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ABSTRACT

Angular distributions of the 3*Fe(p,n)*Co and 34Fe(n,p)**Mn cross sections have been
measured to test the Gamow-Teller sum rule (S- -~ Sy = 3(N-Z)) in a case where the GT
sfrength is large for both channels. The results for S_ and S are compared to several models
which have moderate success in describing the data. Large scale shell model and quasi-
particle RPA calculations correctly predict the distribution of GT strength but overestimate
the total strength. A model which approximates the nuclear surface to be a semi-infinite slab
describes the cross sections well in the quasi-elastic scattering region if 2p-2h correlations
are included.

NUCLEAR REACTIONS: *Fe(n,p)**Mn, E=298 MeV, angular distribution.
$4F¢(p,n)**Co, E=300 MeV, angular distribution.

PACS nos.: 25.40 Ep, 25.40 Fq, 24.30 Cz, 27.40 +z.
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I. INTRODUCTION

Nucleon charge exchange reactions change the value of Tj, the third component
of isospin and hence involve purely isovector interactions; the isoscalar amplitude
which dominates (p,p’) reactions is forbidden. This makes (p,n) and (n,p) reactions
ideal for studying the isovector part of the N-nucleus interaction.

The most striking feature of 0° (p,n) reactions at low energies (<100 MeV) is
the isobaric analog resonance (IAR) (T=T,, AS=AL=0, where Ty is the isospin of
the target) which is related to Fermi (F) B-decay !. The IAR corresponds to tran-
sitions between analog states in the parent and daughter nuclei. At energies above
100 MeV, the o7 part of the N-nucleus interaction is larger than the 7 component?
and the Gamow-Teller (GT) resonance (AT=AS=1, AL=0) dominates the small
angle spectra. The study of (p,n) reactions has the advantage over 8-decay measure-
ments that the GT strength can be investigated over a large region of excitation
energy in the residual nucleus. This has led to extensive studies of intermediate
energy (p,n) reactions in recent years *°. A reduction in the amount of Gamow-
Teller strength is observed relative to theoretical calculations and the GT sum rule,
discussed below. This Gamow-Teller quenching is on the order of 30-40%.

The development of a nucleon charge exchange facility at TRIUMF has made
possible the study of intermediate energy (n,p) reactions. In all nuclei heavier than
3He, this reaction populates only T=Ty+1 states. Other final states (including the
IAR) are forbidden and Gamow-Teller transitions can be observed relatively free of
background.

This paper presents data for the *Fe(p,n)**Co and 5*Fe(n,p)**Mn reactions at
300 MeV. Results of the latter experiment have been published previously in a letter®
where the relevance of the (n,p) data to astrophysics is also discussed. Gamow-Teller
strength is extracted in both cases and the results are combined to test the GT sum
rule. The strength and distribution of the GT transitions are compared also to shell
model and quasi-particle RPA calculations. Furthermore, the quasi-elastic region
is studied within the framework of a semi infinite slab model. The cross sections
for the (n,p) and (p,n) reactions are related to the isovector piece of the (p,p’)
cross section by isospin coupling coefficients. Hence, the charge exchange data can

be used to decompose the (p,p’) cross section into its isospin components. This is
discussed extensively for 5*Fe in ref. 7.

II. EXPERIMENTAL METHOD

The TRIUMF nucleon charge exchange facility is discussed in detail elsewhere 8.
However, a short description is included here for completeness. The setup for (p,n)
experiments is shown schematically in fig.1.

1) (p,n) configuration.

A proton beam from the TRIUMF cyclotron strikes the primary target located

at the pivot of the Medium Resolution Spectrometer® (MRS) on beam line 4B. A
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and 400 MeV by Watson et al "' who integrated the angular distribution at each
energy and normalized it to the activation analysis of D’Auria et al '2. It was found
that a 0° cross section in the laboratory frame of 35+3 mb/sr is consistent with
all data between 50 MeV and 400 MeV. Several measurements of the "Li(p,n)’Be
yield were included during the present experiment and were reproducible within
1%. This consistency provides confidence that the efficiency and the dead time of
the MRS system, as well as the beam integration were determined reliably by the
experiment. The different runs were normalized to each other taking into account
these three factors.

As mentioned above, a strip target with dispersed beam was used to improve
the energy resolution. Measurements were also done with an achromatic beam at
each angle. In this case, all of the primary beam hits the target and these data are
used to normalize the cross sections with respect to “Li(p,n). Both achromatic and
dispersed spectra were integrated over the entire range of excitation energy and a
normalization factor, which represents the fraction of the beam hitting the target
for the dispersed beam, was determined for cach angle. Furthermore, for angles
greater than 5°, a correction was applied for the extra absorber placed at the exit
of the sweeping dipole. Measurements were done both with and without absorber
at 5°. An absorption factor of 1.92 was used to correct the cross sections at 8°, 12°,
and 15°.

Finally, the spectra have to be corrected for (n,p) reactions with the carbon
in the recoil scintillator. A spectrum for the *C(n,p)'?B reaction (Q-value=-12.6
MeV) was obtained during the (n,p) phase of the experiment. The "Li(p,n)"Be
spectrum shows a clear peak at E;=12.6 MeV. This peak is a satellite of the (ground
state, first excited state) peak at E; ~0 MeV and arises from the carbon in the RS.
The '*C(n,p) spectrum is normalized to this peak and the resolution of the two
experiments is matched by smearing the (n,p) data. The '2C(n,p) spectrum is then
deconvoluted from the (p,n) spectrum. The result of this procedure is shown in
fig.3. The spectra of fig.2 are corrected for all the effects mentioned above.

2) (n,p).

Data were taken at 1.8°, 2.9°, 5.4°, 8.3°, and 12° for a beam energy of 298
MeV. Corrections were made for the difference in neutron flux and MRS solid angle
for each individual target layer, as well as for the acceptance of the spectrometer
as a function of excitation energy. The results for the cross section versus the
excitation energy in **Mn are shown in fig.4. The peak at E; ~2 MeV is consistent
with an L=0 angular distribution and is identified as the GT resonance. A broad
peak at E; 212 MeV appears at 5.4°. Its angular distribution agrees with an L=1
shape characteristic of a dipole resonance. As mentioned above, the experiment
is self-normalizing. A CH, target was included in the target stack and the cross
sections were normalized relative to the 'H(n,p) reaction. A value of 50.7 mb/sr
in the laboratory frame was used for this cross section at 1.8°. This is the average
effective scattering angle in the laboratory frame with the MRS at 0°. It arises
from the solid angle subtended by the secondary (n,p) targets with respect to the

(2]

primary (p,n) target and the acceptance of the MRS. The value of the cross section
was taken from a phase shift analysis of N-N data '3,

One of the major concerns with the secondary target box is the problem of target
mis-identification. This happens mostly when a proton from one target is identified
as coming from the target immediately downstream of it due to an inefficiency in the
wire plane separating them (target leak through). For example, an (n,p) reaction
occurring in the third target is tagged by no hits in the first three wire chambers and
one hit in each of the four downstream planes. An inefficiency in the detector layer
immediately following target 3 will result in the following hit pattern: 4 misses, 3
hits. This mistakenly signals an (n,p) reaction in the fourth target. This effect is
corrected by subtracting from the downstream spectrum a certain fraction of the
upstream spectrum determined from the measured inefficiencies of the target wire
planes (see section II). Because of this effect, targets with large yields, such as CH,
are placed in the last position of the stack.

Since the targets are interspersed with proportional wire chambers, a small
contribution to the spectra arises from the detector gas and windows. This is
corrected by the subtraction of spectra recorded without the (n,p) targets present
(target “empty” runs).

As mentioned above, the "Li(p,n)"Be reaction does not produce strictly mo-
noenergetic neutrons and the tail of the distribution must be deconvoluted from
the data. The shape of the neutron spectrum is determined by comparing the
yields from CH; and carbon targets in the secondary position. By subtracting the
latter spectrum from the former after correction for target thickness, the spectrum
for 'H(n,p) is obtained. This spectrum, plotted in fig.5, is assumed to reflect the
energy distribution of the incident neutron beam. Note that this is the same as the
carbon corrected “Li(p,n)’Be spectrum of fig.3 since these are measurements of the

same double scattering process using the two different modes of the CHARGEX
configuration.

IV. MULTIPOLE DECOMPOSITION

In order to extract strengths for the different giant resonances, in particular
the Gamow-Teller strength, a multipole decomposition of the cross sections was
done. The data were summed into 1 MeV wide bins and angular distributions
were generated for each one. Theoretical angular distributions for each angular
momentum transfer were calculated using the distorted wave impulse approximation
(program DW81 !5 ) with the Franey-Love interaction ' at 270 MeV. The optical
potentials used for the distortions in DW81 were phenomenological Woods-Saxon
potentials fit to elastic scattering data taken at TRIUMF 7. The following simple
shell model configurations relative to a *Ni core were assumed for the final states
of the (n,p) rcaction (initial state: m(f7/,)7%):

AL =0 [r(fr72) 7>, v(fs/2)1+
AL =1: [r(fz/2) 7%, v(gos2)hi-
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component can be determined for cach bin (3" column). As mentioned above, a
further £5% uncertainty in the AL=0 fraction was included. Corrections for the
effective scattering angle and the energy transfer determined from the DWIA are
made for the AL=0 component in column 4. A value of ¢/B(GT)= 5.1+0.8 was
used to calculate the f-decay strengths B(GT) in the final column. The integrated
strength below 10 MeV in excitation is:

B(GT*)= 3.140.6.

The 0° (p,n) cross section was summed up to E;=15 MeV. The same criteria
as for (n,p) were used to decide the upper limit of the integration. The results
are shown in table II where the columns are the same as for table I. Note that
the effective scattering angle for (p,n) is smaller (6.;;= 0.9°) than for (n,p) since it
depends only on the solid angle subtended by the recoil scintillator at the primary
target. Note also that the cross sections are corrected to 8= 0° and w= 11 MeV,
the position of the 0.94 MeV state, not q=w=~0. Therefore, the value of o/B(GT)
used was 5.0+0.75 mb/sr. The cross sections for the first three energy intervals
were summed in the table in order to subtract the contribution from the ground
state which is not GT. This was determined in section V to be 16% of the peak or
0.7£0.05 mb/sr. The integrated strength below 15 MeV is:

B(GT)= 7.5%+1.2.

This compares well to the results of Rapaport et al '* who measured the
$Fe(p,n)**Co cross section at 160 MeV and deduced B(GT~)=7.8+1.9. Ander-
son et al '® have also studied this reaction at 135 MeV and find B(GT~)= 7.0+0.4
below 14 MeV of excitation, in good agreement with the present value.

2) Comparison to theory.

Shell model calculations have been done for B(GT*) by Bloom and Fuller *
and by Muto . The simplest configuration (r[f75)™2 to w[fr/s]v[fs/a]) gives
B(GT™*)=10.29. Including 1p-1h excitations in both the parent and daughter nuclei
reduces B(GT*) to 9.12. The distribution of this strength is plotted in fig.4 as the
dashed curve in the top panel. Although the distribution is well reproduced, the
calculations must be re-normalized by a factor of 0.34. Expanding the shell model
basis to include 2p-2h excitations in *'Fe and using the sum rule technique, Muto
finds B(GT™)=7.4, still a factor of 2.4 too large.

It is clear that the inclusion of higher order configurations will reduce the the-
oretical prediction of B(GT*). However, these calculations quickly become pro-
hibitively large. Auerbach et ol ?! have done RPA calculations for Ni and have
shown that RPA correlations reduce the value of B(GTt) by a factor of 2 with
respect to the simple shell model. If this same factor applies to *Fe, we can expect
an RPA prediction of B(GT*)=5.15. This gives a quenching factor (0.zp/0ow) of
0.60.

Engel, Vogel, and Zirnbauer (EVZ) Lave recently performed quasi-particle RPA
calculations in an effort to obtain double 8-decay matrix elements 22. Their results
for 3*Fe 2* are shown in fig.10 where the f-decay strength is plotted with the AL=0
component of both cross sections. The distribution of strength is reproduced well as

was the case for the shell model calculations. The total strength predicted by this
model is B(GT™)=11.0 and B(GT*)=5.03. Note that the B(GT*) value is consis-
tent with the RPA quenching obtained by Auerbach in *°Ni. The quenching factors
with respect to experiment for the RPA model are 0.68 and 0.62 for B(GT™) and
B(GTT) respectively. The RPA calculations would agree with the data if the axial
vector coupling constant was renormalized in nuclei to g4/gy= 1.0. EVZ point out
that particle-particle correlations play an important role in the quenching of B(GT).
Kuzmin and Soloviev report the same effect in ref. 24 where they find B(GT*)=
4.2. The difference between this and the EVZ value for B(GT') can probably be
attributed to variations in the strength of the particle-particle interaction used.
3) Sum rule.

The ot_ [ot,] operator is responsible for (p,n) [(n,p)] transitions. If S_ and S,
are the summed GT strengths for (p,n) and (n,p) reactions, one can write:

-|m+|MM_ (flojt_li)|? MM_ (f'lojteli)|?

=1 f =1 f

where |i) and (f| are the initial and final states respectively. The o; are the Pauli
spin matrices and the t’s are one half times the corresponding isospin matrices ;.
Expanding both squares, we get:

- =Sy = RSkl lost-t) = 3 S ot )

=1 f

Using closure and the fact that QH. =o0;

3
S_ = Sy =Y (Gl i) — (i|o?th e, ]i)).
J=1
Since o= 1, we can sum over j and obtain:

_ =Sy =3(ithe —they]i).

Using the definitions of the isospin raising and lowering operators and the commu-
tation relations for the isospin matrices, one can show:

the. —they =tpt. —t_ty = [ty,t_] = 2ts.
Therefore the above equation simplifies to:
S_ = S5, = 3(1]2t3]q).

A sum over all particles in the nucleus is implicit in the previous discussion. The
t3 operator acting on the neutrons (protons) gives N/2 (-Z/2). We finally obtain:

S_—8, =3(N-2)
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TABLE CAPTIONS

Table I. Cross sections and Gamow-Teller strength for the $4Fe(n,p)**Mn reac-

tion

at 300 MeV. See the text for an explanation of the different columns.

Table II. Cross sections and Gamow-Teller strength for the **Fe(p,n)**Co reac-

tion

at 300 MeV. See the text for an explanation of the different columns. The

strength due to the g.s. transition which is of the Fermi type is subtracted in the
fourth line.

TABLE 1.
E; (MeV) __ ocm(1.8°) (mb/sr) o1-0(1.8°) (mb/sr) Oq=w=0 (mb/sr) B(GT*)
-1.0 || 0.214+0.15 0.19+0.14 0.2440.17 0.05+0.04
1.0 || 5.36+0.32 5.15+0.40 6.40+0.50 1.261+0.22
3.0 || 3.784+0.22 3.46+0.27 4.40+0.34 0.86+0.15
5.0 || 2.864+0.18 2.19+0.17 2.8610.23 0.56+0.10
7.0 || 1.7840.13 0.93+0.08 1.2540.11 0.25+0.04
9.0 || 2.004+0.14 0.3940.03 0.5440.05 0.1140.02
3.0940.57
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