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From work on the 2S-2P &i2 transition of atomic Li, perturbed by noble gases, and use
of the photon-echo technique, the first measurement of a "total" atomic-radiator-per-
turber scattering cross section is reported. The phase-changing, inelastic, and veloc-
ity-changing aspects of collisions contribute to this cross section, which is significantly
larger than the corresponding pressure-broadening cross section. Typical velocity
changes are found to be roughly one percent of the mean thermal speed.

PACS numbers: 32.70.Jz, 34.40.+n, 34.90.+q, 42.65.Qv

In most spectroscopy experiments, one moni-
tors the dipole moment of the system under in-
vestigation. The collisional perturbation of opti-
cal dipoles or "optical radiators" represents an
interesting problem, since it requires one to un-
derstand the way in which collisions affect a su-
perposition state. At first glance, it might seem
than any collision destroys the superposition
state since the states a and 5 involved in the opti-
cal transition generally follow different collision
trajectories. " The notion of distinct trajector-
ies, however, is a classical one which is known
to fail for large-impact-parameter collisions.
Thus the dipole moment or optical coherence is
not necessarily destroyed in such large impact-

parameter collisions. ' Despite the fact that state-
dependent trajectory effects seem to play a cru-
cial role in determining the fate of the optical di-
poles, for reasons to be discussed below, steady-
state spectroscopy experiments are not overly
sensitive' to such effects. As a result tradition-
al theories of pressure broadening, ' in which col-
lisions are assumed to affect only the phases of
the optical dipoles, have been successful in ex-
plaining these experiments. Only recently has
the effect of velocity-changing collisions been put
in better perspective, ' To identify clearly the ef-
fects of velocity-changing collisions on optical di-
poles experimentally, coherent transient tech-
niques offer unique possibilities. '
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We present here results of a photon-echo study
of 2S 2P y/2 Li radiators perturbed by noble- gas
atoms which provide the first comprehensive pic
ture of the quantum-mechanical velocity cha-ng-

ing aspect of collisions. ' ' We measure a total
radiator-perturber scattering cross section o,
(representing the combined effect of the inelastic,
phase-changing, and velocity-changing aspects of
collisions), and find that it is significantly larger
than the broadening cross sections deduced from

!

spectral line measurements. Fitting our data by
a phenomenological collision kernel allows us to
estimate the average velocity change experienced
by a radiator in those collisions which produce
identifiable velocity changes.

Assume that the two photon-echo-excitation
pulses propagate along z and occur at the times
f, = 0 and t = v. The phase of a radiator residing at
a particular location r in the sample is given'
(for t ») by exp[-i (y -k ~ r)], where

y(t)= —f '—[~(t')+k v(t')]dt'+ f'[(u(t') +k v(t')]dt',

~(t') [v(t')] is the instantaneous oscillation fre-
quency [velocity] of the radiator, and k is the
common wave vector of the excitation pulses. In
the absence of collisions, co(t') and v(t') are time
independent so that y (t, =27) =0 (i.e. , Doppler de-
phasing is eliminated) and an echo is emitted
along g.

In the presence of collisions, the echo intensity
I, is degraded by the factor (exp[- iy(2~)])',
where the angle brackets indicate an ensemble
average. While a more detailed calculation of the
collisionally induced modification of the echo am-
plitude will be given elsewhere, we can, roughly
speaking, evaluate this factor by considering col-
lisions to be divided into two groups, i.e., those
having impact parameters, b, less than or great-
er than the Weisskopf radius b~. ' For b &b~,
classical trajectory notions are valid and because
of the separation-of-trajectories argument, one
is led to the conclusion that the dipole moment is
destroyed in a collision. In traditional pressure-
broadening theories, phase changes in this re-
gion are large enough to destroy the optical co-
herence. A broadening cross section o~ can be
calculated using either theoretical picture (loss
of dipoles because of phase changes or distinct
trajectories) and, interestingly, both approaches
lead to the same value. For collisions with b &b~,
the distinct-trajectory argument fails and one
must perform a quantum mechanical calculation.

!

Collisions for which b &b~ give rise to all veloc-

ity-changing effects in which the dipole moment
may be preserved and the small phase changes
which occur in these collisions (which for sim-
plicity we neglect) contribute to the pressure-in-
duced shifts in spectral profiles. We can under-
stand the success of traditional theories of pres-
sure broadening despite their neglect of velocity-
changing effects by noting that collisions with
b &b~ generally give rise only to small-angle
(8 ~ ys/b~ «1, where ys is the deBroglie wave-
length of Li) diffractive scattering. The small
velocity changes associated with diffractive scat-
tering do not significantly modify the output of
most steady-state spectroscopic experiments.
For large ~, however, photon-echo experiments
can be sensitive to the velocity changes resulting
from even diffractive scattering.

Thus collisions with b & b~ can be viewed as
"inelasticlike" and accordingly lead to a decrease
in echo intensity by the factor

exp(- 4nv„o~~), (2)
where n is the perturber number density, v„
= (8h, 7'/~p, )"' is the mean perturber-radiator
relative speed, A, is Boltzman's constant, T is
the absolute temperature, p is the radiator-per-
turber reduced mass, and v~ is the v-independent
broadening cross section. Velocity-changing col-
lisions decrease the echo intensity by the factor'

exp[- 4nv„7'o„(&)], (»)
where

(3b)

o,pg(7') = os + o„(~), (4b)

and I,' is the n= 0 echo intensity. Since the root
mean square change in hv, is finite for any real-
istic g(Av, ), o„(7)= n7' for sufficiently small 7

I (n, T) =I,' exp[- 4nv„~o, ff(~)], (4a)

903

o„(~)= o„'{1—~ 'f ' d7' J' " exp[ihv'(av, )]g(av, )d (nv. ) ],
o„' is the total cross section for velocity chang-
ing collisions, h =!k!, and the collision kernel
g(hv, ) gives the probability of a particular change
in ther component of velocity hv, . Over all, the
echo intensity varies as
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FIG. 1. Plot of Ogf f ('T) vs v. Error bars represent
statistical uncertainty. At right we show o&.

and

(T~ff(w) = gs +~ r' (short 7 ) (5)

Here a depends on the details of g(Av, ). There-
fore, cr, &&(~=0)—= vs. On the other hand, cr„(w ~)
=o„', which implies that o,ff(T ~) v)= os(T+„'.

The excitation pulses used in our experiment
on the 6708-A 2S-2I'„, transition of 'Li have a 6-
GHz spectral width, a 4.5-nsec temporal width,
and a peak power of a few watts. The two pulses,
optically split from the single output pulse of an
N, -laser-pumped dye laser, were collimated to
a 4-mm diameter, and directed through a stain-
less-steel heat-pipe-type cell containing Li of
natural isotopic concentrations. The cell, main-
tained at 525+ 15 K (implying a Li pressure of
= 10 ' Torr), had a vapor region approximately
10 cm in length. For reasons described else-
where, ' we used excitation pulses of orthogonal
linear polarization in short-v measurements.

Excitation pulses of parallel polarization, which,
depending on ~, produce echo signals 10 to 100
times larger than pulses of orthogonal polariza-
tion, were used for long-~ measurements, where
radiative decay of the 2P&/2 state weakened the
echo signal (by = 1600 times for ~= 100 nsec).
Measurements in the intermediate-7 regime re-
vealed no polarization dependence of observed
cross sections.

We have measured I, vs n (maximum n= 10"
cm ') for various fixed ~, and used Eq. (4a) to
calculate o,«(7). In Fig. 1, we plot o,«(w) vs w

for each noble-gas perturber. We obtained val-
ues of v~ by using our two shortest-7 measure-
ments of o,&f(~) for each perturber and extrapolat-
ing, according to Eq. (5), back to v, «(v= 0) = o's.
These values of 0~ are presented in Table I along
with the values of 0~ obtained in traditional Iine-
broadening experiments. " Except in the case of
He, we find that the measurements are in good
agreement.

We attempt to reproduce o„(r) [computed using
our value of crs and Eq. (4b)] and hence o,&&(v) by
inserting various g(Av, ) in Eq. (3b). For g(Av, )
= (~,)

"'exp(- Av, '/u, '), we obta, in the solid lines
shown in Fig. 1. The least-squares. -fit values of
the free parameters 0„' and u, are shown in Table
I. The quality of the fits is quite good. A Lo-
rentzian kernel of the form g (Av, ) = (ups)/(u, '
+hv, ) [but with g(Av, ) =0 for Av, »u, ] produces
a better fit to g„(~) for Li-He collisions, but a
poorer fit for the other perturbers. These re-
sults, as well as the ratio vs/v„'= 1.0 observed
in our experiment, are in qualitative agreement
with a theory based on a quantum mechanical
hard-sphere model of collisions.

The derived values of u, and 0„' depend some-
what on our choice for g(bv, ). We note, however,
that. our measurements are sensitive to all veloc-
ity changes hv, & Av, '"=- 1/k~, „(7,„ is our

TABLE I. Various cross sections involved in this work (see text). The G and L in parentheses indicate results
obtained with a Gaussian and a Lorentzian collision kernel, respectively.

Perturber
b, c

B
@2)

ov' (G)
g2)

0 0 (L)
(A2)

uo (G)
(cm/sec)

uo (I.)
(cm/sec)

d
oa
(A2)

He
Ne
Ar
Kr
Xe

99
101
181
206
233

86(3)
104(4)
164(8)
211(9)

265(10)

34
47

145
170
200

49
90

207
236
289

1060
1140
1400
1320
1320

247
187
340
335
315

130
150
400
440
510

133
149
326
376
433

148
191
388
442
522

'This work.
Scaled from 628 to 525 K according to (1/T)' 5.
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maximum pulse separation). Our value for Av,
is less than the characteristic diffractive veloc-
ity change eD=—t„Xs/v"v, . The fact that the scat-
tering is diffractive in nature restricts our choice
of g(AU, ) to functions which are relatively flat in
the region ~v, ~ vD. V/ith this restriction, we do
not expect our derived value of p„' to differ great-
ly from those shown in Table I. If a heavier radi-
ator is used, the corresponding values of u, = vD
could be smaller and the region in which velocity
changes are seen (i.e. , ku, ~ ~ l) might no longer
be accessible. It is perhaps for this reason that
velocity-changing effects were not seen in a co-
herent-transient experiment with I, as the radia-
tor."

Recent treatments of radiator-perturber scat-
tering have shown that the net polarization in a
medium obeys a quantum mechanical transport
equation. "' This equation contains a loss term
whose real part, which corresponds to the time
rate of change of the polarization's magnitude, is
given by ev„(o, +o,)/2, where o, (o,) corresponds
to the cross section for ground-state (excited-
state) radiator-perturber scattering. Since this
is the only term important to the long-time be-
havior of the photon echo, me equate our 0, with
(v. + q,)/2.

The cross section 0, has been measured by
atomic-beam techniques. " In Table I, we list,
for each perturber, the velocity-selected value
of o, obtained at the velocity v„. Our values of
0, = a~+ c„', based on both I orentzian and Gauss-
ian kernels, are also presented. Since the long-
range part of the potential should, to a reason-
able approximation, determine the magnitude of
the scattering cross section, we expect (at least
for Ar, Kr, and Xe) that o, /o. = (C,'/C, ')'~',
where C,' (C,') is the coefficient of the Van der
Waals portion of the potential. Assuming that C,
=2ey ', where e is the potential well depth and
y is the internuclear separation at which the po-
tential is minimum [as is true of a Lennard-
Jones (6, 12) potential], we can use the potential
calculation of Baylis" to find that (C,'/C, ')"'
falls between 1 and 1.6, depending on the per-
turber and which of the possible excited-state po-
tentials is considered. This implies that g,
should be between 1 and 1.3 times v, . Our data
are reasonably consistent with this. result.

Our results clearly demonstrate the role played
by velocity-changing collisions. Their contribu-
tion to the echo signal underlines the importance
of quantum mechanical scattering effects in col-
lisions undergone by an optical dipole.
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