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Ground-state grating echoes from Rb vapor at room temperature

A. Kumarakrishnan, U. Shim, S. B. Cahn, and T. Sleator
Department of Physics, New York University, 4 Washington Place, New York, New York 10003

~Received 25 August 1997!

We have used two sets of opposite circularly polarized traveling wave pulses separated in time to establish,
and subsequently rephase, a spatially modulated coherence between the magnetic sublevels of theF53 ground
state in Doppler broadened85Rb vapor. The rephasing results in a magnetic grating echo whose duration is an
accurate measure of the velocity distribution. We demonstrate that the time scale of the experiment is deter-
mined solely by the transit time of atoms across the laser beam. The shortening of the lifetime due to a
perturber~Ar! allows us to infer the Rb-Ar velocity changing collision cross section.@S1050-2947~98!02511-6#

PACS number~s!: 32.80.Pj, 03.75.Dg, 42.50.Md, 52.20.Hv
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There have been several recent proposals for experim
involving grating echoes@1–4# in which a sequence of pulse
separated in time creates spatially periodic atomic pop
tions or coherences that may be subsequently rephased
use of echo techniques for detecting collisions involvi
small velocity changes in Doppler broadened vapor is w
known @5–7#.

The excitation pulses in an echo experiment may be tr
eling waves as in a two-pulse photon echo@8# or standing
waves, which produce spatially modulated populations~grat-
ings! involving either excited states@9# or the ground states
@10#. Alternatively, the excitation may consist of two simu
taneous traveling waves with orthogonal polarizations, p
ducing a spatially periodic coherence grating associated
the excited state@11# or the ground state as in this work an
Ref. @12#. In @1,3,4,9,11,13# as well as in this paper, th
formation of the echo can be explained by treating the m
tion of the atomic center of mass and the electric fields c
sically. The points of echo formation represent the cance
tion of the accumulated Doppler phase of various spa
harmonics. The entire distribution of velocities that are i
tially excited may subsequently be rephased at the e
points.

The time scale of experiments that involve an exci
state is typically limited by the excited state radiative dec
time. For a coherent superposition of atomic ground sta
however, the time scale should be limited only by an eff
tive ground-state lifetime, which is limited by the transit tim
of atoms through the region of interaction, and by collisio
The possibilities of using atomic ground states to study s
relaxation using optical excitation has been demonstrate
the context of optical pumping@14# and more recently by the
demonstration of spin nutation@15# and spin echoes involv
ing ground-state Zeeman sublevels placed in a transv
field gradient@16#.

Here, we describe a series of coherent transient exp
ments involving coherence grating echoes following prop
als in recent work@3,4# in Doppler broadened Rb vapor a
room temperature. A spatially modulated coherence is
ated betweenDm52 magnetic sublevels of theF53 ground
state in 85Rb by an excitation pulse that consists of two o
posite circularly polarized traveling waves with wave vecto
k1 ~with s2 polarization! and k2 ~with s1 polarization! at
PRA 581050-2947/98/58~5!/3868~5!/$15.00
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an angleu (;few mrad). Figure 1~a! shows a simplified
level diagram of the atomic system. The pulses are tune
the peak of the Doppler profile of theF53→F548 transi-
tion. The coherence grating has a spatial periodic
2p/Dk ;2p/ku, whereDk5uk12k2u, k5uk1u5uk2u, and
the excitation wavelengthl52p/k. The grating dephase
due to thermal motion when the atoms move a distance
the order of the grating spacing, i.e., on a time scale 2p/kuu
whereu is the root-mean-square~rms! component of velocity
transverse to the direction of excitation. We observe the g
ing by applying as1 polarized ‘‘readout’’ pulse alongk2 .
This results in a cohererent superposition of ground and
cited states, which radiates withs2 polarization alongk1
~magnetic grating free induction decay or MGFID!. A sec-
ond excitation pulse applied at timet5T after the first pulse
causes the grating to rephase on the same time scale 2p/kuu
and results in a magnetic grating echo~MGE! at t52T. If
the excitation pulses were counterpropagating, the MGE
ration (1/Dku) would be sensitive to the longitudinal veloc
ity distribution, i.e., in this case,u would be the root-mean
square velocity componentalong the direction of the
excitation.

FIG. 1. ~a! Simplified level diagram of atomic system.~b! Sche-
matic of the experimental setup: VC is the vapor cell, LO the lo
oscillator, M the mirror, BS the beam splitter, PD the photodio
k1 and k2 label the excitation beams and readout pulse (k2). u
;few mrad.
3868 ©1998 The American Physical Society
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When the excitation pulses are resonant with the ato
transition, as is the case for the experiments described in
paper, MGFID and MGE signals can be generated from
initially equilibrium distribution of ground-state sublevel
Spontaneous and stimulated emission during the first ex
tion pulse produce the differences in population necessar
establish a coherence between sublevels. For excita
pulses sufficiently far from resonance~such that spontaneou
emission can be neglected!, it is first necessary to create
nonequilibrium distribution of magnetic sublevels@3#, as can
be done by optical pumping.

The experiments pertain to a Doppler broadened colu
of vapor of optical deptha0L,1 at room temperature. Th
temperature inferred from the duration of the ec
(;200 ns foru;10 mrad) demonstrates the accuracy
this method for determining the transverse velocity distrib
tion. Results of a similar experiment have been used to
termine sub-Doppler temperatures in trapped atoms@12#.
The MGE lifetime, defined as the timeT between excitation
pulses at which the amplitude of the signal is half its ma
mum, was measured as a function of the beam radius.
lifetime was found to be the same as the transit time of
atoms through the laser beam. In the presence of Ar gas
echo lifetime is shortened, allowing us to measure the co
sion cross section between Rb and Ar.

Figure 1~b! shows a schematic of the experimental set
The opposite circularly polarized excitation pulses (50
100 ns in duration! are generated by two acoustooptic mod
lators ~AOM’s!, which diffract light from a cw Ti: sapphire
laser. A common rf oscillator operating at 220 MHz is us
to drive both AOM’s, and the time interval between pulses
controlled by delay generators. Pulses with wave vectorsk1
and k2 are applied at a small angle~a few mrad! on reso-
nance with the peak of the Doppler profile of theF53
→F854 transition. The MGFID and MGE signals are o
served by applying a 500 ns readout pulse alongk2 . The
signal scattered alongk1 is combined with the undiffracted
cw light from thek1 AOM ~‘‘optical local oscillator’’! on a
pair of high speed (;1 ns rise time! Si p-i -n photodiodes in
a balanced detector arrangement. The optical local oscill
is 220 MHz above resonance~tuned to the wing of the Dop
pler profile!, and spatially separated from thek1 beam by
;1 cm in the Rb cell. The 220-MHz signal from the dete
tor is mixed with a reference signal from the rf oscillator in
quadrature demodulator. The low-frequency outputs of
demodulator, which represent the real and imaginary am
tudes of the scattered electric field, are recorded on a dig
ing oscilloscope. The Rb vapor is contained in a homem
cell with 5-cm-diameter pyrex windows that is connected
a Rb reservoir and a pumping station. The walls of the c
are at ambient room temperature. We have used cell
length 5 cm or 10 cm and the optical deptha0L was varied
between 0.1 and 1. The cell is shielded by several layer
Mumetal foil, reducing the residual magnetic fields
,10 mG.

Because of the Doppler shift, only those atoms with
small velocity component along the excitation directi
(k1,2•v,1/tpulse, for atomic velocityv and pulse duration
tpulse) are resonant with the laser fields and contribute to
signal. All of these atoms satisfy the ‘‘two-photon resonan
condition’’ for the transition between ground-state magne
ic
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sublevels. This follows from the fact that the frequen
width of this resonance is kuu/2p;3MHz (u
510 mrad, u5240 m/s), which is smaller than the ban
width of the pulses (1/tpulse;10 MHz). Predictions for the
duration of the MGFID and MGE were obtained in@3# under
the conditiont@min@1/D,tN# whereD is the detuning from
the excited state andtN'27 ns is the excited-state lifetime
For small angle excitation, these results predict that the
of the MGFID and MGE as a function of timet will be a
Gaussian of half width at half maximum~HWHM! tw
52/kuu.

Figure 2 shows the MGFID and the MGE at a fixed sep
rationT between excitation pulses. The pulses have Gaus
spatial profiles. Their peak intensities correspond to Rabi
quenciesV;5G whereG is the radiative rate of theF854
excited state (3.73107 s21). Each data point is obtained b
applying an intense readout pulse (V;5G) whose time de-
lay can be varied with respect to the excitation pulses. T
complex amplitudes of the signal obtained by averaging 3
repetitions of the experiment are squared, and integra
Each data point is the square root of this quantity, which
proportional to the magnitude of the electric field. Altern
tively, the entire envelope of these signals can be obser
by applying a weak, suitably long, readout pulse (V;G).

Representative Gaussian fits to the MGFID and MGE
shown in Figs. 2~a! and 2~b!. The fits are of the form
exp@2(kuu/2)2t2# and allow us to infer the rms transvers
velocity u. The inferred temperature is in agreement with t
temperature of the cell walls measured with a thermocou
~298 K! and typically within 5% of the value determined b
the thermocouple. This error is consistent with our unc
tainty in the determination ofu. We have also verified tha

FIG. 2. MGFID and MGE obtained by varying ‘‘readout’’ puls
delay;u53.6 mrad;a0L;0.7. Decay time from Gaussian fits: 29
ns in ~a!, and 284 ns in~b!. T51 ms in ~b!.
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duration of the MGFID and MGE signals scales as 1/u as
expected. When the densitynRb was varied, the echo inten
sity was found to scale quadratically, which is a signature
coherent scattering. Larmor oscillations were observed in
MGE when a magnetic field was applied along the direct
of excitation. The frequency of these oscillations was fou
to correspond to a splitting between magnetic sublevels s
rated byDm52, demonstrating that the observed signal
volves aDm52 coherence between these sublevels. Si
the excitation pulses have the same frequency in these
periments, the oscillation in the echo amplitude occurs at
frequency difference between magnetic sublevels induce
the field. We have also observed echoes involvingDm51
coherences using excitation pulses with orthogonal linear
larizations.

In general, the amplitude of the MGE signal will depe
on the pulse separationT. We refer to this dependence as t
echo envelope. The echo envelope depends on the atom fi
coupling defined by the spatial profiles of the excitation a
readout pulses as well as the velocity distribution. Fo
Maxwell-Boltzmann velocity distribution and Gaussian las
beams with radiusR ~at 1/e of maximum intensity!, the echo
envelope is predicted to be a Lorentzian whose HWHM
proportional toR/u with proportionality constant close t
unity. The exact value of the proportionality constant is p
dicted to depend on the pulse intensity@17#. The Lorentzian
dependence of the envelope of the echoamplitude~propor-
tional to the electric field! is consistent with the results o
@18#, where the envelope of the echointensity~proportional
to the light intensity! was found to be the square of a Loren
zian.

The MGE lifetime~defined as the timeT between excita-
tion pulses at which the amplitude of the signal is half
maximum! was determined by increasing the separationT
and measuring the echo amplitude att52T. These measure
ments were recorded witha0L;0.06 to ensure that colli-
sions between Rb atoms were negligible over the time s
of the experiment. A Lorentzian fit to the data is shown
Fig. 3 for a beam sizeR50.7 mm. The spatial profiles o
the beams alongk1 andk2 were determined from Gaussia
fits to intensity profiles obtained by scanning a 100mm pin-
hole along the vertical and horizontal directions. The MG
lifetime is plotted as a function of the smaller of the~hori-
zontal! beam radiiRx in Fig. 4. The error bars (620%) were
estimated from the statistical variation in the data for a giv
beam size. The best fitting straight line to the data shows

FIG. 3. MGE lifetime showing Lorentzian fit for a beam radiu
Rx50.7 mm.
f
e

n
d
a-
-
e
x-
e

by

o-

d
d
a
r

s

-

le

n
at

the MGE lifetime is in agreement with the transit time
atoms through the laser beam which is estimated astR
5R/u ~dashed line!. However, a detailed comparison wit
predictions@17# that relate the dependence of the lifetime
the excitation intensity are not possible on account of
experimental uncertainty.

The spatial periodicity of the induced coherence make
possible to obtain information about velocity changing co
sions in the presence of a buffer gas. These collisions
reduce the MGE lifetime. We measured the effect of Ar g
~at a pressure of a few milliTorr! on the MGE lifetime in the
following manner. The echo envelope without Ar was fir
measured for a fixed beam size and optical depth (;0.7),
and the data were fit by a LorentzianL0(T) ~see, for ex-
ample, Fig. 3!. The experiment was then repeated at vario
Ar pressures. In each case, the parameterGc was determined
by fitting the functionL0(T)exp(2GcT) to data while holding
other parameters fixed. This allowed us to measure the
lisional rateGc for collisions between Rb and Ar atoms i
their respective ground states. Figure 5 shows a plot ofGc as
a function of Ar pressure, which was fit to a straight line. T
cross section was inferred from the slope of the best fitt
straight line,Gc(nAr)52sv relnAr . Here,nAr is the Ar den-
sity (nAr@nRb), s is the collision cross section, andv rel is
the relative velocity between Rb and Ar determined from
temperature. The measured cross sections (1.2310214

cm2620%) was found to be the same for85Rb(F53) and

FIG. 4. MGE lifetime as a function of beam radius; best fit
data~solid line! has slope 4.1ms/mm and offset20.3 ms; R/u for
u5240 m/s has a slope of 4.1ms/mm ~dashed line!.

FIG. 5. Collisional rateGc vs Ar pressure.
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87Rb(F52) ground states. We note that the collisional cro
section for a change in the Rb hyperfine ground state is
ders of magnitude smaller@14#. In addition, there is no col-
lisional redistribution among the magnetic sublevels of
F53 ground state@14#. Thus,s is associated with velocity
changing collisions. Only atoms that have undergone a
lisional velocity changedv,v8 contribute to the echo. Here
v85(1/T)(2p/ku) is the velocity defined by the gratin
spacing (v8;25 m/s for u510 mrad, T53 ms). The
collisional velocity change due to diffractive scattering@19#
dvdiff52(2p)0.5\/MRbs

0.5;3.5 m/s for the measured cros
section and is much smaller thanv8. Thus, the collision may
be modeled by classical scattering at small impact par
eters@19,20#. As a result, this experiment is not sensitive
small angle diffractive scattering associated with large
pact parameters. For classical scattering, Ref.@20# predicts
that s should scale asT1/3. The data, however, suggest th
s is independent ofT. The behavior ofs at smaller values
of T that may reveal aT1/3 dependence is an issue for furth
investigation. It would be possible to achieve sensitivity
smaller velocity changes with counterpropagating excitat
pulses. We note that the measured collisional rate is com
rable to the collisional rate reported in@21#. Detailed studies
of our measurements will be presented elsewhere. Prev
echo experiments that have demonstrated sensitivity to s
velocity changes for magnetic order in vapors are descri
in Ref. @22#.

In conclusion, we have presented experimental obse
tions of coherence grating echoes involving superposition
magnetic sublevels of a single hyperfine ground state. M
suring the duration of the echo is an accurate and sim
method of inferring the velocity distribution. In the absen
of collisions, the echo lifetime has been shown to be limi
only by the transit time of the atoms across the interact
region. The shortening of the lifetime in the presence of
gas has been utilized for measuring the elastic Rb-Ar co
et

nn

ys

v.

rt-

R

rt-
s
r-

e

l-

-

-

n
a-

us
all
d

a-
of
a-
le

d
n
r
i-

sion cross section. It would be useful to improve the sen
tivity to smaller velocity changes using counterpropagat
pulses. The effect of optically pumping the sample before
experimental pulse sequence may result in an improvem
in signal to noise and also remains to be studied. We h
recently observed the destruction of MGFID at low buff
gas concentration. At high perturber concentrations, the
tion of Rb atoms is described by diffusion and a collision
revival of the signal occurs. Details of this experiment w
be presented separately.

In related experiments in trapped atoms we have obse
the MGFID and MGE with the excitation pulses applied a
small angle~‘‘forward’’ ! as well as close to 180°~‘‘back-
ward’’! @12#. Temperatures inferred were well below th
‘‘Doppler’’ limit and show the applicability of this technique
for measuring velocity distributions of cold atoms@23,24#.
The amplitude of the backward echo measured as a func
of the time delayT between excitation pulses was observ
to be modulated at the atomic recoil period@12# ~the time
taken by the atoms to move one grating period due to
velocity acquired by the absorption and stimulated emiss
of a photon from one beam into the other!. This effect was
recently demonstrated in an atomic beam@25# and may be
used for a precision measurement ofh/m and g. Measure-
ments of velocity distributions of cold atoms, and precisi
measurements ofh/m and g have already been reported
@10# using an interferometer that uses pulsed standing wa
Other applications, which include magnetic imaging of t
trapped sample and sensitivity to magnetic fields, will
presented elsewhere.
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