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Using a method introduced previously measurements were made of the y-ray multiplicity
N, (the average number of vy rays emitted in the decay of residual nuclei left by nuclear reac-
tmns) as a function of excitation energy E * for (p,a) and (d,a) reactions on 51V, 5®Fe, and
5"Fe targets; (a,p) reactions on 1V, 56Fe, 5'Fe, 8Ni, Ni, ®Nb, and Ag; (@,c’) reactions
on 5y, %Mn, *Fe, 5'Fe, %Co, and 64Ni; @,p) reactions on °1v, 55Mn, 56Fe, Ag, and 1%n;
and (p,p’) reactions on 56Fe, 1125n, and 122Sn. Bombarding energies ranged from 12 to 19
MeV. N, was observed to be generally between 1 and 5 for E * between 3 and 10 MeV for

the (p,0")

), @.p), @,a), (p,x), and (a,a’) reactions investigated, and somewhat higher for

the (a,p) reactions. N, increases with E*, and is larger for higher angular momentum
transfer reactions although it is not as much larger as angular momentum transfer consider-
ations alone would suggest. (This can be explained as a level-density effect for compound-
nucleus reactions—the average angular momentum of the states excited by the reactions is
severely limited by the level-density spin-cutoff parameter.) The dependence of N, on the
average excess angular momentum of the residual nuclei was investigated using calculated
spin distributions for the residual nuclei. This dependence is similar to that for neutron
capture N, ’s—N,, increases with excess angular momenta for excess angular momenta of

more than 2 or 3 units.

I. INTRODUCTION

This paper reports measurements of the y-ray
multiplicity N, (the average number of prompt
v rays emitted in the decay of residual nuclei left
by specific nuclear reactions) for some 30 reac-
tions—-(a, a’)’ (a’p)’ (p’ a)’ (d’a)’ (P,P’), and
(d, p) reactions on various targets—as a function
of residual-nucleus excitation energy. These
results together with the results for some 26 re-
actions—(p, p’) and (d, p)—reported previously by
these authors™? are compared in an attempt to
find systematic differences in N, for different
reactions, and in particular, to investigate the
dependence of N, on the excess angular momen-
tum of the residual nucleus. The results are also
compared to the neutron-capture y-ray multi-
plicities measured by Muelhause® and by Draper
and Springer.*

Work by other authors on this topic 1ncludes
measurements of N, for neutron capture,®* for
fission,*® and for *C and « capture.” In Ref. 3,
N, was measured for thermal neutron capture
usmg coincidence and singles detection of y rays
with Nal scintillation detectors, and assuming
that the y-detection efficiency is independent of
v energy for the energy range of interest. In Ref.
4, N, was measured for resonance neutron cap-
ture using a 10.2-cm-thick Nal detector, assuming
a constant y-detection efficiency, and using the
10B(n, y) reaction as a calibration standard since
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N, is known for that reaction.* In Ref. 5, prompt
v rays from thermal 2%U(n, f) were detected in
coincidence with fission fragments and the total
number and energy of y rays emitted per fission
was determined as a function of fission-fragment
mass. In Ref. 6, prompt y rays from thermal
235U (n, f), 2*Pu(n, f), and spontaneous fission of
2%2Cf were detected in coincidence with fission
fragments and N, per fission was determined as
a function of y energy. In Refs. 5 and 6, y rays
were distinguished from neutrons by time-of-flight
techniques, and y rays were detected with Nal
scintillators. Response matrix methods were used
to account for the energy dependence of the y
detection efficiency and for the pulse-height re~
sponse. In Refs. 5 and 6, the average N, for all
excitation energies of the fission products was
determined. In Ref. 7, N, was determined for
12C and a capture as a function of bombarding
energy, using detection of ¥ rays in coincidence
with the incident beam and in anticoincidence with
the transmitted and scattered beam (for scattering
angles up to 75°). The excitation energies of the
first compound nucleus ranged from 25 to 100
MeV in the cases reported, and no distinction of
the different particle-emission modes was made in
determining the average N, .

For lower residual-nucleus excitation energies,
N, may be deduced from level schemes."®

Work reported in the literature which is related
to y-ray multiplicity includes that of Coceva,
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Corvi, and Giacobbe® and of Stolovy et al.' in
which the spins of neutron-capture resonances are
determined by a measured quantity which is
closely related to the y-ray multiplicity—the ratio
of singles- to coincidence-y-detection rates with
a low coincidence-detection threshold and a high
singles-detection threshold. Reference 9 also
discusses a technique for calculating the average
N, for a given initial spin and excitation energy.
The work of Huizenga and Vandenbosch!! on isomer
ratios relates isomer to ground-state production
ratios to the y-ray multiplicity and the level-
density spin-cutoff parameter o.

The work reported here employs the technique
introduced in Ref. 1, which will be briefly de-
scribed in the next section.

II. EXPERIMENTAL SETUP AND DATA ANALYSIS

A self-supporting foil target is bombarded with
a monoergic beam of particles, and emitted
charged particles and y rays are detected in co-
incidence. The y rays are detected with a plastic
scintillation detector (8.9-cm-diam X 1.9-cm-thick
Pilot B scintillator mounted on a 12.7-cm RCA
C170133B 14-stage photomultiplier) and identified
by their time of flight. With a y-ray detection
threshold of 120 keV, the efficiency for detecting
y rays was calculated and checked experimentally;
it is well approximated in the energy region 0.4
to 6 MeV by

7‘=a—bE7,,

where €, is the efficiency for detecting the ith
y ray, E,; is the energy of the i#th y ray, and a
and b are parameters.’ N, is given by’

L[4 N )
r‘a<n N,+bE>’ @)
where Q is the solid angle of the scintillation
detector, Ng/Np is the ratio of v rays detected in
coincidence with charged particles to charged
particles detected, and E* is the excitation ener-
gy of the residual nucleus. E* is readily obtained
from the energy of the particle detected in coin-
cidence. N, and N,/N,are, of course, functions
of E*, Equation (2) is obtained by substituting

Eq. (1) into

Q N
N,/ PTan i
=1

as further described in Ref. 1.

(1)

€

III. THEORETICAL CONSIDERATIONS

It is reasonable to expect that N, depends on the
initial excitation energy, the initial spin distribu-
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tion and ground-state spin (i.e., the excess angular
momentum which must be disposed of by y-ray
emission in the deexcitation process), and on the
level structure of the decaying nucleus. In fact,

a procedure for calculating N, which uses known
level schemes and branching ratios and theoretical
transition rates and level densities for higher
excitation energies is discussed in Ref. 9. Both
complicated calculations® and simpler considera-
tions indicate some general trends to be expected
for N,. Some pertinent remarks on this are
listed below for later reference:

(1) N, is expected to increase with residual-nu-
cleus excitation energy E*. Neutron capture
N,’s** (for which E* is the neutron binding energy
of the product nucleus) are typically 2.5 to 4,
whereas for excitation to the first excited state,
N, is no more than 1. The results in Refs. 1 and
2 support this.

2) N, should increase with the excess angular
momentum which must be disposed of in the de-
excitation y-ray cascades. This is a consequence
of the fact that E1, E2, and M1 transitions pre-
dominate, so that each step in the deexcitation
cascade can dispose of 1 or at most 2 units of
excess angular momenta. Thus N, should depend
on the probability distribution f(I) of the angular
momentum I excited by the reaction. If we define
T as the average angular momentum of the residual
nucleus® at excitation energy E*, and I as the
ground-state spin of the residual nucleus, one
would expect N, to increase as |T - Ig| increases
(for the same E*).

(3) Since the average angular momentum of states
available for excitation (at a given excitation ener-
gy) increases with target-nucleus mass A, and
since angular momentum barriers decrease with
increasing A, one might expect that for any given
reaction mechanism, T and hence N, should be
larger for higher-A target nuclei than for lower-A
target nuclei.

(4) Odd-A and odd-odd nuclei have low-energy
states and isomeric states with high angular mo-
menta. El and M] transitions are not prompt for
1> 2, and the experimental method used here de-
tects only prompt y rays with energies above a
few hundred keV, so it should be expected that
reactions leaving an odd-A or odd-odd final nu-
cleus have a lower “measured” N, than similar
reactions leaving an even-even final nucleus.

(5) One might expect that |7 —Iy| and hence N,
would be higher than usual for a given type of re-
action and E* if the spin of the target nucleus is
high while the ground-state spin of the product
nucleus is low. Calculations of f (1) for compound
nucleus (CN) reactions indicate that this target-
spin-product-spin effect is present but small for
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the cases studied (cf. Fig. 9). This effect is cer-
tainly present, at least on [T~ Iz, for thermal
and resonant neutron capture, since I is I,x3,
where I, is the target spin.

(6) f(I) is calculable for (d, p) reactions'® as de-
scribed in Appendix I. It involves the use of dis-
torted-wave Born-approximation (DWBA) (d, p)
cross sections and spectroscopic strengths. Be-
cause low angular momentum transfers are kine-
matically favored in (d, p) reactions, T for zero-
" spin targets turns out to be typically about 2.

(7) £(I) is calculable for CN reactions,'*!* as-
suming the statistical theory of nuclear reactions
is valid. The calculations, described in Appendix
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I, involve sums over terms which are products of
transmission coefficients (barrier penetrabilities)
for the incident and emitted particles and the spin
part of the level density. The limits of the sums
are determined by angular momentum selection
rules. The resulting spin distributions yield I’s
close to the level-density spin-cutoff parameter

o for a large variety of reactions. Calculated
spin distributions and I’s are shown in Fig. T in
the next section.

IV. RESULTS AND DISCUSSION

Determinations of N, vs E* are shown for 30
reactions (not reported previously) in Figs. 1 and
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FIG. 1. y-ray multiplicity measurements: (a) 5'V(d,p), E,=12 MeV; (b) ®Mn(d,p), E,=12 MeV; (c) *Fe(d,p), E,
=12 MeV; (d) %re(p,p'), Eo=15 MeV, 0,=90% (e) 12Sn(p,p’), Ey=15 MeV, 6,=90°; (f) ¥Sn(p,p’), E(=15 MeV, 6,
=90°; (g) *'V(a,a’), E,=18,19 MeV; (b) **Fe(x,a’), E,=18,19 MeV; (i) ¥'Fe(a,a’), E,=18,19 MeV; (j) Ag(d,p), E,
=12 MeV; (k) 1%n(d,p), E,=12 MeV; () **Fe(p,p’), E,=15 MeV, 6,=130°; (m) *8n(p,p’), E(=13 MeV, 6,=130°;

@) 28n(p ,p'), Ey=15 MeV, 0, =130 (0) Mn(a,a’), E,=19 MeV; (p) *Co(a,a’), E(=19 MeV; (@) “Ni(@,a’), E,=19

MeV. E, is the bombarding energy.
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for the neutron-capture cases reported in Refs.
3 and 4, and for the cases reported in this work
(and in Refs. 1 and 2) is shown in Fig. 3. In Fig.
3, the N,’s from this work are for E* equal to
the average neutron binding energy B, for the
neutron-capture cases.

In order to readily discern systematics of N,
for nuclear reactions, smooth lines drawn through
the data reported in this work and in Refs. 1 and 2
are plotted for different reactions on the same
targets in Fig. 4, for the same reactions on dif-
ferent targets in Fig. 5, and for (p, p’) reactions
with two different particle-emission angles, 90

2. The different symbols represent different data
runs. Gaps in the data are due to target impuri-
ties. An indication of the reliability of the data is
given by its reproducibility. For the 10 cases for
which only a single data run was made, this re-
liability was indirectly checked by the repro-
ducibility of data for other cases run on the same
experiment days.

N, increases with E*, as expected and as noted
previously."? The observed values of N, at higher
E* are similar to the neutron-capture y-ray
multiplicities reported in Refs. 3 and 4. A com-
parison of the frequencies of occurrence of N,
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FIG. 2. y-ray multiplicity measurements: (a) ®*Ni(a,p), E,=18,19 MeV; (b) "'V(a,p), E,=18,19 MeV; (c) *Fe(a,p),
E(=18,19 MeV; (d) *"Fe(x,p), E;=18,19 MeV; (e) 'V(p,a), E(=17 MeV; (f) **Fe(p,a), E,=17 MeV; (g) S"Fe(p,w),
E =17 MeV; (h) ®Nb(a,p), E,=19 MeV; (i) Ag(a,p), E,=19 MeV; () “Ni(a,p), E,=19 MeV; (k) 'V(d,a), E,=12 MeV;
Q) *Fe(d,a), E,=12 MeV; (m) "Fe(d, ), E,=12 MeV; () 'V(d,a), E,=17 MeV; (o) %*Fe(d,a), E,=17 MeV; (p) >'Fe-
(d,a), E,=17 MeV. E, is the bombarding energy.
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and 130° in Fig. 6.
As can be seen in Fig. 6, the effects on Ny, in
changing the lab scattering angle 6, from 90 to

130° are small, if any, for (p,p’) reactions on

%Fe, !12Sn, and '*2Sn (15-MeV bombarding energy).

There is essentially no detectable effect for *!2Sn
and '*Sn. As for the slight decrease of N, for
%Fe (p,p’), one should bear in mind that only one
data run was made for **Fe (p, p’) at each angle.
In order to facilitate interpretation of the re-
sults in light of the theoretical considerations of
the previous section, calculated spin distributions
for the residual nuclei for 10 different reactions
(7 of them at 2 excitation energies) are shown in
Fig. 7. For all the cases except for the (d, p) re-
actions, the calculations were done assuming a
CN reaction mechanism. The %Ni and *2Sn(p, p’)
reactions are known to be predominantly CN for
the higher excitation energies studied here.'®* The
emitted-particle energy spectra for the (p, a),
(d, @), and (o, p) reactions have the evaporation

This Work (All 56 Cases)
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FIG. 3. Frequencies of occurrence of N, for reactions
studied in this work (solid lines) and for neutron-capture
cases (Refs. 3 and 4) (dashed lines). Part (a) shows Ny
for all cases investigated in this work and in Refs. 3 and
4. Part (b) shows only those cases from this work for
which low-energy ¥ rays are not expected to be impor-
tant (plus all the cases reported in Refs. 3 and 4). Part
(c) shows only cases for which the product nuclei are
even even. E; in part (b) is the energy of the first ex-
cited state of the product nucleus.

shape characteristic of CN reactions (cf. Fig. 8),
and (o, p) reactions on 5V, ¢Fe, 5°Co, %®Ni, °®2Ni,
and Cu reportedly'™!® have isotropic angular dis-
tributions for bombarding energies less than 20
MeV, also characteristic of CN reactions. For
higher bombarding energies, (a, p) reactions have
forward-peaked angular distributions,' and, even
for bombarding energies where the angular dis-
tribution is isotropic, there appears to be an
anomalous dependence of the level-density param-
eter a, as determined by assuming a CN reaction
mechanism, on bombarding energy,'® so the as-
sumption that the (@, p) reactions studied in this
work are CN may be only partially correct.

(a, a’) reactions may have important direct re-
action (DR) contributions, but the calculated spin
distributions assuming a CN mechanism are still
instructive for comparing a-induced with proton-
and deuteron-induced spin distributions, assuming
a CN mechanism for the a-induced reactions.

The most important feature of the calculated
spin distributions for CN reactions is the strong
dependence of f(I) (and T) on the level-density
spin-cutoff parameter ¢ (for the residual nucleus).
Even for reactions where excitation of higher
angular momentum states is possible (for example,
a-induced reactions), the peak of the spin distri-
bution and the mean angular momentum 7T of the
residual nucleus is not very different from the
value of ¢. This is because f(I) is proportional
to the spin part of the level density, p(I), as dis-~
cussed in Appendix I. The strong dependence of
f({I) on ¢ is illustrated in Fig. 9, parts (a) and (c).
As can be seen in part (c), the relative probability
for exciting states is strongly influenced by the
angular momentum distribution of the states avail-
able for excitation—if p(I) were a constant, the
angular momentum for which f(I) is maximum,
I,, would be over twice as large for the (a, p)
reaction as for the (p, p’) reaction. Since p(I) is
not constant but peaks near I =¢ (cf. Appendix I),
I, is not as much larger as angular momentum
transfer considerations alone would imply.

In comparing N, for different reactions on the
same target (cf. Fig. 4), the following remarks
may be made:

(a) The biggest effect observed is that N, is con-
siderably larger for the (a, p) reactions than for
the (d, p) reactions (both reactions were studied
for targets 'V, %®Fe, and Ag). This can be under-
stood in terms of T [which is considerably larger
for the (a,p) than for the (d, p) reactions as shown
in Fig. 7] as discussed in remark (2) of the last
section.

(b) N, is somewhat larger for %Ni(a, p) than for
S4Ni(p, p’), and it is about the same for %°Fe(q, p)
and *°Fe(p, p’) reactions. The fact that N, is not



2260 DEGNAN, COHEN, RAO, CHAN, AND SHABASON

much larger for the (a, p) reactions than for the
(p, p’) reactions, despite the higher angular mo-
mentum transfer of the (a, p) reactions, can be
explained by the strong dependence of T on o, as
discussed earlier in this section and illustrated
in Fig. 9. Since ¢ is not very different for the
residual nuclei left by the (a, p) and (p, p’) re-
actions, I is not very different, so, according to
remark (2) of the last section, N, will not be very
different. [While the relation between 7 and ¢ has
been investigated only for CN reactions, and
*Ni(p, p’) is DR, * ' N, for *Ni(p, p’) is the same®
as for ®Ni(p, p’), which is a predominantly CN
reaction.'] ~

In addition to the aforementioned arguments, the
residual nuclei for the (p, p’) reactions are even-
even, while those for the (@, p) reactions are odd
A, which will superimpose an odd-even effect
tending to decrease the measured N, for the (a, p)
reactions.
(c) N, is somewhat larger for the (a, p) reactions
than for the (o, a’) reactions on targets *'V, *'Fe,
and ®Ni while it is about the same for both re-
actions on *°Fe. While the size of N, for (a, p)
reactions is qualitatively understood in terms of
T [particularly insofar as it is not as much larger

8

than N, for (p, p’) reactions as angular momentum
transfer considerations alone would imply], it is
more difficult to explain for (a, a’) reactions,
which may have considerable DR contributions
(for which T is not calculable at present). It is
interesting to note that the size of N, indicates
that T for (a, a’) reactions is close to that calcu-
lated for a CN reaction mechanism.
(d) N, is smaller for the (d, p) reactions than for
the (p, p’) reactions studied on targets *°Fe, *°Co,
and °Ni, but it is larger for targets ®Ni, '°°Rh,
and 'Sn. N, is the same for the '**"**Sn(d, p)
and (p, p’) reactions studied. Except for the °°Rh
results, this might be explained by the odd-even
effects discussed in remark (4) of the last section.
(e) N, is smaller for **Fe(p, @) than for **Fe(p, p’);
this might also be an odd-even effect.
(f) No bombarding energy dependences of N, were
found for the (d, a) and (p, @) reactions studied
except for a small one in "°Cd(p, p’)—which was
reported and discussed in Ref. 2.

In comparing N, for the same reactions on dif-
ferent targets (cf. Fig. 5) it is observed that
(a) The odd-even effects discussed in remark (4)
of the last section seem to be present in the (o, p),
(p, @), and (d, p) reactions studied, but not in the

60 | |- tee,
Ni "0,‘ Ag

- +

FIG. 4. Comparisons of N, for different reactions on the same targets. Symbols are as follows: — — —, (p,p’),

E,=12'MeV; ...

» (0.0"), Eq=15 MeV; ==, (p,p’), Ey=17 MeV; ——, (@d,p), E)=12 MeV; = = =, (p,q), E;=17 MeV;

- =, (d,a), E4=12 MeV; ---, (d,a), E,=17 MeV; XXX, (@,a’), E;,=18,19 MeV; +++, (a,p), E;=18,19 MeV.
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(p, p") reactions studied.
(b) N, increases with A, as
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expected [discussed

in remark (3) of the last section] for the (d, p) and

(a, p) reactions studied, but

not for the (p, p’) re-

actions studied. In fact, there seems to be a
slight decrease of N, for increasing A for DR

(p, p’) reactions [cf. Ref. 16

for discussion of

which (p, p’) reactions are CN and which are DR].

The similarity of N, for all
ied is very strong.

(p, p') reactions stud-

(c) N, is quite large for *'V(p, a) compared to Fe
and 5"Fe(p, a). Possible explanations for this are

odd-even effects and the tar

get-spin-residual-

nucleus-spin argument discussed in remark (5) of

the last section. For 5'V(p,

spin is Z while the residual-

a), the target-nucleus
nucleus spin is 0,

which will tend to raise I, but not very much ac-

cording to Fig. 9, part (b).

The difference between

N, for the **V(p, ) and Fe(p, a) reactions is larger
than any of the other odd-even effects.

In order to further investi
of N, on the average excess

gate the dependence
angular momentum of

the residual nucleus, |[T-Ig|, N, vs [T-1Ig]|is

plotted in Fig. 10, part (a),

for 17 reactions for

which T is calculable [assuming a CN reaction

.....

T T T T

(p:p’)

P Eo=12 MeVv
N

na
120-122
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mechanism except for (d, p) reactions] for E*
=6.65 MeV. The data points enclosed in paren-
theses are for reactions forming odd-A nuclei
with excited states below 380 keV excitation (the
measured N, is expected to be low for these
points due to undetected y rays). The pattern of
the data points indicates that N, increases with
|T~1g]| for |T-1Ig| greater than 2 or 3, with N,
somewhat above 3.0 for all |7 —I;| less than 2
or 3. A plot of neutron capture N,’s (obtained
from Refs. 3 and 4) vs |T - Iz|, shown in Fig. 10,
part (b), shows a similar behavior. The larger
spread in data points may be attributed to the dif-
ferent residual-nucleus excitations—the N, mea-
surements in Refs. 3 and 4 were made for E*=B,,
the neutron binding energy for the product nu-
cleus, which varies from 5 to 10.2 MeV and
averages 7T MeV for the reported cases. Thus the
plot in Fig. 10, part (b), superimposes E* de-
pendences on |T - I;| dependences.

It may be noted that there is some evidence [Fig.
10, part (a)] that N, is larger (by about 0.5 y rays)
for (o, p) reactions than for the other reactions,
even for the same J - I;. Possibly the reaction
mechanism is not all normal CN [recall the re-
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FIG. 5. Compavrisons of N, for the same reactions on different targets. Different numbers indicate different target
masses. (There is only one element for each target mass as indicated in the abstract.)
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mark made earlier in this section on the anoma-
lous dependence of the level-density parameter a
on bombarding energy for (a, p) reactions'®] which
could make the calculations of f(I) incorrect.
Also, it would be more correct to say that N, de-
pends on f(I) and I, than to say it depends on
|T~1g|. It is not understood why N, should be
larger for (a, p) reactions for the same |T—1g].

Part (c) of Fig. 10 shows N, vs | -1z| for both
the neutron-capture N,’s and the results from this
work. Also shown are calculated N,’s for |I-1Ig|
=2, 3, and 4 obtained from Ref. 9. The similarity
of the behavior of N, vs [T —1Iy| for the three
different sets of data gives additional confidence
in the reliability of the method used in this work
to determine N,, and suggests a possible tech-
nique for measuring the level-density spin-cutoff
parameter o.

The data points in Fig. 10 are too few and too
scattered to say any more about ¢ than this: The
theoretical ¢’s (those proposed by Gilbert and
Cameron,? discussed in Appendix I) used to cal-

(p,p) — §p=90°
o

Eo=15MeV -== 8p=130
51 56 ]
4l . Fe |
3 |- TSI .
2 - R .
‘__ —

N 1 1 I 1 1 ] 1 i L L 1
Y 5L ]
4___ -4
3___ -
2_ B
l__, -
5_ e
4 + A
3_ -
2_ .
| + -

| N T I T N I N T N |

EX (Mev)

FIG. 6. Comparisons of N, for different charged-parti-
cle detection angles (90 and 130°) for (p,p’) reactions
with 15-MeV bombarding energy.
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nucleus.

culate the I’s for the CN reactions are not in-
consistent with the results in Fig. 10. However,
if N, were measured for a large number of cases
for which T is known or reliably calculable (with-
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FIG. 8. Emitted charged-particle energy spectra.
The shapes of the (a,p), (p,a), and (d,a) spectra are
characteristic of CN reactions.
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F): ®Co(a,p), E,=18.0 MeV, E*=8.0, 0=3.0. The
symbols are as follows: —, I;=0 (I =409); — — —,

=1 (I =4.24). (c) Effect of spin part of level density
p() onf(I): —, %®Ni(p,p’), E,=17.0 MeV, E*=17.5
MeV, 0=2.6; — — —, ®Fe(a,p), E,=18.0 MeV, E*
=8.45 MeV, o= 3.2.

out using o) for the same excitation energy, then
the locus of known N, vs |- Ig| points (an N-I
diagram) could be used to relate Ny to T (and
hence, o, for CN reactions) for cases where N
is known but T is not. Of course, such an N-I
diagram would not be a line or curve but a band
of data points, since the dependence of N, on

[T = 1I;| would be superimposed on the pecuhar—
ities of the lower excitation energy level schemes
of the different residual nuclei, and since it is
more correct to say that N, depends on f(I) than
to say that N, depends on 1.

V. CONCLUSIONS

The important results are the (expected) in-
crease of N, with E*, the fact that N, is con-
siderably larger for (oz p) than for (d p) re-
actions [expected because of the larger angular
momentum transfer which,. regardless of reac-
tion mechanism, would tend to result in higher
I’s for (a, p) reactions], the increase of N, with
target-nucleus mass A observed in (d, p) and
(o, p) reactions, and the similarity of N, for all
the (p, p’) reactions studied. It is interesting that
the size of the difference in N, for high angular
momentum transfer reactions [namely, (a,p) and
(a, a’) reactions] and lower angular momentum
transfer reactions can be qualitatively explained
in terms of spin distributions calculated assuming
a CN reaction mechanism, even for reactions

-)(‘(.) y)
&r (c)
—t )
i 2 3 4 s
|T-1q]

FIG. 10. N, vs average excess angular momentum
|T —Ig| of residual nuclei: for (a) reactions investi-
gated in this work [E*=6.65 MeV; @, (p,p’), 17 MeV;
A, (p,a), 17 MeV; +, d,a), 12 MeV; O, d,p), 12
MeV; x, (a,p), 19 MeV], (b) for neutron-capture cases
(Refs. 3 and 4) [odd-odd product (Y, B, =6.5 MeV; @,
6.5 MeV<B, <8 MeV; A, B,,=8 MeV), odd-A product
@, B,,<6.5 MeV; x, 6.5 MeV<B,<8 MeV; +, B, =8
MeV), even-even product (V, B, <6.5 MeV; O, 6.5
MeV<B, <8 MeV; A, B, =8 MeV), and (c) for cases
@, this work; X, neutron-capture results; O, calcu-
lated) plotted in (a) and (b) and for calculated cases
(Ref. 9). Data points enclosed in parentheses in part
(a) are for cases where complications from low-energy
v rays are expected (which would lower measured NY)'
Data points enclosed in parentheses in part (b) are for
cases where low-energy isomeric states are present
in the product nuclei—for these cases I means the iso-
meric state spin instead for the ground-state spin if
the isomeric-state spin is closer toTl.

which may be DR [e.g. (a, @’) and the known'® DR
(p, p’) reactions].

In comparing N, vs the residual-nucleus excess
angular momentum |T - I;| [calculated assuming a
CN reaction mechanism except for (d, p) reactions],
it appears that N, increases for |T - I,| greater
than 2 or 3 units, and there is some indication that
N, is larger (by about 0.5 y rays at E*=6.65 MeV)
for (a,p) reactions than for other reactions at the
same |T-1I,|. The latter point is not well under-
stood. ’
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The values of N, for similar excitation energies
for the reactions studied in this work and for neu-
tron capture** are similar (cf. Fig. 3). Compari-
son of the measured N, vs calculated |I —I[ from
this work with that from neutron-capture work
indicates that the theoretical spin cutoff param-
eters used to calculate I (for the CN reactions)
are reasonable, and suggests a possible technique
to measure these parameters (or, at least, the

T’s).

APPENDIX: CALCULATION OF SPIN DISTRIBUTIONS
OF RESIDUAL NUCLEI

(d,p) Reactions

From shell-model and stripping reaction theory,
it is possible to calculate the strength with which
single-particle states of each angular momentum
are populated by (d, p) reactions. The differential
cross section for (d, p) reactions populating a
single-particle state with quantum numbers #», [,
and j is given by?"2?

dO' 2J+1 )
<d_9> ,-21'5<2JT+1> S5 50 (7))
niy

(A1)

where # is the radial quantum number (related to
the number of nodes in the radial wave function of
the single-particle state), ! and j are the orbital
and total angular momentum quantum numbers of
the single-particle state, df2 is the solid-angle
element into which the proton is emitted, J, is the
spin of the target nucleus, oy, ,; (nlj) is the cross
section calculated by the DWBA program JULIE, ?
and S,;; is the spectroscopic strength which con-
tains the nuclear-structure information and repre-
sents how similar the state of the residual nucleus
is to a single-particle state (xZj) coupled to the
ground state of the target nucleus.

For even-even target nuclei (J=0), the spin
distribution of the residual nucleus can be ob-
tained directly from the differential cross sec-
tions for populating single-particle states of dif-
ferent J’s. For odd-A target nuclei, angular mo-
mentum coupling of the single-particle states with
the target-nucleus ground state must be taken
into account. In this work, spin distributions were
calculated for **Fe(d, p) reactions (J,=0) and °Sn-
(d, p) reactions (J,=%). For J,=%, the residual-
nucleus spin is I =J+3 (where J is the spin of the
single-particle state populated by the reaction),
so that the spin distribution is nearly the same as
for J.=0.

For higher excitation energies, the spectro-
scopic strength S,,, can be estimated by assuming
that it is a function of excitation energy centered
on the excitation energy EY; corresponding to

CHAN, AND SHABASON 8

excitation of the single-particle state n/j and that
the function falls to one half its maximum value
for excitation E*=E} ;+W(E},) where WE},)) is
the imaginary part of the optical-model potential
used to calculate scattering and reaction cross
sections.?® W(E},) can be estimated from??

W(E*)=~ 3E* (A2)
and E}; is given by*®
E}i=€u;j*+Sa, (A3)

where S, is the neutron binding energy (of the
residual nucleus in its ground state) and ¢, is
the single-particle energy, obtained from Ref. 24.

In this work, a Gaussian distribution centered on
E}; with a full width at half maximum of 2W(E};,),
normalized to have an area of unity was assumed
for S, ,(E*):

S s(E*) = exp[(E*— EX,;/1.44W*(E} ).

1
LA4VIW
(A4)

In practice, only those states for which the dif-
ference between E* and E};; is less than 2W(E} )
need be considered.

In this work, spin distributions were calculated
for 5°Fe(d, p) and '°Sn(d, p) with excitation energies
of 6.4 and 6.9 MeV, respectively, and with a bom-
barding energy of 12 MeV. The spin distributions
were obtained using Eq. (Al). Since only single-
particle states in the next major shell [2d;,,,
1812y 38125 2d3s, and 1hy,, for *°Fe(d, p); 1k,
2f7/2, 3173/2’ 2f5/29 and 31)1/2 for ugsn(d, p)] are
important, only one single-particle state corre-
sponds to each angular momentum J. Thus, the
(unnormalized) spin distribution for each reaction
is just the set of differential cross sections for
populating the single-particle states of each J.

The optical-model parameters used in code
JULIE were Perey parameters for protons and
Perey B parameters for deuterons.??7

CN Reactions

If the reaction mechanism for A(a, b)B is com-
pound nucleus the reaction proceeds as

a+A-C
C +~B+b.

In order to calculate the spin distribution of the
residual nucleus B one first calculates the spin
distribution of the intermediate compound nucleus
C. The cross section for forming C with spin I,
isl3—15

(21, +1)

% s 1l D @)

1‘<1T’ EO! [c )’
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where I, is the spin of the target nucleus, s and

E, are the spin and energy of the incident particle,
X is the reduced wavelength of the incident particle,
and

its jts

(i, E, j) = T,(E). (a8)
SES! l'—'lz.l;sl !

In Eq. (A6), T,(E) is the transmission coefficient
(barrier penetrability) for a particle with energy
E, spin s, and angular momentum [ —the type of
particle and the nucleus it is incident on must

also be defined, of course. In Eq. (A5), T(I,, E,, I,)
is a double sum over transmission coefficients for
the particle incident on the target nucleus. The
limits of the double sum can be understood in
terms of angular momentum selection rules, since

I=T,+8+1. (A7)

There are (2s+1)(2I,+1) terms, each a transmis-
sion coefficient, in the double sum in T(I, E,, I,).
For I, and s equal to zero, T(I 1, Ey, I o) is just T,
(Eo) and 0, is m*(2L,+1)T;_(E,). The effect of I
and s on o, is noticeable but small.

The next step in calculating the spin distribution
of the residual nucleus B is to calculate the rela-
tive probability that a state of spin I, in inter-
mediate compound nucleus C will decay to a state
of spin I in B by emission of an appropriate parti-
cle with energy E,. According to statistical
theory the relative probability for the decay is
proportional® %28 to p(E g, I 5)T(Ig, E,, I,) where
p(E 3, I;) is the level density® (per unit excitation
energy) of the residual nucleus at excitation ener-
gy Eg, and T(I, E,, I.) is a double sum over the
transmission coefficients for the emitted particle
b incident on the residual nucleus B with the
energy E,. There are (2s, +1)(2I5+1) terms, each

a transmission coefficient, in T(Ig, E,, I,), where
s, is the spin of the emitted particle &.

An unnormalized spin distribution of B is given
by

PB(IE) = Z Gc(IT7 E,, Ic)P(Em IB)T(IB’ E, ).
IC

(A8)

The 7x2 and p(E ) can be factored out of the above
equation [p(E 5, Iz) = p(Eg)p(Ip) as discussed in Ref.
20], yielding an unnormalized spin distribution
for B given by

(21,+1) :
f(13)=;(23—+1‘)“(;TTﬁ‘) T(Ip, Ey, 1)

X p(IB)T(IBy EU Ic) ’ (Ag)
where p(Ip) is®
(215+1)exp[-(I5+%3)?/202] (A10)

as discussed in Ref. 20. In Eq. (A10), o is the
level-density spin cutoff parameter. In this work,
the Gilbert and Cameron values?® of o were used.
As discussed in Sec. V of this paper, f(Ip) is
strongly dependent on p(I z)—it is proportional to
it.

The transmission coefficients used in the spin-
distribution calculations were obtained using the
code SINGLE.?® Perey and Perey B parameters®>??
(which are generated by the code SINGLE) were
used for protons and deuterons, respectively. The
optical-model parameters for a particles were
obtained from the work by McFadden and Satch-
ler.®® The McFadden and Satchler parameters
(which use volume absorption) are for an a energy
of 24.7 MeV, so the volume absorption W was as-
sumed to be proportional to the excitation energy
of the product nucleus formed by a capture.?®
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