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Complete Doppler coverage in laser optical pumping
by wall-induced velocity-changing collisions
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Enhanced Doppler coverage has been observed in the laser-induced optical pumping of low-

density rubidium vapor in the absence of any buffer gas. Transient and steady-state measurements

show that this enhancement arises from velocity-changing collisions {UCC s) of rubidium atoms

with the walls of the cell containing the vapor. %a11-induced UCC s offer a possible mechanism for
increasing the efficiency with which atomic and nuclear polarization may be produced with lasers.

Laser optical pumping is a promising way to produce
polarized vapors for fusion fuels, ' for charge- and spin-
exchange media, and as sources and targets for experi-
ments in nuclear physics. ' This process produces nuclear
orientation by transferring angular momentum from an
incident beam of light to the atomic ground state via a
succession of resonant absorptions and spontaneous emis-
sions. In appropriate circumstances a dye laser of
moderate power can polarize dense samples. '

Unfortunately, at vapor pressures commonly used the
effectiveness of laser optical pumping may be limited be-
cause monochromatic laser radiation interacts strongly
only with those atoms of the Maxwellian velocity distri-
bution that are Doppler shifted into resonance. Therefore,
only a small fraction of the atoms —the ratio of the homo-
geneous linewidth to the width of the Doppler
distribution —can be optically pumped.

Several ways to increase Doppler coverage are known.
Power broadening is effective, but uses laser power ineffi-
ciently. Multiple lasers have been used, but such ar-
rangements are awkward as well as expensive. Small
amounts of inert buffer gas added to the sample vapor
have beni used to produce velocity-changing collisions
(VCC's) that rapidly redistribute the atomic velocities
without reequilibrating the populations of the atomic lev-
els. In this way VCC's permit optical pumping of the en-
tire Doppler distribution. The technique makes efficient
use of laser power, but for some applications the presence
of buffer gas is undesirable. A multimode laser can be
used to pump over a Doppler distribution. In one such
case, by modulating the laser's thin etalon the mode dis-
tribution has been matched to the Doppler width to
achieve efficient pumping.

This paper describes a way to achieve Doppler coverage
using VCC's but without using a buffer gas. We have
used collisions with the walls of the vapor cell to improve
Doppler coverage. Our measurements of Lamb-dip sa-
turation spectra of optically pumped rubidium vapor
show that wall-induced VCC's strongly enhance Doppler
coverage even when the optically pumped atoms undergo
only twenty or so collisions with the walls before relaxa-
tion.

To study Doppler coverage produced by wall-induced
changes of velocity we used a standard Lamb-dip configu-
ration in which a cell of rubidium vapor was illuminated
with a chopped pump beam and a counterpropagating
probe beam from the same laser. The cell, a Pyrex
cylinder 2 cm in diameter and 3 cm long, was placed in a
keeper magnetic field of -3 G parallel to the cylinder's
axis. The laser, a Coherent 599-21 frequency-stabilized
dye laser, was tuned to the rubidium Di resonances. The
pump light was a beam of TMoo mode radiation of inten-
sity 130 pW/cm directed along the axis of the cell. The
probe beam intensity was kept small, -0.2 pW/cm, to
avoid unwanted optical pumping effects. The pump beam
diameter was larger than that of the probe and, except
where indicated, their axes coincided. Experiments were
run both with linearly polarized and circularly polarized
pump light. In each case the probe had the same polari-
zation direction as the pump light. Phase-sensitive detec-
tion was used to monitor variations in transmission of the
probe beam as the laser was tuned through the D, reso-
nances.

The presence of VCC's of some sort is evident in the
Lamb-dip spectrum of the Di hyperfine structure of Rb
shown in Fig. 1. In the absence of VCC's only the three
sharp peaks should appear as the laser is tuned across the
resonances. The left and right peaks arise, respectively,
from the Sig2F =3~Pig2F =2 and SigiF =3-+PigiF
=3 transitions when both pump and probe are resonant
with the same atomic velocity group, as can only occur
for atoms at zero velocity parallel to the beams, i.e., atoms
at the center of the Doppler profile. The middle peak, a
crossover resonance, is a familiar Lamb-dip artifact.
However, the pronounced pedestal on which these sharp
peaks sit reveals that after atoms of velocity v were
pumped they came into resonance with the counterpro-
pagating probe beam, and so must have undergone a shift
in velocity to —U.

Our experimental setup was designed to eliminate all
sources of VCC's except the walls. No buffer gas was in-
troduced. Before loading rubidium into the cell, it was
baked out at 300'C at 10 Torr for an hour. %%en in
use the system was pumped through a liquid-nitrogen cold
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FIG. 1. Lamb-dip signal for 8'Rb D& hyperfine transitions. The peaks labeled a and b correspond to the transitions in the inset.

trap with a small oil diffusion pump. Background pres-
sure was at most a few p Torr. Rubidium vapor pressure
was controlled with a heater and was kept low enough so
that the mean-free-path of a rubidium atom was always
considerably more than the dimensions of the cell.
Nevertheless, VCC pedestals appear prominently over a
range of vapor densities from 5.4)&10 cm (22'C) to
1.2)(10t3 cm (120'C), and in all lines of the spectra of
both the Di and D2 lines of both Rb and s Rb and for
all polarizations of the pump beam. The only possible
source of VCC's is the cell walls.

To show more clearly that it is the walls that enhance
Doppler coverage, the pump and probe beams were kept
small (respectively, 5.3 mm and 2.1 mm in diameter) rela-
tive to the 20-mm diameter of the cell, and were kept
away from the walls. Under these circumstances there is
an annular volume with which the laser pump beam does
not interact.

If, as we assert, pumped atoms drift to the walls and
undergo VCC's without relaxation, the annular region
should acquire a population of optically pumped atoms
with velocities that Doppler shift them into resonance
with the probe beam. Such atoms were detected by
separating the pump and probe beams by several millime-
ters. In this way the probe hearn saw only atoms in the
unpurnped volume. Nevertheless, the I.amb-dip spectra
continued to exhibit pronounced pedestals, although no
sharp peaks. The presence of the pedestals proves that
VCC's occurring at the walls produce in the unpurnped
volume a population of optically pumped atoms resonant
with the probe beam.

The effect of the walls is further confirmed by measure-
ments of transient decay of the pumped atoms. Using a
boxcar integraior and a chopper that gave a 3 ps rise time,
we measured the rate at which the variation in the probe
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FIG. 2. Transient decays of the change signals of the probe.
The pump beam is turned off at t =0. The probe laser is tuned
to (a) the pedestal only and (b) to a Lamb-dip peak. In (c) the
probe beam is separated spatially from the pump beam.
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signal decayed after the pump was turned off. Figure 2
shows experimental results for different situations. In
Fig. 2(b) the probe is tuned to the middle of the Lamb-dip
peak and in Fig. 2(a) the probe is tuned off the peak but
still on the pedestal. In both cases the pump and probe
beams are coaxial. Figure 2(c) shows the transient decay
for an experiment in which the probe beam was displaced
parallel to the pump beam.

The semilog plots of the signals show clearly that when

the probe is tuned to the peak of the saturation resonance
there is a fast exponential decay followed by a slow one
with a time constant of 1.1 ms. The apparent value of the
time of the fast decay arises from the gate width of the
boxcar integrator and not the behavior of the atoms.
From a separate measurement using an oscilloscope the
time constant of the fast decay was found to be —10 ps.
With the probe tungi to the pedestal but off the Lamb dip
there is only a slow decay time of 1.1 ms.

These observations are all accounted for by the effects
of wall-induced VCC's. The fast decay should arise from
the drift of pumped atoms out of the probe beam. This
would occur in a time of the order of the beam radius
(-2.65 mm) divided by the atomic velocity (-300 m/s),
which is -9 ps, close to the observed value of 10)us. The
failure to detect fast decayi, .e.„a Lamb dip, in the un-

pumped volume is attributable to the decrease in density
of the corresponding atoms as they diffuse out from the
pumped region toward the wall, and to limits on the sensi-
tivity of our detection of the fast transient.

The slow decay is also consistent with the picture of
wall-induced VCC's. Since a pedestal is the result of a
population of pumped atoms redistributed with resp&et to
velocity by collisions with the walls and filling the entire
volume of the cell, the pedestal decays only as the atoms

relax from their pumped state. Presumably relaxation
takes place at the walls but, of course, it must take place
less frequently than collisions with the walls in order for
pedestals to be present at all. The time for an atom to
drift from the probe beam to the wall and back is -50 ps.
Therefore, the observed relaxation time of 1.1 ms implies
an atom collides with the wall more than 20 times before
it relaxes from the pumped state. Such collisions are well
known for rubidium. With special wall coatings there
can be tens of thousands of such collisions before relaxa-
tion occurs. Although no special wall coating was used in
our Pyrex cell, its walls probably had adsorbed oil from
the diffusion pump.

Several improvements of the technique described above
are needed in order to maximize polarization of the
atoms. First, provision has to be made to keep atoms
from becoming inaccessible to the laser field because of
hyperfine or I' pumping. A second laser or RF ground-
state mixing is needed to keep atoms from being lost by
pumping into the F=3 or F =2 levels of the ground state
(Fig. 1 inset). Second, by increasing the collisional relaxa-
tion time one can both reduce the intensity of laser light
requirai to saturate the optical pumping and increase
Doppler coverage Bou. chiat9 has already shown that
some wall coatings can increase relaxation times for rubi-
dium by 10. Finally, one can irradiate the entire cross
section of the cell with pump light, and thereby access the
maximum possible numbers of atoms. With these modifi-
cations wall-induced VCC's can usefully enhance the nu-
clear polarization obtainable by laser optical pumping.
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