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For the potential and detunings shown in Fig. 1,
the excitation cross sections are of the order of
10 "II' cm', with I and I' the power density
given in W/cm'. Thus the effect should be ob-
servable with moderate laser power. The experi-
ment must be performed with use of crossed
atomic beams or a beam interacting with a gas
sample. The beam-gas sample method works
only if the active-atom-perturber relative veloc-
ity is approximately equal to the beam velocity.
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We predict and observe the periodic reformation of spatial gratings in Na vapor com-
0

mencing 7/2 after the application of the second of two resonant (X~5895 A) standing-
wave excitation pulses which are themselves separated by v. These gratings have spatial
periodicity A/2, and backscatter our laser. One set of alternate echoes relaxes because
of velocity-changing collisions; phase-changing collisions play no role. The other set
is amplitude modulated with laser detuning 6 as cour.

Since the observation of the photon echo in ruby'
in 1964 and its extension' to a gaseous medium in
1968, a variety of optical echo phenomena have
been discovered in gases. These effects include
the trilevel echo, ' the two-photon echo, ' the opti-
cal stimulated echo,' ' and the two-pulse stand-
ing-wave (SW) photon echo.' ' These echoes are
similar inasmuch as they are all formed from a
delayed reordering of atomic superposition states
In this Letter we report the observation of an ef-
fect which belongs to an entirely new class of re
ordering phenomena and is characterized by spa-
tial reordering of atomic populations. The spa-
tially reordered populations constitute "gratings"
and can be detected by scattering a probe beam
from them. ' We term these delayed gratings
"grating echoes. "

We find that the excitation of atoms in a gaseous

sample by two resonant collinear SW fields, sepa-
rated in time by 7. , gives rise to grating echoes
which have spatial periodicity A./2p, where p =1,
2, . .. and which appear repetitively at the times
n7/2p after the second SW field. Here X is the
wavelength associated with the transition excited
by the SW fields, andn =1,2, .. . for each P. For
P =1 the grating echoes have a spatial periodicity
of A./2 and occur every 7/2 after the second SW
excitation pulse. Working on the 3$,~,-3P„,tran-
sition of Na we have observed the first two P =1
grating echoes. In Fig. 1 we present a photo-
graph showing the scatter from the first (n =1)
grating echo together with the two SW excitation
pulses. Given that two SW excitation fields have
been shown to produce photon echoes which appear
every 7 after the second SW field, it is not sur-
prising that grating echoes reappear at equally
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FIG. 1. Oscilloscope trace showing {from left to

right) instrumentally scattered light from the first and

second standing-wave excitation pulses and the probe

light backscattered from the P n ~1 grating echo. This

grating echo has spatial periodicity X/2 and occurs de-

layed from the second SW pulse by v/2. {Horizontal

scale: 10nsec/div; vertical scale: 100 mV/div. )

spaced intervals. The T/2P interval, however, is
unexpected.

Grating echoes have a number of novel and im-
portant properties. In contrast to all other opti-
cal echoes, certain grating echoes are unaffected
by the phase-changing aspect of collisions through-
out their entire evolution. Consequently, they are
degraded only by collisionally induced changes of
state or velocity. Like the stimulated photon
echo, ' grating echoes can be used to study colli-

sional effects pertaining to single isolated energy
states. Unlike the common two-pulse photon

echo, ' ' but like SW photon echoes, ' ' grating
echoes are produced only when the excitation
fields have spectral components overlapping a
natural atomic frequency &e, (i.e., Doppler-free
excitation). Furthermore both SW photon echoes
and certain grating echoes exhibit oscillations in

magnitude as the excitation laser central frequen-

cy, ~, is varied about ~o. This oscillation,
which arises from an effect similar to that re-
sponsible for Ramsey fringes, "may allow reso-
lution of spectroscopic detail normally obscured

by the spectral rvidth of the excitation pulses.
Assume that the first (second) SW pulse occurs

at the time t, (t,), is linearly polarized along x,
has the form

xh, cos(cut) cos(kz)[xh, cos(~t) cos(kz +p)],

and is nearly resonant with the ~ g)-~ e) transition

(having frequency v, ) of the atoms in a Doppler-
broadened gaseous sample. Here k -=(tc/c)2. The

levels (g) and ~ e) refer to the atom's ground and

an initially unpopulated excited state, respective-
ly. The temporal duration of each excitation

pulse, t~, is assumed to be sufficiently short that

atomic motion during the excitation pulses can
be neglected. The area of the first [second] SW

pulse varies with position as 8,(z) =8,' cos(kz)

[8,(z) =8,'cos(kz+y)], where 8,'=p8, t~/5 (l =1,
2), p = [ (g( p x

~ e) (, and p is the electric dipole

operator. After the two SW pulses the probabili-

ty that an atom, which was at position s, during

the tth SW pulse, will be in state ~g) is given by

p =-,'[1 ~ cos8, (z,) cos8,(z,) —sin8, (z,) sin8, (z,) cos»],
where Q =—& - & . Expanding Eq. (1) in terms of Bessel functions we obtain

2p =I y- g (i) " exp[ik(mz, +nz, )] exp(in@)J (8 ')J.(8 ')
mo n=-

[1+(-l.)™+n]([1+(-1)"1+[1—(-1)"] cos»]

where J; is a Bessei's function of order /. The fraction of atoms in level I g) at a particular position

z at some time t t„which we denote ti, (z, t), is determined by averaging Eq. (2) over all atoms at z

at time t. Assuming that v the z component of velocity (z velocity), is constant, we can write z~ =z

v(t —t, ). Then p„canbe expressed as

2p =I+ Q ( 1)" cos(kvnt, -ny) J„(8,')J„(8,')([1+(-1)"]+[1-(-1)"cos»)
n=0

+ Q ( 1)s Q (-1)"cos(2pkz —2pkv[t —(I+n/2p)t, ]+(n+2p)q )
8=& co

xJ„(8,')J„+„(8,')([1+(-1)"]+[1 —(-1)"c»«] .

In Eq. (3) and hereafter we set t, = 0. ii, (z, t) is now obtained by averaging p«over the Maxwellian z-

velocity distribution. From Eq. (3) it can be seen that the dependence of ti, (z, t) on z will be washed out
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unless

i =t. =(1+n/2P)t, . (4)

The spatial periodicity of r), (z, t,) is &/pk =&/2P,
where p corresponds. to the term in Ecl. (3) for
which the coefficient of v vanishes. The ampli-
tude of the spatial modulation of r)~(z, t, ) is pro-
portional to J„(8,')J'„„s(8,'), which can be com-
parable to unity for appropriate 8,' and 8,' when
P and n are small. Thus as stated above, spatial
gratings of periodicity A. /2P appear every T/2P
after the second SW pulse.

An interesting dichotomy appears in the grating
echoes which arise from terms of Ecl. (3) having
odd and even values of n. The odd n terms ap-
pear multiplied by the factor costs, indicating
that their magnitude oscillates as the central la-
ser frequency is tuned about +,. These oscilla-
tions occur witkin the spectral width of the excita-

tion pulses, introducing an effective spectral nar-
rowing which can be used profitably in spectros-
copy. The even-n terms on the other hand ex-
hibit no oscillator y dependence on 4v.

Even-n terms are important since superposi-
tion states play no role in the evolution of the cor-
responding grating echoes, thereby allowing un-
ambiguous studies of velocity-changing collisions
(VCC). Collisional phase changes can only influ-
ence the evolution of grating echoes during the
interval between t, and t,. If during that interval
an atom experiences a collisional phase change
of 8~, its density matrix element p« is modified
by replacing cosi)T with cos(ET +8~). But only
odd n terms are modified by this replacement.
It follows then that even n terms are insensitive
to phase-changing collisions. Considering only
the effects of VCC, the electric field, 8s, of the
signal scattered by the grating echo which re-
forms at (I+N)~, where N =1,2, . . . (we special-
ize here to P =1 and n even) varies as

(6)

PROBE

S,-(cosl2k[ f, v(t)dt- (1+N)f, v(t)dt])). (5)

This is a generalization of Eq. (3). Here v(t) is the instantaneous atomic z velocity, and the angular
brackets indicate an average over all possible collisions. With k replacing 2k, Eq. (5) becomes propor-
tional to the amplitude of the Nth bvo-pulse SW echo. ' From the analysis of Le Gouet and Herman' it
then follows that the scattered radiation field relaxes as

Ss oc exp[- (I+N)I'g [1—T 'f dt f „d(&)exp[2ikN5tjf(5)] j,
where I" is the total VCC rate, 5 is the z-velocity
change introduced by a single VCC, and f(5) is a and excited-state gratings are spatially displaced
weak-collision scattering kernel. Analysis of along z by one-half the grating period from one
grating-echo relaxation, without corrections for another, the scattering in the backward direction
phase-changing collisional relaxation, allows the
determination of I' and f(5). 4= ~/kg

If a traveling-wave probe beam of wave vector
k~ is incident on a grating of spatial periodicity (aj
m/k, as shown in Fig. 2(a), a scattered wave wi11 =z
be emitted as shown if

cosg =lk, /k~,
cosg= t(/1k&)

SCATTER

where l =+ 1, + 2, . . . . Setting 1 =1 and g =0, we
see that the condition k~) k, must be satisfied for
scattering to occur. It follows that if (as assumed
above) the traveling-wave components of the SW

field exactly counterpropagate along 2', which im-
plies k~ =Pk, and if k~ =k only gratings correspond-
ing to P =1 can be observed. However, if the
probe is resonant with a higher-frequency transi-
tion, higher-p gratings are also detectable. When

k =k~ the gratings formed by the excited-state
population also participate in the scattering.
Since it can be shown that corresponding ground-

FIG. 2. (a) Scattering of a probe beam from scatter-
ing planes periodically spaced along z. (b) Relative
propagation directions of the traveling-wave components
of the two SW excitation fields. The scattering planes
formed during the grating echoes resulting from these
pulses are normal to z [as shown in (a) ].
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[Fig. 2(a)] from both gratings adds constructively.
In forward-directed scattering processes the sig-
nals from the two populations add destructively.
Scattering from either ground- or excited-state
echo gratings separately is expected whenever the
probe excites a transition involving only one of
the states ig) or i e) .

To demonstrate the existence of grating echoes
we have performed an experiment on the 589.6-
nm SS„,-SP„,transition of Na. Excitation pulses
were obtained by amplifying the 10-mW output of
a single-longitudinal-mode cw dye laser by in-
jecting it into a Hansch-type N, -laser-pumped
dye laser (with end mirror removed). The kilo-
watt-peak-power S.5-nsec full width at half maxi-
mum (FWHM) pulse was suitably optically divided
and delayed to provide two temporally separated
SW excitation fields and a traveling-wave probe.
The oppositely directed components of the SW
fields (+ and -) were directed through the heat-
pipe-type Na cell (maintained at 450 K) at an an-
gle g —=8-10 mrad on opposite sides of the Na cell
axis (z) in they-s plane [see Fig. 2(b)]. The an-
gle g, introduced to facilitate the detection of the
grating echoes, modifies their properties inas-
much as the spatial periodicities change from k,
=|')k to k, =pk cosg and odd-n grating echoes are
reduced in amplitude by (cos[(v,kT/2) sing] ) .
Here the angular brackets indicate an average
over v, they component of atomic velocity.
Since k =k~ in our experiments, Eg. (7) is satis-
fied for P =1 if the probe is also directed at the
angle P with respect to 2 [Fig. 2(a)]. The grating-
echo-induced scattering of the probe then occurs
in a direction isolated from the excitation fields.
To prevent instrumental scatter of the SW excita-
tion fields from reaching the photomultiplier-
tube detector an electro-optic shutter, gated to
open after the second SW field, was placed in the
path of the grating echo. Filters were employed
to reduce the peak powers of the traveling-wave
components of the SW fields and the probe (all
collimated with —= 2 mm diameters) to roughly
0.1-1 W.

We have observed the p =1 grating echoes which
occur at t, (n =1)=t, +v/2 and t, (n =2) =t, +7' The.
n =1 (n =2) grating echo was observed with T = 21
and 28 nsec (r =21 nsec). To ensure that the
gratings were indeed reforming at the expected
times, the probe time t, was varied about t, .
Both the n=1 and n=2 grating-echo signals were
found to be localized in time to a 5-6-nsec re-
gion, centered at t, -t,= 2 nsec. The fact that
the gratings obtained their maximum amplitude

slightly before the expected echo time may arise
from subtle effects of excitation pulse shape and
duration which we have neglected in our analysis.
The grating-echo scattering efficiency (E„,„z„b,/
I b,) was =—2x 10 '. This low efficiency results
in part from relaxation of the 16-nsec-lifetime
SI'„,state.

As expected grating echoes were only observed
when ~ was resonant with the transitions of v =0
atoms between the SS-state hyperfine components
(split by 1772 MHz) and the 3P,12 state. The large
spectral width (a 200 MHz FWHM) of our short
transform-limited excitation pulses precluded the
resolution of the 3P„,hyperfine structure (189
MHz). We were unable to see the cosAT oscilla-
tion of the 7/2 grating-echo signal versus L (with
a period of 24 MHz for 7 =21 nsec). This pre-
sumably results because of our large (—=30 MHz)
cw-laser linewidth.

In conclusion, we have shown that various har-
monics of the spatial ordering of atomic density
introduced in a gaseous sample by a SW excita-
tion pulse can be induced to reappear at later
times by a second SW excitation pulse. In partic-
ular spatial gratings of periodicity X/2P occur
every T/2P after the second SW field. The "grat-
ing echoes" can be detected by scattering a reso-
nant (or possibly nonresonant) probe pulse from
them. Certain grating echoes are completely un-
affected by the phase-changing aspect of colli-
sions. Others, through a Ramsey-fringe-type
effect, may prove useful in high-resolution spec-
troscopy.
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One-dimensional radial transport equations for the ELMO bumpy torus are solved nu-
merically assuming a constant flux of cold neutrals at the plasma edge. With this bound-
ary condition, thermal stability of numerical solutions is achieved, for the first time, in
the collisionless electron regime using a fully classical transport model. Results show
a parametric dependence on edge neutral pressure in the collisionless regime which is
similar to that observed in experiments.

Recently, one-dimensional (1D) radial transport
calculations" for the ELMO bumpy torus (EBT)'
have assumed a variable Qux of cold neutrals at
the plasma edge determined by instantaneous re-
Qux of toroidal plasma particles from the wall.
This leads to thermally unstable numerical solu-
tions' in the collisionless electron regime where,
by contrast, experiments operate stably. ' In this
paper we apply an alternative boundary condition
that assumes a constant Qux of cold neutrals at
the plasma edge independent of toroidal plasma
parameters. Such a boundary condition is appro-
priate if reQux from the wall occurs on a time
scale that is slow compared with the energy con-
tainment time. Experiments' indicate that a time
on the order of tens of minutes is required for
the plasma to reach equilibrium with the wall.
Once equilibrium is reached, pumping is balanced
by a slight gas feed of 3&10 2 Torr liter/s.
This feed rate is small compared to the Qux of
neutrals required to sustain the plasma that is

1 Torr liter/s in the present calculations. The
source of these neutrals is assumed to be wall re-
flux. '

The 1D radial transport equations for EBT in-
corporating a self-consistent radial electric field
have been discussed elsewhere. "' The present
calculations are based on a numerical solution to
these equations, assuming approximate neoclassi-
cal transport coefficients that include lowest-or-
der effects of velocity-space regions where po-

loidal drift frequencies are small. '" For parti-
cles that experience cancellation of electric and
magnetic drifts in the bulk of the velocity-space
distribution (ions in EBT), the flux is dominated
by slowly orbiting particles on noncircular drift
orbits. In the moderate collisionality (plateau)
regime, this gives transport coefficients inde-
pendent of collision frequency. "Specifically,
the plateau result of Eq. (14) (Ref. 2) is used for
ions. For particles that do not experience such a
bulk cancellation of drifts (electrons in EBT), the
flux is dominated by particles with large poloidal
drift frequencies and nearly circular orbits. For
convenience, the large-electric-field result of
Kovrizknykh' is used for electrons.

Numerical transport solutions in Ref. 2 assume
the flux of cold neutrals at the plasma edge to be
determined by the toroidal plasma through instan-
taneous reQux of plasma particles at the wall. In
this approximation the total number of plasma
particles remains constant in time. In the col-
lisionless regime, energy containment time in-
creases with electron temperature, and for a
constant total number of particles, there is a net
positive feedback in the numerical calculations
in Ref. 2, causing lifetime and temperature to be-
come arbitrarily large. Steady- state solutions
exist only if the temperature dependence of the
energy lifetime is modified artificially at low col-
lisj.onalities.

In contrast, calculations in this Letter assume
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