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PROTON DECAY FROM ISOBARIC ANALOG STATES FORMED IN THE (d, n) REACTIONS*

N. Cue, P. Richard, and J. S. Blair
University of Washington, Seattle, Washington

(Received 26 June 1967)

A study of the cross sections of proton decay of isobaric analog states formed in the
(d, n) reaction has been made with a variety of medium mass targets. Particular atten-
tion is paid to the large variation in cross sections for reactions which proceed through
the analogs of d &&, s

& &2, and d 3& states in the Zr, Mo, and Sn isotopes. At energies (E.
—16 MeV) far above threshold this variation is shown to be consistent with a sequential
process in which the (d, n) formation mechanism is direct. The cross sections to the tar-
get ground states are large only when the neutron decay channels are closed.

Recently, decay protons from isobaric ana-
log states (IAS) in Nb"* have been observed
following both (p, n) and (d, n) reactions. '~'

These observations have motivated us to mea-
sure the cross sections for proton decay of
IAS formed through the (d, n) reaction with a
large nu~ber of different target nuclei. It was
our initial hope that the branching ratios and
other characteristics of the decay of IAS could
be easily studied with this reaction. As the
investigation has proceeded, however, we have
learned that the (d, np) process is very selec-
tive and that the cross sections are large for
only a few transitions. The purpose of this
Letter is to show that the large variation in
the magnitude of the (d, np) cross sections can
be quite simply understood, even though our
detailed understanding of the formation mech-
anism is incomplete.

The incident deuteron beam was obtained
from the University of Washington's High Volt-
age Engineering Corporation Model FN tandem
Van de Graaff accelerator. A AF.-E detector
telescope having a combined energy resolution
of about 34 keV (full width at half-miximum)
was used to detect 2- to 10-MeV protons. The
targets investigated were self-supporting foils
of Y Zr» ~ Mo» andSn
as well as Al", Ni', Zn", and Pb'". Our
measurements consisted of excitation functions
(6tiab = 170') with the deuteron energy ranging
from the (d, n) threshold of the ground-state
analog (typically -7 MeV) to about 16 MeV,
and angular distributions at various incident
energies.

In general, proton yield from IAS is observed
for all targets studied except Mo", Sn"8~'",
and Pb~ . A proton spectrum is shown in Fig.
1(a) for the case of a Mo" target. One note-
worthy feature at the higher incident energies
is that the decay peaks fall near the maximum
end of the energy range allowed by kinematics,

e.g., [p«] in Fig. 1(a), implying that the cor-
responding (d, n) angular distributions are for-
ward peaked. The measured excitation func-
tions exhibit a sharply rising cross section
above threshold as is typified by the transition
from the d„, IAS to the 0+ ground state [P«]
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FIG. 1. (a) Proton spectrum following deuteron bom-
bardment of Moe at 14.99-MeV proton energy. The
only prominent peak in the spectrum is [pppi, the d5&2

ground-state IAS decay to the 0 ground state of Mo82.

The horizontal line represents the energy range of the
decay peak allowed by kinematics. (b) Excitation func-
tion at 170' for the poo transition shown in (a). The
(d, n) threshold for this transition is indicated by an
arrow. The error bars include contributions from the
counting statistics and the uncertainties in the estima-
tion of background under the decay peak. The curve
through the data points is merely to indicate the gener-
al trend.
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G =(r +wz)/r,c c c (2)

where I" is the total width and 1 c is the par-
tial width of the IAS as deduced from proton
elastic-scattering experiments, 8' is the spread-
ing width' for mixing of the IAS into the nor-
mal states, and Pc is the probability for sub-
sequent proton decay of such normal states
through channel c. In the case of decay to ex-
cited states, G & is given by

G, =r, /I,c c

where the partial width I"ci as deduced from
the analysis of proton inelastic scattering in-
cludes implicitly the width for the roundabout
decay through the normal states as well as the
width for immediate decay of the IAS into ex-
terior channel c'.

It is clear that the product WPo in Eq. (2)
can become very important when the neutron
decay channels are closed. In this ease it is
often true that proton decay to the ground state
is greatly favored over decay to excited states
because of the respective barrier penetrabil-

from Tc's* shown in Fig. 1(b). The excitation
function for the transition from the d»2 IAS
to the 0 ground state [p«] from Nb"* has a
similar shape but is a factor of 8 less in mag-
nitude. These differences in magnitude are
typical of our observations, ' indeed, the cross
section for the decay from the d, ~, IAS to the
ground state decreases by at least a factor
of 50 in going from Tc93* to Tc~o*. We attempt
to understand these variations on the basis
of the following considerations.

Since the IAS have relatively narrow widths
(I 670 keV), we may assume the (d, np) pro-
cess to be sequential when the outgoing neutron
energy is several times larger than I'. The
character of the measured angular distributions
for the subsequent proton decay supports this
assumption. The total cross section for pro-
ton decay to a given final state cr(d, npci) may
then be written as

o(d, np, ) = o(d, n) G „C

where o(d, n) is the total cross section for the
formation of the IAS through the (d, n) reaction
and Gci is the branching ratio for the proton
decay via channel c'.

In the case of decay to the ground state c'=c,
Gc is given by

ities; thus if the neutron channel is closed,
Gc approaches unity.

If it is assumed that v(d, n) can be estimat-
ed by means of the standard distorted-wave
Born approximation (DWBA) model, ' we can
then write

(u +1) S„
G o lc' (2& +1) (2T +1) c') sp

where Jg is the spin of the IAS, 40 and To are,
respectively, the spin and isospin of the tar-
get nucleus, Sdp is the spectroscopic factor
deduced from analysis of the (d, p) stripping
reaction leading to the parent of the IAS, and

&sp(l) is the total single-particle cross section~
for adding a proton of orbital angular momen-
tum l. But even in situations where the (d, n)
cross section is inadequately described by the
DWBA theory, it may be reasonable to assume
that the cross section will be proportional to
the same spectroscopic and statistical factors
contained within the bracket of Eq. (4). This
quantity in brackets will be termed the enhance-

fac +c
In Fig. 2 we display the calculated Ec factors

and the angle-integrated cross sections' at
the higher incident energies (-16 MeV) for the
ground-state transitions from the analog of
2d»„3s»„and 2d„, states in the Zr, Mo,
a.nd Sn isotopes. In the calculations of E, we
have taken the values for ro, I', and Sdp from
the literature. '~' Further, we have used Gc =1
when the neutron channel is closed and there
is no evidence for decay to excited states, and

Go = ro/r when the neutron channel is open.
The scales are matched so that the E factorsc
agree with the measured cross sections for
the three strongest transitions from the d»,
IAS to the 0 ground state; i.e., o(d, npc) =8.2Ec
mb. This value, 8.2 mb, is then the experi-
mental single-particle cross section osp(l = 2)
of Eq. (4) and is within the range predicted by
the standard DWBA calculations that we have
performed. Further, the fact that the exper-
imental single-particle cross sections are al-
most independent of l and A is consistent with
the DWBA calculations. ' For the other targets
studied, the largest (d, np) cross sections oc-
cur for cases where Ec is large. A more quan-
titative analysis is not yet completed.

We conclude from the comparisons made
in Fig. 2 that the enhancement factors large-
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FIG. 2. The enhancement factors E~ (open circles) and the estimated angle-integrated cross section o(d, np)
(closed circles), obtained at the higher incident energies (-16 MeV), are shown for the cases of ground-state tran-
sitions from the analogs of 2d5/2-, 3s~/2-, and 2d3/2 states in the odd isotopes of Zr, Mo, and Sn (even-isotope
targets). The arrows represent upper limit estimates of (d, np) cross sections. The scales are matched so that
o(d, np ) =8.2E& mb for all transitions. The factors E~ for the analogs of states in Zr~, Mo 7, and Sn~~ are includ-
ed for the sake of completeness although the corresponding targets were not studied. The experimental cross sec-
tions for the analogs of s&/2 and d3/2 states in Mo are not shown because the corresponding decay peaks overlap
with each other.

ly account for the variation in the observed
(d, np) cross sections at the higher incident
energies. As mentioned previously, the cross
sections to the target ground states depend
critically on whether or not the IAS can decay
by neutron emission. This is clearly illustrat-
ed in the comparison of cross sections from
analogs of states in Zr" and Zr" ith the same

The shape of the observed excitation functions
is not understood at present. Presumably the
difficulty lies in the proper treatment of the
formation mechanism. However, the I'~ fac-
tors do seem to account for the relative vari-
ation in the magnitude of the (d, np) cross sec-
tions at the lower incident energies [&l MeV
above the (d, n) thresholds] although the agree-
ment is not as good as that obtained at the high-
er energies.

Finally, we would like to comment that the
original hope of using the (d, np) process to
obtain accurate spectroscopic information will
not be easily realized. The reasons are as
follows: For most transitions (including de-

cay to all excited states) where the branching
ratios Gc = l c ~/i" contain worthwhile spectro-
scopic information, the cross sections tend
to be small and of the same magnitude as the
other structure in the continuum background.
The moderately large cross sections correspond
mainly to ground-state transitions of IAS whose
neutron-decay channels are closed; for these
cases, the branching ratio G~ approaches uni-
ty independently of the elastic partial width.

*Work supported in part by the U. S. Atomic Energy
Commission.
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as follows: For decay from s &/2 IAS, this is simply 47t.

times the 170' cross section. For decay from some of
the d&/2 IA.S to 0+ ground state, the angular distribu-
tions have been measured at sufficient energies to al-
low us to extract a meaningful angle-integrated cross
section at all. energies studied; for the weaker transi-
tions from d5/2 IAS, we have assumed that the angular
distributions are the same as those measured for the
stronger transitions at corresponding values of the
outgoing neutron energy. Only one angular distribution
has been measured for the decay of a d3/2 IAS to 0+

state; this, together with some information concerning
the m-substate populations of the IAS, has been used in
converting the measured values for 170 cross section
into rough estimates of angle-integrated cross sections.
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We recognize that the standard DWBA theory is not
really appropriate to cases in which a nucleon is cap-
tured into an unbound orbital. In our calculations,
several bound-state form factors were considered
with proton binding energies varying from essentially
0 to 7.2 MeV.

SINGLE-PARTICLE PROTON STATES IN "'Bi EXCITED IN THE ('He, d) REACTION*

R. Woods, P. D. Barnes, E. R. Flynn, and G. J. Igo
Los Alamos Scientific Laboratory, University of California, Los Alamos, New Mexico

(Received 10 July 1967)

The position of the unperturbed neutron and
proton single-particle levels in nuclei is fun-
damental to many nuclear structure calcula-
tions. Although the position of the neutron
levels is reasonably well established, it is
only recently that proton-stripping reactions
have been used for this purpose. We report
here a search for single-proton levels outside
the doubly magic nucleus "sPb using the ('He, d)
proton-stripping reaction.

The target was a self-supporting ' SPb foil
200 pg/cm' thick. A 24-MeV He beam from
the Los Alamos tandem Van de Graaff facility
was brought into the scattering chamber of a
magnetic spectrograph of the Elbek design. The
reaction products were analyzed with a deuter-
on resolution of -25 keV. Exposures were made
at 20, 30, and 45', and a typical spectrum is
shown in Fig. 1. The numbered peaks refer
to states in ' Bi and are listed in Table I.

The levels in" Bi have also been studied
by the inelastic scattering reactions (n, n'), '
(p, p'), ' (d, d'), ' and (n, n'), as well as in the
low-resolution (170-keV) proton-stripping (n, t)
measurements of Stein and Lilley. ' A compar-
ison of the levels observed in these reactions
with the present work is given in Table I. All
levels above 3.8 MeV are unbound levels.

The deuteron spectrum of Fig. 1 is charac-
terized by several strongly excited levels spread
over 4 MeV of excitation. If we assume that
these are of a single-particle character, then

it is of interest to compare their excitation
energies with the predictions of a proton bound
in a static potential well. Such calculations
have been performed by severa, l authors'
for the bound proton orbitals, Ih»„2f»„and
li»». In addition, Schroder also estimates
the position of a bound 2f», orbit. Recently,
Korotkikh, Moskovkin, and Yudin' have extend-
ed these calculations of single-particle levels
into the continuous spectrum using the Woods-
Saxon well parameters of Blomqvist and Wahl-
born. ' A comparison of these various calcu-
lations with the observed single-proton spec-
trum is given in Fig. 2. Here all the spectra
have been normalized on-the 1h», level. The
first two excited states presumably correspond
to the 2f„, and li»» orbits and are in good agree-
ment with the excitation-energy prediction of
Blomqvist-Korotkikh'~' calculations, but are
below the predictions of Schroder. ' Of the three
remaining orbits the unbound level at 4.425
MeV probably corresponds to the highest or-
bit in this shell, i.e., the 3p», orbit. The iden-
tification of the two bound levels at 2.821 and
3.643 MeV is not clear. The splitting of the

f„,f», orbits sugg-ested by SchrMer' is con-
sistent with the 2.832-MeV level being the 2f»,
orbit. On the other hand, Korotkikh, Moskov-
kin, and Yudin' predict the p», orbit to be be-
low the f„,orbit with both being unbound levels.

Using the spin assignments suggested by Fig.
2, it is of interest to compare the observed
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