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Angular distributions have been measured for the ( Li, He) reaction on targets of Li, ' ' C,
Mg, and Zr at bombarding energies of 35, 25, and 14 Me V/nucleon. The ratios of observed cross

sections for states in ' N and 'Be suggest that the reaction mechanism is predominantly one-step at
35 and 25 MeV/nucleon with an increasing contribution from sequential transfer at lower energies.
Measured forward-angle cross sections for Gamow-Teller transitions are found to be accurately pro-
portional to the corresponding B(GT) values from P decay or from (p,n) data. This calibration will

allow the measurement of spin-transfer strength with the ( Li, He) reaction at intermediate ener-
gies. One-step distorted-wave Born approximation calculations, which used Yukawa central and
r & Yukawa tensor potentials, are consistent with the data at 35 and 25 MeV/nucleon except for
0, &3', and give a central force strength, V, in reasonable agreement with that obtained in (p, n)
studies at similar energies per nucleon.

I. INTRODUCTION

For several years the (p,n) reaction with proton energies
above 100 MeV has been used successfully in the study of
Gamow-Teller (GT) strength in nuclei. ' The quenching
of this strength is of great current interest, ' with irnplica-
tions both for the detailed nuclear structure of the target
and for the possible effects of nucleonic excitations. Al-
though most charge-exchange studies have used the (p,n)
reaction and, more recently, the ( He, t) reaction, the
( Li, He) reaction is an alternative choice with several ad-
vantages. On the experimental side, the presence of a
charged particle in the outgoing channel allows detection
by magnetic spectrographs and thus gives potentially
better resolution and lower background compared to the
(p,n) case. On the theoretical side, the reaction is strongly
selective of spin-flip transitions (this is also true of the
other reactions, but only at high energies, where V, dom-
inates over V, ). The suppression of non-spin-flip (S=O)
transitions and the potentially lower background with the
( Li, He) reaction may help to locate the "missing" low-
lying CxT strength.

Some other applications of charge-exchange reactions
require excellent energy resolution. An example is the
measurement of CxT strengths in order to place limits on
double-P decay, for which a number of 1+ states have to
be picked out from nearby states of other J . Similarly,
knowledge of GT strength is needed to calibrate nucleo-
cosmochronometers through /3 -decay systematics for

low-lying states near the Pb region. A recent application
of the (p, n) reaction has been in the search for pion pre-
cursor phenomena through isovector 0+ to 0 transi-
tions, for which the spin-flip component of the nuclear in-
teraction is expected to couple strongly with the pion
propagator in nuclear matter and give enhanced cross sec-
tions for momentum transfers of about two to three times
the pion mass. Suitable 0 states in ' F and ' N are only
weakly populated and are separated by =200 keV from
neighboring states.

Another aspect of charge exchange with heavy ions
such as Li is the strong attenuation of the projectile wave
function inside the target nucleus, which means that the
reactions selectively sample the nuclear surface, unlike the
nucleon-induced case.

If the ( Li, "He) reaction is to be used as a spin-transfer
probe, ' it is important that the reaction mechanism be
shown to be one-step, because then the following selection
rules apply:

tr'=( —)

S =S',
where ~, L, and S denote the parity, orbital angular
momentum, and spin transfer in the projectile system, and
~', L ', and 5' are the same quantities in the target system
(there is a weak violation of these rules in the presence of
nonlocal exchange terms). For Li(1+)~ He(0+), the
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parity selection rule requires I. to be even and the angular
momentum coupling allows only spin transfers of 5=1.
The parity rules do not hold for sequential transfer pro-
cesses, involving, e.g. , Li~ Li~ He, although they
may be partially recovered if the reaction is localized such
that the pickup and stripping occur close to the same
point. At the low bombarding energies (32—62 MeV) at
which most previous experiments have been performed,
there has been much debate' ' over the relative impor-
tance of the single-step and sequential transfer processes.
However, the second-order processes are expected' ' to
become less important as the bombarding energy is in-
creased, as a consequence of the decreasing overlap of the
projectile and target momentum distributions. Indeed, it
has recently been claimed that one-step calculations are
consistent with data for ' C( Li, He)' N at 93 MeV. As
another reference point, the (p,n) reaction appears ' to be
well described by the one-step mechanism at energies
above 25 MeV.

Assuming that the one-step mechanism is dominant,
GT strength may be measured at forward angles and high
bombarding energies where L'=0 transfers are strong.
At more backward angles (or lower bombarding energies),
higher multipolarity spin-flip excitations may be observed.
A critical issue, if the ( Li, He) reaction is to be used as a
probe for spin transfer strength, is whether the measured
GT cross sections are proportional to the squares of the
corresponding P-decay matrix elements, as has been
found in (p,n) reactions above 100 MeV. For the
( Li, He) reaction at 5 MeV/nucleon, Wharton and De-
bevec' found a smooth but pronounced mass dependence
in the ratio of cross sections to GT strength. Such a mass
dependence is obviously undesirable if the ( Li, He) reac-
tion is to be used to extend the range of measured GT ma-
trix elements, but we show here that it is ameliorated at
higher bombarding energies.

In this paper we present a systematic survey of GT
transitions induced by the ( Li, He) reaction at E/A = 14,
25, and 35 MeV on a wide range of target nuclei
(A =7—90). Some of the data at 35 MeV/nucleon have
been reported in a previous Letter. We describe two
kinds of tests of the reaction mechanism. The simpler one
(Sec. III A) involves the comparison of cross section ratios
for final states in ' N and Be. The second is the compar-
ison of the experimental cross sections with one-step
distorted-wave Born approximation (DWBA) predictions
(Sec. IV). The calculations yield estimates of the central
and tensor force strengths. Next, in Sec. V, we investigate
the correlation between the measured ( Li, He) cross sec-
tions at forward angles and the corresponding GT
strengths. We summarize our results and present our con-
clusions in Sec. VI.
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and Zr (25 and 35 MeV/nucleon). Self-supporting Li
targets of thicknesses 4.9 and 4.5 mg/cm were manufac-
tured by rolling oil-immersed pieces of the metal; the tar-
gets were then transferred to the target chamber under
vacuum. The 440 pg/cm ' C target was obtained from
Chalk River Nuclear Laboratory. The thicknesses of the
other targets were 475 pg/cm (' C), 1.08 mg/cm ( Mg),
and 2.08 mg/cm ( Zr). All the target thicknesses were
measured by the a-particle energy-loss technique after the
experiment was completed.

The He reaction products were momentum-analyzed
by the S-320 spectrograph which can bend He ions up
to 35.6 MeV/nucleon. A typical solid angle was 0.25 msr
with +0.3' horizontal angular acceptance. The focal
plane detector consisted of two position sensitive propor-
tional counters, an ion chamber for energy-loss informa-
tion, and a stopping plastic scintillator which provided
both a measure of the total energy of the particles and a
stop signal for time-of-flight (TOF) relative to the cyclo-
tron frequency (rf). The He particle group was cleanly
identified in plots of energy-loss versus scintillator light
output (Fig. 1). The TOF signal was used as an additional
gate to exclude any background events with anomalous
total-energy signals. The spectra shown in the following
section have little remaining background —a fact that may
be attributed in part to the high magnetic rigidity of the
He + ions. Typically, a resolution of AE/F= 1/600 was

obtained. Although this is quite modest compared to a
state-of-the-art heavy-ion spectrograph, the absolute reso-
lution at the lowest bombarding energy was significantly
better than that obtained in intermediate-energy (p,n) ex-
periments.

II. EXPERIMENTAL PROCEDURES

The experiment was performed with beams of 14, 25,
and 35 MeV/nucleon (83.4, 150, and 210 MeV) Li ions
from the K500 cyclotron at the National Superconducting
Cyclotron Laboratory. Typical beam currents on target
were about 30 particle nA. The targets bombarded were
Li and ' '"C (all energies), Mg (35 MeV/nucleon only),

FIG. 1. Particle identification plot for 35 MeV/nucleon Li
on ' C with the spectrograph positioned at 0' and the field set to
detect He reaction products. LIGHT is the output from the
stopping scintillator at the back of the focal plane detector, AE
is the ion-chamber (energy-loss j signal.
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The relative normalizations between the different angu-
lar settings of the spectrograph were based on the in-
tegrated current from a Faraday cup located about 1.5 m
from the target. This Faraday cup was in the form of a
long horizontal plate which moved with the rotation of
the spectrograph. The charge collection efficiency for dif-
ferent angle settings was calibrated by comparing mea-
sured cross sections of elastic scattering from a gold target
to optical model predictions in the Coulomb-dominated
region. In addition, elastic scattering peaks were recorded
in three monitor detectors (3 mm thick plastic scintilla-
tors) set at fixed angles to the beam. Corrections to the
measured integrated current from the Faraday cup were
required only for the smallest angles (O~,b & 3') where edge
effects of the plate would be expected to be important.

As a check of the cross section normalization, some
limited elastic scattering angular distributions were mea-
sured at the 35 MeV/nucleon bombarding energy. By
comparing these data with cross section calculations
which used optical model (OM) potentials from the com-
pilation of Cook et al. , we estimate the overall normali-
zation uncertainty arising mainly from the beam integra-
tion and the target thickness measurement to be about
+10%. This is not included in the errors shown in the
angular distributions. Owing to the small angular range
covered and the uncertainty in the true scattering angle
(estimated at +0. 1'), it was not feasible to obtain new op-
tical model potentials from the data. However, one may
obtain some indication of the applicability of the poten-
tials from Cook et al. from the shape of the angular dis-
tributions. Although these potentials were determined
from 156 MeV Li scattering data, they give a good repro-
duction of the present Li+ ' C, Li+ Mg, and Li+ Zr
data at 210 MeV (Fig. 2), although some inadequacies are
apparent for Li+ ' C. This may be of relevance to the
DWBA calculations for the reaction (Sec. IV) which used
the same optical parameters.

Measurements of the ' C( Li, He)' N and
' C( Li, He)' N reactions with the spectrograph posi-
tioned at 0 were undertaken at 35 MeV/nucleon. At this
position the finite solid angle of acceptance lead to a mean
laboratory angle of 0.3'. With the spectrograph set to
bend He + ions to the focal plane, the Li + ions, which
are the major charge state component at this energy, were
bent away from the detector, but the Li + ions would
still have been intense enough to cause a count-rate prob-
lem if allowed to enter the focal plane detector. (From
other parts of the experiment the Li +/ Li + ratio at 35
MeV/nucleon was measured to be about 7&& 10 with the
Zr target and about 1.2&&10 with the Mg target. ) Ac-
cordingly, a blocking finger immediately upstream of the
detector was positioned to catch the Li + ions; the nega-
tive Q value of the ( Li, He) reaction results in the 6He +

ions being shifted by a few centimeters along the focal
plane away from the finger. Since no Faraday cup was in
place for these measurements, the cross sections were de-
duced from the counts in the monitor detectors.

The focal plane of the spectrograph was calibrated by
varying the magnetic elements to step the elastic scatter-
ing group across the region of interest. The calibration
points were fitted by a second-order polynomial.
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FICx. 2. Angular distributions for the elastic scattering of 35
MeV/nucleon Li from ' C, ' C, Mg, and Zr. An angle un-
certainty of +0. 1 is not included in the error bars. The curves
are optical model calculations as described in the text.

III. ANALYSIS

A. Discussion of the spectra
and ratio tests of the reaction mechanism

Two of the targets studied here, ' C and Li, provide fi-
nal states which may be used in simple tests of the reac-
tion mechanism. For ' N, we compare the yield to the
3.95 MeV 1+ state, which should be strongly populated
by the one-step process (due to a large GT matrix ele-
ment), with the yield to two states that are inhibited in the
one-step process (either because of a small GT matrix ele-
ment or because spin transfer S= 1 is forbidden). For the
Li target, we compare forward angle yields for two tran-

sitions z to 2 a d 2 to z For L'=0 transfer,
the second of these is purely S= 1 (GT), while the first
may have also an S=O (Fermi) component unless the
( Li, He) reaction is one-step.

The ratio tests ought to be insensitive to the details of
the reaction mechanism since any kinematic effects
should nearly cancel in the ratio and one does not need to
know details of the nuclear structure involved. In prac-
tice, however, exchange and tensor amplitudes in the one-
step process will always be present to some extent and one
may well not obtain precisely the ratios of strengths ob-
served in p decay, even if sequential transfer processes in
the reaction are negligible. An additional complication is
that not only the single-step but also the sequential-
transfer process tends to populate states in proportion to
the corresponding P-decay matrix elements. ' '
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1. ' C( Li, He)' N

Spectra for the reaction on the ' C target at the three
bombarding energies are presented in Fig. 3. The ' C tar-
get was studied in more detail than the others, mainly be-
cause of three levels in ' N that provide a useful test of
the reaction mechanism. The 1+ ground state has a
B(GT) value from P decay only about 10 (Ref. 26) of
that for the strong 3.95 MeV 1+ level (which contains
more than 90% of the low-lying GT strength' '" in ' N).
The ratios of ( Li, He) cross sections to these states (all
taken at q =100 MeV/c) are shown by the upper set of
points in Fig. 4 as a function of bombarding energy; the
point at E/2=10 MeV has been extracted from Ref. 15.
For comparison, in the (p,n) reaction at 35 MeV, the ra-
tio of yields was found to be 0.17, while at 160 MeV, it
had dropped to 0.01. However, tensor and L=2 central
amplitudes may account at least in part for the observed
energy dependence of the ratios and the apparent
discrepancy with the /3-decay ratio. A better test of the
contribution of two-step processes is the ratio of the 0+
isobaric analog state (IAS) at 2.31 MeV to the 3.95 MeV
state, because a 0+ to 0+ transition can only be mediated
by the nonlocal part of the exchange interaction in a one-
step mechanism. It is known that this is an L=1 pro-
cess which would be weak near O'. The ratio, plotted as
the lower set of points in Fig. 4, shows that the IAS is
suppressed by a factor of 2 at E/2=35 and 25 MeV
compared with the lower bombarding energies, which sug-

gests that multistep processes are less significant at the
higher energies. We note that the intrinsic strength of the
IAS transition would be about the same as that of the 3.95
MeV state if S=O transfer were not forbidden, since the
GT matrix element is about 1.5 times larger than the Fer-
mi matrix element but is compensated by V, = 1.4 V at
this energy per nucleon. ' For the ' C(p,n)' N reaction at
35 MeV, the ratio o.(IAS)/o(3. 95) is 0.8, which illus-
trates the lack of S= 1 selectivity in low energy (p,n) reac-
tions. The value of 0.05 observed with the ( Li, He) reac-
tion at 35 MeV/nucleon thus corresponds to a suppression
of S=O strength by a factor of 16.

2. Li( Li7 He) Be

The resolution observed in the He spectra for the Li
target (Fig. 5) is dominated by target thickness at 14
MeV/nucleon and by the worsening absolute energy reso-
lution of the spectrograph at 35 MeV/nucleon. Only at
25 MeV/nucleon are the ground state and 0.43 MeV first
excited state of Be resolved, but, with the reasonable as-
sumption of equal FWHM, yields to these two states
could be determined from a peak-fitting program with
sufficient accuracy at all energies.

A test of whether one-step processes are dominant,
similar to the tests described above for the ' C target, is to
compare the ratio of forward-angle (thus, ideally, L'=0)
cross sections for the —, ground and —,

' 0.43-MeV states
of Be with the ratio, 1.18, of B(GT) values known from /3

decay. If the reaction is purely one-step, the S=O (Fermi)
transfer in the —, to —, transition will be forbidden.
The ratios of yields from the ( Li, He) reaction (Table I)
for a given energy are seen to depend on angle, with the
smallest angle studied generally giving a lower value in
each case. This is possibly due to the effects of tensor and
L=2 central amplitudes at larger angles [note the angle
dependence of the tensor interaction effects in the
Li(p, n)'Be reaction analysis of Austin er a/ ] In any. .

case, only at F. /3=35 MeV is the ( Li, He) ratio (at
0=2.5') in agreement with the B(GT) ratio. There is a
trend away from this value as the bombarding energy is
reduced, which suggests that the reaction mechanism is

O
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FIG. 3. Spectra for ' C( Li, He)' N for E( Li)=14, 25, and
35 MeV/nucleon. States in ' N are indicated, with the excita-
tion energy given in MeV. The energy resolution is about 1 in
600.

FIG. 4. Plot of the ratios of cross sections at q =100 MeV/c
for ' Ng, and '

N&As to ' N395 vs bombarding energy. The
values for the 10 MeV/nucleon points are taken from Ref. 15.
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FIG. 5. Spectra for Li( Li, He) Be at 14, 25, and 35
MeV/nucleon. The dashed lines show the fits to the ground and
0.43 MeV excited states of Be. 4 Zr( Ll' He) Xb

predominantly one-step at 35 MeV/nucleon with sequen-
tial transfer processes becoming more important at lower
energies.

3 ' C( Li He)' Rand Mg( Li He) Al

Spectra for the ' C and Mg targets are shown in Fig.
6. The GT states of interest are the ground state of ' N,
the 1.06 MeV state of Al, and two levels at 1.85 and 2.07
MeV of Al which were unresolved. The GT matrix ele-
ments for these states are known from P decay (see the
compilation in Ref. 2) and are compared with our mea-
sured cross sections in Sec. V.

Zr( Li He) Nb400—
0) b

—2.9
E/A = 35 MeV

A spectrum for the reaction on the Zr target at 35
MeV/nucleon is shown in Fig. 7. The spectrum is clean
in the sense that little background is observed in the chan-
nels below the ground state of Nb. The peak at 2.3 MeV
excitation in Nb is taken to correspond to the peak at
the same excitation seen in the (p,n) reaction at 120
MeV, ' where it was identified as a cluster of 1+ levels.
The peak at 1.0 MeV also was observed in the (p, n) study

TABLE I. Ratios of yields to Beo and 'Be& for different Li
bombarding energies. The second column shows the unweighted
mean of the ratios for all angles studied (typically from 2.5 to
5.5 lab); the uncertainty given is the standard deviation of the
measured results about the mean. The third column gives the
ratio at the smallest angle only (the uncertainty is the statistical
error from the fiti. The ratio expected from /3 decay is 1.18.

aoo—

200—

o 100

E/A
(MeV)

0.( ~,0.0)/o. ( ~,0.43)

all 0's 0=2.5'

0 5 10
Excitation Energy (MeV)

35
25
14

1.46+0.10
1.47+0.08
1.66+0.06

1.08+0.06
1.34+0.07
1.78+0.05

FIG. 7. Spectrum for Zr( Li, He) Nb at 35 MeV/nucleon
and a laboratory angle of 2.9'. The dashed line is a background
drawn by hand to represent the AL & 1 contribution.
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and was deduced to have contributions mainly from mul-
tipoles higher than L =0.

Above the two sharp peaks, one observes a broad
feature in the ( Li, He) spectrum which is centered at ap-
proximately 8.5 MeV excitation in Nb. This corre-
sponds to the giant GT resonance (GTR) as observed in
the (p, n) study, ' for which the excitation energy was es-
timated as 8.7+0.3 MeV. The structure at 8.5 MeV in
Fig. 7 has a linear momentum transfer (q) similar to that
for Zr(p, n) Nb at E =120 MeV and 11.5', and indeed
the present Zr( Li, He) spectrum shows an overall
resemblance to the 10 (p,n) spectrum of Bainum et al. ,

'

except that the IAS is not clearly seen. Alternatively, one
can compare with the discovery spectrum for the GTR
taken at Ep=45 MeV, which is again similar to that
shown in Fig. 7.

Closer inspection of the GTR region in Fig. 7 suggests
that it may be composed of two broad peaks at approxi-
mately 7 and 10 MeV excitation. In a study of

Zr( Li, He) Nb at 15.5 MeV/nucleon, Dem'yanova
et al. also observed an apparently double-peaked broad
structure at similar excitation in the most forward angle
spectra. They have calculated the contributions from dif-
ferent L for q=1.2 fm ' (0, =13' in their case): the
L =0 strength is about 15% of that from L = 1 and L ~ 1

combined, and these higher multipole transitions account
for the double-peaked appearance of the spectrum near
the GTR. In our case (q=0.5 fm ') we would expect
relatively more contribution from L =0. If a simple
smooth background is drawn to represent the underlying
L & 1 strength, the ratio of the broad peak to the 2.3-MeV
peak is 4.0, which agrees with the ratio, 4.6+0.7, of
B(GT) values found in the (p,n) work. ' Alternatively,
one can use the ratio of yields of the 2.3-MeV peak and
the GTR from the (p,n) spectrum to estimate that about
40% of the ( Li, He) cross section between 6 and 11 MeV
is from the GTR.

B. Shapes of angular distributions

One expects that the shapes of the various GT angular
distributions, when plotted as cross sections vs qR, where
R is the sum of the target and projectile radii, should be
the same if the same reaction mechanism is acting and if
distortion effects are similar for different transitions. Fig-
ure 8 shows that this is roughly true. It is interesting
however, that the position of the second maximum in the
angular distribution for ' C( Li, He)' N (3.95 MeV) ap-
pears to move from about 120 MeV/c at E ( Li) = 14
MeV/nucleon to about 100 MeV/c at E ( Li) = 35
MeV/nucleon. The 15.5 MeV/nucleon data of Aleksan-
drov et al. and the 10 MeV/nucleon data of %'harton
et al. ' peak at about 120 MeV/c. The shift at the higher
energy and less pronounced peak in the 25 MeV/nucleon
data may be due to the different contributions from the
tensor force to the cross section at these energies.

In Fig. 9 the angular distributions for the 1+ ground
and 0+ 2.31-MeV states in ' N are compared with that
for the GT 3.95-MeV state. The shapes of the distribu-
tions for the two 1+ states are markedly similar, whereas
the IAS state is clearly distinct.
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FICx. 9. Experimental angular distributions for the 1+ (0.0
MeV), 0+ (2.31 MeV), and 1+ (3.95 MeV) states in ' N from the
reaction ' C( Li, He)' N at E( Li)=3S MeV/nucleon.

FIG. 8. Angular distributions for various GT transitions
plotted vs qR /R (' C), where R /R (' C) is the sum of the pro-
jectile and target radii divided by that of Li+' C. The lines
connect the data points and are to guide the eye. At each ener-

gy, the distributions for a given target and final state are nor-
malized by eye to that for ' C (thick line). For 'Be ( Al), the
filled symbol corresponds to the 0.0 MeV (1.06 MeV) state and
the open symbol corresponds to the 0.43 MeV (1.85 MeV) state.
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IV. ONE-STEP D%BA PREDICTIONS

A second class of reaction mechanism tests is the com-
parison of data with one-step distorted-wave Born approx-
imation (DWBA) calculations. The DWBA code used is a
modified version' of DwUCK4 (Ref. 34) which allows for
the finite size and cluster structure of the projectile system
and includes direct central ( V, ) and tensor terms in the
interaction. Knockon exchange corrections corresponding
to the central interaction are included through the local-
energy approximation method; for further details, see Ref.
17.

The direct (central) interaction had a Yukawa form
with a 1 fm range. This value for the range is commonly
used in (p, n) analyses at low energies, but it might be con-
sidered somewhat small for heavy-ion-induced reactions
in view of the strong absorption of the composite projec-
tile. As a check, a test calculation with a 1.4 frn range
was performed for ' C( Li, He)' N and compared to a
calculation with the 1.0 fm range [for convenience, the
modified code SATURN-MARS (Ref. 37) was used for
these tests]. The cross section predicted with the 1.4 fm
range force was 33%%uo larger than that for a 1.0 fm range
force with the same volume integral. The effect is thus
fairly small in comparison with other uncertainties; it
would decrease the V extracted from a cross section fit
by about 15%.

As in Ref. 17, the form of the tensor interaction was an
r )&Yukawa with a range of 1.0 fm. In the DWBA cal-
culations described below, it will be seen that the tensor
force introduces a significant L=2 component to the
cross section. Due to the noncentral character of the
two-body tensor interaction, orbital angular momenta
differering by two units may be transferred to the projec-
tile (L) and to the target (L'). For 0+ to 1+ transitions,
the allowed combinations of L and I ' are

L=0, L'=2

and

A. ' N (3.95 MeV)

Angular distributions are shown in Fig. 10 for the ' N
1+, 3.95-MeV final state at the three energies studied.
For the 35 and 25 MeV/nucleon calculations, an optical
potential obtained from 156 MeV Li elastic scattering
on ' C was used in both the entrance and exit channels;
the potential is listed as Cl in Table II. A global Li po-
tential from Ref. 39 was used in the 14 MeV/nucleon cal-
culation (C2 in Table II). Wave functions for the target
system were obtained from 1p shell-model calculations

L =2, L'=02.
The strong absorption characteristic of heavy-ion reac-
tions favors the larger L transfer, which accounts for
the observed L=2 strength. The tensor force tends to
favor L &L ', in contrast to the central force, for which
L =L' always. Thus, despite the significant L=2 tensor
component to the cross section, the transitions are expect-
ed to be predominantly Gamow-Teller (L'=0) in the tar-
get system.
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100

100

5 10 15 20
8, (deg)

FIG. 10. Angular distributions for the reaction
' C( Li, He)' N (1+, 3.95 MeV) at E( Li) =14, 25, and 35
MeV/nucleon. The solid curves are microscopic DWBA predic-
tions, with central (direct plus exchange) and tensor terms in-
cluded ( V„„/V,=0.135). The dashed line is a calculation for
E=35 Me V/nucleon with only the central (direct plus ex-
change) terms. The dash-dotted and dotted lines are the calcu-
lated L=0 and L=2 components, respectively, of the cross sec-
tion for E=14 MeV/nucleon. The calculations are normalized
to the data (excluding I9, &3 for EL, ——35 MeV/nucleon) to
yield the empirical strengths of the interaction shown in Table
IV.

with an interaction of Millener. They were renormal-
ized to give the experimental B(GT) value as indicated in
Table III. This renormalization effectively increased the
extracted V, strength by approximately 20%.

The 35 MeV/nucleon calculations overpredict the data
at small angles (it appears that the overprediction is not as
bad for 25 and 14 MeV/nucleon), and in the following we
discuss two possible reasons. First, the choice of OM po-
tentials might be questioned, especially in view of the poor
reproduction of our Li+' C elastic scattering data (Sec.
II). A preliminary potential from McMaster et al. ' (Ml
in Table II), which was obtained from a fit to 35
MeV/nucleon Li+ ' C data, was also tried in a
' C( Li, He)' N calculation. This yielded results similar
to those with the Cook et al. potential, both in terms of
the shape of the angular distribution and the overall mag-
nitude. We cannot preclude the possibility that some oth-
er potential might give a better fit at small angles, but it
seems unlikely. A more probable reason for the overpre-
diction at small angles is the neglect of the exchange part
of the tensor interaction. Inclusion of this term would in-
volve a formidable calculation for heavy ions, but com-
parison with exact (p, n) calculations suggests that the ef-
fect would be to lower the calculated cross section in the
forward angle region.
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TABLE II. Optical model parameters deduced from Li elastic scattering and used in the present
( Li, He) DWBA calculations. Both real and imaginary potentials are of the volume Woods-Saxon
form. The convention R„=r„AT is followed.

C1'
C2b
M1'

V
(MeV)

112.1
109.5
121.7

(fm)

0.816
0.811
0.818

rv

(fm)

1 ' 3
1.326
1.206

W
(MeV)

32.1

c
37.72

(fm)

0.808
0.884
0.865

(fm)

1.7
1.534
1.546

Ref.

24
39
41

'Used for "' C( Li, He) at 35 MeV/nucleon and ' C( Li, He) at 25 MeV/nucleon.
Used for ' C( Li, He) at 14 MeV/nucleon and Mg( Li, He) at 35 MeV/nucleon.

'W =58.16—0.328A +0.00075A .
Alternative potential used for ' C( Li, He) at 35 MeV/nucleon.

TABLE III. Experimental and theoretical values for the
Gamow-Teller strengths. The experimental values are from P-
decay studies, while the theoretical values are from the overlap
of the shell model wave functions used in the DWBA calcula-
tions. The ratio is used to renormalize the DWBA cross sec-
tions.

Transition

' C-' N {0.0 MeV)
' C-' N (3.95 MeV)' Mg-' Al (1.06 MeV)

B(CxT) expt.

0.942
2.8
0.64

B(GT) theory

0.922
4.04
0.87

For the 35 MeV/nucleon case, we normalized the
DWBA cross sections to the data for 0, & 3 . If all the
data were included, the fitted cross section would be about
50% lower, which would give a 30% smaller value of
V, . The values for the three energies studied here are
listed in Table IV; also indicated are the values of V re-
quired to fit the data at 35 MeV/nucleon with the tensor
or exchange part of the central interaction omitted. The
values of V, from the present analyses may be compared
with the average value of 11.7+1.7 MeV obtained from
(p,n) and (p,p') studies at similar energies per nucleon.
While the strengths obtained for the 35 and 25
MeV/nucleon data are in good agreement with this value,
the 14 MeV/nucleon value shows a marked discrepancy.
We note, however, that the latter calculation was done
with an optical potential different from the others. As a
check of the 14 MeV/nucleon result, we may compare
with Aleksandrov et al. who studied ' C( Li, He)' N at
15.5 MeV/nucleon. One of their DWBA calculations
used a Gaussian potential of range 1.8 fm to model the in-
teraction. This required a strength G =10.7 MeV to
reproduce their data. When converted by equivalencing
the volume integrals, this corresponds to a single Yukawa
of range 1.0 fm with a strength V, =28 MeV, which is
close to our 14 MeV/nucleon result ( V, =23 MeV) and
also suggests that the one-step DWBA underpredicts the
observed data at E ( Li) = 14—16 MeV/nucleon.

Investigations with different tensor force strengths in
the range 0.1 to 0.25 times the central force strength were
carried out for ' C( Li, He)' N at 35 MeV/nucleon and
are shown in Fig. 11. The optimum tensor to central
force ratio at 35 MeV/nucleon was found to be 0.135.

B. ' N(g. s.) and Al(1.06 MeV)

Figure 12 shows DWBA predictions for the 1+ ground
state of N and the 1.06-MeV state of Al with a Lj
bombarding energy of 35 MeV/nucleon. For
' C( Li, He)' N, a Li+' C optical potential from the
compilation of Cook et al. was used, while for

Mg( Li, He) Al, the global potential from Cook was
used. Again, several tensor to central force ratios were

TABLE IV. Values of direct (central) V, strengths required
to fit the ' C( Li, He)' N(1+, 3.95 MeV) data. The direct in-
teraction had a Yukawa form with range 1.0 fm. The model as-
sumed direct (D), knockon exchange (E), and tensor ( T) in-
teractions. Optical potential set C1 from Table II was used to
generate the distorted waves.

14
25
35
35
35

Model

D+E+T
D+E+T
D+E+T

D+E
D

V., (MeV)

23
12
14.4'
14.5'
17'

'From a fit to data for 0, ~ 3 .

Tests with the ratio set to 0.1 and 0.2 showed that 0.135
was probably a reasonable choice at 25 and 14
MeV/nucleon energies also, and this value was used for
all subsequent calculations. The effect of the inclusion of
the tensor force was to increase the L =2 contribution to
the cross section, thereby bringing the calculated angular
distribution into better phase agreement with the data for
angles larger than 3'. Calculations with little or no tensor
force have a dominant contribution from L =0 and do not
reproduce the data well. Although it is difficult to draw
definitive conclusions in view of the neglect of the ex-
change contribution for the tensor interaction, a tensor
force of strength about 1.7 MeVfm best describes the
35 MeV/nucleon data. Given the uncertainties in the pro-
cedure, this agrees with the strength of up to 2 2
MeVfm found' in an analysis of Mg( Li, He) Al at
34 MeV and compares reasonably with the value of 3.2
MeV fm which gave the best fit to the Mg( Li, He)
data in the same study.
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FIG. 11. Angular distribution and DWBA calculations for
the reaction ' C( Li, He)' N (1+, 3.95 MeV) at 35
MeV/nucleon with different tensor force strengths compared to
the data. The same overall normalization factor is applied to all

the calculations.

tried: The optimum fits to the data were found with a ra-
tio of 0.17 for ' N and 0.16 for Al. The wave functions
for the mass 12 system were again obtained from 1p
shell-model calculations with the interaction of Mil-
lener; for mass 26, the interaction of Wildenthal and
the full sd shell model space were used. Cross sections
have been renormalized by the ratio of experimental to
theoretical 8(GT) values as indicated in Table III.

The very forward angle point for ' C(6Li, He)' N is
overpredicted by the DWBA, to an even greater extent
than for ' C( Li, He)' N at 35 MeV/nucleon (Fig. 10).
When the data for different targets are plotted as a func-
tion of qR, however, the 0' point for ' N [at
qR /R(' C) =80 MeV/c in Fig. 8] does not appear low, so
the discrepancy is presumably a feature of the DWBA
calculations.

The fit of the DWBA cross sections to the data (exclud-
ing the most forward angle point for ' N) yields a central
strength V, of 6 MeV for ' Nz, and 15 MeV for Al
(1.06 MeV). The value for Al is in fair agreement with
the accepted value from (p,n) and (p,p') work. The
value for '

N~ s may still be within the range of uncer-
tainties arising from the use of incorrect optical poten-
tials, although the fit to the data is good (aside from the 0'
point), and the same optical potential gave a reasonable
value of V, for ' N (3.95 MeV) at the same bombarding
energy.

V. CROSS SECTIONS COMPARED
WITH P-DECAY MATRIX ELEMENTS
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FIG. 12. Angular distributions for ' C( Li, He)' N, and

Mg( Li, 6He) Al(1+, 1.06 MeV) at E( Li)=35 MeV/nucleon.
The curves are microscopic DWBA calculations with a tensor
force strength of 0.17 and 0.16 times the central ( V ) strength
for ' N and Al, respectively. The calculations are normalized
to the data (excluding 0,. &2.5 for the ' C target) to yield the
empirical strengths of the interaction given in the text.

The precision of DWBA analyses is often difficult to
assess. However, DWBA calculations may be avoided by
calibrating the ( Li, He) probe with transitions for which
the GT strength is known from P-decay studies. We
therefore investigated how closely the observed cross sec-
tions at forward angles (where L'=0 transfers are strong)
measure Gamow- Teller strength.

For (p,n) reactions at 120 MeV, the distortion-corrected
0' cross sections are observed to be proportional to the
squares of the respective matrix elements from 13 decay.
Wharton and Debevec' have shown that even at
E ( Li) = 34 MeV, where multistep processes are known to
give sizable contributions, there is still some correlation
between ( Li, He) L'=0 cross sections and the corre-
sponding P-decay strength within a giuen nucleus. Some
degree of correlation may be expected because, under cer-
tain conditions, the pickup-stripping amplitudes contain
nuclear matrix elements similar to those which enter into
the one-step spectroscopic amplitudes. The data of Ref.
13 do show a marked nonmonotonic mass dependence
across the sd shell, however.

Our results, which cover a mass range from 7 to 90, are
shown in Fig. 13 as a plot of the observed cross section at
qR/R (' C) =100 MeV/c vs 8(GT) value, where q is the
linear momentum transfer and R /R (' C) is defined in the
caption to Fig. 8. This value of qR /R (' C) is close to the
second maximum in the angular distributions. At
E/A = 14 MeV the overlap of equivalent qR values is too
limited for comparison, but at 25 and 35 MeV/nucleon
there is a high degree of proportionality for all final states
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FIG. 13. Plot of experimental cross sections at
qR/R(' C)=100 MeV/c for various GT transitions induced by
( Li, He) at 25 and 35 MeV/nucleon. The final states, with ex-
citation energies in MeV, are ' N (3.95), Nb (2.3), ' N (0.0), Be
(0.0 and 0.43), and Al (1.06 and 1.85).

measured. The data for the ' C and Zr target do not ex-
tend to smaller values of qR!R (' C). However, the pro-
portionality for the remaining data is as good at 60
MeV/c as at 100 MeV/c.

No correction for distortion effects has been applied to
the points shown in Fig. 13, although such corrections are
known to be important for the (p, n) ( GT ) correla-
tions. ' We have tried to estimate the distortion effects
for ( Li, He) but have not been able to obtain conclusive
results. The procedure for the (p, n) case is to compare
plane wave calculations with distorted-wave ones. For
heavy ions, plane wave calculations do not give reasonable
cross sections unless a lower cutoff radius is imposed on
the integration to simulate the strong absorption. Unfor-
tunately, the magnitudes of the cross sections are very
sensitive to the choice of cutoff radius and, although some
constraints may be made through the angular spacing of
the diffraction oscillations, the resulting uncertainties are
too great for a definitive result. In view of this, it is clear
that further empirical calibration cases are necessary be-
fore the reaction may be applied to heavy targets.

The significance of Fig. 13 is that it allows one to deter-
mine GT strength [8(GT) values] for unknown transi-
tions. We thus have a calibration of the ( Li, He) reac-
tion for use in the extension of measured spin transfer
strength in nuclei.

VI. SUMMARY AND DISCUSSION

We have made an exploratory survey of the ( Li, He)
charge-exchange reaction at beam energies significantly
higher than previously available. The reaction has been
investigated on a wide range of targets (A =7—90), all of
which have well-known GT transitions and have been
studied previously with the (p,n) reaction.

The ' C target presents several final states of particular

interest in regard to the question of the reaction mecha-
nism. Bombarding energy systematics are now available
up to 35 MeV/nucleon. The observed ratio of the cross
section for the IAS to that for the 1+, 3.95 MeV state in
' N shows a monotonic decrease with increasing E( Li),
which indicates that the reaction mechanism becomes
simpler at higher energies. This inference agrees with the
predictions of von Oertzen' that the amplitude for pro-
cesses involving nucleon transfer will decrease exponen-
tially, whereas the cross sections for the quasielastic one-
step process are expected' ' to remain essentially con-
stant at intermediate energies. The measured cross section
ratios for (' Ng, )/(' N3 95) and ( Bes, )/( Be043) add
weight to the argument, but the details there are compli-
cated by possible contributions from tensor or central
L =2 amplitudes.

The microscopic one-step DWBA calculations we have
performed have generally reproduced the data quite well,
although discrepancies at very forward angles and some
phase mismatch are present. A tensor force is required to
give angular distributions with shapes which approximate
the data. The strength of the tensor force we find is simi-
lar to that used in other ( Li, He) work. ' The central
force strengths ( V, ) required to fit the 35 and 25
MeV/nucleon data are generally in better agreement with
Austin's estimate of the NN interaction strength than
found in lower energy ( Li, He) work, ' ' including the
present results at 14 MeV/nucleon. As is usual in such
DWBA studies, there is a degree of spread and uncertain-
ty in the strengths of the forces extracted. This is partly
because V, and V„„wereobtained from taking the best
fit to the data despite the incompleteness of the calcula-
tion (e.g., the neglect of the exchange part of the tensor
force) and the other approximations made. Additional
uncertainties result from the choice of OM potentials and
shell model wave functions.

We conclude that there is evidence for a "critical ener-
gy" in the ( Li, He) reaction of about 25 MeV/nucleon,
below which the contribution from multistep processes is
increasingly noticeable. This value is consistent with the
observation that the (p,n) reaction at energies above 25
MeV appears to be well described by a one-step mecha-
nism. ' For charge-exchange reactions with heavier ions,
however, there still seems to be a significant contribution
from sequential transfer at 20—35 MeV/nucleon: One-
step predictions can account for only about 15% of the
' C(' C, ' N)' B cross section at 35 MeV/nucleon (Ref.
19) and for only about 30%%uo of that of the

Si(' 0, ' F) Al reaction at 20 MeV/nucleon. The
difference in the relative importance of the competing re-
action processes between ( Li, He), (' C, ' N), and
(' 0, ' F) is probably related in part to the difference in
the P-decay strengths of the 3=6, 12, and 18 systems:
That for He~ Li is 16 times larger than that for
' N~' C and 4.2 times larger than that for ' F~' Q, so
the one-step process is correspondingly more favored in
the ( Li, He) reaction.

In the 35 MeV/nucleon spectra for Zr( Li, He) Nb,
the giant GT resonance which is so prominent in the

Zr(p, n) Nb data of Bainum et al. ' is not pronounced
and is estimated to account for about 40% of the yield be-
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tween 6 and 11 MeV excitation. The remaining yield in
this region presumably corresponds to higher-multipole
spin-flip resonances, as suggested in the lower energy

33(15.5 MeV/nucleon) work by Dem'yanova et al. For
small scattering angles, the linear momentum transfer q
for a given reaction scales approximately with energy per
nucleon (see Fig. 14); thus at the substantially higher ener-
gies which will be available soon at heavy-ion facilities, q
will be comparable to that in (p,n) studies with compar-
able isolation of L'=0 strength even for broad excita-
tions. At intermediate bombarding energies, the GT
strength for isolated states could be determined with very
good resolution (perhaps as good as 50 keV) with high-
performance spectrographs. Thus one has established a
probe where the bombarding energy can be chosen to meet
the most pressing needs for a particular experiment: reso-
lution or L' isolation, always knowing that the spin
transfer is S=1. In addition, the feature of strong ab-
sorption may be advantageous for cases where a node in
the transition density occurs within the nucleus. An ex-
ample is the spin-isovector-monopole transition: The
cross section should be relatively larger for heavy-ion re-
actions since contributions from the exterior and interior
will not cancel.

In order to avoid the uncertainties and ambiguities of a
6 6DWBA analysis, it is useful to calibrate the ( Li, He) re-

GTaction by comparing the observed cross sections for G
transitions with the corresponding GT strength known
from P decay [or, where necessary, from (p,n) studies].
This has been done at E( Li) =25 and 35 MeV/nucleon
and we find a striking linear relationship. With this result
and the strong indications of the single-step nature of the
reaction at these energies, it should be possible to measure
accurate spin-transfer strengths with the ( Li, He) reac-
tion.
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FIG. 14. The energy dependence of linear momentum
208transfer ( q) for the charge exchange reaction on Pb induced
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with energy per nucleon apart from some small offsets due to
the different Q values of the reactions.
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