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Gain-Gratings and Dynamic Holography in Solid-State Laser Media

A. Brignon and J.-P. Huignard
Laboratoire Central de Recherches, Thomson-CSF, F—91404 Orsay, France

Optically written gain gratings in inverted laser media are investigated both theoretically and experimentally. We present a transient
analysis, valid in the nanosecond-pulsed regime, that permits calculation of the diffraction efficiency and profile of the gain grating
within the medium for both transmission- and reflection-type gratings. Because of the laser amplification experienced by all interact-
ing beams, greater-than-unity diffraction efficiency is achievable. Application to high-speed dynamic holography is demonstrated in
flash-lamp-pumped Nd:YAG and compact diode-pumped Nd:YVO, solid-state amplifiers.
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Introduction

Laser-induced gratings in dynamic media are suited for
real-time holography.! Compared to photographic plates,
the advantages of dynamic materials for holography are
that no chemical processing of the recording medium is
needed and dynamic holographic gratings follow the
changes of the fringe pattern to be recorded. Applications
of dynamic hologram recording include erasable holo-
graphic storage of information, real-time interferometry,
and optical signal processing.! Optical phase conjugation
by four-wave mixing (FWM) is another attractive applica-
tion that permits correction of phase distorsions experi-
enced by an optical wave when passing through an
aberrating medium.

During the past, photorefractive materials have been
extensively investigated for dynamic holography.>* More
recently, the mechanism of gain saturation in laser am-
plifiers was used to achieve wave mixing, real-time dy-
namic grating recording, and phase conjugation via
FWM.5® Phase conjugation was used to compensate the
phase aberrations of laser media.>'° The use of solid-state
laser amplifiers for such operations presents attractive
features including automatic matching of nonlinearity with
laser wavelength and high efficiency of the nonlinear pro-
cess because of the laser amplification of all interacting
beams. Thus, high diffraction efficiency has been demon-
strated? in flash-lamp-pumped Nd**:YAG and diode-
pumped Nd3**:YVO, amplifiers'® at the Nd:YAG laser
fundamental wavelength (A = 1.06 um). Because gain satu-
ration is connected to stimulated laser emission, dynamic
gain holograms can be written with very fast response
times. As a first approximation, the response time is given
by the dephasing time T, equal to a few picoseconds in
Nd*-doped crystals.'* After writing, gain holograms can
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be stored in a medium with a lifetime equal to the popula-
tion lifetime T of the upper laser level (1 ~ 100 to 300 s in
Nd**-doped crystals). Finally, inasmuch as gain saturation
is inherent in all temporal regimes, dynamic holography
and FWM in inverted media can be performed in both
pulsed and cw regimes.>¢

Most theoretical analyses of gain-grating formation in
distributed feedback lasers'”'® and FWM interactions® has
been in the steady-state regime. In this report we investi-
gate the writing process of a single gain grating in a laser
amplifier by two saturating coherent waves. To explain
most of the experiments performed with nanosecond pulses
delivered by @-switched lasers, the modeling of this two-
wave mixing interaction must be developed in the tran-
sient short-pulse regime. Such modeling is presented in
Ref. 19 under the square pulse approximation of Ref. 20.
More recently, modeling of transient FWM with orthogo-
nally polarized pump beams and transient FWM with
copolarized beams has been introduced.'***** These mod-
els are valid for arbitrary pump-beam energies of arbi-
trary temporal shapes. In this report, we present an exact
formulation, readily obtained from these analyses, of the
writing and reading processes of a single gain grating. This
model permits calculation of the diffraction efficiency and
prediction of the shape of the gain grating in the depth of
the amplifier for both transmission- and reflection-type
gratings. Influences of the absolute and relative energy
densities of the writing pulses on diffraction efficiency are
also described. Finally, we present dynamic holography
experiments in a flash-lamp-pumped Nd:YAG amplifier
and in a compact diode-pumped Nd:YVO, amplifier.

Gain-Grating Writing

The writing of a gain grating within a laser amplifier
of length L is shown in Figs. 1(a) and 1(c) for both trans-
mission- and reflection-type gratings, respectively. The
two writing pulses of amplitudes A; and A, are provided
by a separate Q-switched laser operating at a wavelength
that sees maximum gain in the amplifier (on resonance
operation). Writing beams A; and A, are assumed to en-
ter the laser amplifier at time ¢ = 0 and to have the same
polarization. In the transmission configuration [Fig. 1(a)],
the two writing beams enter the amplifier at the same
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Figure 1. Schematic of (a) writing and (b) reading of a trans-
mission-type gain grating by two coherent pulses in a laser am-
plifier, (¢) writing and (d) reading of a reflection-type gain
grating.

face (z = 0) and propagate along the z axis. The interfer-
ences of the two beams inside the amplifier produce pe-
riodic saturation of the gain that leads to a large-period
gain grating. The half angle between the two beams is
recognized as 0. In the reflection configuration [Fig. 1(c)],
the two writing beams enter the amplifier at opposite
faces and write a small-period grating. In this case, the
half angle between the two beams is 90° — 6. The grating
is written inside the medium and then stored during a
time T much longer than the duration ¢, of the pulses
(typically ¢, ~ 10 ns and T = 230 ps in the case of Nd:YAG).
It is then possible to read out the grating with a probe
pulse of amplitude A, at the same wavelength as the
writing beams shown in Figs. 1(b) and 1(d) for the trans-
mission and reflection configurations, respectively. The
diffracted beam A, is generated when the Bragg condi-
tion is fulfilled, i.e., when A, is counterpropagating with
respect to A;. Note that the grating can be simultaneously
written and read out. In this case the interaction is known
as degenerate four-wave mixing (DFWM) and was ana-
lyzed in Refs. 12 and 16.

In the following theoretical analysis, we assume all the
interacting beams are plane waves and that 0 is small
enough so all the field amplitude variations are along the
z axis. We also assume the propagation duration in the
medium is negligible relative to the pulse duration (¢, >>
n.L/c, where n, is the index of the medium and c is the
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speed of light). Under these approximations, the coupled
equations, given the evolution of the writing beam inten-
sities inside the gain medium at time ¢, can be readily
deduced from Refs. 12 and 13:

% =a, eXp(—US)[IO(UM A _II(UM)\/E],
(1a)
0 dIi;Zz, H_ a, exp(-Ug )[IO(UM)I2 —11(UM)\;E],
(1b)

where O = 1 for the transmission configuration and -1 for
the reflection configuration; I, and I, are the intensities of
the writing beams A, and A,, respectively; a, is the small-
intensity gain coefficient, 1, (n = 0,1) is the n-th-order modi-
fied Bessel function; and

1
Ug(z,t) —mfo(ll +1,)dt, (2a)
Uy (z,t) = 2 JJ V11 dt, (2b)
Usat 0

where U, is the saturation fluence of the gain medium.
Equations 1a and 1b can be numerically solved with the
following boundary conditions: I,(0,t) = writing beam 1 in,
1,(0,t) = writing beam 2 in, for the transmission configura-
tion and 7,(0,¢) = writing beam 1 in, I(L,t) = writing beam
2 in, for the reflection configuration. In this case, an itera-
tive procedure is needed to solve Eqs. 1a and 1b because
the boundary values of I, and I, are not both known at
either end of the interaction region.?? As shown in Ref. 23,
resolution of Egs. 1a and 1b permits calculation of the
evolution of the gain grating profile inside the amplifier.
After propagation of the two writing pulses (¢ = ¢,), the
spatially dependent gain coefficient g is given by

(z)=ayex S—U (z,t,)=Uy (2t )><cosD ITL[D
8(2) = o exprUs (5, 4p) = Uy (2, 1p) X cosBmt (D 3)

for the transmission configuration of Fig. 1(a), where A, ~
A/26 is the large grating period. Figure 2 shows the gain
grating profile (Eq. 3) along the transverse axis y for vari-
ous positions inside the medium (z = 0: input face; z = L/2:
middle of the rod, and z = L: exit face). For clarity, we
represented only four grating periods along the y axis. In
these examples, a small-intensity gain-length product a,L
=4 and a total input fluence U,(0) + U,0) = 0.1 U,,, were
assumed, where the fluence of beam A; is defined as

U,(2) = [ 1,(z,t)t. 4)

Curves of Fig. 2(a) were plotted for equal writing beam
fluence, i.e., B = U,(0)/U40) = 1. In this case, g = a, in the
dark fringe region (2y/A; = 2n + 1, n being an integer).
The gain grating modulation depth is strongly dependent
on the values of U; and U, relative to the saturation
fluence U, of the gain medium. For this reason, when
the values of U,(z) and Uy(z) increase within the medium
because of laser amplification, the gain-grating profile
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Figure 2. Gain coefficient obtained for a transmission-type grat-
ing as a function of the transverse axis y normalized to the grat-
ing period A, for various positions z, in the medium: (a) B = U,(0)/
U,(0) =1 and (b) B = 10. a,L = 4; U,(0) + U,0) = 0.1 x U,

sat*

undergoes significant changes along the propagation z axis.
Thus, at the input face, the gain grating has a low modu-
lation depth and its profile is almost sinusoidal. But at the
exit face, the gain grating has larger modulation and its
profile is not sinusoidal as a result of the strong gain satu-
ration in the bright fringe regions. Similar conclusions can
be made for Fig. 2(b) curves plotted for 3 = U,(0)/U,(0) =
In this case, the intensity in the dark fringe regions is strong
enough to saturate the gain, thus reducing the modula-
tion depth of the gain grating as well as the total avail-
able gain.

Similarly, in the reflection configuration of Fig. 1(c),
the spatially dependent gain coefficient g can be calcu-
lated as

g(z)—ao eXpB—L (Z,t )_L (Z,t )XCOS T
E S p M p g /\ %

where A ~ A/2 is the small-grating period. Figure 3 shows
the gain-grating profile (Eq. 5) along the propagation axis
z. For clarity, we represented only 50 grating periods
along the z axis. As previously, a small-intensity gain-
length product a,L = 4 and a total input fluence U,(0) +
UyL) = 0.1 U,,, were assumed. For equal input writing
beam fluence [B = U,(0)/Uy(L) = 1], the envelope of the
gain grating was symmetric relative to the middle of the
medium at z = L/2 as shown in Fig. 3(a). At this position,

476 Journal of Imaging Science and Technology

-.\
-

w ﬁ\/

i /f T /\/] H My I \( \}\ M I

Gain coefficient
[ ] |

ZiL
H

S
|

f.v’\fww/mrw';mu

= i
& | g
| \Wﬂ/MnWn
% 2 | uU'M J’w j\ﬁﬁ |'.|{\-
1 iR U"'"J\
o ZOJ;,SL 1
()

Figure 3. Gain coefficient obtained for a reflection-type grating
as a function of the propagation axis z normalized to the length L
of the medium: (a) B = U;(0)/UxL) = 1 and (b) B = 10. a,L = 4,
U0) + UyL) =0.1 x Ug,.

the two writing beams had equal fluences, thus leading
to a maximum modulation depth of the grating as well
as a maximum gain in the dark fringe region (g = a, for
2z/N\z = 2n + 1, n being an integer). At both ends of the
medium, minimum modulation depth and averaged gain
were obtained because the two writing beams had differ-
ent fluences. Indeed, in this case, only one writing beam
experienced gain. For writing beams with different in-
put fluences (B # 1), the gain-grating profile is not sym-
metric relative to the middle of the medium as shown in
Fig. 3(b) [in this example, B = U;(0)/U,L) = 10].

Diffraction Efficiency

After propagation of the writing beam inside the laser
amplifier, the optically written gain grating can be read
out by a probe beam to generate the diffracted beam. By
assuming the probe pulse has a duration ¢, and enters the
medium at time ¢ = ¢,, the energy diffraction efficiency n
of the gain grating can be expressed as

f 1,(0,6)dt

IZ 1,(L,t)dt (6)
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Figure 4. Energy diffraction efficiency versus writing beam fluence
U,(0) normalized to the saturation fluence U,,, for transmission-
(solid line) and reflection-type (dashed line) gain gratings. The three
graphs above represent the gain grating profile (in the transmis-
sion geometry) at z = 0 for (from left to right) U,(0) = 0.01 x U,

U,(0) = 0.1 x U,,,, and, Uy(0) = U,,.. aoL =4, B = 1.

and as

[ 1Lt

»

n e —
I:tp 1,(L,t)dt ™

for the transmission- and reflection-type gratings, respec-
tively. The intensities of the probe and diffracted beams
are I, and I, respectively. To optimize the diffraction effi-
ciency and to avoid additional saturation of the gain by
the probe and the diffracted pulses,'®'? we assume weak
probe beam

The temporal integrals in Eqgs. 6 and 7 are numerically
calculated by solving the following set of equations at each
time ¢:

(8a)
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Figure 5. Optimum values of the diffraction efficiency (solid line)
and writing beam fluence (dashed line) versus the small-inten-
sity gain-length product a,L. Transmission-type grating; g = U,(0)/
U,L)=1.

(8b)

where Uy and U, are given by Eqs. 2a and 2b and 0 =1
for the transmission configuration and -1 for the reflec-
tion configuration. Equations 8a and 8b are subject to the
following boundary conditions: I,(L,t) = probe beam in,
I(L,t) = 0, for the transmission configuration and I,(L,t) =
probe beam in, 1,(0,¢) = 0, for the reflection configuration.

Figure 4 shows the diffraction efficiency n versus the
writing beam fluence U,(0) for both transmission- and re-
flection-type gratings. In these examples, a small-inten-
sity gain-length product o,L = 4 and equal input writing
beams (B = 1) were assumed. The diffraction efficiency rises
at low writing beam fluence, reaches a peak value n,, for
an optimal value U, of the writing beam fluence, and
then falls for writing beam fluence above U,,,. This be-
havior can be explained by observing the evolution of the
gain-grating with the writing beam fluence. At low fluence
[U,(0)<0.01 x U], the modulation depth of the gain grat-
ing is very weak, thus leading to low diffraction efficiency
as shown in Fig. 4. But in the high saturation regime [U,(0)
> U,,], the modulation of the gain grating is strong but
the gain is almost completely depleted in the bright fringe
region. The optimum fluence value (U, ~ 0.01 x U,,,) cor-
responds to a trade-off for achieving a noticeable modula-
tion depth of the gain grating while having enough laser
gain for efficient amplification of the diffracted beam. Note
that transmission- and reflection-type grating curves be-
have the same. Both gratings also lead to a similar opti-
mum diffraction efficiency n,,, ~ 110%, which shows that
the grating period has almost no influence on the efficiency
of the nonlinear process.

For practical applications, knowing n,, and U, is
useful for a laser amplifier with a given small-intensity
gain-length product a,L. As shown in Fig. 5, n,, in-
creases while U,,,, decreases with o L. For weak gains,
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beam fluence U,(0) + U,(0). Transmission-type grating; a,L = 4.

optimum diffraction efficiencies are obtained for writing
beam fluences equal to the saturation fluence U, = U, ~
U.,,. Figure 5 also shows that for a,L > 3.8, diffraction
efficiencies greater than unity are achievable. The influ-
ence of the writing beam energy ratio 3 = U,(0)/U4(0) (for
the transmission geometry) on the diffraction efficiency is
shown in Fig. 6 for various values of the total writing beam
fluence U,(0) + Ux0). Because the total writing beam
fluence is fixed for each curve, the degree of saturation is
independent of B. Variation of B only influences the con-
trast of the fringe pattern. As expected, optimum diffrac-
tion efficiency is thus obtained for = 1, i.e., for maximum
modulation depth of the gain grating. If the diffraction
efficiency is plotted versus 3 = U,(0)/U,(0) (transmission
geometry) for a fixed value of U,(0), the curves of Fig. 7
are obtained. In this case, a variation of  influences both
the degree of saturation and the contrast of the fringe
pattern. For U, = U,,,, ~ 0.05 x U, writing beam A, is
strong enough to saturate the medium. In this case, only
the contrast must be optimized and = 1 for maximum
diffraction efficiency. For U, < U,,,, the trade-off between
the degree of saturation and the contrast of the fringe
pattern is obtained for U,(0) > U,(0) (B < 1). For U,(0) =
10™* U,,,, maximum diffraction efficiency is thus obtained
at B ~ 0.01.

Recently, wave-mixing experiments were carried out in
flash-lamp-pumped Nd:YAG amplifiers. In most of these
experiments, the probe beam interacted simultaneously
with the writing beams (DFWM experiments). With a con-
ventional amplifier having a small-intensity gain-length
product a,L ~ 3 — 4, gain-grating diffraction efficiencies
between 20% and 50% were obtained.''*!° Using a diode-
pumped Nd:YVO, amplifier having a small-intensity gain-
length product a,L = 1.2, a diffraction efficiency of 6% has
also been demonstrated. These experimental results are
in good agreement with the transient modeling presented
in Refs. 12 and 13.

Dynamic Holography in Laser Amplifiers

To demonstrate the ability of a conventional flash-lamp-
pumped Nd:YAG amplifier for performing dynamic holog-
raphy at A = 1.06 um, we conducted the experiment shown
in Fig. 8. The laser rod had a length of L = 11.5 cm and a
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Figure 7. Energy diffraction efficiency versus writing beam en-
ergy ratio B = U,(0)/U,(0) for various values of the writing beam
fluence U,(0). Transmission-type grating; a,L = 4.

diameter of 7 mm. The two writing beams A, and A, were
obtained from a single pulse of energy 15 mdJ. This pulse of
duration ¢, = 20 ns was provided by a @-switched TEM,,,
0.1-cm*-linewidth flash-lamp-pumped Nd:YAG oscillator.
The oscillator and the amplifer were synchronized to en-
sure that the pulses experienced maximum gain in the
amplifier. The small-intensity gain-length product was
measured at a,L = 3.3. A half-wave plate (WP;) and Glan
polarizer (GP) adjusted the writing beam ratio. The half-
wave plate WP, allowed us to flip the polarization of A, to
ensure that A, and A, have the same polarization. The writ-
ing beam A, was expanded by means of a diverging lens L,
to illuminate a slide shown in Fig. 9(a). Writing beam A,
was then focused inside the laser rod by lens L,. To obtain
good spatial overlap of the beams over the entire length of
the Nd:YAG rod, the half angle between A, and A, was lim-
ited to 0 ~ 10 mrad. The path lengths of the two beams
were arranged to be equal at the center of the rod. The probe
beam A (L) was generated by reflecting the transmitted
writing beam A,(L) with the mirror M, positioned at 15 cm
from the end of the Nd:YAG crystal. To avoid saturation of
the gain by the probe beam, a density (D) was used to at-
tenuate A (L). A beamsplitter (BS) was used to extract the
diffracted beam. The reconstructed hologram was then
monitored by means of a CCD camera as shown in Fig. 9(b).
The quality of the reconstructed hologram was affected by
the rod geometry of the amplifier that filters out the high
spatial frequencies of the image. Nevertheless, this experi-
ment shows, for the first time to our knowledge, that com-
plex gain holograms can be recorded in conventional
Nd:YAG amplifiers.

Recently, we showed that the diode-pumped Nd:YVO,
amplifier was particularly adapted for applications to
pulsed dynamic holography and wave-mixing interac-
tions at the fundamental wavelength of neodymium la-
sers. Indeed, Nd:YVO, is a very efficient laser material
that exhibits a large stimulated emission cross section
as well as strong absorption at the diode laser pump
wavelength. These factors combine to make Nd:YVO,
particulary suitable for diode pumping.?**® Because the
vanadate crystal and Nd:YAG have nearly identical spec-
tral features, Nd:YVO, also can be used to amplify ra-
diation from a Nd:YAG laser. Figure 10 shows the
experimental setup for dynamic holography in a

Brignon and Huignard
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Figure 8. Experimental setup for pulsed
dynamic holography at A = 1.06 pym in a
flash-lamp-pumped Nd:YAG amplifier. WP:
half-wave plate; GP: Glan polarizer; M:
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Figure 9. (a) Input image and (b) reconstructed hologram ob-
tained in pulsed dynamic holography experiment in a flash-lamp-
pumped Nd:YAG amplifier.
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high reflector; L: lens; T: transparancy (im-

D M age); BS: beamsplitter; D: neutral density.
1

Nd:YVO, amplifier. The amplifier was a 1%-doped
Nd:YVO, crystal with dimensions of 3 x 3 x 3 mm. Both
a-cut end faces were polished flat and parallel. At the
right face (z = L), the Nd:YVO, crystal was antireflection
(AR) coated at the diode laser wavelength (809 nm) and
high reflection (HR) coated at the wavelength to amplify
(A = 1.06 pm). The left side of the crystal (z = 0) was AR
coated at A = 1.06 pm. The amplifier was longitudinally
pumped by a stack of four laser diode bars 10 mm long
that produced 809-nm, 200-us pulses at a power P = 130
W. About 80% of the diode laser beam was focused onto
the crystal face (z = L) in a region of dimension 1.5 x 1.5
mm by means of a lens duct.?” With such an amplifier,
two-pass gain as high as 11 was demonstrated (a,L = 1.2).

After 180 ps of diode pumping, the amplifier was al-
most in a state of maximum population inversion and the
20-ns writing pulses A; and A, at A = 1.06 um entered at
the left side (z = 0) of the Nd:YVO, crystal as shown in
Fig. 10. The two writing pulses were obtained from a single
pulse delivered by a @-switched, TEM,,, 0.1-cm-linewidth
Nd:YAG oscillator synchronized with the diode lasers. As
previously, writing beam A, was expanded by means of a
telescope to illuminate the image shown in Fig. 11(a). Writ-
ing beam A, was then refocused at about 2 cm behind the
Nd:YVO, crystal. The small diameter of the incident im-
age beam relative to that of the pump beams ensured that
most of the image spatial frequency components interfered
with the pump beams in the gain region. The gain holo-
gram thus written in the inverted Nd:YVO, amplifier was
simultaneously read out by the probe beam obtained by
reflection of the transmitted writing beam A,(L) on the
HR-coated face of the Nd:YVO, crystal. The reconstructed
hologram is shown in Fig. 11(b) and 11(c). The diffraction
efficiency of the dynamic holography device also can be
controlled from pulse to pulse by varying the diode laser
pumping power.?

Conclusion

Dynamic gain gratings, optically written in inverted la-
ser media, were investigated. The use of solid-state laser
amplifiers for such operations presents attractive features
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Figure 11. (a) Input image and (b) and (c) reconstructed hologram obtained in pulsed dynamic holography experiment in a compact
diode-pumped Nd:YVO, amplifier. The efficiency of the gain hologram written in the Nd:YVO, amplifier was controlled by the diode
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including automatic matching of nonlinearity with laser
wavelength, fast response time, and high efficiency of the
nonlinear process because of the laser amplification of all
interacting beams. The gain grating or gain hologram is
written inside the media and then stored for a time equal
to the lifetime of the upper level of the laser transition.
Read out of the grating with a probe pulse is then possible.
We have presented a transient analysis, valid in the nano-
second-pulsed regime, that permits calculation of the en-
ergy diffraction efficiency and the profile of the gain grating
within the medium for transmission- and reflection-type
gratings. For both types of gratings, very similar diffrac-
tion efficiencies were calculated, which shows that the pro-
cess of dynamic gain-grating recording is almost
independent of grating period. This property is of great in-
terest for dynamic holography because a large range of spa-
tial frequencies can be recorded efficiently in contrast to
other types of nonlinear media such as photorefractive
materials. In addition, because of the laser amplification
experienced by all interacting beams, greater-than-unity
diffraction efficiency is achievable. The diffraction efficiency
is strongly dependent on the energy ratio of the writing
beams and on the input writing beam fluence relative to
the saturation fluence of the gain media.

Dynamic holography experiments were conducted in
flash-lamp-pumped Nd:YAG and compact diode-pumped
Nd:YVO, solid-state amplifiers. In both cases, imaging ca-
pabilities of these devices were demonstrated. Thus, laser
amplifiers appear to be a new class of promising nonlin-
ear materials for application to high-speed dynamic ho-
lography and phase conjugation. &
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