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ABSTRACT

Recent work with laser diodes has indicated their potential
usefulness in optically pumping atomic frequency8§tandards.

We consider various optical pumping schemes for ~ Rb incorporating
such light sources at two D1 frequencies for experimental
situations of either evacuated wall-coated cells or atomic
beams. Numerical integration of rate equations governing

the level populations with arbitrary pumping light choices

of intensity, D1 hyperfine transition(s), and polarization and
subsequent calculation of scattered light provide a simplified
0-0 hyperfine signal analysis. By frequency modulating one
laser diode, we have excited two optical transitions in an
evacuated wall-coated cell and observed a large AmF=1 hf signal.

INTRODUCTION

The demonstration of 87Rb hyperfine transitions as narrow as 10 Hz (FWHM)
in an evacuated wall-coated celll led to our interest in various schemes
for optically pumping and detecting the (F,mF):(2,0)++(1,O) hyperfine
"clock" transition. Recent work with laser diodes has indicated their
potential usefulness in optically pumping frequency standards.2s3 The
spectral width obtainable from such diodes can be considerably less than
the Doppler width of the D1 transition for room temperature 87Rb, and
initially we model this light source as a delta function in frequency which
can be tuned to any of these optical transitions. In the case of an
evacuated cell, the primary light-atom interaction is in the cell volume.
This is a free-space interaction so that no mixing in the excited 2P1/2
state occurs. In this sense, the atomic beam and evacuated wall-
coated cell are quite similar. This is in contrast to the case of the
buffer gas filled cell where mixing does occur in the excited state. The
wall-coating reduces relaxation at the wall so that an atom may suffer

many wall collisions before having its quantum state severely perturbed.

As a result, the atom can undergo an optical pumping process (i.e., a re-
distribution of ground state level populations by scattering light of
specific polarizations and frequencies) extending over many wall collisions.

RATE EQUATION CALCULATIONS

Rate equations are written for the pogulations of the eight m_ sublevels of
the 251/2 electronic ground state of "Rb using electric dipofe transition
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matrix elements to describe the various leaving and entering rates. Such
equations are well-known from early optical pumping experiments? and have
recently been used in the analysis of 0-0 hyperfine transitions in atomic
beams of Cs and Rb.%:6 Our specific interest at present deals with 87Rb D1
optical transitions. The rate equations are put in a general matrix formal-
ism which allows use of any combination of intensities and polarizations of
the four hyperfine components of the D1 transitions. (These transitions are
labeled as (F-F')=(1-1'),(1-2'),(2-1'), and (2-2') where the primed number
indicates the 2Py, state F-value and the unprimed number, the corresponding
value for the 281/2 state. Thus pumping using various frequencies and Am
selection rules can be investigated. The limiting case of no T, relaxation
is treated. It is a reasonable approximation in view of the long relaxation
time attained in the wall-coated cell and the relatively high intensity
available from the laser diode. Numerical integration by computer gives the
time evolution of the level populations. The starting distribution assumes
equal populations in each of the eight me-sublevels.

When a microwave-induced hf transition is present, the rate equations are
modified by adding a term to the affected levels equal to a fixed fraction
of the 0-0 level population difference. The ''resonant signal" is taken as
the difference between the total scattered photon flux under conditions of
level population equilibrium when the mw power is on and the flux when the
mw power is off. Other detection schemes are possible; we have chosen this
method mainly for its simplicity and ease in making a relative comparison
between several pumping cases. No attempt is made to consider optimal ad-
justment of mw power. A weak mw perturbation is used to avoid saturation
effects. The choice of intensities of the various pumping components affects
the scattered light at population equilibrium and hence, affects the 0-0
signal size. Thus intercomparison of pumping/detection schemes is dependent
on the relative intensities used. In this paper, we choose equal relative
intensities for each applied primary pumping component, ¢ , ¢~ or nm. In an
experimental situation, different effective intensities of the components
could be produced.

The simple procedure outlined above permits a comparison of pumping schemes
with regards to level populations. and scattered light intensity changes as
the "signal." However it does not address the issue of the 0-0 resonance
resolution obtained for various pumping schemes. For this we would need

a resonance lineshape calculation including linewidths and saturation effects
as well as signal amplitude and background flux.

Large population differences are attainable using two appropriate optical
frequencies for pumping., For example, with circularly polarized light di-
rected along the magnetic field axis (Amg=+1), at frequencies (2-2') and
{1-2'), all population is pumped into the (F,mF)=(2,2) ground state level.
By frequency modulating one laser diode with a square-wave current, we were
able to excite these two transitions and to demonstrate a_large hf signal
for the (2,2)+>(1,1) transition in a 1.5G magnetic field,
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Three of the best pumping schemes investigated for observing the 0-0 hf
transition are now presented. Figure la shows the time development of level
populations for the case of two resolved optical frequency transitions

driven simultaneously by 1) 1linearly polarized o-light at the (2-2') fre-
quency and 2) linearly polarized m-l1ight at the (1-1') frequency. The

first causes Am_,=%1 transitions, while the second, Am.=0 transitions with
0-0' excluded. In equilibrium, all population has been driven into the

(1,0) level. This achieves one of the desirable conditions for efficient
pumping/detection: namely, large difference of population between the levels
specified by the mw transition.

If the laser source has a finite frequency width and the cell has the real
Doppler width for the D1 transitions, then optical transitions to the F'=1
and 2 states of the 2Pl/ state from a common F-value in the ground 281/2
are not completely resolved. For example, the tail of the

(2-1') transition overlaps the (2-2') transition center. The unintentional
excitation of (2-1') when exciting (2-2') provides a depumping mechanism
which reduces the 0-0 level population difference. An estimate of optical
resonance overlap was made for an optically thin cell by taking the absorp-
tion lineshape to be Gaussian with Doppler width of 500 MHz and the laser
lineshape to be Lorentzian with width 300 MHz. The convolution of these
two functions gives an absorption curve which has a ratio of tail height

to on-resonance height of ~ 5% when the tail frequency corresponds to the
hf separation in the 2Pl/2 state (818 MHz). Actually the laser linewidth
is expected to be 2100 MHz for which the tail-center overlap is < 1%.
However, the examples discussed will use a 5% overlap to emphasize the
effect.

| In Fig. 1b, the primary optical pumping transitions are the same as in Fig.
la but now, in addition, light of 5% relative intensity is added at each of
the (1-2') and (2-1') transitions. The relative 0+0 hf transition signals

in these two cases are in the ratio ~ 1.8:1,

As shown in Fig. Za, all population can be pumped into the (2,0) level by
using transitions (2-2')w and (1-1')o. The effect caused by addition of
% relative intensities at (2-1') and (1-2') is shown in Fig. 2b. The
ratio of 0-0 hf signals for these cases is ~ 2.1:1.

A third example uses (2-2')n and (1-2')w-pumping radiation. See Fig. 3a
and 3b where again an additional 5% relative intensities have heen used at
the (2-1') and 1-1') transitions. The ratio of 0-0 hf signals for these
cases 1is v 2,1:1.

An rf plasma excited Rb lamp with 85Rb filtering is modeled by using un-
polarized o light with primary pumping transitions at (1-2') and (1-1")
and secondary transitions (2-2') and (2-1') at 10% relative intensities.
Figure 4a gives the level population history. 1In Fig. 4b we use linearly
polarized m-radiation for pumping. The ratio of the respective 0-0 hf
signals is v 0.7:1.




An intercomparison of the 0-0 signals for Figs. la, 2a, 3a, and 4a relative
to Fig. 4a gives the ratios 20:22:30:1. Differences in the rate of approach
to equilibrium are evident from the figures. The case presented in Fig. 3
is the simplest from an experimental viewpoint since only one polarization
and direction of propagation of light is required.

Several pumping schemes have been considered which show the possibility of
obtaining a large 0-0 population difference with relatively large hf transi-
tion signals. Doppler linewidth and laser linewidth were treated to show
effective depumping resulting in a reduced population difference and a
larger background of scattered light intensity. The atomic beam method

can take advantage of the much reduced effective Doppler width to avoid
depumping. For either beam or evacuated cell, substantial improvement over
conventional Rb lamp pumping is expected for the parameters discussed. We
are actively pursuing an experimental comparison with these calculations.
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Figure 1. Level populations as a function of (arbitrary) time when

pumping with (2-2') o-light and (1-1')w-1light. Completely resolved

optical transitions are treated in a "a" while in '"b'", an additional
5% excitation is assumed for each of the (2-1') and (1-2') transitions.
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Figure 2. Time history of level populations when pumping with
(2-2') n-1light and (1-1') o-1light. In '"b" an additional 5% exci-
tation is assumed for each of the (2-1') and (1-2') transitions.
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Figure 3. Time history of level populations when pumping with
(2-2')m light and (1-2') m-light. In "b" an additional 5% excitation
is assumed for each of the (2-1') and (1-1') transitions.
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Figure 4. Time history of level populations when pumping with modeled
Rb plasma lamp. Primary pumping is at (1-2') and (1-1') transitions
with an additional 10% excitation at each of the (2-1') and (2-2')
transitions. In "a" o-light is used while in "b" w-1light is used.
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QUESTIONS AND ANSWERS

PROFESSOR ALLEY:

Could you tell us the state of the experiments please, Hugh?

MR. ROBINSON:

Yeah, Carroll. The experiments are in a state where we need some research
funding. We have a laser which has been loaned to us by Lyndon Lewis

and we are now in the act of trying to get a Tight system so we can put
the 1ight in at right angles to the field. The apparatus that we have,

is built specifically for the Delta M plus one transition or minus one
circular of polarized 1ight.

And we are accustomed to looking at Zeeman transitions and getting
the 1ight in perpendicular to the access just requires a little bit of
effort and we're now undertaking that. So we hope to go ahead and do
these experiments that we would Tike to see is some comparison with this
theory.
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