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ABSTRACT

We discuss a variety of forward-angle measurements of cross sections for (n,p), (p,p') and (p,i\)
reactions which were carried out using the medium-resolution spectrometer (MRS) at TRIUMF.
The ratio of L=0 isovector spinflip cross section and Gamow-Teller strength has been investigated
at 200-450 MeV for several strong transitions of known B(GT) in p-shell nuclei. Isospin symmetry
in N-r.ucleus reactions has been tested for Gamow-Teller transitions to isospin triads in A=6 and
A=12 nuclei. The prospects of identifying orbital and meson exchange current contributions in
Ml transitions from a state-by-state comparison of Ml and Gamow-Teller strength in sd shell
nuclei are discussed. Finally we describe a test of the Gamow-Teller sum rule in 54Fe where both
S_ and S+ strength are substantial and have been extracted from a multipole decomposition of
(p,n) and (n,p) angular distributions.

INTRODUCTION

The Gamow-Teller resonance, an L=0 spin-flip isovector excitation related to the err one-body
operator, was first predicted by Ikeda et all who painted out that a large fraction of the strength
distribution may be energetically inaccessible to nuclear /3 decay. Following the first observation
of Gamow-Teller strength in a (p,n) reaction by Doering et al 2 nucleon-nucleus scattering experi-
ments at intermediate energies and small momentum transfers have quickly become an important
spectroscopic tool in the exploration of isovector spin excitations in nuclei. From systematic stud-
ies of the (p,n) reaction at IUCF between 120-200 MeV several important results were obtained.
A close correspondence between L=0 cross sections and Gamow-Teller strength was observed 3.
In heavy nuclei the part of the GT strength which could be readily identified in the low-energy
region of the (p,n) spectra was found * to be smaller than the GT sum rule, (S_-S+=3(N-Z)),
even though S+ was assumed to be negligible.

Motivated by the IUCF results new facilities for the exploitation of charge exchange reactions
have recently been commissioned (at LAMPF, TRIUMF and Uppsala) or are being constructed
(at Osaka). Some of the questions investigated at these facilities are the energy- and momentum-
transfer dependence of the N-nucleus interaction, the spin and isospin composition of the nuclear
response, /?+ strength distributions as probed by the (n,p) reaction and their contribution to
the GT sum rule, to name a few. We present here results obtained with the medium-resolution
spectrometer (MRS) at TRIUMF which allows measurements to be made of the (n,p) and (p,n)
charge exchange reactions 5 and of the (p, p') reaction 8 between 200-500 MeV. Although the
energy resolution achieved is modest (typically 100-140 keV FWHM in (p,p') and I MeV in charge
exchange reactions) this is compensated for by the extreme selectivity of these reactions in the
excitation of the spin-isospin modes. We discuss here some recent results which take advantage of
the versatility of the TRIUMF setup in measuring more than one of the three N-nucleus reactions
for the same target, incident energy and momentum transfer.

CALIBRATION OF CROSS SECTIONS VERSUS GT STRENGTH

We first discuss the accuracy with which weak interaction matrix elements can be determined
from the cross section for hadronic scattering. The data involve (n,p) and (p,n) reactions on
p-shell targets and extend the previous systematics by Taddeucci et al' to higher energies. The
proportionality between nucleon scattering cross sections and GT strength is expected to hold at
small momentum transfers in the framework of the single-step distorted wave impulse approxi-
mation (DWIA). Assuming an (n,p) reaction for which Bj(GT_) (and thus B t(GT+)) is known



from corresponding /? transitions, the cross section can be written (similar expressions are valid
for (p,pf) and (p,n) reactions) as

dil = o) =

B(GT+) = 1

(uTTj
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+
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In these expressions /i is the relativistic reduced energy divided by cJ, fc, and kj are wave numbers,
9A/9V = 1-26 is the ratio of axial vector and vector coupling constants, and JaT is the volume
integral of the (or) component of the NN interaction. The distortion factor N^T represents the
difference between plane waves and distorted waves and reduces the cross section, especially for
heavier nuclei (typically by ~ 12% for A=12 and by a factor of 2-3 for A=54). The distortions are

15

en

a io

E-

o
II
cr

0

200 MeV

I I 1

280-300 MeV

• (n,p)
D (p.n)

450 MeV

•Li 12C "C MC "Li I2C 12C "C

Fig. 1. Normalized cross sections a from charge exchange reactions at 200-
450 MeV. The (n,p) data were measured relative to elementary NP cross
sections, those for (p,n) were determined relative to the 7Li(p,n)7Be cross
sections of Watson et alu. The horizontal lines represent DWIA predictions.

described by an oj. -ical potential whose parameters are determined either from measurements of
elastic scattering or by a folding model. We do not make use of this factorized form of the cross
section but employ instead a computer code which also includes spin-orbit and tensor pieces of
the NN interaction. Since the data are usually obtained at a finite angle and momentum transfer,
reaction calculations are necessary to extrapolate the measured cross section to 0°, q = 0. The



quantity of general interest, the cross section per unit B(GT), is then obtained from ff=[d<r(q=0,
0°)/B(GT)].

For target nuclei of the p-shell (A=6-15) several strong GT transitions are known which can
be resolved easily. The results for a from calibration experiments at 200-450 MeV for (n,p)
reactions 7-8 using targets of 6Li and 1 2 '1 3C, and for (p,n) reactions using targets of 12C 8 and
UC 9 are shown in Figure 1. The cross sections for the (n,p) reaction are relative to those for the
elementary NP reaction 10 which was observed simultaneously with the (n,p) reaction of interest
using a multiple-target arrangement 5 . The cross sections for the (p,n) reaction were determined
relative to the 7Li(p,n) reaction to the ground state and first excited state of 7Be. The 0° cross
sections for the latter reaction had been obtained by Watson et al u who integrated the angular
distribution at each energy between 200-400 MeV and normalized them to activation data by
D'Auria et all2. The short lines in Figure 1 are the results of DWIA calculations using the free
NN T-matrix interaction of Franey and Love 13.

We note that in nearly all cases the calculations underpredict a. It is thus dangerous to
extract GT strength based on reaction calculations alone. Even if an overall factor is introduced
to renormalize JaT there are variations in a between experiment and theory on the order of ±10%.
These variations are not understood at present and preclude precise determinations of GT strength
from N-nucleus reactions in cases where little is known about the transition density. It has been
noted by Towner and Khanna l* that in (closed-shell ±1) nuclei second-order corrections to GT
matrix elements can be expressed by an effective one-body operator with three different pieces
(6g,, igi and 6gp). Such an effective operator introduces a state dependence in the quenching
of GT strength which will likely be different for a complex hadronic reaction which contains, in
addition to the direct central force, tensor and knock-on exchange components. An understanding
of the variations in a exhibited in Figure 1 would be highly desirable to improve the quantitative
extraction of GT strength from N-nucleus reaction data.

ISOSPIN BREAKING IN (n,p), (p,p;) AND (p,n) REACTIONS POPULATING
ISOSPIN TRIADS IN A=6,12 NUCLEI

For N-nucleuB reactions with self-conjugate (i.e. T3 = 0) target nuclei the GT sum rule
vanishes and S_=S + . More specifically, cross sections for transitions to members of an isospin
triad with T3=l,0,-l are simply related by af<n=aniV=2avpi provided they have been extrapolated
to 0° and q — 0. The factor of two arises from isospin coupling coefficients for the projectile.
Several effects may destroy the simple isospin symmetry. First, isospin breaking is known to
occur in 0 decay. The ft values for the ground state decay of 12B and l2N provide a well-known
example. The asymmetry, ft+/ft~=1.13±0.01, is in this case attributed 15 to a binding energy
effect rather than to second class currents in /3 decay. A second source of isospin breaking is the
difference in distorted waves for incoming and outgoing protons and neutrons. Since the transition
densities have nearly the same structure for the final states in the multiplet one expects isospin
breaking effects to be much smaller than the fluctuations observed in Figure 1 for a.

We report here first tests of isospin symmetry in (n,p), (p,p') and (p,n) reactions at 280
MeV populating T = l isospin triads in A=6 and A=12 nuclei. A better understanding of isospin
symmetry in the A=6 system would facilitate the comparison of the GT matrix element in 6Li with
the Ml matrix element known from 6Li(e,e') experiments 16. The Ml and GT matrix elements
are dominated by identical spin parts but differ by meson exchange current (MEC) and orbital
contributions, the latter being absent in the GT matrix element. Both the orbital and MEC
effects can be calculated reliably in a light nucleus such as 6Li, and any residual discrepancies
between the axial vector and Ml matrix elements might then be used to impose limits on the
change in the size of the nucleon inside the nucleus. Such an interpretation is compatible with
the cloudy bag model in which the magnetic moment of the nucleon scales with the radius of the
bag, while the axial vector coupling remains roughly constant.

Since the A=12 triplet has been studied extensively both theoretically and experimentally
it serves as a test of our experimental techniques. We have reproduced, within experimental
error, the observed asymmetry in the ratio of ft values in a Woods-Saxon model which predicts
different radial overlaps as a result of variations in the binding energies of the nucleons active in



the transition. If one makes the reasonable assumption (supported by DWIA calculations) that
additional iso6pin violation between (p,n) and (n,p) reactions at the same energy is negligible one
may then use A=12 data to determine (p,n) cross sections relative to those for (n,p).

We quote here the (n,p) and (p,p;) cross sections relative to those for corresponding NN
reactions using Arndt's SP88 phase shift solution 10. The systematic uncertainty implied by
this assumption is difficult to assess, and the A=12 data provide again a valuable test. For the
elementary PP reaction we have carried out a careful absolute cross section measurement. Our
data are in good agreement with a previous data set at 285 MeV 1? and are w8% below the
PP phase-shift solution. Since it is quite possible that a similar discrepancy exists with the NP
phase-shift solution we have in the following retained the normalization of (n,p) and (p,p') cross
sections relative to the SP88 NN predictions.
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Fig. 2. Angular distributions for the 12C(p,n) and (p,p') reactions at 280
MeV and the (n,p) reaction at 200 and 280 MeV populating the A=12 I 4

isospin triad. The theoretical curves are DWIA calculations which incorpo-
rate known isospin breaking effects (see text). The curves include the effects
of finite angular acceptance which differ markedly for the three reactions.



In Figure 2 the >.ross sections for the A = 12 system are compared with calculations which
include the effects of isospin breaking explicitly. The calculations use the 8-16 2UME wavcfunc-
tions of Cohen and Kurath 18 and Woods-Saxon form factors. The additional effects of isospin
mixing of the 15.11 MeV 1+,T=1 with the 12.71 MeV 1+,T=O state are also included. Although
the calculations reproduce exactly the observed ft+/ft~ asymmetry they require a normalization
factor of 1.20 to obtain agreement with the absolute B(GT) values The reaction calculation
uses the effective interaction of Franey and Love 13 and optical potentials obtained by folding
experimental matter distributions with the same interaction. An overall normalization factor of
1.30 was applied to the reaction calculation to force agreement with the (p,p;) data. The theo-
retical distributions were folded with the finite angular acceptance of the MRS before comparing
to experiment. The (p,n) datum was normalized to the average of the two 278 MeV (n,p) data
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points assuming that the reaction preserves the isospin asymmetry observed in the U(GT) values.
We find that this procedure implies 7Li(p,n)rBe cross sections which are s=10% lower than those
of Watson et al n . The discrepancy between the results from the two methods is presently not
understood. Because of the scarcity of (n,p) and (p,n) data at 280 MeV we also show an angular
distribution (theory dashed) previously measured at 198 MeV 7. The ratio of aeip/athco is shown
at the bottom of Figure 2. The SP88 normalization implies that the (n,p) data are compatible
with the (p,p') data to an accuracy of about ±3%. The (p,p') angular distribution falls off more
rapidly with momentum transfer than the calculation; since realistic (Wood6-Saxon) radial form
factors were used this may be attributed to a shortcoming in the q-dependence of the effective
interaction used.

Similar procedures were applied for the reactions populating the A=6 triad. Since the 6He
ground state is unbound to particle emission B(GT+) is not available and therefore isospin sym-
metry was assumed in the theoretical calculations. The radial form factors were obtained with a
harmonic oscillator potential whose size parameter was adjusted to a large value (6 = 2.15 fin) to
force agreement with the (p,p') angular distribution; for the (n,p) and (p,n) calculations the same
oscillator parameter was adopted. The data for the three reactions, which have been normalized
in the same way as those for the A=12 system, and theoretical calculations are shown in Figure
3. The calculations have to be multiplied by a factor of 0.88 to reproduce B(GT_), and an overall
factor of 1.004 to bring the DWIA calculations into agreement with the (p,p') data. It can be
seen that the (p,p') data fall below the (n,p) and (p,n) data by about 5%. This is unexpected
since in the A—12 system the isospin violation is roughly linear in T3 of the final nucleus. The-
oretical estimates of isospin breaking in the A=6 system are however difficult because of the low
two-particle emission thresholds, the particle instability of 6Be, and the cluster-like structure of
the 4He+2N system.

We conclude that isospin violation experiments in N-nucleus reactions are at present limited
to accuracies of several %. The (n,p) and (p,p') reactions populating the 12B and 12C members of
the 1+,T=1 isospin triads are observed with cross sections as expected from the asymmetry of ft
values in /? decay. This supports the relative PP and NP cross sections predicted by SP88. When
the isospin triad in A=6 is investigated relative to the well-understood GT isospin breaking in
A= 12 we observe an isospin violation of « 5.5±3% by which (n,p) and (p,n) cross sections exceed
those for (p,p')-

GAMOW-TELLER AND Ml STRENGTHS IN (sd) SHELL NUCLEI

Direct evidence for exchange current contributions in finite nuclei (A > 4) is difficult to
obtain. One of the most promising methods consists in a comparison of GT and Ml matrix
elements involving initial and final states which are identical except for a T3 rotation in isospin
space. For a T3 = 0 ground state and analogous isovector GT/M1 transitions

B(GT) = [M(a) + MS?EC]2 = B(<7)/2.643 /in
2

Bn(Ml) = B(Ml)/2.643 /i»2 = (M(<r) + U(t) +

The matrix elements M(a) are the same in both expressions, regardless of the complexity of the
nucleonic wavefunctions. The soft-pion terms dominate the contributions from meson exchange
and isobar currents (MEC). They are predicted 14 to be large for vector (Ml) currents and small
for axial vector (GT) currents. Unfortunately, the comparison tends to be complicated by the
(nucleonic) orbital contributions M(£) entering only the Ml matrix element. Untruncated shell
model calculations for the sd shell 19 indicate however that orbital contributions vary considerably
across the shell (they are more important in the lower part of the shell) whereas MEC contributions
do not. The exchange current effects can be incorporated in the shell model using effective GT
and Ml one-body operators, and the consistency of the model may then be tested by a systematic
state-by-state comparison of GT and Ml strength across the sd shell. The combined effect of
orbital and exchange current contributions is measured by the ratio Ra = Bn(Ml)/B(GT) which
is unity in their absence.
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(solid lines) and effective (dotted) one-body operators.

In Figure 4 (left) we show the running sums of B(GT) and Bn(Ml) for the T3=0 targets in
the first half of the sd shell. In this plot the horizontal axis is the excitation energy in the target
nucleus. The solid lines represent the free-nucleon spin matrix element squared, Mjre(.(a), the
dotted lines represent Bn(Ml), the dashed lines B(GT), both calculated with effective one-body
operators M . The ratio of the running sums, Rff, are shown on the right of Figure 4, with the
solid and dotted lines corresponding to free and effective operators, respectively. It turns out that
the empirical effective Ml and GT operators are very similar to those obtained by Towner and
Khanna u in A = 17,39 nuclei from explicit calculations of second-order core polarisation and
MEC's.

Since the interference of spin and orbital contributions is predicted to be most conspicuous
at the beginning of the sd shell we have measured the 20Ne(n,p)20F reaction at 198 MeV using
a novel segmented high-pressure (20 atm.) gas target 21. The B(M1) for the transition to the
1+,T=1 state at Ex — 11.26 MeV in 20Ne is expected to be strongly enhanced by the constructive
interference of orbital and spin terms over the GT transition to the 1.06 MeV analog state in 20F



(see Figure 4). Electron and photon scattering results n show that almost all the Ml strength is
concentrated in this lowest 1+ state (B(M1) = 2.02 ± 0.36/i,,2), in qualitative agreement with the
shell model predictions.

Figure 5 shows a background corrected spectrum for the reaction 20Ne(n,p)MF at 1.5°. The
peak at Ex = 1.0 MeV is mainly GT although an angular distribution indicates components of
higher multipolarity (2~). The dashed lines in Figure 5 represents GT strength predicted in the
shell model with free nucleon operators spread with the experimental resolution of 1.1 MeV and
assuming a value of a = 9 mb/sr. We extract S3 a preliminary B(GT)=0.172±0.035 for this
transition. Combined with Bexp(Ml) we obtain Rff = 4.45 ± 1.20 compared to values of 5.21 and
8.92 obtained in the shell model 19'M using free and effective one-body operators, respectively.
The experiments thus confirm the orbital enhancement although the magnitude is somewhat
smaller. At Ex w 3.5 MeV we see less GT strength than a previous (p,p') experiment u and
less than is predicted by the shell model. A multipole decomposition of the cross sections at the
various scattering angles, which is necessary to extract the GT strength distribution, is presently
in progress.

2.0
aiNe(n,p)wF at 198 MeV, fl =1.5'

0.0
-5

Fig. 5. Differential cross sections for the wNe(n,p)MF reaction at 198 MeV
and an average angle of 1.5°. Shell model strength predicted using a free-
nucleon operator has been folded with the experimental resolution and is
shown as dashed lines.

Several N-nucleus experiments have been carried out at TRIUMF in the middle of the sd
shell with the main purpose to establish the amount of GT quenching. These include (n,p)
measurements for M'2^Mg at 200 MeV, (p,p') cross sections (for MSi as) and spin-flip cross sections
(for MMg M ) . A precise remeasurement of the Ml strength distribution for 24Mg has recently
been carried out at Darmstadt 31 to attempt the extraction of MEC contributions from a state-
by-state comparison with the GT strengths. More reliable GT results are expected when both
(n,p) and (p,p') results are combined and when the a calibrations have been reviewed. At present
the best estimate of GT quenching comes from a measurement of the 26Mg(p,n)J6Al reaction by
Madey et al M which included a resolved GT transition of known strength from /? decay. These
data agree with the shell model calculations I9'30 if an effective axial vector coupling constant

/ « 1.0 is used.



S+ and S_ STRENGTH AND THE GT SUM RULE IN 54Fe

The GT sum rule is related to the total strength for /J~ and /3+ decay by

S-(E1) - S+(E°) = £ BJ(GT~) ~ £ B,(GT+) = 3(N - Z)
Ej=O Ej=O

The sums extend over all final states that are connected to the ground state via the or_ and or+
one-body operators. Commonly (p,n) and (n,p) experiments are limited to EiJ,ax < 70MoV. The
sum rule may then be violated because coherent A-hole excitations will move GT strengtli into the
300 MeV region 4 . Even more restrictive, but also more reliable, are tests of the sum rule where
the summation of GT strength is limited to the lp-lh 0 tuv region of the shell model. Because
of Coulomb energy differences the energy summation limits differ for (p,n) and (n,p) reactions,
with typical values of E°n « 25 MeV and E°p « 15 MeV, respectively. The (p,n) results from
1UCF have shown 4 that S_(« 25 MeV) amounts to about 60% of the sum-rule value for heavy,
doubly-closed shell nuclei. A recent TRIUMF measurement of the 90Zr(n,p)90Nb reaction 29 has
placed an upper limit of <10% on S+(10MeV).

It is extremely difficult to decide experimentally whether the quenching of the strongly energy-
restricted sum rule is caused by A-hole excitations or by mixing with 2p-2h states 30. The latter
will cause the GT tail to extend from the Iplh region to about 70 MeV of excitation, because of
a large 'background' of states of different multipolarity (but of similar spin-flip probability) and
because of uncertainties in the reaction mechanism (e.g. the contribution of multi-step processes)
extraction of distributed 1+ strength is fraught with systematic uncertainties, even when highly
accurate angular distribution data are available.

The strongly energy-restricted sum rule in a case where both S_ and S+ are large was recently
determined by Vetterli et a/31-32 who measured (p,n) and (n,p) reactions on 54Fe at 300 MoV.
The significance of this experiment is related to the fact that the combination of S_ and S+
provides a severe test of any nuclear model. This holds especially for S+ which is smaller than S_
and more severely Pauli blocked. A decomposition of the angular distributions into multipolcs
(L = 0,1,2) has been carried out for both reactions. The results are shown in Figure 6 for the
most forward angles. The calibration of a at 300 MeV was determined from the (p,n) cross section
for the 0.94 MeV state in 54Co whose B(GT) was known from previous (p,n) experiments at 135
MeV 33 and 160 MeV 3A. The experimental value, a = 5.1 ± 0.4 mb/sr, differs markedly from
the value 3.4 mb/sr calculated with the DWIA using the Franey-Love interaction 13. The 0~
strength of S_(15MeV)=7.5 ± 0.7 is in excellent agreement with (p,n) data from 1UCF at 160
MeV M (S_(15MeV)=7.9 ± 1.9) and 135 MeV M (S_(14MeV)=7.0 ± 0.4, the revised value of
the /3+ strength is S+(10MeV)=3.1 ± 0.4. For the strongly energy-restricted sum we obtain

S_(15MeV) - S+(10MeV) = 4.4 ± 0.8

Compared to 3(N-Z)=6 this implies that about 60% of the sum rule is seen at low excitations.
More instructive is a comparison of the individual total strengths to nuclear model predictions.
We compare to three different models: a) lplh excitations of a simple /7

14
2 ground state; b)

'; a shell model which includes 2p2h components in the ground state 35; c) a quasi-particlc RPA
; calculation which takes particle-particle correlations into account 36. The quenching factors are:

Sexp/Sti,eory{+\ -) = (0.30;0.46), (0.42;0.56), and (0.62;0.68), respectively. Only the quasi-particle
RPA gives similar quenching for S_ and S+ and determines an 'effective' axial vector coupling
constant, (ff/i/ffv ) e / / « 1.0. We mention in this context that the strength of particle-particle
correlations is the dominant factor in calculations of the lifetime for two-neutrino double beta
decay.
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CONCLUSIONS

We have shown that N-nucleus scattering experiments at small momentum transfers provide
a qualitative overview of GT strength distributions. The combined results for the total strengths
S_ and S+ provide severe tests of nuclear models. Accurate comparisons with the models are
presently hampered by observed variations in the corversion factors a relating cross sections to
GT strength. An improved theoretical understanding of finer details of the N-nucleus interaclion
and of the reaction mechanism is needed.

The author is indebted to W.P. Alford, J. Mildenberger, B. Pointon and M. Vetterli for their
permission to quote experimental results prior to publication.
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