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We show that laser and maser action is possible using atoms that have been prepared in dressed
states. We develop the microscopic theory and derive the Fokker-Planck equation for the field

distribution for such a laser (maser) system.

In the normal operation of lasers and masers one as-
sumes that the atoms are continuously pumped into an ex-
cited state to create population inversion which in turn
amplifies an input radiation. Recently, however, it has
been demonstrated using various models that the popula-
tion inversion is not essential for achieving laser ac-
tion.' ™3 The basic idea behind all these models is to
modify the absorption line shapes. This can be done ei-
ther by using external fields' or by using level schemes in
which several pathways for absorption exist such that
there is a possibility of destructive interference®> between
these path ways. In this Rapid Communication we
demonstrate how atomic coherence effects can be used to
achieve laser action without population inversion. We
consider atoms injected in the cavity such that initially
they are in a dressed state. The dressed-state preparation
modifies the absorption and emission profiles.

Consider a two-level atom with states |1) and |2)
separated by Awo. Consider its interaction with a reso-
nant electromagnetic field such that the interaction Ham-
iltonian in the interaction picture is

H,=—h(gst+g*s™), g-% ,
1)
sT=]1X2].

We assume that the atom is initially prepared in the
dressed-state | y+) where dressed states are defined by

ly£)=1/V2(1DF |gl/gl2),
()
Helys)=xh|gl|ly+).

Mossberg and co-workers® have shown how the dressed
states can be prepared experimentally by using n/2-
resonant pulses and by switching the phase of the field.
We assume that the pumping field is large compared to
the decay rate of the excited state and the inverse of the
time of flight. Note that (2) is such that the populations
in the bare states |1) and |2) are equal and the atomic
coherence p;; is maximum

P11 —p22=0, PIZ-"—Ing. 3)
2g
The radiative properties of the system in the state (2) can
be calculated from the dipole-dipole correlation function.’
It can be shown that

(st(+1)s (1)) =+ (1+e2lelr)eioor )

2

Thus the spontaneous emission spectrum will consist of
lines at

o=w, vo+2|gl|. )

The amplification of an input field can be studied in terms
of a different correlation function,® viz., {[s*(+1),
s ~(¢)]1), which on using Egs. (1) and (2) is found to be

(s*@+1), s (@)=L [eZlelr—g 2lelr) it (6)

Thus the input field in the frequency range wo+2|g| will
be amplified. However the field in the frequency region
wo—2|g| will experience absorption. Therefore it is
clear that we have the possibility of laser or maser action
in a single-mode cavity if the cavity frequency is tuned in
the region wo+2|g]|.

Having discussed the mechanism, we now consider the
derivation of the laser-maser equations’ for the model
shown schematically in Fig. 1. Note that the geometry is
such that the macroscopic polarization associated with the
dressed states does not drive the cavity mode. The in-
teraction Hamiltonian of the atoms and the cavity mode
can be written as

H, = — h(gcs +ae —i(mc—a)o)l_*_g:s ~a +ei(w‘—wo)t) , @)

where o, is the frequency of the cavity mode. The total
Hamiltonian of the atom-cavity mode system is H.+H..
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FIG. 1. Schematic diagram of the model.
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We now make canonical transformation to a new interac-
tion picture so that the interaction Hamiltonian (7) be-
comes

ﬁc _eiHJ/the —iH.t/h ) 8)
On introducing new angular momentum operators R £,
R’ in terms of the dressed-state basis

RY*=|y+Xy-|, R™=|y-XNy+|,
)
Ri= 1 (ly+Xy+| = ly-Xy-1),
we find that
*
H.=— h'ggglf ate' @ _pzy LR e 2lslt
—IR*e¥eld+He.  (10)

In what follows we absorb the phase factor g/|g| in the
definition g*. If we now assume that o, ~wo+2|g| and
that | g| is large, then one can make secular approxima-
tion which reduces H, to

- hgt N
Hc-——g‘ atR -/ @Tm 2y o an
h *
-——gLa+R'+H.c., if o.=wot+2]g|. (12)

For simplicity we derive laser-maser equation'® for the
resonant case only. Note that Eq. (12) shows how the
present problem is isomorphic to the usual laser-maser
problem. Table I compares the two situations.

The case of dressed-state maser is the simplest as then
all complications associated with spontaneous emission
can be ignored. From (12) it is clear that

T
(d)-+-l——g2£-Z<R'(t—tj)), a3)
Yy

where we have now summed over all the atoms assuming
that the jth atom enters the cavity at time ¢;. The mean
dipole moment can be calculated assuming that the field a
is prescribed by using the Hamiltonian (12) and the initial
condition y+(0) =1, y—-(0) =0. The result is

sin | g.t{a) |

le.t@] (14)

(R™(t))= —%’—‘w

TABLE I. Comparison between the usual laser and the
dressed-state laser.

Usual laser Dressed-state laser

Excited state 1) [w+)
w

States are s’|l)-70|l> R’lw+>-ﬂf-|-|v+)

eigenstates of —

Emission operator st=|1)2| R*Y=|yiXy-|
Atoms injected |1 | w+)

in the state

Frequency of wo wo+2|g|

emission, i.e.,
frequency at which
amplification occurs

On substituting (14) in (13) and assuming that the atoms
are injected at the rate A, we get

- | gc |XadA 1 —cos(g . T|{a)])
4 | gca) |? ’

where T is the transit time through the cavity. For small
photon numbers (15) can be approximated by

g XA (| _ gl @ T2
8 12

The two terms on the right-hand side of (16) have a sim-
ple interpretation—the first (second) term gives the linear
gain (nonlinear loss). In order to obtain the full quan-
tum-mechanical description'' of the laser, we need to add
the terms corresponding to losses from the cavity mirrors
and the quantum noise terms. The quantum noise terms
are related to the dipole-dipole correlation function (4).
More precisely, the quantum noise term is found to be

A ¢ 2 T N _
q'—li | _f; dtnj; di;R*Y (6, —12)R ~ (1))

(@)

a15)

(a)=T? (16)

—(R+(l|_tz))<R_(t|)>] ’
an

which for the initial dressed-state preparation |y+)
reduces to

_ AlglT?
q 8 )
which is identical to the linear gain parameter as one
would expect on physical grounds. On using (16) and
(17) and on introducing P distribution for the radiation

field, we find that the dynamics of the dressed-state maser
is governed by the Fokker-Planck equation

(18)

P _ @ _ T PA | g *TiA |
FYREY [“ [" 8 5 |al’|P@
9P
+ +ec. (19)
Toada® ¢

Here x = w/2Q, where Q is the quality factor of the cavity.
The solution of the Fokker-Planck equation (19) can be
written down from the earlier work of Risken and co-
workers. '2 The only difference is that the coefficient in the
Fokker-Planck equation (19) are those relevant for the
dressed-state maser. A more exact dynamical equation
can be obtained by using (14) in the same way as for the
micromaser.'?> Thus the dressed state maser, like the mi-
cromaser, would show subpoissonian photon statistics in a
certain parameter range.

Let us next discuss how (19) is modified for the case of
dressed-state laser. We assume that the excited state | 1)
decays at the rate of 2y to some other state |3). A calcu-
lation shows that the elements of the density matrix in the
dressed-state basis decay at the rate 7, i.e.,

Pap™ — YPap, a=t, B=* . (20)

The diffusion coefficient in (17) is now obtained by calcu-
lating the correlation function including the decay (20)
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and by letting 7— oo. We find the result

2

_A_lsgi. ) 1)
4y?

The linear gain and the nonlinear loss terms are obtained

by integrating the right-hand side of (14) over the interval

(0,00) with weight factor e ~”. Using the result so ob-

tained and (21) we find the Fokker-Planck equation for

the dressed-state laser model '4

P _ @ _ g l*Alal?
o oa ["l" s JF@
9%P(a)
+q2 222 4. 22
T oada* " ° 22)

From the Fokker-Planck equations (19) and (22) it is
clear that the physical properties of the dressed-state laser
and maser will be identical to the properties of the conven-
tional single-mode lasers and masers. It is, however, im-
portant to remember that the atoms are injected in the
dressed-state |y4). Thus initially the population inver-
sion in terms of the bare states of the atom is zero, i.e.,
P11 ™p22, though the population inversion in terms of the
dressed states is nonzero and which is responsible for laser
action.
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