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Resonance structure is observed in many (d, p) and (p, d) excitation functions in the
lead region. The results are compared with previously reported (t,p), (p, t), and (d, p)
data, and systematic resonance behavior is found common to all stripping and pickup
reactions involving incident or final protons. Resonances occur whenever the proton-
channel energies lie between 16 and 18 MeV. This is the energy region where single-
particle isobaric analog states occur in the reaction Pb (p, p).

Isobaric analog states in heavy nuclei have been
widely studied by proton elastic and inelastic
scattering. ' Recently, resonances observed in
certain (d, P), (P, d), and (t, P) excitation func-
tions from targets in the lead region also have
been identified with isobaric analog states. ' '
However, unlike proton scattering for which
many aspects of the analog-resonance phenome-
non are reasonably well established and under-
stood, in neutron-transfer reactions neither a
clear theoretical understanding nor a firm exper-
imental basis for the occurrence of such reso-
nances has yet been offered. In this Letter re-
sults are presented from a study of the reactions
Pb"'(P, d), Pb'07(d, P), and Pb"'(d, P) as a func-
tion of energy. In the excitation function for al-
most every transition studied thus far, we find
resonance structure that is clearly associated
with isobaric analog states. From thes e results,
certain systematic features of analog resonances
in transfer reactions in the lead region are readi-
ly apparent, and all of the presently available da-
ta, including the earlier work mentioned above,
can be correlated. The essential feature is the
location of the resonance structure in approxi-

matelyy

the same region of proton-channel ener-
gies for all transitions studied, independent of
target nucleus, Q value, final state, or the par-

ticular reaction used. These results are impor-
tant for understanding (1) the isobaric-analog-
resonance mechanism, (2) the nature and identity
of the isobaric analog states responsible for the
resonances, and (3) the relationship between the
resonances in the (P, d), (d, P), and (t,P) transfer
reactions and the more familiar (P,P) and (P,P')
resonances.

The experiments were performed using proton
and deuteron beams from the High Voltage Engi-
neering Corporation Model MP tandem accelera-
tor at Yale. The measurements were made with
standard solid-state detector systems. Excita-
tion functions measured at 165' for the reaction
Pb"'(P, d) leading to the first five neutron-hole
states of Pb'" are presented in Fig. l. Strong
resonance structure can be seen for incident pro-
ton energies between 16 and 18 MeV. These are
the same incident energies where strong isobaric
analog resonances have been observed'~'in proton
scattering on Pb' ' corresponding to the 3d»„
4s»„2g,~„and 3d„, single-particle states in
Pb"'. More detailed measurements' near E = 15p=
MeV confirm the relatively small resonance ef-
fects (-109o), attributed to the gg», single-parti-
cle analog state, in the first three (P, d) excita-
tion functions.

Excitation functions for the reaction Pb"'(d, P)
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FIG. 2. Excitation functions for the reaction Pb (d,207

p) at a laboratory angle of 165' leading to the first five
states in Pb . The open circles in the ground-state
transition data were taken from the inverse reaction
data in Fig. 1. The insert shows an expansion of the
resonance region in the lowest three excitation func-
tions. Note that the horizontal scale refers to the out-
going-proton-channel energy.
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at a laboratory angle of 165' were obtained with
deuteron energies from 11 to 18 MeV and are
shown in Fig. 2. The ground-state transition is

FIG. 1. Excitation functions for the reaction Pb (p,208

d) at a laboratory angle of 165 leading to the neutron-
hole states of Pb . The curves in this figure and in
Figs. 2 and 3 are drawn as a guide through the experi-
mental points. The proton-channel energies of the iso-

208baric analog resonances in the reaction Pb (p, p) cor-
responding to the single-particle states of Pb are in-209

dicated by the arrows in all three figures.

in good agreement with the inverse reaction data
in Fig. 1 and with the previous (d,p) measure-
ment by Hamburger. ' The excitation functions
for the transitions leading to the excited states
at 2.615 MeV (3 ), 3.20 MeV (5 ), 3.48 MeV
(4 ), and 3.71 MeV (5 ) of Pb"' were not mea-
sured previously in this energy region. Kith the
possible exception of the 3 excitation function
for which the cross section is small and the sta-
tistics poor, all of the excited-state transitions
show significant resonance effects.

An important result from the data in Figs. 1
and 2 is that while the resonance regions in the
Pb' '(P d) transitions to different final states all
correspond to the same excitation energies in the
Bi compound system, the resonance energies
in Bi"' for the Pb"'(d, p) transitions to various
final states are not the same. Of course, the
resonances in the (d, p) ground-state transition
correspond to those observed in the reaction
Pb"'(P, d). The factor which is common to all
the transitions in the two reactions is that the
proton energies, whether in the initial or final
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channel, in the region of strong resonance behav-
ior are approximately the same, 16 to 18 MeV.
To illustrate this fact, the (d, P) excitation func-
tions in Fig. 2 have been plotted as a function of
the outgoing-proton-channel energy ep in the
center-of-mass system, which is given by &p

=ed+kg s E -He.re, e& is the deuteron-chan-
nel energy, Qg s is the (d, P) Q value for the
ground-state transition, and Eex is the final-
state excitation energy.

Behavior similar to that described above is
found also in the excitation functions for the re-
action Pb"'(d, P) leading to the neutron-hole
states of Pb ". The results obtained at 165' are
shown in Fig. 3, where again the data are plotted
as a function of the proton-channel energy. Al-
though the Q value and hence the deuteron inci-
dent energies differ from those in the reaction
Pb'"(d, p) shown in Fig. 2, nevertheless the
strongest resonance effects occur for proton-
channel energies between 16 and 18 MeV.

Other neutron-transfer excitation functions
that have been measured in the lead region are
the (t,p), (d, p), and (p, t) reactions' &' on Pb"'
leading to a number of final states. In four of
the five transitions reported, strong resonances
are observed, and when their proton channel en-
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FIG. 3. Excitation functions for the reaction Pb (d,
P) at a laboratory angle of 165 leading to the first
three states of Pb 0 . Note that the horizontal scale re-
fers to the outgoing-proton-channel energy.

ergies are considered, we find that they conform
closely to the same pattern indicated in the pres-
ent results. Thus, based on all the experimental
data presently available on neutron-transfer re-
actions in the lead region involving an incident or
final proton, we find in nearly every excitation
function studied resonance structure for proton-
channel energies between 16 and 18 MeV. The
similarity between these energies and the proton
resonance energies of the single-particle isobar-
ic analog states observed in the reaction"' Pb"'(p,
p) strongly suggests that isobaric analog states
are also the key to understanding the widespread
resonance phenomenon in transfer reactions.

The outstanding qualitative features of this res-
onance behavior are its strong dependence on the
proton characteristics and apparent lack of de-
pendence on either the nuclear state in the proton
channel or on the properties of the other channel.
This suggests the possibility that initial- or final-
state resonances will occur in any reaction, not
necessarily one involving neutron transfer, as
long as incident or final protons with energies
corresponding to the single-particle analog states
are produced.

Hamberger' and Tamura' have discussed possi-
ble mechanisms for exciting isobaric analog res-
onances in (d, P) reactions. The general direct-
reaction framework given by Tamura. is in quali-
tative accord with the present results. In that ap-
proach, the resonance behavior is attributed only
to the proton channel, but its effects are carried
through into the direct (d,P) reaction amplitude.
Such a process would also describe the reso-
nance behavior mentioned above for any direct
reaction involving protons in one of the channels.
However, a comparison of Tamura's calculations
with the Pb"'(d, P) ground-state resonances re-
sulted in qualitative but not quantitative reproduc-
tion of the effect. '

Another interesting aspect of the resonances
described here is the nonconservation of isobaric
spin which occurs when analog states with T = T,
+ ~ are reached by deuteron bombardment (or T
=T, + & by triton bombardment) on a target with

= Tp This isospin noncons e rvat ion is cons is-
tant with a direct reaction mechanism occurring
on the periphery of the nucleus where the Cou-
lomb interaction is important and isospin need
not be conserved.

The nature of the isobaric analog states respon-
sible for the resonances provides some insight
into the structure of certain excited states in the
lead nuclei. The behavior described above strong-
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ly implies that these states contain large compo-
nents of particle-plus-core structure, with the
nuclear state in the proton channel acting as a
core coupled to the resonating proton in a single-
particle state. Thus, the resonances for each
Pb"'(d, P) transition in Fig. 2 may be identified
with the isobaric analogs of those Pb"' states de-
scribed by coupling single-particle states to the
particular core state of Pb"' reached in that
transition. For the (d,P) ground-state transition
and all the Pb'0'(P, d) transitions, the resonances
reflect the usual single-particle states of Pb"'.
For the (d, P) excited-state transitions, many
overlapping isobaric analog states undoubtedly
contribute to the observed structure. These
states arise from the multiplets produced by the
coupling of single-particles to excited-core
states, together with the possible mixing of these
states with other configurations. ' Thus, the res-
onances in the lowest three transitions in Fig. 2
correspond to concentrations of states in Pb' '
with particle-plus —excited- core configurations
based on the 5, 4, and second 5 states of
Pb"', respectively.

In the reaction Pb"'(d, P), the final states ob-
served are the neutron-hole states of Pb ".
Therefore, the resonances in Fig. 3 are inter-
preted as groups of isobaric analog states in
Bi"' corresponding to particle-hole states of
Pb ". Each group of particle-hole states is dif-
ferent in the three excitation functions, since
each is based on that hole state reached in the
particular trans ition.

It is of interest to compare the resonances in
the stripping and pickup excitation functions with
those we reported earlier for proton inelastic
scattering. ' The (P,P') resonances provide evi-
dence for particle-plus-core states built only on
collective- core excitations, '~' while the present
results show that resonance effects can be equal-
ly prominent for both collective and noncollective
cores. This can be seen in Fig. 2 where the col-
lective 5 state (3.20 MeV) and noncollective 4
states have similar resonance behavior in the re-
action Pb '(d, P). In the reaction Pb' '(P, P'),
however, only the collective 3 and 5 states
show particle-plus-core resonances. ' The ingre-
dient that is essential for the observation of a
resonance in the proton-plus-core system for any
transition in any reaction is the existence of a

non-negligible direct reaction amplitude leading
to the core state. For (P,P') these are the col-
lective states; in neutron-transfer reactions they
are the states with appreciable spectroscopic fac-
tors.

When comparing the particle-plus-core reso-
nances excited in different reactions, it should be
noted that for the isospin-forbidden cases, e.g. ,
(d, P) or (f,P), the resonance mechanism most
likely involves a direct reaction followed by a fi-
nal-state resonance, while in the (P, P') reaction
where isospin is conserved, the dominant effects
can arise from compound inelastic scattering
through the analog state. '~' Indeed, the (P,P')
resonances normally (but not always) show much
larger effects than the (d, P) resonances. The
present results imply, nevertheless, that direct
reaction effects must also be considered in a
proper treatment of isobaric analog resonances
in the (p, P') reaction. This is not only because
of possible interference effects between com-
pound and direct scattering as has been empha-
sized previously, but also because of the possi-
bility that a resonance can be initiated entirely by
the direct (P,P') process with no compound con-
tribution, such as described above for (d, P) and
(f,p) reactions.
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