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Foreign-gas-induced relaxation of Rydberg S and D states in atomic sodium
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We have measured the He-, Ne-, and Ar-induced relaxation properties of the 3S-nS (3S-nD)
superposition states of atomic sodium, where n ranges from 5 to 20 (4 to 34). The measurements were made

using the trilevel echo effect. We find that the effective collisional cross section first increases (as a function
of n) at low n, and then decreases to a lower asymptotic limit. at high n, This behavior is similar to that
previously observed for the 3S-nP series. We also find that .the difference between the collisional cross
sections for"S and D series superpositions closely approximates the inelastic collision cross sections measured

elsewhere for the d states. A theoretical description of the trilevel echo effect used to make the
measurements is presented.

I. INTRODUCTION

In the early 1930's Fuchtbauer and co-workers '
made extensive measurements of foreign-gas-
broadened atomic resonance linewidths. This
work was remarkable in its scope. The transi-
tions of severaL alkali metals were studied as a
function of foreign-gas pressure for a wide vari-
ety of both noble and molecular gases. These
studies were carried well into the Rydberg re-
gime. In the case of atomic sodium in an Ar en-
vironment the transitions (or more precisely the
superposition states) studied ranged from the
3S-4P all the way up to the 3S-25P. By working
over this extended range they made the surprising
discovery that while the collisional-broadening
cross section increases sharply for increasing
principal quantum number n in the Low-n region,
it quickly reaches a maximum value, and then, as
n increases further, it decreases to a small frac-
tion of its maximum value. Above this point it be-
comes independent of n. There were indications
that this limiting cross section is dependent only
on the broadening agent and not on the alkali met-
al whose broadeni. ng was studied. Similar mea-
surements have been made more recently by Ma-
zing and Vrublevskaya. ' Several theoretical treat-
ments of this problem have been presented' '
which provide at least a semiquantitative descrip-
tion of this behavior.

Until recently limitations in experimental tech-
nique have prevented the study of line broadening
from extending beyond the principal series. The
development of the Doppler-free two-photon ab-
sorption technique, "'"however, has made it pos-
sible for the first time to study single-photon elec-
tric-dipole-forbidden transitions. Biraben et al."
utilized this technique to measure the sodium
38-4D and 3S-5S collisionally broadened line-
widths. By monitoring the decay of two-photon

coherent transients as a function of foreign-gas
pressure, other workers"'" have been able to de-
duce the foreign-gas-induced broadening of the
sodium 3S-4D superposition state verifying Bira-
ben's results. Experimental difficulties have pre-
vented measurements by these techniques to be-
yond n = 5. The development of the trilevel echo
effect,"however, has made it possible to over-
come this impass. As was recently reported" the
measurement of the trilevel echo intensity versus
foreign-gas pressure has made it possible to
study the relaxation of several two-photon transi-
tions (two-photon superposition states) in sodium
vapor. In this paper we use the trilevel echo ef-
fect to study broadening of both the 3$-nS and
3S-nD transitions in sodium well into the Rydberg
region. Our studies extend over the range n=5 to
n=20 (n=4 to n=34) for the 3S-nS (3S-nD) transi-
tions.

Aside from extending the range of transitions
which can be studied, the trilevel echo technique
allows relaxation studies in the presence of low-
pressure foreign gases. It is a characteristic of
echo experiments that they are relatively unaffec-
ted by excitation-pulse spectral widths and by in-
homogeneous broadening (Doppler dephasing).
This has the advantage of allowing us to make all
our measurements at Low foreign-gas pressures
(&1 Torr), for which only binary collisions should
contribute significantly. In contrast, it was nec-
essary for Fuchtbauer to raise the foreign-gas
pressure to the point at which the pressure broad-
ening exceeded the Doppler width. The high pres-
sure required often modified the linewidth to in-
clude an appreciable contribution from multiple
collisions, making a simple interpretation of the
results difficult.

The availability, by use of the trilevel echo tech-
nique, of collision cross sections for S-S super-
positions, whose decay represents primarily the
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effect of phase-changing (elastic) collisions, "'"
and for S-D superpositions, whose decay repre-
sents the combined effect of population transfer"
(inelastic) and elastic collisions, is potentially
quite useful. If one neglects the possibility of in-
terference between the elastic and inelastic con-
tributions to the S-D cross section, it is conceiv-
able that for sufficiently large n* the inelastic con-
tribution to the S-D cross section can be deter-
mined by simply taking the difference between the
measured S-D and S-S cross sections. The validity
of this conjecture in light of our results will be
discussed below.

Before we present our experimental results we
define the trilevel technique we use and we ob-
tain formulas for their analysis. This is done in
Sec. II. In Sec. III we describe the experimental

' apparatus. The experimental results are dis-
cussed and compared with other experiments and
theory in Sec. IV. Appendix A generalizes the
theory of Sec. II to an energy-level scheme in
which each level consists of several degenerate
states, while Appendix B explains what the echo
polarization direction should be. Finally, Appendix
C describes a, second type of trilevel echo which
we utilized in a small number of our experiments.

II. THEORY

A. Basic description

The term trilevel echo refers to a class of echo
phenomena which has many elements. It is char-
acterized by the sequential excitation of the three
energy levels of the individual atoms or molecules
of a sample in such a way that a macroscopic os-
cillating electric-dipole moment involving two of
the levels forms at a well-defined time after the
last excitation pulse. Only two elements of the
trilevel echo class are used in obtaining the data
discussed in this paper. This first and most im-
portant case involves (a) the excitation of an "or-
dered superposition of the ground state and an ex-
cited state of the same parity via an intermediate
state, (b) the subsequent transfer of the ordered
superposition to the ground and intermediate states
by a later. excitation pulse, and (c) the delayed co-
herent emission (echo) from the ground-interme-
diate state superposition. Since the data obtained
herein is obtained almost exclusively by this kind

, of technique we devote this section to a careful
definition of this element [we call these echoes
type-I sum-frequency trilevel echoes (SF-I ech-
oes)] and a weak-excitation-pulse analysis of the
effect.

In addition to the SF-I echoes mentioned above
we have also used trilevel echoes which differ
from the SF-I echoes by the necessity of temporal-
ly overlapping the first two excitation pulses.

STATE
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2
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FIG. 1. Schematic of the three levels involved in the
production of a trilevel echo. In our experiments the
principal quantum number of the upper level ) 2) ranges
from 5 to 20 (4 to 34) when the state is an 8 (D) state.

These echoes (SF-II echoes) are defined and ana-
lyzed in Appendix C.

Consider a dilute gas of identical atoms each of
unperturbed atomic Hamiltonian II, whose eigen-
states ~Q satisfy H, ~rn) =AQ„~m). We focus our at-
tention on the ground state ~0) and two additional
discrete electronic eigenstates ~l) and ~2), such
that AQ, &,SQ, &kQ, . (For our experiments in Na,
~0) and ~1) will correspond to the 3'S,&, and 3'P,&,

states, while ~2) will correspond to a higher n'S, &,
or n'D, &, state; see Fig. 1.) In the present sim-
plified treatment each electronic state is assumed
to be discrete; the optical electric fields and di-
pole matrix elements p,.&

between states i and j,
are treated as scalars. We generalize in Appendix
A to the degenerate case in which ~0), ~1), and ~2)

each stand for a manifold of states of equal (or
nearly equal) energy. Let Q,.&

=Q,. —Q&. As shown
in Fig. 2(a) the system of atoms is irradiated suc-
cessively by three light pulses of central frequen-
cies ~„z„and +„where ~, =- Q„and +, =&,=-0„.
The central wave vector of the ith pulse is k,-
=4,n, ;we consider only. t. he case n, =n, =-n, [Fig.
2(b)].

In the present calculation, in which we wish to
obtain only the lowest-order contribution to the
echo, we assume that the excitation due to each
pulse is sveak i,n the sense that the diagonal densi-
ty matrix elements which were nonzero at the be-
ginning of a pulse are not significantly modified in
magnitude by the pulse. In addition, we treat the
atomic trajectories classically and the effect of
perturbations such as collisions or spontaneous
emission phenomenologically. We assume that
the atomic trajectories are rectilinear, and, in
view of the expected strong state dependence of
active atom-perturber collisions, we neglect col-
lisions which produce small changes of velocity.
The limitations of this last approximation have
been discussed by Berman and Lamb. "

The total Hamiltonian H of an atom located at
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Here AX,. =X —x, and At,. = t ' —t „where t,. denotes
the central time of the ith excitation pulse and x,
is the location of the atom at t, (i =1,2, 3). The
integration here and for both subsequent pulses
is performed over the duration of the pulse. We
have assumed that 8,(X, f ') = S,(x„t '). For an un-
chirped pulse short enough so that the atom can be
considered stationary and relaxation can be neg-
lected, ~8, ~

is simply the "tipping angle" produced
by the first pulse on the 0-1 two-level system,
i.e. , the pulse "area."

The effect of the second pulse E, =

g, (X, t)e'("&' "2"+ c.c. on p„may be calculated
in a similar fashion from

(
8 2—+2020+1"20 p20 —

~ »0&ptFIG. 2. (a) Temporal sequence of excitation pulses
(solid) and echo (dashed) in the case of the SF-I echo.
The upper (lower) line shows the pulses at frequency
~2 (u&). The times t& and wave vectors k; associated
with each pulse are shown. (b) Relative propagation
directions of excitation pulses and echo. The excitation
pulses at frequency ~2 counterpropagate with respect
to the excitation pulse and echo at &~. {c)Relative
linear polarizations of the three excitation pulses and
echo. Note that the echo is polarized perpendicular to
the first excitation pulse. This allows us to prevent
essentially all potentially obscuring signals from reach-
ing the detector. The second and third excitation pulses
propagate antiparallel to the echo and are at frequency
z&,: the first excitation pulse is blocked by a alan-prism
polarizer.

2
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Here F,, is the phenomenological relaxation rate
of p, , which includes decay due to spontaneous
emission, collisional dephasing, collisional popu-
lation transfer out of states i or j, etc. Thus for
an initial density matrix in which pop = 1 and other
elements are Rero p1p satisfies

~

~8 =2+'1~10+F10 P10 @ (POO Pll}P10 ~

Using E(X., t) = g, (R, t)e' '"'" 1"+ c.c., p()() -p„
= 1, and the rotating-wave approximation, after
the passage of the first pulse Ne hkve that

X(t) is written

H=HO-PE(X, t)
and the density matrix p in the Schrodinger picture
satisfies

Here

2*
g — 21 g (X f I) i Ic0'ilXO (1 ) —(I'10-I'2

2
I2

2 2y

As for the first pulse, in the limit of an unchirped,
short pulse, 0, approaches the tipping angle pro-
duced by pulse 2 on the 1-2 two-level system.

Finally, the third pulse E,= g, (X, t)e' '"0' -"0"
+ c.c. modifies p1p according to

(
a 2

1P+ 1o P10-@ P'12@3P20 ~

at

If we assume p20 is insignificantly affected by the
third pulse, then after pulse 3 passes p»(t) =p,",'(t)
+pl(00)(t), where

p,'0" =-—,'ig, g, gf exp[i(k, x, +k, x, —k, x, -(0,t)]

and

X8 r10 &t t 3)e-r20 (t 3- t 2)+-r10 (t 2-t1) (10)

g
P01 g (x f s)e(%0 ilx0(i'&e+(I'10- ») odt3 5 3 3P

The assumption of weak excitation adopted here
re(iuires that 8, «1 (i =1,2, 3). If the spectrum of

Assuming the second pulse to be weak enough so
that p» may be approximated by pl(10)(t } throughout,
we find immediately that after pulse 2 passes p2p
is given by

p»(t) = ,'g, g,-e-xp[i(k, x, +k, x, —000t)]

X e r20~t t2)e r10~t2 t1)
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each of the exciting pulses is wide compa, red to
the Doppler width of each corresponding transi-
tion the factor expi(k, . ~,.), which corresponds to
a frequency shift k,. ~ v, where v is the atomic ve-
locity, may be ignored in the integral expression
for 8, As a result, 8,- does not depend on the
atomic velocity.

To determine when coherent ergission of fre-
quency co, is generated by the medium at t & t, me
calculate the macroscopic polarization P(x, t )
=(3Ip»(x, t)+c.c.), where the brackets indicate
an average over the atoms located at an arbitrary
point x at the time t, and g is the atomic number
density. The normalized Maxwell-Boltzmann ve-
locity distribution is f(v) =)( ' '(), 'exp[-(v/(), )']
where (), = (2k, T/M) ' ', T is the absolute temper-
ature, M the atomic mass, and 0, the Qoltzmann
constant. Since we assume that me may neglect
velocity-changing collisions, an atom of velocity
v which is at x at the time t was located at x&

=x —v(t —t, ) at the earlier time t, . Carrying out
the average over velocities me obtain

(p (1)(x t)) )i8 e((kg' & ld)))c--r)0(t-'())
10 p 2 1

[k1t)p (g g1,) ]2 .
Clearly, this term gives a free decay with origin
at t =t,-.

On the other hand, as we now show, the ensem-
ble average p,',"(x,t) contains a strong peak cen-
tered at atime t, to be defined below; this mill
produce a, SF-I echo of frequency ro, if t, & t,. In-
tegrating p,',"(t) over the velocity distribution we
have

(p,',"(x,t)) =--,'i8, 8,8f exp[-I'„[(t —t,) + (t, —t,)]]
~ I2

X e-I'20 Ol3- 2)e- IA I y /4

easily show that a pulse of envelope maximum g,
= 2rfgk, I,(p,~)(03)~(,„,of frequency ((), and wave
vector k, is emitted at t = t, . Hence

xexp[-I'„[(t, —t g+ (t, —t,)]]e 2o' 3 2',

(17)

where I. is the length of the medium.
We note that the SF-I echo occurs only if t 3 t2

~ (t, —t, )k, /k„so that t, ~ t,. A necessary condi-
tion for the formation of a SF-I echo is thus seen
to be k2&ka.

We should add that the formation of the SF-I echo
and its dependence on the relaxation rates l1p F2p
does not depend on whether the va, rious 8,. 's are
independent of v or whether ~8,. ~

«1. Indeed, we
will show in Ref. 19 that for short unchirped pul-
ses for which 8, may be large, the value of
p,',"(x, t,), neglecting relaxation and atomic mo-
tion during the pulses, is

p,',"(x,t) =--,'i sin)8, ) sin(-,'8,
( sin] —,'8,

(

xexp[i[(k, +k, —k,) x-&u,t]}. (18)

This expression shows that the weak-excitation
formula (13) gives a good approximation (within
several percent) to p,',"if ~8, ~s 0.2, (8, ,(s 0.4.

At this point we mention a characteristic of the
SF-I echo which makes it especially suitable for
measurements on highly excited states. Equation
(18) predicts that the echo will be optimized when
the pulse-area sequence is —2'z —m —m. With these
angles and neglecting homogeneous decay, the peak
electric field of the echo will, according to (17),
be given by

where

x exp(i[(k, +k, —kg x —(gp, t ]], (13)
4))nkl~lP» I (19)

A = (t —t,)k, + (t —t,)k, —(t —t,)k, . (14)

For the collinear counterpropagating geometry
of interest for which k, =k„ it is found that ~X~ =0
at the time

t, =t, + (t, —t,)k, /k, . (15)

Therefore, at time t, a macroscopic polarization
of frequency co, and wave vector k, is formed in
the medium. Let z lie along k„and let P
=(P exp[i(k, x —&u, t)]+c.c. Using the slowly vary-
ing amplitude approximation for Maxwell's equa-
tion,

(
a 1 a—+- —g = 2m'ik', 6',

Bz c Bt

and the expression for (p,",)(t)) to find 6', one may

Hence the peak intensity I, = (c/2)()g', of the echo
is independent of the osciQator strength of the
1-2 transition as long as the area under pulses 2
and 3 are maintained at r. Thus, neglecting ho-
mogeneous decay, the optimum SF-I echo will be
approximately as intense as the optimum photon
echo" on the 0-1 transition even if

~ p»( «(p»).
This result, which follows from the fact that the
SF-I echo is emitted on the 0 1 transition, dis-
tinguishes it from other echo effects such as the
excited-state photon echo, "mhich is emitted on
the 1 2 transition. It means that SF-I echoes on
states ~2) with relatively weak dipole matrix ele-
ments P» may be easily investigated. The only
requirement is that ~8»~ must be maintained at a
large value. As we have shown previously, how-
ever, this is not very difficult with lasers of kilo-
watt peak pomer.
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B. Echo decay and pressure broadening

where the collisional relaxation parameter g,.&
has

the units sec 'Torr '.
The echo intensity therefore depends on p ac-

cording to I,(p) - exp(-pp), where

ii= 2[q,o+rl, o(k, —k,)/k, ](t,—i,) . .(22)

An interesting feature of this result is that the
echo intensity does not depend on I, —t, (as long
as t, )tg.

P may thus be determined by a measurement of
echo intensity versus foreign-gas pressure at a
fixed delay t, —t,. Using a value of gyp measured
by determining the pressure dependence of the O-i
photon echo" at fixed delay time (see Table I) one
can then obtain a value for g2p, the collisional re-
laxation parameter of the 0-2 superposition state.

We wish to relate 1"2p to the linewidth of the 0-2
transition, as would be measured by sweeping the
monochromatic excitat&on frequency in a Doppler-
free two-photon-absorption experiment. We con-
sider the equation for p» in the limit of weak (p»
»p») Doppler-free excitation by a monochroma-
tic beam of frequency &u/2 where v = Q». p» then

I

The peak echo intensity I, is given by

I, =I,exp{-2r„[(t,—i,)+ (I, —t,)]]e ' 20 "~-'2',

(20}

where I, is a constant independent of the relaxa-
tion rates. We are interested in the dependence
of I, on the pressure p of a low-density (p &1
Torr) foreign gas. The various phenomenological
relaxation rates will be assumed to be linear in
p as expected from a binary-encounter impact
model. We therefore write

satisfies

a—+ i(Q„+b,„)+I'» p„= i-~e ' ',
„Bt

(22)

where g = const is the effective field coupling lev-
els 0 and 2, and 6,, is the collisional shift between
levels i and j. The steady-state solution is

p„((o)= U[(&u —n„s») +—ir»]-'e-' '

Hence the population

(24)

q, ,p =NK, , =—NPo„ (25)

Here V, the average relative speed between the
perturbating and the active atom, is given by
(8k, T/vp)'I', where p, is the reduced mass of the

p (~) =
I p..(~) I' =~'[(~ - fl .—& .)'+ i'.1 ',

and the absorption line is Lorentzian with full
width at half maximum (FWHM) 2I'2O. Thus the
relaxation rate F2p of the superposition p„as mea-
sured in a transient experiment is simply related
to the Lorentzian linewidth measured by sweeping
the excitation frequency in a steady-state experi-
ment. By writing l"„as I'zp' + Q2pp, we see that,
2p happ is the contribution to the linewidth of the
collisions with the foreign gas. Similar considera-
tions apply for I'„and g„.

The average collisional shifts A„and h„wi11
modify the echo intensity if they are large enough
to shift the mean atomic transition frequencies
outside the spectral profiles of the corresponding
excitation pulses. In the experiments described
here this is never the case, since 6,, is always
much smaller than the spectral widths of the las-
ers. Therefore, we may ignore the pressure
shifts.

It is customary to express g, ,p, the collisional
contribution to l,~, .in terms of either a collisional
rate constant K, , (cm'/sec) or an effective colli-
sional cross section a,-, Let the foreign-gas num-
ber density be ¹ Then

TABLE I. Foreign-gas-induced collisional relaxation parameters for the sodium reso-
nance lines measured using the photon-echo technique (see Ref. 21). Note that the FWHM of
the collision-broadened line 4& (Hz/Torr) =g/7t. Alternately the broadening FWHM in cm-~

per relative density, 4v, is givenby 6™v=2.95x10 ~ qT em /r. d. where T is the absolute
temperature. In the present work only the measurements for the 3 Sg(2-3 Pg g2 transition
were needed to determine the S-S and S-D relaxation rates. (All data was taken at a Na oven
temperature of 400 + 15 K.)

Superposition
state

3 Sg(2-3 Pg(2

3 Sii2-3 P3&2
2 2

Foreign
gas

helium
neon
argon
helium
argon

g (see Torr) ~

49.1(1.5) x106
28(3)
57.3(2.9)
58.3(1.3)
68.5(3)

Cross section
(10 ~~ cm2)

129(4)
130(14)
318(16)
153(4)
380(17)
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perturbing and active atom. Using. the ideal gas
law to relate p to N, we. find K,&

=@„.k, T=[1.04
x10 "cm'Torr/Kjg, ,T.

III. EXPERIMENT

The apparatus used in our Na trilevel echo ex-
periments is relatively simple and within reach
of a modestly equipped laboratory. As shown in
Fig. 3(a), the two homemade grating-tuned dye
lasers of the Hansch Design are simultaneously
pumped transversely by a single homemade nitro-
gen laser. The nitrogen laser, whose design is
similar to one described by Nagata and Kimura, "
produces 10-nsec long, 150-kW peak power 337-nm
pulses at 5-20 Hz. Dye laser 1 is tuned such that
2sc/v, =589 nm, which is the wavelength corre-
sponding to the Na 3.'S,~,-3'P,~, (l0)-l1)) transi-
tion, and dye laser 2 (410&2vc/e, &615 nm) is
tuned to resonance between the 3'P,&, state and a
higher n'S, ~, or n'D, &, (l2)) level (Fig. 1). Laser
beam 1 at e„whose spectral width is narrowed to
-1 GHz by an intracavity Fabry-Perot etalon, has
a peak power of -0.5 kW, while laser beam 2 at ~,
has a peak power of -3 k% and a spectral width of
10 GHz. Each laser beam is collimated by a 40-cm
focal-length lens placed approximately a focal
length beyond the respective dye cells. The beam

of frequency ~, is split into two parts, one of
which is optically delayed with respect to the other
in a White cell 2' The single pulse at &, and the
two subsequent pulses at ~„polarized by Glan-
prism polarizers as indicated in Fig. 2(c), are in-
cident on a heat-pipe-type stainless-steel cell
containing metallic sodium in its central, oven-
heated region. The central region of the cell is
kept at a temperature of about 400 K, correspond-
ing to a Na vapor pressure of =10 ' Torr. For-
eign gas, may be introduced into the Na cell, and
its pressure is measured by an MKS Baratron
capacitance manometer. The time t,„(t,&=i, .
—t&) between the peaks of the first two pulses was
typically 5 @sec, while the delay t 32 7 between
pulses 2 and 3 was usually set to 41 nsec. As in-
dicated in Figs. 2(b) and 3(a), the pulses at &o, and

to, counterpropagate; pulse. 1 (&o,) and 2 (&u, ) are
(linearly) polarized vertically while pulse 3 (e,
=to, ) is horizontally polarized. As a result (see
Appendix 8) the SF-1 echo, a collimated pulse of
wavelength 2vc/&u, which is emitted copropagating
with pulse 1, is horizontally polarized [see Fig.
2(c)]. The echo is detected on an RCA C31034
photomultiplier tube (PMT). A horizontal polar-
izer placed in the path of the echo discriminates
against pulse 1, while an interference filter cen-
tered at 589 nrn discriminates against scattered

(o)

FL

7

q~PH4
~BC&

4050A - &-6200A

DL
2

CL

IC DELAY LINE~. —.~

v2

PH$

I I4I5

PV2

BCI

TO ELECTRONICS
LU
CL

CL

I

LU

CS

()PV&

Ol)

TO ADC

FROM
AMP

PMT

(b)

PS

GATE
GATE FROM 8 A

0
C

FROM TC

COMPUTER

POPS/E

FIG. 3. (a) Schematic of experimental apparatus. Pumped by a single N2 laser, dye lasers DL1and DL2 are tuned,
respectively, to the

l 0)-l 1) (ut) and l 1)-l 2) (&F2=&@3}transitions (see Fig. 1). Beam 1 (from DL1) passes through a
bandpass filter (I.F.) and iris (I) to remove dye laser flourescence; then after being vertically polarized by PV1 (al].
polarizers are Gian prisms) it passes through the Na oven and is blocked by horizontal polarizer PH4. The output of
DL2 is split at BS into beams 2 and 3. Beam 3 is delayed by an optical, delay line (UVC). After being polarized verti-
cally (PV2) and horizontally (PH3), respectively, beams 2 and 3 are superimposed by BCI. Then using BCII beams
2 and 3 are sent through the sodium oven coincident with but counterpropagating with respect to beam 1. The echo,
emitted along beam 1, passes through PH4 and is focused (FL) through a pinhole (PH) and bandpass filter (I.F.) which
protect the RCA C31034 photomultiplier tube (PMT). An mks Baratron capacitance manometer (B) monitors foreign
gas pressure in the Na cell. (b) Schematic of data-acquisition system. The echo signal from the PMT passes through
a variable attenuator (A) and a X100 amplifier (AMP) before beirig integrated by a gated pulse stretcher (PS). The
output of the PS is read by a sample and hold (SH) and subsequently converted to digital format by an analog-to-digital
converter (ADC). A PDPS/e minicomputer averages the digitized signal for a predetermined (approximately 100)
number of echoes and stores the results. The thermocouple (TC)-monitored temperature and the pressure are also
read (via the ADC) by the computer. The overall system is linear within 5% over approximately four orders of mag-
nitude signal variation.
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light from the pulses at e,. The elimination of
the first pulse is crucial; an extinction of -10',
which is limited by depolarization of the room-
temperature, fused-silica windows of the Na cell,
is achieved. This extinction, coupled with the re-
covery characteristics of the PMT, allow us to
observe an echo which is =10' times less intense
than the excitation pulse at &,. The fact that tri-
level echoes can be detected using only crossed
polarizers greatly reduces the difficulty of per-
forming experiments which utilize them; the op-
tical shutters necessary in most other pulsed echo
experiments are generally difficult to work with
on the time scale of our experiments. The PMT
signal is fed into a gated pulse stretcher whose
output is stored in a boxcar circuit and read into
a DEC PDP 8/E computer [Fig. 3(b)]. The com-
puter averages this signal over a number of laser
shots, usually 75-125. This average signal and
the computer-read value of the foreign-gas pres-
sure are stored on a magnetic disc. An experi-
mental run, lasting about 10-20 min, consists of
the measurement of the echo signal at fixed delay
as a function of the pressure, which is allowed to
slowly leak up and then down so that the data may
be continuously taken automatically. For a ma-
jority of the runs the delay 7 between the two pul-
ses at e, was 41 nsec. In the few cases (12)
= 4D,&, and 10S,~, with Ar) in which ~ was varied
to some other value, it was always found that to
within experimental error P scaled with 7 as ex-
pected on the basis of simple exponential decay
[see Eq. (22)].

For upper states (12)) with n less than =11 no

lenses were used to focus the beams into the cell;
the beam spot diameters were then about 2-3 mm.
For higher n a 110-cm focal-length lens was used
to focus the pulses at +, to a diameter of -1 mm in
the cell.

Because of stray scattered light and electrical
noise, the signal read by the computer, S, actually
consists of a background signal S„as well as the
echo signal. We determined S, by blocking the
first excitation pulse at frequency co,. Since the
PMT is protected by a bandpass filter at v„we
do not affect S, by blocking the pulse. Figure 4
shows the data points of several runs after S, has
been subtracted. A logarithmic least-squares
computer program is used to fit the data points of
a given run to a curve of the form S =S, exp(n~p'
—Pp)+S, . S„o.~, and P are determined by the fit.
Although we expect the echo to decay as a simple
exponential with pressure (i.e. , o.~

= 0), we find that
our data is generally fit best with a small negative
value of n~. When we calculate the dimensionless
quantity (1o.~1)' 2/p we find that it has a fairly con-
stant value of 0.1 to 0.15. At the present time we
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The data points of each of the three runs shown above
represent the average echo intensity produced over a
fixed number of laser shots (typically 100). The data
was taken continuously as the Ar pressure was first
increased and then returned to its initial value.

do not know whether this behavior is due to syste-
matic error or some unexpected physical aspect
of the echo decay. The cross sections referred to
in our discussion of results are derived from the
fitted value of P. Because of the unknown origin
of the n~ term, we must concede that a 10%%u~ sys-
tematic error may be hidden in our results. How-
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TABLE II. Measured foreign-gas-induced collisional
relaxation parameters. Note that g in this table can be
expressed in the nomenclature of NMR as 1/(T2)«where
(T2)fg is the per Torr transverse relaxation time due to
the foreign gas. The numbers in parenthesis represent
the statistical error of our data. See text for a discus-
sion of possible systematic error. (All data were taken
at a Na oven temperature of 400 + 15 K.)

Superposition
state

q (sec Torr)-i
argon neon helium

3 Si/2-5 Si/2
3 2Si/2-6 S
3 Si/2-7S
3 Si/2-8S
3'S„,-9S
3 Si/2-10 S
3 Si/2-11 S
3 Si/2-12S

2Si/2 13S
3 Si/2-14S
3 Si/2-15 S
3 2Si/2-16 S
3 Si/2-17 S
32Si/2 18 S
3 Si/&-19 S
3 Si/2-20 S
3 ',Si)2-4'D3i2
3 Si/2-5D
3 Si/2-6D
3'S,/, -7D
32Si/2 8D
3 Si/2 9D
32Si'/2 10D
3 2Si/2-11D
3'S,/, -12D
3 2Si/2 13D
3 2Si/2 14D
3 Si/2-15D
3 Si/2 16D
32Si/2 17D
3 Si /2-18, D
3 Si/2-19D
3 Si/2 20D
3 Si/2-21D
3 2Si/2-22D
3 Si/2-23D
32Si/2 24D
3 Si/2-25D
3 Si/2-26D
3 'Si/2-27D
3 Si/2-34D

237 x106
315
444(29)
479
395
381(14)
307
254
249
245
201(10)
209
167
1880.5)
202
133
192
293
489
665 (28)
829
872
848(59)
759
724
690
604
584(25)
487
445
420 (48)
389
320
278
249
270
251
279
128
177(33)
178

93 x10
56(3)
50
40
45(6)
43
41
56
46
47(6)
47
35
46(6)
48

~ ~ ~

82
92

103
98(5)

106
104
97(7)
90
81
81
72
73(4)
53

. 59
59(12)
48

3pp x1p6
373
285(14)
189
144
109(7)
84
74
73
57
56(4)
63
71
54(4)

~ ~ ~

,149
172
216
263(14)
279
324
360(8)
351
351
299
273
276(11)
232
215
209(25)

ever, the relative errors from state to state,
shown in the figures, are often smaller.

The ratio of S,/S, was fairly constant at a value
of 10'-10' up to n =11. Above this point it slowly
decreased, reaching a value of -2 for @=34. We
interpret the decrease in echo intensity as we pro-
ceed to the higher states as evidence that our ex-
citation pulses at v, resonant with the ~2)-~1) tran-
sition were no longer sufficiently intense (due to
the decreasing oscillator strength of the 1-2 tran-

sition and the fact that our laser dyes and dielec-
tric reflective coatings did not perform well at
the relevant wavelengths) to transfer a sizeable
population from state 1 to 2 and back (i.e. , ~8, ~

= ~&, ~
&m). The use of a lens to focus the beams

at &u, to a smaller spot (and hence larger peak in-
tensity} increased the echo signal somewhat at
these higher ~2) states, but the gain was partially
offset by the smaller volume of Na atoms excited
by the laser beams.

The values of P for several runs with the same
foreign gas were averaged for each state, and the
means used to calculate values of g„and collision-
al cross sections according to (22) and (25). Our
values of the g's are tabulated in Table II.

It will be noted that experimental cross sections
02p are tabulated for the colli sional relaxation of
the 3'Sy/2 5 S]/ superposition. According to the
theory outlined above, however, the SF-I echo
cggnot occur on the 3'Sy/2 3 Py/2 5 Sy/2 levels,
since k, &k,. The undelayed (t, =tg echoes which
were observed on this transition, and which were
used to determine the o»'s arise from a different
type of trilevel echo, the type-II sum-frequency
trilevel (SF-II) echo, whose excitation scheme is
identical to that described above. It is explained
in Appendix C.

IV. DISCUSSION OF RESULTS

The tri-level echo decay cross sections derived
from the g's of Table II for Na-He, Na-Ne, and
Na-Ar collisions are shown in Fig. 5(a), 5(b), and

5(c), respectively. In almost all cases our data
is the first ever obtained for the various super-
position states. In Table III we compare our tri-
level echo decay cross sections with the few pre-
viously reported broadening and transient decay
cross sections. Note (assuming the temperature
dependence of the cross sections is weak) that
the agreement between the values is quite good.
This tends to confirm our phenomenological analy-
sis of the relationship between echo decay and line
broadening.

We see from Fig. 6 that our cross sections vary
with n in a fashion similar to that observed in pre-
vious measurements of the foreign-gas-induced
broadening of the pri. ncipal series transitions in
the alkalis. ' Although one might be tempted to
say that the collisional cross sections should vary
as the geometrical cross section of the excited
alkali atom (wn*'a'o where a, = 0.53 A is the Bohr
radius and n* the effective principal quantum num-
ber}, a simple argument provides an explanation
of the gross features of the observed n dependence
of the collissional cross section.

Consider a collision between a noble-gas atom
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I' of speed V and a stationary alkali atom in an
excited state of effective quantum number n*. The ''

alkali-metal atom consists of a valence electron
e circulating rapidly about a stationary, positive
Na core. Within the limitations imposed by the
uncertainty principle, the electron is a distance

r =a,(n*)' from the core and is moving at a speed
v, =o.c/n* "Here ot .is the fine-structure con-
stant and c is the speed of light. For the lower
states (n* small) one must treat the alkali atom
as a unit in calculating the scattering. Since the
Van der Waal interaction increases with n*, the
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TABLE III. Comparison of the 3S-4D and 3S-5S foreign-gas-induced broadening cross sec-
tions, which have been obtained by different experimental techniques.

Superposition
state

Foreign
gas Cross section (&& 10- cm )

3S-5S

helium
neon
argon

helium
neon
argon

Biraben
et al a

407(48)
399(28)

1045(109)

722 (32)
493(37)

1182(88)

Liao
et al. "

386(32)
304(28)

1042(67)

Two-photon
echo '

970 (149)

Trilevel echo
measur ement "

391(16)
382(13)

1045(174)

788 (45)
~ ~ 0

1286(93)

Obtained from measurements (at T= 563 K) of Doppler-free two-photon absorption line-
width broadening (Ref. 12).

bObtained from measurements of the Doppler-free two-photon coherent transient of Ref. 13
(at T=673 K).

'Measured at T=400 K (Ref. 14).
Our trilevel echo measurements at T= 400 K.

ot g oN, + + v o, (v, )/V (27)

Kith increasing n the second term decreases as

scattering cross section increases as n* is in-
creased. For higher g, however, a different effect
comes into play. The Na' core and (quasifree)
valence electron are so far apart that they scatter
the incoming noble-gas atom independently. De-
fining the cross section for the two types of colli-
sions by o, (v, ) and oN, +, respectively, and restrict-
ing ourselves to the limit V«v„we can estimate
the total collision rate constant K„,and collision
cross section v„,=K„/ V as

K„,= Vo N,+ + v,o, (v,) (26)

1/n if o,(v, ) is nearly constant. This naive pic-
ture explains, at least qualitatively, the observed
dependence of the cross section on n. Indeed, it
predicts that 0„,- vN, + asymptotically as n in-
creases.

In an attempt to explain the data of Fuchtbauer
and Schulz, ' Alekseev and Sobelman" have cal-
culated o„,in the asymptotic limit for Na(n'P)-Ar
collisions. Their more rigorous approach is along
the lines of (27), with two exceptions: (a) they in-
clude the exchange interaction and (b) for the e-
Ar collision o, increases sharply with decreasing
velocity v, ; hence they find that it is more appro-
priate to average the expression for K„, over the
velocity distribution of the quasifree electron. In
spite of these complications they find that the con-
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FIG. 6. Collisional broad-
ening cross sections ob-
served by Fuchtbauer and
Shulz (Ref. 1) for the prin-
cipal series of Na perturbed
by Ar. Dashed curve reyre-
sents the asymptotic limit
predicted in Refs. 8 and 9.



FOREIGN-GAS-INDUCED RELAXATION OF RYDBERG S AND D. . . 1617

tribution of the e -Ar scattering is significantly
smaller than that of Na'-Ar. This justifies out
rough estimate that o M,+ should be the proper
asymptotic limit even when E =Ar. %e note that
Gounand, Fournier, and Berlande" have made a
similar calculation, except that they determine
the mean speed v, of an electron in a state n from

v, = „v dv,

where f„(v) is the velocity distribution of the elec-
tron in state n, instead of using the rms speed v,
= o.c/n*, as we have. As one expects for highly
excited states, the two speeds are only -10% apart,
hence their results are nearly identical with ours.

Recently an attempt has been made for the first
time to make quantitative estimates of the noble-
gas-induced collisional cross sections for states
with n below the asymptotic limit. Omont' con-
cludes, as did previous workers, that in the as-
ymptotic limit the interaction between the noble-
gas atom and the alkali-metal atom is dominated
by the valence-electron-state-independent polari-
zation of the noble-gas atom induced by the posi-
tively charged core of the alkali-metal atom. To
calculate the collisional broadening for transi-
tions involving upper states of lower n Omont has
made an approximate calculation of the effect of
the electron-noble-gas potential as well as the
polarization potential. He treats the potentials as
additive and assumes that each dominates for cer-
tain values of the collisional impact parameter.
For very low n this method fails because the col-
lision becomes truly three body; however, it ap-
pears to give approximate agreement with experi-
ment in certain circumstances. The dashed lines
in Fig. 5 indicate the effective trilevel echo decay
cross sections expected based on Eqs. (4.14)
-(4.17) and appropriate constants given in Ref. 9.
In the cases of the superpositions involving the
energetically isolated s states as the upper level
with either He or Ar as the perturbing gas the
theory predicts cross sections quite close to those
we observe. Since the calculation treats only elas-
tic collisions it is not surprising that the super-
positions involving the nearly degenerate d states
have collisional cross sections higher than pre-
dicted (see below). The case of Ne is anomalous:
The theory gives cross sections which are signif-
icantly above the experimental values for all val-
ues of n—even in the asymptotic region. Except
for the fact that the ratio (~a~~)' '/p (see Sec. 111)
was slightly larger than for He or Ar our exper-
imental values for Ne should be of roughly the
same quality as for the other foreign gases. In
fact as shown in Table III our measurements of the

Na-Ne conision decay cross section for the 3S-4D
superposition are in good agreement with the mea-
surements of Biraben et al." We thus conclude
that either there is a hidden error in our Ne-Na
collisional cross sections for higher n or the exist-
ing theories are not sufficiently general to de-
scribe the interaction involved in Na-Ne collisions.

Although the collision cross sections for the
S-S superposition states are expected"'" to be
almost entirely due to elastic collisions, mea-
surements by Gallagher, Edelstein, and Hill" show
that a sizable. part of the collision cross section
for the S-D superpositions must be due to colli-
sionally induced transfer of population out of the
upper state. The collision transfer cross sections
ac measured by Gallagher imply that during the
interval t„ the upper d state is depleted in pop-
ulation by the factor exp(-NVo+»). Thus, neg-
lecting decay mechanisms other than population
transfer, p„decays by a factor exp(-NPo~t »/2)
and o» =cr~/2. In Fig. 7 we plot our trilevel echo
S-D collision cross sections o» (solid circles)
along with one half the inelastic-collision cross
sections measured by Gallagher (open triangles).
In the presence of elastic collisions we expect
o20 to be larger than ocr/2, and indeed in most
cases it is significantly larger. Since in the case
of He o~/2 and o20 are nearly equal for the higher
d states, we conclude that in those cases i.nelastic
collision are dominant.

In the limit of large n* the cross section for
elastic collisions should become independent of
the electron's orbital angular momentum I,. The
same statement holds true for the collision-trans-
fer cross section. ' In the region we work n* is
large enough for the first statement to be valid,
but not the second. In fact for the states we mea-
sure 0~ is generally negligible for n*S but ap-
preciable for n*D states. In consideration of these
facts the difference bo = o»(S-n*D) —&&20(S-n*S)

should be a good measure of the collision-transfer
cross section, i.e. , 4a should be nearly equal to
o~/2. We have computed the difference cross
sections n, a from our data and plotted them (cros-
ses) in Fig. V. We find (except in the case of
He) that especially for large n* the agreement be-
tween Ao and ocr/2 is striking. On the other hand
for He o»(S-n*D) itself agrees so well with ocr/2
that the subtraction of cr»(S-n*S) to obtain &o ac-
tually reduces the agreement. This implies that
either o20(S nS) contain-s a significant contribution
from inelastic conisions or interference between
the elastic and inelastic contribution to the cross
section is occurring. For very low n* 4o becomes
negative implying that the assumption of / indepen-
dence of the elastic cross section must break
down. The possibility that b,o can be used to ob-
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position states in Na for a large range of n. For
the cases where n is in the Rydberg regime our
measurements are the first ever made. The mea-
surements are interesting in that they clearly show
the effect of the near degeneracy of the d states
of higher l but the same n. This contrasts with
the energetically isolated s states. We have com-
pared the recently presented theoretical work of
Omont' with our measurements of the relaxation
of 3S-nS superposition states. The agreement is
good except when Ne is used as the foreign gas.

By making these measurements we have demon-
strated the power of the trilevel echo effect when

applied to relaxation measurements. We plan to
extend our studies to higher n, to other foreign
gases, and to other alkali metals. In the cases of
the heavier alkali metals where the necessary
[1)-~2) excitation frequencies lie in regions where
more efficient laser dyes are available we expect
to be able to reach states of significantly higher n.
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FIG. 7. Comparison of 2 the collisional transfer
cross sections (open triangles) given in Ref. 16
and the difference between the total 3S-m*D and 3S-e*S
collision cross sections 4o measured by the trilevel
echo technique (crosses). The collisional transfer
cross sections of Ref. 16 are multiplied by & to give
the effective trilevel echo decay cross sections due to
population transfer out of the D state (see text). To
obtain these values of 4o we used pointwise linear in-
terpolation to obtain the total 3S-n4'S collision cross
sections from those measured for the 3$-nS superposi-
tions. It is found that the use of n in place of n* does
not significantly alter the values of 40 shown here.
Also included i.n this figure are our measured values
for the total 3S-nD collision cross sections (solid cir-
cles). The error bars shown are typical.

tain the inelastic collision cross section certainly
warrants further investigation.

V. CONCLUSION

We have measured the foreign-gas-induced re-
laxation characteristics of 3S-nS and 38-nD super-

In this Appendix we consider the formation of the
SF-I echo when states )0), ~1), and )2) each repre-
sents a manifold of nearly degenerate levels )a,.),
~b,), and )c,). We limit our discussion to weak ex-
citation. The laser electric fields are now consid-
ered vector quantities. The initial nonzero den-
sity matrix elements are p, ., =g, ', where g, isaug.
the number of levels (assumed to all be equally
populated) in the ground-state manifold. During
the first pulse Eq. (3) is now replaced by

~

~ ~

Z—+iQ... +I'„p, =—g, p, ~ E(X, t) . (A1)

p~,.c~
8, (b, , a~) = 2 8,(x„t')

x exp{iPk~
' b X~(t ') —((u~ —Q~., )t'] j

xe'&io«g dg . (AS)

Here 0, ., = Q„=v, is the energy separation be-
tween levels b,- and a, , and the phenomenological
relaxation rate I',, is assumed to be identical for
all elements pb. , After the first pulse p„., is
given by

p'"' = ,ig 'g (g;, a,.)e'' ' "' "~;~—,t)e rzo« 'z& (A2)

where
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Similarly, after the second pulse we find in an-
alogy with (7) that I 8 ( b )

' Pc)()$2
S,(x„t')

pc;. . =-4gp' !
xexp[i[k, .x, +k, x, —0, , t]j
xe "»" '2'e r&o"2 '&', (A4)

where

xexp[i[k, nX, (t') —(a), —0, ., )t'])
gg-& lp 2p~ t2

Finally, the term p~".,' of p, , which produces thebza ~ j
trilevel echo is given by

p~(3) =—g, 'p 8$(c„,b, )8,(c,b, )8, (b„a~) exp[i[k, 'x, +k, 'x, —k, 'x, —fl, ., t]}
l, m

x e-7]p(t-t3)e-1"2p(t3-t2)e-Pyp(t2-t&)
7 (A5)

where

H, (e„,b,.)= ' "'f g, (x„t')exp(((k, ~,(t') —(&u, —(). )t l)e, '' (A6)

P(x, t,) = Xg p„,, & p ~".,) (x, t,)) + c.c. . (A7)

As before the polarization at the echo time t, is
then

I

&1J,m, [p"))OJ,mg- g &1J,milp. ~812J2md
m2 ml

x&2 J,m, l p, ll J,m,'&

x&1J,m,'(p, (0J,mg (B2)

E(luation (A7) can be used as the starting point for
a calculation of the polarization of the echo (Ap-
pendix B) and of "quantum-beat" effects in the
echo due to t, -dependent interference between the
terms summed over.

APPENDIX B

Using the results [(A5) and (A7)] of Appendix A,
which are valid in the weak-excitation limit, . we
calculate the polarization of the SF-I echo for the
choice of excitation pulse polarizations depicted
in Fig. 2(c). We will show that the echo is po-
larized perpendicular to the first pulse.

We choose to quantize along the linear polari-
zation of pulse 1, so that E, =E,z, E, =E~, E3
= E,x; the direction of propagation of pulse 1 (and
the echo) is y. The states are now designated by
~lJ,m,), where l=0, 1,2 denotes the manifold, while

J„m, are the quantum numbers of the total and
axial angular momentum, respectively. From Eq.
(A7) we have

P(x, t,) =n Q &OJ,m, )p ~„)1J,m,)
mpjmg

x&1J,m, ~p "'(x, t,) ~OZ, mg + c.c. ,

(B1)

m2mf
x&J', m, (1J', Qm,')&J;m,' (1J,Omg

(B2)

where & ~) is a Clesbsch-Gordan coefficient and

((( (~) a reduced dipole matrix element. " The se-
lection rules imply that only those terms with m,

my mp are nonzero. Since ap = 0 we must have
m, =mp+ 1, hence only terms with 0. =+1 may con-
tribute. Therefore P =I'„x+P,y. Si:nce the echo
propagates along y" it must be polarized along x.

A very simple argument, based on conservation
of the z component of angular momentum of the
light, leads to the same result. The photons of
the first and second pulses carry 0 units of an-
gular momentum along S, while those of the third
pulse carry +1 units. Thus the echo will radiate
photons with +1 units of angular momeritum in
order for the atoms to return to their initial state,
as they must in any process in which the coher-
ence between atoms is crucial. This shows that
none of the echo photons can carry 0 units of an-
gular momentum along S, i.e., the echo must be

Here C„(n =0,+1) is a unit vector of circular po-
larization; it follows from the choice Z, =E,x that
a» =+1/~Q; a, = 0. Combining E(ls. (Bl) and (B2)
and applying the Vhgrier-Eckart theorem to this
expression, we find

P(x, t.)-/(«. Ilp 111J.)(1J.lip li2J.)I'

~Q g ~„.,&J, ,~1J, ~&~, ,~1J,Pmg
mpm~ n 6
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polarized normal to z. Since the echo propagates
along y", it must be polarized along x.

APPENDIX C

Consider the pulse sequence shown in Fig. 8(a),
where k2& k„and k, and k, are antiparallel. This
sequence is identical to that which produces the
SF-I echo, except that we now require that the
first pulse at e2 overlap temporally with the pulse
at +,. The calculation of Sec. II indicates that rio

SF-I echo is formed at t ~ f, 3 in this case. We now

show that if the ratio of the pulsewidth 4t to the
dealy f32 is greater than a critical value which de-
pends on k, /k„a different trilevel echo, of fre-.
quency ~, and wave vector k„ is produced at t,
=t 3. We refer to this new echo, which we reported
but were unable to explain previously as a sum-
frequency trilevel echo type II (SF-II echo).

In order to explain the formation of a SF-II
echo, we replace the three-pulse sequence of Fig.
8(a) by the four-pulse sequence of Fig. 8(b) and
calculate the value of p»(x, t) for f ~ f,. We again
restrict the calculation to the weak-excitation lim-
it. The four pulses are temporally distinct, but
at the end of the calculation, we take the limit t„
t,'-i„so that the sequence of Fig. 8(b) will ap-
proach that of Fig. 8(a). Our res.son for using
this approach will become clear below.

a)

(() 2 I
~ —,+in„+r„p„=——p„Z,'p„
&Bt

(C8)

producing a term p,', in p„which is given by

p20(t ) t ') = —~~~ e~e2~e~~ exp[i(k2'x2+k~'x~ —02ot)]

X e 20~t tp

We may now find the effect of pulse 3 on pip,
which, during and after pulse 3 satisfies

(
' 8 =Z—,+an„+r„p„=—p„z,*p„.
af'

We are interested only in the term pip in pip
which arises from p2'0. It is given for t &t3by

(C4)

(C5)

Our procedure will be as follows: we calculate
the population pll excited by pulse 1. Then we
find the value of p» produced by pulse 2, and cal-
culate the value of p» produced by pulse 1'. Fi-
nally, we find the change in p» brought about by
pulse 2 and investigate its rephasing properties.
Since we eventually let the first three pulses ap-
proach each other, we neglect relaxation during
the interval between pulses 1, 2, and 1'. After
pulse 1, p» is given by Eq,. (4), hence p» -—

~ p» ~

'
=-,'~e, ~'. Pulse 2 modifies p„according to

a . :z
~21 P21 @

P21 2I 11at

Hence after pulse 2

(C2)

Pulse 1' modifies p20 according to

t2

t(

n
2

k) k) k6 f,' —f, - (1 —k, /k, )(t, —f,) . (c7)

pro- -32»ie2leil

xexp[i(k, x, +k,"x,' —k, x, —A„t)]
xexp[[r„(t —f,) + r2c(t, —i,')]j. (C6)

Substituting k, =k, = —k,a', k,' = k,'z, x, =x —v(t —f,-)
in the above expression, we find that complete re-
phasing occurs when i = f, —= (k, /k, )(t, —t,) + f,'. The
rephasing will only be real if the value of t, de-
termined from this definition is at least as large
as I;3. This requires that

FIG. 8. (a) Temporal sequence of actual excitation
pulses and echo for the SF-II echo. The excitation
pulses at t& and t2 of frequencies ~& and ~2, respectively,
are required to have temporal overlap. An echo occurs
fort, =t3 if A&

—-—42. (b) Temporal sequence of excitation
pulses used in the analysis of the SF-II echo. The pulse
at t& is involved only in that it places population in level
(1). The scheme of (a) is reached by lettingt& andt,
approach t2.

If this inequality is satisfied, a polarization
P(x, f,) =alp»(p'„) + c.c., given by

I (x, t, ) =-i(X/82)p„e, e,'e, (e, )'

Xe'(kl x-Qlot)e-r20(t3-t )+C C (C8)

radiates an echo (a SF-II echo) at f =t,. This
echo, unlike the SF-I echo, is a fifth-order effect.

As pulses 1 and 1' merge into a single pulse
coincident with pulse 2, the above description cea-
ses to be rigorous. However, we may expect that
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an echo will still be emitted at t, = t, if (C7) holds,
where t,'- t, now stands for the time At between
the center of pulse 2 and the end of pulse 1. For
our 5-nsec wide experimental pulses we estimate
ht = 5 nsec. For the Na 3'S,&, 3 Py/2 5 Sy/2
three-level scheme, k, /k, = 0.96. Thus we may
expect an echo if t, —t, ~ 125 nsec, a condition
which was always satisfied in our experiments in-
volving this type of echo.

A feature of the SF-II echo which is important
for our Na 3'S,&,-5'S,&, relaxation measurements
is the fact that according to (C8) (with f, = f,) the
echo intensity decays as exp[-2q, g(t, —t, )] with
increasing foreign-gas pressure p. This allows
us to determine g20 for the 3S-5S superposition
state.

When pulses 1 and 1' merge and are simultan-
eous with pulse 2, the SF-II echo arises as fol-
lows: each temporal element of pulse 1 partially
transforms the atomic superposition p„created
by all previous elements of pulses 1 and 2 into a

superposition p20 of states 0 and 2. Therefore
any rigorous calculation of the SF-II echo for the
merged-pulse case of interest must take into ac-
count (a) the effect of pulse 1 to at least third
order [as is evident from (C8)] and (b) dephasing
of the 0-1 superposition du~ing pulses 1 and 2.
Such a calculation, may be done analytically, but
the algebra is tedious. We postpone a rigorous
derivation until a future publication.

We have observed the following qualitative fea-
tures of the SF-II echo when observed on the 3S-
3P,&,-5S three-level system: (i) the echo inten-
sity decreases at least as fast as the square of
the intensity of pulse 1, (ii) within +2 nsec the
echo is simultaneous with pulse 3, (iii) in the ab-
sence of foreign gas the SF-II echo decay as a
function of t, is significantly faster than the rate
expected on the basis of the spontaneous radiative
decay of the levels involved. All three of these
features are predicted by our model of the SF-II
echo.
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