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The dependence of absorption saturation in a gas at low pressure on the configuration of the light field
is considered. In particular, absorption saturation of a gas in the field of two standing waves is considered as a function of the angle between the waves; absorption saturation is also analyzed for the
field of a traveling spherical wave as a function of the curvature. For nonaxial modes the degree of
absorption saturation is much lower than for axial modes. It is suggested that this effect may be employed for self-selection of the lowest transverse mode of a laser by means of a nonlinear absorbing
gas cell in the cavity. It is shown that the degree of absorption saturation for a spherical wave decreases with increase of curvature of the wave front.
absorption saturation of a gas of sufficiently low pressure is quite sensitive to the configuration of the light
field. Physically this is due to the fact that if the atoms
IT is known that resonance absorption of gas in a light
field is decreased by saturation lll . If the homogeneous
interacting with the field traverse without relaxation or
collision a distance comparable with the transverse
width of the resonance transition is much smaller than
the Doppler width, then the wave E cos (vt- k · r) interdimension of the beam, then the medium feels the field
acts effectively with atoms for which the projection of
in a certain microscopic region. As a result, the degree
of absorption saturation turns out to be critically sensithe velocity v on the direction of the wave vector k is
tive to the form of the light field. As possible field conequal to v ~ (v- w)/k, accurate to D.v = y/k, where w
figurations, we consider the modes of an open resonator
is the frequency of the center of the Doppler line and y
is the homogeneous line width. In an intense field, there- with flat mirrors and a spherical light wave. It is shown
in sections 2 and 3 that the degree of absorption saturatherefore, "hole burning" occurs in the Doppler line at
tion of non-axial modes is much lower than that of axial
a frequency v, with a width y. l2 J If the light field is a
modes. In the case of a sufficiently small ratio y /ku
standing wave (for example the fundamental mode in a
(ku-Doppler line width) this phenomenon can be used for
laser resonator), then the interaction of the atoms with
a very effective self-selection of the lower transverse
each of the oppositely traveling waves gives rise to
two "holes" that are symmetrical with respect to w l2 J.
mode with the aid of a nonlinear absorbing gas cell in
Saturation of the absorption of the gas is quite sensi- the laserl 61 • It is shown in section 4 that the degree of
tive to the deviation of the frequency of the standing
absorption saturation of a spherical wave greatly dewave relative to the center of the Doppler line. If the
pends on its radius, which is also of interest for the
control of the light-field configuration.
field frequency v coincides with the center of the line
( lv- w I <t: y), then the degree of saturation is larger
than when lv - w I
y. Physically this is due to the
2. QUALITATIVE ANALYSIS FOR A TRANSVERSE
fact that in the case of small frequency deviation the
MODE
atoms interacting with the field feel both traveling waves
and the degree of saturation doubles. An increase of
A plane standing wave of frequency v interacts effecthe degree of saturation at the center of the line can be
tively with atoms whose velocities lie in the regions
interpreted also as the consequence of a superposition
shown shaded in Fig. 1a. It is assumed in Fig. 1 that the
of two holes at v = w l31 • In practice this effect is manix axis coincides with the axis of the wave, w is the frefest by the fact that when the frequency of the standing
quency of the center of the Doppler line, and u = v'2kT/m
wave is scanned along the Doppler line the absorption
characterizes the average thermal velocity of the atoms,
coefficient (gain) has a dip at the center of the line
y is the homogeneous line width, and k = w/c. When
(Lamb dip) l31 • In the case of a small degree of saturalv- w I » y the field interacts with two non-overlapping
tion (j3E 2 <t: 1), the standing-wave absorption coefficient
groups of atoms in velocity space. When the frequency
is given byl 3 J
of the field approaches the center of line, the shaded
regions begin to overlap, i.e., the atoms begin to interact with both traveling waves and the degree of saturaa(v)= a 0 (v)
~E2 (1 +
y'
)]
(1)
v'+(w-v) 2
tion increases. This corresponds to an overlap of the
where a 0 (v) is the linear absorption coefficient. Experi- holes in the Doppler contour, but we have used a twomentally, the dip at the center of the amplification line
dimensional picture, since it is more convenient on
going over to more complicated field configurations.
was observed in an He-Ne laser inl 4 ' 51 •
Let the light field be a superposition of two plane
The purpose of the present article is to show thar
1. INTRODUCTION
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inhomogeneity in the transverse field distribution during
the course of its coherent interaction with the field.
3. ABSORPTION SATURATION IN THE FIELD OF TWO
STANDING WAVES
Let the light field be a superposition of two standing
waves in the form
E (r, t) = E (sin k 1r ±sin k~r) cos vt,

FIG. 1. Space of the projections of the atom velocities von the xy
plane. The shaded regions contain the velocities of the atoms that interact resonantly with a plane standing wave with wave vector k and
frequency 11 (a) and two plane standing waves with vectors k 1 and k 2
and with frequency 11 (b).

standing waves of equal frequency, the wave vectors of
which, k1 and k2, lie in the plane (x, y) and make angles
± cp with the x axis (Fig. lb). Such a field configuration
arises, for example, upon excitation of a mode that axis
is non-axial in they direction in a plane-parallel resonator, the axis of which coincides with the x axis, i.e.,
TEM 011 modes £7 l • The transverse component of the wave
vector is determined by the dimension of the mirror 2a,
and by the transverse index of the mode n:
q~n(n+1)/a

(2)

Usually a ~ ~, and therefore the angle between the
wave vectors, which equals
2qJ=2q/k~ (n+1)A./a,

(3)

is quite small 11 . Such a light field interacts effectively
with atoms whose velocity projection on the (x, y) plane
lies in the regions shaded in Fig. lb. When lw- vi
~ y and cp ~ y /ku, there exists in velocity space four
little-overlapping groups of atoms interacting with the
field. When the angle between the standing waves decreases, the degree of overlap of regions I and II
(respectively III and IV) increases and when
(4)

practically all the atoms in regions I and II (III and IV)
overlap. This corresponds physically to the fact that
the atoms feel the field of the traveling waves in both
standing waves. As a result, the degree of absorption
saturation is doubled. If w = v, then the degree of
saturation increases by another factor of two as a result of coalescence of the regions I-II and III-IV. In
this case the atoms feel the field of all four traveling
waves.
Condition (4) with allowance for (3) can be represented in the form
u/y>a/:n(n+1).

(5)

The left side of the inequality (5) is the average distance
of the coherent interaction between the atom and the
field, and the right side is the characteristic dimension
of the transverse inhomogeneity of the field. Thus, the
degree of saturation is sensitive to the field configuration in the case when the atom is capable of feeling the
ll Since each wave has an angular divergence 61{)"' A/a, a distinct
separation of the propagation directions takes place for modes with
sufficiently large transverse index n.

(6)

where k1 = kex + qey, and k2 = kex - qey; ex and ey are
unit vectors along the axes x andy; the plus sign corresponds to modes that are even in y, and the minus sign
corresponds to odd modes.
The difference of the probabilities of the populations
of the two levels 1 and 2 of atoms having a velocity v is
equal to£3 J
p1 t(v)- p22(v) = [p11°(v)- p~z0 (v)] I [1 +R{v, k,, kz)].

(7)

Here P~1(v) and p~2 (v) are the probabilities of the populations of levels 1 and 2 in the absence of a field, and
the saturation parameter R(v, k1, k 2) is determined by
the expression
R = _P_2-E2[!l'{e + k1v)+!l'(e- k1v)+ !l'(e +k2v)+!l'(e- kzv)],

(8)

-'lliy,yz

where p is the matrix element of the dipole moment of
the transition, !l'(w) = y 2 /(w 2 + y 2) describes the Lorentz
form of homogeneous broadening, Y1 and Y2 are the
damping constants of the levels, y = (Yl + Y2)/2,
E=v-w.

The absorption coefficient of a weak trial traveling
wave with frequency wo and wave vector k is given by
a(w 0,k) = ~ dv N(v)!pu(v)- pzz(v))cr(wo- w + kv),

(9)

where N(v) is the velocity distribution of the atoms,
a(w'- w) = a 0 !l'(w'- w)-cross section of the radiative

transition at the frequency w', a a-cross section of
radiative transition at exact resonance (w' = w). The
absorption coefficient of the two standing waves causing
the absorption saturation of the gas, obviously, is given
by
a{v) =

S dv N(v)[pu(v)- pzz(v))·

X [cr(e + k1v)+ cr(e- k,v)+ cr(e + k2v)+ cr(e- kzv)].

(10)

We shall calculate (10) for a low degree of saturation
(R « 1). This assumption has in fact already been
made in the description of the saturation with the aid
of (7), in which no account is taken of the line broadening in the field. In addition, the initial distribution over
the velocities and over the levels will be assumed isotropic:
N(v)=

'!._o
(}:rtu)3

exp(-~).
uz

p11°(v)-p22°(v)=const,

which certainly is valid for the case of an equilibrium
gas.
After rather cumbersome calculations, expression
(10) can be reduced to the form
a(v)

=

ao(v)[1-!1F(e/y,qu/y)],

(11)

where a 0 (v) is the absorption coefficient for a weak
field, {3 = p 2E 2/8h 2Y1Y2 is the saturation parameter, and
the function F describes the dependence of the degree of
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saturation on the detuning E and on the transverse component of the wave vectors q. The function F can be
calculated assuming that the homogeneous width is small
compared with the Doppler width:
(12)
and that the angle between the standing waves is small:
The condition (12) is necessary for the occurrence of
the effect under consideration, and the condition (13)
limits only the region of large angles, which are of no
interest for the problem under consideration. The final
expression for F(E/y, qu/y) is given by

J!.!:':_) =
'Y

1
[1 + 1 + (e/y)
1 r
+--=J
Yn -= 1

2

J+ -y;;- __\'
_ [1- <D (...Y.-)J e(Vtqu)'
qu
qu
e-o' d£

+ (quG/y-1- c;/y)

(14)

2

2

X

1n

0

<D(x)= -__: ~ e-6'd;

is the error integral.
The first term in (14) describes the frequency dependence of the degree of saturation, the second term describes the angular dependence, and the third the frequency-angular dependence. In the particular case of
standing waves with identical directions (q = 0), the
second term is equal to unity, and the third coincides
with the first without unity. As a result, expression (14)
goes over into the expression obtained by Lambl 31 :
e
) =2 [ 1+
F ( -,0
'Y
1

1

+ (c;/y)

2

J.

(15)

In the case of exact resonance ( f = 0), the third term

coincides with the second and expression (14) reduces to

qu/v) = 2{1 + l'n q: [ 1- <D(

;JJ

e<vlqu)'}.

(16)

Far from the center of the line (IE I » y) the third term
is negligibly small, and the function F is given by
F ( oo, qujy) = 1

1u/y

4. QUALITATIVE ANALYSIS FOR A SPHERICAL WAVE
Let us consider now the case of absorption saturation of a low-pressure gas in the field of a spherical
wave, cos(vt ± kr) with a center at the point r = 0. We
consider a wave region sufficiently far from its center
(r » a, a-dimension of the region). At the point r, the
wave interacts resonantly with atoms whose velocities
v satisfy the condition
lk(r)v

where

F(O,

-r

--:,~.~~-J:-_,2;----;-fc----;0~-----;,c----c2:----cJ;-----tq

(13)

q~k.

F ( !".._,
'Y

FIG. 2. Dependence of the
degree of absorption saturation on
the transverse components q of the
wave vectors of two standing waves
(inside the Lamb dip (e = 0) and
outside this dip (lei~ -y))

+ y;:t q: [ 1- <D ( q: ) Je<vfquJ',

(17)

i.e., F(O, qu/y) = 2F(oo, qu/y).
The dependence of the degree of saturation on the
transverse component of the wave vector for two limiting values of the field frequency detuning ( E = 0 and
IE I
y) is shown in Fig. 2. The decrease of the degree of saturation upon detuning relative to the center
of the line is described approximately by the Lamb factor (15). One can assume approximately

»

F( .:_'Y_ qu);::::;
[ 1+ _ i_ _ 1{1 + y;_l rl 1- <D( Y._)]
'Y
1 + (e/y)2 J
qu
qu

e('lf<JHf}

±

(19)

where k(r) = kr/r is the wave vector of the field at the
point r, and the plus and minus signs correspond to converging and diverging waves.
Let the effective mean free path of the atom relative
to the change of the state of the atom due to collisions,
radiative damping, etc. be lp (obviously, lp;::::; u/y). In
order for the atom to interact resonantly with the spherical wave during the entire free path time Tp = l /u
= y- 1 , it is necessary to satisfy the condition (19J for all
r from the point of the start of the path r 0 to the final
point ro + VTp. The angle between the wave vectors at
the beginning and at the end of the path is cp ;::::; lp/(r),
where (r) is the average radius of curvature of the
wave front, and it is assumed for simplicity that v = w.
Then the total change of k(r) · v during the free path time
of the atom amounts to /'2 cpku, and condition (19) can be
represented in the form
1 ku

k

2 'Y

2

(r)~--Zp =-Zp 2

(20)

If condition (20) is not satisfied, then the atom interacts effectively with the field at a distance leff
;: : ; h (r )/k, with leff < Zp. This means that the width of
the resonance can be represented in the form
'Yeff ;::::;y+uUerf =y+ku(2k(r))-'l•.

(21)

The broadening of the resonance of the interaction
leads to a corresponding increase of the absorption
saturation power as the result of the decrease of the
saturation parameter. Consequently, the degree of absorption saturation depends critically on the radius of
the spherical wave. The critical radius, at which the
degree of saturation begins to decrease, is determined
by the expression

(18)

1 ( ku )•

rcr;::::;

It follows from (11) and (18) that the degree of absorption saturation in a field of two standing waves is
sensitive not only to the detuning of the field frequency
relative to the center of the line, but also to the angle
between the waves. It is important that the angular dependence exists at any value of E, i.e., at any point of the
Doppler line.

(Ul- v) I G; y,

2k

Y .

(22)

If the width of the interaction resonance without allow-

ance for the curvature of the wave front is determined
only by the finite time of flight of the atoms through the
beam, i.e., y;::::; u/a, where a is the diameter of the
beam, then the critical radius is equal to
(23)
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Such a wave-front radius corresponds to the diffraction
divergence of the light beam. Consequently, in a lowpressure gas the degree of absorption saturation is extremely sensitive to the curvature of the wave front.
5. POSSIBLE APPLICATIONS
The dependence of the degree of absorption saturation
on the angle between two standing waves can be used for
self- selection of the lower transverse mode of the laser,
by placing a nonlinearly absorbing low-pressure gas
cell inside the resonator 2>. In accordance with the foregoing, effective self-selection of the lower transverse
mode should occur when the molecule mean free path in
the cell, without a change of state as the result of collisions and radiative relaxation, exceeds the transverse
dimension of the beam. Of course, a detailed analysis
of the process of self- selection of transverse modes in
such a laser calls for an additional analysis. By way of
examples of the possible pairs of lasers and gas absorbers we can present: 1) an argon-ion laser at wavelength A = 5145 A and the molecule I2 (radiative-relaxation time ~ 10~ 5 sec [UJ); 2) laser with C02- N2- He mixture and SF 6 molecule having strong absorption at the
wavelength A = 10.5915 J1 [ 121 , etc. In all these cases we
can satisfy the condition of self selection of the lower
transverse mode.
The effect of the dependence of the degree of absorption saturation on the curvature of the wave front of the
light wave can be used for self-correction of the wave
front of the beam inside the laser, by placing inside the
resonator a low-pressure gas cell, or else outside the
laser, by passing through the cell the emerging ray.

21Gas lasers with absorbing low· pressure cells were proposed in [8 •9 ].
An He-Ne laser with a neon absorbing cell was considered in [10 ].

The same lasers and absorbing molecules are suitable
in this case, too.
Thus, the considered spatial effects which occur
upon absorption saturation of a low-pressure gas in a
light field can be used for effective control of the configuration of the light field of the laser.
In conclusion, the author is deeply grateful to
academician N. G. Basov for a discussion and support
of the present work.
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