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TABLE I. Quantities obtained from experiments: 28Si(p, p')'BSi, Ref, 1; ' Si(d, p)2 Si, Ref. 2; and 24Mg(d, p}25Mg,

Ref. S. The theoretical values of the ratio nz/n and the width (I &t) are calculated by using Eqs. (16) and (14},
respectively.
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(a) The width (I „t) depends so strongly on the
ratio n„/n that the exact ratio n~/n is needed to
determine I'~t. In order to get (n„/n), „z, as close
to n~/n as possible, an experiment with a large
value of (n),„p, should be performed. (b) By count-
ing the number (n„),„z, only the large values of
C„.(0) can be included. Therefore, the width
(I",&) obtained in this way is the width for decay
out of a single doorway state. (c) The number

(n~), „p, depends upon the calculation of C„.(0),
so that the calculations have to eliminate the in-
fluence from some gross structure resonance or
modulation effect. '
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It is pointed out that the strength of (3He, d) reactions to unbound states is correlated
with the penetrability for proton decay of these states. The anomalously weak transi-
tions to s states fit into this pattern. Additional data from the reaction ~Sn(3He, d) 'VSb*

are presented. Some questions regarding extrapolations to other reations are raised.

Considerable recent interest in stripping reac-
tions to unbound analog states was initiated by a
Letter reporting the ('He, d) reaction on Zr and
Mo isotopes, in which McGrath et a/. ' found

anomalies in such transitions. In particular, l =2
transitions were seen strongly whereas l = 0 tran-
sitions, expected in the same nuclei, were absent
or very weak. The effect was contrary to the re-
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FIG. l. Enhancement o,»/o„t, versus the proton
penetrability for (3He, d) transitions to unbound analog
states (0~» taken from Ref. 1). The error bars indi-
cate only errors of the experimental cross sections and
do not include the errors in the spectroscopic factors.
The solid line merely indicates an average trend. The
points ln paI'entheses corI'espond to tI'ansltlons to M3yp
states in ~3Nb and 95Nb. Their departure from the aver-
age trend probably is due to the contribution of an un-
resolved gv&2 state, as has been checked for the corre-
sponding parent state in 83Zr by a high-resolution (d,p)
measurement.
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suits of distorted-wave calculations in which the
form factor is taken as proportional to that of the
bound parent state. Similar results' have been
obtained for the (d, n) reaction. In Ref. 2 it was
pointed out that part of this anomaly consists in a
strong enhancement of the l = 2 cross sections
with respect to the distorted-wave calculations.

Subsequent papers' ' presented calculations us-
ing a more realistic proton form factor and showed
that they reproduced the experimental trends
quite well. It became apparent that the reason
for the enhancement is that in the surface region
where the transfer is expected to take place, the
tail of the analog wave function is laxger than that
of the parent state.

The question then arises why the l = 0 transi-
tions axe so weak. Although distorted-wave cal-
culations with form factors matched into the con-
tinuum reproduce these weak / =0 transitions,
one still has no "understanding" of why this should
be so.

The connection of a quasibound state with the
continuum is expressed by the penetrability fac-
tor P, in 8-matrix theory. To study the influence
of I', on the cross section we have calculated the
proton penetrabilities for the unbound analog
states observed' in the ('He, d) reactions on Zr
and Mo. For E= 0 protons they are 3-5 times
those for I = 2. In Fig. 1 the ratio s,„z/o„z is

plotted as a function of I', with

S 21, +I P"
2T 12I 12 1

and I', =kR(&, '+G, ') ' with R =1.4A' '. Here 8 is
the spectroscopic factor of the paxent state and
o the distorted-wave Born approximation (DWBA)
cross section' calculated assuming the form fac-
tor of the transferred proton to be the same as
that of the neutron in the corresponding parent
state. The experimental cross sections are tak-
en from Ref. l.

The main feature of this figure is a clear trend
of decreasing enhancement of the experimental
cross section relative to the calculation from -8
to &1 with increasing penetrability. The s states
are at the hi.gh-penetrability side, and it is char-
acteristic that the only s-state transition seen in
the ('He, d) experiments (the one to "Tc*s»,) is
the one associated with the smallest I =0 proton
penetrability; for all others only a limit could be
set. ' The trend of the curve is already estab-
lished by the E- 2 states and is continued by the
points corresponding to E =0.

This behavior is confirmed by the results ob-
tained at this laboratory for ('He, d) reactions on
'"Sn and '"Sn isotopes. Some spectra obtained
with the Enge split-pole spectrograph are shown
in Fig. 2. The only transition clearly observed is
that to the ~3 analog state in '"Sb. An angular
distribution for this is also shown in Fig. 2. The
solid curve represents a standard 0%HA calcula-
tion multiplied by 8. This enhancement factor
with the corresponding penetrability (2 &&10 ') fits
in well with the curve in Fig. 1, even though,
strictly speaking, such a cuxve should be Z de-
pendent. The l = 0 and even the l = 2 transitions
are not seen or are so weak that only an upper
limit (20 p, b/sr) for the cross section could be es-
timated. If Fig. 1 is taken as a guide, no larger
cross section couM be expected for these transi-
tions. Of course, this situation is the reverse of
that in elastic proton scattering in which only the

state is unobserved. ' Thus stripping reac-
tions seem to be useful in locating high-spin ana-
log resonances.

In Fig. 3 again ('He, d) cross sections divided
by D% calculations with the parent form factor
are shown, but only for the l =2 transitions in the
Mo isotopes. They are now plotted as a function
of the binding energy of the transferred proton.
Since l and Z are the same for all the data, this
is similar to the plot in Fig. 1 with proton energy
replacing the proton penetrability. This form of
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FIG. 3. Mo(3He, d) cross section o& compared to
DWBA cross section O„as a function of the proton en-
ergy E&. The cross section O„was obtained from a
DWBA calculation with the parent-neutron form factor.
For the solid curve at negative E&, the values of 0& are
DW'BA calculations with a bound-proton form factor—Lhe binding energy of the proton differing from that of
the neutron by the Coulomb energy difference typical of
Mo. For the points, the values of 0& are experimental
(Ref. 1),
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FIG. 2. Spectra for ~68n(3He, d) and angular distribu-
tion for the transition to the+ analog in ~~sb obtained
at F3 =24 MeV.

plot allows the display to be extended to bound
protons. The solid cux've at negative values of
E~, calculated for the hypothetical case where the
proton state would be bound, already shows an
enhancement increasing with increasing proton
energy; the dashed curve is strictly an interpola-
tion. The enhancement becomes larger for un-
bound states (as indicated by the experimental
points on the right-hand side of this figure) but
then begins to decrease with increasing proton
eQergy.

The initial effect. of less binding is to increase
the form factor in the surface region where most
of the reaction cross section originates, and this
gives rise to the observed enhancement. This in-
crease seems to continue into a limited region of
positive proton eQe1 gy, At higher pos1tlve px'otoQ

energies the observed cross section starts to fall

off, suggesting that the relevant (surface) part of
the form factor is decreasing. The plot of the da-
ta in Fig. 1 suggests a close connection between
this decrease and the penetrability.

One may ask why such a qualitative connection
between penetrability and cross section is useful
when "correct" calculations can reproduce the
experimental results. The reason is not only
that the calculations are laborious, but that they
give one little feeling for what trends to expect in
going to different states or nuclei. For lighter
nuclei (i.e. , for smaller Coulomb energies) the
difference in the surface amplitudes of the parent
and the analog wave functions and hence the en-
hancement are expected to be smaller. This is
consistent with the trend we observe in our pre-
liminary results obtained for ('He, d) on Ni and
Zn isotopes. Enhancements of -4 were observed
for I=1, 3, and 4 transitions to unbound states
with the penetrability always less than 2 ~10 '.

The charge-exchange (P, I) reaction also may
proceed to unbound analog states. Effects simi-
lar to the ones in ('He, d) would occur and modify
the relevant form factor. All calculations fitting
such guasielastic (P, n) data have been in terms
of a parent (bound) form factor. "" In a heavy
nucleus there may be a factor-of-2 effects which
would then drastically alter the parameters of
symmetry potentials deduced from these data.
One should also consider the role of binding in
pickup reactions in which the final state becomes



VOLUME 28, NUMBER I

unbound. The form factor for the picked-up par-
ticle could be regarded as a bound-state wave
function, but the potential binding it is itself de-
caying —as is the potential causing the distortion
in the outgoing channel.

One may further wonder what corresponding ef-
fects may occur in the realm of particle physics,
%here the high-energy reactions leave decaying
resonances as products.
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%'e present a noncollective description of the los-lying 0 states strongly excited in
(p, t} reactions in the actinidss. The description is based on the possible weakness cf the
oblate-prolate pairing force, suggested by Griffin, Jackson, and Volkov, and the low
density of oblate states near the Fermi surface in these nuclei.

Maher et a/. ' have found that a low-lying 0'
state obsel ved ln the actlnldes at, about 900 kev
is excited strongly in (p, f) reactions. These
authors have further indicated that a description
of this state as a pairing or P vibration is likely
to fail. The uniform appearance of this (p, t) ex-
cited state (0,'), together with its appreciable
electromagnetic decays to the ground-state band,
led Maher et al. to postulate the existence of a
new and stable type of collectivity. More recent-
ly Griffin, Jackson, and Volkov' made the inter-
esting suggestion that such a new collectivity may
arise if the nuclear pairing between particles in
prolate levels and those in oblate levels is weak.
These authors carried out a model calculation for
two neutrons, which perhaps demonstrates the
required collectivity. However, a few-particle
calculation is unlikely to be appropriate for nu-
clei possessing a high single-particle level den-
sity. Further, the existence of a collective state
to explain the observed phenomena is perhaps un-

necessary The (.p, t) strength to the 0,' state,
though an appreciable fraction of the ground-state
strength, may result from the population of just
one or perhaps a few of the Nilsson levels. The
observed EO and E2 decays which are of single-
particle magnitude seem to indicate such a possi-
sibility.

In this Letter a model is presented describing
the 0,' state to first approximation as a pai. r of
holes in the oblate —,'[501] Nilsson level. These
holes are built into a pairing ground state. The
single-particle nature of the oblate level thus con-
structed gua, rantees a, large (p, f) excitation, an
excitation enhanced because the spherical 3p»,
level giving rise to the a[501] level possesses
several nodes and contributes strongly to two-
neutron transfer. To account for the wide dis-
semination of the 0,' state in the actinides and for
its general absence in the rare earths, it is nec-
essary to perform a many-body calculation, pay-
ing attention to the underlying single-particle
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