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ABSTRACT

New results from (p,n) studies at IUCF show that
it is possible to observe Gamow-Telier (GT) strength
and extract GT matrix elements from (p,n) measurements.
The charge exchange reactions (6Li,6He) and (if*",*0)
involve different projectile quantum numbers, and the
relationships of these reactions to (p,n) is discussed.
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I. LOW q FEATURES OF (p,n) REACTIONS

Charge exchange reactions can provide important information about the
relationships within A chains of states connected by simple spin-isospin opera-
tors. Historically this has been the province of beta decay studies, but the
beta decay probe is limited by energetics to low lying levels and fortuitous
cases. In particular, most of the expected Gamow-Teller strength from any
given nucleus has never been observed and is, in fact, unobservable by beta
decay except in very light nuclei.

Charge exchange reactions offer another means of exploring structure rela-
tionships within A chains, all regions of nuclear excitation are accessible.

At low bombarding energies, say below 100 MeV, the complexity of the reac-
tion mechanism generally obscures the structure information, but one of the
interesting new results from the (p,n) program at IUCF is that at energies
above about 100 MeV at low momentum transfers the reaction mechanism appears to
be simple. The simplifications make it possible to search out high lying GT
-strength and quantitatively to extract structure information in the form of GT
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matrix elements. The simplifications are such that the"accuracy of the iTifor- "
mation is not critically dependent of details of distorted wave calculations.

Figure 1 shows the 0° energy spectra from 90Zr(p,n)90Nb at Ep = 45, 120,
and 160 MeV. The broad peak identified With the arrow in each case is believed :
to be a giant Gamow-Teller resonance**2 at 8.7 ± 3 MeV in 9°Nb. It is apparent
that the resonance is easiest to observe at the highest energy. In fact, in
the 100-200 MeV energy range the 0° (p,n) spectra are dominated by transitions
to final states related to the target state by relatively large Fermi (F) or
Gamow-Teller (GT) matrix elements.3

i

To establish the connection between the (p,n) reaction and beta decay, we
should, of course, note that both reactions involve the same isospin changes,
but further, we should note that beta decay is essentially a low momentum
transfer process. We shall show that the (p,n) reaction is capable of
exploring low momentum transfer, and in a low momentum transfer approximation
the expression for the (p,n) differential cross section is especially simple.

One usually thinks of increasing the energy of a probe to permit obser-
vation of higher momentum transfer. It is also true that increasing the energy
of a probe lowers the minimum momentum transfer that can be observed for a
given energy change in the reaction. Minimum momentum transfer occurs at 0°
where there is no transverse momentum. In a charge exchange reaction the mass
of the observed particle equals the mass of the incident particle. The momen-
tum change implied by a small energy change is

dp = c^Cl + 1/(E2-1)3^ (1)

where E is the total energy in units of the rest energy. We can use this for-
mula for noting how the minimum observable momentum transfer depends on bom-
barding energy. With respact to Fig. 1, the momentum transfer for the GT peak
is about 50 MeV/c at ED = 45 MeV, about 34 HeV/c at E D = 120 MeV and about 30
MeV/c at E p = 160 MeV/

 H

In general the distorted wave impulse approximation (DWIA) expression for
the differential (p,n) cross section is quite complicated involving the various
isospin dependent terms of the nucleon-nucleon interaction including central
and tensor spin independent, spin-spin, and spin-orbit terms in all multipoles.
In the limit of zero momentum transfer only monopole terms survive and tensor
and spin orbit terms vanish.4»5>6 In this limit the differential cross section
can be written as

where JT and JOT are the magnitudes of the volume integrals (q * 0 components)
of the spin-independent (TI»T2) and spin-dependent ("i*^ Tl*T2) isovector
central terms in v-jp including the contribution from knockout exchange, N§ and
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NgT are distortion factors that can be calculated,"and <F> and <GT> are the
Fermi and Gamow-Teller matrix elements given by'

and

< JiH T-l!V

<GT> = (5nr ) 1 / & < Jf 11z Uk>s<k> 11 V - («)
I K

The reduced matrix elements here are as defined in Ref. 7 and t_ and T_ are
isospin lowering operators. The allowed beta decay rate can be written in a
similar form

^ = G* <F>2 + G* <GT>2 . (5)

II. DETERMINATION OF GT MATRIX ELEMENTS :

We can determine the GT matrix element for a transition from the measured ;
value of the 0° (p,n) cross section if we can assign numerical values to N§T
and J§T. We have evaluated these coefficients by combining several measure-
ments and using DWBA calculations in a manner that does not require accurate
knowledge of optical model parameters or nuclear wave functions.°

We have measured 26Mg(p,n)26Al. The 0° spectrum is shown in fig. 2.
The beta decay rates for the analogs of the observed transitions have been
measured (see fig. 3). We use eq. (5) with numerical constants from Kavanaugh^
to obtain <GT>2 for the transition to the 1.1 MeV state of 2 6A1. We take
<F>2 = 2 for the 0.23 MeV state. We use a simple calculation to determine
N!-! and N& . The interpretation of ND is the factor by which the cross section
is reduced due to the imperfect match between the ingoing and outgoing waves on
account of distortion. Thus ND is the ratio of calculated plane-wave tc
distorted-wave cross sections.

The distortion factors were calculated using the local t matrix interac-
tion of ref. 10 and optical model parameters taken from refs. 11 and 12. The
plane-wave cross sections are calculated with the proper kf/k7- weighting but
with Q = 0 so that e = 0 corresponds to q = 0. ND exhibits a smooth exponential
A dependence and is only moderately sensitive to the reaction Q values and the
model nuclear wave functions.

Although ND is insensitive to the interaction a weak dependence can be
seen making f$ smaller than N^ . This can be understood in terms of the shapes
of the isovector central terms in the t matrix interaction of ref. 10. The t<jT
component has a long range characteristic of OPEP, while tj has a much shorter
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range characteristic of multiple pion exchange.5'10'^7 When tT acts the pro-
jectile must penetrate more of the absorbing potential to "see" the interaction
than when tfft acts.

Once the distortion factors and the matrix elements are known one can use ;
eg. (2) to find JT or J0T. Figure 4 shows the results of this analysis for i
2°Mg(p,n) and measurements on other nuclei. The values of JT and J<JT from ref.

 ;

5 and those calculated from OPEP alone are also shown in the plot. I

We can now apply this procedure to the determination of the GT matrix ele- ;
ment between the ground state of 9®Zr and the GT giant resonance in 90Nb.
Figure 5 shows the 0° spectrum for E p = 120 MeV with the peak fitting indicated.
We know that for the analog state transition (peak d in fig. 5) <F>2 = 10. This
provides an independent normalization for the cross sections that is consistent :
with the value of J T obtained from the 2°Mg measurement. We then use the value
of J O T * 168 MeV fm3 obtained from the 26Mg analysis. We find then that
<GT>2 for the giant resonance is 8.3. If we add up all the apparent i = 0 peaks
in the spectrum we get Z <GT>2 = 11.4 compared to the value of 30 expected from
the simplest model assumption that there are 10 excess neutrons (in the
g^/2 shell) and there is no proton occupancy of the corresponding spin-isospin
flipped states.

III. OTHER CHARGE EXCHANGE REACTIONS

The foregoing discussion illustrated the use of reaction properties to
explore nuclear structure. It is also of interest to exploit certain known
structure relationships to study to the projectile-nucleus interaction. The
mass 14 system contains important examples. The level diagram is shown in fig.
6. Because <GT>2 % 0 between the ground state of 14N and the ground states of
both 14C and 1 4 0 , the zero degree cross sections should be zero within the
limits of the approximations of eq. (2). 14N(p,n)140 has been measured by Moake
et al. and the 0° degree cross section is indeed small although not zero.

The 14C(p,n)14N(2.3 MeV) analog state transition is unique in that this
0 + •*• 0 + transition is well isolated (1.6 MeV) from the nearest neighboring
state. Thus, this case can be used to study the non-OPEP, *•*, monopole
interaction term over a wide range at momentum transfer with only modest resolu-
tion requirements. This has not yet been exploited in (p,n) in the 100-200 MeV
range.

For (6Li,6He), insofar as the reaction is direct, the monopola component
should follow GT selection rules so the 0 + -»• 0 + transitions should not be seen
and the vanishing GT matrix element should suppress the 14C(°Li,6He)14N(g.s.)
transition. This has been shown to happen (see fig. 7), and proportionality
of the small angle cross sections to GT matrix elements has been demon-
strated.15

In pion charge exchange if GT type transitions are observed they must be
mediated by a spin-orbit interaction between the nucleon spin and the pion-
nucleon orbital interaction since there is no spin-spin interaction. A
radiochemical experiment has already shown that structure effects dominate the
14N(ir+»*°)140(9«s.) reaction.16 This cross section has been assigned an upper
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Fig. 6.
Mass 14 isobar diagram.
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limit of 0.05 mb while all other (ir+,ir°) cross sections measured in that experi-
ment have cross sections larger than (and usually much larger than) 1 mb.l°

A study of 14C(ir+,ir°)14N is presently underway here at LAMPF and fig. 8 !
shows a preliminary 0° spectrum. The large peak corresponds to the 0 + •*• 0* IAS j
transition. : ;

i

IV. SUMMARY i \

New results from (p,n) reactions at intermediate energies show that GT
transitions dominate the 0° spectra. It is possible to extract quantitatively
GT matrix elements from the (p,n) 0° cross sections. The reactions (p,n),
(6|_i,6He) and (ir+,ir°) all have the same isospin relationships but differ in
spin relationships and consequently pick out different structure features. The
usa of structure to select interaction components is also discussed with
reference to the mass 14 system. ;
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