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MUON CAPTURE IN Li®

Ny= 7r'3/4[(2a)—3 + 22((12 +b2)~3/2 +22(2b)_3] =1/2,3/2 ,

2 \3/2 b \372 NN
v(B) s we(zm) s ve(Fm)
97 \I/2 PN
N1o=<,rq0'3> 2m?, Q'f('é?) N3,
3 3/2 8T 3/2
m=(53) me(5)

Fy=134(20) ™% + 2y (? +a) =Y/ + y2(2d) =) 12032 |

3 3/2 8T 3/2
a(zp) + e(3%)

a=60 MeV, @,=0.84x10"%m, a=146 MeV,
b=128 MeV, 2z=1.03, B =155 MeV,
c=56 MeV, y=-2.42, y=128 MeV .
d=156 MeV,

Furthermore, we use

A=1.18, Gmp?=1.02x107°,

"For a discussion of the impulse model, see G.F.Chew

and G. C. Wick, Phys. Rev. 85, 636 (1952); M. Gell-
Mann and M. L. Goldberger, Phys. Rev. 91, 398 (1953);
G. F. Chew and M. L. Goldberger, Phys. Rev. 87, 788
(1952); see also Ref. 5.

8The fields y(x) are expanded in plane waves via

1/2 )
P(x) =(2Tl’)_3/2fd3k (%) Z} a(")(k)u(r)(k)euz-x

r=12

+ 0O (kY O (R)e* ",
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where ¥ refers to the spin indices, u(2) and v (k) are
Dirac spinors for particle and antiparticle, and the
creation and annihilation operators a’ s b" and a,b satisfy
the anticommunication relations

{a®(k),a® @)= 06,6k —q) ,
{6D(®), 0 (@)} =6,,6%(k —q) ,
{6M(R),a® (@t =1MT(R),a)g)}=0,
{5D®),a® @ =16 () ,a® (@)} =0 .

The operators a,a’ refer to particles, and 5,57 to anti-
particles, and K +m?=¢?. The text supresses the spin
indices 7,s for simplicity.

%In the integration, we let

fe-(k—w)zdiik —_ 47|'e—p2'f€—k2k2dk

as a good approximation. Putting §;=p|=0 in the spinors
allows us to integrate over the momentum wave functions
directly.

10The integration is easily done in the limit m,— 0.
Since for capture at rest,

[B, | = B3 +8s| = (B 52 +44° +2|psllgs| cose)i=¢, .

The integration over the energy 6 function is simply
accomplished through the transformation.

Uy, Primakoff, Phys. Rev. 31, 802 (1959).

123, p. Deutsche, L. Grenacs, P.Igo-Kemenes, P, Lip-
nik, and P, C. Macq, Phys. Letters 26B, 315 (1968).
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Differential cross sections for Li®" +Li%7 and Li®"+ Be® nuclear reactions leading to low-
lying residual-nucleus states have been measured over the energy range from 4-14 MeV, In
the Li"(Li", o)Be!'%3.37) case, the energy range was extended to 2.1 and 21 MeV. Striking en-
hancement and weakening of cross sections for formation of the 0,72-MeV state in B!? can be
attributed to cluster structure of lithium nuclei. Resonance-like peaks are observed in some
yields. Their general character is consistent with an extended-structure interpretation of the

reaction mechanism,

I. INTRODUCTION

Lithium-induced nuclear reactions could yield
useful information about nuclear structure if the
reaction mechanisms were well understood.! Un-
fortunately, this is not the case. At energies well
below and well above the Coulomb barrier these
reactions have been interpreted as primarily di-
rect reactions.?® Near the barrier the situation

is unclear. An example of this is afforded by the
results of Synder and Waggoner for the Li” + Be®
reaction near 6 MeV.* Integrated cross sections
for nearly all reaction channels studied showed a
close proportionality to 2J+ 1, where J is the
spin of a particular residual state; this is in
agreement with a compound-nucleus mechanism.®
However, cross sections were obtained from an-
gular distributions which showed strong asym-
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metrics about 90°,

Yield curves at 0° for lithium-induced reactions
have shown large “resonance-like” peaks. Deter-
minations of the relative contributions of com-
pound-nucleus and direct-reaction mechanisms
from such yield curves were attempted by Dzubay,®
Seale,” and Aldrich.® Fluctuation analyses® were
performed on yield curves for the C**(Li®, a)N™,
B°(Li®%, a)C*?, and Li®(Li°, a)Be® reactions, re-
spectively. Dzubay concluded that the statistical
compound-nucleus reaction mechanism provided a
major contribution to his reaction, but the statis-
tical sample was not large enough to preclude a
direct-reaction contribution of up to 60%. Similar
statements were made by Seale, Aldrich, Green,™®
and Johnson and Waggoner.!' As these authors
have indicated, their data sets only loosely met
the criterion set forth by Ericson® as to whether a
fluctuation analysis could be meaningfully applied.
Ericson fluctuations are predicted to have their
largest amplitude at 0 and 180°. However, some of
the broad resonance-like peaks which have been
observed in the Li®+ B, Li®+ Li° and Li"+ Li”
0° yield curves™®!* occur in a somewhat regular
pattern. This would indicate that they probably
are not due to Ericson fluctuations.

‘Carlson and Johnson'? have suggested a reaction
mechanism which might explain such resonance-
like structure in 0° yield curves. They have inter-
preted resonances in an a-particle yield curve
from the Li’+ C'? reaction on the basis of an ex-
tended cluster structure of the lithium nucleus
which becomes important when the projectile nu-
cleus is making a “grazing collision” with the tar-
get nucleus. The partition energies of Li® and Li’
into @-~deuteron and a-triton clusters, respective-
ly, are only 1.47 and 2.47 MeV. Partition ener-
gies for other cluster combinations are consider-
ably higher. Resonance-like structure in 0° yield
curves for lithium-induced reactions would, there-
fore, be expected to occur in those reactions
where the a-deuteron or a-triton clusters could
resonate with the target.

In order to test these ideas about the reaction
mechanism in lithium-induced nuclear reactions,
yield curves were measured for lithium and beryl-
lium targets for as many residual states as was
practical. Although a few yield curves were mea-
sured at 40 and 175°, the measurements reported
here were taken at 0° from 4 to 14 MeV. Full de-
tails can be obtained from the unpublished work of
Wyborny.** The Li"(Li", )Be'(3.36) yield curve
was extended to an energy range from 2.1 to
21 MeV. A large collection of data was obtained
to look for over-all patterns by making compari-
sons among various yield curves in regard to re-
action model predictions. No detailed fits to the

leo

data were sought.

II. APPARATUS AND METHOD

Lithium ions were accelerated by the University
of Iowa HVEC Van de Graaff positive-ion acceler-
ator. Originating from a hot-filament source, the
lithium beam could be accelerated to ground po-
tential from a maximum of 6.5 MV. Hence, single-
charged ions could attain energies of 6.5 MeV.
Still higher energies (up to 14 MeV) were obtained
by inserting an electron-stripping foil in the path
of the beam at a point located 41.6% along the ac-
celerator tube. Except for a special arrangement
used in measuring one yield curve above 14 MeV,
all of the data presented here were taken with a
commercial 17-in. ORTEC Model 600 scattering
chamber.

The lithium and beryllium targets ranged from
50-100 keV in thickness to the incident lithium
beams. Beryllium targets were obtained by vac-
uum-evaporating beryllium granules from a tung-
sten dimple boat onto 0.0001-in. nickel foils. For
bombarding energies <7 MeV, LiF was a suitable

‘target material. For higher energies, the reac-

tions from lithium on fluorine offered strong com-
petition. No completely satisfactory lithium com-
pound was found for running at the higher energies.
Li,Sb, formed by carefully heating stoichometric
amounts of Li and Sb under vacuum, was found to
be the best compromise. It did react somewhat
with atmospheric gases to form carbon and oxygen
compounds; but carbon and oxygen nuclear reac-
tions usually prevented analysis of only selective
groups. In all cases 99.9% isotopically pure Li®
and Li" metals and compounds were used.

Nickel foils ranging in thickness from 0.0002-
0.0008 in. were used to stop the beam. They were
attached directly behind the target, but physically
separated to prevent excessive heating of the tar-
get material. Additional foil (up to 0.0018 in.) had
to be inserted directly in front of the detectors
when using the Li*** beam. This additional foil
was necessary to stop a small contaminant beam
of deuterons (~107% wA) whichhad the same
charge/momentum ratio as triply charged lithium.
(The source of deuterons could have been either a
minute leak in a deuterium source bottle or just
residual deuterium gas which was left in the ac-
celerating tube from previous usage.)

Accurate measurement of the number of beam
particles striking the target was essential in mea-
suring the yield curves. This was accomplished
with an enclosed aluminum cylinder which sur-
rounded the target. Holes for target insertion,
beam entry, and reaction-product exit comprised
approximately 0.3% of the total solid angle as
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viewed from the center of the target. Assuming a
somewhat isotropic emission of secondary elec-
trons, charge collection from this trap (plus the
target rod) should have been a measure of the
beam current striking the target, to better than
1%.

A second purpose was also accomplished with
the aluminum cylinder. The insulated copper rod
which supported the cylinder extended to the out-
side of the chamber and was partly submersed in
liquid nitrogen. When cold, the walls of the alum-
inum enclosure served as an effective pump for
both oxygen and hydrocarbon molecules. Upon
cooling, the base vacuum in the chamber im-
proved from roughly 1.5X 10™® Torr to 5x 10-7
Torr. This “freezing out” of hydrocarbon con-
taminants reduced carbon buildup on the targets
to a negligible quantity.

A telescoped AE, E detector system was used
to provide particle identification. The AE detec-
tor was a 40-p totally depleted silicon surface-
barrier detector. The E detector was lithium
drifted and had a 3-mm depletion depth. Both had
50-mm? surface areas and their aperture sub-
tended a full angle of 3.3° at the beam spot.
Pulses from the detectors were amplified and
pulse-height-analyzed with conventional electron-
ics.

Results of the pulse-height analysis were accum-
ulated in an on-line computer which was later
used to separate particle types and groups, and to
sum the number of counts in the various groups.!*
The final reduction of the data into a meaningful
form was done with a program on the University
of Iowa Computer Center’s IBM Model 360 digital
computer. The program normalized between en-
ergies by comparing the current integrator input
at a particular energy to the average integrator in-
put of all energies for that particular beam-target
combination. A normalization factor for obtaining
absolute values was also included, and an average
over energy was calculated.

Recently published cross sections for Li”+ Be®
angular distributions by Snyder and Waggoner*
were used as the basis for determining absolute
numbers for the Li" + Be® reaction channels. Li®
+ Be® cross sections were obtained by using a Li”
beam, followed by a Li® beam on the same Be tar-
get at the same energy. The Li” beam run pro-
vided a measure of the target thickness and geo-
metrical factors.

Absolute differential cross sections have been
reported by Carlson and Wyborny'® for angular
distributions of reaction products from the Li’

+ Li" reaction. The absolute values were obtained
from measured yields of a target infinitely thick
to the lithium beam together with relative yields

FOR Li + Li... 21817
of a thin target measured as a function of energy,
and the energy-loss rates of Li’ ions, also as a
function of energy.!® These corrected absolute
values were used to normalize the present results
for the Li"+Li" reaction channels. Knowing the
Li’+ Li” cross sections, Li® (beam)+ Li’ (target)
absolute values were determined in the same man-
ner as the Li®+ Be® cross sections were deter-
mined. Here Li’ and Li® beams were run in se-
quence on the same Li” target. For Li” (beam)
+ Li® (target), a carefully weighed mixture of Li®F
and Li"F, containing an equal number of Li® and
Li" atoms, was evaporated to make a “50-50" tar-
get. Here a single run with a Li” beam provided
Li’ (beam) + Li® (target) data that could be normal-
ized directly to Li"+ Li” cross sections. Several
peaks in the superimposed pulse-height spectra
from the isotopically distinct targets were sep-
arated kinematically. With this same “50-50” tar-
get a Li® beam provided normalization of Lif + Li®
data to the Li® (beam) + Li” (target) cross sections.
The statistical error of each data point is taken
to be the standard deviation. The error bars on
the data points to be presented are a reflection of
this error only. Neglecting statistical error of in-
dividual data points, error in absolute cross sec-
tion for the reactions is expected to be less than

15%.

III. ARGONNE NATIONAL LABORATORY
ARRANGEMENT

The Argonne National Laboratory FN tandem
Van de Graaff was used to extend the Li"(Li’, a)-
Be'®(3.37) yield curve to energies above 14 MeV.
A much less sophisticated chamber was employed
for these measurements.” Essentially, it was a
Faraday cup with the target located inside the cup
and the detector behind the cup at 0° to the beam.
A negative 300-V potential on the beam pipe in
front of the cup served to inhibit backstreaming of
electrons knocked from the target by the incident
beam. The target, its backing (the stopping foil),
and the Faraday cup were all in physical and elec-
trical contact for the purpose of charge collection.
A lithium oxide (some hydroxide) target was
formed by evaporating lithium metal onto a thin
nickel backing and then admitting pure oxygen in-
to the evaporation chamber.

A 1000-p solid-state detector was used to de-
tect the a particles. The detector subtended a
full angle of 8.3° at the beam spot. No identifica-
tion of particle type was necessary here, because
the particles of interest arrived at the detector
with energy well-resolved from other groups.
After collecting the data for a particular energy,
the memory content of the pulse-height analyzer
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TABLE I. Energy-averaged laboratory differential cross sections in mb/sr for the Li+Li reactions. Only data above
Coulomb barriers were included in the averages. », was taken to be 1.44 in calculating the radii from »=7#,41/3,

Ground-state

Q value E* dg Ex  do E* da E* dg E* do
Reaction (MeV) (MeV) dQ (MeV) dQ (MeV) dQ (MeV) dQ (MeV) 4@
Lif(Li8, p) B! 12.220 0.00 0.31 212  0.15 444 034 502 0.15 2';‘;% 0.86
Li%(Li®, 4)BY? 2,989 0.00 1.65 0.72 12.1 1.74  0.04 2.15 1.96
Lif(Lié, £)B? 0.808 0.00 140
Li%(Li®, o)Be? 20.808 0.00 0.5
Li'(Li®, p)B!? 8.336 0.00 0.52 0.95 0.33 1.67 0.40 ;3;% 0.42
Li'(Li¢, 4)B!! 7.192 0.00 243 2.12  1.23 444 230 5.02 4.14
Li"(Lif, ¢)B10 1.994 0.00 246 0.72 2.52 1.74  0.19 2,15 4.69
Li"(Li%, o)Be? 15.220 0.00 1.10
Lif(Li’, p)B12 8.336 0.00 0.24 0.95 0.22 1.67 0.21 g?;% 0.45
Lié(Li", 4)BU 7.192 0.00 5.50 2.12  0.90 444 1.86 5.02 2.28
Li%(Li', £) B! 1.994 0.00 1.40 0.72 15.6
Li%(Li’, a)Be? 15.220 0.00 1.69
Li'(Li', p)B!3 5.964 0.00 0.24 g"‘;g 0.60 ggig 1.65 413 0.28 5.01 0.84
Li'(Li', 4)B®2 3.308 0.00 0.67 0.95 1.32 1.67 1.39 232 0.99
Li"(Li", #)BY 6.197 0.00 2.60 2.12  1.46 444 407 5.02 4.40
Li"(Li', a)Bel? 14,783 0.00 0.18 3.37  2.08

was punched onto IBM computer cards, and the
University of Iowa IBM 360 computer was used for
final reduction of data.

IV. RESULTS

A wide diversity in shapes and in magnitudes of
cross sections was seen in the large number of
yield curves which were measured. In general,
cross sections of Li+ Li reaction products were
nearly an order-of-magnitude larger than those of
Li+ Be. The energy averages of the 0° cross sec-

'

tions above the Coulomb barrier are given in Ta-
ble I for Li+Li and in Table II for Li+ Be. The
averages were usually over the energy range from
the Coulomb barrier to 14 MeV although reaction
groups from contaminants interfered in some en-
ergy ranges. Also, proton groups for high-@ re-
actions could not be stopped for high bombarding
energies '

The 0.72-MeV state of B'° is seen to be very
strongly populated by both the Li®(Lif, d)B* and
Li%(Li", #)B' reactions but not particularly en-
hanced by the Li’(Li®, f)B' reaction. The enhance-

TABLE II. Energy-averaged laboratory differential cross sections in pb/sr for the Li+Be reactions. Only data above
Coulomb barriers were included in the averages. 7, was taken to be 1.44 in calculating the radii from » +»,A4!/3,

Ground state

Q value Ex do E* do E* do E* do
Reaction (MeV) (MeV) aQ (MeV) [749] (MeV) dQ (MeV) 17491
Be?(LiS, p)Cl4 15.130 0.00 4.5 6.10 19
.6
Bed(Li, d)Ct3 9.178 0.00 90 3.09 230 g 82% 510
Be?(Li, t)Cl? 10.489 0.00 60 4.44 410 7.65 115
Be¥(Li¢, a)B!! 14,346 0.00 230 2.12 200
Bed(Li', p)Cl® 9.096 0.00 28 0.75 78
Be?(Li?, d)cl4 10.102 0.00 107 6.10 150
6
Be¥(Li', t)Ct3 8.183 0.00 210 3.09 190 2 8?2 1190
Be?(Li", @)B? 10.463 0.00 500 0.95 700 1.67 640 2‘;3} 580
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FIG. 1. Yield curve for Li’(Li® d)B'(0.00) at 0°.
Statistical error only shown on points.

ment of this state by the first two reactions may
be attributed to the transfer of an I= 0 @ particle
from the projectile to the target nucleus. This is
in agreement with the a-d and a-{ cluster pictures
of Li® and Li", respectively.

The 1.74-MeV state of B is seen to be very
weakly populated by both the Li®(Li¢, 4)B'® and
Li"(Li®, t)B' reactions. This state has spin 0*
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FIG, 2. Yield curve for Li"(Li%, a)Be®(0.00) at 0°.
Statistical error only shown on points.,
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FIG. 3. Yield curve for Li%(Li’,¢)B!9(0.00) at 0°.
Statistical error only shown on points,

and T= 1. The weak population has been interpre-
ted as resulting from the inability to form the 0*
B state by adding an @ cluster from a lithium nu-
cleus to a 1* Li® nucleus.’” The generally low
values for proton reactions is also in accord with
the cluster picture of the lithium nuclei. The low
value of the cross section for Li"(Li", a)Be'®(0.00)
is not understood.
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FIG. 4. Yield curve for Li'(Li’,a)Bel%(3.37) at 0°,
Statistical error only shown on points.
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Statistical error only shown on points,

Probably the most distinctive feature observed

in the yield curves was a characteristic type of
peaking in selective reaction channels. These par-

ticular reactions have yield curves which have

broad peaks (~1-4 MeV full width at half maxi-
mum) and pronounced peak-to-valley ratios (> 2/1).
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FIG. 6. Yield curve for Be®(Li’, @) B2(0.00) at 0°.
Statistical error only shown on points.
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Outstanding examples are shown in Figs. 1-4 for

Li+ Li reactions, and Figs. 5 and 6 for Li+ Be

reactions.
Results shown in Fig. 4 were extended to higher-
bombarding energies than the other results by use

of the Argonne National Laboratory FN tandem

TABLE III, Reactions with 0° yield curves containing resonant-type peaks.

Reaction

Approximate peak
frequency in
4-14-MeV interval

Location of
yield curve

Li%(Li%, o) Beb(0.00)
Li"(Li% dy)B'(0.00)
Li"(Li®, «g)Be?(0.00)
Li%(Li", ¢4)B(0.00)
Li"(Li", ag)Bel%(0.00)
LiY(Li", a;)Be!?(3.37)
Be(Li', £,)C!3(0.00)
Be?(Li", ag)B%(0.00)
Be®(Li', a;)B!%(0.95)
Be(Li', a,)B!%(1.67)
BIO(Li®, ap)C!?(0.00)
C2(Lif, dg)0%(0.00)
C1(Li8, ag)N(0.00)
C(Li", agN'5(0.00)
018 (L%, w,)F'8(0.00)

w Lo = [\ [\V] Lowd Do
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Ref.
Fig.
Fig.
Fig.
Ref.
Fig.
Fig.
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Ref,
Ref.
Ref.
Ref.
Ref.
Ref.
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1
1
2
3

14
4
5
6
14
14
7
11
11
13
16
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Van de Graaff. Data from 2.1-14 MeV were taken
at the University of Iowa and data from 12-21
MeV, at Argonne National Laboratory.

Table III gives a list of the reactions whose 0°
yield curves contain broad peaks. In addition to
the data shown here, other reactions are listed
where such peaks have been observed. It is sig-
nificant that such curves are observed only for ‘
(Li%, d), (Li% a), (Li", #), and (Li’, @) reactions.
Such an observation suggests that cluster-trans-
fer reactions play an important role at forward
angles in lithium reactions — at least in some se-
lective channels.

The high excitation of the compound nucleus in
these reactions (from 23-33 MeV) would argue
against any of the observed peaks being due to
states of the compound nucleus. The breadth and

regularity of the peaks also argue against an in-
terpretation in terms of Ericson fluctuations al-
though such an interpretation cannot be disproved.
On the other hand, the cross section varies more
than one would expect for a direct-reaction mech-
anism.

An alternative to these two extremes has been
suggested by Carlson and Johnson'® for lithium-
induced reactions. Because of the cluster struc-
ture of lithium nuclei, it is suggested that these
nuclei form extended structures when near other
nuclei and that resonances occur. These reso-
nances can enhance the forward yield of reactions
at the appropriate energies. The heavier the other
nucleus, the more closely spaced these resonances
become. Table III shows that there is a trend in
this direction.

*Work supported in part by the National Science Foun-
dation.
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