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The ground-state magnetic dipole and electric quadrupole moments of the B emitter °Li (J"=3

3 —
>

T,,,=0.176 s) have been measured for the first time. Polarized °Li nuclei were produced in the
Li(t, p) reaction, using 5—6 MeV polarized tritons. The recoiling °Li nuclei were stopped either in
Au foils or in LiNbO; single crystals, and their polarization was detected by measuring the B-decay
asymmetry. Nuclear magnetic resonance techniques were used to depolarize the nuclei, and the
resonant frequencies were deduced from changes in the asymmetry. The °Li dipole moment was de-
duced from the measured Larmor frequency in Au; the result, including corrections for diamagnetic
shielding and the Knight shift, is |u | =3.4391(6) un. The ratio of the °Li quadrupole moment to
that of 'Li was derived from their respective quadrupole couplings in LiNbOs; the value is
| Q(°Li)/Q ("Li) | =0.88+0.18. Both results are in agreement with shell model predictions.

RADIOACTIVITY Polarized °Li from "Li( T ,p); measured 8 asymmetry, polar-
ization transfer, NMR; deduced °Li magnetic moment |u |, ratio °Li to 'Li
quadrupole moments | Q(°Li)/Q(’Li)|. Comparison with shell-model values.

I. INTRODUCTION

Since it was first demonstrated more then twenty years
ago,! the B-NMR (nuclear magnetic resonance) technique
has been used to study the hyperfine interactions of
several dozen short-lived B-unstable nuclei. Typically, the
first step in such a study is to produce a polarized ensem-
ble of the desired nuclei; then, if their subsequent B decay
proceeds by a parity-violating transition, the emission pat-
tern of the decay electrons will be asymmetric with respect
to the nuclear spin direction. The second step in the pro-
cedure is to observe, by means of this 8 asymmetry, how
the nuclear polarization can be modified by interactions
between the electromagnetic moments of the nuclear state
and various electric and magnetic fields that are applied to

the nuclei. If the properties of the applied fields are
known sufficiently well, values of the nuclear moments

may be deduced from such observations.

Producing the polarized nuclei for study has often
posed a challenging experimental problem. Several
methods have been employed, including polarized neutron
capture,' ~* recoil angle selection following nuclear reac-
tions,>~* optical pumping,’*~'7 and atomic beam spin-
state selection.'®!” Recently, another approach was
developed in which beams of polarized protons or deute-
rons were used to produce and polarize the nuclei of in-
terest in (P,n),?>? (B,a),? (d,p),® or (d,n) (Ref. 24) re-
actions. In this method, thick targets are employed which
stop all of the recoiling product nuclei, and the desired po-
larization is achieved by polarization transfer from the
beam particles to the final products. Because this polari-
zation transfer is averaged over nearly all possible reaction
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angles, the net polarization is often rather small. On the
other hand, the reaction yield, and therefore the decay-
electron counting rate, are usually high, because the target
is thick and because all of the reaction products are cap-
tured. Furthermore, the degree of polarization obtained in
this way is usually rather insensitive to the incident beam
energy. Because of these characteristics, the new method
is attractive for use in S-NMR measurements.

In this paper, we report the first use of a polarized tri-
ton beam in an experiment of this type, resulting in the
first measurement of the §round-state nuclear moments
of the B emitter °Li (J™=<%; T,,=0.176 s). Polarized

°Li nuclei were produced in their ground state using the
7Li( t,p)°Li reaction initiated by polarized tritons of 5—6
MeV incident energy. The nuclei were stopped either in
polycrystalline Au foils or in single crystals of LiNbOs,
and their polarization was preserved for periods of time
comparable to their half-life by applying a static magnetic
field of approximately 1 kG over the region of the stop-
ping material. Nuclear magnetic resonance measurements
were made on the °Li nuclei implanted in the Au, from
which a value for the °Li ground state magnetic moment
was deduced. In addition, from NMR studies of °Li im-
planted in the single-crystal LiNbO;, an estimate of the
quadrupole coupling in that lattice was made. This was
combined with the previously measured coupling of "Li in
LiNbO; to yield an estimate of the quadrupole moment
ratio |Q(9Li)/Q(7Li) |. Both experimental values were
found to be in reasonable agreement with shell model pre-
dictions. A detailed description of the experiment is con-
tained in Ref. 25; preliminary results were reported in Ref.
26.
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II. THEORY OF B-NMR ON °Li

A. B emission from polarized nuclei

The emission pattern of decay electrons from a polar-
ized ensemble of B-unstable nuclei is described by?’

W(6)=1+%APcos6, (1)

where P is the nuclear polarization of the ensemble; 0 is
the angle between the electron momentum and the spin
quantization axis (in this case, the direction of the applied
magnetic field); v and c are, respectively, the velocities of
the electron and of light; and A4 is an asymmetry parame-
ter whose value (|4 | < 1) depends upon the properties of
the particular 3 decay under consideration.

In the case of °Li, it is not possible to specify a single
asymmetry parameter, because there are three B8 decay
branches. These lead from the °Li ground state (J"=3")
to one of three final states in °Be: the ground state
(J™=327), the 2.43-MeV level (J™=3"), or the 2.78-
MeV level (J™==") with branching ratios of 65.0%31%,
32.0%37%, and 3.0127%, respectively, as illustrated in
Fig. 1.2® On the basis of their measured ft (or compara-
tive half-life) values, these decays have all been identified
with pure Gamow-Teller transitions.”’ For each such
transition, the asymmetry parameter is given?’ by a simple
expression involving only the initial and final nuclear
spins, J; and Jg, as shown in Table I. Thus, the asym-
metry parameters associated with the three decay branches
of °Li are —0.40, 0.60, and — 1.0, respectively.

In the event that all of the decay electrons detected by
the experimental apparatus have values of v/c that are
close to unity, an “effective” asymmetry parameter, A4,
for the experiment may be calculated by averaging the
values for the individual branches weighted by the respec-
tive branching ratios. The result of a simple calculation,
in which the quoted uncertainties in each measured
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FIG. 1. Beta decay modes and branching ratios for °Li.
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TABLE 1. Asymmetry parameter 4 for allowed Gamow-
Teller beta transitions. (Upper sign pertains to electron decay.)

JisJr A
J;
Jr=Jdi+1 =
r=dit Ji+1
Jp=Ji—1 F1
1
J =J[ F
4 Ji+1

branching ratio are replaced by symmetrical uncertainties
equal to the larger of the quoted values, is

A= —0.098+0.022 .

This calculation serves mainly to indicate that the effec-
tive asymmetry parameter for the experiment is small, so
that rather small 8 asymmetries should be expected, as
discussed further in the next section.

B. Measurement of the 8 asymmetry

A convenient experimental measure of the 8 asymmetry
is the quantity e=(r —1)/(r 4+ 1), where
Ny(0)Np(1807) |72

"= | Ny (180° )N (0°)

In this expression, N(0°)/N(180°) is the ratio of num-
bers of decay electrons detected in directions parallel (0°)
and antiparallel (180°) to that of the applied field. This
expression for r contains two such ratios: one evaluated
when the unstable nuclei are produced with tritons whose
spins are “up” (U), or parallel to the field, and another
evaluated for tritons whose spins are “down” (D), or anti-
parallel. Dividing one ratio by the other cancels false
asymmetries that might otherwise arise from geometrical
effects or differences in detector efficiency.

The number N () is proportional to the emission proba-
bility W(6) integrated over the solid angles of the detector
system. If W(0) is assumed to be nearly constant over
those solid angles, and if in addition the nuclear polariza-
tion P is assumed to be constant in time but of opposite
sign for opposite directions of the incident triton spin, the
value e=PA may be computed from these expressions.
That is, under these idealized conditions, the expected
value of the B asymmetry is equal to the product of the
nuclear polarization and the asymmetry parameter. In
fact, the measured B asymmetry should be expected to be
smaller than this product, for several reasons. First, the
nuclear polarization P of the product nuclei may not be
perfectly preserved as these nuclei are brought to rest in
the stopping medium. Additionally, W(6) always varies
somewhat over the acceptance angles of the detectors, and
the nuclear polarization usually relaxes slightly during the
time of the measurment. Finally, beta-unstable nuclides
other than the ones of interest may be produced, and these
will generally be unpolarized. All of these effects tend to
reduce the measured 3 asymmetry for a given initial po-
larization of the nuclei under study, so that the value
€=PA should be regarded simply as an upper limit on the
asymmetry that will be observed. From another point of
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view, the polarization computed from the measured asym-
metry and the calculated asymmetry parameter should be
regarded as a lower limit on the polarization produced in
the reaction.

C. Basis of the B-NMR technique

In the B-NMR technique, standard NMR methods are
used to induce transitions between the various magnetic
substates of the unstable nuclear state being studied.
These transitions change the polarization of the ensemble
and, therefore, the observable B asymmetry. The resonant
frequencies at which these transitions occur depend upon
the hyperfine interaction energies of the nuclear moments
and the fields acting on the nuclei. In certain cases, mea-
surements of the resonant frequencies and knowledge of
the properties of the hyperfine fields permit one to extract
values for the nuclear moments of the state.

One especially important case is that of a collection of
nuclei in a state with spin J at rest in a static magnetic
field Hy. These conditions exist, for example, if the un-
stable nuclei are stopped in lattices of cubic metals such as
Au, where the lattice symmetry ensures that (except for
small corrections) only the applied field H, acts on the nu-
clei. The Zeeman interaction then splits the nuclear state
into 2J+ 1 magnetic substates, whose energies, relative to
their common energy in the absence of an applied field,
are *°E,, = —mgunH,, where g =u /J is the nuclear g fac-
tor of the state and u is its magnetic dipole moment in
units of the nuclear magneton py. This arrangement of
substate energies is illustrated on the left-hand side of Fig.
2(a).
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FIG. 2. (a) Energy spacings of the magnetic sublevels of a
state with J =3 in the presence of a magnetic field alone (center)
and a magnetic field plus an electric field gradient (right). (b)
Expected variation of the beta asymmetry as a function of the
perturbing field frequency for the two cases illustrated above.

Given an initially polarized collection of such nuclei,
transitions can be induced between the various substates,
equalizing the populations and destroying the polarization.
This is accomplished by applying a time-dependent pertur-
bation, usually a weak, oscillating magnetic field H,
whose direction is perpendicular to that of the static field
and whose frequency can be varied and precisely mea-
sured. The most probable transitions occur between adja-
cent substates (Am =11) when a single quantum, whose
energy hv is equal to the splitting between those substates,
interacts with a nucleus. For the pure Zeeman interaction,
this splitting is the same for all pairs of adjacent substates,
and is equal to AE=|g |unHo. Consequently, the
resonant condition is hv; = |g | unHy, where v is the
familiar Larmor frequency of the unstable nucleus in the
field Hy,. Measurements of the field strength H, and the
frequency v; at which the depolarization is observed per-
mit a precise evaluation of |g |. Note that the sign of g
cannot be determined using this simple experimental tech-
nique. If information concerning the sign of g is required,
a more sophisticated approach using circularly-polarized
perturbing fields may be employed, but this was not done
in the present experiment.

The expected change in B asymmetry as a function of
the perturbing-field frequency is shown schematically for
the case of the pure Zeeman splitting on the left-hand side
of Fig. 2(b). The magnitude of the change depends upon
the initial populations of the substates, which determines
the initial nuclear polarization, and also upon the induced
transition probability, which determines the final polariza-
tion. Although the asymmetry change is illustrated in
Fig. 2 as an infinitely sharp function of frequency, a num-
ber of effects, including instrumental resolution and in-
teractions between the unstable nuclei and the stable lat-
tice nuclei, contribute to produce a resonance line of con-
siderable width.

A more complex pattern of substate energies results if
the nuclear state of interest possesses an electric quadru-
pole moment and if the stopped nuclei experience an elec-
tric field gradient (EFG) in addition to the static magnetic
field H,. This can be arranged by stopping the nuclei in a
material such as LiNbO;, whose crystal lattice has hexago-
nal,’! rather than cubic, symmetry.

Perturbation theory can be used to calculate the effect
of the quadrupolar interaction on the energies of the mag-
netic substates, assuming the strength of the interaction is
small compared to the Zeeman splitting. The result, for
axially-symmetric EFG’s such as those at Li-atom sites in
LiNbO3, 32,33 is34

e’qQ
- 3 cos26—1
E,, mgunH+ 7 (2T 1)( cos“0—1)

X[3m2—J(J+1)], )

where eq is the magnitude of the EFG, Q is the electric
quadrupole moment of the state, and € is the angle be-
tween the crystalline symmetry axis (the ¢ axis) and the
direction of the external field H,,.

In this case, the energies of adjacent substates differ by
amounts that depend upon which pair of states is being
considered:
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3e?
AE=E, ~En_1=gixHo— Jyoron

X (3cos?0—1)(m+ 1) . 3)

As a result, different resonant frequencies exist for single-
quantum transitions induced between different pairs of
states, and also for different orientations of the crystal
with respect to the external magnetic field.

In the experiments reported here, the crystals were fixed
with the ¢ axis always parallel to the external field (6=0°).
A better procedure would be to make a series of measure-
ments with different crystal orientations, so that the orien-
tation dependence of the resonant frequencies could be
verified. Such an approach can be very time consuming,
however, and it was not attempted.

The substate energies for the case of 6=0° are illustrat-
ed on the right-hand side of Fig. 2(a), where the additional
assumption that e?qQ > 0 has been incorporated. Explicit
expressions for the single-quantum resonant frequencies
under these conditions are

E(__2L<_’+%)=hVL ’
E(+5o+3)=h(vy —vg/2),
and

E(—3o—3)=h(v, +vg/2),

where the quadrupole coupling vo is defined by
vo =e2qQ/h. Consequently, single-quantum transitions
are expected to occur at the Larmor frequency, as in the
pure Zeeman case, and also at frequencies symmetrically
displaced above and below the Larmor frequency by an
amount equal to vo /2. The expected variation in 3 asym-
metry as a function of the perturbing field frequency is il-
lustrated on the right-hand side of Fig. 2(b).

If these resonant frequencies are measured and if the
EFG is known, the magnitude, but not the sign, of the
quadrupole moment Q may be deduced. To determine the
sign of Q, one would also need to know the sign of vy, or,
equivalently, whether the transition that occurs at the
lowest resonant frequency (for example) involved the
(+2,++) or the (—5,—7) substates. The depolariza-
tion technique employed in this experiment is incapable of
permitting the necessary distinction.

Besides single-quantum transitions, multiple-quantum
transitions (MQT) are also possible. These connect initial
and final states whose magnetic quantum numbers differ
by more than unity, and they have been observed in a
variety of resonant systems, including atomic and molecu-
lar beam resonance,>>3¢ classical NMR,*” and B-
NMR.3%¥ The most probable MQT are two-quantum
transitions, which occur between substates whose magnetic
quantum numbers differ by 2, as, for example, between the
m=—3 (—+)and m=++ (5) substates of a nucleus
with J=2. If the perturbing field applied contains just
one frequency component, the transition energy must be
supplied equally by the two quanta involved, and the re-
sulting condition for resonance is 2hv=AE (m<m +2).
For J =%, the corresponding resonant frequencies lie mid-
way between the central and extreme single-quantum fre-
quencies, i.e., at v=v; tvg /4 for 6=0°.
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The transition probability for such two-quantum transi-
tions has been calculated, for the conditions under which
the present measurements were made, using second-order
perturbation theory.?> The result indicates that these tran-
sitions should be well saturated, so that changes in the 3
symmetry whose magnitudes depend only on the initial
substate populations should be observed at these additional
perturbing field frequencies. These observations will then
provide an additional measurement of the quadrupole cou-
pling vy.

To summarize the basic principles of the method,
oriented nuclei in the state of interest are subjected to
combinations of electric and magnetic fields whose influ-
ence on the magnetic substate energies can be calculated in
terms of the nuclear moments of the state and the proper-
ties of the fields themselves. These substate energies in
turn determine the resonant frequencies at which transi-
tions between the substates may be induced by an applied
perturbing field. Such transitions alter the substate popu-
lations, changing the polarization of the sample and the
resulting 3 asymmetry. The resonant frequencies are
determined experimentally by measuring the 8 asymmetry
as a function of the perturbing field frequency, and from
these frequencies values of the nuclear moments are de-
duced.

III. EXPERIMENTAL APPARATUS
AND PROCEDURE

A. General description

The experiments were performed at the Los Alamos
National Laboratory Van de Graaff Facility®® using the
Lamb-shift polarized triton source, the model FN tandem
electrostatic accelerator, and the SDS-930 on-line data ac-
quisition computer system. Polarized tritons, with their
spins oriented vertically either up or down, were used to
bombard the "Li-bearing targets in a specially-constructed,
disk-shaped vacuum chamber positioned between the poles
of a Varian NMR electromagnet, which produced a static,
vertical magnetic field Hy,. A general view of the target,
chamber, and detectors is shown in Fig. 3.

To reduce background from prompt events, the triton
beam was repetitively pulsed using an electrostatic deflec-
tor; each beam-on-target period of 200 ms was followed by
a beam-off period of 300 ms. A weak oscillatory perturb-
ing field, produced with a pair of small coils in nearly the
Helmholtz configuration, was applied over the volume of
the recoil-stopping material throughout each beam-on
period and for 15 ms afterwards. Decay electrons ori-
ginating from the product nuclei left the target chamber
through thin Cu windows positioned abcve and below the
recoil stopper and were counted in solid-state detector tele-
scopes during the remaining 285 ms of the beam-off
period. The frequency of the perturbing field was incre-
mented by a fixed amount each time a predetermined
number of beam-on/beam-off cycles was completed, until
the desired range of frequencies was covered. This usually
required 2—3 min. When a complete frequency scan had
been performed with incident tritons of one spin state, the
spin was reversed at the ion source, and the entire process
was repeated, starting with the lowest perturbing frequen-
cy. Each experiment consisted of many such frequency
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FIG. 3. Cross-sectional side view of the target chamber and detectors in place between the magnet pole pieces.

scans, so this procedure helped to ensure that drifts in any
part of the system were averaged out over the duration of
the run. Counts from the upper and lower detector tele-
scopes were stored in separate sections of the computer
memory for each frequency of the applied field and for
each spin state of the incident beam. These data were
used to compute the experimentally observed 8 asymmetry
as a function of frequency, from which the values of the
nuclear moments were to be deduced.

B. Experimental details

1. Polarized triton beam

A detailed description of the LANL Lamb-shift polar-
ized triton source has been published elsewhere.*!"*?> This
source is generally capable of providing beam currents on
target in excess of 100 nA, but for the present experiments
peak beam currents of 30—40 nA provided satisfactory
data rates. Beam polarizations were determined using the
quench ratio method,” and average polarizations of 0.8
were observed throughout the runs.

Two considerations influenced the choice of incident
beam energy. On one hand, the energy should be far
enough above the "Li(t,p)°Li reaction threshold to ensure a
good production rate; on the other hand, the energy
should be low enough to suppress the production of either
9Li in excited states or other B-unstable nuclides.

Excitation functions for the ’Li(t,p)°Li and °Li(t,p)®Li
reactions have been measured** by Abramovich et al. for
incident triton energies in the 2—7 MeV range. They
found that the °Li yield rises fairly steeply for energies
above the 7Li(t,p) reaction threshold at 3.43 MeV and
reaches a maximum at a triton energy near 5.5 MeV. For
bombarding energies above 6.04 MeV, they also observed
B activity from ®Li produced in the 7Li(t,d) reaction. Be-

cause such activity would create a particularly undesirable
background in the present experiments, it was decided to
keep the triton beam energy below 6 MeV. This restric-
tion also ensured the °Li nuclei would be produced only in
the ground state, because tritons of approximately 7.3
MeV energy are needed to reach the first excited state.
Resonance scans were actually performed using tritons of
5.0, 5.4, and 5.5 MeV incident energy.

2. Targets and recoil stoppers

Two different types of target-recoil-stopper combina-
tions were used in measuring the magnetic dipole and elec-
tric quadrupole moments. For the dipoIe moment studies,
thin layers of isotopically enriched "Li evaporated on Au
foils were employed: The enhanced isotopic abundance of
"Li was greater than 99.99%, the areal denstty of the tar-
get layer was approximately 150 ug/cm?, and the thick-
ness of the Au backing foil, in which the °Li recoil nuclei
were stopped, was 0.025 mm. Thick single crystals of
LiNbO; were used in the quadrupole moment studies.
These crystals, obtained commercially,** were approxi-
mately 1-mm thick, contained ’Li and °Li nuclei in the ra-
tio of thelr natural abundances (approximately 92.5% 'Li
to 7.5% °Li), and were oriented by the supplier so that the
crystalline ¢ axis made a 45° angle with respect to the crys-
tal surface. This orientation was confirmed independently
by x-ray diffraction measurements. During the experi-
ments, the LiNbO; crystals were mounted so that the sur-
face was at 45° with respect to the vertical direction and
the ¢ axis was aligned with the vertical magnetic field H,.

3. Detectors and electronics

Electrons originating from the °Li decays were detected
in two identical counter telescopes, one positioned directly
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above the recoil-stopping material and one directly below
it in such a way that the up/down asymmetry ratio
N(0°)/N(180°) could be measured. Each telescope con-
tained a 500-um thick, totally depleted surface barrier
detector with 200-mm? active area, a 2-mm-thick Si(Li)
detector with 500-mm? active area, and a 0.56-cm-thick
Be disk placed between the detectors to stop low-energy
electrons and other charged particles. Signals from the
detectors were processed using standard charge-sensitive
preamplifiers, linear amplifiers, timing single channel
analyzers, and overlap coincidence units. A block dia-
gram of the electronics is shown in Fig. 4.

Two conditions had to be satisfied to record a single
event in either telescope: coincident pulses above single
channel analyzer (SCA) thresholds must have been regis-
tered in both detectors of that telescope, and a special gat-
ing signal indicating that the counting period had begun
had to be present. Because an electron required at least
2.2 MeV to penetrate the 500-um surface barrier detector
and 0.56-cm Be disk, electrons with lower energies could
not reach the 2-mm detector to satisfy the coincidence re-
quirement. On the other hand, most of the electrons ori-
ginating from the °Li could do so, since the 8 end point
energies for the two major decay branches are 13.5 and
11.0 MeV.2® These conditions ensured good sensitivity for
the events of interest while suppressing the copious back-
ground.

During the experiments, the sum of the counting rates
in the two telescopes was typically 3 10 s~! for 20 nA
of 5.4 MeV tritons incident on the "Li target. Under simi-
lar conditions, but with the LiNbO; target, the rate was
typically 10* s~!. Singles rates in the detectors were usu-
ally a factor of 10 higher than these coincidence rates.

4. Static magnetic field

The vertical, static magnetic field H, was produced us-
ing a Varian-type V3401 NMR electromagnet with 22.9-
cm-diam circular pole faces and a 10.2-cm gap. An NMR
fluxmeter was used to map the field of this magnet, and it
was found that, for central field strengths near 1 kG, the
field homogeneity over the volume of the recoil-stopping
material was better than 1 part in 10*. The same fluxme-
ter, with its probe attached to the outer wall of the target
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FIG. 4. Block diagram of the electronics used for data ac-
quisition and experiment control. (PA is the preamplifier, AMP
is the linear amplifier, SCA is the timing single channel
analyzer, and COIN is the overlap coincidence unit.)
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chamber, was used to measure the field strength during
the resonance experiments. A small correction was later
applied to this measured field strength to account for the
fact that the probe was necessarily slightly displaced from
the actual position of the stopping material. Generally,
values of H, very near 1 kG were employed in the reso-
nance experiments, and the total uncertainty in their mea-
surement was estimated to be 2.5 parts in 10*.

5. Perturbing field

The oscillatory perturbing field H; was generated using
two small coils connected in series and positioned symme-
trically to the right and left of the recoil stopper (as
viewed by the incident beam) in nearly the Helmholtz con-
figuration. The driving signal for these coils was an am-
plified sine wave obtained from a General Radio
Corporation-type 1164A Coherent Decade Frequency Syn-
thesizer, whose digitally selected output frequency was ac-
curate to 1 part in 10° could be remotely programmed,
and could be frequency modulated, if desired. During the
experiments, the rms current through the coils was ap-
proximately 250 mA; the amplitude of H, at the center of
the recoil stopper (i.e., midway between the coils and on
their common axis) was then about 2.5 G.

IV. RESULTS AND DISCUSSION

A. Yield purity and off-resonance B asymmetry

Before the resonance experiments were begun, several
checks were made to verify the desired °Li nuclei could be
produced without significant amounts of unwanted back-
ground and that their net polarization would be large
enough to provide a measurable 8 asymmetry.

The purity of the reaction yield was assessed by multi-
scaling the f3 activity created in the triton bombardment of
the 7Li and LiNbO; targets and comparing the observed
half-life with the known half-life of °Li. Typical results
obtained for 5.4 MeV incident tritons are shown in Fig. 5,
where the solid lines are included for reference and
represent the expected °Li decay rate. Very good agree-
ment with this expected rate was observed using the en-
riched 'Li targets, indicating that °Li was the major
short-lived B activity present. By contrast, the results of
the LiNbO; measurements implied the additional ex-
istence of some longer-lived activity, possibly from 3Li
(Ty,,=0.84 s) produced in the exoergic °Li(t,d) reaction
on the Li nuclei present in the crystals. The multiscaling
periods were too short to permit a definite identification
of the responsible nuclide(s); nor could their concentration
relative to °Li be estimated precisely. Nevertheless, the
9Li yield was considered adequate for the resonance exper-
iments.

Off-resonance [-asymmetry measurements were made
using incident tritons of several energies between 5.0 and
6.0 MeV. The procedure was essentially the one that
would be used in the later resonance scans, except that the
perturbing field was turned off. Small asymmetries, near-
ly independent of the bombarding energy, were observed
with both types of target. Typical values were —0.007(1)
for the "Li targets and —0.0030(5) for the LiNbO; crys-
tals. To verify that these measured asymmetries were re-
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FIG. 5. Multiscaled B activity observed for 5.4-MeV tritons
incident on (a) enriched "Li layers with Au backings and (b)
thick LiNbO; single crystals. For comparison, the expected de-
cay rate of °Li (T, =0.176 s) is indicated by a solid line.

lated to the nuclear polarization of the °Li recoils and
were not simply instrumental in origin, the measurements
were repeated with unpolarized tritons, and asymmetries
consistent with zero were observed.

From these measured asymmetries and from the calcu-
lated effective asymmetry parameter 4., lower limits on
the average nuclear polarizations obtained with these tar-
gets may be deduced. For the "Li target, this polarization
is +0.071(19), whereas for the LiNbO; target, the result
is 4+0.031(9). It is possible that a larger nuclear polariza-
tion was actually obtained when the "Li target was used,
but a more plausible explanation for the smaller asym-
metries observed with the LiNbO; targets is that a larger
fraction of the °Li nuclei lost their polarization while
coming to rest in those crystals than in the Au stoppers.
These nuclei would then constitute, in effect, an unpolar-
ized background activity. The positive polarizations ob-
served with both types of target imply that the net spin
orientation of the °Li nuclei produced in the "Li( ?,p) re-
action was parallel to that of the incident triton beam.
Similar results have been reported®? for other reactions
used in B-NMR experiments.

B. °Li dipole moment measurements

Resonance experiments using the enriched Li targets
on the Au recoil-stopping foils were performed with polar-
ized tritons of 5.0, 5.4, and 5.5 MeV incident energy. For
two of the experiments, the strength of the static magnetic
field was fixed at one value; for the third, it was changed
slightly to verify that the °Li Larmor frequency also
changed in the proper manner.
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Initial frequency scans were performed in rather coarse
frequency steps of 10 kHz, with a 5-kHz modulation; once
evidence of resonant depolarization had been observed,
finer scans were performed with frequency steps of 1 kHz
and no modulation. The results of three such scans are
presented in Fig. 6. Gaussian line shapes, represented in
the figure by solid lines, were fitted to the data in order to
extract the resonant frequencies. Because the central fre-
quencies were the only features of the resonance lines
needed to compute a value for the dipole moment, no at-
tempt was made to derive and fit a more realistic line
shape. Nevertheless, at least qualitative information may
be deduced from the other properties of the fitted lines.
For example, each of the lines is reasonably narrow, which
imples that those °Li nuclei whose polarization was
preserved during the implantation process found well-
defined stopping sites where the EFG’s were indeed small
or absent. Further, because the B asymmetry falls nearly
to zero at the center of each line, it is evident that the °Li
nuclear polarization was almost completely destroyed by
the perturbing field at the Larmor frequency.
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FIG. 6. Measured 3 asymmetry versus frequency of the per-
turbing field for enriched 'Li targets on Au backings. Data are
shown for three triton bombarding energies, and each set of data
should be referred to the vertical and horizontal scales marked
with the appropriate plotting symbol. The solid lines represent
Gaussian line shapes fitted to the data in order to extract the
resonant frequencies.
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TABLE II. Results of B-NMR measurements on °Li nuclei implanted in Au.

(a) (b) (c)

Triton energy (MeV) 5.0 5.5 5.4
Proton Larmor frequency in

external field H, (MHz) 4.2458(12) 4.2458(12) 4.2634(12)
Amplitude H, of perturbing

field (G) 2.0 2.0 1.8
Off-resonance asymmetry® —0.0065(1) —0.0071(1) —0.0070(1)
Height of resonance line® 0.0073(5) 0.0069(4) 0.0061(1)
Width (FWHM, kHz)* 3.8(4) 4.2(3) 7.0(1)
°Li Larmor frequency in

external field H, (MHz)* 1.7432(2) 1.7428(3) 1.7500(2)
X*/n® 1.14 1.12 1.05
°Li g factor 2.2933(7) 2.2927(8) 2.2927(7)

*Derived from computer fits.

The deduced Larmor frequency for each run is listed in
Table II together with the measured proton resonant fre-
quency in the static field H, and other relevant parame-
ters. Quantities in the table that are marked with a super-
script were derived from the computer fits. For each case,
the ratio of the °Li g factor to that of the proton was com-
puted from the measured Larmor frequencies using the re-
lation

| g(°Li)/g('H) | =v, °Li)/v,('H) .

The value of the proton g factor used in the calculations
46
was

g('H)=5.585552(62) ,

and the weighted average of the °Li g factors deduced
from the measurements was

’g(gLi )uncorr ' =2.2929(4) .

Multiplying this result by the spin of the °Li ground state
yields the desired dipole moment:

| 1£CLi)gneorr | =3.4394(6) py .

Two small corrections must be applied to this value to
account for the fact that the magnetic field acting on the
°Li nuclei differed slightly from the field measured by the
proton resonance probe, even after allowance had been
made for possible physical displacements. The effective
field H ¢ at a °Li nucleus implanted in a Au recoil stopper
may be related to the external field H, by

Heff=H0(1—0'+K) ’

where o is the diamagnetic shielding factor and K is the
Knight shift.

Diamagnetic shielding occurs because the external field
induces current densities in the closed shells of atomic
electrons surrounding the implanted Li ion, which in turn
produce a magnetic field that is proportional in magnitude
but opposite in direction to the applied field. The shield-
ing factor for the Li* ion has been calculated by Feiock
and Johnson using relativistic Hartree-Fock-Slater theory;
it value*’ is

o(Li*t)=0.00009553 ,

and its uncertainty*® is about 5% of that value.

The Knight shift arises because of interactions involv-
ing the conduction electrons in the metal host. Its value
for °Li in Au has not been measured or calculated; howev-
er, Haskell and Madansky estimated the Knight shift for
8Li nuclei implanted in Au foils from measurements of
the 8Li spin-lattice relaxation time. Their result,!®

K(®Li in Au)~0.00017(7) ,

should also represent a good estimate of the shift for °Li
nuclei in Au.

Because the dipole moment deduced from this type of
measurement is inversely proportional to the strength of
the magnetic field acting at the nucleus, the correction
that must be applied to the computed moment takes the
form

:u'COrr"__,u'uncorr/( l1—0+K).

Inserting the proper values for o and X yields the final re-
sult

| L) cory | =3.4391(6) puy

C. °Li quadrupole moment measurements

Resonance experiments were also performed using the
thick LiNbO; targets and polarized tritons of 5.4 and 5.5
MeV incident energy. The resonance scans were done in
steps of 1 kHz, with no modulation, and covered a range
of perturbing field frequencies that extended approximate-
ly 50 kHz above and below the calculated Larmor fre-
quency. During the subsequent analysis, the counts in
each group of three successive 1-kHz bins were added to-

gether to improve statistics. .
Results of two sets of measurements are presented in

Fig. 7. For each set, the LiNbOj; crystal was oriented so
that its ¢ axis was parallel to the direction of the applied
magnetic field. The data shown in part (a) of the figure
were obtained first and with the crystals as supplied by the
manufacturer (etched after cutting, to remove surface
damage); those in part (b) were obtained later, after the
crystal surfaces had been ground with 12.5-um AlO
powder. It is evident that the two sets of data do not have
the same shape. In particular, some of the structure ap-
parent in part (a) is missing in part (b), and the latter data
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FIG. 7. Measured B asymmetry versus frequency of the per-
turbing field for thick LiNbOj; single crystals oriented with their
c axes parallel to the external magnetic field. Data in (a) were
taken with crystals as supplied by the manufacturer, those in (b)
were taken after the crystal surfaces were ground with 12.5-um
AIlO powder. The solid line in (a) represents a fit to five Gauss-
ian line shapes; that in (b) represents a fit to two Gaussians and
serves only to guide the eye.

were not used in determining the quadrupole coupling.

After some consideration, it became clear that the sur-
face grinding was reponsible for the difference between the
two sets of data. This grinding was done to remove ma-
terial near the surface of the crystals that darkened as a re-
sult of the triton bombardment during the first experi-
ments. The darkening was believed to be an indication of
radiation damage to the crystal lattice, which might cause
rapid depolarization of the implanted nuclei. It was later
recognized that the grinding itself probably produced a
layer of damaged material whose thickness may have been
as much as twice the diameter of the abrasive used,* or
about 25 pm. Calculations based on the stopping-power
tables of Northcliffe and Schilling®® indicated that as
many as 90% of the °Li nuclei would have stopped in
such a layer, and those nuclei would not have experienced
the EFG distribution characteristic of single-crystal
LiNbO;. These observations emphasize the importance of
proper surface treatment for crystals used in experiments
of this type, and suggest that methods other than grinding,
such as annealing, would be more appropriate for dealing
with radiation-damaged crystals.

The data presented in Fig. 7(a) were fitted by computer
to an expression containing five Gaussian resonance lines,
in order to extract the resonant frequencies for the various
possible one- and two-quantum transitions. Although a

method for deriving a theoretically exact line shape has
been described by Dubbers,’! this more sophisticated ap-
proach was not used. The quantities determined by the
fitting program were the position of the central line (the
Larmor frequency), the splitting between the central line
and each of the outer lines, and the splitting between the
central line and each of the inner lines. Additionally, the
heights and widths of the lines were found, subject to
several constraints: (1) the widths of the central line and
the outer lines were constrained to be the same, since all
three linese were interpreted as single-quantum resonances;
(2) the common width of the inner line was allowed to be
different from that of the outer lines, in keeping with the
assumption that the inner lines represented two-quantum
resonances; (3) the heights of the outer lines were con-
strained to be equal, as were the heights of the inner lines;
(4) the height of the central line was allowed to vary in-
dependently. In Table III the best values of these parame-
ters are listed together with other relevant data concerning
the measurement; the entries marked with a superscript
represent values determined by the fitting program.
Several points can be made concerning the results of the
fitting procedure. First, the deduced Larmor frequency
for °Li in LiNbO; agrees with the frequency previously
measured in Au for the same magnetic field strength H,.
Second, the splitting between the central line and each of
the outer lines is twice as large as the splitting between the
central line and each of the inner lines, which is consistent
with the assumption that the outer and inner lines
represent one- and two-quantum transitions, respectively.
Third, the width of the inner lines is apparently about
one-half that of the outer lines, which is also consistent>?
with that assumption, although the uncertainties in the fit-
ted line widths are fairly large. Fourth, the deduced width
of the outer lines, ~ 10 kHz, is reasonable in the sense that
it is close to the value of ~9 kHz measured by Halstead*’
for the room-temperature width of the quadrupole shifted
resonance lines of ’Li in LiNbO;. Finally, the shape of
the fitted asymmetry spectrum, which is shown as a solid
line in Fig. 7(a), is similar to the result of an exact line
shape calculation,” including multiple quantum reso-
nances, for the case of J=3. This similarity supports the
earlier conclusion that the two-quantum transitions in this

TABLE III. Results of B-NMR measurements on °Li nuclei
in LiNbO;.

Triton energy (MeV) 5.5
Proton Larmor frequency in external

field H, (MHz)* 4.2458(12)
Amplitude H; of perturbing field (G) 2.5

Off-resonance asymmetry® —0.025(3)
°Li Larmor frequency in external

field H, (MHz) 1.7429(10)
Height of outer lines® 0.0015(5)
Width of outer lines (FWHM, kHz)* 10.0(32)
Splitting of outer lines (kHz)* 24.2(15)
Height of inner lines® 0.0015(6)
Width of inner lines (FWHM, kHz)? 5.121)
Splitting of inner lines® 12.1(10)
Height of central line® 0.0006(6)
X*/n 0.33

*Determined by the fitting program.
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system should be saturated by the relatively strong per-
turbing field applied. The relative heights of the reso-
nance lines further suggests that the initial populations of

the two |m | =7 substates were not very different,
whereas the population differences between the |m | =+
and the neighboring | m | =+ substates were greater.

The separation of the outer resonance lines implies a
quadrupole coupling for °Li in LiNbO; equal to

|vp | =2X(24.2+1.5 kHz)=48.4+3.0 kHz .
Similarly, the separation of the inner lines implies that
|vo | =4X(12.1+1.0 kHz)=48.4+4.0 kHz .

The weighted average of these results is
| vo(°Li in LiNbO;) | =48.4+2.4 kHz .

In order to evaluate the °Li quadrupole moment using
this quadrupole coupling, the magnitude of the EFG at
the stopping site of the implanted nucleus must be deter-
mined. Several methods have been employed in similar
cases to calculate or measure the necessary field gradient,
but serious difficulties are associated with most of them.
The most reliable method, when it can be applied, seems
to be to select as a recoil stopper a material that contains a
stable isotope of the unstable nucleus under investigation
and in which the quadrupole coupling of the stable isotope
has been measured. If the quadrupole moment of the
stable isotope is also known, and if the implanted nucleus
can be assumed to replace its stable counterpart in the
crystal lattice and thereby experience the same EFG, the
ratio of the quadrupole couplings may then be taken to be
equal to the ratio of the respective quadrupole moments.

In the present case, the ratio of the unknown quadru-
pole moment of °Li to the known moment of ’Li is as-
sumed to equal the ratio of the newly measured coupling
of °Li in LiNbO; to the previously measured coupling of
’Li in that crystal:

vo(°Li in LiNbO3)
 vo('Li in LiNbO;)

QCLi)
Q("Li)

Because the S-NMR method as employed in the present
experiments measures only the magnitude of the quadru-
pole coupling, and not its sign, only the absolute value of
the quadrupole moment ratio can be determined.

Clearly, the fundamental assumption on which the va-
lidity of this procedure depends is that the implanted nu-
cleus occupies a position equivalent to that of one of its
stable counterparts and interacts with the same EFG. It is
not obvious that this is a good assumption, but it can be
tested experimentally in the following way. The quadru-
pole coupling of the unstable nucleus may be measured in
a number of different compounds, each of which contains
the same stable isotope of the proper element. The ratio
of the coupling of the two isotopes in each of the com-
pounds may then be compared and, if the ratios agree it
may be concluded that the implanted nucleus did in fact
replace one of its stable partners in each case.

This test has not been performed for °Li, but similar
tests have been carried out for 8Li and '’B nuclei implant-
ed in material that contained an appropriate stable isotope,
either "Li or !!B; the results appear in Table IV. All of
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TABLE IV. Quadrupole couplings of stable and unstable iso-
topes of the same element in different compounds.

Stopping Material LiIO;* LiNbO,® LiTaO;°
vo(®Li) (kHz) 29.2(8) 43(3) 60.2(3)
vo('Li) (kHz) 44(3) 54.5(5) 77.6(5)
vo(®Li) /vg("Li) 0.66(5) 0.79(6) 0.78(1)

Stopping material TiB,¢ ZrB,* ZrB,f
vo("?B) (kHz) 154(16) 49(5) 38.7(11)
vo(''B) (kHz) 360(20) 118(10) 118(10)
vo("’B)/vg(!'B) 0.43(5) 0.41(5) 0.33(3)

*Reference 23.
YReference 53.
‘Reference 39.
dReference 54.
“Reference 54.
fReference 55.

the measurements involving lithium nuclei were per-
formed using single crystal hosts; most of the ones involv-
ing boron nuclei were performed using powder samples.
Only the smaller of the two couplings listed for ’B in
ZrB, was measured in a single crystal. )

These results demonstrate that fair agreement exists be-
tween the ratios of the quadrupole couplings measured in
different materials. They suggest, however, that if a quad-
rupole moment ratio is derived on the basis of couplings
measured in just one compound, it may differ from the re-
sults of measurements made in other compounds by as
much as 20%. Since the quadrupole moments of the nu-
clei involved do not change, the assumption that equal
field gradients act on both the implanted nucleus and the
stable nucleus it is supposed to replace must not be trusted
completely.

With this consideration in mind, the couplings of °Li
and "Li in LiNbO; may be compared in order to obtain an
estimate of the °Li quadrupole moment. Two measure-
ments of the "Li coupling have been made using conven-
tional NMR techniques®>3?; the average of the results is

vo(’Li in LiNbO;)=54.7+0.3 kHz .

The ratio of the respective quadrupole moments is then
approximately equal to

Q(°Li) | voC°Li in LiNbO;)
QCLi) | vo('Li in LiNbO;)
48.4+2.4 kHz
= oo =0.88+0.04 .
54.740.3 kHz %8

The quoted uncertainty does not reflect the sizable sys-
tematic errors (~20%) that may arise in connection with
the procedure used to estimate the EFG at the nucleus. If
these errors are included, the quadrupole-moment ratio
should be given as

QCLi)
Q('Li)

The quadrupole moment of ’Li is known from
molecular-beam measurements and from optical double-

=0.88+0.18 .
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resonance studies; the weighted average of two recent
values®%%7 is

Q('Li)=—36.6+0.3 mb .

In combination with the measured ratio of the respective
couplings, this implies

| Q(°Li) | =32.2+6.6 mb .

D. Comparison with shell-model calculations

It is of interest to compare the experimental values of
the °Li ground-state moments with the results of appropri-
ate nuclear structure calculations. Cohen and Kurath3®
and Barker®® have made extensive shell model studies of
the 1-p shell nuclei (5<4 <16) in which they deduced
values for the matrix elements of the two-body effective
interactions between the p-shell valence nucleons by fitting
experimental data on selected states in those nuclei. For
simplicity, they made the usual assumptions that the 1s*
(*He) core is inert and undistorted, and that the states they
fitted were well described by the lowest shell-model con-
figurations consistent with their observed spins and pari-
ties. Using the wave functions they extracted for these
and other states, they were then able to compute values for
various observables of interest, such as electromagnetic
moments and transition probabilities.

In Table V, the measured values of the 'Li and °Li
ground-state moments are compared with values calculat-
ed using wave functions of Cohen and Kurath®® and those
of Barker.®! Two predictions for each quantity are attri-
buted to Cohen and Kurath; they resulted from making
slightly different assumptions about the form of the two-
body matrix elements, and the original description of the
calculation®® should be consulted for more details. It is
evident that the measured °Li dipole moment is in good
agreement with all of the calculated values, which bracket
it and differ from it by at most 3%.

Comparison of the measured and calculated quadrupole
moments requires some explanation. First, it should be
observed that the shell model predicts quadrupole moment
values for both °Li and "Li that are smaller than the mea-
sured ones. This is a well-known characteristic of calcula-
tions in which core deformation and configuration mixing
have been neglected.’>% It is also well known that the
values of the quadrupole moments and of certain E2 tran-

sition probabilities so calculated can be “enhanced,” or
brought into better agreement with the typically larger ex-
perimental values, by attributing a phenomenological “ef-
fective charge” to each of the valence nucleons.** These
effective charges compensate to some extent for the collec-
tive effects that are omitted from the simplest shell-model
calculations.

In one common formulation, the effective charge is as-
sumed to be an isoscalar; that is, the additional charges at-
tributed to the valence protons and neutrons are assumed
to be equal. Then, the effective charges of those nucleons
are

e,=(148)e
and
e,=de ,

where 8 is the additional charge. Several analyses®* 5’
have shown that, for p-shell nuclei, reasonable agreement
between the measured and calculated quadrupole moments
and E 2 probabilities can be obtained for §~0.5.

While the introduction of effective charges generally in-
creases the calculated quadrupole moments, the extent to
which this occurs is different for different nuclear states.
This is shown explicitly in Barker’s expression for the
quadrupole moment ratio Q(°Li)/Q(’Li), presented in
Table V. If the additional charge, §, is taken to be 0.5 for
valence nucleons in both °Li and "Li, and if the mean-
square charge radius (r?) of °Li is assumed to be equal to
that of "Li, that expression yields

QCLi)/Q("Li)=1.06 .

Kurath estimated® that the ratio of enhanced moments
should be in the range 0.8—0.9. He also noted that the ex-
perimental values of the ground-state quadrupole mo-
ments, taken alone, suggest that a smaller value of § seems
needed for °Li than for 8Li or "Li. In any case, since the
measured ratio

| @(°Li)/Q("Li)=0.88+0.18

contains an uncertainty of 20% due to the assumptions
made in evaluating the EFG, the shell-model predictions
are considered to be in satisfactory agreement with the ex-
perimental result.

TABLE V. Comparison of measured ’Li and °Li ground-state moments with shell model predictions.

p(°Li) w("Li) Q(°Li) QLD
UN N mb mb QCLi)/Q("(Li)

Kurath

6—16 2BME  3.3753  3.1703 —22.91 —17.50 1.31

8—16 POT 3.4832  3.2608 —24.09 —19.16 1.26

9y : 2
Barker 3401 311 1,305 1:£2:02 8CLi) {r*)s
142.95 8("Li) (r2),

Experiment +3.4391(6) 3.256424(2)* +32.2(66) —36.6(3)° +0.88(18)

2Reference 46.
YReference 56.
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V. CONCLUSION

The (t,p) reaction, initiated by polarized tritons, has
been shown to be suitable for producing and polarizing
short-lived nuclei for study using the S-NMR technique.
The ground-state electromagnetic moments of °Li have
been measured in this way, and their values have been
found to be in reasonable agreement with shell-model pre-
dictions. :
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