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Magnetic grating echoes from laser-cooled atoms

A. Kumarakrishnan, S. B. Cahn, U. Shim, and T. Sleator
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~Received 4 August 1997; revised manuscript received 13 August 1998!

We have used two sets of orthogonally polarized traveling-wave pulses separated in time to establish and,
subsequently, rephase a spatially periodic coherence grating between the magnetic sublevels of theF53
ground state in a cloud of laser-cooled85Rb atoms. The rephasing results in a magnetic grating echo~MGE!.
We have used the shape of the signals to determine both transverse and longitudinal velocity distributions and
to study the effects of magnetic fields. The amplitude of the MGE with counterpropagating pulses is modulated
at the atomic recoil frequency, a consequence of matter wave interference.@S1050-2947~98!50411-8#

PACS number~s!: 03.75.Dg, 06.20.Jr, 32.80.Pj, 42.50.Md
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It has been widely appreciated that photon echo te
niques may be used for atom interferometry@1,2#. These ex-
periments rely on a sequence of pulses separated in tim
create superpositions of atomic states that may subsequ
be rephased. Of particular interest are interferometers
involve optically induced coherences between ground st
of laser-cooled atoms and afford the possibility of long o
servation times~the transit time of atoms through the inte
action region!. A scheme using coherent superpositions
hyperfine ground states has been used for precision mea
ments of\/m @3#, gravitational acceleration@4#, and rotation
@5#. Other atom interferometers that employ either microfa
ricated structures or optical standing waves as beam spli
for atomic beams can be used for a variety of precision m
surements in atomic physics as well as for the fabrication
nanostructures and have been reviewed in@6#.

In typical echo experiments, the excitation pulses may
traveling waves, as in a two-pulse echo@7#, or standing
waves, which result in spatially modulated populations~or
‘‘population gratings’’!. These population gratings can in
volve either an excited state@8# or the ground state@9#. Al-
ternatively, the excitation may consist of two simultaneo
traveling waves at an arbitrary angle withorthogonalpolar-
izations. Such a field configuration produces a spatially
riodic coherencegrating associated with the excited sta
@10# or the ground state@11–13# ~as in this work!. All echo
experiments have the useful feature that the entire distr
tion of velocities that are initially excited may subsequen
be rephased at the echo points.

Here, we report observations of coherence grating ech
following proposals in Refs.@11,12#. In our experiments, a
spatially modulated coherence is created betweenDm
52,4,6 magnetic sublevels of theF53 ground state in85Rb
@Fig. 1~a!# by an excitation pulse consisting of two oppos
circularly polarized traveling waves (Dm[m82m for mag-
netic quantum numbersm8 and m). The pulses have wav
vectorsk1 andk2 , which are either at a small angleu ~for-
ward! or nearly counterpropagating~backward!. The result-
ing coherence is spatially modulated according
rm,m8(x,t)5exp@i(m2m8)Dk•x#rm,m8(t), whererm,m8(x,t)
is a component of the ground-state density matrix andDk
[k22k1 . We observe this coherence grating by applying
s1-polarized ‘‘readout’’ pulse alongk2 . This field transfers
some of theDm52 ground-ground coherence into a groun
excited coherence, which, due to phase-matching conditi
PRA 581050-2947/98/58~5!/3387~4!/$15.00
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radiates as2 field along the directionk1 . The radiated field
is detected with an optical heterodyne arrangement@Fig.
1~b!#, and the resulting signal is referred to as a magne
grating free-induction decay, or MGFID. Higher-order c
herences involvingDm54,6 do not produce coherent radia
tion in response to the readout pulse, and are therefore
observable by this detection technique. Thermal motion w
cause the grating to dephase on a time scale of 2p/
(Dk)(DuDk) whereDuDk is the rms velocity spread alon
the directionDk. This is the time a typical atom takes t
move a distance of a grating spacing 2p/Dk. Measurement
of the dephasing timestd52p/kuu ~forward! and td
51/ku ~backward! therefore allows one to determine th
most probable speedu corresponding to the transverse a
longitudinal velocity distributions, respectively.

A second excitation pulse with the same field configu
tion as the first, applied at timet5T after the first pulse,
causes theDm52 ground-state coherence grating to repha
and results in a magnetic grating echo~MGE! at times t
52T. The second excitation pulse will also transformDm
54 and 6 coherence gratings generated by the first pulse
Dm52 coherence gratings that rephase at timest53T and
4T, respectively. The lifetime of the MGE~the value ofT
for which the MGE is half its maximum! is limited only by
the transit time through the interaction region and by co
sions @13#, and for cold atoms can therefore be very larg
When the pulse separationT is large compared to the atomi
recoil periodTR[(2p)2mRb /\Dk2, the wave nature of the
atomic center of mass plays an important role in the resul

FIG. 1. ~a! Level diagram of the Rb transition used in the e
periments.~b! Diagram of the experimental configuration: LO, op
tical local oscillator; M, mirror; BS, beam splitter; PD, photodiod
k1 andk2 label the excitation beams and readout pulse (k2).
R3387 ©1998 The American Physical Society
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signal, and the MGE will in general~for J>2) show a
modulation in T with period TR . This modulation arises
from the discrete change of atomic momentum from the p
ton absorption and emission processes.~In contrast, forT
!TR , as in @8,10,13#, the formation of echoes can be e
plained by an entirely classical treatment of the atom
center-of-mass motion@11#.!

In this paper, we present observations of the MGFID a
MGE in laser-cooled atoms. We illustrate that the shape
the MGFID and MGE signals is determined by the veloc
distribution, and use these signals to infer sub-Dopp
temperatures of the atoms in our trap. We also studied
MGFID and MGE signals in the presence of a homogene
magnetic field, and found that these signals show a mod
tion that for the ‘‘forward’’ (k1'k2) configuration can be
explained by a simple theory involving the effect of rotatio
on the irreducible componentsrQ

K of the atomic density ma
trix. Finally, we show results for the backward MGE as
function of the time delayT between excitation pulses, an
find the signal to be modulated at the atomic recoil f
quency.

In @11#, the magnitude of the MGFID and MGE was ca
culated in the absence of recoil effects under conditi
where the excited state could be adiabatically eliminat
The shapes of the MGFID and MGE were calculated to
Gaussians of half width at half maximum 2/Dku. For the
cold atoms in our experiments, the most probable speedu is
;0.25 m/s. This ensures that the Doppler width (Dku) of
the two-photon resonance for both forward (Dku;3 kHz)
and backward (Dku;0.3 MHz) excitation is much smalle
than the pulse bandwidth (;100 kHz and;10 MHz for the
two cases, respectively!. Hence, the entire velocity distribu
tion contributes to the signals. It was also pointed out in@11#
that when the atom-laser detuningD is large and spontaneou
emission can be neglected, an unequal distribution of po
lations in the magnetic sublevels of the ground state is n
essary to generate the coherence. When the excitation
off-resonance, this was achieved in our experiments by o
cally pumping the atoms into a specific sublevel. Near re
nance, spontaneous and stimulated processes can creat
level coherences in the absence of additional opt
pumping.

A portion of the light from a cw Ti:sapphire laser~line-
width ;1 MHz), locked to an external cavity and Rb vap
cell, is split into three sets of retroreflected trapping bea
after passing through an acousto-optic modulator~AOM!.
This AOM frequency shifts the light;2G below theF53
→F854 resonance in85Rb and serves as a shutter for t
trap light. A free running diode laser~‘‘repump’’ ! locked to
the F52→F853 line optically pumps atoms from theF
52 ground state.

The magneto-optical trap~MOT! @14# is loaded from Rb
vapor@15# in a stainless-steel vacuum cell pumped by an
pump. Three pairs of Helmholtz coils are used to activ
cancel the ambient magnetic field during the trapping ph
and to apply an arbitrarily directed magnetic field during t
experimental pulse sequence. This pulse sequence oc
several milliseconds after the sequential turn-off of the t
light ~in ;100 ns) and the field gradient~in ;1 ms) to allow
for the decay of residual eddy currents and for turning on~in
;2 ms) the applied magnetic field. Typically, the sample h
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a radius of;1 mm during the trapping phase and an optic
depth aL;1 ~measured by scanning a probe laser acr
resonance! at the time of the experiment.

Most of the Ti:sapphire light is frequency shifted by
‘‘dual-pass’’ 80-MHz AOM and split into two beams, eac
of which passes through a 200-MHz AOM. These AOM
driven by a common rf oscillator operating at 220 MHz a
independently gated by rf switches, produce the orthogon
polarized excitation pulses along directionsk1 and k2 , as
well as the readout pulse. The MGFID and MGE signals
observed by applying a readout pulse alongk2 . The light
scattered alongk1 is combined with the undiffracted cw ligh
~‘‘optical local oscillator’’ or LO! from the k1 AOM on a
pair of high-speed Sip- i -n photodiodes to produce a 220
MHz heterodyne signal@Fig. 1~b!#. The LO is 220 MHz
above resonance, spatially separated from thek1 beam, and
completely misses the trapped sample. The signal from
photodiodes is mixed with a reference signal from the
oscillator in a quadrature demodulator. The low-frequen
outputs of the demodulator, which represent the real
imaginary parts of the scattered electric-field amplitude,
recorded on a digitizing oscilloscope. If the readout pulse
sufficiently weak, the coherence can be continuously mo
tored for a few hundred microseconds with minimal pert
bation to the atomic system. In cases where the signa
weak, a more intense readout pulse is applied, which
stroys the coherence in a few microseconds due to the eff
of spontaneous emission. In this case, the onset time of
readout pulse is scanned over the duration of the signal b
measured.

Figures 2~a! and 2~b! show the MGFID and MGE~at t
52T) obtained with the excitation pulses applied at an an
u59.2 mrad. A small quantization magnetic field of;0.5 G
was turned on;8 ms after turning off the trap laser and th
magnetic-field gradient. Approximately 4 ms later, the ato
were optically pumped into theF53, mF53 level by a
s1-polarized, 5-ms pulse. Frequency shifts applied to the
oscillator of the 80-MHz AOM allow the excitation pulses
be detuned;60 MHz above resonance and the readout pu
to be on resonance. This was done to minimize the effec
spontaneous emission during the excitation pulses and m
mize the signal. The peak intensities of these pulses co
spond to a Rabi frequencyV;5G. Each data point repre
sents the magnitude of the scattered electric field for a gi
time delay between the excitation and readout pulses. Ga
ian fits to the data of the form exp@(kuu/2)2t2# allow us to
measure the most probable transverse speedu.

Since the MGFID lifetime is determined by the mo
probable speedu, it can be used to determine the tempe
ture t of the atomic cloud.t corresponds to the velocity
distribution probed by the excitation pulses (1/e radiusRP
;1.5 mm) about 12 ms after turning off the trapping bea

FIG. 2. MGFID and MGE signals obtained by varying th
‘‘readout’’ pulse delay foru59.2 mrad. Decay time from Gaussia
fits: 158ms in ~a!, and 124ms in ~b!. T5600 ms in ~b!.
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and the field gradient. At these times, the atomic cloud w
still smaller than the probe beam, indicating that all atoms
the velocity distribution contributed to the MGFID signa
Measurements oft as a function of the total intensity of th
trapping beams~sum of the intensities of all six beams! for
intensities in the range from 5 to 65 mW/cm2 yielded a linear
relationship given byt(mK) 52810.83 I (mW/cm2) for a
trap laser detuningD522G. Here, the Doppler limit corre-
sponds tot5140 mK. The sub-Doppler temperatures an
the linear dependence of the measured temperature on
laser intensity are consistent with predictions for the te
perature of laser-cooled atoms based on polarization grad
cooling @16#. These results indicate that the MGFID is
simple alternative method for measuring velocity distrib
tions of cold atoms@17–19#. A similar method for measuring
the temperature of cold atoms is presented in@20#. We have
also used the MGFID to measure the velocity distribution
a room-temperature vapor@13#.

When a uniform magnetic field is applied to the atom
the MGFID shows a modulation at multiples of the Larm
frequencyvL (vL is the splitting between adjacentm levels
in the presence of a magnetic field!. Examples of this modu-
lation are shown in Fig. 3 for two anglesh between the
magnetic field andk1 ~nearly parallel tok2). When h50
@Fig. 3~a!#, the signal is seen to be shifted~from dc! to a
frequency of 2vL . This can be understood by realizing th
the field ~which for this case is along the quantization ax!
shifts the energies of the magnetic sublevels, resulting in
frequency shift of the signal. That this frequency is at 2vL
confirms that the signal is essentially due to theDm52 co-
herence between ground-state magnetic sublevels. Foh
Þ0, the magnetic field mixes the variousm states, and the
modulation is more complex. A simple expression for t
signal can be obtained by realizing@11# that the measured
signal is proportional to ther2

2 component of the irreducible
representation of the atomic density matrixrQ

K , and that the
effect of the magnetic field is to produce a~time-dependent!
rotation of the atomic system about the direction of the
plied magnetic field. We find that the signal is proportion
to the component of the rotation matrix@21# that transforms
r2

2 into itself, and is given by

S~h,t !5@cos~vLt/2!1 i cosh sin~vLt/2!#4. ~1!

FIG. 3. MGFID signals in the presence of a magnetic field
angle h to the light fields. Points are data~open circles for the
imaginary part and closed circles for the real part! and curves are
fits of Eq. ~1! ~the solid curve is the real part; the dashed curve
the imaginary part!. ~a! h50, vL/2p5390 kHz. ~b! h50.47p,
vL5423 kHz. The duration of the excitation pulse is 1ms, D5
216.8 MHz, no optical pumping.
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Figure 3~b! displays the signal forh'p/2, which shows a
cos4(vL /t) dependence, as expected from Eq.~1!. Data were
taken for several angles, and results were found to be c
sistent with Eq.~1!.

We have also carried out experiments involving two la
fields with orthogonallinear polarizations. This field con-
figuration will also produce coherences between ground-s
magnetic sublevels, but in contrast to the case of thes1-s1

fields, the coherences will involve~to lowest order! both the
componentsrQ

1 andrQ
2 of the ground-state density matrixrQ

K

@11,22#. In particular, for a quantization axis along one of t
directions of linear polarization, the relevant quantities a
r61

1 and r61
2 . The different behavior of theK51 and K

52 components under rotations gives rise to distinct sign
in the presence of a magnetic field. We can therefore de
mine the relative contribution ofrQ

1 andrQ
2 by observing the

signal in the presence of a uniform magnetic field in vario
directions.

We now discuss the MGE as a function of pulse inter
T. Measurements of the forward MGE lifetime yielded
value of ;1.2 ms for the same conditions as in Fig. 2~b!.
This is much smaller than the roughly 10-ms time of flight
200-mK atoms through a probe laser of radius;1 mm. This
discrepancy is currently not understood, but could be due
stray light or mirror vibrations. The MGE lifetime in
Doppler-broadened vapor, however, has been verified to
respond to the transit time of atoms through the laser be
@13#.

We have also measured the MGE for nearly count
propagating excitation (k1'2k2). Figure 4~a! shows the
MGE signal for a pulse intervalT515 ms. The signal was
detected with a weak readout pulse that was turned on a
microseconds beforet52T to record the entire envelope o
the echo. The duration of the echo signal~about 1ms! is due
to the longitudinal velocity spread. Figure 4~b! shows the
~complex! amplitude of the MGE as a function ofT, ob-
tained by fitting the echo signal@Fig. 4~a!# to a pair of Gaus-
san functions. In addition to an overall decay with a lifetim
of about 130ms, the signal possesses a rather complex st
ture. The oscillation with period 3.65ms is due to the pres
ence of a magnetic field applied along the direction of

FIG. 4. Backward MGE.~a! Echo signal vsDt5t22T ~points!
for T515 ms, and fit ~curves! of a(T)exp@2(Dt/t)2#1b(T) for
complexa(T),b(T). ~b! MGE amplitudea(T) vs T. The solid line
is the real part of the signal and the dashed line is the imaginary
~no fit shown!. The duration of first and second excitation pulses
0.2 and 0.4ms, respectively,D521.9 MHz, no optical pumping.

t

s



io
th
n-

o
p
n
a

ic
an

t
f
s
tic
.
n
o
n
r
.

iz
w
ie
er
o

io
. I
ld

a

sub-
etry

be

ag-
an

d.

level

rva-
ing

fine
a-

fer-
is

city

t the
r-
r-
lds

he
the
he
n
co-
op-

u-
port
nt
he

RAPID COMMUNICATIONS

R3390 PRA 58KUMARAKRISHNAN, CAHN, SHIM, AND SLEATOR
laser beams, and occurs at a frequency of 2vL . Similar ex-
periments at other magnetic fields support this conclus
Note that this oscillation does not affect the magnitude of
signal, but represents aT-dependent phase shift. For the co
figuration of the experiment, we expect the Larmor phase
the echo signal to cancel at the same times as the Dop
phase, so no Larmor oscillations are expected. We curre
have no explanation for this oscillation. The modulation
32 ms is half the recoil periodTR5pmRb /\k2, and is the
time for an atom with momentum 2\k ~the momentum ex-
change between atom and fields! to move a grating spacing
l/2. This modulation shows that the quantum-mechan
properties of the atomic center of mass play an import
role in this experiment.

For nearly counterpropagating excitation, we were able
measure MGE lifetimes of;130 ms only in the presence o
a uniform magnetic field of;0.3 G or greater along the axi
of excitation. The lifetime was smaller for smaller magne
fields, suggesting the presence of residual field gradients

From the point of view of the experimental configuratio
the work described in this paper is quite similar to that
Ref. @9#, in which the cold atomic cloud interacts with a
optical standing wave. The physical processes the occu
these two systems, however, are considerably different
the experiments described in Ref.@9#, the two traveling-wave
fields making up the standing wave have the same polar
tion, and the atoms can be modeled in a simple way as t
level systems interacting with a field whose intensity var
periodically in space. The effects observed in that exp
ment are entirely due to the motion of the atomic center
mass, and atomic recoil plays an essential role. In addit
the signal was found to be insensitive to magnetic fields
the work described here, the polarizations of the two fie
are orthogonal, and consequently the light intensity isuni-
form across the sample. The result of the interaction is
in
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entanglement between the atomic ground-state magnetic
levels and the atomic center-of-mass motion. The symm
properties of this superposition of magnetic sublevels can
probed by the effect of a magnetic field on the signal.

Related experiments involving spatially dependent m
netic sublevel coherences have been carried out with
atomic beam@23,24#, and recoil effects were also observe
In contrast to the work presented here, Refs.@23,24# made
use of dark states to create and detect these atomic sub
coherences.

In conclusion, we have presented experimental obse
tions in trapped atoms of coherence grating echoes involv
superpositions of magnetic sublevels of a single hyper
ground state@25#. We have shown that measuring the dur
tion of the echo is an accurate and simple method of in
ring transverse and longitudinal velocity distributions. Th
is relevant for understanding the three-dimensional velo
distribution of trapped atoms. As in@9#, the MGE as a func-
tion of pulse separation was observed to be modulated a
recoil period, indicating the influence of matter-wave inte
ference. Factors limiting the MGE lifetime are not yet unde
stood. We have also studied the influence of magnetic fie
on the MGFID and were able to extract information on t
symmetry properties of the coherences contributing to
signal. The behavior of MGFID in a magnetic field and t
sensitivity of this signal to the atomic velocity distributio
suggests the possibility of using magnetic ground-state
herences~in the presence of inhomogeneous magnetic or
tical fields! for atomic phase-space imaging@26,27#.
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