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PREFACE

This interim technical report was prepared by Hughes Research Labora-
tories under Air Force Office of Scientific Research Contract F49620-
80-C-0041. The principal investigator is R.A. MacFarlane. R.K. Jain,
G.J. dunning, R.C. Lind and D.G. Steel performed the experimental work.
Both C.R. Giuliano and R.L. Abrams provided continuous technical con-
sultation throughout the contract. Theoretical assistance was provided
by T.R. 0'Meara and G.C. Valley under internal support by the company.
Technical assistance was provided by J. Brown and J.P. Shuler.

We wish to thank H. Schlossberg from the Air Force Office of Scientific
Research, the technical monitor, for his interest and support in this
work.
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PHASE CONJUGATE RESORNATOR

! This is the second interim technical report on & continuing program to
study the properties of phase conjugate optical resonators. In partic-
ular, the objectives of this portion of the program are to demonstrate
oscillation in a phase conjugate resonator (PCR), to examine its mode
properties and to compare experiment with theory when possible. The
unique property of phase conjugate mirrors to generate so-called time-
reversed wavefronts has been demonstrated by workers at HRL and elsewhere.
The use of this phenomenon to compensate for optical aberrations makes
it a promising candidate for intracavity application.

The multipass character of laser oscillators greatly enhances the dis-
tortion potential of intracavity perturbations. In particular, the
effect of laser medium index inhomogeneities resulting from flow varia-
tions, pump variations, or simply thermal effects can degrade the wave-
front exiting from a laser to a larger extent than can a similar extra-
cavity disturbance. Similarly, the effect of mirror misalignments is
greatly accentuated compared to normal (extracavity) optical trains.

In principle, the resulting wavefront errors can be corrected either
intracavity or extracavity. However, these internal errors lead to

both amplitude distortions and vignetting of the output beams that are
not easily compensated with extracavity systems. Further, the resulting
intracavity errors may sometimes have a very high spatial frequency
content. Since nonlinear conjugation and/or other nonlinear compensation
offers excellent capability for correcting high spatial frequency dis-
tortion, as contrasted with conventional adaptive optics with deformable
mirrors, it provides an important motivation for using such systems in
i{ntracavity compensation. In addition, a conjugate resonator offers the
promise of recovering some of the energy that would be lost by diffrac-
tion in an ordinary resonator, resulting in improved energy extraction
from the gain medium. Finally, the nonlinear approaches offer the
ultimate promise of simplicity and low cost compared with deformable
mirror systems.

In spite of the potential just discussed, there are many open questions i
concerning the application of nonlinear compensation in laser oscillators

and the work performed on this program is aimed at answering these /
questions.

During this reporting period (July 1981 to March 1982), a paper on the !
study of longitudinal modes and the aberration correction potential of

a PCR based on a continuous-wave dye laser with a sodium phase conjugate
mirror was published in Optics Letters (Appendix A), as well as a paper
on multi-resonant behavior in nearly degenerate four-wave mixing in
sodium (Appendix B).




In addition, we report the measurement of spatial and temporal properties
of a PCR based on the photorefractive crystal BaTi0,, and pumped with mW
power levels from a He-ile or a Krt jon laser. In tRe absence of an intra
cavity aperture, the output beam is observed to be elongated in the plane
of the crystaldpxis. via preferential self-defocussing of the beam due to
the large anisotropy of the photorefractive effect in BaTi0,. The
resonator buildup time constants are found to be significan%ly larger

than the time constants of the photorefractive response, particularly
when the coherence length of the pump lasers are much smaller thap the
round-trip distance in the phase-conjugate resonator. The details of thi
experimental investigation are described in a paper submitted for publi-
cation to Optics Letters. This paper is included as Appendix C.
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APPENDIX A

Demonstration of the longitudinal modes and aberration-
correction properties of a continuous-wave dye laser with a
phase-conjugate mirror

R. C. Lind and D. G. Steel
Hughes Research Laboratories, Malibu, Californio 90265

Received july 20, 1881

We have experimentally demonstrated a cw dye laser incorporating a phase-conjugate mirror (PCM). The mirror
was generated by using four-wave mixing in sodium. The unique bandwidth and pump-probe detuning properties
of such a PCM permitted the first reported demonstration of the c/4L spaced paired half-axis) modes. Inaddition,

the aberration correction ability is demonstrated.

The spatial and spectral properties of phase-conju-
gate mirrors (PCM’s) generated by resonantly en-
hanced!-? degenerate four-wave mixing (DFWM) have
been studied in detail and have been shown to possess
unique optical properties. The capability of DFWM
to generate complete phase reversal of an incoming
probe wave permits aberration correction in an optical
system. Similarly, studies of the frequency dependence
of pump-probe detuning have resulted in the predic-
tions of unexpected frequency dependence.4-¢ Hence
the concept of incorporating a PCM as one of the mir-
rors in a laser resonator leads to interesting possibilities
and has been the subject of numerous calculations.” 10
These results have shown that such Fabry-Perot reso-
nators have longitudinal- and transverse-mode prop-
erties distinct from those of conventional resonators.
In addition there have been experimental reports of
lasing action in phase-conjugate resonators (PCR’s).7.1!
Aside from interesting physical behavior, resonators
using a PCM are also expected to find application in
laser systems characterized by highly aberrating tur-
bulence. Given the dynamic behavior of turbulence,
the application requires real-time aberration correction.
Therefore, the PCM used in such a PCR needs to be
characterized by a response time shorter than the
characteristic time of turbulence.

It is the purpose of this Letter to present the initial
results of an experimental study of the first reported cw
PCR employing a gain medium and a reai-time phase-
conjugate mirror with the potential for high-speed ab-
erration correction. The generalized PCR consists of
a broadband homogeneously broadened cw gain medi-
um, a regular mirror output coupler, and a PCM. The
PCM is produced bv two counterpropagating pump
beams supplied by a separate laser. The beams are
incident in a medium possessing a large third-order
nonlinearity. In our case this medium is atomic sodium
in the gas phase. Given typical cw dye-laser gain values
of goL. we require a moderately efficient DFWM re-

nse to achieve the oscillation condition (given by
eNol = R, “1Rpcp™), where R is the reflectivity of the
output coupler and Rpcwm is the reflectivity of the PCM).
The output is extracted from the regular mirror, and,

6

in the presence of intracavity aberrations, it is this beam
that will exhibit the transverse cavity mode.

Establishing & measurement of both the frequency
and spatial properties of a PCR requires a cw or
quasi-cw PCM and gain medium. The minimum time
depends on several parameters, including the cavity
length, the Fresnel number, and the cavity lifetime. To
ensure steady-state modes we operate in a cw configu-
ration made possible by the high-reflectivity cw PCM
that we demonstrate below.

The PCM is generated by four-wave mixing in Na
vapor. In order to achieve oscillation it was necessary
that the reflectivities exceed ~40%, consistent with the
net gain in the system. We have demonstrated
greater-than-unity reflectivities, with typical operation
being in the 80% region. To obtain these high reflec-
tivities we use the geometry shown in Fig. 1. The
counterpropagating pump is obtained by splitting the
main beam into a forward and a backward pump. It is
important to operate with separate pumps t avoid the
extra pump abeorption and thus the unbalanced pumps
that occur in the more-standard technique of passing
the forward pump through the conjugator and then
retroreflecting this beam into the conjugator to generate
the backward pump. The unbalanced pumps resuiting
from this configuration produce a decrease in the re-
flectivity resulting from a reduction in the nonlinear
response. This effect is a characteristic of the satu-
rating resonant nonlinearity that gives rise to DFWM.
In the present case the pump beams were obtained from
s Coherent Radiation 699-21 stabilized dye laser pro-
ducing 1.2 W of single-line power. This beam was fo-
cused with a 1-m focal-length lens into the Na cell,
which was a simple 1-cm-long side-arm cell. To achieve
high reflectivities the Na pressure was adjusted near
102 Torr with high cw output of the dye laser required
to bleach the Na vapor. In addition to these factors,
with linearly polarized pumps it is necessary to maintain
a small angle between the pump and the probe to
mazximize the reflectivity, where the probe path of
course is the path over which the PCR will oscillate.
This sensitivity to angle is shown in the paper of Nilsen
and Yariv’ and is a characteristic of an inhomo-
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Fig.1. Experimental configuration for a cw PCR. The PCM
is produced by using DFWM in sodium vapor. The PCR gain
medium is an argon-pumped dye laser using Rh6G dye.

geneously broadened medium such as Na vapor. For
our experiments the angle was kept below ~0.5°. For
alignment of the system the auxil:ary probe path shown
in Fig. 1 was used. The conjugate signal generated by
this probe signal was used as a monitor on the reflec-
tivity of the PCM as the PCR experiments progressed.
It is important to note that these high reflectivities are
only achieved by appropriately detuning the laser off
line center of the D; transition® and by operation of the
pump laser in a single longitudinal mode. The depen-
dence of the reflectivity on the pump frequency (as-
suming degenerate operation) is quite complex because
of the hyperfine splitting of the D; line (A = 589 nm)
into six dipole-allowed transitions. Optical pumping
and the presence of many crossover resonances adds to
the difficulty. Nevertheless, detailed studies of the
PCM using the 699-21 dye laser have resulted in a fairly
complete understanding of the various processes.
Whereas earlier studies? of DFWM on this transition
showed that the largest reflectivity (R ~ 0.2%) was ob-
served on the 352 Syo(F = 2)-3p2psp(F = 3) hyperfine
transition, these new experiments showed that the
largest reflectivities (R ~ 150%) occurred near the 3s?
S12(F = 1)-3p2 paso(F = 0) transition.

Oscillation was achieved in the PCR along the path
shown in Fig. 1. The gain medium consisted of a Co-
herent Radiation 590 dye laser with its output coupler
removed and replaced by the 25-cm focal-length lens-
PCM combination. The gain medium was pumped by
a second argon laser, giving sufficient gain to reach
threshold in the PCR. The regular mirror of the PCR
was the 100% reflectivity mirror normally used with the
580. The path of the PCR in the 590 is as shown and is
that normally associated with the 590 dye-laser con-
figuration. The output of the PCR was obtained from
that fraction of the energy coupled out of the beam
splitter shown in Fig. 1 (~2%). The PCR output was
monitored with an optical multichannel analyzer
(OMA) and with a 10-MHz-resolution scanning
Fabry-Perot étalon. The OMA indicated that the PCR
output was at 5890 A as expected, but when the PCM
was replaced by a regular mirror (with reflectivity equal
to that of the PCM) the laser oscillated near 5840 A (at
the peak of the gain for R6G).

November 1981 / Vol. 8, No.11 / OPTICS LETTERS 55§

The key feature that distinguishes a conventional
laser resonator from the demonstrated PCR is the lon-
gitudinal-mode structure observed in the output fre-
quency spectrum of the PCR. Whereas modes of an
ordinary laser resonator are spaced by ¢/2L, the modes
of the resonator incorporating a phase-conjugator
mirror are spaced by approximately ¢/4L and occur in
pairs symmetrically spaced to the central frequency.®
The central frequency always corresponds to the pump
frequency of the PCM and is independent of the cavity
length. In our experiments two distinct operating
modes were observed: pure single longitudinal-mode
output (without the use of any intracavity frequency-
selecting elements) as shown in Fig. 2(a) and multimode
structure consisting of the paired half-axial modes as
shown in Fig. 2(b), with a frequency separation of c/4L
as expected.

To understand why these operating modes occur it
is necessary to examine the pump-probe detuning
characteristics of the nearly degenerate four-wave mixer
geometry used to generate the PCM. We have estab-
lished experimentally these characteristics at both high
and low intensity and have found the behavior to be
complicated. Our observations show basically that at
high pump intensities the probe frequency at which the
peak reflectivity of the PCM occurs need not coincide
with the pump frequency. Furthermore, the band-
width of the PCM is also a function of the pump de-
tuning from resonance. To determine the effects of the
PCM bandwidth on the PCR output, we compare this
bandwidth with the c/4L spacing of the PCR. In these
experiments c¢/4L ~ 40 MHz; thus the first set of paired
half-axial modes will occur with a total separation of 80
MHz. It was found that when the pump frequency was
adjusted so that the peak reflectivity of the PCM oc-
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Fig. 2. Scanning Fabry-Perot signails of PCR output. (a}
Single-made output when the PCM bandwidth is less than
¢/4L. (b) Paired half-axis! modes separated by c/4L when
the PCM bandwidth is of the order of 200 MHz.
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Fig. 3. Far-field photographs showing the aberration cor-
rection ability of the PCR. (a) and (b) Correction ability of
the PCR autput in the presence of an aberrator. (c) and (d)
Output with the aberrator as observad through the PCM. As
expected, (d) shows no correction, whereas {b) shows good
correction.

curred for a probe frequency equal to the pump fre-
quency, the PCR oscillated in a single longitudinal mode
[Fig. 2(a)]. From the independent bandwidth mea-
surements under these conditions it was found that the
FWHM of the PCM fiilter was about 50 MHz, consistent
with suppressing the modes that would oscillate at a
separation of 80 MHz. However, when the pump fre-
quency was repositioned so that the PCM bandwidth
opened up to ~200 MHz, the PCR was observed to os-
cillate in several paired modes (consistent with the in-
creased bandwidth) about the central frequency, which
was degenerate to the pump frequency [Fig. 2(b)].

The peak output power observed from the PCR was
measured and found to be about 1 mW. This is con-
sistent with a calculation that takes into account the
unique saturation characteristics of a PCR. In par-
ticular, in a conventional dye laser the saturation of the
system is determined by the saturation intensity of the
dye gain medium, which is of the order of 1 MW/cm?.
However, for a PCR oscillating with the geometry shown
in Fig. 1 the saturation characteristics are determined
by the PCM. That is, the maximum internal flux in the
PCR can be no greater than the pump intensity used for
the PCM. Therefore the saturation intensity of the
PCR is the pump intensity of the PCM, which in this
case is about 50 W/cm=. 1f one assumes that the re-
flectivity of the conjugator saturates as 1/(1 + I/1,.), it
is easy to show that the output power (assuming that
mirror iosses are negligible) is!3

(1-Ry)
R\Gy

where Go = e®oL ], is the conjugator saturation in-
tensity, and A is the area of a resonator mode. We in-
ferred G from measurements made when the PCM was
replaced by an ordinary mirror (coupled with standard
expressions for output power from dye lasers). By using
these numbers, a calculated value was obtained that was
within an order of magnitude of that measured.

The spatial-mode properties of the resonator have not

Po= (Al,,) (R\RpcmGo2 - 1) W,

been analyzed; however, it was observed that the output
beam had a central bright spot and was similar to the
TEMgy mode.

Another unique feature of this PCR is its high-speed
real-time correction capability. The correction speed
is determined by the response time of the PCM, which
for the present case is the radiative rate of Na, or about
16 nsec. Thus this PCR has a bandwidth-correction
capability of ~100 MHz. The static aberration cor-
rection was demonstrated by using a fixed aberrator. A
10X diffraction-limited aberrator was inserted into the
PCR cavity. The position of the aberrator with respect
to the lens was such that the aberrator was imaged into
the PCM (see Fig. 1). By using this technique it was
possible to insert the aberrator into the cavity and move
it without significantly affecting the PCR output.
However, when the PCM was replaced with an ordinary
mirror, no lasing action was observed until the aberrator
was removed. Figure 3 shows the aberration-correction
ability of the PCR. Figures 3(a) and 3(b) show the PCR
output through the 2% output coupler, both without and
with the aberrator, showing aberration correction.
Figures 3(c) and 3(d) show the PCR beam that is
transmitted through the PCM, without and with the
aberrator, demonstrating, as expected, that no aberra-
tion correction is obtained on the beam transmitted
through the PCM. (The aberrator is only single passed
when the beam is observed at this position; see Fig. 1,
dashed line.)

We would like to acknowledge the contributions to
the PCR theory made by J. F. Lam, the development of
the output-power expression by T. R. O’'Meara, and
numerous technical discussions with C. R. Giuliano and
R.L. Abrams. This work was supported in part by the
U.S. Air Force Office of Scientific Research under
contract no. F49620-80-C-0041.
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APPENDIX B

Multiresonant behavior in nearly degenerate four-wave mixing:
the ac Stark effect

D.G. Steel and R. C. Lind
Hughes Research Laborutories, 3011 Mulibu Cunyon Roud, Mulibu. Celifornic 80265

Reccived August 14. 1981

We have experimentally studied the effects of pump-probe detuning in nearly degenerate four-wave mixing. The
data show multiresonant behavior as a function of the pump-prube detuning at both low and high intensities. At
lJow intensities, the structure is the result of Doppler motion. At high intensities, five-peak structure is observed

and is explained by the standi

The successful application of resonantly enhanced de-
generate four-wave mixing (FWM) to phase conjugation
has resulted in several theoretical investigations of
nearly degenerate FWM.1-3 In this case the nonlinear
response is evaluated when the frequency of the input
probe is different from the frequency of the two pumps.
This Letter presents the experimentally determined
dependence of the resultant signal reflectivity as a
function of pump-probe detuning in the limit of the
weak pumps (/pump < Isat) and strong pumps (I pump
» Isat).

To review the problem we consider a FWM geometry
with the simple Doppler-broadened two-level atomic
system shown in Fig. 1. We consider the case of two
counterpropagating pumps E; and £ at frequency w,.
The probe E,, is nearly collinear with the forward pump
at frequency w;. The two-level system is resonant at
frequency wo, and we assume that the pumps are de-
tuned from resonance by w; = wy + A and that the
probe is detuned from the pumps such that w; = w, +
6. Phase matching shows that the resultant signal is
counterpropagating to the probe and has a frequency
given by w, = w; — §,

The Doppler-broadened-system problem has been
solved only in the limit of low-intensity pumps by using
third-order perturbation theory.! For a given pump
detuning from resonance, 4, it is possible to determine
the resonance condition for the pump-probe detuning,
8. The resonances are given by é = (w2 = wo + A) and
6 = 2A(wy = wo + 34). Physically the origin of the first
resonance arises when the detuning between the two
beams is less than the linewidth, enabling both the
forward pump and the probe to interact simultaneously
with the same group of atoms to produce a spatial
modulation of the populatinn from which the backward
pump can scatter. The physical origin of the second
resonance is somewhat more subtle, arising from a
combination of Doppler effects. The forward pump,
w; detuned from resonance by 4, is Doppler shifted into
resonance for a particular velocity group v. The reso-
nance observed in tuning the probe to 4 = 2A occurs at
a frequency at which, in the rest frame of the atom, the
atom sees the Doppler-shifted probe and the backward
pump at the same frequency.

9

g-wave modulation of the ac Stark splitting of the atomic levels.

The pump-probe detuning problem has also been
examined in the presence of arbitrarily strong pump
fields in homogeneously broadened Doppler-free media.
A steady-state solution to the quantum-mechanical
transport equation has been found that is valid to all
orders in the pump field and to first order in the probe
and signal.>® The qualitative solution to this problem
may be anticipated by recalling the behavior of a two-
level atom subject to a strong field at frequency w) tuned
near resonance at wo. The population will undergo
strong oscillation between the two levels at an angular
frequency given by the generalized Rabi frequency ¢’
= [{w; = wo)? + 02172, where = uE/h, p is the transi-
tion dipole moment, and E is the electric field. This
effect can be viewed as a splitting of each level into two
levels separated by an energy A4S’ and is known as the
ac Stark effect. Hence one would expect such a system
to be characterized by three resonances at frequencies
6 =0and 6 = £Q’. However, in nearly degenerate
FWM the presence of strong counterpropagating pumps
slightly complicates this expectation. The simulta-
neous action of both pumps produces a standing-wave
modulation of the net electric field. Hence the Stark
splitting of the levels is also spatially modulated, pro-
ducing a macroscopic polarization with resonances an-
ticipated by the presence of high-intensity fields and
low-intensity fields. By using perturbation theory in
stationary media, one can show that, in the presence of
low-intensity pumps, pump-probe detuning resonances
occurat 6 =0and & = £A. Hence a total of five reso-
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Fig. 1. Geometry for nearly degenerate FWM. The pumps
zre at frequency w), but the probe is shifted by an amount

Reprinted fror: OPTICS LETTERS, Vol. 6, page 887, December, 1981
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Fig. 2. Experimenta! layout for studying nearly degenerate
FWM.
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Fig. 3. Scanning Fabry-Perot signal showing the frequency
shift of the signal wave (—8) with respect to the frequency shift
of the input probe (3) demonstrating that, because of phase
matching, w; + w) ~ w2 ~ w, = 0.

nances is expected.® The ability to observe the low-
intensity resonances in Doppler-broadened media
might be expected only if the power broadening ex-
ceeded the pump detuning A.

The experimental study of nearly degenerate four-
wave mixing was performed by using the experimental
configuration shown in Fig. 2. A similar configuration
was used by Nilson et al.4 to demonstrate the narrow-
band filter properties of FWM. The laser sources for
the pumps (w;) and probe (w,) were two stabilized Co-
herent Radiation Model 699-21 tunable dye lasers with
linewidths of the order of 1 MHz. The resonant atomic
medium was sodium, and the lasers were tuned near the
D> line (5890 A). Because of the half-integral spin of
the nucleus, the spectroscopy of the D, line is complex,
with six allowed dipole transitions. Optical pumping
plays an important role in the precise interpretation of
any experiment involving sodium. However, if linearly
polarized light is used, the effects are minimized by
working on the strongest dipole transition, the 3s
28,2(F = 2)-3p 2P, ,(F = 3) transition characterized
by a saturation intensity of the order of 6 mW/cm?
The angle between the pump and the probe was mini-
mized (<0.5°) for maximum reflectivity, defined as the
ratio of the signal power to the input probe power. In
all cases the probe intensity was kept well helow the
pump intensity. The absorption length product (i)
was kept at the order of 1.

The first measurement was a direct obeervation of the
frequency phase-matching requirements. In general,
Wi+ wp = Wp — @, =0. Therefore,since w; = w, = w,
and w, ® w,; = w, + 8, we expect that w, = w, ~ 4. The

10

verification of such behavior is critical for the occur-
rence of the paired half-axial modes predicted and ob-
served in a laser resonator incorporating a phase-con-
jugate mirror.® Figure 3 shows a scanning Fabry-Perot
trace of the signal obtained when the probe is detuned
from the pumps. The figure also shows the probe fre-
quency. As expected, the signal was displaced from the
pump frequency an amount —é when the probe was
detuned an amount +4 from the pump. No additional
structure was observed at either low or high pump in-
tensities,

The experimentally measured dependence of re-
flectivity as a function of pump-probe detuning (6) was
taken at low pump intensity (] < Isat) for various
pump detunings from the atomic resonance (A). Figure
4 shov's the evolution of the resonant structure for
various A as a function of probe frequency. As antici-
pated above, when A = 0, there is a single strong reso-
nance. However, as A is increased, two resonances form
atd=0(w;—wy=A)and 6 = 2A(w2 — wp = 3A). The
bandwidth of the central resonance is determined by the
longitudinal relaxation rate. For a two-lev  sroblem

with the lower state being the ground state. i rateis
given by the A coefficient. Hence the b  width is
twice as large as the atomic linewidth. Ph_ ily this
rate is determined by how fast the popula:  {(rather
than the induced optical coherence) can re: }tothe
time-dependent optical field oscillatingat . - | (in

the rotating-wave approximation). The ct. <ristic
time for population dynamics (diagonal density matrix

PROB OF TG (et W

Fig. 4. Experimental demonstration of multiresonant be-
havior of nearly degenerate FWM for low pump intensity.
The frequency shifts occur at & = A and § = 24, as expected
for inhomogeneously broadened material.
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Fig. 5. The measured bandwidth of the pump-probe de-
tuning response at low pump intensity. The width is deter-
mined by the longitudinal relaxation rate 7',~".
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Fig. 6. The pump-probe detuning response as measured at
high pump intensity. Five resonances are observed. The
central resonance occurs at 6 = 0. The two structures desig-
nated B occur at § = £ A. The two structures designated A
are due to the ac Stark splitting of the atomic levels and occur
atd= 20,
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Fig. 7. The bandwidth of the pump-probe detuning signat
under high-reflectivity conditions (R = 150%, «1 =~ 30).

elements) is determined by the longitudinal relaxation
time T’ as opposed to the transverse relaxation time T,
characteristic of optical coherences (off-diagonal density
matrix elements). Figure 5 shows that the measured
bandwidth is 25 MHz, in good agreement with the ex-
pected value of 20 MHz.

As expected at high intensities, the pump-probe
detuning dependence is considerably more complicated.
The interaction is further complicated in sodium by
atomic motion and hyperfine structure. Nevertheless,
by appropriate choices for the pump detuning A and
pump intensity ] it was possible to verify qualitatively
the above predictions of multiresonant behavior. The
observed five-peak behavior predicted by Harter and
Boyd is shown in Fig. 6. The pump intensity was 23
W/em?, corresponding to ) = 365 MHz. The pump
detuning was A = 210 MHz, giving a generalized Rabi
frequency of )’ = 421 MHz. As Fig. 6 shows, the loca-
tion of the sidebands (structure A) agrees excellently
with ', Structure B is the resonance occurring at b =
+A. The dependence of the measured {2’ on the pump
electric field is expected o be complicated because of
velocity effects in the presence of the electric-field
standing wave. However, our measurements show that,
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over a range of 0.1 < E < 0.45 statvolt/cm, the measured
)’ corresponds to the calculated value. Whereas the
origin of the resonant behavior appears to be antici-
pated by the analysis, a quantitative comparison be-
tween existing theory and experiment is not possible
because of complicating effects that are due to ve-
locity.

Not easily predicted or understood is the dip occur-
ring at & = O{w, = w;). This structure has been ob-
served to be very narrow (~30 MHz). Such an effect
has been predicted to arise from a constructive inter-
ference arising between the probe and signal at 6 = 0.
Such an explanation is not easily adapted to our data
since this microstructure is a dip for & < 0 and a spike
for A > 0on the 352 8,,5(F = 2)-3p% P3,,(F = 3) tran-
sition. Further, for transitions out of the F = 1 ground
state,itisadipfor A> Oanda splke for A <0. Addi-
tional studies are in progress.

The net bandwidth in Fig. 6 is glven by 2§2’. How-
ever, as the absorption length product is increased, the
bandwidth is observed to narrow significantly, and
secondary resonances are not observed. This is so be-
cause the probe and signal are strongly absorbed as the
detuning 6 exceeds the frequency width of the hole
burned by the strong saturating pumps. Furthermore,
at high ayl, the phase matching is no longer perfect
because of a finite dispersion. However, under these
conditions the reflectivity is over 150% on the 3s2 S o(F
= 1)-3p2 Py5(F = 0) transitions. An example of such
a bandwidth is shown in Fig. 7.

In conclusion, we have experimentally observed the
detailed and complex frequency structure associated
with pump-probe detuning in nearly degenerate FWM.
The understanding of such behavior, especially at high
intensity, has been demonst-ated to be critical for
building a laser incorporating a rhase-conjugate mirror.
Furthermore, such interactions have been suggested for
tunable narrow-band optical filters, and these e; peri-
ments demonstrate how that bandwidth may be con-
trolled.

The authors wish to acknowledge helpful discussions
with R. A. McFarlane and J. F. Lam of Hughes Research
Laboratories and R. Boyd and D. Harter of the Uni-
versity of Rochester. This work was supported in part
by U.S. Air Force Office of Scientific Research contract
no. F49620-C-0041.
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ABSTRACT

We report measurements on spatial and temporal properties of a cw
phase-conjugate resonator based on the photorefractive crystal BaT103 and
pumped with mW power levels from a He-Ne or a Kr+ jon laser. In the absence
of an intracavity aperture, the output beam is observed to be elongated in the
direction of the crystal axis, via preferential self-defocussing of the beam
due to the large anisotropy of the photorefractive effect in BaTi03. The
resonator buildup time constants are found to be significantly larger than
the time constants of the photorefractive response, particularly when the
coherence length of the pump laser is much smaller than the round trip

distance in the phase-conjugate resonator.

waciidedingimbeliilin sl




[
[
l
!
l
l
|
I
l
I
l
l
!
{
l
l
]
!
!

SPATIAL AND TEMPORAL PROPERTIES OF A CW PHASE-CONJUGATE
RESONATOR BASED ON THE PHOTOREFRACTIVE CRYSTAL BaTiO3

by

R. K. Jain and G. J. Dunning
Hughes Research Laboratories

3011 Malibu Canyon Road
Malibu, California 90265

Phase-conjugate mirrors based on degenerate four-wave mixing have
been used recently to demonstrate the operation of cw phase-conjugate
resonators, and to study their longitudinal modes and aberration correction
plr'operties.]'3 Of particular interest for this application are the
extremely high cw reflectivities] that are obtainable from phase conjugate
mirrors based on photorefractive crystals such as barium titanate and
barium strontium niobate4’5, even with the use of relatively low pump powers.
These high reflectivities are directly attributable to the magnitude of the
photorefractive effect in these crystals, caused by the anomolously jarge
values of appropriate electro-optic coefficients in these crystals
(rqp = 820x10"'2 mv™! in BaTi0z). It is well known?"7 that the anisotropy

0712 v}, and ra3 * 23x10712 my!

of these electro-optic coefficients (r'.‘3 = 8X] mv-
for BaT103) also causes large asymmetric self-defocussing of beams propagating
through these crystals. In the present letter, we demonstrate experimentally
the consequences of this intracavity self defocussing on the transverse modes
of a BaTioahased phase conjugate resonator (PCR), when no intracavity apertures

are used. The effect of severe intracavity phase aberrators on the transverse

mode profile is also studied. In addition, we report data on typical buildup

times for steady state oscillation in such resonators, for cases when the
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coherence length of the pump radiation is either much larger than or much
smaller than the round trip distance in the phase conjugate resonator.

Figure 1 shows the experimental arrangement used for our degenerate
four-wave mixing (DFWM) and PCR studies. BS1, BS2, and BS3 are 2%R, 18%R,
and 66%R beamsplitters respectively,used to generate the three input waves
for the DFWM experiments. These are designated by p, f, and b corresponding
to the probe, forward pump and backward pump waves in the usual DFWM nomen-
c1ature2, which correspond to the image, reference, and readout beams in the
nomenclature of holography]. We will designate the corresponding beam powers
and intensities by Pi and I1 respectively, where i = p,f, or b. ND represents
variable neutral density filters that were used to attentuate the probe
beam, and BB, M3, Ab, and L2 represent a beam blocker, partially transmitting
mirror, aberrator and 5 cm focal length lens that were inserted only for PCR
studies. The lens L2 allows focussing of all the light scattered by the
aberrator into the pump volume determined by the overlap of the backward and
forward pump waves; this not only improves the efficiency of the interaction,
but is also essential for proper phase conjugation and aberration correction
of this wave. The focal length of lens L1 was 100 cm; the path lengths of
all three waves from this lens to the BaTiOy crystal was 110 cm ¢+ 1 cm; the
less thar 2 cm path length difference was much smaller than the coherence
length lc of any of the lasers used in these experiments.

Experiments were performed using either a 15 mW multi-longitudinal mode
TEM,, He-Ne laser output at 63284 (zb ~20 cm), or using ~100 mW of multi-
longitudinal mode or single longitudinal mode TEMoo power at 64713 from a
krt ion laser. A Faraday isolator was inserted between the experimental
configuration of Fig. 1(a) and the pump laser-to avoid instabilities

associated with the inevitable retroreflection of beams from the experimental
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configuration to the pump laser; this isolator was found to be crucial

for well-characterized single longitudinal mode pumping of the PCR (and

of the DFWM interaction). With multimode operation, the data corresponding
to both the 63283 and 64713 experiments was very similar, except for the

],3

o
increased speed at the higher 6471A powers. For the data reported here,

all of the beams were p-polarized,and the external angle 6 (see Fig. 1(b)),

between the probe and forward pump beams was maintained to be between 20 and

-ur

25 degrees. The 5 mm x 5 mm x 5 mm piece of single domain crystal BaTiO3 ﬁ

-

was po]eds’9 by us just prior to these experiments, and was placed in a

high refractive index (1.57) fluid, with an angular orientation (see

Figure 1(b)) similar to that of Ref. 1

Using the above configuration, with backward pump-to-forward pump

e k. o SRR U

(Ib/If) and forward pump-to-probe (If/Ip) intensity ratios of between 4 to 1
and 10 to 1, phase conjugate reflectivities of over 200% were observed over
a wide range of pump powers (from Pb ~5 mW to ~100 mi i.e. Ib ~5 N/cm2 to
~100 N/cmz) for both single longitudinal mode and multimode lager operation.
For PCR operation, it is critical that the probe beam retraces its path
exactly, which imposes a severe constraint on the relative angular align- |
ment of the two pump beams. The angular fidelity of the phase conjugate
return was checked with the use of a small variable aperture in the path
of the probe beam. To obtain PCR operation, this aperture was removed, §
the probe beam was blocked (by BB in Fig. 1), and a partially transmitting
mirror M3 (T=2% to T=40%) was oriented perpendicular to the path of the
original probe beam. Oscillation of the PCR was then observed to occur with
a relatively slow buildup time; we will first discuss the mode structure of
the steady-state oscillation.

Figure 2 depicts far field photographs and transverse mode profiles of
the output of such a "BaTiO3 PCR," when pumped by single longitudinal mode
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TEMoo radiation from a ket jon laser. All of these photographs were taken

in the direction of M3, as indicated by the location of the video camera in
Fig. 1. For these experiments, Pf = 0.75 mW and Pb = 3.5 mW,and an output
coupler (M3) with T=7% was used. Figure 2(a) and 2(b) correspond to the
case with no intracavity aperture or aberrator. It is observed that the
“natural" transverse modes of such a resonator shows a distinct elongation
(~4 to 1) in one direction. The elongation is in the plane defined by the
input beams and the crystal axis, and is in qualitative agreement with the
dominant beam coupling or beam defocussing in this direction due to the

4-7 and the value of the numerical

anisotropy of the photorefractive effect,
aperture (or acceptance angle) of lens L2. No attempts were made to model
such transverse mode behaviour theoretically. Aperturing the beam results

in a more circular spot, but with significant loss of output powelr',]0 as
expected from spatial selection of the PCR transverse mode from the laterally
elongated pump-probe overlap region in BaTiO3§'7The transverse mode profile
of Figure 2(b) is along the direction of the horizontal Eursor (white Vine)
of Figure 2(a). The homogeneity of the beam profile was also observed to
vary slowly with time (on a time scale of several seconds), and the slight
dip in the oscilloscope photograph of Figure 2(b) is not a characteristic of
the mode structure. Figs. 2(c) and 2(d) show far field photographs of the
beam and the transverse mode profile when a severe aberrator is placed inside
the cavity. The attenuation of the camera was reduced by an ND of 0.6,
indicating a reduction in the beam intensity by approximately a factor of 3
due to the insertion loss of the aberrator. The relatively small change in
the overall beam profile is indicative of excellent aberration oorrection, and
is in strong contrast with the irregular mode patterns in the transverse mode
data of Ref. 1. We do not understand the exact reasons for this discrepancy;

however we did observe similar irregular mode patterns when we used
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multi-longitudinal mode radiation for pumping the PCR. Figures 2(e) and

(f) characterize the aberrator and were obtained by unblocking the probe
beam, blocking the two pumps, and inserting a 100% retroreflector next to
the aberrator (between the aberrator and lens L2), so that these pictures
characterize the far-field pattern obtained after double passing the
aberrator. Care was taken'to ensure that the spatial region of the aberrator
that was sampled by the probe beam was identical to the one for which the data
of Fig. 2(c) and 2(d) were taken. We note that the mode profile of Figure
2(f) shows the shortcomings in the rendition of the intensity profile by
merely a single-exposure photographic observation1’2 (such as Fig. 2(e)),
due to the lack of linearity of most photographic recording materials.

Additional experiments were performed to confirm that the observed
output was indeed a PCR oscillation,and not merely due to self-sustained
beam coupling effeci:sn’]2 initiated by gratings that may have been written
into the crystal at an earlier time. This included observations of the
decay and buildup of the PCR oscillation with the blocking of the output
coupler M3, and the observation that the PCR oscillation "tracked" small
angular adjustments of this mirror in both the horizontal and the vertical
planes. At pump power levels corresponding to a few mW (beam area ~0.1 mmz.
{.e. pump power densities of a few Hatts/cmz), the typical buildup and decay
times of the PCR were observed to be of the order of several seconds (~25
seconds for If = 1.2 H/cmz. lb = 5.6 H/cmz)..and were comparable to the
measured response times of the BaT103 crystal at these power densities.

When the BaT103 crystal was pumped with a multi-longitudinal mode laser
(He-Ne or Kr'), such that its coherence length (lc -8 cm for kr') was much

shorter than the round trip distance (~30 cm) in the PCR, buildup oscillation

was still observed to occur in the PCR cavity. However, this oscillation was
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extremely sluggish, with buildup and decay times that were nearly two orders

of orders of magnitude larger than the corresponding values of material
reponse times. Because of the lack of phase coherence between the
oscillating beams and the pump beams, it is surprising that any PCR buildup
occurs at all, and the observed buildup is perhaps itself a measure of this
coherence. However, as indicated earlier, the observed transverse mode
profile was of much more irregular character than that shown in Figure 2.
Nevertheless, negligible degradation in the far field mode pattern was
observed even when very severe aberrators were introduced into the cavity.

It is conceivable that the coherence constraints imposed for multimode
pumping could be satisfied much better if the BaTiO3 crystal were moved one
resonator length L away in the direction of the backward beam, so that the
readout beam b arrives at a time 2L/c earlier than its precisely coherent
counterpart in the reference beam f. Then, the scatter of the readout beam
b by the dominant steady-state (f-p) grating would result in a wave that
returns often one round trip (i.e. 2L/c) delay in the PCR, as an image beam
p that is coherent with f, the other writing beam. A steady state self-
consistent solution may thus be possible, in which the dominant intracavity
flux ("p") in the PCR closely satisfies the requirements of coherence with
respect to the forward pump f. We have not as yet attempted any experiments
or the precise modeling of such a PCR configuration.

With the use of high output couplings, net efficiencies of over 25% were
easily obtained in the PCR output power relative to the sum of the input
powers, despite the large intracavity losses caused by spurious reflections.
In the case of large backward pump-to-forward pump ratios (Ib/If 2 10),
accounting for reflection losses, we note that over 90% of the power in the

backward pumpe beam was observed to be diffracted in the direction of the PCR
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output. With the use of anti-reflection coated optics, and an external gain

medium and feedback path, it should be possible to demonstrate a self-pumped

PCR in this basic configuration. One such scheme is shown in Figure 3,

where mirrors M4 and M5 are used to start up the oscillation of the ‘normal’
laser around the gain medium, and are then removed rapidly, i.e. faster than

the BaTiO3 PCR response times, to obtain a realization of a self-pumped PCR.

Note that in this configuration the PCR is essentially the same linear PCR as

in Figure 1, with perhaps the addition of an intracavity aperture for transverse

frasy o R

% L

mode control; the rest of the optics and the gain medium are principally for
regeneration of the pumps, their power distribution and redirection. Clearly,
several other arrangements and simplifications of this configuration appear
possible. ¢
In conclusion, we have reported new data on the spatial and temporal
properties of a PCR based on the photorefractive crystal BaTiO3, for the
cases of single longitudinal mode and multi-longitudinal mode pumping. The
highly anisotropic photorefractive effect has been observed to result in an
elongated transverse mode in such a resonator for the case of single
longitudinal mode pumping, and poor spatial quality and extremely long buildup L
times have been observed for multi-longitudinal mode pumping. A configuration
is described that should permit self-pumped laser action in such a resonator.

We acknowledge the generous advice of R. Buchanan on the poling of

8aT103. and several very useful conversationswith J. Feinberg and J. 0. White
on their experience with poling and beam coupling experiments. The generous
assistance of D. G. Steel and R. A. McFarlane, and numerous conversations with
G. C. valley, M. B. Klein, and R. C. Lind are also gratefully acknowledged.
This work was supported by AFOSR Contract #F49620-80-C-0041.
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Figure 1 (a)

Figure 2:

Figure 3:

(b)

Figure Captions

Schematic of the basic experimental layout. The dashed
lines represent optical elements that are inserted only
for some of the experiments (see text).

Details of the angular orientation of the BaTi03 crystals
and input beams. The arrow marked c designates the

direction and polarity of the crystal axis.

Far field photographs (a), (c), (e) and corresponding
intensity profiles (b}, (d), (f) of the output beam from
the PCR. The intensity profiles correspond to the location
of the cursor in the far field photographs. (a), (b): No
intracavity aberrator. (c), (d): With intracavity
aberrator. (e), (f): Characterization of the aberrator

with a double pass transit of the probe beam.

One possible configuration for a self-pumped phase
conjugate resonator. M4 and M5 represent removable
mirrors that are only used for the "start-up" of this
self-pumped PCR; the long memory times of BaT103 facilitate
the removal of these mirrors to obtain final “"self-pumped"

operation.
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