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Collisionally induced four-wave mixing (FWM) signals have been observed in Na vapor

broadened by He buffer gas at large detunings from resonance.

Analytical expressions are

developed which do not use the collisional impact approximation and which accurately describe
the dependence of the FWM intensity on laser detuning and incident laser intensity. The mea-
surements and the theory are used to calculate the nonimpact collisional line shape for the Na-He
system for detunings of 40 to 200 cm ~! from the D line resonances.

Coherent phenomena which owe their origin to dephas-
ing collisions were first predicted' and observed? in
processes, in particular in four-wave mixing (FWM).
With a few exceptions,® > most of the theoretical treat-
ments® of these nonlinear optical effects consider the col-
lision process within the impact approximation. This ap-
proximation is appropriate for small detunings of the in-
cident lasers from resonance, but it is known>’ to break
down when the product of the detuning and the collisional
duration is large, Az, > 1. For most of the reported exper-
iments® on FWM, the impact approximation is valid. The
one notable exception® is the Ba-Ar system, where a
FWM signal was observed for detunings up to 10 cm !
from resonance, and a breakdown of this approximation
was indicated.

In this Rapid Communication, we report on degenerate
FWM experiments in the Na-He system, with laser de-
tunings in the range of 50-200 cm ~' from resonance.
Since the collision time, ., is of the order of 10 ~!2 sec,
these experiments clearly fall outside the domain of the
impact approximation. We derive an expression for de-
generate FWM in a two-level system which does not as-
sume the impact approximation and allows arbitrarily
strong incident fields propagating with different k vectors.
The theory successfully predicts the experimentally ob-
served FWM intensity as a function of laser detuning, in-
cident laser intensity, He gas pressure, and Na density.

The experimentally measured parameters and the ex-
pression we derive for the FWM intensity can be used to
obtain the nonimpact collisional absorption line shapes of
the D lines of the Na-He system. Such line shapes can
also be obtained from sensitive emission spectral measure-
ments® as well as from nonlinear laser methods which
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probe the excited-state population.'® Our technique im-
proves on these methods in that it yields the absolute line-
shape function, whereas from the other methods only rela-
tive values for the line shape as a function of detuning
from resonance were obtained.

The relationship between collisional physics and FWM
can be illustrated using the quasistatic picture'' for the
collision process. In Fig. 1 we show the potentials'? of the
Na-He ground state X 2X and the 4 *IT and B % excited
states, as a function of the distance between the colliding
Na atom and a single He atom in its ground state. An en-
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FIG. 1. Molecular-state potentials for the Na-He system

(from Ref. 12) as a function of interatomic distance. In (a) we
show the potential of the ground state X 2T and the lower excit-
ed state A4 1 and in (b) the ground state with the upper excited
state, B2X. An energy close to Awo has been subtracted from
the excited-state energies in order to display them on the same
scale. At large distances, wo is just the Na atomic resonance
frequency, while at small interatomic distances the resonance
frequency decreases (red detuning) for the A 2I1 state and in-
creases (blue detuning) for the B 2% state, as indicated by w).
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ergy of approximately hwo was subtracted from the
excited-state potentials, where wo=wp,, or w@p,,, is the
unperturbed Na resonance frequency, so that details of
the potential functions should be visible. At large dis-
tances, where the impact approximation is valid, the dif-
ference in potential is just the Awo. During the collision,
however, the “collisional resonance frequency” will be a
function of the distance between the Na and the He atom,
and can increase or decrease from wo, as indicated by ;.
For three input laser beams at a detuned frequency w,
the intensity of the FWM signal can thus be ‘“‘resonantly
enhanced” for those colliding atomic pairs having the
right interatomic distance. The variation of the FWM in-
tensity with a detuning therefore provides a direct map-
ping of the interatomic potentials, since each laser detun-
ing corresponds to a particular separation of the colliding
atoms. The results presented here establish the relation-
ship between the line shape and the FWM intensity and
are used to determine the absolute absorption line shape
of the Na-He D lines for a range of detunings from 40 to
200 cm ~!. The collisional potentials'>'? can be derived
from the absorption line shapes using various well-
established procedures. !4

A perturbation theory of FWM, outside the impact lim-
it, was developed previously,* and can be used for suffi-
J
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where X, is the dipole matrix element, A is the detuning,
L,; is the normalized absorption line shape, 2y is the
spontaneous decay rate, E2=E?+E$+E% and f, is a
numerical factor depending on the relative amplitudes of
the three input fields £, E,, and E ;.

The summation in Eq. (1) corresponds to the various
orders of the susceptibility, so that n=1 corresponds to
x(”, n=2 to 1(5), etc. The nonimpact line shape L,; ap-
pears explicitly in the expression for the polarization and
can be evaluated from the interaction potential using the
unified Franck-Condon approach.'* Far from resonance,
where the experiments were performed, there is no
significant residual Doppler broadening and the line shape
can be approximated as

Li;=PC /A", )

where P is the buffer gas pressure and C;, and x are pa-
rameters of the line shape which depend on the interaction
potential. (For a Lorentzian line shape x=2 and C);
=1y'/zP.) Evaluating f, in Eq. (1) explicitly for values up
to n=4 we obtain

PrwmxEA~**DV(1-23B+5.6B*—13.4B%), (3)
and therefore the FWM intensity is given by
Trwm=AI’A~@*D(1-4.7B+16.7B*—53B%),  (4)
where
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ciently weak fields. This theory, though general in the
sense that it also applies to nondegenerate FWM, calcu-
lates processes that require a nonlinear susceptibility up to
orders of 1(3), and therefore does not account for strong
(saturating) fields. Other treatments,® which account for
saturating fields, are not appropriate in the nonimpact re-
gime.

The validity of the two-level approximation, used in our
calculation,'® is a fortunate consequence of the shape of
the Na-He potential functions shown in Fig. 1. For laser
detunings to the red side of D; only the A ’I1 potential
contributes “resonantly,” and to the blue side of the D,
transition only the B %X potential is of significance. There-
fore, for laser detunings far below the D, or above the D,
resonance lines, where our experiments were performed,
the approximation of a two-level system is very good.

The derivation'® of the expected FWM intensity in-
volves the insertion of the appropriate propagation factor,
ei(k"), for each of the three incident beams into the opti-
cal Bloch equations, with a laser detuning dependent col-
lisional damping rate.'® Using the rotating-wave approxi-
mation, and with the selection of only those polarization
terms which have the fourth-wave propagation factor,
expli(k; —k,+k3)-r]l =expli(k,-r)], the desired polar-
ization can be written as

Lilexiy]?)”
{n 122|eh;2| ]f,,EZ("‘”, 1)
Y

f

I is the total power density of the incident laser beams and
A is a factor which depends on the Na density, He pres-
sure, FWM interaction length, and phase-matching fac-
tor. The measurements of the FWM intensity as a func-
tion of detuning, reported here, allow us to experimentally
determine the values of x and C, in Eq. (2), for each of
the two excited states of Na-He.
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FIG. 2. FWM signal as a function of detuning from the D,
resonance. The data indicated by A, |, ®, and m are for Na den-
sities of 2.2, 0.4, 1.7, and 1.3%10'3 cm 73, incident laser intensi-
ties of 3.7, 2.2, 2.8, and 1.2 MW/cm?, and He pressures of 169,
347, 347, and 722 Torr, respectively. The solid lines are calcu-
lated from Eq. (4) using the measured laser intensities and
He pressures and a value of x=0.8 and C;;=3.7x10""
sec (cm ~1)%8/ Torr.
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FIG. 3. FWM signal as a function of detuning from the D>
resonance. The data indicated by A, |, ® and ® are for Na den-
sities of 1.7, 1.5, 2.2, and 1.3x10'? cm ~3, incident laser intensi-
ties of 2.9, 2.4, 1.6, and 0.75 MW/cm?, and He pressures of 169,
347, 347, and 722 Torr, respectively. The solid lines are calcu-
lated from Eq. (4) using the measured laser intensities and
He pressures and a value of x=1.1 and Ci2=4.6x10"'8
sec (cm ~")"!/Torr.

The experiments were performed using a Nd:YAG
laser pumped dye laser split into three incident beams in
the folded boxcars!’ geometry. The 40-mm-long Na cell
had hot sapphire windows and could be filled with variable
pressures of He buffer gas. The energy of each individual
laser pulse was measured'® and the fourth-wave intensity
was recorded separately for each incident energy within a
range of *5%. The spectral width of the 4-nsec long
laser pulse was 0.25 cm ~! for most of the experiments,
and we found that the insertion of an etalon to reduce the
linewidth to ~0.05 cm ~! had no significant effects on the
results. Depending on the variable buffer gas pressure,
Na density, and laser intensity, FWM signals were easily
observed up to detunings of 200 cm ~ ! from resonance.

The FWM intensity as a function of detuning is shown
in Figs. 2 and 3 for detunings to the red of the D, and to
the blue of the D, lines, respectively. Four different
representative sets of data are shown in each figure, corre-
sponding to different conditions of gas pressure, Na densi-
ty, and laser intensity as indicated in the Figure captions.
The solid line in each case is the theoretical fit to the data,
from Eq. (4), in which C,; and x were used as free param-
eters. All the data were very well fitted with a single set of
parameters for each of the two figures. The best set of pa-
rameters yields x =0.8 and C,=3.7%10 " '° for the 42x
line shape and x=1.1 and C;;=4.6x10 '8 for the B2z
line shape. [The units for C;, are sec (cm ~!)*/Torr.]
The fit is very sensitive to the value of x, and an x=2
(Lorentzian) assumption would result in a deviation from
the data by more than an order of magnitude. The suc-
cess of Eq. (4) in predicting the behavior of degenerate
nonimpact FWM is demonstrated by the fact that the ex-
perimental data is well described by the same set of x and
C\2 values for a large range of laser intensities, Na densi-
ties, and He pressures. The x parameter of the B2X line
shape can also be compared to a previous measurement, '°
and the two results are found to agree within 10% of each
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FIG. 4. FWM signal as a function of normalized laser inten-
sity, I/I,. The laser was detuned 90 cm ~! to the red of D reso-
nance, and the other parameters are a Na density of 2.2x10'3
cm 73, and a He pressure of 722 Torr. The solid line is calculat-
ed from Eq. (4) using the values of x and C; determined in Fig.
2.

other.

The laser intensity dependence of the FWM signal
shows clear saturation behavior as shown in Fig. 4, where
we plot the intensity of the fourth wave as a function of
1/I;, where I is the saturation intensity defined as
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These data were obtained for a —90-cm ~! detuning from
the D, line with a buffer gas pressure of 722 Torr and a
Na density of 2.2%10'3 cm 3. The solid line is the result
obtained from Eq. (4), using the previously determined
values for x and C;;. As in Figs. 2 and 3, the contribu-
tions of terms up to n=4, corresponding to IS, were
significant for our experimental conditions, and were in-
cluded in the calculation of the solid curve. The n=5
term was determined to contribute less than 5% to the re-
sult and justifies the termination of the sum at n=4.

In summary, we have measured the degenerate FWM
intensity near the Na D lines in the presence of He buffer
gas with a pressure varying from ~170 Torr to 1 atm.
The measurements were performed for laser detunings up
to 200 cm ~! from the D lines, well outside the range of
validity of the impact approximation. Theoretical expres-
sions for the degenerate FWM intensity were derived un-
der conditions of nonimpact and arbitrarily strong laser
intensity. The measured FWM intensity as a function of
laser detuning was used to determine the collisional ab-
sorption line shape for the Na-He system.
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