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In this paper we propose a pumping scheme to concentrate nearly all the atoms of an alkali-metal vapor into
one of the ground-state Zeeman sublevels. We report theory and experiment for the case of 87Rb in a cell with
buffer gas but the technique easily applies to other alkali-metal atoms. The pumping scheme consists of a
suitable sequence of laser and microwave pulses after which a large fraction of atoms is transferred into the
desired level. The efficiency of this technique depends mainly on the laser power and on the relaxation effects
taking place inside the cell; in principle, more than 95% of the atoms can be prepared in a well-defined
quantum state. Diagnostic of the resulting population distribution is made observing the free-induction decay
signal at the output of a microwave cavity. This multistep laser-microwave pumping technique is particularly
suited for compact vapor-cell frequency standards working in pulsed regime or in experiments where it is
necessary to maintain the cylindrical symmetry of the experimental arrangement.
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I. INTRODUCTION

The possibility of preparing an atomic ensemble in a
single sublevel of a Zeeman manifold or in a well-defined
combination of quantum states is very attractive and desir-
able in many different atomic physics contexts. In atomic
frequency standards, for example, preparing all the atoms in
a single state with mF=0 �one of the two clock levels� allows
in general the observation of the atomic reference transition
with a high contrast �1�, while in quantum phase gate multi-
level experiments initial ground-state populations need to be
prepared in specific Zeeman sublevels �see, for example,
�2��.

Several techniques have been successfully developed in
this regard. It is well known, for example, that, in alkali-
metal vapors, optical pumping with a pure circularly polar-
ized light results in a concentration of the entire population
in either �F ,mF=−F� or �F ,mF=F� level �3�, except for the
eventual effect of relaxation processes.

For atomic alkali-metal beams we mention the magnetic
state selection, the simultaneous application of a magnetic or
radio-frequency �rf� field and a pumping laser �4�, and the
use of at least two lasers with appropriate polarizations �5�.

In �6� a method to prepare the spin state of a cold atomic
ensemble trapped in a magneto-optical trap is demonstrated,
while in �7� the case of a cesium vapor in a paraffin coated
cell is studied.

The problem is more complex when the atomic sample is
contained in a cell and diluted in a buffer gas since relaxation
phenomena tend to rapidly equalize the populations among
the sublevels.

In �8� Dehmelt suggested a method where the optical
pumping is produced with narrow pulses of circularly polar-
ized light propagating perpendicularly to the magnetic field.
If the repetition rate of the light pulses is equal to the Zee-
man resonance frequency, it is possible to increase the
atomic population in �F=2,mF=0� level, a very useful con-
dition for clock operation. In fact, this method has been re-
proposed by Davidovits and Novick �9� to produce an over-
population of �F=2,mF=0� level in the optically pumped

vapor-cell rubidium maser. Although this technique can in
principle be applied to an alkali-metal vapor, the amount of
atoms accumulated in the interested level is only slightly
larger than that achievable with a regular optical pumping
scheme; moreover, the method reported in �8� is hardly suit-
able in a cell-microwave cavity arrangement where in gen-
eral pumping laser and quantization magnetic field are col-
linear.

The issue of putting nearly all atoms into a single �F ,mF�
state of an atomic vapor has been discussed with some detail
in a few works. In �10� a method is developed for a Rb cell
with buffer gas in which a combination of laser and rf pulses
is able to move the atomic population into the desired quan-
tum state, while an all-optical technique is described in �11�.
More recently, the possibility to pump a large fraction of
atoms in a coherent superposition of states has been proved
in �12� for a cell of alkali-metal atoms in a buffer gas, im-
proving in this way the observation of coherent population
trapping resonances.

In this work we devise a simple highly efficient pumping
scheme applied to a 87Rb vapor in a closed cell with buffer
gas; this scheme consists of a suitable sequence of laser and
microwave pulses for concentrating almost all the atoms in a
Zeeman sublevel of the ground state. Quantization axis,
pumping laser, and microwave field are all collinear in our
scheme and consequently the cylindrical symmetry of the
experimental apparatus is maintained. This is a key property
when the cell needs, for example, to be placed in a micro-
wave cavity or when the reduced size of the apparatus is a
main concern, as for the implementation of compact vapor-
cell clocks.

II. SCHEME

We consider a sample of 87Rb atoms �nuclear spin I
=3 /2� in a cell with buffer gas �what follows is valid in
general also for other alkali-metal atoms�. The cell is placed
in a microwave cavity resonant with the ground-state hyper-
fine transition �6834 MHz�. The Zeeman degeneracy in the
two ground-state hyperfine levels is resolved by applying a
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static magnetic field B� 0 that defines the z axis of a coordinate
system, as shown in Fig. 1. The atoms are assumed to be
initially in thermodynamic equilibrium then the atomic popu-
lation in the ground state is equally distributed among the
eight sublevels of �5 2S1/2�.

We face now the challenging problem to transfer with
minimal losses the atomic population in one of the three
sublevels with F=1 �see Fig. 2�a��; we initially consider the
�F=1,mF=0� level that is particularly relevant for frequency
standard applications. The first step to do that is to submit the

atoms to a strong laser pulse tuned to the �5 2S1/2 ;F=2�
− �5 2P1/2 ;F�=1� component of the D1 optical transition. The
laser is assumed to propagate in the z direction and to be
linearly polarized. Due to selection rules, the atoms see the
light as the combination of the two circular components �+

and �−, according to the scheme of Fig. 2�a� �incidentally,
we note that the pumping scheme of Fig. 2�a� produces spin
alignment; see, for example, �13��.

The laser pulse, of duration tp1, changes the thermal equi-
librium inside the ground state and will produce an imbal-
ance between the two hyperfine multiplets. In particular, for
a sufficiently high laser power at the end of tp1 all the atoms
will move to level �2S1/2 ,F=1�, with a population distribu-
tion that we can suppose equal among the three sublevels.
Therefore, no more than 1/3 of the total atomic population
can be concentrated in the interested sublevel with a single
laser pulse.

To transfer all the atoms into the desired sublevel, after
switching off the laser, two microwave pulses resonant with
the hyperfine transitions �F=1,mF=−1�↔ �F=2,mF=−1�
and �F=1,mF=1�↔ �F=2,mF=1� are applied simulta-
neously to the atoms, as shown in Fig. 2�b�. These micro-
wave pulses should fulfill the following main requirements:

�i� The associated Rabi frequencies be satisfy the relation
betm=�, where tm is the microwave pulse duration �14�; we
assume for simplicity equal be for both pulses. The goal of �
pulses is to invert completely the populations of the con-
nected levels so that the atoms that were initially concen-
trated in �F=1,mF= �1� are now transferred, respectively, to
�F=2,mF= �1�; no hyperfine coherence is generated in the
atoms by � pulses.

�ii� tm��1
−1, where �1 is the total relaxation rate of the

ground-state populations; in this way we can assume that the
population of the �F=1,mF=0� level does not change con-
siderably during the time tm.

�iii� According to selection rules for allowed transitions in
low field, �F=1 transitions with �mF=0 can take place if
the microwave magnetic field and the quantization magnetic
field are parallel �15�. In our case the TE011 cavity mode
ensures this condition.

After the microwave pulses, the laser is again switched on
for a time tp2 �that in general can be different from tp1� and
the atoms in levels �F=2�, which have been repopulated by
the couple of microwave pulses, are pumped again. The at-
oms experience then several of these alternating laser
pumping-microwave pulse cycles until an equilibrium situa-
tion is achieved. We point out that the level �F=1,mF=0� is
the only one not connected to the externally applied fields so
that the pumping scheme just described will concentrate the
atoms into it.

To evaluate the amount of atoms that can be transferred to
level �F=1,mF=0� in this way, we refer to the model devel-
oped in �16�. The following physics is included in the model:

�i� the full Zeeman manifold of the ground-state hyperfine
levels;

�ii� the dynamics induced by the relaxation phenomena in
the distribution of the atomic populations;

�iii� the absorption of the laser while propagating into the
cell; and

�iv� the spatial distribution of the electromagnetic field
inside the cavity.
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FIG. 1. Schematic setup for the multiple laser-microwave pump-
ing scheme.
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FIG. 2. �Color online� Multiple pumping sequence; �a� laser
pulse at the end of which the atoms are equally distributed among
the F=1 sublevels; �b� � microwave pulses to invert completely the
atomic populations between the connected levels.
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With respect to �16�, we add the interaction with the two
microwaves pulses. We study the effects of these physical
phenomena by considering the evolution of the density ma-
trix elements �̂. We report here the general system of equa-
tions we solved and we refer to �16� for an extensive discus-
sion of their validity,
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Here, we have the following:
�i� �ii �i=1–8� is the relative populations of the �i�th level;

the levels are numbered as in Fig. 2.
�ii� The microwave coherences are assumed to oscillate at

the frequencies 
m1 and 
m2 of the externally applied fields:
�17=	17e

i
m1t and �35=	35e
i
m2t.

�iii� D is the diffusion coefficient; �1c and �1se are the
population relaxation rates due to buffer gas and spin ex-
change collisions, respectively; and �� is the relaxation rate
of the excited state.

�iv� �p is the optical pumping rate proportional to the
laser intensity; it obeys the Maxwell equation for a laser field

amplitude while propagating in a medium of linear absorp-
tion coefficient � and length L.

�v� b̃e is the complex Rabi frequency associated to the
microwave pulses, where �e is an arbitrary phase. In the
definition of be we have made explicit the role of the spatial
variables, be being proportional to the TE011 eigenvector cav-
ity mode �x01� is the first root of the derivative of the Bessel
function J0�x� and a and d are the radius and the length of
the cavity�. be0 is the value of the Rabi frequency in the
center of the cell.

To write the previous set of equations we have exploited
the symmetry of the excitation scheme and of the atomic
level configuration that allows us to put �33=�11, �88=�44,
�55=�77, and 	35=	17 for each time, reducing the number of
independent equations.

We point out that due to the field distribution and to the
laser absorption, the atomic medium is not homogeneous.
This means that not all the atoms are actually submitted to �
pulses, in fact they will experience the microwave and laser
field intensity according to their position inside the cell.
However, according to the normalization of be, there will
exist an optimum value of the product be0tm that maximizes
the effect of population inversion averaged over the entire
cell: we call this value � equivalent ��eq�.

During the laser pumping phase, no microwave is applied
so that in the previous equations be=0 and, similarly, when
the atoms experience the microwave � pulses the laser
pumping rate �p is set to zero. The values assumed by the
density matrix elements at the end of each phase settle the
initial condition for the next step.

Figure 3 shows the calculated behavior of �22 resulting
from this multiple laser-microwave pumping scheme; in the
bottom part we have superimposed the relative pulse timing.
The figure refers to a working temperature of T0=36 °C,
corresponding to an atomic density of n	3
1010 cm−3; un-
der this condition the cell parameters have the following val-
ues �see �16��: D=8 cm2 /s, ��=3
109 s−1, �1se=18.5 s−1,
�2se=11 s−1, �1c=12 s−1, and �2c=102 s−1.

We observe that up to the 94% of population can be con-
centrated in this way into �2� for a �p=105 s−1. This value
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FIG. 3. �Color online� Calculated relative population of level �2�
versus the pumping time for two values of the laser pumping rate;
the bottom part of the figure shows the qualitative laser-microwave
pulses timing sequence.
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results as a consequence of two opposite effects. On one
hand, the multiple pumping scheme excites the atoms out of
all 2S1/2 levels except the desired one; the atoms that decay
into it are not involved in the pumping process and �22 be-
comes larger and larger. But as the populations of the de-
pleted levels become much smaller than 1/8, relaxation phe-
nomena tend to equilibrate the ground-state populations by
taking out mainly the atoms from �F=1,mF=0�; the laser is
no longer able to gain on relaxation and a balance between
pumping rate and relaxation effects is established.

III. RESULTS

To demonstrate the effectiveness of the total pumping
technique described so far, we apply it to a pulsed optically
pumped �POP� 87Rb passive maser. The experimental setup
is described in detail in �17�; we recall here only the main
elements. A diode laser is stabilized through an external 87Rb
reference cell to the 795 nm D1 line of 87Rb. The linearly
polarized laser beam is sent to the physics package com-
posed of a quartz cell and a high Q microwave cavity. At the
input of the cell the laser intensity is about 2 mW /cm2, cor-
responding to a pumping rate of �p	20 000 s−1. The cell
contains the 87Rb vapor and a mixture of buffer gases �Ar
and N2 in the pressure ratio of 1.6�. The total buffer gas
pressure is 25 Torr and the working temperature is 36.5 °C.
The sizes of the cell and of the cavity are those used for the
computations previously reported. A quantization magnetic
field of about 90 mG is applied to the atoms. To isolate the
atoms from the fluctuations of the environmental magnetic
field, the physics structure is placed inside two magnetic
shields made in mu metal. The two hyperfine transitions are
separated by �126 kHz from the central 0-0 transition.
These transitions are excited by means of two microwave
pulses generated with the electronics described in �18�. The
electronics is able as well to synchronize the different pump-
ing phases, switching properly on and off laser and micro-
wave; several sequences of alternating laser and microwave
pulses similar to that of Fig. 2 may be produced. In particu-
lar, a sequence of up to 20 laser pulses and 19 couples of
microwave pulses has been generated.

To prove the effectiveness of this pumping scheme, we
observe the free-induction decay power Pd as detected at the
cavity output after a � /2 pulse resonant with the �F=1,mF
=0�− �F=2,mF=0� clock transition �16�,

Pd � �

Va

�p�r,z�sin�be�r,z�tm�Haz�r,z�dv�2

, �2�

where Va is the cell volume, �p=�66−�22 is the population
difference reached at the end of the pumping phase, and Haz
is the magnetic longitudinal field eigenvector �16�. We then
use the direct link between Pd and �22 given by Eq. �2� to
compare the experimental results with the theoretical predic-
tions. We point out that the microwave pulse resonant with
the 0-0 transition is applied only for diagnosis and not for

pumping purposes.
Figure 4 shows the measured power of the free-induction

decay signal versus the number of laser pulses defining each
sequence.

We indicated in parenthesis the amount of population con-
centrated in �2� averaged over the volume of the cell, as
extrapolated from the solution of Eq. �1� and from Eq. �2�. In
particular, from Fig. 4�a� it turns out that we succeeded to
concentrate up to the 80% of the atomic population in the
desired level; each laser pulse for all the sequences is 1 ms
long. A little more can be obtained with laser pulses of 0.5
ms long, as shown in Fig. 4�b�, but in this case it is of course
necessary a much larger number of steps. For both figures,
each microwave pulse is 70 �s long.

Another interesting topic to be addressed concerns the
largest amount of atoms that can be placed in the desired
level maintaining nearly constant the pumping time. In some
applications it is in fact required to accumulate in one level
the largest number of atoms in the shortest time. This is, for
example, the case of pulsed vapor-cell clocks where it is
important to prepare the largest fraction of atoms in one of
the two clock levels, avoiding at the same time a significant
increase in the cycle operation time.
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FIG. 4. �a� Measured microwave output power versus the num-
ber of laser pulses; each laser pulse lasts tpi=1 ms; �b� the same of
�a� but for laser pulses of duration 0.5 ms each.
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Figure 5 shows the measured microwave output power
versus the number of laser pulses keeping the total optical
pumping time equal to tp=4 ms. In the case of n laser
pulses, the length of each pulse is tp /n. The measured power
has been normalized to the value obtained by a single laser
pulse of 4 ms. It turns out that with this multiple pumping
scheme it is possible to obtain a signal up to three times
larger than that achievable by a traditional optical pumping
realized with a single laser pulse. The squares refer to the
theoretical evaluation and are in very good agreement with
the experimental points.

To further prove the effectiveness of the technique here
described, we applied it to a POP clock prototype. The prin-
ciple of operation of the POP clock is composed of three
phases, as described in detail in �19�:

�i� a strong laser pulse pumps the atoms of �F=2,mF�
level, so that at the end of the laser pulse almost all the atoms
are equally distributed in the three ground-state sublevels
with F=1;

�ii� the atoms are then interrogated with two microwave
pulses resonant with the clock transition �F=1,mF=0�− �F
=2,mF=0� of length tm each, separated by a time T, accord-
ing to the well-established Ramsey scheme; and

�iii� finally, a detection window is enabled so that the
atoms that have made the clock transition are detected; in
particular, in our case, the clock transition is detected
through the free-induction decay signal observed after the
second microwave pulse.

The conventional optical pumping phase made with a
single laser pulse is replaced by the multistep technique here
described and we compare the clock performance in the two
situations. In particular, we measured the clock frequency
stability in terms of Allan standard deviation �1� that is a
significant parameter to characterize the performance of a
vapor-cell clock. All the other operation phases �interroga-
tion and detection of the clock transition� are identical in the
two cases, as well as the values of the working parameters.
The improvement of the clock stability due to the more effi-
cient pumping technique is clearly observed in Fig. 6. The
upper curve refers to a conventional optical pumping made
with a single laser pulse of 4 ms, while the lower curve refers

to a multistep optical-microwave pumping made with nine
laser pulses of duration 444 �s each.

We have also performed experiments at T0=64 °C ob-
taining again a good agreement between the theoretical pre-
dictions and the experimental results. In this case the gain
due to the multistep laser-microwave pumping technique is
lower than that obtained at T0=36.5 °C due to the increased
optical thickness of the atomic medium and to the increased
effect of the relaxation phenomena �mainly spin exchange�.
In a pumping scheme similar to that of Fig. 5, it is however
possible to concentrate up to 50% of the atomic population
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in the desired level and the output power increases by a
factor of 2 with respect to conventional optical pumping
made with a single laser pulse.

Our scheme works as well for a wide range of buffer gas
pressure. Increasing the buffer gas pressure requires an opti-
mization of the number of laser pulses and of their duration
in order to limit the effects of relaxation. Considering, for
example, our buffer gas at a pressure of 100 Torr, a numeri-
cal simulation shows that it is possible to obtain a relative
atomic population in the desired level of about 70% by using
15 laser pulses of duration 1.5 ms each and the same laser
intensity of Fig. 4.

We point out that the proposed pumping scheme can be
used to move the atoms in almost all the sublevels of the
ground state. For example, once transferred the atoms in �F
=1,mF=0�, a �-pulse resonant with the 0-0 transition can
move them in �F=2,mF=0�. Moreover, the microwave
pulses can be set as in Figs. 7�a� and 7�b�; in this case the
atomic population will concentrate, respectively, in levels
�F=1,mF=1� or �F=1,mF=−1�. Again, as done for the 0-0
transition, a further � pulse can move the atoms in �F
=2,mF=1� or �F=2,mF=−1�.

Incidentally, we recall that the density matrix can be ex-
pressed in terms of irreducible spherical tensor operators
�see, for example, �20��. In this formalism, the physical situ-
ation in which all the atoms are in a single sublevel corre-
sponds to a linear superposition of the spherical tensors of

rank k=1 �dipole polarization�, k=2 �spin alignment�, and
k=3 �octupole polarization�.

IV. CONCLUSION

In summary, in this paper we have demonstrated a multi-
step laser-microwave pumping technique to prepare a large
fraction of the ground-state 87Rb atoms in a single Zeeman
sublevel; in particular, we focused our discussion mainly on
the �F=1,mF=0� for its interest in the field of frequency
standards and we proved that the fractional population dif-
ference ���= ��66−�22� can be made as high as 0.6, resulting
in a better signal-to-noise ratio of the clock signal; a signifi-
cant improvement of the short-term frequency stability of the
clock is then observed.

Numerical calculations elaborated from our theoretical
model are in good agreement with the experimentally ob-
served behavior; we are therefore confident that with a more
powerful laser it is possible to concentrate up to 90% of the
atoms in one single Zeeman sublevel of the ground state of
87Rb. We point out that, of course, this method can be gen-
eralized to other atoms with I�3 /2, such as Cs or 85Rb; it is
only necessary to excite the atoms with a proper number of
microwave � pulses, leaving only the desired level un-
coupled to the externally applied fields. This technique, be-
sides being useful in atomic clocks, is of interest in all the
applications that benefit from having the large possible frac-
tion of atoms prepared in a well-defined quantum state, such
as quantum computing and quantum state storage.
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