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Abstract

We study the diffraction properties of time-and-space domain holograms stored with femtosecond light pulses with
a coherence length much smaller than the lateral geometrical dimension of the hole-burning sample. We show that one
can observe diffraction of read out beam on the virtual ‘time edge’ separating the spatial regions where the delay between
the reference and the object pulses is either positive or negative. We also demonstrate that by placing a Fourier-
transforming lens in the beam diffracted from the ‘time edge’ a spatial intensity pattern proportional to the homogeneous

hole-burning spectrum is observed.

1. Introduction

Time-and-space domain holography [1-3] can
be viewed upon as a more general case of conven-
tional holographic process, in which the recording
media remembers, in addition to the spatial picture,
also the spectral intensity of the illuminating light.
The time resolution is in this case Fourier-related
to the spectral properties of the recording media:
the shortest time that can be reproduced is approx-
imately given by the inverse value of the frequency
width of the inhomogeneous absorption band,
while the largest time interval that can be coherent-
ly recalled from the hologram is given by the in-
verse value of the homogeneous line width of the
molecules. It has been demonstrated that recording
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of full scenes of subpicosecond events is possible by
using organic dye-polymer photochemical spectral
hole-burning (SHB) materials which have very
broad inhomogeneous bands [4, 5].

Another special property of time- and space do-
main holograms is that they preserve the informa-
tion about the arrow of time:if the zero point on
the time axis is established by applying a very short
reference pulse, then the amplitude of the object,
which belongs to the times later than zero will
create a hologram with a different direction of
diffraction as compared to the hologram created by
the object arriving at times before zero. Such asym-
metry of diffraction is directly related to the phys-
ical causality principle [6] was applied in [7] for
imaging of objects hidden behind a strongly scat-
tering screen.

If we are using very short (subpicosecond) puises
to record time-and-space domain holograms, then
a situation may occur when the lateral spatial
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dimensions of the sample exceed the coherence
length of the light by more than hundred times.
Then it is possible that one spatial region of the
hologram cross-section represents the time after
zero, while the other spatial region of the same
hologram image belongs to the time before zero.
Consequently, at the line between the two regions
where the sign of the time delay changes the diffrac-
tion direction of the hologram will suffer an abrupt
jump.

In the present paper we study the diffraction
properties of femtosecond time-and-space domain
holograms which contains such causality-related
abrupt features and show that we can use this
virtual ‘time edge’ to observe the homogeneous line
shape of the hole-burning molecules.

2. Theoretical considerations

The diffraction properties of time-and-space do-
main holograms were previously treated in Refs.
[2,6] by assuming that the time delay between the
reference and the object pulse is either positive or
negative over the whole area of the hole-burning
sample. Here we are considering the opposite situ-
ation, where the sign of the delay is positive in one
half of the hologram plane, while in the other half of
the hologram the delay is negative. Our goal is to
find an expression for the spatial distribution of the
intensity of the diffracted light in the first positive
(or in the first negative) diffraction order measured
in the focal plane of a lens which is performing
spatial Fourier transformation.

Let a thin plate of SHB material positioned in
the z = 0 plane be illuminated at normal incidence
angle with a plane wave reference pulse with ampli-
tude,
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where p(t) is the time domain envelope of the pulse,
vo 1s the carrier frequency and ¢ is speed of light. An
object pulse with the same envelope function is
applied at an angle « with respect to the z-axis (see

Fig. 1(a), and is described by amplitude,
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where 1, is the delay between the reference and the
object wave fronts at the origin of the coordinates.

BE BS

Ti:sapphire
laser
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Fig. 1. {a) Scheme of the experimental setup to write the holo-
grams. BE = beam expander; M1 = adjustable delay mirror;
BS = beam splitter; H = hologram plane. (b) Optical scheme to
observe images in the plane of the hologram. CO = camera
objective. (c) Optical scheme to observe Fourier-transformed
images. H' = Fourier-transform plane; f = focal length of the
cylindrical lens; ¢ = Fourier-transform coordinate;
MO = microscope objective.
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Fig. 1. Continued.

We consider the thickness of the SHB plate to be
small compared to the coherence length of the laser
pulse. The time it takes for the object wave to
illuminate the whole area of the sample is given by,

2asina
Atop; = PR (3)

where 2a is the lateral dimension of the sample in
the y-axis direction. If 7, = 0, then the two pulses
overlap in time at the origin of the coordinates and
the width of the overlap region in the y-direction is,
Ay ~ At,c/sino, where Ar, is the pulse envelope
duration. If Ay < 2a, then in the upper half plane,
a >y > (At,c)/2sinq, the reference pulse reaches
the SHB medium after the object pulse, while in the
lower half plane, —a <y < — At,¢/2sina, this
temporal order is reversed.

The interference between the writing pulses in
the hole-burning medium occurs as the first pulse
excites the S| « S, electronic transition of the mol-
ecules, which is then coherently superimposed with
the excitation created by the second pulse. The
hologram is recorded when photochemical bleach-
ing of the SHB material takes place in a proportion
to the intensity of the excitation at a given fre-
quency and at a given spatial location of the mater-
1al.

Following Ref. [2], the diffraction properties of
thin SHB holograms are described by coherent
response function,

K(v,y)oc (1 +iH){To + AT (v, 1)}, (4)

where H denotes Hilbert transformation, T, is the
transmission of the SHB plate before illumination
and AT is the increase of the transmission due to
the writing exposure. In the first approximation,
AT is proportional to

A
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where v(v — v') is molecule’s homogeneous absorp-
tion spectrum centered at frequency v, go(v) is
inhomogenecous distribution function before the ex-
posure, and I(v,y) is the frequency and spatial
domain distribution of the illumination intensity,
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with p(v) given by,
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To read out the recorded hologram we illumin-
ate it with a beam which is identical to the writing
reference wave. The intensity of the diffracted light
is observed in the focal plane of a Fourier-trans-
forming lens which is placed at a focal distance, f,
behind the hologram (see Fig. 1(b)). The intensity in
the Fourier-transform plane as a function of coor-
dinate ¢, conjugated to the y-coordinate in the
hologram plane, and integrated overall frequencies,
can be expressed as,

x a . v éy 5

RETdy ~dv.

(8)

By substituting Egs. (4) and (5) into Eq. (8) and
by considering only the second term in Eq. (6)
which produces signal in the + 1 diffraction order,
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we can rewrite Eq. (8) as,
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Here we have for simplicity considered that the
inhomogeneous distribution function is constant.
If the homogeneous line shape function consists
of only one narrow zero-phonon line, then we can
substitute the homogeneous line shape by é-func-
tion and Eq. (9) becomes,
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We see that the intensity distribution then cor-
responds to conventional plane wave diffraction on
a limited aperture. However, because in our case
only half of the response contributes to the + 1
diffraction order, the width of the aperture is half of
the full size of the hologram.

Let us now assume that the aperture of the holo-
gram is large. Then, in the limit, a —» o0, Eq. (9)
becomes,
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where we have introduced the auto-correlation
function of the homogeneous absorption profile,

h(v) = j v(V)v(v + v)dv. (12)

We see that if, in comparison to the homogene-
ous line shape, the spectrum of the laser pulses can
be considered constant, then the spatial intensity
distribution (11) is proportional to the square of the
auto-correlation function (12). In other words, in
the Fourier-transform plane the spatial intensity
distribution of the diffracted light gives us directly
the homogeneous hole-burning spectrum.

3. Experimental

Our source of ultrashort pulses is a self mode-
locked Ti:Sapphire laser (Clark Instrumentation
NJA-4) pumped by CW Ar ™ -laser (Spectra-Physics
BeamLok 2060). The duration of the Ti:Sapphire
laser pulses is 70-90fs at the wavelength of
4~ 750 nm and with the spectral width (FWHM)
AZ =~ 8nm. The repetition rate of the laser is
100 MHz, the average output power is 300 mW.

The experimental set-up is shown in the Fig. 1(a).
The laser output is expanded to provide a 2cm
diameter beam with a plane wave front. The beam
is divided by a beam splitter into the reference and
the object path. The reference beam is applied nor-
mal to the hologram plane, while the object beam is
forming an angle of « = 10° with the reference path
in the y—z plane. The time averaged intensity of the
both writing beams at the hologram is 5 mW/cm?.

By translating the mirror M1 of the reference
beam path we adjust the time delay between the
two beams to be zero along the horizontal line in
the middle of the hologram plane.

The sample is a thin (~ 100pum) film of
18 x22mm cross-section produced from poly-
vinylbutyral and doped with molecules of a
naphthalocyanine dye (Ciba Geigy HW 807) at a
concentration of 10~ mol/l. The sample is moun-
ted in a variable temperature immersion He cryos-
tat. At 2K the inhomogeneous S, < S, absorption
band has the maximum at 2 = 750 nm and a width
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of 25 nm. The hologram recording exposure is typi-
cally 10-30s. During the read out the illuminating
light is attenuated by a factor of 100 with neutral
density filters.

Fig. 1(b) shows the optical arrangement to ob-
serve the images reproduced in the plane directly
behind the hologram. The images are recorded
using a near-IR sensitive CCD camera (Sony SSC-
M370CE) and a video recorder. The video frames
are then digitized and processed by a computer.

Fig. 1(c) shows the optical arrangement to ob-
serve Fourier-transformed images. A cylindrical
lens with focal length f= 300mm is positioned
behind the hologram perpendicular to the path axis
of the object beam. The optical electric field ampli-
tude in the focal plane H' is a one-dimensional
Fourier transform of the amplitude in the plane
H directly behind the hologram, diffracted in the
direction of the object beam ( + 1 diffraction order).
A microscope objective is used to magnify the im-
age in the Fourier-transform plane.

4. Results and discussion

As the first step in our experiment we study the
images recalled directly from the hologram without
applying the spatial Fourier transformation. Fig. 2
shows the reconstructed image in the complement-
ary diffraction orders when the CCD camera is
sharply focussed in the plane of the sample. The
hologram is recorded and read out at the temper-
ature T = 2 K. The image (a) is observed in the + 1
diffraction order when the hologram is illuminated
with the reference beam, and the image (b) is ob-
served in the — 1 diffraction order when the holo-
gram is illuminated with the object beam. The
I mm bar shows the actual spatial scale on the
hologram and the corresponding delay calculated
from Eq. (3) is about 500 fs.

In accord with the causality principle, in the + 1
diffraction order (a) the signal is observed only in
the lower half plane, i.e. when the reference is ahead
in time with respect to the object. In the — 1 diffrac-
tion order (b) the signal is visible only in the upper
half plane, ie. if the time order of the pulses is
reversed. These images can be viewed upon as if

“Tmm

Fig. 2. (a) Image reconstructed from the hologram and re-
corded with the CCD camera by reading with the reference
beam and observing the diffraction in the object beam direction.
The recording camera is focussed in the plane of the hologram.
(b) Image reconstructed from the same hologram by illumina-
tion with the object beam and with the CCD camera placed in
the direction of the reference beam. The bars on the left side of
the images are used to establish the actual scale of the hologram
in the y-axis direction.

there is present an opaque screen with a relatively
sharp cut-off edge in the plane of the sample. We
call this phenomenon ‘time edge’ to underline that
its origin consists in causality-related asymmetry of
diffraction of spectrally selective holograms [6].
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Fig. 3. Intensity distribution in the y-axis direction of the images
reconstructed in the two complementary diffraction orders of
the hologram. Traces (a) and(b) are obtained from the pictures
(a) and (b) in Fig. 2 by integrating in the x-direction and by
substraction of the background.

The bright spots in the images are due to lightscat-
tering from imperfections of the sample.

Fig. 3. shows the one-dimensional intensity dis-
tributions in the region of the ‘time edge’ integrated
along the x-coordinate. The higher intensity near
the ‘time edge’ arises from the fact that at small
delays the interference fringe structure has a larger
period in the frequency dimension which means
that not only the narrow zero-phonon line, but also
the much broader phonon sideband is contributing
to the formation of the hologram. We verify this
conclusion by comparing the images recorded at
different sample temperatures. We observe that at
higher temperatures, when the contribution of the
phonon side band to the homogeneous spectrum is
larger, the relative height of the intensity peak near
the ‘time edge’ increases. At temperatures higher
than 77 K essentially only the bright stripe at zero
time delay is observed which indicates that the
homogeneous spectral width has become compara-
ble to the spectral width of the laser pulses.

It should be noted that in earlier experiments
[8.9] related dependence of the intensity of an
incoherently excited accumulated stimulated
photon echo signal on the delay between the pump
pulses was studied. It was also shown [10-12] that
by processing the experimentally measured echo

dependences mathematically one can extract in-
formation about the homogeneous hole-burning
spectrum of the molecules. In contrast to the transi-
ent echo methods, in our experiment the variable
delay is equivalent to the spatial coordinate, y, and
the information about the homogeneous line shape
is essentially contained in one holographic image.
As we will show below, our experiment allows us to
observe the homogeneous line shape directly by
purely optical means.

The width of the ‘time edge’ i1s in our present
experiment approximately Ay ~ 0.1 mm. When we
focus the camera in a plane at some distance behind
the hologram, then an intensity pattern of Fresnel
diffraction on a sharp edge is observed.

The next step of our experiment is to measure the
spatial intensity of the hologram + 1 order signal
in the Fourier-transform plane. Figs. 4(a)—(c) show
the images in the focal plane of the cylindrical lens
magnified by the microscope objective. The three
different images correspond to the holograms
stored and read out at temperatures 10, 45 and
55K, respectively. Fig. 4(d) summarizes the corres-
ponding one-dimensional intensity distributions.
According to Eq. (11), the spatial scale of the &-axis
is calibrated in the units of optical frequency,
E=200cm ™ Y/mm.

At temperatures below 10 K, when the phonon
side band is still very weak compared to the zero-
phonon line, the intensity distribution appears in
the form of a narrow peak with distinct oscillating
side lobes. The width of this peak of ~7cm™! is
defined by the resolution of our measurement
which is inversely proportional to the maximum
aperture of the hologram. We attribute this feature
to the zero-phonon line in the homogeneous hole-
burning spectrum. At temperatures 45 and 55 K the
peak intensity of the zero-phonon line is strongly
reduced and, at the same time, a broad structure
appears on both sides of the central peak. This
broad structure extends up to 50cm ! and we
attribute it to the phonon side band. We can now
say that the intensity distribution present in the
Fourier-transform plane is nothing else but the
homogeneous hole-burning spectrum of our SHB
sample.

According to Eq. (11), the spatial intensity distri-
bution has to be symmetric with respect to the
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Fig. 4. (a)-(c) Holographic images observed in the focal plane
of the Fourier-transforming cylindrical lens at three different
sample temperatures. (d) One-dimensional distribution of the
corresponding image intensities in the -axis direction. The
intensity is integrated along the x-axis.

central peak. The slight asymmetry of the curves in
Fig. 4 can be explained either by saturation of the
photochemical hole-burning or, which is more
probable, by systematic error due to nonuniform
illumination intensity of the hologram. The fact
that we cannot observe a minimum between the
zero-phonon line and the phonon side-band is at-
tributed to the absence of sufficient spectral resolu-
tion.

One way to improve the resolution in the present
experiment is to increase the effective aperture of

the hologram and also to reduce the optical imper-
fection of the sample. Another interesting further
experiment would be to use this setup in the real
time regime of two- and three-pulse photon echo.
In this case simultaneous frequency and time do-
main resolution of the coherent response of the
molecules could be obtained.

5. Conclusions

We have described a new holographic hole-burn-
ing experiment in which optical diffraction on
a causality-related virtual ‘time edge’ is observed.
By measuring the intensity profile of the ‘time edge’
we can obtain information about the homogeneous
line shape of the molecules. However, the most
intriguing feature of this experiment is that by car-
rying out spatial Fourier transformation we can
observe the homogeneous hole-burning profile dir-
ectly. In this sense the diffraction on the ‘time edge’
can be compared to an optical monochromator,
although the spectral images we are observing
are not directly related to angular dispersion of
a grating.

It also follows from our result that if in a four
wave mixing type experiment the duration of
the pulses becomes small in comparison to the
lateral dimensions of the illuminated spot on the
sample, then the far field diffraction pattern is dir-
ectly related to the spectral response of the media.
On this basis we believe that further development
of this experiment will lead to new methods of
time resolved spectroscopy on subpicosecond time
scales.
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