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1 Introduction

For many decades, the Gamow-Teller (GT) or spin-flip, isospin-flip interaction has been

central to many important areas of nuclear physics research. First identified as a component

of the weak interaction in allowed beta-decay, it plays a critical role in the initial step of the

hydrogen fusion reaction leading to nucleosynthesis, and in the electron capture reactions

leading to stellar collapse and supernova formation. At higher excitation energies where

the GT giant resonance becomes important, its properties have provided critical tests of

the limits of the nuclear shell model, or alternatively, have indicated effects which may lie

beyond the picture of individual nucleons moving in a mean field.

For existence of a spin-flip, isospin-flip component in the nucleon-nucleus effective in-

teraction was demonstrated in low energy (p,n) reactions over forty years ago, and the

connection between allowed beta-decay rates and (p, n) reaction cross sections was clearly

recognised at that time. Interest in this field was high, but until about fifteen years ago

there was a very limited data base for comparison with the large body of theoretical spec-

ulation. This situation changed with the demonstration at Michigan State University, and

soon after more convincingly at the Indiana University Cyclotron Facility (IUCF), that

the (p, n) reaction at intermediate energies provided a quantitative tool for the study of

GT-transitions corresponding to /?~-decay.

Then, in the mid-nineteen eighties, the development of new facilities, first at TRIUMF and

soon after at LAMPF, opened up the study of (n,p) reactions, corresponding to allowed

/?+-decay, as well as maintaining the possibility of studying (p, n) reactions. Thus it became

possible to carry our systematic studies of both GT+ and GT~ giant resonances and to
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investigate fully the implications of the very powerful GT sum rule.

This review describes the intermediate energy charge exchange reaction field at a time when

a large body of experimental data has been accumulated and is available for comparison

with theoretical models.

The presentation reflects an experimentalist's viewpoint; an excellent review of the field

from a theoretical viewpoint has recently been given by Osterfeld [Os92]. The two reviews

may be regarded as complementary.

An historical review of the development of ideas pertaining to Gamow-Teller giant reso-

nances is given, and a description of the emergence of techniques for the study of charge

exchange reactions - particularly the technical advances which yielded the recent volume

of new data.

The present status of charge exchange reactions is reviewed and assessed. Evidence is

presented from the 14C(p, n) reaction for the dominance of the spin-isospin component of

the nucleon-nucleon interaction in intermediate energy reactions. In (p, n) reactions the

Gamow-Teller giant resonance dominates the spectra, with higher multipoles contributing.

By contrast, in (n,p) reactions in the heavier nuclei, the Gamow-Teller transitions are

substantially Pauli-blocked and the spin dipole resonance dominates, with contributions

from higher multipoles. Discussions of the multipole decomposition process, used to obtain

from the data the contributions of the different multipoles, and the contributions of the

multipoles, are given.

There is discussion of the nuclear spin-isospin response at large momentum transfer in the

quasi-free region of excitation. The study of this region is expected to provide information
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that is relevant to the nucleon-nucleon interaction in nuclear matter. Finally, a discussion

of important open questions and of possible further advances in this field is presented.



2 Early Results in the Study of Spin and Isospin Ex-
citations

The results to be described involve both the weak beta decay interaction and the strong

nuclear interaction. A brief discussion of the essential concepts from these two fields is

therefore included here.

2.1 Beta decay

The process of allowed beta decay is known to take place by two different modes, the

Fermi (F) or Gamow-Teller (GT) modes. In the Fermi mode the transition operator

is OF — T*, the isospin raising or lowering operator corresponding to beta decay by

positron or electron emission. These transitions occur between isobaric analogue states,

the quantum numbers of which differ from one another only in the third component of

isobaric spin, Tz = (N — Z)/2. Thus the selection rule for Fermi transitions is AJ = 0,

ATT = 0. The comparative half-life for such a transition is given by

t* 6 1 6 2 A
ft i = —— seconds ,2 Bp-

where the transition strength is defined by [Bo69]

Since initial and final wave functions are essentially identical in these transitions, the

comparative half-life is short and the transitions are said to be superallowed.

The second decay mode, the GT mode, involves the nuclear transition operator OGT = <?T±

where & is the usual Pauli spin operator. In this case selection rules are AJ = 0, ±1
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(0 + •/* 0 + ) , A T = 0, and the transition strength is denned as

BGT —

The comparative half life is then

6162
7 \ (gA/gv)2BGT '

where gv,gA are the vector and axial vector weak coupling constants. We finally note

that for transitions between isobaric analogue states in odd-A nuclei, both modes may

contribute so that

6162
5 Bp + {gA/g\')2BaT

A long-standing puzzle in beta decay studies was posed by the observation that decay rates

for GT transitions were always one to two orders of magnitude slower than predicted with

the "best" model wave functions. This is the problem of the quenching of GT strength.

A great deal of progress in understanding this problem has come from nuclear reaction

studies, and some essential ideas in the theory of nuclear reactions are now outlined.

2.2 Direct nuclear reactions

The nucleon-nucleon interaction may be described in a variety of ways, but for present

purposes its spin and isospin structures are emphasized. It is known to include central, spin-

exchange, spin-orbit and tensor components both without and with an isospin-exchange

character. Thus the interaction may be written as

Vnn = Vijirij) = Vo + Vofo-Wj) + V30(S-L) + VT ST

+ T, • T}(VT + VOT{ax • a,) + V;0(S • L) + Vf ST) • (3)



Here 5 = st + SJ, L = (r\ - r>) x (p, - pj) and ST is the two-body tensor operator.

In general, each of the V's is a function of internucleon separation. In a nuclear reaction

involving a transition between two states, the cross-section is given in the non-relativistic

theory by [Sa65]

(JLX k
L

du ~ \2*V) k, (2Jt + l) i

Tj, is the transition amplitude for the reaction, and the sum is taken over magnetic sub-

states. The transition amplitude is given by

where k, , kj are the momenta of the incoming and outgoing particles, <̂ , , 4>j &re wave

functions of initial and final nuclear states, and V^r,^) is some effective interaction between

the incoming projectile and target nucleons. The main focus of interest here will be on

nucleon charge exchange ((p, n), (n,p)) reactions at intermediate energies. At energies

above about 100 MeV, the impulse approximation [Ke59, Go64] is believed to be applicable,

and VeR is the free nucleon-nucleon interaction. With the restriction to charge exchange

reactions only the isospin dependent terms will be involved. As an aside it should be

noted that in an actual calculation, the wave functions must be antisymmetrized between

projectile and target nucleons. This leads to knock-on exchange terms in Tji which make

important contributions to the calculated cross section.

In order to describe the essential features of the calculated reaction cross section, it is

convenient to consider an effective interaction which depends only on the distance between

the interacting particles, ven = V(T-JJ). This is not a limitation on the validity of the

results, but simplifies the notation in the discussion below.
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The transition amplitude which is written above in ordinary space can be Fourier trans-

formed and written in terms of the momentum transfer in the reaction q = kf — k,. In q

space the transition amplitude then can be written

T,i(k/,ki) = JD(k}Xq)V(q)p,f(q)dq.

In this expression

D(kf,ki,q) = — jX-\kj,rp) exp-{iq-rp) X+(kt,rp) drp , (5)

is the projectile distortion function. In a distorted wave theory D is evaluated numerically

as part of a standard computer code such as DW81. In the absence of distorting potentials

the theory reduces to a plane wave Born approximation and D=l. The function

is the nuclear transition density and carries the information about the nuclear states in-

volved. Since it is usual to consider transitions between states of definite spin and parity,

it is convenient to represent p in terms of a multipole expansion. For a given transition

^t —* 4>f only a limited number of terms can contribute, and usually only the lowest allowed

multipole need be considered. The specific form of these multipoles will be discussed in

the context of their application in later sections.

2.3 Early investigations of charge exchange (isovector) interac-
tions

A possible connection between nuclear beta decay rates and (p,n) reactions was noted

at least as early as 1957 [Vi57], but the first paper to really investigate the potential

of charge-exchange reactions for studies of the effective interaction in nuclei was that of



Bloom, Glendenning and Mozkowski [B159] entitled "The proton-neutron interaction and

the (p,n) reaction in mirror nuclei". In it they assumed that the effective interaction could

be expressed as an isoscalar and an isovector part v = va + Vb T~. In a (p,n) reaction

between isobaric analogue states such as 13C(p, n)13N, the transition amplitude would be

dominated by vi, because of the complete overlap of initial and final wave functions. The

second part of the interaction va could contribute through knock-on exchange, but this

would lead to poor overlap of the wave functions and the contribution would be small.

Thus the (p, n) reaction would single out the isovector part of the effective interaction. A

subsequent study [W06I] of the 13C(p, n)13N5J and 15N(p, n)15O5S reaction was carried out

at energies between 6.5 and 13.6 MeV. The interpretation of the results was complicated by

the low beam energy used, and no estimate of the magnitudes of the interaction strengths

could be obtained. It was concluded however that both the spin singlet (Vj = Vp) and

spin-triplet (V/ = VGT) parts of the isovector interaction were contributing to the reaction,

and that the relative strength of the two contributions was VGT/VF ~ 0.4.

Shortly before this study appeared, measurements of (p, n) cross sections on heavier nuclei

[An62] at 14.8 MeV, showed a very strong transition to what appeared to be a single final

state as shown in Fig. 1. This state was identified as the isobaric analogue of the target

ground state, and led to the recognition of the fact that isobaric spin was a useful quantum

number even in nuclei in which Coulomb effects are large [La62]. The strong excitation of

the IAS was recognized [Ik62] as a manifestation of a giant resonance, in this case excited
A

by the isospin operator T~ = ^2Tk which is responsible both for Fermi transitions in
Jt=i

beta decay, and for a part of the transition amplitude in (p, n) reactions. This insight

then led Ikeda ei al.[Ik63] to suggest that a giant resonance should also exist, associated



A

with the isovector spin-flip operator, ^JGjT~', which mediates the GT component of beta

decay. The observed weakness of allowed GT beta transitions was ascribed to the fact that

most of the strength of the giant resonance was located at excitation energies which were

inaccessible to beta decay. They further suggested that this GT giant resonance should

also be excited in the (p, n) reaction and that the ratio of cross sections for the excitation

of the GT and F giant resonances should be proportional to the ratio of the squares of the

appropriate interaction strengths, VJ and VJ, in the isovector effective interaction.

During the following decade a number of studies investigated the properties of the isovector

effective interaction utilizing the correspondence between beta-decay matrix elements and

those for the (p,n) reaction cross section [B165, Wo67, Lo67, C169, An69, An70]. It was

recognized that the momentum transfer in beta decay was small, so that the transition

amplitude for the (p, n) reaction should also be evaluated for q ~ 0, i.e., near scattering

angle 8 = 0. In the limit q = 0 it is expected that the spin-orbit and tensor components of

the effective interaction can be neglected. For states connected by allowed beta decay, the

angular momentum transfer is at most one unit, with no parity change, so that the lowest

term in the multipole expansion of the nuclear transition density will be the monopole

with AL = 0. Thus for the (p, n) reaction cross section near 6 = 0°, the connection with

beta decay can be expressed as [Go80]

^ { q ~ 0 ) = {^?)2%l[NAVrm2BF + N"^r(0)\2BGT} • (6)

Here NT and iVffT are distortion factors, t>T(0) and tVr(O) are integrals of the effective

interaction at q = 0 over the nuclear volume, while Bp and BQT &re the appropriate beta

transition strengths, evaluated from observed fti_ values.
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The relation above seems to have first been written explicitly in [An70], but the ideas

behind it were assumed if not explicitly stated in all the studies of interest here. In these,

the most clear-cut conclusions were obtained from studies of the (p, n) reaction on the

J* = 0+, T=l targets 14C [Wo67] and 18O [B165]. In both cases the reaction populated

final states with J* = 0+ via the VT component of the interaction and states with 3V =

1+ via War, and reaction calculations using very simple shell model wave functions yielded

estimates of the interaction strengths. Initial analyses of the data assumed only monopole

(AL = 0) contributions to the reaction and only Fermi and GT contributions to the effective

interaction. However, in the 14C(/)«n) reaction, the transition to the ground state of 14N

was found to be much stronger than predicted from the strength of the corresponding beta

decay and this indicated the importance of the tensor part of the effective interaction.

Also, for the 18O target, transitions were observed leading to known states with J" = 2+,

indicating contributions from multipole components of the interaction with AL = 2.

Most of the above studies were carried out at energies below about 15 MeV, where the

assumed direct reaction mechanism was complicated by compound nucleus effects although

some measurements of the 6>7Li(p, n) reaction extended to energies of about 50 MeV. These

showed that the strength of the Fermi interaction decreased by a factor of about 2 over the

energy range from 10 to 50 MeV, while the GT interaction strength was nearly constant

over the same range. Thus by about 1975, some important characteristics of both the

Fermi and GT parts of the effective interaction had been extensively studied for projectile

energies below about 50 MeV.
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2.4 Giant Resonances and Sum Rules

A giant resonance can be described as a state which can be represented by (a) a collective

model wave function, involving many nucleons, or alternatively, (b) a wave function which

represents a coherent superposition of single particle excitations. Either way, the excitation

is via an appropriate transition operator. Probably the best example of such an excitation

is the electric dipole giant resonance which had been extensively studied since its discovery

in 1948 [Ba48]. In general, the giant resonance state will not be an eigenstate of the nuclear

Hamiltonian, so that the excitation will be distributed over many states in the final nucleus.

The transition probability to a single final state will depend on the properties of that state,

as well as the target ground state, and any calculation of transition probability requires

some model wave function for both states. In contrast to this situation, the total transition

probability to all components of the giant resonance will depend only on the properties of

the target ground state, and the specific transition operator involved, without reference

to the details of the final states. Sum rules are relations involving the total transition

probability, or alternatively the total strength excited by a transition operator. Specific

examples will be discussed shortly.

Since the early work of Anderson and Wong [An61], and its interpretation by Ikeda et

c/.[Ik62], the large (p, n) cross-section for excitation of the isobaric analogue of the target

ground state had been recognized as the signature of a giant resonance, in this case arising
A

from the isospin-lowering operator T~ = ]|P r~. This excitation, which we will refer to as

the Fermi giant resonance, has a very special property. Since isobaric spin is a conserved

quantum number, at least in light nuclei, the Fermi giant resonance is in fact an eigenstate

of the nuclear Hamiltonian, so that the full transition strength involves a single state, the
11



isobaric analog state. In this case the sum rule for the total strength is just Ey Spj —

SF, = N - Z where the summation is a formality since the full strength Sp is carried in

a single transition. This result was first derived by Ikeda [Ik64], although it was at that

time expressed in somewhat different form, in terms of the (p, n) reaction cross-section.

In predicting the GT giant resonance, Ikeda tt a/.[Ik63], noted that this was not an eigen-

state of the nuclear Hamiltonian, so that its strength would be distributed over many final

states. The sum rule for this GR was also given by [Ik64], at least for heavy nuclei in

which protons and neutrons occupied different major shells. In this case

In the decade following the discovery of the Fermi giant resonance many investigations

of it were reported, but the GT giant resonance was not observed. However, in a study

of the (p, n) reaction on targets of 48Ca, ^Zr, 120Sn and 208Pb at 25, 35 and 45 MeV

Doering tt ai.[Do75], observed a broad bump in the 0° reaction cross section for excitation

energies a few MeV above the known isobaric analogue resonance as shown in Fig. 2a. The

bump was not seen at 25 MeV, but was prominent at 45 MeV. For ^Zr the excitation

energy of the centroid of the bump was close to that expected for a particle-hole state

with configuration {Trg7/2)(vg$/i)~l, while the angular distribution of the cross-section for

the bump was similar to that for transitions to known 1+ states at lower excitation arising

from the (irg9/2)(vg9/2)~1 configuration. Finally, the magnitude of the cross-section was

comparable to that predicted by DWIA calculations for a transition to the (xg7/2)(vg9/2)~
1

configuration. Thus it was concluded that the observed transition did indeed correspond

to the GT giant resonance which had been predicted over a decade earlier.

The identification of the GT giant resonance showed that it was more strongly excited



relative to the rest of the (p, n) spectrum as the beam energy was increased from 35 MeV

to 45 MeV, and it was suggested by Austin et a/.[Au80], that spin-flip transitions would

dominate the (p, n) spectrum at beam energies greater than 65 MeV. The confirmation

of this prediction was soon forthcoming from the Indiana University Cyclotron Facility

(IUCF). The IUCF time-of flight neutron spectrometer came into operation about 1978

and provided the capability to measure neutron spectra from (p, n) reactions with an

energy resolution < 1 MeV for incident proton energies 60 MeV < Ep < 200 MeV. The

system is described in more detail in a later section.

In initial (p,n) studies at IUCF [Ga81], the most striking observation was the strong

excitation of known AS = 1 transitions in forward angle spectra, and it was observed

that the spectra were very similar to what would be expected for a reaction driven by

a one-pion exchange potential [Mo79, Pe80]. The cross section for excitation of AS = 0

transitions was found to decrease steadily relative to AS = 1 transitions as incident energy

increased up to 200 MeV. At that energy, the zero-degree spectrum at low excitation

energies resulted almost entirely from a single component, VffT, of the effective interaction.

Provided that energy resolution was good enough to observe transitions to discrete final

states, the reaction provided the opportunity to study the properties of (almost) isolated

components of the effective interaction.

On light targets (A < 20) the (p,n) reaction excited mainly discrete shell-model states.

For most heavier targets, a broad peak was observed at an excitation energy a few MeV

above the isobaric analogue state. The cross section for this peak showed an angular

distribution characteristic of a transition with AL = 0, and was identified as the GTGR.

In particular, a detailed study of the 90Zr(p, n) reaction at 120 MeV [Ba80] showed that
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the bump identified as the GTGR by Doering was the dominant feature of the zero degree

spectrum. The resulting 0° spectrum at 120 MeV is shown in Fig. 2b. In addition, at

an angle of about 4°, a second broad peak was observed, at an energy several MeV above

the GTGR. This peak showed an angular distribution characteristic of AL = 1 and was

identified as a dipole giant resonance.

A second important result of the initial measurements was the confirmation of the expected

proportionality between zero degree cross section and beta-decay transition strength as

noted in Eqn. (6). At a beam energy of 120 MeV, (p,n) cross sections were measured at

0° for transitions of known beta decay strength on targets of 7Li, 12-13C, 25-26Mg 27A1, 28Si

and 90Zr. Distortion factors were estimated as N = dfJfZ\pw\\<>=o° w h e r e D W ^ P W

indicate reaction cross sections calculated in a distorted wave, and plane wave impulse

approximation. The results [Go80] showed the predicted proportionality, with a value

|TVT(0)|2 — 168 MeV-fm3. This may be compared with the value of 122 MeV-fm3 expected

for a pure one-pion exchange potential. The observed proportionality indicated that the

reaction model was valid at energies above about 100 MeV and that measured (p, n) cross

sections could be used to estimate beta decay strengths for transitions that were not

energetically accessible to normal beta decay.

Given the relationship between beta decay strength and (p, n) cross section at small mo-

mentum transfer, the IUCF results provided a measurement of the total GT strength

arising from a given target ground state. When this was compared with the lower limit

of 3(N-Z) required by the GT sum rule it was found that only about half the predicted

strength could be identified in the spectrum below about 30 MeV excitation energy. The

search for the missing strength became the focus of a great deal of research over the next
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decade as noted on p. (38).

Except for the demonstration of missing GT strength, the IUCF results had been foreshad-

owed by many studies over the previous two decades. However, the new result provided

a much clearer demonstration of the connection between beta decay and the (p, n) charge

exchange reaction. They generated widespread interest in the study of GT transitions,

and stimulated a great deal of further work in the field, both experimental and theoretical,

over the following decade.
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3 Experimental Facilities

The quantitative study of isovector spin-flip excitations at intermediate energies was made

possible by the development of new experimental facilities. The IUCF neutron time-of-

flight spectrometer was the first of these and it opened up this field by demonstrating the

strong excitation of spin-flip transitions at energies above ~100 MeV. This stimulated the

construction of other facilities for both (p, n) and (n,p) studies. In this section, a brief

description of the most important new facilities is given.

3.1 (p, n) Reactions

3.1.1 Neutron time-of-flight spectroscopy

The commonest method for measuring neutron energy involves the measurement of neutron

velocity, by measuring flight time over a known distance from source to detector. The start

time is determined by using a pulsed proton beam to produce the neutrons. The arrival

time is signalled by the occurrence of a nuclear reaction in the detector (usually the 1 H(n, p)

or 12C(n,x) reaction) which produces a charged reaction product.

The fractional uncertainty in the measured energy is proportional to Ar/L where AT is the

uncertainty in measurement of flight time and L the length of the flight path. The timing

uncertainty is determined by characteristics of the beam pulsing system and the detector

and is typically less than a nanosecond. For a given neutron energy and value of AT the

flight path required to achieve a specified energy resolution is then readily calculated. For

a typical value of Ar = 0.5 ns the flight path required for an energy resolution AE =

0.5 MeV is shown as a function of neutron energy in Table 1. Such long flight paths imply
16



the need for large detectors in order to obtain reasonable solid angle.

Table 1

Flight path required for AE = 0.5 MeV (AT = 0.5 ns)

E (MeV) L (Metres)
100 30
200 91
300 178
500 440

The detectors also need to be as thick as possible, consistent with the required time

resolution, in order to maximize the detection efficiency. To measure angular distributions

of reaction cross sections the direction of the beam on the target is rotated, rather than

moving the bulky, massive detectors. Most of the measurements of (p, n) cross sections at

energies above 100 MeV have been carried out with such facilities using either the IUCF

or the LAMPF time-of-flight spectrometers.

With the IUCF system [Go79] proton beams are available in the energy range 60-200 MeV.

The direction of the beam on target is rotated by a beam swinger consisting of three

magnets. The first, located on the beam line bends the incident beam to one side, where

the second magnet bends it back to intersect the original beam line at the target position

but at a finite angle of incidence. Bend angles up to 27° are available. Behind the target, a

third magnet bends the beam into a shielded beam dump, thus allowing (p, n) cross section

measurements at an angle of 0°.

The detectors [Go78, Go78a] consist of bars of plastic scintillator, approximately 10 cm x

10 cm x 1 m in size, viewed by photomultipliers at each end of the long dimension. With

the bars oriented with the long axis normal to the beam direction, mean timing is used
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to determine time of flight. To increase detection efficiency, the long axis may be oriented

parallel to the flight path, and flight time inferred from the time difference between the

two photomultipliers. The overall timing resolution of the system is 0.5 nsec. A second

system using liquid scintillators has been constructed, with similar properties [Ma83].

Two flight paths are available. One at 0° to the incident beam may be varied between

45 m and 90 m in length. The second, at an angle of 24° is 45 m long. Thus angular

distributions may be measured out to about 50°. The overall energy resolution ranges

from about 300 keV near 100 MeV incident energy to about 1 MeV near 200 Mev.

This system can also be used with a second detector plane behind the first in order to

measure polarization of the emitted neutrons [Ta85]. Thus with an incident polarized

beam, the system can measure the spin transfer coefficient Dnn in the (p, n) reaction.

The LAMPF system [Mc87] was similar to that at IUCF, but permitted measurements

at energies up to 800 MeV with a flight path up to 600 m. More details are given in

[Mc89]. Although this system provided some interesting results [Me94, Su90] it has now

been decommissioned and the detectors are being used at IUCF.

3.1.2 Proton recoil spectroscopy

Neutron energy may be determined from a measurement of the energy of the recoil pro-

tons produced in the aH(n,p) reaction at 0°, and a system using this approach has been

commissioned at TRIUMF, utilizing the existing medium resolution spectrometer (MRS)

to detect the recoil protons.

With this system, neutrons are produced in a target mounted over the pivot of the MRS.

18



After passing through the target, the proton beam is bent into a shielded beam dump

so that measurements can be made at 0°. Recoil protons are produced in a scintillator

target 2 cm x 6 cm in area and 2 cm thick, mounted over the MRS carriage about 90 cm

from the primary target, and detected with the MRS. With this system, energy resolution

ranges from about 0.8 MeV at 200 MeV neutron energy to 1 MeV at 450 MeV. A detailed

description of the system is given in [He87].

3.2 (n,p) Reactions

Spectrometers for (n,p) studies require two basic components, the incident neutron beam,

followed by the proton detector. In most current intermediate energy spectrometers the

neutron beam is produced in the 7Li(p, n)7Be reaction at 0°. This reaction has the advan-

tage of a large reaction cross section, about 35 mb/sr (lab) at 0°, but the disadvantage

that the neutron spectrum includes two peaks of comparable intensity resulting from tran-

sitions to the ground state of TBe, and to an excited state at 0.43 MeV. This may result

in a significant contribution to the energy resolution of the spectrometer, though it is not

the dominant one in any existing system. The spectrum also exhibits a weak continuum

extending to high excitation energies, which adds some complication to data analysis. The

proton detection systems generally employ a combination of magnetic deflection, plus ray-

tracing with suitable drift chambers to identify protons from the target and measure their

energy. More detail on existing systems is as follows:
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3.2.1 University of California at Davis

This facility, operating at 60 MeV, is at the lower end of the energy range of interest. It de-

serves note however as the first system in this energy range to produce useful measurements

of ( n,p ) cross sections [Br87].

The incident neutron beam is collimated to 1.8 cm x 3.6 cm and provides a flux of 106 n/sec

on target. The target is mounted in a magnetic field and the trajectories of reaction protons

are determined by two multi-wire chambers which permit measurements to be made over

the angular range 0°-48°. Overall energy resolution is about 1 MeV.

3.2.2 TRIUMF

The TRIUMF spectrometer is essentially the same as is used for (p, n) measurements

[He87] except that the 7Li neutron production target is mounted about 90 cm upstream

from the MRS pivot, and the recoil scintillator is replaced by the (n,p) target mounted

over the pivot. An important feature of this system is a segmented target which allows

a large target thickness while maintaining good energy resolution [He87a]. In this target,

up to six separate targets are mounted between wire chambers which identify the origin

of each reaction proton, and permit correction to be made for energy loss in subsequent

layers of the target stack. Neutron flux is 106 n/sec on targets of area 2 cm x 5 cm. Overall

resolution of the system is 0.8 MeV at 200 MeV incident energy.

The continuum in the neutron source spectrum gives rise to a background which must be

subtracted using a deconvolution procedure [Ra90]. This presents no difficulties at low

excitation energy, but limits the maximum useable range to an excitation energy of about
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50 MeV.

3.2.3 Uppsala

This system, which permits (n,p) studies in the energy range 100-200 MeV, is basically

similar to that at Davis. Neutron flux is 106/sec on a 7 cm diameter target. Overall energy

resolution is 2 MeV at 100 MeV incident energy. The system is described in more detail

in [Co90].

3.2.4 Los Alamos

The WNR facility provides an intense neutron source with a continuous energy distribution

by bombarding a thick tungsten target with 800 MeV protons. In the (n,p) system,

neutrons from this source are collimated and their energy determined by time of flight

over a 90 m flight path. The (n,p) target is mounted at the end of this flight path, and

reaction protons detected in a system similar to that at Davis or Uppsala. The system

permits measurements to be carried out over a range of incident energies (70-240 MeV)

in a single measurement, and has been useful in studying the excitation of isovector giant

resonances as a function of incident energy [Pa92, Li91]. Its most serious drawback is that

the neutron flux per unit energy range is small. The system is described in [Pa92].

3.3 Other Reactions

Because of the experimental problems in (p, n) and (n,p) measurements, there has been

considerable interest in the use of other reactions with more massive projectiles which
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permit the study of charge exchange transitions with charged particles in both entrance

and exit channels. Although these other reactions are not the focus of this review, it is

useful to discuss their characteristics, and note the facilities available for their use.

3.3.1 (3He,t)

This reaction was used in early searches for the GTGR [Ga78, Ov78, Ga80]. The beam

energies were rather low however and the GTGR was not very strongly excited. In addition

it was shown [Ga80] that two-step contributions to the reaction were important at low

energy, and that transition amplitudes with AL = 2 were significant.

Following the IUCF results, the (3He,t) reaction was investigated at higher energies using

beams of 600 MeV, 1.2 GeV and 2 GeV from Satume [E183] and targets of 13C, 54Fe and 89Y.

The reaction tritons were detected in a large magnetic spectrograph, SPES4 [Gr81] with a

momentum resolution Ap/p = 5 x 10~4. At 600 MeV it was found that the triton spectra

at 0° were similar to neutron spectra from the (p, n) reaction at 200 MeV, and that the ar

part of the effective interaction was dominant. Results with the 13C target at 600 MeV also

provided an estimate of the ratio of spin-flip to non-spin-flip effective interactions which

was consistent with the obtained from (p, n) measurements at 200 MeV. More detailed

studies have been reported for 12'13C(3He,t) at energies between 600 MeV and 2.3 GeV,

which conclude that this is a single step direct reaction which is well described by DWIA

calculations [Be87]. Thus it appeared that the (3He,t) and (p, n) reactions would provide

the same probe of spin-isospin excitations for the same value of E,n/A.

Most recently, a new facility has been commissioned at RIKEN [Mi91] which permits stud-

ies at an energy of 450 MeV with a high resolution magnetic spectrometer for detection of
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the reaction tritons. Initial results have been reported for a range of targets ranging from

9Be to 154Sm, which again demonstrate the strong excitation of GT transitions [Ak94].

In addition, the good energy resolution in these measurements (210 keV) has revealed

fine structure in the GTGR of medium mass nuclei such as 58Ni, which permits inter-

esting comparisons with the Ml strength distributions observed in high resolution (e,e~)

measurements [Me87].

The (3He,t) reaction is more complex than (p, n) in that the structure of the 3He and triton

must be considered. This does not present a serious problem in principle, but does add

some uncertainty with the detailed analysis of the reaction. Another difference between the

reactions arises because the heavier particles are more strongly absorbed than the proton

and neutron, so that (3He,t) can be considered a surface reaction. As a result, the (3He,t)

reaction provides stronger excitation of transitions with L>0, and may be useful in studies

of 2 hw excitations such as the spin isovector monopole resonance [Sc87, Au89].

3.3.2 (d,2He)

This reaction excites the same isospin-raising transitions as the (n,p) reaction and has

long been recognized as a possible probe of such excitations. Actually, 2He or the diproton

has no bound states, but the two-proton system has a well known XSO resonance near

zero energy. In the studies of interest here, "2He" is defined by detecting the two protons

emitted with small angular separation from the decay of this resonant state.

Early studies at the relatively low energies of 55 MeV [St79] and 99 MeV [Be82] used

counter telescopes to detect coincident protons emitted at an angle of a few degrees to

one another. Because of the background of single protons from breakup of the incident
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deuteron, measurements could only be made at angles greater than 15°. It was found

however that angular distributions were not characteristic of the L transfer for known

transitions, and it was concluded that the reaction was not a useful probe of GT strength

at such low energies.

Interest in the reaction was stimulated by the prediction [Wi85, Bu87] that with a tensor-

polarized deuteron beam, measurements of tensor analyzing power (TAP) would yield the

same information as obtained in much more difficult spin-transfer measurements in the

(p,n) reaction. The reaction was then studied [E187] at energies of 650 MeV and 2 GeV

using facilities at Saturne. Using the magnetic spectrograph SPES4, it was possible to

select the ^So final state with less than 1% contribution from 3P states. Cross section

measurements on the N=Z targets 12C and 40Ca showed spectra similar to those from the

(p,n) reaction and led to the conclusion that the reaction was well described as a simple

one-step reaction. Measurements of TAP in the p(d, 2He)n reaction were also carried out

and the results showed good agreement with impulse approximation calculations out to

momentum transfer q = 2f-1.

Similar results have recently been reported at the lower energy of 260 MeV using the

RIKEN accelerator and a magnetic spectrograph with detector system similar to that of

SPES4 [Oh93]. In a study of the 12C(cf, 2He) reaction [Ok95] an overall energy resolution

of 460 keV was achieved. Measurements of TAP were also carried out and showed good

agreement with calculations for transitions to the 1+ ground state, and the broad 2~ +

4~ states near 4.5 MeV excitation. Measurements of the (d, 2He) reaction at 125 MeV

have also been reported from a new facility at Texas A&M [Xu95]. Results suggest that

the reaction is useful for GT measurements even at this relatively low energy.
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Given the possibility of determining both transition strength and total spin transfer in

charged-particle angular distribution measurements it is likely that (d, 2He) studies will

be of great interest and importance in the future.

3.3.3 Heavy ion reactions

Over the past two decades a variety of heavy ions ranging from 6Li to 20Ne have been used

to investigate charge-exchange spin-flip transitions. Most interest has focussed on the (6Li,

6He) reaction as an analogue of the (p,n) reaction and (12C, 12N) as an analogue of the

(n,p) reaction. In both cases, the transition to the ground state of the ejectile requires a

spin change AS=1, so that only spin-flip transitions in the target are excited. In addition,

both 6He and 12N have only a single bound state, the ground state, which greatly simplifies

the interpretation of results.

In an early study of the (6Li, 6He) reaction [Wh75] at an energy of 34 MeV, it was concluded

that the observed transitions involved sizeable two-step contributions. In spite of this, a

correlation was noted between AL=0 cross sections and known GT beta decay strengths,

leading to the conclusion that the reaction should be useful for measurements of GT

strength. Several subsequent studies have investigated the reaction mechanism at higher

energies [A185, An86, Wi87, Wi90] leading to the conclusion that, for strong transitions at

least, a simple one-step direct reaction model is appropriate at incident energies greater

than about 25A MeV. In [Wi87] and in another study at 156 MeV involving known GT

transitions [Mo90] it was shown that zero degree cross sections were proportional to GT

strength, so that the reaction can be used as an alternative to (p, n) for measurements of GT

strength. The reaction has also been studied at an energy of 100A MeV [La94] where results
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very similar to those for intermediate energy (p, n) measurements were demonstrated for

target nuclei ranging from 12C to 208Pb.

Since 6Li has spin J=l , the (6Li, 6He) reaction permits measurements of tensor analyzing

power as in the (d, 2He) reaction. One such measurement has been reported at 32 MeV

[Re93] but the energy is too low to ensure a simple one-step reaction.

Comparable studies have been reported for the (12C, 12N) reaction. At an incident energy

of 35A MeV (Wi86), it was concluded that the cross section was dominated by two- step

contributions, but that the direct one-step reaction should predominate at energies above

50A MeV. In a theoretical study at energies between 30A and 100A MeV it was shown

that the energy at which the one-step reaction became dominant was state dependent, but

that two-step contributions were relatively unimportant for all states at the highest energy

[Le89]. The calibration of the reaction as a probe of GT strength has been investigated

at an energy of 70A MeV [An91] with the conclusion that the reaction should be a useful

alternative to (n,p) but that higher energies were required. This has been confirmed in

measurements of the 12C(12C,12N)12B reaction at 135A MeV [Ic94].

It is clear that heavy-ion charge-exchange reactions can provide quantitative measurements

of GT strength without the experimental problems associated with the neutrons in nucleon-

induced reactions. There are however other problems which up to now have limited the

usefulness of heavy-ion reactions. Some of these are the following.

(i) The momentum transfer Aq increases very rapidly with angle for heavy-ion reac-

tions with the result that angular distributions of most interest are compressed into

an angular range of a few degrees near 0°; and angular distributions for different
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AL transfers are difficult to discriminate. The necessary angular resolution may be

obtained by accurate ray-tracing in the detector, as shown in [Ic94] where the overall

resolution was less than 0.1°, but few systems currently have such capabilities.

(ii) The high energy required in order to ensure a simple one-step reaction makes it

difficult to obtain energy resolution much better than is currently available in (p. n)

and (n,p) reactions. For instance the most recent results show energy resolution of

850 keV for (6Li, 6He) at 600 MeV, and 700 keV for (12C, 12N) at 1600 MeV, to

be compared with about 300 keV for (p,n) at 100 MeV and 800 keV for (n,p) at

200 MeV.

(iii) The internal structure of the beam and ejectile introduce complications in the analysis

of results, though these do not lead to serious difficulties. It is also found that the

internal structure may contribute reaction amplitudes which are not related to GT

strength, but these have been shown to be small in existing data [An91].

(iv) Heavy-ion reactions tend to be localized near the nuclear surface because of strong ab-

sorption of both projectile and ejectile. This tends to favour transitions with AL>0,

and it is observed that resonances with AL=1,2 axe more prominent in heavy- ion

than in nucleon-induced reactions. It is also expected that resonances associated

with 2hu> excitations, such as the spin isovector monopole should be more promi-

nent, though this has not yet been demonstrated.

At first sight it would seem that in a surface reaction the AL=0 cross section would

not necessarily be proportional to GT strength. This is because GT transition den-

sities all peak at q=0 but for momentum transfers greater than If"1, the amplitude

shows a strong variation from state to state which should result in state-dependent
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variations in the ratio of cross section to GT strength along with an admixture of

cross section with AL=2. However, quantitative calculations using a strong- absorp-

tion model [Os92a] have shown that the AL=0 part of the cross section is almost

completely insensitive to momentum transfers greater than 0.8f-1, thus accounting

for the observed proportionality.

It is clear that heavy-ion charge exchange reactions can provide the same information about

spin-isospin excitations as from nucleon-induced reactions. It remains to be seen, however,

whether their experimental limitations can be overcome to permit significant extension of

existing results.
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4 Measurement of GT Strength

4.1 Direct Determination

The eaxly results from IUCF provided a convincing demonstration of the proportionality

between j5Pn(0 = 0°) an(^ *^e ̂ e t a decay strength B(/?~) for transitions between the same

states. It was shown that the ratio ?r-{9 = 0)/D, where D is the nuclear distortion fac-

tor (Eqn. (5)), was proportional to B(/?~) with a proportionality constant reflecting the

strength of the appropriate interaction. The effects of nuclear distortions were not negli-

gible, but the observed proportionality was taken as an indication that for energies above

about 100 MeV, they could be reliably calculated using the DWIA. In most subsequent

work, an alternative but equivalent statement of the proportionality was used, and the

experimental cross section written [Ta87]

^ W = 0) = a(Ep,A)B(a).

Here a labels a particular transition while the unit cross section a is the measured ratio

|^(q = 0)/B for an appropriate transition of known beta decay strength. It was assumed

that <T(A) is a constant for all transitions originating from a given target, and that its

A dependence could be calculated for neighbouring targets. The dependence on Ep can

also be calculated, or determined by measurements at different incident energies. With

either approach the important conclusion was that measurements of the (p, n) cross section

may be used to determine beta decay strength between states that are not energetically

accessible in beta decay.

From the outset it was recognized that the observed proportionality was affected by a

number of factors which could limit the reliability of strengths estimated from cross section
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measurements. The nature and magnitude of such effects are now discussed.

4.1.1 Correction for non-zero q in measured cross sections

This correction is relatively straightforward. For transitions with AL=0, the q dependence

of the cross section near q=0 goes as exp(-qR)2 where R is some characteristic length

comparable with the nuclear radius. This dependence is clearly shown in measured cross

sections, which may be used to estimate R. For a reaction Q-value equal to zero, data

taken at angles greater than zero can be trivially extrapolated to 0=0 corresponding to

q=0. For reactions with non-zero Q value, the required correction is given by the ratio

cT[)wiA(Q=cl:=0)/crDwlA(Q,^)- Although the magnitude of the DWIA cross section may be

sensitive to optical model parameters, the ratio is much less so and the resulting correction

should introduce small uncertainty in final results.

4.1.2 State dependence of a

The observed proportionality arises as a result of the fact that the spin and isospin structure

of the central part of the nuclear effective interaction Veff is the same as for the beta

interactions. However, the radial dependence of the interactions is different, and this can

lead to differences between nuclear and beta transition matrix elements which depend on

the particular states involved. In addition, the non-central parts of Veff will contribute

to the reaction cross section, with increasing importance as the momentum transfer q

increases. Such effects have been considered by Taddeucci et al [Ta87], with results shown

in Fig. 4. For GT transitions involving simple particle-hole transition amplitudes, the value

of & for a given mass number may vary by as much as 10% for different amplitudes. In
30



Fig. 4, the dashed line represents a DWIA calculation of the mean A dependence of a, and

the individual transitions show a standard deviation of about 7% about the mean. This

result suggests that for transitions to different final states the value of a would be subject

to an uncertainty of at least this magnitude, or, conversely that values of BGT extracted

from measured cross sections would have the same uncertainty.

Fig. 4 also shows calculated values of op = a(q = O)/Bp for Fermi transitions between iso-

baric analog states. In this case, calculations predict large differences between transitions

of the types j>,(j>)~i and j<, (i<) -1. These will be discussed in more detail later.

4.1.3 Dependence on A,EP

If the idea of a unit cross section is to be generally useful for determination of GT strength,

then its dependence on target mass must be known. This has been determined empirically

for nuclei in which a transition of known /? strength is excited directly in the corresponding

charge exchange reaction. For other nuclei it must be assumed that <3"(A) can be reliably

calculated with a model for the reaction.

The question of a suitable model has been investigated in considerable detail by Taddeucci

et al [Ta87]. They showed that experimental results at 120, 160 and 200 MeV can be

fitted by an expression of the form £(A) = C exp(-XAs). This form for the A dependence

is that predicted by the eikonal approximation, while the energy-dependent parameters

C and X were estimated by least-squares fits to data. The resulting fit at 160 MeV is

shown as the dashed curve in Fig. 5. For even-A targets the curve provides a reasonable

fit to the data, with deviations usually within the quoted experimental uncertainties. For

targets with A<60, these uncertainties are typically about 10%, which are not much greater



than the variation in the predicted state-dependence of a. For heavier targets, suitable

beta transitions carry little strength, resulting in rather large uncertainties in the small

measured (p, n) cross sections.

For many odd-A targets, the measured values of a are significantly greater than the curve

in Fig. Z, with particularly large deviations, ranging up to 50%, for masses A = 13, 15

and 39 [Wa85]. The cause of these deviations is not understood at the present time, but

it may be significant that the largest ones all involve mixed GT+F transitions between

isobaric analog states. In a number of non-analog transitions such as 37C1, [Ra81, We92],

51V [Ga83] or 71Ge [Kr85], the measured value of a is consistent with values for nearby

even-A nuclei. Even in the case of the 13C(p, n)13N reaction, the GT transition to the |~,

T = f state at 15.06 MeV yields a value of a = 9.8 ± 0.9 mb/sr [Mi91a] which is in good

agreement with results for 12C(p, n)12N.

4.1.4 Weak Transitions

In early studies of the proportionality between <7(q=0) and BGT it w a s noted that contribu-

tions to the cross section from non-central parts of the effective interaction would become

important if the GT strength was small [Ga81]. In this context, "small" was generally

taken as relative to the strength of pure single particle-hole transitions, which is of the

order of magnitude of unity. An estimate of the expected effect is shown in Fig. 6 from

[Ta88]. In this figure, a is calculated for transitions in which the GT matrix element is

decreased relative to the pure single-particle value for two cases, A=12 involving pi and

Pi states and A=29 involving d& and d,3 states. The results show that for j>,(j>)~i and

<)~* transitions a varies by less than a few percent for A=12, and less than 10% for
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A=29, for GT strength greater than about 1% of the single particle value. In contrast to

this behaviour, j o (j^)"1 transitions are strongly affected, with a increasing by a factor

of two for transitions with a few percent of the single-particle strength.

This problem has also been studied by Austin et al [Au94], who calculated a for states

populated in the 37Cl(p, n) reaction. Wave functions were calculated for the full (s,d) shell,

and reaction cross sections were calculated with DWIA including knock-on exchange. The

calculations showed that if only AL=0 transition amplitudes were considered, then a

shows variations of no more than about 10%, even for the weakest transitions. If AL=2

amplitudes are included, however, then calculated values of a frequently showed increases

of about 20%, and in one case by a factor of two, for transitions with BQT < 0.4. It is

usually assumed that AL=2 contributions can be identified by the characteristic shape of

their angular distributions and that a multipole analysis can be carried out to determine

the AL=0 part of the cross section. Austin et a/., showed, however, that the interference

of different transition amplitudes may result in an angular distribution that cannot be

represented as a simple sum of AL=0 and AL=2 cross sections. The conclusion was that

for transitions with a strength BQT less than a few tenths of a unit, the strength estimated

from (p, n) measurements was subject to large uncertainty, as much as a factor of two for

very weak transitions.

4.2 Comparison with Fermi Transitions

In heavy nuclei, GT transitions to nuclear ground states are weak, and the direct deter-

mination of <TGT is no longer feasible. One solution to this difficulty has been to calibrate

<7GT relative to <7p, the unit cross section for the Fermi transition.
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It is known that the Fermi transition excites a single state (or a compact group of states)

in the final nucleus, the isobaric analogue of the target ground state, with the known beta

decay strength Bp = N-Z. Using the model implied by Eqn.. (6) the ratio of cross sections

for GT and F transitions can be written

da(g = 0)GT = NGT\VGT(0)\2BGT (J)

da(q = 0)F NF\VF(0)\*BF ' l '

Thus a comparison of GT and F transitions in any suitable nucleus (14C is most convenient)

provides an experimental determination of the quantity

<7F ~ NF

The distortion factors can be calculated using DWIA. It is found that either factor alone

is subject to uncertainties of up to about 50% depending on the choice of optical model

parameters, but the ratio is largely unaffected by this uncertainty. Thus the ratio of

interaction strengths may be determined directly from the (p,n) cross section data. Mea-

surements of this ratio as a function of beam energy [Ta81, A186, Ra89, Su90] have been

reported over the energy range 50 MeV < Ep < 800 MeV, with results shown in Fig. 7

These results were obtained using the 14C(p, n) reaction in which strong transitions of

known strength can be clearly resolved. If it is assumed that this ratio is truly character-

istic of the free N-N interaction, then the GT unit cross section for other nuclei can be

determined from Eqn. (7).

Although this approach has often been used to calibrate <7GT> there is evidence that it may

be subject to large uncertainties at least for odd-A nuclei. In the energy range 50 MeV <

Ep < 200 MeV, data for a number of even-A nuclei show that the energy dependence of

the ratio of unit cross sections is ^GT/^F = R2(£p) = (Ep/E0)
2 with Eo = 55.1± 1.4 MeV
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[Ta81]. For many odd-A nuclei, however, a value EQ ~ 45 MeV is required [Wa91], and for

the 35C1 (p, n) reaction a value EQ — 35 MeV has been reported. In this case it has been

shown that the value of dp is smaller and £GT is larger than for the neighbouring nucleus

34 S. Thus what are expressed as differences in the energy dependence of the ratio may well

reflect an unexpected A dependence of ap and/or

Taddeucci [Ta 87] has noted that values of a? calculated by DWIA showed a strong de-

pendence on the assumed transition amplitude. In addition, the data of Fig. 5, from the

same reference shows that values of dp measured at 160 MeV for A>40 tend to lie close

to one of two curves. The one curve shown in Fig. 5 corresponds to a value K(EP) =

Ep/55 MeV. A similar curve fitted to the lower data points would imply Eo — 40 MeV.

Thus at 160 MeV, the experimental ratio <TGT/<?'F for heavy nuclei shows variations of al-

most a factor of two for different targets. The conclusion from this result must be that

estimates of GT strength in heavy nuclei based on a comparison with the Fermi transition

are considerably less certain than is often implied in discussions of experimental results.
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5 Gamow-Teller Giant Resonance

5.1 Strength Distribution

The results of Bainum tt af.[Ba80], for the reaction 90Zr(p,n)90Nb at 120 MeV exhibit the

typical features of the GTGR, as shown in Fig. 2b About 80% of the observed strength

is found in the peak centred near an excitation energy of 8.7 MeV, with a width of about

4 MeV. Most of the remaining strength is found in the peak at 2.3 MeV. The low-lying state

arises from a j>xj> (here g^j2 #9/2) transition while the peak at higher energy is associated

with the i>lj<(gvf2 97/2) transition. The residual particle-hole interaction shifts transition

strength from the lower to the higher state, while mixing with other more complicated

states results in the observed broad peak. A systematic study [Ga81] showed similar results

for a number of target nuclei in the mass range 90 < A < 208. For lighter nuclei, particularly

A < 40, the collective enhancement of the resonance strength is less pronounced, and the

strength distribution can be described in terms of a simple shell model.

The excitation energy of the GTGR and the main features of the strength distribution can

be readily accounted for by a TDA or RPA model of lp — lh excitations with a residual

p — h interaction. The important inputs for such a calculation are an estimate of single

particle energies, particularly the spin orbit splitting, and of the strength of the residual

interaction. In an early treatment, Bertsch [Be81] assumed a simple residual interaction

of the form V(l,2) = V«,T£(ri — r*2). Using observed excitation energies for the resonance

he concluded that the magnitude of VCTT was generally consistent with other estimates,

and that the observed strength distribution was accounted for. A similar approach by

Gaarde tt o/.[Ga81], concluded that the data could be fitted well with a value of Var
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= 245 MeV.frn3. In other, mostly later, treatments [Kr81]; [Br81]; [Iz83]; [Ch84]; the

particle-hole interaction was assumed to arise from one-pion plus one-rho exchange, plus

a pair correlation function to account for effects of other exchanges. In all these studies

it was concluded that the model gave a satisfactory account of the data using reasonable

values of model parameters.

Several calculations have also been reported in which a straightforward shell model is used

to model the GTGR. The first of these was by Gaarde et a/.[Ga80], to fit the location and

spreading of the "bump" observed in the 48Ca(3He,<)48Sc reaction at 66 MeV. Following

the publication of the results of Bainum et a/., for the 90Zr(p, n)90Nb reaction at 120 MeV,

Mathews et af.[Ma83a], showed that the observed distribution of GT strength was well

accounted for by a shell model calculation with a model space of the (2p, Ig) shells. An-

other calculation by Muto et a/.[Mu85], assumed a closed core of 88Sr with single particle

excitations into the (3s, 2d, lg) shells. Using single particle energies and two-body matrix

elements from fits to level schemes in that mass region, a satisfactory fit to the GT strength

distribution was obtained.

An understanding of the width of the GTGR requires an extension of the basic lp-lh

model to include mixing with more complex many particle - many hole excitations. In an

early calculation, Bertsch and Hamamoto [Be82a] used a schematic model to investigate the

effect of mixing with 2p-2h excitations. They concluded that the GT strength distribution

would be fragmented and spread over several tens of MeV in excitation energy mainly by

the tensor component of the p-h interaction. The shell model wave functions used in the

calculations of Mathews et a/., and Muto et al., contained components corresponding to

2p-2h excitations, and in both cases the authors showed that mixing of these with the
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lp-lh excitations led to a spreading of the strength distributions that was in reasonable

agreement with the data.

A number of RPA type calculations have also been reported in which the effects of 2p-2h

excitations are included. An early paper by Schwesinger and Wambach [Sc84] considered

the general problem, which was then followed by an application of their ideas to spin-isospin

excitations by Cha et oZ.[Ch84]. In the latter paper it was argued that it was not necessary

to consider excitations more complex that 2p-2h. In such a model space it was then shown

that a correlated one-boson exchange effective interaction was able to reproduce measured

GT strength distributions for ̂ Zr and 208Pb. In general, this spreading of GT strength

results in a decrease in strength at low excitations, as will be discussed in the following

section.

In summary, both the excitation energy and the shape of the strength distribution of the

GTGR can be readily accounted for on the basis of a model originally suggested by Ikeda

et oZ.[Ik63].

5.2 Transition Strength - The Missing Strength Problem

The transition strength of the GTGR is of great interest since the total strength is predicted

by the model - independent GT sum-rule, S~-S+ = 3(N-Z), while it may be determined

experimentally using charge-exchange reactions.

In the initial proposal of the existence of the GTGR, it was assumed that particle-hole

interactions had shifted strength from the low-lying states observed in beta decay to the

region of the giant resonance, which was energetically inaccessible to beta decay. The

total sum-rule strength was conserved however and would be observable with suitable
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experimental techniques. As early as 1963 it had been suggested [Ik63] that the (p,n)

reaction should provide the experimental capability. The first test of this possibility was

provided by the observation of the GTGR in the 90Zv{p,n) reaction at 45 MeV [Do75].

Although the resonance peak was superposed on a large background, the cross section of

the peak itself was estimated, and compared with DWIA predictions. It was concluded

that the measured cross section was consistent with the GT sum-rule.

With the higher energy available at IUCF, the GTGR was much more clearly defined

relative to background, and cross sections could be estimated with greater precision. In

a study of the 26Mg(p, n) reaction [B181], the measured cross section was compared with

shell model predictions using the full (sd) shell model space and it was concluded that only

about 60% of the predicted strength was observed. For a target of 42Ca, it is expected

that (n,p) transitions would be blocked giving S+ = 0, and S~ = 3(N-Z) = 6 units. The

strength distribution observed in the 42Ca(p, n) reaction [Go81] agreed well with shell model

predictions although the total strength observed up to an excitation energy of 30 MeV was

only 3.2 units. In further studies of 48Ca(p, n) and 90Zr(p, n) it was also concluded that

only 40 to 50% of the predicted strength could be identified.

For targets with A > 40, the GTGR is superposed on a continuum and in the above studies

it was initially assumed that the continuum represented a background to be subtracted

from the GTGR peaks. Calculations by Osterfeld [Os82] showed however that in the (p, n)

spectra at 0°, transitions with AL > 0 made very little contribution to the cross section in

the vicinity of the GTGR, indicating that the assumed background in fact was part of the

GTGR. This led to a significant increase in the estimate of GT strength, but measurements

on many targets up to A = 238 showed conclusively that 30 to 40% of the predicted GT
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strength could not be identified at excitation energies below 30 MeV [Ga83a]. This result

denned the "missing strength" problem.

During the previous decade there had been much speculation about the possible observation

of mesonic effects in nuclear structure [Er73, Rh74] and it was immediately pointed out

that this missing strength could be a signature of such an effect. In particular, it was

noted that the quantum numbers involved in GT transitions, AS = AT = 1, were the

same as those required for the excitation of nucleus to the A resonance. Thus the p — h

excitation involved in the GTGR could mix with A-hole excitations resulting in a shift of

GT strength to the region of the A resonance at an excitation energy of about 300 MeV.

Quantitative calculations [Os79, Bo80] of this effect were carried out using estimates of

the coupling between A-hole and particle-hole excitations based on coupling constants for

the (TT — A) and (n - N) interactions. In spite of the high energy of the A excitations it

was argued that this effect was important because all the nucleons in the nucleus could

participate in the A-hole excitation, while most particle-hole excitations corresponding to

the GTGR were blocked by the Pauli principle. The results of these calculations showed

that the missing strength could in fact be accounted for by this model.

This result was criticized on several grounds. Specht [Sp83] noted that the coupling be-

tween A-hole and particle-hole states was poorly known. The conventional estimate from

meson theory noted above was not reliable because exchange effects were much different

for the two types of interactions. It was also known that isoscalar spin-flip transitions show

a quenching [An84] similar to GT transitions even though the isoscalar excitations would

not be mixed with A-hole excitation. A different mechanism for quenching was pointed

out by Bertsch and Hamamoto [Be82a] as noted earlier. Calculations of GT excitations
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using a realistic particle-hole interaction showed that the tensor component of the force

produced strong fragmentation of the excitation with the resulting strength spread over

several tens of MeV excitation, where it would be difficult to identify experimentally. This

problem of identifying distributed strength is discussed later in Sec. 6.

The polarization of opinion on the cause of the quenching is illustrated in discussions at

a meeting in 1982. At that time, Rho [Rh84] argued that the A-hole mixing must be the

most important mechanism involved. Arima [Ar84] on the other hand argued strongly

that quenching could be accounted for by conventional nuclear structure effects such as

core polarization and configuration mixing. As early as 1954, Arima and Horie [Ar54] had

demonstrated the importance of 2 particle-2 hole excitations in fragmenting and spreading

the strength of simple excitations, and this idea had been extended in many subsequent

papers. Following the demonstration of the quenching of the GTGR, a large number of

theoretical studies were carried out in an effort to provide quantitative estimates of the

relative importance of A-hole excitations and conventional configuration mixing effects in

this quenching. A few of these are described below, and references to other work are given

in those discussed here.

Towner and Khanna [To83] carried out a careful investigation of GT and Ml matrix el-

ements in (closed-shell ± one nucleon) nuclei at A = 16 and A = 40. For such nuclei,

first order corrections to the matrix elements vanish, and second order corrections arise

mainly from non-central components of the effective interactions. The calculation included

second-order core polarization, meson-exchange currents and isobar currents. The effective

interaction was taken as a one-boson exchange potential, and the second order corrections

were carried out explicitly to excitations of 12 hw and then extrapolated to infinity. The
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final results showed reasonable agreement with experiment, especially in the light of the

fact that extensive cancellations occurred among the eight terms contributing to Ml ma-

trix elements and among the nine terms for GT. The authors concluded that while isobar

excitations contribute to quenching they are not the dominant effect. They also presented

a careful discussion of the uncertainties in their results arising from the model used in the

calculations.

In a subsequent calculation Cha et a/.[Ch84], concluded that 2p-2h excitations alone could

not account for the observed quenching below 40 MeV excitation. A similar calculation

by Droidi et a/.[Dr86], concluded that the inclusion of A excitations would reduce the

calculated strength below experiment. They noted however that direct coupling of the

ground state to 2p-2h excitations would be expected to increase the calculated strength

and that satisfactory agreement with experiment should be obtained without a contribution

from A excitations.

In most studies, the GT strength extracted from experimental spectra was compared with

theoretical calculations. However, Osterfeld et aZ.[Os85], took a different approach in mod-

elling the complete spectrum which was then compared with experiment for 90Zr(p, n)90Nb.

Structure calculations were carried out for all isovector spin excitations up to AJ* = 5+,

and the resulting wave functions were then used in DWIA to calculate (p, n) cross sec-

tions. These cross sections were normalized by comparison with calculations of the cross

section for the 42Ca(p, n)42Sc reaction. The authors concluded that the experimental spec-

tra could be accounted for without invoking a quenching from A-excitations. They noted

that this conclusion could be modified if the measured cross sections included substantial

contributions from core excitations in the target, and suggested that a measurement of the
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90Zr(n,p) cross section would provide a definitive test of the importance of A-excitations.

A very similar calculation by Klein et a/.[K185], concluded that mixing between \p — \h

and 2p — 2h excitations provides the most plausible explanation for the quenching.

More recently, measurements of the (e, e'p) reaction [Hu90] have shown that only 60-70%

of the single particle strength can be identified. A number of theoretical studies [Vo91,

Ne92, Ne95] have shown that, in general, quasi-particle excitations mix strongly with more

complex excitations, with the result that the single particle strength, or response function,

is spread over an excitation energy region extending beyond 100 MeV. This spreading of

the single-particle strength leads to a quenching of particle-hole excitations of all angular

momenta. The specific treatment of GT and spin-dipole excitations has been discussed

in detail for targets of 48Ca and 90Zr [Ri93, Ge94]. Because of excitations in the target

ground state, it was calculated that the total GT strength in 48Ca (p, n) is 30 units, 6

units greater than the sum rule limit 3(N-Z). Only 14.5 units, or 60% of the sum rule, lie

below 20 MeV excitation however, with the remainder spread more or less uniformly up

to 80 MeV. The GT strength in 48Ca (n,p) is then 6 units which is spread over a similar

energy range with a density of about 0.1 unit/MeV.

The general conclusion is that this spreading of single-particle strength provides an under-

standing of much, if not all, of the phenomenon of quenching in nuclear physics. While

A-excitations cannot be completely excluded, it appears that any contribution of this sort

accounts for only a small fraction of the total quenching.

What then is the possibility of experimental verification of the fragmentation of GT

strength described above? In a word, it is slight at best. At high excitation the mo-

mentum transfer, even at zero degrees, becomes large enough that the tensor component
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of the effective interaction becomes dominant relative to the ar component. As a result,

in the (p, n) reaction the cross sections for transitions with AL > 0 become large and

tend to dominate the spectrum. Since experimental angular distributions are no longer

forward peaked for high excitations the identification of the AL = 0 component of the

cross section becomes subject to large experimental uncertainties, as discussed in Sec. 6.

At the same time, AL = 0 contributions arising from the isovector monopole GR, a 2hw

excitation are expected to appear. Thus, even if AL = 0 strength is identified it cannot

be unambiguously related to the GTGR. This problem has been considered in some detail

by Raywood et a/.[Ra90].

The final conclusion must be that it is very unlikely that much of the missing GT strength

can be identified experimentally. However, a wide range of theoretical studies has now

concluded that most, if not all, the observed quenching can be understood within the

framework of conventional nuclear structure calculations using large vector spaces and

realistic effective interactions. The role of A-excitations is at most a small contribution to

the total effect.

5.3 f3+ Strength and the (n,p) Reaction

The foregoing sections have focussed on the (p,n) reaction and the measurement of f3~

strength. However, the GT sum-rule involves both f}~ and (3+ strength and may be written

S~ = Z(N -Z) + S+

In nuclei with a large neutron excess, allowed /3+ transitions are strongly suppressed by

Pauli blocking, so that a knowledge of S+ may not be needed in comparing measured values

of S~ with the limit 3(N — Z). Indeed the demonstration of the missing GT strength in
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(p, n) reactions, did not require a measurement of S+. In general, however, a knowledge of

S+ is needed for a quantitative comparison with the sum-rule. In addition, a knowledge of

the GT strength distribution for fi+ transitions is important in a number of other areas.

Given the symmetry between (p,n) and (n,p) reactions it is expected that the relation

between (n,p) cross sections and corresponding /?+ strength will be the same as that

between (p, n) cross sections and (3+ strength. Measurements of anp(Aq = 0)/J3+ for

strong GT transitions have been carried out for targets of 6Li, 12C and 13C [Ja88] and the

results bear out this expectation. In the case of 13C the comparison must be made with the

(p, n) transition to the first T = 3/2 state of 13N, the analog of the 13B ground state. In a

later, more detailed study [Mi90] a comparison of (p, rc), (p,p') and (n,p) reactions on 6Li

and 12C was able to conclude that isospin was conserved between the different reactions,

within the experimental uncertainty of 3%. The other relevant measurement, in the 64Ni

(n,p) reaction [Li91, Wi95], is in reasonable agreement with results of (p, n) measurements

in the mass region near A = 60, but the existence of a 1+ state at an excitation energy

of about 300 keV in the final nucleus 64Co introduces a rather large uncertainty in this

conclusion.

Given the correspondence between (n,p) and (p, n) cross sections where useful comparisons

are possible, it is generally assumed that GT+ strength distributions can be deduced from

(n,p) measurements using the ratios apn/B~ for which extensive data are available. Of

course, the problems expected for weak transitions with this approach would be the same

for (n,p) as for (p,n) studies.
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5.4 Experimental Results of GT Studies

In the foregoing, the emphasis has been on the problem of measuring GT strength distri-

bution, and on understanding the significance of the missing strength. A number of other

interesting problems in nuclear physics involve GT transitions however, and some of these

will be reviewed briefly.

5.4.1 Effective Interactions

Much of the initial interest in (p, n) studies was motivated by the possibility of determining

the properties of the Fermi and GT parts of the effective interaction Vp = VT and VGT = K,

as discussed earlier. The IUCF results showed that at intermediate energies, interaction

strengths could be extracted from the forward angle (p, n) cross sections with much less

uncertainty than at low energies. They also provided a striking demonstration of the strong

energy dependence of the ratio of the strengths between 60 and 200 MeV [Ta81] which

motivated a number of theoretical investigations.

Love [Lo80] and Petrovich [Pe80a] showed that the measured ratio was reproduced quite

well with a G-matrix interaction, and soon afterwards Love and Franey [Lo81] showed that

a ^-matrix interaction derived from measured nucleon-nucleon phase shifts also gave a good

fit to the data. The observed energy dependence was shown by Brown et a/.[Br81a], to

arise naturally in a one-boson exchange model with ir and p mesons. The actual magnitude

of their calculated ratio was in fair agreement with the results of Love and of Petrovich,

and with the data up to 200 MeV.

Measurements of the ratio were later extended to 450 MeV at TRIUMF [A186] and to
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800 MeV at LAMPF [Ki86], [Su90]. At energies above 200 MeV, the calculated ratio did

not fit the data as well as at lower energies, and it was shown that the disagreement arose

mainly because of difficulties in calculating Vj?, the Fermi part of the interaction. This

arises from a second order exchange [Br81a] and is much more sensitive to finite density

effects and other details of the calculation than is the GT part which arises mainly from

one-boson exchange. The calculated magnitude of VQT appears to be in good agreement

with experiment [A189].

It should be noted that the measured values of Vp and VQT have all assumed that at small

momentum transfer only the central parts of the effective interaction need be considered.

Love et o/.[Lo87] have shown however that the ratio of cross sections for the GT transitions

in 14C(p, n)14N are sensitive to the non-central parts of the interaction, and also to the

optical model spin-orbit interaction. Thus the theoretical comparisons with VGT are more

significant than with the ratio VQT/VF-

hAJl Nuclear Structure — Model Comparisons

GT transitions and strength distributions from (p, n) and (n,p) studies now provide a

large body of experimental data for a well-defined simple nuclear excitation. As such they

have been of considerable interest for shell model comparisons. In principle, the (n,p)

results should be of particular interest, since the blocking of fi+ transitions for nuclei with

N > Z makes the model predictions very sensitive to the choice of shell-model effective

interactions [Wi84].

Many reported measurements of GT strength distributions have included model compar-

isons. For lp and (2sld) shell nuclei, calculations can be carried out in the full Ohu model
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space, and the results usually show reasonable agreement with the data, although the mea-

sured strength is typically only about 60% of the model prediction. Typical results which

illustrate such a comparison may be noted for 10B [Wa93], 16-18O [Me94], 26Mg [Ma87] and

32S [An87].

For (2p If) shell nuclei, with the energy resolution available, discrete final states are rarely

observable. Furthermore, calculations can only be carried out in a truncated model, but it

is found that the main features of the measured distributions are reproduced fairly well. In

this mass region, some typical results for (p, n) studies are those reported for 40Ca [Ch86],

42Ca [G08I], 51V [Ra84] and 54Fe [Ra83], [Ve89]. For the (n,p) reaction the quality of the

model comparison is exemplified by results for 40Ca [Pa92], 45Sc [A191], 55Mn, 56Fe and

58Ni [E194] and again 54Fe [Ve87]. For all these comparisons except 42Ca and 45Sc, the

calculations must be renormalized by a factor of about 0.3 as a result of the truncation of

the model space.

5.4.3 Electron Capture

An interesting application of the (n,p) reaction has been in the measurement of GT tran-

sition rates required in calculations of presupernova stellar collapse [Be79]. In the late

stages of the evolution of a massive star, most of the core has been converted to elements

in the Fe-Ni region. At this point no further energy can be generated by nuclear reactions

in the core, and much of the support for outer layers of the star is provided by the pressure

of the degenerate electron gas in the core. In the absence of an energy source, the core

contracts and its temperature rises. Eventually the thermal energy of the electrons is large

48



enough that electron capture becomes important:

ZA + e~ -* Z~XA + v

Once this process starts, the loss of core electrons, plus the additional loss of energy via

neutrino emission leads to collapse of the star and possible supernova formation. In order

to model the onset of collapse a knowledge of transition rates for electron capture on nuclei

in the core are required.

In early model calculations [Fu85] the necessary strength distributions were estimated

using a very simple nuclear model, since little experimental information was available.

However, with the development of facilities for intermediate energy (n,p) measurements,

it has become possible to measure some of these strength distributions and so test the

validity of the earlier models. In the (fp) shell measurements of GT+ strength have been

reported for 45Sc [A191], 48Ti [A190], 51V, 59Co [A193], 54Fe [Ve89], 55Mn, 56Fe, 58Ni [E194],

eo,62,64Nj [Wi95], and 70-72Ge [Ve92j. Calculations of electron capture rates using some of

these new results have been carried out and compared with results of earlier calculations

[Au93]. For some nuclei there is little difference, but for 59Co for example the new result

leads to a reduction in the calculated rate by a factor of at least 4.5.

It should be noted that the astrophysics calculations involve unstable as well as stable nu-

clei. Also, at the temperatures reached in the collapsing core, nuclei will undergo thermal

excitation so that strength distributions for excited states are also required. Thus, the

available data should be viewed as calibrations for model calculations of GT+ strengths.

Conventional truncated shell model calculations have been carried out, and comparisons

with data are discussed in the experimental papers noted. The overall agreement between

theory and data is generally reasonable, but it would be desirable to have a better under-
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standing of the derivations and the extent to which they could point to shortcomings in

the model. Some work in this direction has been reported [De94, La95] using a shell model

Monte Carlo approach which permits calculations to be carried out in a full (fp) model

space. The results show good agreement with measured GT+ strength distributions with

the same quenching as is found for such comparisons in (sd) shell nuclei.

5.4.4 Calibration of Neutrino Detectors

The measurement of the neutrino flux from the sun involves the absorption of neutrinos

in a GT transition:

and the calibration of detector efficiency requires a knowledge of the GT strength distri-

bution for the target nucleus. In the initial experiment in this field the detector was 37C1,

with the GT strength for the ground state transition known from the electron-capture de-

cay rate of 37Ar. The strength of excited state transitions was inferred from the /?+ decay

of 37Ca[Se 74] with the assumption of isospin symmetry between the 37Ca —• 37K and the

37C1 —> 37Ar transitions. The detector is sensitive mainly to the high-energy neutrinos

resulting from the decay of 8B in a minor branch of the solar energy production cycle.

Following the demonstration of the deficit of 8B neutrinos[Ro 85] there has been widespread

interest in the problem of detecting solar neutrinos, especially the lower energy neutrinos

arising from the basic p — p cycle. Detectors have been proposed based on 71Ga[Ba 78],

81Br[Ba 81], 98Mo[Co 82], n5In[Ra 76] and 127I[Ha 88], The (p,n) reaction has been used

to measure the distribution of GT strength for most of these.
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The most interesting case is 71Ga, since this is used in the GALLEX detector [An92]. In

this case the (p, n) results [Kr85] yield a strength of 0.085 ± 0.015 units for the ground state

transition, compared with 0.091 units determined from the decay of 71Ga. In addition, an

excited state at 0.5 MeV carries a strength of 0.010 ± 0.005 units and the total strength

up to the particle emission threshold (7.4 MeV) is 4.3 ± 0.7 units. In the 98Mo(p, n)98Tc

reaction, BGT = 0.44 units is measured for an unresolved group of states near the ground

state [Ra85]. However, since no low-lying 1+ states have been identified in 98Tc, it is not

possible to use this measurement to estimate the sensitivity of the proposed detector for

low energy neutrinos. For 115In, a state of spin 7/2+ at 0.614 MeV in 115Sn has BGT =

0.17, with very little additional strength to any level below about 4 MeV. For the 127I (p, n)

reaction [Wa91] full details of the strength distribution are not given, but it is claimed the

measured strength is substantially less than earlier estimates [Ha88] which means that the

sensitivity of the proposed 127I detector would not be much different than that for 37Ce.

It is of some interest to note that the 37C1 (p, n) reaction was also studied[Ra 81] and sig-

nificant discrepancies with the 37Ca decay results were found. Although the discrepancies

had only a small effect on the calculated efficiency of the 37C1 solar neutrino detector, it

led to the suggestion that the (p, n) reaction did not provide a reliable determination of

GT strength[Ad 91]. As a result of this problem, further measurements of both the (p, n)

reaction [We 92] and the 37Ca 0 decay [Tr 95] were carried out and the source of most of the

discrepancy identified as the unexpected gamma decay of a proton-unbound level in 37K.

The remaining disagreement is probably the result of uncertainties in the (p, n) results for

weak transitions as discussed earlier.

Clearly the (p, n) measurements have been helpful in assessing the feasibility of new pro-
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posals, such as for the 127I detector. In every case, however, the low-lying states of interest

carry only a small amount of GT strength so that its determination via the (p,n) reaction

is subject to the uncertainties discussed earlier. It appears likely the final accurate cali-

bration of detector response must involve the use of strengths determined from beta decay,

or directly by neutrino absorption using a radioactive source to provide a known flux of

neutrinos, as has been done for the 71Ga detector [An95].
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6 Beyond GT Strength: Multipole Analysis

The measured spectra in (p, n) reactions show transitions to discrete states or broad res-

onances exhibiting forward peaked angular distributions which are fitted satisfactorily by

DWIA calculations for AL = 0. The forward peaking is the characteristic signature of

transitions with AL = 0, and these transitions are clearly identified as part of the GT

strength. The problem of identifying GT strength at higher excitation where angular dis-

tributions are not forward peaked, and usually are not characteristic of a single L-transfer,

is often approached through a multipole decomposition analysis (MDA). The ideas behind

this process have been discussed by Moinester [Mo87], and applications are illustrated in

a number of analyses of experimental data, both for (p, n) [Ra84, Pa92, Me94] and (n,p)

reactions [Ra90, A193].

In the MDA, measured spectra at several angles are used to construct angular distributions

of the differential cross section as a function of the excitation energy in the final nucleus.

For each energy bin, it is assumed that the measured angular distribution can be fitted by

a sum of cross sections arising from different spin transfers:

dcr(d) dtr(theta)
\ = Hjaj J3 \ e x p = Hjaj* , J » •

aw aw

In this expression, the cross section for each value of J* is the result of a DWIA calcu-

lation, while the coefficients &j are determined by a least squares fit to the data with

the constraint that each coefficient must be non-negative. Since the number of angles at

which measurements are made is limited - usually no more than six in typical intermediate

energy charge exchange-experiments - the number of terms in the sum must be small in

order to carry out a meaningful least-squares fit.
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Characteristically, the data-taking in these experiments is limited to the forward direction,

to angles less than 20°, with the consequence that small values of the orbital angular

momentum transfer will be the most important. For a (p, n) reaction on a nucleus with

A = 60 at 200 MeV, the condition ALmax = Ak R gives an estimate of ALmax ~ 4. For

a target nucleus with A = 238 at 300 MeV, the same condition gives ALmax ~ 8. Since

spin-flip transitions are known to be strong at these energies, for A = 60 transitions would

be expected for AJ* = 0+, 1+ (AL = 0); 0", 1~, 2~ (AL = 1); l+,2+,3+ (AL = 2);

2-, 3~, 4- (AL = 3); and 3+,4+,5+ (AL = 4), a total of fourteen AJ-values in all.

However, it is known that nuclear reaction angular distributions are characterized mainly

by the orbital angular momentum transfer, AL, and are only weakly dependent on the

total angular momentum transfer, AJ. This justifies the restriction of the number of terms

in the least-squares fit to the number of AL-values involved. This point is illustrated in

Fig. 8, where calculated angular distributions for AL = 1, AJ* = 0~,l~,2~ for lp-lh

transitions expected to be important at low excitation energies, i.e., (nfi)~1(vgi) for 0~,

and (TT/I)~1(vfi) for 1~ and 2~. The main peak of the angular distribution occurs at

about the same angle for 1~ and 2~ transitions, and at a slightly smaller angle for the 0~

transition. The magnitude of the peak cross section is about the same for AJ ' = 1~ and

2~, and somewhat less for the 0" case. From this it is concluded that all contributions

with AL = 1 can be adequately represented by a DWIA angular distribution for AJ* = 1".

In passing, it is noted that the difference in angles at the peak of the 0~ and 1~ angular

distributions decreases as the mass number of the target increases.

Comparable results are found for transitions with AL = 2, 3, 4 and it is usually assumed

that the representative shape for each of these is given by a DWIA angular distribution
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for AJ = AL or AL + 1.

It should be noted here that except for AL = 1, spin-flip transitions with AJ = AL - 1 can

also be excited with orbital angular momentum AL' = AL-2. Thus in general, unnatural

parity transitions will occur with a coherent mixture of two orbital angular momentum

transfers, and the shapes of the DWIA angular distributions might be expected to show the

effect of interference between the two contributions; however it is found that the angular

distribution for a given AJ is similar to that for the smaller of the two allowed values of

AL. It is also found that the DWIA shapes for unnatural parity transitions show somewhat

more variability in their dependence on the assumed transition amplitude than do natural

parity transitions with AJ = AL. This presumably reflects the effects of the interference

in AL.

Other inputs required for the DWIA calculations are the optical model potentials, the

nucleon-nucleon interaction responsible for creating the p-h excitation, and the one body

density matrix elements (OBDME) involved in the transition.

For the purposes of the MDA, the results of DWIA calculations are insensitive to the

choice of effective interaction and optical model potentials. The magnitude of the cross

section depends on these inputs, but the characteristic shape of the angular distributions,

i.e., the location and width of the primary peak, is not significantly sensitive to reasonable

variations in either optical potentials or effective interaction. The effects of such changes

are illustrated in [Me94]. On the other hand, details of the distributions are affected; in

particular the magnitude of the cross section at 0° for transitions with AL > 0 is sensitive to

distortions in the scattering channels, i.e., the optical potentials. This point is particularly

important in estimating GT strength at high excitation energy, as is discussed later. In
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the calculations described below the Franey-Love N-N interaction [Fr85] was used. Optical

potentials were calculated by folding this interaction with nuclear charge distributions from

electron scattering. All the DWIA results of this section were calculated using the code

DW81 [Co84].

The OBDME may be obtained as the result of a model calculation, particularly for lighter

nuclei. Another approach is to "use a transition amplitude generated by the application

of an appropriate excitation operator to the assumed target ground state. The simplest

procedure, which is often used, is to assume a simple lp-lh transition involving the single

particle states expected to be most important in the region of excitation of interest. Al-

though this may appear a rather drastic approximation, it turns out to be a reasonable

one. DWIA calculations show that the main features of the angular distribution shapes

for given AJff are not very sensitive to the choice of the OBDME. This is illustrated in

Fig. 9 which shows results for AJ7" = 1~ for a variety of single p-h transition amplitudes.

To the extent that the AJ dependence of transitions of given AL can be ignored, it would

appear reasonable to use such a simple approximation in the calculations. This approach is

reasonable for small values of AL, but becomes increasingly questionable as AL increases.

For one thing, the angular separation of the peaks for successive values of AL decreases as

AL increases, as is seen in Fig. 10. For another thing, it is found that the DWIA shapes

for a given AJ = AL show increasing sensitivity to the assumed transition amplitude as

AL increases. As a result of these two tendencies, there is an increasing systematic un-

certainty in cross section estimates as AL increases, and the MDA procedure becomes of

questionable value for values of AL > 3.

As a consequence of the above discussions, the series which is least-squares fitted to the
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experimental differential cross sections is given by

da(6)
• (8)

As discussed earlier, the calculated cross section for a given L is the DWIA result for

AJ = L, except L = 0 for AJT = 1+. Some typical results are shown in Fig. 11 for a MDA

of data for the 51V(n,p)51Ti reaction at 200 MeV. In this case it was assumed that the data

could be represented as a sum of four terms with AL = 0,1,2,3, AJ = 1+, l~,2+ ,3~. The

assumed transition amplitudes were {if f i)'1 (v f b.) for l + , 2 + and (irfi^tyg*) for 1~,3~,

and the shapes are shown in Fig. 10. The MDA provides a good fit of the measured spectra

at the five smallest angles. At 20.7°, the calculated cross section is less than the data; this

indicates the need for a further term, AL = 4, in the analysis. It is also of interest that

the AL = 2 contribution is small.

Another representation of these results of the MDA is shown in Fig. 12, where the cross

section is plotted for each value of AL at the angle closest to the peak of the DWIA

distribution for that value. The error bars in this figure represent the uncertainties in

the least-squares fit arising from statistical uncertainties in the data. An indication of

uncertainties arising from the assumption of a particular p-h transition in the DWIA

calculation is shown in Fig. 13. Here, the cross sections for AL = 0 and AL = 1 are

shown for different choices of the p-h transition in the AL = 1 contribution. The error

bars again reflect statistical uncertainties in the data, while the different curves show the

effect of changing the DWIA shapes. At low excitation energy, where the measured angular

distributions show a clear forward peaking, the estimate of AL = 0 cross section is not

sensitive to the choice of DWIA shapes. However, at high excitation, the AL = 0 cross

section depends sensitively on the ratio <7(0°)/cr(peak) for the L = 1 DWIA shape. The



large AL = 0 cross section is obtained using the L = 1 shape for the transition amplitude

(ndi )~l(vfb), which is seen in Fig. 9 to have a small value for the ratio. At the same

time, it is seen that the estimate of AL = 1 cross section is not much affected by choice

of DWIA shapes. The conclusion that may be drawn from this is that the cross section

for a given component is determined with an uncertainty arising from statistics, in the

region of excitation in which that component is dominant. In regions in which a given

component makes only a small contribution to the cross section, then the results of the

MDA become sensitive to the details of the DWIA shapes and the magnitude of that

component may be much more uncertain that the statistical estimate of the MDA would

indicate. Thus the component with AL = 0 is well determined up to an excitation energy of

about 8 MeV, but is very uncertain at higher energies. Similarly, the AL = 1 contribution

is well determined up to an excitation energy of about 15 MeV. At higher excitation, the

AL = 3 contribution becomes large, and the magnitude of the AL = 1 component from

the MDA becomes sensitive to details of the DWIA shapes for both AL = 1 and AL = 3.

Note that the shape for AL = 3 was not varied in the results shown in Fig. xx.

An example of the result obtained in using the MDA for a heavy nucleus, where there is

no large GT-peak, is shown in Fig. 14 for the 12OSn(n,p)12OIn reaction [Lo95], measured at

300 MeV. In this case the cross section is plotted for each value of AL (0 < AL < 3) at

the angle of measurement which is closest to the peak of the DWIA distribution for that

value of AL. In this reaction, the ALmax = 6; however, only the values of AL < 3 are of

interest. To minimize the number of terms in the series in AL was a composite one, for

AL = 4, 5, 6; AJ = 4+,5~,6+. The error bars in the figure represent the uncertainties in

the least squares fit arising from statistical uncertainties in the data.
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The MDA does not provide a routine that can be applied casually to any data set. In

practice it requires some care to establish that the p-h amplitudes used in the DWIA are

reasonable, and that the resulting shapes are indeed characteristic of the AL transfers

used in the analysis. Properly applied, the procedure provides a useful measurement of

the dominant low-multipole components of the data. Small contributions may be identified

and semi-quantitative estimates of their strength may be obtained, but the uncertainty in

such estimates is very difficult to quantify.
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7 Spin Dipole and Higher Multipole Transitions

The previous section has discussed the relation between allowed GT beta decay transitions,

mediated by the transition operator OT±, and the cross section for charge exchange reac-

tions with AL = 0. This section will consider the corresponding relation for first-forbidden

GT beta transitions and charge exchange reactions with AL = 1.

The first identification of a dipole transition excited by the (p,n) reaction was by Bainum

et a/.[Ba80] in the same paper in which they showed the strong excitation of the GTGR

in 90Zr (p, n) 90Nb at 120 MeV. They noted a broad peak at an excitation energy about

9 MeV above the GTGR with an angular distribution characteristic of AL = 1 transfer.

This excitation is about 4 MeV lower than the location of the 1~ T = 5 analog of the

known El GR in 90Zr, and it was suggested that this state is the T = 4 anti-analog of the

El GR.

The systematics of this excitation were investigated by Sterrenberg et o/.[St80] using the

(p, n) reaction at 45 MeV. Though the excitation of spin-flip transitions is less prominent

at this energy than at 120 MeV, they were able to identify the GTGR and the AL = 1

resonance in sixteen targets ranging from 90Zr to 208Pb. Both resonances shifted towards

the IAS with increasing A, leading the authors to conclude that the shift resulted from the

change in isospin splitting between T and T-l states. Soon after this, Horen et a/.[Ho80]

measured the cross section for excitation of the AL = 1 resonance as a function of incident

energy in the 208Pb (p, n) reaction. The energy dependence was the same as for the GTGR

leading to the conclusion that this was a spin excitation, the spin-dipole giant resonance.

The properties of the spin-dipole giant resonance were investigated further by Gaarde
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et a/.[Ga81], using data from the (p,n) reaction on targets of mass 40 < A < 208 at

200 MeV. In each spectrum, a peak was observed at an excitation energy several MeV

above the GTGR, with an angular distribution characteristic of AL = 1 transfer. The

excitation energy of the peak was fairly well defined, but the cross section was uncertain

because of the large background beneath the peak.

For the spin-flip transitions with AL = 1, the spin dipole giant resonance (SDGR) would

contain three components representing total spin transfers AJ = 0,1,2 arising from the

transition operator OSD ~ r(Y\ ® <?)&j*=o,\,2-T-- They showed that for each AJ value a

sum rule analogous to the GT sum rule could be derived for O+ targets.

S(_J) _ S(+J) = (2J
~~. ^- ' -^neutron excess
4TT

It was claimed that the (p, n) cross section at the peak of the AL = 1 angular distribution

(~ 5°) was approximately proportional to the square of the spin-dip ole matrix element,

independent of AJ transfer; and they also showed that a schematic RPA model was able

to account for the general features of the A-dependence of the total cross section and

excitation energy of the SDGR.

The structure of the SDGR was investigated in more detail by Osterfeld et a/.[Os81], in an

RPA calculation of isovector excitations arising in the 208Pb (p, n) 208Bi reaction assuming

F, GT, El and spin-dipole excitations. They showed that the strength of the transitions

to states with J* 0+, 1 + , 0~, and 1~ (AS = 0) were all concentrated in a single state.

The 1~ (AS = 1) strength was fragmented, though the state at highest excitation carried

much of the total strength. The 2~ states showed little collectivity, with strength spread

fairly uniformly from about 18 to 26 MeV excitation. The lack of collectivity for the 2~

states was explained by the fact that the nuclear transition density for these states was
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peaked at a momentum transfer of about Aq ~ 1 fm *. At this momentum transfer,

the UT particle-hole interaction is much weaker than at Aq ~ 0, with the result that the

collectivity of such states is reduced. A number of subsequent RPA calculations have been

carried out to study the structure of the isovector spin response for AL = 1 excitations

[Au84, Wa88]. The different treatments involve somewhat different model assumptions

and approximations, but all reach conclusions similar to those of [Os81].

The effect of 2p-2h excitations in the target ground state has been calculated by Sagawa

and Brown [Sa84]. For 12C they conclude that such excitations have the effect of quenching

low-lying strength by about 25%. The effect of 2p-2h excitations in the final state has been

considered by Drozdz ei a/.[Dr87] with the conclusion that mixing between lp-lh and 2p-

2h results in a large asymmetric spreading of the strength of the resonances, with about

30% of the total strength shifted to excitation energies greater than 35 MeV. Thus, the

mechanisms responsible for the missing GT strength are calculated to have much the same

effect on the spin-dipole resonance.

7.1 Experimental Results

A number of studies dealing specifically with dipole transitions and the SDGR have been

reported but the interpretation of the results is hampered by the difficulty of identifying

contributions from the different J components. DWIA calculations show that angular

distributions for (p, n) or (n,p) transitions with A3n = 1~ or 2~ are quite similar, and

would not distinguish between these. The angular distributions for AJT = 0~ show a

characteristic shape, but the cross section per unit transition strength is predicted to be

at least a factor of 3 less than for other components, so that 0~ transitions would tend to
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be hidden by the other AL = 1 transitions.

In principle, a measurement of suitable spin observables would permit the identification

of the AJ of the transition [Ta87a]. The simplest observable to measure in the (p,n)

reaction is the analyzing power Ay, but it is found that this observable is more sensitive

to nuclear structure than to the value of AJ [Wa87]. The spin-transfer coefficient Dnn,

which is measured in the (p, n) reaction is predicted to depend on AJ in such a way that a

measurement of Dnn, along with AL (from the angular distribution) generally provides a

unique determination of AJ. This prediction has been confirmed for F and GT transitions

on many nuclei [Ta87a] and has been applied in studies of the SDGR.

A careful study of spin-dipole strength in the 12C (p, n)12N reaction has been carried out by

Gaarde et a/.[Ga84]. They reported prominent peaks in the spectrum at excitation energies

of 4.2 and 7 MeV in 12N, which showed angular distributions peaked near 8°, characteristic

of AL = 1 for 12C. In addition, the continuum between 7 and 19 MeV excitation showed

an angular distribution for AL = 1. The peak at 4.2 MeV was identified as arising mainly

from a 2~ state which was predicted in model calculations. This assignment is supported

by the identification of the analogue state at 19.4 MeV excitation in 12C in the 12C(e, e')

reaction [Dr68]. The peak at 7 MeV was identified as arising from transitions to several

1~ states which were predicted in the same calculation which was based on an extension

of the Cohen-Kurath model [Co65] to 1 hw excitations [He83]. DWIA calculations were

carried out using the model wave functions, and the results provided a good fit to the

measured cross section for AL = 1 transitions. It was noted, however, that the calculated

ratio cr/B(AL = 1) showed a strong dependence on AJ. This means that the model results

may be compared with the data, but that the AL = 1 strength cannot be extracted from
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the data in a model-independent way as for AL = 0 strength.

It is interesting to note that a later study of the 12C (p, n) reaction [Pa92] showed that the

measured value of Dnn was consistent with the assignment of J* = 2~ for the 4.2 MeV state,

but not with the assignment of 1~ for the 7 MeV state. This result has been confirmed in

a study of the analogue states excited in the 12C (d,2 He) reaction [Ok95] in which case a

measurement of the tensor analyzing power provides the J discrimination.

Another case in which a serious effort has been made to identify the components of the

SDGR is in the case of the 160 (p,n) and 40Ca (p,n) reactions [Wa94]. For both cases,

the measurement of Dnn provides an indication of the J-dependence of the cross section

which is consistent with results of a TDA-DWIA calculation. Of particular interest is the

identification of the elusive J* = 0" strength which is predicted to lie at the high-excitation

edge of the SDGR.

A measurement of spin-dipole strength has also been reported in connection with a study

of the 90Zr (n,p) reaction [Ra90]. Several model calculations [Wa88, Ya87, K185] provide

reasonable overall agreement with the data although all the calculations show more pro-

nounced structure than does the experimental data. Wambach ti aZ.[Wa88] found that

the inclusion of 2p-2h excitations did not spread the lp-lh strength as much as had been

found in earlier structure calculations, such as [Be82a], and Yabe [Ya87] showed that by

empirically increasing the spreading width from 2 to 8 MeV the prominent structure was

suppressed and good agreement with the data was obtained.

In the 208Pb (n,p) reaction, both the GT and SD giant resonances are Pauli-blocked to first

order. However, measurements [Mo89] show a peak in the proton spectrum at 5.5 MeV

excitation which was interpreted as a AL = 1 peak. However, later MDA analysis [Ra92]
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[Lo95] showed that this peak contained both AL = 0 and AL = 1 components in roughly

equal proportion. RPA calculations [Au84] predict a SDGR with a centroid at an excitation

energy near 7 MeV, about 1.5 MeV higher than is observed. Also, Krmpotic, Ebert and

Wild [Kr80] have, in a calculation of the charge exchange collective modes in the lead

region, predicted that in 2O8T1, the major portion of 0~ and 1~ strength is near 7 MeV

excitation, while the 2~ strength is spread over the region 2~ to 20 MeV.

Finally, it may be noted that several measurements of SD strength distribution in (fp)

shell nuclei have been reported both in (p, n) [Ra83, Ra84, Wa88a] and (n,p) [A191, A193,

E194, Ve89] reactions, but no serious effort in modelling these results has been reported.

In summary we note that extensive data have been reported on the excitation of spin-dip ole

transitions in charge-exchange reactions. The general features of the results, including the

quenching of predicted strength, can be understood within the same theoretical framework

as for GT transitions. More detailed and careful comparisons between experiment and

theory should be stimulated by future (p, ft) and (d,2 He) measurements which will provide

strength distributions for each of the predicted J* components of the SDGR.

7.2 L = 2 Strength

When a multipole decomposition analysis (MDA) is used to separate measured spectra into

the various multipoles, contributions up to some maximum value of ALmax are assumed,

and further contributions are neglected. In fact, the component of largest AL used in the

analysis really measures contributions with AL > ALmax, and may not provide useful data

on the single component AL = ALmax. Thus, in the analysis of (n,p) data from targets

of the lighter nuclei, ALmax = 3. In this case, estimates of the contributions with AL =
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0, 1, 2 should be meaningful, while the component with AL = 3 is probably not. In the

heavier nuclei, interest is limited to AL-values up to 3, and the final ALmax was in most

cases a composite angular distribution for AL = 4, 5, 6.

Auerbach and Klein [Au84] have made RPA calculations of the distributions of strength

for AL-values of 0, 1, and 2 for the cases of 60Ni, ^Zr and 208Pb. The trend exhibited in

these calculations for AL = 2 is that of a cross section which increases with mass number

approximately as A4/3, and with an energy centroid whose value decreases with increasing

mass number.

One of the striking features of the results of the multipole decomposition analyses of the

(n,p) reactions studied is that it is common for there to be little AL = 2 strength found in

the spectra. In fact, the only cases where a substantial AL = 2 contribution is found are

for targets of 55Mn, 120Sn, 181Ta and 208Pb. Figure 15 shows the results of MDAs of data

from targets of 55Mn and 56Fe [E194], nuclei adjacent in the periodic table, but showing

very different distributions of strength for AL = 2 and 3. However, Fig. 16 shows the

results of MDAs of data from two targets which both show rotational band structure at

low excitations, and consequently it is accepted that they are quadrupole deformed nuclei.

Again, there is a marked difference in the distributions of L=2 and 3 strength in these two

cases.

Having noted that no compact isovector electric quadrupole strength was needed to fit

pion charge exchange data [Er86], Leonardi et a/.[Le87] postulated a mechanism that leads

to a small L = 2 contribution in charge exchange reactions. They note first that the

isovector quadrupole operator, ^ r 2 Y^nr~, when applied to the ground state of a target
t

nucleus, of isospin T = Tz > 0 can excite both a low-lying 0hu> (rotational state) and a 2fiu
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(vibrational) state at high excitation. They then propose the introduction of a non-local

component into the nuclear hamiltonian. This leads to a relation involving the Ohu (T)

strength, and both the (T+l) strength and the (T-l) strength, in a manner similar to that

seen in the Gamow-Teller sum rule.

Calculation of the L = 2 charge exchange strengths then shows that, as the collectivity of

the target nucleus decreases, the strength in the (p, n) channel increases slowly but the L

= 2 strength in the (n,p) channel decreases very rapidly, at approximately the same rate

as the collectivity of the target nucleus. This description is apt for the 55Mn and 181Ta

targets discussed earlier, which are known to be quadrupole deformed [Be75], but it is not

for the 120Sn and 208Pb targets, both of which have a closed proton shell, and 208Pb is a

doubly-closed shell nucleus.

However, it is noted that the formalism of Leonardi et a/.[Le87] makes no reference to

spin, and the detail of its application to the interpretation of spin-flip (n,p) cross sections

is unclear.

7.3 An Attempt at Systematics for the L = 1 and L = 3 Tran-
sitions

As the mass of the target nucleus increases, the centroid energy of the giant resonances

decreases as A"1/3 [Bo75], and therefore a large number of AL-values will be compressed

into an excitation energy region whose range is constant. This means that, in targets of

heavy nuclei, the AL = 3 giant resonance will most certainly be present. Indeed, as has

been noted earlier, AL-values up to 7 or 8 are possible, theoretically at least, in the case of

230U. Because the single particle levels one oscillator quantum above the Fermi surface, in
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closed shell nuclei at least, cluster around the neutron binding energy, the transitions will

occur at low excitations, say below about 30 MeV excitation. If consideration is limited

to lp-lh transitions of energy \tuo, then it is reasonable to expect that these will occur at

the smallest excitation energies. Indeed, it is known that, even when a residual interaction

is used in a nuclear structure calculation involving the use of single particle energies, the

calculated levels always lie within the excitation region below about 25 MeV (see, for

example, [Gi64]).

The only AL-values of interest in the heavy nuclei (A > 80, say), those which can be

described in terms of lp-lh transitions of lfuo unperturbed energy, are the AL = 1 and

AL = 3 transitions. These restrictions also limit the number of single particle transitions

which can contribute, and so limit the calculation to a small number of transition strengths.

Macfarlane [Ma87a] has given, in general form, sum rules for T-raising and T-lowering

components of isovector excitations. The sum rule for (n,p) reactions is written as follows:

p,p'

where L is the multipole order, J is the final state spin, p, p' represent the wave functions

of the initial and final states, and n* and n" are the occupation probabilities of the proton

and neutron single particle states respectively [B167]. Since these sum rules are given as a

sum over all possible transitions, it is feasible to make a limited calculation of the allowed

lp-lh lhu transitions for AL = 1 and AL = 3 transitions for the nuclei of interest.

The question is then how to ensure that, to the best accuracy possible, the experimental

data compared with the lp-lh lhu calculation corresponds to the selection made in the

sum rule calculation. It is postulated that the subtraction of the quasifree contribution,

which must consist of transitions whose energy is at least 2hu>, is the simplest reasonable
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path to take. The quasifree contribution comes to zero at the neutron binding energy of

the residual nucleus and is a continuum distribution. This subtraction has been made by

Long [Lo95], and it is observed that the subtraction has no effect on the structure of the

different multipoles below 30 MeV for the 90Zr, 120Sn, 181Ta, 208Pb and 238U targets which

are of interest here. The result of this subtraction for the 208Pb (n,p) reaction is shown in

Fig. 17, and is taken as giving the best estimate of the cross section, for each multipole,

of the lp-lh lhu, cross sections.

The AL = 1 and AL = 3 strengths were calculated, using the Macfarlane [Ma87a] sum

rule formalism, for all allowed transitions, the limitations being placed by the occupation

probabilities of the single particle states.

The results of the comparison are shown in Fig. 18. The comparison is good, considering

the assumptions made, except for the case of 181Ta. The experimental and theoretical

cross sections have been normalised together arbitrarily, so as to give a best fit overall.

The deficiency in experimental strength for both AL = 1 and AL = 3 in the case of 181Ta

may well be due to the spreading of lp-lh strength in both cases by the deformation as

well as by 2p-2h configurations. For both AL = 1 and AL = 3 transitions the trends

shown make physical sense. In the case of the AL = 1 transitions, the yield rises to flat

maximum at about A = 150, and then falls. The decrease is due to the commencement

of Pauli blocking of these transitions. By contrast, the AL = 3 yield rises continually

through this part of the periodic table. This must be due, at least in part, to the A"1/3

dependence of the AL = 3 resonance energy bringing more and more of the cross section

for this multipole into the excitation region considered.
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7.4 Stretched States

The largest single group of higher multipole transitions which has been studied is that of

stretched states. A stretched state is a lp-lh transition whose total angular momentum J

is given by J = Jmax = j a + jfc, with j Q = la + 1/2 and j(, = U + 1/2, where the subscript

'a' refers to the hole state and the subscript 'b' refers to the particle state. j a and jt are

the largest angular momentum values found in the last filled shell and the first open shell

respectively. Such a configuration is unique in a space limited to lhu> in excitation energy

and to lp-lh configurations. These states have been studied extensively in inelastic proton,

electron and pion scattering; see [Ad77] [0184] [Do70] [0179], for example. Theoretical work

has been provided by Donnelly and Walker [Do70a], Moffa and Walker [Mo74] and Carr et

a/.[Ca89] [Ca92]. The most extensively studied region of the periodic table has been the

sd-shell.

In inelastic electron scattering the stretched states are excited primarily through the isovec-

tor electromagnetic-nucleon magnetisation coupling; in the nucleon-nucleon reactions, it is

through the tensor interaction; in the pion interactions, it is the pion-nucleon spin-orbit

interaction which is the dominant term.

The first charge exchange reactions relating to the stretched states were studied by Watson,

Anderson et al. [An84a]. They identified the major components of stretched states in the

residual nuclei following (p,n) reactions on 160 (4~), 28Si (6~) and 48Sc (7+), the latter

being a Ohu excitation.

The measured differential cross sections in the first two cases reflected quite precisely the

shape of the appropriate (p,p') differential cross sections, the factor of 2 being exactly
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that given by the ratio of the relevant Clebsch-Gordan coefficients squared. However,

the DWIA fits to these differential cross sections had to be normalised by factors of 0.31

and 0.23 respectively. Certainly, it is clear that the tensor force is, by almost an order of

magnitude, the chief contributor to the interaction mediating the population of these "high

spin" states. There is further comment in this paper, quoting G.E. Walker, to the effect

that the inclusion of ground state correlations will halve the theoretical cross section, thus

raising the normalisation factor by a factor of two to the region of 0.5 or 0.6 This change

brings the normalisation constant into a region that is consistent with the calculations

regarding quenching of single particle strength, as indicated earlier [Vo91].

Large basis shell model calculations by Carr et a/.[Ca89] [Ca92] indicate that in the self-

conjugate sd-shell nuclei some fragmentation of strength of the stretched states is to be

expected. One piece of evidence in the case of 28Si has been published by Yen et a/.[Ye92],

based on a reanalysis of (e, e') data.

Although charge exchange reactions have given an estimate of the strength of the isovector

tensor interaction, they have not contributed in a major way to the experimental evidence

regarding the fragmentation of stretched state strength, because of poor resolution, 300 keV

approximately in the case of the (p, n) work and 1 MeV or more in the case of the (n,p)

reaction, as well as the difficulties of background subtraction and of obtaining adequate

statistical precision.
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8 Quasi-Elastic Scattering

Conceptually, quasifree, or quasielastic scattering is scattering of an incident nucleon from

a nucleon within a nucleus at an incident energy high enough for the struck nucleon to

be considered unbound. This reaction has proved useful in the direct investigation of the

single particle structure of nuclei, via the (p,2p) reaction, and also in the study of the effect

of the nuclear medium on the nucleon-nucleon interaction at large momentum transfers.

8.1 Spectral Shapes

Quasifree scattering was first studied in the (p,p') reaction, with measurements of the

energy spectrum by Chrien et a/.[Ch80] showing a broad peak centred near the energy cor-

responding to that for free NN-scattering. Such spectra have been fitted reasonably well

with calculations based on the semi-infinite slab model [Es86]. A number of further mea-

surements have been reported, including spin observables as well as cross sections. Moss

et a/.[Mo82] measured the angular distribution of the continuum in the (p,p') reactions

on 116Sn (800 MeV), and the spin transfer coefficient Dnn- for 208Pb (400 MeV) and (90Zr

(500 MeV) and concluded that the data were satisfactorily described by a model which

treated properly the surface nature of the interaction and the effects of Pauli blocking.

Chen et aJ.[Ch88] measured analyzing power and spectral data for the inelastic proton

scattering from 208Pb at 290 MeV, for excitation energies up to 160 MeV. They concluded

that the semi-infinite slab model of Esbensen and Bertsch [Es84] gave a good description

of the shape of the continuum. They noted that the analysing power, measured at the

quasielastic peak, was less than the free nucleon value at this momentum transfer, and

that this was a possible indicator of relativistic effects.
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A summary of such measurements was provided by Smith [Sm88] in which he investigated

the effects of several approximations in theoretical treatments. It was concluded that

two-step contributions to the cross section were small, although they became increasingly

important at higher excitations. Particle-hole interactions are important and calculations

of the nuclear response must include them. The damping of the lp-lh response through

2p-2h mixing must be taken into account, particularly for the isovector spin-flip part of

the interaction. It was also important to use the "optimal" reference frame for specifica-

tion of the NN-scattering amplitudes, and to include the effects of distortions in impulse

approximation calculations. The final result was to provide a simple but comprehensive

model for the description of scattering to the continuum.

Hausser et a/.[Ha91] measured a complete set of polarization variables in the inelastic

proton scattering from 54Fe at 290 MeV. They also demonstrated the dominance of the

isoscalar component in the (p,p') reaction by taking data from the purely isovector 54Fe

(n,p) reaction [Ve89], and, using the Clebsch-Gordan coefficients relating the scattering

cross section to the charge exchange cross section, showed that the isovector scattering

cross section is but a small part of the total.

In contrast to this situation, charge exchange reactions involve only the isovector part of the

N-N interaction and should permit simpler comparisons between theory and experiment.

Energy spectra analogous to those measured for the (p, p') reaction have been measured for

the (p, n) reaction by Taddeucci et a/.[Ta91] and Prout et a/.[Pr95]. The (p,n) quasifree

peak has a shape similar to that in the (p,p') reaction, but the peak is found to be shifted to

an excitation energy about 25 MeV higher than the proton peak at the same momentum

transfer. A similar shift had been observed in inelastic electron scattering, which also
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involves an isovector probe. The magnitude of the shift is shown in Fig. 19 which is

taken from [Pr95]. This result has been accounted for, at least qualitatively, by Wambach

[Wa92] using a sum rule approach based on Fermi liquid theory. Later, Pandharipande

tt a/.[Pa94] arrived at the same result in calculations for 2H, 4He and 1 60 using realistic

models of nuclear forces.

Similar measurements for the (3He,t) reaction show a peak shift as for the (p,n) reaction

at low momentum transfer but this peak shift decreases in excitation at higher momentum

transfers until it moves below the line describing the (p, p') reaction, as is shown in Fig. 19.

This particular feature is not understood, though it has been suggested that it may be

the result of greater absorption or distortions in the (3He,t) reaction. Support for this

suggestion comes from measurements of the quasifree spectrum in the (p, n) reaction at

186 MeV where the shift of the quasifree peak mirrors the (3He,t) data for large momentum

transfer. In this case, the neutrons have energies of less than 100 MeV and will be subject

to large distortions [Wa94a].

In summary, the shape of the quasi-free peak in both (p,p') and (p, n) experiments is fitted

satisfactorily using the semi-infinite slab model. The shift in the centroid of the peak for

isovector probes appears to arise from collective effects in the nuclear medium but current

models do not provide a quantitative understanding of the shift.

8.2 Nuclear Response Functions

The effect of p-h interactions on the quasielastic response has been considered by Alberico

tt o/.[A182]. In an initial paper they studied the collective response of symmetric, infinite

nuclear matter to a spin-isospin sensitive probe within an RPA framework. The elementary

74



particle-hole interaction carries the quantum numbers S = T = 1, but M3, the projection

of S on the direction of the momentum transfer must also be specified. The longitudinal

channel with coupling (cr.q) corresponds to Ms = 0, and arises from pion exchange. The

transverse channel coupling (a x q) corresponds to Ms = ±1, and arises from p-exchange.

The two separate channels are not coupled, and so can be investigated separately. They

calculated that the collective effect produces measurably different effects in the two re-

sponses. In the longitudinal channel, they found that the response was enhanced due to

the attractive particle-hole interaction, with a shift of its maximum effect to smaller mo-

mentum transfer (a softening). The transverse response on the other hand, was found to

be quenched and hardened. These shifts were with respect to the response of a free Fermi

gas. The result of these collective effects was that the value of the ratio of longitudinal to

transverse responses, R^/Rj, was predicted to be significantly greater than unity for large

momentum transfers as in the quasi-free region.

This prediction has led to a number of interesting experiments. In the first of these, Carey

et a/.[Ca84] measured the diagonal spin transfer coefficients for the quasifree scattering of

500 MeV protons on 2H and 208Pb at a momentum transfer of 1.72f~x, corresponding to

the peak of the quasifree cross section at 18°. Their measurements yielded a value of the

ratio of the responses which was close to unity, in serious disagreement with predictions.

They showed that the inclusion of surface effects in the scattering resulted in a substantial

reduction in the predicted ratio, though it was not enough for agreement with the data. It

was also noted that the interpretation of this result was complicated by the fact that both

isovector and isoscalar interactions were involved in inelastic proton scattering.

In one of the studies attempting to understand this result, Ichimura et a/.[Ic89] calculated
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RL and R7 for the conditions of this experiment. Three factors were found to be most

important in decreasing the ratio. The effect of finite nuclear size was found to be large,

especially in the longitudinal response. The effects of distortion decreased the softening

of the longitudinal response, and the hardening of the transverse response due to nuclear

correlation, but the enhancement and quenching remained in the respective responses. The

inclusion of the isoscalar component in the analysis also decreased the ratio. These effects

combined to reduce the calculated ration to approximately 1.4 at an energy loss of 30 MeV,

decreasing to unity at to — 120 MeV.

The calculations of Pandharipande et a/.[Pa94], which were referred to earlier, also pre-

dict an enhancement of the spin-longitudinal response over the spin-transverse response of

about 25% in nuclei like 16O at q = 1.77 fm"1. Perhaps more interesting is their prediction

that in 2H and 4He, the longitudinal response is significantly enhanced over the transverse

response, even without any TTNA coupling effects. They also comment that their calcu-

lated energy-weighted sums are larger than those predicted by the RPA by some 50% for

momentum transfers below 2 fm"1.

Subsequent experiments have measured the isovector responses without isoscalar contribu-

tions by utilizing the (/>, n) reaction. McClelland et a/.[Mc93] measured a complete set of

spin transfer coefficients for the (p,n) reaction on 2H, 12C and Ca targets at 494 MeV and

q = 1.72f~1. The ratio RL/RT was again found to be close to unity, and this result was

confirmed by more detailed measurements on these same targets by Chen et a/.[Ch93]. In

the most recent experiment Taddeucci et o/.[Ta94] investigated the momentum dependence

of the two responses with (p,n) measurements at 494 MeV on targets of 2H, 12C and Ca at

angles of 12.5° (q = l^f"1), 18° (q = 1.72f"1) and 280(2.5f~1). They concluded that the
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longitudinal response was consistent with RPA calculations [Ic89] except at 12.5° where it

was significantly larger. The transverse response was significantly enhanced over the RPA

predictions, and over that measured the (e,e') reaction. Thus the earlier results which

failed to an enhancement in the ratio were shown to arise as a result of an enhancement

in the transverse response. The cause of this enhancement is still not understood. There

was a suggestion that it could be explained if distortion effects were different in the two

channels, but a transverse distortion twice as large as the longitudinal distortion would be

required to fit the data.

Brown et a/.[Br94, Br95] have noted that a ratio of unity, implying equal responses in both

transverse and longitudinal channels would result if the isovector tensor interaction was

negligible in the measurements. The vanishing of the tensor force at q = 1.72f-1 would

require a p** meson reduced mass of 0.84 times the free mass, but is not clear that this

would account for the observed momentum dependence of the ratio.

In a different approach to the problem, Horowitz and Piekarewicz [Ho93] calculated the

ratio of the spin-longitudinal to spin-transverse responses in quasielastic (p, n) scattering

using a relativistic random phase approximation to the Walecka model of nuclear structure.

Inherent in this model is a dynamical reduction of the nuclear mass in the nuclear medium,

that is, the need for a reduced mass, which in turn is responsible for a shift in the position

and width of the quasifree peak. This modification to the peak shape is sufficient to account

for the quenching and hardening of the transverse response relative to a free Fermi gas. A

further effect caused by the reduced nucleon mass is a suppression of the TrNN-coupling in

the medium, which reduces the enhancement of the longitudinal response, thus predicting

the ratio of spin-longitudinal to spin-transverse responses to be close to unity, as seen
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experimentally.

Further predictions were provided by Hillhouse and De Kock [Hi94] on the basis of rela-

tivistic plane wave calculations of complete sets of polarization variables for targets from

12C to 208Pb, and for incident energies from 135 to 500 MeV, at fixed momentum transfer

of 1.97 fm"1. They noted that only the analysing power shows an unambiguous relativistic

signature at the highest energy, a fact pointed out earlier by Horowitz and Murdock [Ho88].

They also pointed out that the polarization transfer observable, Dnn-, was extremely sensi-

tive to whether the pion-nucleon vertex was taken as pseudoscalar or pseudovector, partic-

ularly for incident energies under 200 MeV, and that this sensitivity should not be masked

by the effect of spin-orbit distortions nor any "effective mass" effect.

The first experiments to look for such effects were those of Hicks et aI.[Hi89, Hi93]. The

measured analyzing powers as well as cross sections in the 12C, 54Fe (p, n) reactions at 290

and 420 MeV. They noted that the shape of the quasifree spectrum was target dependent,

indicating the need for caution in any use of a "universal" model for quasifree scattering. It

was also found that analysing powers were decreased with respect to the free N-N scattering

values for 12C at both incident energies, and for 54Fe at 290 MeV, as predicted by [Ho88].

Another experiment which has specifically investigated relativistic effects on spin observ-

ables is that of Wang et a/.[Wa94a]. In addition to measurements of the (p, n) quasifree

cross section noted earlier, they also measured the spin observables Ay, P and Dn n for 10B

(p,n) at 15° and 20°. For the first two observables there is very little difference between

free-nucleon-values and the relativistic predictions. For Dn n however, the data are in rea-

sonable agreement with the relativistic prediction with the assumption of pseudovector

pion-nucleon coupling, and in clear disagreement with that for pseudoscalar coupling.
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The relativistic plane wave impulse approximation has been successful in fitting some of

the experimental results of isovector quasifree scattering. It is found, however, that it is

not clearly superior to more conventional approaches, and in some cases the non-relativistic

theories show better agreement with data [Hi93].

The study of quasifree scattering in the (p, n) reaction has provided important new insights

about the isovector effective interaction at large momentum transfer. Though many of the

results appear to be understood, there are still interesting problems to be addressed, such as

the shift of peak in the quasifree spectrum, and the observed enhancement of the transverse

nuclear response.
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9 Summary

Recognition of the parallel between beta decay and nuclear charge exchange reactions

is about forth years old. The correspondence was demonstrated in 1962 for the case of

Fermi transition, in the discovery of the strong excitation of the isobaric analogs of the

target ground states in the (p, n) reaction; the transition was medicated by the isospin-flip.

non-spin-flip component of the nucleon-nucleon interaction. The discovery of the nuclear

transitions corresponding to spin- and isospin-flip Gammow-Teller beta decay transitions

had to await the development of new facilities at higher energies, but was first clearly

demonstrated in 1975. Subsequent studies at IUCF in the 1980's showed the GT giant

resonance to be the prominent feature of nuclear excitations at small momentum transfer,

and systematic studies throughout the periodic table were made.

It was also shown that the (p, n) cross section at zero momentum transfer was closely

proportional to the strength of the GT~ beta transition between the same states. This

permitted the measurement of the whole spectrum of GT~ excitation strength for many

target nuclei, and a comparison with the total strength predicted by the GT sum rule

of Ikeda. In heavy nuclei, where the GT+ transitions are effectively Pauli-blocked, it

was ofund that the GT~ strength measured in (p, n) reactions satisfied only about half

the Ikeda sum rule. The problem of "the missing GT strength" was thus defined, and

remained a puzzle for about a decade. Mixing with A-excitations and consequent transfer

of strength to the delta-region was suggested as an explanation for this phenomenon, but

was effectively ruled out by many calculations which showed that the missing strength

could be accounted for by conventional nuclear interactions. Contributions associated

with delta excitation were shown to be at most a small part of the total missing strength.
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The strong excitation of GT transitions at intermediate energies was recognized to be a

result of the energy and momentum dependence of different parts of the nucleon-nucleon

interaction. The study of this dependence, coupled with the characteristics of the GT giant

resonance showed that the one-boson exchange model provided an excellent description of

the isovector effective interactions.

GT strength measures the monopole part of nuclear spin-flip transition densities. However,

(p, n) and (n,p) reactions have provided extensive data on the excitation of higher multi-

poles. The spin-dipole strength is prominent in all spectra, but its detailed structure has

not been estabnlished, and few theoretical investigations have been reported. For the AL

= 2 spin-quadrupole strength the surprising result is that it is very weakly excited in most

nuclei. There is little information available for higher multipoles and their investigation is

limited by current procedures of data analysis.

Recently investigations of quasifree charge-exchange scattering have revealed shortcomings

in the understanding of the isovector effective interaction at large momentum transfer. In

particular, the enhancement of the transverse response function is not understood. The

shift of the peak of the quasifree peak in (p, n) reactions appears to involve both collective

effects and nuclear distortions, but this also has not been accounted for.

The detection of neutrons in the (p, n) reaction, and the use of neutrons in incident beams

in (n,p) reactions, have had the disadvantage of leading to relatively poor resolution ex-

periments. The development of new (<f, 2He) and (3He,t) facilities in Japan should provide

to greatly improved resolution and will open the way to a wide range of detailed studies

of isovector interactions.

The study of nucleon charge exchange reactions has, therefore, over the last decade and a
81



half, led to major advances in the understanding of the basic nucleon-nucleon interaction

in nuclear matter, of nuclear structure, and in the understanding of the quasifree scattering

process.
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Figure Captions

Figure 1 Time of flight spectra from proton bombardment of 51V and 89Y at 14.8 MeV, showing

the strong excitation of the isobaric analog of the 51V ground state. From [An62].

Figure 2 (a) Differential cross section for the 90Zr (p, n) reaction versus neutron energy,

at 45 MeV and 0°. From [Do75]. The broad structure is the Gamow-Teller giant

resonance.

(b) Time of flight spectra for the 90Zr (p,n) reaction, at 120 MeV and 0,5 and 10°

laboratory angles. The peak marked 'e' is the Gamow-Teller giant resonance, and

'd' is the isobaric analog state. From [Be80].

Figure 3 (a) The TRIUMC CHARGEX arrangement, set up for the study of (p, n) reactions.

The target is located over the axis of the MRS.

(b) The CHARGEX arrangement, set up for the study of (n,p) reactions. In

this case, the reaction target is placed over the axis of the MRS, and the neutron-

production target is 90 cm upstream from it.

Figure 4 Results of DWIA calculations of a. For a given A, boxes show the results of using dif-

ferent particle transition amplitudes. Note the large variations for Fermi transitions.

From [Ta87].

Figure 5 Experimental results for measurements of <TQT
 a n ( i "̂F

 &t 160 MeV. The dashed curve

shows the A-dependence predicted by the eikonal approximation. The dotted curve

is the dashed curve reduced by the ratio (55/160)2. From [Ta87].

Figure 6 Values of <TQT calculated for A = 12 and 29. Starting with the pure particle-hole

transitions shown (B/Bo = 1), the GT-amplitude was decreased, holding other am-
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plitudes fixed. The dotted lines indicate 10% variation from the average values at

B/Bo = 1. From [Ta88].

Figure 7 (a) The ration of cross sections of the 14C (p, n) 14N reaction populating the 2.31

and 3.95 MeV states of 14N. The 2.31 MeV state is populated via the GT-component

of the NN-interaction, and the 3.95 MeV state by the Fermi component. Parts (b)

and (c) show the GT and F cross sections separately. From [Su90].

Figure 8 Calculated differential cross sections for AL = 1 transitions with AJX = 0~, 1~ and

2". For the 0~ case the particle-hole transition was assumed to be (f/2)-l (g7//2), and

for the I" and 2" (?/2)-l (g9/2).

Figure 9 Calculated angular distributions for AJ = 1~ transitions. The different particle-hole

transitions are indicated. The result for the (d3/'2)-l(f5//2) transition shows a marked

deviation from the average.

Figure 10 Calculated angular distributions for transitions whose L-values run from 0 to 3 in

the 51V (n,p) reaction. Note that the angular difference between the peak angles of

the distributions decreases as AL increases.

Figure 11 Results of a multipole decomposition analysis of the data from the 51V (n,p) reaction.

Figure 12 An alternative representation of the results of the MDA of the data from the 51V

(n,p) reaction.

Figure 13 The effect of different choices of the particle-hole transition representing the AL =

1 transition on the results of the MDA of the data from the 51V (n^p) reaction.
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Figure 14 Result of the MD analysis of the data for the 120Sn (n,p) reaction, taken at 300 MeV.

Note the absence of any prominent GT peak.

Figure 15 Results of Multipole Decomposition Analyses for (a) the 55Mn (n,p) reaction, and

(b) the 56Fe (n,p) reaction. Note the great difference in the AL = 2 contribution in

the two cases.

Figure 16 Results of Multipole Decomposition Analyses for (a) the 181Ta (n,p) reaction, and

(b) the 238U (n,p) reaction. Again, note the difference in the AL = 2 and 3 con-

tributions, even though both targets have well-defined rotational band structures at

low excitation.

Figure 17 Results of Multipole Decomposition Analysis of data from the 208Pb (n,p) reaction,

taken at 200 MeV, after subtraction of the quasifree scattering contribution.

Figure 18 Comparison of the limited sum rule calculation (see text) represented by squares,

and the extracted AL = 1 and 3 strengths after subtraction of the quasifree cross

section, represented by circles.

Figure 19 The quasielastic peak position, as seen in (e, e'), (p,p'), (p,n) and (3He,t) reactions.

These are compared with free NN kinematics (solid line). From [Pr95].
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Figure 1 Time of flight spectra from proton bontoarcirnent of 51V and 89Y
at 14.8 MeV, showing the strong excitation of the isobaric
analog of the 51V ground state. From [An62].
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Figure 2 (a) Differential cross section for the 90Zr(p,n) reaction
versus neutron energy, at 45 MeV and Oo. From [Do75] . The
broad structure is the Gamow-Teller giant resonance.

(b) Time of flight spectra for the 902r(p,n) reaction, at
120 MeV and 0,5 and lOo laboratory angles. The peak marked
'e' is the Gamow-Teller giant resonance, and 'd' is the
isobaric analog state. From [Ba80].
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upstream from it.
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Figure 8 Calculated differential cross sections for £>L - 1 transitions
with A J - O - , 1- and 2-. For the 0- case the particle-hole
transition was assumed to be (f7/2)-l (g7/2), and for the 1-
and 2-, (£7/2) -Kg9/2).
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Figure 9 Calculated angular distributions for £ J • 1- transitions. The
different particle-hole transitions are indicated. TL- result
for the (d3/2)-l(f5/2) transition shows a marked dev'at^on from
the average, ^
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L-values run from 0 to 3 in the 51V(n,p) reaction. Note that
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distributions decreases as JxL increases.
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