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Nreo—? are assumed to be known fractions of Nere?,
and f is known, all terms on the right of Eq. (A1)
except the first can be collected so that

Azs= eisshiss] /' N+ NL exp(—Arr) ]
X exp(—M7"+N7), (A4)

where 7’ is the sum of coefficients of Ni® from Eq. (A1).
Rearranging,
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Neutron and Photon Emission from Ba Compound Nuclei*
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We report recoil angular distribution measurements from (C¥, xn) compound-nucleus reactions with
Sn18 Sn!1® Sn!20 and Sn!22 In each case, the final product investigated was Ba'®, corresponding to reactions
in which 4, 5, 6, and 8 neutrons are emitted. The data have been analyzed to yield information on the
average total energies of neutrons and photons emitted in the deexcitation of the compound nuclei. Evidence
is presented for significant competition between neutron evaporation and y-ray deexcitation processes,
particularly for the 4n and 5u reactions. At the higher bombarding energies, the total energy dissipated
as v radiation is an appreciable fraction of the available decay energy.

INTRODUCTION

N the decay of highly excited compound nuclei,
y-ray emission may compete significantly with nu-
cleon evaporation even at energies considerably above
particle-emission thresholds.!*> This phenomenon is en-
hanced when compound nuclei are formed with high
angular momenta, and hence is more likely to occur in
nuclear reactions induced by heavy ions. A particularly
convenient method for studying the y-ray competition
with particle emission is based upon angular distribution
measurements of the recoiling residual nuclei.3# This
technique has been successfully employed to derive the
energetics of nucleon and photon emission from specific
compound-nucleus reactions in several areas of the
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Periodic Table*7 Its main virtue lies in the unique
identification, by the radioactive decay of product
nuclei, of the reaction being studied with no inter-
ference from extraneous nuclear processes occurring in
the target.

The nuclear reactions involving moderately high-Z
compound nuclei are primarily of the neutron-emitting
type. Such (HI, xn) reactions are useful for investiga-
tion, not only because of their large cross sections,?®
but also because their relative simplicity is amenable
to detailed analysis. Experimental measurements of
y-ray competition in (HI, xr) reactions provide a body
of data with which the recent, detailed calculations of
Grover® and Grover and Gilat®? can be compared.
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In the present paper, we report the results of further
recoil angular distribution studies, obtained from
(C®, xn) reactions with Sn'8, Sn'®, Sn'®, and Sn'*2. In
each case, the final product investigated was Ba!?,
corresponding to reactions in which 4, 5, 6, and 8
neutrons are emitted. These reactions, or ones very
closely related;to them, have been examined earlier in
some detail, and strong evidence was presented to sup-
port a compound-nucleus reaction mechanism.!

EXPERIMENTAL PROCEDURES

The angular distribution experiments were performed
using beams of C!2 ions from the Yale heavy-ion linear
accelerator. The experimental apparatus has been de-
scribed elsewhere,* and consists of a collimation system,
target holder, recoil catcher, and Faraday cup, all
mounted concentric with the beam axis in a vacuum
chamber. The heavy-ion beam was collimated to % in.
diam and, after passing through the target and re-
coil catcher plate, was monitored in the Faraday cup.
The recoil nuclei from compound-nucleus reactions are
kinematically restricted to relatively small forward
angles, and after escaping from the thin target, the re-
coils traveled in vacuum and were caught on a catcher
plate located at a known distance from the target, and
oriented in the plane perpendicular to the beam direc-
tion. The catcher plate consisted of a 4-in.-diam stain-
less-steel cutter with sharp circular blades accurately
machined at %-in. radial intervals. Aluminum foil
0.001 in. thick was stretched over the cutting edges,
and after collection of recoils the foil was cut into con-
centric rings by means of an hydraulic press. Each
ring corresponded to a well-defined angular interval
whose exact value was determined by the calibration
procedure described previously.’ In the present experi-
ments, the target-catcher distance was chosen to yield
an angular acceptance of approximately 1.3 deg per
ring.

Targets of isotopically separated tin isotopes were
used in the angular distribution experiments. Oxides
highly enriched in the desired isotope™ were reduced to
metallic tin by fusion with excess potassium cyanide,
and the targets were prepared by vacuum evaporation
of the tin metal onto preweighed 0.00025-in.-thick
aluminum backings. Several batches of targets were
made covering the range from about 20 to 100 ug/cm?.
Individual target thicknesses were determined from the
measured weight and area of deposit.

After each bombardment, the catcher foil was cut
and the individual rings assayed for 96-min Ba!2 radio-
activity. This was done by counting the high-energy
(4.8-MeV) positrons of Cs!?, in secular equilibrium

13 M. Kaplan and J. L. Richards, Phys. Rev. 145, 153 (1966)

14 Obtained from Oak Ridge National Laboratory. The isotopic
enrichments were Sn'8, 96.26%; Sn!®, 83.98%,; Sni?, 98.39%,;
Sn122, 92.25%,.
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Fic. 1. Typical appearance of Ba'?® angular distributions from
(C®2, xn) reactions with Sn isotopes. The three curves are for
different target thicknesses as indicated (ug/cm?).

with Bal?, through 432-mg/cm? aluminum absorbers in
end-window methane gas flow proportional counters.
The eight counters used were intercalibrated and ad-
justed to yield equal counting rates with a thick U238
source. The counting of the Ba!® samples was followed
for several half-lives to ensure purity, or correct for any
contaminating activities. As only relative activity mea-
surements were required for each angular distribution,
absolute counter-efficiency corrections were not applied
to the data.

The effects of target thickness on the measured angu-
lar distributions were determined experimentally by
replicate experiments with targets of different thick-
ness. This was done at each bombarding energy with one
or more of the target isotopes, permitting extrapolation
of the experimental results to zero target thickness.
Where the target-thickness dependence was not directly
measured for a particular combination of target isotope
and beam energy, the appropriate corrections were
obtained by interpolation from data of other isotopes or
energies. In all cases, the target-thickness corrections
were significant but were known with sufficient accuracy
to preclude large errors.

RESULTS AND DISCUSSION

Angular distribution experiments were carried out at
several bombarding energies from 87.5 to 123.8 MeV.
The cylindrical geometry of our apparatus was such
that the radioactivity in a catcher ring, at laboratory
angle 0., is proportional to do/d6. corresponding to the
angular interval subtended by the ring. We have ana-
lyzed our data in the following manner. For each ring,
we have evaluated o;/o, where o; is proportional to the
cross section in the angular interval of ring 4, and ¢ is
the total cross section. The ratio ¢;/¢ is equivalent to
the fractional activity found in ring ¢. The quantity
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1 n AND 4y EMISSION FROM Ba COMPOUND NUCLEI

(tan?6.) for the angular distribution was then obtained
from
(1

The factor (tan%;) is the average square tangent of the
angle subtended by ring 4, and is given by*

(tan%y )= Z (04/a) {tan%,).

©)

where 6, and 6; are the defining angles of the ring. We
have also computed the average angle (f.) for each
experiment using the similar relation

Ou)="XZ (0:/0) 025 (0:)=}(b:+62).

(tan®0;)=sech, secf— 1,

(3)

The quantity (tan?.) is related to the kinematics of
the compound-nuclear deexcitation process, and will
be used below for interpretation of our results. The aver-
age laboratory angle (01 ) is useful because it gives some
physical feeling for the angular distribution.

Our angular distribution data for the four (C'2, xn)
reactions are presented in Table I. Each experiment
corresponds to a horizontal row across the Table. The
first three columns list, respectively, the target isotope,
bombarding energy, and target thickness in the experi-
ment. Then we show the fractional cross section ¢;/a
measured for each ring. The angular acceptance of each
ring is also indicated. Finally, the last two columns con-
tain the average quantities (9z) and (tan?.) for each
angular distribution.

Figure 1 is a typical set of angular distributions for
Ba®, obtained at a bombarding energy of 123.8 MeV
with Sn!?2 targets of different thickness W. As can be
seen the pronounced effect of target thickness is to
broaden the angular distribution, presumably by scatter-
ing of the recoils into larger angles. Since the com-
puted averages (tan?r) are quite sensitive to the cross
section at large angles, it is important that these quanti-
ties be obtained for zero equivalent target thickness.

The relationships between recoil angular distributions
and nuclear reaction dynamics have been presented in
detail elsewhere.®* However, for purposes of clarity,
we shall outline the arguments here and give the result-
ing formulas which we shall need. Consider a beam
projectile of mass A4; and kinetic energy E;, reacting
with a target nucleus of mass 4z to form a compound
nucleus. The complete transfer of linear momentum
from the incident beam results in a compound-nucleus
velocity along the beam direction given by

v2=244Fy/ (Ap+Ar)? (4)

(v, 1s also the velocity of the center of mass.) The emis-
sion of neutrons from the compound system imparts to
the residual nucleus a resultant velocity V in the c.m.
system, directed at a c.m. angle 6 with respect to the in-
cident beam. In the laboratory system, the recoil nu-
cleus will appear at an angle 6, given by

tan6z=V sind/(v.+V cosf). ©)

325

For a large number of recoiling nuclei, the laboratory
angular distribution can be characterized by (tan®6y),
which is obtained from Eq. (5) by appropriate aver-
aging and requires specification of W (6), the c.m. angu-
lar distribution of recoil velocities V. In the present
paper, we shall take W () to be isotropic which leads
to the result?

. _ © 2<V2n>
(tan%1,) n2=:1 Gt Do (6)
In Eq. (6), the quantities (V?*) are the average 2nth
moments of the resultant velocities (in the c.m. system)
imparted to the recoil nuclei by the emission of neu-
trons. The introduction of these velocity averages is a
necessary consequence of there being a’distribution in
the magnitudes of V.

Equation (6) relates a measurable property of the
laboratory angular distribution to the magnitudes of the
c.m. velocity v. and the recoil velocity in the c.m. system
V. The former quantity is given by Eq. (4) for com-
pound-nucleus reactions, and is a known quantity in
our experiments. On the other hand, the average mo-
ments of V are complex quantities, related to the de-
tailed energy and angular distributions of the evapora-
ted particles, and are not generally describable in
simple form. Fortunately, however, for compound-
nucleus reactions induced by heavy ions, V<<v, as a
consequence of the large c.m. motion and we need
consider only the leading term in Eq. (6). In the case
of isotropic neutron emission, it has been shown? that

(V*)=8T./(Ar+ Ayt Ar)?, (M

where T, is the average total kinetic energy of the
emitted particles in the c.m. system and Ag is the mass
of the residual nucleus. Combination of Egs. (4), (6),
and (7) vields the relationship :

_ 3EyAs(Ap+ Ar+AR)? )
8(AytAr)?

which we shall use in the interpretation of our experi-
mental data. Although we are assuming throughout that
neutron emission is isotropic, the values of T, derived
from measurements of (tan?0;) are not very sensitive
to the exact form of the angular distribution W (4).
Even moderate forward-backward peaking does not
lead to differences which are experimentally signifi-
cant,’ and several studies of heavy-ion-induced reac-
tions have indicated that nucleons are emitted with very
little anisotropy.6—8

The average total energy dissipated in electro-
magnetic deexcitation processes may be obtained by
subtracting 7', from the total energy available:

T'y= (Ecm+Q) - Tm

15 A, Ewart and M. Kaplan, Phys. Rev. 162, 944 (1967).

18 W. J. Knox, A. R. Quinton, and C. E. Anderson, Phys. Rev.
120, 2120 (1960).

17 H. C. Britt and A. R. Quinton, Phys. Rev. 120, 1768 (1960).

18 H. W. Broek, Phys. Rev. 124, 233 (1961).

T,

{tan%y),

)



326 V.

SUBRAHMANYAM AND M. KAPLAN 1

TaBLE II. Average recoil angles and derived average total energies of neutrons and photons for Sn (C%, x1) Bal® reactions.

Reaction Bombarding Total available  Average total Average total
energy By (tan’y, ) » energy neutron energy  photon energy
(MeV) (107%) (Eom.+Q) (MeV) T, (MeV) T, (MeV)
Sni2(C2, 81) 123.8 2.00 42.4 42.0 0.4
111.1 1.76 30.8 33.2 —2.4
Sni®(C®, 61) 123.8 2.24 56.2 47.7 8.5
111.1 2.06 4.6 39.4 5.2
99.6 1.94 34.1 33.2 0.9
87.5 1.62 23.1 24.4 —1.3
Sn1®¥(C2, 55) 123.8 2.07 65.2 44.4 20.8
111.1 2.27 53.7 43.7 10.0
99.6 2.00 43.2 34.4 8.8
87.5 1.33 32.3 20.2 12.1
Sn!8(C%2, 4n) 123.8 2.56 71.8 55.3 16.5
111.1 2.70 60.3 52.4 7.9
99.6 2.55 49.8 4.3 5.5
87.5 1.90 38.8 29.0 9.8

# Corrected to zero target thickness.

where Eorm. is bombarding energy in the c.m. system
and Q is the over-all reaction mass difference.

Our experimental results for the four neutron-emit-
ting reactions studied are presented in Table II. The
values of (tan? ;) have been corrected to zero target
thickness as described earlier, and the average total
neutron and photon energies were computed from Eqgs.
(8) and (9), respectively. The major sources of possible
experimental error stem from the target-thickness ex-
trapolations of (tan?%z) and the uncertainties in beam
energy and angular resolution. These combined effects
could lead to uncertainties of 2-3 MeV in the derived
neutron energies, which are then directly reflected in
the photon energies.

In Fig. 2, we have plotted T, and T, as functions of
total available energy FEon.+Q for the Sn®(C%,

T T T
60 -1
a sn'22(cl2 gn)Bal26
o Sn'20(c!2 6n)Bal2€
50+ -
H T
[ 3 - —
s 40 n
R
" 30 g
o
13
-
20 L -
1o} Ty 4
o . /
20 30 40 50 60

TOTAL AVAILABLE ENERGY,Ecm+Q (MeV)

F16. 2. Average total energies of neutrons T, and photons T,
plotted against total available energy in the c.m. system. The
triangles are for the Sn!?? (C!2, 8x)Ba'?® reaction, and the circles
refer to the Sn®(C12, 6x)Bal? reaction.

8n)Ba'?, and Sn'®(C!2, 6n) Bal?® reactions. Figure 3 is
the corresponding plot for the reaction Sn!?(C!2
Sn)Bal®  and Fig. 4 presents the results for Sn8((C!?
4n)Bal®, As these four reactions all lead to the same
final product, any significant differences in the division
of available energy between neutron and photon emis-
sion should be related to the different numbers of neu-
trons emitted and any local variations in the compound
nuclei.

In the reaction Sn'?24-C* (triangles in Fig. 2) at the
two bombarding energies where measurements were
made, we observe that all of the available energy is
accounted for as kinetic energy of the eight emitted
neutrons. These bombarding energies correspond to the
steeply increasing portion of the (C'?, 8n) excitation
function, and it is reasonable to expect that the emitted

60 T T T
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50} ]
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Fic. 3. Average total energies of neutrons T, and photons 7,
plotted against total available energy in the c.m. system, for the
Sn19(C12, 55) Bal?® reaction.
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neutrons will carry essentially all of the available
energy. If y-ray emission were to compete significantly
here, it is likely that the resulting energy deficit would
prohibit emission of the eighth neutron, and the re-
sulting reaction product would not be observed in our
experiments. In other words, we are measuring only a
small fraction of the total reaction cross section, namely,
those events which require the full energy to occur at
all, and it probably involves primarily low-angular-
momentum collisions between the beam projectiles and
target nuclei.

When the reaction product Ba!® is formed by the
emission of six neutrons (Sn'®4C!? reaction), T, in-
creases approximately linearly with available energy,
but y-ray emission begins to be significant at the higher
energies (see circles in Fig. 2). With this (C'?, 6n)
reaction at the higher bombarding energies, the cross
sections are no longer very small, and y-ray competition
can occur without removing the reaction product from
observation. Note that the radiative energy dissipation
is increasing with available energy, and at the highest
energy obtainable, is comparable to nucleon binding
energies. Both the larger cross sections and the in-
creasing vy-ray emission are consistent with the excita-
tion of a greater fraction of high-angular-momentum
states in the compound nuclei.

The competition between neutron and photon de-
excitation is clearly evident in Figs. 3 and 4, which
show the results for the Sn"'*(C®2, 5») and Sn'8(C2, 41%)
reactions, respectively. In contrast to Fig. 2, the T,
values increase rapidly at low energies but then tend to
level off at the higher available energies. The correspon-

60 T T T T
sn''8(c'2,4n)B0a'26
50 1
S 4o} -
L4
z
N 30+ =
-
5
= 20 -
° I L 1 1

30 40 50 60 70
TOTAL AVAILABLE ENERGY,Ecm+Q (MeV)

F16. 4. Average'total energies of neutrons T, and photons 7,
plotted against total available energy in the c.m. system, for the
Snl8(C2, 47)Bal? reaction.
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ding values of T, are appreciable over the whole energy
range covered, and exhibit a strong increase at the
higher energies where the neutron energies have slowed
their rate of increase. The apparent broad minima in
the T, functions of Figs. 3 and 4 are just within the
range of possible experimental uncertainties, but the
systematic trends cause us to believe that they are
probably real effects. Such minima could come about
from the two types of y-ray deexcitation predicted by
Grover.'® When the compound nuclei are formed with
high excitation energies and angular momenta,!® y-ray
emission can compete favorably with neutron emission
as a consequence of decay through yrast levels. At lower
excitation energies, the enhanced decay through rota-
tional bands can act as “radiation traps,” which would
also manifest themselves by increased photon decay at
the expense of neutron-evaporation energy. The mag-
nitudes of the total photon energies are large for both
reactions, and demonstrates unmistakably the impor-
tance of electromagnetic processes in the decay of com-
pound nuclei.

It is interesting to note that at a given value of the
available energy, the magnitude of 7', is lower ( and T,
is higher) for the Sn'*4-C2 reaction compared to the
Sn'84-C!2 reaction, even though the former involves
the emission of an additional neutron. This is very
likely a consequence of the odd and even mass numbers
of the respective compound nuclei, as reflected through
the differences in angular momenta for yrast levels in
odd and even nuclei at a given excitation energy.!

The results of the present study, combined with other
reported measurements of y-ray competition in specific
compound-nucleus reactions,>” serve to indicate that
the observed behavior is strongly related to the mass
region being investigated, presumably through differ-
ences in level densities and availability of angular
momentum states at high excitation. Even within a
given mass region, one can probably not draw quantita-
tive generalizations without giving detailed considera-
tion to local variations in nuclear structure.
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1Tn the energy region under consideration, the maximum
orbital angular momentum between the beam projectile and
target nucleus (calculated in the sharp-cutoff approximation)
varies from 50 to 72 % units. This corresponds to average total
angular momenta in the compound nuclei of 35-50 % units.



