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Enhancement of four-wave mixing signals due to velocity-changing coilisions
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We present experimental data showing the first observation of large enhancement of four-
wave mixing signals due to velocity-changing collisions. The results are explained with a simple
model which describes the population distributions in the presence of velocity-changing col-
lisions and optical pumping, allotting relative velocity-changing collision rates to be inferred
from the data.

The effect of velocity-changing collisions (VCC) by
ground-state perturbers on the velocity distribution of
atoms interacting with a monochromatic laser beam
has been demonstrated by numerous experiments us-
ing saturation spectroscopy. '2 The purpose of this
Communication is to describe a new manifestation of
VCC which gives rise to enhancement of four-wave
mixing signals. The enhancement is brought about
by a collisional redistribution of the velocities which
offsets the effects of velocity hole burning due to hy-
perfine optical pumping. %e show how VCC rates
may be inferred from the data using a simple model
for the equilibrium population distribution.

The principal distinction between four-wave mixing
and saturation spectroscopy using cw lasers in a mul-
tilevel system is that four-wave mixing signals in-
crease with a pump induced increase in the ground-
state number density while saturation spectroscopy
signals increase with a pump induced decrease in the
ground-state number density. Hence, cw four-wave
mixing experiments tend to emphasize transitions
which are not optically pumped, awhile in saturation
spectroscopy the largest signals are observed on opti-
cally pumped transitions. The above description is
true unless the pump beam laser intensity (I) is
much less than I'„where the saturation intensity I„',
is calculated to account for optical pumping, spatial
diffusion, and wall relaxation. 3 4 Typically, I', is
much less than the usual I„,. In the first cw degen-
erate four-wave mixing (DFWM) experiments on the
D2 line in atomic sodium, the only strong signals ob-
served using a cw dye laser were obtained on the
3s 'Svp(F =1)—3p 'P3/g(F =3) transition and on the
3s 'St)2(F = 1)—3p 'Py2(F -0) transition. ' Of the
six dipole allo~ed transitions on the D2 line in atomic
sodium, these two transitions are the only transitions
that are not optically pumped. The remaining four
transitions are indeed observed but only at intensities
comparable to I,'„.On these transitions at intensities
larger than I' t, atoms in the F -2 ground state are
quickly pumped into the F =1 ground state while
atoms in the F= 1 ground state are quickly pumped
into the F =2 ground state. This paper demonstrates
that at pump intensities comparable to I

„
the nor-

mally very weak signal on the optically pumped tran-
sition given by 3s 'St~2(F -1)—3P'Py2(F -2) can be
considerably enhanced in the presence of VCC by
ground-state perturbers. The physical origin of this
enhancement is easily understood by considering the
effect of VCC on velocity hole burning caused by the
pump beams and optical pumping. In the absence of
optical pumping, a pump beam generates a hole in
the velocity distribution of the ground state by excit-
ing atoms to the upper level in a very narrow velocity
distribution determined by the natural linewidth of
the transition. The depth of the hole in the ground-
state velocity distribution is equal to the height of the
spike in the upper-state velocity distribution and is
determined by the strength of the laser-atom cou-
pling. The maximum depth of the velocity hole
would be equal to one-half the equilibrium ground-
state population in the absence of the laser, corre-
sponding to complete saturation of the transition.
However, in an inverted V-type three-level system
sho~n in Fig. 1, where optical pumping is present, it
is possible to increase the hole depth in the ground-
state population distribution to the point ~here the
depletion of the population of that velocity group is
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FIG. 1. Inverted V-type three-level system used to
describe the effects of VCC on four-wave mixing signals
generated on optically pumped transitions.
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almost complete. At the same time, the height of the
spike in the upper level is also reduced, being deter-
mined by the final equilibrium population distribution
and the strength of the laser-atom coupling. Howev-

er, atoms which have not been optically pumped out
of level 1 because they are Doppler shifted out of
resonance can be shifted into resonance if they ex-
perience an appropriate velocity-changing collision.
This has the effect of increasing the equilibrium
population density of level 1 in the specific velocity
group interacting with the laser. As sho~n in the ex-
periments below, this effect can be very pronounced.
A simple analytical solution to the population rate
equations has been obtained for this three-level sys-
tem shown in Fig. 1 where a hard-sphere collision
model has been assumed. In this model, the effects
of the standing wave in the experiment have been ig-

nored and strong collisions have been assumed, i.e.,
the velocity distribution is thermal after a collision.
Nevertheless, we show that the four-wave mixing sig-
nal is an excellent indicator for the resonant popula-
tion distribution and the VCC rate for various
ground-state perturber gases can be estimated from
the data.

The experimental approach to demonstrate this ef-
fect is based on DFWM in atomic sodium vapor.
The geometry for DFWM is discussed in the litera-
ture. 6 The cw dye laser was tuned to the 589 nm res-
onance of the D2 line. In Doppler-broadened media
this interaction is Doppler free since only the zero-
velocity group (whose width is determined by the na-

tural linewidth) can interact simultaneously with all

three beams. ' Figure 2 (dotted line) shows the
DFWM signai produced as the laser is tuned through
the resonances of the D2 line. As indicated above,
while there are six dipole allowed transitions, only
two are usually observed at convenient po~er levels
because of optical pumping. ' However, as a small
amount of buffer gas is added, there is a pronounced
change in the spectral behavior of DFWM. Figure 2
(solid line) shows that transitions A and 8, which are
not optically pumped, are reduced due to fine-
structure changing collisions, while transitions
3s'St~i(F=1)—3p Py2(F=1) and 3s Sgt(F=1)—
3p 'P3/2(F 2) (denoted by Cin the figure and un-
resolved in this display) are enhanced. The points in

Fig. 3 show the observed dependence of the
3s 'Sip(F =1)—3p 2Py2(F =2) DFWM signal level
as a function of buffer gas pressure for helium.
Similar data were also obtained in argon and xenon.
As anticipated by our arguments given above, the
data show that DFWM signals that are normally weak
due to optical pumping are considerably enhanced by
the presence of only a few hundred millitorr of buffer
gases.

In the absence of pump absorption, DFWM signals
vary as the square of the ground-state population
density. Hence we expect that a simple rate equation
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model predicting the equilibrium population densities
would explain the DFWM signal level dependence on
buffer gas pressure. ' The rate equations for levels 1

and 3 are shown below:

n( i)o= D( ni ni—) Rni +Rni+'yini
+ I'vcc[Nt f(u) —ni]

ni(o) = Dni Rni+R—nt —y—,ni
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FIG. 3. Comparison between theory (I'~vcc =1.5 x 107

sec ' Torr ') and experiment sho~ing the dependence of
the DFWM signal on buffer gas pressure. Comparison is
made with the theory by assuming that the DFWM signal is
linearly proportional to the square of the calculated popula-
tion density at v =0.

FREQUENCY
FIG. 2. Spectral structure of the DFWM signal as the

cw dye laser is tuned across the D2 line. The dashed line
shows strong signals observed on the 3s S,~i(F = 2)
—3p Py2(F -3) transition (A) and the 3s Sip(F =1)
—3p P3~2(F 0) transition (B). The solid line shows the
effect of adding 200 mTorr of helium buffer gas. We see
that the signal denoted by C in the vicinity of the three di-

pole allowed transitions originating out of the F = 1

ground state is considerably enhanced. A high-resolution
display of this spectral region shows that, in fact, the sig-
nal appearing is due to collisional enhancement of the
3s Sip(F = 1)—3p Py2(F = 1) transition and the
3s Sig(F - 1)—3p P3/2(F - 2) transition.
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The effects of velocity-changing collisions are ac-
counted for by assuming the distribution to be ther-
mal after a collision. Such strong collisions are
described by a term like I'vcc[Nr f (v) —~;(v) 1,
where N~ =f n;(v) dw, f(v) is a Maxwellian velocity
distribution, and I"vcc is the pressure dependent
velocity-changing collision rate. For simplicity, I vcc
has been assumed to be the same for both the upper
and lower levels of the transition. State-changing col-
lision effects in this pressure range are negligible
compared to radiative processes for the transitions
under investigation and are not included in this
model. In these rate equations, D is the diffusion

rate (-p
' where p is the buffer gas pressure), yt is

the decay rate of level 3 back to level 1, y, is the
spontaneous emission rate for level 3, n~o is the un-
perturbed velocity distribution [given by Wr f(tr) ),
and R is the velocity dependent laser excitation rate
given by Ro/[1+(r» —r»o —ku)'/y'], where r» is the
laser frequency and kv is the Doppler shift. Ro is
the resonance excitation rate given by y, (I/I„,).
These equations may be solved to yield the modified
velocity distribution for the ground-state population
by assuming only that the natural linewidth and

~
r» —

r»o~ are small compared to the Doppler linewidth
in order to carry out the velocity integrals analytically:

~,'f(.) Ro/R~

1+(Ro/R )/(rRo+1)' (~Ro+1)' '

r
r

t

Vs Yl 1 Ro/y,
'

D' 1+(Ro/Rg)/(rRo+1)'~' rRo+(or r»o k—v)'/—y'

Ro=y, (Io/I„,), r=(y,' —yt+D')/(D'y, '),
Rr = (y /I') (D'/1'vcc), R& = (y,'/I')(y, ' —1'vcc)/f'vcc

[y,'( y,
' —yr —1 vcc) —( yr —D') (D' 1'vcc) )

I vcc=I vcc
( y,

' —1'vcc) (D' —&vcc)

7s Vs+I vcc+4 D D +I vcc

and F is proportional to the ratio of the natural
linewidth to the Doppler linewidth and is given by
(n'r'/2) (y/kuo) exp[ —(or —r o)'/ks Tl.

The calculated behavior of this population depen-
dence on I vcc for various buffer gas pressures is
compared with experiment by plotting nr'(v =0) as a
function of buffer gas pressure p. Values for the dif-
fusion rate D were taken from the literature. " The
calculation was multiplied by a constant to enable
direct comparison with the DF%M signal. Hence the
only adjustable physical parameter was the collison
rate I ovcc, ~here I vcc = I'Ovcc p. The results from
helium are shown in Fig. 3 (solid lines). Similar data
and comparison with theory were obtained with argon
and xenon. The values used for I ovcc were 1.5 x 10',
1 & 10', and 0.9 x 10' for helium, argon, and xenon,
respectively, in units of sec ' Torr '." The value for
helium is in surprisingly good agreement with that by
Liao and colleagues, '" considering our use of the
strong collision model. To the best knowledge of the
authors the values for argon and xenon are presented
here for the first time. The effect of decreasing the
value for I ovcc is to increase the value of the pressure
for maximum signal enhancement. The fit of the
model to the data made a 20% change in I vcc easily
observable. This model is a rate equation approxima-
tion and we have not included the effects of VCC on

[

the third order optically induced coherence in degen-
erate four-wave mixing. In this case, Lam and Ber-
man'4 have shown theoretically that in contrast to
our intrinsically intensity dependent collisional
enhancement, a small intensity independent collision-
al enhancement can be observed assuming strong col-
lisions and no optical pumping or diffusion only if
1"vcc for the lower level greatly exceeds I"vcc for the
upper level. If the collision rates are assumed to be
equal, as they are in our model, then they predict a
small collisionally induced decrease in the signals due
to a reduction in the degree of spatial modulation. '4

In fact, experimentally, we do observe a slight col-
lision induced signal reduction at very low pump in-
tensities.

In conclusion, we have demonstrated a new form
of collisional enhancement of four-wave mixing sig-
nals. This effect has been demonstrated to be a use-
ful signature of velocity-changing collisions and is a
totally different approach to the study of VCC from
the usual saturation spectroscopy approach.
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