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Production of "hot" excited-state atoms in collisionally aided radiative transitions
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Collisionally aided radiative excitation of atoms using a laser detuned to the blue is shown to lead to
heating of the external degrees of freedom. The velocity distribution of the excited atoms is studied ex-
perimentally and compared with theoretical predictions.

The combined effect of collisional and radiative interac-
tions upon an atom in a vapor has been the subject of a
great deal of theoretical and experimental activity in the past
several years. ' A class of such reactions, commonly re-
ferred to as collisionally aided radiative excitation (CARE),
can be described in a very general way as

A j+Bj,+h Q A2+Bi

where A; and B& represent atoms of different species A and
B in states i and j, respectively. Experimental studies to
date have mainly concentrated on measurements of either
CARE cross sections or the frequency distribution of the
reemitted light. However, as implied in most recent treat-
ments of light scattering, this type of process also produces
a change in the atomic velocities. The velocity changes can
be viewed very easily: Let us consider radiation of frequen-
cy 0 acting on a two-level system whose Bohr frequency is
co (with 0 —co=6 » Doppler width). As a result of the
interaction with the field, the atom may undergo Rayleigh
scattering or be excited to its upper state. The latter pro-
cess, although possible without collisions in the presence of
a strong field, is greatly enhanced by collisions. Since the
final energy level of the atom is different from the energy
of the absorbed photon, the energy difference must be com-
pensated by a change in the translational energy of the col-
liding atoms.

As pointed out previously, ' this process may have a po-
tential use as a method for heating or cooling an atomic va-
por. Tuning with 0 ) co produces heating whereas that
with 0 & co produces cooling.

We have studied the case of the sodium-rare-gas system
subjected to laser irradiation detuned from the sodium
3S 3P transition toward high frequencies:

Na(3S ~~2) + (rare gas) + h 0 Na(3P~g) + (rare gas)

The velocity distribution of the excited 3P sodium atoms
was monitored by scanning a narrow-band probe laser
through the Doppler-broadened resonance associated with
absorption on the 3P~~2 4D3/2 transition (Fig. 1).

The rare-gas perturbers used in our experiment were heli-
um (M = 4), argon (M = 40), and xenon (M = 130). The
excess energy hh = h (Q = cu) is distributed between the
two partners of the collision, sodium (M = 23) and rare gas
according to the usual laws of classical mechanics. Conse-
quently, we expect very small velocity changes for sodium
in the helium-sodium collision, since the lighter helium
atom carries off practically all the excess energy hh. The
velocity distribution of the 3P excited sodium atom in that
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FIG. 1. Sodium energy-level diagram and excitation scheme.

case will be essentially identical to the Maxwellian velocity
distribution in the ground state; this provides a control mea-
surement to which the velocity changes obtained in collision
with the heavier rare gases, argon and xenon, can be com-
pared. In the latter cases, the velocities of the 3P excited
sodium atoms will be nonthermal and characterized by a
nonequilibrium distribution p(v) which has been calculated
using standard methods:

r

p(v) =.—Wo(v) J W(v' v)d v'

where P is the excitation probability, y
' the lifetime of the

3Pv2 level, and Wo(v) the Maxwellian distribution. The
collision kernel W( v

' v ) has been computed assuming a
hard-sphere scattering potential. This can be justified be-
cause at the large blue detuning corresponding to our exper-
imental situation, the main contribution comes from col-
lisions with small impact parameters, in which the repulsive
core of the interatomic potential is dominant. The longitu-
dinal 3P velocity distributions are shown in Fig. 2; the
3P~g2 4Dy2 absorption profiles have essentially the same
shape, with abscissa ku(v, /u)/2m. These curves deviate
from Gaussian profiles since there are no "slow" atoms in
the velocity distribution. With 6 = 19.09 & 10' GHz at
250'C (h 5 = 1.6 kT) the full widths at half maximum
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FIG. 2. Normalized theoretical velocity distributions after
3S 3P collisionally aided radiative excitation in the presence of
helium, argon, and xenon. (v, is the velocity component along the
laser beam, u the mean-square velocity. )

laser frequency

FIG. 4. Na-Xe collisional line shape recorded on the 4D 3P
fluorescence (solid line). T =250 C, px, =20 Torr. Because of the
low transmission of the alkali-resistant glass in the UV, we could

0
not use the 3300-A line associated with the 4D 4P 3S cascade.
The 4D 3P fluorescence appears on the background laser light,
which has been taken into account by including a broad parabola in

the fitting function (dashed line).

of the laser beam through an iodine cell and recording the
absorption spectrum. ' The 3P ~~2 4D@2 transition line
shape was measured by monitoring the fluorescence emitted
from the 4D3~2 level on an x-y recorder or a data digitizer
for computer analysis. An example of the latter is shown in
Fig. 4.

As discussed above, the width of this Doppler-broadened
absorption line gives a measurement of the mean speed of
the 3P atoms along the laser propagation axis. Table I
shows the FTHM measured in our experiments for various
pressures of rare-gas perturbers. There is an obvious differ-
ence in the widths obtained for helium and the two heavy
rare gases. However, these raw data actually include pres-
sure and power broadening effects on the probe transition
which we have extracted for a more quantitative comparison
with the theoretical Doppler widths given above. This was
done making use of the pressure and power broadening
results obtained with helium as the perturber. The Doppler
profile in that case is essentially the Gaussian curve associ-
ated with the Maxwellian distribution. The absorption line
shape is a Voigt profile that results from the convolution of
the Gaussian-Doppler line shape with a Lorentzian function,
the width of which is determined by pressure and light-
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TABLE I. Widths, in GHz, of the probe 3P 4D transition.
The estimated errors are about 0.1 6Hz.
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FIG. 3. Experimental setup.

(FWHM's) are calculated to be, respectively, 1.9, 2.9, and
3.5 GHz for helium, argon, and xenon perturbers. The
FWHM given by a Maxwellian velocity distribution at the
same temperature is 1.8 GHz.

The experimental setup is shown in Fig. 3. The experi-
ment was performed in an alkali-resistant glass cell connect-
ed to a vacuum system, and kept by an oven at a tempera-
ture of about 250'C, producing a sodium density of 5 & 10"
cm . Rare-gas (helium, argon, xenon) pressures between
5 and 30 Torr were used. The atoms were irradiated by
laser light focused into the cell to a diameter of about 30
p, m. The collisionally aided 3S 3P excitation and the
probing on the 3P 4D transition were achieved with the
same laser, tuned to the 3Py2 4Dy2 resonance (5683 A).
The corresponding detuning of the laser from the
3S~)2 3P~~2 resonance (5896 A) is 19.09x10' 0HZ. The
laser used in an argon-ion-pumped single-mode ring dye
laser operated with rhodamine 6G at a power of 50 mW to
avoid excessive saturation of the 3P 4D transition. The
laser was scanned over 30 GHz across the 3P~~2 4Dy2
resonance. (The magnitude of this scanning range is very
small compared with the frequency detuning b from the
3S 3P transition, and the resulting variation of 5 can be
neglected. ) The scan was calibrated by passing a smail part



28 PRODUCTION OF "HOT" EXCITED-STATE ATOMS IN. . . 2557

power broadening (the natural width and hfs can be neglect-
ed here). Study of the dependence of the widths upon laser
power shows that the power broadening is significant. How-
ever, at a laser power of 50 mW, which was used in all the
experimental runs, it is rather small and is accounted for in
our data processing at the same time as pressure broaden-
ing, as shown below. For the analysis of pressure broaden-
ing effects, we rely on previous experimental studies
which indicate that the pressure broadening coefficients for
helium, argon, and xenon are the same within 1S% for the
3P 4D transition. We have thus assumed the same
Lorentzian widths for the heavy rare gases as for helium at
the same pressure, and we have used the values of the
Lorentzian widths experimentally determined by the decon-
volution of the curves obtained with helium to interpret the
absorption curves obtained with argon and xenon. We ob-
tained the Doppler contributions to the linewidths for the
latter two gases by a deconvolution also assuming a Voigt
profile (this assumption will be discussed below). Thus we
obtained values for the Doppler widths which are no longer
dependent on the foreign gas pressure.

These are shown in Table II, along with the theoretical
predictions. For both argon and xenon, it can be seen that
the experimental values are significantly larger than the
thermal Doppler widths. This gives evidence for the
predicted "heating" effect. Nevertheless, the effect is
smaller than theoretically calculated. One can account for
this if one considers the processes that thermalize the atoms
in the 3P state. First, once excited to the 3P state and be-
fore absorbing a second laser photon, the sodium atoms
may undergo collisions with the perturbers which tend to re-
turn the velocity distribution to the thermal one. We note
that the laser power density is large enough for the
3P 4D transition to be partly saturated, which reduces
these velocity changes. Second, the reabsorption of reso-
nance photons, which provides an alternative mechanism to
excite atoms from the ground state, has the same effect of
washing out the particular velocity distribution of the 3P
atoms by CARE. Although we work at densities of sodium
where the optical depth for resonant light is high, the transit
time of an atom excited by CARE through the laser beam is
small, so that reabsorption events take place mainly outside
of the laser beam, where we do not detect them. These ef-

TABLE II. Comparison of the experimentally obtained widths
with theory (power and pressure broadening extracted). All values
are in GHz.

Gas
Thermal Doppler

width
Theoretical width
including heating

Experimental
Doppler width

Ar
Xe

1.8
1.8

2.9
3.5

2.4
2.8
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fects are very difficult to estimate quantitatively. In order
to study them it would be necessary to perform experiments
at lower sodium and rare-gas pressures, which we were un-
able to do because of signal-to-noise ratio considerations.
The partial thermalization in the 3P level may also explain
why the experimental absorption line shape (Fig. 4) for the
3P 4D transition differs from the theoretically predicted
one (Fig. 2), and justifies our use of a Voigt profile in fit-
ting the data.

In conclusion, our experiment has shown evidence for
significant "heating" associated with the collisionally aided
radiative excitation of the 3P atoms using a laser detuned to
the blue. If a large enough fraction of the atoms in the
laser beam undergoes such a transition, this effect might
lead to measurable temperature variations in the vapor, pro-
viding a new method of laser heating or cooling.

[We wish to point out that cooling cannot be observed in
the excited state at least after one absorption process: If the
laser is tuned to the red side of the line, only fast atoms can
be excited from the ground state, and are slowed down,
resulting in a velocity distribution which can be shown to be
identical to the Maxwellian one. ' In this case, the ground
state is cooled. ]
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