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State selection in a cesium beam by laser-diode optical pumping
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In this paper the optical pumping of a cesium beam is investigated. The rate equation model is
used to calculate the population difference created by laser diode(s) illuminating the beam. The
finite laser and atomic linewidths are taken into account in order to analyze leakage effects on
neighboring transitions. One-laser and two-laser pumping is considered and the best-suited two-
laser configurations for preparing the cesium atoms in a single mF ——0 sublevel are specified. Ex-
perimental results on both the leakage effect and the population difference achieved agree with
theoretical predictions.

I. INTRODUCTION

The use of laser optical pumping to prepare alkali-
metal-atom beams in well-defined quantum states is of
current interest. Such polarized atomic beams are useful
in different areas of nuclear and atomic physics: produc-
tion of polarized ion sources, ' investigation of atomic
scattering processes, spectroscopy, production of Ryd-
berg states in alkali-metal atoms, laser cooling of neu-
tral atoms, and measurement of atomic parity viola-
tion. The D2-line optical pumping of cesium atoms can
be performed efficiently with tunable laser diodes at the
appropriate wavelength around 852 nm. ' The process
results in the transfer of atoms out of one of the two
ground-state hyperfine levels. In the field of atomic fre-
quency standards, this technique was proposed for re-
placing the magnetic state selection method in which an
inhomogeneous magnetic field is used to deflect cesium
atoms in a beam. "' In that case, a population
difference between the F=3, mF ——0, and F =4, IF——0
levels of the ground state must be created. A qualitative
explanation of the optical pumping process involved is
the following. Due to the arrangement of the cesium
hyperfine levels, shown in Fig. 1(a), an incident linearly
polarized laser light is absorbed by the atoms causing
F' —F =0,+1 transitions with AmF ——0 or + I depending
on whether the laser light is m or o. polarized. Thus the
light brings atoms from one of the two F ground-state
hyperfine levels to an F' excited one. Once atoms are in
the excited level, they decay by spontaneous emission to
one of the two ground-state levels. After many cycles of
absorption followed by spontaneous emission, atoms are
transferred from one ground-state level to another one
and a population difference between the mF ——0 ground-
state sublevels is achieved. However, in the case of a
single laser pumping, only a fraction of the atoms is
available for the microwave EF=1,mF ——0 transition.
The creation of a larger population difference requires
absorption from both ground-state hyperfine levels, using
two lasers for instance. ' It is even possible to accumu-
late all atoms of the beam in a single mF ——0 sublevel. '

Although the validity of this optical pumping scheme
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FIG. 1. Energy-level diagram corresponding to the D2 line
of cesium atom. (a) Fine and hyperfine structure. (b) Laser ex-
citation considered. The energy gaps are not to scale.

was experimentally verified, fundamental questions arise
and several experimental constraints have to be taken
into account for an accurate determination of the optical
pumping efficiency.

(i) Effective optical pumping requires that the product
of light intensity times the light-atom interaction time is
sufficiently large so that many cycles of absorption—
spontaneous emission occur. Consequently it is impor-
tant to know if the available laser intensity is sufficient
to ensure complete optical pumping and if not, to deter-
mine what transitions are the more quickly pumped.

(ii) There are two optical transitions, the
F =3~F'=2 and the F =4~F'=5 ones, which cannot
give rise to hyperfine optical pumping because each real-
izes a two-level quantum system. It follows that atoms
cannot be transferred from one ground-state hyperfine
level to another one. These transitions, called "cycling"
or "closed" transitions, are of limited interest for pump-
ing purpose. However, we shall show that Zeeman
pumping" creates a weak population difference. Fur-
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thermore, their high level of fluorescence brings valuable
improvement of the optical detection process. '

(iii) No matter which particular transitions are in-
volved, two-laser pumping is more efficient than one-
laser pumping to create a population difference between
the mF ——0 sublevels in the ground state. Nevertheless,
several conditions must be fulfilled in order to obtain the
best pumping efficiency: they are related to the laser in-
tensity, the interaction time, and the appropriate choice
of the involved optical transitions.

(iv) When the laser is tuned to a given optical transi-
tion, leakages occur because neighboring transitions, lo-
cated 151, 201, or 251 MHz away from the main line,
can be simultaneously excited. This effect is made possi-
ble because the laser-diode spectrum has a Lorentzian
line shape with a finite width, usually of the order of 25
MHz, and the laser spectrum wing overlaps neighboring
lines with a small but non-negligible amplitude. Since
atoms are lost during the pumping cycle, the pumping
efficiency could be appreciably affected.

The subject of the present paper is to study both
theoretically and experimentally the efficiency of optical
pumping applied to the preparation of cesium atoms in a
single mF ——0 sublevel. In order to discuss the optical
pumping in a cesium atomic beam we first present the
theoretical model used to predict the evolution of the
populations. Then, in Sec. II, we give the expected per-
formances in the one-laser and the two-laser pumping
schemes. We study the leakage mechanism and its
influence on the optical pumping efficiency in Sec. III.
The experimental setup is briefly described in Sec. IV. It
gives the variation of the fluorescence signal recorded
when state selected atoms undergo the microwave
AF =1,hmF ——0 transition. ' This technique allows for
a sensitive control of the preparation of the cesium
atomic beam. In Sec. V a comparison between the
theoretical predictions and the experimental results is
made with two basic aims: firstly to make clear the
influence of population leakages and secondly to identify
the best-suited transitions for atomic cesium beam
preparation.

II. THEORETICAL MODEL

Our concern is to follow the time evolution of the
atomic populations in the ground state. Since we con-
sider large linewidth lasers and weak laser intensities, the
rate equation approach can be used to solve the present
problem. '

The energy levels of the 6 S&&z ground state and of
the 6 P3/2 excited state of the cesium atom are shown in
Fig. 1. Optical pumping is carried out by one- or two-
laser diodes LD1 and LD2. The laser light source LD1
is tuned to produce an optical transition from the F=3
hyperfine multiplet to the F'=e& excited one. Similarly,
LD2 excites the transition between the F=4 and F'=e2
multiplets [see Fig. 1(b)]. According to the selection
rules, the quantum number F' of the excited states is
such that we have F' —F=O or +1. Since the spectral
laser linewidth, which is of the order of 25 MHz, is

larger than the natural width of the Dz lines, equal to 5
MHz, the model assumes that within a hyperfine mani-
fold all Zeeman sublevels interact with optical pumping
light equally. Furthermore it is assumed, for simplicity,
that the cesium beam is monokinetic.

The following general relationships hold for the popu-
lations n, , n, and nf, n~ of the excited- and ground-

'2g

state sublevels, respectively:

71e
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where the subscripts i and j take 2F'+ 1 values associat-
ed with the quantum number F' of the excited state con-
sidered. The same rule applies to k and l. The 8'
coefficients are stimulated emission or absorption rates.
They are related to the spontaneous emission rates A by

3 A. I
e

7T nc
(2)

where q =i —k takes the values + 1, —1, and 0. eq is
the component of the polarization vector along the o. +,o, and ~ vectors. h is Planck's constant, c the speed of
light in vacuum, and I the laser intensity expressed in
W m . The laser wavelength A, is equal to 852 nm and
the laser linewidth AvL to 25 MHz. The spontaneous
emission rates 3 are proportional to the spontaneous
emission decay rate I . ' They are given in Appendix A.

In the case of two-laser pumping, the set of equations
(1) represents (2ez+ I)+(2e& + 1) + 16 simultaneous
equations. In the particular case where the excited lev-
els of the two-laser scheme are the same, we have
e&

——ez. Equations (1) must be modified as indicated in
Appendix B and the number of equations becomes
(2e, + 1) + 16. When only one laser is used for the
pumping, the number of equations is equal to
(2e, + 1) + 16 or (2eq + 1) + 16 depending on whether
LD1 or LD2 illuminates the beam.

The coupled rate equations (1) have been solved nu-
merically with the initial condition that all ground-state
sublevels are equally populated and that all the excited
levels are depleted.
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TABLE I. Absorption rates Wf of atomic transitions in the
case of finite atomic and laser linewidths. v& —vL is the posi-
tion of the transition measured from the center laser line (in
MHz). The W rates are defined in Sec. II assuming that the
atomic linewidth is very small.

Wf /W
0

0.85
150

1.16~ 10
200

6.5 X 10-'
250

4. 1 &&
10-'

to+(m —1)
Wf ——Wm (m +1)

2 2
( r,'+ m ' —1)'+4t,'

where m =2~hvL/I denotes the ratio of the laser and
atomic linewidths and to ——4m. (vz —vL )/I represents the
position of the atomic linewidth measured from the
center of the laser line. The values of 8'f/8' are given
in Table I for each relevant detuning and it is evident
that simultaneous excitation of the F =3~F' = 3 and of
the F = 3~F' = 2 transitions may be effective.

IV. EXPERIMENTAL RESULTS

The population difference of the two mF ——0 ground-
state sublevels is observed by means of the fluorescence
light variation when atoms undergo the microwave tran-
sition at 9192 MHz. A schematic of the experimental
setup is shown in Fig. 6. The cesium beam is optically
pumped in the first region and the fluorescence induced
by the linearly polarized laser beam is used for laser fre-
quency locking purposes. The microwave transition
AF = 1,AmF ——0 is induced in a two-arms Ramsey cavity
and is detected in the third region through atomic beam
fluorescence variations. Pumping may be . performed
with one or two lasers whereas detection is accomplished
with one laser.

The separation between the oven and the detection re-
gion is 53 cm. The oven's collimator consists of a stack
of crinkled foils. Its cross section is 4)&2 mm . The
beam cross section in the detection region is 11&4 mrn
in order to ensure a large signal. A single cylindrical
magnetic shield made of p-metal surrounds the Ramsey
cavity and the two light-beam interaction regions. Four
current-carrying rods produce a vertical static field usu-

ally called the C field.
The distance between the two arms of the U-shaped

waveguide cavity is 21 ~ 5 cm, thus giving a Ramsey pat-
tern microwave resonance width of about 500 Hz.

Light-atom interaction zones are identical and designed
in order to minimize the scattered laser light. Mi-
crowave transitions are detected in the second light-
beam interaction region by means of a large area (1 cm )

and low-noise silicon photodiode.
The light sources are single-frequency Ga-Al-As Hita-

chi HLP 1400 laser diodes operating around 852 nm
with an optical power of a few milliwatts. The rough
adjustment of the wavelength is achieved through the
temperature which is controlled to a few mK using a
thermoelectric cooler.

We have shown in Sec. II that in a two-laser pumping
scheme the ~ polarization of the laser tuned to a
F' —F=O transition is a necessary condition for accumu-
lating atoms in a single mF ——0 ground-state sublevel.
Consequently, improper polarization may reduce drasti-
cally the population difference of interest. This effect
was measured as a function of the laser polarization 0
and it is reported in Fig. 7. The behavior of the experi-
mental curve is essentially as expected from calculations
made with the rate equation model. When t9 is equal to
5', An decreases from 1 to 0.8. Therefore a slight
misalignment of the laser polarization can significantly
reduce the signal.

In a two-laser experiment, the available intensity of
each laser was 3 mWcm . According to the theoreti-
cal results of Fig. 4, this intensity is almost sufficient to
achieve complete pumping. This fact is supported by
the record of the microwave resonance signals shown in
Figs. 8(a) and 8(b). Figure 8(a) has been obtained by us-
ing a single laser, tuned to the F =4~F' = 3 transition
and o. polarized, for optical pumping and for optical
detection. The seven AF= 1, AmF ——0 transitions are
clearly visible. In Fig. 8(b) the optical pumping and the
optical detection have been performed using the
(3~3,~;4~3,a ) and the (4~3, )oconfigurations, re-
spectively. In that case the central (mF ——0) line is great-
ly enhanced, whereas only the two nearest field-

Cs Oven

9.192GH z
fl uorescence

signal

20 40 e(deg j

detect'ion beam

pumping bea m

FICx. 6. Schematic representation of our optically pumped
cesium beam machine.

FICx. 7. Relative decrease of the population difference as a
function of the polarization 0 of one laser. The two-laser
pumping uses the (3~4,vr;4~4, ~+0) scheme. An „ is the
population difference at 0=0'. The solid curve refers to the re-
sults of the rate equation model and circles to the experimental
values.
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FIG. 8. Experimental recorded microwave spectrum. (a) A
single laser tuned to the F =4~F'=3 transition and o. polar-
ized is used for the optical pumping and the optical detection.
(b) The optical pumping and the optical detection are per-
formed using the (3~3, m; 4~ 3,o ) and the (4~3,o. )

configurations, respectively.

dependent lines are still present, but with a weak ampli-
tude.

V. COMPARISON OF THEORETICAL
AND EXPERIMENTAL RESULTS

Firstly we shall analyze the leakage effect and second-
ly the pumping efficiency.

A. Leakages

Our first aim is to verify that the magnitude of the ab-
sorption rates 8'f given in Table I is reasonable. This
can be easily made by studying the behavior of cycling
transitions. Let us consider a laser LD1 in the pumping
region tuned to the F =3~F'=2 transition and o. po-
larized. No change among populations of the F=4
ground-state level would be expected in the absence of
leakages. Consequently, the detected fluorescence light
of a laser LD2 tuned to the F =4~F'=5 transition
would show no modification at all whether LD1 is "on"
or "off." Nevertheless, the observed fluorescence light
increases as the excitation power of the laser diode LD1
increases, indicating an increase of the F=4 ground-
state population due to the simultaneous excitation of
the F=3~F'=3 transition 150 MHz apart from the
F = 3~F' =2 transition.

Figure 9 shows the observed population increase. Us-
ing the model of Sec. II and the data of Table I, the pop-
ulation increase of the F=4 level is calculated to yield
the solid curve in Fig. 9. It agrees very well with the ex-
perimental results.

Similarly, Fig. 10 shows the observed and calculated
variation of the F=4 level population when the atoms in
the pumping region experience a polarized laser light

tuned to the F =4~F'=5 transition. In this case the
influence of the F =4~F =4 transition, which is about
251 MHz apart from the F =4~F'= 5 transition, is evi-
dent. It may be noted that the F =4~F'=5 transition
exhibits less leakage than the F =3~F'=2 transition,
corresponding to its larger separation from neighboring
transitions.

The above results show that leakages have important
effects as long as cycling transitions are concerned.
Indeed, cycling transitions do not define a two-level sys-
tem: the pumping which does occur in the presence of
an excited neighboring transition provides a transfer of
population among the ground-state levels. Atoms are
lost from the point of view of a two-level system.

Let us consider now the effects of leakages when a
pumping transition, the F =3~F'= 3 one with a o.-
polarized light for instance, is considered (see Fig. 5).
The fraction of atoms for which the F =3~F'=2 way
is open as resulting from the leakage effect, come back

C0
0

CL
0

0
II

10 15

cm z)

FIG. 10. Same as Fig. 9, but the laser is tuned to the
F=4~F'=5 transition.

10 15
I ( mW/cm' )

FIG. 9. Relative increase of the F=4 population vs the
laser intensity. The laser is tuned to the F =3~F'=2 transi-
tion. Solid curve: calculation with the rate equation model.
Triangles: experimental points.
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only in the starting F=3 level by spontaneous emission,
and are quickly pumped again. Therefore the leakage
effect introduces only a weak delay in the pumping and
furthermore, no significant modification in the popula-
tion of the mF ——0 ground-state sublevels occurs. As
predicted by the model, the fractional population
difference change is less than 5 parts in 10 . Two main
consequences can be drawn from this fact. Firstly, as an
appreciable population leakage during the pumping pro-
cess is observed only when cycling transitions are con-
sidered, experiments enable us to verify only the first,
second, and fourth values of 8'f reported in Table I.
Secondly, increase of the pumping time may result from
the leakage effect and it may become significant in a
two-laser pumping scheme.

There are two alternative means of reducing the leak-
age effect. The first one consists in decreasing the laser
intensity. But this is detrimental to the pumping
efficiency and to the fluorescence level. The second, pre-
ferred one, makes use of higher spectral purity lasers,
whose linewidth is of the order of the natural linewidth.

B. Pumping efficiency

In order to compare theory and experiment quantita-
tively, it is necessary to cast the calculated results con-
cerning the population of the mF ——0 ground-state levels
in a form suited to the comparison with the experimen-
tal results. For that purpose, one needs to know the
value of the fluorescence signal emitted in the detection
region. During the interaction time T, it is given by

To obtain the amplitude of the Ramsey microwave reso-
nance signal pictured in Fig. 11(a), we have calculated 9
in two circumstances: firstly when the microwave exci-
tation is kept on resonance, in which case we set
7,„=A, secondly when the microwave excitation is off
so that we have V,fr B,——where B characterizes the
fluorescence background.

The calculation of the signal level 3 requires the in-
troduction of the AF= 1, AmF ——0 microwave transition
probability at resonance. It was chosen equal to 0.75. '

This is a reasonable value which corresponds to the op-
timal transition probability taking into account a
Maxwellian velocity distribution in the atomic beam.

The useful signal S is the difference 3 —B. It will be
used to compare different pumping schemes with the ex-
perimental signals observed at resonance.

1. One-laser scheme

Values predicted when the laser intensity is 10
mWcm are reported in Table II. They are the popu-
lation difference An, the fluorescence background 8, and
the signal S. For purpose of comparison the theoretical
and experimental signals are normalized to the largest
one, obtained with the (3~3,0 ) transition. We have
verified that the observed backgrounds are negligible and
that consequently, the pumping is completely achieved.
The experimental values of the relative signal amplitude,
(S/S,„),„~„agree well with the calculated ones, allow-
ing us to conclude that the An values, predicted by the
model, are effectively obtained.

7= f I gn, +gn, dt.
J

(a)

FIG. 11. Schematic Ramsey patterns and definitions of the
quantities A, B, and S. (a) Positive case. (b) Negative case.

2. Two-laser scheme

Table III reports the theoretical predictions and the
experimental results as defined above. The laser intensi-
ty is assumed to be equal to 3 mW cm and the interac-
tion time to 20 ps. As we have two pumping lasers, the
detection is possible by either of them. A first possibility
consists in using the laser tuned to a transition starting
from an empty ground-state level. For instance, it is the
(4 +4, cr) configuratio—n, as indicated in the first line of
Table III. The calculated and observed background
fluorescence signals are then a test of the depopulation
of the level considered. The recorded signal as shown in
Fig. 11(a) is superimposed on the background fiuores-
cence signal. The second possibility is to use the laser
tuned to the F' —F=O transition with the ~ polarization
changed into a cr one. The fluorescence background is
thus very large and the signal S appearing as a negative
signal is shown in Fig. 11(b). Although this detection
technique shows a drawback from the point of view of
the signal-to-noise ratio, we present the related results as
a check of the available population difference.

Concerning fluorescence backgrounds, we have first
verified that their relative experimental values are in
good agreement with the predicted ones. Secondly, we
may note that fluorescence backgrounds obtained with
the appropriate detection laser are important compared
to the one-laser pumping scheme, indicating thus an in-
complete hyperfine pumping. This occurs even in the
two best pumping schemes as predicted by the model.
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TABLE II. Results in the case of one-laser pumping. hn is the fractional population difference between the rnF ——0 ground-state
sublevels. B and S are the calculated background and signal amplitudes. S ax is the signal obtained with the (3~3,o. ) scheme.
(S/S,„),„~, is the experimental value of the relative signal amplitude. The laser intensity I is 10 mWcm, the interaction time T
is 3 ps, and the laser linewidth AvL is 25 MHz.

F' Polarization
hn
(%)

—8.5
12.2
13.7
9.9

—12.1
—15.4

2.5
—15.5

B
(photon atom '

)

0.02
0
0
0
0
0
0.04
0

Sa
(photon atom ')

0
0.36
0.17
0.12
0.12
0.15
0
0.28

S/S „
0
1

0.47
0.33
0.33
0.41
0
0.77

(S /Smax )expt

0
1

0.47
0.36
0.4
0.6
0
0.78

'The calculated signal S is a mean value of the number of fluorescence photons referred to the initial atomic beam population and
assuming a microwave transition probability equal to 0.75. The actual number P of photons which are emitted in the detection re-
gion by an atom in a given mF ——0 ground-state sublevel is P=S/(hn0. 75). For example, in the (3—+3,o ) scheme, each atom emits
3.9 photons in the detection region.

Table III shows that typical values are 0.11
photon/atom in the two above-mentioned cases and
more important values can be reached when other
schemes are chosen. As a matter of fact, with an in-
teraction time equal to 20 ps, the laser-diode intensity is
not sufficient to bring all atoms in one of the mF ——0
ground-state sublevels. Considering, now, the signal am-
plitude, comparison of the two last columns of Table III
indicates that the experimental and calculated signal
values agree reasonably well whatever the detection
scheme is, except for the (3~3,o",4~4, rr) configura-
tion. In this last case, experimental signals are weaker
than expected. This fact could be explained invoking a
population leakage due to the simultaneous excitation of

the 3~3 and 3~2 transitions. It could then result in
an increase of the pumping time. As the laser intensity
is not sufficiently large to populate completely the F=4
level, this delay in the pumping would give an effective
population difference smaller than the predicted value of
68.1%.

To conclude, it appears that the (3~3,m-, 4~4, o ) and
the (3~3,n-, 4~3,o ) schemes are the most appropriate
to achieve an efficient pumping and to concentrate al-
most all atoms in the F =3,mF =0 sublevel.

VI. CONCLUSION

In this paper we have presented the results of a
theoretical and experimental study of the optical pump-

TABLE III. Results in the case of two-laser pumping. Optical pumping is performed with two lasers. One of them is used for
optical detection. The physical quantities are defined in Table II. S,x is obtained when the (3~3,~;4~4, o. ) scheme is used for
pumping and the (3~3,o ) one for detection. I=3 mW cm; T=20 ps; AvL =25 MHz.

Pumping

F F' Polarization
An

(%)

Detection
B Sa

F F' Polarization (photons atom ') (photons atom ')
max )expt

—89.1 0.11
3.8

1.60
—2.67

0.60
1

0.55
1

—84.2 4
3

0.11
3.7

0.84
—2.52

0.31
0.94

0.37
0.95

81.9 0.07
2.3

1.05
—1.47

0.39
0.55

0.39
0.54

68.1 0.51
2. 1

2.04
—1.2

0.76
0.45

0.57
0.36

52.9 0.29
1.99

0.68
—0.95

0.25
0.36

0.23
0.35

—46. 1 4
3

0.01
1.90

0.47
—1.38

0.18
0.51

0.20
0.54

—33.4 4
3

'Same remark as in Table II.

0.81
2.61

0.6
—0.99

0.22
0.37 0.43
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ing in a cesium beam in the case where the laser
linewidth is large compared to the cesium natural
linewidth. Two main conclusions can be drawn. The
first one is that leakages occurring during the pumping
cycle of a cesium beam can be adequately described with
a rate equations model. It has been shown that their
effect is specifically important on the cycling transitions
which cannot be described by a two-level approximation
any longer. The second conclusion is that the use of two
lasers results in a good optical pumping efficiency pro-
vided that the laser-excited transitions are appropriately
chosen. The improvement of the population difference
of the mF ——0 ground-state sublevels and thus, of the sig-
nal amplitude, compared to the one-laser schemes, al-
lows us to consider that this technique is valuable for the
state selection in a cesium beam. Moreover, the agree-
ment between predicted and observed values of the
fluorescence signals gives confidence in the possibility of
applying the optical pumping and optical detection
methods to high-performance cesium beam frequency
standards.

A significant improvement of the already large popu-
lation difference achieved can be obtained with laser

diodes having a narrower linewidth. In that case the
laser intensity is higher and leakages on neighboring
transitions are reduced.
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APPENDIX A

The spontaneous emission rates 3, f between the
k

cesium Dz Zeeman sublevels e; and fk are given by the
relation

f ——a, f I

The relative transition probabilities a, f„are tabulat-
e

ed' in Table IV.

TABLE IV. Relative transition probabilities of the cesium Dq-line Zeeman sublevels.

3(2
i1 1

g5
2
S))2.4 0

3Q'
7

&40

4 0

112' 3 0

2
~~a'~

144
2
S)~p.4 4

0

Q

2 4F~a ~

5
336

2
S]/2 g 0

2
Pg)2 3

1

jr 16

0 3

0
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APPENDIX 8

When the excited levels of the two transitions involved in a two-laser pumping scheme are the same, the evolution
of the population n, and nf, nz of the excited- and ground-state sublevels are given by the following equations:

t

dl1 e.
=QWg, , ns, —gW, gn, +QWf„, nf —gW, f, n, —In,

dflf
= —Q Wf„, nf + g W, f n, + + A, f n,

l l I

Ws, ns+g W, sn, ++A, gn,
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