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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 3°S,),, F=2, me=2—3p?P,,, F=3, me=3 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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[. INTRODUCTION continuous-wave self-pumped oscillator in an atomic sodium
vapor cell[12]. The DFWM has also been used to measure
Effects of the velocity of atoms in dilute vapors on their directly the relaxation time of molecular reorientation in a
interactions with optical fields have been studied over thdiquid crystal[13], and, in semiconductor media, as a stan-
years in a multitude of interactions. In simple absorptiondard tool for measurements gf2) and (® effects[14,15.
Spectra, for example, the atomic VelOCity results in an inho- The line Shape for phase-conjugate DFWM in gases has
mogeneous broadening of the absorption spectrum. In gefleen a long-standing problem. Many studié§—34 over
eral, to resolve narrow spectral features in the laboratory, Onge past two and a half decades have been reported in which
must_either(l) decregse the range of velocities present in thgnhe authors have examined the dependence of the DFWM
atomic ensembléas in atomic beams or systems of trappedsye ctrym and the maximum reflectivity on such factors as the

atoms or (2) identify and use an interaction that is essen-j iansit

. . . y of the pump beamsl6-18§, the asymmetry be-
t!ally free of Doppler broadening effects. O_ne such |r1terac-,[Ween the intensity of the forward and bgckwarg pump
t_|on t_hat hf_ﬂs long been_ known for producing Doppler-fr(_aebeams[le 19-24, the absorption thickness of the atomic
linewidths is phase-conjugate degenerate four-wave m'X'n%ﬂedium[l’G 25 tr;e inhomogeneous Doppler broadening of

(DFWM). It is perhaps surprising, however, that very little . . L
attention has been devoted to understanding the detailed dg‘-e medlun{16,18,29—23,26—32the population redistribu-
tion among the various angular momentum components of

pendence of the DFWM interaction on the atomic velocity. :
The aim of the present work is to explore these atomic vell® lower statg17,25,33, and the bandwidth of the laser
locity effects, and specifically to determine the DFWM line [33]. Under differing conditions, spectra consisting of from
shape and signal strength when the Doppler shift, the natur@ne to four peaks have been reported.
linewidth of the transition, and the Rabi frequency for the ~The importance of atomic motion for four-wave mixing
interaction are each comparable with one another. spectra in gas phase media has long been recognized, but an
The DFWM interaction has been employed extensively inanalytic solution for arbitrary velocities and for pump beam
various gas, liquid, and solid phase media, and has becomeiriensities exceeding the saturation intensity has not been
useful tool in numerous applications. One of the more exotiaiscovered. It is well known that in the rest frame of an
examples of DFWM is optical phase conjugat[dd, i.e., the  atom, which is moving in the direction of propagation of a
generation of a reflected optical wave whose wave front idaser beam, the apparent frequency of the optical field is
matched to that of the incident beam, making possible applilower than the frequency in the laboratory frame. Similarly,
cations in adaptive optics and image reconstructginDue  an atom moving counter to the direction of propagation of a
to its high sensitivity, DFWM is used to determine the locallaser beam feels the optical field at a higher frequency than
concentration of species in dilute medi&4], and its high actual. In phase-conjugate four-wave mixing, the atoms are
spectroscopic resolution allows for determination of the ro-subjected to two counterpropagating pump fields, so that an
tational and vibrational temperatures of many gaseous mextom in motion sees one field Doppler-shifted to a higher
dia, such as NQ5] or CH [6], and of flamed7-9]. The frequency and the other shifted to a lower frequency. At low
reflectivity of the DFWM process can be greater than ondntensities, the atomic response to either of these fields is
[10,11], forming the basis for the demonstration of a decreased, and the resulting four-wave mixing amplitude is
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small. Only those atoms for whidR-v|<T'o, wherek is the ~ four-wave mixing in the case when one pump beam is strong
propagation vector of the wave,is the atomic velocity, and and the other is weak20-23. In this case, it is possible to

; ) ! ' find an analytic expression for the spectrum as a function of
I'y is the full width at half maximum{FWHM) of the tran- y P b

9 . : . . ) . velocity[21], and a very good agreement between measured
sition, participate in the interaction. For this reason, the S'g'spectra and theory has been reported for an intense backward

nal ggnerated by the phase-conjugate four-wave mixihg i”pump beanj22,23. This spectrum exhibits two peaks, sepa-
teraction has been termed “Doppler freéDoppler free in | ated by a frequency difference in the range of the Rabi

this context is somewhat different from the same term Useﬂ'equency of the interaction of the Strong pump beam with
for two-photon absorption. In the latter, the Doppler shift of the atom.

the two laser beams means that for an atom simultaneously Finally, we recently reportefil8] our experimental stud-
absorbing one photon from each of the two counterpropagaies of DFWM with narrow-band cw laser beams in an atomic
ing laser fields, the sum of the photon energies is indeperbeam of optically pumped, two-level sodium atoms with
dent of the atomic velocity. Thereforall atoms can partici- equal intensity pump beams, where the intensity of each
pate in the Doppler-free two-photon absorption process whepump beam exceeds the saturation intensity of the transition.
the laser frequency is two-photon resonant, producing dhe conditions of these measurements approached those of
narrow-band absorption resonancen 1978, Abrams and the fundamental theory presented by Abrams and Lind
Lind [16] presented a theory of phase-conjugate DFWM for{16,35. The ipfluence_ of atomic v_eIocity on t.hese measure-
a two-level atomic system. Their results were valid for arbi-ments was highly evident, even in an atomic beam of rea-
trarily high intensities of the forward and backward pumpSonably good collimation(The weak-field absorption line-
beams, but were limited to stationary atoms. They brieflywidths for the experimental system were 12.5-14.5 MHz,
discussed the role of atomic velocity in this work, but the®MlY slightly greater than the natural linewidth of tils,

first detailed treatment to include velocity effects was that ofifansition in sodium ofAvp=T'o/2w=10 MHz.) We were
Wandzura[26]. His treatment was reported to be valid for able_ to calculate_the c_ontr|but_|on of the _sod|um atoms in
low intensities, and he treated the problem in two extremeg™otion by numerically integrating the optical Bloch equa-
the homogeneously broadened lirithen the natural line- tions, and found an excellent agreement between numerical
width is much greater than the Doppler witlémd the inho- r_es_ults and experlment: Analy5|§ of t'hese megsurements were
mogeneously broadened linfivhen the natural linewidth is I|m|_ted by atomic velocity redistribution effectse., _the dis-
much less than the Doppler widthn the low intensity limit ~ tortion of the DFWM spectra due to a deflection of the
considered in this work, Wandzura found that the contribu-2tomic beam as we will describe later in this paper.

tion to the DFWM signal by atoms in motion is always less N the present study, we measure the DFWM spectrum as
than that by stationary atoms. He summarized the effect i function of pump beam intensity and as a function of the
the homogeneously broadened limit with a velocity- atomic velocity. We measure the latter by varying the cross-
dependent reduction factor for the DFWM reflectivity, and "9 @ngle between our laser beams and the atomic beam. We

also predicted the DFWM line shape in the inhomogeneouslj€asure the DFWM spectrum as a function of pump beam
broadened limit. Intensity in a manner similar to our previous wdik8], but

An experiment by Steest al. [27] provided a test of the we have reduced the above-mentioned distortions associated
Wandzura theory in the homogeneously broadened limit. UsWith the deflection of the atomic beam. We use a narrow-

ing the pulsed 10.6sm output of a variable pulse duration band, stabilized, cw tunable dye laser as our source, and an

CO, laser, the authors used various combinations of orthogg?Ptically pumped beam of atomic sodium as our nonlinear

nal polarizations of the three input beams in order to distinn€dium in order to minimize other effects that might other-
guish the different contributions to the DFWM signal. The Wise mask the effects that we wish to observe. The experi-
motion of the molecules in the $Fvapor can effectively mental prgcedures that we follow allpw us to closely matg:h
wash out population or coherence gratings set up in the v he conditions assumed in the theories by Abrams and Lind
por by its interaction with the input beams, decreasing the16] @nd by Wandzurg26], but allow us to examine these
magnitude of the four-wave mixing signal. The experimentaleﬁeqs, at intensities exgeedmg_the saturatlon intensity for. the
results of Ref[27] were consistent with the predictions of transition, and for atomic velocmgg qudmg_to Doppler shifts
Wandzura in this limit. Later experiments by Humphreythat are comparable to the transition linewidth. We compare
et al.[28], in which they measured the DFWM spectrum at athe experimental spectra with the results predicted by direct
variety of crossing angles, between the pump and probe integration of the opt|cal Blo_ch equat_|0ns, showing a very
beams, were in conflict with Wandzura's predictions. Thesé!0S€ agreement with experimental line shapes as well as
experimental results showed the linewidth of the DFWMS"@]"‘EII sftrtlalngt_hs. _ ed as fol g
spectrum to be independent 8f while the theory predicted 1 ne following sections are organized as follows. We de-
a linewidth that increased with increasing angle. scribe the DFWM expe'nmen't In S'ec. I, and discuss the
Steelet al. [29] later reported experiments in which they '€Sults and the numerical simulations of DFWM on an
examined DFWM in a homogeneously broadeneg &or. atomic sodium beam in Sec. Ill. We conclude in Sec. IV.
They developed a simplistic model for the effect of the mo-
lecular velocity, and reported a good agreement between ex-
perimental and theoretical results. In this section, we discuss the experimental techniques
A great deal of attention has been devoted to the study ahat we use for measurements of phase-conjugate four-wave

Il. EXPERIMENT
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FIG. 1. Wave-vector diagram for the four-wave mixing interac- OF OFO
; ; i ; signal
tion in the phage-cqnjugate_geclmetry. ACountﬁerpropagatmg pumy trigger b'gam orF()
beams(propagating in direction®; and k,=—k;) and a probe PC BS
beam (Zp) interact with the nonlinear medium to produce the phase- amp M e E]pol
conjugate beamk(= —K,). preparation Na probe [if] pol
g K ) beam \ 1/4 beam Jbeam
St y
mixing spectra. Three input beams intersect one another in i pol pol 1/4 1/4 “or. pump beam
nonlinear medium, producing the phase-conjugate bean v
through their interaction with the medium. We show a sche- Nback. pump beam

matic representation of the geometry of the input and output o _
beams in Fig. 1. The forward and backward pump beams FIG. 2. Schematic diagram for the phase-conjugate four-wave

¢ ter t tiee. k.= — K. wherek d mixing experiment. Abbreviations in this diagram are used for the
propagate counter to one anotfiee., k, = —k; wherek; an the acousto-optic modulatofAOM), electro-optic modulator

k, are the propagation vectors for the forward and backwardeom), a roof prism(RP), a rf switch(rf sw.), optical beam splitters
pump beamks and cross the atomic beam at close to a rightBs), single-mode optical fiber€F), the photomultiplie(PMT), a
angle. We assign the angfeas the deviation of this crossing personal computefPC), polarizers(pol), and quarter-wave retard-
angle from 90°. A weak probe beam also crosses the atomiers (\/4).
beam at the anglég, and propagates at a small anglavith
respect to the forward pump beam. All input laser beams arélectro-optic modulator, to which we apply a voltage com-
derived from the same laser source, and are at the sanp®sed of two sinusoidal components, one at frequengy
frequency. The phase-conjugate beam produced through tiginable in the range 350—450 MHand the second at 1.712
DFWM interaction propagates in the direction opposite toGHz. This beam allows us to transfer nearly all the ground-
that of the input probe beam wii&z _ IZp. state population of the atomic sodium into a single magnetic
The conditions assumed in our numerical calculations of®MpPonent of the ground state, and to control and lock the
this interaction and attained in our experiment &ijethe  frequency of the lasew, , in the vicinity of the atomic tran-
nonlinear medium is a closed, two-level systéii), the ef- sition frequency. A side band of this IC|rcuIarIy polarized
fect of inhomogeneous broadening in the nonlinear mediun?€am atzfrequencyzLJr vm1, resonant with the &Sy, F
is small, and(iii) the nonlinear medium is collision free. To =2— 3PP, F=3 transition, optically pumps the sodium
satisfy the first condition, we need to transfer all of the atomg0ms into a closed, two-level system following the method
in the atomic beam into a single hyperfine sublevel of the?f Grove, Wu, and Ezekig¢B6]. A second-order optical side-
ground (32S,,, F=2, mg=2) state before they reach the bagd at frequencyy— v+ 1.712 GH_z is res_onant with the
interaction region. Atoms in the atomic beam still have trans3S"S12, F=1—3p°Pg,, F=2 transition. This band recov-
verse velocities that are responsible for a small, but non€rs ground-state atoms from the’s,,, F=1 level, allow-
negligible, Doppler broadening, so conditi6in) is satisfied. N9 them to be a9t|ve in the DFWM interaction. In order to
Since the nonlinear medium in this experiment is an atomikeep the atoms in thes3s,,,, F=2, mg=2 state as they
beam, conditioriii) is strictly obeyed. travel from the preparation region to the interaction region,
We show a detailed layout of this experiment in Fig. 2.We cancel the earth’s magnetic field and apply an additional
The light source from which all beams are derived is a trav-Static field of magnitude-500 mG, oriented parallel to the
eling wave(ring), stabilized, tunable, cw dye laser operating direction of propagation of the preparation beam. As is stan-
on a Rhodamine 6G ]et We monitor the laser mode with @ard fOI’ interactions W|th CiI’CU|aI’|y polarized beamS, we
2-GHz free spectral range scanning Fabry-Perot interferonchoose this direction as the quaAntization axis of our quantum
eter, and tune the laser frequency to within 10 GHz oflBe  atomic system, and label this tzedirection. We collect the
transition using a wave metétraveling-arm Michelson in- fluorescent light emitted from the intersection of this prepa-
terferometer and to within 1.5 GHz by observing the fluo- ration beam and the atomic beam, and generate a correction
rescence from a heated glass sodium vapor cell. The linesoltage using the Pound-Drever frequency stabilization
width of the laser field isAv, ~200 kHz. We drive the method[37,38. We apply the correction voltage to the ring
acousto-optic modulatdiAOM) at a frequency of 200 MHz dye laser frequency control in order to maintain the fre-
to deflect and frequency shift a portion of the output of thequency v + v, in resonance with the $§S,,, F=2
ring-dye laser, forming what ultimately becomes the three—3p?P,,, F=3 transition.
input beams required for the DFWM interaction. As we de- The laser beam that is deflected by the AOM is reflected
scribe later, we also use this AOM to chop the intensity ofback into the AOM(double-pass configuratiprio be dif-
the optical beams. The undeflected beam passes through &iacted a second time. This double-deflected beam is split
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into three beams before reaching the atomic beam: the foconjugate and the input probe beams using a nonpolarizing
ward pump beam, the backward pump beam, and the probe 30% beam splitter, and direct the former onto the photo-
beam. The frequency of these beams/isy +400 MHz.  cathode of a photomultiplier tubEPMT gain=1.9x 10°,
Since we lock the frequency of the preparation beam, with a 8.5% quantum efficiengyAlignment of the phase-
+vm, to the frequency vy, of the 3°S;,, F=2  conjugate beam onto the detector requires special care in that
—3p?Pg,, F=3 transition, the detuning of the pump and the phase-conjugate beam is wed&ss than 0.1 nW of
probe beams from the transition frequency is powen, and the detection system must discriminate against
light scattered by the windows from the relatively intense
Al27= (v +400 MH2) —vy,=400 MHz— ;. (1) pump beams. We follow the expected path of the phase-
conjugate beam by reflecting the probe beam back onto it-
By tuning the frequency,,;, we indirectly tune the fre- self, and reduce the magnitude of the scattered light of the
quency of the pump and probe beams, thus controling ~ pPump beams, which reaches the detectotibplacing a 1.7
In order to equalize the optical path lengths of the pumpmm diameter aperture in front of the photomultiplier tube
and probe beams to the atomic beam and to improve the@nd housing the detector inside an opaque enclosurgiiand
spatial profiles, we pass each of these beams through singleaking the crossing anglé between the forward pump
mode optical fibers. The optical path lengths are matched tbeam and the probe beam as large as 1.8°. At this angular
one another to within less than 1 cm, much less than th&eparation, the spacing between the centers of the probe and
optical coherence length {~c/Av, =1.5 km) of the laser forward pump beams at the window of the vacuum system is
field. We reduce amplitude fluctuations in the transmittedd.5 mm, allowing the spatial aperture in front of the detector
beams by cutting the input surfaces of the fibers at a slighto significantly reduce this noise.
angle, thus reducing interference effects within the fibers. We The vacuum system is divided into two chambers, one
further stabilize the probe beam intensity by using an AOMcontaining the sodium oven and the other the interaction re-
(not shown and a feedback circuit to control the amplitude gion. We pump these two chambers with a single diffusion
of its rf driving voltage. pump. When the stainless steel oven is at room temperature,
The laser beams that emerge from the pump beam fibet§e oven chamber reaches an ultimate pressure of about 3
are collimated by 28 Leica infinity corrected objective X 10’ torr. When we heat the oven, sodium atoms escape
lenses N plan). The laser beam coming out of the probe through a 1.7-mm-diameter nozzle. An aperture in the cham-
beam fiber is focused by a 40objective lens into the AOM ber wall that separates the oven and interaction chambers,
of the stabilizing network and then focused into the interaclocated 367 mm from the oven nozzle, defines the collimated
tion region by two long focal lengtt00 mm and 1000 min  atomic beam in the interaction region. We use two different
lenses. We correct the polarizations of the collimated beamapertures in this experiment, one of diameter 3.8 mm and the
using half-wave plates before the fibers and polarizers aftepther of 1.7 mm. In order to reduce the number of sodium
the fibers. Two quarter-wave plates, one in the path of th@toms diffusing into the interaction chamber from the back-
forward pump and probe beams and a second in the path @round vapor in the oven chamber, we wrap cold-water cop-
the backward pump beam, convert their polarizations fronPer tubing around the oven chamber to help condense and
linear to circular. We vary the power of the forward and collect these sodium atoms.
backward pump beams from }8W to 3.7 mW, and match The characterization of the velocity distribution of the
them to within 2% of each other. The power of the probeatomic beam is important for this study. For atoms in an
beam is fixed at 24 W. The pump and probe beams are eacheffusive beam, the average kinetic energy per atof3%
in a nearly lowest-order Gaussian mode of raddefined as
the radial distance at which the intensity drops te? If the mo?2
on-axis intensity equal to 1.2 mm and 0.28 mm, respec- <—> =2kgT, 3)
tively. We maintain the ratio of these radii so that the inten- 2
sity of the pump beam is relatively constdigss than 10%

variation over the dimension of the probe beam. The pumpvherem is the atomic massg is the Boltzmann constant,

beam intensity ranges from 0.13 to 25.412, wherel? is andT is the oven temperature. At an oven temperature of

the saturation intensity for the transition at the resonanc800°C, as we use in our experiment, this yields a root-mean-
frequency, square velocity ofv),ms=9.1x 10* cm/sec. The peak of the

velocity distribution occurs at peae= 7.9X 10* cm/sec.
) The atomic beam is also characterized by its distribution
1 2%yl @) of velocities in the direction transverse to the atomic beam
| 142 ' axis. This distribution is due to the finite size of the oven
nozzle and the atomic beam aperture, and results in a re-
where 4, is the transverse relaxation rate apd, is the  sidual Doppler broadening of the absorption spectrum of the
transition dipole moment. For the transition used in oursodium atoms even when the crossing anglis zero. We
work, 12 is 6.33 mWcm?. The probe beam intensity is measure absorption spectra of the atomic beam at various
| probe= 0.26I2 for all measurements. crossing angles in order to determine the mean longitudinal

The phase-conjugate beam propagates backward along thelocity v,, i.e., the velocity component parallel k, and
direction of the input probe beam. We separate the phasé¢he width (FWHM) of the velocity distribution,Av,. For
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TABLE |. The peak velocityv_z, the width of the velocity distributiom\v,, and the Doppler shift

v10,/C, as a function of crossing angle as determined from weak-field absorption spectra. These param-
eters are used to calculate the DFWM spectra shown in Figs. 5 and 6, with the various spectra in these figures
identified by the labels in column five. The scaling factors in columns six and seven are the only adjustable
parameter used to match theory to the experimental measurements in Figs. 5 and 6, respectively. The
=0.0 data was taken as a separate dataset with a smaller atomic beam aperture from that of the remaining
data. The oven temperature and the beam alignment may vary slightly, resulting in a different scaling factor
of set(a) from that for setgb)—(f).

Scaling factor

{(mrad 3, (cmiseg  Av, (Cm/sed . /c (MHz)  Figure  loum=16.519 1pm=6.3512

0.0 0 620 0 5a),6(a) 0.98 0.99
0.59 40 705 0.7 ®),6(b) 0.57 0.94
1.76 115 715 2.0 ®),6(c) 0.62 0.92
4.10 310 740 5.3 ®),6(d) 0.65 1.00
8.78 650 820 11.0 ®),6(e) 0.57 1.03
13.46 1000 940 17.0 (®, 6(f) 0.61 0.90
each crossing angle, we fit the Doppler-broadened line-shape v N|p1?

)

function to the following form:
9 Chegyrn

o N is the atomic beam density, ahds the absorption length,
9(V)=J P(v,)g(v,,v)dv,, (4 i.e., the diameter of the atomic beam. Unfortunately, the pre-

- cision of our measurements of the absorption thickness of the
hereg( J is the homogeneous absorption spectrum foratomic beam is limited, in that it was necessary to modify
w 9luz,v) 1 9 us ¢ bt pectru our apparatus between our measurements of the weak-field
a particular group of atoms of velocity,, absorption and our measurements of the DFWM spectra.

Thus, our peak absorption measurements are limited by such

A, factors as the reproducibility of the oven temperature. The
g(v,,v)= , (5 attenuation factor that we measure is roughly consistent
27 (v= 1= v10,/C)*+ (Avy2)?] (within a factor of 2 with our estimate of the product
Noapd, where the atomic beam density i8l=2.8
andP(v,) is the velocity distribution function, X108 cm 2 and o,,=1.66<10 ° cn? is the absorption

cross section.
—\2 During the course of these measurements, we determined
P(p,)= 1 /4 In2 1 ex;{ “4In 2( ”Z_UZ) } (6) thatthe DFWM spectra that we were measuring were highly
™ Av, Av, susceptible to atomic recoil effects as the atoms absorb light
from the forward and backward pump beams. To understand
We determine the peak velocity and the FWHM of thethis, consider an atom whose velocity has a small component
sorption spectrum to each measured absorption spectrurgng counter to that of the backward pump/hen the laser
Because of the broad distribution of velocities in the axialfrequency is tuned slightly below the transition frequency
direction of the atomic beam, the FWHM of the velocity atoms absorb light from the forward pump beam at a lower
distribution changes as a function of the crossing angle. Weate than they do from the backward pump. The net momen-

fit v_Z to a linear function off andAwv, to a quadratic form, tum transferred to atoms, therefore, tends to redygeand
and use these atomic velocities and widths to calculate thibend the atomic beam to a direction more nearly perpendicu-

four-wave mixing spectra. Values of(¢) andAv, for sev-  lar to k. On the other hand, when the laser is tuned to a
eral angles of are listed in Table I. The former are close to frequency greater than the transition frequency, the atoms are
UpeakX {- more likely to absorb from the forward pump beam, and the
The peak amplitude of the weak-field absorption in themomentum transferred to the atoms tends to incréade
interaction region of our atomic beam is 8—9 % when usinghe latter case, the beam deflection effect tends to further
the 1.7-mm-diameter aperture, and 9-10 % for the 3.8-mnincrease the asymmetry in the rate of absorption from the
aperture. This corresponds to an attenuation faciegl.2 of  two laser beams, and the recoil effect is enhanced. For the
0.128 and 0.153 for the two atomic beam apertures, respetaser beam dimensions and atomic velocities of our experi-
tively, whereqy is the field attenuation constant for station- ment, the atoms spend about 50 lifetimes in the pump beam
ary atoms, before they enter the probe beam. Since the atomic velocity
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-50 0 50 -50 0 50
-200 Al2r (MHz) A/2m (MHz)
S
o —250 FIG. 4. DFWM spectra at=0.0 andl ,,,,=16.512, derived
& 300 from a single series of accumulated wave forms like that shown in
o Fig. 3(b). The spectrum irfa) was collected in the temporal window
-350 between 2.0 and 2.asec, while that shown irib) used the later
window fromt=3.0 tot=4.0 usec. The distortion of the DFWM

spectrum is considerably reduced by chopping the pump and probe
beam intensities and limiting our data collection to the 200 nsec
window.

FIG. 3. The oscilloscope trace of the DFWM signal correspond-,. . .
ing to (a) a single cycle of the chopped beams, dbdan accumu- fields turn on, after which the DFWM signal settles to a

lation of 10000 wave forms similar t¢a). The pump and probe relatl\./liala/ congtalnttvalus. Oltjr: rtu:rr;netrlcal 'sm:ulatlons, thlct:ﬁ
beams turn on at=1900 nsec. The vertical dashed lines(ly we will aescribe later, show that the transient response of the

- : ; s : : atom is a damped oscillation at a frequency of about 57
gg{;:valt\;estihe time window within which we average to determine theMHz. (The Rabi frequency of the Bloch vector due to the
gnal strength. . . d . X
interaction of the atom with &ingle pump beam is 28.6
o o ) MHz.) When convolved over the 17-nsec duration of a single
distribution can be significantly altered in as few as 10-20yhotoelectron pulse, the computed transient response is simi-
absorption eventsu(, changes by 3 cm/sec for each absorp-|ar to that seen betweer=1.9 usec and = 2.0 usec in Fig.
tion event, with a corresponding Doppler shift of 50 KHz 3(b). Oscillation of the DFWM signal at the Rabi frequency
and the DFWM interaction is very sensitive to the atomicitself is not observed here, since the photoelectron pulse du-
velocity, this recoil effect can significantly distort the ration is comparable to the period of oscillation. On a longer
DFWM spectra. time scale of a few microseconds, the signal in Fi¢o)3
As a remedy for this atomic recoil effect, we chop theshows a 10% decrease. This change is due to the atomic
probe and pump beams by controlling the amplitude of the rfecoil effect, and its magnitude and sign depend upon the
signal that drives the AOM. The period of the cycle is detuning of the laser frequency from the transition frequency
20 usec and its duty cycle is 50%. The rise time for theand on the pump beam intensity. By limiting our data collec-
interval, during which the pump and probe beams are off, théeduce the influence of the recoil effect on our DFWM spec-
atoms completely traverse the pump beam region. We theff@. In Fig. 4, we show two DFWM spectra derived from a
repeat the cycle with a fresh group of atoms. single series of accumulated waveforms like those shown in

We amplify, display, and record the photomultiplier cur- Fig- 3b). In Fig. 4a), we used the DFWM signal only within

impedance; 50(), and bandwidtlk0—50 MHz) and a d|g|_ Iat.er DFWM Signal fromt=3.0 usec until t=4.0 ,L(:SGC. .
tizing plug-in card [100 MS/s sampling rate, input This signalis produced by atoms that have beenlln the in-
impedance-500, and bandwidth: 0—100 MHz] in a labo- tense pump beams for 12sec, and the spectrum is there-
ratory PC. We show a typical trace of the four-wave mixingfore distorted by atomic recoil effects. The key signature of
signal created for one pulse of the pump and probe beams #hiS effect is the dip on the high frequency side of the spec-
Fig. 3(@. The pump and probe beams turn on at abput trum. One can also observe a slight enhancement of the sig-
=1900 nsec. At this intensityl {m;= 16.9%) and detuning nal on the low frequency side. All spectra reported in this
(A/27=8.8 MHz), only three four-wave mixing photons study are based upon the sh@00-nseg window of inte-

were detected in the period shown. The average integratle,ation’ and the effects of the atomic recoil are thus mini-

-400
0

time (usec)

area under each photocurrent pulse is about 10.0 V nsec. zed.
We accumulate the DFWM signal by repeating this cycle
for 10 000 pulses of the pump and probe beams. We show a Il RESULTS AND DISCUSSION
typical trace of this accumulated signal in FigbB We see We have measured and recorded degenerate four-wave

an initial transient response in the first 100 nsec after thenixing spectra at a variety of atomic velocities using two
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line, is (&) 0 MHz, (b) 0.7 MHz,
(c) 2.0 MHz, (d) 5.3 MHz, (e
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%_ : Table | for the crossing angle,
il : mean velocityv,, Av,, and a
o 10} multiplicative scaling factor of the
% order of unity, which produces the
o : best fit of the theory to the experi-
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= : given in these plots.
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pump intensity levels pym,= 16.5|§ and lpump:6-35|2- beam is Doppler shifted close to resonance with the transi-

For each crossing anglg we scan the pump and probe tion. The diameters of the oven nozzle_and atomic beam
frequency from—50 MHz to 50 MHz with respect to the aper.ture are 1.7 mm an(_j 3.8 mm,.respectwely, for these data,
resonance frequency, and record the power of the phasgaadmg to a larger atomic beam divergence than was present
conjugate beam as a function of the optical frequency. Wdor the data shown in Fig.(8). o

show the four-wave mixing spectra for six of these measure- N order to compute the DFWM spectra shown in Fig. 5,
ments atl ,,m=16.92 in Fig. 5. The data points in each We use the theoretical approach described in Rid]. This

spectrum represent the experimental measurements, whifPProach uses the optical Bloch equations to describe the
the solid curve is the result of our computations, to be ex!ime evolution of the elements of the density majsiof the
plained later. We indicate the Rabi frequency due to the in&omic two-level system. This approach is very similar to

teraction of the atoms with one pump be#28.6 MH2 by that used by Luchet al. [31], except their source was a
vertical dotted lines, and the average Doppler shift, ranging'@nosecond pulsed laser. When the intensity of the probe

from 0 MHz to 17.0 MHz in our experiment, by the vertical eam is much less than the saturatipn intgnsity for the tran-
dot dashed lines. We calibrate the optical power of the phaséition, but that of the pump beams is arbitrary, we can ex-
conjugate beam using an optical power meter and a series paind the coherence termry(r,t)=py(r,t)e'“" and the
neutral density filters. population probability diﬁerence\/V(F,t)=p22— p11 N a

In Fig. 5(@), the atomic beam and the probe and pumppower series in the phase term of the probe field:
beams cross each other at 90°, i%&=0.0, and the atomic
beam aperture diameter is 1.7 mm. The DFWM spectrum is

nearly symmetric with respect to the laser detuning from o1 0) = Q(F 1) + o7, t)ekp T +eD
resonance, and has a shoulder on either side of the resonance. - P
The FWHM of the atomic velocity distribution at this angle + a5 (r tye ke (THen),

and beam geometry iSv,= 620 cm/sec, corresponding to a
Doppler frequency width ob,Av,/c=10.5 MHz. L
The plots shown in Figs.(b)—5(f) show the results as we W(r,t)=WOX(r 1)+ WA(r t)eke (oD
varied the crossing angle of the laser beam and atom beam.
In each case shown, is positive. Overall we recorded spec-
tra at a total of 12 positive angles and 12 negative angles. We
see enhancement of the signal for positive laser detuning3he componendr(zzl)(r,t) is the amplitude of the element of
where the Doppler shift effectively tunes the forward pumpthe dipole term that radiates the phase-conjugate field. This
and probe beams closer to resonance with the transition frexpansion, after being plugged into the Bloch equations,
guency. Similarly, we observe a dip in the DFWM spectrumyields a set of six coupled equations for the coherence and
corresponding to the detuning at which the backward pumpopulation difference terms,

WO e Tk (oD, ®)
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d 1 (0) ) L. )7 atoms are random, and only the d.c. parbéfl) contributes
gt ——'A o R(r, ) =—i[Q codK- (FH+ot)WO(r,t) {0 the total DFWM amplitude. We add the complex DFWM
field amplitudes computed for different values of the atomic
+QpW(—1)(F!t)/2], velocity, weighted by the probability distribution of the
atomic velocity in the atomic beam, E(f), using values of
v, and Av, presented in Table I. We calculate the DFWM

d 1 L N ’
(dt+——|A)o§11)(r,t)=—i[Q cos(k;- (F+ot)Wd(r,t)  spectrum using18]

2“0'—7_12(021 1)>

|
+0Q,WO(r,1)/2], R=i—= -

probe

(10

1 wherel is the intensity of the conjugate beam. The only
(dt + ——|A) ob D(r,t)=—iQ cogk;- (r+uvt)) parameter that we adjust in order to optimize the agreement
of the computed spectra with the measured spectra is a mul-
tiplicative scaling factor. We list these factors for the spectra
shown in Fig. 5 in column six of Table I. Within the uncer-
tainty in the atomic beam density, this factor is consistent
- with unity and varies by=8% over the various spectra
WOX(r,t) =i[(2Q codk;- (r+vt))osy* (1) within a given datasdtrows (b)—(f) in Table [|. The values
of this scaling factor can vary from day to day as the oven
pg(zll)*(r t)) temperature and the beam alignment may differ slightly.
Since thel=0 data was taken as a separate dataset with a
—(20* cogks- (r +vt))o(r 1) smaller atomic beam aperture from that of the remaining
data, the difference in the scaling factors for this dataset in
comparison with the others is not surprising. The agreement
between theoretical and experimental results is very good,
with some deviation as observed in Figsc)sor 5(d).
The DFWM spectra that we collected at negative crossing
(1) _ (- 1) angles, <0, correspond to an atomic velocity that has a
W (r.)=i[20 Cos(kf (r+vt))0 2 (r.0) positive component in the direction of the backward pump

X WD(r ),

1
+_

dt

+Qr e, t))]——

d
dt

(O) and phase-conjugate signal beams, such that the frequency of
Qpoyr (r,1) these beams is Doppler shifted to the red. Conversely, the
ok s 1), > frequency of the forward pump and probe beams is blue
2% codky- (r+vt) oy (r,0)], shifted. A spectrum at a negative angle should be the mirror
image of a spectrum of a positive angle scan of the same
magnitude, inverted with the respectde=0. In these scans,
W( D(r,t)=i[20Q cogk;- (r +vt))as* (r,t) the pump intensity, the probe intensity, and the sizes of the
oven nozzle and atomic beam aperture are each unchanged
_ * Y (-1), > from the values we used for positive crossing angles. We do
(207 codk;-(r+vt)oy “(r.b) not show these spectra here, but the agreement between the
+Q; qu)(F,t))] (9) theoretical and experimental results is also very good.

We also measured DFWM spectra at the lower pump in-
tensitylpump 6. 35I . We recorded the spectra at a total of
15 crossing angleg including both negative and positive
angles.| e and the diameters of the nozzle and atomic

d
dt

In these expressions) = ,&21 €E; /% is the Rabi frequency
of the system due to the interaction with a single pump

beam,(},= '““21 EE It is the Rab| frequency of the system beam aperture have the same values as for the higher inten-
due to the probe beanT2 712 is the coherence lifetime sity measurements. The Rabi frequency for this pump beam
(32 nseg, andT, =T, * is the population lifetimé16 nses. intensity is 17.7 MHz. We show six of these spectra, each
We numerically integrate Eq9), starting with the initial  ¢orresponding to different atomic velocities, in Fig. 6. The
conditions of W(®=—1, and all other terms equal 0, Bt  agreement between the theoretical and experimental spectra
=0. After a brief transient response due to the fields turningg again uniformly very good. As with the higher intensity
on, each of the coherence amplitudes and population amplipectra, the only adjustable parameter to fit the computed
tudes settles into a steady-state behavior conS|st|ng ofad. -§pectra to the measured spectra is another scaling factor,
term and terms oscillating at the frequedcy) and its har- listed in column seven of Table |. These factors vary by
monics. To compute the phase-conjugate amplitude, we intex 8% for all of the different spectra we collected in this
grate the contribution of all the atoms radiating into thisseries[excluding Fig. 6a) which was part of a different
beam throughout the interaction region. Since atoms are digtataset The scaling factors for these spectra differ some-
tributed evenly throughout the standing wave pattern of thavhat from those for the higher intensity data, but are consis-
laser beams, the phases of the sinusoidal terms for differemént within the uncertainty of the atomic beam density. At
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FIG. 6. DFWM spectra at vari-
ous atomic velocities withl ,,m,
=6.3512. The Rabi frequency at
this intensity is 17.7 MHz. The
mean Doppler shift due to the
atomic velocity, as shown in each
figure by the vertical dashed-dot
line, is (&) 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 | for the crossing angle,
mean velocityv,, Av,, 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 curves
given in these plots.

FIG. 7. DFWM spectra illus-
trating the significance of even a
narrow distribution of atomic ve-
locities. The pump intensity i&)

| pumy=0:13 e (b o pump
=1.271¢, (¢) I pymp=3.811¢, (d)
| pump 6.35 |g ’ (e) I pump
=16.512, and () loump

=25.412. In each plot, the data
points represent the experimental
measurements, the solid line rep-
resents the computational result
based upon a distribution of ve-
locities with visAv,lc
=10.5 MHz, and the dot-dashed
line represents the spectrum ex-
pected when all atoms are station-
ary.
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this lower pump intensity, the power broadening effect is&
decreased in comparison with the previous series. The sensQ
tivity of the DFWM spectrum on atomic velocity is also % ;
diminished, presumably because we have fewer contribu-g 10° L
tions from the higher velocity atoms to the total four-wave o :
mixing signal. =
We have also recorded a series of DFWM spectra as %
function of the intensity of the pump beams, taken at right 10'k
angles(i.e.,v,=0). In Fig. 7, we show six such spectra with S
the pump intensity ranging fronhpump=0.13I2 to 1 pump
=25.4I2. In all, we recorded 17 spectra in this range. In
these plots, the data points represent the measured DFWI

signal, while the lines are computed results. The solid lines § 60
are derived from the spectra calculated from Ed), using =
2a0L=0.124, and o'%; V) as determined through numerical &

integration of Eqs(9), as described earlier. The mean scaling "= 40
factor that best fits these computed spectra to the measure £
ments is 1.01, with a standard deviation of 0.05. We use ¢ = 20
Gaussian atomic velocity distribution with zero mean and a s
FWHM of Av,=620 cm/sec, corresponding to the 1.7-mm @
atomic beam aperture. = 10 10
We also show in this figuréas the dot-dashed linghe Intensity, I/]
result expected if all atoms were stationary, udihg] s

e

5 ) 3 FIG. 8. Peak DFWM power and linewidttFWHM) of the
I'oump Y12 DFWM spectrum. The experimental measurements are given by the
|0 ) |A2+ 2 (1+4] “0) . (1 data points, the solid line represents the computed results, including
S Y12 pump™©s the effects of the atomic motion, and the dot-dash lines are valid for

R= ( 2a0L

. . tationary atoms.
These zero-velocity spectra are poor fits to the measurements y

in two respects(1) The shapes of these computed spectrayeam, and thus in &L. The comparison between experi-
have no shoulders, and do not agree well with the measuregental and theoretical linewidths is unaffected by the uncer-
spectra.(2) The amplitudes of the computed spectra are t0Gajnty in 2agL.

large, and must be reduced by factors of 2—4 in order t0 \ve can begin to understand the spectra shown in Figs. 5,
match the peak \_/aluesf of the measurements. The CUNVgS and 7 by examining computed DFWM spectra for the
clearly show that inclusion of the divergence of the atomicgjfferent velocity groups that contribute to this signal. In Fig.
beam is necessary for accurately calculating these DFWN \ve show the computed spectra for atoms whose velocity is
spectra. ) 0 cm/sec(solid line), 100 cm/seddot-dashed ling 300 cm/

In Fig. 8, we show the peak power of the phase-conjugalgec (dashed ling and 500 cm/se¢dotted ling, wherel pump
beam and the linewidth of its spectrum, as determined fronL 15 519 These velocities correspond to Doppler shifts of
plots in Fig. 7 and others like these. The data points indicatg) q 7 I\/Ist, 5.1 MHz, and 8.5 MHz, respectively. The spec-
the experimental measurements. We also show computeflym for the zero-velocity atoms is completely symmetric, as
curves for the peak power and linewidth for stationary atom%xpected. As the velocity of the atoms increases, the spec-

(dot-dashed lingand for atoms with a distribution of veloci- yrm hecomes asymmetric, and actually becomes narrower
ties corresponding to our atomic bedsolid ling). At each 50 higher than the zero-velocity peak for small positive

intensity, we computed the peak DFWM signal numericallyyetnings. The peak DFWM signal corresponds to the case
to produce the solid curve in Fig(@. The stationary-atom \yhen the forward pump beam is effectively closer to reso-
result is a plot using Eq11). For the plots of the linewidths, 4nce than the backward pump bedrat noton resonancke

the solid line is the result of computing the full spectrum atyye 5150 note a dip developing on the negative detuning side.
six different intensities, measuring the linewidth of the com-,,4 spectrum for the atoms whose velocity-is, is the
z

puted spectra and fitting a smooth curve to these measurgsiy o image of the spectrum for the v, atoms. At these
ments. The stationary-atom linewidth shown as the doty,,; yelacities, the line shapes are complex and we cannot
dashed line is a plot of the analytic expressjas] identify any specific spectral features At=|v;u,/c|.
When a distribution of velocities is present, as in our experi-
Avewwm=(v12/ ) \/(3\/5— 1)(1+4 /1)), (12 ment, the enhanced peaks due to these low-velocity atoms
combine to give a narrow peak at the center, while the zero-
The data clearly is better represented by the computationgelocity atoms contribute most strongly to the shoulders on
that include the velocity distribution. The peak amplitudethe net spectrum, as seen in Fig. 7.
data probably fits better than we should reasonably expect, We show a series of computed DFWM spectra for higher
considering the uncertainty in the density of the atomicvelocity atoms in Fig. 10. The pump laser intensity for these
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5 g spectra are insightful. At these velocities, the Doppler shift
: exceeds the natural linewidth of the transitid® MHz), and
the spectrum resolves itself into a pair of distinguishable
features. The largest feature that we observe in these spectra
is a peak at negative detuninfsr positive velocity atoms
in contrast to the low-velocity case where the maxima oc-
curred at positive detunings. For Doppler shifts greater than
twice the Rabi frequency, this peak occurs at a detuning ap-
proaching the Doppler shifd~—wvqv,/c, and its magni-
tude decreases with increasing Doppler shift. At this detun-
ing A, the effective frequency of the backward pump beam
and the phase-conjugate beam is nearly resonant with the
transition. This peak becomes especially interesting when the
: S, Doppler shift is comparable to the Rabi frequency, as shown
i by the dot-dashed line in Fig. 10. In this case, the DFWM
AOR (()MHZ) 50 signal is exceptiqnally large, and the .freque.n.cy detuning at
which the peak signal occufd8 MHz) is significantly less
FIG. 9. Computed DFWM spectra for four different atomic ve- than the Doppler shift30.6 MH2. We believe that this en-
locities: (solid line) 0 cm/sec(dot-dashed line100 cm/sec(dashed  hancement is likely associated with a resonance between the
line) 300 cm/sec, anddotted ling 500 cm/sec. These velocities Doppler-shifted optical frequencies and the transition fre-
correspond to Doppler shifts of 0, 1.7 MHz, 5.1 MHz, and 8.5 quency between dressed states of the atom. Similar effects
MHz, respectively. The pump intensity is,n=16.512, corre-  have been discussed in the context of DFWM with one in-
sponding to a Rabi frequency of 28.6 MHz. tense pump beam and one weak pump béag-23, for
four-wave mixing in self-trapped filaments of ligi84], and
spectra isl pymy=16.512

>|2
w

(-1)
21

10% |<d
N

o, as before. The atomic velocities for nearly degenerate four-wave mixing with two intense
are 1500 cm/secsolid line), 1800 cm/seddot-dashed line ~ Pump beam$24]. The dressed states of an atom in a bichro-
2200 cm/seddashed ling and 3000 cm/se¢dotted ling, ~ matic laser field were treated theoretically by Agareahl.
corresponding to Doppler shifts of 25.4 MHz, 30.6 MHz, [40] in a different context. These authors showed that, in a
37.4 MHz, and 50.9 MHz, respectively. We are unable tospecialized case, the dressed states of the atom consist of the
produce laboratory measurements for comparison with thesatomic states with energy “sidebands” to either side of the
computed spectra, as the geometry of our vacuum apparati@sonance at a frequency spacing of one-half the frequency
does not allow us to use crossing angles larger than 14 mraéifference between the two components of the laser field. In
(The crossing angles required to attain these Doppler shift¢he rest frame of the atom, this is the Doppler shiftv,/c.
at the peak velocity of our atomic beam, would be 19.0, 22.8Another way to picture this system is in the laboratory frame,
27.8, and 38.0 mrad, respectivehGtill, these computed in which the atom is traveling through the standing-wave
pattern of periodicityn formed by the two counterpropagat-
5 , — , ing pump beams. The atom in the standing wave field is
1 ] modulated at a frequenay,/\ (i.e., the Doppler shijt add-
ing energy sidebands at this frequency interval to the atomic
internal energy. With the manifold of states introduced by
this sideband structure, it becomes plausible that, under the
right conditions, the frequencie\—wvv,/c and A

ZT?» +v0,/C are simultaneously resonant with transitions be-
L& tween internal states and sidebands. From our computed
f spectra, it appears that the condition for this is that the Dop-
e2r- pler shift is comparable to the Rabi frequency. An analytic

treatment of this interaction would aid greatly in the inter-
pretation of these results.

Another way to visualize the enhancement that we ob-
serve when the Doppler shift is close to the Rabi frequency is
0 el presented in Fig. 11, where we plot the maximum four-wave
-100 -50 0 50 100 mixing signal strength computed as a function of the atomic
a/2m (MHz) velocity when the intensity of the pump beam lig;mp

FIG. 10. Computed DFWM spectra for four different atomic =16.517, with a corresponding Rabi frequency of 28.6
velocities:(solid line) 1500 cm/sec(dot-dashed line1800 cm/sec, MHz. The peak contribution to the signal is by atoms whose
(dashed ling 2200 cm/sec, anddotted ling 3000 cm/sec. These Velocity is 1780 cm/sec, corresponding to a Doppler shift of
velocities correspond to Doppler shifts of 25.4 MHz, 30.6 MHz, 30.2 MHz. Secondary peaks at velocities corresponding to
37.4 MHz, and 50.9 MHz, respectively. The pump intensity is Doppler shifts of 20.5 MHz, 10.2 MHz, and 1.7 MHz are
| pump= 16.512, corresponding to a Rabi frequency of 28.6 MHz. also observable in this figure. We have computed similar
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FIG. 11. The maximum DFWM signal strength vs atomic ve- . FIG. 12. DFWM _sp_ectra for four different pump Iasz_er inte_nsi_—
locity. The intensity of the pump beam for this plot ISymp tIES: Thg Doppler shift is (37.9 MHz for each_. The pump mtergsny is
=16.519, with the Rabi frequency at this intensity is 28.6 MHz. (SOld 1N pymg= 16'50|S' (dot-dashed _line 1 pymp= %16|s‘

The peak contribution to the signal is by atoms whose velocity isd2shed linglpum=1.01¢, and(dotted ling Ipym;=0.251.
1780 cm/sec, corresponding to a Doppler shift of 30.2 MHz.

beam intensity and atomic velocity for the case when the
curves at lower intensities, and observe the signal enhancétensities of the two pump beams are equal, and they exceed
ment when the Doppler shift and the Rabi frequency ardhe saturation intensity. In our studies, the Doppler shift, the
nearly equal in each case. The frequency at which this maxiRabi frequency, and the natural linewidth of the transition are
mum signal appears is a function of the pump beam intensityall comparable with one another. Agreement between mea-

Finally, we plot in Fig. 12 several DFWM spectra at dif- sured spectra and numerical results is very good.
ferent intensities of the pump beam. The velocity of the at- For Doppler shifts smaller than or comparable to the natu-
oms in each curve is 4000 cm/sec, corresponding to a Dopal linewidth of the transition, and for pump beam intensities
pler shift of 67.9 MHz. The pump beam intensity for eachgreater than the saturation intensity, we show, through ex-
line is 1 yymp= 16.512 (solid line), lpump:3-16|2 (dot-dashed periments and numerical results, that the DFWM line shapes
line), I pum=1.0 12 (dashed ling andl oump= 0.2512 (dotted ~ are very complex, and that the maximum DFWM signal oc-
line). For each of these spectra, the Doppler shift is greatefurs for detunings such th'at the Doppler-shifted frequency of
than the Rabi frequenc{28.5 MHz, 12.6 MHz, 7.1 MHz, the forward pump beam is closer to resonance than that of
and 0.4 MHz, for the four intensities, respectivelrthe  the backward pump beam. These line shapes vary rapidly
spectrum for the highest pump intensity shows a large maxiwith changes in the atomic velocity. Our numerical results
mum nearA = — v,v,/c and a smaller feature with the dip tell us that at larger Doppler shifts, the DFWM spectrum
in the center neal =+ vv,/c. As the intensity of the reduces to two spectral features, a large peak when the back-
pump is decreased, however, the magnitude of the peak ne#4@"d PUmp beam is near resonance, and a smaller, more
A=—wv,0,/c decreases monotonically, and its peak fre-complex feature, W_hen the forward pump beam is near reso-
quency shifts closer te- vv,/c, presumably because the Nance. The velocity of the atoms that contribute most
dressed state energies asymptotically approach the bare atG#ongly to the DFWM signal corresponds to a Doppler shift
energies. The shape of the feature\at + v;.v,/c changes thatis close to the pump Rabi frequency for the interaction.
significantly, approaching a single peaked structure, but rel NiS suggests that resonances of all four beams with transi-
tains nearly the same amplitude. At the lowest pump intenfiONS between dressed states of the system may play an im-
sity shown in this figure, the peaks At=* v,0,/c are portant roIe._Wh|Ie our num_erlcal DFWM spectra based
nearly of the same shape, but differ in magnitude by a factoPPON the optical Bloch equations are in an excellent agree-
of 2. This low intensity spectrum can be justified in a third- MeNt With our experimental results, an analytic treatment of
order perturbation picture, in which the DFWM signal is this proplem would clgarly help in interpretation of the spec-
enhanced by a resonance with the backward pump and signtéf" and in understanding the role of dressed state resonances.
beams at\=—wv,wv,/c, and to a lesser degree, a resonance

with the forward pump and probe beamsat + v,v,/cC.
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