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Theoretical and experimental studies of nuclear polarization induced by single-mode-
laser optical pumping are reported. The nuclear polarization is shown to depend on the
product of laser intensity and buffer-gas pressure. In Na it approaches one at modest
laser intensities (-100 mW/cm ) for pressures as small as a few hundre'd miilitorr.
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It has recently been emphasized that achieving
complete nuclear polarization in dense alkali va-
pors is important for producing intense polarized
light-ion beams by charge exchange' and polar-
ized targets for parity-nonconservation studies. '
The present paper demonstrates that single-
mode-laser optical pumping in combination with

velocity-changing collisions (vcc) can be used to
attain a high degree of nuclear polarization in
alkali vapors. General theoretical results are
presented for alkalilike systems and confirmed
in sodium, where almost complete nuclear po-
larization is achieved. Several authors have
studied vcc processes in laser saturation spec-
troscopy' and in laser optical pumping. " Com-
plete optical pumping has been achieved at high
buffer-gas pressures (collision-broadened re-
gime, where vcc processes have no influence), "
but the use of laser optical pumping with vcc, at
very low buffer pressures, to produce nuclear
polarization has not been studied in detail pre-
viously.

The laser optical-pumping process, in which
nuclear polarization is achieved through the
coupling between electron and nuclear spins, has
been referred to as laser-induced nuclear orienta-

tion (LINO). ' Ordinarily, single-mode laser ra-
diation interacts only with a small fraction of the
thermal velocity distribution, of order y/ku- 10 ', with y and ku the homogeneous and Dop-
pler widths, respectively. This results in poor
Doppler coverage, hence incomplete nuclear po-
larization. Furthermore, in alkali atoms the
atomic population is distributed in two ground-
state hyperfine (hf) levels, the Doppler-broadened
absorption profiles of which overlap in the cases
of I i and Na.

The present experiments use vcc induced by
argon buffer-gas atoms to attain single-mode
laser optical pumping of the entire ground-state
population. In the vcc regime velocity changes
cause every alkali atom to be at the resonant
velocity at some time during its diffusion through
the laser beam. Furthermore, this spatial dif-
fusion considerably retards wall relaxation and
greatly extends the laser-atom interaction time.
Because of large collision cross sections high
vcc rates can be achieved at low (& 1 Torr) buffer
pressures, where collisional broadening is negli-
gible.

Consider a gas of three-level atoms with closely
spaced or degenerate levels 1 and 2 optically con-
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nected to level 0 undergoing vcc [Fig. 1(a)], sub-
jected to resonant single-mode dye-laser radia-
tion of intensity I. For alkali atoms levels 1 and
2 can be either hf levels (E = 1, 2 for "Na) or
degenerate M„states. The laser optical pump-
ing process can be modeled by a set of coupled
rate equations" for n~ (v), the population density
of level j at velocity v, containing the usual
terms describing laser pumping: stimulated
emission/absorption, radiative decay, and re-
laxation, the latter due, in this case, to diffusion
to the cell walls. In addition, one must include
terms describing vcc processes, in which atoms
are exchanged among different velocity groups.
This model is easily analyzed in the limit of
strong collisions, in which the velocity distribu-
tion of an atom immediately after a collision is
thermal, independent of the atom's initial veloc-
ity. In this case the net vcc rate into a given
velocity group, Sn, (v)/Bt I„,= I'„[G(v)N, -n, (v)],
with vcc rate I'„, N, = fn~ (v)dv the total popula-
tion density of level j, and G(v) the normalized
thermal velocity distribution function. A straight-
forward calculation of the steady-state popula-
tion distribution of level 2, in the limit where
the spontaneous emission rate 1/v and I'„» dif-
fusion rate 1/T, the limit of interest in the ex-
periments, gives

N, 'G(v) L, (v)
1+I/rap 1+I /I

where N, ' is the total population density of level
2 for I =0, and the characteristic saturation in-
tensities are I,~ = (phrd/onT) (1+I/I, )'~' and I s
=parol, /o„(in the limit r & I'„), with on (o~)
the Doppler (homogeneous) absorption cross sec-
tion and p = 1/I', v. The dimensionless Lorentzi-
an line-shape factor is

(y/2)'(1+I/r, )
(b. -kv)'+ (y/2) (1+I/r, )

' (lb)

with b, the laser detuning from the atomic center

No
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FIG. j.. (a) Optial pumping of three-level system. 8
is the pumping rate, I'~ and I'2 are the radiative decay
rates (I'q+ I'2 =1/r), and T is the 2-1 relaxation time.
(b) ~& states involved in the Na D~ transition and their
grouping into four levels.

frequency.
"

The first term of Eq. (la) describes the de-
pletion of level 2 over the entire velocity distri-
bution due to optical pumping with vcc processes.
The second term describes the narrow residual
depletion "burned" into the velocity profile at kv
= 6, the saturated width of which is given by k5v
=y (1+I/Is)'~ . For I&ra~ most of the population
in level 2 is depleted over the entire velocity
distribution and transferred to level 1. When I~
&&Ipp as in our experiments the second term
(residual depletion) is always negligible. Thus
there is no explicit dependence of the level popu-
lations on the vcc rate and optical pumping occurs
uniformly across the entire Doppler profile [n, (v)
= NaG (v)].

The above situation gives rise to the most ef-
ficient optical pumping, and is thus ideal for pro-
ducing highly polarized vapors. It also makes
possible an important simplification, since with

nz (v) =N&G(v) the rate equations can be integrated
over velocity directly to obtain differential equa-
tions for the¹.The resulting equations are the
same in form as the n,. equations, except that the
vcc terms are absent and the stimulated emission/
absorption rate per atom becomes oDI/K~d (instead
of o„r/Kid, as it is in the absence of diffusion).
Thus in this limit the rate equations are the same
as for a broadband source.

Consider now the optical pumping of the "Na
D, transition Q = 5896 A) by right circularly po-
larized monochromatic light in the limit where
complete Doppler coverage is achieved via vcc.
This situation is more complex than the three-
level case discussed above because of the "Na
1772-MHz ground-state hf splitting, which gives
rise to two pairs of hf components whose Doppler
widths (- 1500 MHz full width at half maximum)
overlap. To insure that both ground-state hf
levels are pumped the laser frequency is tuned
midway between the overlapping E =2 and E = 1
hyperfine Doppler profiles (6, = 1772/2 MHz). To
simplify the calculation the sixteen M~ states in-
volved are modeled by the four-level system of
Fig. 1(b), with N, the total population of level j.
Np consists of the eight M~ states belonging to
the E'=2 and E'=1 upper levels, N, contains the
three M~ states of the E = 1 ground-state level,
N, contains the four E = 2 ground states M~= - 2,
—1, 0, and 1 which are pumped by the circularly
polarized radiation, and N, is the population of
the E =2, M~ =+2 state, to which the atoms are
pumped. In the model the rate equations for the
sixteen M~ states are grouped into four N,. rate
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1.92(I P)'+2.80(I P)+1
N„„i 1.92(I P)'+12.48(I P)+8 (3)

with I in mW/cm' and p in Torr. This expression
is valid at buffer pressures sufficiently small so
that the absorption lines remain Doppler broad-
ened (DAN, „,=30 MHz/Torr), yet large enough
so that the atoms move via diffusion (producing
a broad probe signal in which the narrow residual
depletion is small).

The experiments used circularly polarized ra-
diation from a single-mode cw dye laser to pump
the B, hf transitions of an optically thin sample
(peak small signal absorption 30%%u~) of sodium
vapor which also contained up to several Torr of
argon. The polarization of the sample was meas-
ured with use of a copropagating single-mode
probe dye laser with the same circular polariza-
tion as the pump laser, which scanned the absorp-
tion profile of the optically pumped vapor, there-
by measuring the relative number of unpolarized

equations, with the assumption that the different
M~ states within a group have equal populations.
Although this approximation does not strictly
hold at the low buffer pressures used, its in-
fluence on the value predicted for the M~ state
being pumped (level 3) is negligible. " The
steady-state solution of these four coupled equa-
tions, neglecting terms of order ~/T, yields

N, 0.14 (I/In, ')' + 0.75 (J/In, ')'+ 1

N,.„, 0.14(Z/I„)'+3.33(I/I, ')+8 '

where I» ' =h&u/DDT, with vD = (3A'/4m. )(m/ku~)'
x exp —(haiku)'. Note that the nuclei of atoms
pumped into level 3 are completely polarized,
since in the M~ =+2 state M, =+-,'. Thus, the ex-
tent of nuclear polarization is completely deter-
mined by I/I» '.

For a cylinder of length L and radius a the dif-
fusion time is given by T, =p/[(v /L)'+ (2.4/
a)']D, ' with D the diffusion constant for sodium
diffusing through argon buffer. " In our experi-
ment the laser beam, radius x, only illuminates
the central region of the cell, radius R. An ap-
proximate calculation shows that T (needed to
compute I»') is then given by T =T„+tr'/(Jt'
-r'), with t the diffusion time to the walls in the
nonilluminated region. Since x'«R', t can be
approximated by T~ without compromising the
accuracy of the data. Note that T increases
linearly with buffer-gas pressure, as both T„
and T„are proportional to p. Hence N, is a func-
tion of I p only. For our experimental param-
eters Eq. (2) becomes

atoms remaining in various velocity groups. The
probe beam power was adjusted to 300 nW in a
2.5-mm-diam beam to prevent optical pumping,
and the pump beam diameter was telescopically
expanded to 7 mm. The cell, a Pyrex cylinder
3 cm in diameter and 3 cm long with optical-
quality end windows, was placed in a resistive
oven. The entire cell-oven assembly was sur-
rounded by a pair of 14-in. -diam coils to pro-
vide a 3-G holding field along the direction of
propagation of the laser beam. The pump-laser
frequency was fixed at Ap for effective optical
pumping, while the frequency of the probe beam
was scanned over the D, absorption profile. To
increase the probe signal-to-noise ratio the
pump beam was chopped and phase-sensitive de-
tection was used.

Typical probe absorption traces are shown in
Fig. 2. The I =0 trace (Fig 2, .curve a), for p
= 2 Torr, shows the normal Doppler contour of
the D, hf components. As the pump intensity in-
creases (Fig. 2, curves b and c) the vapor be-
comes more transparent to the probe beam, and
for I&25 mW/cm' (I p & 50 mW/cm' Torr) the
probe absorption decreases by about 90% over
the entire Doppler profile of all hf transitions,
indicating the effectiveness of vcc processes.
Figure 2, curve d shows a trace for p =0.2 Torr
where, because of incomplete vcc equilibration,

a) I=O

F=2
b) I=0.7mW/cm
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FIG. 2. Curves a, b, and c: Probe absorption at
Na D~ transitions for 2.0 Torr of argon at various

pump beam intensities. Curve d: Same for 0.2 Torr of
argon, 16 mW/om pump intensity. Double arrows
mark the frequency of the pump laser; the single arrow
indicates the residual Lorentzian depletion.
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FIG. 3. Relative population of the E=2, ~&=2 hyper-
fine level, as a function of I p in mW/cm Torr.

a smail residual depletion remains [Eq. (1)].
This feature becomes progressively larger at
lower pressures. Studies to measure vcc cross
sections in this intermediate regime are in
progress.

Since the present probe measurements do not
uniquely establish the population of the individual
M& levels, the simplified four-level model is
employed to convert the probe absorption data to
experimental values for the population of level 3:

N /N„„= 1 —n /2a, —3n, /Bn, ',
where n, and a, (n, ' and n, ') are the peak values
of the Doppler-broadened probe absorption co-
efficients from the F = 2 and I' = 1 ground-state
levels with the pump beam on (off). These values
are used to plot N, /N„„, vs I p (Fig. 3). The
solid curve shows the theoretical prediction, Eq.
(3). As is seen, for I p & 50 about 90% of the
ground-state population is transferred to level 3,
indicating nearly complete nuclear polarization
of the sample.

The small residual unpolarized background
which persists, even for large values of I p,
may be partly due to stray magnetic fields, to
fundamental limits on the optical pumping process,
or to both. The oven heating elements, though
counterwound, are made of magnetic alloys and
produced magnetic-field gradients which are
difficult to completely nullify. Transverse mag-
netic fields mix the M& levels, thereby reducing
the polarization. Elimination of stray magnetic
fields and field gradients, and extension of the
experiments to optically thick vapors, are cur-
rently in progress. In an optically thick vapor
alkali-alkali collisions may themselves give rise
to a sufficiently large vcc rate for complete opti-
cal pumping, obviating the use of foreign buff-

er gas. One must insure, however, that the spin
destruction collision rate through alkali-alkali
atom collisions is low and, in fact, this process
sets an upper limit on vapor density. "

In conclusion, the present experiments are an
important step for polarized-nuclear-target pro-
duction and clarify the role played by the vcc
process in thermalizing the velocity distribution
during optical pumping. Polarized alkali targets
may be important for the development of the next
generation of intense polarized light-ion beams. '
We are presently developing a polarized 'I i tar-
get for parity-nonconservation studies of the re-
action 'Li(a, y)"B.
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