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than are actually present. In this case, however,
the high-impedance current probes that are used
reach signal levels of several hundred volts, and
many secondaries may be recaptured. In any
event, since the iris allows only a small fraction
of the ions to reach the probes, and since the
charge state spectrum of the heavy ions is un-
known, the actual particle currents cannot be in-
ferred from the probe data. The important fea-
tures that are evident from the results shown in
Fig. 2 and Table I may be summarized as follows:
(1) The velocity of the fastest ions appears to be
independent of the ion mass and is approximately
0.1c, corresponding to a maximum energy of 4.6
MeV per nucleon. (2) Significantly higher probe
current is observed for protons than for heavier
ions, perhaps because protons have a higher
charge-to-mass ratio than do even highly stripped
heavy ions. (3) When the hydrogen data is disre-
garded, the peak current as well as the total in-
tegrated charge [I(t)dt for each ion pulse does
not change appreciably with the ion mass number.
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Observation of Collisional Velocity Changes Associated with Atoms in
a Superposition of Dissimilar Electronic States
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Photon-echo measurements in atomic Na perturbed by He provide the first demonstra-
tion of the contribution of velocity-changing-like effects to the transverse relaxation of
atoms in superposition of two states even when the states follow diffevent post-collision

trajectories.

The apparent anomaly that broadening cross sections derived from either

absorption line widths or photon-echo relaxation measurements are smaller than the total
cross section for scattering of atoms in either pure state is explained.

The ability to study sub-Doppler collisional
broadening of spectral lines, which has arisen
concomitant to the development of high-resolu-
tion laser-spectroscopic techniques, has stim-
ulated a thorough reanalysis of the basic concepts
of collisional-broadening theories.! In particu-
lar the notion that a radiating atom (i.e., an
atom in a linear superposition of two energy ei-
genstates) can generally experience identifiable
collisionglly induced velocity changes has been
called into question.2*®* The basis for the objec-
tion is that subsequent to a collision, mediated
by a state-dependent intevaction, the radiating
atom finds itself in a “superposition” of two

trajectories corresponding to the paths which
would have been followed by an atom purely in
one or the other of the two energy eigenstates.
This leads to ambiguity in the concept of a past-
collision atomic velocity, and raises questions
as to the velocity-changing effects expected to be
seen. If the collisional interaction is identical
in both eigenstates only one final trajectory is
expected and the ambiguity in final velocity dis-
appears. In such cases the velocity-changing as-
pect of collisions leads to effects such as Dicke
narrowing* and nonexponential decay of photon-
echo intensity versus excitation-pulse separa-
tion.® Recently, it has come to be widely as-
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sumed that collisions, which affect atoms (or
molecules) in a superposition of dissimilar elec-
tronic energy states, do not lead to the effects
associated with collisional velocity changes, and
attempts to observe such effects have yielded
negative results.’”” In this Letter, however, we
present the results of an experiment which util-
izes the unique spectroscopic capabilities of the
photon echo to provide for the first time an un-
ambiguous demonstration of the velocity-chang-
ing aspect of such collisions. By measuring the
decay of the photon-echo intensity as a function
of perturber-gas pressure at various fixed ex-
citation-pulse separations, 7, and using broad-
bandwidth laser excitation, we are able to de-
termine the effect of collisions without regavd
to either Doppler ov natuval broadening. Work-
ing on the 3S,/,-3P,, transition of Na perturbed
by He, we find that while for short 7 the echo
decay is dominated by inelastic collisions and
collisional phase changes, the contribution of
the velocity-changing aspect of collisions grows
as 73, and at the longest T studied constitutes
an important factor in the echo decay. Extrapo-
lating to very long 7, collisional changes in ve-
locity become the most important source of echo
decay.

For fixed pulse separation we find the photon-
echo intensity decays with perturber-gas pres-
sure P as

Ie(P)‘xeXp(-BP); (1)

independent of the type of collisions affecting the
echo atoms. Here B is a function of 7. If all col-
lisions produce only phase- or state-changing ef-
fects, it is expected that®

BP =4T,,T, 2)

where T’ is the total collision rate. Equation (2)
indicates that 8 will vary linearly with 7. In the
presence of collisions which only have the effect
of introducing velocity changes it is expected that®

BP = % PVCCT(kuoT)z’ (3)

where k is the magnitude of the wave vector of
the excitation pulses and the photon echo, T

is the total velocity-changing collision (vce) rate,
and u, is the average change in axial velocity
introduced by a single vce. In writing Eq. (3) it
is assumed that ku,7 << 1. In contrast to the case
of phase- or state-changing collisions Eq. (3)
indicates that the B resulting from vce varies

as 7, Note that in our experiment T, repre-
sents the rate of vce affecting atoms in a linear
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superposition of energy states each of which
would normally be associated with a different
post-collision trajectory. Previous attempts®”
to measure a I',.. associated with atoms in a
superposition of dissimilar states have yielded
results consistent with T',..=0. The rates I"ps
and I',.. can be related to effective collisional
cross sections op and 0y, through the relations

T =m0, Ty =n0y, 4)
where n is the perturber-gas number density,

¥ is the average echo-atom-perturber-atom rel-
ative speed and is given by (8%25T/mu)"/2, ky is
Boltzmann’s constant, 7T is the absolute temper-
ature, and u is the echo-atom-perturber-atom
reduced mass.

In the absence of a comprehensive theoretical
treatment of the combined effect of collisional
phase and velocity changes, we adopt a phenom-
enological collision model in the spirit of that
proposed by LeGouét and Berman.? It is assumed
that close collisions effectively randomize the
phase of the atom’s superposition state. Atoms
experiencing such close collisions cannot con-
tribute to the echo signal. Other statistically
independent collisions occurring at larger impact
parameters, where collisional phase changes
are too small to appreciably degrade the echo,
are taken as entirely velocity changing in nature.

This collisional model predicts that
B=B1+Bs, (5)

where B, (8;) corresponds to echo decay resulting
from the effect of phase- and state-changing col-
lisions (velocity-changing collisions). Following
Egs. (2) and (3) we write 8, =b,7 and B, =b,7°,
where b, and b, are constants.

In our experiments, a 3.5-nsec-long N,-laser-
pumped dye-laser pulse of 1-Ghz spectral width
is optically split to provide the necessary two-
pulse excitation sequence. An optical delay line
is used to precisely determine the pulse separa-
tion 7. The pulses, of a few watts peak power, are
collimated to a = 2-mm diameter as they traversed
the heat-pipe~type Na cell, which was maintained
at 415+ 15 K. After the Na cell, the excitation
pulses, which have orthogonal linear polariza-
tions, are blocked (to prevent detector saturation)
by a series of two Pockels-cell optical shutters.
To ensure that 7 is not limited on the short side
by the optical shutters =10-nsec switching time,
the first optical shutter’s input polarizer is ori-
ented normal to the second pulses’s polarization.
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FIG. 1. Photon-echo intensity vs He pressure. The
echo intensity and He pressure are computer monitored
as the He pressure first increases and then returns to
its initial value., Each point represents an average of
75 echoes. The straight line represents a least-squares
fit to L,(P) =1(P =0) exp(—B,P). The B’s given in Table I
represent an average of the 8;’s obtained in four to six
independent runs (as shown above) for each value of 7.

This prevents transmission of the second pulse
even when the shutters are open. While excita-
tion pulses of crossed polarization enable us (by
eliminating second-pulse-induced detector satu-
ration) to make short-r measurements, they pro-
duce (because of nuclear spin effects) an echo
only one-tenth as intense as that produced by ex-
citation pulses of parallel polarization.” As de-
scribed elsewhere'® our measurements are per-
formed by monitoring the simple exponential de-
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TABLE I. Observed values of g for various excita-
tion-pulse separations T.

T (nsec) B (Torr~ 1)
7.5 1.25(2)
12.1 2.06(3)
25.4 4.61(4)
38.7 7.84(7)

cay [see Eq. (1) and Fig. 1] of the photon-echo in-
tensity as a function of He pressure (0<P<3 Torr)
at fixed 7. The nature of the collisional effects
responsible for the echo decay can be determined
by measuring 8 at a number of different values

of 7. The maximum 7 used in our experiments is
limited by the radiative decay of the 16-nsec-life-
time 3P, ,, state, which at 7 =38.7 nsec already
accounts for more than a hundredfold degradation
in echo intensity.

The results of our measurements are presented
in Table I, and we plot the quantity B/7 vs 72 in
Fig. 2. I Eq. (5), which states that 8/7 =b, +b,72,
is applicable, the data points in Fig. 2 should fall
along a straight line. The fact that they do pro-
vides a clear indication that collisional velocity
changes are contributing to the echo decay. A
least-squares fit to the data of Fig. 2 reveals
that b, =1.66x10°® (Torr sec) ' and b, =2.45x10%
(Torr sec®)”!. Although the data points in Fig. 2
fortuitously fall almost exactly on the fitted line
shown, the error bars (which represent the stan-
dard deviation of the mean of our measurements)
are to be taken as more representative of the ac-
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FIG. 2. Plot of 8/7 vs 7% The straight line is a least-squares fit by 8/7=0b+b ;7%
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curacy of our experiment.

Explanations of the observed nonlinear behavior
of B(r) which do not invoke vce have not been suc-
cessful. The loss of Na atoms from the excita-
tion region is not expected to be important both
because few atoms leave the =2-mm beams even
for 7 =38.7 nsec, and because our measurements,
performed at fixed 7, are automatically normal-
ized by the P =0 measurements to account for
whatever loss of Na that does occur. The use of
excitation pulses of finite duration could conceiv-
ably require that our experiment be analyzed
with an effective pulse separation 7’ which dif-
fers from 7 (7 represents the excitation-pulse
separation measured between pulse centers) by
an amount equal to or less than the 3.5-nsec ex-
citation-pulse duration. With the assumption that
T does require a correction, B will vary nonlin-
early with 7, but the nonlinearity will be most
pronounced at short 7. Since the measured 3
varies linearly with 7 for short 7, we conclude
not only that the excitation pulse duration is not
responsible for the nonlinearity in our data, but
also that any corrections to 7 must be small.

With the use of Egs. (2) and (4), b, can be util-
ized to obtain a collision cross section corre-
sponding to the combined effect of phase- and
state-changing collisions through the relation
0ps(em?®) =b, P/4n7 = (1.036x 10" *)b, T/ 47. For the
value of b, given above we find that o,,=111(1) Az,
This is to be compared to the cross section de-
rived from measurements of the He-broadened
3S-3P,,, absorption line'* which yield a broaden-
ing cross section of o(T =415°K) =110(9) AZ2.
Measurements'? indicate that with He as the per-
turbing gas the cross section for fine-structure-
changing collisions affecting the 3P, ,, state is
~80 A% Since a 80-A2 depopulation collision
cross section represents only a 40-A2 contribu-
tion to the photon-echo decay cross section, it
follows that collisionally induced phase changes
constitute a major contribution to photon-echo
relaxation for short 7.

Using Egs. (3) and (4), we find that b, can be
related to a total vce cross section according to

0 we=(1.55X10719)b,T /v~ (ku,)?. (6)

Since B, is found to vary as 7° for all 7 considered
in our experiment, and since (as discussed in
Ref. 5) Eq. (3) is only valid for ku,7 <1, we must
conclude that u, < (BT )" ' =250 cm/sec. Insert-
ing u,=250 cm/sec in Eq. (6) we find that o .

> 138 A2, The fact that o, is found to be rela-
tively large resolves the paradox, discussed in
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Ref. 13, that the cross section for photon-echo
relaxation, measured without considering the ef-
fects of vee, is found to be smaller than the total
cross section for either Na(3S)-He or Na(3P,,,)-
He scattering, which are, respectively, 176 and
=450 A%, The inclusion of vce effects makes the
total photon-echo cross section oo =0 +0 yee

> 249 A%, The =450-cm/sec value of u, obtained
in Na(3S)-He scattering is found to be large com-
pared to the <250-cm/sec u, observed in the
present experiment.

We note that earlier photon-echo experiments,
performed between different electronic levels in
molecular I, found no evidence for vce.® Al-
though not explicitly stated, the range of 7 investi-
gated appears to have been large compared to
that studied in our experiment. This fact taken
together with the fact that measurements made
exclusively in the ku 7 > 1 regime cannot distin-
guish the effects of vce from those of phase-
changing collisions leads us to infer that the I,-I,
collisional relaxation results from the combined
effect of phase-changing and vcc collisions.

In conclusion, we have observed for the first
time effects related to velocity changes which oc-
cur in the collision of an atom in a superposition
of two dissimilar atomic-energy states with a
perturber atom. This demonstrates that colli-
sional velocity changes are important even in the
presence of collisional phase changes. We find
that the cross section for collisions whose prima-
ry effect is to produce a velocity change is larger
than the corresponding cross section for primari-

‘ly phase-changing collisions. The average axial

velocity change per collision is found to be small
in support of the contention that only weak distant
collisions produce observable velocity-changing
effects. It would be particularly interesting to
perform experiments with atoms (or molecules)
in which the excited state has a lifetime long
enough to allow measurements in the regime ku,r
>1. Inthis regime the total vcc cross section
could be unambiguously determined.
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Two sum rules for order-parameter susceptibilities are derived for the classical
theory of the three-phase region near a tricritical point in ordinary liquid mixtures.
The classical theory can also be fitted in a quantitative way to the composition data of
Lang and Widom near the tricritical point in the mixture ethanol + benzene + water

+ ammonium sulfate.

In principle, it should be possible to obtain a
wealth of information about tricritical points
by carrying out experiments on ordinary liquid
mixtures.,! Variations in composition, tempera-
ture, and pressure permit one to alter thermo-
dynamic parameters whose counterparts at a
typical symmetry-breaking tricritical point (such
as in FeCl, or *He-*He mixtures) are not under
experimental control. However, in practice it is
difficult to interpret experimental data for ordi-
nary mixtures near tricritical points precisely
because of the large number of thermodynamic
degrees of freedom: Four variables must be
adjusted to achieve the tricritical state, in place
of the two which suffice for a symmetry-breaking
system, and phase diagrams should, ideally, be
drawn in four dimensions! Thus the task of
understanding such experiments can be greatly
assisted by the development of quantitative theo-
retical and phenomenological descriptions which
can be compared with, or applied to, the labora-
tory data.

In this Letter we report two results which
should be quite useful in interpreting experimen-
tal data in the region of three-phase coexistence
near a tricritical point. The first is a pair of

sum rules for the order-parameter susceptibility.
Experimental tests of these sum rules are re-
ported in an accompanying Letter.? The second

is a practical method of choosing parameters

in a thermodynamic model to fit data on composi-
tions of three coexisting phases in a four-compo-
nent mixture, We have applied it to the data of
Lang and Widom?® for the mixture ethanol +benzene
+water +ammonium sulfate, and the results near
the tricritical point are very encouraging.

Both results are based on the classical theory*
of tricritical points and thus do not include non-
classical effects such as the expected logarithmic
corrections to scaling.>® Thus far there has
been no clear-cut experimental evidence of non-
classical tricritical effects in ordinary mixtures.
Of course, one way of looking for such effects
is to find where the predictions reported here
break down.

In the classical theory the stable thermodynam-
ic state is given by that value of an order param-
eter y which minimizes a free energy ¥ which
we assume is a polynomial of the form

U= a,y’. (1
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