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or holes broken (65=0 for J'= —', ), so that our
data should lie on a straight line. (The results
deduced from our tables are consistent with these
predictions. ) Finally, let us note that these
pseudo mirror pairs all satisfy the relations

within a few percent. This is an enlargement of
the so-called De Shalit relation (g, -g, )~/(g,
-g, )„=—1.20 deduced in the frame of the ex-
treme single-particle model.
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A technique which employs heretofore unappreciated aspects of the optical stimulated
echo was developed and used to measure the total scattering cross section for Na(SS~p)-
He and Na(3P&I, )-He collisions. The repulsive-core —dominated Na(3$, /2)-He collision is
found to be relatively soft. The cross section for degradation of the BS(p-BP)(2 superpo-
sition, determined from photon-echo-decay measurements, is anomalous in that it is
smaller than the total elastic-scattering cross section with Na in either state separately.

The study of atomic scattering, traditionally
carried out by atomic-beam measurements, ' has
recently been supplemented by laser techniques. '
In this I etter we report the first application of a
coherent-transient laser technique to the study of
velocity-changing collisions (VCC) in an atomic

system. ' Our technique utilizes unappreciated
novel aspects of the three-pulse stimulated pho-
ton echo' (SP echo) to provide relatively direct
measurements of VCC. We predict and demon-
strate experimentally (e.g. , Fig. 1) that phase
memory information stored in either the ground

FIG. 1. Oscilloscope trace showing scattered light from three excitation pulses (third row of the table in Fig. 3
with K' 2/iK')= —1) and the subseque~nt SP echo (fourth pulse) pronounced on the 3$ 3P&~ tran-sition of Na when the
second-to-third pulse separation is =—17 times the 16-nsec lifetime of the BP~~ state. At the time of the third
pulse a negligible = 10 of the intially excited population remains in the BP~~ state, The echo persists because of
the information stored in the ground state alone. (Horizontal: 50 nsec/div. )
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ox the excited state of the echo transition can
be separately recalled by the third excitation
pulse to generate an SP echo. This marks the
first report of an echo generated from informa-
tion stored in a single state. In the second-to-
third-pulse interval, t», the SP "echo informa-
tion" is not stored in a superposition state. Thus
the phase-changing aspect of collisions, which
tends to make VCC measurements difficult with
other laser techniques, is completely irrelevant
during t». The SP echo, generated from informa-
tion stored in a single state (Fig. 1), isolates
VCC affecting that state alone. The SP-echo tech-
nique, which among other things provides the ab-
solute total-scattering cross section, should be
particularly useful for measurements involving
nonmetastable excited states where atomic-beam
techniques are difficult to apply.

The SP echo is treated in general elsewhere. '
We concentrate here on essential new features.
Consider a Doppler-broadened gaseous sample
of "echo" atoms. Each atom has a nondegenerate
ground state (in)) and excited state (iP)); only
ia) is initially populated. The three, short, SP-
echo excitation pulses occur at times t„andhave
wave vectors k& (i = l, 2, 3), and pulse areas of ir/
2. The first two pulses with k, =k, = K ii s couple
in) and iP) and generate diagonal elements of p
(the resulting density matrix) given by

p „=sin'(Kv, t„/2), p as = cos'(Kv, t»/2),

where v, is the z component of the thermal veloc-
ity and t,&=t; -t, ' Since p~ and p&& contain no
information regarding the sense of K along z,
and since, as is well known, the SP-echo infor-
mation resides solely in the diagonal elements of
p during t», it is clear that the echo, which has
wave vector k, =k, =K', will be produced whether
k, is parallel or antiparallel to K. This impor-
tant feature has riot been previously recognized.

Since only the diagonal elements of p are rele-
vant after t„it follows that the action of the third
pulse can be understood in terms of a free decay. '
We generalize previous results by assuming that
pulse 3 couples levels iP) and iy), where iy) is
another initially unpopulated excited state. The
free decay field emitted on the iP)-iy) transition
is calculated in the standard way from

E,~ = f „n(v,)pasE(v„t)dv, ,

where n(v, ) is the thermal v, distribution, E(v„t)
~ exp[ i(to a& + k-, v, )t] is the Doppler-shifted field
emitted from atoms of velocity v„and ru&& is the
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FIG. 2. The effective scattering cross section, oeff,
for Na(BS)-He collisions plotted vs t2& =t~3. The error
bars represent the statistical uncertainty of our data.
The solid curve was generated using a Lorentzian
scattering kernel (see text) with Boo=460 cm/sec. For
the Lorentzian curve o~ff(tpf —~)=o&~=176k'. The
dashed line was generated using a Gaussian kernel with
Boo=1050 cm/sec and on =159 A~. The 21-nsec points
indicate that within experimental error o.gf f is indepen-
dent of t3&.

unshifted iP)-iy) transition frequency. ' With use
of the p 8 8 given above this yields an echo on the
i p)-iy) transition at the time t, =Kt»/k, + t,.' This
constitutes the first demonstration of an echo
created by information stored in a single atomic
state.

In the simple model above the relaxation of
atoms in iP) back to ie) returns the sample to its
preexcited thermal equilibrium state since p
+ps& = 1. In the presence of magnetic degeneracy
and/or hyperfine structure, however, alternative
decay channels prevent the sample from return-
ing to thermal equilibrium immediately; conse-
quently, even after all atoms in iP) have radiative-
ly decayed, a third pulse coupling i a) and

i p) can
still produce an echo from the information re-
maining in io.). An echo generated in such a fash-
ion was used to obtain the data of Fig. 2. Magnet-
ic degeneracy also has the effect of allowing the
echo and excitation pulses to have different polar-
izations. (The relative polarizations observed
here are shown in Fig. 3.)

With the assumption that the SP echo is gener-
ated from the information stored in one state on-
ly, VCC between echo atoms and perturber atoms
during f» degrade the echo intensity, I„accord-
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FIG. 3. SP echoes have been observed on the 3S-3P~p
transition of Na produced. by excitation pulses having
all combinations of linear polarizations and propaga-
tion directions shown here. The echo was observed
through a polarizer oriented as shown.

ing to (e xp(-i K'hv rt„))',where b,vz, is the total
change in v, experienced by a given atom during
f» (as the result of many VCC) and the brackets
denote an average over all atoms at a particular
point in the sample when t =t, . If all collisions
are uncorrelated, and the probability that a sin-
gle VCC will result in a change in v, by hv is in-
dependent of the initial velocity, then the contri-
bution to this average from l collisions is

exp(- I't») [I't»((exp(- iK'b vt„)))]'/lt,

where I"=nv„o is the rate at which collisions oc-
cur, n is the number density of perturber atoms,
v, =(8k~ T/mp)'", k~ is the Boltzmann constant,
T is the absolute temperature, p, is the reduced
mass of the echo and perturbing atom, o is a
thermally averaged total VCC (elastic scattering)
cross section, and the double angular brackets
denote an average over 4v weighted by the prob-
ability that a change in v, of b,v will occur in a
single VCC.

Summing this expression over l we have
(exp(-iK'bvrt„))'=exp(-P'P), where P is the
perturber-gas pressure, p' = 2(n,/P, )v„o,fft»,
where

o,ii = cr[1 —((exp(- iK'avt„)))],
and n, is the perturber-gas density at pressure
P,.' For t„solarge that, K't„((Ihv~))»1, P' ap-
proaches 2(n,/P, )v„ot», o,if-o, and the total
cross section can be unambiguously determined.
The behavior of o,« in the short-time regime,
where o,f&&c, can be calculated by assuming a
scattering kernel f (hv) such that

((exp(- iK'avt„)))
= f "d(nv) f (av) exp(- iK'Svt„).

Intuitively, the dependence of o,f f (the effective
echo-decay cross section for VCC during i») on
the interval t„ortpy can be seen as follows: The

VCC have a characteristic ((~ &vI)). The "modula-
tion" period of p and p88 versus v, depends on

Finally, the effectiveness of the average
b,v in destroying (thermalizing) the modulation
depends on the ratio ((~ hv~)) ("modulation" period).

Over all the echo intensity I, decays with pres-
sure as exp(-PP), where P =P'+P",

P" = 2(n,/P )v„(o2,t2, + oe3fe3),

and o„.is the cross section for collisional decay
of the atomic superposition state relevant to the
echo during the interval t, ,

Our experiments have been performed primari-
ly on the 3$&/2 3P&/2 transition of Na vapor. The
Na is contained in a heat-pipe-type cell at 400
+ 15 K. Since the vapor pressure of Na is = 10 '
Torr, Na-Na collisions are insignificant. The
foreign-gas (He) pressure P (always &0.5 Torr)
is measured by a capacitance manometer. The
excitation pulses are supplied by one (or two) N, -
laser-pumped dye laser(s) of —= 1 GHz spectral
and 7 nsec temporal width. The Gian-prism-
(GP-) polarized, collimated excitation pulses
have an = 2 mm diam and peak power of a few
watts in the Na cell. A dual optical-delay line is
used to vary t» and t» independently. SP echoes
were observed with all the pulse polarizations
and relative propagation dir ections shown in Fig.
3. These measurements were all made with t32

&107, where T=16 nsec is the 3P&/2 state life-
time. When excitation pulses polarized parallel
to the echo copropagate with the echo, it is nec-
essary to protect the echo-detecting photomulti-
plier tube (PMT) with a series of electro-optic
shutters (EOS) gated to pass at the time of the
echo. On the other hand, when K' z/IK'~ = —1
and pulse 3 is polarized orthogonal to the echo,
a GP polarizer crossed with respect to pulse 3
sufficiently reduces the background level (xIO)
to allozo the echo to be seen. To improve our dis-
crimination we also inserted a single EOS before
the PMT. Unless otherwise specified our meas-
urements were made using SP echoes produced
by the excitation sequence shown in the bottom
row of the table in Fig. 3 with K' ~ z/~K'I = —1.

Our cross-section measurements are obtained
from the exp(-pP) decay of I, for various f» and
t 3$ For our 3$-3P I /2 transition measurements,
where K =K', the factor exp(- p"P) is the pres-
sure-dependent decay of a two-pulse photon echo'
(PE) produced on the

I e)-I P) transition by two
pulses separated by t». We therefore use our PE
decay data, ' to obtain P" and determine P' =P —P".
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0,&&
is then obtained from

cr«& ——(1.04' 10 "cm Torr/K)p'T/2t»v„

Since population is only present in the 3'Sz/z state
at the time of the third pulse, 0,&&

represents the
cross section for Na(3$)-He collisions.

The values of 0,&f derived from our measure-
ments of Na(3S)-He collisions are shown in Fig.
2 as a function of t» (t» fixed). As expected,
0 f f increases rapidly for small t» and then flat-
tens out. At t»=49 nsec we obtain 0,«=163+9 A'
as a lower limit for o. Our value lies between
the values of 0 = 130 and 247 A' measured else-
where. ' All data points except the triangular one
were taken with t» = 279 nsec. The triangular
point, obtained for t»= 186 nsec, falls within the
error bars of the 279-nsec point. The solid
curves shown in Fig. 2 were calculated for

f (av) = (av, /g)(av, '+4v') ';
the dashed, for

f (Zv) = (Sv,m"') ' exp(- av'/av, ')

The region of the interatomic potential to which
a given cross-section measurement is most sen-
sitive is determined" by the ratio v, /v„(v,= 2er /
8, where ~ is the depth of the attractive potential
well, and y is the interatomic distance at which
the potential is minimum). For Na(3S)-He (e = 2

cm ', y =—5.6 A),"v,/v„ is only 0.3, which im-
plies that the repulsive core dominates the scat-
tering interaction. Measurements of Li(2S) -He
scattering by Dehmer and Wharton" indicate that
the repulsive core is quite "hard. " Thus, since
the Li(2S)-He and Na(3$)-He potentials are ex-
pected to be similar, "it is tempting to describe
the Na(3S)-He collisions by a hard-sphere model.
Such a model has been developed by Borenstein
and Lamb, '~ who find that for hard-sphere colli-
sions the average velocity change, 4v„is of or-
der v„and that the collision kernel is of Gaussian
form. However, we find that for any reasonable
f (hv) our data force us to conclude that Av, «v„
(=1.6&& 10' cm/sec). Furthermore, Fig. 2 shows
that a Gaussian kernel cannot properly simulate
our data. Thus, although the Na(3$)-He potential
is believed to be relatively "hard, " we see that
the entire spectrum of Na(3S)-He collisions can-
not be characterized as "hard-sphere. "

It is interesting to note that the I orentzian ker-
nel describes our predominantly small-4v data
quite well. The limiting cross section obtained
with the Lorentzian kernel with use of hv, = 460
cm/sec is only 8% greater than the lower limit

mentioned above.
Using SP echoes (generated as shown in the

first row of the table in Fig. 3 with K' ~ z/~K'~ = 1),
we have made preliminary measurements of 0 for
Na(3P», )-He collisions. In this case the first two
excitation pulses (f» =E't, JK = 33 nsec) are reso-
nant with the 3S&/2 3P&(2 transition, while the
third (t» = 56 nsec) is resonant with and creates
an echo on the 3P&/2 4D3,2 transition. Using PE'
and excited-state PE" measurements to obtain
P', we find that

o(Na(3P», ) -He) —= 2.5g(Na(3$) -He).

We note that PE measurements' yield the cross
section 0» = 129+ 4 A' for He-induced decay of
the 3$-3P„,superposition. " This result is anom-
alous, since it is smaller than the VCC cross
section associated with either the 3S or 3P&/2
states separately. The implications of this re-
sult are currently being explored.
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