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As is discussed in detail by Yosida and Watabe® and also seen in the Elliott and Wedgwood formal-
ism, the splitting of the band does not imply the stability of a spiral structure immediately. Instead,
the ferromagnetic spin-wave spectrum J(0)-J(d) normally remains positive, demonstrating the ferro-
magnetic stability. If, however, the Fermi level intersects the lower part of the upper band, a Kohn
anomaly hump® appears in the J(0)-J(q) curve, yielding negative excitation energies and the ferromag-
netic instability. Then the spiral structure, which has the maximum J(3) at §=Q, will appear. Ac-
cording to Elliott and Wedgwood, as J (E)S increases the value of @ decreases but stays finite until @
becomes equal to @ (>0). Beyond @, the J(0)-J(q) curve is no longer negative and the spiral struc-
ture disappears abruptly, exhibiting the first-order transition to the ferromagnetic state. This dis-
continuous change in @ is a consequence of the analytical property of the J(0)-J(q) curve, which con-
tains two distinct minima, one at 6 and the other at 6 =0 under the s-d interaction. According to the
present theory as soon as the Fermi level intersects the upper band, J(E) involved becomes inverse-
ly proportional to InT and increases as T decreases. Thus the Elliott and Wedgwood results, together
with our 7-dependent J (E), explain the temperature behavior of the pitch parameter 6 and reproduce
the observed ferromagnetic transition temperatures for Th, Dy, and Er, ranging from 220 to 20K, by
the use of a single parameter, suggesting that the present T dependence is quantitatively correct. At
higher temperatures where a spiral structure is observed, the upper band should intersect the Fermi
level yielding a Kohn anomaly hump in the J(3) around § =§; but at lower temperatures, where the
crystal is ferromagnetic, the hump is suppressed and disappears because J (E) increases. This behav-
ior of J(q) is also parallel to the observed J(0)-J(q) deduced from the magnon dispersion curve by
Mgller, Houmann, and Mackintosh.? Elliott and Wedgwood have introduced the temperature depen-
dence of JS through the magnetization M (T) =(S) alone, but its contribution is negligible around the
ferromagnetic transition temperature T, thus failing to predict the observed change in J(0)-J(3),
since M (T) has nearly reached its saturation value S.

Finally we note that the present theory predicts the ferromagnetic state at lower temperatures. The
spin-up and spin-down bands will then split, suppressing the spin-flip interaction as well as the Kondo
phenomena in these ordered systems.
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Direct Radiative Capture of He by Tritons and ¢ + *He Cluster States in®Li
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A direct-capture model is used to calculate the cross section for the capture of ’He by
tritons. Comparisons with data to 20 MeV show that the energy dependence of the ground-
state capture cross section is well accounted for and that there exists substantial ¢ + ‘He
clustering in the first three ’Li states.

Considerable attention has been devoted to the clustering in the early models may have been
description of low-lying states of the °Li nucleus partly due to a lack of experiments sensitive to
using a two-body cluster model.’”® Such descrip- the ¢ +°He channel from which quantitative esti-
tions have favored a +d cluster configurations mates could be made regarding the relative im-
with ¢ +°He clustering assigned a nonexistent or, portance of £+°He and @ +d clustering in the °Li
at best, a minor role. The neglect of ¢ +°He nucleus. More recently, significant experimen-
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tal evidence for ¢ +°He clustering in the low-lying parent lack of resonant behavior. Furthermore,

®Li states has been obtained from investigations theoretical attempts® to describe this reaction
on the reactions T(°*He, y)°Li, °®Li(y, f)°He, 'B(°*He, from the standpoint of compound nuclear states
®Li)®Be, "Li(°He, @)°Li, and °®Li(p,p°He)T, as do not account satisfactorily for the experimen-
discussed in recent publications.*™® tal observations. In the present work, results
In the present work, attention is focused on the of a direct-capture calculation are presented in
reaction T(®He, y)°Li and its inverse. As dis- an attempt to clarify the mechanism through
cussed in Ref. 4, the experimental results on which T(°He, 7)®Li proceeds as well as to obtain
these reactions are controversial. There is no quantitative estimates on the importance of
agreement among the sets of cross-section data t+3He clustering in the low-lying °Li states.
for °Li(y, {)He; however, the existing capture The direct-capture cross section is calculated
measurements®® ! are reasonably consistent in first-order perturbation theory by considering
with one another. As pointed out by Blatt et al.,* matrix elements of the electromagnetic-multi-
the reaction T(°*He, y)°Li may proceed through a pole operators between initial scattering states
direct-capture mechanism: The angular distri- and final bound states of the incident and target
butions for transitions to the ground and first two nuclei. In the notation of Tombrello and Parker
excited states are satisfactorily accounted for by and of Bailey, Griffiths, and Donnelly, the dif-
direct capture and the excitation curves for these ferential cross section for direct capture is giv-

transitions vary smoothly with energy with an ap;] en by

do _ K . P|; 2
a0~ VT s DI D 2, Sl m )1 W
P=%

For emission of £1 radiation, the interaction Hamiltonian is

P an 1/2 23 .__I
Hirlt =-1 -3— Ke 3y Z;DMP (p}”e‘yyo)eEl(y) (91(/7), (2)
e
where 0g, is the radial part of the electric-dipole operator, which is approximated by
1= (3/20°)[p cosp—(1-p?) sinplr. ®3)

The initial- and final-state wave functions are written as

|i,m,~>=i[4n(21+1)]1/2i’exp[i(w,+6,s)](R,si/kr)Y,°xS°, (4)
=0
and
|f,mg)=0,U, (f)/'i’] 2 ALSmyp,mglImpY, "'Lxsf"'s (5)
mymg

Here, 0, is the fractional parentage coefficient of [

the £ +*He cluster in the total wave function for +G,;sind; s for each energy at which the capture

state f, w, is the usual Coulomb phase, and 6, cross sections were calculated.
is the ¢ +*He scattering phase shift for the partial The lowest states of °Li can be described in the
wave of orbital angular momentum / and channel L-S coupling scheme as 'S,, *D,, and 'S, for
spin S. the ground and first two excited states, respec-
The radial wave functions for both the initial tively. Assuming the ground state to be a pure S
scattering states R;s and final bound states ULf state, only the 3*P partial wave can contribute to
were generated using a computer code written by an E£1 transition to that state thereby yielding an
Thompson, who, with Tang,!* was successful in energy-independent angular dependence of sin?6
using resonating-group theory to describe the for that transition. Contributions from incident
scattering of tritons by *He over a wide energy 3F partial waves to E1 transitions to the first ex-
range. The calculations were performed on the cited state have been neglected. However, there
Ohio State University 360/75 computer. The is evidence! that at higher bombarding energies
function R, s was normalized to behave asymptoti- the F waves may indeed contribute to that transi-
cally as the Coulomb wave function F; cosd, tion. For each of the three bound states the cor-
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responding final-state wave functions U, f(f) were
obtained by searching for stationary solutions of
the resonating-group problem and requiring that
U f(f ) asymptotically behave as the Whittaker
function W,,,,(p), and they were normalized so
that

17 (F2g.. _
foULf dy = 1.

These wave functions would appear to be appro-
priate for the £ + *He components of the experi-
mentally observed final states. (Where the calcu-
lated bound-state energies differ from the experi-
mental energies, the experimental values were
used in the direct capture computation.) The ra-
dial wave functions R, and U, %) so obtained
were used to compute, as a function of bombard-
ing energy, the capture cross sections for transi-
tions v,, ¥,, and y, to the ground state and first
two excited states of °Li, respectively.

The calculated total cross section for y, is
shown in Fig. 1, along with the Ohio State/Stony
Brook* capture data. The calculated cross sec-
tion agrees quite well with experiment. The nor-
malization of the theoretical total cross section
to that measured experimentally determines the
value of the fractional parentage coefficient
(spectroscopic factor or reduced width) 6% for
the °Li ground state. It should be emphasized
that 6,2 is the only adjustable parameter in the
capture calculation and that the wave functions
employed are entirely consistent with results of
t +3He scattering as determined by Thompson and
Tang.!* A least-squares fit of the theoretical
cross section to the experimental points yielded
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FIG. 1. Results of the direct~capture calculation for
the energy dependence of the radiation to the ground
state of ®Li (solid curve). The theoretical cross sec-
tion is normalized to the data of Ref. 4, yielding a val-
ue 6,2=0.69.
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a value of 0.69 for 6.

The value of 6? reflects the probability that the
ground state of ®Li has the ¢ + 3He cluster configu-
ration (or parentage). However, caution must be
exercised in making this interpretation of the
magnitude of 6,? since other cluster substructures
such as a +d are also present in the °Li ground
state and their wave functions are not necessarily
orthogonal to that of the ¢ +®He component, This
nonorthogonality among the wave functions for the
various cluster substructures arises from nucle-
ar exchange forces and from antisymmetrization
exchange effects. Since we do not take these oth-
er channels into account, the magnitude we ob-
tain for 6, should probably be considered as an
upper limit to the ¢ + °He strength in the ®Li ground
state. However, such a large value of 62 ob-
tained in a single-channel calculation does indi-
cate appreciable clustering for this component;
one would not expect reasonable agreement be-
tween this theory and experiment if the ground
state of °Li were predominantly of some other
cluster configuration such as « +d.

Capture cross sections for transitions to the
first and second excited states were also comput-
ed and compared with that obtained for the ground-
state transition. We define a gamma ray energy-
independent “reduced capture-cross-section ra-
tio” [va/vnl= (0 JEy Doy /E7 %)"1, and find that

] 190 et ontar

[;:] ( )U"" Olendy . (6)
U, 05 R lﬂst

[_an] ) U”U )05,R,,dr (7)

The calculated reduced capture—cross-section
ratios were adjusted to the experimental points
by a least-squares fit (see Fig. 2), determining
the values for 6,% and 6, to be, respectively,
0.55 and 0.48, when 6,2 is taken to be 0.69, as
determined above.

Although values of 62 are not obtained by Young,
Forsyth, and Marion® from investigating !B(*He,
5Li)®Be, appreciable evidence for ¢ +°He cluster-
ing was seen for the ground and first excited
states of °Li with relatively little for the second
excited state. Studying "Li(*He, @)®Li, Orihara

et al.” find significant ¢ + 3He clustering in the

ground state and second excited state of ®Li.
Their extracted reduced widths are expressed
as a product of the reduced width for a 3He clus-
ter to be in a given ®Li state and the reduced
width for an @ cluster to be in the "Li ground
state, and therefore cannot be directly compared
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FIG. 2. The “reduced capture—cross-section ratio”
(defined in the text) for v;/yy and ¥,/vy, as calculated
(solid curves). Comparisons are with data of Ref. 4.

with our results. Orihara et al. conclude that the
amount of ¢ +°He clustering is about equal for the
ground and second excited states. Kurdyumov,
Neudatchin, and Smirnov!® consider both the a +d
and ¢ + *He channels in their analysis of the data
of Bachelier et al.® on the reaction ®Li(p,p °*He)T,
and obtain a value of about 0.5 for 6,2 which
agrees quite well with the present results. Re-
cently, Clement and Wittern'® have also analyzed
Li(y,¢)°He as a direct reaction; a plane wave
was employed for the ¢ +*He scattering state and
a less realistic bound-state wave function was as-
sumed. Their results have roughly the same
shape but only half the magnitude of our results.
The success of the present calculation indicates
that the amount of ¢ +3He clustering in the ground
as well as the first and second excited states is
more substantial than has previously been appre-
ciated. The large widths for ¢ +3He clustering ex-
hibited in the various °Li states considered in the
present work and the significant evidence, from
other reactions,' 3 for @ +d clustering in these
same states points out the desirability of a cou-
pled-channel calculation to generate more realis-
tic wave functions to be employed in the direct-
capture calculation. By performing this type of
calculation better quantitative estimates of the
relative importance of ¢ +*He and a-d clustering

in ®Li might be cbtained.

The authors wish to thank Dr. D. R. Thompson
for kindly providing the ¢ + 3He resonating-group
program used to generate radial wave functions
for the present calculation.
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