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Theory of the coherent population trapping maser: A strong-field self-consistent approach
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The phenomenon of coherent microwave stimulated emission in a cavity is analyzed for the case of alkali
atoms such as Cs and Rb under coherent population trappPi® in a A scheme. The calculations are made
in transient and in continuous operation within the framework of a three level model. The coupling of the
atoms to the microwave field generated inside the cavity by the atomic ensemble, is fully taken into account;
it introduces radiation damping and an imbalance in the populations of the ground-state hyperfine levels,
decreasing the intrinsic symmetry of thescheme. The effect leads also to a broadening and to a frequency
shift of the microwave emission profile. A comparison is made with the optically pumped alkali atom maser,
allowing a deeper understanding of the CPT stimulated emission phenomenon.

PACS numbg(s): 32.80.Wr, 06.30.Ft, 31.15.Ne, 42.50.Md

[. INTRODUCTION although rather different relative to physical characteristics,
are natural extensions of each other when the laser optical
The emission of coherent microwave radiation in a cavitypumping scheme evolves from CPT to IOP or vice versa.
at the hyperfine frequency of the ground state of alkali-metal
atoms has been demonstrated for an atomic ensemble sub- || RATE EQUATIONS AND POWER OUTPUT
mitted to coherent population trappift@PT) [1-3]. It was o
also shown that the microwave radiation is produced by the The analysis is done for the general energy-level scheme
oscillating magnetization created in the atomic ensemble bghown in Fig. 1, representing two ground statesind .’
the strong coherence generated by thacheme excitation and an excitedn of an atomic ensemble connected by two
[4]. The phenomenon, as its name indicates, also has tfg@herent laser radiation fields. In particular our interest is
property of trapping all atoms in the ground state. This trapfocused on the case of an optically thin alkali atomic vapor
ping is responsible for the creation of a dark state in thdCS, Rb, and Nacontained in a cell with buffer gas. The
ensemble, causing a dark line in the fluorescence spectrufPnceptual physical arrangement used in the analysis is
[5]. Beside the fundamental physics interest of the CPT pheshown in Fig. 2. Collisions of the alkali atoms with the
nomenon, applications have been proposed in many field3uffer gas atoms cause homogeneous broadening of the ex-
such as atom coolinfs], lasing without inversioi7], mag-  cited Py, and Py, states. The excited-state decay rite

netometery[8], and atomic frequency standar@-11]. takes into account spontaneous emission and those colli-
The characteristics of the microwave emission have been

examined both theoretically and experimentally in Réi, l A

in view of the possible realization of a new atomic frequency I 2 0

standard: the “CPT maseif3]. The theoretical analysis was 52p

analysis showed that the coherent microwave emission could
be interpreted as a stimulated emission process similar to that
observed in hydrogen and rubidium masglg,13.

— m
done in the limit of low feedbackiow cavity Q and/or low . / I
number of atomscausing a negligible reaction of the micro- L
wave field on the atomic ensemble itself. However, the r o
1
F

In the present paper we develop a self-consistent theory of 529 =2 1 ; H
the CPT maser when the effect of the microwave field on the 2 s Y, |@e/2T
state of the atomic ensemble is not negligible relative to F=1 / M
other relaxation and pumping mechanisms. The analysis is ! v

1

done in a self-consistent approach in which the effect of the
field, amplitude and phase, calculated from the field equa- rig 1. Three-level system considered in the analytsie D,
tion, is introduced directly in the density-matrix rate equa-yansition of8Rb is reported as an examples; and w, are the
tions. Several conclusions are drawn in connection to thgyser angular frequencies ang,, /27 is the hyperfine frequency
presence of radiation damping, light shifts, power shifts, an@hifted by various static perturbations described in the #tis
cavity pulling. The calculation is extended also to the case ofhe decay rate from the excited state to the ground-state leygls,
the intensity optically pumped masdiOP maser [14,15.  andy, are the ground-state relaxation rates of the population dif-
The analysis provides a natural transition from the CPT tderence and of the coherence, respectively, dpdis the lasers
the IOP maser. It is shown that the two types of masersgetuning from the optical resonance.
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CELL CAVITY Igvels_ to theP state are excifced by means of cohergnt radia-

N \ H (RF field) tion fields that can be obtained in practice from either two
N m //' phase-locked lasers or two sidebands of a single laser modu-

lated at a subharmonic of the hyperfine frequedd}. A A/4

LASERS 1 plate shown produces circular polarization of the incoming

>@—>Pn laser beam, required by the selection rules encountered in the
W, o, © excitation process of the CPT phenomei].
J— > P A. Rate equations
- The analysis is done as in Réfl] in the density-matrix
B0 formalism starting with the master equation describing the

atomic ensemblé€Liouville equation). The laser excitation is

FIG. 2. Conceptual arrangement used in the theoretical analysigepresented by the Rabi frequencies, and wg, defined as
The cavity operates in the mode JiEresonates at the hyperfine

frequency of the alkali-metal atom chose®y, is the microwave or1=— (Eg1/f){u|er-g,|m), (1)
output power.

sions. When nitrogen is used as buffer gas, the decay takes ore =~ (Eoz/h)(w"|er-e\[m), @

place without fluorescence. This so-called quenching effeGihere E,; is the laser field amplitude exciting transitions
prevents a loss of coherence, which would be caused by thegom either levelss or 1/, and the terms within brackets are

the buffer gas pressures considered in this paper, the resuflie polarization vector. A microwave field is present in the
ing optical broadening is of the order of the exmted-statecavity and is assumed to have the form

hyperfine splitting. In practice, pumping is done by means of

one of the twoP states(D; or D, radiatior). This state is Bw(r,t)=2ZB,(r)cog wyst + ¢), 3
approximated by the single leveh shown in Fig. 1. The ] ) ] ) ]

buffer gas is also used to reduce the ground-state hyperfinéhere B,(r) is the microwave field amplitudey;, is the
resonance broadening due to the transit time of the atorféequency difference between the two laser fields; (
across the laser beams and to inhibit Doppler broadening at @2), and¢ is the phase of this field, whose meaning will
the microwave frequency by means of the Dicke effd6. be made clear in the analysis. The Rabi frequency associated
The ratesy; and vy, are, respectively, the population and With this field is defined as

coherence relaxation rates of the alkali atoms in the ground b(r)= — Ho(r /A 4

state, taking into account perturbations such as spin- ()= = pzoH (1)1, )

exchange collisions, buffer gas collisions, and collisions ofyhere ., is the atom’s magnetic moment akt is B,/ u

the atoms with the cell walls. o o o being the permeability of free space. In the case of alkali
A_s shown in Fig. 2, a statlp magnetic mdu_ctuB@, Is  atoms for them=0Am=0 transition u,= ug, the Bohr

applied to the system and provides a quantization axis. Th'ﬁ1agneton. We make the long wavelength and the rotating

magnetic field splits the ground-state Zeeman Ieve_ls and _d‘?/\'/ave approximations and assume for the off-diagonal ele-
couples them to the extent that they can be considered iSQrents of the density matrix, solutions of the form
lated. The two hyperfine levels in the ground state are those

represented in Fig. 1 3¢ and u’, respectively. Static dis- P = 0,6 @102,
placements of the energy levels due to the buffer gas colli- P um= S, me 1! (5)
. . - . . . pum um )
sions and the applied magnetic field are included in the defi- =5
. . . P,u’m ,U,’me
nition of the various resonance frequencies. The cell
containing the alkali atoms and the buffer gas is placed init is assumed that the laser interaction is relatively weak and
side a microwave cavity operating in the giEmode. The that at all times the population of the excitBdstate is small
cell is sufficiently small as to allow approximations in con- in comparison to that of the ground state. We obtain the
nection to the homogeneity of the microwave field over itsfollowing set of rate equations describing the response of the
volume. The transitions from the two ground-state hyperfineatomic ensemble to the applied fields:

iwzt

Pup T Purp=~1, 6)
bmm-i-r*pmm:lelm 5,U,m+ (J)Rzlm 5ﬂrm, (7)
A+y,A=2bIm(e '?5,,)) — wry IM 8,1+ wry IM 8, (8)
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. . b . WR1 . WR2
5ﬂﬂ’+(72+lﬂﬂ)5ﬂp«':_lEeI¢A_|75mM’+ITé,um’ (9)
: 1F* iA . OR1 A . WR2
5/Lm+ E +14Ag 5'um_lT(1_ )+IT(SM’“,, (10)
: 1F* iA _iOR2 Ay OR
5’urm+ E +14g 5,u'm_|T(1+ )+|75’ur’u. (11)
|
The p;; are the fractional populations of the various levels, M(r,t)dV=—(1/2nugé, e '“12dV, (16)
A=p,r,—p,,, and thes; are the coherences in the inter-
action representation. We have defined wheredV is a volume element and is the atomic density.
On the other hand, the resonant component of the field, ac-
Q= (01~ w3)~ oy, (12) cording to Eq.(3), may be written as
andA, the detuning between the lasers and the excited state H(r)=[H(r)[e 1* (17)

(see Fig. 1 Equations(6)—(11) have been obtained intro-
ducing the following approximations widely satisfied in the

usual experimental conditions: We write explicitly the hyperfine coherence &8s, = 5

: mp'
+i5'W,, and by simple algebraic manipulations of the

Q,<I™, b<I™, wpg<I'*. (13 above equations we obtain

The system of rate equatioi§)—(11) has been analyzed in - Ao st
Ref.[18] in the caseb=0, leading to the explanation of the $=+=+tan 12Q —— +tan . (19

dark line observed in the fluorescence spectrum. The system 2 5##,

has also been analyzed in Ref], by means of a perturba-

tion approach in which the oscillating magnetic field, al- This expression sets the phase of the field in the rate equa-
though giving rise to stimulated emission of radiation, istions(6)—(11). It is noted that i{4], the phase was set equal
small enough as not to affect the atomic ensemble populatioto #/2, and that the other terms were not considered in the
and coherence. In the present paper we will solve the abovanalysis since the effect of the field on the atomic ensemble
system of equations in a self-consistent approach in whiclpopulation and coherence was neglected.

the microwave field is not negligible and causes important

effects on the behavior of the atomic ensemble. 2. The field amplitude and the Rabi frequency

W12

_ _ The energy dissipated in the cavity near resonarce(
B. Field equation <w,,/2Q.) is given by[19]

1. Determination of the phase of the microwave field

The oscillating magnetic field in the cavity and the oscil- Piss= D' pkto f [H(r)|2d V. (19
lating magnetizatiorM (r,t) created in the ensemble by the 2Qu v,
CPT phenomenof¥], are coupled through the equation:

On the other hand, following the computations reported in

—iQ. Ref. [4], the power given by the atoms is

H(r)=— Hc(f)f He(r)-M(r)dV,
1120 (Awg/
+1 QL( w 0012) Ve (14) _(l/z)ﬁw,u,’,ukN|26,u,/.L’|2 20
W 1+4Q0 (A we w2 (20

where H, is the cavity field orthonormal modé/, is the
cavity volume,Q, is the loaded cavity quality factor, and herek is the so-called gain factor or the number of micro-

Aw, is the cavity detuning fromwy,. M(r) acts as the \aye photons emitted by an atom in 1 s. It is defined as
source term and its value is obtained from the relation

2
(M(r,1))=Tr(M o), (15 ko Pora QN (21)
AV,
whereM q, is the quantum-mechanical operator representing
the total magnetic moment and the symbpimeans an av- whereV, is the effective volume of the cell containing the
erage over the ensemble represente@.bysing the rotating alkali atoms that are exposed to the radiation fieMiss the
wave approximation and keeping only the resonant termtotal number of atoms equal oV, and %' is the filling
M(r,t) is calculated as factor given by
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Va<ch(r)>§ 3. Maser master equations
m= VC<HC2(r))C ’ (22) For simplicity of presentation, we will divide the follow-

ing analysis in two parts for two conditions realized in prac-
The symbolg ); represent a space average over the volumeice. Using the adiabatic approximation where the optical
in question. The Rabi frequency is evaluated in a selfcoherences are assumed to evolve much faster than the
consistent approach in which the energy dissipated in thground-state coherence, and using the results derived above,
cavity is made equal to the energy given by the atoms. Equahe system of equatior(§)—(11) can be reduced to a system
tions (19) and(20) and the definition ob lead to the funda- ot two equations describing entirely the phenomenon of

mental relation stimulated emission in a self consistent approach. In the fol-
b=2k|b‘w | (23) Iowing paragraphs we will discuss only this reduced set of
equations.
The ambiguity on the sign db, resulting from this power (@ In the first part we assume that the optical radiation
self-consistent approach, has been removed by making tHeelds are exactly tuned to the optical transitions, thah s
field consistent with its definition through Eq8) and(14). =0. In that case the rate equations are reduced to

A+[yy+(1+BHT A=~ 4K 8,/ [>+(1- AT,

(24)
Suuw L y2+ (14 BT, —KA+i(Q,—kypA)]S,, == BTy,
where g is the ratio of the two optical Rabi frequencies, / wgr1), Fp=w2R1/2F*, and ¢ stands for
Aw,
p=2Q_ , (25)
W12

which has been assumed to k4.
(b) In the second case we assume that the cavity is exactly tuned, thaijs;0 and the two optical Rabi frequencies have
the same intensity. We obtain

A+[y,+20,/(1+ 53)]A=—4K|8,,/|2+4T ;5 80/(1+63),

(26)
S+ V2= KA+2T (14 83)+iQ,18,,,=—T o /(14 83) —iT JA 80/ (1+ 83),
|
where &, stands forA,/(I'*/2). A+ (y+2I )A=—4k(5' ,)?
These two system$24) and (26) describe, in a self- CPT maser] ., P , lale r’
consistent approach, most of the behaviors of the atomic en- 5;,,,u+(?’2+2Fp)5w':kA5W’_Fp-
semble of alkali atoms placed inside a microwave cavity. It 27

is also possible to write a system farand & that takes into
account all the possible parameter variations, but it becomq§

o . is noted that under the condition of exact tuning of the
way less transparent to analytical interpretation.

laser and of the cavity, the terd), . is real. It is interesting
to point out that the pumping raté, acts as a transverse
C. Stimulated emission and the difference between pumping rate creating a ground-state hyperfine coherence in
CPT and IOP masers the ensemble without affecting the populations of the
i . , . ground-state levels. The analytical solution of the system
The above set of 'equatlor?s will now be_ applied to varioug27) is not known wherT,#0. The response of the system
cases encountered in experimental situations. to a laser pulsédynamical behavigris analyzed by numeri-
cal integration. The results are shown in Fig. 3 for a particu-
lar set of physical parameters. Radiation damping is present
The situation whergg=1 represents the case of the idealin the transient response of the system because of the rela-
CPT maser. The coherent pumping rates from each hyperfirtavely high gain parameter chosek=3000s%. An oscilla-
ground-state level are equal. In that case, assuming the cavitipn in the switching-on transient and a reduced decay time
to be tuned and the laser frequency difference to be equal @ the switching-off transient are observed. For the same rea-
the hyperfine frequency, the systé@) become son, the effect of the microwave field is readily observed on

1. Dynamical solutions
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FIG. 3. Calculated dynamic response of the hyperfine ground- ) ) ) ) )
state coherencés) and population differencéb) to a laser pulse FIG. 4. Theoretical dynamical behavior of the intensity-pumped
width. The parameters arey,=500s'; k=3000s'; T maser over thresholda) ground-state coherencéy) population

difference. The parameters ake=3000s?, y,=500s ", andl’,
=1000s . The laser pulse width is 40 ms.

the relative populations of the two ground-state hyperfine ) ] ]
levels. The population difference becomes negative upon thémes. The population difference then remains equal to
rise of the coherence, which creates the microwave field i p/(v1+1I'p). However, with an initial condition such as
the cavity. In the absence of a cavity, no microwave fieldd,,’#0, itis possible to find, by numerical integration, non-
would be present, and the population would remain equalrivial solutions of the systeni28). A threshold condition
(A=0) even for large values af,,,,: exists for the creation of the coherengg,, . The results for

In the situation whergs=0 (wgr,=0, wr;= wg), Optical  a particular choice of parameters are shown in Fig. 4 for the
transitions are excited only from the lower ground-state hy+esponse of the system to a laser pulse as in the previous
perfine level and a population inversion is created. This situcase. A delay in the buildup of coherence in the system is
ation corresponds to the case of the IOP maser using a lastgadily observed and depends on the amplitude of initial con-
as the source of pumping. Systé@d) for Aw, andQ), both  ditions set fors, .. The population differenca, however,

=500s . The laser pulse length is 20 ms.

equal to zero, leads to builds up at a rate proportional to the pumping rEtefrom
the beginning of the light pulse. Similar effects as those seen
A+(y+ FpA= —4k(5;m,)2+1“p, above in the CPT maser in connection to radiation damping
IOP maser>y -, and reported in Ref.20], are observed in the present case.

r_ r
8+ (v T8 =kAS" ..

oz
(28 2. Steady-state solution

In the present case, no coherence is created at the ground- Steady-state solutions for the above systems are readily
state hyperfine frequency by the laser that acts essentially abtained by setting all time derivatives equal to zero. In the
a longitudinal pumping source. The above system of equaease of the CPT maser, assuming for simplieity= v, the
tions has a trivial solution with the coherengg,,=0 at all  following set of equations are obtained:

4k

_ TR a2
Ae_ ’)/2+2Fp(5”“'u“’ er
29
CPT maser (7ot 2,2 [ (yp+2T') (29
(s )3+ p (8" p p)_
uu'’e 4k2 up'’e 4k2 ’

053402-5



GODONE, LEVI, MICALIZIO, AND VANIER PHYSICAL REVIEW A 62 053402

where the subscript stands for equilibrium. In the present operating behavior of the two oscillators in thes plane: in
case,é'w,zo at all times becaus®,=0, and the cavity the pumped maser no emission takes place until the popula-

and the lasers are assumed to be tuned exactly to their rOn inversionA has reached a significant value, while in the
spective resonance. The above system has always only ofd T case coherent emission is present at titre8" where
real solution withA <0 and (5;m,)es0, which representsa = . . o
stationary point of operation of the atomic ensemble coupled The t?e“a"'or Of. the two types of m.asers IS SPOWQ |.n Fig.
to the microwave cavity. The stability of this equilibrium 6. in which the emitted power, proportionalk625 , ,,)e. is
point may be easily analyzed through the eigenvalues of thelotted as a function of the pumping rate for the two cases
Jacobian associated with systd@¥): it turns out to be a considered in this section. Table | summarizes the main dif-

stable spiral when ferences between the CPT and the IOP masers. Even if both
masers emit coherent radiation, the CPT maser has mostly
k2(5£w,)§< 2(yp+2Ip)? (30)  the features of a passive maser.

or a stable node in the opposite case. The main physical p The mixed or intermediate case(0<g<1 or g>1)
properties of the stationary solution provided by E2f) are ,
(i) no threshold exists for the coherent emissi6n; p,,,, So far we have considered the two extreme caseg of

>p,,: the population of the lower level is always larger = 1. corresponding to the pure CPT situation, #hel0, de-
than the population of the higher level. In the case of the IOFSCTiPIng the pure IOP maser in the framework of a three-
maser, the nature of the pumping introduces a fundament&fve!l model. We now wish to examine the cases <1
change in the behavior of the atomic ensemble. At equilib1dB> 1, which represent an intermediate excitation scheme
rium the system admits three equilibrium points dependingVhere both CPT and IOP are present. Assuming again the
on the initial conditions. Assuming for simplicity that, ~ conditions where\y=0, Aw:=0, andQ,=0, Eqs.(24) may

=17y,=7y one obtains: be written as
Ag=T, /(y+T,) A+[y1+ (14 BHTJA=—4k(8" )2+ (1-BAT,,
|IOP maseﬁPl[(;r )p —0 . P - p(32)
nu'’€ .
(31) 5;M,+[72+(1+32)Fp]5LM,:kAa;#,—,erp.
Ae=(y+T Ik,
5 It is clear from these equations that the atomic ensemble is
P2,P3 1 r ‘y+r . . . .
C )=t _P_ P now submitted to both a longitudinal pumping rate (1
e 2 VK k — AT, and a transversal pumping ragd,. An analysis

. . . . of the equilibrium points of Eqs(32) shows that wherg
The existence of poinP; is always possible and represents =1 only one equilibrium point exists. Wheng8<1 one or

atn tatck;mtlc _?gstem V\.’ghdmvgrt?.d pqtpylatlo? I;T the. ?roﬁndthree equilibrium points exist depending on the system gain.
state but with no emitted radiation, 1t 1S a stable point Whenp, o stability of the equilibrium points may be again analyzed

2 . - - -
k<(7+.rp) /FP’ otherwise it is a §addle point. The Secondthrough the eigenvalues of the Jacobian associated to the
and third points P, and P; exist only when k>(y system of equations.

+Fp)2/Fp, since (6;m,)e must be real. The choice between

the two solutiong= sign) is defined by the initial conditions.

The condition just mentioned is required for free oscillation 0.4
of the system. Moreover, fok>4vy, there is only a well-

defined range of values of’, that allows the self-

sustainment of the maser oscillation. This last condition is 0.2 RN
related to the oscillation condition derived in Rdf$4] and \
[21] for ensembles of Rb and Cs alkali-metal atoms. In those . |
cases, a different mathematical context was used taking into
account a more complex ground-state manifold than the one J

(g
M

considered in the present calculation. From the physical 02

point of view we have in this case the following situatidn:

a threshold exists for a stable coherent microwave emission.

This threshold requirels>4y; (ii) p,/,>p,, the ground- -04

state populations are inverte@j ) above threshold there is a

well-defined range of pumping rates where maser emission -0.75-05-025 0 025 05 075

can be self-sustained. As mentioned previously in the dy- a

namic solution, the system does not get into oscillation and F|G. 5. Parametric plot of the coherence versus population in-

reach the equilibrium point®, or P; without an external version for the CPT—) maser and for intensity-pumpée-) maser.

excitation such as that provided in practice by noise. In the second case a symmetric solutien— —) is also possible
The fundamental difference between the CPT and the |ORdepending on the initial value of’, ). The parameters ard

masers is made more evident in Fig. 5, which shows the=5000s", y,=500s", andI',=1000s™.
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3000

cally changed from@=0 to B=1, is reported in Fig. 8.
Increasing the value g8 in the upper branclistarting point
B=0, pure intensity pumping a critical value is reached
(B~0.1) for the set of parameters chosen in Fig. 7, where
the system undergoes a sudden transition to the lower
branch. On the contrary, changing adiabatically the value of
B in the lower branch, the system never jumps to the upper
one: the lower branch represents a stable state of the atomic
system, while the upper branch behaves as a metastable state.
When the feedback of the cavity is reduced, lowering the
value ofk below 4y,, only the lower stable branch remains.

2500

2000
@

2

s

k\zé,

1500 1

1000

500

Ill. LINE SHAPES AND FREQUENCY SHIFTS

In view of applications of the CPT microwave coherent
emission to the field of atomic frequency standards, it is
important to examine the emission profile of the CPT maser
in relation to line shape and frequency of its maximum. In
the following discussion, we consider only the physical ef-
600 fects related to the time-dependent perturbation Hamiltonian:

1 these include the shift caused by the microwave cavity tun-
ing (cavity pulling), the light shift, and the microwave power
shift. The frequency shifts, which can be taken into account
in the unperturbed Hamiltonian as time-independent pertur-
bations due to the Zeeman effect, or collisions of alkali at-
oms with the buffer gas, are not considered here. We will not
consider either the light shift caused by off-resonance light
such as sidebands in the laser spectrgpower and qua-
dratic. These effects have been discussed in Refsand
[22].

500

400

2
““'le

300

k‘26

200

100 A

A. Low feedback

We first examine the case of the emission profile Kor
<17, (low Q cavity and/or low number of atomsFrom Eq.
(b) (23) this condition impliesb=0. In this case, the system of
equations(6)—(11) is linear and has been examined in Ref.
FIG. 6. Calculated emitted power féa) the CPT maserb) the  [4]. We recall here some useful results for a better under-

IOP maser vs the pumping rate; in this case the curves are parabol@nding of the effects related to the reaction of the atomic
of the equationk(25", )2=T,— (y,+T,)%k. Coherence relax- ensemble to the presence of the cavity, effects which will be
n

ation ratey, is 500 Sf‘l_ derived later in this section. Solving the system of E(q;.—
(11) for Ag=0, wr;=wry=wr, and Aw,=0 one obtains
A parametric representation, in tde § plane, of the dy- for the stationary case:
namical behavior of the system, is shown in Fig. 7, where the 5
endpoints of the stable spirals describe the equilibrium 16,,/]2= I 33)
reached by the atomic ensemble for different valueg.dh s (yo+ 2Fp)2+ Qi'
this figure, going from(a) to (d) the system moves from an
IOP to a CPT configuration. The various spirals in each ofequation (33), taking into account Eq(20), describes the
the figures correspond to different initial conditionst &0 emission profile of the system uncoupled from the micro-
(—0.8<A<0.8 and—0.4< 5LM,<0.4). wave cavity. In that case, the line shape is a Lorentzian cen-
The “locus” of the equilibrium points spanned by the tered at) ,=0 (that is, at the hyperfine frequencgnd with
system in theA-6 plane when the3 parameter is adiabati- a full width at half-maximum (FWHM) Awi,=2(y»

TABLE I. Main physical differences between the CPT and the IOP masers studied in the text.

Maser type A=puiu—Pupu Threshold Wout Pout
CPT <0 no w1~ W, Saturation vs pumping
I0P >0 kiy,=4 O,y Maximum vs pumping
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0.4 0.4
0.2 02
50 L0
_02 _02 FIG. 7. Theoretical dynamical
behavior of the atomic ensemble
for the case 8.8<1 (mixed or
-0.4 -0.4 intermediate case The param-
eters chosen arey,=500s%; k
-075-05-025 0 025 05 0.75 =5000 S_l; Fp:lOOO st @
4 B2=3%x10"6, (b) B2=3x10"3,
(©) (0 B?=1x10"2% and (d B2
=0.4. Each trace corresponds to
different initial conditions forA
andés  , as explained in the text.
/ — The s%tem evolves from an IOP
02 02 / maser(g very small~0) in “a”
to a CPT mase(B approaches)1l
. . \ in “d.” The center of the spirals
.z O 1 0 ¥ correspond to the equilibrium so-
\ \ ; / lution of Egs.(32).
-02 7 -02 ~
{ \ i
-0.4 N *:i\ ~0.4 s ——
S s
\
-0.75-0.5-025 0 025 05 075 -0.75-05-025 0 025 05 075
A A
(b) (d)
+2I',). The cavity pulling shift of the emission profile can whereQ, is the atomic resonance quality factor defined as
be calculated from Egq$20) and(33) and is given by Qa=w, ,/Awy;. In the more general case, whép#0
5 and wg, # wgrs, a shift of the emission profile is found solv-
_ & ing the system of Eq96)—(11) in the stationary limit and
Aw= Awg, (34 ; .
Qa with 8~1, one obtains
03 2y, 2
7_(1_,8 )WR1 Ay (35)
0.2 “Ls 4 (T*12)2+ A2
e 011 In the usual experimental conditiond,,<I'*/2, and this
i shift is also called “linear light shift.” The emission profile
w 0.0 is always a Lorentzian but its maximum is shifted by the
amount given by Eq(35). In this case it may also be shown
-0.1- that the population differencé in the ground state is given
by
-0.2
‘ Tp(1-57)
03+ : —— A=—FP— (36)
06 0.4 0.2 0.0 02 0.4 0.6 y1+Tp(1+ %)

FIG. 8. Locus of the equilibrium solutions for the CPT and IOP A partial intensity optical pumping is present in this case due
masers for the parameters chosen in the dynamic response repie-the imbalance of the optical radiation fields, which is re-
sented in Fig. 7. sponsible for the linear light shift reported above.
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FIG. 9. Calculated CPT maser emission profile linewidth 2Q Aode,

(FWHM) as a function of the gain parametefor two cases of the

pumping rate and foi, = wry, Ag=0, andA w,=0. FIG. 10. Calculated frequency shift of the emission profile ver-

sus D Awc/wq, (cavity tuning and for the cas@r;= wgy, Ag
=0.
B. High feedback
When the microwave Rabi frequency is not negligible Q.

relative to the relaxation and pumping rates, the following kA= —=Aw(S-1),
effects are present: @
(i) microwave broadening the microwave field of the cav- whereSis the ratio of the total power broadened linewidth
ity strongly couples the hyperfine levels of the ground statencluding all broadening mechanisma,, to the line-

producing a broadening of the emission profile, a phenomgidth caused only by relaxation and optical pumpiigy,,:
enon commonly called power broadenifig];

(i) cavity pulling: the dephasing with respect to quadrature
of the generated microwave field versus the oscillating mag-
netization, as given by E¢14) whenA w.# 0, introduces an

additional shift of the emission profile; A similar analysis may be done also for the microwave shift.
(iii) microwave shift: the imbalance of the ground-state | that case syster®6) is used. The last term in the second
populationsA # 0, as seen, for example, in Fig, produced  equation, the imaginary term, is responsible for the micro-
by the microwave field stored in the cavity even wheg  wave shift introducing a coupling to the population differ-
= wgy, introduces a residual optical pumping that shifts thegnceA.
emission profile when\# 0 as in the case of the linear light  The results of a numerical integration of the various equa-
shift. tions used in the present discussion are shown in Figs. 9, 10,
The first two effects may be made evident from a directand 11. The broadening of the emission profile given by Eq.
analysis of systeni24), setting3=1: (38) is reported in Fig. 9 for two values of the pumping rate.
The shape of the profile, Lorentzian fkr 0, is not signifi-
cantly modified in the range df considered in the figure.
The shift of the emission profile maximum with cavity tun-
ing for two values of the gain factdris shown in Fig. 10 for
the caseB=1 andA,=0. Finally the shift of the emission
profile maximum as a function of the laser tunidg, for
B=1 andAw.=0, for three values of the galq is shown in
Fig. 11. This shift is similar to the linear light shift men-
tioned above, but in the present case it is due to the optical
detuning acting through the microwave power, which reacts
on the ensemble and alters both the coherence and the popu-
lations of the ground-state hyperfine levels.

(39

_ AV&/ZZ 4k2|5M#/|2
AV, (y+ 21"p)2

+1. (40)

A+ (y,+2T ) A=—4K[5,,|?
(37
5, +[y2+ 2 y—KA+i(Q,—kyA)]8, = — T,

From the second equation of systdBY) in the stationary
limit (9/0t—0) we have

(i) a microwave broadening equal to —kA. It is readily
shown that

—kA=b?/(y,+2T), (39

L . . . IV. CONCLUSIONS
which is essentially the saturation factor that is encountered

in magnetic resonance and that causes power broadening. In this paper we have developed a fully self-consistent
(ii) acavity pulling equal tokiA. Using the results derived theory of the CPT maser, taking into account the feedback of
previously and Eq(25) in the case of small cavity detuning, the microwave cavity field on the atomic ensemble. The cav-
we obtain ity feedback destroys partially the intrinsic symmetry of the
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that their physical behavior are basically different. The IOP
2004 + k=15005s" LRI maser is characterized mainly by the presence of an oscilla-
« k=1000s" - L. tion threshold in relation to cavity, atomic density and

4+ k=500s" PR P . pumping rate creating the population inversion. On the other
100 + 1,%500s" VTV hand, the CPT maser is characterized by the absence of a
o I =500s" St faes threshold regarding the parameters just mentioned, as well as
K . . the absence of population inversion in the ground state. Fur-
> 0 A thermore, in the IOP maser, emission takes place essentially

< at the hyperfine frequency although shifted by various per-

turbations, while in the CPT maser, coherent emission takes
place at a frequency corresponding to the difference between
the frequency of the laser radiation fields used in the

200 4 ..t scheme. This last behavior is characteristic of passive masers
although we have shown that the CPT maser, in high-gain

5 situations, behaves in a way very similar to an active maser

in relation to several effects such as radiation damping, cav-

ity frequency pulling, and power broadening.

The present calculations are in agreement with results al-
ready published on the IOP Rb ma$&4]. In the case of the
CPT maser some preliminary results have been obtained on
the radiation damping effect. A comparison of the theoretical

A excitation scheme, resulting in an extra broadening of th&onclusions her_e reported with thg experimental results is in
emission profile, which we have identified as microwaveProgress and will be made the object of a future report.
broadening. The cavity feedback creates also radiation FOr what concerns the practical realization of an atomic
damping, which is visible under transient operation. We havdréquency standard, it is worth noting that the CPT maser
also investigated the effect of the cavity feedback on th@llows_ a better control of the _Ilght shift effe_ct and_, because
frequency of the maximum of emission to the CPT maser. ithere is no thresholqlf a reduction of the ca_Mty pulling effect.
has been shown theoretically that the cavity pulling effect is' € short term stability of the CPT maser is expected to be a
enhanced by the cavity feedback to become linear with théttle worse that the IOP maser, also beCG}gfe the CPT maser
ratio of the cavityQ to the atomic lineQ, (Q, /Q,) asinthe IS dominated by white frequency noise ?) instead of
active IOP maser at high value of the gain fadton ad-  White phase noiser(""), but the long term stability and drift
ditional shift of the emission profile related to the microwave@re on the contrary expected to be significantly lower.

Rabi frequency is present whey,# 0.

The theoretical calculations were also extended to the
case of intensity optical pumping by a simple alteration of
the relative intensities of the two excitation radiation fields The authors wish to thank N. Beverini, E. Maccioni, and
used in the CPT approach. It was shown that the IOP masés. Modugno for their help. This work has been partially
and the CPT maser are natural extensions of each other, bstipported by ASlltalian Space Agendy

-100 .s

a/(r12)
FIG. 11. Calculated microwave shifpower shif} of the CPT

maser emission profile for three values of the gain paranketed
for WR1= WR2, A(,UC: 0.
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