters in the cal-
culation were fixed in the manner described else-
where® 3¢ except for the nuclear moment of iner-
tia at excitation energies below 10 MeV. This
quantity was adjusted in order to fit the measured
isomer ratio.

The results of the calculation are summarized in
Fig. 9. An excellent fit to the experimental isomer
ratios is obtained with the moments of inertia, ¢,
shown in the top half of the figure in terms of the
rigid body values, 9,. It is seen that the results
for both reactions are consistent with the same val-
ue of 9 at all energies. Evidently, the various fac-
tors that lead to isomer ratios ranging from 0.7 to
8.7 are adequately accounted for in the calculation.
It is particularly interesting to note that the same
value of 9 can account for both the *He and *He re-
sults. We have shown in Sec. IV B that direct inter-
actions make a much greater contribution to oz(®He)
than to oz(*He). Since the angular momentum dis-
tribution of the compound nucleus is obtained from
the optical model, it is based on the implicit as-
sumption that the distributions of orbital angular
momentum in the entrance channels for direct and
compound-nuclear processes are similar. Since
the isomer ratios for the two reactions can be fit
with identical values of the various parameters,
this assumption must be qualitatively correct.

D. Test of the Independence Hypothesis

The angular distribution results may be analyzed
to yield the values of the average total kinetic en-

ergy of the emitted neutrons, 7T,, and that of the
emitted photons, T,. A comparison of these quan-
tities for the *He- and *He-induced reactions then
constitutes a test of the independence hypothesis.
The values of 7, may be obtained from (V?2),

the mean squared velocity imparted to the residual
nucleus by isotropic neutron evaporation by means
of the equation®

T,l:%(Vz) Ar+Ag+Ag). (5)

In turn, (V?2) is related to the experimental
(tan®d,) values by the expression®
o\ 2(v%n)
2 — .
<tan 91‘)_; (2""'1)”%’,’, (6)

The quantity vy is the velocity of the compound
nucleus, obtained from the bombarding energy and
conservation of momentum. The values of (V?2)
were determined by an iteration procedure. Three
terms in the above expansion were required to ob-
tain (V?) within 1% accuracy. The use of more
than one term requires the assumption that (V' ?2")
=(V2)". The T, values were finally obtained as
the difference between the total available energy
and T, :

Ty=E m+Q)~T,. M

The results of this analysis are summarized in
Table II. The uncertainties in the values of 7, and
T, were estimated from the difference in the re-
sults obtained from bombardments at approximate-
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FIG, 9. Comparison of theoretical and experimental isomer ratios for the (a) 4He- and (b) *He-induced reactions.
Solid curve represents the calculated isomer ratio and the symbols are the experimental points. The upper portion of
the figure gives the values of 9/9, used to calculate the isomer ratios.

ly the same energy as well as from the total statis-
tical uncertainty of the counting data. The mean
uncertainty is 0.2 MeV for *""Ce and 0.6 MeV for
ls’u’ce.

The validity of the independence hypothesis may
be tested by comparing the values of 7, or T, de-
rived for the two reactions at the same value of
the available energy. Before presenting this com-
parison it is necessary to consider the differences
in the angular momentum of the two systems.
Since the reaction products are isomeric, we are
particularly interested in the average angular mo-
mentum of those compound nuclei that deexcite to
each isomeric state, denoted by (J™) and (J&).
The isomer ratio program referred to in Sec. IV C
was used to estimate these quantities.

Since the angular momentum distribution of the
compound nucleus is modified by neutron and pho-
ton emission and since the isomer assignment is
based on this modified distribution, it is difficult
to make a direct determination of {(J7) and {(J%).
In order to check the sensitivity of these quantities
to the deexcitation process, approximate values of
{(J™) and (J%) were determined at each step of
the deexcitation process. The results for the
(*He, 3n) reaction at a compound-nucleus excitation
energy of 42,8 MeV are summarized in Table IIL
The three entries refer, respectively, to the val-
ues obtained by apportioning between the two iso-
mers the angular momentum distribution of the
compound nucleus, that of the residual nucleus re-

sulting from the emission of three neutrons, and
that following the y-ray cascade. It is seen that
(J¢) is virtually independent of the method of cal-
culation. On the other hand, the values obtained
for (J7) decrease as the deexcitation process pro-
ceeds. This result is a consequence of the shift of
the angular momentum distribution of the com-

T T

Oy
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Eem*Q (MeV)

C.
FIG. 10. Approximate values of the average angular

momentum of compound nuclei leading to '*™Ce and

3% Ce, The circles refer to ‘He-induced reactions and

triangles to 3He-induced reactions. Open symbols show

compound nuclei leading to 13" Ce and shaded symbols

those leading to 3% Ce.
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TABLE III. Average angular momentum of compound
nuclei leading to 18Tm 0o and 3% Ce. The compound nu-
cleus is formed in ‘He bombardment with an excitation
energy of 42.8 MeV.

Method of calculation? Tmy %)
Method 1 13.5 2.4
Method 2 11.9 2.5
Method 3 10.0 2.5

2See text for explanation.

pound nucleus towards lower values by the emis-
sion of neutrons and photons. The values of (J%)
do not reflect this trend because the low spin of
187¢Ce restricts its formation to the lower end of
the angular momentum distribution, whose shape
is rather insensitive to the effect of neutron and
photon emission. Of the three methods of calculat-
ing {(J7) it is clear that the first one overesti-
mates its value while the third one underestimates
it. Therefore method 2 was chosen as the best ap-
proximation to a calculation of {(J7) and (J%).

The results of this computation are plotted in
Fig. 10 for both *He and *He bombardments. It is
seen that the same values of (J%) are obtained for
both reactions. Therefore, if a comparison of T,
and T, for *"*Ce formation is made at the same ex-
citation energy of the compound nuclei, the average
angular momenta of the latter will also be equal.
The T, and T, values for the two reactions are
plotted in Fig. 11. Within the limits of error, the
results for ®*He and *He bombardments can be seen
to fall on the same curve. This finding confirms
the independence hypothesis for the reactions lead-
ing to '*¥Ce. In order to evaluate the sensitivity
of this particular test of the hypothesis, the T, val-
ues for the two reactions were separately subject-
ed to a linear least-squares fit and the standard de-
viations in T', were determined. This procedure
will actually overestimate the standard deviations
since there is no a priori reason to expect a linear
variation of T, with energy. The standard devia-
tion in the difference between the T y for the two re-
actions at intermediate available energies is 2.5
MeV. Our experiment is consequently sensitive to
differences in energy partition of approximately
this magnitude.

In the case of ®""Ce formation Fig. 10 shows
that (J7) is larger for “He bombardments by 1 to
3 77 units. One may therefore expect a difference
inthe T, or Ty values. The magnitude of this dif-
ference can be estimated on the assumption that
the photon energy arises from the dissipation of
the rotational energy of the compound nucleus. The
rotational energy is obtained from the rigid-rotor
model as
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m IO KT+ 1)
29, ’

E.o ®)

The expected difference in T, or T, values is then
obtained as the difference between the rotational
energies obtained for *He and *He bombardment.
This difference ranges from about 0.2 MeV for
(Ec.m,*Q)=6 MeV to 0.6 MeV for (E, , +Q)=20MeV.

The values of T, and T, for reactions leading to
37mCe are shown in Fig. 12. The width of the line
drawn through the points corresponds to the differ-
ence in rotational energies and is thus a measure
of the expected difference between the *He and *He
points. Although the experimental points do scat-
ter somewhat more than expected from the estimat-
ed uncertainties it does appear that the T, values
from the “He experiments are slightly larger than
those from the ®He ones, in agreement with the
theoretical estimate. Our conclusion is that the re-
actions leading to *""Ce also confirm the indepen-
dence hypothesis with comparable sensitivity as
those leading to **"¢Ce.

A more sensitive test of the relation between an-
gular momentum and energy dissipated in photon
emission than is afforded by the data in Fig, 12
can be obtained from a comparison of the T, or T,
values associated with the formation of *"Ce and
3% Ce in the same reaction. As indicated in Fig.
10, the differences between {(J™) and (J¢) for a
given projectile range from 3 to 10 7 units so that
the expected effect is much larger. As before, the
expected difference in photon energies is obtained
by application of Eq. (8) to the data shown in Fig.
10. The experimental values of AT, are obtained
by direct subtraction of the T, values for *"Ce
from those for **""Ce at the same bombarding en-
ergy. The results are shown in Fig. 13. Because

15}
3
Tn
or 0]
Ty Q
(MeV)
Bt
W
0l [ S
0 5 20
Ecm+Q(MeV)

FIG. 11. Comparison of 7, and Ty for 3% Ce from
(*He, 37) and (*He, 3n) reactions. Triangles represent
3He; circles, the “He reactions. Open symbols refer
to T, and shaded symbols to T,.
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FIG. 12. Comparison of T, and T, for 13mce from the (*He, 3n) reactions. Symbols have same meaning as in Fig. 11,
The widths of the lines drawn through the points correspond to the expected difference between ‘He and ’He reactions.

of the very small difference in @ values for the
formation of **""Ce and **Ce, the experimental

points are plotted at the average values of £, +Q.

Within the rather large uncertainties introduced by
the subtraction of T, values, the experimental
points are in satisfactory agreement with the theo-
retical curve.

V. CONCLUSIONS

The **Ba(*He, 3n) and **Ba(®He, 3n) reactions
have been shown to be predominantly compound nu-
clear over the energy interval studied, as evi-
denced by average range measurements. The ex-
citation functions differed in magnitude from pre-
vious measurements,”® but peaked at approximate-

3 T T

Y0
(MeV)

J FIG. 13. Difference be~
tween TV; for reactions lead-
ing to ¥™Ce and %% Ce.

Symbols represent the ex-
perimental points and the
solid line is from the theo-
retical calculation,

5 10 15
Ecm* Q (MeV)

20
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ly the same energy as reported by KS.” The iso-
mer ratios for both reactions agreed quite well
with the results of KS” and with a calculation based
on the statistical theory. Comparison of the

(*He, 3n) and (®He, 3n) cross sections reveals that
the probability of direct interactions in *He-in-
duced reactions is larger than in those induced by
“He.

The angular distributions of the recoil products
were used to derive the values of T, and T,. Com-
parison of these quantities for *”*Ce formation per-
mits the simultaneous equalization of the excita-
tion energy and angular momentum of the com-
pound nuclei formed in ®*He and *He bombardment,
and thereby makes a correct test of the indepen-
dence hypothesis possible. The partition of the

available energy between neutrons and photons is
found to be independent of projectile to within 2.5
MeV. The quantitative relationship between photon
energy and angular momentum of the compound nu-
cleus is demonstrated by a comparison of the re-
sults for ¥"™Ce and '*"*Ce for both *He- and *He-in-
duced reactions.
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