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case. Therefore, the present high-speed response is a direct 

outcome of the reduced capacitance of the MSM photo

diode. Measurement of the noise characteristics of the pres

ent circuit showed an equivalent input noise current of 10 

pA Hz- 112 over the frequency range from 10 to 500 MHz. 

This value obtained is comparable to the combination of 

p-i-n/amp.5 Therefore, the limiting factor of the noise level 

in the present transimpedance preamplifier would be FET 

noise of the front end rather than the dark current of the 

MSMdiode. 
In conclusion, a planar, monolithic integration of an 

MSM photodiode and a transimpedance preamplifier has 

been achieved by a process which is simple and compatible 

for use between optical and electric devices. The small ca

pacitance characteristics of the MSM photodiode suitable 

for high-speed operations were pointed out. A 300-ps rise 

time response of the photoreceiver was demonstrated. 
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Because the ring and semilinear passive phase conjugate mirrors use dynamic transmission 

holograms, they are insensitive to vibration and may be pumped with light of short coherence 

length or with picosecond mode-]ocked laser light. Experimental demonstrations of these modes 

of operation are described. 

In this letter we point out certain useful features which 

are associated with the structure of some self-pumped pho

torefractive passive phase conjugate mirrors•-s (PPCM's). 

These devices are vibration resistant and even tend to work 

better in the presence of vibration. In spite of the length of 

the writing times for holographic gratings in photorefractive 

crystals (often in the range of seconds), they are free in these 

circumstances of that chief drawback of holography, the re

quirement that submicron stability be maintained during 

writing. And while with the exception of the two-interaction 

(21R) mirror3 they rely on self-induced oscillation in external 

cavities, the coherence length may be much shorter than the 

external round trip length. They may be pumped by mode

locked laser light, in spite of the fact that the four beams 

which induce the oscillation are not simultaneously present 

in the interaction region. Potential applications are in vibra

tion resistant holography, mode locking of lasers including 

semiconductor lasers, 6 and in the construction of ring laser 

gyroscopes. 7 Each of these effects is a result of the reliance on 

a transmission, not a reflection grating in the four-wave mix

ing process. 

Consider first the ring4
•
5 PPCM [Fig. l(a)]. In this de

vice, the beam whose phase conjugate is to be produced 

(beam 2) passes through a photorefractive crystal such as 

Ba Ti03 and is fed back to it via optical path length L as beam 

4 around an optical ring of transmittance M. This ring can be 

formed either with a pair of mirrors with reflectivity product 

M or by a length of optical fiber. 7 An oscillation beam builds 

up, starting at the crystal as beam 3 which then travels the 

same path length L around the ring to the crystal and passes 

through it as the phase conjugate beam 1. Beam 3 is formed 

by diffraction of beam 2 off a self-induced transmission grat

ing. Hence, beams 2 and 3 are mutually coherent. Beam 4 is 

the same as beam 2 after traveling distance L around the 

ring, and beam 1 becomes beam 3 after traveling distance L. 

Beams 4 and l are thus also mutually coherent. The forma

tion of the four-wave mixing transmission grating is thus 

influenced neither by variation (vibration) in the ring length 

nor by the possibility that the coherence length of the pump

ing light may be shorter than the ring length. A similar argu

ment shows that picosecond mode-locked light can also gen

erate the transmission grating for the ring PPCM: the pulse 
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in beams 2 and 3 overlap since beam 3 is formed by diffrac

tion from beam 2, and the pulses in these beams travel identi

cal distances around the ring to overlap again in the crystal 

as beams 4 and 1. This flexibility has an upper limit discussed 

below that is set by the frequency selectivity of volume holo

grams. 

In mathematical terms, the transmission grating is de

scribed by8 

g(z) = r[ A 1(z)A t(z) +A !(z)A 3(z)] //0 , (1) 

where A 1 is the amplitude of beam j, 11 = lA 1 1
2

, 

10 = 11 + /2 + 13 + /4 , andy is the photorefractive coupling 

constant. The differential equation governing the develop

ment of this grating in the z direction derived from the cou

pled wave equations5
•
8

•
9 is 

dg II +12 -/3-/4 
-;;;=rg Io 

Neglecting diffractive effects, we have 

A t(O) = A3(0)eikL, 

A4(0) = A2(0)eikL, 

which, when substituted into Eq. (1), yields 

g(O) = 2yA2(0)*A3(0)//0 

(2) 

(3a) 

(3b) 

(4) 

so that both the differential equation Eq. (2) and its boundary 

condition Eq. (4) are independent of cavity length L. This 

grating is therefore not influenced by vibration or shortness 

of coherence length. The absolute phase <p of the reflection 

will, however, depend on the path length L: <p-+<p + kL. 

This is important in certain interferometric applications. 10 

The reflection grating, though not required for the 

PPCM, will build if the coherence length is greater than L 

and if the system is not subject to vibration. It is described 

br 
g(z) = y[AJ!z)A 3(z)* +A 2(z)*A 4(z)]II0 • (5) 

When Eq. (3) is substituted into Eq. (5) we find that 

g(O) = r[ IA3(0W + IA2(0W]eikL llo. 

indicating regular holographic vibration sensitivity at the 

plane z = 0. In the first experiment described below, we ob

served that the presence of the reflection grating was damag

ing to the overall phase conjugate reflectivity, and by wash

ing this grating out by vibration, or by using short coherence 

length light, we could realize significant improvements. 

Analysis of the gratings formed between counterpropagat

ing pairs of beams (1-2) and (3-4) yields path length depen

dences simi]ar to those of the reflection grating. 

Similar calculations for the semilinear2
•
5 PPCM [Fig. 

l(b)} show that its transmission grating is also vibration in

sensitive, while its reflection grating washes out with vibra-
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FIG. I. Photorefractive passive phase conjugate 

mirrors. Both the ring mirror (a) and the semi

linear mirror (b) are vibration insensitive and 

will work even if the coherence length of the in

cident radiation is less than the external cavity 

length. The linear mirror (c) is susceptible to vi

bration in the cavity length (but not of the crys

tal alone) and will not operate if the distance 

between the cavity mirrors is greater than the 

coherence length of the incident radiation. 

tion. The PPCM with the lowest coupling constant thresh

old2·5 is the linear PPCM [Fig. l(c)]. It pays for this 

distinction in that all of its gratings are sensitive to cavity 

length vibration. The transmission grating is nevertheless 

still unaffected by vibration of the crystal alone. Such vibra

tion, since it destroys the reflection and counterpropagation 

gratings, tends to improve the phase conjugate reflectivity as 

in the case of the ring PPCM. The linear PPCM depends on 

coherent feedback between its cavity mirrors, and is thus 

susceptible to short coherence and small changes in cavity 

length. 

An upper limit to the spectral width .:U of the sources in 

the PPCM's described above is imposed by the spatial band

width of a volume hol.ogram given by 11 

(6) 

where Ag is the grating wavelength and I is the interaction 

length. In our case, Ag ::::: 1 J.lm and I::::: 1 mm so that the 

bandwidth is about 10 A. This is consistent with previous 

observations 12 that 44 A bandwidth rhodamine 6G dye laser 

light was too broad to even induce the gratings responsible 

for the fanning effect 13 in BaTi03 (two-beam coupling ampli

fication of light scattering from crystal defects). In spite of 

this limitation, we have observed simultaneous self-pumped 

phase conjugation of six lines of all lines output of an argon 

ion laser. 14 This is possible because this output consists of 

several lines, each with a narrow bandwidth producing a 

superposition of several distinct gratings. This combination 

is less prone to cause grating washout than a single line with 

excessive bandwidth, which would produce a superposition 

of closely similar gratings tending to average to zero. 

An experimental test of vibration insensitivity in ring 

PPCM was performed using a poled crystal of Ba Ti03 as the 

photorefractive medium. The position of one of the ring cav

ity mirrors was dithered sinusoidally by a piezoelectric 

mount so that the amplitude of vibration in L was one wave-

0 I 0 2 04 I 0 2 4 10 20 40 100 

PIEZOMIRROR VIBRATION FREQUENCY Hz 

FIG. 2. Phase conjugate reflectivity of ring PPCM vs vibration frequency of 

piezomirror in feedback loop. Incident laser beam is single longitudinal 

mode at 514.5 nm. Its intensity is 2 W /cm 2
• The photorefractive four-wave 

mixing medium is BaTi03' 
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length of the laser light. Figure 2 shows the phase conjugate 

reflectivity as a function of vibration frequency of the piezo

mirror when single longitudinal mode 514.5-nm argon-ion 

laser light incident on the crystal with intensity 2 W /cm 2 

was used. The phase conjugate reflectivity increases with 

increasing vibration frequency and stays at its maximum at 

frequencies greater than about 50 Hz. The cut-on is centered 

at about 2Hz. Below 2Hz the reflection and counterpropa

gation gratings could keep up with the changing path length 

since the grating response time at the intensity used was 

about 0.5 s. Above 2Hz these gratings washed out, leaving 

only the transmission grating, which was the only one re

quired in the ring PPCM. With the laser running multilongi

tudinal mode, the loop length (20 em) was longer than the 

coherence length, and the reflection and counterpropagating 

gratings again did not form. This time the reflectivity was 

independent of the vibration frequency of the piezomirror 

and equalled the reflectivity obtained in the single mode case 

at vibration frequencies greater than 50 Hz. 

The ring PPCM was also operated with a mode-locked 

dye laser using rhodamine 6G pumped by a mode-locked 

frequency-doubled Nd : Y AG laser. This dye laser pro

duced 5-ps pulses, occupying a spectral width of about 12 A 
FWHM centered around 591 nm. The ring cavity length was 

20 em so that while the forward going pulses (in beams 2 and 

3) overlapped in the crystal, as did the backward going pulses 

(in beams 1 and 4), these pairs did not appear in the crystal 

simultaneously. Nevertheless, oscillation built up almost as 

in the case of a cw input. The successive reinforcement of the 

grating by the forward and backward going pairs, together 

with the interpulse memory inherent in photorefractive ho

lograms, was sufficient to generate the required grating. We 

note that the interpulse coherence of a true mode-locked 

laser is not necessary for this effect. The phase conjugate 

reflectivity was measured as a function of the feedback pa

rameter M controlled with a vibration attenuator inserted in 

the feedback loop. Data were taken forM and 0 and 0.76. 

Higher values of M could not be reached because of feedback 

mirror losses and Fresnel losses at the loop side of crystal 

(z = 0). In this range, the reflectivity R corrected for Fresnel 

reflections at the PPCM entrance face of the crystal (z = I ) 
and could be described by a linear relationship 

R =a(M-/3), 

where a = 0. 38 and {3 = 0.15. The maximum reflectivity, 

23%, was typical of reflectivities that can be obtained with 

cw lasers. Detailed studies of the operation of these PPCM's 
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may be used to examine theories of short pulse grating for

mation in photorefractive crystals. 15 Also, an advantage of 

the use of the ring PPCM as the end mirror for mode-locked 

lasers is that the colliding pulse geometry may be easily ob

tained by inserting a saturable absorber halfway around the 

ring where the pulses meet. The beams in the cavity are 

phase conjugates of each other, so that a focal point at the 

absorber, if required, may be easily accommodated. In a pre

vious experiment, a two interaction region mirror was used 

as the end mirror of a synchronously pumped dye laser. 16 

There, the pulses were 15 ps (5 mm) long and so had approxi

mately the same dimensions as the feedback path inside the 

crystal. Both pairs of pulses were therefore simultaneously 

present in the interaction region. 

In summary, we have found that certain P:PCM's in

cluding the ring mirror and the semilinear mirror are toler

ant of vibration and short coherence length. They may be 

operated with mode-locked laser light, even though their 

external cavities are much longer than the width of the 

pulses. These effects hold promise for applications in robust 

holography, ring laser gyroscopes, and mode locking of la

sers including dye lasers and semiconductor lasers. 

This research was supported by the U. S. Army Re

search Office, Durham, NC. 
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