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CHARGE-EXCHANGE GIANT RESONANCES
AS PROBES OF NUCLEAR STRUCTURE
J. Blomgren
Department of Neutron Research, Uppsala University, Sweden

Abstract

Giant resonances populated in charge-exchange reactions can reveal detailed information
about nuclear structure properties, in spite of their apparent featurelessness.

The (p,n) and (n,p) reactions - as well as their analog reactions - proceed via the same
nuclear matrix elements as beta decay. Thereby, they are useful for probing electroweak
properties in nuclei, especially for those not accessible to beta decay. The nuclear physics
aspects of double beta decay might be investigated in double charge-exchange reactions.

Detailed nuclear struture information, such as the presence of ground-state corre-
lations, can be revealed via identification of "first-forbidden" transitions. In addition,
astrophysics aspects and halo properties of nuclei have been investigated in charge ex-
change.

Finally, these experiments have questioned our knowledge of the absolute strength of
the strong interaction.

1 Introduction
How come there is a talk about spin-isospin properties of nuclei, exemplified by Gamow-
Teller giant resonances, in a symposium on electromagnetic interactions?

Being among the younger speakers, I have lived more than half my life after the
unification of the electromagnetic and weak forces. Thus, for me it is natural to study
the electroweak rather than the electromagnetic response in nuclei.

In the middle of the previous century, beta decay - one of the most prominent elec-
troweak manifestations in nuclei - was a major spectroscopic tool in nuclear physics,
however plagued with profound problems. For a long time, the theoretical decay rates
deviated severely from the experimental results. Compared to simple model predictions,
almost any beta decay rate was orders of magnitudes slower. Part of the discrepancy was
removed with the discovery of the isobaric analogue state (IAS). This state corresponds
to a collective Fermi transition, which locates all Fermi strength in a single, narrow state.
The Coulomb displacement energy puts this state energetically out of reach for beta decay
in most nuclei.

This observation stimulated speculations that a major part of the Gamow-Teller (GT)
strength could similarly be found in a giant resonance, located at a slightly higher exci-
tation energy than the IAS, due to the spin dependence of the nuclear force. Soon it was
indeed found that intermediate energy (p,n) reactions were dominated by GT transitions
to states at low excitation energy.



Studies of the intrinsic propeties of the Gamow-Teller resonance grew into an entire
industry around 1980, and a number of conferences have been devoted to these investi-
gations. I will therefore not go into details here; see, e.g., [1, 2, 3] for a review. Instead
this article is focused on another aspect; the use of Gamow-Teller resonances as probes of
nuclear properties.

I will present a few examples on this, most of them taken from (n,p) experiments at
the The Svedberg Laboratory (TSL) in Uppsala, Sweden. The TSL neutron beam has
a very extensive agenda, with studies of both fundamental and applied physics on its
agenda [4, 5].

The field of detailed (n,p) experiments was opened up by UC Davis, from which a
series of experiments at about 65 MeV neutron energy were conducted up to about ten
years ago. The torch then passed on to TRIUMF, where the 200-500 MeV region was
exhausted by a very ambitious programme, spanning over 20 nuclei ranging from 3He to
208Pb. Los Alamos has contributed to the field by studying the (n,p) reaction with the
white neutron source, thus providing good data on energy dependences. It can be noted
that these four laboratories seem to be a quartet of harmony. In all cases where the same
cross section has been measured by more than one place, there is agreement on the results.
As we will return to in the end, that is nothing to be taken for granted...

2 Why employing the (n,p) reaction?

The original motivation for (n,p) studies came from the (p,n) reaction, which has been
studied systematically during the last twenty years. The (p,n) reaction and nuclear f3~ de-
cay are both responses to an isospin change (Fermi) or a combined spin and isospin change
(Gamow-Teller) of the nucleus. In popular terms, the (p,n) reaction can be described as
/3~ decay governed by the strong interaction.

This simple picture was corroborated by the finding that the Gamow-Teller (GT)
strength found in the (p,n) reaction and the GT strength from (3~ decay for the same
transition are proportional. Thus, the (p,n) reaction can be used to explore fl~ decay
where it is inaccessible, e.g. from excited states or unstable nuclei.

Soon it was realized that the (n,p) reaction should be complementary in such studies,
allowing the f3+ decay to be investigated. Besides the inherent nuclear physics interest, it
has also a considerable astrophysics impact, because the beta decay and electron capture
rates in iron-region nuclei play important roles in stars prior to supernova explosion.

Lately, great attention has been paid to accelerator-based transmutation of nuclear
waste, and the possibilities to use this also for energy production. For this purpose, many
neutron-induced cross sections in this energy domain are useful as design parameters as
well as for model validation. Luckily, among the nuclei studied for purely fundamental
nuclear physics reasons we find some of the most important materials to be used in a
transmutation facility, e.g., iron, zirconium and lead. What was originally curiosity-driven
research is today important data in the applied world!

3 Precision studies of nuclear ground states

From figure 1, it can be seen that there should be no GT strength in 90Zr to first order. All
filled proton orbitals correspond to filled neutron shells, so all strength should be Pauli
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Figure 1: Simple shell-model illustrations of the (n,p) reaction on 54Fe, 56Fe and 90Zr.

blocked. However, if the 90Zr ground state is not the simplest configuration given by
the naive shell model, but has an admixture of protons in the g9/2 shell, a GT transition
could occur to the empty neutron g7/2 orbital. Thus, GT strength in the 90Zr(n,p) reaction
should be a probe for such ground-state correlations [6].

It turns out that such first-forbidden GT strength actually shows up, corresponding
to an occupation of - on average - 0.9 protons in the g9/2 shell. This is in agreement with
results from other techniques, like pick-up or knock-out experiments.

The (n,p) reaction on 54Fe and 56Fe reveals Gamow-Teller properties which deviate
from the simplest expectations [7]. These two nuclei differ by two neutrons in an orbital
that should not participate in any GT transition (see figure 1). Hence, it could be antici-
pated that the GT strength should be the same for them. That is far from true. The GT
strength is instead 3.5 :t 0.5 and 2.3 ± 0.5 for the two nuclei.

Auerbach et al. [8] have shown that RPA correlations can reduce the GT strength sub-
stantially. They also found a relation to the quadrupole moment, such that the strength
is inversely proportional to it. This is in agreement with the iron data, as illustrated by
the table below.

54Fe 56Fe
S/3+

B(E2) (W.u.)
* B(E2)

3.5 ±0.5
10.6

37 ± 5

2.3 ±0.5
16.8

39 ± 8

4 Halo properties of nuclei

Recently, there has been a vivid activity about halo nuclei, and indeed lots of really
amazing physics has come out from this. Two such halo nuclei are accessible by the (n,p)
reaction, n B e and 6He, which are one- and two-neutron halos, respectively.

It has long been speculated that a new dipole mode should be present in halo nuclei, the
so-called soft dipole resonance. The classical giant dipole resonance (GDR) is popularily
described as an oscillation of protons versus neutrons, while in a halo nucleus the halo
neutron could oscillate in opposite phase to the core. Such an oscillation has a much
weaker restoring force than when all nucleons participate, and has therefore to reside
at a lower excitation energy, like a few MeV. The total dipole strength in a nucleus is
determined by the model-independent energy-weighted sum rule (EWSR), which states



that the sum of the strength multiplied with its excitation energy should be given by the
number of protons and neutrons in the nucleus, insensitive to the spatial distribution of
the nucleons. If the presence of a neutron halo places strength at low excitation energy,
this has then to be compensated by an enlarged absolute stength to conserve the sum
rule.

Thus, dipole strength at low excitation energy and larger absolute strength should
be two features to look for. A third observable should be a proposed downward shift
of the centroid of the classical GDR. What about Gamow-Tellers? Well, conventional
wisdom tells that there should be no differences due to a halo, because the Gamow-Teller
excitation has no radial dependence.

A recent experiment on the 10B(n,p)10Be and 11B(n,p)11Be reactions turned most
expectations upside down [9]. The search for a soft dipole turned out to be negative by
all measures; there was no hint whatsoever of it. This should not be over-interpreted
though; it is not evident that the (n,p) reaction has to populate the soft dipole strongly
even if it exists.

What was more intriguing was that the Gamow-Teller strength to three low-lying
states was significantly reduced compared to shell-model expectations, in agreement with
a previous (t,3He) experiment [10]. Is this due to the halo configuration of the final
nucleus? A follow-up experiment is being planned on 6Li(n,p)6He.

In contrast to the medium-weight nuclei above, the total Gamow-Teller strength ap-
pears to follow a simple picture, at least on a relative scale. Back-of-the-envelope estimates
based on that the strength should be proportional to the number of protons in p3/2 and
to the number of neutron vacancies in any p shell result in a prediction that the strength
in 10B should be 50 % large than in X1B, which is in agreement with data. To be more
specific, the extracted strengths below 30 MeV excitation energy are 2.0 ±0.2 for 10B and
1.3 ± 0.2 for n B .

5 9Be(n,p) and the unit cross section puzzle

In the (p,n) reaction, it has been found that the GT unit cross section, crax-, varies
smoothly as a function of mass A, at a given energy, and that it is slightly larger for odd
than for even nuclei. This unit cross section is given by

O-QT — GGTI BGT, (1)

where CTGT is the experimental GT cross section at 0°, corrected for optical model dis-
tortions and the finite momentum and energy transfer in the reaction, and BQT is the
strength obtained from the corresponding (3 decay.

The unit cross section for odd nuclei is systematically 20 — 30% larger than for even.
This behaviour is not fully understood. Furthermore, for some odd nuclei, e.g., 13C and
15N (and possibly 35C1), the GT unit cross section for the ground state transition is
30 — 40% larger than a smooth trend through the data points for other odd nuclei would
indicate. In contrast, the transition to the 15.1 MeV state in the 13C(p,n)13N reaction
does not show any such effects.

A number of possible explanations have been discussed in the literature. Taddeucci et
al. [1] suggested that optical potential parameter differences between odd and even nuclei
could lead to uncertainties in distorted wave calculations. Systematic studies of optical
potentials, especially for nonzero-spin targets, are thus motivated.
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Figure 2: Isobar diagrams of the mass (a) A — 9 and (b) A = 13 systems.

The unit cross section proportionality (eq. 1) relies on the dominance of central interac-
tions and direct reaction mechanisms. Possible contributions from non-central interactions
and non-direct reaction mechanisms as a reason for such effects have been discussed [1, 3].

Another possibility of why the unit cross sections differ is because of problems with the
axial vector current g&. The Gamow-Teller transition in nuclear j3 decay is determined
by (g^lgv)2BaTi while &GT is a function of BGT and A only. It has been found that in
the nuclear medium, the value of g^ for the free neutron is reduced to an effective value
of {9A)eff = (0.8 - 0 .9 )^ , resulting in quenching values [(su)ejgr/&i]2 of 60 - 80% [2].
In addition, the importance of heavy-meson exchange for GT matrix elements has been
pointed out [11, 12], which could possibly have some implications for the value of g\. It
is not known whether such effects could be different for odd and even nuclei.

Lack of data prevents systematic studies of such effects by the (n,p) reaction. Although
with fewer data points available, the data base on unit cross sections for (n,p) on even
nuclei shows a trend similar to that of (p,n) data. For odd nuclei, there are only two cases
where the corresponding BQT is known; 3He [13] and 13C [14, 15].

Hence, further (n,p) reaction studies on nuclei, where corresponding data on (p,n) at
about the same energy are available, should be most useful. One of the best cases among
several candidates is 9Be (see figure 2a).



The data for the 9Be(n,p)9Li ground state were used to determine a GT unit cross
section of a = 7.4 ±1 .2 mb/sr [16]. This is in good agreement with the intrinsic value
obtained from shell-model calculations, but is considerably lower than that estimated
from the 9Be(p,n)9Li ground state reaction (<r = 11.0 ± 1.6 mb/sr) [17]. Thus, it seems
as the T = \ -> T = § transitions are about 30% weaker than the T = \ -» T = \
(ground-state) transition. This resembles the situation of the A = 13 system, where the
T = | —> T = | transition has a unit cross section of around 10-11 mb/sr, whilst the
T = | —> T = | (ground-state) transition has a = 14.4 ± 1.2 mb/sr, i.e. also here
the former is about 30 % weaker. The puzzle which motivated this investigation seems
therefore to remain.

6 Are there double Gamow-Teller resonances?

Recently, double beta decay has been identified in several experiments. (See e.g. ref. [18]
for a review.) Like in the beta decay studies half a century ago mentioned in section 1,
also in this case only a minor fraction of the total appropriate strength can be studied.
Experiments aiming at examining a major part of the double Gamow-Teller strength
might improve our understanding of spin-isospin properties of nuclei, as did the single
Gamow-Teller resonance investigations.

Lately, double giant resonances have been of considerable interest, both theoretically
and experimentally. Up to now the double isobaric analogue state (DIAS), the double
isovector dipole resonance (DIVDR), and the dipole built on the analogue state have
been identified, using the (TT+,TT~) reaction and its inverse at LAMPF [19]. In addition,
evidence of Gamow-Teller strength built on the isobaric analogue state has been found.
It is expected that double giant resonances are general features of nuclei, and evidence
for two-phonon resonances have now been found in several experiments. For a review of
the field, see ref. [20].

Among the two-phonon resonances, the double Gamow-Teller (DGT) resonance is of
particular interest, because of links to particle and astrophysics via the connection to the
double beta decay and its implications for the neutrino mass [21, 22].

Auerbach, Zamick and Zheng predicted the existence of collective isotensor resonances
in double charge-exchange reactions as a new mode of collectivity in nuclei [23]. Observa-
tion of DGT strength will be experimentally difficult, since there are no simple elementary
probes available (the pion has zero spin and at the nucleon level a probe like (p,A~) would
be required). The DGT resonance can in principle be excited in pion double charge ex-
change, but the mechanism is assumed to be weak.

The only giant resonance for which both the one- and two-phonon cross sections have
been measured with similar reactions is the IVDR, which has been studied by the (TT^TT0)

(one-phonon) [24] and the (7r+,7r~) (two-phonon) [19] reactions. The ratio of the two- to
one-phonon cross sections, taken at the maximum of the two excitations, is about 0.003.
The single Gamow-Teller cross section at zero degrees in heavy-ion reactions are typically
a few mb/sr for light nuclei. An estimate based on such an approach, using a B(GT)
calibration from single charge exchange, the shell model calculation above, and a simple
model for the DCX cross section in terms of the SCX cross sections by Bertsch [25],
predicted a cross section of 24 /ib/sr. In this model, it was assumed that the ratio
SCX/DCX is the same as for pion-induced charge exchange.



Bertulani [26] has developed an eikonal approximation model for heavy-ion charge
exchange reactions, in which he predicted that the cross sections for DGT excitation
in heavy-ion reactions should be - at most - in the fib/si region, but probably much
smaller. It was pointed out that there is a suppression mechanism of heavy-meson ex-
change in heavy-ion reactions. Instead of a large contribution from p mesons in the
reaction mechanism - which is the case for reactions induced by pions and nucleons - the
larger interaction distance in heavy-ion reactions favour pion exchange. This results in a
much weaker charge-exchange, and hence much smaller cross sections. Thus, these two
predictions differ by several orders of magnitude.

Guided by this, we have carried out a search for double Gamow-Teller excitations,
employing the 24Mg(18O,18Ne)24Ne reaction at 100 and 76 MeV/nucleon at NSCL-MSU
and GANIL, respectively [27].

A very small cross section at low excitation energies was found, about 20 nb/sr, but
the angular distribution did not support a double Gamow-Teller interpretation. Thus
the results provide evidence for a strong suppression of double Gamow-Teller excitations.
Thereby, they are qualitatively compatible with the Bertulani model. However, since
we can only deduce an upper limit of the cross section, it cannot be excluded that the
DGT excitation is even weaker. This result seems to discourage the use of heavy ions at
intermediate energies for probing double Gamow-Teller strength.

7 A major surprise: the calibration was off!

All (n,p) data above have been normalized to the 1H(n,p) reaction, i.e. the fundamental
np scattering process. When designing this programme it was anticipated that the best
way of establishing the absolute scale would be to measure relatively to the np scattering
cross section, which was then believed to be well known.

CO

_ Q

~D

b

14

12

10

8

6

4

2

0

-- • Uppsala 1997 (96 MeV) •*
O Stahl 1954(91 MeV) • $

- • Bersbach 1976 (97 MeV) q

. ft

I J

I I

• Uppsala 1997
O Bonner 1978

(162 MeV) t

(162 MeV) u

D Bersbach 1976 (155 MeV) <fe|

Wi

\

0

I

/

1

45 90 135 0 45 90 135 180

Figure 3: The np scattering differential cross section at 96 and 162 MeV.

The first data [28] revealed a true surprise! The angular distribution differed from the
global partial-wave analyses by 15 % at 0° xH(n,p), i.e. at 180° cm. np scattering. This
was shocking for two different resons.



Firstly, this is one of the best places to determine the pion-nucleon coupling constant,
and thus establishing the absolute strength of the strong interaction. Secondly, this cross
section has been used to normalize virtually every neutron-induced cross section. All
cross sections for transmutation of waste, future accelerator-based energy production,
fast-neutron cancer therapy, cosmic neutron induced failures in electronics and other
applications - multi-billion dollar cross sections - are therefore uncertain with the same
amount.

This has motivated new measurements with good precision, and also at another energy.
The discrepancy is still there [29, 30, 31], which is illustrated in figure 3. An obvious next
step has been to make a thorough investigation of the entire world data base on np
scattering [32]. We have found that it is in a much worse condition than we had thought.
The largest data sets tend to fall into two families with respect to shape, with a 15 %
difference at backward angles. In addition, there are normalization inconsistencies, also
of about 15 %, between the two most frequently used normalization techniques.

There has been an intense debate during the last few years on whether the pion-
nucleon coupling constant should have the classical value of 14.4, or 13.6 which recent
global analyses of the world np data base seem to indicate. The data base is in such a
condition that either one of the two discrepancies mentioned above could account for the
difference alone. Making order out of this mess has therefore become a very important
activity. An international workshop was recently organized to scrutinize this problem [33].

Thereby, what begun as studies of fundamental nuclear properties employing the (n,p)
reaction has now grown into multi-disciplinary research, where basic physics and emerging
large-scale applications are developed in a joint endeavour. To my opinion, this is a good
raw model for the future of nuclear physics.
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