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Phase-conjugate four-wave mixing with partially coherent laser fields
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We present results of our experimental investigations of phase-conjugate four-wave mixing in a nearly
Doppler-free, collisionless, two-level quantum system with a partially coherent non-Markovian laser field. The
two components of the laser field—an intense pump and a weak, time-delayed probe—are derived from a
single narrow-band cw laser source on which phase and frequency fluctuations conforming to the phase
diffusion model are superimposed. We carry out these measurements usiDg thensition in an optically
pumped diffuse beam of atomic sodium. We vary the pump intensity, laser bandwidth, and temporal delay
between the pump and probe, and measure the peak signal strength, the bandwidth, and the asymmetry of the
four-wave-mixing spectrum. For comparison with our experimental results of the peak signal strength, we also
analyze the same interaction numerically, through direct integration of the optical Bloch equations. The nu-
merical results are in good agreement with the measuren{&1t650-2947@9)00307-9

PACS numbdis): 42.50.Gy, 32.80-t, 42.65.Hw

. INTRODUCTION defined ask; andk,, as a function of the delay timey,
between the arrival of the two input pulses. A remarkable

Coherent interactions between laser fields and atomic sysesult of both of these measurements was that picosecond
tems can be used to create coherent superposition states Witinsient responses of the nonlinear media could be observed
unique properties. The coherence transferred to the atom byi&ing nanosecond duration lasers.
laser field is manifested in a variety of optical phenomena Morita and Yajima[3] presented a detailed analysis of
and coherent atomic systems, including, for examplethis four-wave-mixing signal, valid in the limit of weak
population-trappedor dark states, optical gain without a fields, and showed that the temporal resolution was limited
population inversion, electromagnetically induced transparpy the correlation time of the optical field,. For broad-
ency, and photon echoes. Laser sources do not generally prgand pulses, the correlation time is in general much shorter
duce perfectly coherent fields, however, and it becomes ahan the pulse duratiom,. This result at first seems com-
interest to study how the partial coherence of a laser fielqb|ete|y contrary to experience and intuition.

influences these inherently coherent atomic states. In this pPa- The qua”tative exp|anation for the mechanism for these
per, we report our experimental measurements of phase-

conjugate four-wave mixing in a collimated, collisionless o
atomic beam of two-level sodium atoms with a cw laser field 2k
whose frequency and phase are undergoing random fluctua- K / o
. k2
tions. >/
The measurements which we discuss are directly related 7 \-k.
to a series of investigations which have been carried out over 2 (@) 1

the past decade and a half in which broadband nanosecond-

duration pulses have been used to drive various four-wave [ X=F

mixing interactions to measure subpicosecond relaxations in -, =

media. This effect was observed by Beach and co-workers 9&. "‘P/ 5

[1] and by Asakeet al. [2]. In each case, the investigators ko= Ko

used a beam splitter to derive two broadband optical pulses (b)

from a single laser source, and directed these two pulses into

a nonlinear medium(sodium vapor in Ref.[1] and FIG. 1. Wave-vector diagram for four-wave mixing interactions

Nd®*-doped silicate glass in R4R]). A schematic represen- in the (a) forward-beam geometry an#) phase-conjugate geom-
tation of their experimental geometry is shown in Figa)l  etry. In(a), input beams in the directiorlg and k, produce a new
They measured the energy of the output pulse generated vigam in the direction 2,—k,. In (b), counterpropagating pump
a four-wave-mixing interaction propagating in the directionpeams k; andk,) and a probe beankf) interact with the nonlin-
2k,—k;, where the wave vectors for the two input pulses aresar medium to produce the phase-conjugate bekyn (
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four-wave mixing (FWM) results is perhaps best given in nique for calculating the response of two-level atoms to co-
terms of the coherent optical effect known as stimulated phoherent or incoherent laser fields, suitable for the analysis of
ton echoes(Ye and Shen4] formalized the relationship time-delayed four-wave mixing. Finkelstein and Berman
between photon echoes and the more general process of folit-8,19 reported calculations of FWM by broadband-
wave mixing) Stimulated photon echoes are observed whertorrelated pulses. In Ref18], the first two pulses were in-

a sequence of three short, coherent pulses is incident upontense and overlapping in time, while the third pulse was
medium. The coherent response of the system generatesyak, delayedi.e., 7,>7,), and uncorrelated with the first
temporally delayed optical output pulse. One can model th@yo pulses. Their work showed that many spatially distinct
FWM ?nteraction as the'echo signal which would result whenyeams can be created for strong input fields, and that the
each input pulse consists &f=r7,/7. coherent subpulses. gnergy of these various signals can be comparable to one
Each of the subpulses within the pulse is incoherent with, , sinar The low-order signals can exhibit a peak-at 0
respect to all the others. A coherence of the medium set UDhose width is approximately given by.. They also

byégecrgﬁdtl):m;qst;?rfrztt::ganIttS@:h:hbsu?S:sz tﬂ;ﬂiégﬁd showed that higher-order signals can exhibit an asymmetric
pu ! Y y ubpu dependence on the delay time. In Rdf9], the authors con-

pulse, but not by thgth subpulse of the second. Delays idered imil h . . :
between the optical pulses on the order of the atomic dephagl ered a case simiar to the experiments u_smg_two Input
ing time T, or longer allow the coherence setup by the firstp.UIS(—:‘S described above. They sh_owed that in this case _the
pulse to die away before the mutually coherent subpulse 0§|gnal generated by_ the coherent interaction can algo exhibit
the second pulse arrives, so that the optical output vanishe& Narrow peak of widthr, as long as the Doppler width of
This argument explains the sensitivity of the transient fourh€ nonlinear system is sufficiently narrow. ,
wave mixing signal with nanosecoridr longe) broadband Four-wave mixing in the forward-beam geometry in a
input pulses to picosecond delays between the two inpuvo-level atomic system by broadband continuous wave
pulses, with the temporal resolution of the measurement limlaser fields was studied by Vemuri and co-workg2e,21]
ited by 7. by numerically integrating the optical Bloch equations for a
Time-delayed correlated pulses derived from long-two-level atomic system. They considered Gaussian fields
duration incoherent light sources were subsequently used ifiandom complex amplitude fluctuatiof20] and phase dif-
the measurement of relaxation rates in several systenfsision fields(random phase—frequency fluctuatiph2l]. In
[5—11. These include Cresyl fast violet dye in a celluloseall cases they calculated that the FWM signal initially de-
film [5], alkali metal-argon mixtureg6], sodium vapof7],  creases with increasing,. For high intensities and nearly
Rhodamine 6G dye in solutiof8], dimethylsulfoxide[9],  Lorentzian laser spectra, they reported that the FWM signal
carbon disulfide and nitrobenzef#0], and semiconductor- reaches a local minimum, after which it increases toward a
doped glassefl1]. Dephasing times as short as=5 fsec  fixed intensity-dependent value. In the case of the phase dif-
were reported in Ref.11]. fusion modelPDM) field, they observed a slight modulation
A great deal of effort has gone into understanding thesgf the amplitude of the FWM signal as a functiongfat the
effects when the field intensities approach or exceed the sat®apj frequency of the interaction.
ration intenSity for the transition. The use of time-dem.yEd Phase-conjuga‘[e four-wave m|X|r(§CFW|V|), as repre-
pulses derived from the same source, the basis of all thesgnted in Fig. b), by incoherent fields has received far less
experiments, constitutes a nontrivial problem for theoreticahttention over the years. In PCFWM, a forward and a back-
anaIySiS, eSpeCiaIIy at elevated intenSitieS, since the tot%ard pump beam propagate exa_cﬂy antipara”e| to one an-
field is non-Markovian. Field and system correlations be-other, and a weak probe field is incident in a direction mak-
come extremely complicated. Physically, we think of eaching a small angle with respect to the forward pump beam.
pulse influencing the time evolution of the system, but in aThese input fields are all at the same frequeagy. The
statistically correlated way. i _ interaction with the nonlinear medium produces a fourth
The group of Keller and Le Gouehave carried out a  fie|d component, also at the frequensy, which propagates
series of theoretical and experimental investigations in whiClhack on the incident probe beam. This field is called the
th.ey explore the intensity dependence of. four-wave miXin%hase-conjugate field, since it can be shown that its wave
with broadband pulseis2—16. Most of their work concen-  fronts are exactly reversed from those of the probe field.
trated on the turn-on time of the four-wave mixing signal in examples of PCFWM with broadband fields include single-
the direction X,—k,; as the delay time between the two shot measurements of four-wave mixing spectra in a flame
pulses was varied through zero. In the weak-field limit, they{22], PCFWM with incoherent pulses of near-resonant light
showed[12] that the turn-on time of the FWM signal con- in a sodium vapor cell23], and resonant four-wave mixing
sisted of two components. The time scale of the fast compoin the OH radical in a methane-air flarh24]. Nonresonant
nent is the inverse of thenhomogeneoysDoppler width of  four-wave mixing with broadband fields was considered
the absorption line, while for the second it is the laser-pulseheoretically in Ref[25].
durationr, . For intense fields, they showed that the lifetime A related phenomenon of optical absorption and gain of a
of the excitation memory is given approximately by, the  weak cw PDM probe beam by a two-level atomic system
correlation time of the field fluctuations, which can be muchdriven by an intense time-shifted cw PDM laser field has
shorter than the effective interaction tirfi5]. also been studied theoreticallg6] and experimentally27],
There are few theoretical analyses valid for arbitrary in-with very close agreement between the two. The gain in this
tensities of each of the input pulses. Friedberg and Hartmansystem displayed features similar to those we observe in the
[17] and Tchaio et al.[14] developed a diagrammatic tech- present work.
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Each of the experimental studies of FWM in the forward [Argon lon Laser] [Dye |
geometnyf1,2,5-13,15,1pand FWM in the phase-conjugate \L,@‘
geometry[22—24 quoted above have been carried out in [dye laser tuning control Na 2 Z
condensed phase or Doppler-broadened vapor-phase medi cell
using the amplified spontaneous emission of a highly EO AP S N
pumped gain cell or a misadjusted mode-locked laser. While RF @—3-7‘2(3“2 J7—®—|>—7\/AO o
there has been good overall agreement between theory ar Sﬁﬁ?' ~400 MHz 200 MHz Var.
experiment, it is our goal to provide a more stringent test of T B.S.

. . . . 1.4 kHz

the theoretical techniques and results by performing a serie 3 ramp| - PC TND
of experimental measurements under conditions which bette ref = beam | [Oor [Oor
isolate the effects we seek to study. In the present report, we L™ : ref choppe
discuss our detailed measurements of degenerate phas int [PMTH—— Jol l |
conjugate four-wave mixing with partially coherent fields. & Na | operture fPOL PO
Our nonlinear medium is an atomic two-level system with preparation beam beam 1, ohe beam
negligible collisional effects and minimal Doppler broaden- N 54 £
ing. The laser field for our studies is derived from the cw pol M4 pump beam

Vv

output of a frequency-stabilized dye laser, onto which we

impose random frequency and phase fluctuations. Thus we FIG. 2. Schematic diagram for the phase-conjugate four-wave-
can control and characterize its statistical properties withirmixing experiment. Abbreviations in this diagram are used for the
the context of the fully quantitative phase diffusion field scanning Fabry-Perot interferometdSFP, the acousto-optic
model. We measure the spectrum of the FWM signal as weodulator(AO), the electro-optic modulatdiEQ), the roof prism
tune the frequency of the pump and probe field through théRP), single-mode optical fiberéOF), photomultipliers(PMT), a
atomic resonance frequency, as a function of the laser bandg€rsonal computePC), polarizers(pol), and quarter-wave retard-
width, the intensity of the pump beam, and the delay time's ®/4).

between the pump and probe components. We determine the , )

peak signal strength relative to the FWM signal generated b§{—200 MH2 fluctuations onto the laser beam using an
narrow-band fields, as well as the spectral width and asyme/€Ctro-optic modulator. The reasons for using a hybrid
metry of the signal. We discuss our measurements in detaf'odulation technique of frequency modulation for low-
in Sec. II. We present our experimental results in Sec. III. Infféquency noise and phase modulation for high-frequency

this section we also present the results of a numerical analyl°ise li€ in the technical advantages offered by each in their
sis of the peak signal strength of this interaction. We defef€SPective frequency ranges. These noise spectra are super-

details of this analytical technique to the Appendix. We closg?0Se€d on well-stabilizetbandwidth~250 kH2 continuous-
with a brief conclusion in Sec. IV. wave-generated pump and probe beams.
The PDM is characterized by a constant amplit&gebut

fluctuating frequencyp(t) = d(t)/dt,

E()=Epexp[—i[w t+¢(D)]}. 1)
In this section we discuss the experimental techniques we ) . ] )

use for measurements of phase-conjugate four-wave mixind.ne fluctuating phase(t) is a random Gaussian variable
We show the geometry of the interaction in Figbjl Our ~ Whose dynamics are analogous to those of the position of a
tion were to define the nonlinear medium as a closed, twofor the spectrum of the Gaussian noise we employ, the fre-
level atomic system in a collision-free environment with quency fluctuations are exponentially correlated,
minimal Doppler broadening; to assure uniform intensity of .
the pump beam in the interaction region; and to use a laser Ry(7)=($(1)p(t+ 7)) =bB exp(— Bl ]), 2

field whose phase and frequency fluctuations are well char- . . . . .
acterized ang controllable q y whereB ! is the correlation time of the fluctuations, anis

The experimental setup, shown schematically in Fig. 2, is.fhe spectral density of the frequency fluctuations. The power

- ; : trum of the frequency fluctuations is Lorentzian in
very similar to that which we have previously reporf@d], Spec . -
except for additional provisions for superimposing phase an hape, with a 3'dB cutoff frequency ’87.277.' In the limit of

ast, low-amplitude frequency fluctuatiorise., 8>b), the

frequency fluctuations prescribed by the phase diffusio . e L
model onto the pump and probe laser fields. A comprehenpower spectrum of the optical field is nearly Lorentzian in
sive discussion of this noise simulation methodology was> 1apPe,

presented in Ref29]. For this system, we use voltage noise £2
generated by a commercial shot-noise diode so(ndgch Pe(w)= -0
produces Gaussian noise with a relatively flat noise spec- 2
trum) to drive a voltage-controlled oscillator, producing a

constant amplitude, fluctuating frequency rf signal. We limitwith a full width at half maximum(FWHM) of 2b. The
the bandwidth of the noise from the noise source to 6 MHzcorrelation time of this field is,=b~1. We consider only
to stay within the optimal operating range of the acoustothis limit in the present work, in whic|®/27=100 MHz and
optic modulator. We separately impose high-frequency phas2b/27 is 9.0, 14, or 24 MHz.

Il. EXPERIMENT

2b
(w—wL)2+ b2’

()
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We chose atomic sodiuntspecifically, we use thé®, 6
transition at\ =589.0 nm as our nonlinear medium for this
work, and use standard optical pumping technigiBg to 5
produce a true closed, two-level atomic system consisting of
the 352S,,,F=2m:=2 ground state and thep¥P5,,F
=3 mg=3 excited state. The saturation intensity at reso-
nance for this transition iso,= 6.33mW cm 2, wherel 2, is
defined as

FWM signal (arb. units)
(%] s

N

2
o _ €Chyily
sat

: (4)
2 | M12| 2

v12 1S the transverse relaxation ratEq is the population ey :
decay rate, angk,, is the transition dipole moment. The % 0 50
laser beam(labeled the preparation beam in Fig. \&hich laser frequency scan (MHz)

drives the sodium into the two-level system also serves to

recover the atoms initially in thE=1 ground state, helps to FIG. 3. Typical FWM spectra. The data points shown as circles

limate th tomic b d id . a]forrespond to the case where the laser noise is turned off, resulting
colimate the alomic beam, and provides an error Signay, , |5ser pandwidth of- 250 kHz, while thex’s correspond to a

which we use to control the frequency of the laser. We disy ¢, bandwidtFWHM) of 24 MHz at a delay time of -9.9 nsec.

cuss the complete deta_lils of the preparation peam in Refhe pump beam intensity is 29 mW/2m4.6 12, for both.
[28]. The sodium atomic beam, generated using a single-

chamber effusive oven (300°), has a density in the interac-

tion region of 2. 10° atoms per crh The atomic trans- o o _
verse velocity distribution has a widtFWHM) of 300 cm/ the incident probe beam. We use polarization optics to sepa-

sec, corresponding to a Doppler width of about 5 MHz. ~ fate Fhe phase-conjugate pe_am from the probe_ b.eam and di-
In the interaction region, we cross the pump and probdect it toward a photomultiplier. The photomultiplier output
fields with the atomic beam at right angles to minimize theiS amplified in a lock-in amplifier, with the reference input
Doppler broadening effects. The pump beam and probe beafdt ~160 H2 to the lock-in amplifier being generated by the
are collimated, and nearly parallel to one another, crossing &€am chopper of the probe beam. The output of the lock-in
an angle of~10 mrad. We vary the delay time, between amplifier is recordgd by a laboratory PC using an external
the pump and probe beams by replacing one of the singleé\/D converter, which concurrently records the scan voltage
mode optical fibers through which each beam passes witihich indirectly tunes the laser frequenig]. _
one of a different length. We produce the backward pump For each value of the pump laser power, delay time, and
beam by reflecting the forward pump beam back on itselPectral width of the field, we scan the pump and probe
after it exits from the vacuum chamber. The round trip timefrequency together through the resonance frequency of the
required for the pump beam to travel from the interactionSodium D, transition, and record the power of the phase-
region to the external reflector and back to the interactiorfonjugate signal as a function of the optical frequency. The
region is~2 nsec. The beam radiddefined as the radius at intensity of the probe beam is held constant at OL7
which the intensity drops te”2 of its on-axis intensityof ~ (2-uW powe). Two typical spectra are shown in Fig. 3. The
the pump bean{l1.42 mnj is four times larger than that of intensity of the pump beam for these two spectra is
the probe bean0.34 mm), assuring that as the beams cross29 mWi/cnf=4.6 | % .. The data points shown as circles cor-
in the interaction region, the intensity of the pump beam igespond to the case where the laser noise is turned off, while
uniform to within 15% where the probe intersects it. At thethe X’s correspond to a laser bandwidi(RWHM) of 24
atomic beam density of our experiments, there arex1® MHz and delay time between the pump and probe
atoms within the volume of the interaction region, as defined—9.9 nsee —0.31T,. Overall, we measure FWM spectra at
by the cross-sectional area of the probe beam and the widfive different values of the pump intensity ranging from
of the atomic beam~{3 mm). 0.07 12, t012 12, and at three different laser bandwidths
We measure the weak-field absorption spectrum of th®, 14, and 24 MHz. For each measurement, we record four
sodium beam in order to monitor the alignment of the laseispectra, two with the laser noise on and two with the laser
beams, the alignment of the magnetic dipoles, the collimanoise off. The FWM spectra with the laser noise on are char-
tion of the atomic beam, and the density of the atomic beamacterized by a broader width and lower peak value in every
We cancel the Earth’s magnetic field to within 10 mG, andcase. Each scan is of length 100 MHz, and requires about
impose a field of about 0.5 G along the direction of propa-100 sec to accumulate.
gation of the pump field. The width of the absorption spec- The spectra often display a dip on the high-frequency
trum is typically 12.5-14.5 MHz, only slightly larger than side, especially for large pump powers and narrow laser
the 10-MHz natural linewidth of the transition. The peak bandwidths. A moderate example of this can be seen in the
absorption of the intensity by the sodium beam is abounharrow peak of Fig. 3. We believe this is a result of the pump
12%. beam heating the transverse velocity of the atoms, decreasing
The phase-conjugate beam generated through the nonlithe number of atoms available to contribute to the four-wave
ear action of the atoms propagates counter to the direction ahixing signal[28].
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FIG. 4. Normalized FWM signal strength vs the delay time be- FIG. 5. Normalized FWM signal strength vs the delay time be-
tween the pump and probe beams,, for a laser bandwidth tween the pump and probe beams,, for a laser bandwidth
(FWHM) of b/7=24 MHz. The experimental measurements are(FWHM) of b/7=14 MHz. The experimental measurements are
shown as diamonds, while the numerical results are given by thehown as diamonds, while the numerical results are given by the
solid lines. The laser intensities/(2,) and Rabi frequencies solid lines. The laser intensitiesl/(%,) and Rabi frequencies
(Q/24r) for the five figures aréa) 12 and 24 MHz(b) 4.6 and 15  (Q/27) for the five figures aréa) 12 and 24 MHz(b) 4.6 and 15
MHz, (c) 2.3 and 11 MHz(d) 0.46 and 4.8 MHz, an¢e) 0.185 and MHz, (c) 2.3 and 11 MHz(d) 0.46 and 4.8 MHz, an¢k) 0.185 and
3.0 MHz, respectively. 3.0 MHz, respectively.

We have covered the entire range of pump intensitiepump intensities ar€)/27=24, 15, 11, 4.8, and 3.0 MHz,
which yield an acceptable signal-to-noise ratio for the phaserespectively. As a point of reference, the natural linewidth of
conjugate(signa) beam. The most significant source of noisethe D, transition in sodium is 10 MHz. For the 9-MHz laser
is laser light scattered from the windows of the vacuum sysilinewidth data shown in Fig. 6, we use the same values for
tem. For pump intensities less than O.D?at, the signal is the pump beam intensity except for the lowest intensity,
detectable, but very weak. For pump intensities greater thawhich is 0.0712,,, corresponding to a Rabi frequency of 1.9
12 12, the signal strength is decreasing due to saturatioMHz. There are no adjustable parameters in the experimental
effects, and we also observe an instability in the signal whictor computational results shown in Figs. 4, 5, and 6. All of the
makes it difficult to measure the FWM intensity accurately.

We do not have an explanation for this instability, but intend _ * ! : 1
to study it in detail in a future work. For our beam density, 2os 0.8 08
the maximum phase-conjugate reflectivity for narrow-band

=
£06

0.6
fields is ~10 4, so that our 24W probe beam produces a &

0.6

0.2-nW phase-conjugate beam. The weakest signals we de ** _ o N B ‘

teCted were as Sma” as 10 pW From SpeCtI’a I|ke thOSE§02 ............. Do [ 7] ............. 02} G
shown in Fig. 3, we determine the peak signal strength, the o : 20 3 0 rr L : 0
frequency width of the peak, and the asymmetry of the peak. Delay Time (nsec) Delay Time (nsec) Delay Time (nsec)

We will present and discuss these results in Sec. Ill.

-
-
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g
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Normalized FWM Signal
s
R :
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Ill. RESULTS AND DISCUSSION

ad
)

.......................... 0~6 o
In Figs. 4, 5, and 6, we show plots of the peak FWM :

0.4}~
intensity as a function ofry, the delay time between the

: . M
pump and probe beams. The curves shown in the three figs®? 02 5
ures are given for different laser bandwidthés= 24, 14, % 100 oo 5 00
and 9 MHz (FWHM), respectively. The experimental data Delay Time (nsec) Delay Time (nsec)

for five different pump-laser intensities are shown in each
figure by the diamond symbolsX). In these figures we also
present the results of a numerical computation of this inter'—FWHM) of b/m=9 MHz. The experimental measurements are
aCt'O_n' represented by the_ So"d_ lines. We pre_sent essentl own as diamonds, while the numerical results are given by the
details of these computations in the Appendix. For lasekyjig jines. The laser intensitiesl/(%,) and Rabi frequencies
bandwidths ofb/7=24 and 14 MHz, the intensities we Use (/27) for the five figures aréa) 12 and 24 MHz(b) 4.6 and 15

arel/1%,=12, 4.6, 2.3, 0.46, and 0.185. The correspondinQviz, () 2.3 and 11 MHz(d) 0.46 and 4.8 MHz, an¢e) 0.07 and
Rabi frequenciesQ=[(1/12,) y1.I'o]*? at each of these 1.9 MHz, respectively.

FIG. 6. Normalized FWM signal strength vs the delay time be-
tween the pump and probe beams,, for a laser bandwidth
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experimental measurements and the theory are in very gooc 18.6 g T g T g g g
qualitative agreement, and in many cases good quantitative : : : : : : :
agreement as well. In order to account for any variations in 185}
alignment, we report our results as the ratio of the peak
height of the FWM spectra with the laser noise turned on to 184
the peak height taken with the narrow-band laser. -

In each case, the FWM signal reaches a maximum value g 183}
when the delay timey is small and negative. As the delay =
between the pump and probe increases in the positive direc- £18-2f
tion, the FWM signal decreases rapidly, with the slope of
this decrease being the greatest for lafjjeand large laser 18.1
bandwidth. Similar behavior was observed in measurements
of fluctuation-induced gain in a weak phase-diffusing probe 18
beam interacting with a two-level system driven by a time- g ; g : g ; :
delayed correlated phase-diffusing pump bd&®,27, and R - e——a— 15 2 25 a3 a5
in numerical calculations of four-wave mixing in a forward- vT,
beam geometry20,21]. We have examined the maximum _ )
slope of the unnormalized numerical curves, and find it pro-, F'C- 7- The magnitude of the phase-matched dipole moment vs

. 2 o, . time for a laser field undergoing a single-phase jump of magnitude
portional toQ*. For large delay(positive or negativg the Ad=m/10. The four curves correspond to delay times rgt

pump and probe beams are largely uncorrelated, and the - e 4 y )
FWM signal approaches a long-delay-time value. The Iong—+$zgo(ézzl;1degr:2%0 (dotted ling, +T/10 (dot-dashed ling and

delay-time value is~0.5 for largeQ), but drops off signifi-
cantly for small(. In many cases the FWM intensity reaches
a minimum before rising to the long-delay-time value, as
seen in both the numerical results and in the experiment
results. At low pump intensities, there is no local minimum
in the figures, as the atomic coherence decreases monotoﬂ
cally to reach the long-delay-time value. The signal strengtl

dipole moment term also shifting by precisely. In re-
ions of the standing wave pattern where the local Rabi fre-

quency is largd 2Q cosk-r)>T, ], the dipole undergoes
amped rapid oscillation, and the trajectory of the complex
ipole moment depends sensitively on the delay between the

reaches this value by, =2T,, whereT,=32 nsec, in nearly pump and probe beams. Eve_n a difference in delay time of
every case. For delays longer thaii,2 the phase of the T,/10 produces a radically different response. From the re-

atomic dipole set up by the pump is uncorrelated with theSPect of attempting to understand the phase-conjugate signal

phase of the probe. The FWM signal for broadband low-2s @ function of delay, then, it is fortunate that the phase-

intensity fields is very small compared to the narrow-bandfonjugate signal is dominated by th? CPntributions where the
case, as can be understood in terms of the spectral overldgcal Rabi frequency is smdlRQ cosk-r)=T, '], where the
between the laser spectrum and the atomic absorption linetrajectories are, by comparison, very simple. At these inten-
Because of the complexity of the statistical properties ofsities, we observe that the initial response of the dipole mo-
the field and of the evolution of the atomic system driven byment,|o(2[1)|, is always toward smaller magnitudes. This is
this fluctuating field, we find it very difficult to develop a illustrated in Fig. 7, where we show the calculated magnitude
clear qualitative physical picture for this interaction which |cr(211)| as a function of time for four different values of .
adequately describes the asymmetry of these peaks betweEhe local Rabi frequency for these curves is (Ig*i. After
positive and negative delay times. Our standard picture ofhe initial decrease, the dipole moment rises back to the equi-
the Bloch vector precessing about the electric-field vector igibrium value on a time scale of sevef®. There is no rapid
obscured by the fact that only part of the dipole moment ispscillation of the dipole term at these locations since the
phase matched to radiate into the phase-conjugate beam. TRebi frequency and the decay rate are of approximately the
evolution of this component of the dipole moment, which wesame magnitude. We calculate that the decrease in the dipole
label o, ", does not follow such a simple model. We can moment is greatest when the probe beam is delayed,by
gain some insight into this interaction, however, using our=T,/2 (the dashed line in Fig.)7or longer with respect to
numerical methodédescribed in the Appendixo determine  the pump beam. Similarly, the decrease in the magnitude of
the magnitude of the phase-conjugate four-wave-mixing sigthe dipole moment is the smallest for slightly negative de-
nal when the system is driven by a cw laser field whichlays. In Fig. 7 the solid line corresponds to a delay time of
undergoes a single-phase jump of magnitddg. We con-  7,=—T,/10. This behavior is similar to what we observe in
centrate our efforts on the time evolution of the real andthe phase-conjugate signal for the phase-diffusing laser field.
imaginary amplitudes Ozfr(zzl). We allow the probe beam to With the phase-diffusing field, or course, the dipole term is
be delayed with respect to the pump beamryy consistent  constantly out of equilibrium with the laser field, as the
with the experiments and calculations described above fophase shifts for this field are random and continuous. None-
the phase diffusion field. With the laser field turned on andheless, the tendency for phase jumps of the optical phase to
the phase at its initial value, the Bloch vector quickly reachesuppress the magnitude of the dipole might still reasonably
a steady-state condition, producing a phase-conjugate beararry over to the phase-diffusing field, lending some level of
of constant amplitude. As the phases of the incoming pumpinderstanding to this observation.
and probe field jump, however, the Bloch vector must con- The peak FWM intensity is only a weak function of the
verge on a new equilibrium value, with the phase of the newaser bandwidthb, at high intensities. In this case the rapid
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FIG. 8. Bandwidth(FWHM) of the FWM spectrum vs the in- FIG. 9. Asymmetry of the FWM spectrum vs the delay time
tensity of the pump laser. Data are shown for laser bandwidths of he spectral width of the pump and probe fields is 24 MHz, and the
24 MHz (O), 14 MHz (*), and 9 MHz (J), and with the external Pump-beam intensity it/12,=4.6 (/2= 15 MH2).
noise off (¢). The solid line is the result of the theory of Abrams
and Lind[32] for monochromatic laser fields, as given in £49).  MHz laser is larger than that for the monochromatic laser by
- . L ~20 MHz.
oscillation of the system at the Rabi frequency dominates, Although the widths of the spectra do not vary signifi-

O>b,I'y,y1,, and the normalized FWM signal for smaj| X
approaches unity, i.e., the fluctuations of the laser affect théﬁgtliovglsﬁedﬁa{}l V;eei?rgtfnemg 3;20[:%] iepFeor;ollzpceelgg;e
signal strength only minimally. b P y ) 9

We consider the experimental data shown for the highe intensity, large laser bandwidth, and small positive delay, the

. X : . WM spectra become very asymmetric. The peak FWM in-
pump intensity and the lowest pump intensity to be the IeastIensity still occurs neah =0, whereA = w, — wy; is the de-

reliable because of the smaller signal size and, in the formetunin of the laser frequency from the resonance frequenc
case, the instability of the signal. There is some discrepanc fthegatomiC transition?pzl- T};e signal strength fats>00!s ’

between the normalized FWM signal strength for theory an L nhanced, while foA< 0 it is depleted. In Fig. 9 we show

experiment for large delay times, as seen for example in Fi . i
4(a). Since the experimental values of the normalized FWI\?Imed ﬁ)/el%k_azyénn\)\zry d:fsi’nz fti??sr;/gn:grs/;_tﬁ: "\)/I:i as
sat” Y-

signal appear to approach the same value for large negati\?é‘ : )
and large positive values of;, we have confidence in their (A++A-)/2, whereA, (A_) is the detuning of the laser on
reliability. Possible causes for the disagreement inclgge  the high-(low-) frequency side of the peak at which the

the 2-nsec delay between the forward and backward pum WM'signaI strength is decreased to one-half its p_eak va!ue.
beams in the experiment?) the finite bandwidth €250 e did not compute any FWM spectra for comparison with

kHz) of the narrow-band laser field3) the effect of the the experimental data shown in Figs. 8 and 9, because of the

transverse velocity distribution of the atomic beam, & excessive computation time required for this calculation
small deviations between the synthesized laser spectrum af§lich would provide results of only secondary interest. We
that of the phase diffusion model. None of these factors ar&onsider the peak FWM signal to be of primary interest, and

included in the numerical simulations. We have previouslytherefore concentrated our computational efforts in that di-

observed that the third of these plays an important role in thE€€tion:
FWM signal strength for narrow-band field&8], but it is
not clear to us how the Doppler broadening _effgcts may be IV. CONCLUSIONS
different for narrow-band and broadband excitation.

Our experimental measurements show that the bandwidth In this work we have explored the role of the partial co-
of the FWM signal is relatively independent of the delay herence of the laser field on phase-conjugate four-wave mix-
time between the pump and probe fields. However, the bandng. By use of time-delayed pump and probe fields which we
width of the FWM spectrum is a strong function of the laserderive from the same source, the field statistics become non-
bandwidth and the laser intensity. In Fig. 8, we show theMarkovian, and complex correlations between the field com-
mean of the FWM signal bandwidth as a function of laserponents which drive the system become very important. In
intensity. Data are shown in this figure for laser bandwidthghe limit of a large pump intensity and short delays, the evo-
of 24 MHz (O), 14 MHz (*), and 9 MHz (O), and with the Iution of the system at the Rabi frequency dominates the
external noise off (). The solid line in this figure is the behavior, and the signal is relatively unaffected by the fluc-
result of the theory of Abrams and Lii81], as given in Eq. tuations of the frequency and phase of the laser. As the delay
(A9), valid for excitation by a narrow-band laser field. Over time increases, however, the FWM signal rapidly decreases
the range of our measurements, the bandwidth of the FWNue to opposing effects on the system evolution by the pump
spectrum is a few MHz larger for the 14-MHz laser than forand probe fields. For low intensities, we understand our ob-
the 9-MHz laser. The bandwidth of the spectra for the 24-servations in terms of the spectral overlap of the laser spec-
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trum and the natural linewidth of the atomic sodium used fortween the pump beam and the probe beam is givergby
the measurements. While the computational and experimeq,q polarization of the laser field is, and E*(F,t) is the
tal results are in reasonable agreement, we hope that these . i L2

experiments will stimulate the development of analyticalComplex conjugate of the field amplitude(r,t). .The for-
techniques and other theoretical efforts into the coherent inWard and backward pump beams form a standing-wave pat-

- : e tern in the medium, and are of nearly the same amplitude
teraction of quantum systems with non-Markovian fields. ’ . .
a 4 (Ep,=0.98). We letE,=E; in our analysis, and we do not

include the effect of the 2-nsec delay between the forward
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APPENDIX: THEORY

In this appendix, we discuss our numerical analysis of the P22~ P11,
nonlinear interaction of a two-level quantum system with a _ _ )
phase-diffusing laser field which leads to the phaseyvhere the d_|§1gonal elements of the denS|t_y matrix represent
conjugate four-wave mixing signal. The goal of this analysisthe Probability of occupation of the excited and ground
is to determine the peak PCFWM intensity for comparison@tomic levels(of energyh w, and# wy, respectively, and the
with our experimental results. We integrate the optical BlochPfi-diagonal elements include the complex oscillatory dipole
equations for this system to determine the time evolution offoment, i.e. the coherence, of the system. The e,
the density matrix of the system. We evaluate these elements’ (w2~ 1) represents the energy difference between the
for an arbitrary field strength of the pump laser, but we re-&tomic states. Tehe Eopponents ofﬁthe Lnteractlon energy ma-
strict the probe laser field to values much less than that retrix are Vij=— u;;-&(r,t), where u=er is the transition
quired to saturate the transition. Our approach allows us telectric dipole moment. The elements of the density matrix
easily identify the terms which are properly phase matchedre a strong function of position because of the standing-
to radiate in the direction of the signal beam. This analysisvave pattern created by the counterpropagating pump
has much in common with that presented in R&@], in beams. The decay of the population of the upper state has a
which we considered the effect of Doppler broadening orlifetime lel“gl, while the coherence has a lifetimg,
PCFWM with monochromatic fields. =y, . Moving into a rotating frame through the substitution

The net field incident upon the atomic medium is given byp,,=o,e '“t' and p;=0; and keeping only the terms

which evolve at frequencies much less than optical frequen-

E(r )= €{E; cogK; - T — w t— (1)) cies, allows one to write
+Ep cod— K¢ — o t— (1)) . ( 1) i. -
0= IA— =—| 09— =1 E(r,1)W,
o 21 T, 21 2hM21 (r,t)
+Epcodk, I — o (t—79) — p(t—79))}. (A5)
o =W=-1 0 L - - s o
(AL) W= T, +g{ﬂ~21' E(r,t) o= pap E* (r,t) 021}
1- g —iw - g iw
=5{E(r,te™ UHE*(rneed, (A2)  The population probability difference is given W= p,,
—p11, and since the atomic system is effectively clofesl,
where the atoms must be in one state or the othere usep;;
o o + p,o=1. The detuning of the optical frequeney from the
é(Fyt):;{Efeikf‘r_i¢(t)+ Epe 'kiT—i¢® resonant transition frequenay,, is given byA=w, — w,;.
L _ We next expand the dipole momemsy(r,t) and the popu-
+Epelkp ot it (A3) lation differenceW(r,t) in a power series of the factet»'"

_ . from the probe field,
The field amplitudes of the forward pump, backward pump,

and probe fields are given I, E,,, andE,, respectively. - ), = ()2 o ik C1), T s —iRT
- iy _ r)=c0(r,t)+o(r. ek "+ ol V(r t)e ke,

We usek,= —k; in Eq. (A1) to represent counterpropagation o(r )=o) (r,t) + oy (r,t)e e +o5, ~(r,t)e” " r

of the forward and backward pump beams. All three beams . o R _»('636)

are degenerate at a frequeney, and the delay time be-  W(r,t)=WO(r,t) + WO(r t)e*e "+ W D(r t)e e,
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When we gather terms from these equations according to common povs&é‘fs‘ rE)fwe arrive at a set of six coupled equations,

d 1 ) - _ o -
qi T 1A o = it cog ke F)WIOE ) + Qp(t— 7 W 1)/2],
2
d 1\ - _ . " .
go T 1A o) = it cog ke WK 1) + Qp(t— 7 WO(r 1)/2],
2
d 1 ) - _ Lo
it iAok (r,t)y=—iQ(t)cog k- )W (r 1),
2
d 1 L - - . . (A7)
at T 7 WORD =il M coske Nt (10 + Qp(t=79) o™ (11)

- . . 1
—(ZQ*(t)COS{kf-r)cr(zol)(r,t)+Q;(t—Td)cr(zll)(r,t))]—T—l,

(%+T_l)wm(r,t):i[(zg(t)coqkf.r)ggll>*(r,t)+9p(t—Td)ag;)*(r,t))—zn*(t)cos(kf-r)a<211>(r,t)],

d 1
_+_

T WED(r, 1) =i[2Q(t) cod K- 1) o5* (1, 1) — (2Q* () cog Ky 1) o'by (1, 1) + Q% (t— 79) a52(r, )],
1

The o5, V(1 ,t) term represents the amplitude of the dipolethese dipole moments. The transverse intensity profile of
moment which radiates the phase-conjugate beam, as indmp beam is not a factor in these calculations, since in the

cated by EQ(AB). Q(t)= i eEe” O/ is the Rabi fre- experiment we use a probe beam 'Whose .dlame_ter is small
guency of the Bloch vector due to the interaction of an atomcompared to that .Of the pump. W'th'n the dimensions of the
_ > probe beam, the intensity variations of the pump beam are
with  one pump  beam, and Qp(t—79)=p21  gmall.
-€Eye "7/ is the Rabi frequency due to the interac-  In order to determine the FWM signal intensity and its
tion with the probe beam. uncertainty, we compute the average signal for eath 3
We simulate the phase diffusion laser field in our analysigime interval. This integration time is long enough that the
using an algorithm developed by Fet al.[32]. Their pro-  average signal within one interval is statistically uncorrelated
cedure uses a random number generator to produce a sgith the average signal over the previous or following inter-
quence of values for the laser frequency. We have evaluateghl. We compute the mean and the standard deviation of the
the correlation function of the laser frequency and of themean using the values produced over the successive indi-
laser field, and find them to be in good agreement with thejidual 3T, intervals. The numerical integration continues
expected correlation functions. until the relative uncertainty of the FWM intensity decreases
Our analysis of the intensity of the four-wave mixing sig- pelow a value of 1% of the FWM intensity in the absence of
nal is carried out by numerically integrating E487). We  noise, or until the interval of integration reaches 690
let the transverse relaxation tin% be equal to twice the \whichever comes first.
population decay timé&,, consistent with the collision-free One check on the validity of the expansion in E¢s6)
trajectories of the atomic sodium beam. We choose the timgnd of this computational technique is to determine the am-
increment in the integration to B&,/1000. Initial conditions  plitude and bandwidth of the FWM signal under conditions
for the Bloch vector arer,;(0)=0 andW(0)=—1 ,i.e,, all  of excitation by a monochromatic source, i.e., with the laser
the population is in the lower state, and the dipole moment isrequency and phase noise turned off. We can then use the
zero. We turn on the field and let the atomic system evolvgesults of Abrams and Lindi32] for a direct quantitative
for 3T, in order to reach equilibrium with the fluctuating comparison. We showed these results in R28]. In the
optical field. The pump field creates a standing-wave patterfimit of a small (field amplitud@ absorption coefficient in
in the medium, so the evolution of the atomic system dethe medium of length., and with the forward and backward
pends upon its location within the field. The FWM signal pump beams of equal intensity, one can show that the
intensity is proportional to the square of the sumoéﬁl), Abrams and Lind theory yields
where the summation extends over the length of the interac- 02
tion region. Since the field pattern is periodic, we carry out | A=0)=(anl)? (211159
the temporal integration at 41 different locations within the Fwm(A=0)=(aol) (1+21/1° )3 p
standing-wave pattern, spaced b§80 and extending from s
one antinode of the field to the adjacent antinode, and surand

(A8)
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2
Norm=—VR2-1(1+411%),  (A9)
2

for the intensityl gy and spectral widthA wgyyy Of the
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Using this technique, we have calculated the peak, i.e.,
A=0 FWM intensity, as a function of the delay timey.
We normalized these intensities by dividing by the FWM
intensity calculated for monochromatic fields. The results of
these computations are shown in Figs. 4, 5, and 6. We did

phase-conjugate signal. Our numerical results are in excelot compute any FWM spectra using this technique. The

lent agreement with the analytic expressions of Hg®R)

numerical computations we have described require a great

and (A9). We start to see some anomolies in our results agjeg| of computer time, and we consider the peak FWM sig-

the pump intensity approaches 6@at, but this value is well

nal to be of greater interest than the spectra. Should FWM

in excess of the intensities we can achieve in our experispectra be of interest, they could, of course, be determined

ments.

by numerical integration of EqA7) for varying values ofA.
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