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We have studied the equations of motion for the spin-boson problem and other approximations and
equivalences. A more detailed account of this work will be published shortly.
We are indebted to Dr. G. A. Baker for helpful discussions.
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Isospin forbidden resonances (AT =1) have been observed in the reaction 93Nb( p,a)9°Zr.
Angular distributions to the 0" ground state measured at the 4* (59~keV) and 2% (334-
keV) analog resonances indicate that the 2* isospin analog state is formed via a pure
ds s, capture whereas the 4* isospin analog state is formed by a coherent admixture of

dspys Syps and dsp components.

Isospin-forbidden resonances in heavy nuclei
such as those previously observed”? in (p,n) re-
actions are thought to arise from an enhancement
in the compound-nuclear (CN) cross section due
to Coulomb mixing of the isospin analog state
(IAS) into the many underlying states of one unit
less isospin (T, states).® Such reactions are
commonly described™? in the framework of the
Hauser-Feshbach (HF) theory where the pres-
ence of the IAS is manifested by an enhancement
in the proton transmission function. Although the
basic assumption of the HF theory is the indepen-
dence of formation and decay, a further approxi-
mation is usually made that the reaction ampli-
tudes corresponding to the various j =Ifs chan-
nels add incoherently in the angular distribution
of the reaction products. In other words, the ma-
trix of the transmission functions®* 7' is assumed
to be diagonal. Such an approximation has been
used? in the analysis of previous (p,n) data. In
contrast, the analysis of a resonance in the reac-
tion **Nb(p, @)®*Zr studied here required the use
of a nondiagonal T matrix.® This allowed us to
measure small admixtures in the IAS wave func-
tion.

The reaction *Nb(p,a)®Zr was studied between
E,=4.7 and 6.2 MeV using the proton beam from
the Stony Brook High Voltage Engineering Corpo-
ration model FN tandem accelerator and a self-
supporting Nb foil (AE ~10 keV for 5-MeV pro-
tons). The a particles were detected with two
pairs of counter telescopes operated in a pass-
through reject mode. Excitation functions for the
transition to the ground state of **Zr obtained at
6,=90° and 155° are shown in Fig. 1. The lowest
seven IAS have previously been observed in the
(p,n) reaction.® We see strong resonances in the
(p, @) reaction” and attribute them to the forma-
tion of low-lying IAS with natural parity. As a
consequence of angular-momentum and parity
conservation, the unnatural-parity states cannot
decay by @ emission to'a 0% state and thus are
not observed in the ground-state transition. The
strong resonances at E,=4.885 and 5.175 MeV
correspond, respectively, to the analogs of the
4" (59-keV) and 2% (334-keV) states® of %*Nb.

The first five states and the lowest 2% state in

**Nb have been suggested® to have pure v(d,,?)
neutron configuration with a predominant J’ =3*
component coupled to a 2" proton configuration.
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FIG. 1. Excitation functions for the reaction **Nb(p,a)*Zr(0+,g.s.) obtained at 6; =90° and 155°, The incident en-
ergies refer to the lab frame. The lines drawn through the data points are intended to be a visual aid. The vertical
markers indicate the expected positions of the analogs of low-lying *Nb states seen in the (d,p) study of Ref. 8.

Only statistical uncertainties are shown.

Since the target has a v(J, /22)0+ configuration,
the IAS are expected to be formed via j =d;,, cap-
ture.

As evident in Fig. 1, the 6*(g.s.) IAS is barely
seen, if present at all. However, the same state
is seen as a strong resonance in the transition
to the 57 (2.315-MeV) state in Zr® where the 67
IAS can decay via [, =1. The small cross section
to the 0" ground state can thus be attributed to
the small barrier penetrability for [, =6 decay.
In general, analog resonances (including those
with unnatural parity) are seen in the transitions
to the first five states of *Zr.

Angular distributions for the ground-state tran-
sition, measured at energies on and near the low-
est 4* and 27 resonances, are displayed in Fig.
2. The 2" angular distribution is seen to be in
accord with the predicted shape (dashed line) for
a single j =d , capture while the 4* resonance
data are not. One possible explanation might be
that fluctuations® such as those observed off the
analog resonances (see Fig. 1) are modulating the
4"angular distribution. We view this as unlikely
because the 4 resonance can be fitted well by a
function consisting of a Breit-Wigner resonance
plus a constant background with the width of the
resonance equal to that observed in the (p,n) re-
action.® We are thus led to consider possible ad-
mixtures of configurations in the 4" IAS. In par-
ticular, the next two single-particle orbits above
the 2d;,, are the 3s,,, and 2d,/,,. These can admix
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into the 4™ state but not the 2* state because of
the §* proton configuration. The (p,a) angular
distribution on the 4* resonance should then re-
flect these admixtures and in fact should be par-
ticularly sensitive to an s,/ admixture because
of the relatively large s-wave penetrability.

In order to demonstrate that these admixtures
add coherently (nondiagonal 7) rather than inco-
herently (diagonal 7'), the 4* angular distribution
(with the off-resonance contribution subtracted)
was fitted twice using a minimum-y? criterion;
one fit included interference terms while the oth-
er did not. More explicitly, the expression for
the angular distribution can be written as

W(G):Ejj'cjj’fjj’(e)r (1)

where the values of 7 and 7’ range from 3to 3,

the C;;s are the parameters of the fits, and the
f;;7(8) are explicit functions of the Legendre poly-
nomials.® An incoherent sum of 5 admixtures
implies the neglect of terms with j+#j’.

Within the framework of the HF theory, the pa-
rameters C ;s are related to the @ and proton 7 -
matrix elements. For the case studied here
where there are many open channels (p,n, and
), a very good approximation to this relation is

Cir T qoisr@;3=T3;1°), (2)

where the 7 ;;,° are the proton matrix elements
in the absence of the analog resonance. The ma-
trix T is defined by the relation T =I-(S)’(S),
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FIG. 2. Angular distributions W (8) for the reaction
BNb(p,a)?Zr(0*,g.s.). The solid lines represent the
results of a least-squares fit with a sum of even Le-
gendre polynomials up to fourth order. The dashed
lines represent the expected W (9) for a single j=d; s,
capture. These were obtained by adding the theoretical
W (@) to the off-resonance data and requiring the result-
ing angle-integrated cross section to be the same as
that of the on-resonance data. Only statistical uncer-
tainties are shown.

where I is the unit matrix and (S) is the energy-
averaged S matrix whose diagonal and off-diago-
nal elements for the proton channels include a
resonance term.!! This resonance term differs
from the Breit-Wigner amplitudes by the pres-
ence of the so-called background mixing phases.?
If we assume that the mixing phases and the ab-
sorption in the proton channels are unimportant,
the resulting T -matrix elements yield an expres-
sion for the angular distribution which can be
written in a form where the parameters are simi-
lar to those obtained if we have considered a co-
herent sum of Breit-Wigner amplitudes. The ne-
glect of the mixing phases is justified by the ap-
parent symmetry in the resonance shape. The
proton absorptions, calculated with an optical
model code,'? were found to be small and, there-
fore, may be ignored. Thus, the fit to the angu-
lar distribution involves only three parameters,
even for the case with interferences, because the

relative phases of the formation channels differ
from the corresponding relative scattering phas-
es of the optical model only by an angle 7.

A good fit to the data, comparable with the sol-
id line in Fig. 2(a), was obtained for both the cas-
es with and without interferences (normalized x®
value of 1.0 which corresponds to a 50% confi-
dence level). Fortunately, the resulting parame-
ters of the fits for the two cases differ signifi-
cantly. In particular, the required amount of s,
admixture, expressed as a ratio of proton par-
tial widths, T,./Tss, is 0.09+0.02 for the case
with interferences; the corresponding value with-
out interference effects is 1.0+ 0.2, Thus the
ambiguity can be resolved by requiring the ad-
mixtures to be consistent with the structure of
the parent 4* state in **Nb.

We have, therefore, recorded forward-angle
spectra for the reaction **Nb(d,p)*Nb at E,;=9.0
MeV using the University of Pennsylvania multi-
gap spectrograph. The extreme forward-angle
cross sections should be sensitive to the s,/ ad-
mixture even though the [, amplitudes add inco-
herently because the calculated single-particle
stripping cross section'® for /,=0 is much larger
than that for ,=2. The measured differential
cross sections leading to the 59-keV state (4%) of
%Nb yield no evidence for an appreciable [,=0
component.™ In particular, the extracted upper
limit of the /,=0 contribution to the measured
(d,p) cross section allows us to set an upper lim-
it on the s,/ partial width for the 4% IAS to be
Fl/z/rs/zso.l.

In view of the evidence presented by the d,p)
data that the 4* parent state contains very little
$,/, admixture, we conclude that the various com-
ponents in the 4 IAS formation contribute coher-
ently in the angular distribution and that the wave
function of the 4* parent state contains admix-
tures which can be written as

[4*y ~a{[C xd,,,]-(0.02£0.01)/2[C X 5, ,]
+(0.06+0,02)2[C xdg )42}, (3)

where a is a normalization constant and C is the
®Nb ground state.

In summary, the present study of isospin-for-
bidden resonances in the (p, @) reaction on a
heavy nucleus is seen to yield useful spectroscop-
ic information on the IAS. The fact that reso-
nances are observed in both the a channels and
the neutron channels,® where the isospin changes
by one unit, indicates the consistency of the HF
approach for the interpretation of these reso-
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nances. The analysis of the 4* angular distribu-
tion indicated that the channel correlations should
not be ignored in the enhanced compound-nuclear
cross section. The presence of this correlation
further suggests a sensitive technique for study-
ing small admixtures in the wave function of the
analog state.

The authors are grateful to Z. Vager for help-
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and G. Wheeler for help in the data taking and
data reduction. Thanks are due to R. Middleton
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*Work supported in part by the National Science
Foundation.

fPermanent address: The International Christian
University, Tokyo, Japan.

ID. Robson, J. D. Fox, P. Richard, and C. F. Moore,
Phys. Lett. 18, 86 (1965).

’D. B. Lightbody, A. Sayres, and G. E. Mitchell,
Phys. Rev. 153, 1214 (1967); H. J. Kim and R. L.
Robinson, Phys. Rev. 162, 1036 (1967).

3D. Robson, Phys. Rev. 137, B535 (1965); C. Mahaux
and H. A. Weidenmiiller, Nucl. Phys. A 94, 1 (1967);
H. A. Weidenmiiller, Nucl. Phys. A 99, 289 (1967);

A. F. R. de Toledo Piza and A. K. Kerman, Ann. Phys.
(N.Y.) 43, 363 (1967); T. Tamura, Phys. Rev. 185,
1256 (1969).

‘G. R. Satchler, Phys. Lett. 7, 55 (1963).

A nondiagonal T matrix was used by E. Abramson,
R. A. Eisenstein, I. Plesser, Z. Vager, and J. P.
Wurm [Nucl. Phys. A 144, 321 (1970)] in their estimate

456

of the enhanced CN contribution to their (p,p"y) correla-
tion data.

SE. Finckh and M. Jahnke, Nucl. Phys. A 111, 338
(1968).

"The observation of analog resonances in an inverse
(a,p) reaction has been reported by J. C. Legg and
M. A. Crosby, Bull. Amer. Phys. Soc. 12, 207 (1967).

8U. Bruber, R. Koch, B. P. Maier, O. W. B. Schult,
J. B. Ball, K. H. Bhatt, and R. K. Sheline, Nucl. Phys.
67, 433 (1965); E. T. Jurney, H. T. Motz, R. K.
Sheline, E. B. Shera, and J. Vervier, Nucl. Phys. A
111, 105 (1968).

As shown by P. Fessenden, W. R. Gibbs, and R. B.
Leachman [Phys. Rev. Lett. 15, 796 (1965), and to be
published], Ericson fluctuations can still be observed
even when the instrumental resolution AE is much larg-
er than the average width (I’ of the CN states (AE/
<I'>~10%). For the case studied here, a rough esti-
mate gives AE/< I'>~10%,

Uy, T. Sharp, J. M. Kennedy, B. J. Sears, and M. G.
Hoyle, Chalk River Project Report No. CRT-556, 1954
(unpublished) .

lgee, for example, Eq. 2.4 in Weidenmiiller, Ref. 3.

12ABACUS-2 Code, E. H. Auerbach, BNL Report No.
BNL-6562, 1962 (unpublished).

13JULIE Code by R. H. Bassel, R. M. Drisko, and
G. R. Satchler, ORNL Report No. ORNL-3240, 1962
(unpublished).

144 report of a Nb(,p)*Nb study at a higher deuteron
energy has appeared in print [J. B. Moorhead and
R. A. Moyer, Phys. Rev. 184, 1205 (1969)]. The con-
clusions drawn in the present study concerning the
»=0 admixture are consistent with theirs. However,
their suggested spin ordering for the lowest seven
states in %Nb differs from that of Ref. 8. The present
(p,a) data are consistent with the assignment of Ref. 8.



