
Pulsed optically pumped frequency standard

Aldo Godone, Salvatore Micalizio, and Filippo Levi
Istituto Elettrotecnico Nazionale Galileo Ferraris, Strada delle Cacce 91, 10135 Torino, Italy

(Received 18 December 2003; revised manuscript received 20 April 2004; published 19 August 2004)

We reconsider the idea of a pulsed optically pumped frequency standard conceived in the early 1960s to
eliminate the light-shift effect. The development of semiconductor lasers and of pulsed electronic techniques
for atomic fountains and new theoretical findings allow an implementation of this idea which may lead to a
frequency standard whose frequency stability is limited only by the thermal noise in the short term and by the
temperature drift in the long term. We shall also show both theoretically and experimentally the possibility of
doubling the atomic quality factor with respect to the classical Ramsey technique approach.
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I. INTRODUCTION

An increasing demand is observed for local oscillators
with high-frequency stability in the short and medium term
in different application fields such as radionavigation, tele-
communication, and high-resolution spectroscopy. Strong ef-
forts are then devoted to the development, among others, of
optically pumped frequency standards based on cells con-
taining vapors of alkali-metal atomss87Rb,133Csd due to
their simple physical operation, compactness, and reliability
[1]. In this framework, we intend to reconsider the idea of
pulsed optical pumping originally conceived by Alley[2] in
1960 and first applied to the field of frequency standards by
Arditi and Carver[3] in 1964. The development of semicon-
ductor lasers and of pulsed electronics for atomic fountains
together with new theoretical results allows a very promising
implementation of this idea that we examine in this paper
both theoretically and experimentally.

Before discussing in more detail the expected behavior of
a pulsed optically pumped(POP) frequency standard we dis-
cuss the main reasons this reproposal is based on.

In the rf-optical double-resonance approach of the tradi-
tional vapor cell frequency standards[4], the lamp or laser
instabilities are transferred to the clock signal due to the
simultaneous presence in time and in space of the optical
pumping, interrogation, and detection phases. In this case, in
fact, the atomic sample operates as a three-level system and
the coupling of the microwave and optical coherences leads
to various physical effects such as light shift, power shift,
etc., which impair the theoretical shot noise limit[5]. A par-
tial reduction of those problems has been achieved using the
more symmetricalL excitation scheme: the microwave clock
transition is observed through the electromagnetically in-
duced transparency(EIT) signal [6] or through the emission
profile of the coherent population trapping(CPT) maser
[7,8]. In this more recent class of passive oscillators the
physical effects which impair the frequency stability may be
compensated and/or reduced but not fully eliminated. In par-
ticular, it has been theoretically shown that the use of a
frequency-modulated laser spectrum with a proper modula-
tion index may lead to a cancellation of the amplitude or
frequency light shift[9]; the effectiveness of this technique
has been experimentally demonstrated even if a full compen-

sation may require a severe control of the modulation index.
In the POP operation the pumping, interrogation, and de-

tection phases are separated in time in such a way that during
the clock interrogation the atomic sample behaves as a pure
two-level system avoiding the coupling between microwave
and optical coherences. We shall consider in particular the
case of pulsed optical pumping performed by a semiconduc-
tor laser on a cell containing buffer gas, separated in time by
a Ramsey interaction scheme defined by a double microwave
pulse; the transition signal is then detected through the free-
induction decay observed via a high-Q microwave cavity at
the end of the second Ramsey pulse. This technique avoids
in principle the light-shift effect[10] and the noise conver-
sions from the laser to the clock signal. The microwave de-
tection allows us to reach the thermal noise limit without any
laser background signal and to obtain a higher atomic quality
factor Qa due to the direct detection of the induced micro-
wave coherence instead of the population inversion. In fact,
when the atoms are submitted top /2 Ramsey pulses, the
component of the Bloch vector related to the microwave co-
herence rotates at a double speed with respect to the compo-
nent related to the population inversion, as will be discussed
and proved in the paper. Finally, we shall also report an
evaluation of the short- and medium-term frequency stability
achievable in the case of a practical experimental setup.

II. THEORY

In this section we shall report first the basic equations
which describe the behavior of an optically pumped fre-
quency standard, taking into account tha cavity feedback and
the optical thickness of the atomic medium. The following
step aims to find the physical operating conditions required
to uncouple the optical pumping and the microwave interro-
gation process in order to avoid any time overlap between
the optical and microwave coherences.

In the last step we shall derive the theoretical expressions
describing the Ramsey pattern as observed through the opti-
cal transmitted signal or the free-induction decay signal at
the cavity output.

The theory developed in the following considers the sche-
matic setup shown in Fig. 1. The atomic medium is a low-
pressure vapor of87Rb contained in a quartz cell of lengthL
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with buffer gas placed in a microwave cavity operating in the
TE011 mode and tuned to the ground state hyperfine transi-
tion frequency. In the following we consider that the87Rb
atoms are optically pumped through a pulsed laser light
tuned to theD1 transition even if the theory here developed
holds for other alkali metals and for theD2 optical transition.
The atomic levels involved in the POP operation are shown
in Fig. 2 whereg1 and g2 are the relaxation rates of the
population difference and of the coherence of the ground-
state hyperfine levels,G* is the decay rate of the stateuml,
andD0 is the laser detuning with respect to the optical tran-
sition. The static quantization magnetic field is applied along
the z direction. The relaxation ratesg1,g2, andG* take into
account the interaction of the atomic vapor with the buffer
gas [4]; due to such an interaction, the atoms are localized
with respect to the wavelength of the microwave field. The
POP timing sequence, generated by the three electronic
switches(shown in Fig. 1), is indicated in Fig. 3 together
with the characteristic times involved in the operation. In
Fig. 3,vR is the optical Rabi frequency at the entrance of the
cell andbe the Rabi frequency related to the external micro-
wave signal applied to the cavity. A theoretical approach of
the POP system is reported in Ref.[11]; here we follow a
more complete theory developed in Ref.[12] for the CPT
frequency standards where the effect of the microwave cav-
ity is taken into account.

In the formalism of the ensemble-averaged density matrix
and in the rotating-wave approximation the following set of
equations holds:

Ḋ + Sg1 +
Gp

1 + d0
2DD = − 2beImse−ifedmm8d − 2Imsb̃i

*dmm8d

+
Gp

1 + d0
2 ,

ḋmm8 + Fg2 +
Gp

1 + d0
2 + iSVm +

Gpd0

1 + d0
2DGdmm8

= i
be

2
eifeD + i

b̃i

2
D,

] vR

] z
+

1

c

] vR

] t
= − a

vR

2G*

1 − D

1 + d0
2 ,

b̃istd = − 2ikeic 1

L
E

0

L

dmm8sz,tddz,

rmm=
Gp

G*

1 − D

1 + d0
2 . s1d

In system(1), D=rm8m8−rmm is the ground-state population
difference,d0=2D0/G* is the normalized laser detuning,Gp
=vR

2 /2G* is the longitudinal pumping rate,fe is an arbitrary
phase reference for the external microwave Rabi frequency

be, b̃i is the complex Rabi frequency associated with the
microwave field generated by the atomic ensemble,Vm=v0
−vmm8 is the microwave detuning,c is the speed of light in
vacuum, anda the linear absorption coefficient of the optical
radiation. Moreover,dmm8 is the slowly varying part of the
hyperfine coherence,c andk are the cavity detuning param-
eter and the number of microwave photons emitted by an
atom in 1 s, as defined in Ref.[8]:

k =
m0mB

2h8QLn

"s2I + 1d
,

c = 2QL
Dvc

vmm8
, s2d

wherem0 is the vacuum permeability,mB is the Bohr mag-
neton,h8 is the cavity filling factor defined in Ref.[7], QL is
the loaded cavity quality factor,I is the nuclear spin,n is the
atomic density, andDvc is the cavity detuning fromvmm8. In
Eq. (1), D ,dmm8, andvRsGpd are functions ofz and t in the
most general case. The system has been derived in the limit
of the adiabatic approximation for the optical coherences

sḋmm= ḋm8m=0d and under the following hypotheses well sat-
isfied in our experimental conditions:

vRsz,td ! G* for eachz and t,

FIG. 1. Schematic setup of the
POP frequency standard. AOM:
acousto-optic modulator.
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Vm ! G* , be ! G* . s3d

In this formalism the optical transmitted signal is propor-
tional tovR

2sz=Ld, the fluorescence signal atz is proportional
to rmmszd, and the free-induction decay at the cavity output
after the microwave excitation is[7,8]

Pastd =
1

2
"vmm8Na

ub̃istdu2

k
, s4d

whereNa is the number of atoms in the effective volumeVa
of the cell exposed to the laser fieldfNa=nVa/ s2I +1dg.

When the timing sequence of Fig. 3 is periodic, with pe-
riod Tc, it is important to avoid any time overlap between the
optical and microwave coherences in order to uncouple the
interrogation and the optical pumping phases as discussed in
Sec. I. The decay rate of the optical coherence is very fast, of
the order ofG* , while the decay rate of the hyperfine coher-
ence may be as slow asg2. In order to avoid long dead times
in the POP operation, the laser pulse must ensure not only a
sufficient population inversion between the two ground-state
levels but also a strong reduction of the residual microwave
coherence between one cycle and another. Having this goal
in mind, we evaluate the required intensity and duration of
the laser pulse in the following way: in the optical pumping
phasebe=0 and the feedback of the cavity on the atomic
system may be neglectedsk,0d, so that system(1) simpli-
fies as follows:

Ḋ + sg1 + GpdD = Gp,

ḋmm8 + fg2 + Gp + isVm + Gpd0dgdmm8 = 0,

] Gp

] z
= −

a

G* Gps1 − Dd, s5d

where we have assumedd0!1. In our typical experimental
situation]Gp/ sc ] td!]Gp/]z and has been omitted in Eqs.
(5). The solution of the second differential equation is
straightforward:

dmm8sz,tpd = dmm8sz,0
+de−sg2+GpdtpeisVm+Gpd0dtp for eachz,

s6d

t=0+ being the beginning of the laser pulse andtp its dura-
tion.

From Eq.(6) it turns out that a residual microwave coher-
ence att=0+ is reduced by the laser pulse by a factore−Gptp

and the same holds for the light-shift contributionGpd0
present in the rotating term. The following condition must
then be satisfied:

Gpszdtp @ 1 for all z. s7d

Due to the absorption of the atomic medium,Gpszd is a de-
creasing function ofz, so that the condition(7) implies

GpsLdtp @ 1. s8d

The first and third equations of system(5) in steady-state
conditions give

ln
GpsLd
Gps0d

+
1

g1
fGpsLd − Gps0dg = − z, s9d

wherez=aL /G* is the optical length of the cell. In the typi-
cal case of interest,z.1, the logarithmic term in Eq.(9) can
be omitted so that the condition(8) becomes

Gps0d @ zg1 +
1

tp
. s10d

Under this condition the optical pumping and the interroga-
tion phases are really separated and the atomic sample be-
haves as a two-level system in both phases.

The atom-microwave interaction during the first Ramsey
pulse is described by the simplified system of equations:

Ḋ = 2beRedmm8,

ḋmm8 = − iVmdmm8 −
be

2
D, s11d

which has been obtained by Eq.(1) (with fe=p /2) taking
into account the following.

(i) In this phase the laser is offsGp=0d.

FIG. 2. Three-level system considered in the text.

FIG. 3. POP timing sequence:Tc, cycle period;tp, optical pump-
ing time; t1, Rabi time;T, Ramsey time;td, detection time.
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(ii ) t1!g1
−1 and t1!g2

−1 so that the decay rates may be
neglected during the microwave pulse.

(iii ) The feedback of the cavity on the atoms is negligible
sbe@ ub̃iud.

The solution of system(11) can be written in the compact
form [4]

Rstd = MIstd 3 Rs0d, s12d

whereRstd is the Bloch vector defined as

Rstd = 1Redmm8std

Imdmm8std

Dstd
2 . s13d

HereRs0d is the Bloch vector att=0 (beginning of the mi-
crowave pulse) and MIstd is the interaction matrixsj2=be

2

+Vm
2d:

MIstd =1
cosjt

Vm

j
sinjt −

be

2j
sinjt

−
Vm

j
sinjt

1

j2sbe
2 + Vm

2cosjtd
Vmbe

2j2 s1 − cosjtd

2be

j
sinjt

2Vmbe

j2 s1 − cosjtd
1

j2sVm
2 + be

2cosjtd
2 . s14d

The free decay region between the two microwave pulses is
described by the following system obtained from Eqs.(1)
with vR=0 andbe=0:

Ḋ + g1D = − 2Imsb̃i
*dmm8d ,

ḋmm8 + sg2 + iVmddmm8 = i
b̃i

2
D,

b̃istd = − 2ikeic 1

L
E

0

L

dmm8sz,tddz= − 2ikeicdmm8. s15d

In the last equation we disregard the space dependence of
dmm8 because a full optical pumping has been assumed at
eachz via Eq. (10).

In the practical casec!1 and the system(15) then be-
comes

Ḋ + g1D = − 4kudmm8u
2,

ḋmm8 + sg2 + iVmddmm8 = ks1 + icdDdmm8. s16d

At the moment we neglect the cavity feedback on the atoms
sk!g2d mainly responsible for the cavity-pulling effect that
we shall consider later on; in this case the solution of system
(16) is given by the following decay matrixMDstd:

MDstd = 1 e−g2tcosVmt e−g2tsinVmt 0

− e−g2tsinVmt e−g2tcosVmt 0

0 0 e−g1t2 . s17d

The Ramsey interaction is then simply described by the fol-
lowing matrix product:

Rst0d = MIst1d 3 MDsTd 3 MIst1d 3 Rs0d, s18d

wheret=0 corresponds to the beginning of the first pulse and
t0 to the end of the second pulse. In Figs. 4 and 5, Ramsey
patterns are reported as obtained from Eq.(18) when Rs0d
=s0,0,1d for the optical signal(a) and for the free-induced
decay signal(b) at the end of the second microwave pulse.

In Fig. 4, u=jt1=p /8, while in Fig. 5, u=p /2; in the
second case the central Ramsey fringes observed through the
free-induced decay show an oscillation period doubled with
respect to the optical signal which leads to a doubled atomic
quality factorQa. This is the main reason why we choose to
detect the hyperfine transition through the microwave signal
instead of the more common optical transmitted signal. This
very interesting feature may be easily derived from the ana-
lytic expressions describing the central Ramsey fringe; in
fact, developing Eq.(18) with Vm=0 only in the interaction
matrix and withu=p /2 we obtain, whent1!T,

D = − e−g2TcosVmT,

udmm8u
2 =

1

4
e−2g2Tsin2VmT, s19d

and for the corresponding full widths at half maximum,

Dv1/2 = p/T optical detection,

Dv1/2 = p/2T microwave detection. s20d

A physical interpretation of this behavior may be readily
given in terms of Bloch’s vectors. In fact, it is well known
that any magnetic resonance experiment involving a two-
level atom can be interpreted as a rotating fictitious 1/2 spin
[13]. In particular, in our case the system is described by the
equation[see Eq.(11)]
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d

dt
rWstd = rWstd ∧ BW , s21d

where therWstd and BW are defined in Eq.(22) and shown in
Fig. 6:

rWstd = 12Redmm8std

2Imdmm8std

Dstd
2, BW = 1 0

be

Vm

2 . s22d

To write Eq.(21) we neglect the decays of the coherence
and of the population inversion also in the free evolution
phase, since they introduce only a damping factor without
affecting the main physical behavior of the atomic system.

Figure 7 shows the evolution of the fictitious spin submit-
ted to the Ramsey interaction scheme foru=p /2 and for
different microwave detunings. We suppose that the laser
pulse performs a complete inversion of the ground-state
population, so that at the initial instantrW=s0,0,1d. During
the first Ramsey pulse, the effective magnetic field is di-
rected along they axis, assuming the conditionuVmu!be,
well satisfied for the central fringe of the Ramsey pattern.

The spin then rotates around they axis with a rotation angle
of u=p /2. In the free evolution phase,be=0 and the spin
processes around thez axis which supports the effective
magnetic field equal toVm. The rotation angle isVmT, where
T is, as usual, the Ramsey time. During the second Ramsey
pulse, the spin makes again a rotation ofu=p /2 around the
y axis. From column(c) of Fig. 7 it is possible to observe
that while the population(projection of the Bloch vector on
the z axis) evolves from −1 to 1, half a cycle, the coherence
(projection on thex-y plane) has already performed an entire
cycle, evolving from 0 to its maximum value to 0 again. This
behavior is fully described by Eqs.(19) which express the
central Ramsey fringe ofD and udmm8u

2, respectively. There-
fore, for p /2 pulses, the free-induced decay signal
s~udmm8u

2d shows an atomic quality factor that is twice that
observed in the optical signals~Dd.

Relations(19) and (20) give the line shape and width of
the response of the POP atomic system when Eq.(10) is
satisfied; in this ideal case the atomic response is fully un-
coupled from the laser parameters and no laser noise contri-
bution is transferred to the microwave output signal. In prac-
tice a residual light-shift effect will still remain due to the
finite laser intensity as well as a cavity pulling effect due to
the feedback of the microwave cavity on the atomic sample,
disregarded in the derivation of Eq.(17). We shall evaluate
both these effects in the following sections.

III. RESIDUAL LIGHT SHIFT

It is clear from Eq.(6) that the laser pulse strongly de-
stroys any residual hyperfine coherence before a new cycle
starts up, avoiding in this way any “phase memory”[11]
among consecutive cycles, and then the light shift. This ideal
condition is reached in the limit of an arbitrary large laser
intensity; in practice a residual light shift remains depending
on how strongly the inequality(10) is satisfied.

The central Ramsey fringe, observed for example in the
population differenceDsVmd, obtained from Eq.(18) for u
=p /2 and with general initial conditions, is given by

DsVmdt=T = e−g2Th2Imdmm8s0dsinVmT − Ds0dcosVmTj,

s23d

whose maximum is shifted from the hyperfine frequency of

Dv

vmm8
= −

1

pQa
arctan

2Imdmm8s0d

Ds0d
, s24d

where Qa=vmm8 /Dv1/2 is the quality factor of the central
Ramsey fringe. When the inequality(10) is satisfied we have
Imdmm8s0d!1 andDs0d,1 so that Eq.(24) gives

Dv

vmm8
= −

2

pQa
Imdmm8s0d. s25d

Equation(25) gives the expected residual light shift in terms
of the residual coherence at the beginning of the first Ramsey
pulse of a generic cycle. By solving Eqs.(6) and(18) with a
recursive numerical approach, we evaluate the residual light
shift in practical experimental conditions as reported in Figs.

FIG. 4. Computed fringes corresponding tog1=g2

=200 s−1,D0=0,t1=200ms,T=1 ms, andu=p /8. (a) Optical sig-
nal and(b) free-induced decay signal.
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8 and 9. The absolute frequency shift of the central Ramsey
fringe is shown in Fig. 8 versus the laser detuningD0/2p,
while the frequency shift versus the microwave pulse area
u=bet1 is reported in Fig. 9 for two different laser pumping
rates.

When the laser intensity is increased, the reduction of the
shift is evident as expected from Eqs.(6) and(25); moreover,
for u,p /2 the residual light shift may be fully eliminated.
The POP approach is free of the light-shift effect at a very
high degree if compared with the rf and optical pumping
approach and then no conversion of the laser noise into the
microwave signal has to be expected provided inequality
(10) is satisfied andp /2 pulses are used.

IV. CAVITY PULLING

The cavity-pulling effect is due to the feedback of the
microwave cavity on the atomic sample mainly during the
free decay timeT between the two Ramsey pulses. In fact
during that time the atoms are perturbed only by the electro-

magnetic field excited in the cavity by the hyperfine coher-
ence whose decay time constantg2

−1 is of the same order of
magnitude ofT.

A cavity detuningDvc induces a dephasing in the free
time evolution of the coherencedmm8 which leads to a shift of
the observed central Ramsey fringe from the hyperfine tran-
sition frequency. To evaluate the cavity pulling effect in Eq.
(18), we must use the decay matrixMDsTd obtained by the
solution of Eq.(16) without neglecting the coupling terms.

FIG. 6. (a) Components of the effective magnetic field and(b)
components of the fictitious spin.

FIG. 5. Computed Ramsey fringes. Same pa-
rameters as in Fig. 4 butu=p /2.
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The following analytical solution may be found for the cav-
ity pulling of the central Ramsey fringe(see the Appendix):

Dv = −
c

T
lnHcoshF k

g
s1 − e−gTdG

+ cosu sinhF k

g
s1 − e−gTdGJ , s26d

whereg=g1,g2 is a condition typical for the alkali-metal
vapors in buffer gas at the usual operating temperatures. A
numerical evaluation of Eq.(26) is reported in Fig. 10 where
the cavity-pulling shift is shown versusgT for different val-
ues of the parameterk8=k/g and foru=p /2.

WhengT@1,Dv~T−1~Qa
−1, this behavior is well known

in the field of atomic frequency standards[4]; for gT!1 we
haveDv~Qa, due to the fact that in this case the increase of
the atom-cavity interaction time gives the main contribution.

Of particular interest is the behavior of the cavity pulling
versus the pulse areau shown in Fig. 11: a valueu=u0 exists

which cancels the effect. This value is given by the following
relation easily obtained from Eq.(26):

u0 = p − arccosStanhF k

2g
s1 − e−gTdGD . s27d

A value of u0 not far fromp /2 may be a useful trade-off
to minimize both the residual light shift and the cavity-
pulling effect and this fixes the optimal operating range fork
as can be seen from Fig. 9 and from Eq.(27). It is interesting
to note that the elimination of the cavity-pulling effect, or at
least its strong reduction, is made possible in the POP opera-
tion by the Ramsey interaction technique instead of the Rabi
one typically used in cell frequency standards.

V. FREQUENCY STABILITY

We have seen in Sec. III that under suitable operating
conditions the transfer of laser fluctuations to the output sig-
nal can be made unimportant, so that the short-term fre-

FIG. 7. Ramsey interaction in terms of fictitious spin foru
=p /2 and for different microwave detuningsVm. (a) First Ramsey
pulse(rotation ofu aroundy axis), (b) free evolution phase(rotation
of VmT aroundz axis), and(c) second Ramsey pulse(rotation ofu
around y axis). The first row corresponds to the resonancesVm

=0d and the spin does not rotate during the free evolution phase.
Column (c) gives the state of the atomic system after the second
Ramsey pulse. WhileD (projection on thez axis) evolves from −1
to 1, the absolute value of the coherence(projection on thex-y
plane) performs a complete cycle, starting from 0, forVm=0, and
reaching its maximum forVmT=p /2 whereD=0.

FIG. 8. Computed residual light shift versus the optical detuning
D0: Gp=10 000 s−1, tp=0.5 ms,g1=g2=200 s−1, t1=0.2 ms, and
T=1 ms. Circles:bet1=12p /25. Squares:bet1=p /4.

FIG. 9. Computed frequency shift versus the microwave pulse
area for two different values of the pumping rate. Square:Gp

=5000 s−1. Circle: Gp=10 000 s−1. D0/2p=1 MHz.
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quency stability of the POP standard is limited in principle
only by the thermal detection noise and by the microwave
synthesizer noise. As regards the medium term stability
st.1000 sd, we have seen in Sec. IV that the cavity-pulling
effect can be strongly reduced with a proper choice ofu, so
that the main instability source is expected to be the tempera-
ture coefficient of the buffer gas, which may be reduced
through a proper mixture of different buffer gases and with
an adequate temperature control. It is then interesting to find
now the theoretical stability limit due to the thermal detec-
tion noise. We assume an additive Gaussian noise at the out-
put of the microwave cavity with white spectral power den-
sity Snsvd given by

Snsvd = FkBT0, s28d

whereF is a noise figure which accounts for the noise of the
heterodyne receiver,kB is the Boltzman constant, andT0 the
temperature of the detection system. The variance of the
thermal noise sampled by the detection window is

sn
2 =E

−`

+`

uHsvdu2Snsvddv =
2p

td
FkBT0, s29d

whereHsvd=ssinvtd/2d / svtd/2d is the Fourier transform of
the rectangular detection window.

We also assume that the error signal required to lock the
microwave generator to the central Ramsey fringe is ob-
tained through a square-wave modulation of periodTm
=2Tc, applied to the generator itself. In this case the POP
standard operation is very similar to that of an atomic foun-
tain, but with a signal-to-noise ratio in the 1-Hz bandwidth
given byÎPd/sn

2, wherePd is the power at the cavity output
averaged over the detection window andsn

2 is given by Eq.
(29). The frequency standard deviation can then be written as
[14]

systd =
Î2p

Qa

ÎFkBT0

Pd
ÎTc

td
t−1/2, s30d

wheret is the measurement time. To improve the frequency
stability, Eq.(30) mainly requires one to maximize the prod-

uct Qa
ÎPdtd/Tc; in typical operating conditions it may be

easily found:

maxsQa
ÎPdtd/Tcd ⇒ gT = 0.7 – 0.8. s31d

The condition(31) for maximum stability implies also maxi-
mum cavity-pulling shift(Fig. 8) so that it becomes manda-
tory to operate withu.u0 [Eq. (27)].

For a numerical estimation of the short-term stability fore-
seen by Eq.(30), we consider the case of87Rb operating at
T=60 °C. For a cell of lengthL=40 mm and diameter 2R
=40 mm with 2000 Pa(15 Torr) of buffer gases(N2 and Ar)
we haveg1,g2=200 s−1 andG* =1.93109 s−1. Considering
the timing sequenceT,g2

−1=4 ms, td=4 ms, tp=2 ms, and
t1=0.5 ms we haveTc=11 ms andQa=1.13108. Moreover,
with a cavity operating in the TE011 modesh8QL,4000d the
output power isPd=100 pW. Equation(30) gives, for the
above example,

systd = 2.83 10−13t−1/2, s32d

a stability limit not far from the typical performances of
H-masers, at least in the short-term period.

Residual light shift and cavity pulling are expected not to
impair the predicted short-term stability as will be shown in
the next section on the basis of the experimental results.

VI. EXPERIMENTAL RESULTS

In this section we report the experimental Ramsey pattern
observed in the free-induction decay signal at the end of the
second microwave pulse, showing the expected doubling of
the atomic quality factor. The residual light shift and cavity
pulling will be also reported, showing the agreement of their
behavior with theoretical predictions.

With reference to Fig. 1, we use an aluminum cavity op-
erating in the TE011 mode and a quartz cell containing87Rb
vapor (98%) and a mixture of buffer gases(Ar and N2) at a
total pressure of 3300 Pa(25 Torr). At the operating tempera-
ture T0=63 °C for our cell(lengthL=18 mm, diameter 2R
=32 mm) we haveG* =33109 s−1,g1,g2,350 s−1,n,4
31011/cm3, andz=4.5. The loaded quality factor of the cav-

FIG. 10. Numerical evaluation of the cavity pulling as a func-
tion of gT: u=p /2 ,g1=g2=g, andk8=k/g. FIG. 11. Calculated cavity pulling versus the microwave pulse

area:gT=1.
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ity is QL=17 000 and the filling factor ish8=0.4.
The laser is tuned to theu5 2S1/2,F=1l→ u5 2P1/2,F

=2l D1 optical transition of87Rb; it is linearly polarized and
with the longitudinal quantization static magnetic field it ex-
cites thes± transitions, performing a complete depletion of
the u5 2S1/2,F=1l ground-state sublevel through optical
pumping. Its power density at the cell entrance is
0.5 mW/cm2, corresponding to a longitudinal pumping rate
Gps0d=12 000 s−1.

In the experiments we usetp=2 ms, t1=200ms, and
2.5 ms,T,3.5 ms. The condition(10) requires Gps0d
@2000 s−1 and is satisfied in our case.

The microwave power required to achievep /2 pulses is
of the order of 100 nW. The heterodyne detector is a spec-
trum analyzer operating in the video mode and synchronized
to the timing pattern.

A typical cavity output signal is shown in Fig. 12; the
free-induction decays~udmm8u

2d is observed between the two
Ramsey pulses and in the detection region between the sec-
ond microwave pulse and the laser pulse. A reduction in this
case of 20 dB of the microwave coherence may be also ob-
served during the laser pulse and before a new cycle starts
up.

The amplitude of the central Ramsey fringes observed at
the end of the second microwave pulse is shown in Fig. 13
versus the detuningVm /2p for u=p /8 andu=p /2. The the-
oretical predictions of Figs. 4 and 5 are clearly confirmed by
the experimental curves; the fringe linewidths fully agree
with relations(20) and, in the case ofp /2 pulses, the ob-
served quality factor isQa=13108. The frequency shift be-
tween the two curves is mainly due to the residual light shift
in the lower curve,u=p /8 being very far from the optimal
value, as found in Sec. III.

The output power at the end of the second pulse isPd
=1 pW and the signal-to-noise ratio isRS/N=104 in the 1-Hz
bandwidth. An increase of 20 dB inPd, corresponding to an
increase of an order of magnitude ofRS/N, is expected for a

cell with optimized geometrical dimensions, allowing us to
reach the stability limit reported in Eq.(32).

Ramsey fringes have also been observed in the transmit-
ted optical signal; in this case no doubling of the quality
factor is present and the linewidth is given by the well-
known relationDn1/2=1/2T [15].

To measure the residual light shift we lock the laser fre-
quency to theD1 line through the saturated absorption signal
observed in an external cell containing87Rb and then we
lock the synthesizer quartz frequency(10 MHz) to the cen-
tral Ramsey fringe detected via the transmitted optical signal.

In Fig. 14 we report the measured frequency shift of the
clock transition due to a laser frequency change of 10 MHz
as a function of laser intensity for different values ofu (the
fine-tuning of the laser is performed by an acousto-optic
modulator).

The experimental data show that(i) the light shift de-
creases when the laser intensity increases due to the higher
rate of coherence destruction and(ii ) a value of u exists

FIG. 12. Atomic coherence evolution observed at the cavity
output versus time. The spectrum analyzer resolution bandwidth is
30 kHz, the video bandwidth is 30 kHz, and the center frequency is
6.834 686 670 GHz. The microwave detuning isVm /2p=10 Hz
and T=2.5 ms. We superimposed in this figure the laser pulse to
make more evident the coherence destruction.

FIG. 13. Ramsey fringes observed in the free-induction decay
signal. Squares:u=p /2. Circles:u=p /8. T=3.5 ms.

FIG. 14. Differential frequency shift of the POP versus the laser
intensity for different values ofu. Circles: u=0.8p /2. Down tri-
angles:u=0.63p /2. Up triangles:u=0.5p /2. The maximum laser
intensity is 0.5 mW/cm2. T=3.5 ms.
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which significantly reduces the light-shift contribution at any
laser intensity.

The experimental optimum value turns outuexpt=0.7p /2
lower than the theoretical valueuth=p /2; this difference is
due to the spatial distribution of the TE011 mode inside the
cavity: the real microwave field coupled to the atoms de-
pends on their position inside the cell, whereas in the theo-
retical analysis the microwave Rabi frequency has been as-
sumed position independent.

Anyway, with a laser intensity of 0.7 mW/cm2 and a mi-
crowave power corresponding tou=0.7p /2 we have mea-
sured the relative variation of the POP frequency versus the
laser frequency deviation to bes1.6±0.5d310−13/MHz. This
value is lower by at least three orders of magnitude when
compared to the case of the traditional approach[4].

In the same experimental setup we have also measured
the cavity-pulling shift; in our case the gain factor isk
=450 s−1. In Fig. 15 we report the measured frequency shift
versusu for three different values of the cavity detuning
parameterc. Around u0.0.9p /2 the output frequency
hardly depends on the cavity detuning as expected from the
theoretical computations. In the experimental conditions
(k/g.1.3 andgT.0.7) Eq. (27) yields u0=1.2p /2, higher
than the experimental value for the same reasons already
discussed in the case of the light shift. The preliminary re-
sults reported in this section prove the theoretical predic-
tions: the possibility of(a) doubling the atomic quality fac-
tor, (b) reducing by several orders of magnitude the light
shift, and(c) eliminating the cavity pulling. In particular the
residual light-shift effect may be further reduced, increasing
the laser intensity by a factor of 2 or 3 and with a proper
stabilization of the laser frequency so that the short-term sta-
bility limit reported in Eq.(32) may practically be achieved.

VII. CONCLUSIONS

We have examined in this paper the scheme of pulsed
optical pumping applied to gas cell frequency standards. Un-
der suitable operating conditions the system approaches the
two-level scheme; moreover, the detection of the free-
induced decay signal, instead of the more common optical
transmission one, together with a Ramsey-type interaction to
observe the hyperfine transition, lead to the following advan-
tages:(a) no laser background signal is present in the atomic
response,(b) the atomic line quality factor is increased by a
factor of 2 with respect to the traditional approaches,(c) the
light-shift effect may be canceled, and(d) the cavity-pulling
effect may be strongly reduced. The resulting short-term fre-
quency stability is limited by the system thermal noise only,
while the medium-term frequency stability is limited by the
buffer-gas temperature coefficient. The preliminary experi-
mental results reported in Sec. VI confirm the main theoret-
ical expectations. These features make then the POP fre-
quency standard extremely attractive, especially in those
fields where a simple and reliable implementation is re-
quired, such as space applications.

APPENDIX

We are looking for the general solutions of the system
(16). The initial conditions are given by the Bloch vector at

the end of the first microwave pulsest=0+d; when Eq.(10) is
satisfied and neglecting the Rabi pedestal, we have, from Eq.
(14),

dmm8s0
+d = −

1

2
sinu,

Ds0+d = cosu. sA1d

It is usual at this point to write the hyperfine coherence in the
form

dmm8std = Mstdeiwstd, t . 0. sA2d

System(16) becomes

Ḋstd + g1Dstd = − 4kM2std,

Ṁstd + g2Mstd = kMstdDsTd,

ẇstd + Vm = kcDstd, sA3d

and the initial conditions(A1) become

Ds0d = cosu,

Ms0d =
1

2
usinuu,

ws0d = Hp when sinu . 0,

0 when sinu , 0.
J sA4d

The first two differential equations of Eqs.(A3) are coupled
while the third one can be directly integrated as follows:

wstd = ws0d − Vmt + kcE
0

t

Dst8ddt8, sA5d

which clearly shows the time-dependent contribution of the
cavity detuning to the phase evolution of the coherence(cav-

FIG. 15. Cavity pulling versus the microwave pulse areau in
units of p /2. Triangles:c= +0.69. Squares:c=−0.05. Circles:c
=−0.69.T=3.5 ms.
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ity pulling). Analytical solutions forDstd andMstd with ini-
tial conditions(A4) are found, wheng1=g2=g, with the aid
of the substitutionMstd=Ae−gtsechfystdg; their expressions
are

Dstd = − e−gttanhF k

g
s1 − e−gtd − tanh−1cosuG ,

Mstd =
1

2
e−gtsechF k

g
s1 − e−gtd − tanh−1cosuG . sA6d

Inserting the first of Eqs.(A6) in Eq. (A5) we have

wstd = ws0d − Vmt − c lnHusinuucoshF k

g
s1 − e−gtd

− tanh−1cosuGJ . sA7d

At the end of the decay timet=T the frequency shift due to
the cavity pulling is from Eq.(A7):

Dv = −
c

T
lnHusinuucoshF k

g
s1 − e−gTd − tanh−1cosuGJ ,

sA8d

which is equivalent to Eq.(26).
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