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Calculations and measurements are presented of the increase in F =1 ground-state population as
a function of incident laser intensity in optically pumped sodium. The calculations involve numeri-
cal integration of a multilevel version of the optical Bloch equations. Agreement between experi-
ment and theory is good when proper account is taken of the residual Doppler width in the atomic
beam, which causes a larger increase in the F=1 population. The F=1 population increases by
3.5% at 35 mW/cm?, the highest laser intensity investigated.

I. INTRODUCTION

In recent years the preparation of atoms and molecules
in definite quantum states has stimulated interest. Partic-
ular emphasis has been on creating a target for scattering
experiments which has its spin and/or orbital angular
momentum oriented along a particular direction.! Such a
target, when used in conjunction with oriented scattering
projectiles (such as polarized electrons, nuclei, or atoms)
can provide detailed information on basic interactions
(e.g., spin-orbit coupling and exchange) otherwise inacces-
sible when averaging over spatial orientation is necessary.

One of the most prevalent methods for state prepara-
tion of atomic targets has been the use of optical pumping
with tunable dye lasers. Sodium, with its strong absorp-
tion on the D lines around 590 nm, is ideal for this
method and hence has seen widespread experimental in-
vestigation?~!® and a good deal of theoretical treat-
ment.”~ 1% As a result of this work, the basic principle by
which a beam of sodium atoms is oriented by interaction
with polarized resonant radiation is understood. Due to
the arrangement of the hyperfine levels (see Fig. 1) in-
cident ot light tuned to the F=2—F =3 transition
(causing only AMy= + 1 transitions) creates a net move-
ment of population from lower My to higher My, result-
ing in an accumulation in the F=2,Mp= + 2 ground
state and F =3,Mr= + 3 excited state (note that we use
an overbar to indicate ground-state F sublevels and no
overbar to indicate excited-state sublevels). Once atoms
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FIG. 1. Hyperfine structure of sodium, showing the number-
ing scheme used for the indices a, 8, and y in Egs. (1)—(5).

are in either of these two states, selection rules make tran-
sitions to other states impossible for pure circular polari-
zations of the light. The atoms can either be allowed to
decay, in which case, being in the F=2,Mp=2 state, they
will be completely oriented (F=2,Mr=2 implies both nu-
clear and electron spin point in the + z direction, the
direction of light propagation), or maintained in an orient-
ed excited state* by continuing laser excitation.

Although this optical pumping principle has been
shown to be basically correct, there are a number of exper-
imental realities which make the exact degree of state
selection of the sodium atoms difficult to predict. (1) Any
weak magnetic field not oriented along the z axis causes a
precession of the atomic angular momentum, correspond-
ing to growth in population of other My sublevels. This
problem is very important but can be reasonably well
eliminated with suitable magnetic shielding or imposition
of a guide field. (2) Variations of more than a few MHz
in the pumping laser frequency can cause excess transi-
tions to the F=2 excited state before optical pumping is
complete. From this level, transitions are allowed to the
F=1 ground state, after which the atoms are lost to the
pumping process. Depending on the laser bandwidth and
stability, it is possible in a particularly bad case to pump
almost all atoms to the F=1 level before significant orien-
tation is achieved. Use of commercially available
frequency-stabilized, single-mode dye lasers, however, ef-
fectively circumvents this difficulty. (3) Any imperfec-
tion in the degree of circular polarization of the laser light
causes continuous pumping in the negative My direction,
resulting in a steady-state population which has not
reached full orientation. Careful adjustment of optics and
selection of windows with sufficiently small residual
birefringence can keep this problem to a minimum as
well.

Besides these experiental problems, there is a funda-
mental limitation which must also be considered. Even
with perfect circular polarization, a stabilized laser with
<1 MHz linewidth, and no magnetic field, a small frac-
tion of the atoms is transferred to-the F=1 level during
the transient period before the optical pumping is com-
plete. This occurs because the F=2—F =2 transition
has, in fact, a finite linewidth with a Lorentzian line
shape and width (FWHM) of 10 MHz. The wing of this
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line shape overlaps the F=2—F =3 transition with a
small but not insignificant amplitude. As in (2) above,
this opens the channel into the F=1 level, where atoms
are lost to the pumping process, causing an incomplete
atomic polarization.

It is the purpose of this work to study in detail, both
theoretically and experimentally, this last loss mechanism
to the F=1 level, in particular as a function of laser in-
tensity. Since it is well known that any transition can ex-
perience power broadening, one would expect that, as the
pump laser intensity is increased, the F=2—>F=2
linewidth will increase, causing a greater transition proba-
bility in the wing overlapping the F =2—F =3 transition.
This excessive laser intensity could cause additional loss
to the F=1 level, indicating that an optimum laser inten-
sity should be found: it should be high enough to ensure
complete optical pumping, but not so great as to reduce
the orientation by increasing the loss to the F=1 level.

II. THEORY

The proper framework in which to calculate the optical
pumping of sodium has been the subject of some discus-
sion. Formalisms exist which range from a very general
multilevel atom interacting with an arbitrary intensity
multimode laser field!! ~!* to simple rate equation calcula-
tions.’® As discussed by Hertel and Stoll,! the rate equa-
tion approach should be generally applicable to our situa-
tion if one wants to follow qualitatively the time evolution
of the populations. However, we are interested in a
phenomenon which depends critically on the details of the
temporal behavior of transiently populated levels, the
proper treatment of which requires detailed knowledge of
the line shape as a function of time, as well as some ac-
counting for coherence between the levels. Because a rate
equation approach involves a somewhat ad hoc treatment
of the line shape and allows for no coherence between
states, we found it desirable to use a formalism which
treats these effects implicitly from the outset. The sim-
plest such method involves solving the optical Bloch
equations for the elements of the density matrix. A com-
plete discussion of this is provided by Yariv!® and Allen
and Eberly!® for a two-level atom. We have taken their
formalism and applied it in a limited way to the 20-level
atom consisting of the F=1,F=2 ground state and
F =2,F =3 excited-state sublevels. The F=1 and F=0
excited states were excluded to keep the number of equa-
tions down, on the grounds that their inclusion would not
alter the results significantly since they are far off reso-
nance and would have behavior similar to that of the
F=2 level. .

For the time evolution of the density matrix elements,
we write

. - i ’ ’
Pap™= —l@aBPaB— F] > (Hoypyp—pPayHyp) » (D
Y

where fiw,g is the energy difference between the level a
and the level 8. The indices «, 3, and ¥ run from 1 to 20
and correspond to the magnetic sublevels of the atom.
The number scheme is shown in Fig. 1. Hgis the matrix
element of the interaction Hamiltonian:
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which in the dipole approximation can be expressed as
;Bz 2 N C;BI.LEEVCOS(Q)ot) N (3)
v=11,0

where p is the dipole transition matrix element and
Ee,cos(wgt) is the electric field for light with frequency
g and polarization v (v=+1 for + circular polarization
and v=0 for linear polarization). Cpg is the Clebsch-
Gordan coefficient for the transition a—fB, and is
nonzero only when a and S denote states which are cou-
pled by light of polarization v.

To Eq. (1) we add the following phenomenological de-
cay terms:

1 .
— 5, Pa for pog (as£PB) , (4a)
1 .
~~Paa for pae (@>9), (4b)
1 X .
+ >, (Cup)ppp for pog (@ <8). " (4¢)
B=9

Equation (4a) is the decay term for the off-diagonals.
They decay at half the rate of the diagonals, as discussed
by Allen and Eberly.!® Decay for the excited state levels
is shown in Eq. (4b), while Eq. (4c) contains the increase
in population of the ground-state levels due to spontane-
ous emission from the excited states. The quantity 7 is
the natural lifetime of the transition, taken to be 16 nsec.

The combination of Egs. (1) and (4) yields 400 coupled
differential equations in as many unknowns, whose solu-
tion gives the time evolution of all the populations of the
atomic levels. Fortunately, several simplifications and ap-
proximations are possible which reduce the number of
equations to 38 without too much loss of generality.

The most obvious simplification is to invoke the Her-
miticity of the density matrix, which allows one to write
Ppa=pap- This reduces the number of the equations by al-
most one half. The next step is to use the rotating-wave
approximation (RWA),'¢ in which all the off-diagonal ele-
ments are replaced by products of new variables 0,5 mul-
tiplied by e'®?, i.., paﬁ=oaﬂem°t (as~p). The result of
this substitution is that some terms in the equations be-
come slowly varying while others oscillate at optical fre-
quencies. The basis for further approximation now lies in
the assumption that any term which has optical frequency
oscillation cannot be of physical significance and hence is
assumed to average to zero. This allows many off-
diagonal elements to be ignored. In fact, the only ele-
ments that remain are those which couple a ground-state
level to an excited-state level. Off-diagonals coupling
magnetic sublevels of a single F level are neglected, as are
those connecting different F levels within the excited state
or ground state. The effect of omitting these off-
diagonals is to ignore some additional coherences which
may develop, but which are assumed to play a secondary
role in the present investigation.

As a slightly more limiting approximation, we have
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also ignored the off-diagonals which connect the excited
states to the F=1 ground state. These extra elements
were left out in the present case only because the calcula-
tion is aimed at relatively small laser powers and small de-
tunings away from the F=2 to F=3 transition. The
terms can be expected to become important when the
power broadening of the F=1-—F =2 transition becomes
large enough to have a significant amplitude at wy. By
rough estimate this would be around 4 W/cm?, which is a
factor of 100—1000 larger than the powers considered in
this study.

After these simplifications, the 18 off-diagonal matrix
elements which are left combine with the 20 diagonal ele-
ments to form a complete set of 38 coupled differential
equations. We write them down here in four categories.

(1) F=1 ground-state diagonals:

. 1 2 v 32
Paa= . 329 (Cop)ppg (a=1-3). (5a)
=1,

v==%1,0

(2) F=2 ground-state diagonals:

. E 20
Paa=_L 2 GVC;BImO'aB
i
v==+1,0
1 20 ’
+—= 3 (Cup)pgs (a=4-38). (5b)
T B=9
v==%1,0

(3) Excited-state diagonals:
. E 3 1
Poa= % 2 &Cuplmogg——pos (@=9-20).
B=4 T

v==1,0 (SC)

(4) Off-diagonals:

. Lo iuE
o'aB:”waB“wO)aaﬁ“‘ 2% evC;ﬂ(paa_pﬂﬂ)
v==%1,0
- —l—Uaﬂ . (5d)

27

The normalized amplitudes of light with v polarization,
€,, are obtained as follows:

e =" /1), (6a)
6020 s (6b)
6_1:(10—/10)1/2 5 (6¢)

where Iy=1 o* 4 1°7. Since v=0 refers to light linearly
polarized along the z axis, the direction of laser propaga-
tion, €y must always vanish. The combination uE /# is
equal to 0.5541'/% (nsec™) for the sodium 3S,,—3P;,,
transition, where I is the laser intensity expressed in
W/cm?

Equations (5) are solved numerically!” with the initial
condition that all ground-state diagonals have a value +
and all other elements are zero. The time dependent re-
sults are shown in Figs. 2 and 3 for /=6 mW/cm?, the

nominal two-level saturation intensity for the sodium -

F=2,Mp=2—>F=3,My=3 transition. Qualitatively,
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FIG. 2. Time dependence of the magnetic sublevel popula-
tions as calculated with the modified optical Bloch equations.
The laser intensity is 6 mW/cm?. (a) 2P;,,F=3 excited state, (b)
2P, 2, F=2 excited state, (c) 2S;,,F=2 ground state, (d) 25, ,,F=1
ground state. Vertical axes represent fraction of atoms in each
sublevel.

the results are very similar to the rate equation results of
Balykin,® with the exception of the F=2 excited state.
The F=2,Mp=2 ground state shows an initial dip, fol-
lowed by an increase to a steady-state level of 0.46. The
other sublevels decay at various rates as optical pumping
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FIG. 3. First 100 nsec of Fig. 2(b), showing quasi-Rabi oscil-
lations in the magnetic sublevel populations of the 2P;,,F=2 ex-
cited state.

becomes complete. The F=1 ground state sublevels all
show a small increase, as expected, and the F=3 excited
state sublevels all show a transient population except for
the Mp= + 3 level, which displays an increase to a
steady-state value of 0.15. The F=2 excited state sublev-
els, on the other hand, have damped oscillatory behavior,
which can be attributed to a form of Rabi oscillations.
This phenomenon is a result of including coherence be-
tween ground and excited states and does not appear in
rate-equation calculations.

III. EXPERIMENT

The experimental results shown here were obtained
with two basic motivations. The first was to ascertain ex-
perimentally that there is no anomalously large loss to the

lin. pol.

F=1 ground state during the optical pumping process.
This is of interest for present experiments in which optical
pumping is used for atomic state preparation. The second
reason was to see how well the calculations described in
the previous section do in predicting whatever loss does
occur.

A schematic of the experimental setup is shown in Fig.
4. The sodium beam (density ~10° atoms/cm®) and
pump laser in an existing apparatus for spin-polarized
electron-polarized atom scattering were used,'® with the
addition (downstream in the atom beam) of .a second sta-
bilized ring dye laser tuned to the sodium D,
(3S,,,—3P,,,) F=1—F =1 transition to act as a probe.
The fluorescence from this linearly polarized probe laser
was taken to be proportional to the density in the F=1
level, an assumption which is strictly correct regardless of
any optical pumping by the probe laser, provided the iso-
topic distribution of the M sublevels in the F=1 state is
not significantly altered by the pump laser. The pump
beam was locked to the F=2—F =3 transition by imag-
ing its fluorescence spot onto a horizontally split photo-
diode. Due to the transverse Doppler shifts in the atom
beam, any drift in laser frequency caused a movement of
the spot and a corresponding change in the difference sig-
nal between the two halves of the diode. By connecting
this difference signal to a feedback amplifier which con-
trolled the frequency of the laser, the frequency could be
kept within 1 MHz of the resonance line for periods of
hours.

The pump and the probe lasers were chopped at fre-
quencies of 75 Hz and 101 Hz, respectively, causing the
resulting fluorescence signal from the probe region to con-
sist of a 101-Hz square wave modulated by a small ampli-
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FIG. 4. Schematic of the experimental apparatus. Two single-mode dye lasers act as pump and probe as described in the text. The
pump laser is tuned to the 2S,,, F=2—2P;,, F =3 (D,) transition, while the probe is tuned to the %S, ,F =1—2P, ,F =1 (D)) line.
Pump and probe are chopped at different frequencies, allowing the probe intensity to be measured in one lock-in and the change in
this intensity due to the pump laser in the other.. The pump laser frequency is stabilized via a feedback loop coupled to a position sen-

sitive diode, as discussed in the text.



3708 J. J. McCLELLAND AND M. H. KELLEY 31

tude 75-Hz square wave. This signal was connected
simultaneously to the inputs of two lock-in amplifiers,
referenced to the probe and the pump choppers. In this
configuration, the signal SP™* from the amplifier locked
to the probe-modulation frequency was proportional to
the average amplitude of the probe fluorescence. The sig-
nal SP'"P from the amplifier locked to the pump-
modulation frequency was proportional to the change in
this fluorescence due to optical pumping in the pumping
region. These signals were corrected for background light
by subtracting the signals from the two amplifiers remea-
sured with the probe laser sufficiently far off resonance
that there was no fluorescence from the probe region.
From the corrected signals the fractional increase in the
F=1 level was determined by

25Pump

= 2Sprobe_Spugnp : 7

For each data point, the outputs of the lock-in amplifiers
were digitized and counted for 20 1-sec intervals. The
standard deviations of the means of these values were
propagated through Eq. (7) and used as error bars (*1
standard deviation) for the experimental measurements.

In order to avoid uncertainties in interpretation due to
the pump-laser beam profile, the beam was expanded to
10 cm and only a 0.7-cim-diam central section was used,
creating a constant radiation intensity across the pump re-
gion. The limiting aperture was approximately 30 cm
from the atom beam. The power in the beam, varied by
rotating polarizers with respect to each other, was moni-
tored constantly by a photodiode which was calibrated be-
fore and after each experiment with a radiometric diode
placed near where the beam entered the chamber. The
calibration was then adjusted for a 10% loss in the
mirror-circular polarizer unit and an 8% loss at the vacu-
um chamber window.

The circular polarizer, consistin% of a Glan-Thompson
linear polarizer and a zero-order 4 -wave plate was care-
fully adjusted and checked as follows. The circularly po-
larized light emerging from the unit was passed through a
rotating linear polarizer. The resulting signal was mea-
sured with phase-sensitive detection at twice the frequen-
cy of rotation of the linear polarizer. The amplitude of
the signal was compared to the signal obtained when the
A/4 plate was rotated 45° (creating linear polarized light).
This measurement showed the degree of circular polariza-
tion to be 0.999 80+0.00005. Measurements on the win-
dow showed that the effect on this degree of circular po-
larization due to residual birefringence was not greater
than +0.0003. '

The results of four runs are shown together in Fig. 5.
Not shown in the figure is an estimated systematic error
in the calibration of the power of about +5%, due to
slight variations in beam profile, diode sensitivity, etc.
The behavior of the experimental curve is essentially as
expected. At very low intensity, no optical pumping
occurs and the population of the F=1 ground state does
not change. As the intensity is increased to about 5
mW/cm?, we observe a rapid increase in the F=1 popula-
tion as optical pumping becomes important. The slope of
the curve in this region is determined mainly by the dis-
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. FIG. 5. Fractional increase in F=1 population as a function
of pump laser intensity. Lower solid curve: Calculation with no
transverse Doppler width. Dashed curve: Calculation with
0.5% ‘“wrong” polarization. Upper solid curve: Calculation
with 10 MHz FWHM transverse Doppler width.

tance over which the atoms interact with the pump laser.
The longer this distance is, the more sharply the curve
will rise, since the important quantity in determining the
loss to F=1 is the total number of photons absorbed.
After 5 mW/cm?, the pumping process is essentially com-
plete and we observe only a gradual increase in the popu-
lation as power broadening begins to become important.
In this region, one expects that if power broadening did
not exist, the curve would show no increase at all, since
completed optical pumping means the loss mechanism to
F=1 is closed. The gradual increase which does occur is
a reflection of the fact that the transition probability to
F=2 during the transient period (before optical pumping
is complete) is increasing with laser power as a result of
power broadening.

IV. COMPARISON OF THEORY TO EXPERIMENT

The calculated results shown in Fig. 2 represent the
populations of the various levels of the sodium atom as a
function of time, given that the laser power is turned on
to a constant value at t=0. In order to cast these results
in a form comparable to experiment, it was first necessary
to average them over a finite transit time through the
pump laser. Having taken some care in the experiment to
make the laser beam constant in profile with sharp edges,
it is a good approximation to say that all atoms fly at
thermal speeds through the same region of uniform inten-
sity. Thus their transit times are distributed according to
the Maxwellian speed distribution associated with the
temperature of the sodium oven exit nozzle. The resulting
transit time distribution at 500°C rises sharply at 4 usec,
peaks around 9 usec, and decays slowly, reaching 5% of
its peak value at about 30 usec. Using this distribution,
and assuming that once the transit time has passed all ex-
cited states decay to the ground states according to their
branching ratios, the fractional increase in F=1 popula-
tion was averaged to yield the lower solid curve in Fig. 5.

The more realistic upper solid curve in Fig. 5, which
agrees well with the data, was obtained when the effect of
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the small but finite residual Doppler width due to a small
divergence of the atomic beam was included. Since, in a
divergent atomic beam, different atoms have different
velocity components along the laser beam, the atomic
population is actually exposed to a distribution of fre-
quencies, over which an average must be carried out. For-
tunately, the numerical calculations show that over the
range of incident intensities considered here, the fractional
increase in F=1 behaves very nearly parabolically as a
function of laser detuning, for small detunings. The fre-
quency dependence can then be parametrized and the
average carried out analytically (assuming a Gaussian dis-
tribution of frequencies) at each intensity. The upper
solid curve in Fig. 5 was created in this manner, using a
10-MHz FWHM frequency distribution. The value of 10
MHz was chosen as the best fit to the data, and it agrees
reasonably well with an estimate of the true Doppler
width (13 MHz).

In addition to taking into account the effect of the re-
sidual Doppler width, we also considered incomplete cir-
cular polarization of the pump laser in the calculations.
A curve for 99% o™, 0.5% o~ light is represented by the
dashed line in Fig. 5. Interestingly, it seems that the two
effects have very different influences on the fractional in-
crease in F=1. Improper polarization tends to make the
slope of the curve larger, while the Doppler width essen-
tially adds a constant to the curve. Since the data show
no tendency toward a steeper slope, we did not consider
incomplete light polarization further.

V. CONCLUSION

Two important conclusions can be drawn from this
work. The first pertains to the practical application of
optical pumping for atomic state selection. We have
shown experimentally that at moderate laser intensity
there can be complete atomic orientation of the F=2 state
with only a very small detrimental pile-up of population
in the F=1 ground state, provided reasonable care is exer-
cised in eliminating magnetic fields, polarizing the laser,
and stabilizing its frequency. Second, we have demon-
strated that a numerical integration of multilevel optical
Bloch equations can, even in a limited approach, produce

results which agree reasonably well with experiments pro-
vided corrections for such effects as the residual Doppler
width are taken into account.

That the results do not show absolute agreement within
the error bars of the experiment is not surprising, consid-
ering the necessary simplifications and assumptions in the
calculation. For example, no account has been taken of
the atomic recoil induced by momentum transfer from the
laser to the atoms, which can have two effects: (1) the
atoms experience a Doppler shift as they recoil, and hence
gradually go out of resonance with the laser by as much
as 7—10 MHz; (2) faster atoms gain less transverse veloci-
ty than slower ones when traversing a constant distance of
laser illumination. Thus the longitudinal velocity spread
leads to more transverse velocity spread, increasing the
Doppler width gradually along the pumping region to a
value up to 20 MHz larger than the initial spread. Such
effects further complicate the inclusion of the residual
Doppler spread, already at best only semiquantitative be-
cause it rests on the assumption of a Gaussian line shape,
which is certainly not exactly true. Nevertheless, despite
these complications, it seems from considering the present
results that a single Gaussian line shape is sufficient to
describe all but the fine details of the behavior. ‘

An obvious extension of this work is to investigate
higher laser intensities and larger detunings. As men-
tioned above, it is a simple matter to include in the calcu-
lations the off-diagonal terms which couple the F=1
ground state to the excited states. This should allow
better treatment of higher laser intensities and would not
create too large an increase in problem size. Clearly, how-
ever, to treat the problem for an arbitrary frequency and
arbitrary powers, it will be necessary to retain all off-
diagonal elements. At present this poses a difficulty in
computational speed, but with further optimization of the
code and use of high-speed computers the calculation is
not inconceivable.
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