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Semiclassical four-level single-atom laser
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The recent single-atom microlaser experimgfit An et al, Phys. Rev. Lett73, 3375(1994], in which a
stream of inverted two-level atoms is injected into an ultralbavity, can be understood in the context of
a semiclassical four-level laser model. Transit time broadening due to short atom-cavity interaction time
effectively introduces nonradiative decay of the two levels in the model. The steady-state solution of semi-
classical photon and atom rate equations for the intracavity mean photon number versus the intracavity atom
number provides a good fit to the experimental dg$d.050-294707)03208-3

PACS numbes): 42.50—p, 42.55-f, 32.80~t

The single-atom microlas¢5AM) [1] is a laser device in  rate of level 2, withl ;=T ,oq+ I'[oq+ ¥~ y. The cavity decay

which two-level atoms **Ba) in a beam, inverted outside a rateT", is 150 kHz. The atoms in level 1 decay to the reser-
cavity, are injected into the cavity one by one at randomygijr level at a ratd’;(= A w,/2).

intervals, induce laser oscillation, and then exit. For an ultra- | order to complete the four-level description of the

high Q cavity (2x 10°), one atom on average can sustain asaM, we need to specify laser emission coefficikntvhich
buildup of a few laser photons inside the cavity. appears in semiclassical photon and atom rate equdidns
Previous analyses of the SAM have been based on quafye derive the expression fdf from the quantized field
tized field theory. The micromaser theory of Filipowietzal. description of the SAM, in which atoms undergo vacuum
[2] is based on a master equation approach. Recently, theapj oscillations in an empty cavity at an oscillation fre-

has been used to analyze the thresholdlike transition in thgs] with

SAM [4]. The present paper presents a semiclassical analy-

sis; we show that the SAM, which usego-level atoms, can 5

be analyzed in the context of the standard semiclas&ical _M [|EThWa 1
e . . g : 1)

level laser model. Because it is semiclassical, the present f Ve

work cannot provide an accurate picture of the enhanced

Rabi interaction processes associated with the thresholdlikgith , the dipole momentp, the transition frequency, and
transition, nor can it address photon statistics. Neverthelesg;_ the cavity mode volume. If the cavity containghotons,
as shown below, it provides an alternative description of thgne Rapi oscillation is enhanced by a factér+ 1. For the
recent SAM experiments, which investigated the steady-statgAM, the product ofy andt;,, is much smaller thanr. The

photon number. probability that each atom traversing the empty cavity emits

Thg SAM can be trgated as a four-.le_vel system for the, photon is then Sﬁ@ltingztﬁn (assuming constant coupling
followmg reasons. The mvertedl atoms |njeqted into the CaV'throughout the cavily The photon emission rate, i.e., the
ity at rand'om intervals can bg viewed as being pumped fronl‘aser emission coefficient, is thet= g2t .

a reservoir levellevel 3 in Fig. 1 to the upper laser level
(level 2), via a metastable statievel 4), at the rate of injec-
tion R,. Laser transition is from level 2 to level 1. When
atoms exit the cavity, they are lost forever as far as the gain
of the SAM is concerned. We can view this as atoms decay-
ing back to the reservoir level. Since atoms in both levels 1
and 2 equally exit the cavity in the transit time, we can make
the approximation that both levels decay nonradiatively with
the same ratey.

In the experiment the cavity mode waist is 43n, and
hence the atomic transit time through the cavity, (also
called the atom-cavity interaction tirdas about 0.2us for
the most probable velocity of atoms 360 m/s. This corre-
sponds to a transit time broadenigy; of 3.1 MHz in the
fluorescence line shafsee below. Atoms in both levels 1 Y
and 2 then decay nonradiatively to level 4yat Aw/2. In
Fig. 1 the radiative decay rate of level 2 to levelll,q, is 13>
50 kHz. The upper level also decays to i, state at a rate

rad (~ 50 kH2). However, this decay is not importantin the ~ FIG. 1. A four-level laser model: atomic-level structure and
present analysis since its only effect islip, the total decay pumping process.
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We denoteN; andN, as the number of atoms in levels 1 and therefore
and 2, respectively, and the mean number of photons

stored in the resonator. Following the semiclassical treatment I.do
of the four-level lasef5], we set up coupled rate equations = % (12
describing the SAM: (29)
dn i '
= K(n+1)Np— KnN;—Tgn, @ Using the expression fay [Eq. (1)] and T4 [7]
4u?l wy) 2
dN, [ rag= g( f) , (13
W:Rp_FZNZ_KnN2+Kan! (3)
dN; we obtain

gt =~ FiN2+TragNa+KnNo —KnNy, (4)
Vcngwa 472 Aw,V,

We are interested in the steady-state solution, for which P= 67 3w (14)
dn/dt=0=dN;/dt=dN,/dt. Eliminating N; and N, in
Egs.(2)—(4), we obtain a quadratic equation for the steady-
state photon numbear,,. The solution is

which can be rewritten as

!

p , 4rng T

o= (F= D)+ \(r=1%+ =2 (5) p=gP(@a)Awa, (19

where wherep.(w) is the usual density of modes of a cavity with a
D volumeV, [8]:
p'=—— (6)
61(1 62) + €
Vew?

with p=T /K and e, =T ,4/T1,, respectively. The pel@)= 73 (16)

pumping parameter and the characteristic photon number

ny are defined as )
Hence,p can be thought of as the number of cavity modes,

1 including not only longitudinal but also any transverse
o= e (i-p 1)’ (7)  modes, within the atomic fluorescence linewidthw, [5].
Such interpretation is meaningful for conventional lasers, for
e [R which there are so many cavity modes within the atomic line
r= _( _”> (8)  shape that the mode density is a smooth continuous function
Pno! I across the line shape. This is not the case for the SAM, in

which the atomic transition couples to at most only one lon-
gitudinal cavity mode. In this case E(L2) provides an al-
present model, witl\ w, the fluorescence linewidth of the gzrgalti'r\]/e g:)tr?;gﬁtagfnr:egt'; : t?l“easgrr]edc;];]zc;mosrzgggn?ee
transition, Awa ="y + I'y= Aw+ iagt Tlgg. I the SAM,  TOUPIEY €07 gis, rad

a-

the transit time broadening due to the short atom-cavity in- Our model can also be applied to conventional lasers

teraction time is much larger than the radiative decay rates of . P
thout modification. For these laserB,~1",¢<I"; (and
level 2,15 andT/,4, and hence\ w,=A w;. Note that the Jrnou mead o7 Praa<la (

: . o hencep’~p) andp>1 (typically 1—109). In this case,
cavity has a Gaussian transverse mode profile with a mod ; : -
waistwg. The transit time associated with this mode is gependlng on the magnitude of the pumping paranmette

solution can be further simplified by expanding the square
root part of the solution in a power series:

Before applying the result to the SAM of Rdfl], we
examine the physical meaning of the parametefFor the

timzf ex] — (vt/wg)2]dt= Vrw, /v. 9)
Ng=Vpny for r=1 (atthresholy

From the Fourier transform of the exponential function in the
=3 no(

above integral we obtain a transit time broader(fiod] width L) for r<1(below thresholy

at half maximuny: 1-r
Aw,= Zvalwoz ZW/tim% 4k, (10) =p(r—1) for r>1(above threshold 17
Hence, the laser emission coefficient becomes The laser oscillation condition is then simpiy1.
202 (20)2 In the SAM, on the other hang,~ 1. This strikingly con-
K:gztint:( 9) (29) (12) trasts with its value in a conventional laser. Also note that

Aoy Aoy’ with a small value of the the sudden threshold behavior,
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(emission rate into the cavity mogde
B (total emission rate
492IT Aw, /T

T gt4g% T, ptAw,/T,’ (18
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from which we can see thatB~Aw,/(pl';) for
p>Aw, /T, andB~1 for p<Aw,/T.. For example, in a
typical He-Ne laser 8~107° whereas for the SAM
£=0.96.

We now apply our model to the SAM. For this, we need
to introduce the mean intracavity atom numb&y=pgV,,
with pg the density of atoms in the cavity. We can express
the density in terms of the pumping ra®g in the following
way. As mentioned before, the cavity has a Gaussian mode
profile in the transverse directions. It also has a standing
wave mode profile along the cavity axis. In the experiment
an atomic beam with a beam diameleraverses the cavity
mode. Because of the Gaussian transverse profile, only at-
oms confined in a cross-sectional area wofyR will signifi-
cantly interact with the cavity. The total number of atoms
0.1 L Lol injected into the cavity across the above area dutjpgli-

) vided by a volume @lvt;, is the required density:
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FIG. 2. n..as a function of a pumping parameteas defined in Hence, the mean intracavity atom number reduces to
the text.

_ R Lo \/;R t 20
which results from the large size @f parameter, would be 0= 2wyl 4 " Vo = g Nplint- 20
absent(see Fig. 2 A similar trend has been observed in the ]
SAM [4] (Fig. 3. The K value introduced above must now be averaged over

The laser threshold behavior has been studied in the lithe standing wave and transverse Gaussian profiles. We de-

erature in terms of the so-called3” parameter. For a laser fine an averageE
with a very small solid angle associated with the cavity

) . . g%t (W 112
mode, this parameter is related figparameter as follows: K= g mtJ 0 yJ dzex — 2(y/wy)2Jsirf[ 272/ ]
2Wol J—wy ") -1i2
102 II T T T T IIIII T T T T IIIII d
E [ ——rate equation O 3 ~ _77/2 2t (21
F | O <n>, QTS theory 3 2 9t
- O <n>, Experiment 1
m 10 3 E and an averageg:
» n ]
< L ]
T IN'.Aow
1L E L R NI ety 22
E 5 VT 2g7 (2
0.1 _ _ The quantitiep andK in Egs.(5)—(8) are then replaced with
& ol el 3 p and K. The resulting parameter values ape=0.95,
0.1 1 10 f_1E W -1 p — 7 -1 n —
p'=15K=3.2x10° s~ !, R,=2.3x10" s™*, ny=1.0, and
N No=1.4r.
0 We plot ng as a function ofNg (notr) in Fig. 3. Also

FIG. 3. Mean intracavity photon number, measured as a funcP!0tted is the corresponding curve of the SAM experiment
tion of mean intracavity atom number in the SAM experiment of @nd the results of the analysis based on the quantum trajec-
Ref. [1], is compared with the present semiclassical analysis. AlsdOTY Simulation[4]. In that work the atoms were treated
shown is the quantum trajectory simulation results reported in RefStrictly as a two-level system, quantum mechanically inter-
[4], in which systematic errors in detector calibration were cor-acting with the cavity mode with coupling constamt The
rected by fitting the data to the quantum trajectory simulation re-Schralinger equation was numerically integrated. Atomic
sults. After this correction experimental error bars are smaller tha@nd cavity damping processes were handled by means of a
the point size. stochastic wave function. Note that the present semiclassical
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analysis is in excellent agreement with the experin{fantd tics, either atoms need to be injected reguld®y, or the
with the QTS results This is because the SAM operates in aproductgt;,; has to be much larger than [10] and/or fairly
semiclassicalregime in which atoms are injected into the constant for all of the atoms. The later situation is being
cavity with random arrival times, anglt;,; is much smaller pursued experimentally in our group.

than# and averaged over the cavity mode profile, so that the

atom-cavity interaction can be adequately characterized by a

constant raté. In this regime, nonclassical photon statistics  This work was supported by the National Science Foun-
are not expected. In order to see nonclassical photon statigation under Grant No. PHY-9512056.
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