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FIG. 1. Spectral reflection coefficient of a narrow-band holographic selec-
tor using reoxan (A0 = 530 nm).

refractive index of a medium are caused by a sensitized pho-
tooxidation of anthracene compounds. Studies have shown
that this material is suitable for recording holograms in both
copropagating and counter propagating beams.2'3 Since the
photoinduced change in the refractive index of reoxan which
is attainable is proportional to the oxygen concentration in
the polymer matrix, it is possible to record holograms and to
read them out nondestructively. It is also possible to produce
holograms with an apodizing angular (or spectral) selectiv-
ity lineshape.

The useful new properties of reoxan have been used in
the development of narrow-band holographic spectral selec-
tors4 with a band half-width ~ 0.1 nm, a high reflection coef-
ficient at the band peak, and a low spectral background
(Fig. 1).

The development of reoxan has finally made it possible
to take up experiments on the formation of deep three-di-
mensional holograms of complex wavefronts. This research
has revealed a unidirectional exchange of energy during the
recording of holograms of a diffuse object in a photorefrac-
tive medium with a local response. This energy exchange is a
consequence of an intermodulation structure of the holo-
gram6 and leads to an intensification of the diffuse wave.5

This effect may be exploited to intensity images in coherent
image-processing systems. Furthermore, experiments on
multiply exposed holograms and on holograms with a coded
reference beam have shown that reoxan can be used to devel-

op devices for storing information and holographic memo-
ries with a recording density one or two orders of magnitude
higher than that in similar devices with a two-dimensional
information carrier.7

The advantages of the principle of dispersive refraction
have been demonstrated not only in the example of reoxan
but also in experiments on the development of phase holo-
grams using silver halide film by the method of the replace-
ment of silver by a dye8 and also in the results of studies
carried out to develop new diazopolymers for holography.9

In both photographic film and diazopolymers the spatial dis-
tribution of the light intensity in the interference pattern is
recorded in the volume of the medium in the form of a corre-
sponding spatial distribution of the azo dye, whose absorp-
tion spectrum lies outside the hologram reconstruction re-
gion. By virtue of the dispersion relations, gradients in the
dye concentration give rise to a phase modulation in the
working spectral region, i.e., to the recording of a purely
phase hologram. It has been shown experimentally that dia-
zopolymers can be developed into volume phase holograms
with a physical thickness (~20 mm) essentially unattaina-
ble with polymer media of other types.
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K. K. Rebane. Space-time holography of ultrafast events
through spectral hole burning. The photoburning of stable
holes in the spectra of impurities in solid matrices has proved
an effective tool for high-resolution spectroscopy. Research
is being carried out on atoms, ions, and small and large mole-
cules (including chlorophyll and its analogs) in single-crys-
tal, polycrystalline, glass, and polymer matrices and also on
the structure of these matrices and the processes which oc-
cur in them at ultralow temperatures, including the proper-
ties of two-level systems and possible manifestations of a
fractal structure of glasses and polymer films (see the origi-
nal papers,1'2 the reviews,3"6 etc.7'8). Spectral hole burning,
however, has applications beyond spectroscopy. It is also a
highly selective tool for acting on the spectral characteristics
of a substance: on the absorption spectrum and on the spec-

trum of the refractive index, which is related to the absorp-
tion. In addition to the new possibilities for studying sub-
stances, there is a new opportunity to develop some devices
of practical importance—extremely narrow-band optical
filters and spectral memories for computers8-9—and to de-
velop a holography ofultrafast space-time events in the pico-
and nanosecond ranges.7'10-12 This new field of holography is
based on the possibility of making use of spectral hole burn-
ing to fabricate stable spectral gratings in a substance and
also on the phenomenon of a photochemically accumulated
stimulated photon echo.12-13 The optical fields required here
are not intense; the contrast of the spatial-spectral gratings
in a substance depends on the illumination dose, rather than
on the light intensity. The recording persists for a time deter-
mined by the lifetime of the products of the burning or the

290 Sov. Phys. Usp. 29 (3), March 1986 Meetings and Conferences 290



scale time for diffusion in the matrix; at liquid-helium tem-
peratures, the recording persists for many hours or even a
matter of years. For example, Breinl et al.14 have reported
that the decay half-life of a hole burned in the spectrum of a
molecular impurity system (quinizarin in a deuterated or-
ganic glass) ranges up to 20 000 yr at liquid-helium tempera-
tures, but studies of the lifetime of the holes and of their
temperature dependence are still in their infancy.

Here we would like to report experiments carried out by
Saari's group at the Institute of Physics, Academy of Sci-
ences of the Estonian SSR, on space-time holography, in
complete accordance with a theory developed earlier.10 This
is a linear theory: Effects related to the photoecho arise in a
medium which acts as a linear filter on a probing pulse (i.e.,
the theory uses the approximation of a linear electric suscep-
tibility).

The holograms are written near the peak of the absorp-
tion band of octaethylporphyrin molecules in a polystyrene
matrix at a wavelength of 620 nm. The sample photosensi-
tive medium is placed in an optical helium cryostat with
windows allowing the transmission of a light beam through
the cryostat. The sample is cooled to 1.8 K. The holograms
are recorded and read out with the help of a quasi-cw picose-
cond laser using the dye rhodamine 6 G, synchronously
pumped by an argon ion laser. The length of the pulses from
the picosecond laser is 3 ps; the spectral width of the pulse is
6 cm"1; and the pulse repetition frequency at an average
laser output power of 100 mW is 82 MHz.

The following procedures are used to record and read
out the holograms. The beam from the picosecond laser is
expanded to a transverse dimension of 5 cm in a telescope
and then split into reference and object beams. Both of these
beams are directed by a system of prisms and mirrors to the
sample in the cryostat, where the two beams intersect at an
angle of 6°. The pulses in the object beam are delayed by a
time interval T with respect to the corresponding pulses in
the reference beam. This delay can be adjusted over the inter-
val r = + 300 ps with respect to the front of the object pulse
by moving one of the reflecting prisms in the reference chan-
nel. We recall that the interference which is required for
holographic recording arises only if the delay between the
pulses does not exceed the phase relaxation time of the excit-
ed electronic state of the impurity molecule,12'13 which is
200-300 ps.

At the entrance to the cryostat the reference beam has a
plane wavefront and a time-average intensity of 0.5 //W/
cm2. The wavefront of the signal beam is formed by reflec-
tion from the object (a coin) or by passage through a trans-
parency (an image of an arrow) and has a complex space-
time structure. The average intensity of the object beam is
two or three times lower than that of the reference beam.

The reproduced signal reaches its maximum contrast at
an exposure of several tens of seconds. Over this time, the
hole-burning effect of many (about 1010) identical se-
quences of reference and object pulses, arriving at a frequen-
cy of 82 MHz, accumulates in the medium. For reproduction
of the recording in the hologram, the object beam is blocked
with a screen, and either the reference beam, attenuated by

FIG. 1. The holograms were recorded by means of a photchemical burn-
ing of spectral holes at a wavelength of 620 nm in the inhomogeneous band
of a purely electronic transition (the inhomogeneous width is 200 cm~' )
of octaethylporphyrin molecules in a polystyrene matrix at 1.8 K (the
homogeneous width of the purely electronic line is no more than 0.05
cm ~ ' ) . The picosecond reference pulse leads the signal scattered from the
coin by 10 ps during the recording. The same delay of the signal is ob-
served when the hologram is read out with a picosecond probing pulse.
The exposure in the recording of the hologram is 1 mJ-cm~2. This expo-
sure is achieved by accumulating the hole-burning effect of 10'° identical
pairs of reference and object pulses, arriving at the repetition frequency of
82 MHz of the picosecond laser.

neutral filters, or the same beam, directed opposite to the
beam of reference pulses during the recording, is used as the
probing beam. The images reproduced from the hologram
are photographed 20 cm from the exit windows of the cryo-
stat on screens positioned for the direct and backward read-
out beams, respectively, on the rear and front sides of the

FIG. 2. Correction of a picosecond signal through phase conjugation with
a space-time hologram. The picosecond signal, distorted by passage
through an irregular glass plate, is recorded under conditions similar to
those used to record the image of the coin, except that the order of the
application of the pulses is reversed: The reference pulse reaches the re-
cording medium after the object pulse. A photograph of the distorted
recorded signal is shown at the left. The hologram is read out for the
purpose of correction in the direction opposite to the direction of the
reference pulse during the recording. The delayed conjugate signal scat-
tered from the hologram is inverted in both space and time. After it passes
through the same distorting medium (the plate) in the opposite direction,
the signal reacquires its original, undistorted shape: an image of an arrow
(at the right).
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cryostat in terms of the direction of the recording beams.
Figure 1 is a photograph of a holographic space-time

image of a coin recorded through the photochemical burning
of spectral holes. The time evolution of the event—the pas-
sage over a coin of the band illuminated by a picosecond
pulse—is lost in this photograph because of the time averag-
ing of the delay in the photography. However, the existence
of this time evolution can be and was established by the auth-
ors on the basis of the appearance of an interference between
the image reconstructed from the hologram and the direct
image of the coin illuminated by the picosecond pulses.

In contrast with the holography of stationary waves, in
the holography of time-varying events there arises the prob-
lem of a correct interpretation of the principle of causality in
the theoretical description. In the theory of Ref. 10 this
problem is dealt with by incorporating the Kramers-Kronig
dispersion relations; this approach is equivalent to using a
Hilbert transformation (in place of a Fourier transforma-
tion) in the transition from a frequency distribution to a time
dependence. Experimentally, of course, there is automatic
adherence to the principle of causality. This property of ho-
lograms can be exploited for phase conjugation and thus a
corresponding correction of signals. Figure 2 shows an ex-
ample of a reconstruction, distorted by an irregular glass
plate, of a (space-time) image of an arrow.

'A. A. Gorokhovskil, R. K. Kaarli, and L. A. Rebane, Pis'ma Zh. Eksp.
Teor. Fiz. 20,474 (1974) [JETP Lett. 20, 216 (1974)].

2V. M. Kharlamov, R. I. Personov, and L. A. Bykovskaya, Opt. Com-
mun. 12, 191 (1974).

3L. A. Rebane, A. A. Gorokhovskii, and J. V. Kikas, Appl. Phys. B29,
235 (1982).

"J. Friedrich and D. Haarer, Angew. Chem. (Intern. Ed.) 23, 113
(1984).

5H. P. H. Thijssen, R. van der Berg, and S. Volker, in: Photoreaktive
Festkorper: Konferenzbuchband der VW-symposiums. Mettelberg, 16-
21 September 1984, Wahl-Verlag, Karlsruhe, 1984, p. 763

6R. I. Personov, in: Spectroscopy and Excitation Dynamics of Condensed
Molecular Systems (ed. V. M. Agranovich and R. M. Hochstrasser),
North-Holland, Amsterdam, 1983, p. 55.

7K. K. Rebane, J. Lumin. 31-32, 744 (1984).
8E. W. Moerner, J. Mol. Electron, (in press).
9A. Szabo, U. S. Patent No. 3.896.420 (July 22, 1975); G. Castro, D.
Haarer, R. MacFarlane, and H. P. Thommsdorff, U. S. Patent No.
4.101.976 (July 18, 1978).

10P. M. Saari and A. K. Rebane Izv. Akad. Nauk. ESSR, Fiz.-Mat. 33,320
(1984).

"A. Rebane, P. Kaarli, and P. Saari, Iz. Akad. Nauk. ESSR, Fiz.-Mat. 34,
444(1985).

12A. K. Rebane, R. K. Kaarli, and P. M. Saari, Pis'ma Zh. Eksp. Teor.
Fiz. 38,320 (1983) [JETP Lett. 38,383 (1983)]; A. Rebane, R. Kaarli,
P. Saari, K. Timpmann, and A. Anijalg, Opt. Commun. 47,173 (1983);
P. M. Saari, P. K. Kaarli, and A. K. Rebane, Kvantovaya Elektron.
(Moscow) 12,672(1985) [Sov.J. Quantum Electron. 15,443 (1985)].

13K. K. Rebane, Usp. Fiz. Nauk 143,487 (1984) [Sov. Phys. Usp. 27, 541
1984)].

14W. Breinl, J. Friedrich, and D. Haarer, Chem. Phys. Lett. 106, 487
(1984).

I. K. Yanson. Nonequilibrium electrons andphonons in
microcontracts. "Microcontact spectroscopy," a new meth-
od for studying the energy spectrum of electrical conduc-
tors, has developed rapidly over the past decade. This meth-
od is based on effects which arise at electrical contacts whose
size d (of the order of several tens or hundreds of angstroms
for metals) is small in comparison with the energy relaxation
length of charge carriers in a highly nonequilibrium current
state. This state differs qualitatively from current states in
homogeneous conductors in that all the electrons are sepa-
rated into two groups near any point near a contact, where
the electric field is nonzero. The maximum energies of the
electrons in these groups differ by an amount eV, which is
the energy corresponding to the bias voltage applied to the
contact, under the condition eV>kT. The electrons belong-
ing to different groups arrive at the given point from distant
points on different sides of the contact. The relaxation of a
distribution of this sort leads to a nonlinear voltage-current
characteristic which has singularities at bias voltages corre-
sponding to the characteristic energies of quasiparticles
which scatter electrons inelastically. In metals, these quasi-
particles are primarily phonons. Remarkably, the differen-
tial resistance of a contact is directly proportional to the rate
of electron scattering by phonons, and the derivative of this
resistance (i.e., the second derivative of the voltage-current
characteristic, called the "microcontact spectrum") is pro-
portional to the microcontact function of the electron-
phonon interaction. This electron-phonon interaction func-
tion is taken to be the product of the mean square matrix
element of the electron-phonon interaction and the density

of phonon states. In practice, microcontacts are fabricated,
for example, by bringing two pieces of metal into contact at
their sharp edges immediately before measurement in liquid
helium (Fig. 1). The simplicity and speed of such experi-
ments put them in a class by themselves for studying the
phonon spectra of metals, especially spectral functions of the
electron-phonon interaction. The price paid for these advan-

10 15 20 eV, meV

FIG. 1. Phonon-state density (F), microcontact spectrum (d2V/d!2),
and microcontact function of the electron-phonon interaction ( gpc) for
sodium. Arrow, 7*,, T2—Maxima in the phonon spectrum; inset—experi-
mental arrangement for microcontact spectroscopy.
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