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Long-term image storage and phase conjugation by
a backward-stimulated echo in Pr3+:LaF;
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We have observed spatial-image storage and phase conjugation, using a backward-stimulated echo in a solid sample.
The image storage and the delayed phase conjugation were observed to last for at least 15 sec, which is 3 X 10° times
longer than the radiative lifetime of the excited state. The backward-stimulated echo produced on the 3H,—*P,
transition of Pr3+:LaF}; is found to be a phase-conjugated spatial reproduction of the first excitation pulse. The
image storage time depends strongly on the sample temperature.

The ability of stimulated echoes to store information in a
single electronic state has recently become appreciated.!-5
The backward-stimulated echo,!?46-10 a stimulated-echo
scheme using a counterpropagating excitation geometry, is
expecially useful for optical information storage because the
echo can be spatially and temporally separated from the
excitation pulses. The generation of a backward-stimulated
echo in a solid sample was reported recently.? It has been
known for some time that the stimulated-echo signal is a
phase-conjugate replica of one of the excitation pulses.®
The phase conjugation and spatial-image storage aspects of
the stimulated echo were first demonstrated by Carlson et
al.!% in Yb vapor. Saari et al.!! have demonstrated phase
conjugation and image storage in a photochemically active
octaethylporphin-doped polystrene by photochemical hole
burning.

We report the first*demonstration to our knowledge of
long-term spatial-information storage and phase conjuga-
tion for several seconds using the backward-stimulated echo
in a solid sample. Specifically, we have observed the storage
and retrieval of a two-dimensional spatial image inside a
Pri+.doped LaF; crystal at low temperature (<4.2 K). Fur-
thermore, we observe that the image recalled by the back-
ward-stimulated echo is a phase-conjugate spatial replica of
the first excitation pulse. We observe that the image stor-
age lasts as long as 15 sec, which is 3 X 10° times longer than
the radiative lifetime of the excited state. The recording of
the spatial images that we have observed requires rather a
modest laser energy of 10 uJ per pulse. Although stimulated
echo was previously observed to last as long as 30 min in a
Pri+:LaF; sample in the presence of strong magnetic field,3
our observation is the first, to our knowledge, to demon-
strate spatial-image storage and phase conjugation for a long
time.

Phase conjugation and spatial-information storage by a
stimulated echo are especially interesting because the infor-
mation (both spatial and temporal) is stored during the

_interval between the second and the third pulses of the
three-pulse excitation sequence required for echo genera-
tion. The spatial and temporal information is stored as the
population modulation in the ground and excited states,

0740-3224/87/030305-04$02.00

> respectively, or in the phase memory of a nearly degenerate
set of ground (or excited) levels.1>13 At times longer than
the radiative lifetime of the excited state, the information
can be recalled by the third pulse from the ground state
alone. Despite this ability to store information in the
.ground state, stimulated-echo storage time in vapor
phasel?7 is limited to a few microseconds because of the
thermal motion of the atoms. This limitation does not ap-
ply to ions that produce a stimulated echo in a solid sample,
and thus the technological implications of our results are
evident.
Consider an assembly of ions in a crystal with a near-
.degenerate set of ground |0) and excited |1) states having a
central transition frequency wp and an inhomogenous strain-
broadened absorption linewidth AQ (full width at half-maxi-
mum). Let the ions be resonantly excited by three short
laser pulses at time ¢; ({ = 1, 2, 3). The laser electric field,
assumed monochromatic for simplicity, is given by

E,(r)explilk; - r — wot + ¢y(r)]}, (1)

where E; denotes the amplitude, k; denotes the wave vector,
and ¢; denotes an arbitrary phase factor of the ith excitation
pulse. After the passage of the first two excitation pulses
through the sample, the diagonal density matrix elements of
any particular ion with absorption frequency w are given by

poo(r, t) = sin® Yy[(k; — ky) - £ + (¢, — ¢y) — Awtyy] (2)

and p;; = 1 — pgo.

In Eq. (2), Aw = w — wp and ¢;; = t; — t;. In addition, for
simplicity, it is assumed in Eq. (2) that 8, = 8, = 7/2, where §;
= 2pE;/h 7; are the excitation pulse areas, p is the dipole
transition moment, and r; is the temporal pulse width. The
backward-echo scheme is shown in Figs. 1(a) and 1(b). If,
for simplicity, we assume that 8 = 0 and substitute ko = —k;
and k; = ko corresponding to Figs. 1(a) and (b), respectively,
into Eq. (2), we see that the population distribution in the
ground and excited states is modulated as a function of Aw,
the detuning from the line center, after the passage of the
second excitation pulse. The modulation frequency in the
inhomogeneous line is the Fourier transform of the time-
domain spectrum defined by the relative temporal separa-
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Fig. 1. Excitation schemes useful for backward-stimulated echo

_production insolids. Two of the several specific schemes are shown
in (a) and (b).

tion between the excitation pulses. At pulse areas other
than =/2, the modulation depth is reduced but the modula-
tion frequency remains the same.

The excitation of the sample by the third pulse recalls the
information stored in the ground and excited states, and the
stimulated echo is generated at t = t3 + t5;. The stimulated-
echo amplitude E,, which is proportional to p;o, is given by

E,(r, t) = sin 6,(r)sin 8,(r)sin 65(r)exp(—iwt)
X (expif(—k; + k; + k3) » r — ¢,(r) + ¢y(r) + oq(r)
— Aw(t — (t5 + ty)]} + expif(k; — ko + k3) «
+ 1(x) —¢o(r) + ¢5(r) — Aw[t = (t5 = )]
3)

In arriving at the above formula, we have implicitly neglect-
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ed all relaxation mechanisms. Expression (3) shows that,
for echo generation, the local microscopic dipole moment at
any location in the sample has to rephase.!? The rephasing
condition means that the phases of all ions at any given
location in the sample must be equal at the echo time. Fur-
thermore, because the sample is longer than the wavelength,
the echo generation also requires the phase-matching condi-
tion.!? The phase-matching condition determines whether
the dipoles along the entire sample radiate constructively to
generate an echo.

Inspection of expression (3) shows that the first term
always rephases, whereas the second one never does for sol-
ids. Thus the stimulated echo is always generated as long as
the phase-matching condition is satisfied. Note that this is
not the case for echo generation in the vapor phase, where
the phase-matching condition is not independent of the re-
phasing condition.”!? Figure 1 shows two excitation
schemes that we have used to generate backward-stimulated
echo. Substituting the k vector relationships of Fig. 1(a)

into expression (3) gives, for small pulse areas where sin §; «
El'i

E,(r) = E\(r)Ey(r)Ey(r)exp i[~wyt + k, - r — ¢y(r)], (4)

where k, = —=k; + k; + k3. Expression (4) demonstrates
that the echo is phase conjugated with respect to the first
pulse, regardless of the phases of the other excitation pulses.
In the vapor phase the backward-generated echo is a phase
conjugate with respect to the second excitation pulse.’-10:12
It is also evident from expression (4) that, if the second and
third excitation pulses are short (compared with T>*) and
the pulse area of the first pulse is small, the echo pulse is a
phase-conjugate replica of the first pulse. If the first pulse
consists of a whole series of pulses, the echo is again a replica
of the first pulset; i.e., it consists of a series of pulses in
reverse temporal order. This latter scheme is one of several
that are useful for an optical memory.

Another excitation scheme that produces a phase-
matched backward echo is shown in Fig. 1(b). Here also the
generated backward echo is a phase-conjugate replica of the
first pulse. In fact, in solids the stimulated echo is always a
phase conjugate with respect to the first pulse, in contrast to
the vapor phase, where the forward and the backward echoes
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Fig.2. Schematic of the experimental setup: BS1, BS2, and BS3 are beam splitters; BC is a beam combiner; L, and L; are 30-cm focal-length

lenses; I is the image; A is a phase aberrator.
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Fig. 3. Spatial images photographed with an oscilloscope camera.
The exposure times are Y to 2 sec. (a) Image photographed 30 cm
from the mask; (b) image 400 cm from mask; (c) backward echo; (d)
same as (a) but with phase aberrator in the beam; (e) image photo-
graphed by placing a mirror at the sample position and retroreflect-
ing the image beam through the aberrator; (f) echo with the phase
aberrator.

are phase conjugates with respect to the first and the second
pulses, respectively.

A schematic of our experimental setup is shown in Fig. 2.
A single YAG-laser-pumped dye laser operating at 10 Hz
produces 5-nsec-long pulses with a spectral linewidth of 15
GHz. Usually the laser beam profile is far from Gaussian.
The dye-laser pulses are resonant with the transition con-
necting the lowest Stark levels of the H, ground and 3P,
excited levels (A = 4778 A). Optical delay lines are used to
delay the dye-laser pulse and form the second and third
excitation pulses. The sample, consisting of 0.1% atomic
concentration Pr3*:LaF, crystal, 12 mm long and 6 mm in
diameter, is kept in a liquid-helium cryostat. The sample
temperature can be varied between 4.2 and 1.2 K. The
excitation pulses propagate along the crystal ¢ axis and are
linearly polarized so that the electric fields are normal to the
c axis. The 3-mm-diameter excitation pulses have peak
powers of 100 kW in the focal volume in the sample. The
optical density of the sample is measured to be close to unity
at the line center. The pulse delay t;; between first two
pulses is kept fixed at 40 nsec, and tg;, the first- to third-
pulse separation, is 97 nsec.

Initially, the crossing angle # between excitation pulses is
kept at zero, and the excitation geometry shown in Fig. 1(a)
isused. Asshownin Fig. 2, pulses 1 and 3 are combined with
a beam combiner and sent through the sample, counterprop-
agating to the second beam through a pair of 30-cm focal-
length lenses placed symmetrically on either side of the
sample. Since the echo and the second pulse are temporally
separated, a Pockels-cell-and-polarizer combination is used
to switch out the second pulse optically while leaving the
echo unattenuated.

We have also observed stimulated echo with the angled
excitation scheme shown in Fig. 1(a). The experimental
apparatus used for this observation is similar to the one
shown in Fig. 2, except that the pulses are angled with 6 = 10
mrad. Because the pulses are angled, there are no excitation
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pulses traveling along the propagation direction of the stim-
ulated echo. The echo intensity for # = 10 mrad is the same
as for # = 0. This is consistent with the fact that, in a solid,
the echo amplitude is undiminished as a function of 8, as
long as the excitation pulses are phase matched. This is to
be contrasted with echo generation in the vapor phase,
where the echo amplitude decreases exponentially with 8,
even when the phase-matching condition is satisfied. The
minimum echo intensity is 0.5% of the excitation pulse in-
tensity.

The spatial image to be stored and retrieved from the
Pr3*:LaF; sample is carried by the first excitation pulse.
The image, consisting of horizontal or vertical lines 0.35 mm
wide on a transmission mask, is transferred to the first pulse
by inserting the mask in the path of the beam. Figure 3(a)
shows the image photographed with a Polaroid oscilloscope
camera near the mask. Figure 3(b) shows the same image,
photographed near the sample, which is 400 cm from the
mask. The image shown in Fig. 3(b) appears distorted be-
cause of the far-field diffraction pattern from the object
mask. The spatial image of the backward echo is obtained
by inserting the beam splitter in the path of the first pulse, as
shown in Fig. 2. The spatial image carried by the echo is
shown in Fig. 3(c). The echo image is photographed at the
same distance from the sample as the image mask. Figure
3(c) shows that the backward echo is a good reproduction of
the image carried by the first pulse.

The phase-conjugate character of the echo is best demon-
strated by placing a phase aberrator in the path of the image
beam. Asshown in Fig. 2, a phase aberrator consisting of a
deformed piece of glass that changes the refractive index
along the image wave front is placed in the path of the image-
carrying excitation beam. Figure 3(d) shows the effect of
the aberrator on the quality of the image, which is photo-
graphed near the sample, while Fig. 3(e) is obtained by
placing a mirror at the sample to retroreflect back through
the aberrator. In contrast to Fig. 3(b), the aberrated image
is distorted near the sample. The presence of the phase
aberrator in the path of the first pulse means that the echo
pulse passes through it before being photographed. Figure

Fig. 4. Stimulated echo recorded by an OMA with t3; = 3 sec.
After the delay time the echo images are accumulated on the reticon
array in the OMA for 2 sec and are subsequently displayed on the
oscilloscope and photographed with a camera.
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3(f) shows a spatial profile of the echo with the phase aberra-
tor in its beam path. The undistorted character of the echo
image shown in Fig. 3(f) implies that the echo produces a
phase-conjugate replica of the first pulse and hence restores
the distorted image as it passes through the phase aberrator.
Phase-conjugate phase restoration is also observed when the
backward-echo scheme shown in Fig. 1(b) is used.

We observe that the spatial-image storage in the
Pr3+:LaF; sample lasts as long as a few seconds.®!* This
long-term image storage is due to storage of the phase infor-
mation in the ground-state hyperfine states,'+-16 since the
3P, excited-state lifetime is only 50 psec.” To observe the
image storage for a long time, we block the excitation pulse
in front of the sample for several laser shots and then un-
block only the third phase. In this way t3; can be increased
in steps of 100 msec to several seconds (10-Hz laser repeti-
tion rate).

In order to photograph the image after several seconds of
storage time, a Princeton Applied Research optical multi-
channel analyzer (OMA) is used to store the image produced
by the stimulated echo in its reticon array. The image
stored by the OMA is subsequently displayed on an oscillo-
scope and photographed with a camera. Figure 4 shows the
stimulated echo image recorded by the OMA with a first- to
third-pulse separation of 3 sec. The image shown in Fig. 4is
produced by a mask of the same size as the one shown in Fig.
3. As can be seen from Fig. 4, the image is quite sharp and
well defined. Furthermore, in this manner we have ob-
served the spatial echo image to last for at least 15 sec.

Although we have not systematically measured the echo
intensities as a function of t3;, we have observed that at £3; ==
3 sec the echo intensity is reduced by a factor of 5 X 103 from
its value at t3; = 97 nsec. Inaddition, the image storage time
is strongly dependent on the sample temperature. Specifi-
cally, the storage time increases by an order of magnitude
when the sample temperature is reduced from 4.2 to 2.0 K.
The strong temperature dependence suggests that the spin-
lattice relaxation is probably the limiting relaxation mecha-
nism.!®

In summary, we have observed spatial-image storage ina
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Pr3+:LaF, sample below 4.2 K lasting for at least 15 sec. In
addition, we have demonstrated that the stimulated echo in

a solid is a phase-conjugate replica of the first excitation
pulse.
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