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Pulsed optically pumped frequency standard
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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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[. INTRODUCTION sation may require a severe control of the modulation index.
In the POP operation the pumping, interrogation, and de-
An increasing demand is observed for local oscillatorstection phases are separated in time in such a way that during
with high-frequency stability in the short and medium termthe clock interrogation the atomic sample behaves as a pure
in different application fields such as radionavigation, tele-two-level system avoiding the coupling between microwave
communication, and high-resolution spectroscopy. Strong efand optical coherences. We shall consider in particular the
forts are then devoted to the development, among others, @fase of pulsed optical pumping performed by a semiconduc-
optically pumped frequency standards based on cells corier laser on a cell containing buffer gas, separated in time by
taining vapors of alkali-metal atom€’Rb,®**Cs) due to a Ramsey interaction scheme defined by a double microwave
their simple physical operation, compactness, and reliabilitpulse; the transition signal is then detected through the free-
[1]. In this framework, we intend to reconsider the idea ofinduction decay observed via a highmicrowave cavity at
pulsed optical pumping originally conceived by All§g] in  the end of the second Ramsey pulse. This technique avoids
1960 and first applied to the field of frequency standards byn principle the light-shift effec{10] and the noise conver-
Arditi and Carver[3] in 1964. The development of semicon- sions from the laser to the clock signal. The microwave de-
ductor lasers and of pulsed electronics for atomic fountaingection allows us to reach the thermal noise limit without any
together with new theoretical results allows a very promisingaser background signal and to obtain a higher atomic quality
implementation of this idea that we examine in this papeifactor Q, due to the direct detection of the induced micro-
both theoretically and experimentally. wave coherence instead of the population inversion. In fact,
Before discussing in more detail the expected behavior ovhen the atoms are submitted t6/2 Ramsey pulses, the
a pulsed optically pumpedOP frequency standard we dis- component of the Bloch vector related to the microwave co-
cuss the main reasons this reproposal is based on. herence rotates at a double speed with respect to the compo-
In the rf-optical double-resonance approach of the tradinent related to the population inversion, as will be discussed
tional vapor cell frequency standarf#], the lamp or laser and proved in the paper. Finally, we shall also report an
instabilities are transferred to the clock signal due to theevaluation of the short- and medium-term frequency stability
simultaneous presence in time and in space of the opticaichievable in the case of a practical experimental setup.
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, In this section we shall report first the basic equations
etc., which impair the theoretical shot noise lirfd{. A par-  which describe the behavior of an optically pumped fre-
tial reduction of those problems has been achieved using thguency standard, taking into account tha cavity feedback and
more symmetrical excitation scheme: the microwave clock the optical thickness of the atomic medium. The following
transition is observed through the electromagnetically instep aims to find the physical operating conditions required
duced transparend§IT) signal[6] or through the emission to uncouple the optical pumping and the microwave interro-
profile of the coherent population trappin@€PT) maser gation process in order to avoid any time overlap between
[7,8]. In this more recent class of passive oscillators thethe optical and microwave coherences.
physical effects which impair the frequency stability may be In the last step we shall derive the theoretical expressions
compensated and/or reduced but not fully eliminated. In pareescribing the Ramsey pattern as observed through the opti-
ticular, it has been theoretically shown that the use of aal transmitted signal or the free-induction decay signal at
frequency-modulated laser spectrum with a proper modulathe cavity output.
tion index may lead to a cancellation of the amplitude or The theory developed in the following considers the sche-
frequency light shift{9]; the effectiveness of this technique matic setup shown in Fig. 1. The atomic medium is a low-
has been experimentally demonstrated even if a full compempressure vapor 6f'Rb contained in a quartz cell of length
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with buffer gas placed in a microwave cavity operating in the dwr 1dwg wg 1-A
TEp11 mode and tuned to the ground state hyperfine transi- 9z +E at Yo 1+

tion frequency. In the following we consider that tA&b

atoms are optically pumped through a pulsed laser light

tuned to theD, transition even if the theory here developed ~ o1t

holds for other alkali metals and for ti, optical transition. bi(t) = - 2|ke'¢[f Suw (z1)dz,

The atomic levels involved in the POP operation are shown 0

in Fig. 2 wherey, and y, are the relaxation rates of the

population difference and of the coherence of the ground- r.1-A

state hyperfine leveld,” is the decay rate of the staje), Pmm= = : 1)

and A, is the laser detuning with respect to the optical tran- "1+
sition. The static quantization magnetic field is applied alon _ _ : .
the z direction. The relaxation rateg,,y,, andI"* take into An system(1) A=pyru0 =Py 1S the ground-state population

account the interaction of the atomic vapor with the buﬁerd'ﬁgrenfg’(s‘):%o/ F IS the norm_allzed Ias_er detunl_nﬁp
Twi/ 21" is the longitudinal pumping ratef, is an arbitrary

gas|[4]; due to such an interaction, the atoms are localized 4 .
with respect to the wavelength of the microwave field. Thephafe reference for the external microwave Rabi frequency
POP timing sequence, generated by the three electronf: bi is the complex Rabi frequency associated with the
switches(shown in Fig. 3, is indicated in Fig. 3 together Microwave field generated by the atomic ensemflgs wy
with the characteristic times involved in the operation. In~ @, IS the microwave detuning; is the speed of light in
Fig. 3, wg is the optical Rabi frequency at the entrance of thevacuum, andr the linear absorption coefficient of the optical
cell andb, the Rabi frequency related to the external micro-radiation. Moreoverg,,. is the slowly varying part of the
wave signal applied to the cavity. A theoretical approach ofhyperfine coherence) andk are the cavity detuning param-
the POP system is reported in R¢t1]; here we follow a  eter and the number of microwave photons emitted by an
more complete theory developed in Rgf2] for the CPT atomin 1 s, as defined in R€B]:
frequency standards where the effect of the microwave cav-
ity is taken into account. B ,uo,uén’QLn

In the formalism of the ensemble-averaged density matrix T a21+1)
and in the rotating-wave approximation the following set of
equations holds:

Aw,

‘//: 2QL ’ (2)
) r . _ Opp/
A+ ('y + —P—)A =-2bJm(e%s5,,.) - 2Im(b; 8,/
Y1+ ¢ i e where u, is the vacuum permeability,g is the Bohr mag-
r neton,#’ is the cavity filling factor defined in Ref7], Q, is
+—2 the loaded cavity quality factok,is the nuclear spim is the

1+65

atomic density, and w, is the cavity detuning fronm,, ... In
Ed. (1), A, 8,,, andwg(I'y) are functions ofz andt in the
most general case. The system has been derived in the limit
: of the adiabatic approximation for the optical coherences
5 , + ,yz + _FL + | Q + M 5 , . . pp ) p
Ll 1+ 53 LA e 53 el (8,m=6,,m=0) and under the following hypotheses well sat-
- isfied in our experimental conditions:
be . b,
=i—d%A+i—A, .
2 2 wr(z,t) <" for eachz andt,
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FIG. 2. Three-level system considered in the text.

o

Detection window — — by

Q,<TI", be<<I". (3)

In this formalism the optical transmitted signal is propor-
tional to wﬁ(z: L), the fluorescence signal ats proportional Time
to pmn(2), and the free-induction decay at the cavity output
after the microwave excitation {g,8]

bi(t)[?
| Ik | ' (4) From Eq.(6) it turns out that a residual microwave coher-
ence att=0" is reduced by the laser pulse by a factofrl

whereN, is the number of atoms in the effective voludg  and the same holds for the light-shift contributidhys,

of the cell exposed to the laser figl,=nV,/(21+1)]. present in the rotating term. The following condition must
When the timing sequence of Fig. 3 is periodic, with pe-then be satisfied:

riod T, it is important to avoid any time overlap between the

optical and microwave coherences in order to uncouple the Ip@t,>1 forallz. ()

interrogation and the optical pumping phases as discussed e to the absorption of the atomic mediufiy(2) is a de-

Sec. |. The decay rate of the optical coherence is very fast, Gfeasing function of, so that the conditioxi7) implies
the order ofl™, while the decay rate of the hyperfine coher-

ence may be as slow as. In order to avoid long dead times Fp(Lty> 1. (8)
in the POP operation, the laser pulse must ensure not only_iah
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 r) 1

in mind, we evaluate the required intensity and duration of |nfp(—0) +—[I'y(L) - Tp(0)]=-¢, (9)
the laser pulse in the following way: in the optical pumping P "

phaseb.=0 and the feedback of the cavity on the atomicwhere{=aL /I is the optical length of the cell. In the typi-
system may be neglectéd~ 0), so that systenil) simpli-  cal case of interest,> 1, the logarithmic term in Eq9) can
fies as follows: be omitted so that the conditiai8) becomes

FIG. 3. POP timing sequencg, cycle periodt, optical pump-
ing time; t;, Rabi time;T, Ramsey timety, detection time.

1
Pa(t) = EthM/Na

e first and third equations of systefh) in steady-state
onditions give

A+ +I')A=T,, 1
(i TA=T, Ty0) > Ly + = (10)

p
Under this condition the optical pumping and the interroga-
tion phases are really separated and the atomic sample be-
aly -_%r (1-A) 5) haves as a two-level system in both phases.
az rrP ' The atom-microwave interaction during the first Ramsey

) ) pulse is described by the simplified system of equations:
where we have assume¥<<1. In our typical experimental

Sy + [ 72+ T +i(Q, +Tp8)18,,/ =0,

situationdl",/ (c_ dt)<dl',/9z and has _been qmitted in_Eqs_. A= 2bgReS,,./,
(5). The solution of the second differential equation is
straightforward: b
8w (2 ty) = 8,,,1(2,0Ne 72 Tolted L Todly  for eachz, O =~ 10, 6,0 = EeA, (11)

6) which has been obtained by E@) (with ¢.=/2) taking

t=0" being the beginning of the laser pulse agdts dura-  into account the following.
tion. (i) In this phase the laser is off’,=0).
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(i) ty<y;* andt;<v," so that the decay rates may be Red,, (1)
neglected during the microwave pulse. —ims

(iii )~ The feedback of the cavity on the atoms is negligible R(t) =] Im&,,. (1) |. 13
(be> b)) A

The solution of systenill) can be written in the compact
form 14 Here R(0) is the Bloch 0 (beginni f the mi
_ ere Is the Bloch vector at= eginning of the mi-

R(t) = M(t) X R(0), (12) crowave pulsgand M,(t) is the interaction matrix&=bZ

whereR(t) is the Bloch vector defined as +Qi):

Q b
cosét —Esin & - =sin&
3 ¢ 2¢

M) =| - %’isin & é(bﬁ + Q% cosé) 92—”—55‘3(1 -cosét) |. (14)

2b,

?singt %’;ﬁa(l—cosﬂ) 1

gz(Qi +b2cosét)

The free decay region between the two microwave pulses is R(to) = M,(ty) X Mp(T) X M,(t;) X R(0), (18)

described by the following system obtained from E¢. o i
with wg=0 andb,=0: wheret=0 corresponds to the beginning of the first pulse and

tp to the end of the second pulse. In Figs. 4 and 5, Ramsey
A+yA=- 2|m(5i* 5##')’ patterns are reported as obtained from E) when R(0)
=(0,0,1 for the optical signala) and for the free-induced
v decay signalb) at the end of the second microwave pulse.
y . _.b In Fig. 4, 6=¢&,==/8, while in Fig. 5, 6=7/2; in the
Buper + (Y2 ¥ 10) 8y = 2 A, second case the central Ramsey fringes observed through the
free-induced decay show an oscillation period doubled with
_ 1 (t respect to the optical signal which leads to a doubled atomic
bi(t) = - 2ike””—f 8, (Zt)dz=~ 2ike“”5wr. (15  quality factorQ,. This is the main reason why we choose to
LJo detect the hyperfine transition through the microwave signal

instead of the more common optical transmitted signal. This

I(;' theb last equat]ion Wet_dlfregard_ thehspage dependen(zje \9t ry interesting feature may be easily derived from the ana-
W’h ef:atése i‘ou optical pumping has been assume ?ytic expressions describing the central Ramsey fringe; in
eachz via Eq. (10). fact, developing Eq(18) with €,=0 only in the interaction
In the practical cas@<1 and the systenil5) then be- matrix and with6= /2 we obtain, wher, <T,
comes
A=-e"TcosQ,T,
2

A+ yA=-4K5,,

1
. , _ |8, |7 = —€727TsiPQ) T, (19
St + (Y2 +i1,)8,,0 =KL +1)AS,, 1. (16) 4

At the moment we neglect the cavity feedback on the atom@&nd for the corresponding full widths at half maximum,
(k< y,) 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 matrik(t):

Awqp,= 7T optical detection,

Awq,=72T microwave detection. (20)
ot ot
e72cos),t e7sinQ,t 0 A physical interpretation of this behavior may be readily
Mp(t) =| —esinQ,t ecosQ,t 0 |. (17  given in terms of Bloch's vectors. In fact, it is well known
0 0 g nt that any magnetic resonance experiment involving a two-

level atom can be interpreted as a rotating fictitious 1/2 spin
The Ramsey interaction is then simply described by the fol{13]. In particular, in our case the system is described by the
lowing matrix product: equation[see Eq(11)]
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0.22 The spin then rotates around thexis with a rotation angle
0.20' of #=x/2. In the free evolution phas®é.,=0 and the spin
] / / \ \ processes around the axis which supports the effective
0.18 magnetic field equal té),. The rotation angle i€}, T, where
2 o164 N , \ f \ } \ \ Tis, as usual, the Ramsey time. During the second Ramsey
L™ ] / \ } \ i \ / \ / \ pulse, the spin makes again a rotationgefzr/2 around the
0.14 y axis. From column(c) of Fig. 7 it is possible to observe
1 / / \ } \ } \ / \ / \ \ that while the populatioriprojection of the Bloch vector on
0127 / \ / \ / \ / \ , \ / \ / \ the z axi) evolves from -1 to 1, half a cycle, the coherence
0.10 (projection on thex-y plang has already performed an entire
VAR, v Y v Y VoV cycle, evolving from 0 to its maximum value to 0 again. This
0-‘_’20000 o0 3 o000 o000 behavior is fully described by Eq$19) which express the
a () central Ramsey fringe ok and|s,,/|? respectively. There-
g fore, for m/2 pulses, the free-induced decay signal
@ (*|8,,/) shows an atomic quality factor that is twice that
observed in the optical signékA).
0.10 Relations(19) and (20) give the line shape and width of
the response of the POP atomic system when (EQ) is
0.08 satisfied; in this ideal case the atomic response is fully un-
coupled from the laser parameters and no laser noise contri-
0.06 bution is transferred to the microwave output signal. In prac-
o tice a residual light-shift effect will still remain due to the
o / / \ / \ / \ \ finite laser intensity as well as a cavity pulling effect due to
0.04 the feedback of the microwave cavity on the atomic sample,
/ / \ / \ / \ / \ / \ \ disregarded in the derivation of E(L7). We shall evaluate
0.02 / \/ \/ \} \/ \/ \/ \ both these effects in the following sections.
00 o0 oo T 10000 20000 lll. RESIDUAL LIGHT SHIFT
Q,(s") It is clear from Eq.(6) that the laser pulse strongly de-
stroys any residual hyperfine coherence before a new cycle
(b) starts up, avoiding in this way any “phase memof{1]

_ _ among consecutive cycles, and then the light shift. This ideal

FIG. 4. Computed fringes corresponding 1017  ¢ongition is reached in the limit of an arbitrary large laser

=200 5%,40=0,4,=200 us,T=1 ms, andy=/8. (8 Optical Sig-  jntensity: in practice a residual light shift remains depending
nal and(b) free-induced decay signal. on how strongly the inequality10) is satisfied.

The central Ramsey fringe, observed for example in the

d_ . > population differenced((2,,), obtained from Eq(18) for ¢
dtr(t) =y 0., D) =/2 and with general initial conditions, is given by
where ther(t) and B are defined in Eq(22) and shown in A(Q)=r =€727{2IM3,,,/(0)sin QT - A(0)cos (2, T},
Fig. 6: (23
2Re5,,,/(1) 0 whose maximum is shifted from the hyperfine frequency of
F(t)={ 2Ims,,/(t) [, B=|{ be |. (22) Ao 1 arctarmm%,(O) 24
A(t) Q, Oy 7Qq A0

To write Eq.(21) we r_1eg|ec't the decgys of the cohefefjcewhere Qa=w,,/Awyy; is the quality factor of the central
and of the populat_lon inversion also in the free eVOl_Ut'OHRamsey fringe. When the inequalit§0) is satisfied we have
phase, since they introduce only a damping factor without, < ,(0)<1 andA(0)~1 so that Eq(24) gives

i

affecting the main physical behavior of the atomic system.

Figure 7 shows the evolution of the fictitious spin submit- Aw 2
ted to the Ramsey interaction scheme fxx7/2 and for o = —Elm@m,(O). (29
different microwave detunings. We suppose that the laser e 2
pulse performs a complete inversion of the ground-stat&quation(25) gives the expected residual light shift in terms
population, so that at the initial instant(0,0,1). During  of the residual coherence at the beginning of the first Ramsey
the first Ramsey pulse, the effective magnetic field is di-pulse of a generic cycle. By solving Eq$) and(18) with a
rected along they axis, assuming the conditiomﬂ|<be, recursive numerical approach, we evaluate the residual light
well satisfied for the central fringe of the Ramsey patternshift in practical experimental conditions as reported in Figs.
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8 and 9. The absolute frequency shift of the central Ramsegnagnetic field excited in the cavity by the hyperfine coher-
fringe is shown in Fig. 8 versus the laser detuniig27,  ence whose decay time constajt is of the same order of
while the frequency shift versus the microwave pulse areanagnitude ofT.
0=Dbgt, is reported in Fig. 9 for two different laser pumping A cavity detuningAw, induces a dephasing in the free
rates. time evolution of the cohereng®, ,, which leads to a shift of
When the laser intensity is increased, the reduction of théhe observed central Ramsey fringe from the hyperfine tran-
shift is evident as expected from E@8) and(25); moreover,  sition frequency. To evaluate the cavity pulling effect in Eq.
for 6~ /2 the residual light shift may be fully eliminated. (18), we must use the decay mati(T) obtained by the
The POP approach is free of the light-shift effect at a verysolution of Eq.(16) without neglecting the coupling terms.
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 andr/2 pulses are used.

IV. CAVITY PULLING

The cavity-pulling effect is due to the feedback of the @ (b)
microwave cavity on the atomic sample mainly during the
free decay timeT between the two Ramsey pulses. In fact FIG. 6. (a) Components of the effective magnetic field aitwl
during that time the atoms are perturbed only by the electroeomponents of the fictitious spin.
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F FIG. 8. Computed residual light shift versus the optical detuning
Ao: I',=10000 §*, t,=0.5 ms, y,=9,=200 $*, t;=0.2 ms, and
2<Q,T<n />< >< >é\ T=1 ms. Circlesbgt;=127/25. Squaresbgt, = /4.
x ) < ¥ * ¥
which cancels the effect. This value is given by the following
. relation easily obtained from Eg26):
k il
0, T=n />< > 6, = 7 — arcco$ tan 2—(1—e M. (27)
Y
X ¥ x

A value of gy not far from /2 may be a useful trade-off
(a) (b) (©) to minimize both the residual light shift and the cavity-
pulling effect and this fixes the optimal operating rangekfor
as can be seen from Fig. 9 and from E2y0). 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.

FIG. 7. Ramsey interaction in terms of fictitious spin fér
=m/2 and for different microwave detunings,. (a) First Ramsey
pulse(rotation of  aroundy axis), (b) free evolution phasg@otation
of (1, T aroundz axis), and(c) second Ramsey pulgeotation of ¢
aroundy axis). The first row corresponds to the resonarn€k,
=0) and the spin does not rotate during the free evolution phas
Column (c) gives the state of the atomic system after the second
Ramsey pulse. Whil& (projection on thez axis) evolves from -1 V. FREQUENCY STABILITY

to 1, the absolute value of the cohererpeojection on thex-y . . .
plane performs a complete cycle, starting from 0, fay, =0, and W_e_ have seen in Sec. Il that uno!er suitable operating
reaching its maximum fof2, T= /2 whereA=0, conditions the transfer of laser fluctuations to the output sig-

nal can be made unimportant, so that the short-term fre-

The following analytical solution may be found for the cav-

ity pulling of the central Ramsey fringesee the Appendix 02 ]
k 0.1 i
Aw:—gln{cosr{—(l—e'ﬂ)] ] . .
I 0.0 e
~N [
+cosasinh[—(1—e‘”)”, 26 T s o ® -
Y 2 -0.1 i
where y=vy,~ 7y, is a condition typical for the alkali-metal o2 ] -
vapors in buffer gas at the usual operating temperatures. £ o
numerical evaluation of Eq26) is reported in Fig. 10 where =
the cavity-pulling shift is shown versugr for different val- 03 .
ues of the parametéd =k/y and for 6=/2. ]
When yT>1,Awo<T‘1ocQ;1, this behavior is well known 0.4 00 02 04 06 08 10 =x

in the field of atomic frequency standardy; for yT<1 we b1,
haveAw=Q,, due to the fact that in this case the increase of ©
the atom-cavity interaction time gives the main contribution.  FIG. 9. Computed frequency shift versus the microwave pulse

Of particular interest is the behavior of the cavity pulling area for two different values of the pumping rate. Squdtg:
versus the pulse argashown in Fig. 11: a valué= 6, exists ~ =5000 s*. Circle: ;=10 000 s*. Ay/27=1 MHz.
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0.7
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0.6 E / \<4=1
0.4
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3= 3F 00 :
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0.2 —// \\
0.2- ] / \
-0.4
0.1 ]
-0.6
0.0+
0 2 4 T 6 8 10 % T 3rm sm 3t 7n
4 2
24 g(rad) 4
FIG. 10. Numerical evaluation of the cavity pulling as a func-
tion of yT: 6=7/2,y,=y,=7, andk’ =k/y. FIG. 11. Calculated cavity pulling versus the microwave pulse
area:yT=1.

quency stability of the POP standard is limited in principle ‘

only by the thermal detection noise and by the microwavelict Q.VPgty/Te; in typical operating conditions it may be

synthesizer noise. As regards the medium term stabilitgasily found:

(7>1000 39, we have seen in Sec. IV that the cavity-pulling — B

effect can be strongly reduced with a proper choice,aso maXQa\Pyly/Te) 1 yT=0.7-0.8. (31)

that the main instability source is expected to be the temperarhe condition(31) for maximum stability implies also maxi-

ture coefficient of the buffer gas, which may be reducedmum cavity-pulling shift(Fig. 8) so that it becomes manda-

through a proper mixture of different buffer gases and withtory to operate withd= 6, [Eq. (27)].

an adequate temperature control. It is then interesting to find For a numerical estimation of the short-term stability fore-

now the theoretical stability limit due to the thermal detec-seen by Eq(30), we consider the case 8fRb operating at

tion noise. We assume an additive Gaussian noise at the ouf=60 °C. For a cell of length. =40 mm and diameterR

put of the microwave cavity with white spectral power den-=40 mm with 2000 P#&15 Torn of buffer gasegN, and An

sity S,(w) given by we havey; ~ ,=200 st andI"=1.9x 10° s"1. Considering

the timing sequence& ~ y§1=4 ms, t4=4 ms,t,=2 ms, and

Sh(w) =FkgTo, (28)  ,=0.5 ms we hava,=11 ms andQ,=1.1x 1% Moreover,

with a cavity operating in the T§g; mode(#’'Q, ~ 4000 the

whereF is a noise figure which accounts for the noise of the L : .
heterodyne receivekg is the Boltzman constant, arg the output power isPq=100 pW. Equation30) gives, for the
gbove example,

temperature of the detection system. The variance of th
thermal noise sampled by the detection window is oy(1)=2.8x 1013712, (32)

oo 2 a stability limit not far from the typical performances of
Oznzf H(w)|*Sy(w)dw = t_FkBTOr (290 H-masers, at least in the short-term period.

w d Residual light shift and cavity pulling are expected not to
impair the predicted short-term stability as will be shown in

whereH(w) =(sin 2 2) is the Fourier transform of ; - .
ereH(w) =(sin wly/2)/ (wty/2) is the Fourier transform o the next section on the basis of the experimental results.

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 peribd
=2T,, applied to the generator itself. In this case the POP |n this section we report the experimental Ramsey pattern
standard operation is very similar to that of an atomic foun-observed in the free-induction decay signal at the end of the
tain, but with a signal-to-noise ratio in the 1-Hz bandwidth second microwave pulse, showing the expected doubling of
given by P/ oﬁ wherePy is the power at the cavity output the atomic quality factor. The residual light shift and cavity
averaged over the detection window aﬁﬁjis given by Eq. pulling will be also reported, showing the agreement of their
(29). The frequency standard deviation can then be written abehavior with theoretical predictions.

VI. EXPERIMENTAL RESULTS

[14] With reference to Fig. 1, we use an aluminum cavity op-
- erating in the TE;; mode and a quartz cell containiitRb
(r)= V27 [FkgTo [Tc )5 (30) vapor (98%) and a mixture of buffer gaséér and N,) at a
O\7) = Q. Py ty T total pressure of 3300 Ra5 Torr). At the operating tempera-

ture T;=63 °C for our cell(lengthL=18 mm, diameter R
where 7 is the measurement time. To improve the frequency=32 mm we havel"=3x10° s,y ~9,~350 s',n~4
stability, Eq.(30) mainly requires one to maximize the prod- x 10*'/cm?, and{=4.5. The loaded quality factor of the cav-
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FIG. 12. Atomic coherence evolution observed at the cavity Qu /2m (Hz)

output versus time. The spectrum analyzer resolution bandwidth is ) ) ] ]

30 kHz, the video bandwidth is 30 kHz, and the center frequency is  FIG- 13- Ram_sey fringes o.bs_erved m_the free-induction decay
6.834 686 670 GHz. The microwave detuning@s,/2w=10 Hz ~ Signal. Squaresy=/2. Circles:§=m/8. T=3.5 ms.

and T=2.5 ms. We superimposed in this figure the laser pulse to

make more evident the coherence destruction. cell with optimized geometrical dimensions, allowing us to
reach the stability limit reported in E@32).
ity is Q_=17 000 and the filling factor isy =0.4. Ramsey fringes have also been observed in the transmit-

The laser is tuned to thé52S,,F=1)—|52P,,,F  ted optical signal; in this case no doubling of the quality
=2) D, optical transition of'Rb; it is linearly polarized and factor is present and the linewidth is given by the well-
with the longitudinal quantization static magnetic field it ex- Known relationAv,=1/2T [15].
cites theo* transitions, performing a complete depletion of ~ To measure the residual light shift we lock the laser fre-
the |52S,,,F=1) ground-state sublevel through optical duéncy to théD, line through the saturated absorption signal
pumping. Its power density at the cell entrance isobserved in an external cell containifi@Rb and then we
0.5 mW/cn?, corresponding to a longitudinal pumping rate !0ck the synthesizer quartz frequen@0 MH?2) to the cen-

I',(0)=12 000 st tral Ramsey fringe detected via the transmitted optical signal.

In the experiments we usg=2 ms,t;=200us, and In Fig. 14 we report the measured frequency shift of the
2.5ms<T<3.5ms. The condition(10) requires I'y(0) clock transition due to a laser frequency change of 10 MHz
> 2000 s and is satisfied in our case. as a function of laser intensity for different values éfthe

The microwave power required to achiewé2 pulses is fine-tuning of the laser is performed by an acousto-optic
of the order of 100 nW. The heterodyne detector is a speciodulator.

trum analyzer operating in the video mode and synchronized 1he experimental data show th@) the light shift de-
to the timing pattern. creases when the laser intensity increases due to the higher

A typical cavity output signal is shown in Fig. 12; the rate of coherence destruction afid) a value of @ exists
free-induction decayx|3,,/[%) is observed between the two

2.5

Ramsey pulses and in the detection region between the se« ]
ond microwave pulse and the laser pulse. A reduction in this 2.0
case of 20 dB of the microwave coherence may be also obn 5] :
served during the laser pulse and before a new cycle starts ; \
up. o 1.0
The amplitude of the central Ramsey fringes observed a@ 054 —_—
the end of the second microwave pulse is shown in Fig. 13% 1 - &
versus the detuninf,, /2w for 9=m/8 andg=m/2. The the- & ©97 . = =
oretical predictions of Figs. 4 and 5 are clearly confirmed by z 05 % x
the experimental curves; the fringe linewidths fully agree 1 =
with relations(20) and, in the case ofr/2 pulses, the ob- '1'0, —
served quality factor iQ,=1X 10%. The frequency shift be- 1.5 &R
tween the two curves is mainly due to the residual light shift

02 03 04 05 06 07 08 08 10 1.1

in the lower curve,d=/8 being very far from the optimal Relative Laser Intensity

value, as found in Sec. lll.

The output power at the end of the second puls® s FIG. 14. Differential frequency shift of the POP versus the laser
=1 pW and the signal-to-noise ratioRgy=10" in the 1-Hz  intensity for different values of. Circles: #=0.87/2. Down tri-
bandwidth. An increase of 20 dB iRy, corresponding to an angles:#=0.637/2. Up triangles:#=0.57/2. The maximum laser
increase of an order of magnitude R§y, is expected for a intensity is 0.5 mW/crh T=3.5 ms.
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which significantly reduces the light-shift contribution at any 18

laser intensity. : /
The experimental optimum value turns ofig,=0.77/2 T 16 4

lower than the theoretical valug,=/2; this difference is =

due to the spatial distribution of the §& mode inside the £

cavity: the real microwave field coupled to the atoms de-g@ 4 e /Y
pends on their position inside the cell, whereas in the theo+g - tSe 4 & e
retical analysis the microwave Rabi frequency has been as% 12 . u "
sumed position independent. -~ /‘ N
Anyway, with a laser intensity of 0.7 mW/cnand a mi- >§ g \
crowave power corresponding #=0.77/2 we have mea- < 10 \‘\
sured the relative variation of the POP frequency versus the 1
laser frequency deviation to l§&.6+0.5 X 10713/ MHz. This 8 , , . , . \'\
value is lower by at least three orders of magnitude when 0.7 0.8 0.9 1.0 1.1 12 1.3
compared to the case of the traditional approgih 0 (rad)
In the same experimental setup we have also measured
the cavity-pulling shift; in our case the gain factor ks FIG. 15. Cavity pulling versus the microwave pulse atem

=450 st In Fig. 15 we report the measured frequency shiftunits of 7/2. Triangles:=+0.69. Squaresy=-0.05. Circles:y
versus 6 for three different values of the cavity detuning =-0.69.T=3.5 ms.

parameter . Around 6,=0.97/2 the output frequency

hardly depends on the cavity detuning as expected from thghe end of the first microwave pulée=0%); when Eq.(10) is
theoretical computations. In the experimental conditionssatisfied and neglecting the Rabi pedestal, we have, from Eq.
(k/y=1.3 andyT=0.7) Eq. (27) yields 6,=1.27/2, higher  (14),
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 ofa) doubling the atomic quality fac-

tor, (b) reducing by several orders of magnitude the light A(0%) = cos. (A1)
shift, and(c) eliminating the cavity pulling. In particular the

residual light-shift effect may be further reduced, increasingt is usual at this point to write the hyperfine coherence in the
the laser intensity by a factor of 2 or 3 and with a properform
stabilization of the laser frequency so that the short-term sta-
bility limit reported in Eq.(32) may practically be achieved.

1
8,,/(07) == Esin 0,

8, (=MD, t>0. (A2)

VIl. CONCLUSIONS System(16) becomes

We have examined in this paper the scheme of pulsed A(t) + yA(1) = - 4kM2(D),
optical pumping applied to gas cell frequency standards. Un-
der suitable operating conditions the system approaches the M(t) + 7,M(t) = KM(HA(T),

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 e(t) + O, =kyA(), (A3)
observe the hyperfine transition, lead to the following advanand the initial conditiongA1) become

tages:(a) no laser background signal is present in the atomic

response(b) the atomic line quality factor is increased by a A(0) = cos¥,

factor of 2 with respect to the traditional approachesthe

light-shift effect may be canceled, ad) the cavity-pulling 1

effect may be strongly reduced. The resulting short-term fre- M(0) = §|S'n o,

quency stability is limited by the system thermal noise only,

while the medium-term frequency stability is limited by the {W when sing> 0

buffer-gas temperature coefficient. The preliminary experi- ¢(0) = ) ' (A4)
mental results reported in Sec. VI confirm the main theoret- 0 when sing<0.

ical expectations. These features r_nake then_the _POP freme first two differential equations of EqgA3) are coupled
quency standard extremely attractive, especially in thos@ie the third one can be directly integrated as follows:
fields where a simple and reliable implementation is re-

quired, such as space applications. t
@(t) = @(0) = Qt+ky | Alt")dt', (AS5)
APPENDIX 0

We are looking for the general solutions of the systemwhich clearly shows the time-dependent contribution of the
(16). The initial conditions are given by the Bloch vector at cavity detuning to the phase evolution of the coherdiceg-
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ity pulling). Analytical solutions forA(t) and M(t) with ini- ) k -
tial conditions(A4) are found, wheny, = y,=7y, with the aid ¢(t) = ¢(0) = Q,t = ¢y [sin 6|cos ;,(1 -e7)
of the substitutionM(t)=Ae "'sechiy(t)]; their expressions
are - tanh‘lcose} } ) (A7)
Alt)=- e‘ﬂtanr{h(l —e M) - tanh‘lcose} , At the end of the decay time=T the frequency shift due to
Y the cavity pulling is from Eq(A7):

k
1 K Aw:—fln{bin 0|cos>{—(l—e‘VT)—tanh‘lcosﬁ]},
M(t) = Ee"‘sec —(1-e ") -tanhi’cosd|. (A6) T 4
Y

(A8)
Inserting the first of EQS(A6) in Eg. (A5) we have which is equivalent to Eq.26).
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