PHYSICAL REVIEW A VOLUME 58, NUMBER 5 NOVEMBER 1998
Ground-state grating echoes from Rb vapor at room temperature
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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 sublevets dfgteaind
state in Doppler broadenédRb 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 secii8i050-294{®8)02511-

PACS numbsgs): 32.80.Pj, 03.75.Dg, 42.50.Md, 52.20.Hv

There have been several recent proposals for experimengs angle¢ (~few mrad). Figure (8) shows a simplified
involving grating echoefl—4] in which a sequence of pulses |evel diagram of the atomic system. The pulses are tuned to
separated in time creates spatially periodic atomic populathe peak of the Doppler profile of tHe=3—F=4" transi-
tions or coherences that may be subsequently rephased. Ttign. The coherence grating has a spatial periodicity
use of echo techniques for detecting collisions involving2 7/Ak ~27/ke, whereAk=|k; —k,|, k=|kq|=|k,|, and
small velocity changes in Doppler broadened vapor is welthe excitation wavelengtih =2#/k. The grating dephases

known[5-7]. _ . due to thermal motion when the atoms move a distance of
The excitation pulses in an echo experiment may be travine order of the grating spacing, i.e., on a time scatékaif
eling wavr(]a_shas u:ja two-pqls”e ph(zjtoln egr&} or Istz_andmg whereu is the root-mean-squatems) component of velocity
waves, which produce spatially modulated populati@nat- —5nqyerse to the direction of excitation. We observe the grat-
ings) mvoIvm_g either excngd _state[9] or the_ ground stgtes ing by applying as* polarized “readout” pulse along,.
[10]. Alternatlvely, the eXC|t_at|on may consist Of tW,O simul- This results in a cohererent superposition of ground and ex-
taneous trave_lmg waves with orthogonal _polarlzatlpns, PrO%ited states, which radiates with™ polarization alongk;
ducing a spatially periodic coherence grating as_somated witl agnetic grating free induction decay or MGFIDA sec-
the excited statgl1] or the ground state as in this work and 4o, citation pulse applied at tinte: T after the first pulse
Ref. [1.2]' In [13:4,9,11,18 as well as n this Paper, the causes the grating to rephase on the same time sedleu?
formation of the echo can be explained by treating the MOZd results in a magnetic grating ecdGE) at t=2T. If

e e e o e excaon puses e counrpropagang 1 NGE i
Y. P P ation (1Aku) would be sensitive to the longitudinal veloc-

ormoies S o s on oo gy dSouton, . in (S casa)woul b he oo mea-
) square velocity componenalong the direction of the

tially excited may subsequently be rephased at the echgxCitation
points. '
The time scale of experiments that involve an excited
state is typically limited by the excited state radiative decay ) i

time. For a coherent superposition of atomic ground states,
however, the time scale should be limited only by an effec-
tive ground-state lifetime, which is limited by the transit time )
of atoms through the region of interaction, and by collisions. I g g g
I : ) ) -1 0 1
The possibilities of using atomic ground states to study spin
relaxation using optical excitation has been demonstrated in b)
the context of optical pumpindl4] and more recently by the
demonstration of spin nutatidrl5] and spin echoes involv-
ing ground-state Zeeman sublevels placed in a transverse
field gradient 16].

Here, we describe a series of coherent transient experi-
ments involving coherence grating echoes following propos-
als in recent worK3,4] in Doppler broadened Rb vapor at
room temperature. A spatially modulated coherence is cre- G, 1. (a) Simplified level diagram of atomic systerii) Sche-
ated betweeddm=2 magnetic sublevels of tfé=3 ground  matic of the experimental setup: VC is the vapor cell, LO the local
state in%Rb by an excitation pulse that consists of two op-oscillator, M the mirror, BS the beam splitter, PD the photodiode,
posite circularly polarized traveling waves with wave vectorsk, andk, label the excitation beams and readout pulkg)( 6
k, (with o~ polarization andk, (with ¢* polarization at  ~few mrad.
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When the excitation pulses are resonant with the atomic =25
transition, as is the case for_ the experiments described in this % 5 a) MGFID
paper, MGFID and MGE signals can be generated from an 5
initially equilibrium distribution of ground-state sublevels. < 5
Spontaneous and stimulated emission during the first excita- E|
tion pulse produce the differences in population necessary to a 1
establish a coherence between sublevels. For excitation 3
pulses sufficiently far from resonan¢gich that spontaneous 505
emission can be neglectedt is first necessary to create a % .
nonequilibrium distribution of magnetic sublevés, as can 0 100 200 300 400 500 600
be done by optical pumping. t (ns)

The experiments pertain to a Doppler broadened column
of vapor of optical depthyoL <1 at room temperature. The
temperature inferred from the duration of the echo z 0.14 b) MGE
(~200 ns for#~10 mrad) demonstrates the accuracy of S 0.12 N )
this method for determining the transverse velocity distribu- g 0.1
tion. Results of a similar experiment have been used to de- = o008
termine sub-Doppler temperatures in trapped atdaf. 5
The MGE lifetime, defined as the tinlebetween excitation z 0.06
pulses at which the amplitude of the signal is half its maxi- g 004
mum, was measured as a function of the beam radius. The & 0.02 s
lifetime was found to be the same as the transit time of the = i
atoms through the laser beam. In the presence of Ar gas, the 600 -400 200 0 200 400 600
echo lifetime is shortened, allowing us to measure the colli- At=t-2T (ns)

sion cross section between Rb and Ar.

Figure Xb) shows a schematic of the experimental setup. FIG. 2. MGFID and MGE obtained by varying “readout” pulse
The opposite circularly polarized excitation pulses (50 todelay; 6= 3.6 mrad;agL~0.7. Decay time from Gaussian fits: 292
100 ns in durationare generated by two acoustooptic modu-ns in (a), and 284 ns inb). T=1 us in (b).
lators (AOM's), which diffract light from a cw Ti: sapphire
laser. A common rf oscillator operating at 220 MHz is usedsublevels. This follows from the fact that the frequency
to drive both AOM'’s, and the time interval between pulses iswidth  of this resonance is kfu/27m~3MHz (6
controlled by delay generators. Pulses with wave vedigrs =10 mrad, u=240 m/s), which is smaller than the band-
andk, are applied at a small angle few mrad on reso-  width of the pulses (1f,ss~10 MHz). Predictions for the
nance with the peak of the Doppler profile of tke=3  duration of the MGFID and MGE were obtained[B] under
—F'=4 transition. The MGFID and MGE signals are ob- the condition>min[1/A, ry] whereA is the detuning from
served by applying a 500 ns readout pulse alkng The the excited state ang\~27 ns is the excited-state lifetime.
signal scattered alonky; is combined with the undiffracted For small angle excitation, these results predict that the size
cw light from thek, AOM (“optical local oscillator”) on a  of the MGFID and MGE as a function of timewill be a
pair of high speed{1 ns rise timg Si p-i-n photodiodes in  Gaussian of half width at half maximunHWHM) =,

a balanced detector arrangement. The optical local oscillator 2/ku#.

is 220 MHz above resonanctined to the wing of the Dop- Figure 2 shows the MGFID and the MGE at a fixed sepa-
pler profile, and spatially separated from tikg beam by rationT between excitation pulses. The pulses have Gaussian
~1 cm in the Rb cell. The 220-MHz signal from the detec- Spatial profiles. Their peak intensities correspond to Rabi fre-
tor is mixed with a reference signal from the rf oscillator in a quencies()~5I" wherel is the radiative rate of the’'=4
quadrature demodulator. The low-frequency outputs of thexcited state (3.2 10" s™1). Each data point is obtained by
demodulator, which represent the real and imaginary ampliapplying an intense readout puls@ {-5I") whose time de-
tudes of the scattered electric field, are recorded on a digitizay can be varied with respect to the excitation pulses. The
ing oscilloscope. The Rb vapor is contained in a homemadeomplex amplitudes of the signal obtained by averaging 300
cell with 5-cm-diameter pyrex windows that is connected torepetitions of the experiment are squared, and integrated.
a Rb reservoir and a pumping station. The walls of the celEach data point is the square root of this quantity, which is
are at ambient room temperature. We have used cells gfroportional to the magnitude of the electric field. Alterna-
length 5 cm or 10 cm and the optical depthlL was varied tively, the entire envelope of these signals can be observed
between 0.1 and 1. The cell is shielded by several layers dfy applying a weak, suitably long, readout pul$e~T).
Mumetal foil, reducing the residual magnetic fields to Representative Gaussian fits to the MGFID and MGE are
<10 mG. shown in Figs. Pa) and Zb). The fits are of the form

Because of the Doppler shift, only those atoms with aexg —(kué/2)?t?] and allow us to infer the rms transverse
small velocity component along the excitation directionvelocity u. The inferred temperature is in agreement with the
(k1,2 V<1ltpyse for atomic velocityv and pulse duration temperature of the cell walls measured with a thermocouple
tousd are resonant with the laser fields and contribute to thé298 K) and typically within 5% of the value determined by
signal. All of these atoms satisfy the “two-photon resonancethe thermocouple. This error is consistent with our uncer-
condition” for the transition between ground-state magnetictainty in the determination of. We have also verified that



3870 KUMARAKRISHNAN, SHIM, CAHN, AND SLEATOR PRA 58

. TOOOF T T T T
5 6000 .
Es
< 50001 A
= B g
) S 4000} Y .
177} ‘é’ {
3 2 3000 b .
= & e
@ ~ AL
s 2000} A i
0 2000 4000 6000 8000 1000 |
T (ns) ’
(4] N T N .4
FIG. 3. MGE lifetime showing Lorentzian fit for a beam radius 0.0 04 08 12 16
R=0.7 mm. Beam Radius (rm)
duration of the MGFID and MGE signals scales a8 &b FIG. 4. MGE lifetime as a function of beam radius; best fit to

expected. When the density, was varied, the echo inten- gata(solid line) has slope 4.Js/mm and offset-0.3 us; R/u for
sity was found to scale quadratically, which is a signature of;=240 m/s has a slope of 4zs/mm (dashed ling

coherent scattering. Larmor oscillations were observed in the

MGE when a magnetic field was applied along the dlrectloghe MGE lifetime is in agreement with the transit time of

of excitation. The freq_u_ency of these oscnla_ltlons was foun Ltoms through the laser beam which is estimatedras
to correspond to a splitting between magnetic sublevels sepa-

= : X "=R/u (dashed ling However, a detailed comparison with
\r/%ﬁ?/gsbﬁr:q_—zz’ gg?eigiggt'ggt\}vheegnﬁﬁeztész[]vkﬁgvsé'gnasli'nn(; redictiong 17] that relate the dependence of the lifetime on
o e e excitation intensity are not possible on account of the
the excitation pulses have the same frequency in these X peri .
. T : xperimental uncertainty.
periments, the oscillation in the echo amplitude occurs at the

frequency difference between magnetic sublevels induced b The spatial periodicity of the induced coherence makes it
the field. We have also observed echoes invohdmg—1 ossible to obtain information about velocity changing colli-

h . itati | th orth i sions in the presence of a buffer gas. These collisions will
Icaoriztzrt(iaonr?ses using excitation puises with orthogonal linéar POy ;e the MGE lifetime. We measured the effect of Ar gas

In general, the amplitude of the MGE signal will depend (at a pressure of a few milliToron the MGE lifetime in the

on the pulse separatioh We refer to this dependence as thefoIIowing manner. The echo envelope without Ar was first
echo envelopeThe echo envelope depends on the atom ﬁelgeasured for a fixed beam size and optical dept0.(),

. ' - . L nd the data were fit by a Lorentzi T) (see, for ex-
coupling defined by the spatial profiles of the excitation an ample, Fig. 3. The experxi/ment was triier%( re):peated at various
readout pulses as well as the velocity distribution. For a !

Maxwell-Boltzmann velocity distribution and Gaussian IaserAr pressures. In each case, the parameiewas determined
beams with radiug (at 16 03]{ maximum intensity, the echo by fitting the functionLy(T)exp(—1I'.T) to data while holding

Wit U3 ximum | ', . other parameters fixed. This allowed us to measure the col-
envelope is predicted to be a Lorentzian whose HWHM i

proportional toR/u with proportionality constant close to |5|c_)nal ratelfc for collisions betv_veen Rb and Ar atoms in
unity. The exact value of the proportionality constant is pre-the'r respective ground states. F|gure_ 5 shows a pId)‘.tCois
dicted to depend on the pulse intensity]. The Lorentzian a function pf Ar pressure, which was fit to a straight line. _The

. cross section was inferred from the slope of the best fitting
dependence of the envelope of the edmoplitude(propor- straight line I (na)=2 N, Here n.. is the Ar den-
tional to the electric fielgis consistent with the results of 9 L e(Nar) =200 ey A

18] where the envelope of the ecitensity(proportional 3 Tl de %3 08 8 S8 TS SO B e
to the light intensity was found to be the square of a Lorent- Y

Jian temperature. The measured cross section(1.2x10 4
. 0, =
The MGE lifetime(defined as the tim& between excita- o +20%) was found to be the same fBiRb(F=3) and

tion pulses at which the amplitude of the signal is half its
maximun) was determined by increasing the separaffon 207 ' ' ' ' i

and measuring the echo amplitudeg &2T. These measure- g

ments were recorded witkgL~0.06 to ensure that colli- S 15} .
sions between Rb atoms were negligible over the time scale 8

of the experiment. A Lorentzian fit to the data is shown in £ 10l ]
Fig. 3 for a beam siz&=0.7 mm. The spatial profiles of E

the beams alon§; andk, were determined from Gaussian ;% 050 |
fits to intensity profiles obtained by scanning a 10 pin- g ’

hole along the vertical and horizontal directions. The MGE

lifetime is plotted as a function of the smaller of ttori- 0'06 10 20 30 40 50
zonta) beam radiiR, in Fig. 4. The error bars£20%) were
estimated from the statistical variation in the data for a given
beam size. The best fitting straight line to the data shows that FIG. 5. Collisional ratd” vs Ar pressure.

Ar Pressure (mTorr)
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8Rb(F =2) ground states. We note that the collisional crosssion cross section. It would be useful to improve the sensi-
section for a change in the Rb hyperfine ground state is oitivity to smaller velocity changes using counterpropagating
ders of magnitude small¢d4]. In addition, there is no col- pulses. The effect of optically pumping the sample before the
lisional redistribution among the magnetic sublevels of theexperimental pulse sequence may result in an improvement
F =3 ground stat¢14]. Thus,o is associated with velocity in signal to noise and also remains to be studied. We have
changing collisions. Only atoms that have undergone a colrecently observed the destruction of MGFID at low buffer
lisional velocity changeSv <v' contribute to the echo. Here, gas concentration. At high perturber concentrations, the mo-
v'=(1T)(27/ko) is the velocity defined by the grating tion of Rb atoms is described by diffusion and a collisional
spacing ¢'~25 m/s for =10 mrad, T=3 us). The revival of the signal occurs. Details of this experiment will
collisional velocity change due to diffractive scatteriig] be presented separately.

6v it =2(2m) "/ Mo ¥~ 3.5 m/s for the measured cross | related experiments in trapped atoms we have observed
section and is much smaller than. Thus, the collision may  the MGFID and MGE with the excitation pulses applied at a
be modeled by classical scattering at small impact paramgy 4| angle(“forward” ) as well as close to 180¢back-
eters[19,20. As a result, this experiment is not sensitive toward”) [12]. Temperatures inferred were well below the
small angle diffractive scattering associated with large im"‘DoppIer” limit and show the applicability of this technique
pact parameters. For classical scattering, 2] predicts for measuring velocity distributions of cold atorfiz3,24.

173
thato should scale ag~". The data, however, suggest that The amplitude of the backward echo measured as a function

O'fI_IS_tI;']ldtependent 01{51,?3 beha:jwor Of‘.T at s_malle][ V‘r’}lufﬁ of the time delayT between excitation pulses was observed
0 at may revea ependence IS an ISSue 1or Turther ., 1, qqylated at the atomic recoil peript?] (the time

investigation. It would be possible to achieve sensitivity t0iaken by the atoms to move one grating period due to the

smaller velocity changes with counterpr'o'pagating PTXCitatiOQ/elocity acquired by the absorption and stimulated emission
pulses. We note that the measured collisional rate is compay;

- ) . f a photon from one beam into the otheFhis effect was

(r)z?bée rtonfgzsc?g'r?ggg ra.':?ggporgggg?:(]j‘ ggéa'lﬁgr:tug:s.o recently demonstrated in an atomic bef@®| and may be

u su Wi P where. Vi ed for a precision measurementtdfn andg. Measure-
echo experiments that have demonstrated sensitivity to sm

velocity chanaes for maanetic order in vabors are describe ents of velocity distributions of cold atoms, and precision
y 9 9 P easurements di/m and g have already been reported in

in Ref. [22]. §0] using an interferometer that uses pulsed standing waves.

tiorlg 8?28:]“(32:(’;(;Nerarﬁveerc);rhe:;snitlf\(jolev)i(r?eréTegrtaLSOigéﬁ;V dther applications, which include magnetic imaging of the
magnetic sublevelsgof azin le hyperfine grouf:d gtate Me fappec sample and sensitvity to magnetic fields, wil be
g gle hyp 9 : resented elsewhere.

suring the duration of the echo is an accurate and simpl

method of inferring the velocity distribution. In the absence We are grateful for helpful discussions with Jayson Co-
of collisions, the echo lifetime has been shown to be limitechen, Boris Dubetsky, and Paul Berman of the University of
only by the transit time of the atoms across the interactiorMichigan. We acknowledge the financial support of NYU,
region. The shortening of the lifetime in the presence of Arthe U.S. Army Research Office through Grant No. DAAG55-
gas has been utilized for measuring the elastic Rb-Ar colli97-0113, and the Packard Foundation.
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