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Propagation and density effects in the coherent-population-trapping maser
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The coherent microwave emission from an optically thick atomic ensemble in a cavity under coherent
population trapping is analyzed. Transient and continuous operations are theoretically examined within the
frame of a closed three-level system in the Dicke regime. The effects related to the atomic density and to the
propagation in the active medium are examined with particular reference to the subnatural linewidth, the low
group velocity and the shifts of the maser emission profile from the unperturbed atomic transition. The case of
alkali-metal atoms submitted to & excitation scheme is addressed in view of applications in the atomic
frequency standard field. Experimental observations in agreement with the theoretical predictions are reported
for the case of rubidium in a buffer gas. Apparent superluminal propagation is also reported and briefly
discussed.
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[. INTRODUCTION density and propagation effects have been observed for the
case of dark transitions even at temperatures lower than
The phenomenon of coherent population trappi@&T) 60 °C for Rb and 40 °C for Cs, as reported, for example, in
in an atomic medium has been widely examined in the lit{8].
erature since the observation of dark lines in the fluorescence In this paper we extend the self-consistent theoretical ap-
spectrum of Na atoms submitted toAaexcitation scheme proach of the CPT maser to the case of an optically thick
[1]. The coupling of the two hyperfine ground-state levels ofactive medium whose spatial dimensions are comparable to
an alkali atom to an excited state via two resonant laser rathe microwave wavelength. The theory will be developed for
diations drives the atomic ensemble into a nonabsorbing closed three-level system in presence of a buffer gas mix-
state: the light transmission of the medium is no longer deture containing N to reduce the emission profile linewidth
scribed by the classical Beer’s law and the electromagnetiby Dicke narrowing and to avoid radiation trapping effects
cally induced transparend§IT) effect mainly characterizes [9] by quenching the fluorescence light scattered by the
the atomic ensembl2,3]. Moreover, the atoms are coher- giomic ensemble. In particular, the following points have to
ently trappc_ed in the ground—state.sublevels_and the stronge taken into accountii) the traveling wave laser beams
coherence induced between them is responsible of the COhgizeq for theA excitation scheme have a relative phase that
ent microwave emission observed when' this atomic en'changes in a significant way along the propagation axis, in-
sembl_e(phaseomun[Z]) is coupled to a cavity tuned to the side the active mediundji) the phase of the microwave ra-
hyperfine frequency4]. diation emitted by each atom is referred to the local optical
This system behaves as a passive m&SBIT maserand, X . :
ephase differencdjii ) due to the fact that the microwave field

besides its physical interest, may find application in th ide th ity | tandi h atom i led t
atomic frequency standard field as a microwave oscillatof'S!d€ the cavily'Is a standing wave, each atom IS coupled 1o

with high medium-term stabilitj5]. A theoretical analysis of W€ microwave field generated by the whole atomic
the CPT maser has been reported in the long-wavelengffnsemble. _ _ _
approximatior(6] for the case of negligible feedback of the !N this paper, the influence of the atomic density and of
cavity on the atomic medium assumed optically thin. Underthe length of the active medium on the emitted power and on
these hypothesis no population unbalance is present betwedif emission profile will be made clear; among others, a new
the ground-state levels and the coherent emission takes plafi@quency shift is found related to the propagation of the
without population inversion. This highly symmetric condi- laser beams inside the active medium and the possibility of
tion strongly reduces the cavity pulling and the light shift reaching subnatural linewidth is predicted in the case of a
effects that are responsible at a good extent of the mediunpure three-level system. Nevertheless, in view of possible
term frequency instability of the intensity pumped maser andnetrological applications of the CPT maser, it appears pos-
of the optical-rf double-resonance passive standards. sible to reduce the effects induced by the cavity feedback on
A strong field self-consistent approach has been develthe maser emission profile through a proper choice of the
oped in[7] where the feedback of the cavity on the atomicoperating parameters.
ensemble is fully taken into account; it introduces radiation A comparison is made also with the intensity optically
damping and an unbalance in the populations of the groundumped(IOP) alkali-atom maser, which allows a better un-
state decreasing the intrinsic symmetry of the excitaton derstanding of the CPT maser behavior.
scheme. Finally we report the experimental results that confirm the
In order to fully describe the behavior of a CPT maser it istheoretical predictions both in transient and in continuous
necessary to remove the long-wavelength approximation anoperation in the case &fRb in buffer gas and, in particular,
the hypothesis of optically thin medium; in fact, relevantthe observation of the propagation shift, of the subnatural
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linewidth and of very low and even negative group veloci-nentH,(z) along thez axis is nearly constant inside the cell
ties. volume excited by the laser beams.
We analyze the atomic system in the ensemble-averaged
Il. THEORY density-matrix formalism11] with the rotating wave ap-

o proximation; the off-diagonal coherence terms are expressed
The analysis is performed for the energy-level schemgg

shown in Fig. 1a); the diagram is typical of alkali-metal
atoms and the figure addresses the particular case of (2)=8,, (2t expli[ (01— 0ot
8Rb D, optical transition, even if the theory may be easily Punt® pp @17 @2
exter_1ded to any cloged three—lgvel'system. In the analygis we —(ki—kp)z+ d1(z,1) — do(z,1) ]},
consider the setup illustrated in Fig(bl where the atomic

ensemble submitted to/a excitation scheme is coupled to a

microwave cavity tuned to the hyperfine frequency. Pum(Z.) = ym(z ) exXpif st —kaz+ da(Z. D) ]},
We consider two copropagating laser beams with wave _
vectorsk;=k;2 (j=1,2) and with a common polarizatidy Purm(Z) =6, m(z ) expi wot —koz+ dp(z,1) I}, (3)

independent of; we assume also for the field amplitudes
spatial variations only along theaxis, so that we can write, where, as usualg,, , 6,m, and g, are slowly varying
functions ofz andt. Inside an optically thick medium the
E = E(zt)8,; &,-2=0; V. ,gl =0 (j=1,2, (1) amplitudes and the phases of the optical fields evolve accord-
b ing to the Maxwell equations that may be expressed in this
E (2=t (zexdot—kz+ ¢zt +ec(=12,  coseiolas
(2) ale 1 &le

9z ¢ at

=a1|m 5,uml

where w; are the angular frequencies of the laser fields and
&(z,t) and ¢(z,t) are slowly variable functions af andt

(see for exampl¢l10]). % + E % __% ReS,m,
The effect of the buffer gas is taken into acco(inby the gz ¢ dt wgy  *
relaxation ratesy; and y, of the ground-states population
difference and coherence, respectiviel] (ii) by the decay dwry 1 dwry
rate of the excited statthomogeneous broadening [of)), 9z + c ot @ IM&,m,
(iii ) by the “localization” of atoms on the microwave wave-
length scalgDicke effect[12]).
The Zeeman sublevels in the ground state are resolved by ai’z E ai’z _ ﬁReb‘ / 4)
the static magnetic fiel®,, while the hyperfine leveF’ Jz ¢ Jt oz ™

=1 in the excited state is assumed uncoupled from the op-
tical fields; Aq is the laser detuning from the optical reso-  having defined the optical Rabi angular frequencies,
nance.

The atomic ensemble prepared in the coherent superposi-
tion of the ground-state levels is coupled to a cylindrical
microwave cavity to detect the coherent emission at the hy-

wr1=Ex(plet-e[m)/h,

perfine frequency generated by the oscillating magnetization wro=Ex(p'[€T-&\|m)/H, (5
along z of the medium[6]. The cavity mode considered in
the computations is the {&, whose magnetic field compo- and the absorption parameters,
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w{u|et-&|m)? the microwave field generated by the atoms themselves; the
al:—soﬁc n, phase termib(t) leads to the complex Rabi frequency,
b=bée?® (10)

_w2</vb'|e?'é>\|m>2
Ay=

n, (6)

gohC and its full expression will be made explicit in the following

) i i ) , analysis in the frame of a self-consistent approach of the
wheren is the atomic density of the mediursg the electric  ~pT maser.

Pgrmettivity of vacuumg the speed of light in vacuum, and  1he set of Eq(7) is very similar to the one examined in
f is the vector between the nucleus and the electron of thm, but now all the density-matrix elements and the optical

atom. ) ) ) . Rabi frequencies are functions nfandt.
The evolution of the density matrix operais given by In the case of an optically thin atomic sample and a cell

the Liouville equation that leads to a set of differential €QUatength much shorter than the microwave wavelength (
tions for the population and coherence terms; following the<)\) the solution of the Maxwell equations for the micro-

procedure reported if6,7,8 and taking into account Eq3)  ,qve magnetic field in the cavity givég]

we have
b=—-2k|5,,], (11
Pupt Purw =L A=puryr=puu, "
. aw _q 4 Im 5#/1.’
Pt I* pmm=—wre IM 8~ 0o IM 6,11, b= +tan - p+tan ———. (12
2 Red,,
A+yA=—2bIm(e'?5,,)+ wry IM 8, In Eq. (12) k is the number of microwave photons emitted
— Ry IM S, by an atom in &. Its expression is
2
: _ S Moz QLN
5MM’+[72+I(Q;L+¢1_¢2)]5M,u’ k—m (13
b . _ . . -
=i-ePA+i OR1 Oy 1 i Sums Q, being the loaded cavity quality factos,’ the filling fac-
2 2 2 tor defined in[6], andl the nuclear spin. In Eq12) ¢ is the
detuning parameter of the cavity,
. 1F* A _ . WR1 A . WR2
5Mm+ E +14Ag 5Mm__IT(1_ )_ITé‘MM" Awg
y=2Q—, (14)
: 1. . WR2 . WRL o
Sprmt | T +180 | 8yrm=—1—=(1+A) =1 —= 6,0 whereA o, is the cavity detuning fronw ., ; <1 in usual

7) operating conditions (tarty=u).
Relations(11) and (12) may also be written in the more
The above set of equations has been derived in the hysompact form
pothesis thatwg(z,t)<I'*,Vz, t(j=1,2), widely satisfied
in the usual frequency standard applications. The “micro- B:—zikeikbgw,_ (15)
wave detuning”’(),=(w;—w,)—w,, has been also as-
sumed always negligible with respect to the excited state The total power generated by the atoRysin the cavity is
linewidth as well as the microwave Rabi frequercgiefined  then[6],
as
[bJ?

1
1 Pazzﬁwu'MNaTv (16)

b= %ILLO/‘LZHZ (8
whereN, is the number of atoms in the effective volume of
and associated with the microwave magnetic field in the cavthe cell exposed to the radiation fields.
ity, For an optically thick atomic system, E@.5) is no longer
. valid but an equivalent expression may be found as follows.
B=ZuoH,cod (w1~ w)t+P(1)], ©) We divide the cell containing the atomic sample rin

_ o elementary cells of length/m with m>1, as shown in Fig.
wherepu, is the permeability of free space apd the hyper-

fine transition magnetic moment. In the case of alkali atoms For the TEy; mode the filling factor in the cell region

for mg=0, Amg=0 transition we haveu,=pug, the Bohr (| ) is proportional to the elementary cell length/(n)
magneton. We assume thaj,,, is the hyperfine separation and we can write for thgth cell 77]_!: »'Im and from Eq.

shifted by the static fiel@,, by the buffer gas collisions and (13) kj=k/m.

any other time-independent perturbation. The figldn ab- Moreover, each elementary cell is optically thin so that
sence of external microwave fields applied to the atoms, i€q. (11) is valid,
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FIG. 2. Ideal elementary cells considered in the text. FIG. 3. Order of magnitude of the main time constants involved

in the theory.

dA Wit ©R, ~ Wi~ Ry
and Eq.(12) may be written as Tt e JA=—2Im(bY 6 )t
+[p1(z,) = Pa(z,1) ], (18 _IB ORLORs

—i—A— —,
where the last two terms in the right-hand side take into 2 2
account that the microwave phase is now referred at the laser © 1 90 .
fields phase difference that evolves alangs given by Eq. RL,-7FRL_ —A)+ ,
(2) 9z c ot 2T * [le(l A) 2wR2 Reﬁlup, ]l

In compact form Eqs(17) and(18) may be written as
(9(1)R2 1 r?sz _

@
Bj: _2ieit//kj(5ﬂlu/)jefzirrzj I exp{i[¢1(Z,t)—¢2(Z,t)]j}- 0z c gt  2r* [Ora(1+2)+20p; Reﬁ"“"]’

(19) Np1—2) 11— ¢h2) a [wry  wRy
7z o :‘r—*(w—mm—m)'m%“
The total Rabi frequency associated with the standing mi-
crowave field excited in the cavity is given by the sum of the B k(L . '
contributions from all the elementary cells and in the limit of b=— 2ie'¢E f S, e dmhgi(b1=d2)q 7 (21)

mu!
m— o we have 0

K (L In order to solve the above system of coupled nonlinear
B(t) = —2ie“”—f 5. (z,t)e 2™ differential equations it is necessary to fix the boundary con-
LJo ditions. We choose to fix the initial conditions z&07"Vt
. and att=0"Vz, which allow us to reduce the problem to
xexplil ¢1(z,1)— ¢o(z1) ]} dz 20 1hown physical limits. In fact at=0" the medium is opti-
cally thin Vt and the solutions are provided by the equations
We note thaB(t) does not depend anas expected, being reported in[7]; in the case of equal laser intensities at the
the microwave field supported by the cavity a standing wavegentrance of the cell we have,
The set of coupled Eq#4), (7), and(20) gives the general

solution for the complete description of the CPT maser in a wr1(Z=0",1) = wry(z=0",t) = wg(0),
self-consistent approach in the case of an optically thick
atomic medium. Through Eq16), the output power and the $1(z=0"t)— ¢,(z=0",t)=0,

emission profile of the CPT maser may be evaluated both in

steady state and in transient operation and all the main ef- _
fects affecting its behavior may be examinéjht shift, A+
power broadening, microwave shift, cavity pulling .) also

in view of applications in time and frequency metrology. ) _
Using the adiabatic approximation, where the optical coher- P wg(0) N 1o

ences are assumed to evolve much faster than the ground- “##’ r* Y )

state coherence, taking into account thats a,= « for the (22
D, transition of alkali atoms and assumidgy,=0 (lasers

tuned to the optical transitionshe set of coupled equations ~ The boundary conditions &t=0" require to clear up the
turns out to be meaning oft=0" from the physical point of view. In Fig. 3

WO\ L
'yl+r—* A=-21Im(b 6##’)'
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we show the main time constants involved in the maser op- 0.006
eration and the assumed physical origin of the time sdale ( 1 .
=0") for the analysis of the maser transient behavior. 0.004 . "
We choosé¢=0" when the hyperfine coherence is not yet ] ] .
established while the optical coherences are at their steady- 0002
state condition and follow adiabatically the hyperfine one; ’ " "
the boundary conditions @=0" are then provided by the < ] -
classical solutions of an optically thick mediuieer’s law 0.000 s
in steady-state conditions, 1 .
-0.002 L -
wr1(Z,1=0")= wry(2,t=0") = wg(0)e” (277, 1 . .
0.004 f.om.m
b1(z,t=0")— ¢,(z,t=07)=0, — —
0.00A 0.25A 0.50A 0.751 1.00A
A(z,t=0")=0, L
(a
8, (2,t=0")=0. (23
In both Egs.(22) and(23) thermodynamic equilibrium is 8010 .
assumed to be reached before the interaction with the lasel i
fields. 4.0x10™ .
.: 1 n
I1l. NUMERICAL SOLUTIONS S 0.0 u " -
<
A. Steady-state solutions 1 " -
We consider in this section the output power, the line -40x10™ . =
shape, and the frequency shift of the maser emission profile ;
through the steady-state solutia#f {t— 0) of the set of Egs. 80x10™ -
(21). .
1. Low density casé oL )\) 0.00A 0.25% 0.50% 0.75) 1.00A
. - a—0 L= L
The casea—0 andL<\ (long-wavelength approxima- (b)

tion) has been widely examined 7] and in this case the

Egs. (21) reduce to the equations there reported. Here we FIG. 4. () Computed population differenck and (b) propaga-
analyze the effects related to the propagation of the lasdion shift vs the cell lengthL, for the particular case:y,
beams inside a cell with ~\. For a low-density medium =200S ", I',=200s", andk=10°L s™*,

and equal laser intensities z&0 Eqgs.(21) yield,

A(z)=0,
wRr1(Z2) = wra(2) =wgr(0) V z,
$1(2)— $(2)=0 V z,
P
_ sinTL/n T e (29
b=-2iks,,———e'¥- /A
LN ’
sinarL/x It means that the proper choice of the cell lengts \/2
(y1+ 2T ))A=—4K|5,,/|>———cog y—mLI\), eliminates the effects related to the feedback of the cavity on
. mL/N the atomic ensemble. In particular, this choice eliminates the
unbalance in the ground-state populations that is responsible
. sinarL/\ of the following effects on the maser emission profile
(72+20p+10,) 6= —Tp+ KA ——— PA(Q,): the cavity pulling, wheny=0, and the microwave
, shift, when Ay#0. From Eq.(25), the shape ofP,(Q2,)
xeW=m™MNg ., (24 turns out Lorentzian. The more general solution of &;l)
gives the results shown in Fig. 4 for the population differ-
wherel" ,= w3(0)/2I'* is the transversal pumping rate. enceA and for the relative shifd w/w ,/, of the maser emis-
The last two equations have a very interesting solutiorsion profile (propagation shijtvs the length of the atomic
when y— 7LIN= /2, medium.
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The solutions reported in Fig. 4 refer to the casé®b
in buffer gas at low density; only for a cell of length
~\/2 no unbalance in the populations is present and the
maser emission profile is centered at the hyperfine transition . a s 4 s
frequency. The vertical axes fax and Aw/w,r,, at a first 10" "
approximation scale ak andk?, as can be deduced from
Egs.(24). For the cell withL~0 or L~ \ the third equation & . . . . o
of Eg. (24) gives no output power; foL =0 it is obvious 10" .
while for L~\ the result may be understood in the following
way: the elementary magnetizations emit with a position-
dependent phase and sum up in such a way that the total
magnetization is reduced to zero for a cell length\. The
general expression for the output power in this case is given

107"

Y] 500 1000 1500 2000

1—. -1
by LIs™
. 2 FIG. 5. Calculated emitted power vs the pumping rate for dif-
p =£hw NLK|28, /|2 sinwL/\ (26) ferent atomic densitiesll, n=3x10"cm 3 (T=60°C); A, n
am P nTa p! Y =1.1x10"cm 3 (T=48°C); @, n=2.9x10cm 3 (T
=34°C).
2. High-density case laxation rate of the Rb atoms in the buffer dasirve (a)]

which makes evident the “subnatural” level achievable by
e emission profile linewidtlicurve (b)] when the atomic
g‘ensity is increased above a certain value in the case of a
ure three-level systefil4]. Besides the physical interest for
his phenomenon always related to the EIT effect, the corre-

In this case the syste(21) has to be solved with the time
derivatives equal zero and all the equations are coupled wit
each other. Due to the last integral equation, we have solve
numerically the system with a recursive approach on th

Rabi frequgnc;b. We report in this subsection some numeri—S onding high atomi® factor turns out of particular impor-
cal evaluations regarding the power generated by the atomigce for the possible metrological applications of the CPT
ensemble and the shifts of the emission profile center freq;, jqqr

quency.

. . The curve(c) of Fig. 6 refers to a real atomic system
The numerical values of the parameters used in the COMghere the Zeeman degeneracy is assumed to be completely
putations refer to th8’Rb D, optical transition(electric di-

- "9 ) resolved; it has been evaluated in a phenomenological way
pole momenid=1.5x10"*" C/m) and to a buffer gas mix-  fom Eq. (21) via a reduction of the hyperfine coherence

ture (10 Torr of N, and 15 Torr of Ar for thermal \eightin the Maxwell equations by the factor 21 +1 (1 is
compensation of the collision induced hyperfine frequencyne nuclear spin

: : _ ~1

shift). In this case we mayoas§urf£El] [*=3x 10°s ! and We report in Fig. 7 the behavior of the emission profile
71~ 7,~180s " at T=30°C; above this temperaturg,  |inewidth vs the optical Rabi frequency for two atomic den-
and y, are controlled also by spin exchange and increasgity values in the subnatural regime. It turns out that in this

linearly with the atomic density. We assume also a cell c45e a power narrowing of the atomic transition has to be
length L~\/2~2.2cm and a cavity loade@® factor Q,

=15000. With a laser beam radius of 1.3 cm the active
volume isN,=12 cn? and the filling factory’~0.2. In or-
der to fix the orders of magnitude, for the parameters con- 250
sidered above, we find at 60°Qy=3x10'cm 3, k \ ©
=240s?!, @=5.8x10"m s andN,=9x 10" ”00

The microwave power generated by the atomic ensemble

¥ —
I q
vs the transversal pumping rate is reported in Fig. 5 for dif- s 150%':\’” e D/E/'J /.
e o (®)

ferent atomic densities; equal laser intensities are assumed at 2 | E\

the entrance of the cell. The saturation of the emitted power 100 \q

level vsT',, typical of the CPT maser emission, is present | %y A

also in this case of optically thick medium and the e *

asymptotic level is proportional to? as far as enough laser e

intensity is applied to the atomic system. The reported power

levels are calculated at the peak of the emission profile. o
The computed full width at half maximum v, of the

emission profile is reported in Fig. 6 vs the atomic density;

the significant reduction of the linewidth for increasing den-  FiG. 6. Full width at half maximum of the CPT maser emission

sities is an interesting consequence related to the EIT effegfofile vs the atomic densitya) natural linewidth of Rb atoms in

[3] which is embodied in the CPT phenomenon and has beepuffer gas, y,/; (b) linewidth in pure three-level systemg (

observed experimentally 8,13 for dark transitions in op- =1); (c) same agb) but taking into account the Zeeman structure

tically thick media. In Fig. 6 we report the ground state re-of Rb atoms, as explained in the text=(1/4); I' ,(0)=500s*.

2.0x10"  40x10”  60x10"  80x10"  1.0x10%
n[em?
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FIG. 7. Full width at half maximum of the maser emission pro-
file vs the Rabi frequencyl, n=5.3x10"cm 3; @, n=2.4

b FIG. 9. Transient behavior of the power emitted by the CPT
x 10 em™3.

maser. n=3x10"cm %, L=0.03m, I'*=3x10°s!, T,
=200s?!, (@ 7,=260s? k=300s?t (b v,=200s? k
observed which represents a signature of the subnatural re=1000s ™.
gime itself.
When the atomic density is maintained fixed anid var- ~ wave shifj always for equal laser intensities at the cell en-
ied throughn' or Q. [Eq. (13)] the solution of Eq(21) leads  trance. Typical results are for the cavity pullidgw/w,,,
to a broadening of the emission profile ksthat is to the ~5x10"** with =0.1 and for the microwave shift
microwave broadening discussed [if] for the case of an Aw/w,,~5X 102 with §,=0.01, when n=1.1
optically thin medium. In the present case this effect isx 10" cm™3 [when 8,#0 the set of Eqs(4), (7), and (20)
slightly reduced and completely masked wheis varied has to be usdd
through the atomic density. We may conclude that the cavity pulling and the micro-
In Sec. Il A1 we have observed the existence of a propawave shift as well as the power broadening of the emission
gation shift whose behavior vs the cell length is reported irprofile reduce their contribution in an optically thick medium
Fig. 4(b). When the atomic ensemble is thick this shift be-with respect to an optically thin on] and that they are
comes quite significant also far~\/2 as can be seen in Fig. negligible when compared with the propagation shift. This
8. last effect is due to the dependence of the phases of the
This effect should be analyzed in greater detail in case oélementary magnetization from the position inside the active
metrological applications and in particular its dependencerolume and is described by the term Expmz/\)lexyi(¢,
from the various parameters which control the CPT maser- ¢,)] of Eq. (20). In principle, this effect could be elimi-
behavior, in order to evaluate its influence on the final stanated or at least strongly reduced by use of a coated cell
bility of the frequency standard. without buffer gag11] where a motional averaging for the
We conclude the analysis of the steady-state solutions aflementary magnetization phases may be assumna@dom
the set of Eqs(21) considering the effects oR((},) of the ~ motion of the atoms through the laser wave fronts
microwave cavity detuningy# 0 cavity pulling and of the

laser center frequency detunin@,=2A,/I'* #0 micro- B. Dynamical solutions

The calculated output power buildup of the CPT maser
reported in Fig. 9 is obtained from the numerical solution of
. the system(21) with boundary conditiong22) and (23).

. When the reduced gain parameitéty, and the pumping rate
oot Iy /y, reach values of the order of 1 an overshoot is present
] in the output transient response as shown in F{);%his

8 saor ] feature was already present in the case of an optically thin
3 medium([7], but now its duration is extended in time by the

206107 effect of the atomic density.

It is interesting to note that a similar behavior has been
25x10° f reported for dark lines observed in optically thick medi&]
. and in that case it was a clear signature of the EIT effect; in
-3.0x10° - - e o particqlar, it may be also_relate_d to the very high group delay
‘ n o) ‘ ‘ 74 typical of these media as it has been theoretically pre-
dicted in[16] and experimentally observed [t7]. We may

FIG. 8. Calculated propagation shift vs the atomic density forevaluate the group delay for the CPT maser starting from the

I',(0)=500s". Egs.(21) and applying a sinusoidal amplitude perturbation of

0.0

5.0x10™

Wy
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the laser fields at the entrance of the cell. In particular, we 14
express the first boundary condition of E§2) as 12_’ =01 e
0R1(2=0") = wry(z=0") = wg(z=0")[ 1+ m,sinwyt], o T e
. a * "N 0.2
ma<1, - 087 . AA .. . a
=) a d L] s .
0.6 s .. . .
and we compute the delay between the output and the input 1 et o,
perturbation signals. The calculated group delay vs the Fou- 0.4+ 0. o
rier frequencyw /27 has a behavior analogous to the ex- ] T LT
perimental curve reported later ¢see Fig. 19 In particular, 0'2: L - .
for a negligible cavity feedback and forn=2.6 00 . IA -— : : — AI —
x10"em 3, L=5cm; wr(z=0")=1x10°s !, and m, 00 05 10 15 20 25 30 35 40
=0.1, we calculated a time group delay of about 2 ms, cor- 7,(0)

responding to a group velocity of the order of 20 m/s. The
group delay bandwidth is of the order of the maser emissiorg(, _5
linewidth and any information contained in such a bandwidth '
is delayed in time with negligible distortion. In the case of

FIG. 10. Numerical solutions of EQq(30) vs y,(0), with

2 2
Fig. 9 the observed overshoot may well be related to the n WR1 A=—21mE*s,.)+ WR1
delayed(and distorteyl transmission of the amplitude step T orr (1 55) ]
applied to the laser fields for the analysis of the transient
behavior. 2 2 ~
g OR g L OR _% S =i EA
Y27 T (1+ 82 wTTF 11 62) |Om T2
IV. COMPARISON BETWEEN CPT AND IOP MASERS
. . . &le _ aAWR1 l_A
In this section we extend the calculations also to the case 9z 2T* 1+ 53,

of the IOP maser, which may be easily derived from the
theory reported in Sec. Il. A deeper understanding of the CPT
stimulated emission phenomenon is obtained from the com- b= —2iei¢—k fL(S dz (29)
parison with the IOP maser as it was already observed in the o KT

case of an optically thin mediufiY].

The I0P maser equations may be deduced from(Ed). In the above equation&Z,(z)/2I'* =T'y(z) is now the
taking into accciunt that: longitudinal pumping rate; in the particular cagg=0 and
(@) wra(z=07)=0Vt; =0, assumingy; ~ y, andQ,=0 (natural maser emission

(b) the phases of the elementary magnetizations are forcqq;lequency, the following analytical solution of Eq29) is
by the microwave field that builds up in the cavity and not byfoyund (see Appendix

the laser fields phase difference.

With reference to pointa), in principle, a field aw, may be 1— K

generated inside an optically thick mediufRaman gain In e—élk’_—(bfz_,_ 1) —(1—e‘4“")

but, in absence of an optical resonant cavity, the feedback of 7p(0)

the field atw, on the atomic ensemble is fully negligible so ¢

that we assume X[1+b"2+ y,(0)]+ Fb’2+§=0, (30
wr(2,1)=0 V zt. (27) where {=aL/T* is the optical length of the mediunk’

=kl vy, is the (reduced gain factor;y,(0)=I",(0)/y, is the
As far as point(b) is concerned, the complex microwave initial (reducedl longitudinal pumping rate; antd’ =|b|/y,
Rabi frequency in this case turns out to be is the (reduced complex Rabi frequency, which gives the
power generated by the atoms through Ed).
- 1 (L Numerical solutions of Eq(30) are reported in Fig. 10
b(t)=—2ike"f’rf Oup(z,t)dz. (28)  that represents the behavior of the generated power vs the
0 pumping rate; for an optically thin mediung € 0.1) we find
the parabolic curve already reported[if] while for an op-
Inserting Eqs(27) and(28) in Eq. (21), we obtain the set tically thick medium ¢>1) the optimum output power is
of differential equations that describe the IOP maser behawshifted towards higher pumping rates. Moreover, the emis-
ior in a complete self-consistent approach for the case of asion threshold and the corresponding pumping rate are re-
optically thick atomic ensemble. In steady-state conditiongorted in Fig. 11 vs the optical length as obtained always
(alat—0) we have from Eq. (30).
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6 6 (EOM) via a single mode polarization maintaining optical
] fiber.
57 1° The EOM has a rf bandwidth of 5 GHz and allows to
| reach a phase modulation index wf,~4 with 1 W of rf
47 14 power; applying to the EOM the output of a microwave syn-
| s thesizer at 3.417 GHz/,, ,/2) the first two modulation side-
x ¥ 13 = bands of the output spectrum provide the radiation fields at

w1 and w, required for theA excitation scheme when the
laser is tuned to th®; center of gravity. The two radiations
are phase coherent between themselves as required by Eq.
(2) and have equal intensities so thag,(z=0")=wg.(z
=0") when the excited optical level is the ¥#,,F'=2;
o 2. s 10 with a modulation indexm,~2.4 the laser carrier is sup-
4 pressed. The power of the modulated laser spectrum at the
entrance of the cavity is 70QW and the beam shape is a

FIG. 11. Emission threshold and corresponding pumping rate vVEM,, Gaussian mode with a ! radius of 10 mm. A\/4

the optical lengthy. [J, y,(0)=TI"p(0)/y2; @, k'=k/y,. plate provides ther™ polarization required to excite the
Amg=0 microwave transition§18].

We observe that the main effect of the optical length on The quartz cell has an internal length lot 18 mm and
the IOP maser is a slight increase of the threshold conditiogontains®’Rb (98%) and a thermally compensated buffer gas
and a higher pumping rate required to achieve the maximurmixture (15.5 Torr of Ar and 9.5 Torr of B).
output power. No propagation shift arises in this case and The microwave cavity is made of Al and is tuned to
this is the new difference between CPT and IOP masers, /2 for the TEy; mode; when the quartz cell is inserted
when the optical length is not negligible; this difference fromand the coupling is critical the loaded quality factor turns out
the physical point of view reflects the different constraintsQ, =10 000 at the operating temperature of 60 °C. The cell is
for the phases of the elementary magnetizations. In fact iprovided of a cold finger that avoids a significant coating of
the IOP maser they are defined by the internally generatethe inside surface by the rubidium atoms. From the data
microwave field while in the CPT maser they are fixed to theabove reported the cavity filling factor turns opt~0.4 and

local phase difference of the optical fields. the active volumeV,=5.6 cn?; in the low density limit
vol =70 Hz.
The cavity is temperature controlled and placed inside a
V. EXPERIMENTAL RESULTS double magnetic shield; a longitudinal static magnetic field

Bo~10 ° T defines the quantization axis.
. ] _ The transmitted optical fields, detected by a photodiode,

_ The experiments have been done with the setup shown igrovide an absorption signal useful to lock the laser frequen-
Fig. 12. . _ _ cies to the optical transition&\,=0, not indicated in Fig.

A semlco_nductor _dlode laser with an e_xternal thtman-lz), and/or the dark line signal which may be used to lock

Met%;ilf cavity provides a tunable radiation at 795 NMine microwave synthesizer on the hyperffiRb transition.
(D; *'Rb transition and a power of up to 10 mW that is The CPT microwave emission is detected by a spectrum ana-
coupled through an isolator to an electro-optic modulatoliyzer that may act as a heterodyne detector to analyze the
transient behavior of the CPT maser or to lock the micro-

wave synthesizer to the atomic emission profile.
Laser EOMI
(@ Iﬁh, @ E B. Experimental results

A. Experimental apparatus

@ﬂ’z The spectrum of the microwave emission shown in Fig.
SEIG — Syrthesizer 13 has been observed @=77°C (n~10%/cn® y,/m
’ VEXO Counter =230 Hzk~1000 s ) and withI" ,~700 s %; it is centered

) at (w;— w,)/27 and its width is limited by the resolution
Fhibtegice ND bandwidth of the spectrum analyzer. The signal to noise ratio

Dark line R 4+ for an observation bandwidth of 1 Hz is 25000 and is limited
‘[’ o Spectm ! g by the thermal noise of the cavity and of the detection

A

CPT maser | analyzer P X system.
\ M4 Taking into account the cavity coupling and the external
TE,,, Cavity Quartz cell losses, the power generated by the atonf3,is 20 pW, not
011

far from the theoretical estimations for the present experi-

FIG. 12. The experimental setup: EOM, electro-optic modula-mental configuration. .
tor; VCXO, voltage controlled crystal oscillator; ND, neutral ~ The maser output power vs the transversal pumping rate
density attenuators. is shown in Fig. 14 for three different atomic densities; the

033802-9



ALDO GODONE, FILIPPO LEVI, AND SALVATORE MICALIZIO PHYSICAL REVIEW A 65 033802

B
=]
2 2.0
=]
<o
= [l = ]
.8 C
£ /l \\
o T 1.0-
° Y,
< b (oAt il ndl A Ry r gl
B hj
2
2 0.5
=
0.0 T T T T T
Frequency [1kHz/div] -800 -400 0 400 800

Q, /2nHz)
FIG. 13. Spectrum of the microwave emission. Power at the
peak, 6.3 pW; vertical axis, 10 dB/div; horizontal axis, 1 kHz div; FIG. 15. Maser emission profild, experimental points;—,
center frequency, 6.834 687 GHz; resolution bandwidth, 100 Hzl-orentzian fit;I",=500 st
video bandwidth, 100 Hz.

is clearly observed the power narrowing of the atomic tran-
behavior is in agreement with the computations reported imjtion predicted in the numerical computations of Fig. 7.
Flg 5 while, as far as the absolute values of the vertical axis It is worth noticing that the app“ed laser beams can easi|y
are ConCerned, the remarks reported for Flg 13 are still ValiCHeterminate some Opticai pumping between the hyperfine
The power emission profile vs the microwave detuningsublevels, leaving a degree of uncertainty in the real popula-
/27 is an important feature of the CPT maser because it ision of them-=0 ground-state levels.
centered to the ground-state frequency splitting; the experi- A more detailed physical and experimental description of
mental curve shown in Fig. 15 refers to a cell temperaturghjs phenomenon is reported [49]. The significant line-
T=68°C (n~6x10" cm™3,y,/7m=150 Hz). width reduction for any pumping rate value observed in the
The experimental points are fitted with a Lorentzianhigh-density regime is relevant for the high resolution spec-
curve; the full width at half maximum i& vy,~240 Hz. The  troscopy and especially for the atomic frequency standard
slight asymmetry observed in the experimental profile mayfield, where the opportunity of working with high-reso-
be due both to a position dependent residual light-shift or thances is particularly desirable.
the non linearities of the thick medium and increases with Another typical feature of the CPT maser emission is the
the pumping rate. The observed linewidth is reduced withpropagation shift; as reported in Sec. IIl of this paper, when
respect to the low density valuey{+2I',)/m~470 Hz[6]  the long-wavelength approximation does not hold for the
as predicted by the theoretical computations and already rextomic sample I(~\) the peak of the emission profile is
ported in the experiments with the dark lif&9). A subnatu-  shifted with respect te»,. ,/27 due to the dependence of the
ral linewidth has been also observed for a limited range oklementary magnetization phases from the position inside the
pumping rates as reported in Fig. 16. At low pumping rates ifactive volume. This effect is not present obviously in the

300 //
280
g /
= T 260 / T E E
: = H
8 )
< 2a0- /T 5
Vig_ s N
220 iE i
O_T_ T T T T T T T T T 200 T v v v
0 100 200 300 400 500 600 0 50 100 150 200 250 300
L (s I ls7]
FIG. 14. Maser output powerB, T=77°C (h=1.1 FIG. 16. Maser emission profile linewidtill, experimental
x102cm ®); @, T=68°C (n=6x10"cm %); A, T=47°C (n points atT=77°C (n=1.1x10%cm 3); ——, natural linewidth;
=8x10Ycm 3). ——, low-density theory.
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FIG. 19. Group delay and velocity versus the Fourier frequency
FIG. 17. Measured propagation shill, T=47°C (=g ©f the amplitude perturbatioT=67 °C (n=5.3x10"cm?), I’y

x10%cm™3); A, T=68°C (h=6x10"cm 3); @, T=77°C (n ~200s*, 0,=0.

=1.1X10%cm3).

a sinusoidal amplitude perturbation applied at the laser
dark line signal so that we have been able to observe it lockfields; it turns out in good agreement with the theoretical
ing the synthesizer alternatively to the maser emission profiléomputations.
and to the dark line. We have used in the case of Fig. 19 a cell with a length

The experimental measurements reported in Fig. 17 sholw=4 cm to increase the sensitivity of the experiment: the
the observed behavior of the propagation shift vs the pumpemission profile width isAv;,~100 Hz and the output
ing rate at different atomic densities. The magnitude of thepower is strongly reduced by the propagation term
shift is in the range of the theoretical values reported in Fig(sin@L/\)/(7L/\) [see for example Ed26)] at the level of 1
8 and increases with the atomic density; this behavior, prefW. The measured group delay anyway is of the order of
dicted by the theory only for lower densitiesn€2  7q=(mAwvy) ' as may be easily computed for the case of
X 10 cm™3), could be due to the fact that the real system isan optically thin atomic medium in the long-wavelength ap-
not a pure three-level system as assumed in the theory. It Rroximation and without cavity feedback.
worth while mentioning that we have been able to compen- The group delay measured at a fixed Fourier frequency vs
sate the above red shift in our apparatus with the blue lighthe microwave detuning) /2 is reported in Fig. 20 and
shift induced by the off resonant components of the modushows an apparent superluminal propagatieg<(0) when
lated laser spectruif20]; this compensation is highly desir- Q,/27m~—Avy,.
able in view of applications in the frequency standard field. Negative group delays are indeed present in the numerical

The transient behavior of the output microwave power issolutions of Eq.(21) for the parameter’s range used in the
shown in Fig. 18 for al',~500 sl T=68°C (n=6 experiments. Here we do not go further in the examination of
%10 cm~%) and shows the typical overshoot predicted inthis phenomenon widely considered in the recent literature
the theory(see Fig. 9 and discussed in the previous section.[21], but we only remark that the CPT maser emission may

We report finally in Fig. 19 the measured group delay forbe a useful tool to pursue these studies, being a direct obser-
vation of the ground-state coherence; moreover the high sen-

{

3.0

/
[

]

w_\l\
T, [ms]
5 o
———
-
[
-
—-—q

=

Microwave Power [200 fW/div]

Ak
1

Time [5 ms/div] 200 150 100 -50 50 100 150 200

Qp/20n [Hz]
FIG. 18. Output power as measured in transient mode. Vertical

axis, 200 fW/div; horizontal axis, 5 ms/div. Resolution bandwith, FIG. 20. Group delay versus the microwave detuniig.

10 kHz; video bandwidth, 10 kHz. =67°C (n=5.3x10"cm 3), I';~200s*, wy/2m=30 Hz.
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sitivity of the heterodyne detection technique and the ab- T (y,+T,)
sence of any laser background allow looser constraints for A= p—p~ (A1)
the experimental apparatus. (y2+Tp)?+[b|?
VI. CONCLUSIONS B FF’
: Oppr=l-————————, (A2)
2 (72+Fp)2+|b|2
In this paper we have developed a fully self-consistent
theory of the CPT maser in the case of an optically thick ar', all((1-A)
active medium and a cell length comparable with the micro- oz 1 (A3)
wave wavelength. The atomic density limits the effects of the
cavity feedback, examined i7] in the case of an optically ~ k(L
thin medium, and, in particular, the microwave broadening of b=-2i1 fo O, dz, (A4)
the emission profile, the cavity pulling and the microwave
shift are significantly reduced. __ whereA, T, and$,, are functions ofz.
We have found that the laser fields propagation inside a |nserting(A1) and (A3) we obtain,
cell of lengthL~N\ leads in general to a shift of the emission
profile with respect to the hyperfine transition frequency ol al'y yo(yo+ T )+|5|2
(propagation shijt in the low-density case this shift may be —P__ 7272 "0 (A5)

controlled through a proper choice of the cell length while in 9z ™ (y,+T,)%+(b|2
the higher density case a coated cell or a suitably modulated ) )
laser spectrum are probably the only solution to reduce thi¥/hile inserting(A2) in (A4) we have
shift that otherwise represents a serious drawback for the _
realization of a frequency standard with high-medium-term ~ . ki(tb I'p
stability. b=—2i [fo ! E( T,)%+ (B2
A strong benefit for the atomi® factor comes from the Y2l
significant narrowing predicted for the emission profile when  The microwave Rabi frequency does not depend,cso

the atomic density increases due to the EIT effect, up f9hat the above equation, neglecting the solufion0, be-
reach a subnatural linewidth. The theory reported in this paz,1ag

per may be used as a starting point for a practical realization

dz

of an atomic frequency standard with a medium-term stabil- K (L r

ity significantly better than that of an IOP maser or of a —f —p~d2= 1. (A6)
classical frequency standard based on rf-optical double reso- L JO (y,+Tp)2+bf?

nance.

The differential equatiofA5) with the boundary condi-

The numerical results refer /Rb atoms in buffer gas i :
tion I',(z=0)=T",(0) has the following solution:

but the theory here reported applies not only to other alkali
metal atoms but to any three-level closed system which sat-

isfies the assumptions made in Sec. Il. The experimental re- lo Tp(L) + I'5(0) FP(L)_

sults have been found in good agreement with the theoretical I'n(0) y2 [1p(0)

predictions and in particular the observation of the subnatu- _ _

ral linewidth and of the propagation shift. Finally we have bl vl yotTp(L)1+[b]* L

also reported the observation of an apparent superluminal

2 =2 - F* '
propagation in presence of a suitable microwave detuning. 72 72[y2+rp(0)]+|b|

(A7)
ACKNOWLEDGMENTS for;quhe differential equatiofA5) may also be written in the
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which may be introduced i(A6) and, after integration over
the cell length, we obtain

APPENDIX

+T,(L)]+|bJ? L
In the particular case considered in Sec. IV, the system log vl v+ Up(L) ]+ B - (A8)

(29) may be written as Y2l 2+ p(0)]+b|? r* k-
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First of all at this point we may introduc@8) in (A7)
obtaining the simplified relation,

Tp(L) rp(O)[rpm_ al EIBF)_
9T, " T (T T R E) T

(A9)

PHYSICAL REVIEW A 65 033802

then we solveA8) for I ;(L) and introduce its expression in
(A9).

Using finally the reduced definitiong,(0), k" and b’
and the optical lengtlg, we obtain Eq(30) which gives the

IOP maser outpufb|? in a fully self-consistent approach in
the case of an optically thick medium.
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