
using different crystal orientations, if results of chemical
etching of different low index planes4 are also observed forphotoelectrochemical etching. It is important to note that
the very mild electrolytes used in photoelectrochemical etch-
ing of GaAs are compatible with virtually all resist or mask
materials.

Commercial availability of 10-cm (4-in.) GaAs wafers sug-gests that this material could be used for practical spectro-
scopic gratings. In addition, gratings with a variety of
groove structures are used in integrated electrooptics whichare mostly based on compound semiconductors.2 An un-
derstanding of crystallographic effects in controlling groovegeometry during photoetching will permit the fabrication of
new structures with a high degree of process control.

This work was supported in part by the Office of NavalResearch and the National Aeronautics and Space Adminis-
tration.
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Phase-conjugate mirrors (PCMs) have been shown to beuseful as distortion correction devices in configurations
where the light beam retraces its path, such as a laser cavity'
or a Michelson interferometer arm.2 3 On the other hand,
one-way transmission of 3-D images through multimode fi-bers has not yet been demonstrated using phase conjugation.
One-way transmission of uniform phase, or length informa-
tion, useful for fiber optic sensors based on the Mach-Zehnder interferometer, is generally done with single-mode
fibers.4 Given their relative versatility and ease of align-ment, compatibility with other systems, and multichannel
carrying capacity, multimode fiber interferometers have acertain advantage over their single-mode counterpart.5

We have recently6' 7 demonstrated the operation of a
unique device based on photorefractive four-wave mixing,the double phase-conjugate mirror (DPCM). Among itsmany applications, we discussed and demonstrated its abili-ty to clean up spatially a distorted beam and its usefulness inconstructing a Sagnac interferometer incorporating multi-mode fibers. Here we show that this device can be used toconvert a modally dispersed light beam due to a single passthrough a multimode fiber into an aberration-free beamwhich carries, however, the uniform phase information of themultimode fiber. Thus it allows for the construction of aMach-Zehnder interferometer using multimode fibers.

The experimental setup is shown in Fig. 1. Light beam Afrom an argon-ion laser operating at 488 nm without anetalon is split into a signal beam 4 and reference beam 5.The signal beam passes through an electrooptic SBN crystal
to which a variable dc voltage is applied and is then directedinto a step-index multimode fiber (1000 m in diameter, 50cm long). The fiber output, shown in Fig.2(a), enters the z =0 face of a photorefractive BaTiO 3 crystal where it is loosely
focused to an intensity of 20 mW/mm2. The SBN crystal,
through the electrooptic effect, changes the uniform phase ofbeam 4 relative to beam 5, simulating a length changing
perturbation of the fiber arm. Beam B from the same laser
source is directed into the z = face of the BaTiO 3 crystal asbeam 2. Beams 2 and 4 interact with the crystal and mutual-
ly pump a single four-wave mixing process, as described
elsewhere.6 This interaction causes the self-bending ofbeam 2 into beam 4 and vice versa, resulting in the buildup ofbeams 1 and 3. We point out that beam 1, although derivedfrom beam 4, is the phase conjugate of beam 2. Similarly,
beam 3 is derived from beam 2 but is the phase conjugate ofbeam 4. In this fashion, the crystal transmits photons andthe uniform (or dc) spatial phase information but acts as aPCM for the nonuniform (or ac) spatial information of input
beams 2 and 4. A portion of beam 1 was combined withreference beam 5 on screen S, resulting in the interference
fringes shown in Fig. 2(b). Varying the voltage on the SBN
crystal caused an instantaneous corresponding shift of theinterference fringes. There is no time delay associated with
this effect, since the grating structure in the BaTiO3 crystal is
invariant to an identical change in the uniform phase of
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Fig. 1. Experimental configuration of the Mach-Zehnder interfer-

ometer with multimode fibers: BS, beam splitter; L, lens; M, mirror;

MF, multimode fiber; S, screen; V, variable dc voltage supply. The

electrooptic SBN crystal introduces a variable phase shift by chang-

ing the dc voltage supply. Four-wave mixing and phase conjugation

are done with the photorefractive BaTiO 3 crystal shown here in the

DPCM configuration. A and B are two inputs to the interferometer

and can be derived from separate lasers.

(a)

(b)

Fig. 2. (a) Output of the multimode fiber (beam 4). (b) Interfer-

ence fringes seen at screen S where beams 1 and 5 are combined.

beams 4 and 1 and thus is not disturbed by these phase
changes. 3

A check of the spatial structure of beam 3 revealed that it

incorporated virtually all the modal information of beam 4

shown in Fig. 2(a). This implies that most, if not all, the

modes in beam 4 exiting from the fiber donated energy to the

single clean oscillation beam 1. This is in contrast to other
more tedious methods suggested for multimode fiber inter-
ferometry. 8 ,9

We have shown that the DPCM works best when input

beams 2 and 4 are not in coherence and can even be taken
from separate lasers. 67 Thus beam A can be derived from a

(b)

Fig. 3. (a) Schematic of the Mach-Zehnder interferometer with
multimode fibers in both the signal and reference arms. C can be

one common photorefractive crystal or two separate crystals. Note
the two outputs at screens S, and S2. (b) Schematic of the Mach-
Zehnder interferometer with multimode fibers using two-wave mix-

ing in a photorefractive crystal C. Portions of beams 1 and 2 are

spatially filtered (SF) and then amplified via two-wave mixing re-
sulting in clean output beams 1' and 2'.

remote laser source and beam B from a different local laser.
We also point out that, as required in most applications, the
reference arm can contain a multimode fiber as well. Refer-
ence beam 5 would then be processed in an identical fashion
as the signal beam by using either a different region of the
same BaTiO 3 crystal or another BaTiO 3 crystal. This is
shown schematically in Fig. 3(a). Here the desired fringe
output appears at both sides of the interferometer at screens
S,, and S2.

Photorefractive two-wave mixing can also be used to clean
up a distorted beam'0 and in principle will allow interferome-
try with multimode fibers, as shown in Fig. 3(b). Here a
small amount (beams 1' and 2') of the distorted signal and
reference beams emerging from multimode fibers (beams 1
and 2, respectively) are spatilly filtered (SF) and then ampli-
fied through two-wave mixing energy transfer from the rest
of their respective beams. This will result in the emergence
of clean signal and reference beams which contain the uni-
form phase information of their respective arms. Here, as
opposed to the DPCM design, only one laser input to the
interferometer is needed. However, it requires spatial filter-
ing as well as coherence between beam pairs (1,1') and (2,2').

In earlier works we described the operation of a Michelson
interferometer using the semilinear passive PCM (PPCM)3

and two types of Sagnac interferometer using either the ring
PPCM11 or DPCM, 6 all with multimode fibers. This work

supplements our description of these devices with a realiza-
tion of a multimode fiber Mach-Zehnder interferometer.
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Fabry-Perot interferometer spectrometers are among themost sensitive high spectral resolution instruments used ininfrared astronomy today."12 They are used to study atomic
and molecular lines in planetary atmospheres, interstellar
clouds, and stars. Fabry-Perot spectrometers have the ad-vantage that they achieve high resolution by producing atransmission fringe which is extremely narrow in spectral
bandwidth. Radiation outside the transmission fringe isrejected and does not contribute noise to the spectrum. Acryogenically cooled Fabry-Perot spectrometer reduces theradiant background to the point where it is possible to oper-
ate near the sensitivity limits of the detector and preamplifi-
er. Although the Fabry-Perot spectrometer covers only lim-
ited regions of the spectrum in a given observation, single
molecular or atomic lines can be studied with maximum
signal-to-noise. An additional advantage of the Fabry-
Perot is that it is nondispersive, so that the source can be
imaged in two dimensions in the focal plane. A detector
array can therefore be used to produce spatial maps of allsource points simultaneously.

Fabry-Perot spectrometers work by making use of the highfiness (ratio between fringe separation and fringe width) andhigh throughput efficiency available with etalons made frommodern infrared materials and dielectric reflection coat-
ings.3 A low resolution filter or grating selects one fringe ofthe etalon and radiation transmitted by this fringe is focused
at the detector. To produce a spectrum, the spectrometer isscanned by either tilting the etalon or by changing the etalonplate separation. The time required to scan a region is T =
tN, where t is the integration time per resolution element and
N is the number of resolution elements (fringe widths) being
scanned.

The primary disadvantages of Fabry-Perot spectrometers
is that only one spectral element is accessed at a given time.Therefore a large fraction of the radiation from the telescope
is rejected by the etalon, and flux containing useful informa-
tion is wasted. A spectrometer scanning N resolution ele-
ments uses only a fraction of 1/N of the flux which couldcontribute to the spectrum. If a technique were devisedwhich would allow the rejected radiation to be used the
instrument sensitivity would be improved. 4

We have developed a design which makes use of the radia-tion normally rejected in a Fabry-Perot spectrometer. Fig-
ure 1 is a schematic of a spectrometer which permits observa-tion of multiple resolution elements simultaneously. Abandpass filter limits the spectral bandwidth of incomingradiation to one free-spectral-range (fringe separation) ofthe etalon. The radiation enters the spectrometer, afterbeing limited by a field aperture, and is collimated by M anddirected to the etalon. The etalon is oriented at an angle with respect to the incoming beam, and transmits a fringe
pattern given by m = 2d cosO, where m is the order (orfringe) number, X is the wavelength of the radiation, d is theseparation of the etalon surfaces, and the angle 0 is equal to for the initial pass. The radiation is then focused at thedetector element at one edge of a linear detector array. Theradiation which is not transmitted by the etalon is reflected
and focused at the surface of mirror M2 and directed to M3.The beam is then focused again by M3 at the edge of M2 near
the entrance beam. The beam is returned to the etalon at anincident angle, i.e., -6, which is slightly different from that
of the initial beam. The angle is chosen to place the second-
pass fringe at a spectral position adjacent to the first-passfringe. The second-pass beam is focused at the second de-
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Fig. 1. Optical schematic of the multiple-pass Fabry-Perot etalon
spectrometer. Mirrors M and M4 are off-axis parabolas, while M2
and M3 are spheres. The radiation path for the first cycle is shown
with a dashed line. Radiation from the input focus and subsequent
multiple-pass foci is collimated at mirror M and directed to the
etalon, where one spectral element is transmitted. The etalon istilted at a slight angle with respect to the first pass radiation beam.
The radiation reflected from the etalon forms foci atM2 (open dots).
Mirror M3 reimages the foci back at M2, forming a series of evenly
spaced foci (solid dots). Each shift in position atM2 corresponds toa change in incident angle at the etalon, so that the transmitted
spectral element is shifted in wavelength. The pattern at M2 is
imaged at the focal plane, where a detector array can be used to

observe the multiple spectral elements simultaneously.
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