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Kinetics of saturation of a Doppler spectrum by a monochromatic field is determined. It is shown that the 
kinetics is exponential and the rate of saturation is found. At high incident-wave intensities, the rate of 
saturation of a Doppler profile is proportional to the collision frequency. The distribution of the population 
difference between the velocities is determined. It is demonstrated that the power absorbed per unit time 
is proportional to the rate of saturation of a Doppler spectrum. 

PACS numbers: 31.30.Jv, 32.80. - t 

Investigations of the nature of elastic collisions by the effects of diffusion in the velocity space. We shall 
nonlinear spectroscopy methods are now p ~ p u l a r . ~ " ~ '  show that if v>> l/T, where v is the effective frequency 
These methods are particularly interesting because the of the velocity-changing in collisions and T is the long- 
nature of the velocity-changing elastic collisions has itudinal relaxation time, the distribution of the popula- 
practically no effect on the luminescence spectra.CB1 tion difference between the velocities v has a dip, which 

We shall consider the kinetics of saturation, by a 
monochromatic field, of a two-level system broadened 
inhomogeneously by the Doppler effect, and we shall 
also deal with the steady-state absorption of the field 
by such a system. Since in most nonlinear spectroscop- 
ic investigations of gases and in studies of gas lasers 
the experimental results are interpreted using the mod- 
el  of relaxation constants, which ignores the changes in 
the atomic velocities a s  a result of collisions, we shall 
allow for the influence of collisions on the kinetics of 
absorption o r  saturation of a two-level system, and also 
on the steady-state nonlinear abvsorption. Following 
Kol'chenko e t  al.['l and ~ u r s h t e i n , ~ ~ ]  we shall use the 
model of weak collisions to show that the kinetics of 
saturation of a Doppler spectrum is exponential when 
the frequency of the incident field corresponds to the 
wings of the Doppler profile, and we shall find the rate 
of saturation of this profile. Moreover, we shall de- 

is different from the well-known Lamb and Bennett 
dips, and is of diffusion origin. Kol'chenko et a1 .['I al- 
s o  observed a dip of diffusion nature but it corresponds 
to the cri terion v<< 1 / ~  and is associated with the trans- 
ient stage of diffusion, whereas the dip found in our in- 
vestigation is associated with the quasisteady stage of 
diffusion. 

The difference between the atomic populations n(v, t)  
= pll(v, t) - p,,(v, t), traveling at  a velocity v, is des- 
cribed in the ra te  approximation by an equation which 
has the following form in the weak collision modelc6] 

with the initial condition 

termine the power The rate Here, no is the equilibrium difference between the pop- 
of saturation of a Doppler profile ca r r i e s  information ulations if level is the ground state, whereas if both 
on the type of collisions and it is proportional to the levels are excited, then n , / ~  represents pumping of 
effective collision frequency. level 1; T is the relaxation time of the population dif- 

The saturation method is used widely in investigations ference; v is the frequency of the velocity-changing 
of migration in magnetic resonance spectrac7] and in collisions. The probability of a transition W ( P .  w - wo) 
solid-state laser materials.c81 We shall also analyze is described by 
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where r is the homogeneous width of the transition; 
w, is the frequency of the transition; k is the wave 
number; k= w/c; w is the frequency of the incident 
wave; c is the velocity of light; V =  Id,, IE,; dl, is the 
matrix element of the dipole moment; E, is the ampli- 
tude of the incident field. 

Following ~u r she t in  and   of man,c51 we shall intro- 
duce a function m(v, t), which satisfies the equation 

subject to the initial condition 

m ( v ,  0) =q(u)  = (2nd) -"'exp(-vz/2d). (5) 

Then, n(v, t) can be expressed in terms of m(v, t) as  fol- 
lms: 

n (v ,  t )  = n,m ( v ,  t )  e-'IT + (6) 

In contrast to ~u r sh t e in  and ~ofrnan,~" we shall not as- 
sume that the frequency of the incident field is equal to 
the transition frequency w,. 

We shall now apply the Laplace transformation to Eq. 
(4). We then obtain 

Using a Green function G(p,v, v'), we can rewrite Eq. 
(7) in the equivalent integral form: 

where the Green function G(p, v, v') satisfies 

Equation (8) is obtained utilizing 

which follows from the fact that q(v) is stationary in 
relation to Eq. (9). 

We shall consider the most interesting case of a nar- 
row homogeneous line, which corresponds to the condi- 
tion r<< dk2/(w - w,). In this case, since the function 
W(v, w - w,) has a sharp maximum at v = v, = (w - w,)/k, 
it can be replaced by a6(v -v,), where 

a-2nV'/k. (11) 

This replacement allows us to solve easily Eq. (8); the 
solution is 

m(p,  v )  =-aG(p,  v ,  vo)  m(p ,  V D )  + ' P ( V ) / P ,  (12) 

m ( ~ ,  ve) - - cp (v~) lp [ l+aG(p ,  v,, v,) 1. (13) 

The Green function G(p, v,vr) for Eq. (9) is  the Lap- 
lace transform of the nominal probability functioncs1 

The expressions for determining the kinetics are given 
by the inverse Laplace transformation in going from 
Eq. (12) to Eq. (13): 

We shall now analyze Eqs. (13) and (16) in the limiting 
case of a detuning w - w, far  from the center of a Dop- 
pler profile, v,>>Q, and for times t>> v". In this case 
the denominator of Eq. (13) is dominated by values in 
the range p<< V. Therefore, we shall expand this de- 
nominator as  a series i n p  retaining only the terms of 
the first order of smallness. Then, Eq. (13) becomes 

It is clear from the above expression that m(p, v,) has 
a pole at 

Therefore, it follows from Eq. (16) that the kinetics of 
population saturation at a point v, is given by 

Applying Eq. (19), we can transform the kinetics equa- 
tion (15) into 

We have used here the circumstance that the integrand 
in Eq. (20) converges in a time much shorter than pG1. 

The integral (20) is  easily calculated. We can expand 
T subject to vr<< 1 in the argument of the exponential 
function and in the radicand of Eq. (14); this gives 

1 
v(vo.v ,  1 ) - -  2 (ndvz)  " 

u'-v,' UUnVT 

4d 

The integral (20) is then calculated easily with the aid 
of Eq. (21) and if Iv - v, I << v,, we obtain the following 
expression for the kinetics of change of m(v, t): 

m(v .  t )  =-m.(v)exp(-p~t), (22) 

where 
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Substituting Eq. (22) into Eq. (6), we obtain the equa- 
tion for the kinetics of saturation of a Doppler profile: 

The integrated population difference n( t )  is obtained 
directly from Eq. (20) by integration with respect to u: 

It is clear from Eq. (24) that the shape of a Doppler 
profile i s  hardly affected, with the exception of a nar- 
row region Iv - u, I -d/u, in the vicinity of the point v,, 
where a dip forms in a time of the order of v". The 
profile a s  a whole saturates at a rate p,+ T'' reaching 
a steady-state value 

We shall now analyze Eq. (18) describing the rate of 
saturation Po of a Doppler profile. At low intensities of 
incident electromagnetic waves such that a << uv,, the 
rate p, is proportional to the intensity of the incident 
field: 

The frequency dependence of the rate of saturation is 
the Gaussian and it reproduces the velocity distribution 
of the absorbing atoms. In general, the dependence of 
p, on the intensity is nonlinear and at high intensities 
a >> ~ v ,  it is independent of the intensity: 

In this case the dependence of the rate itself is propor- 
tional to frequency v of the velocity-changing collisions. 

The last result has a simple physical interpretation. 
At high intensities there is rapid and complete satura- 
tion at the point v, in the velocity space and, conseqilent- 
ly, a dip is burnt in the population distribution m(u, t), 
subsequent saturation being governed by the diffusion 
flux directed to the point u, in the velocity space, i.e., 
it is limited by the velocity-changing collisions. Since 
the rate of saturation is proportional to the collision 
frequency v, measurements of p, should give v and, 
consequently, the cross section of the velocity-chang- 
ing collisions. 

Equations (24) and (25) describe completely the kin- 
etics of saturation of a Doppler profile. The population 

difference n(v, t) can be measured by determining the 
absorption o r  luminescence at a neighboring transition. 

In addition to the kinetics of saturation of a Doppler 
profile, it is interesting to consider the absorption of 
the incident field under steady-state conditions after 
the completion of relaxation processes. The power N 
absorbed per unit time is 

For  a very large detuning whenp,T<< 1, Eq. (29) simp- 
lifies and we find that the absorbed. power is proportion- 
al to the saturation rate p,: 

N=tton,p,. (3 0) 

As mentioned ear l ier  in connection with Eq. (18), the 
rate p, is generally a nonlinear function of the intensity 
of the absorbed field and it becomes independent of the 
intensity when its value is high. It is clear from Eq. 
(30) that the absorbed power behaves in exactly the 
same way. The profile of the absorption line is then 
the same for high and low intensities and is basically 
Gaussian. Measurements of the absorbed power N can 
also be used to determine the collision frequency v. 
The solution of this problem is restricted by the con- 
dition V 2~ /k2d<< 1. If this condition is not obeyed, the 
field saturates the whole spectrum before collisions 
between atoms begin to affect the kinetics. 
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