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A Zeeman-quenching atomic-beam method has been utilized for the determination of the
fine- and hyperfine-structure energies and auto-ionization lifetimes of the metastable
(1s2s2p) ‘P, states of Li® and Li’. Both the fine-structure intervals and the lifetimes of the
J=% and J=14 states are found to be in disagreement with existing theoretical calculations.
The quenching of metastable lithium atoms in a nonuniform magnetic field can be satisfactorily
described with the aid of the ‘“‘adiabatic criterion.” The present results also permit a quanti-
tative evaluation of a proposal for producing polarized lithium nuclei.

[. INTRODUCTION

One of the most important properties of the meta-
stable auto-ionizing atomic states discovered by
Feldman and Novick' (FN) is the differential meta-
stability of the fine- and hyperfine-structure levels.
This property results from the difference in the
degree of coupling to the continuum of each of these
states. The effect of a magnetic field is to mix the
magnetic substates of the longer-lived levels with
those of the shorter-lived ones causing a resultant
decrease in the apparent lifetime of the former.
This “Zeeman quenching” of an atomic beam of
metastable auto-ionizing atoms has been observed
in lithium, % potassium, and rubidium.?

From an analysis of field-dependent structure
(due to anticrossings of magnetic substates) in the
quenching functions of Li” and Li®, it was possible
to make precise determination of the fine structure
of the (1s2s2p) *P state and to determine the relative
lifetimes of the three different J levels.* The en-
ergy intervals were verified by the subsequent
identification® of two multiplets in the optical spec-
trum® of Li” which result from transitions between
certain doubly excited states” and the (1s2s2p)*P
levels.

The Zeeman-quenching effect has also been used
as the basis for state selection and analysis in a
microwave atomic-beam resonance experiment of
Novick and Sprott® on the quartet metastable level
of potassium. By observing the magnetic-field de-
pendence of the energy splitting between various
hyperfine levels, they were able to determine the
configuration, term assignment, and hyperfine en-
ergy constants of the metastable auto-ionizing
states at 19.9 eV.

In the present paper, we describe in detail the

Zeeman-quenching experiments and the analysis

of the fine and hyperfine structure of the metastable
states of Li® and Li". For Li", the appreciable
mixing of fine-structure states by the hyperfine
interactions even in the absence of a magnetic
field requires an increase of about 15% in the value
reported by FN for the lifetime of the (1s2s2p)* Py,
state. The corrected experimental lifetime,
(5.8+1.2) usec, is in better agreement with the
theoretical value 5.88 usec calculated by Manson.®
It is also shown that observations of the quenching
of metastable atoms as they pass across the pole
tips of a cylindrical magnet can be fully understood
if the adiabatic criterion!® is used to determine
whether or not transitions occur in the fringing
fields. However, in order to optimize the agree-
ment with the data, bombardment polarization
effects must be included in the theoretical analysis.
Finally, we present the results of calculations of
the vector and tensor nuclear polarizations obtain-
able in Li® (= 1) by means of Zeeman quenching,
and we discuss a possible radio-frequency method
for obtaining enhanced polarization.

Il. METASTABLE (15s2s2p)*P STATE OF LITHIUM

The states with which we are concerned here are
quartets which arise from excitation of an inner-
shell electron of lithium. These quartet states are
metastable even though they lie well above the lith-
ium ionization limit, because they are bound with
respect to the first triplet excited state of Li*.
They are thus degenerate with the doublet but not
with the quartet continuum and do not satisfythe AS
= 0 selection rule for auto-ionization via the Coulomb
interaction. In FN, it is shown that the transition
to the continuum can proceed only via the magnetic
interactions between electrons. Radiative decay is
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also forbidden.

Since the auto-ionization decay results from the
fine-structure interactions, the various fine-
structure (fs) levels having different symmetry
will couple differently to the continuum. For ex-
ample, consider the three J levels (*Ps,,, *Py,,,
P, ,,) of the (1s2s2p) configuration of Li [ignoring
hyperfine structure (hfs)]. The *P;,, and ‘P,
states are coupled to continuum ['So(Li*)+ #%p3/2, 1 /2]
states through the spin-orbit, spin-other-orbit,
and spin-spin interactions. In addition, these same
states are coupled to the continuum in second order
through the rapidly auto-ionizing (1s2s2p) 2Pa/z, 1/2
states by the same magnetic interactions. The
state of highest total angular momentum *Pg,, is
necessarily a pure-quartet level and is coupled to
the continuum [ 'S, (Li*) +k%f5,,] state only by the
tensor part of the spin-spin interaction. Thus, if
all of the matrix elements are comparable in mag-
nitude, it is expected that the decay rate for this
state would be smaller than that for either the *Py,,
or *P,,, states. Detailed calculations of the auto-
ionization rates by several authors!!'!? yield results
which are in agreement with these qualitative argu-
ments.

We must also consider the effect of hyperfine
structure in the case of Li", since the Fermi-con-
tact interaction for the unpaired core 1s electron
is comparable to the fine-structure splitting of the
4P, levels. The large magnetic dipole hyperfine
interaction strongly mixes fine-structure levels
with J differing by 1. The quadrupole interaction,
which is about three orders of magnitude smaller
than the magnetic dipole term, couples fine-struc-
ture levels differing in J by 1 and 2. The effect of
the hyperfine mixing is to produce states of total
angular momentum F(F=1+7J) with different life-
times. The state of highest total angular momentum
(F =4 in the case of Li") will have the lifetime of
the pure (13252p)4P5,3 state. Levels of lower total
angular momenta will have lifetimes intermediate
between those of the pure *Ps,,, *P3,,, and *P,,,
levels depending upon the degree of mixing. In
general, those hyperfine states with large 4P5,2
components will be longer-lived than those with
large *P;,, and *P,,, amplitudes.

The case of interest to us occurs when the Zeeman
energy for a given magnetic field is comparable to
the fs and hfs energies (which are of order 1 cm™).
This results in additional mixing between substates
according to the selection rules AM =0, AF =0, +1.
The auto-ionization decay rates of a group of states
degenerate at zero field will then depend upon the
strength of the magnetic field and on the magnetic
quantum number My characterizing the group. Since
the energy of a magnetic moment having a strength
of 1 upin afield of 10 kG is 0.467 cm™, we expect
significant mixing in magnetic fields that are read-
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ily available in the laboratory. The *P;,, states
with F =4 and My =+4 will remain “pure” and cou-
ple to the continuum only through the spin-spin in-
teraction even when hfs and Zeeman mixing are in-
cluded. The other hyperfine components of Ps,»
couple to the continuum in a magnetic-field—depen-
dent manner, and the application of an external
field to a beam of atoms in the metastable states
will alter the lifetime of these atoms.

At this point, it is of interest to examine the pos-
sibility of observing Zeeman quenching in atomic
states which are metastable against radiative de-
cay. 3 Consider, for example, the elements for
which the lowest excited 3P level lies below the
first 3S level, e.g., Ne, Ar, Zn, Cd, and Hg. The
3PI state can decay by emitting an intercombination
line, since it is mixed by the fs interaction with
P, but *P, , are pure triplet states and hence are
metastable. The application of an external magnetic
field will mix the states *P, , with 3P, so that the
former states will in principle be somewhat
quenched. We can estimate the magnitude of the
field required for appreciable quenching by using
perturbation theory to estimate the metastable-
state decay rate as a function of magnetic field:

vi(H)~vs(0) [npH/(E L -EF, 1)

where subscripts L and S refer to the longer- and
shorter-lived states, respectively; E is the state
energy ; U g is the Bohr magneton, and H is the
magnetic-field strength. For the Zn, Cd, and Hg
group, the quantity ¥ /(A E)? does not vary greatly,
enabling us to obtain the approximate numerical ex-
pression

v, (H) =3x107°H? sec™, (2)

where H is in kG.

Thus, fields of the order of 10° G or higher are
needed to produce observable lines originating in
the P, and 3P levels of these elements. By com-
parison, the factor ¥5/(AE)? in Eq. (1) is much
larger for the metastable quartet states of lithium,
with the result that significant quenching can be ob-
tained with magnetic fields readily available in the
laboratory. It is noteworthy that the hyperfine
fields in Hg are sufficient to produce observable
forbidden lines (*P,, A2656; °P,, X 2270).

[II. EXPERIMENTAL ARRANGEMENT

The first experimental arrangement used to
study the quenching effect is shown in Fig. 1. Ex-
cept for the quenching magnet placed between the
source and the detector, the apparatus was the same
as that described in FN. The effective length of
the field was 1 cm, and the gap spacing was 0.5 mm.
A maximum field of 19 kG was obtained with Per-
mendur pole tips and a current of 50 A in the water-
cooled windings. Calibration of the magnetic field,
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accomplished with the aid of an F.W. Bell model electromagnet. A block diagram of the basic ex-

120 gaussmeter and a 0. 4-mm Hall probe, was
reproducible to a few percent. The detector used
in these experiments was a modified Bendix 306
magnetic electron multiplier mounted in a magnetic
shield of Armco iron and is described in FN.

The Armco shield on the detector prevented the
multiplier gain from being affected by leakage
fields from the quenching magnet. In practice, the
electron-bombarding energy was modulated at
280 Hz, and the amplified output from the multi-
plier was directed to a phase-sensitive detector
synchronized to the modulating frequency. Data
points were obtained by comparing the multiplier
output at a given value of the quenching field to the
signal at zero field. The results for Li® and Li’
are shown in Fig. 2. It can be seen that there are
several resonancelike dips and at least one field
region where the Li’ signal decreases markedly
with increasing field but does not correspondingly
increase at still higher fields. Since it was thought
that the structure of the observed “line shapes”
might result from nonadiabatic transitions arising
from the passage of metastables through the field
gradients at the edges of the quenching magnet, the
experiment was redesigned to eliminate any such
effects.

In the second apparatus, the entire experiment,
including production and detection of the metastable
atoms, was done in a uniform magnetic field. The
vacuum envelope, aside from pumping and elec-
trical-feedthrough ports, was a pancake-shaped
copper chamber, with 8 in. diam by 2 in. width
which was situated between the 12-in.-diam soft-
iron pole pieces of a Harvey-Wells model L-128

perimental configuration is shown in Fig. 3.

The neutral atomic beam energed from a §-in, -
diam canal in a molybdenum oven, and was bom-
barded by an electron beam produced by a regulated
triode electron gun. The detector consisted of a
grounded copper box containing a system of grids
to accelerate electrons from decaying metastable
atoms to a Faraday collector. Collimation at the
entrance to the detector was originally provided
by two molybdenum plates maintained at a poten-
tial difference of about 500 V, which served to
collect stray charged particles. In order to move
the detector closer to the oven and thereby in-
crease the signal, the plates were replaced by a
collimating slit § in. wide by % in. high and % in.
long, placed in a previously unoccupied region
between the detector and oven. This restricted
the operating fields to values greater than 5 kG
to avoid an excessive charged-particle background.
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FIG. 2. Zeeman-quenching data for Li® and Li’ ob-
tained with the apparatus of Fig. 1.
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After passing through a slit in the grounded de-
tector box, the beam entered a smaller copper box
which was maintained at a potential of - 135 V. One
of the two sides of this box which was parallel to the
pole pieces was open, and the face opposite the open
side was covered with a plate made of platinum,
which has a relatively high work functionof= 5. 5eV.
This arrangement was used so that photons produced
in the electron-bombardment region would have a
low probability of producing photoelectrons in the
detector. Electrons from decaying metastables
were then accelerated along the magnetic field
through two grids to a collecting plate arranged in
such a way as to minimize secondary electron emis-
sion from the collector. The current atthe collector
(typically ~10™® A) was measured with a magneti-
cally shielded electrometer.

The electrometer output was amplified and syn-
chronously rectified by a phase-sensitive amplifier
locked to the electron-beam modulation frequency.
For qualitative measurements of Zeeman quenching,
the signal output from the amplifier was applied to
a Varian 10-mV chart recorder. Magnetic-field
measurements were made with a small rotating
coil, placed in the field, which generated a 30-Hz
sine wave whose amplitude was proportional to the
field strength. The 30-Hz signal was rectified and
amplified, and the dc level, measured with a
Vidar-500 digital voltmeter, was calibrated against
a proton NMR signal.

It was found that by using a lock-in time constant
of 10 sec, the experimental signal-to-noise ratio
associated with the signal from the sum of all long-
lived states was about 100:1. However, for precise
decerminations of the anticrossing line shapes,
which result from a change in the decay probability
of only one of the long-lived states, an increase in
the signal-to-noise ratio was necessary. To achieve
this, the phase-locked amplifier output was further
amplified to a level of about 1 V and fed into a
400-channel TMC CAT 400-B digital signal averager,
which stored and averaged the signal pattern from
a number of successive sweeps over a given mag-
netic-field region of interest.

In using the signal averager, the correspondence
between channel number and magnetic-field value
was maintained by injecting an analog voltage pro-
portional to the channel number from the CAT into
the sweep input of the magnet current supply. An
Alpha Scientific NMR probe was used witha mineral-
oil sample to obtain H in terms of proton NMR fre-
quencies. The relationship between field value and
channel number was determined by stopping the
field sweep at several discrete positions and mea-
suring the proton NMR frequency. The field values
corresponding to other channels were obtained by
linear interpolation between the selected channels.
Since the calibration data were obtained under
static conditions, the interpolated values of mag-
netic field had to be corrected for phase delays
that arise when the field is varied continuously.

In no case is this correction larger than 1. 25 G.
There is also a 0. 25-G correction to compensate
for the difference in field strength between the
atomic-beam path and the position of the NMR
probe. Spatial variation of the field over the path
length of the beam and short-term fluctuations in
the magnet current produce a broadening of the line
shapes estimated at = 0.5 G.

IV. OBSERVATIONS

Using the uniform-field apparatus, we obtained
the data of Fig. 4, which shows the metastable-
atom current as a function of magnetic field. Super-
imposed on the signal, which is decreasing mono-
tonically with field, are three distinct features
which result from the anticrossing of magnetic
substates of different lifetimes. The data were ob-
tained by driving the x input of an x-y recorder with
the rectified voltage generated by the rotating-coil
magnetometer. The over-all quenching slope was
reproducible to several percent, and the positions
of the features to about 20 G, which was the preci-
sion of the magnetometer. The background signal
present in all of these measurements (see FN for
a discussion of this effect) was found to be inde-
pendent of magnetic field and was neglected in sub-
sequent analysis.
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FIG. 4. Typical intermediate-field quenching curve
for Li’.

The three features observed on the Li’ curve
were studied in detail by using the CAT signal
averager as described in the Sec. III. The results
appear in Fig. 5. A careful investigation of Li®
in the magnetic-field range 5-12 kG also yielded
three features, as shown in Fig. 6. The anticross-
ing fields were obtained by assuming that the fea-
tures are symmetric about the anticrossing point,
an assumption which is perfectly valid for a two-
level system.'® Further justification was obtained
from the detailed calculations described in Sec.
VC. The asymmetric shapes of Figs. 5 and 6
result from the superposition of these features
on a decreasing “continuum” signal. The total
uncertainty in the values of the anticrossing fields
due to noise, magnetic-field variations, and the
systematic errors described in Sec. III is no
greater than 2 G for the four narrow features on
which the fine-structure analysis is based.
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FIG. 5. Signal-averaged anticrossing data for Li’.

V. DISCUSSION OF RESULTS
A. (1s252p)*P Energy Matrix

In order to extract the physical quantities of in-
terest from the data, we must suitably parametrize
the matrix elements of the Hamiltonian. In Sec.

V C, we willusethis formalismtodeal withthe
metastable decay rates. We first note that the
matrix elements of interest are of the form
(@413¢-3C" |@,), where ¢ is a discrete-configuration
eigenfunction of the Hamiltonian 3¢’ which contains
only the kinetic energy and Coulomb-interaction
terms, and X isthe total Hamiltonian. It has been
pointed out that despite the high energy of excitation
(E, = (@ |5’ |®)) the states ¢ meet all the criteria for
being classified as stationary.!® It has been shown
by Fano'® that the mixing of the discrete configura-
tion with a continuum configuration ¥z (as described
in Sec. II for our case) gives rise to a stationary
state § whose energy is shifted from E, by an
amount F, which is of the order of the energy

width of ¥, as given by

AE=21|Vg|®=2n|(e|3c|@)|%. 3)
Since the auto-ionization lifetime 7 is given by
T=h/2n|Vg|?, 4)

a level with a lifetime of 1 usec will be shifted by
about F~%/7~5x10"® cm™. This shift is much
smaller than the precision of the present work,
and we are justified in using only the discrete com-
ponents of the metastable eigenfunctions for de-
termining the energy splittings.

We consider first the fine-structure operators.
The spin-orbit (SO) and spin-other-orbit (SOO)
terms are

3(3.0:2{5{(7{)14'54 ) (5)
where
n 1 9 Ze? e?
LTty o (o " D) ©
and

Y

FIG. 6. Signal-averaged anticrossing data for Li®,
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Haoo = 2 n(’ri)ii '-S.j , (7
i#4
where
-2 1 8 [éf
M= %e r; 3, (r,,)' ®)

The operators L and g,- are the orbital- and spin-
angular-momentum operators for the ith electron,
and 7;, is the interelectron distance. Since the
energy difference between the quartet state and the
nearest doublet is of the order of 1.3 eV !! while
3y, and ¥C,,, are of the strength 10°* eV, we can
ignore the breakdown in LS coupling for the present
in calculating the fine-structure splitting.

For the case of LS coupling, the matrix elements
of the terms in 3¢ , and ¥C,,, are all proportional
to the matrix elements of the operator LS, so that
we have the relation

}C,°+JCSOO = Csoi: * §. (9)

If this were the only fine-structure operator, we
would expect the fine-structure levels to be ordered
according to the Landé-interval rule.

The orbit-orbit (QO) interaction is given by

Koo = 2 %g(yi)—ii ‘—I; . (10)

i>]
This interaction is independent of J, and for the
present case vanishes because only one electron
has 7#0.
Finally, the spin-spin (SS) interaction between

electrons is given by

-

S;*s, 3(ry+s,)(Ty"s
ety 3 (B 3w B )
i>j ij if
8T - -
-—Ssiesjﬁ('ru)>, (11)
where

Ug=ek/2mc (Bohr magneton) .

The contact part of the interaction shifts the ‘P
energy, but does not affect the multiplet splitting,
and can be ignored. If we put JCsg in tensor-
operator form, 17 then within a given LS multiplet,
¥Css has matrix elements given by

Hss=3¢ss[(T-92+4(L+8) 4SS+ L(L+1)].
(12)
Hence 3Cgssis also diagonal in J. We can express
the fs splittings
BEg=E;.5/2=E;.3/2
and

AE =E; . 5/5=E;.1/2

in terms of ¢ g5 and css as follows:

(13a)
(13b)

5
AEs:ﬁE(f'so*’l'aﬁ'css ,
AE5=4cg0- 6css -

The interaction of the electrons with the nuclear
magnetic moment (NMM) is

1 -
Cnmm = 2 Hg #NgNZ 73 I
i i

~ . 3F;(F;-8) 8m_, .. -
‘(li—si+-—~'—1"2—- +‘§5(r1)si> , (14)

where ”N*ﬁa’s‘ K pis the nuclear magneton; I is the
nuclear-angular-momentum operator, and gy is the
nuclear moment in units of fy. The last term is
the Fermi-contact term for s electrons, and the
remainder of Cyyy gives the noncontact magnetic
dipole (MD) interaction. Within an LS multiplet,
one can reduce these operators to

Kc=ac1 -3 (contact) , (15)

-

Tomp =ayp{ I *L+[1/S(2L - 1) (2L + 3)]
x[L(L+1)(1-8) - 3(1- D) (L 9

-3@-H(F-DI}. (16)

It can also be shown that the diagonal matrix ele-
ments of the electric quadrupole interaction are

_Qag[3(1-9)2+3(1- N -1U+1)J(I+1)]

+J
20(21-1)J(2J-1) fis
(17
where @ is the nuclear quadrupole moment and
fr==(J,M;=J|3cos?0-1|J,J); aq=(1/7r%;

v and 6 are coordinates of the 2p electron.!! The
expression for Cyp can only be written in the famil-
iar form 3Cyp =A T+ J within a manifold of states of
constant J. 3C; and Cyp have diagonal matrix ele-
ments between states of the same F (_f‘= f+3) and
J, and off-diagonal elements between states of the-
same F and different J. The angular matrix ele-
ments for these operators in the representation
[(SL)J, I, F, M] have been tabulated by Manson. !!

When the atom is in an external magnetic field,
the Zeeman operator must be included in the

q

Hamiltonian. This is given by
Wz=(gLLz+8sSz-8g117) ugH, (18)
where

g1=8nky/lg.

In the representation [(SL)J, I, F, M], one finds that
the Zeeman matrix elements are given by the ex-
pressions in Table I. Since the precision of the
present experiment is not better than 1 part in 104,
the parameters (A Eg;, A Egy, ac, ayp, aq O Cso,
Css, dc, Awp, agq) are sufficient to specify the en-
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| o

Zeeman matrix elements in LS coupling.

(SL)J, I, F, M13C4| (SLYJ, I, F, M) =gppp HM

FF+1) +JW+) =1U+1) , FE+D+II+1) -JWJ+1)
&r=8s 2F(F +1) & 2F(F+1)
O L@+)+JP+) =SS+ SE+D) +JW+D) —LL+1)
#7°81 2JW+ 1) &s 2J(J +1)
_ 2 2 2 _ e — (7 — n21\172
(SL)J, I, F, M1%; | (SLVJ, L, F - 1, M) = —)-‘KL—KLF-BE(‘F R ’”)
/2
5 (s g upM ([U+F+1)* = P - F-DY[L +S +1* - [S* — (L - sm\‘
{(SL)J, I, F, M1, | (SL)J-1,I,F,M) = D @ri-1

(SL)J, 1, F, M1%| (SL)J - 1,1, F - 1, M) - s~ &0kpH

4JF

(Q-‘Z—MZ)I(JH“)Z U+ +F)? - +S+ 1) -J [ - (L - S)i)‘”

(4J2-1)@4F?-1)

2
(SL)J,I,F =1, MI%;1 (SL)J — 1,1, F, M) = Mﬁﬂ("

“ M =F)?= I+ D} =F)? =PI +S + 1% = J[J* = (L - sm)m
(4J?-1)(4F2-1)

ergy matrix. Diagonalization of the matrix asso-
ciated with each magnetic quantum number M for
various magnetic fields H yields the dependence of
the energy of the ith level on the field [E,(H)];.
The eigenfunctions corresponding to each level can
also be obtained from the diagonalization process
and can be expressed in the form

YH) =2 [a¥% - )], (LS)J, ,EM) .

(19)

Manson'! calculated the fine structure using anti-
symmetrized Hartree-Fock wave functions to obtain
the results

Es;p —E3/,=0.575 cm™,

Es;p —Ey;;=-2.610 cm™, (20)

€so=-0.325cm™,

css =0.185 cm™!

He also calculated numerical values for the hyper-
fine constants and obtained the results for Li":

ac =0.172 cm™

ayp=0.00205 cm™! (21)
cq=Qaq=1.05x10" cm™!
and for Li®%
ac =0.065 cm™!
ayp =0.00078 cm™, (22)

cq=1.85%10"%cm™.

B. Determination of Fine- and Hyperfine-Structure
Energy Constants

In order to determine the zero-field level scheme,

it was assumed that the observed locations of the
quenching structure correspond to the fields at

which anticrossing-level pairs have minimum en-
ergy separation. According to von Neumann and
Wigner, '° the two anticrossing levels are most
strongly coupled at this point, and the wave func-
tions are equal combinations of the original wave
functions. From our data, only four anticrossing
fields could be determined accurately; therefore,
to obtain a unique best fit to the data, only the
three constants A Eg;, A E;,, and ac were consid-
ered free parameters while ayp and aq were held
fixed. The contact constants for the two isotopes
scale by the ratio of nuclear g factors:

ac(Li®) /ac(Li") = g y(Li%) / g4(Li"),

ignoring hfs-anomaly effects. For purposes of
diagonalizing the energy matrix for various values
of the variable energy parameters, we used the
calculated values of ayp and aq and the values

85 =2.00232, g, =1.0000(1 -m,/My,),
gv(Li")=2.17065,
gx (Li%) = 0. 82192, (Ref. 18)

kg =0.046 68597 cm™/kG.

(23)

Then the $-3 and $-% zero-field fine-structure
splittings and ac were varied to minimize the
quantity

- HB‘)Z ’

§2-3 (H5 (24)
i=1

where HS and H¢ are, respectively, the calculated
and experimental values of the ith anticrossing
field. In practice, the calculated anticrossing fields

¢ were expressed in terms of the energy parameters
which we here denote by x;:
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1=1\2 % (25)

NEY: |
S =H{(x})+ 2 (—L) o 0%

1
The derivatives were determined by diagonalizing
the energy matrix, using a set of values x?; the
variations in the x; were found which gave the best
fit to the data. This process was repeated using
the calculated x‘,’ +0x, and converged rapidly to a
final set of values. Similarly, the uncertainties
in the x; were determined in terms of the probable
errors in the experimental values of the anticross-
ing fields.

It was also necessary to estimate the error which
is introduced if the actual value of ayp is substan-
tially different from the calculated value. The
value of ayp depends on the quantity(r}ﬁ), which
has been calculated by Goodings® for the (1s22p) 2Py,
state of Li", using Hartree theory. Goodings’s
value is found to be in good agreement with the
value determined from the level-crossing experi-
ment of Brog, Eck, and Wieder, ?° so that at least
in the one-electron case the Hartree theory seems
to be valid.

For the extreme case of ayp =0, a best fit to the
anticrossing data was obtained with shifts of

|8(Es), —Ey/5)| =0.086 mK ,
|8(Es)2 = £4,) | =0.058 mK,
|8ac(Li")| = 0. 33 mK,

(26)

from the values obtained using the calculated value
of ayp. We have introduced the unit of the milli-
Kaiser (1 mK=10" cm™) here for convenience.
Since these energy shifts are only a fraction of the
experimental uncertainties inthe energy parameters,
any reasonable uncertainty in the magnetic dipole
term may be safely disregarded.

The energies of the /=3 and J=} fs levels are
also shifted by their mixing with the doublets. The
energy shift due to mixing with the nearest doublet,
denoted by 2P;, is given by perturbation theory as

AW,=| (P,| 7, |2P7) |2/ [ECPT) - E(P)] . (27)

We estimate these to be A W3,, =0.2 mK and & Wy,
=0. 6 mK. These quantities are used to correct
for the values of cgs and c,, obtained from the
best-fit fine-structure splittings by using Egs.
(13a) and (13b). The uncertainties in the values

of AW,;, taken to be + A W; , must be combined
with the errors in A Eg; and A Ej, to determine the
total errors in ¢go and cgg -

To the present experimental accuracy, we are
justified in assuming that the fine-structure split-
tings in Li® and Li" are equal. The electron-
nucleus spin-orbit contribution to the splittings is
actually contracted by the ratio of the reduced
mass to the electronic mass, so that this contribu-
tion to the fine-structure splittings for the isotopes
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is in the same ratio as their reduced masses.
Since this gives a difference of about 1 part in 10°,
it can be ignored.

The results for the experimental anticrossing
fields, the calculated fields giving the best fit, the
level identifications, and the calculated energy
parameters, as wellastheoretical values for com-
parison, aregiven in Tables II and III. The behavior
of the energies and amplitudes of the observed
anticrossing levels in Li’ is shown in Fig. 7. As
noted above, the energy intervals have been veri-
fied by the identification® of two multiplets in the
spectrum® of Li which result from the transitions
(1s2s3s) *S—(1s2s 2p)*P and (1s2p?) *P°-(1s2s2p)*P.

It canbe seen from Tables ITand HIthat the only
serious disagreement between experiment and Man-
son’s calculationis inthe value of ¢, . The fact that
the sign is negative indicates that the spin-orbit
and spin-other-orbit terms arising from relative
motion of pairs of electrons dominate the electron-
nucleus terms. This is consistent with the theoret-
ical and experimental results for the (1s2p)°P
levels in He and Li*. The calculations?! for He
indicate that the effect of the inner electron over-
compensates that of the nucleus, so that the spin-
orbit constant is negative. The observed ordering?!
of the fine-structure levels (J=0, 1, 2) is therefore
totally inverted, with the J=1 and J=2 levels being
almost degenerate because of the smaller spin-spin
interaction. For Li*, the experimental results®
indicate that the spin-orbit constant is only + 0. 009
cm™, and the ordering of the levels which is de-
termined by the spin-spin interaction is partially
inverted. The theory of Bethe and Salpeter® pre-
dicts no spin-orbit splitting for Li*. The present
results indicate that the addition of the 2s electron
swings the balance back in favor of the interelectron
spin-orbit terms for the 4p level. Since, however,
Csg is larger in magnitude than c,,, the level or-
dering is the same as for Li*. The experimentally
determined splittings for the three cases (He, Li*,
Li) appear in Fig. 8.

TABLE II. Experimental and calculated anticrossings
for *P state of lithium.
Isotope H_.(kG) H (kG) Zero-field quantum

numbers of
anticrossing levels

(experiment) (calculated)

J,F J')F' Mg=Mp
Li’ 7.111%0. 002 7.110 %,4 3,1 1
8.978+0.010 8.977 5,3 4,1 1
10.280 £ 0. 005 10.280 2, 4 i1 0
Li® 6.607 0, 002 6.607 3,3 %,% -3
6.901+0. 002 6.900 3,% 3,3 %
9.968+0. 002 9.969 T
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TABLE III. Fine-structure splitting and fine and
hyperfine constants for 4P state of lithium (in mK).

Quantity Experiment Theory ?
(this work)
Esp—Eqp —1724.70£0. 54 -2610
Es;—Eyp +997.34+0, 66 +575
cso —154.47+0.30 - 325
css +184,47+0, 14 +185
ac(Li") +172.09%1,12 +172
ac(Li®) 65.16 +0, 42 + 65

2gee Manson, Ref. 11.

C. J=3andJ = } Lifetimes

In this section, we will use the wave functions of
the form (19) to determine the lifetimes from the
observed widths of the anticrossing curves. First,
we must justify using a time-independent theory in
which we ignore the natural widths due to the decay
of the interacting levels. Bethe and Salpeter23 have
shown that one can ignore the level widths in calcu-
lating the decay rates of two coupled states, separ-
ated by energy #w, if the condition 4wT > 1 is sat-
isfied, where 7, is the lifetime of the shorter-lived
of the two states. The smallest value of 7w is
~0.3 mK so that we require 7, > 4.3x10°° sec.

We will see later in the section that this is so,
and therefore, that the time-independent theory
is applicable.

The decay rate 7, (H) of the ith metastable state
of Li" is given by a weighted sum of the decay rates
y, of the pure fs levels *P, :

4 3
yi(H)= 75/2F21 [aé’/z',- (H)]% +73/2F2 [a.f;"/z F (H)]zi
= =0

2
+71/2FZ=>1 [ai‘/z,F (H)]zx , (28)

where the expansion coefficients [a} r (H)]; are ob-
tained by diagonalization of the Li’” energy matrix
using the fine and hyperfine energy constants ob-
tained in Sec. VB. There is no interference be-
tween the various J decay channels so long as the
hyperfine interaction which couples quartet and
doublet states is negligible, and cross terms of the
form [+ (@¥ 5); @Y.y, #) i (s77:)"?] can be ignored.
The calculations of Manson!! indicate that this is
the case.

The number of metastable atoms in state ¢ reach-
ing a distance x from the excitation source is given
in terms of the number at the source, N(0), by

N()/N©)= [7 flu)e=" du . (29)

Hereu =v/a, a=(2kT/m)'/?is the most probable vel-
ocity in the beam, and a;=x7;(H)/a. The normal-
ized velocity distribution f(x) was assumed to be
Maxwellian. However, Pearl, Donnelly, and Zorn®*

have recently shown that a proper account of elec-
tron recoil and excitation geometry leads to a
narrow double-peaked velocity distribution of
metastable atoms produced by electron impact. In
the case of our experimental geometry, the poor
collimation of the ground-state lithium beam, the
relatively large solid angle of the detector, and

the energy spread of the incident electron beam all
tend to smear out the velocity distribution and re-
store the Maxwellian form of the ground-state beam
distribution. In lieu of a direct measurement of
the velocity distribution made at the time of the
anticrossing measurements, we have used the
formulation of Pearl et al., ?* assuming only s-wave
scattering, to estimate the uncertainty in our re-
sults obtained by assuming a Maxwellian velocity
distribution in fitting the data. Only the lifetimes
are affected and by no more than 20%. The results
of Sec. VE and VI are unaffected by the choice of
velocity distribution provided that the same distri-
bution is used consistently in all of the calculations.

In order to determine the lifetimes of the J=13
and J=1 fs levels, expressions (28) and (29) were
used for a pair of anticrossing levels, and the ap-
propriate parameter (3,5 Or 7;,2) was varied to
compute a theoretical anticrossing line shape
which best fits the data. It was assumed that the
anticrossing levels have equal excitation cross
sections, and the corrected experimental value
for vs,, discussed in Sec. VDwasused. It was
found that the theoretical half-width, i.e., full
width at half-maximum, of a given anticrossing
signal varied monotonically with the value of
¥s . Theoretical curves for several anticrossings
appear in Figs. 9(a) and 9(b), where the variation
of width with y; can be seen. In the figure, B, is
the dimensionless ratio ¥;/¥s,;. A comparison of
the theoretical and experimental line shapes is
shown in Fig. 9(c). The experimental half-widths
and the values of the v,’s giving the best fit of
theory to experiment are given in Table IV.

The values for y3,, from the two lowest crossings
in Li® are in very good agreement. However, the
two values for y,,, do not seem to be consistent.

A possible cause of this discrepancy is the mass
dependence on the velocity distribution of the meta-
stable atoms. This was investigated using the
formalism of Pearl et al.? to calculate the velocity
distribution for the two lithium isotopes for the
geometry of our experiment, and was found to have
little effect on the relative values of v,,, obtained
from the Li” and Li® data. Even the assumption of
perfect collimation was insufficient to reconcile the
two values of ¥y;,. Furthermore, data taken by
moving the detector parallel to the metastable beam
give a value of v5,, which agrees with the value

of FN to within the observational error. Since the
two determinations of v;,, were made with quite
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different excitation geometries, the effect of recoil
on the velocity distribution must have been less than
the observational error. Even so, in the absence
of direct measurements of the velocity distribution,
it is not possible to exclude this possible cause of
the discrepancy.

Other possible sources of error, such as the un-
certainty in the magnetic dipole term or a non-
uniform population of the magnetic substates due
to “bombardment polarization” (see Sec. V E) were
found to be incapable of resolving the discrepancy.
One other possibility, which is difficult to evaluate
quantitatively, }! is that Eq. (28) is not valid for
the $—% anticrossings in Li” due to an anomalously
large quartet-doublet hyperfine coupling. Since
the inconsistency in v,,, cannot at present be re-
solved, a relatively large uncertainty is assigned
to its value. The experimentally derived values
for the lifetimes are given in Table V along with
theoretical results. It can be seen that there is
reasonably good agreement between theory and ex-
periment for 75,, and 73,,, but the value of 7.,

magnetic field (kilogauss)

which we have measured is considerably smaller
than the theoretically predicted values.

In Fig. 10, we plot the Z dependence of various
theoretical and experimental values 7, for the
(1s2s 2p) isoelectronic series. If the theory of
Balashov ef al.'? is plotted in the form y,!/" versus
Z, where n is a whole number and Z is the atomic
number, it is found that a best fit to linear depen-
dence is obtained for J=% when n=3 and for J=3,

1 when n=6. This is analogous to the Z dependence
of the spin-spin and spin-orbit interaction energies,
respectively, for the case of hydrogenic electron
orbitals. The plots appear in Figs. 10(a) and 10(b).
The experimental results for J=$ states with Z
ranging 2—-8 seem to obey the same power depen-
dence as the theory, but with different slope and
intercept. The experimental results can be approx-
imately represented by the empirically derived
expression

y(*P5,,) = (1.13x10°) (Z - 1. 75)% sec™!. (30)

The experimental results for J <3 do not extend
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to high enough Z values to justify any definitive
statement about the Z dependence of y. However,
it can be seen from Fig. 10(b) that the results in-
dicate the shorter-lived component of Be* observed
by Dmitriev et al.® to be associated with a J=3
level. Moreover, the three available J=3 points
are quite colinear when plotted in the form /¢
versus Z. If the available data are assumed to
satisfy the same power law given by theory, the
following crude approximations are obtained:

¥ (*Py/5) = (6. 75%10%) (Z - 0. 4)® sec™?,
¥ (*Py/2) = (1.1x10°) (Z - 1. 0)% sec™!.

D. J =} Lifetime

(31)

In FN, the lifetime of the (1s2s2p)*P;,, state
was determined by a time-of-flight method under
the assumption that the beam consisted only of
atoms in the long-lived J= £ state. However, for
Li", even at zero magnetic field there is significant
hyperfine mixing of the fine-structure states, so
that the measured beam contains atoms with life-
times somewhat shorter than the J=$% value. Hence,
the value of 7 derived from the data in FN is actu-
ally less than the correct value. Figure 11 shows
the calculated beam intensity as a function of dis-
tance from the source (in units of a decay length
a=xvsz/a) for Li", Li®, and the hypothetical
case of no hyperfine structure (corresponding to
the computation of FN). It is clear that the life-
time of FN, which was based on Li’ data, is too
small and that the excitation cross section derived
from these data is also too small by a factor of 2.

In order to take into account the zero-field mix-
ing, it is necessary to know the ratios of the J=3%
and § lifetimes to the J=3 lifetime, but these
quantities, as evaluated in Sec. V C, depend on the
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actual value of 75,;. An iterative procedure must

be used to determine a self-consistent set of values
for the lifetimes. Fortunately, this procedure con-
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FIG. 9. (a) Calculated line shape of the 7.111-kG anti-
crossing in Li’ for various values of Bin=Y1s2/Vss2. )
Calculated line shape of the 6.607-kG anticrossing in Li®
for various values of By, =V¥34/Ysn. (c) Comparison of
calculated line shapes with experimental results.
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TABLE IV. Decay rates derived from anticrossing

widths.
Isotope H, Experimental J Ys
width (G) (x 108 sec™)
Li® 6.607 28.6+2,0 3 2.18 +0.25
Li® 6.901 37.1+2.0 3 2.18+0.25
Li® 9.968 34.3+2,0 i 5.18+0.78
Li’ 7.111 14.4+2,0 1 8.35+2.45

verges very rapidly with changes of less than 1% in
the lifetimes after two iterations. The results
have already been summarized in Sec. VC. It
should be noted that the major uncertainty in 75,
arises from the uncertainty in the velocity distri-
bution of the beam of metastable atoms.

E. Quenching in a Nonuniform F..

Finally, we wish to reconsider the data of Fig. 2
In this experiment, the metastable beam was pro-
duced in a field of 1 kG. The beam traveled in a
field-free region a distance of about 1 cm beyond
the edge of the magnet producing this field and then
passed through a plane defining the edge of the
quenching magnet. The pole tips of the quenching
magnet were spaced 0.5 mm apart. For this geom-
etry, empirical data on fringing fields?® indicate
that the field gradient at the edge of the quenching
magnet is about 5H (G/cm), where H is the value
of the quenching field in gauss. For an atom with
a velocity of 1.35x10° cm/sec, the variation of
field with time dH/dt is equal to 6.5x10°H (G/sec).

Imagine now that H is set at some value a little
higher than one of the anticrossing fields H,. Since
there is a strong field gradient, we must consider
the possibility that an atom in one of the anticross-
ing levels undergoes a Majorana transition to the
other level as it passes through H,. Most of the
atoms entering the quenching magnet will be in the
state that is long-lived at low field. If a nonadia-
batic transition occurs in the fringing field of the
magnet, the atoms will still be in the longer-lived

TABLE V. Experimental and theoretical ‘P, lifetimes
(%1078 sec) for Li.

Lifetime Experiment Theory
s 5.8+1,2 5.882 7.20%  7.60°
T3/2 0.46+0. 10 0.302 0.85°
Ti/2 0.14%0.07 >10.02 2.40°

2See Manson, Ref. 11.

YSee Balashov et al., Ref. 12.

°C. Laughlin and A. L. Stewart, J. Phys. B 1, 151
(1968).

of the two states in the quenching region, and the
signal will increase at fields above that particular
H,. Otherwise, the atom will follow the continuous
energy versus field trajectory and will find itself

in the shorter-lived state for fields above H,. This
behavior is illustrated by the dashed arrows labeled
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FIG. 10. (a) Theoretical and experimental decay rates
for the J = 3 states of the (1s2s2p) ‘P isoelectronic series
Experimental: A, present work; o, Ref. 25; V, Ref. 32,
Theoretical: o, Ref. 9; X, Ref. 12;¢, see footnote ¢ of
Table V; +, G. N. EstbergandR. W. LaBahn, Phys. Letters
28A, 420(1968). (b) Decay rates forthe J =3 and J = § states.
Experimental: (A, A ), present work (J=4%, J=32); o,
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FIG. 11. Relative metastable signal versus number of

decay lengths showing effect of hfs.

NA (nonadiabatic) and A (adiabatic) in Figs. 7(b)
and 7(c). We thus expect a nearly symmetric dip
if a transition occurs, and a sharp falloff with no
recovery if no transition occurs. There will be no
transition if the adiabatic criterion is satisfied,
i.e., if the atom stays in a region AH a time long
compared with the time 2/ AE,. Here AE, is the
minimum energy separation between levels at the
anticrossing point; AH is the “width” of the anti-
crossing®® and is the difference in field values for

which the energy separation is AE=2AE,. Thus,
for no transition, we require
dH h
At=AH/—— 32a)
t H T, > AE,’ (
or
_h dH 1
ka=3m at aE, 71 (320)

where k, is defined as the “adiabatic parameter.”
Table VI lists all of the anticrossings up to 20 kG
for both Li® and Li” and gives the values of AE,,
AH, and k, for each. Those anticrossings which
do not satisfy the adiabatic criterion are denoted
by an asterisk.

The calculations of Sec. V C can be extended to
include a summation over all substates in order
to calculate the fraction of the metastable beam
reaching a given distance. If D is the field-free
drift distance and L the effective length of the mag-
net, the dimensionless decay constant appearing in
Eq. (29) must be replaced by

a=(yH=0)D+y,H)L] /o .

In evaluating the y;(H), care must be taken to switch

LEVITT, NOVICK,

AND FELDMAN 3
TABLE VI. Calculated anticrossings and adiabatic
parameters.
Iso- H,(kG) My AH(G) AE,(mK) k), Expected
tope Tran-
sitions
L' 1.860 -1 19.2 0.859 2,54 *
3.098 0 81.3 3.13 0.27
4.461 -1  176.2 3.13 0. 42
4,713 -2 133 4.60 0.17
5.485 0 134 5.19 0.18
5.804 1 406 12.6 0.03
5.988 -1 393 12.9 0.03
7.110 1 4.96 0.282 115, *
7.634 0 634 22.0 0.01
8.977 1  175.1 3.56 0.76
10.280 0 102 4.38 0. 52
17.887 2 293 8.94 0.15
18.846 1 334 10.5 0.12
Li® 6.108 -3 8.71 0.334  47.2 *
6.607 -3  22.3 0.839 7.96 *
6.900 % 30.4 1.22 4.18 *
9.969 3 15.5 0.763  19.0 *
15.985 2  31.9 1.03 11.0 *
16.395 & 287 10.4 0.12
16.777 3 806 22,7 0.02
17.401 -3 865 23.9 0.02

pairs of eigenfunctions for those states that inter-
change (*) at the anticrossings, for all fields greater
than the anticrossing field.

The results of these calculations are shown in
Fig. 12 for Li” and Fig. 13 for Li®. Two solid
curves are shown in each case, using the value
of 4 cm for D. The upper curve is calculated for
a uniform population of magnetic substates. In
the lower curve, each substate is weighted by its
fractional composition of M, =0. This corresponds
to the “bombardment-polarization” effect for elec-
tron-impact excitation at threshold.?” The experi-
mental data of Fig. 2 are replotted on Figs. 12
and 13. The Li’ data, for the most part, fall be-
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FIG. 12. Theoretical and experimental Zeeman-

quenching curves for Li’. The data in Figs. 12 and 13
are the same as in Fig. 2,
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FIG. 13. Theoretical and experimental Zeeman-

quenching curves for Li®. Structure is suppressed on the
dashed curve.

tween the two calculated curves, with practically
all of the features of the data reproduced by the
theoretical curves. A curve calculated for equal
state populations and D=3 cm is also shown in
the figures. Bombardment polarization is clearly
important since the cross section for excitation to
the ‘P states is peaked very sharply only 0.9 eV
above threshold.! A calculation of bombardment
polarization at any energy above threshold, how-
ever, is beyond the scope of the present work.
The importance of this effect can be seen even more
strikingly in Fig. 13 for Li®. There is very good
agreement between the data and the theoretical
curve incorporating threshold excitation cross
sections. It is clear that any error in D is unim-
portant. Despite the poor magnetic-field resolu-
tion due to the fringing fields of the quenching
magnet, most of the predicted quenching features
are observed.

VI. PRODUCTION OF POLARIZED
LITHIUM NUCLEI

It was suggested earlier?® that the differential
metastability of the (1s2s2p) ‘P levels would pro-
vide a possible mechanism for producing polarized
electrons and nuclei, especially those of He® (I=%)
and Li® (I=1). Ifin a strong magnetic field a beam
of metastable atoms traversed a sufficient number
of decay lengths, only those atoms in states of
magnetic quantum number My =+ (for Li®) would
not be significantly quenched by mixing with the
shorter-lived states. These levels are associated
with the nuclear orientations given by M;=+1,
respectively, and could be separated from each
other in an inhomogeneous magnetic field. It was
assumed that the J =} levels having M # I would
become increasingly mixed with J =2 components
at higher fields. However, this mixing process
is not monotonic with increasing magnetic field.

At fields Ligh enough for the angular momenta L,
S, and I to become uncoupled, there is a long-

lived state corresponding to each possible nuclear-
spin orientation. The question then is whether
some range of intermediate fields exists at which
the mixing of the zero-field eigenfunctions can cause
significant nuclear polarization without requiring
the beam to travel a prohibitive number of decay
lengths. We can treat this problem analytically
by using the results of Sec. V.

For a particle with spin 1, such as a Li® nucleus,
the spin operator S is represented by the matrices

010 0 -i 0
n n
S;==1101), S===(i 0 -i],
Z2\o 10 2 o i o
10 0
S3=# {00 0). (33)
00-1

When the axes of reference are rotated, the 3X3
density matrix describing a beam of spin-1 par-
ticles has some components which transform like
a vector and others which transform like a tensor.
The vector polarization is defined by

P=(1/r)(S) , (34)
and the tensor polarization, by
P, =(3/28%)((S;S;) +(S;Sy)) — 25,;. (35)

When the three axes of a Cartesian system are
chosen to satisfy the condition

3 (S af+a(SH g +(Shx5=1, (36)
the vector and tensor polarizations are

P,=P,=0,

Py=N,-Ng,

Py = Pyy= Py =0, (37)

PIX:PZZ:%(3N0— 1),
Pgy=3(N,  +N 4) —2=-2Py,,

where N,;, Ny, and N are the occupation numbers
of nuclei in the beam corresponding to M,;=+1, 0,
-1, respectively, and satisfy

Ny+Ng+N,4=1, (38)

Consider an ensemble of nuclei whose spins are
coupled to the electronic angular momenta in abeam
of metastable atoms which are traveling in a region
in which there is a uniform magnetic field Hx ;.
Then the occupation number N; is defined by

JJ,FMp

J.(MF-M}).t,M}

)

(39)

2

Ni(x,H)=z?ij,(x,H) Z; lay r(H)];C
J,

JLIF Mg

J,(MF-M}').I,M;'

xZ<Es,f,.(x, B |[ay.r )], €

i \Jj J,F
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The index j ranges over all the metastable states
with eigenfunctions

b= 22 [aJ,F(H)], | J,I,F,Mg).
IF

€, is the cross section for excitation of the jth
state, and f; is the fraction of atoms in the jth state
which have not decayed at a distance x from the
point of production. If we assume that the meta-
stables are excited at essentially one point in
space, then for an atom with velocity v, we have

f;(x, H) =e#j(ll)xlv (40)

The Clebsch-Gordan coefficients of interest are
given by

J,I,F,MF
CJ M, LMy

J
=(-—)""’“F(2F+1)1/2( (41)

F
N, M -V F>
and are tabulated in Table VII.

If we assume that the excitation process populates
all states equally, we can calculate the polarization
in the beam as a function of x and H using the pre-
viously determined wave functions and lifetimes.
The results obtained by integrating over the velocity
distribution appear in Fig. 14 for various values
of @ =x7¥5,,/a@. It can be seen that the tensor polariza-
tion Py; has a broad maximum at about 16 kG, and
that the vector polarization P; has a narrow maxi-
mum at this field. Both features are clearly re-
lated to the anticrossings discussed in Sec. VE.
However, the vector polarization is small at all
fields regardless of the length of the decay path.

If, instead of quenching the metastable atoms
in a uniform magnetic field, we allow the beam to
pass through a cylindrical quadrupole or hexapole
magnet so that those atoms with positive magnetic
moments are deflected out of the beam by the field
gradient, a large enhancement of the nuclear vector
polarization is obtained. Figure 15 shows the re-
sults of a calculation similar to that of Eq. (39),
but with the summation restricted to those states
j with magnetic moment p;=9E,;/8H< 0. Table VI

TABLE VIL
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FIG. 14. Nuclear polarization in a beam of metastable
Li® atoms as a function of magnetic field for various dis-
tances from the source.

summarizes the results for several values of the
quenching-magnet length. In all cases, it is as-
sumed that a suitable geometrical configuration
exists to effect the complete separation of atomic
magnetic moments. Hence, for magnets of 2.5,
5, and 10 decay lengths, vector polarizations of
70%, 90%, and 99% are obtainable with tensor
polarization such that the beam is almost a pure
“spin-1 down” beam.

The cost of this high vector polarization is, as
usual, intensity, as canbe seen fromthe last column
of Table VIII. A figure of merit widely used in de-
scribing polarized ion sources? is the product P,
where P is the polarization and I the beam current.
Figure 16 shows P?I/I, as a function of H for both
P, and P3;. Here I is the beam current at the
source of excitation. In this and the previous cal-
culations, we have assumed that all metastable
atoms remaining at some distance x from the source
will auto-ionize and that the resultant ions can be
collected and focused into an accelerator. Polarized

Clebsch-Gordan coefficients for calculating nuclear polarization.

T4, HF
CJ (MF P 4, My

Cr\ g~ u,)xu; clrld-bME

Ty 1, T M,

7, (Mp - MD), 1, My

(J+ Mp) (d + Mp + 1)\ 12
2J+2)(2J +1)

My=1 (

Mp=—1 (J = Mp) (J = Mg + 1)\ \/2
2J+1)(2J +2)

M;=0 2(J ~Mp+1)(J+Mg+1) 172
2J+1)(2J +2)

=) (3(J+ME)(J—ME+ 1))”2

(

mof- 1 1/2
F(J(JH))

2J(2J +2)

(I=Mp)(J = M+ 1)\
2J(2J+1)

Z(J—Mp)(J+MF+1))”"’

2J(2J +2) T 2J@I+D

(=)

<(J+MF)(J+MF+1\)”2

W+Mp (- M,,-))‘/"’
T 2J@RI)




3 DETERMINATION OF ENERGIES AND LIFETIMES -
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FIG. 15. Nuclear polarization as a function of field and
distance from the source, calculated for an ensemble
containing only negative magnetic moments.

Li* sources produced by the usual means of atomic-
state separation followed by electron-impact ioniza-
tion have recently been described by Ebinghaus

et al . and Miers and Anderson.® The calculated
vector and tensor polarizations for Li® are (32+1)%
and (- 32 £ 1)%, respectively, while a beam current
of 3.3%x10"® A was obtained experimentally.® Com-
paring the figure of merit P for our hypothetical
source to that for a conventional Li® source, we

find the ratio

, P3l/I, o(‘P)
(0.32)% o, °

(42)

where o(*P) and o; are the maximum cross sections
for excitation to the *P state and ionization, re-
spectively. Since we obtain o(*P)/0,~ 1073, then

for a=1 the ratio of figures of merit is about 107,
For larger values of @ and higher resultant polariza-
tion, the ratio is even smaller, so that a practical
source based on the differential metastability does
not seem inherently feasible.

One possible means for increasing the intensity
of the polarized beam is to selectively quench one
of the long-lived substates in a radio-frequency
field placed very close to the electron-bombardment
source. In this way, we would collect mainly the
auto-ionization products of a single sublevel before
appreciable natural decay of that level. The polariza-
tion could reach 100% while the intensity might be
perhaps 10% of the total metastable-beam intensity.
While still not competitive with the conventional
Li® source because of the small excitation cross
section, this method promises significant im-
provement over the intensities given in Table VII.

The conclusion for He® is not necessarily the
same. Since negative helium ions are believed to
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TABLE VIII. Polarization and intensity of a metastable
Li beam as a function of the number of decay lengths
a=xy/o.

Maximum polarization

a H(kG) P, Py, /1,

1 15.6 -0.476 0.341 3.37%107?
2.5 15.9 - 0.697 0.590 5.58%107
5 16.2 -0.891 0.835 7.10x10*
10 16.4 ~0.983 0.970 3.48x107°
20 16.6 —-0.999 0.998 2,94 %1077

exist only in the (1s2s2p)*P state, there is no need
for electron excitation, since microamperes of

He™ are readily produced by commercially available
charge-exchange sources. Blau et al.% observed
differential metastability and Zeeman quenching in
the decay of a He™ beam, and hence, state selection
is also expected to occur. In principle, a calcula-
tion similar to the above can be performed. It is
possible that a He™ source for a tandem Van de
Graaff machine could be converted into a polarized
ion source by the simple addition of a quenching
magnet and the use of He® nuclei.

VII. CONCLUSION

The present results indicate that for quantities
determined by the spin-spin interaction, such as
¥s/2 and cgg, there is relatively good agreement
between theory and experiment, while for quantities
dependent on the spin-orbit and spin-other-orbit
interactions, cgo, Y32, and 7;,,, there are marked
discrepancies. A survey of calculations?! on the

0% - - Li®
b— b 2
C ‘/\ ¥
L ‘ L
[' 4
£
w 07—
o) -
w -
3 C
> -
Q
c -
- 5
L, L
RI/I, 5
104 ! L1 L1 11 T TN S|
o 10 20 0 o 10 20 30
MAGNETIC FIELD (kG)
FIG. 16. Figure of merit of nuclear polarization as a

function of field and distance from the source.
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(1s2p)3P state of He also indicates that theoretical
values of cgg are more accurate than those for
Cso, especially when correlation effects are ne-
glected. It is suggested that these results reflect
the fact that the spin-spin energy depends only on
the electron wave functions, while the spin-orbit
and spin-other-orbit energies depend not only on
the wave functions for the electrons of interest, but,
in addition, depend explicitly on the form of the
atomic potential.

It will be necessary to develop precise three-
electron wave functions in order to use improved
measurements of the 4P energy splittings as a test
of the theory of the fine structure of simple atomic
systems. It is hoped that the small natural line-
widths of the metastable states will permit the

measurement of the fs splittings to better than 1
ppm in an atomic-beam microwave-resonance ex-
periment. The preliminary results®® of such an
experiment indicate that linewidths can be obtained
which are about a factor of 10? narrower than anti-
crossing widths discussed in the present paper.
This work may also improve the experimental value
of vy, and vy/,.

The present results alsoindicate that the quenching
of metastable atoms in a magnetic field (which
focuses only atoms with negative magnetic moment)
can result in nuclear polarizations which are larger
than those obtained through conventional state-selec-
tion techniques. This may prove to be important
for the development of a future source of polarized
He® nuclei.
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