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Detailed velocity-dependent line shapes for degenerate four-wave mixing spectra
in a two-level atomic system
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We study phase-conjugate degenerate four-wave mixing in an optically pumped, two-level atomic system
~the 3s2S1/2, F52, mF52→3p2P3/2, F53, mF53 transition in a diffuse, collision-free, thermal beam of
sodium!. In this investigation, we study the detailed line shape and strength of the four-wave mixing signal as
a function of the intensity of the cw pump waves, and of the velocity of the atoms. Our technique allows us to
examine the four-wave mixing interaction under conditions in which the Doppler shift, the natural linewidth of
the transition, and the Rabi frequency for the interaction are each comparable with one another. From our
experimental measurements and computational results, we show that the line shapes are very complex in this
regime, and that they depend sensitively upon the atomic velocity, especially in the case when the intensity of
the forward and backward pump beams exceeds the saturation intensity for the transition.
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I. INTRODUCTION

Effects of the velocity of atoms in dilute vapors on the
interactions with optical fields have been studied over
years in a multitude of interactions. In simple absorpti
spectra, for example, the atomic velocity results in an in
mogeneous broadening of the absorption spectrum. In g
eral, to resolve narrow spectral features in the laboratory,
must either~1! decrease the range of velocities present in
atomic ensemble~as in atomic beams or systems of trapp
atoms! or ~2! identify and use an interaction that is esse
tially free of Doppler broadening effects. One such inter
tion that has long been known for producing Doppler-fr
linewidths is phase-conjugate degenerate four-wave mix
~DFWM!. It is perhaps surprising, however, that very litt
attention has been devoted to understanding the detailed
pendence of the DFWM interaction on the atomic veloc
The aim of the present work is to explore these atomic
locity effects, and specifically to determine the DFWM lin
shape and signal strength when the Doppler shift, the nat
linewidth of the transition, and the Rabi frequency for t
interaction are each comparable with one another.

The DFWM interaction has been employed extensively
various gas, liquid, and solid phase media, and has beco
useful tool in numerous applications. One of the more exo
examples of DFWM is optical phase conjugation@1#, i.e., the
generation of a reflected optical wave whose wave fron
matched to that of the incident beam, making possible ap
cations in adaptive optics and image reconstruction@2#. Due
to its high sensitivity, DFWM is used to determine the loc
concentration of species in dilute media@3,4#, and its high
spectroscopic resolution allows for determination of the
tational and vibrational temperatures of many gaseous
dia, such as NO@5# or CH @6#, and of flames@7–9#. The
reflectivity of the DFWM process can be greater than o
@10,11#, forming the basis for the demonstration of
1050-2947/2003/67~6!/063810~13!/$20.00 67 0638
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continuous-wave self-pumped oscillator in an atomic sodi
vapor cell@12#. The DFWM has also been used to measu
directly the relaxation time of molecular reorientation in
liquid crystal @13#, and, in semiconductor media, as a sta
dard tool for measurements ofx (3) andx (5) effects@14,15#.

The line shape for phase-conjugate DFWM in gases
been a long-standing problem. Many studies@16–34# over
the past two and a half decades have been reported in w
the authors have examined the dependence of the DF
spectrum and the maximum reflectivity on such factors as
intensity of the pump beams@16–18#, the asymmetry be-
tween the intensity of the forward and backward pum
beams@16,19–24#, the absorption thickness of the atom
medium@16,25#, the inhomogeneous Doppler broadening
the medium@16,18,20–23,26–32#, the population redistribu-
tion among the various angular momentum components
the lower state@17,25,32#, and the bandwidth of the lase
@33#. Under differing conditions, spectra consisting of fro
one to four peaks have been reported.

The importance of atomic motion for four-wave mixin
spectra in gas phase media has long been recognized, b
analytic solution for arbitrary velocities and for pump bea
intensities exceeding the saturation intensity has not b
discovered. It is well known that in the rest frame of a
atom, which is moving in the direction of propagation of
laser beam, the apparent frequency of the optical field
lower than the frequency in the laboratory frame. Similar
an atom moving counter to the direction of propagation o
laser beam feels the optical field at a higher frequency t
actual. In phase-conjugate four-wave mixing, the atoms
subjected to two counterpropagating pump fields, so tha
atom in motion sees one field Doppler-shifted to a high
frequency and the other shifted to a lower frequency. At l
intensities, the atomic response to either of these field
decreased, and the resulting four-wave mixing amplitude
©2003 The American Physical Society10-1
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small. Only those atoms for whichukW•vW u,G0, wherekW is the

propagation vector of the wave,vW is the atomic velocity, and
G0 is the full width at half maximum~FWHM! of the tran-
sition, participate in the interaction. For this reason, the s
nal generated by the phase-conjugate four-wave mixing
teraction has been termed ‘‘Doppler free.’’~Doppler free in
this context is somewhat different from the same term u
for two-photon absorption. In the latter, the Doppler shift
the two laser beams means that for an atom simultaneo
absorbing one photon from each of the two counterpropa
ing laser fields, the sum of the photon energies is indep
dent of the atomic velocity. Therefore,all atoms can partici-
pate in the Doppler-free two-photon absorption process w
the laser frequency is two-photon resonant, producin
narrow-band absorption resonance.! In 1978, Abrams and
Lind @16# presented a theory of phase-conjugate DFWM
a two-level atomic system. Their results were valid for ar
trarily high intensities of the forward and backward pum
beams, but were limited to stationary atoms. They brie
discussed the role of atomic velocity in this work, but t
first detailed treatment to include velocity effects was tha
Wandzura@26#. His treatment was reported to be valid f
low intensities, and he treated the problem in two extrem
the homogeneously broadened limit~when the natural line-
width is much greater than the Doppler width! and the inho-
mogeneously broadened limit~when the natural linewidth is
much less than the Doppler width!. In the low intensity limit
considered in this work, Wandzura found that the contrib
tion to the DFWM signal by atoms in motion is always le
than that by stationary atoms. He summarized the effec
the homogeneously broadened limit with a veloci
dependent reduction factor for the DFWM reflectivity, a
also predicted the DFWM line shape in the inhomogeneou
broadened limit.

An experiment by Steelet al. @27# provided a test of the
Wandzura theory in the homogeneously broadened limit.
ing the pulsed 10.6-mm output of a variable pulse duratio
CO2 laser, the authors used various combinations of ortho
nal polarizations of the three input beams in order to dis
guish the different contributions to the DFWM signal. Th
motion of the molecules in the SF6 vapor can effectively
wash out population or coherence gratings set up in the
por by its interaction with the input beams, decreasing
magnitude of the four-wave mixing signal. The experimen
results of Ref.@27# were consistent with the predictions o
Wandzura in this limit. Later experiments by Humphr
et al. @28#, in which they measured the DFWM spectrum a
variety of crossing anglesu, between the pump and prob
beams, were in conflict with Wandzura’s predictions. The
experimental results showed the linewidth of the DFW
spectrum to be independent ofu, while the theory predicted
a linewidth that increased with increasing angle.

Steelet al. @29# later reported experiments in which the
examined DFWM in a homogeneously broadened SF6 vapor.
They developed a simplistic model for the effect of the m
lecular velocity, and reported a good agreement between
perimental and theoretical results.

A great deal of attention has been devoted to the stud
06381
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four-wave mixing in the case when one pump beam is str
and the other is weak@20–23#. In this case, it is possible to
find an analytic expression for the spectrum as a function
velocity @21#, and a very good agreement between measu
spectra and theory has been reported for an intense back
pump beam@22,23#. This spectrum exhibits two peaks, sep
rated by a frequency difference in the range of the R
frequency of the interaction of the strong pump beam w
the atom.

Finally, we recently reported@18# our experimental stud-
ies of DFWM with narrow-band cw laser beams in an atom
beam of optically pumped, two-level sodium atoms w
equal intensity pump beams, where the intensity of e
pump beam exceeds the saturation intensity of the transit
The conditions of these measurements approached thos
the fundamental theory presented by Abrams and L
@16,35#. The influence of atomic velocity on these measu
ments was highly evident, even in an atomic beam of r
sonably good collimation.~The weak-field absorption line
widths for the experimental system were 12.5–14.5 MH
only slightly greater than the natural linewidth of theD2
transition in sodium ofDnh5G0/2p510 MHz.! We were
able to calculate the contribution of the sodium atoms
motion by numerically integrating the optical Bloch equ
tions, and found an excellent agreement between nume
results and experiment. Analysis of these measurements
limited by atomic velocity redistribution effects~i.e., the dis-
tortion of the DFWM spectra due to a deflection of th
atomic beam!, as we will describe later in this paper.

In the present study, we measure the DFWM spectrum
a function of pump beam intensity and as a function of
atomic velocity. We measure the latter by varying the cro
ing angle between our laser beams and the atomic beam
measure the DFWM spectrum as a function of pump be
intensity in a manner similar to our previous work@18#, but
we have reduced the above-mentioned distortions assoc
with the deflection of the atomic beam. We use a narro
band, stabilized, cw tunable dye laser as our source, an
optically pumped beam of atomic sodium as our nonlin
medium in order to minimize other effects that might othe
wise mask the effects that we wish to observe. The exp
mental procedures that we follow allow us to closely ma
the conditions assumed in the theories by Abrams and L
@16# and by Wandzura@26#, but allow us to examine thes
effects at intensities exceeding the saturation intensity for
transition, and for atomic velocities leading to Doppler shi
that are comparable to the transition linewidth. We comp
the experimental spectra with the results predicted by di
integration of the optical Bloch equations, showing a ve
close agreement with experimental line shapes as wel
signal strengths.

The following sections are organized as follows. We d
scribe the DFWM experiment in Sec. II, and discuss
results and the numerical simulations of DFWM on
atomic sodium beam in Sec. III. We conclude in Sec. IV.

II. EXPERIMENT

In this section, we discuss the experimental techniq
that we use for measurements of phase-conjugate four-w
0-2
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DETAILED VELOCITY-DEPENDENT LINE SHAPES FOR . . . PHYSICAL REVIEW A 67, 063810 ~2003!
mixing spectra. Three input beams intersect one another
nonlinear medium, producing the phase-conjugate be
through their interaction with the medium. We show a sc
matic representation of the geometry of the input and ou
beams in Fig. 1. The forward and backward pump bea
propagate counter to one another~i.e.,kWb52kW f wherekW f and
kWb are the propagation vectors for the forward and backw
pump beams!, and cross the atomic beam at close to a ri
angle. We assign the anglez as the deviation of this crossin
angle from 90°. A weak probe beam also crosses the ato
beam at the anglez, and propagates at a small angleu with
respect to the forward pump beam. All input laser beams
derived from the same laser source, and are at the s
frequency. The phase-conjugate beam produced through
DFWM interaction propagates in the direction opposite
that of the input probe beam withkW c52kW p .

The conditions assumed in our numerical calculations
this interaction and attained in our experiment are~i! the
nonlinear medium is a closed, two-level system,~ii ! the ef-
fect of inhomogeneous broadening in the nonlinear med
is small, and~iii ! the nonlinear medium is collision free. T
satisfy the first condition, we need to transfer all of the ato
in the atomic beam into a single hyperfine sublevel of
ground (3s2S1/2, F52, mF52) state before they reach th
interaction region. Atoms in the atomic beam still have tra
verse velocities that are responsible for a small, but n
negligible, Doppler broadening, so condition~ii ! is satisfied.
Since the nonlinear medium in this experiment is an ato
beam, condition~iii ! is strictly obeyed.

We show a detailed layout of this experiment in Fig.
The light source from which all beams are derived is a tr
eling wave~ring!, stabilized, tunable, cw dye laser operati
on a Rhodamine 6G jet. We monitor the laser mode wit
2-GHz free spectral range scanning Fabry-Perot interfer
eter, and tune the laser frequency to within 10 GHz of theD2
transition using a wave meter~traveling-arm Michelson in-
terferometer! and to within 1.5 GHz by observing the fluo
rescence from a heated glass sodium vapor cell. The l
width of the laser field isDnL;200 kHz. We drive the
acousto-optic modulator~AOM! at a frequency of 200 MHz
to deflect and frequency shift a portion of the output of t
ring-dye laser, forming what ultimately becomes the th
input beams required for the DFWM interaction. As we d
scribe later, we also use this AOM to chop the intensity
the optical beams. The undeflected beam passes throug

FIG. 1. Wave-vector diagram for the four-wave mixing intera
tion in the phase-conjugate geometry. Counterpropagating p

beams~propagating in directionskW f and kWb52kW f) and a probe

beam (kW p) interact with the nonlinear medium to produce the pha

conjugate beam (kW c52kW p).
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electro-optic modulator, to which we apply a voltage co
posed of two sinusoidal components, one at frequencynm1
~tunable in the range 350–450 MHz! and the second at 1.71
GHz. This beam allows us to transfer nearly all the groun
state population of the atomic sodium into a single magn
component of the ground state, and to control and lock
frequency of the laser,nL , in the vicinity of the atomic tran-
sition frequency. A side band of this circularly polarize
beam at frequencynL1nm1, resonant with the 3s2S1/2, F
52→3p2P3/2, F53 transition, optically pumps the sodium
atoms into a closed, two-level system following the meth
of Grove, Wu, and Ezekiel@36#. A second-order optical side
band at frequencynL1nm111.712 GHz is resonant with the
3s2S1/2, F51→3p2P3/2, F52 transition. This band recov
ers ground-state atoms from the 3s2S1/2, F51 level, allow-
ing them to be active in the DFWM interaction. In order
keep the atoms in the 3s2S1/2, F52, mF52 state as they
travel from the preparation region to the interaction regio
we cancel the earth’s magnetic field and apply an additio
static field of magnitude;500 mG, oriented parallel to the
direction of propagation of the preparation beam. As is st
dard for interactions with circularly polarized beams, w
choose this direction as the quantization axis of our quan
atomic system, and label this theẑ direction. We collect the
fluorescent light emitted from the intersection of this prep
ration beam and the atomic beam, and generate a corre
voltage using the Pound-Drever frequency stabilizat
method@37,38#. We apply the correction voltage to the rin
dye laser frequency control in order to maintain the f
quency nL1nm1 in resonance with the 3s2S1/2, F52
→3p2P3/2, F53 transition.

The laser beam that is deflected by the AOM is reflec
back into the AOM~double-pass configuration! to be dif-
fracted a second time. This double-deflected beam is s

p

-

FIG. 2. Schematic diagram for the phase-conjugate four-w
mixing experiment. Abbreviations in this diagram are used for
the acousto-optic modulator~AOM!, electro-optic modulator
~EOM!, a roof prism~RP!, a rf switch~rf sw.!, optical beam splitters
~BS!, single-mode optical fibers~OF!, the photomultiplier~PMT!, a
personal computer~PC!, polarizers~pol!, and quarter-wave retard
ers (l/4).
0-3
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B. DO AND D. S. ELLIOTT PHYSICAL REVIEW A67, 063810 ~2003!
into three beams before reaching the atomic beam: the
ward pump beam, the backward pump beam, and the p
beam. The frequency of these beams isn5nL1400 MHz.
Since we lock the frequency of the preparation beam,nL
1nm1, to the frequency n12 of the 3s2S1/2, F52
→3p2P3/2, F53 transition, the detuning of the pump an
probe beams from the transition frequency is

D/2p5~nL1400 MHz!2n125400 MHz2nm1. ~1!

By tuning the frequencynm1, we indirectly tune the fre-
quency of the pump and probe beams, thus controllingD.

In order to equalize the optical path lengths of the pu
and probe beams to the atomic beam and to improve t
spatial profiles, we pass each of these beams through sin
mode optical fibers. The optical path lengths are matche
one another to within less than 1 cm, much less than
optical coherence length (l c;c/DnL51.5 km) of the laser
field. We reduce amplitude fluctuations in the transmit
beams by cutting the input surfaces of the fibers at a sl
angle, thus reducing interference effects within the fibers.
further stabilize the probe beam intensity by using an AO
~not shown! and a feedback circuit to control the amplitud
of its rf driving voltage.

The laser beams that emerge from the pump beam fi
are collimated by 203 Leica infinity corrected objective
lenses (N plan!. The laser beam coming out of the prob
beam fiber is focused by a 403 objective lens into the AOM
of the stabilizing network and then focused into the inter
tion region by two long focal length~400 mm and 1000 mm!
lenses. We correct the polarizations of the collimated bea
using half-wave plates before the fibers and polarizers a
the fibers. Two quarter-wave plates, one in the path of
forward pump and probe beams and a second in the pa
the backward pump beam, convert their polarizations fr
linear to circular. We vary the power of the forward an
backward pump beams from 18mW to 3.7 mW, and match
them to within 2% of each other. The power of the pro
beam is fixed at 2mW. The pump and probe beams are ea
in a nearly lowest-order Gaussian mode of radius~defined as
the radial distance at which the intensity drops to 1/e2 of the
on-axis intensity! equal to 1.2 mm and 0.28 mm, respe
tively. We maintain the ratio of these radii so that the inte
sity of the pump beam is relatively constant~less than 10%
variation! over the dimension of the probe beam. The pu
beam intensity ranges from 0.13I s

0 to 25.4I s
0 , whereI s

0 is
the saturation intensity for the transition at the resona
frequency,

I s
05

1

2
e0c

\2g12G0

um12u2
, ~2!

where g12 is the transverse relaxation rate andm12 is the
transition dipole moment. For the transition used in o
work, I s

0 is 6.33 mW cm22. The probe beam intensity i
I probe50.26 I s

0 for all measurements.
The phase-conjugate beam propagates backward alon

direction of the input probe beam. We separate the ph
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conjugate and the input probe beams using a nonpolari
;30% beam splitter, and direct the former onto the pho
cathode of a photomultiplier tube@PMT gain51.93106,
with a 8.5% quantum efficiency#. Alignment of the phase-
conjugate beam onto the detector requires special care in
the phase-conjugate beam is weak~less than 0.1 nW of
power!, and the detection system must discriminate aga
light scattered by the windows from the relatively inten
pump beams. We follow the expected path of the pha
conjugate beam by reflecting the probe beam back onto
self, and reduce the magnitude of the scattered light of
pump beams, which reaches the detector by~i! placing a 1.7
mm diameter aperture in front of the photomultiplier tu
and housing the detector inside an opaque enclosure an~ii !
making the crossing angleu between the forward pump
beam and the probe beam as large as 1.8°. At this ang
separation, the spacing between the centers of the probe
forward pump beams at the window of the vacuum system
5.5 mm, allowing the spatial aperture in front of the detec
to significantly reduce this noise.

The vacuum system is divided into two chambers, o
containing the sodium oven and the other the interaction
gion. We pump these two chambers with a single diffus
pump. When the stainless steel oven is at room tempera
the oven chamber reaches an ultimate pressure of abo
31027 torr. When we heat the oven, sodium atoms esc
through a 1.7-mm-diameter nozzle. An aperture in the cha
ber wall that separates the oven and interaction chamb
located 367 mm from the oven nozzle, defines the collima
atomic beam in the interaction region. We use two differe
apertures in this experiment, one of diameter 3.8 mm and
other of 1.7 mm. In order to reduce the number of sodi
atoms diffusing into the interaction chamber from the ba
ground vapor in the oven chamber, we wrap cold-water c
per tubing around the oven chamber to help condense
collect these sodium atoms.

The characterization of the velocity distribution of th
atomic beam is important for this study. For atoms in
effusive beam, the average kinetic energy per atom is@39#

K mv2

2 L 52kBT, ~3!

wherem is the atomic mass,kB is the Boltzmann constant
and T is the oven temperature. At an oven temperature
300°C, as we use in our experiment, this yields a root-me
square velocity of̂ v& rms59.13104 cm/sec. The peak of the
velocity distribution occurs atvpeak57.93104 cm/sec.

The atomic beam is also characterized by its distribut
of velocities in the direction transverse to the atomic be
axis. This distribution is due to the finite size of the ov
nozzle and the atomic beam aperture, and results in a
sidual Doppler broadening of the absorption spectrum of
sodium atoms even when the crossing anglez is zero. We
measure absorption spectra of the atomic beam at var
crossing angles in order to determine the mean longitud
velocity v̄z , i.e., the velocity component parallel tokW f , and
the width ~FWHM! of the velocity distribution,Dvz . For
0-4
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TABLE I. The peak velocityv̄z , the width of the velocity distributionDvz , and the Doppler shift

n12v̄z /c, as a function of crossing anglez, as determined from weak-field absorption spectra. These pa
eters are used to calculate the DFWM spectra shown in Figs. 5 and 6, with the various spectra in these
identified by the labels in column five. The scaling factors in columns six and seven are the only adju
parameter used to match theory to the experimental measurements in Figs. 5 and 6, respectivelyz
50.0 data was taken as a separate dataset with a smaller atomic beam aperture from that of the re
data. The oven temperature and the beam alignment may vary slightly, resulting in a different scaling
of set ~a! from that for sets~b!–~f!.

Scaling factor

z ~mrad! v̄z ~cm/sec! Dvz ~cm/sec! n12v̄z /c ~MHz! Figure I pump516.5 I s
0 I pump56.35 I s

0

0.0 0 620 0 5~a!,6~a! 0.98 0.99
0.59 40 705 0.7 5~b!,6~b! 0.57 0.94
1.76 115 715 2.0 5~c!,6~c! 0.62 0.92
4.10 310 740 5.3 5~d!,6~d! 0.65 1.00
8.78 650 820 11.0 5~e!,6~e! 0.57 1.03

13.46 1000 940 17.0 5~f!, 6~f! 0.61 0.90
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each crossing angle, we fit the Doppler-broadened line-sh
function to the following form:

g~n!5E
2`

`

P~vz!g~vz ,n!dvz , ~4!

whereg(vz ,n) is the homogeneous absorption spectrum
a particular group of atoms of velocityvz ,

g~vz ,n!5
Dnh

2p@~n2n122n12vz /c!21~Dnh/2!2#
, ~5!

andP(vz) is the velocity distribution function,

P~vz!5A4 ln 2

p

1

Dvz
expF24 ln 2S vz2 v̄z

Dvz
D 2G . ~6!

We determine the peak velocity and the FWHM of t
atomic velocity distribution that best fits the calculated a
sorption spectrum to each measured absorption spect
Because of the broad distribution of velocities in the ax
direction of the atomic beam, the FWHM of the veloci
distribution changes as a function of the crossing angle.
fit v̄z to a linear function ofz andDvz to a quadratic form,
and use these atomic velocities and widths to calculate
four-wave mixing spectra. Values ofv̄z(z) andDvz for sev-
eral angles ofz are listed in Table I. The former are close
vpeak3z.

The peak amplitude of the weak-field absorption in t
interaction region of our atomic beam is 8–9 % when us
the 1.7-mm-diameter aperture, and 9–10 % for the 3.8-
aperture. This corresponds to an attenuation factor, 2a0L, of
0.128 and 0.153 for the two atomic beam apertures, res
tively, wherea0 is the field attenuation constant for statio
ary atoms,
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N is the atomic beam density, andL is the absorption length
i.e., the diameter of the atomic beam. Unfortunately, the p
cision of our measurements of the absorption thickness of
atomic beam is limited, in that it was necessary to mod
our apparatus between our measurements of the weak-
absorption and our measurements of the DFWM spec
Thus, our peak absorption measurements are limited by s
factors as the reproducibility of the oven temperature. T
attenuation factor that we measure is roughly consis
~within a factor of 2! with our estimate of the produc
NsabsL, where the atomic beam density isN52.8
3108 cm23 and sabs51.6631029 cm2 is the absorption
cross section.

During the course of these measurements, we determ
that the DFWM spectra that we were measuring were hig
susceptible to atomic recoil effects as the atoms absorb l
from the forward and backward pump beams. To underst
this, consider an atom whose velocity has a small compon
in the 1 ẑ direction ~i.e., parallel tokW f of the forward pump
and counter to that of the backward pump!. When the laser
frequency is tuned slightly below the transition frequen
atoms absorb light from the forward pump beam at a low
rate than they do from the backward pump. The net mom
tum transferred to atoms, therefore, tends to reducevz , and
bend the atomic beam to a direction more nearly perpend
lar to kW . On the other hand, when the laser is tuned to
frequency greater than the transition frequency, the atoms
more likely to absorb from the forward pump beam, and
momentum transferred to the atoms tends to increasez. In
the latter case, the beam deflection effect tends to fur
increase the asymmetry in the rate of absorption from
two laser beams, and the recoil effect is enhanced. For
laser beam dimensions and atomic velocities of our exp
ment, the atoms spend about 50 lifetimes in the pump be
before they enter the probe beam. Since the atomic velo
0-5
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B. DO AND D. S. ELLIOTT PHYSICAL REVIEW A67, 063810 ~2003!
distribution can be significantly altered in as few as 10–
absorption events (vz changes by 3 cm/sec for each abso
tion event, with a corresponding Doppler shift of 50 kHz!,
and the DFWM interaction is very sensitive to the atom
velocity, this recoil effect can significantly distort th
DFWM spectra.

As a remedy for this atomic recoil effect, we chop t
probe and pump beams by controlling the amplitude of th
signal that drives the AOM. The period of the cycle
20 msec and its duty cycle is 50%. The rise time for t
pump and probe beams is;25 nsec. During the 10msec,
interval, during which the pump and probe beams are off,
atoms completely traverse the pump beam region. We t
repeat the cycle with a fresh group of atoms.

We amplify, display, and record the photomultiplier cu
rent with an electronic amplifier (gain5650, input
impedance550V, and bandwidth50250 MHz) and a digi-
tizing plug-in card @100 MS/s sampling rate, inpu
impedance550V, and bandwidth50 –100 MHz] in a labo-
ratory PC. We show a typical trace of the four-wave mixi
signal created for one pulse of the pump and probe beam
Fig. 3~a!. The pump and probe beams turn on at about
51900 nsec. At this intensity (I pump516.5I s

0) and detuning
(D/2p58.8 MHz), only three four-wave mixing photon
were detected in the period shown. The average integr
area under each photocurrent pulse is about 10.0 V nsec

We accumulate the DFWM signal by repeating this cy
for 10 000 pulses of the pump and probe beams. We sho
typical trace of this accumulated signal in Fig. 3~b!. We see
an initial transient response in the first 100 nsec after

FIG. 3. The oscilloscope trace of the DFWM signal correspo
ing to ~a! a single cycle of the chopped beams, and~b! an accumu-
lation of 10 000 wave forms similar to~a!. The pump and probe
beams turn on att51900 nsec. The vertical dashed lines in~b!
indicate the time window within which we average to determine
DFWM signal strength.
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fields turn on, after which the DFWM signal settles to
relatively constant value. Our numerical simulations, wh
we will describe later, show that the transient response of
atom is a damped oscillation at a frequency of about
MHz. ~The Rabi frequency of the Bloch vector due to t
interaction of the atom with asingle pump beam is 28.6
MHz.! When convolved over the 17-nsec duration of a sin
photoelectron pulse, the computed transient response is s
lar to that seen betweent51.9 msec andt52.0 msec in Fig.
3~b!. Oscillation of the DFWM signal at the Rabi frequenc
itself is not observed here, since the photoelectron pulse
ration is comparable to the period of oscillation. On a long
time scale of a few microseconds, the signal in Fig. 3~b!
shows a 10% decrease. This change is due to the ato
recoil effect, and its magnitude and sign depend upon
detuning of the laser frequency from the transition frequen
and on the pump beam intensity. By limiting our data colle
tion to the period from 2.00 to 2.20msec on this trace, we
reduce the influence of the recoil effect on our DFWM spe
tra. In Fig. 4, we show two DFWM spectra derived from
single series of accumulated waveforms like those show
Fig. 3~b!. In Fig. 4~a!, we used the DFWM signal only within
the 200-nsec window, as described. In Fig. 4~b!, we used the
later DFWM signal from t53.0 msec until t54.0 msec.
This signal is produced by atoms that have been in the
tense pump beams for 1 –2msec, and the spectrum is ther
fore distorted by atomic recoil effects. The key signature
this effect is the dip on the high frequency side of the sp
trum. One can also observe a slight enhancement of the
nal on the low frequency side. All spectra reported in th
study are based upon the short~200-nsec! window of inte-
gration, and the effects of the atomic recoil are thus mi
mized.

III. RESULTS AND DISCUSSION

We have measured and recorded degenerate four-w
mixing spectra at a variety of atomic velocities using tw

-

e

FIG. 4. DFWM spectra atz50.0 andI pump516.5 I s
0 , derived

from a single series of accumulated wave forms like that shown
Fig. 3~b!. The spectrum in~a! was collected in the temporal window
between 2.0 and 2.2msec, while that shown in~b! used the later
window from t53.0 to t54.0 msec. The distortion of the DFWM
spectrum is considerably reduced by chopping the pump and p
beam intensities and limiting our data collection to the 200 n
window.
0-6
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DETAILED VELOCITY-DEPENDENT LINE SHAPES FOR . . . PHYSICAL REVIEW A 67, 063810 ~2003!
FIG. 5. DFWM spectra at vari-
ous atomic velocities withI pump

516.5 I s
0 . The Rabi frequency at

this intensity is 28.6 MHz. The
mean Doppler shift due to the
atomic velocity, as shown in eac
figure by the vertical dashed-do
line, is ~a! 0 MHz, ~b! 0.7 MHz,
~c! 2.0 MHz, ~d! 5.3 MHz, ~e!
11.0 MHz, and~f! 17.0 MHz. See
Table I for the crossing angle

mean velocity v̄z , Dvz , and a
multiplicative scaling factor of the
order of unity, which produces the
best fit of the theory to the experi
mental spectra for the curve
given in these plots.
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pump intensity levels,I pump516.5 I s
0 and I pump56.35 I s

0 .
For each crossing anglez, we scan the pump and prob
frequency from250 MHz to 50 MHz with respect to the
resonance frequency, and record the power of the ph
conjugate beam as a function of the optical frequency.
show the four-wave mixing spectra for six of these measu
ments atI pump516.5I s

0 in Fig. 5. The data points in eac
spectrum represent the experimental measurements, w
the solid curve is the result of our computations, to be
plained later. We indicate the Rabi frequency due to the
teraction of the atoms with one pump beam~28.6 MHz! by
vertical dotted lines, and the average Doppler shift, rang
from 0 MHz to 17.0 MHz in our experiment, by the vertic
dot dashed lines. We calibrate the optical power of the pha
conjugate beam using an optical power meter and a serie
neutral density filters.

In Fig. 5~a!, the atomic beam and the probe and pum
beams cross each other at 90°, i.e.,z50.0, and the atomic
beam aperture diameter is 1.7 mm. The DFWM spectrum
nearly symmetric with respect to the laser detuning fr
resonance, and has a shoulder on either side of the reson
The FWHM of the atomic velocity distribution at this ang
and beam geometry isDvz5620 cm/sec, corresponding to
Doppler frequency width ofn12Dvz /c510.5 MHz.

The plots shown in Figs. 5~b!–5~f! show the results as w
varied the crossing angle of the laser beam and atom be
In each case shown,v̄z is positive. Overall we recorded spe
tra at a total of 12 positive angles and 12 negative angles.
see enhancement of the signal for positive laser detuni
where the Doppler shift effectively tunes the forward pum
and probe beams closer to resonance with the transition
quency. Similarly, we observe a dip in the DFWM spectru
corresponding to the detuning at which the backward pu
06381
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beam is Doppler shifted close to resonance with the tra
tion. The diameters of the oven nozzle and atomic be
aperture are 1.7 mm and 3.8 mm, respectively, for these d
leading to a larger atomic beam divergence than was pre
for the data shown in Fig. 5~a!.

In order to compute the DFWM spectra shown in Fig.
we use the theoretical approach described in Ref.@18#. This
approach uses the optical Bloch equations to describe
time evolution of the elements of the density matrixr of the
atomic two-level system. This approach is very similar
that used by Luchtet al. @31#, except their source was
nanosecond pulsed laser. When the intensity of the pr
beam is much less than the saturation intensity for the tr
sition, but that of the pump beams is arbitrary, we can
pand the coherence terms21(rW,t)5r21(rW,t)eivt and the
population probability differenceW(rW,t)5r222r11 in a
power series in the phase term of the probe field:

s21~rW,t !5s21
(0)~rW,t !1s21

(1)~rW,t !eikW p•(rW1vW t)

1s21
(21)~rW,t !e2 ikW p•(rW1vW t),

W~rW,t !5W(0)~rW,t !1W(1)~rW,t !eikW p•(rW1vW t)

1W(21)~rW,t !e2 ikW p•(rW1vW t). ~8!

The components21
(21)(r ,t) is the amplitude of the element o

the dipole term that radiates the phase-conjugate field. T
expansion, after being plugged into the Bloch equatio
yields a set of six coupled equations for the coherence
population difference terms,
0-7
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S d

dt
1

1

T2
2 iD Ds21

(0)~rW,t !52 i @V cos„kW f•~rW1vW t !…W(0)~rW,t !

1VpW(21)~rW,t !/2#,

S d

dt
1

1

T2
2 iD Ds21

(1)~rW,t !52 i @V cos„kW f•~rW1vW t !…W(1)~rW,t !

1VpW(0)~rW,t !/2#,

S d

dt
1

1

T2
2 iD Ds21

(21)~rW,t !52 iV cos„kW f•~rW1vW t !…

3W(21)~rW,t !,

S d

dt
1

1

T1
DW(0)~rW,t !5 i @~2V cos„kW f•~rW1vW t !…s21

(0)* ~rW,t !

1Vps21
(1)* ~rW,t !!

2~2V* cos„kW f•~rW1vW t !…s21
(0)~rW,t !

1Vp* s21
(1)~rW,t !!#2

1

T1
,

S d

dt
1

1

T1
DW(1)~rW,t !5 i @~2V cos„kW f•~rW1vW t !…s21

(21)* ~rW,t !

1Vps21
(0)* ~rW,t !!

22V* cos„kW f•~rW1vW t !…s21
(1)~rW,t !#,

S d

dt
1

1

T1
DW(21)~rW,t !5 i @2V cos~kW f•„rW1vW t !…s21

(1)* ~rW,t !

2~2V* cos„kW f•~rW1vW t !…s21
(21)~rW,t !

1Vp* s21
(0)~rW,t !!# ~9!

In these expressions,V5mW 21• êEf /\ is the Rabi frequency
of the system due to the interaction with a single pu
beam,Vp5mW 21• êEp /\ is the Rabi frequency of the syste
due to the probe beam,T25g12

21 is the coherence lifetime
~32 nsec!, andT15G0

21 is the population lifetime~16 nsec!.
We numerically integrate Eqs.~9!, starting with the initial

conditions ofW(0)521, and all other terms equal 0, att
50. After a brief transient response due to the fields turn
on, each of the coherence amplitudes and population am
tudes settles into a steady-state behavior consisting of a
term and terms oscillating at the frequencykW•vW and its har-
monics. To compute the phase-conjugate amplitude, we i
grate the contribution of all the atoms radiating into th
beam throughout the interaction region. Since atoms are
tributed evenly throughout the standing wave pattern of
laser beams, the phases of the sinusoidal terms for diffe
06381
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atoms are random, and only the d.c. part ofs21
(21) contributes

to the total DFWM amplitude. We add the complex DFW
field amplitudes computed for different values of the atom
velocity, weighted by the probability distribution of th
atomic velocity in the atomic beam, Eq.~6!, using values of

v̄z and Dvz presented in Table I. We calculate the DFW
spectrum using@18#

R5
I c

I probe
5U2a0L

g12

Vp
^s21

(21)&U2

, ~10!

where I c is the intensity of the conjugate beam. The on
parameter that we adjust in order to optimize the agreem
of the computed spectra with the measured spectra is a
tiplicative scaling factor. We list these factors for the spec
shown in Fig. 5 in column six of Table I. Within the unce
tainty in the atomic beam density, this factor is consist
with unity and varies by68% over the various spectr
within a given dataset@rows ~b!–~f! in Table I#. The values
of this scaling factor can vary from day to day as the ov
temperature and the beam alignment may differ sligh
Since thez50 data was taken as a separate dataset wi
smaller atomic beam aperture from that of the remain
data, the difference in the scaling factors for this datase
comparison with the others is not surprising. The agreem
between theoretical and experimental results is very go
with some deviation as observed in Figs. 5~c! or 5~d!.

The DFWM spectra that we collected at negative cross
angles,z,0, correspond to an atomic velocity that has
positive component in the direction of the backward pum
and phase-conjugate signal beams, such that the frequen
these beams is Doppler shifted to the red. Conversely,
frequency of the forward pump and probe beams is b
shifted. A spectrum at a negative angle should be the mi
image of a spectrum of a positive angle scan of the sa
magnitude, inverted with the respect toD50. In these scans
the pump intensity, the probe intensity, and the sizes of
oven nozzle and atomic beam aperture are each uncha
from the values we used for positive crossing angles. We
not show these spectra here, but the agreement betwee
theoretical and experimental results is also very good.

We also measured DFWM spectra at the lower pump
tensity I pump56.35I s

0 . We recorded the spectra at a total
15 crossing anglesz, including both negative and positiv
angles.I probe and the diameters of the nozzle and atom
beam aperture have the same values as for the higher in
sity measurements. The Rabi frequency for this pump be
intensity is 17.7 MHz. We show six of these spectra, ea
corresponding to different atomic velocities, in Fig. 6. T
agreement between the theoretical and experimental sp
is again uniformly very good. As with the higher intensi
spectra, the only adjustable parameter to fit the compu
spectra to the measured spectra is another scaling fa
listed in column seven of Table I. These factors vary
68% for all of the different spectra we collected in th
series @excluding Fig. 6~a! which was part of a different
dataset#. The scaling factors for these spectra differ som
what from those for the higher intensity data, but are con
tent within the uncertainty of the atomic beam density.
0-8
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DETAILED VELOCITY-DEPENDENT LINE SHAPES FOR . . . PHYSICAL REVIEW A 67, 063810 ~2003!
FIG. 6. DFWM spectra at vari-
ous atomic velocities withI pump

56.35 I s
0 . The Rabi frequency at

this intensity is 17.7 MHz. The
mean Doppler shift due to the
atomic velocity, as shown in eac
figure by the vertical dashed-do
line, is ~a! 0 MHz, ~b! 0.7 MHz,
~c! 2.0 MHz, ~d! 5.3 MHz, ~e!
11.0 MHz, and~f! 17.0 MHz. See
Table I for the crossing angle

mean velocity v̄z , Dvz , and a
multiplicative scaling factor of the
order of unity, which produces the
best fit of the theory to the experi
mental spectra for the curve
given in these plots.

FIG. 7. DFWM spectra illus-
trating the significance of even
narrow distribution of atomic ve-
locities. The pump intensity is~a!
I pump50.13 I s

0 ~b! I pump

51.27 I s
0 , ~c! I pump53.81 I s

0 , ~d!
I pump56.35 I s

0 , ~e! I pump

516.5 I s
0 , and ~f! I pump

525.4 I s
0 . In each plot, the data

points represent the experiment
measurements, the solid line rep
resents the computational resu
based upon a distribution of ve
locities with n12Dvz /c
510.5 MHz, and the dot-dashe
line represents the spectrum e
pected when all atoms are station
ary.
063810-9
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B. DO AND D. S. ELLIOTT PHYSICAL REVIEW A67, 063810 ~2003!
this lower pump intensity, the power broadening effect
decreased in comparison with the previous series. The se
tivity of the DFWM spectrum on atomic velocity is als
diminished, presumably because we have fewer contr
tions from the higher velocity atoms to the total four-wa
mixing signal.

We have also recorded a series of DFWM spectra a
function of the intensity of the pump beams, taken at rig
angles~i.e., v̄z50). In Fig. 7, we show six such spectra wi
the pump intensity ranging fromI pump50.13 I s

0 to I pump

525.4 I s
0 . In all, we recorded 17 spectra in this range.

these plots, the data points represent the measured DF
signal, while the lines are computed results. The solid li
are derived from the spectra calculated from Eq.~10!, using
2a0L50.124, and̂ s21

(21)& as determined through numeric
integration of Eqs.~9!, as described earlier. The mean scali
factor that best fits these computed spectra to the meas
ments is 1.01, with a standard deviation of 0.05. We us
Gaussian atomic velocity distribution with zero mean an
FWHM of Dvz5620 cm/sec, corresponding to the 1.7-m
atomic beam aperture.

We also show in this figure~as the dot-dashed line! the
result expected if all atoms were stationary, using@18#

R5S 2a0L
I pump

I s
0 D 2H g12

2

D21g12
2 ~114I pump/I s

0!
J 3

. ~11!

These zero-velocity spectra are poor fits to the measurem
in two respects.~1! The shapes of these computed spec
have no shoulders, and do not agree well with the meas
spectra.~2! The amplitudes of the computed spectra are
large, and must be reduced by factors of 2–4 in order
match the peak values of the measurements. The cu
clearly show that inclusion of the divergence of the atom
beam is necessary for accurately calculating these DFW
spectra.

In Fig. 8, we show the peak power of the phase-conjug
beam and the linewidth of its spectrum, as determined fr
plots in Fig. 7 and others like these. The data points indic
the experimental measurements. We also show comp
curves for the peak power and linewidth for stationary ato
~dot-dashed line! and for atoms with a distribution of veloci
ties corresponding to our atomic beam~solid line!. At each
intensity, we computed the peak DFWM signal numerica
to produce the solid curve in Fig. 8~a!. The stationary-atom
result is a plot using Eq.~11!. For the plots of the linewidths
the solid line is the result of computing the full spectrum
six different intensities, measuring the linewidth of the co
puted spectra and fitting a smooth curve to these meas
ments. The stationary-atom linewidth shown as the d
dashed line is a plot of the analytic expression@18#

DnFWM5~g12/p!A~A3 221!~114I pump/I s
0!. ~12!

The data clearly is better represented by the computat
that include the velocity distribution. The peak amplitu
data probably fits better than we should reasonably exp
considering the uncertainty in the density of the atom
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beam, and thus in 2a0L. The comparison between exper
mental and theoretical linewidths is unaffected by the unc
tainty in 2a0L.

We can begin to understand the spectra shown in Figs
6, and 7 by examining computed DFWM spectra for t
different velocity groups that contribute to this signal. In F
9, we show the computed spectra for atoms whose veloci
0 cm/sec~solid line!, 100 cm/sec~dot-dashed line!, 300 cm/
sec~dashed line!, and 500 cm/sec~dotted line!, whereI pump

516.5 I s
0 . These velocities correspond to Doppler shifts

0, 1.7 MHz, 5.1 MHz, and 8.5 MHz, respectively. The spe
trum for the zero-velocity atoms is completely symmetric,
expected. As the velocity of the atoms increases, the s
trum becomes asymmetric, and actually becomes narro
and higher than the zero-velocity peak for small posit
detunings. The peak DFWM signal corresponds to the c
when the forward pump beam is effectively closer to re
nance than the backward pump beam~but noton resonance!.
We also note a dip developing on the negative detuning s
The spectrum for the atoms whose velocity is2vz is the
mirror image of the spectrum for the1vz atoms. At these
low velocities, the line shapes are complex and we can
identify any specific spectral features atD56un12vz /cu.
When a distribution of velocities is present, as in our expe
ment, the enhanced peaks due to these low-velocity at
combine to give a narrow peak at the center, while the ze
velocity atoms contribute most strongly to the shoulders
the net spectrum, as seen in Fig. 7.

We show a series of computed DFWM spectra for high
velocity atoms in Fig. 10. The pump laser intensity for the

FIG. 8. Peak DFWM power and linewidth~FWHM! of the
DFWM spectrum. The experimental measurements are given by
data points, the solid line represents the computed results, inclu
the effects of the atomic motion, and the dot-dash lines are valid
stationary atoms.
0-10



s

z,
t
e

ra
ra
if
.8

hift

ble
ectra

oc-
an
ap-

un-
m
the
the
wn
M
at

the
re-
ects
in-

se
ro-

n a
f the

he
ncy
. In

e,
ve
t-

is

mic
by
the

e-
uted
op-
tic
r-

ob-
y is
ve
ic

.6
se
of
to

e
ilar

e-

s
.5

ic

z
is

.

DETAILED VELOCITY-DEPENDENT LINE SHAPES FOR . . . PHYSICAL REVIEW A 67, 063810 ~2003!
spectra isI pump516.5 I s
0 , as before. The atomic velocitie

are 1500 cm/sec~solid line!, 1800 cm/sec~dot-dashed line!,
2200 cm/sec~dashed line!, and 3000 cm/sec~dotted line!,
corresponding to Doppler shifts of 25.4 MHz, 30.6 MH
37.4 MHz, and 50.9 MHz, respectively. We are unable
produce laboratory measurements for comparison with th
computed spectra, as the geometry of our vacuum appa
does not allow us to use crossing angles larger than 14 m
~The crossing angles required to attain these Doppler sh
at the peak velocity of our atomic beam, would be 19.0, 22
27.8, and 38.0 mrad, respectively.! Still, these computed

FIG. 9. Computed DFWM spectra for four different atomic v
locities:~solid line! 0 cm/sec,~dot-dashed line! 100 cm/sec,~dashed
line! 300 cm/sec, and~dotted line! 500 cm/sec. These velocitie
correspond to Doppler shifts of 0, 1.7 MHz, 5.1 MHz, and 8
MHz, respectively. The pump intensity isI pump516.5 I s

0 , corre-
sponding to a Rabi frequency of 28.6 MHz.

FIG. 10. Computed DFWM spectra for four different atom
velocities:~solid line! 1500 cm/sec,~dot-dashed line! 1800 cm/sec,
~dashed line! 2200 cm/sec, and~dotted line! 3000 cm/sec. These
velocities correspond to Doppler shifts of 25.4 MHz, 30.6 MH
37.4 MHz, and 50.9 MHz, respectively. The pump intensity
I pump516.5 I s

0 , corresponding to a Rabi frequency of 28.6 MHz
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spectra are insightful. At these velocities, the Doppler s
exceeds the natural linewidth of the transition~10 MHz!, and
the spectrum resolves itself into a pair of distinguisha
features. The largest feature that we observe in these sp
is a peak at negative detunings~for positive velocity atoms!,
in contrast to the low-velocity case where the maxima
curred at positive detunings. For Doppler shifts greater th
twice the Rabi frequency, this peak occurs at a detuning
proaching the Doppler shift,D;2n12vz /c, and its magni-
tude decreases with increasing Doppler shift. At this det
ing D, the effective frequency of the backward pump bea
and the phase-conjugate beam is nearly resonant with
transition. This peak becomes especially interesting when
Doppler shift is comparable to the Rabi frequency, as sho
by the dot-dashed line in Fig. 10. In this case, the DFW
signal is exceptionally large, and the frequency detuning
which the peak signal occurs~18 MHz! is significantly less
than the Doppler shift~30.6 MHz!. We believe that this en-
hancement is likely associated with a resonance between
Doppler-shifted optical frequencies and the transition f
quency between dressed states of the atom. Similar eff
have been discussed in the context of DFWM with one
tense pump beam and one weak pump beam@19–23#, for
four-wave mixing in self-trapped filaments of light@34#, and
for nearly degenerate four-wave mixing with two inten
pump beams@24#. The dressed states of an atom in a bich
matic laser field were treated theoretically by Agarwalet al.
@40# in a different context. These authors showed that, i
specialized case, the dressed states of the atom consist o
atomic states with energy ‘‘sidebands’’ to either side of t
resonance at a frequency spacing of one-half the freque
difference between the two components of the laser field
the rest frame of the atom, this is the Doppler shift,n12vz /c.
Another way to picture this system is in the laboratory fram
in which the atom is traveling through the standing-wa
pattern of periodicityl formed by the two counterpropaga
ing pump beams. The atom in the standing wave field
modulated at a frequencyvz /l ~i.e., the Doppler shift!, add-
ing energy sidebands at this frequency interval to the ato
internal energy. With the manifold of states introduced
this sideband structure, it becomes plausible that, under
right conditions, the frequenciesD2n12vz /c and D
1n12vz /c are simultaneously resonant with transitions b
tween internal states and sidebands. From our comp
spectra, it appears that the condition for this is that the D
pler shift is comparable to the Rabi frequency. An analy
treatment of this interaction would aid greatly in the inte
pretation of these results.

Another way to visualize the enhancement that we
serve when the Doppler shift is close to the Rabi frequenc
presented in Fig. 11, where we plot the maximum four-wa
mixing signal strength computed as a function of the atom
velocity when the intensity of the pump beam isI pump

516.5 I s
0 , with a corresponding Rabi frequency of 28

MHz. The peak contribution to the signal is by atoms who
velocity is 1780 cm/sec, corresponding to a Doppler shift
30.2 MHz. Secondary peaks at velocities corresponding
Doppler shifts of 20.5 MHz, 10.2 MHz, and 1.7 MHz ar
also observable in this figure. We have computed sim

,
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curves at lower intensities, and observe the signal enha
ment when the Doppler shift and the Rabi frequency
nearly equal in each case. The frequency at which this m
mum signal appears is a function of the pump beam inten

Finally, we plot in Fig. 12 several DFWM spectra at d
ferent intensities of the pump beam. The velocity of the
oms in each curve is 4000 cm/sec, corresponding to a D
pler shift of 67.9 MHz. The pump beam intensity for ea
line is I pump516.5 I s

0 ~solid line!, I pump53.16 I s
0 ~dot-dashed

line!, I pump51.0 I s
0 ~dashed line!, andI pump50.25 I s

0 ~dotted
line!. For each of these spectra, the Doppler shift is gre
than the Rabi frequency~28.5 MHz, 12.6 MHz, 7.1 MHz,
and 0.4 MHz, for the four intensities, respectively!. The
spectrum for the highest pump intensity shows a large m
mum nearD52n12vz /c and a smaller feature with the di
in the center nearD51n12vz /c. As the intensity of the
pump is decreased, however, the magnitude of the peak
D52n12vz /c decreases monotonically, and its peak f
quency shifts closer to2n12vz /c, presumably because th
dressed state energies asymptotically approach the bare
energies. The shape of the feature atD51n12vz /c changes
significantly, approaching a single peaked structure, but
tains nearly the same amplitude. At the lowest pump int
sity shown in this figure, the peaks atD56n12vz /c are
nearly of the same shape, but differ in magnitude by a fac
of 2. This low intensity spectrum can be justified in a thir
order perturbation picture, in which the DFWM signal
enhanced by a resonance with the backward pump and s
beams atD52n12vz /c, and to a lesser degree, a resonan
with the forward pump and probe beams atD51n12vz /c.

IV. CONCLUSIONS

We have studied detailed line shapes for DFWM spec
in a two-level atomic system. In particular, we have exa
ined the dependence of the phase-conjugate signal on p

FIG. 11. The maximum DFWM signal strength vs atomic v
locity. The intensity of the pump beam for this plot isI pump

516.5 I s
0 , with the Rabi frequency at this intensity is 28.6 MH

The peak contribution to the signal is by atoms whose velocity
1780 cm/sec, corresponding to a Doppler shift of 30.2 MHz.
06381
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beam intensity and atomic velocity for the case when
intensities of the two pump beams are equal, and they exc
the saturation intensity. In our studies, the Doppler shift,
Rabi frequency, and the natural linewidth of the transition
all comparable with one another. Agreement between m
sured spectra and numerical results is very good.

For Doppler shifts smaller than or comparable to the na
ral linewidth of the transition, and for pump beam intensiti
greater than the saturation intensity, we show, through
periments and numerical results, that the DFWM line sha
are very complex, and that the maximum DFWM signal o
curs for detunings such that the Doppler-shifted frequency
the forward pump beam is closer to resonance than tha
the backward pump beam. These line shapes vary rap
with changes in the atomic velocity. Our numerical resu
tell us that at larger Doppler shifts, the DFWM spectru
reduces to two spectral features, a large peak when the b
ward pump beam is near resonance, and a smaller, m
complex feature, when the forward pump beam is near re
nance. The velocity of the atoms that contribute m
strongly to the DFWM signal corresponds to a Doppler sh
that is close to the pump Rabi frequency for the interacti
This suggests that resonances of all four beams with tra
tions between dressed states of the system may play an
portant role. While our numerical DFWM spectra bas
upon the optical Bloch equations are in an excellent agr
ment with our experimental results, an analytic treatmen
this problem would clearly help in interpretation of the spe
tra and in understanding the role of dressed state resona
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FIG. 12. DFWM spectra for four different pump laser intens
ties. The Doppler shift is 67.9 MHz for each. The pump intensity
~solid line! I pump516.5 I s

0 , ~dot-dashed line! I pump53.16 I s
0 ,

~dashed line! I pump51.0 I s
0 , and~dotted line! I pump50.25 I s
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