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Abstract: The present status of the study of spin-flip isovector giant
resonances, using the (tip) charge exchange reaction, is reviewed. After a brief
history of the discovery of these giant resonances, a critical appraisal of the
interpretation of the data in terms of giant resonances is given, along with some
of the theoretical advances that impact on the interpretation of these data. A
sampling of the results obtained for typical targets is given, followed by the
interpretation of these results. A brief statement is made concerning the way
forward in experimental technique for nuclear structure research using charge
exchange reactions.

1. INTRODUCTION

The research work of Professor Herbert Uberall and his students, over
many years, was concerned with giant resonances as observed in inelastic
electron scattering from, and photon reactions with nuclei. These researches
were concerned with the strengths of resonances as well as their systematic
properties, and led to studies of sum rules as well as the general nuclear
physics of the resonances. These resonances are divided into electric and
magnetic classifications. Depending on whether spin was involved, or not,
in the particular multipole operator the resonance was classified as magnetic
or electric. It is therefore a very great pleasure to contribute this paper to a
festschrift which brings him the congratulations of his colleagues on the
occasion of his retirement.

Giant resonances are simple collective modes of excitation in nuclei,
which tend to occur at high frequency (energy). The first giant resonance
discovered was the isovector giant dipole resonance of photonuclear
reactions, by Baldwin and Klaiber [Ba47, Ba48J. This is a non-spin-flip
giant resonance, as a result of the fact that the dominant electric dipole
operator is independent of spin. The energy of die peak of the giant dipole
resonance varies with mass number, A, approximately as 79 A" 1/3 MeV,
though there are significant deviations from this energy in light nuclei. It
was more than 20 years before the next giant resonance was discovered.
The isoscalar electric quadrupole giant resonance was found in inelastic
electron scattering by Pitthan and Walcher [Pi71] and by Lewis and
Bertrand [Le72] in inelastic proton scattering; its peak energy varied
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approximately as 65 A"1/3 with mass number. Only five years later the
isoscalar monopole giant resonance was found [Yo77, Hall], with a mass
number dependence of 80A*1/3. This is very close to the giant dipole
resonance energy in a given nucleus; the confirmation of this particular
discovery was made using alpha particles of 100 MeV energy and above
[Y08I).

In 1975, a Michigan State group led by Galonsky [Do75] reported
the observation of "giant Gamow-Teller strength" in the neutron spectra
from (p,n) reactions at 45 MeV incident energy. This Gamow-Teller (GT)
strength was observed at slightly higher excitation energy in the residual
nucleus that the isobaric analog state, which was also excited. Note that
these special states are observed in the residual nucleus from the reaction.
The Gamow-Teller strength was observed in (p,n) reactions on targets of
48Ca, 90Zr, 120Sn and 208Pb. This observation was very soon reproduced
at the Indiana University Cyclotron Facility (IUCF) in an experiment at 120
MeV proton energy [Ba80], where both the GT- strength and the isobaric
analog state were observed. It was observed at that time that the GT-peak
was very strong right across the periodic table, and it became known as the
GT- giant resonance. Indeed, the experiment of Bainum et al. [Ba80]
measured the L=0 nature of the angular distributions of the neutrons
exciting both the isobaric analog state and the GT- giant resonance, and also
an L=l angular distribution which they associated with L=l, S=l strength.
A thorough investigation of the properties of the GT- giant resonance across
the periodic table was subsequently carried out.
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FIGURE 1. Time-of-flight spectra from the 90Zr(p,n) reaction at 120 MeV The peak
labelled "e" is identified as the Gamow-TeUeT giant resonance, and "d" is the isobaric
analog state. From [B^80].
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A striking feature of the neutron spectra at 0° in the (p,n) reaction
studies is the dominance of L=0 transitions, where L is the orbital angular
momentum transferred in the reaction. Measurements at incident energies up
to 200 MeV demonstrated a strong energy dependence of the ratio of cross
sections for Gamow-Teller (S=l) and Fermi (S=0) transitions.[Ta 81],
where S is the spin angular momentum transferred. This was carried further
by Alford et al. [A186], who extended the measurements of the ratio of the
spin flip-isospin flip strength to the non-spin-flip-isospin-flip strength,
using the 14C(p,n)14N reaction. The point here is that the target 14C nucleus
has Jn=0+ in its ground state, and the 14N residual nucleus has a pair of
states with J*=l+ at excitations of 2.31 MeV (T=l) and 3.95 MeV (T=0)
respectively. Since the difference in excitation energies of these two states is
very small compared to the incident proton energy, the kinematic factors
which enter into the reaction cross section must be very closely the same,
and therefore the ratio of the reaction cross sections must reflect the ratio of
the squares of the respective isovector interaction strengths at momentum
transfer q=0. This particular experiment was important in that it
demonstrated that the spin-flip isovector interaction strength was greater
than the non-spin-flip isovector interaction strength by at least an order of
magnitude for incident energies between 200 and 450 MeV. Thus, it was
realised that charge exchange reactions within this incident energy range
would selectively excite isovector spin-flip reactions, and the way was open
for the study of these excitations in nuclei. Sugarbaker et al. [Su90]
extended the incident energy range of these studies by measuring the
relative strengths of the spin-flip to non-spin-flip cross sections in the same
14C(p,n)14N reaction, and showed that the magnitude of the dominance of
the spin flip reaction had been reduced to about a factor of five for 800 MeV
incident proton energy. The conclusion is therefore that the incident energy
range from 200 to 450 MeV is most appropriate for the study of spin flip
charge exchange modes.
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FIGURE 2. Values of R2 - the ratio of reaction cross sections per unit transition strengths,
B(GT) and B(F), for the Gamow-Teller and Fermi transitions in the 14C(p,n) reaction. The
solid line was obtained using a G-matrix interaction based on the Bonn potential and the
dashed line used a t-matrix interaction based on free NN amplitudes. From [Su90]
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2. GENERAL COMMENTS ABOUT (p,n) AND (n,p)
REACTIONS

In die (p,n) reaction, the transition within the nucleus must be that of
a neutron into a proton single nucleon state. Because, for the stable nuclei,
the neutron number is never less than the proton number, the appropriate
internal nuclear transition is always possible in the case of a (p,n) reaction.
On the other hand, the internal nuclear transition in the case of an (n,p)
reaction is a transition of a proton into a neutron single nucleon state. In this
case, the neutron excess will always inhibit the necessary internal transition,
and thus the GT~ strength in the (n,p) reaction will, in principle, give
information on the ground state correlations in the target nucleus.

The particular property of spin-flip charge exchange reactions is that
the spin transfer angular momentum is S=l unit. This means that the total
angular momentum transfer for multipolarity L will be J= L-l, L and L+l.
Thus the situation is somewhat more complex that for the non-spin-flip
situation.

In a two-fluid model of the nucleus, Bohr and Mottelson [Bo 75]
have given the excitation energies of the polarisation waves in the nucleus,
for given angular momentum transfer to the nucleus. Since for these waves,
the nuclear surface is regarded as static, the boundary condition takes the
form

[!j-(k
nLr) = 0

This corresponds to excitation energies of 79 A"1/3 for L=l and n=0, as
given above for the giant dipole resonance, which, as we have noted, is
non-spin-flip. However, the boundary condition is independent of the spin,
and is not expected to not expected to alter when the spin is included. Even
if the spin-flip nuclear states of a given angular momentum are distributed
differently from the non-spin-flip states, they are nevertheless expected to
be distributed about the same mean energy.

The purpose of noting this particular model prediction is to make it
specific to the detection of the spin-flip giant resonances in charge exchange
reactions. From the condition noted above, we infer that, for A=40, only
the giant resonances for L= 0,1,2, and 3 have excitation energies below
50 MeV, while for A=240 all L-values up to 6 will appear at excitations
below 50 MeV. The greater the mass number of the target, the more re-
values must be expected to contribute to the measured spectra. One further
point is that we must remember that these droplet model predictions
regarding energy of the peak of the giant resonances refer to the target
nucleus excited by gamma rays.
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3. THE GAMOW-TELLER GIANT RESONANCE.

As noted above, the Gamow-Teller (GT) giant resonance was
identified first in (p,n) reactions by Doering et al. [Do75], and its properties
across the periodic table established by the IUCF group led by Charles
Goodman [Ba80, Ta81]. On the basis of a single particle nuclear model,
the GT transition is a transition between the two members of a spin-orbit-
split single nucleon state.

The connection of the 0° (p,n) cross section with beta-decay matrix
elements was also recognised early, as was the fact that the (p,n) reaction
was able to probe GT- strength which was inaccessible to beta-decay
because of energy considerations. Goodman et al. [G08O] were able to
demonstrate a correlation between medium energy 0° (p,n) cross sections
and allowed beta decay rates. However, a later attempt by Taddeucci et al.
[Ta87] concluded that "the proportionality constant that relates (p,n) cross
sections to beta decay transition strengths does not have a smooth target
dependence, nor is the target dependence presently calculable in some cases
to better than about 50% in the context of the standard DWIA reaction
model."

The connection between (p,n) cross sections at zero momentum
transfer and the beta decay matrix elements had, in fact, been recognised
much earlier by Ikeda et al. [Ik63, Ik64], who gave a sum rule relating the
difference of the total (that is, integrated over excitation energy) GT-
strengths in (p,n) and (n,p) reactions, corresponding to P' and p + decays
respectively, as

SOT" - SGT+ = 3(N-Z)
in appropriate units. This is the Ikeda sum rule. In the heavy nuclei, where
an increasingly large neutron excess may be presumed to block the GT-
transitions in the case of the (n,p) reaction, the integrated cross section of
the L=0 component of the neutrons emitted in the (p,n) reaction should,
according to the sum rule, be equal to 3(N-Z). In the lighter nuclei, say
those with A<100, the GT-strength found in the (n,p) reaction will be
significant; in those cases, the two GT cross sections must be known before
a meaningful comparison can be made with the Ikeda sum rule.

The ratio of the zero momentum transfer charge exchange cross
section, most closely approximated by the charge exchange cross section at
0°, and the beta decay matrix element is in principle calculable with a
reaction theory (DWIA), but is mostly determined experimentally from a
beta decay whose matrix element is known. The connection is through the
quantity B(GT) and has the form

a (p,n) or (n,p) is proportional to B(GT),
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and jj is the total angular momentum of the initial nucleus.

The very interesting result, which became known quite early in the
study of the GT'-giant resonance, was that in the peaks of the GT cross
section, only about half of the predicted strength was found. The
conclusion regarding GT-strength is that about 50% of the predicted
strength is missing in the Ex< 30 MeV part of the spectra. This result
became known as the "quenching" of GT-strength.
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FIGURE 3. The total GT-strength extracted from 0° (p.n) cross sections plotted against
(N-Z) for nuclei of mass number greater than 90. From [Ga83],
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FIGURE 4 The fraction of the Gamow-Teller sum rule observed in (p,n) reactions
plotted against mass number. From [Ga83]. iw-uuiib
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A calculation by Bertsch and Hamamoto [Be82] found that roughly 50% of
the GT-strength was shifted into the 10-45 MeV region of excitation by the
mixing of 2p-2h configurations with the Ip-lh configurations which are
responsible for the GT-transitions. A later calculation by Osterfeld and
Schulte [Os84], using a microscopic lp-lh doorway model for the nuclear
excited states, applied to the 90Zr(p,n) reaction at 200 MeV, found that "a
large fraction of the missing GT-strength is located in the excitation energy
region 18 < E x < 50 MeV", and that "approximately 80% of the total
GT-strength is seen in the (p,n) experiments".

Further calculation of the neutron spectra, up to 80 MeV of
excitation in the final nucleus, from the 90Zr(p,n) reaction by Osterfeld, Cha
and Speth [Os85] simulated the damping of lp-lh doorway states due to
their coupling to 2p-2h states, and also investigated the effect of coupling
of the GT giant resonance states to the delta-hole states in the delta
resonance region of excitation. Regarding the latter effect, the calculation
which includes the delta isobar configurations underestimates the data
significantly, in contrast to the calculation without the delta isobar
configurations which fitted the data well. This result tends to rule out the
hypothesis that the missing GT-strength is transferred to the delta-region of
excitation. Further, these authors concluded that, in the (p,n) reaction,
much of the GT-strength that is missing from the low excitation part of the
experimental spectrum is present at excitation energies well beyond the
highest energy predicted by the lp-lh RPA.

Klein, Love and Auerbach [K185] have also calculated the shape and
magnitude of the neutron spectrum from the ^Zr(p,n) reaction with perhaps
somewhat less success that Osterfeld et al. [Os85], but also with less free
parameters. These authors have also calculated proton spectra from the
90Zr(n,p) reaction with markedly less success. In the (n,p) reaction, the
GT-strength is very much smaller than in the (p,n) reaction, and therefore
does not dominate the result of the calculation. However, the calculations
of both authors fall about a factor of two short of the experimental data at 50
MeV of excitation in the residual nucleus. It has been suggested that this
could well be due to two-step processes, which were not considered in
either calculation.

In a series of papers [Ra89, Br90, Br91, Vo91] W. H. Dickhoff
and collaborators have very probably given the answer to the problem of the
quenching phenomenon. Though their earliest calculations concentrated
mainly on 48Ca, these authors have shown that, in addition to the mixing of
2p-2h configurations with lp-lh states already considered by Osterfeld
et al. [Os85], the influence of the short-range correlations and the
correlations due to the tensor force will result in the removal of about 15%
of the single particle strength to higher energies for all single particle states.
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Vonderfecht et al. [Vo91] indicate that this result should hold for all single
particle states - for those near the Fermi surface and also for the deep-lying
orbitals. They go further and state that about two-fifths of the missing
single particle strength should be found in the first 100 MeV of excitation,
with the remaining three-fifths at even higher excitation. In these terms, the
phenomenon of quenching of low-lying excitations is understood, at least
semi-quantitatively. We note also that this group claims that the quenching
phenomenon in regard to single particle strengths is independent of the
angular momentum of the single particle state. This has the implication that
the strengths of all multipolarities investigated in the charge exchange
reactions are predicted to be quenched by approximately the same factor.

4. MULTIPOLE DECOMPOSITION ANALYSIS

The unravelling of the different multipoles from a measured
spectrum of neutrons from the (p,n) reaction, or of protons from an (n,p)
reaction, is achieved by the so-called multipole decomposition process. This
process has, of necessity, a number of simplifying assumptions built into it,
and these assumptions will most certainly limit the accuracy of any
numerical result relating to the strength of different multipoles in the
measured spectra.

The application of the multipole decomposition process requires two
inputs; they are experimental differential cross sections for the emitted
particles in the charge exchange process, and theoretical angular
distributions with which to compare the experimental data. The
experimental data will, in general, be taken at a limited number of angles for
the outgoing particles; consequently, the shape of the differential cross
section will be the sum of contributions from a number of L-values.

It is in the theoretical part of the process that the complexity of the
spin-flip transitions shows itself; to isolate the three possible J-values for
each angular momentum transfer, L, will, in general, demand a more
detailed measurement of the differential cross section than has been possible
at present. Therefore, in most applications of multipole decomposition, the
angular momentum transfer, L, has been the index for comparison with the
data. This is not altogether satisfactory because, for L=l transfer in (p,n) or
(n,p) reactions on light nuclei, the J=0 angular distribution peaks at an angle
somewhat larger than the J=l and 2 contributions. This feature dies away as
one moves to the heavier nuclei, and for L-values larger than unity.

The fundamental assumption underlying the use of the multipole
decomposition process is that there is no interference between the different
L-values. There is, of course, the expectation that such interference will be
there; however, the decomposition process cannot be applied without
prescribing the limitation to L-values.
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One necessary consequence of this process is that the dominant
multipole in any given spectrum, whether it be from a (p,n) or (n,p)
reaction is expected to be more reliably given than the cross sections for
lesser populated multipoles. These latter multipoles may well be given to
low precision, perhaps to within a factor of two or even four.

There is a further consequence of the multipole decomposition
process which affects particularly the estimation of the GT-strength from
the (n,p) reaction in medium and heavy nuclei. The GT-angular distribution
peaks at 0°, and the angular distributions for all other multipoles peak away
from 0°. The "valley" at 0° in the angular distributions for the other
multipoles is dominated by the consequences of the distortion of the
incoming and outgoing waves describing the reaction. In other words, the
optical model parameters used become very important for this effect.
Consequently, if the L=l component of the measured differential cross
sections is dominant, then it must follow that the GT-strength in that same
reaction cannot be deduced with any great precision. These considerations
apply also to the case of the spin isovector monopole resonance, which we
discuss next.

5. THE SPIN ISOVECTOR MONOPOLE RESONANCE

There is one more complicating factor in the multipole
decomposition process, which is the predicted existence of an L=0 process
other than the Gamow-Teller giant resonance. This is a second-order
process known as the spin isovector monopole transition. The transition
operator which describes the Gamow-Teller giant resonance is a^ t- for
(p,n) reactions or aM t+ for (n,p) reactions; the operator describing the spin

monopole is r2 a^ t+ or t_. The spin monopole is no problem for the (p,n)
reaction studies, where the Gamow-Teller giant resonance remains strong
throughout the periodic table, making the spin monopole virtually
undetectable against such a strong process. However, we note that, in (n,p)
reactions, where the Gamow-Teller transitions arise from the ground state
correlations, the simplest approaches would suggest that the GT transitions
should become much less probable in the heavier nuclei. Such a situation
would then permit the spin monopole, which Auerbach and Klein [Au84]
have predicted would increase in strength approximately as A5/3, to be
detectable in the heavy nuclei. Indeed, Raywood et al. [Ra90] used the
theoretical calculation of the Gamow-Teller strength function for 90Zr by
Bloom et al. [B187] to specify that the Gamow-Teller cross section should
go to zero at 10 MeV, while the spin monopole cross section was allowed
to rise from zero at an excitation energy of 5 Mev in the residual nucleus

f
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9 0Y. However, Kuz'min and Soloviev [Ku88], in quite a different
calculation, have found that Gamow-Teller strength may be expected to be
found up to about 17 MeV excitation. Their conclusion, taken together with
the work of Dickhoff and collaborators, for example [Vo91], noted above,
must throw some doubt on the division of strengths made by Ray wood et
al. [Ra90]. If that doubt should prove correct, the best evidence for the spin
isovector monopole resonance is probably seen in two results. The first is
from the experiment of Moinester et al. [Mo89] who found a small peak in
the proton spectrum from the 208Pb(n,p) reaction at neutron energies of
198 and 458 MeV neutron energy at an excitation energy of 13.6 MeV in
the residual 208Tl, as shown in figure 5. This peak showed up with larger
cross section at the higher bombarding energy, as predicted by reaction
theory calculations.

198 MeV 458 MeV

0 10 2 0 3 0 4 0 0 10 2 0 3 0 4 0

Excitation Energy (MeV)

FIGURE 5. The proton spectra from the 208Pb(n,p) reaction at three small angles, for
incident energies of 198 and 458 MeV. The peak at 13.6 MeV excitation is proposed to
be due to spin isovector monopole excitation. Fom [Ra92].



SPIN ISOVECTOR GIANT RESONANCES

The second evidence is in the reinterpretation of the triton spectra
from the 90Zr(3He,t) reaction, measured at 600 MeV 3He-energy. The
experiment is that of Ellegard et al. [E183], and was reinterpreted by
Auerbach, Osterfeld and Udagawa [Au89] who concluded that the enhanced
"background" over that in the (p,n) reaction "could well be due, to a large
extent, to the 2h<& spin-flip isovector monopole resonance". Their analysis
led them to the further conclusion that the result is due to the surface
character of the (3He,t) reaction.

This is an interesting conclusion because the "slab model" of
Bertsch, Esbensen and Scholten [Be82, Es84] successfully describes the
quasi-free component of the neutron spectra from the (p,n) reaction also
by demanding that the interaction in that reaction is confined to the nuclear
surface. In fact, an interesting test of the Auerbach, Osterfeld and Udagawa
interpretation [Au89] would be to compare the forward angle triton
spectrum from the 208Pb(3He,t) reaction at 600 MeV with the neutron
spectrum from the 208Pb(p,n) reaction at 200 MeV, since the spin isovector
monopole in 208Pb is predicted by Auerbach and Klein [Au84] to be close
to quadruple its magnitude in 90Zr.

6. RESULTS OF MULTIPOLE DECOMPOSITION ANALYSIS

In the light nuclei, the GT" (or GT+) cross section is the largest
contributor to the spectra measured for both the (p,n) (or (n,p)) reaction; the
next largest contributor after that is the spin dipole cross section - the L=l
contribution.

For the heavy nuclei, in the (n,p) reaction, the spin dipole is the
largest contributor since the neutron excess results in Pauli blocking of the
GT cross section, at least to a large extent. In the case of the 90Zr(p,n)
reaction, the calculation of Osterfeld et al. [Os85] led those authors to the
conclusion that the spin dipole was also about 50% quenched, a result that
is in harmony with the work of Dickhoff and his collaborators [see.e.g.,
Vo91].

After the spin dipole, the spin quadrupole and octupole contribute in
varying proportions in (n,p) reactions on the heavy nuclei. These will be
discussed in the following section.

We present now a sample of the results of the multipole
decomposition process from (n,p) reaction studies throughout the periodic
table.
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3 He
The (n,p) reaction on 3He was studied [Ce93] principally to search

for the "missing GT-strength", in a situation which was deemed to be the
most favourable for locating it. In other words, it was an attempt to study
the quenching phenomenon. The incident neutron energy was 288 MeV,
and the 3He gas was contained in a high pressure gas target. In all (n,p)
reaction studies discussed in this paper, the incident neutrons were
produced in the 7Li(p,n)7Be reaction. Whatever the proton energy used to
produce the neutrons, the spectrum of neutrons incident on the target
consisted of a peak, representing a neutron energy of about 2 MeV less than
the incident proton energy, plus a long tail whose intensity was about 1 % of
that of the peak. A typical neutron spectrum is shown in figure 6, for an
incident proton energy of 200 MeV [Ra90].
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FIGURE 6. The neutron spectrum from bombardment of a 220 mg.cm"2 7Li target by
200 MeV protons. From [Ra90].
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The effect of the long tail must be deconvolved from the
experimentally determined spectrum measured from the (n,p) reaction, after
the background subtraction has been made. The result of the deconvolution
for the case of the 3He(n,p) reaction is shown in figure 7, taken from
[Ce93], and the final spectra at five center-of-mass angles are shown in
figure 8.
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FIGURE 7. The proion spectrum from the 3He(n,p) reaction at 0° showing the
spectrum (a) after subtraction of the background, and (b) after deconvolution of the
contribution of the continuum in the incident neutron beam. From [Ce93].

The multipole decomposition process was carried out in this case in
terms of J rather than L. Figure 9 shows the results of two analyses of the
proton spectrum at a center-of-mass angle of 2.7°. Since the J=l and J=2
angular distributions were shown to similar, it was assumed that the L=l
differential cross section given by the analysis gave the sum of the J=l and
J-2 contributions. The conclusion reached in this work was that the
GT-strength contained in the ground state peak of the residual 3H was
represented by a reduced cross section of o = 6.9 ± 0.2 mb/sr, where
a(measured)= a.F(q,w). BGT (A,ct). This value is substantially less that
the reduced cross section value of 9.7 ± 0.3 mb/sr deduced from (n,p)
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reaction measurements on 6Li and 12C [Ja88]. A second conclusion is that
an upper limit of 0.06 units of GT~strength in transitions to the 7 - 16 MeV
region of excitation is consistent with zero GT-strength in mis region.
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FIGURE 8. Final experimental proton spectra, summed in bins of 1 MeV width, from
the He(n,p) reaction at five angles, after all corrections have been applied. From
[Ce93].

With the same equipment as was used for the study of the 3He(n,p)
reaction, the 15N(n,p) reaction was investigated with neutrons of 288 MeV
energy [Ce91]. In this case, there is no GT-strength populating the ground
state of the residual nucleus, 15C, which has spin-parity 1/2+. This case is
therefore an ideal one in which to study the distribution of L=l strength.
Figure 10 shows the results of the multipole decomposition analysis of the
data. At center of mass angle of 6.4° the spectrum is completely dominated
by the L=l transitions. It is to be noted that the multipole decomposition
does show GT-transitions to excited states of 15C, and that at center-of-
mass angles 17.0° and 22.2°,the analysis shows evidence of both L=2 and
3 transitions. However, it should be noted that the L=3 component of the
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analysis, in reality, includes all L > 3. Further, these authors also carried
out shell model calculations of the even parity states of 15C, and, using the
Franey-Love interaction [Fr85], combined these with reaction model
calculations. As a result, they concluded that, at all excitation energies, the
experimental L=l cross section is well predicted by theory when a
quenching factor of 0.7 is applied.

UJ

C

15 20
(MeV)

FIGURE 9. Result of multipole analysis of data from the He(n,p) reaction, at 2.7°
(cm.) with three or four DWIA shapes used in the analysis. Note that the peak at zero
excitation has been excluded from the analysis. From [Ce93].

4 5Sc
Alford et al. [A191] have measured the 45Sc(n,p) reaction at 198

MeV neutron energy, and at seven angles up to 18° in the laboratory
system. The purpose of this experiment was to seek the GT-strength in the
excited states of the residual nucleus 45Ca. This distribution is of great
interest since electron capture is very important in the late stages of pre-
supernova stellar evolution. The multipole decomposition of these data did
in fact disclose GT-strength centered at 7 MeV excitation in the residual
nucleus, as shown in Figure 11. The L=l contribution gives the largest
contribution to the spectra, and it is noteworthy that the precision of the
analysis deteriorates markedly above 20 MeV excitation in 45Ca, as shown
in Figure 12. This means that the absolute magnitude of the L=0
contribution ab;ove 20 MeV, and that of the L=2 contribution overall, are
very uncertain indeed.
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FIGURE 10. Results of multipole analysis of data from the N(n,p) reaction, for
excitations above 2 MeV, and for L-values 0 - 3 . Note that the L=l contribution
completely dominates the spectrum at 6.4° (cm.). From [Ce91].
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E. (MeV)

.45CFIGURE 11. Results of multipole analysis of data from the JSc(n,p) reaction at three
angles, for L-values 0 - 3 . From [A191].
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Figure 12. Plots of the multipole fitting coefficients from the analysis shown in fig. 11.
The error bars on the points are estimates of the uncertainty in the coefficient determined
by the least squares fitting program. From [A191].

5 4 F e

This nucleus is possibly the most studied one of all, the group of
Hausser and Vetterli having measured both the (p,n) and (n,p) reactions at
about 300 MeV as well as the inelastic proton scattering reaction from the
same nucleus. [Ve87, Ve89, Ha91]. Again, the emphasis in the charge
exchange reactions was on the GT-strength, and the two results were used
to make an experimental check on the Dceda sum rule. Vetterli et al. [Ve89]
quoted quasiparticle RPA calculations of Engel, Vogel and Zimbauer
[En88] as giving a value of B(GT) of 11.0, and of B(GT+) of 5.03 fof the
case of 54Fe, and also Kuzmin and Soloviev [Ku88] who, from the same
type of calculation, but with a different interaction, found BtGT4") = 4.2.

The experimental results found by Vetterli et al. [Ve89] were
S- - S + = (7.5 ± 1.2) - (3.1 ± 0.6) = 4.4 ± 1.3,

A

where S" is the strength of the (p,n) reaction in units of g ^ — . The

importance of these results is that they show that both the (p,n) and (n p)
strengths are quenched by a factor of approximately 0.6. The uncertainties
in the quoted values arise mainly from the lack of precision of the multipole
decomposition process..
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5 5Mn and 5 8Ni
The (n,p) reactions on 55Mn and 58Ni were measured by El-Kateb et

al.[E194]. The results of the multipole decompositions of the data from
these targets are shown in figures 13 and 14. The results for these two
nuclei are presented together to underline the major difference between
them. This is that the L=2 contribution for the case of 58Ni is small, while
in the case of 55Mn it is unexpectedly large. The matter of the L=2
contribution to the total cross sections across the periodic table will be taken
up in a later section.

JO

LJ

C

-5 0 5 10 15 20 25 30 0 5 10 15 20 25 30
(MeV)

exc

FIGURE 13. Results of the multipole analysis for the 55Mn(n,p) reaction, for L-values
0 - 3. Note the large L=2 contribution at 12.2°. From [E194].
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-5 0 5 10 15 20 25 30

exc
(MeV)

FIGURE 14. Results of the multipole analysis for the
values 0 - 3 . From [E194].

58Ni(n,p) reaction, using L-

Further, the measurement of GT strength for the case of 58Ni is of
interest because these measurements have recently been made for the other
three stable isotopes of nickel ( ^ N i ^ N i and MNi) [Wi95]. These authors
report that, for the four nickel isotopes, the experimental summed GT-
strength (up to 8 MeV excitation) are 3.8 ± 0.4, 3.1 ±.1, 2.5 ± 0.1, and

1.7 ± 0.1 units respectively, and, using these numbers and comparison
with shell model calculations, they infer that the quenching factor is
approximately constant (within ± 25%) for all four nickel isotopes. The
decrease in the GT-strength across the four nickel isotopes is undoubtedly
due in large part to the filling of
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the neutron lfs/2 subshell between 58Ni and 64Ni. One other interesting
feature of the multipole decompositions reported by Williams et al. [Wi95]
is the very small amount of L=2 strength indicated. In all isotopes, the L=l
component dominated the spectra away from 0°.

This nucleus was the target for the first (n,p) reaction investigated
using the CHARGEX experimental facility installed at TRIUMF., and the
results are reported in [Ra90]. At laboratory angles near to 0°, the proton
spectra exhibit structure for proton energies corresponding to low excitation
in the residual nucleus, ^°Y. The L=0 component was divided into two, to
correspond with GT and spin isovector monopole contributions. As noted
above, the division was made on the basis of a calculation of the GT-
strength by Bloom et al. [B187], and this division may well be dubious
because of the predicted shift to high excitations of the GT-strength [Vo91].
Again, the L=l component is the dominant one, though there is a significant
amount of L=2 strength indicated by the multipole decomposition.

and
The proton spectra from (n,p) reactions on these two targets are

considered together because both are known to be heavy deformed nuclei.
The multipole decomposition results are shown in figures 15 and 16, taken
from the thesis of S.A.Long [Lo95]. Again, the L=l component is the
dominant one in all the spectra; however, the interesting difference between
the two cases is that for 181Ta the L=2 component is substantial, with little
L=3 component, while in 2 3 8 U the reverse is true. Here, the L=2
component is small while the L=3 component is significant. One
interpretation of this qualitative observation is that the 181Ta nucleus is
quadrupole deformed, while the 2 3 8U nucleus is octupole deformed-!
However, one has then to understand why the photoneutron cross section
of 238u shows the two peaks characteristic of quadrupole deformation.
[Ve73]. Could it be that, in some way, the octupole deformation of 2 3 8U
mimics a quadrupole deformation as far as the incoming photon is
concerned?

?0
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FIGURE 15. Results of the multipole analysis of the Ta(n.p) data, by multipole, for
L-valucs up to 3. However, L-values up to 6 were used in the analysis, by using a
composite angular distribution to describe L= 4 - 6 inclusive. From [Lo95].

208P b

The case of 208Pb is perhaps one of the most interesting; it is the
heaviest "shell model" nucleus known, and one wonders whether the study
of (n,p) reactions could possibly throw any light on an apparent
disagreement in differing theoretical treatments of this nucleus.

As noted above, Moinester et al. [Mo89] provided evidence for the
presence of the spin isovector monopole (SIVM) resonance by studying the
proton spectra from experiments with different neutron energies of 198 and
458 MeV. DWIA calculations had earlier indicated that the SFVM resonance
should be more clearly visible in the spectra from the higher energy
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experiment. This indeed proved to be the case, and Moinester et al. gave
evidence to suggest that a peak at a proton energy corresponding to 13.6
MeV excitation in the residual 208Tl could be due to the SIVM resonance.
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FIGURE 16. Results of the multipole analysis of the U(n,p) data, by multipole, SOT
L-values up to 3. However, L-values up to 7 were used in the analysis, by using a
composite angular distribution to describe L= 4 - 7 inclusive. From[Lo95]. - -"

The key theoretical papers on 208Pb which give differing results for
the ground state occupation probabilities for this nucleus are (a) those of
Mahaux and Sardor [Ma89, Ma89a], whose work starts from a mean Meld
approach and, via an iterative moment method, are able to calculate
scattering cross sections, spectral functions and occupation probabilities for
both protons and neutrons for energies above and below the Fermi surface,
(b) An alternative approach was that used by Vary and Ginocchio [Va71]
who used the two nucleon random phase approximation to calculate
properties of nuclei in the lead region. In particular, they had success in
calculating the spectroscopic factors for the population of seven states in
209Pb, via the 208Pb(d,p) reaction [Ko74]. The seven states of interest here

2L
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are 2 particle-1 hole states which are weakly populated in this (d,p)
reaction. Mahaux and Sardor use as input to their calculations a set of
209Pb, via the 208Pb(d,p) reaction [Ko74]. The seven states of interest here
are 2 particle-1 hole states which are weakly populated in this (d,p)
reaction. Mahaux and Sardor use as input to their calculations a set of
phenomenological optical-model potentials, while Vary and Ginocchio used
a set of neutron and proton single particle levels taken from experiment.
The occupation probabilities (or their difference from unity) indicated by the
two calculations differ by about about a factor of four in the regions where
both have calculated for the same set of single particle states. The reason for
the interest in these occupation probabilities is that Raywood [Ra92] has
analysed the proton spectra from the 208Pb(n,p) reaction at 200 MeV, and
has given an upper limit to the contribution of the Gamow-Teller
transitions. He showed, first of all, that the GT and spin isovectpr
monopole transitions gave essentially identical results for the L =^0
component of the spectra, when used individually, and that their sum, if
assumed to either GT or SIVM in nature, was 0.036 of the sum rule limit
of3(N-Z) units.

Calculations using the formalism of the MacFarlane sum rules
indicate that the occupation probabilities given by Mahaux and Sartor
[Ma89,89a] lead to a GT" cross section of 0.064 units, the dominant
transitions being lhi]/2to II19/2 and lii3/2 to Y\\\n- Vary and Ginnochio
[Va71 ] gave the results of calculations only for the neutron configurations
near the Fermi surface, but if one assumes that their results for the proton
occupation probabilities were of the same order as these, their occupation
probabilities would lead to a GT-cross section of about 0.016 units. Given,
then, that the conclusions of Moinester et al. are correct, the experimental
result for the L = 0 strength in the (n,p) reaction would favour the results of
Vary and Ginocchio [V&71], since the contribution of the SIVM resonance
would have to be subtracted from the 0.036 units of
L = 0 strength to give the GT contribution.

At both incident neutron energies, a significant peak was found in
the proton spectrum at about 5 MeV excitation in the residual nucleus. This
was found to be predominantly L=l, with possibly some admixture of L=0
and L-2 present. This qualitative result agrees with the calculation of
Knnpotic et al. [Kr80] which predicted a strong peak near 6 MeV excitation
in the first-forbidden beta-decay modes in 2O8T1.

23
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7. TWO FEATURES OF THE MULTIPOLE ANALYSIS
RESULTS

a) The L=2 Strength across the Periodic Table
It is noted that, with few exceptions, the multipole analysis results

show only a small contribution from L=2, spin transitions. The exceptions
are for the targets 55Mn,s l|2Ta and 208Pb; in all other

cases the L=3 contribution is greater than that for L=2. Leonardi et al.
[Le87] have described a mechanism which would account for such a
situation in charge exchange reactions. This mechanism involves the
introduction of a non-local component into the nuclear hamiltonian. These

authors note that the isovector quadrupole operator, rj2 Y2mf, when

applied to the ground state of the target nucleus, excites both a low-lying
Ohay and a 2/ico (vibrational) state at high excitation, as well as reducing the
strength, in the (T+l)-channel. The result of their calculations indicates that,
Where ^ given target is
collective, then the model of Leonardi et al. would indicate a substantial
L=2 cross section in the (n,p) reaction on that target. By the same
argument, no collectivity in the residual nucleus in the (p,n) reaction would
imply only a small L=2 cross section in the (n,p) reaction. The only (T-l)
nuclides, populated in (p,n) reactions on the targets listed above and which
are collective either with well-defined rotational bands or coherent particle-
hole states, are 55Fe,181W and 208Bi, for the targets 55Mn, 181Ta and
208Pb. The (n,p) reaction on these targets does in fact show significant
L=2 cross section. The nature of the states in the cases of 70Ge, 72Ge and
90Zr targets is not clear.

(b) An attempt at systematics for L=l and L=3 transitions , .
The transitions to be considered here are the \ha> transitions that

contribute to the L=l and L=3 excitations. These, it is considered, are
transitions that are related to the finite size of the target nucleus, and may be
differentiated conceptually from the quasi-free cross section which
contributes the majority of the proton spectrum. To be specific at this point,
a quasi-free process is one in which the final state of the incident particle is
in the continuum, and the struck nucleon must also be removed from the
Fermi sea. The consequence of this definition is that the quasi-free cross
section must rise from zero at an excitation energy in the residual nucleus
equal to the neutron binding energy. The internal nuclear transition of a
proton into a neutron state, in an (n,p) reaction, must leave that neutron
state unbound for the process to be considered quasi-free.
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The limitation to lp-lh transitions may not, of course, limit the
range of excitation energies that should be considered to those less that the
neutron binding energy. It is known that the lp-lh strength will be spread
by the mixing with them of 2p-2h configurations. Assuming that the quasi-
free process includes all transitions from 3ftoo and above, the quasi-free
spectrum was calculated using the method of Smith [Sm88], and fitted to
the experimental spectra at excitations greater than 30 MeV, and to subtract
the calculated quasi-free spectra from the experimental spectra. The net
result of this is to leave a residual spectrum which is just the experimental
spectrum up to the neutron binding energy, and which has a tail out to
approximately 25 MeV. Figure 17 shows four experimental spectra from
the 12OSn(n,p) reaction treated in this way. This experimental tail may be
considered to take into account, at least partially, the spreading of the Ip-Jh
strength by the 2p-2h configurations. There is a further assumption in

making the spectrum as described for comparison with the calculated lfcoo
strength, and it is that, across the five targets considered, the experimental
cross section as described above represents a constant fraction of the total
L=l and L=3 cross sections respectively. These statements are made in
order to acknowledge the very rough nature of the comparison that is made
here.

The results of this comparison are shown in figure 18. The
experimental and theoretical cross sections have been normalised together
arbitrarily, to give a best fit overall; the greater part of the normalisation
factor represents the conversion of the units of the calculation to millibams.
The correspondence between the theoretical and experimental curves is
surprisingly good, given the uncertainty of many ox the approximations
which had, necessarily, to be built into the comparisons. It is of interest that
the greatest divergence, for both L=l and L=3, occurs for 181Ta, the
nucleus with the largest quadrupole deformation parameter among the five
nuclei used in this test. In the case of the L=l transitions, it may be noted
that the calculated yield rises to a peak in the region of A=l 50 and then falls;
the decrease is due to the commencement of Pauli blocking of these
transitions. By contrast, the L=3 yield appears to rise continually through
this portion of the periodic table, and this must be due, in part at least, to the
A*1/3 decrease of the energy of the octupole resonance bringing more and
more of this cross section into the energy range of the comparison.
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FIGURE 17. Results of the multipole analysis of the Sn(n.p) data, by multipole, the
quasi-free contribution having been subtracted , at laboratory angles of 1.3 ,2.9 ,7.1 and
9.5° From[Lo95].

8. CONCLUSIONS

The use of (n,p) reactions to study the spin flip isovector resonances has
given an initial insight into the distribution of strength for all resonances up
to L=3, within the limitations imposed by the rather poor resolution in the
incident neutron beam, and those that accompany the multipole
decomposition process.

The question of whether it is possible to distinguish between GT
strength and SIVM strength for nuclei of A<100, say, has become less
clear as the implications of short range correlations in the nuclei have
become known. It must be concluded at this stage that it is not possible to
distinguish between the two in the situation where multipole analysis is the
only method of unpeeling the various L-values.
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Probably the best hope of increasing the quantity of nuclear
spectroscopic information that can be gained from charge exchange
reactions is the development of the (d,2He) reaction detection systems; here
one avoids the presence of neutrons in either the incident or the outgoing
channel, with a theoretical possibility of gaining both better resolution and a
higher incident flux.
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