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Gain due to level-dependent collisions
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Based on the level dependence of collision cross sections, a mechanism of light amplification without
inversion in a Doppler-broadened three-level system is further studied. In the rate equations, we use a
collision-kernel model and consider all of the decay and pumping rates. The emission and absorption
profiles are derived by solving the coupled mass-velocity equations numerically. Then, the possibility of
obtaining positive gain with noninversion for an ensemble of particles is shown.

PACS number(s): 42.55.Lt, 32.70.Jz, 34.50.Pi, 51.70.+f

I. INTRODUCTION

It was proposed many years ago that population inver-
sion is not a necessary condition for light amplification.
Holt [1] reported that lasing without inversion might re-
sult from the splitting of emission and absorption spectra
due to atomic recoil, but this effect is very small and
would be useful in practice only at very high transition
frequencies. Arkhipkin and Heller [2] showed that, for a
discrete level embedded in a continuum, Fano interfer-
ence occurs, providing another possible way to achieve
noninversion amplification, but this method does not al-
low many atoms in the discrete levels to acquire higher
gain. A few years ago, Harris [3] considered a purely
lifetime-broadened three-level system, where the emission
and absorption line shapes were different because of
Fano-type interference, and where lasing without inver-
sion was believed to be a practical approach. Since then,
much research effort has been devoted to this area
[4-18].

In Ref. [19] we proposed a new model of light
amplification without inversion. We considered a
predominantly Doppler-broadened three-level system,
where the emission and absorption spectral line shapes
were different due to the level dependence of collision
cross sections. However, in that paper, we did not ac-
count for the influence of pumping and decay rates dur-
ing the collision process. In this paper we explore this
model further. The rate equations include all of these
pumping and decay processes, and a collision-kernel
model is used to deal with the velocity-changing collision
term. Then we obtain coupled mass-velocity equations of
excited and ground levels, which have been solved nu-
merically. From the velocity redistribution, it is shown
that positive gain can be achieved in some frequency
range even if more atoms are in the ground state than in
the excited state. Finally, we discuss the conditions that
influence this noninversion light amplification effect.

II. THEORETICAL MODEL

We consider a flowing-gas system [shown in Fig. 1(a)].
The target gas emerges from a small hole with mass ve-
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locity ¥, into a container filled with a buffer gas. The
target gas has three Doppler-broadened levels [shown in
Fig. 1(b)]. The ground-level atoms are excited to level 3
by electron or optical pumping, and then they relax rap-
idly to level 2. If we suppose that this process is so quick
that the velocity-changing collisions of level 3 can be
neglected, i.e., this process just provides the population of
level 2, and we can then focus on levels 1 and 2. Since
the collision cross sections are level dependent, the
velocity-changing collision rates of level 1 or 2 are
different, so that the velocity distributions of level 1 or 2
are changed differently when the target gas collides with
the buffer gas along the Z axis. Hence there is a displace-
ment of the velocity redistributions between levels 1 and
2, as shown in Fig. 2. The displacement results in
different emission and absorption line shapes. By this
means, local inversion is made possible, under the condi-
tion of noninversion for the ensemble of atoms, and
thus—in the corresponding frequency range—Ilight
amplification is achieved.

In the above case, the level dependence of the collision
cross sections is the physical reason for the noninversion
light amplification. To observe this phenomenon, there
must be a buffer gas acting as a collision perturber, and
the target gas must have nonzero mass velocity relative to
the perturber gas; the spectral lines are dominated by
Doppler-broadened shapes.
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FIG. 1. (a) System scheme. (b) Level scheme.
pumping rate. W;; is the decay rate from level i to j.

W, is the
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FIG. 2. Dashed lines represent the velocity distributions of
ground-state and excited-state atoms f,(V,0) and f,(V,0) at
Z=0, and at this point the mass velocities of the two states
atoms are the same, V. The solid lines are the velocity distri-
butions f;(V,L) and f,(V,L) at Z =L; the mass velocities of
the lower- and upper-level atoms are V', and V,, respectively.

III. DERIVATION AND DISCUSSION

Since the target gas flows along the Z axis, and the
diffusion along other directions is neglected, we just deal
with the one-dimensional case.

We define o,(Z,V,t) as the velocity distribution of
state |i ) over time ¢ and distance Z, where i=1,2,3. Z is
the distance from the hole. First, we derive the time evo-
lution of o;(Z,V,t); the rate equations can then be writ-
ten as follows:

DA Z V=W, Z V0= Wy y(Z,V,0

WA Z, V1) — V-0 Z, V1)

oZ
+,£3(0'3(Z, V,t)) 5 (1)
%02(2, V,t)=W304(Z,V,t)— Wy 0,(Z,V,t)
aaz oA Z V) + Lo Z, V1)), ()
%01(2, Vit)=W, 0 Z,V,t)+ W3 04(Z,V,t)
—W,0(Z,V, )~V 32° o (Z,V,t)
+.,£1(0'1(Z, V,t)) ) (3)

where W;; j is the decay rate from level i to j, and W, is
the pumping rate. —¥V93/0Z is a free-flow term and .L, is
the velocity-changing collision operator of state |i). If

2257

we assume that W;, and W3, are much larger than the
velocity-changing collision rate and the free-flow rate, so
that in the steady state (W3, + Wj,)03=W,0,, we then

have
WuW, (Z,V)— W, 0,Z,V)
WaytWs, 1 e
Vaaz (Z )+ Loy Z,V))=0, (@4
W, oz, v)— — 21 o(Z,V)
HOEETT W W,
3
— VS oZ )+ Li(0((Z,VN=0. ()
By definition, we have
o (Z,V,0)=n,Z,0f(Z,V,1),

[oiz,v,ndv =n,(Z,) .

n; is the density of target atoms in state |i ) and f; is the
velocity distribution function. If the target atom is heavy
compared to the buffer-gas atom, the velocity change
then occurs in small steps; thus in the steady state we can
assume local equilibrium, and the velocity distributions
then take the following form:
172
exp

F(Z V0= 50T

—_ 2
2kT[V Vi(Z,t)]

(6)

where V;(Z,t) is the mass velocity, and m is the mass of
the target atom.
Since

[ Lilo/(Z,V,01dV =0
and
[ (vao,/02)dv =8(n,V;)/0Z =3, /3Z ,

where j; is the flux density, integrating Eq. (4) or (5) over
V, we have

W32 Wp

————n, =W, h, . (7)
Wit Wi, ! 22

We define r=n,/n =Wy, W,/Wy (W3 +Wy,). If
r =1, there is no population inversion for the ensemble of
atoms.

Multiplying Egs. (4) and (5) by ¥? and then integrating
them over V, we get

W32W 2 kT 2
w2 | KT | p2 ] Wauny(Z) | <L+ V3(2)
‘Eaz“ |n2(Z) i’-‘—ZV2<z>+ V2(Z)] ]+fV2L2(02(Z, VNAV=0, (8)
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kT W W, kT
Wany(Z) | =+ VizZ)|————L—n,(zZ viz
21n2( ) ( )} W31+W32 1( ) + (Z)
9 T
37 lnl(Z) ivl(zw V?(Z)] J+fV2.,£l(al(Z,V))dV=O. )
f
In the steady state,
n y e D,= 3kT i=12 (15)
an, _ —dj, o 10) 4unyv,S;
ot oZ ) where n, is the density of the buffer gas, S; is the energy-
One can show that averaged collision cross section, u is the reduced mass,
and v, is the relative velocity between the two kinds of
a_az_l (Z) 3kT VAZ)+V2) atoms. Thus we obtain
£="2an,Sy, , (16)

3
= (Z)VAZ)- V.
2m(ZVAZ)ViZ) . (D

The velocity-changing collision term can be treated by
using collision-kernel models. When the heavy target
atoms are immersed into light buffer-gas atoms and are in
the steady state, a microscopic Brownian-motion model
can be used. Thus, the velocity-changing collision terms
is assumed to be [20]

9
14

kT 3

Lo (Z,V,))=& == m 3V

o,(Z,V,t)

(12)

Upon substituting Eq. (6) into Eq. (12) and after partial
integration, we obtain

[ VLo Z,V,0)dv =—2&m, V7, (13)

where &; is the velocity-damping coefficient. Here we just
consider the collisions between the target gas and the
buffer gas. It is true that the real situation involving the
collision processes is quite complicated. Collisions in all
directions as well as along different lines should be con-
sidered. However, since from the latter part of this paper
one can estimate that the maximum mass-velocity
difference between the target atoms in states |1) and |2)
occurs mostly very close to the entrance hole, discussion
can be limited to the region not far away from the en-
trance hole. In this region the Z-component velocity is
much larger than the velocity components in the X and Y
directions. Hence we can just deal with the one-
dimensional case in order to avoid complicated
mathematical derivations and to emphasize the physical
effect. On the other hand, the relative mass velocity be-
tween atoms in states |1) and |2) is much smaller than
that between the target atoms and the buffer-gas atoms.
For the above two reasons, the damping between the
different-state target atoms is neglected. We have [20]

kT
=Lt =1 14
& o ,2 (14)

where D; is the transport coefficient of the |i )-state tar-
get atoms in the buffer gas; D; is expressed as [21,22]

where a =2m, /(m +m,), and m, is the mass of the
buffer-gas atom. Since the S; values of different states are
generally not the same, the velocity-damping coefficients
are level dependent. This is the internal reason for the
effect described in this paper. In fact, some other effects
are also due to this level dependence of the velocity-
damping coefficients, such as light induced drift, for ex-
ample (see Ref. [20]).

In the steady state the damping due to thermodiffusion
is neglected and the collision damping is caused only by
the directional movement, so v, =V¥;:

& =%2an,S;V; . (17)
Substituting Egs. (11), (13), and (17) into Egs. (8) and (9),
we obtain coupling equations for ¥, and V,:

d Wi, W,
VHZ) =V, (Z)=—————L 2
2257 V(2 Wy +Wsy) Vi@
—~ Wy V3(Z)—4an,S,V3(Z),
(18a)
W22V (Z)=r Wy VA Z)— ——HQW—VZ(@
VA 2a72 Wi + W,
—4an,$,Vi(Z) . (18b)

We use the Runge-Kutta method to solve Egs. (18a)
and (18b) numerically. Figure 3 shows AV =V, —V, asa
function of Z. If S, is larger than S, the excited atoms
slow down more quickly than the ground-state atoms,
and if S, is smaller than S, AV is negative. Hence, due
to the level dependence of the collision cross sections,
different velocity redistributions for levels 1 and 2 can be
obtained, which leads to the separation of absorption and
emission profiles.

Using the formal density-matrix method, one can easi-
ly obtain the following formula for the gain of a probe
light through this system:

G xg(Av,r,AV)=rexp(—x?)—exp[ —(x —b)?], (19)

where
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FIG. 3. Relation between AV and Z. For curve (a), FIG. 4. AV, as a function of AS. Here, V,=250 m/s,

AS /S ,=0.35; for curve (b), AS/S,= —0.35. The other param-
eters are V=250 m/s, n, =2.1X10° m™3} W, =10*s"!, r=1,
S$,=2.9%X10"" m? and a=0.3.

1/2 c
—_— m —_— p—
x = kT VOAV V2(Z)],
172
m — Ay —
KT AV, Av=v—y,.

v is the frequency of the probe light, and v, is the center
frequency of the transition from [2) to [1). If
g (Av,r,AV)>0, then G has a positive value. It is easy to
see that positive gain can be obtained for some frequency
range even if r <1, i.e., amplification without population
inversion. The phase ‘“without population inversion”
used here relates to the ensemble of all atoms in an inho-
mogeneous system. It does not have the same meaning as
in a homogeneous system. The significance of this kind
of noninversion is that it also lowers the demand on
pumping power. The gain here is generated from a cer-
tain velocity group for which there is inversion, but for
the ensemble of atoms there is no population inversion.
The inversion of the specific velocity group is nonrecipro-
cal to the pumping source, and it is formed by the
different velocity redistributions of the excited and
ground states due to the level dependence of collision
cross sections between the target atoms and buffer gas un-
der the condition of noninversion for the ensemble of
atoms. In a lifetime-broadened noninversion system, the
gain is obtained generally based on a quantum-
interference effect, which creates different emission and
absorption profiles.

In order to discuss the influence of other factors on the
gain, we define AV _,, as the maximum AV along Z, and
from Eq. (18) we draw curves of AV .. as functions of
(S,—S8,)/S; and of W,,, respectively; see Figs. 4 and 5.
In order to obtain a more noticeable gain, two conditions
should be met. One is that the lifetime of |2) should be
longer, and the other is that the difference between the
collision cross sections of states |[2) and |1) should be
larger. However, for common atom systems, although
the latter condition can usually be met, the lifetime of an
electronically excited state is generally very short. For
example, we select sodium vapor as the target-atom beam
and helium as the perturber gas. The 45 state of Na is

n,=2.1X10° m™3, W,;=10° s}, §,=2.9X107" m?, r=1,
and a=0.3.

level 3. Since the coupling of the fine structure 32P, ,,
and 32P;,, of 3P is so strong that atoms in the two states
cannot be separated spatially, the fine structure is com-
pletely mixed and 3P acts as level 2. 3Sis the ground lev-
el. Based on the potentials of Pascal, considering the
statistic weight, the average of relevant collision cross-
section ratio (S, —S;)/S,; is 0.35 [20]. The correspond-
ing b is of the order of the value of the recoil effect [1].
On the other hand, for vibrationally excited molecules,
the lifetime of the upper level is long, but the cross-
section difference between excited and ground states is
generally not large enough. For instance, in the
CH;F/He system, (S, —S,)/S, is about 0.01 [23]. b is
about 1073, three to four orders larger than that of the
recoil effect, but still small. However, one can try to
select a system fitting the two conditions simultaneously.
A metastable state of atoms or an electronically excited
state of molecules acting as an upper level may be better
choices. One can qualitatively estimate that the effect
can become greater in these two cases. Unfortunately,
the data for quantitative calculation are not yet obtain-
able.

In the above, by using a collision kernel, we have ob-
tained the velocity redistributions, in the system con-
sidered after solving coupled equations, and, then, from
the gain formula, we have shown that positive gain can

AVmax (my/s)

4 6 8 10 12 14 16
|nW21

FIG. 5. Relation between AV, and W,,. The parameters
are V,=250 m/s, n,=2.1X 10° m™3, W, =10" s,
S§,=2.9%X10""m? §,=3.9X10"" m? r=1, and a=0.3.
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be obtained even if the ensemble of atoms has no popula-
tion inversion. The effect of level-dependence collision is
to split the Doppler-broadened absorption and emission
spectra. Although in some systems this new effect is
small, it is generally larger than the recoil effect described
in Ref. [1].
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