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Lasers without Inversion: Interference of Lifetime-Broadened Resonances
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We show that if two upper levels of a four-level laser system are purely lifetime broadened, and decay
to an identical continuum, then there will be an interference in the absorption profile of lower-level
atoms, and that this interference is absent from the stimulated emission profile of the upper-level atoms.
Laser amplification may then be obtained without inversion. Examples include interfering autoionizing
levels, and tunneling systems.

PACS numbers: 42.55.Bi, 32.70.Jz, 32.80.Dz

While it is commonly believed that population inver-
sion is a requirement for obtaining laser amplification,
this is not so. In this Letter we show that if two upper
levels of a four-level laser system are purely lifetime
broadened, and decay to an identical continuum, then
there will be an interference in the absorption profile of
lower-level atoms, and this interference will be absent
from the stimulated emission profile of the upper-level
atoms. It is therefore possible to have a substantial gain
cross section at frequencies where the absorption cross
section is zero and to obtain laser amplification under
conditions where the lower-level population greatly
exceeds the upper-level population.

Figure 1 is an energy-level diagram for the analysis.
Level

~
1) is the lower laser level. Levels

~
2) and

~
3) are

upper levels which are assumed to be lifetime broadened
and decay to the same continuum with decay rates I 2

and I 3. This decay may result, for example, from an
Auger or autoionizing process. Level ~0) is a reservoir
from which the other levels may be excited by, for exam-
ple, electron or optical pumping. We consider two ini-
tial conditions: (a) atoms which at t =0 are in level

~
1),

and (b) atoms which at t =0 are in level
~
2).

Those atoms which are initially in level
~

1) experience
Fano-type interferences in their absorption profile; i.e.,
there are several quantum-mechanical paths to the same
final continuum level. Atoms which are initially in level

~
2) do not exhibit this type of destructive interference,

but do display unusual properties. For example, even if
the oscillator strength from level

~
2) to level

~
1) is zero,

there will be gain on the
~
2)

~
1) transition.

There is a precedent to this idea: Several years ago
Arkhipkin and Heller showed that a discrete level,
which is embedded in a continuum and exhibits a Fano
interference between photoionization to the continuum
and (virtual) excitation of the discrete level, exhibits no
such interference in emission. Here we show that the in-
terference of two lifetime-broadened levels will create
the same type of nonreciprocal interference. Though for
generality we include a direct photoionization channel to
the continuum, it is not an important or essential in-
gredient. The consideration of the interference of

discrete lines allows much larger gain cross sections at
the zero-loss point, and of more importance allows the
application of these ideas to systems where the direct
channel is absent or too small to be useful. Examples in-
clude systems where the lifetime broadening of the two
upper levels occurs by autoionization, tunneling, or by
radiative decay.

The basis set for this work consists of three discrete
levels and a density of continuum levels. We use a
method described by Cohen-Tannoudji, Diu, and Laloe
and by Lambroupoulos and Zoller to build the continu-
um into the coupled equations for the discrete levels.
This is done by first integrating the continuum equations
and then substituting the result back into the equations
for the discrete levels. Thereafter, levels

~
2) and

~
3) are

characterized by their decay rates to the continuum and
their oscillator strengths, or equivalently by their Rabi
frequencies to level

~
1). This method imposes a t=0,

zero boundary condition on the continuum levels, and
also requires that the matrix-element-weighted continu-
um be Oat as compared to the spectral bandwidth of the

2
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FIG. 1. Energy-level diagram for the analysis. (a) Atoms in

level
l 1) at t =0 absorb probe radiation (6 tv) and decay to an

energy-conserving ion and electron. (b) Atoms in level
~
2) at

t =0 both autoionize and are stimulated to level
~
1), thereby

producing gain at the probe frequency. Levels
l 1&, l 2&, and

l
3& may be pumped by electrons or photons from level

l
0&.
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time varying level amplitudes. The equations for the
time varying amplitudes of a lower level

I
I) and upper

levels
I
2) and

I
3) become the following:

Ba]/Bt+j Ao3]]a] =]c]2a2+ x]3a3

)ta2/ tl t+j &oI]2a2 ]c]2a]++23a3

'9 a3/Bt+ jhro3]a3 ]c]3a]+K23a2.

(la)

(lb)

(lc)

The quantities in these equations are

taco, ,
= —jW, /2, ]r]2= —,

' [jQ]2+(12W,)' '],
Ac02] =Aco2] JI 2/2, K', = —,

' [j& + (r W ) ' ]

AM =ACO jI /2, ]r23 (I 21 3) '

(2)

where I 2 and I 3 are the decay rates of levels
I
2) and

I 3); L]]co2] = to2 —(ro] + to); tI]co3] = io3 —(to]+ co); co is the
angular frequency of the electromagnetic field; O]z and
0 ] 3 are the respective Rabi frequencies (pE/6 ); and W,
is the (direct channel) photoionization rate of level

I
1)

to the continuum. We assume that the basis set has been
prediagonalized so that I 2, r3, and W, are real. For
brevity, a continuum-electric-field-principal-value term
which is additive to A;j is neglected. We note the impor-
tance of the cross term K23 which represents the fact that
as level I2) decays it drives level I3) and vice versa.
This term arises since both levels couple to the same con-
tinuum level and therefore to each other.

Equations (1) do not allow for dephasing, and rig-
orously their solution only exhibits rate equation behav-
ior in the limit of zero E field. However, a numerical
solution of these equations shows that the formulas
which follow are valid for Rabi frequencies which are
much less than the complex detunings h, mi2 and h, 6&3.
Atoms which are initially in level

I
2) and are stimulated

to level
I
1) and thereafter recycle, display the same

Fano interference and time-averaged absorption as does
an atom which is intially in level

I
1).

The transition rate for absorption 8',b is obtained by
using the large detunings 562i and h, 63], relative to the
derivatives, to neglect these derivatives in Eqs. (Ib) and
(lc). With a] =1, the quantities a2(t) and a3(t) are
substituted into Eq. (1a). The transition rate W, b= —(6/Bt)

I a, (t)
I

' is then

8;b I 2]r] 2]r] 3]C23+j(]r]2d co3]+ ]C]3AM2] )=2 Re —+
2 8;(Aco2] Aco3] + ]c23)

(3)

Equation (3) thereby neglects the transient portion of
the response of a2(t) and a3(t). The assumption is that
an atom will remain in level

I
1) for a time which is long

compared to the transient, which is over in several decay
times.

The transition rate for emission is obtained by apply-
ing the boundary condition a2=1, a& =a3=0 at t =0,

taking the E field and therefore K.i2 and K&3 equal to
zero, and solving for a2(t) and a3(t). This solution is
then used, in the presence of a small E field, to find
a] (t). As the coupled upper-level populations decay, the
lower-level population la](t) I grows toward a final
value

I a] (~)
I

. The transition rate for stimulated
emission is defined as

w, =rla, ( )I',
where

(4)

We picture an ensemble of atoms which are excited to
level

I
2) at a uniform rate which is sufficiently slow so

that a single atom is not disturbed during its decay. The
level

I
I ) population of a single atom approaches

I
a](~) I, and the population of the ensemble grows

linearly with time. The line shape, as a function of fre-
quency, is contained within a](~). We have defined I
so that the lower-level population equals the downward
transition rate F, times the sum of the steady-state pop-
ulations of levels

I 2) and
I
3). We mention that the nu-

merical solution of Eq. (1) shows that for the case of a
perfect Fano interference, even for Rabi frequencies on
the order of the autoionizing time, atoms which are
stimulated downward remain in level

I
1) thereafter. By

substituting the solutions for the a;(t) into Eq. (4), we
obtain

(tI3q2+ tI2q3+ rt2rt3)

q,'~,'+ (~,+ ~, ) ' (6)

This result is implicit in Fano's original paper. Readily
obtained special cases include a single line in a continu-
um, and two interfering lines without a continuum.
(Note that to remove a level from this formula, one must
set q =0, and g =~, thereby setting both its oscillator
strength and its autoionizing time to zero. ) Two cases
are of special interest: the zero that occurs at the bal-
ance of virtual autoionizations for strong lines

I tt3q2I=
I tI2q3 I, and the zero that occurs at line center

(rt2=0) when q2=0.
The cross section for stimulated emission by atoms in

level
I 2) at t =0, normalized to the continuum cross sec-

w, =r K i3K23+JK ]2AC03]

K'23+ AC02 & AC03 &

The expression for I is given in Eq. (7b).
These formulas may be put into compact form by us-

ing the Fano parameters q; and ]I;, defined as q2=A]2/
(r, W, ) '", q3 A]3/(r3W, ) '", g2

———~~2]/(r2/2), and
tI3 Ac03]/(I 3/2). To be strictly correct, the q; should
also contain a continuum-electric-field-principal-value
term.

The absorption cross section normalized to the contin-
uum cross section a, is then
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