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Degenerate phase-conjugate four-wave mixing in a nearly-Doppler-free two-level atomic medium
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We present experimental observations of phase-conjugate degenerate four-wave mixing in a two-level
atomic systerrthe 352S,,, F=2, m,=2—3p?Py,, F=3, mg=3 transition in a diffuse, collision-free,
thermal beam of atomic sodiyndriven by cw, narrow-band~250 kHz), stabilized pump and probe fields.

The primary measurements that we report are of the peak signal strength of the four-wave-mixing interaction
and the bandwidth of the four-wave-mixing spectrigas the laser frequency is tuned through the resonant
frequency as a function of the intensity of the pump field. We compare these measurements with the predic-
tions of a theoretical analysis in which extension to include the effect of the small transverse velocity
(~3 m/sec) of the atomic beam is critical. These measurements provide a direct verification of the theory of
this important nonlinear interactiofiS1050-294{®8)06010-7

PACS numbg(s): 42.50.Gy, 32.80-t, 42.65.Hw

[. INTRODUCTION the medium by a laser field that is cw and narrow band. In
this paper we report our observations of phase-conjugate
Phase-conjugate four-wave mixitBWM) has been stud- four-wave mixing in an experimental configuration in which
ied in scores of atomic, molecular, and condensed phase meonditions(1), (3), and(4) are realized, and conditiof2) is
dia, and has found useful application in a variety of relatecBpproximately satisfied. We measure the peak signal strength
fields. Perhaps the most intriguing application of the genera®f this field, as well as the bandwidth of the interaction, and
process of phase conjugation is related to its ability to rePbServe good quantitative agreement with the theory for this
verse the wave fronts of an incident beam, providing théntéraction, providing we include the effect of the Doppler
basis for an exotic mirrofL]. Such a phase-conjugate mirror Shift due to the transverse velocity component of our atomic
can be used to remove wave-front distortions of a beam, thueam geometry. Our initial interest in this interaction derives
improving the quality of an image or decreasing the mini-from related studie§22| we have carried out on the role of

mum spot size of a focused beam. A phase-conjugate mirrdpe coherence of the laser on this coherent interaction. In
can also be used in an optical resonator by replacing a corfrder to understand measurements of these laser coherence

ventional mirror, thereby making the cavity less sensitive to®ffects, we have worked to minimize the complexity of the

distortions caused by imperfect optical elements within the’YStém as much as possible.
cavity [2]. Its potential for determining spatial convolutions A Schematic representation of the geometry of the phase-

and image correlations has been explofad], as has its _conjggate degenerate four-wave mixing experiment is shown
application as a narrow-band optical filfg&g]. The spectral N Fig. 1. Forward and backward pump beams propagate
width of the FWM spectrum is Doppler free, allowing for _exqctly a}ntlparalle! to one -another, and a Wgak probe field is
high-resolution spectroscopic determinatigés-g. Due to incident in a direction making a sm_aII ang?ewlth respect to

its high sensitivity, it has been exploited for detection ofthe forward pump beam. These input fields are all at the
dilute specie§9—17] and determination of temperature from Same frequencyy, . The interaction with the nonlinear me-
rotational and vibrational spectra of moleculgks3]. Self- dium produces a fourth field, also at the frequenay,
pumped oscillators based on FWM have also been explore@hich propagates back on the incident probe beam. This
[14—-18. Slusheret al. [19] used nondegenerate FWM in a field is called the phase conjugate field since it can be shown
cavity to generate squeezed states of radiation. that its wave fronts are exactly reversed from those of the

With all this activity centered around phase-conjugate

four-wave mixing, it is surprising that there has been no " T_-R
measurement of this important interaction taken under con- <Lf

ks
—»
ditions that closely match those of the fundamental theory by —
Abrams and Lind[20,21]. Ideally, these conditions would 9& V
include (1) a nonlinear medium that is well described as a A= -T('p
closed, two-level systen{2) a medium in which inhomoge-

neous broadening effects.g., Doppler broadeningre neg- FIG. 1. Schematic representation of the four optical beams

ligible, (3) a collision-free environment, ar@) excitation of  present in phase-conjugate four-wave mixing.
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probe field. In terms of complex field amplitudes, this is (1), one can also show that the width of this four-wave mix-
equivalent to saying that the field generated through the noring response as the laser frequency is tuned through reso-
linear interaction is proportional to the complex conjugate ofnance frequency is given by

the field amplitude of the probe beam.

In 1978, Abrams and Lind20] presented a theoretical
description of phase-conjugate four-wave mixing in an en-
semble of two-level atoms, but only for the stationary atom ) )
case. Their density matrix formulation was valid for arbitrary ~ 1h€ importance of the transverse velocity of the atoms or
intensity of the forward and backward pump beaisand ~ Molecules has long been recognizf&l9,21,23-29 The
l,, respectively. We consider only the case in which thedtomic motion effectively tunes the frequency _of the mput_
lower state of the two-level system is the ground state of th&€ams and the FWM beam out of resonance with the atomic
atom and there is no population of the upper state before thiEansition. Thus the forward pump and probe are red shifted
pump and probe beams are turned on, conditions which arié K¢-v>0, (wherek; is the propagation vector of the for-
satisfied in our experiment. We also limit our discussion toward pump beany is the atomic velocity, and the crossing
the case of a weakly absorbing medium of atomic deriSity angle between the forward pump and prolde,is smal)
and lengthL, for which the expression Abrams and Lind while the backward pump and phase conjugate beams are
found for the phase-conjugate reflectivify=1./1, (I and  blueshifted. Resonance enhancement of this highly nonlinear
I, are the intensities of the phase-conjugate and probmteraction is essential if the atoms are to contribute to the
beams, respectivelyof the medium reduces {@L|2, where  FWM signal, but we can see that the Doppler shift precludes

this enhancement for any atoms witk;-v|>T, for any
1 2(1el ) Y2 g5 laser frequency. With only the zero-transverse-velocity at-
Qo 2 2 132’ oms taking part, the linewidth of the FWM spectrum is lim-
I =Alyi {[1+ 14+ 1)/ oo =4l 15,4 2 ited to a value close to the homogeneous linewigiticlud-

ing, for example, the natural linewidth, collisional
broadening, and power broadenjraf the transition. By this
qualitative argument, we can understand that the frequency
width of the FWM response of a Doppler-broadened vapor is

Aw FWM:2712\/(3\/§_1)(1+4|f“(s)at)- )

B:

and ag is the weak-field absorption coefficient,

2
ao:ﬂ |11 _ (29 much smaller than the Doppler width of the transition. A
2nc fiegyin guantitative analysis of the effect of the atomic motion on
the FWM interaction, however, is a difficult problem. We
| sot1S the saturation intensity of the transition, find it necessary to include atomic motion in the analysis of
our measurements, even though our medium is an atomic
1 A2y, o , beam with only a small transverse velocity component.
Isat=§eoc—2[1+(A/y12) 1=1g[1+ (Al y10)7], The outline of the paper is as follows. We will discuss our
| 1] measurements in detail in the next section, and follow with a

(3 discussion of the experimental results. We develop a theoret-

) ) ) ) ical explanation of these results in Sec. IV, and give a sum-
712 is the transverse relaxation rafey is the population  mary of our conclusions in Sec. V.
decay rate,uq, is the transition dipole moment\ is the
detuning of the laser frequency from the resonant frequency
of the transition, and?,is the saturation intensity @ =0.
For the case where the forward and backward pump intensi- |n this section, we discuss our experiment in detail. Our

ties are equal¢=1,, we can use the frequency dependenceprimary objectives in setting up the experimental configura-

Il. EXPERIMENT

of Isaras given in Eq(3) to show tion were to establish and maintain a closed, collision-free,
two-level atomic system with minimal Doppler broadening,
1\ 2 2 3 to use narrow-band, stabilized pump and probe beams, and to
2 f Y12 . . . X . .
|BL|*= ZaoLIT T 2 1eal o] (4)  assure uniform intensity of the pump beam in the interaction
sa Tyn(1+4l¢ll g region. We chose atomic sodium in a beam geometry as our

nonlinear medium for this work. As an alkali metal, the spec-
At low intensities, | <Isy, the FWM interaction is second- troscopy of sodium is relatively simple and well character-
order in the pump field, resulting in a reflectivity that in- jzed. It has a conveniently high vapor pressure, making it
creases a$;. At high intensities,| >l the reflectivity relatively easy to generate an atomic beam. While its nuclear
decreases ds ', as saturation of the atomic response limitsspin leads to a complex hyperfine struct[886], this is easily
the contributing dipoles to those near the nodes of thevercome using standard optical pumping technigidds,
standing-wave pattern of the optical electric field. With theallowing us to produce a true closed, two-level atomic sys-
pump intensity greater thahn,, the volume of unsaturated tem. We tune the circularly polarized laser field to the
atoms surrounding the nodes decreases in size, allowings?2S,,, F=2—3p2P,, F=3 transition frequency. The
fewer atoms to radiate into the phase-conjugate field. I8s?S,,, F=2, mg=2 state and the 8°P3,, F=3, mg
Refs. [20,21], the maximum FWM signal occurs df; =3 state constitute a closed two-level system in that the
=ls{2, at which intensity one can show that the phase+ight-circularly polarized light can couple these states only to
conjugate reflectivity isR=(aoL)?/27. Using Eqs(3) and  each other, and the upper state can decay spontaneously only
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Argon lon Laser} [Dye | within 1.5 GHz by observing the fluorescence in a heated
Laser glass sodium vapor cell.
dye laser tuning control Na 2 . Next, the main laser beam is split into three components:
cel the preparation beam, the pump beam, and the probe beam.
EQ PPy The pump and probe beams drive the FWM interaction,
% oA [O->7740 Var. while the preparation beam transfers the atoms into a single
o ~400 MHz 200MHz  ___/BS. hyperfine component of the ground state, helps to collimate
14 KHa Y SPND the atomic beam, and provides an error signal with which we
O gae“gp PC or() OF() control the detuning of the pump and probe field frequency
ref beam with respect to the resonant frequency of the sodium. The
“P— ref choppe preparation beam is phase modulated in a LiJ&ctro-
Ty ;Ipol mpol optic crystal (EO). The modulation signal consists of two
G Na frequency components, v;,;;~400 MHz, and v,
preparation beam beaM ,robe beam =1.712 GHz. This produces sidebands on the optical carrier
ool Iy — Somp beam (gt the optical frequencyy,) at the two mqqulation frequgn-
cies, v,y and v,,, as well as at mixing frequencies,

4

*mvy v, wherem andl are any positive integers. We

FIG. 2. Schematic diagram of the experiment. Abbreviations incgnvert the polarization of the preparation beam to circular

this diagram are used for the scanning FabrgePaterferometer
(SFB, the acousto-optic modulat6hO), the electro-optic modula-
tor (EO), a roof prism(RP), optical fibers(OF), photomultipliers
(PMT), a personal compute(PC), polarizers(pol), and quarter-

wave retardersN/4).

using a quarter-wave Fresnel rhomt/4). The preparation
beam crosses the atomic beam at right angles, and is re-
flected back on itself after exiting the vacuum chamber. With
the laser beam diameter 6f0.5 cm and a peak intensity of
150 mW cm 2=252,,in the pumping sideband, the atoms
undergo the cycling transitiorr 150 times in the time they

to the lower. The saturation intensity for this transition istravel through the preparation beam.

12.=6.33 mW cm 2,

The laser frequency is stabilized using the Pound-Drever

The sodium atomic beam is generated using a singleschemd 34,35, as follows. We collect the fluorescence from
chamber, stainless steel effusive oven, typically run athe intersection between the preparation beam and the atomic
300°C. The opening in the oven through which the atom$eam with a 1-in focal length lens onto a 1P28 photomulti-
escape has a diameter of 2 mm. A second aperture, whogdier (PMT). We impose a dither frequency of 1.4 kHz on the

diameter is also 2 mm, is placed 40 cm from the oven. The’m; Sideband, and detect the amplitude modulation of the
beam size in the interaction regi¢h0 cm beyond the second PMT signal at the dither frequency to generate an error sig-
aperturg is defined by these two apertures. We calculate théal, which, when integrated, we use to correct the laser fre-
average velocity of the atoms to be 8.10* cm/sec, with a quencyvy. Locking with this scheme assures the condition
transverse velocity distribution whose widtfull width at  v,;=vo+ vy, Wherev,, is the resonance frequency of the
half maximum, FWHM is 300 cm/sec. The density of the sodium transition. The second-order sideband of the prepa-
atomic beam in the interaction region, as determined by théation beam at the frequenay+ vy, + vy is resonant with
temperature of the oven, the size of the oven nozzle, and thide X2S,,, F=1-3p?P,,, F=2 transition, and has the
distance to the interaction regi¢82], is 2.7x 10° cm™3. At task of recovering ground-state atoms that otherwise would
the operating temperature of our oven, the vapor pressure dfe trapped in thé==1 hyperfine level. This it does quite
diatomic sodium[33] is about 1% that of monatomic so- effectively, as we see that the FWM signal is approximately
dium. The background pressure in the interaction region isloubled when this sideband is turned on.
5x 10 © torr. Finally, we are able to improve the collimation of the

A schematic diagram of the experiment, emphasizing th@&tomic beam by tuning the preparation beam a few MHz to
optical and electronic implementation of the laser frequencyhe red side of the transition frequency. We believe this to be
control, is shown in Fig. 2. An argon ion laser operating onevidence of a transverse cooling mechanis3f,37. The
all lines pumps a cw, frequency-stabilized, tunable dye lasewvidth of the absorption spectrum of the sodium be@atu-
The dye laser produces 230 mW at 589.0 nm, and its freral linewidth~10 MHz) when the preparation beam is reso-
guency is stabilized by locking to an external hermeticallynant with the transition is-16 MHz, but when tuned to the
sealed reference cavity. When locked, the laser has a residuad side of the transition it is-13 MHz, and when tuned to
linewidth of 200—300 kHz and power fluctuations of aboutthe blue side of the transitiorn; 30 MHz.
2-3% of the average output power. The laser is capable of The beam from which the pump and probe beams are
maintaining single-mode operation while being tuned over alerived is separated from the preparation beam by diffracting
frequency range of tens of GHz, and will typically stay the former twice(in a double pass configuratipin a 200-
locked to the reference cavity for 0.5—-2.0 h. MHz acousto-optic modulatofAO). By virtue of this

A few mW of the main beam is split off to facilitate double-diffraction scheme, the pump and probe frequency
monitoring and adjustment of the laser. The laser modsvill always be v, =v,+400 MHz. Since we lock the laser
structure is monitored using a scanning confocal FabrptPe frequency to the transition frequency,;, such thatv,,
optical spectrum analyzéSFP with a 2-GHz free spectral = vy+ v, the detuning of the pump and probe beams from
range. We tune the laser to within 10 GHz of @ transi- resonance is also controlledy/27=v —v,,;=400 MHz
tion in atomic sodium using a home-made wavemeter, and te- v,,; . The pump and probe beams are separated from one
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another in a variable beam splitter, with40 wW power in  the pump-beam polarizer. We test the quality of the probe-
the probe beam and 15 mW in the pump beam. The pumpéam polarization in a similar fashion, reflecting the probe

power is varied using a neutral density filter whéeD). We ealr(n b%‘:k gn itsglf ar;)d gbservl;nghthe trgnstr)’nission IOf the
focus the pump and probe beams into single-mode opticﬁaC ward-reflected probe beam by the probe-beam polarizer.

) - tor both the pump and probe beams, we observe the trans-
fibers to clean up the transverse mode structure and to mink.csion by the polarizers to be insignificant

mize any displacement_ .of the beams in the interaction re- We measure the weak-field absorption spectrum of the
gion. We actively stabilize the power of the probe beamsqgiym beam in order to monitor the alignment of the laser
using an acousto-optic modulatorot shown in Fig. 2as a  peams, the alignment of the magnetic dipoles, the collima-
variable attenuator, driven by an error signal produced with aion of the atomic beam, and the density of the atomic beam.
photodiode-amplifier-integrator network. Each beam is lin-The atomic beam crosses the preparation bedn cm be-
early polarized in separate polarizing cubes, and directed inttore the atoms reach the interaction region. Using three sets
the vacuum chamber. Before entering the vacuum, they pas¥ orthogonal magnetic field coils, we cancel the Earth’s
through a common quarter-wave retardazero-order bire- magnetic field to within 10 mG, and impose a field of about
fringent wave platg which circularly polarizes the input 056G along.the direction of propagation of the pump flleld.
pump and probe beams. We mechanically chop the prob he absorption spectrum shows no detectable absorption at

. _the frequency of the 8%S,,, F=2—-3p2P,,, F=2
beam at a frequency of 160 Hz to allow phase-sensitive o
detection of the FWM signal. transition frequency, 60 MHz lower than thes3S,,,, F

: . ; =2-3p?P,,, F=3 transition frequency, verifying that
. In thg |nteract|onl region, we cross the pump qnq Probgne sodium is effectively pumped into tHe=2, me=2
fields with the atomic beam at right angles to minimize thecomponent of the ground state, and that the alignment of the
Doppler-broadening effects. The pump beam and probenagnetic dipoles is maintained as the atoms travel to the
beam are collimated and nearly parallel to one anothetinteraction region.
crossing at an angle ¢f~10 mrad. We minimize this angle The width of the absorption spectrum is typically 12.5 to
as much as possible, with the constraint that the beams mus#.5 MHz, only slightly larger than the 10-MHz natural line-
be spatially separated at the windows of the vacuum systemidth of the transition. We determine the width of the veloc-
so that scattered light from the pump beam does not mask thgy distribution, g(v), of the atomic beam by fitting the ab-

o

signal beam. The beam radi(defined as the radius at which sorption spectrum to a Voight profile,
the intensity drops te 2 of its on-axis intensity of the Al(w)
pump beam(1.42 mn) is 4 times larger than that of the I :xf L(wlz—IZ-J,l“)g(v)du, (6)
the interaction region, the intensity of the pump beam is — .
uniform to within 15% where the probe intersects it. Wewher?'ﬁ(“’ﬁfk'f“'rz_ repr?se_g;%a D?jppler—s_m{tr:ed Lork()ant—
measure the pump power by comparison with a callibrated'@n !In€-shape function ot width, an g(v) is the prob-
(1%) photodetector. It is also important that the beam diam-G ) h ¢
eters be large enough to limit transit time effects. An aussian shape f@(v),
average-velocity atom takes 1/&sec to travel through the 41n(2) 1 v \2

9(v)= T Av 4_4"1(2) H)
beam. Both these times are significantly greater than the
transverse relaxation time of sodiuffi;=32 nsec, and S0 whereAv is the width(FWHM) of the transverse velocity
exert no significant influence on the FWM spectrum. distribution of the atomic beam, and adjust to minimize
forward pump beam back on itself after it leaves the vacuungyred absorption spectrum and the fit. For a 12.5-MHz ab-
Chamber.. The transmission of each of the antlreﬂectlonsorption width, as we measured for the absorption spectrum
coated windows on the vacuum system~i$.985, so that taken with the FWM data presented in this work, we find that
and backward pump beams are of nearly equal intensity. Wehis agrees with our estimate of the transverse velocity
estimate that the angle between the forward and backwargidth based solely upon the geometric argumésitze of the
pump beams is equal to (180 °) to within 0.1 mrad. This apertures that define the atomic beam and their spraind
phase matched with the nonlinear polarization of the atomi(f:neasure a peak absorption of the probe beam by the sodium
medium. Quantitatively, one can show that phase matchingeam of~12%, corresponding tagL =0.0625. This is in
is acheived wherfAk|L<1, where Ak=K;+k,—k,—K.,  reasonable agreement with our estimate Mryd /2
experiment, the alignment angle of the pump beams must be 1.66x10° cn? is the absorption cross sectiog;=1
much less than\/(27L6)=2 mrad. We test the polariza- andg,=3 are the degeneracies of the lower and upper lev-
tion of the pump beam by observing the transmission of theels, respectively, and=3 mm.
Misalignment of the quarter-wave plate or birefringence ofear action of the atoms propagates counter to the direction of
the optical windows of the vacuum chamber would alter thethe incident probe beam. After passing back through the
polarization of the pump beams, and would be detected as ajuarter-wave retarder, which circularly polarizes the input

probe beam(0.34 mm), assuring that as the beams cross in
ability distribution of the transverse velocities. We assume a

pump beam, and 0.3%sec to travel through the probe —ex

The backward pump beam is produced by reflecting thehe sum of the squares of the deviation between the mea-
1,b=0.97¢, justifying our approximation that the forward A, is 280 cm/sec, translating to a Doppler width of 5 MHz.
alignment is important so that the phase-conjugate wave ighe average thermal energy of the sodium atoms. Finally, we
andL is the length of the medium. For the geometry of our=0.067, whereN was given earlier,o = (9:/9,)\2/27
backward pump beam by the linear pump-beam polarizer. The phase-conjugate beam generated through the nonlin-
increas&from the ideal value of zepan the transmission by pump and probe beams, the conjugate beam is linearly po-
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features to these spectra that must be carefully noted. First,
we consistently observe a strong dip in the signal when the
pump and probe frequency is greater than the resonant fre-
quency of the atoms. We attribute this dip to transverse heat-
ing by the pump beam, through which the atoms must travel
before they reach the probe beam. This effect is the same as
that which we described in our discussion of the preparation
beam. With the pump laser tuned to the blue side of reso-
nance, the population of low transverse velocity atoms re-
maining in the atomic beam in the interaction region is sig-
nificantly decreased. The phase-conjugate signal is extremely
sensitive to the transverse velocity of the atoms, as we will

discuss in the next section. We expect that the FWM spec-
trum is probably enhanced by transverse velocity cooling
with the pump tuned to the red side of the resonance, but this
effect is minimal since the atomic beam is already well col-

. L o . limated.

larized, with its polarization axis orthogonal to that of the In addition, we observe a small asymmetry in our FWM

probe. The polarizer cubgpol) then reflects the phase- : - o
conjugate beam toward a photomultiplier, which we use tospectra. This asymmetry is independent of the rate or direc

detect the power of this beam. An apertgtemm diameter tion of tr}[e sgca}'nk Olf tge Iatlsetrhfr?qlﬂ[ené:y. ;’V‘? d?ﬁ“?\ﬁ tr;at the

in front of the PMT is necessary to reduce the level of back-\e}igrcvrﬂle é?gz:islset%is uaes cr)nm?etrlm firtr?enr \i';/]' a fSturee Zseerr.

ground light that would otherwise reach the PMT and mas 22] y y pap

the phase-conjugate signal. This light arises predominantl T'o analvze the data. we fit the measured phase-coniugate

from scattering of the pump beam from the window in the . 't tﬁ’ 7 P Jug

vacuum chamber. These windows are AR coated to reducg? e [0 € expression

losses, but scattering due to imperfections could still easily Po

obscure the signal. The PMT output is amplified in a lock-in +S
[(vL—v20) %+ (Avpwn/2)?]?

amplifier, with the reference inputat ~160 Hz) to the
lock-in amplifier being generated by the controller for the_We adjust the peak heighty, the center frequency,;, the
idth of the spectrumA vy, and the dc offse$ to deter-

beam chopper of the probe beam. We have calibrated th%i
ine the least-squares deviation between the data and the fit.

detection system by attenuating the probe beam with neutr
For pump intensities greater than the saturation intensity the

density filters, and reflecting the probe into the PMT. This
allows absolute measurement of the FWM optical power, bBfalue-side dip may make it difficult to accurately determine
he best fit to these spectra. For these curves we exclude a

measuring the reflected probe power with a calibrdfe€ad)
photodetector. The output of the lock-in amplifier is recorde ortion of the measured spectra from the fit, using only the
ata up to line center and the data in the extreme blue wing

by a laboratory PC using an external analog-to-digital cony,
Qhere we believe the heating effect is minimal. The asym-

verter, which concurrently records the scan voltage used t
metry that we observe in the low-intensity spectra, however,

tune the~400—- MHz sidebandwhich then indirectly tunes
the laser frequengyWe calibrate the nearly linear frequency is undoubtedly present in the high-intensity data as well, so
e accuracy of this method is limited. None the less, this

scan by monitoring the sideband frequency on a rf spectrury
method of estimating the peak height and width is reasonably

analyzer.
consistent with measurements we take directly from the
traces of the spectra with pencil and ruler. Where necessary,

we expand the estimated uncertainties on our results for
For each pump-laser power, we scan the pump and prol@ege spectra to account for any differences.

frequency together through the resonance frequency, and |, Fig. 4 we plot the magnitude of the phase-conjugate

record the power of the phase-conjugate signal as a functiofectivity (the phase-conjugate power divided by the probe
of the optlcgl freq_qency. Two typical spectra are shown iNhowe) and the width of the phase-conjugate spectrum as a
Fig. 3. The Intensities of the pump beam for these two Specgnction of the pump intensity. The solid line in each figure
tra are 0.10(,,and 8.0g,.. Overall, we measured FWM Spec- s the result of the Abrams and Lind theory, given in E@s.
tra at 20 different pump intensities ranging from QM0  and(5), while the diamonds represent the experimental data.
1213, The intensity of the probe beam is held constant atwhile the general shape of the experimental curve for the
0.17 gat (2 wW powel. At this probe intensity, we measure reflectivity matches that predicted by theory, we see that at
that the phase-conjugate signal is linear in the probe powefow intensities the phase-conjugate intensity is well below
Consistent with the Abrams and Lind theof20,21, we the theoretical curve. The pump laser intensity that yields the
observe that the phase-conjugate signal initially increasesmaximum phase-conjugate intensity is larger than the pre-
with increasing pump power until the intensity of the pumpdicted value ofl ga{2 by more than a factor of three. The
beam approachdgat. Further increase in the pump intensity widths of the spectra are in good agreement with the theo-
results in a decrease in the phase-conjugate signal. retical expectations, except at small pump intensities where
The FWM spectra that we observe are generally in goodhe minimum linewidth that we measure is around 8 MHz,
agreement with what we expect. There are two importantarger than the 5-MHz linewidth expected on the basis of Eq.

FIG. 3. Two-sample FWM spectra. (@), the pump intensity is
0.102,, while in (b) it is 8.01%,,.

®

Prwm=

lll. RESULTS
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can be calculated by writing the Hamiltonian of the system
as

H=H%+V(r,t), (9)

FWM Reflectivity

whereH?° represents the atomic Hamiltonian, a\ﬂ(f,t) is

the interaction Hamiltonian between the laser field and the
two-level system. The components of the interaction energy
matrix areV;; = — ;- £(r,t), whereu=er is the transition
electric dipole moment, ané(r,t) is the total field incident
upon the medium,

(C::(F,t) = ;{EfCOiEf . F_ (,()Lt) + EbCOS{ - IZf . F_ a),_t)

FWM linewidth (MHz)
o

4
2%

e i 161 R "1‘0 +Epcos(kp-r—th)}
Pump Beam Intensity (mW/cmz) 1 .. . N )

=—{E(r,t)e "'+ E*(r,t)e' L, (10
FIG. 4. FWM reflectivity (8) and FWM linewidth (b) vs the 2
intensity of the pump beam. The solid line is from Rdf20,21],
and the diamonds are the experimental data points. The uncertai
ties in the data points are smaller than or comparable to the dimen-
sions of the diamonds. Our numerical results are shown as the
circles (for stationary atomsand as the dashed lingor moving
atoms.

x\{here
E(r )= e{Ee*r +Ege kv E ek} (10)

As indicated by these equations, we use two counter-
propagating pump fields propagating in the direcﬂﬁprand

(5). As we shall see in the next section, this deviation withlfb= —ke, and a weak probe beam propagating in a direction

the theory can be explained by the small amount of residudfp- All three beams are degenerate at a frequency The
Doppler broadening present in our atomic beam geometrypolarization of the laser field is given by, andE*(r,t) is

The solid lines in Fig. 4 are valid for stationary atoms. Inthe complex conjugate of the field amplitut&?{ﬁt). The
light of the relatively small magnitude of the Doppler distri- forward and backward pump beams form a standing-wave
bution, we find it surprising that it has such a significantpattern in the medium, and are of nearly the same intensity.
impact on the data shown in Fig. 4. Our calculations showyye will let E,=E; in our analysis. The temporal evolution
however, that at low intensities only a small fraction of the of the system is described by the equations of motion of the
atoms, those whose transverse velocity is sufficiently lowdensity matrix,

contribute to the phase-conjugate signal. As the intensity in-

creases, the atomic response is power broadened and more J . - P21

) i
—tvu- V) pP21=—lwapr— gvzl(Pll_Pzz) - T_z’

atoms are able to contribute. This shifts the saturation of theP21~ | 5
signal to higher intensities. (12)
- J - i P22
IV. THEORY pu=| vV pn=— %{Vlzpzl_ Vaip1at+ T,

In this section, we discuss the theory of the nonlinear : : .
interaction of a two-level quantum system with a laser fieldWhere the d!agonal eler_n_ents .Of fche _denS|ty maltrix represent
that leads to the phase-conjugate four-wave-mixing signafhe populatlon probability d_|str|but|on betweer) the o
explicitly including the effect of atomic motion. In our ap- atomic Ievelg, and the off—dlagonallelements include the
proach, we write the components of the Bloch vector as omplex oscillatory dipole moment, i.e., the coheregce, of
Fourier expansion in the phase factor of the probe beam, f e system. The coherence terms are relate(;bgytplzl, .
which we can determine the amplitudes through a direct nu@nd for a closed system such as the one we are considering,
merical integration of the optical Bloch equations. This tech-N€ Population is conserved, i.g14,+ py,=1. The energy
nique is similar to that used in R426] in which the authors  difference between the atomic statesfi®z; =1 (w;— w1)
calculated the FWM signal in a Doppler-broadened three==Nv21- The final terms in these equations represent the de-
and four-level system. We can evaluate these elements f&ayf)lf the population of the upper statwith Ilfej|lme T
arbitrary field strength of the pump laser or probe laser, andI'o ) a@nd of the coherenceith lifetime T,=1y,;). The
we can easily separate the terms that are properly pha@ements of the density matrix are a strong function of posi-
matched to radiate in the direction of the signal beam. Théion and velocity because of the standing-wave pattern cre-
result of this analysis is a determination of the phaseated by the counterpropagating pump beams.
conjugate reflectivity, allowing for the transverse velocity of ~ The standard approadt3s] to simplify the spatial and
the atomic beam, which we use for direct quantitative comiemporal derivatives in these equations of motion is to trans-
parison with our experimental results. form to the rest frame of the atom;—r+ot, so that the

The interaction of the laser field with the atomic systemfield amplitude becomes
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T PAN iK¢- (1 +ot) —iK¢-(r+ot) ikp,- (r+ut) d 1 R
E(r.)=e{Ee TEve TEpeT (}1'3) (dt+_ WO(r,t)=i[{2Q cog k- (r +uvt)]ob V* (1 1)
Moving into a rotating frame through the substitutipg, +Qpo)* (1,0}
=0,e ' and p;j=0;; and keeping only the terms that
evolve at frequencies much less than optical frequencies al- —20* cogKy- (r+ut)]oby(r,1)],
lows one to write
. —wW-1 (i+i WD D) =i[2Q cog ks (r+ot)Jal* (1 1)
W= T ﬁ{le E(r 1) 1= 1o E* (1) 0}, dt T, ’ f A
1
(14) —{2Q*cog k- (r+uvt)]ob V(1 ,b)
. 1 i o
0-21_<|A )0-21 hlu‘Zl' E(rvt)W1 +Q*0'<2?_) r t)}]

whereW(r ,t) = p,,— p1; is the difference between the popu- In these eXpreSSionQ:/:;le';Ef_/ﬁ is the Rabi frequency
lation probabilities for the upper and lower states. The deof the system due to the interaction with the pump beam, and

tuning of the laser frequencyy, , from the resonant transi- Qp=,&21. EEp/h is the Rabi frequency of the system due to
tion frequency,w,;, of atoms at rest is given bA=w, the probe beam.

— w,;. We next expand the dipole momenjy(r,t) and the _ The _total timg- and spa.ce—d_epe_ndent macroscopic polar-
population probability difference/(r,t) in a power series in 1zation induced in the medium is given by
the phase term of the probe field, . ) R R
o P(r,t)=NTr(up) =N(m12021+ #21012), (17)
oo ) =0 (r,0) + ol (r,tyelke ey
whereN is the density of the atoms in the interaction region.

In the laboratory frame, the component®fr,t) which ra-
(19  diates into the phase-conjugate wave, is

+ 0_(211)(F,t)efikp-(r+vt),

W(r,t)=WO(r t) + WD (r t)elkp (0D
W D(F e TR (Tron), Pe(r )= 3{P(r,p)ellkrtkokol rmod

' _ B*(r t —i[(Kf+Kp—Kp) T~ t] 18
When we substitute Eq$13) and(15) into (14), and gather o (e ’ } (18

terms according to common powerseafe ("7 we arrive s
at a set of six coupled equations, =N(11,0%; )e'[(k‘+kb_kp)'r_th]+C-C-),(19)
d 1 (0) i (1 0)(r . . L. .
gt _2_'A o (1) =—i{Q cog k- (r+ut) ]WO(r ) whereP, is the phasor amplitude of the polarization density.
In the slowly varying envelope approximation, the wave
+pr(—l>(ﬁt)/2}, (16) equation, which describes the growth of the phase conjugate
beam amplitudekE., becomes

d 1 .
(&+T—2—|A)a(211)(r t)=—i{Q cog k- (r+ot) WO (r 1) dE, ik Ny Y

_ _"C LAk iAK-T
0z~ 2e P.e Ceo e . (20

+0Q WO(r,1)/2},

With careful alignment of the forward and backward pump
beams, the conjugate beam is exactly counterpropagating to

the probe, and the process is phase matchda:(O). Then
E., found by direct integration of Eq20) over the length of
the mediumL, is

d 1 R L. -
(dt+——|A)021 (r,t)=—i1Q cogk;-(r+uvt)]

XWD(r 1),
(r,0)=i[{2Q cog K- (r +ot)]aQ* (r t) ioNpl (oh; ")

Eom— 21

+

d 1
4 (0)
(dt 7, )W

+Qu050* (1,0} o ,
Where(o( )) is the spatially averaged value of the coher-

—{20*cogk;- (r+ Jt)]U(z?(F.t) ence termp( 1 as determined by numerically integrating
Egs. (16). Using the definition of the field attenuation con-
+Qk a(l)(r t)}]— il stant, «g, given by Eg.(2), the phase-conjugate reflectivity

is given by
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iz
QP

le

R:—:
lp

2
(o1 ")

X
2a,l (22) 6 ' g ;

To carry out the integration of Eq&l6), we let the trans-
verse relaxation timél, be equal to twice the population
decay time,T;, consistent with the collision-free trajectories E“‘
of the atomic sodium beam. We choose the time interval in2
the integration to b&,/1000. Longer time intervals start to 24|
adversely affect the numerical integration, while shorter in--2
tervals would unnecessarily lengthen the computation time&
We integrate the optical Bloch equations starting with the 2
Bloch vectoro,;=0 andW=—1, i.e., all the population is
in the lower state, and the dipole moment is zero. We turn on
the field and let the atomic system evolve fofT30n order
to reach equilibrium with the applied optical field.

One check on the validity of the expansion in E¢k)
and of this computational technique is to determine the am-
plitude of the FWM signal for atoms at rest, i.e=0. We . )
can then use the results of Abrams and Lind for a direct F!G- 5. Modulation ofof; " as the atom travels across the
quantitative comparison. Since the pump field creates §ianding-wave pattern formed by the counterpropagating pump
standing-wave pattern in the medium, the evolution of the?®a™s- The intensity of the pump beams corresponds to a Rabi
atomic system depends upon its location within the field. Wedrequency of2=0.17T,. The dot-dashed line is fdt-v=0.2/T5,
therefore carry out the integration at 80 different locationswhile the solid line is fork-v=0.6/T,.
within the standing-wave pattern, spaced X80, for the R o
zero velocity case, and compute$; ) as the simple aver- of time for k-v=0.2/T, (dot-dashed lineandk-v =0.6/T,
age of these 80 values af,,;"). The numerical results, (solid line), andQ=0.1/T, in Fig. 5. This signal takes a few
shown in Fig. 4a) as circles, are in excellent agreement with Cycles to reach steady state, after which it shows sinusoidal
the Abrams and Lind theory for stationary atoms. We adjustodulation at frequency R v about an average nonzero
no parameters for either of the curves shown in Fig. 4. Wdevel. At larger Rabi frequencies, additional Fourier compo-
start to see some anomalies in our results lat npents at higher even multiples &fv show up as well. We
=350 mW/cnt (off scale in Fig. 4, presumably due to the can write the dipole moment as
high Rabi frequency of the pump. This may be due to either
of the two following reasons. The standing-wave pattern of 0 1= g+ o sin(2k- vt + ¢,) + o4SIN(AK- Ut + hg) + - - -,
the electric field is sufficient to strongly saturate the transi- (23
tion of the two-level system everywhere except for the small
volume surrounding the nodes of the electric field. Since thavhere the coefficients; depend upon the velocity of the
maximum FWM signal is generated for-12,, our analysis atoms and the Rabi frequencf),. The phases¢;, depend
of the oscillating dipole at 80 equally spaced locations withinon the starting point for each individual atom, and are ran-
the standing wave may miss some of important contributionslomly distributed over zr.
to the signal. Also, as the Rabi frequency increases, the pe- The radiated signal is proportional to the time-averaged
riod of the rapid oscillation of the Bloch vector may be too square of the spatial average of the dipole moments,
short for the numerical integration to follow. We believe the
former to be the case, as we observe an improvement in the 1 2 2
results when we increase the number of points within the |<0(211)>|2=<— > 0(211)) =< > 9(0)0(211)) ,
standing wave pattern. In either case, we limit the calcula- NV ailatoms v.i
tions of the FWM intensity to pump intensities less than (24

60, @ value well in excess of the intensities we canyyhereg(v) is the distribution function of the transverse ve-
achieve in our experiments. locities, as defined earlier, and the overbar represents the

' For the atoms With nonzero transverse velocity, their mojme average. Since thg are randomly distributed, only the
tion over the standing-wave pattern lets them sample the f“%lverage terms survive. and

range of electric field amplitudes, and we find there is no
need to distinguish between different starting locations (—1n 12
within the standing-wave pattern. Their motion effectively [{o21 )" =
modulates the pump field at a frequenkyo, leading to
periodic evolution of the population differen&’ and the |, Fig. 6, we show a plot of the,, as a function ok-o for

; ; 0 1 ee . "
d'F(’?'S o. Our numerical results show thaty, W%, and  four different values of2T,. At low intensities, the average
W'~ all undergo modulation at odd integer multiples of intensity of the FWM signal drops off rapidly with increas-
k-v, while o7V, of7 ", and W display modulation at ingk.u. As an example, for atoms whose transverse velocity
even integer multiples df-v. We ShOWo'(ZIl) as a function isv=0.2\/27T,, which is only 60 cm/sec for this transition

1k

5 10 15 20
T,

2
> Q(U)Uo(v)) : (25)
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1 g ' g g g g g We also expect that the transverse velocities of the atoms
: ‘ : : can help to explain the small deviation at low intensities
08l between measured linewidths of the FWM spectra and those
expected on the basis of E¢). We have not carried out any
° ; . » . 5 _ calculations to support this claim, but expect that for small
g0.6r p o o \ : : transverse velocity, the atomic response is increased for
) : ‘ : slight detunings of the laser from resonance. Thus the line-
§04 ________________________________________ width of the FWM interaction is increased due to the

Doppler-shifted resonance enhancement of these atoms. At
larger intensities, the atomic response is power broadened,

0.2 and the Doppler shift has little influence on the linewidth.

92 -1.5 -1' -0.5 6 0.5 1 15 2 V. CONCLUSIONS

kvlT2

_ The measurements we have made of the power of the

FIG. 6. _Average value of the coh_erence term that radlates_thq:WM signal as a function of the pump intensity show excel-
phase-conjugate wave,(v) as a function of the transverse atomic |ant gyerall agreement with the Abrams and Lind theory,
\!/)e_:_out.y. The [;ump b:’am field amplitude, shown as the producty,qifiad to include the transverse velocity effects present in

2, IS given for each curve. our atomic beam system. Measurements of the bandwidth of
. . . , the experimental FWM signal agree well with the theoretical
in sodium, the dipole moment that radiates the phasepeqit for large pump intensities, but are slightly greater for
conjugate field is already decreased to 40% of that for th ump intensities less thah,. This we attribute to the
v=0 atoms. Since the full width of the velocity distribution 4;omic velocities as well gtince the Doppler effect will
of the atomic beam is-300 cm/sec, we can see that a Sig-gjightly broaden the spectrum at low intensities, but not at
nificant fraction of the atoms do not contribute to the S'Q”al-high intensities where the atomic response is power broad-
At increased intensity, however, the dipole response of theaq and less dependent on the atomic velocity. We find it
atoms is power broadened, so that atoms with larger veloc,rising that the atomic velocity has such a pronounced
ties can still contribute to the FWM signal. This behavior iS oftect on the saturation characteristic of this interaction.
clearly seen in Fig. 6. In fact, the peak of these curves shiftg,gq agreement between our experimental and numerical
to larger velocities as the intensity is increased. This shifteqits however, is very convincing. These experimental re-
results in a FWM signal in Doppler-broadened media whichg,is provide direct quantitative confirmation of the funda-

is actually increased over that for a zero-velocity medium. o) theory for phase-conjugate four-wave mixing in a
We show the results of Eq§22) and (25) as the dashed resonant absorbing medium.

line in Fig. 4a). We have used a Doppler width of 8 MHz

(FWHM) to best fit our data in this curve. This is somewhat

larger than Fhe 5 MHz width we _detgrmlned by deconvolv_mg ACKNOWLEDGMENTS

our absorption spectrum, but still within a range we consider

reasonable. An 8-MHz Doppler width results in an absorp- We are grateful for a useful conversation with Duncan
tion spectrum whose width is 14.5 MHz FWHM. Factors thatSteel concerning these results, for help from Scott DeMange
could account for this discrepancy includ@: our assump- with fitting the spectra, and for preliminary work at the ini-
tion of a Gaussian shape fg(v) for our calculations(ii)  tiation of this project by Mike Anderson and Ce Chen. This
the uncertainty in the measured width of the absorption speanaterial is based upon work supported by the U.S. Army
trum, and ii) the uncertainty in the FWM peak heights. Research Office under Grant No. DAAH04-95-1-0361. We
Overall, the agreement of the data with the Doppler-modifiecalso acknowledge the support of the NSF in the early stages
curve is very reasonable. of the work carried out at JILA.
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