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The #Ga compound nucleus was formed at excitation energies ranging from 17 to 22 MeV in
the reactions %°Cu+a and $Zn+p and energy spectra of the emitted protons and « particles
were measured between 30 and 150°. The extent of isospin mixing between the Ty and T¢
states of the compound nucleus was determined by comparison of the quantity o(p, p’)o(a,a’)
/o (p,a)o (@, p) with theory and the fractional mixing was found to increase from 0 to 0.3 over
the above energy range. The mixing width shows a corresponding increase from 0.2 to 16 keV.
The independence hypothesis was verified at all energies by measurements of the « and np
exit channels. The various spectra were compared with the spin-dependent statistical theory.
It was not possible to fit the data for various energies with energy-independent parameters in
the Fermi gas model level density expression suggesting that this expression is inadequate.

NUCLEAR REACTIONS %zZn(p,a), (,p’), (»,np), E=11-16 MeV and %Cu-
@¢’), (@,p), (@np), E=13.89-19.10 MeV differential cross sections mea-
sured for targets forming ¥Ga compound nucleus at excitation energies of
17-22 MeV. Deduced energy dependence of isospin mixing; tested inde-
pendence hypothesis and spin-dependent statistical theory.

I. INTRODUCTION

The effect of isospin conservation on compound-
statistical reactions has been the subject of recent
investigation.! ™ Isospin conservation manifests
itself in the enhanced probability of proton emis-
sion in proton-induced reactions when compared
to that of proton emission in a-induced reactions.
This enhancement has been attributed to the fact
that proton emission is virtually the only decay
channel open to the T, levels of the compound
nucleus. These levels are populated in 1/(27T, +1)
of the interactions induced by protons in a nucleus
with isospin T, but are not populated in reactions
induced by « particles. The decay of the T, states
competes with the mixing of these states into the
T. states of the compound nucleus by the Coulomb
interaction and a formalism that includes fractional
isospin mixing has been developed.> Values of the
fractional isospin mixing u have been determined
for several medium-A compound nuclei excited to
approximately 20 MeV and found to be about 0.5.%**
The values of 1 may be combined with estimates
of the decay width of the T, states to obtain the
corresponding mixing widths and the latter have
been found the range from 10 to 30 keV.*

The present study is concerned with a determina-
tion of the energy dependence of isospin mixing in
compound-statistical reactions. The ®*Ga com-
pound nucleus was formed at excitation energies
ranging from 17 to 22 MeV in reactions of **Cu
with a particles and ®®Zn with protons. Energy
spectra and angular distributions of protons and

lo

a particles were measured and the fractional
mixing values as well as the mixing widths were
deduced from the data. The results depend on the
assumption that all the reactions involve the forma-
tion of a compound nucleus and this assumption
was tested by determining if the independence
hypothesis was obeyed by the °Ga compound sys-
tem. The independence hypothesis was tested by
examination of the « and np exit channels in a
manner described in detail previously.* The re-
sults also permit a stringent test of the validity
of the spin-dependent statistical theory. Although
the presently used formulation has been found to
yield differential cross sections that agree very
well with experiment,?* 7 the comparison was
generally only made at a given excitation energy
of the compound nucleus. The present data re-
quite a fit over a range of energies and so permit
a more severe test of the model.

II. EXPERIMENTAL

Targets of ®®Zn and ®*Cu were, respectively,
bombarded by 11.0-, 12.0-, 14.0-, and 16.0-MeV
protons and by 13.89-, 14.93-, 17.01-, and 19.10-
MeV *He ions from the Purdue tandem Van de
Graaff. The *He ion energies were chosen to form
the ®°Ga compound nucleus at the same excitation
energy as the corresponding proton energies. In
determining these energies slight adjustments
were made for differences in energy loss in the
targets between protons and *He ions.® The ®®Zn
and ®Cu targets consisted of self-supporting
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metallic foils having an istopic enrichment of
98.5 and 99.6%° and a surface density of 0.98 and
0.83 mg/cm?, respectively. Energy loss measure-
ments performed with an 2!Am « source served
for the thickness determinations.

The emitted charged particles were detected by
a counter telescope consisting of two surface
barrier detectors. Particle identification was
based on the power-law method.!° Energy spectra
were recorded at 30° intervals between 30 and
150°. Background was found to be negligibly small
(< 0.3%) at all angles. The beam intensity was
determined by digitizing the current collected in
a Faraday cup and was also monitored by a de-
tector located at a fixed angle to the beam. Fur-
ther details of the experimental procedure have
been given elsewhere.®

A few experiments were also performed with a
%47Zn target in order to provide correction factors
for small (1.5%) amounts of %*Zn, **Zn, and “Zn
in the ®Zn target. Since previous measurements’
had indicated that the %Zn(p, p’) and **Zn(p, a)
cross sections were about a factor of 4 larger
than those of the corresponding reactions of ®Zn
with 14-MeV protons it was of some importance
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to determine whether the correction factors were
energy-dependent.

III. RESULTS

The data were processed with several codes
designed to remove lines due to light-element
impurities'* and to obtain c.m. energy spectra
and angular distributions.® Figure 1 shows some
typical proton and a-particle c.m. energy spectra.
The a-particle spectra consist of a broad evapora-
tion peak whose maximum lies at 7-8 MeV. The
proton spectra have a similar shape but peak at
5-6 MeV. Below 3 MeV the proton spectra fea-
ture a second peak which is due®'” to protons
from the (p, np) or (a, np) reactions.

The angular distributions of protons, « particles,
and second-chance protons in the energy intervals
listed in Table I are shown in Fig. 2. These in-
tervals correspond to those of the proton and a-
particle evaporation peaks. The error bars are
an estimate of the magnitude of the relative un-
certainties in the data comprising a given angular
distribution and are based on the agreement be-
tween occasional replicate determinations, mag-
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FIG. 1. Energy spectra (c.m.) of protons and a particles emitted at 150°(lab) in the decay of the ®Ga compound nu-

cleus at an excitation energy of 20.4 MeV.
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nitude of impurity peaks, agreement between
Faraday cup and monitor detector, and statistical
uncertainties. The curves through the points are
least-squares fits of the form do/dQ=a +b cos®6
to the data points exhibiting symmetry about 90°.
All the angular distributions are, to a greater or
lesser extent, forward peaked but are consistent
with symmetry at the larger angles. The b/a
anisotropy coefficients range from O for the (p, p’)
to ~0.6 for the (a, np) reactions.

Total cross sections over the listed energy in-
tervals were obtained by integration of the spectra
consistent with a symmetric angular distribution
using weighting factors obtained from the least-
squares fits, The results are summarized in
Table I where the quoted uncertainties include the
standard deviations in the least-squares fits as
well as estimated uncertainties in target thick-
nesses (~3%), current integration (~1%), and solid
angle determination (~2%). The cross sections
of the proton-induced reactions have been cor-
rected by 2-7% for the contribution of the other
Zn isotopes present in the ®®Zn target. In making
a correction for ®®Zn and ®"Zn, which together
constitute ~0.5% of the target, it was assumed
that all the cross sections varied linearly with
mass number between ®4Zn and ®®Zn. The cross
sections of the a-induced reactions were cor-
rected by 1-2% for the contribution of ®Cu in the
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85Cu target on the basis of some recent!? mea-
surements of ®*Cu cross sections. The results
quoted for the (p, np) and (a, np) reactions have
also been corrected for the contribution from the
(p, ") and (a, p) reactions to the listed energy
intervals. This correction was made on the basis
of the shape of the first-chance proton spectra
below the threshold of the (p, np) or (a, np) reac-
tions. The correction ranged from 3% at 18.4
MeV to 30% at 22.4 MeV. The energy intervals
chosen for the (p, p’) and (a, p) reactions have
lower limits that in all instances are higher than
the maximum second-chance proton energies.

It is well known®* 713 that at low energies the
(p, p’) reaction, alone among the reactions of
present interest, includes a contribution from
precompound emission even if only those spectra
consistent with a symmetric angular distribution
are considered. This contribution must be sub-
tracted from the (p, p’) cross sections in order to
permit a determination of the extent of isospin
conservation. The precompound cross section
was determined by comparison of the nuclear
temperature characterizing the (p, p’) spectrum
with that obtained from a calculated precompound
spectrum'* as well as with that expected for
evaporation, as given by the mean temperature
extracted from the (p, a), (a,p), and (o, o’)
spectra. This procedure has been described in

TABLE I. Experimental cross sections for specific energy intervals.

(p,p')en
Bombarding Excitation c.m. energy Integrated cross
energy energy Exit interval cross section section
Target Projectile (MeV) (MeV) channel (MeV) (mb) (mb)
87Zn b 11.00 b 2.0—-6.5 56 x4 514
17.4 o 6.0-10.5 11 =1
By a 13.89 P 2.0-6.5 25 %1
« 6.0-10.5 14 1
88Zn b 12.00 b 2.5=1.5 71 %6 64+6
18.4 o 5.5-11.3 15 =1
np 1.0-2.0 2.8 0.7
Bcu a 14.93 b 2.5-1.5 33 %2
a 5.5-11.3 17 =1
np 1.0-2.0 0.62+0.04
87 n b 14.00 b 3.5—-8.0 83 7 74x7
20.4 a 5.5—12.0 19 =21
np 1.0-3.0 20 %2
BCu « 17.01 b 3.5-8.0 43 3
« 5.5-12.0 24 3
np 1.0-3.0 14 1
88z n P 16.00 p 5.5—9.5 60 5 525
22.4 [} 6.0-13.0 25 +2
np 1.0-4.0 44 3
%Cu a 19.10 b 5.5—9.5 34 2
a

6.0-13.0 33 +3
np 1.0-4.0 38 %2




2174 N. T. PORILE, J. C. PACER,
Protons Alphas 2nd Protons
o ! HMev | ! A
* }
+—+
4 15
S |
4
7 b oemev) e |t 03
4
Tt }
5 1.5 L._,,o.z
4
[\—0—1—‘!" [
i I i 0.1
£ M w
E
Sﬁa t o, 14 Mev| t ¢ s 1 s
6 ] -\{L‘/*/i/z
¢ 13
4 + | \//'.5
i L
g t ot 1EMev AN I R
+ ) ; \/
6 T \L,/S 5
: '
4t R "2 i 4
—— 4
36 i 756 36 90 150
G.m. (deg)

FIG. 2. Angular distributions of protons, a particles,
and second-chance protons in the decay of %Ga. @, pro-
ton-induced reactions; A, a-induced reactions. The
curves are least-squares fits at backward angles. The
proton bombarding energies are listed.

detail elsewhere.? The precompound contribution
to the %8Zn(p, p’) reaction was found to increase
somewhat with bombarding energy and ranged
from about 10 to 15%. The compound nuclear

(p, p") cross sections are tabulated in the last
column of Table I.

IV. DISCUSSION
A. Energy dependence of isospin mixing

In order to determine the extent of isospin con-
servation the experimentally determined compound
nuclear cross sections may be recast in the form
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Ry, =0(p, p")o(a, a)/o(p, @)o(a, p). If the **Ga
compound nucleus is formed with the same excita-
tion energy and angular momentum distribution
in both proton and a-particle bombardment, and
moreover, if isospin is not conserved, the in-
dependence hypothesis demands that R.,, be unity.
The extent of isospin conservation in the forma-
tion and decay of the compound nucleus is then
determined by comparison of the R, with unity.
If isospin is conserved to a significant extent this
quantity will be larger than unity because of the
enhanced value of o(p, p’).

The situation is actually somewhat more com-
plicated than outlined above because ®°Ga is not,
in fact, formed with the same angular momentum
distribution in both entrance channels. The mean
angular momentum for the «a channel thus is some
47 units larger than that for the proton channel.
This difference will in general cause R.,, to deviate
from unity. Before the isospin effect can be as-
certained the effect of angular momentum dif-
ferences must first be evaluated. This can be
done by means of a calculation of R, according
to the spin-dependent statistical theory. Let us
denote this calculated value by R, taking note
of the fact that the calculation does not take isospin
conservation into account. The quantity of interest
in an assessment of the extent of isospin conserva-
tion is Rep/Re. Which must be unity if isospin is
not conserved and larger than unity if it is.

The quantities of interest, Re., Ry, and R,/
R, are tabulated in columns 2-4 of Table II.
The spin-dependent calculation of R  has been
described in detail elsewhere*'® and is discussed
in further detail in Sec. IVC. The values of R
are somewhat lower than unity reflecting the effect
of angular momentum differences in the entrance
channels. The 5% uncertainty in these values is
a measure of the effect of reasonable variations
in the various parameters in the calculation. The
R, are substantially larger than unity and the
ratios of R,,, to R, are, of course, even larger.
Evidently, isospin conservation is of importance.

The largest possible value of R.,,/R. is ob-
tained when isospin is completely conserved. This

TABLE II. Isospin mixing in the decay of the ®*Ga compound nucleus.

Ucn rsecay rn>1ing
(MeV) R exp R cac Rexp/Rcalc (Rexp/R cale ) max H (keV) (keV)
17.4 2.63+0.10 0.81+0.04 3.25+0.20 3.32 0.03 5.7 0.18
18.4 2.28+0.11 0.82+0.04 2.78+0.19 3.25 0.19 10.0 2.3
20.4 2.14+0.23 0.82+0.04 2.61+0.31 3.11 0.22 22.7 6.4
22.4 2.05+0.20 0.86+0.04 2.39+0.23 3.01 0.29 40.2 16.4




9 ENERGY DEPENDENCE OF ISOSPIN MIXING... 21175

value is given by the expression®~®

(Bu/Rese Ious= 1+ (Fop /P ), (1)

where T, is the isospin of the target nucleus in
proton-induced reactions (T, =4 for ®®Zn), and
(Fs,/F,) is the ratio of the branching ratios for
proton emission from the T, and T, states of the
compound nucleus formed in proton bombardment.
This quantity was evaluated by means of a spin-
and isospin-dependent statistical model calculation
described in detail elsewhere?* and its value ranged
from 15 to 20. The resulting values of (R,,,/
R . )pus are tabulated in column 5 of Table II.
The experimental values only approach this
limiting value at the lowest excitation energy of
the compound nucleus. Evidently, a considerable
amount of isospin mixing occurs prior to decay.
An approach to isospin conservation that allows
for partial mixing of the T, and T, states has
recently been formulated.® The fractional mixing
4 may be obtained from the expression

IJ-=1" (Rexp"chlc )(2T0+1)
(Rexp -Rcalc ) +R e (F>p/F<p) ’

2

The resulting p values are tabulated in Table II
and it is seen that the fractional mixing increases
with excitation energy from 0 to 0.3.

The u values reflect the competition between
the decay of the T, states of the compound nucleus
by particle emission and the mixing of the T,
states into the T, states by the Coulomb interac-
tion. It has been pointed out'®’® that isospin
mixing should be minimal at both low and high
excitation energies of the compound nucleus but
substantial at intermediate energies. At low
energies the compound nuclear levels are discrete
and sufficiently well resolved that the Coulomb
forces are unable to appreciably mix the isospins
of neighboring levels. The strength of the Cou-
lomb interaction is characterized by the Coulomb
matrix element { H,) and the condition for isospin
conservation in this energy region is ( H,) << D7,
where D’ is the spacing of levels with spin J. At
higher excitation energies the compound nuclear
levels overlap and this condition is no longer
obeyed. Isospin mixing should then occur up to
energies for which the lifetime of the T, states
of the compound nucleus is sufficiently short that
decay occurs prior to mixing, at which point the
fractional mixing should once again become small.
Since the time in which mixing occurs is of the
order of 7#Z/(H,) the condition for isospin conserva-
tion is (H,) << Iy, Where I'j, is the width for
the decay of the T, states by particle (proton)
emission.

The magnitude of (H,) has been evaluated from

B-decay data!” and varies between 1 and 40 keV.
The level spacing of the compound nucleus may

be obtained from the Fermi gas level density
formula; at the lowest excitation energy of %°Ga,
17 MeV, the spacing of J =4 levels, which lie

near the peak of the compound nucleus spin dis-
tribution, is only ~10 eV. The condition (H,) << D’
is clearly not fulfilled.

The decay width of the T, states may be esti-
mated by means of the statistical theory and the
results are summarized in Table II. The un-
certainty in these values is about a factor of 2.
This estimate was arrived at on the basis of rea-
sonable (see Sec. IV C) changes in the value of
the level density parameter of the residual nucleus
and their effect on the calculated decay widths.
Since mixing and decay are competing processes,
the values of I, and pmay be used to obtain the
mixing widths, also summarized in Table II. The
energy dependence of these widths is displayed in
Fig. 3. The decay widths increase from 5 to 40
keV over the energy range of present interest.
The condition (H,) << I'i..,, does not appear to be
fulfilled at the lowest energy although it may begin
to be approached at the highest energy. One might
expect that under these conditions isospin mixing
would be significant at all energies, but particu-
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FIG. 3. Energy dependence of the mixing (open points)
and decay (closed points) widths of the 7'y states of the
compound nucleus. The lines show the trend of the data.
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larly so at the lower ones, where neither one of the
above conditions is obeyed. It is thus surprising
to see that mixing increases with energy and is
essentially zero at the energy where it might be
expected to be largest.

The values of I'miin Should be closely correlated
with those of (H,) and it is seen that at the higher
energies the I'yy;, are comparable to the reported
values of (H,).!” On the other hand, the strong
energy dependence of I'ming is difficult to under-
stand unless (H,) itself is strongly energy-de-
pendent. It is, of course, quite possible that this
result merely reflects some shortcoming of the
isospin mixing formalism such as the assumption
that particle transmission coefficients are inde-
pendent of isospin, or the neglect of higher-order
terms in u. However, if the values of u derived
from the data are indeed correct it will be nec-
essary to revise present thinking on isospin mixing
at moderate excitation energies.

B. Test of the independence hypothesis by
comparison of the o and np exit channels

The analysis described in the last section is
based on the assumption that the independence
hypothesis is obeyed. The validity of the hypoth-
esis has recently? been demonstrated for the
formation and decay of the %Fe, ®Ni, %Cu, and
%47Zn compound nuclei by comparison of the «
and np exit channels. As discussed in a previous
report,* isospin conservation does not affect a
comparison of these particular exit channels
because neither one is open to the T, states. The
present results permit a test of the independence
hypothesis for ®*Ga as a function of excitation
energy.

Once again, the independence hypothesis demands
that the quantity R, =0(p, np)o(a, a’)/o(p, a)o(a, np)
be equal to unity provided the compound nucleus
is formed with the same angular momentum dis-
tribution and excitation energy for both entrance
channels. The previously noted difference in the
angular momentum distributions is expected to
have a more sizable effect in a comparison in-
volving the np exit channel than in those discussed
above. Low-energy neutrons and protons are not
very effective at removing much angular momen-
tum from the compound nucleus so that o(a, np)
can be expected to be low relative to o(p, np) when-
ever the angular momentum in the «a entrance
channel is larger than that in the p entrance chan-
nel. Another manifestation of this effect can be
seen in the angular distributions, which are con-
siderably more anisotropic for the (a, np) than
the (p, np) reactions. Table III summarizes the
values of R.,. The above expectation is borne
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out by the data, particularly at the lowest energy
which is close the the reaction threshold.

The values of R, expected for the particular
angular momentum distributions in the p and «
entrance channels, denoted by R, Were obtained
by means of the spin-dependent statistical model
calculation referred to in the last section. The
results are tabulated in Table III and are close to
those of R,,,. Within the limits of error, the
values of chp/Rcalc are equal to unity confirming
the validity of the independence hypothesis over
the energy range in question.

C. Comparison of the differential cross
sections with the statistical theory

A comparison of the differential cross sections
with the statistical theory is necessary for the
determination of the angular momentum correction
factors discussed above and, in addition, permits
a rather stringent test of the model. We have
made such comparisons in previous publications
and found that the calculation was able to reproduce
both the shapes and magnitudes of the energy spec-
tra for reasonable values of the various param-
eters in the calculation. The present data permit
a more severe test of the theory because they
involve the decay of a given compound nucleus
formed over a range of excitation energies.

Our particular formulation of the theory has
been discussed in detail elsewhere.? The param-
eters affecting the calculated spectra are those
appearing in the spin-dependent level density ex-
pression as well as the optical-model parameters
required for the calculation of transmission co-
efficients.!'® The expression for the level density
used in our calculation is based on the Fermi gas
model

4,6,7

)= (2 + (U =5+

AU, I) =" Toatra(zo2yr
X exp[2a'/2(U - 8)/2 = J(J +1)/202]
for J sd,,, (3)
QU,J)=0 forJ>d,,,, (4)

where a is the level density parameter, 6 is the
pairing energy, and o2 is the spin cutoff param-

TABLE III. Test of the independence hypothesis by
comparison of the @ and np exit channels.

U
(MeV) R exp R calc Rexp/R calc
18.4 5.17+1.26 4,81+0,24 1.07+0.27
20.4 1.87+0.20 2.09+0.10 0.89+0.11
22.4 1.50+0.14 1.60+0.08 0.94+0.10
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eter; o2 is related to the nuclear moment of
inertia 9 and the temperature ¢t by o%= gt/i2,
The spin of the yrast level Jmx was assumed to
obey the relation Jyu=k(9 U)'/2, where & is an
adjustable constant.

As indicated before,® the values of a and 6 have
the biggest effects on the shapes and magnitudes
of the energy spectra. A search routine was
developed in which @ and & of the residual nuclei
resulting from neutron, proton, or a-particle
emission were systematically varied in order to
give the best fit to the various spectra. It was
assumed that a and 6 of each nuclide were inde-
pendent of both entrance channel and bombarding
energy. This should be the case if the theoretical
formulation, including the level density expres-
sion, is valid.

Figures 4 and 5 show a comparison of the ex-
perimental and the best-fit calculated spectra for
the (o, p) and (@, a’) reactions, respectively. The
calculated spectra are based on 9=9 ;4 (7,
=1.2 fm) and Jpay=J, Where J, is the value ob-
tained on the assumption that all the excitation
energy of the residual nucleus is tied up as rota-
tional energy of a rigid sphere. It is seen that
there are significant systematic differences be-
tween experiment and calculation. The calculated
cross sections for proton emission are larger than
the experimental values at the lowest energy but

(oi39Mev 85Cula,p) 149 Mev |
=85 8,20
+ ap=75 8,=18 1

8- 0,=87 8,:19 s

6 46

s a4
; B -4
K] 2L 2
B .
E e A SR
3 [7omev 191 MeV
]

16 32

12}

8f

a4

1 1 1 1 1 1 J1
0 2 4 6 8

Channel Energy (MeV)

FIG. 4. Comparison of the calculated (curves) and ex-
perimental (points) differential cross sections of the
85Cu(a, p) reaction at the indicated bombarding energies.
The tabulated parameters were used in the level density
expression at all energies.

smaller than the latter at the highest energy. On
the other hand, the calculated cross sections for
a-particle emission are too small at the lowest
energy and too large at the highest. The over-all
shapes of the calculated spectra are is reasonably
good agreement with experiment. The apparent
difference in the shape of the (a, p) spectra at
19.1 MeV is, at least in part, due to the experi-
mental energy broadening, which causes the p
and np groups to merge.

The comparison of the (p, @) and (p, p’) spectra
shows precisely the same kind of discrepancies
as those noted for the (e, a’) and (a, p) reactions,
respectively.

In order to determine whether these discrep-
ancies could be eliminated by changes in the other
adjustable parameters a number of additional
calculations were performed. The results are
summarized in Table IV, where the experimental
peak differential cross sections obtained for the
four reactions of interest at the lowest and highest
energies are compared with the corresponding
quantities obtained from several calculations. The
results of the calculation described above are
listed in column 4. It should be mentioned that
all the calculations for the (p, p’) reaction were
performed separately for the T, and T, states
and the experimentally determined u values were
used to determine the contributions from these
two states. As a measure of the quantitative agree-

OMeV ; $5Cy(a,a') 149 MeVv
5 o |ap=85 820 5
.. |ap=75 88 ]
4 o0 | ag=87 8,9 14
13
{2
— 1
3
3
E — 19.1 MeV °
1 Me
Tg ! 110
~N
b I p
©
8 18
L 1
Gr 46
4 {a
2t f
ol . N ¥ [0}
4 6 8 10 12 14

Channel Energy (MeV)

FIG. 5. Comparison of calculated and experimental
differential cross sections of the ®Cu(a, a’) reaction.
See Fig. 4 for details.
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TABLE IV. Comparison of peak differential cross sections with various parametrizations of the spin-dependent statistical theory.

U =at?-t
n=2
(mb/MeV)

=at?
1.25
(mb/MeV)

U
n

Optical parameters

changed (entrance channel)

Optical parameters
changed (exit channel)

Standard

calculation

N.

(mb/MeV)

(mb/MeV)

I max = 0.5 g
(mb/MeV)

=0.49 40
(mb/MeV)

g
(mb/MeV) (mb/MeV)

Experimental

Uen
(MeV)

Reaction
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11.4

10.2

10.3

11.0

8.3 10.2 10.8 10.8

18.0

17.4

(a,p)

13.9

13.4

13.6

14.0

12.2

13.0

13.3

22.4

5.0
16.0

2.7

2.7

4.8

4.0

4.2
24.3

2.7
12.0

4.2

17.4

(@,a)

12.2
25.9

12.4

18.5

17.6
24.9

7.5
18.8

22.4

27.1

24.7

26.5

26.4

24.9

174

(p,0")

21.2

204

20.1

21.5

20.3

21.4

20.3

26.8

22.4

5.2
12.8

2.7

2.7
9.7

4.6

2.6

2.5
9.2
46.5

2.7

4.7

17.4

(p,)

9.8
12.5

14.6

9.7
22.9

9.9

11.7

6.1

22.4

24.1

11.8

34.0

ment with experiment the values of x? are tabulated
in the last row of each column.

The results of a calculation in which 9 was re-
duced to 0.4 9, are summarized in column 5
of Table IV. The cross sections of all but the
(o, a’) reaction are affected by less than 10% by
this change. On the other hand, the (a, a’) cross
section increases by as much as a factor of 2.

A further decrease in 9 leads to an additional
increase in the (a, a’) cross section but has little
effect on the other reactions. This effect can be
ascribed to the fact that a reduction in g leads to
a lower density of high-spin states in the residual
nucleus. These states are normally more heavily
populated in a-induced reactions because of the
higher angular momentum of the compound nucleus
formed in this manner. A reduction in the density
of these states favors the emission of particles
that are most effective in removing angular mo-
mentum from the compound nucleus, i.e., a par-
ticles. Subsidiary calculations indicate that the
observed effect arises in nearly equal measure
from the effect of 9 on 02 and on J,,,,. Although

a lower value of § improves the fit to the (a, a')
cross section at the lowest energy, it increases
the discrepancy at higher energies and leads to

a poorer over-all fit to the data.

Calculations of yrast levels based on the shell
model'® indicate that for many nuclides Jy,, is
significantly smaller than J,,, at low energies.
Column 6 of Table IV lists the peak cross sec-
tions calculated for J,,x=0.5J;. Since a reduc-
tion in Jn. eliminates the highest spin levels of
the residual nuclei the effect of this change is
qualitatively similar to the reduction of 9 : a large
increase of the (a, a’) cross section and small
changes in the other values. The over-all fit to
the data is once again distinctly poorer. In addi-
tion to the effect on the magnitude of the cross
sections, the reduction of J,, also has a striking
effect on the shape of the calculated spectra, par-
ticularly for values below 0.5J,,. It was found
that the evaporation peaks were split into two
distinct peaks, an effect that had been previously
predicted®® for evaporation processes in which
the yrast levels play a limiting role. The absence
of such an effect in the experimental spectra indi-
cates that the yrast spins of the nuclides of inter-
est cannot be much lower than 0.5J .

In order to determine whether changes in the
optical-model parameters could lead to improved
agreement with experiment the values of the real
and imaginary potentials for protons®' and « par-
ticles®® were systematically varied and the re-
sulting transmission coefficients generated by the
ABACUS-2 code'® used as input for evaporation
calculations. The results of a 5% change in the
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parameters for the exit channels are tabulated in
column 7. The other parameters were identical
to those of the standard calculation. It is seen
that the differential cross sections for proton
emission increase by 5-10% and those for a emis-
sion by 50-75%. The changes are comparable

at both bombarding energies which is not surpris-
ing in view of the fact that the evaporation spectra
extend over essentially the same energy interval
for both cases. Thus, although the a-particle
cross sections are quite sensitive to the optical
parameters, it does not appear possible to make
an adjustment that will yield the proper energy
dependence.

The results of a calculation in which the optical
parameters of the entrance channel were changed
by 5% are tabulated in column 8. The effects on
the various cross sections are negligibly small.
Consequently a change in the energy dependence
of the optical parameters cannot lead to a sub-
stantial improvement in the agreement with ex-
periment.

A number of variants of the Fermi gas model
level density differing in the preexponential term
of the expression have been proposed®® and their
effect on the differential cross sections was de-
termined. Column 9 summarizes the results of
a calculation in which the preexponential energy
term in the level density was (U - 6)~/4, cor-
responding to the equation of state U=a#?. This
form of the level density leads to virtually the
same cross sections as the standard calculation.
Column 10 lists the results obtained with a level
density whose preexponential energy term was
(U~ 6+£)"2. This form leads to a sizable increase
in the a cross sections and a slight increase in
the proton values. However, the agreement with
experiment is not improved.

It should be pointed out that the agreement with
experiment of some of the calculations could be
improved by appropriate adjustments in the a
and 6 values. However, all the calculations predict
a larger increase with energy than is observed for
the emission of a particles and a smaller increase
than observed for that of protons.

In order to obtain good agreement with the data
at all energies it is necessary to relax the condi-
tion that @ or 6 be independent of bombarding en-
ergy. Figure 6 shows the energy dependence of
the parameters for which experiment and calcula-
tion are in good agreement at all energies. The
agreement can be obtained by letting either just
the a’s or the §’s vary with energy. It is thus
necessary to let a, increase and a, decrease with
increasing energy or, alternatively, to let §,
decrease and &, increase. The fact that the level
density parameters appear to depend on bom-

barding energy, and hence on the excitation energy
of the residual nuclei, suggests that the Fermi

gas level density expression may give an incorrect
energy dependence. More realistic calculations

of the level density based on the shell model**
indicate that the Fermi gas formula does indeed
have various shortcomings and that these vary
from one nucleus to another depending on the par-
ticular features of the nuclear shell structure.
These shortcomings manifest themselves in rig-
orous spin-dependent statistical-model calculations
only when comparisons are made with spectra mea-
sured at several bombarding energies and so were
previously undetected.

It should be mentioned that the failure of the
spin-dependent calculation to reproduce the data
with energy-independent parameters has only a
minor effect on the R, factors used in Secs. IVA
and IV B. These ratios were calculated both with
the energy-independent parameters and the best-
fit values shown in Fig. 6 and were found to be
nearly the same in all cases. In practice, the
R, values tabulated in Tables II and III represent
an average of the two calculations.

V. CONCLUSIONS

We have presented in this paper the first mea-
surements of the energy dependence of the isospin
mixing fraction in compound-statistical reactions.
It was found that the fractional mixing of the T,

7
16 18 20 22

Ucn (MeV)

-
o

FIG. 6. Energy dependence of level density parame-
ters a and pairing energies 6 for which calculated and
experimental spectra agree at all energies. O, a values
(left ordinate); ®, 6 values (right ordinate). The arrows
point to the a (—) and 0 (+—) values used in the constant
parameter fits shown in Figs. 4 and 5. The best fits are
obtained by use of the energy-dependent a values and the
constant 6 or the energy-dependent 6 and the constant
a values.
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and T, states of the ®*Ga compound nucleus in-
creased from 0 to 0.3 between 17- and 22-MeV
excitation energy. The mixing width showed a
concomitant increase from 0.2 to 16 keV.

These results are at marked variance with theo-
retical expectations which lead one to believe that
the mixing fraction should be sizable at all en-
ergies of present interest but particularly so at
the lower end of the interval. These results may
merely indicate that the isospin mixing formalism
is inadequate to the present task. On the other
hand, if this is not the case and if similar results
are obtained for other compound nuclei, it would
require a revision of current ideas on isospin
mixing in compound nuclear reactions.

The independence hypothesis of compound nuclear

reactions was tested by a comparison of the o and
np exit channels. The hypothesis was found to be
valid at all excitation energies of present interest.
The various differential cross sections were
compared with the spin-dependent statistical the-
ory. The present data lend themselves to a par-

J. WILEY, AND C. R. LUX

|

ticularly meaningful comparison with theory be-
cause the residual nuclei were formed both in two
distinct ways and for a number of bombarding -
energies. A large number of spectra thus have
to be fitted with a given set of @ and 5 values. It
was found that while all the data at a given energy
could be fitted with a given set of parameters, it
was impossible to obtain an adequate fit with
parameters that were independent of energy. An
exhaustive search for a better fit by various
changes in other parameters, such as the moment
of inertia, yrast spin, optical parameters, as
well as by the use of several forms of the level
density failed to improve the fit. This short-
coming of the calculation suggests that the Fermi
model level density formula does not give an
adequate representation of the energy dependence
of the level density of real nuclei.
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