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Coherent population trapping in cesium: Dark lines and coherent microwave emission

Jacques Vanier,Aldo Godone, and Filippo Levi
Istituto Elettrotecnico Nazionale, Galileo Ferraris, Torino, 10039, Italy
(Received 27 April 1998

The phenomenon of coherent population trapping in alkali-metal atoms is analyzed by means of a pertur-
bation approach. Closed form transparent solutions are obtained for the coherences existing within the system
and the populations of the ground levels and of the excited state. The presence of dark lines and coherent
microwave emission from the ground state are made explicit. Experimental results that confirm the theoretical
calculations are reported for the case of cesium in a buffer gas. Conclusions are drawn in connection with the
application of coherent population trapping to the field of atomic frequency standards.
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[. INTRODUCTION nance lines by means of standard radio frequency techniques
in alkali vapors. On the other hand, the emission of coherent
The coupling of two ground states to a common excitednicrowave radiation may be observed in a microwave cavity
state by means of two coherent radiations leads to interfetuned to the frequency of the oscillating magnetization.
ence effects in the excitation process, a phenomenon that has The present study is concerned mainly with cesium in
been called coherent population trappi@PT). Its observa- Various buffer gases although most of the analysis can be
tion was first reported by Alzettat al. [1]. A theoretical ~applied to other alkali atoms. First, a theoretical analysis of
analysis of the phenomenon was developed by Orfia]s CPT using a simple perturbation approach is developed. Al-
and a review of its application in laser spectroscopy has beefffough exact solutions of the phenomenon have been ob-
published recently by Arimondf3]. The phenomenon has tained by Orriolg2], the resulting expressions are not trans-
been proposed for applications in the field of atom coolingParent and do not lead to easy interpretation; numerical
[4], magnetometry[5], lasing without inversion[6], and solutions are required to interpret the experimental data. In
atomic frequency standarfig—9]. the present perturbation analysis, closed form transparent ap-
The phenomenon is readily observed in alkali-metal at{Proximate solutions are derived for the populations and the
oms when coupling of the two ground-state hyperfine level$oherences in the limit when the laser Rabi frequencies are
to the P state is accomplished by means of two laser radigmaller than the decay rate of tRestate. A description of
tions via a so-called\ scheme. When the frequency of the the experimental arrangement used to observe the dark line
two laser radiations is resonant with the transitions, an interand the coherent microwave emission is given. Experimental
ference phenomenon takes place in the excitation and tH@sults on important physical effects and parameters are re-
atoms can no longer absorb energy from the lasers. Scatter@@rted and confirm the theoretical predictions. Finally, con-
radiation from the atoms is greatly reduced and the interferclusions are drawn on the possible use of the phenomenon in
ence leads to the presence of a dark line in the fluorescendége implementation of practical frequency standards.
spectrum. The phenomenon creates also a strong coherence,
coupling the two ground-state hyperfine levels, but does not Il. THEORY
affect their population, which remains in thermal equilib- Th level sch din th Ivsis is sh .
rium. This coherence creates an oscillating magnetization. e energy level scheme used in the analysis Is shown in

that leads to the emission of coherent microwave radiatior 9" 1. T_he_ two lower Iev_el& and represent tW.O Zeeman
[10] levels within the respectivE =4 andF =3 hyperfine levels

The dark line can be observed directly in cells containingOf the cesium ground state. The levelrepresents either the

the alkali atoms with or without a buffer gas. In the absence 12 0' Pap states. It is assumed that these levels are decou-

of a buffer gas the effect takes place over a width controlledjled from :che o';he_r states.dTr%ﬁ alssumptlon ISI varllldated bz;
mainly by the atom transit time across the laser beams. Thi@e type of excitation used. The lasers couple the groun
tate only to either of th® states. Within the ground state

may lead to a linewidth of the order of several hundred kHZ> . ;
depending on the actual physical arrangenjéai. When a we will be able, through appropriate means such as the ap-
buffer gas is used this width is greatly reduced due to thé)lication of a magnetic field or excitation with coherent ra-
Dicke effect[12]. It is mainly controlled by ground state diation, to deco_uple the Z_eeman levels in order to allow the
relaxation and laser power broadening. This last situation igbsehrvelltmn ?f Eolated paurs of these levels.

of great interest since it leads to linewidths of the same mag- "€ laser fields are written as

nitude as those obtained in the observation of magnetic reso- E(wp,t,2)=Eqn,cof opt+k,-1) )

) ) and we define the optical Rabi frequency as
*Present address: partement de Physique, Universite Mont-

real, Montreal, Québec, Canada. wnij=—(Eon/h)(iler-g\j), 2
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the fluorescence optical powers, respectively, Bpdis the micro-
FIG. 1. Energy levels manifold considered in the analysis.  wave cavity power output.

andw, are the laser angular frequencies; /27 is the hyperfine ) )
frequency(9 192 631 770 Heshifted by various perturbations de- Same as in the case ¢f . (iii) decay from the excited state
scribed in the texty, andy, are the ground-state relaxation rates of mtakes place at the rat<§‘$§w andl“:;w, , Which include both
the populations and of the coherence respectivelyjs the decay the effect of spontaneous emission and of relaxation by col-
rate from the excited state to the ground-state levels, is the  lisions with the buffer gas atoms or molecules; in our case
lasers detuning from optical resonance. r;w:lﬁ; ,=T*/2.

] o ) The evolution of the atomic system is analyzed in the
whereg, is the polarization vecto#; is Planck constant over ensemble-averaged density matrix formalifh3]. We ob-
2m, Ky is the wave vector for the field at frequenay, (N tain six equations, three for the populatiops,, p,:,,

=12). pmm, and three for the coherences,, p,m, andp,n.

In part of the analysis we assume the presence of a rf fielfye make the long-wavelength approximation and we as-
along thez direction, at the frequency,, close to the hy- syme solutions of the form

perfine frequency,

. Pum= 5M’meiw2t! (5)
B(r,t)=2zB,(r)sin wyt, 3 ,
. . . p#m: ;/.melwlt! (6)
and we define the associated Rabi frequency as ,
p’quzgﬂlurel(wl_wz)t. (7)

b(r)=—pu,B, /%, 4 .

The resonance frequencies are affected by the Doppler ef-
where u, is the magnetic dipole moment of the hyperfine fect. However, theA excitation process used in the present
transition; u,= ug (Bohr magnetoh for the mg=0—mg analysis is velocity selective since the two laser fields inter-
=0. This field may be created by means of a cavity as illus-act simultaneously only with a given group of atoms having
trated in Fig. 2. velocity v within the rangedv. The spread of velocities in

We make the following assumptions) the population of interaction is determined by the width of the laser spectrum
the ground levels tends to equilibrium at the rate relax-  and the excited-state lifetime. Consequently, we assume that
ation of the cesium atoms is caused mainly by collisions withthe lasers are in interaction with a specific group of atoms
the buffer gas atoms or molecules and Cs-Cs spin exchangeth resonance angular frequencies,,, wpy,’, andw,,,
collisions; we neglect the small Boltzmann difference ofwhich include a Doppler shift.
populations between the ground-state levéls.in the ab- We make the rotating wave approximation and keep only
sence of applied fields, coherence in the ground state tends tioe resonant terms. We obtain for a given group of velocities
zero at the ratey,; the source of relaxation is essentially the the following set of rate equations:

d
g Pmm= 01meIMEum+ @om, IMS, =T prm, (8
d . *
a p’ur#r: Im Ib&M,U,’_ a)zm'urlméﬂrm"‘rm’u,pmm_(’)/1/2)(er”/_p’u,u), (9)
d ) .
& p,u,,u: - |m|b5,u,u’_wlmﬂlm‘sﬂm—"Fm,upmm_(71/2)(13,“‘_9#’“')1 (10)

d : : :
d_ 5#M/+{I(w21— (L)M/I_L)‘l‘ ’)/2}5##/: _(blz)(p#r#r_pluﬂ)_|(w1#m/2)5m#r+|(w2m#r/2) 5/.Lm’ (11)
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d . : .
at Sumt (01— ©0m,) +T%12}8,m=—1(01,m/2) (Pmm— Puu) — (0/2) 6y mT (w2, mf2) 8,y (12
& 6M/m+{i(w2_me/)+I‘*/2}5ﬂ/m: _i(wZ,u'm/Z)(pmm_p/,L’,u’)_(b/2)5,um+i(wl,umlz)&y/,ul (13)
|
wherel'* is the total decay rate from the excited stateo 8w V2ti(wa— 0, )= 1(0rl2)(8,m= Smur),
the two ground levelsu’ and u, wy1=w,—w;, and Im (16)

means imaginary part. We recall that thg's are complex _ ) o )
conjugates of thes;’s. The above set of equations is suffi- to obtain a first-order approximation. We use the notation
cient to describe the system. A large number of theoretical

N AN
works has been done on the solution of this set of equations 8ij= 0 +14; (17)
or related ones in specific S|tuat|o_|[1$4]_. Orriols [2]_has ~and we obtain
formulated a rather complete solution in the case in which
the rf_field B, is equal to zero. The solutiqn obtained, hovx{- r w%/ZF*(yZeré/F*)
ever, is not transparent to easy interpretation and a numerical Sy =" AT 5, (19
analysis with graphical solutions is required to interpret the (v2+ 0p/T*) "+ (021 wyry)
results. It provides nevertheless an extremely useful basis for P
an understanding of the physical processes taking place and P Wl (wp1— w,1,) (19
gives the relative size of the matrix elements in standard Ki' T (ypt 0&IT*)2+ (woq— wﬂ,ﬂ)z’

situations encountered in practice. In particular, for the case
b=0, and when the lasers have equal amplitudes and thewhere
frequency difference is close to the hyperfine frequency, it is
found that(1) the populationg,, andp, . of the ground W21~ W™ Wy (20
levels remain equal(2) the populationp,,,, of the excited
statem is much smaller than that of the ground state an
tends to zero at high laser intensit) the coherencé,,
in the ground state is nearly 3 and has a value only over a
narrow range of the laser frequency difference; this range is _ 1 wgl* /2
of the order ofy, and is a function, to a certain extent, of the 5;““:71 T 127+ (01— o)
laser interaction(4) the coherences,,,, andd,,, coupling T T
the ground levels to the excitd® state are very small rela- 1 .
tiveto s, . S == wi—wn)=T*8 1,
Baseawon these conclusions a perturbation calculation is K4 (F*/Z)ZJF(‘*’l_‘”mM)2 (@1~ om,) o :
developed in order to obtain closed form analytical expres- (22)
sions for the coherences and populations, expressions that 1 w2
lead to direct easy interpretation of experimental data. We = R
solve the system of equations for both cases when the rf field #MTA(T*12)+ (0~ 0y
is either present or absent.

OEquations(12) and (13) are solved for conditions close to
optical resonance. Using the same notation as above we ob-
tain

2 (1+25,,), (2D

WR

3 (1+268,,), (23

5z i [
i 0o
A. Dark lines pmo4 (r*/2)2+(w2—wm#1)2 2

W) +T* 6'ML,].
(24)
In this part of the analysis the rf fielH, is set equal to
zero. This can be done by removing conceptually the cavityrhe population of levein is given by
in Fig. 2. In that case the Rabi frequenkbyis zero in Egs.
(9)—(13). For simplicity we assume that the two lasers am- Pmm= (0R/T*)(IMS,m+1ME,, /). (25
plitude are equal, making; ,m=w,,m and we call them

wg. We first solve foré,,, and 8, in zero order, that is, Using the expressions just found above &, and &, /m,

mu .
pmm=0, and near the center of the resonance where ( ¢ °PtIN
—wm)2<(l"*/_2)2 and (@;— wm,)?<(I'*/2)% In steady w2 1
state, we obtain P g T o)
mu
Sum=1(wR/T*)(pyt8,,), (14 1
t w52 - 2|(1+25,,) (20
St = — 1 (@RIT*)(p s 1+ 8,r). (15 (C*12)"+ (wp= W) it

with the condition
We replace these expressions back into the steady-state equa-

: _ 1
tion for 5,/ Pun=Pu' ™2 (27)
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The termsz/F* that appears in Eq$18) and(19) acts as  although weighed by the Maxwell velocity distribution. The
a pumping mechanism; it creates a hyperfine coherence aridll width at half the height of the dark line is
an associated oscillating magnetization as will be shown be- )
low. It also leaves the ground-state populations unaltered. Awyp=2(y2+ wrlT™) (30
We call it the transverse pumping rate and to simplify nota- . " ) )
tion we definel’’ = w2/T*. and is sensitive to laser power through the optical Rabi fre-
It is recalled that these expressions apply for laser§dUeNCY@r.
closely tuned to the resonance frequenaigg, and wp,,,/

and to a group of atoms having velocity . The resulting B. Coherent microwave emission in a cavity
Doppler effect is included in the angular frequencies, 1. Justification of some approximations to be made

and wp,,, . Interaction with various groups of atoms at dif- ,

ferent velocities is realized by varyinfy,, the detuning of The off-diagonal elements,,,, andp,, create a mag-

both lasers from the Doppler free resonance frequencies. It tization oscillating at the frequenay,,. The expectation
also noted that the interaction takes place over a spread §flue of this magnetization averaged over the ensemble is
frequenciegor velocitie that is a function of the atom life- readily obtained from the following equatigas]:
time in theP state and of the lasers spectral width. In the —
expression foré,, ., the hyperfine angular frequency is (M) =Tr(Mqm), (31
shifted by the Doppler effect. The resonant angular fre-and is equal to
quencyw,,., is equal towpi+ (k;—kz)v,. One thus expects q
a hyperfine resonance affected by Doppler broadening. In the
presence of a buffer gas, which is the case studied here, the
Doppler effect is cancelled through the Dicke effgte,7].
The effect of collisions with the buffer gas atoms is taken
into account in the relaxation rateg and vy, and a redefi-
nition of the hyperfine frequency as will be done below.

In particular, these expressions show thatfoe-y,, a

condmc_m that can be satls_ﬂed without causing saturation ok, s and creates an interaction at the hyperfine frequency
the optical transitionsg,, . is real at resonance and tends to

I e with an associated Rabi frequency defined by means of Eq.
—5_.2Furth_esrmor_®ﬂ_m andé,/m are very small of the order of ~ (4) An examination of Eqs(8)—(13) shows that the rf field
10"°-10 *. It is finally observed thap,, andp,. are  affects significantly the populations and the coherence only
equal with a value close t6. The phenomenon has been yhen b~Awy,. As will be shown below, this field is very
called coherent population trapping. The effects just menyeak in our experimental arrangement, drdoes not take a
tioned reinforce the validity of the approximation made €ararge value. Actuallyb is found to be of the order of 1 to
lier in connection to the population of the excited state andy sl<Aw;,. Consequently, we can consider indepen-
we expect that the expressions obtained to be correct over iy the interactions with the lasers fields and the rf field.

large range of’’ as long as optical saturation does not takeThe solutions found above fat,, , with b=0 thus applies,

place. , _ , and we consider by itself the radiating properties of the os-
_Aninteresting practical aspect of these effects is observegdaiing magnetization and its effect on the field in the cav-
either on the fluorescence radiation emitted or the energyy The effect of the laser power broadening is then taken

absorbed by the ensemble. The total fluorescence powep o of through its effect oA, as shown by Eq(30).
emitted is readily obtained as mos

<MZ>dU:_%n,U/B(leur'f'p’urM)dU, (32)

wherep,,,» andp,,,, are given by Eq(7) with 5, given

by Egs. (18) and (19). Such an oscillating magnetization

emits radiation at the frequenay,; . In the cavity illustrated

in Fig. 2, the magnetization excites a particular mode and
reates a corresponding field. This field reacts back on the

2. Emission of microwave radiation
Pi=fio I'iNpmm (28) . . . L

a. Continuous operationWe first analyze the situation
while the power absorbed by a slice of thicknelgss given shown in Fig. 2 When the laser radiat_ion is app_lied continu-
by ously. The rf magnetic fieldH created in the cavity may be

described by the classical field equatidr2]:
— *
APan= Ao I Nomnflz 29 H(r 1)+ (0 /QUA(T 1) + w2H(r,t)

wherew, is the average angular frequency of the two lasers, )
nis the atomic density. It is assumed that the decay from the =— Hc(r)j H(r)-M(r,t)dv, (33
excited state to the two ground-state hyperfine levels takes Ve
place at the same rate. In EG8), I'; is the decay rate of the . _ . .
excited state resulting in fluorescence radiation Birid the ~ Wherew. is the cavity resonance frequengy, is the cavity
total number of atoms interacting with the laser field. Theloaded quality fgctor,\/c is the cgwty vqume,H_C IS the
value ofp,, . is obtained from Eqg(18) and (26). Equations orthonormal cavity mode_, ant¥ |s_the magnetization as
(28) and(29) make explicit the presence of a sharp resonanc&alculated above. We writel andH in complex form:
line that may be detected directly on the fluorescence and " oot 1 Lt oot
absorption spectra. This is the so-called dark line. It is ob- H(r,)={H" (r)e"'*2f+H"(r)e'*2r}z,  (34)
served by scanning the laser frequency difference. It is _ _
present over the full Doppler width of the laser interaction M(r,H)={M*"(r)e Teat4+ M*(r)el w2}z, (35
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whereH* andM ™ are complex amplitudes of the field and where k may be interpreted as the number of microwave
of the magnetization, respectively. We replace these expreghotons emitted by an atom in one second; it is given by
sions in EQ.(33) and use only the resonant components. We

obtain
) NQL7' niuo
H*(r)= 3 H <r>f He(r)-M(r)d S AV (40
1+i2Q (Awc/wyy) < Sy, v 2
(36)
whereAw, is the cavity detuning from the laser frequency @nd 7' is the filling factor defined as
difference and is equal taw;— w,,).
The power dissipated in the cavity is given [b]:
, Va(Hi1)2 @1
» - N = az
Pass= g5 f H2(r, Do (37 Ve(HA)e
L Jve
where the horizontal bar oH? means a time average. We Here( ), means an average over the volumgcontaining
use Eq.(34) for H(r,t) and we obtain the interacting atoms andl ). means an average over the
cavity volume. In view of possible field inhomogeneities that
P 20 Zf H (NH* () do. (38  May exist in the ensemble, ER9), to be exact, applies only
Q . to a subensemble of limited volume in which these fields can

e _ ) _ be considered homogeneous. However, in the experimental
The value ofM " (r) is obtained from Eq(32) while p,,,.» IS arrangement using the microwave cavity the cell is relatively

given by Eq.(7). We finally obtain, withwz~ ., small and, for simplicity, we will assume that the fields are
N . K homogeneous over the ensemble.
=1 o , , Using the value o,/ calculated previously we finally
P T aQi A wclwyr,) Ok B9 i "
|
b 1 Niw, K r2 42
472 1+ 4Q%(Awel w1 ,)? (2T D2+ (0= w,1,)?
|
The power coupled out of the cavity by the loop is given by d _ .
&5MMI+{IQM+YZ}5##,:_I(wR/Z)b‘” (45)
Pou=18/(1+ B)}Pgiss: (43
d : L :
where 8 is the cavity coupling coefficient. It is readily ob- prid +({IQ,+T*}8" = —i(wrl2) —iwRS,, ,
served that the ensemble radiates energy at all laser intensi- (46)

ties without a threshold and without population inversion. _ _
The emission has a Lorentz shape and is maximum at th&here(), stands for - w,,,,). Itis readily observed that
frequency wy=w,,; its width at half-maximum is {, the optical coherencé@’ responds to a perturbation at a rate

+I'")/ . of the order ofl™ while ,,,,» responds at a rate of the order
b. Transient operationin this case the laser light is ap- of .. This means that the optical coherence reaches its
plied under the form of a pulse as shown in Fig. 3. Three

regions are identified a#\) region of coherence builduB)

region of steady-state behavid€) region of coherence de- LIGHT PULSE COHERENGE
cay in the absence of laser light. \ : ¢
Region Aln this region the coherenag,,, builds up at a :

rate characteristic of the various relaxation rates. It can be ;
calculated from the density matrix rate equations given ear- A ‘B ¢
lier. We define :

Tt

(44) *
FIG. 3. Identification of the various regions for a laser pulse, as
As in the previous analysis we neglect the effect of the rfstudied in the text. Coherence builds up in reglorbteady state is

field on the density matrix elements. Equatigid), (12), reached in regiomB. In regionC, the atoms evolve freely at angular
and(13) can be written as frequencyw,,.,, and the coherence decays to zero.

8= O — 6

pum:-
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equilibrium value much faster than the rf coherericg,be- d

ing of the order of 18-1C°, while y, is of the order of gt Oy (0=, )+ Y2} S

10°—10°. Consequently, in order to solve these two equa-

tions it is possible to use an approximation in which the =—(b12)(pprpr—Puu) (53

optical coherence builds up rapidly while during that time

the rf coherence stays at a negligible value. After thiswherew, is the frequency of the rf field in the cavity. The

buildup the optical coherence follows adiabatically the rf co-problem is reduced to one of magnetic resonance. The solu-

herence. It is then straightforward to solve the two equationgion of this set of equations may be done exactly as in Refs.

simultaneously. We obtain [16], [17], and[18] as if we were in presence of stimulated
emission. The only difference is the condition at the origin

(T'"12)(y,+T) after the light pulse. In the case of R¢L7] the coherence

r

1—e‘(y2+r/)‘cosﬂﬂt

wp' T ﬁﬁrr)uﬂ was produced by means of &/2 pulse following a light
a pulse that created an almost complete population inversion.
Q, (Tt In the present case we have a coherence produced by CPT
+ (72T e 727 TsinQ,ty, (47)  \ithout population inversion. The power given by the atoms
results from transitions from level’ to level u and is given
L Iyt by
wp' +T7')2+ 2
(o T Pt N A (54)
at— 2w,y dt f,
;

Q ,
x[ - ﬁ (1—e~(2*Tcos ) )
e where A is the population differencep(,,—p,,) and
ot Tt where the subscript rf indicates that only transitions caused
+te 727 TsinQ,t. (49 py the rf field are considered. The power dissipated in the
cavity is given by Eq.(37). The system of equations is

The power output, given by E¢39) with Aw.=0, evolves Solved for the casest=w,,. The coherence at the time

as origin may be thought of as being produced byr& pulse
applied on an ensemble which had been prepared in a pseu-
r’2 dostate of population inversioh, given by
Paiss= 2Nfiw1 ok ——————7
(y2+T")"+ Q5 (wBIT*)
—2(y,+ Tt —(y,+T "t Ap:(p,u’p,’_p,u,,u)p:—Z*' (55)
X{1+e 202" It_2e~ (12" Mlcos O t}. (49) (y2t will'™)

It is readily observed that the power output is modulatedThe power output is obtained by equating the power given
upon buildup a2, the frequency difference between,, by the atoms to that dissipated in the caViBq. (38)]. It is

and the atomic frequenay,., . WhenQ =0, the buildup ~ found that

characteristic time is related to the time constant,

(b%)p=—k (56)

d

o=y, +T"). (50 dt AL’
Region B.In this region, equilibrium is reached and the In the case of a small cell the field may be assumed homo-

power output is given by Eq42). geneous over the ensemble and the Rabi frequency is given
Region C.In this region, the laser radiation is absent andby the relation

the atoms evolve freely at their frequeney, , in the pres-

ence of the cavity field. The coherence decays at theyate b=-2ks". (57

from its equilibrium value at the end of the laser pulse. The

power can be obtained directly from E@2) by multiplying ~ This equation provides a simple means of evaluating the am-

the final value by (exp2y,). However, some insight is ob- plitude of the field in the cavity. Finally, one obtains

tained into the behavior of the ensemble by using a self-

consistent approach in which the power given by the atoms Paiss= (3)fiw,,/,N kAf,e‘ZYZTsecH{—(Apk/yz)

is made equal to the power dissipated in the cavity. In order

—2yoT =1
to develop such an approach, we use the rate equai®ns X(1-e 7727)+tanh ~(cos 6,)}, (58)
gv :nd(lO) with the optical Rabi frequency set to zero. We wherekis given by Eq(40), and whered; is the phase angle

or tipping of the magnetization. In the case of CPT the popu-
d lations of the two ground levels are equal at the end of the
gi Purw = IMmibé,, —(y1/2)(puu—puu), (51 light pulse. This situation is equivalent to the one that would

be created in an ensemble of atoms whose ground state

populations had been inverted and whose difference of popu-

d . lation would be given by Eq(54) and then submitted to a
apMM:—lm Ib(sp,,u’_(71/2)(p,u,u_p;l,’,u’)1 (52) w2 pulse.
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to LAMBDA METER SOLENOID
& CESIUM &
FABRY-PEROT  PYREX CELL OVEN
BUFFER GAS 251.4 MHz
TEMPERATURE \ /

201.5 MHz

CONTROL P32
151.3 MHz

H—»P.,
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MAGNETIC SHIELD
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FIG. 4. Experimental arrangement used to observe the dark line.
The Fabry-Perot interferometer and theneter are not shown in
the figure. B,
As will be shown below in connection with the experi- FIG. 5. Lower-energy levels of cesium of interest in the present

mental resultsk has a value of the order of 20. In that casestudy.

the term secH{} is close to 1. There is thus no radiation

damping. The power dissipated in the cavity can then beuartz crystal oscillator. The behavior of the laser diode is
approximated to monitored continuously with a meter and a Fabry-Perot
interferometer.

The cell is enclosed in a cylinder acting at the same time
as a holding structure and an oven for controlling the tem-
perature. Many cylindrical cells 4 cm long and 4 cm in di-
as was concluded intuitively above. ameter containing cesium and various buffer gases were

The power observed at the coupling loop as given by Eqused. These cells had been fabricated over twenty years ago.
(43) decays at the ratejz . A measurement dP 4. provides  The characteristics of these cells had been extensively deter-
information on the coherence relaxation ratewhile a mea- Mined in previous work by means of the intensity optical

surement of the buildup time constant provides informatiorPUmping techniqug 15] and some of the results were re-
on the transverse pumping rae. ported in Refs[21] and [22]. Various tests on frequency

shifts and relaxation rates showed that there was no visible
degradation of their original characteristics.

PdiSS:(%)ﬁwM’/LNkAIZ)e_zszi (59)

lll. EXPERIMENTAL RESULTS

A. Apparatus QUARTZ CELL MICROWAVE CAVITY
. . . & TEo11
Experiments were done with two different systems. The  acousto-opTic BUFFER GAS HEATER
one shown in Fig. 4 was used for intensive measurements  MOPULATOR 4 FIELD
on the dark line. It consists of a laser diode operating at \ ATTENUATOR

852 nm(D, transition) and a power output of about 15 mW.

It is temperature controlled by means of a Peltier element
and coupled to an external cavity with a grating for tuning
purposes. The injection current of the laser diode is modu- /

lated at the angular frequency,=w, /2, equal to P°“‘“'SER/ . ———>B°
27X 4.6 GHz. The two first sidebands of the resulting spec-

. — Pn
trum separated by 9.2 GHz provide the two radiations re- N4 PLATE © Pout
quired for coherent population trapping experiments in ce- PRIVER (50 M) HETERODYNE

\

sium[19,20. In our experiments it was possible with some PULSE GENERATOR RECEIVER
diodes to obtain a frequency modulation index~1. The SOLENOID
technique ensures a very high correlation between the two

radiations used in thé& scheme and avoids any divergence FIG. 6. Experimental arrangement used to observe emission of
encountered when two independent laser beams are usefbherent radiation. MM is a copper metal mesh having a 90% trans-
The rf source is a frequency synthesizer driven by a stablenission for the laser radiation.

MAGNETIC SHIELD
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FIG. 7. Dark lines observed in cesium in the case of a cell

containing no buffer gas fos* polarization. First sideband laser
power density: 1 mw/cf The amplitude of the seven lines, sepa-
rated by about 850 kHz, corresponds to the size of the transition

probabilities calculated from Clebsch-Gordan coefficients as indi- . o & Dark line observed for the Cs O-O transition in the case
cated in Table | of methane is used as buffer gas; the methane pressure was 9 Torr

and the temperature was 20 °C!~y,.

Frequency [1KHz/div.]

Fluorescence and light transmission are measured with B. The Cs dark lines

silicon photodetectors placed at right angle to the cell and at ) )

the end of the ensemble, respectively. Signal detection is Total spgctrum.‘l’he Ar_n=0 dark lines of cesium were

done directly with an oscilloscope. A magnetic field of theobserv_ed directly by using the system of Fig. 4 and by

order of 400 mG providing the axis of quantization is create weeping the freq_uency of the synthesizer over a range of

by a solenoid. This solenoid is surrounded byuanetal requencies covering the vyhole spectrum. The ﬂuore'sce.nce
ic shield to reduce ambient field fluctuations signal observed in a cell without buffer gas is shown in Fig.

mal?]n;“ec rialj?)r part of the experiments to be descr.ibed W 7 for the case when the laser frequency is adjusted such as to

. i . . %xcite transitions between the ground levels and the P
are concerned mainly witAmg=0 transitions and, in par-

. : S " =4 level. The linewidth is determined essentially by the
tlcu!ar, with the field mdepend.ent O'O. transition. The IOWertransit time of the atoms across the laser beam and is of the
cesium atom energy levels of interest in the present work ar

h i Fia. 5. A straightf d calculati th Clebsch Brder of 100 kHz. The relative amplitude of the seven dark
SGO\(’jvn n Ig];f_ AS ra'ﬁ orwra]lr Cﬁ culation wi E EDSCN" jines reflects directly the amplitude of the transition prob-
_%r alg lczo,e_ I|:C|ents_8 ows t Tllt L ?j t(r:anS|t|Q1 ’ImF_ abilities from the ground levels to the,, state. This was
=0<P, F'=F, m:=0 Is not allowed. Consequently, CIr- qifiaq through a calculation using Clebsch-Gordan coeffi-
cularly.polarlzed light was us.ed throughput the expermentyionts. The results are reported in Table I. Similar results
and tth's wasl do?ﬁ \IN';[h a Il?]ear pol?:r}ze; followed by 3\vere obtained with both signs of circular polarizatiert, or
quarter-wavelengtn piate as shown In Fig. <. o, as well as for transitions to the,,, F=3 state.

In the coherent radiation emission experiments, essen- o 5 .o ciione A Cs 0-O dark line as observed with the

th de of " 4 placed insid . i%ystem of Fig. 4 and a cell containing methane as a buffer
was then made or quartz and piaced Inside a microwave Ca\fjas at a temperature of 20 °C is shown in Fig. 8. The contrast
ity. The arrangement is shown in Fig. 6. The quartz cell

. Swas about 1.5%, with'’ ~ v5, a value that agrees with cal-
have a 2-cm diameter and a length of about 1 cm. The CavItY jations taking into account the fluorescence originating

:S rgage of_tbrass_tﬁmd 1S ?pera}ted ml_theo%'lilz'motdeh. The from all allowed transitions and the presence of the buffer
oaded cavityQ, with an external coupling of {match con- gas mixing the excited states. This result is reported in Table

dition) is 3000. A hole is made on the side of the cavity tolI with that obtained for the case where the cell does not

allow observation of fluorescence. The laser beam has a dl:'ontain a buffer gas for the cafe y
2.

ameter of 18 mm and enters ‘T“O the cavity_th_rough a COPPET e jinewidth at half the height of the O-O transition was
metal mesh. The coherent microwave radiation emission i easured for several cells containing various buffer gases.
Qetected with a spectr_um analyzer that can be operate_d b is was done as a function of laser power, the result are
in the frequency domain to observe the spectrum of EMISSIOR, G\wn in Table 11 with other data of interest on the proper-

and in the time domain to make measurements on the I'nﬁes of the cells. The narrowest linewidth is obtained with

shape of the emitted radiation and on the transient behawq{eon at a pressure of 46 Torr and is about 50 Hz. This is in
of the atomic ensemble. '

) ) ) o TABLE II. Dark line contrast, calculated and observed for the
~ TABLE I. Relative amplitudes of the dark lines shown in Fig. 7 5_q transition in cesium in the case of cells with or without buffer
in a cesium cell without buffer gas. The results are compared t?:;ases.

those calculated from Clebsch-Gordan coefficients.

— Calculation Experiment
Transition
(ground statg —3-3 —-2-2 -—-1-1 00 11 22 33 Contrast O-0 transition
Calculated 1.06 1.21 116 1 0.78 0.49 0.27 No buffer gas 6.2% 5%

Experiment 0.89 1.22 1.11 1 0.72 0.44 0.33 Buffer gas 3.1% 2 t0 3%
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TABLE Ill. Optical and microwave line widths studied in the 2000 T | [~
dark line experiments with the cylindrical cells X4t cm); (1) cal- ] el 6I+1
culated from natural lifetime(2) calculated from experimental data ERCRE T /
and using a Voigt profile(3) limit extrapolated to zero power 1800
broadeningj4) measured with the free induction decay. 1
* A 1000 "/
Buffer gas P (Tor) Avg, (MHz) I'/27 (MHZ) v,/ (Hz)® 2
None 528 5(1) B 500
Ne 45.8 962 690(2) 56 o
Ne 374 47(4) /-/
CH, 9.3 840 490(2) 268 0
CH4 175 980 720(2) 244 0 500 1000 , [S‘I:’:(])O 2000 2500
CsHg 19.7 962 690(2) 407 !
CsHio 11.5 927 650(2) 397 FIG. 10. Experimental data on spin exchange relaxation rates.
N, 19.0 80 (4) The value ofy, is plotted against the valug, as measured by the

*See also Ref23]. free induction decay.

_ gas collision cross section ang. is the coherence spin
agreement with the results repor_ted by Bragidal.[23]. The exchange relaxation rate. At moderate press(res0 to 20
widths reported are values obtained at room temperature ang,,, depending on the buffer gagliffusion to the walls of
extrapolated to zero laser intensity. The laser intensity may,q ce|l does not contribute much to relaxation. The first term
be varied both through attenuation of intensity with neutralyanyeen brackets in E¢1) becomes negligible in compari-
density filters or by expansion of the beam. This last methodop, 15 the second term, the cesium—buffer gas collision re-
has advantages since an increase in beam diameter increaggs.tion rate. At high temperatures, of the order of 50 °C, the
the number of atoms in interaction. The results for the CaSBensity of cesium is such as to m,ake spin exchange r’elax—

of nitrogen are shown in Fig. 9. ation predominant.
The width of the dark line, as given by E@l), may be Spin exchange relaxatiohe coherence spin exchange
written as relaxation rate is given bjl5]
Avyp=(Um)(y2+T7). (60) Yose= RNV, 0gq (62)

In a cylindrical cell of length and diameten, containing a

buffer gas at pressur@, v, is given by[15]: and the population relaxation ratg .. by

y2={(2.4R)%+ (m/1)2}Do( Py P) V15~ 01 Ose 63

Here,n is the cesium densityy, is the average relative ve-
locity of the cesium atomsrg is the cesium spin exchange

oCross section equal to 2.%¥80 ' cn? and R is a factor
derived from the basic spin exchange process for a manifold
of hyperfine levels. It is equal 24,15

+Lovngd020d P/Po) + Yaser (61)

whereDy is the diffusion constant of the cesium atoms in th
buffer gas,P, corresponds to one atmosphetg, is the
Loschmidt constanty,,q is the average relative velocity of

the cesium and buffer gas atoms is the cesium—buffer 6141

75 81+4’

(64)

/ wherel is the nuclear spirRkR gives the ratio ofy,/y, in spin
exchange processes. In the case of cesius, andR is
equal to 0.687. This relation has been verified in the case of
// rubidium and hydrogen and found to be in agreement with

o
o

-
[¢,)

experimental datd18,25,26. We have verified it in the
present case. The results are shown in Fig. 10 as a phgt of
againsty,. The technique avoids the requirement of deter-
mining the actual density of cesium in the cell which is a
rather inaccurate operation. The measurements were done
| e with the system shown in Fig. 6 in which intensity optical
pumping was used. In this case the laser was operated with-
out microwave modulation, its frequency tuned to Hg,
F=3 to P35 transition. It was pulsed by means of the
FIG. 9. Line width at half the height of the 0-O transition in acousto-optic modulator. This laser pulse, causing an inver-
cesium in a cell containing nitrogen at a pressure of 7.4 Torr, asion of population, was followed by &/2 microwave pulse
room temperature, as a function of laser power, for two differentat 9.2 GHz, and the delayed pulse technique described in
sizes of cross section of laser bedllh: 2 mnt; @, 80 mnf. Ref.[18] was used to obtain values f and y; as a func-

-
(5]
1

»

Linewidth Av [kHz]
o
o

0.0 0.2 0.4 0.6 0.8 1.0
I. Relative Laser Intensity [arb. unfs]
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FIG. 11. Spectrum of the coherent emission of microwave ra-
diation in the case of a cell containing nitrogen at a pressure of 19
Torr. Power at the peak, 140 fW; vertical axis, 5 dB/div.; central 5
frequency, 9 192 651 130 Hz; resolution bandwidth, 1 kHz; video I
bandwidth, 1 kHz. ] | !
0 L = . . .
30 40 50 60 70

tion of the cesium density that was controlled by the cell

temperature. It is observed that the experimental data is in Temperature [*C]

agreement with Eqg62)—(64) within experimental errors. FIG. 13. Power output as a function of temperature for the cases
when neon(Hl) (37 Torn and nitrogen(®)(19 Torn are used as
C. Coherent microwave emission buffer gases. The laser beam diameter is 6 mm.
1. Continuous operation with the help of Eqs(42) and(43). The density is obtained

The experimental arrangement of Fig. 6 was used to medrom the contribution of spin exchange relaxation to the rate
sure the coherent microwave radiation emitted by the cesiun.. The value ofl"’ is obtained from the broadening of the
atoms when driven into a coherent state by the laser sideémission line or the buildup rate. The volume of the atoms in
bands in the\ scheme. A typical spectrum is shown in Fig. interaction is evaluated from the size of the cell and the
11 for the field-independent O-O transition with the cell con-diameter of the laser beam. It is also realized that only those
taining nitrogen at a pressure of 19 Torr and the laser intenatoms in levelsn:=0 contribute to the emission. The filling
sity adjusted to hav&’ approximately equal to hg. The factor, evaluated from geometry, is approximately 0.2. With
temperature was 48 °C. The emission takes place at twice theloadedQ of 3000 and a coupling of 1, we obtain
laser modulation frequency. The power output is 1.4
X 10" W and the signal to noise ratio is 4ith a reso- k~20st
lution bandwidth of 1 kHz. The spectral profile of the emis-
sion can also be observed by scanning the laser modulatioyith a cavity coupling coefficien8=1, and a cable loss of
frequency over the width of the emission. The result is3 dB we finally obtain
shown for the same cell in Fig. 12; the emission profile is
Lorentzian in agreement with Eq42) and is centered at Pou~3Xx10713 W,

w,,, taking into account the second-order Zeeman shift

and the buffer gas shift. The emitted power can be calculate@ich is of the order of magnitude of the power observed in

the experiment. The value &' can also be calculated from
the transverse pumping rate and the coherence relaxation
/\ rate. Using Eq(57) it is then possiplle to evaluate the Rabi
/ \ frequencyhb. It is of the order of 15 s, thus rather small. This
/ \ justifies the approach used in the perturbation analysis in which the
coherence created by the laser was treated independently of the
/ \ effect of the rf field on the density matrix elements.
The power output was also measured as a function of cell
/ \ temperature. The results are shown in Fig. 13 for two cells
VA N containing nitrogeri19 Torr and neon(37 Torn. The power
emitted by the cell containing nitrogen increases with tem-
] B =S perature while that containing neon appears to reach a maxi-
Froqueney Lo ara] mum at a temperature above 45 °C. This behavior is believed
FIG. 12. Spectral profile of the coherent emission. The bufferto be due to the property of the nitrogen buffer gas in
gas is nitrogen at a pressure of 19 Torr and the cell temperature @uenching the fluorescence radiatif27]. In the case of
45 °C; central frequency, 9 192 651 GHz; resolution bandwidth, 3neon, the fluorescence emitted by the cesium atoms excites
kHz; video bandwidth, 3 kHz. The power at the peak is 60 fw;transitions in the ensemble and causes a loss of optical co-
' ~3y,. herence. The fluorescence is said to optically pump the sys-

Coherent Microwave Emission
'
|




PRA 58 COHERENT POPULATION TRAPPING IN CESIUM .. 2355

il § 3
/1 AW i g
el |/ N
St AN \ ot ]
L1/ T~ ;
S el i & hrongoios
Time [2 ms/div) (a) Time {1 ma/div]
FIG. 14. Output power as measured in the transient mode for a
three laser intensities. Buffer gas, nitrogen at 19 Torr; cell tempera- X (\ b
N\

ture, 45 °C.(a) I'~10y,, Po=90 fW, 7,=0.2ms. (b) I''~y,,
Po=301W, 7,=1.0ms. (c) I''~0.2y,, Po=31W, 7,=1.7ms. -
Vertical axis, 5 dB/div.; IF bandwidth, 10 kHz; video bandwidth, 10 W%

kHz. The free decay time constant is 1 ms.

ve Emi

tem in a random way. With nitrogen the fluorescence is re-

Coh

duced by several orders of magnitude and there is a reduced
loss of coherence due to this effect. ° 0-002 0-004 o-008 0-008 o.01
(b) Time [s]
2. Transient operation FIG. 15. (a) Behavior of the coherent microwave emission at the

A . L beginning of the laser pulse for three laser intensities wien
Emission of microwave radiation for the laser operated_7 . KHz.(8) T =10y, (b) ' =57, (&) I'' =2, Buffer

under pulse mode. gives mfo_rmatlon On th(_a atomic systerr&as is nitrogen at 19 Torr and cell temperature is 45 °C. Vertical
parameters.. _A typical result ,'S sh.own ,'n Fig. ,14 for threeaxis, 5 dB/div.(b) Computer simulation of Eq49) for the same
laser intensities for the case in which nitrogen is used as thgation as ina). Vertical axis: 5 dB/div.

buffer gas. In that experiment the laser pulse was 6 ms long

and its rise time and fall time were of the order of.4, thus olved in the CPT process. The coherent emission is ob-
completely negligible in comparison to the decay times an erved at the frequencysg— w;)/27 together with the spec-
the buildup times of the coherence. The three regions iden: ;.\ que to the free decay of the magnetization, which is

tified in the theoretical analysis are clearly visible. In that : i ; ;
' . . - . centered on the hyperfine frequeney,, ,/27; its width is
figure, the sidebands are tuned to the optical transition while_ yp g wem

the microwave angular frequency is tuned to the hyperfine OHz=ya/m.
angular frequency,,/,

Figure 1%a) shows the detailed emission behavior at the IV. APPLICATION TO ATOMIC FREQUENCY
beginning of the laser pulse for the case when the microwave STANDARDS

angular frequency is detuned from the resonant angular fre-
quency s, by Q,=2mXxX2kHz. The ringing is clearly _ _ o
visible. Its frequency is the difference between the micro- Both the dark line and the coherent microwave emission
wave and the hyperfine resonance frequency as predicted Ipgn be used for the implementation of an atomic frequency
theory. Furthermore, this ringing disappears when thestandard. In both cases, the frequency microwave generator
steady-state emission is reached towards the end of the laser
pulse. In that region the emission frequency is that of the
difference frequencyw,; between the sidebands. Figure
15(b) is a computer simulation using E9) for the same ﬁ
situation as that shown in Fig. (&. It is in agreement with =
the general behavior of the experimental observation.

The power buildup time is related tor,=1/(y,
+ w3/T*) [see Eq(49)] and oncey, is evaluated from mea- W
surements on the decay time the transverse pumpindfate .
can be determined. It is found experimentally that optimum f Tl MWWW
signals (amplitude versus linewidjhare obtained withl™’
approximately equal toy,. After the laser pulse, the emis-
sion of power decays at the ratey2and gives a means of
measuringy, . In that casey, is of the order of 500 . FIG. 16. RF spectrum of the coherent emissighand of the

Figure 16 shows the spectrum of the microwave emissiofiree decay(b) of the magnetization. Vertical axis, 5 dB/div.; reso-
when the laser is switched on and off for equal periods of 3Qution bandwidth, 100 Hz. Buffer gas is nitrogen at 19 Torr and cell
ms, a period much longer than the characteristic times intemperature is 45 °Q),/27=1.6 kHz.

A. Frequency locking systems and frequency stability

T T

i
=

Coherent Microwave Emission

Frequency [1 KHz/div.]
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used to modulate the laser frequency and create the coherer 7/
population trapping can be locked to the hyperfine resonance , 1:.?._ i\ /
frequency. In the case of the dark line the locking is done to 4 3
the maximum of the resonance line observed while in the : \ji i
case of microwave emission the locking is done at the maxi- 30

mum of power emitted. Systems have been constructed for \ }/
achieving these locking and results are published elsewhere 2 i\ _/

[28]. For example, in the case of a bench system locking a = 1

crystal oscillator to the coherent emission of radiation, a fre- & 3'\#/

quency stability of the order of 810 2 was observed over 0 *

an averaging time of 100 s. Similar results were obtained in 0

the case of the dark line. These are very promising results .0 600  -300 0 30 600 900
considering that the systems used were opened to environ- 4, Laser detuning [MHz]

mental fluctuations.
FIG. 17. Fractional frequency shift of the coherent microwave
B. Frequency shifts emission peak vs laser detunidg. The buffer gas is nitrogen at

o . 19 Torr and the cell temperature is 45 °C. Laser power is such as to
In the realization of a frequency standard, attention mushayer’=y,.

be paid to the various frequency shifts present in the en-
semble, whlqh, if not properly controlled, can affect the f_fe-perimental errors. In practice, in the case of the implementa-
quency stability of the standard. In the systems describefloy of practical frequency standards using buffer gases, a
above, the hyperfine frequency is perturbed by several phgpixiure of these buffer gas is used to reduce the temperature
nomena. The frequency of the O-O transition is given by  coefficient. This technique can also be used in the present
A systems.

n(O-0)=vest Avg+ AvpgtAvys, (65 Light shift. The light shift is an effect that appears when
where v as given by the definition of the time unit, is the laser frequency is detuned from the central frequency of
9192 631 770 HzAvg is the magnetic field shiftA vy, is the optical transitiong29]. In the calculation we have as-

the shift created by collisions between the buffer gas and theumed that the two sidebands have equal amplitudes. If we
cesium atoms and s is the light shift. remove this condition and solve Equatiofid)—(13) as we

Magnetic field shiftThe O-O transition is affected by the did before, we find that the dark line and the coherent emis-

magnetic field only in second order. A calculation using theSion central frequency is shifted by
Breit-Rabi formula gives a shift equal {d5] L A
( 0

— 2 2
Avg=427.45¢10°B} (66) Aos== 7| rzeaz/lowr- o=l (69

whereB, is expressed in Tesla. In the experiments described o
above the field was of the order ok410~% T (400 mg and where it is assumed that the two lasers are detuned from the

the frequency shift was of the order of 70 Hz. This was donec’pt.il():"":j resonances_ bly tlhe samed qluarljﬂt(y. As g\/ﬁ\s de-. f
in order to counteract small residual field inhomogeneitieSC"P€d above, a single laser modulated at a subharmonic o

and to obtain well-resolved resonance lines. In practice wittin€ hyperfine frequency was used throughout the experi-
a properly designed and well-shielded system a muc ents to create the two coherent radiations required in the
smaller field can be used observation of the CPT phenomenon. In such a case, a de-

Buffer gas shift.The shift caused by collisions with the “4”"‘9 of the Igser causes an equal frequency shift of the ‘.WO
buffer gas is given by15] sldebands. It is readlly observed thgt if the two Iaser.radla-
tions have equal amplitude, the optical Rabi frequencies are
Avpg=Pol Bo+ So(T—To) + Yo(T—To)?], (67) equal and the light shift vanishes. This is intuitively expected
since in such a situation the interference property inherent to
wherePy is the buffer gas pressurg, is the pressure shift CPT prevents excitation of atoms to tRestate. Since no
coefficient, 5§, and y, are the first- and second-order tem- excitations take place there is no light shift.
perature coefficients, respectively, amds the temperature We have measured the frequency of the coherent micro-
of the ensemble of atoms. The temperatligeis the refer- wave emission peak as a function of the detuning of the laser
ence temperature at which the coefficients are measured. Tleentral frequency. For this experiment, the microwave fre-
pressure shifts and temperature coefficients may be negativpiency was locked to the maximum of the emission by
or positive depending on the buffer gas used. In the experimeans of standard servo loop technig{®8] and the laser
ments on the dark line, the cells contained the followingfrequency was varied by adjusting the injection current. The
buffer gases: nitrogen, neon, methane, and several othé&ser sidebands were equal within experimental error. The
buffer gases in the @&,,,, group. Measurements of the results are shown in Fig. 17. It is observed that the first-order
various coefficients have been reported by Beverini, Strumidjght shift is absent as expected from E§8). Other experi-
and Roverd?22]. The buffer gas pressure in all cells was of ments made in situations where the sidebands amplitude
the order of tens of Torr causing frequency shifts of the ordewere different by a factor of the order of ten showed the
of a few kHz. These frequency shifts were measured in alpresence of a large linear light shift. In the present case,
cells and found to agree with the published data within exhowever, a small residual second-order frequency shift is
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present. It may be due to second-order effects that are nagimple expression for the dark line and we have shown that
taken into account in the first-order perturbation approactin the case of alkali atoms such as cesium, CPT leads to the
developed above, such as the presence of a residual carriemission of coherent microwave radiation at the hyperfine
and the presence of other sidebands in the laser spectrumfrequency, easily detected with the help of a microwave cav-
Cavity pulling in the coherent microwave emission ap-ity. This phenomenon could be interpreted as stimulated co-
proach. The effect of the cavity tuning on the frequency of herent Raman emission at the ground state hyperfine fre-
the coherent microwave emission can be calculated from Eaqyuency. The resulting device may also be said to belong to
(42) in the limit of b<Awq,. The amplitude of the power the group of atomic oscillators such as the hydrogen and the
output is function of the cavity frequency tuning. Conse-rubidium maserq30,31]. Experiments were reported that
quently a technique that locks the frequency of the micro-confirm the results of the theoretical analysis.
wave generator to the maximum of emission will be affected Both phenomena, the dark line and the coherent micro-
by the cavity tuning. The effect can be calculated by differ-wave emission, can be used for the implementation of a fre-
entiating Eq.(42) with respect taw,; to obtain the maximum quency standard with interesting characteristics. In particu-
of emission. The maximum appearsast; .« for the condi- lar, the problem of frequency multiplication inherent in the
tion standard intensity optical pumping approach is relaxed
5 through direct frequency multiplication in the laser diode.
_[Qu There is no first-order light shift. In the case of the dark line
(®21 max™ wf’““)_(Q_at) (®21 max™ @), ©9  there is no cavity required for excitation at the hyperfine
frequency. Finally, in the case of coherent microwave emis-
where Q is the resonance line quality factor defined assjon, the cavity pulling is reduced to a negligible value.
(0, f2mA V). The frequency at the maximum of emis-  This work could be extended to the cases of rubidium 85
sion is thus displaced by a cavity detuning. However, thg3.04 GH2 and rubidium 876.83 GH2. Future experiments
apparent frequency shift caused by the cavity detuning igould be oriented towards a better understanding of the light
attenuated by the square of the ratio of the loaded c&jty  shift and towards the practical implementation of a fre-
to the atomic lineQ,. In the present setup this ratio is of the quency standard based on either effects, the dark line or the
order of 10 . The attenuation is thus $0making the effect coherent emission of microwave radiation.
negligible. Other frequency shifts such as the spin exchange
frequency shift and the Bloch-Siegert effect are negligible in
comparison to the buffer gas and magnetic frequency shifts ACKNOWLEDGMENTS
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