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INHIBITED (sHe, d) TRANSITIONS TO 3s &2 ISOBARIC ANALOG STATES*
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(Received 6 July 1970)

The ( He, d) reaction cross sections on '~~ 4Zr and ~~~&9"~BMo targets have been rnea-
sured to unbound isobaric analog states. All expected transitions are observed except
those to Bs&/& analog states which are inhibited. Distorted-wave Born approximation cal-
culations do not explain the anomaly. Other possible explanations are suggested.

Studies of ('He, d) or (d, n) reactions which
populate unbound isobaric analog states comple-
ment the more common resonance scattering
data. Not only do direct proton-transfer reac-
tions populate analog states which are undetect-
able as resonances due to small barrier penetra-
tions, but also the data can provide additional
tests of theories of analog states or reaction
mechanisms. This Letter reports results of in-
vestigations of ('He, d) cross sections for forma-
tion of a number of analog states on "*"~Zr and"~"98Mo targets. Analyses of ('He, d) reactions
leading to unbound analog states have not been
published with the exception of a study by Blair
and Armstrong' who observed transitions to sev-
eral states (unbound by several hundreds of keV)
in Co and Cu isotopes in which no unusual transi-
tion strengths were noted. In the present experi-
ment, all expected analog-state transitions are
observed with the exception of transitions to 3s»,
analog states which are found to be inhibited. In

contrast, previous studies' 4 of these analog
states populated in proton resonance scattering
show no such anomaly. Since the analog states
have lifetimes (typically, I' ~ 80 keV) much longer
than characteristic direct-interaction times, it
is natural to consider these ('He, d) reactions as
simple single-nucleon transfer processes. How-

ever, preliminary distorted-wave Born approx-
imation (DWBA) estimates of the (sHe, d) cross
sections offer no explanation of the effect.

The single-particle spectroscopic factors S„
of the parent states in the mass-90 region have
been determined in previous (d, P) expe:"iments. ' '
The 50-neutron configuration forms a closed
core, with the next neutron shells corresponding
to the 2d5/27 3 1/2& 2d3/2~ 1gv/~, and 1hxx/2 orbit-
als. For example, the ground and 1.21-MeV
states of "Zr carry most of the 2d5/2 and
strengths, whereas states at 2.06, 2.16, and 2.19
MeV have large 2d»„1g»„and 1A»/2 compo-
nents, respectively. The reaction "Fr('He, d) "Nb
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FIG. 1. Portions of energy spectra at 30 from (He, d) reactions on (a) ' ' Zr and (b) '~6' Mo targets. The

peaks corresponding to analog states are identified by the parent-state spin assignments. Peaks due to target con-
taminants are labeled C.
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populates the analogs of all except the 1.21-MeV
state.

The data were collected at 24 MeV incident
He energy with two ~E-E silicon detector tele-

scopes. Thicknesses of the self supporting foll
targets ranged from 200 to 1000 )Ig/cm'. De-
pending on the target, the overall deuteron ener-
gy resolution varied from 45 to 75 keV. Cross
sections for eoZr were measured at intervals of
5' or less between 10' and 80'. Because these
data revealed rather structureless angular dis-
tributions for the analog states (for example, the
cross section of the 2d„2 analog state in O'Nb

decreased approximately exponentially by a fac-
tor of 14 over the angular interval 10.8' to 85'
c.m. ), and also because the 3sI~, transitions were
not evident at any angles, reactions on the other
targets were surveyed at only the two angles 30'
and 35'.

Portions of 30 deuteron spectra are di.splayed
in Fig. 1 where prominent analog-state peaks
are labeled according to spin assignments taken
from (d, P) analyses. The peaks are superim-

posed on a continuum arising primarilye from
unresolved lower-isospin states; the analog-
state cross sections were extracted assuming a
smooth noninterfering background and these are
tabulated in Table I. Upper limits for the 3s,&2

transitions on ""~Zr and "Mo were computed
by taking three times the standard deviation of
the number of events contained in the continuum
interval corresponding to the expected peak posi-
tion. (The interval equaled the expected 3s»,
peRk full width Rt 11Rlf-lIIRxlI11UI11.) Willie Ilo
evidence for these transitions was found at any
angle for the Zr target, upper limits of about
70 p,b/sr were obtained at ll', 14', 24', 27',
and 30 c-m-q where the average M5(2 cross sec-
tion is about 900 pb/sr. Possible 3s„, trans-
itions on ~'a Mo are obscured by other states,
so no limits are given. The S„of the parent
states are indicated in the first column for each
shell-model configuration. Generally, peaks
corresponding to resolved low-lying parent states
with S„0.3 are listed. Because of similarities
in (d, p) I.=4 and 1.=5 angular distributions,

Table l. ( He, d) analog-state cross sections and normalized ratios of observed cross sections to cross-section
predictions based on the parent-state (d,p) spectroscopic factors 8„.

Target
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+Center-of-mass cross sections in pb/sr averaged at BO and 35' (lab). Only statistical uncertainties are in-
cluded; absolute cross-section uncertainties +20 k.

~Normalized to unity for this transition.
**Peak includes three unresolved states (~+, y+, ~+) accoxding to Bef. 7; relative yields were estimated using
8„ together with ( He, d) transition strengths obtained from the present work.

See Bef. 5.
See Bef. 6.

~See Bef. 7.
See Bef. 8.
According to Bef. 8 this peak actually consists of a 1g7&&+ 1h ff/p doublet; however, the published data axe in-

sufficient to permit an estimate of their relat-.'ve (d,p) strengths.
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there exist several uncertain 1g„,or 1h»„spin
assignments; hence, these states have been
entered in both columns.

Assuming that these reactions proceed via the
single-particle component of the analog states
it might be expected that the cross sections are
simply related to proton spectroscopic factors
S~ =S„j(2To+1), where T, is the isospin of the
target nucleus. This expectation can be tested
by taking the ratios of experimental cross sec-
tion to S~ for the 2d„„2d„„lg»„and 1Ayy/2

states. This is a meaningful procedure within
the context of direct-reaction theories because
the Q values for transitions to given orbitals are
all similar, as can be seen in Fig. 1. The ratios,
normalized to one particular state for each or-
bital, are presented in the table. Considering
the well known uncertainties in extracting S„,
and the unbound nature of the analog states, the
data indicate the observed cross sections are
propor tional to S~. It remains, then, to under-
stand why the 3s„, transitions corresponding to
parent states with large S„are inhibited.

The fact that the observed cross sections are
roughly proportional to S~ suggests a direct re-
action mechanism should describe the reaction.
The difficulties in performing realistic DWBA
calculations to unbound isobaric-analog states
have been discussed elsewhere' and a detailed
treatment is beyond the scope of this note. %'e

have, however, performed calculations using
two simplified models to assure that the inhibi-
tion of the 3s„, transitions is not due to some
trivial cause such as momentum mismatch. In
both cases optical-model parameters were taken
from studies" of ('He, d) reactions on "Y and' Zr at 25-MeV incident energy. First, calcula-
tions were performed using bound-state proton
form factors calculated for a Woods-Saxon poten-
tial adjusted to yield t:he neutron separation ener-
gies of the parent states. Second, proton scatter-
ing-state form factors were generated in a real
Woods-Saxon potential with depth adjusted to
give a resonance, with appropriate quantum num-
bers, at the proton energy of the analog state.
Since the shapes of the form factors of the bound

and unbound states are nearly identical inside
the well we adopted a normalization procedure
requiring the wave functions to have the same
maximum amplitude in this region. The proce-
dure of Huby and Mines" was then used in per-
forming the unbound state calculations.

Both of the above calculations produced similar
angular distributions showing pronounced oscilla-

tory structure for all / values in disagreement
with the experimental result. The latter scatter-
ing-state calculations produce approximately the
measured average (over angle) cross sections
while the bound-state calculations produce cross
sections about a factor of 5 lower. Both roughly
predict the measured ratios of cross sections to
the various spin states and predict transitions to
the Ss,g, states of strength comparable with those
to the observed 2d„, states. Thus neither calcu-
lation describes the experimental angular dis-
tributions or the inhibited 3s», transitions. It
should also be noted that the inhibition does not
exist for bound T= T, states; in the works cited
above" Vourvopolous and Fox and Vourvopolous
et al. observed several strong l=0 transitions
to lower-lying states in ' Zr and "Nb.

Preliminary inspection of additional ('He, d)
data' for the same targets studied here indicates
that the inhibition of 3sy/2 transitions persists at
20 and 45 MeV incident energy. These results
make it appear likely that the inhibition arises
from the special structure of the isobaric analog
states rather than from a particular reaction-
mechanism feature. Work is now under way on
an effort to find an explanation in terms of en-
hancements arising from fluctuations associated
with lower-isospin states. The importance of
such effects in proton scattering was first pointed
out by Robson" and has been demonstrated ex-
perimentally. " Any successful explanations
must, of course, explain not only the absolute
cross sections but also the structureless angular
distributions and the approximate dependence of
the measured cross sections on S~.
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The (y, np) reaction is discussed as a probable eh~noel for observation of the 7.' = Tp+1
component of the giant dipole resonance, and experimental evidence is presented in sup-
port of this conjecture in the case of Zn.

Several years ago Fallieros, Goulard, and
Ventner' predicted that the giant dipole reso-
nance of the nuclear photoeffect should be split
into two isospin components in all nuclei with
ground state T&0. The lower-energy component
(T,) has the same isospin as the ground state
(T,), while the second component (T&) has iso-
spin T = T, + 1. Several authors' ' have reported
model-dependent calculations of both the energy
splitting and the relative dipole absorption
strengths of the two components. Isospin selec-
tion rules allow proton decay of both components
but prohibit ground-state neutron decay of the T&
states, providing a yossible experimental meth-
od of identifying the two components. Several
experimenters' ' have searched for the predicted
T& component by measuring (y, p), (p, y,), and

(y, n) + (y, p) cross sections; however, the results
of these measurements have not been conclusive.
Shoda et al. ' and Axel et al. found (y, p) reso-
nances 4-5 MeV above the (y, n) giant resonance
in "Zr and "Sr; however, the measured cross
section in both cases is much smaller than the
predicted strength of the T& states. Measure-
ments of the photoneutron yield of nickel' and the
(y, n) +(y, P) cross sections of molybdenum iso-
topes' show anomalous strength in the region
above the giant resonance. While these results
can be explained by isospin splitting, they do not
give direct evidence for states of different T. A
conclusive search for the predicted T& giant res-

onance requires a direct comparison between
isospin-allowed and isospin-forbidden reactions
in the energy region just above the T& giant reso-
nance.

The major cross sections which can be expect-
ed to contribute to dipole absorption in this en-
ergy region are (y, n), (y, p), (y, 2n), (y, pn), and

(y, np). Decay of the T& states through either the
ground-state (y, n) or (y, 2n) channels is isospin
forbidden, while proton decay (to ground or ex-
cited states), as well as neutron decay to T&
states in the residual nucleus, is allowed by the
isospin selection rules. In medium and heavy
nuclei the Coulomb barrier will strongly inhibit
proton emission as long as neutron emission to
residual T & states is energetically possible. In
heavy nuclei these residual T & states are, in
general, particle unstable and can decay by iso-
spin-allowed proton decay or isospin-forbidden
neutron decay. ' Since the Coulomb barrier
clearly favors the (y, n) and (y, 2n) processes
while selection rules favor (y, p) and (y, np),
comparison of the relative strengths of these
reactions provides a direct test of the strength
of isospin selection rules. In particular, these
arguments predict that the (y, np) process should
dominate the T& giant resonance, and in the en-
ergy region of expected T& strength, the (y, np)
cross section should be larger than the Coulomb-
barrier favored (y, n) and (y, 2n) strengths. [The
(y, pn) process is of course also isospin allowed
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