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Thin holograms with novel diffraction properties were created in spectral hole-burning materials.

Simulta-

neously sweeping the frequency of the recording light and the phase of the holograms results in an asymmetric

distribution of diffraction efficiency between positive and negative orders.

Experiments were performed that

demonstrate amplified or attenuated diffraction efficiency with respect to holograms recorded at a single fre-
quency. The observed diffraction is well described by a simple model in which small grating amplitudes and

weak burning are assumed.

1. INTRODUCTION

Spectral hole burning'-® (SHB) presents new prospects for
high-density optical information storage®*® and informa-
tion processing.”® Holography permits parallel recording
and readout of data and is believed to be a promising tech-
nique for implementing frequency-selective optical data
storage. In holographic hole burning® two crossed laser
beams, an object and a reference beam, bleach out a nar-
row frequency-domain hole in an inhomogeneously broad-
ened absorption band. During reconstruction diffraction
occurs from this spatial fringe pattern only if the readout
laser frequency matches the frequency of the burned
hole.>™ The holographic method has been described in
detail in previous papers.’'® For the multiple storage of
holograms an additional experimental parameter, the
hologram phase, has to be considered. Judicious choice of
the relative phases permits control of the interference be-
tween the holograms'®'* and can even be used to imple-
ment parallel logic by the coherent superposition of
holograms.”

In time-domain holography a SHB hologram is recorded
with short light pulses. A time delay between the record-
ing pulses introduced, for example, through a difference in
optical paths lengths, results in signal reconstruction
from the hologram either in the positive or in the negative
(conjugate) diffraction orders, depending on the temporal
ordering of the pulses.’®® The temporal separation of
the pulses is recorded as a spectral modulation of the hole
depth, while the temporal ordering of the diffracted pulses
affects the hologram phase. Since frequency and time
are not independent variables,’® photon echoes can be pro-
grammed by using a tunable cw laser? to write a spectral
pattern into an inhomogeneously broadened spectrum.
The spectral pattern corresponds through the Fourier
transform to an accumulated photon-echo signal and can
be read out with a short light pulse.?®

Results from experiments performed with cw lasers
indicate that diffraction efficiencies become asymmetric
when phase shifts of +n/2 are adjusted between spectrally
adjacent holograms, implying that temporal causality ef-
fects are also observable in cw experiments.'®*®! In a pre-
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vious paper? the causality property of SHB holograms
was investigated experimentally. The spectral profile of
a hologram was broadened by tuning a single-mode dye
laser over a small wavelength range (1 cm™) during the
burning process. The efficiency of the holographic image
reconstructed by a cw laser beam was substantially modi-
fied by introducing a time delay with a glass block alter-
nately placed in the object beam or in the reference beam.

Our motivation in this paper is to investigate the rela-
tion between the hologram phase and the distribution of
the diffraction efficiency into different diffraction orders
for spectrally broad holograms. Experimental data are
presented for holograms created by sweeping the laser
frequency during burning while simultaneously sweeping
the phase of the hologram to simulate the effect of an opti-
cal delay. The experimental results are compared with
data calculated from a simple model of diffraction
from thin holograms recorded in frequency-selective
materials in the low-modulation limit and with linear
burning assumed.

2. THEORY AND SIMULATIONS

The diffraction properties of spectrally adjacent holograms
depend on the relative phase of the holograms.”® If a
hologram is recorded by sweeping the frequency continu-
ously over an interval of several homogeneous linewidths,
then the hologram phase as a function of the frequency
strongly determines the diffraction properties. Here we
investigate the diffraction properties of plane-wave holo-
grams when the phase is varied linearly with the record-
ing frequency.

The interference pattern of two plane waves of equal
intensities, Ig; = Iyes = Io/2, propagating symmetrically
about the z axis, with propagation vectors (&;,0, &,)op;
and (—£%,,0, &, with (&% + k)2 = 24/A = w/c, is de-
scribed by

I(x) = Io[l + cos(zfx + go)] @

The fringe spacing, A = 7¢/(w sin 6), is determined by the
© 1992 Optical Society of America



988 dJ. Opt. Soc. Am. B/Vol. 9, No. 6/June 1992

Bernet et al.

i) )
i i
| 0

i ., Oy i -
A i\ i\ R NN N N
G S v R i i
P R
AN i <o
i S S 2 o HIHRITIROA . 3 o
AAAlAEy  WBw
s A i T R S Fey
30 2 ot M i > 25 30 2o ¢ .
5 0 n ' are. u. o 5 X:gﬁg\/fworiou' = Y 5 s 10 15 20 25 30

x—axis / orb. u.

object reference object
beam beam beam

reference object reference
beam

beam beam

Fig. 1. Interference patterns of plane waves, illustrating the influence of an optical delay on the phase of a hologram. (a) Without the
delay the hologram phase is independent of the laser frequency. If (a) the delay is in the object beam, the grating phase moves to the —x
direction when the frequency is increased, whereas (c) it is shifted to the +x direction when the delay is in reference beam. Such slanted
gratings result in asymmetric diffraction efficiencies. [The phase dispersion shown in (b) and (c) corresponds to an optical delay of
approximately 6 cm.]

angle between the interfering beams, 26, and the laser fre-

continuously varying the frequency between w; and ws.
quency o, and ¢ being the speed of light. The spatial posi- The phase of the spatial fringe pattern is simultaneously
tion of the grating is described by the phase ¢ and changed as a linear function of frequency. The SHB ma-
depends on the relative phase of the interfering beams. terial records frequency-dependent spatial modulations of
For spectrally selective recording materials we must the absorption coefficient and the refractive index.
consider the effects of varying the recording frequency The amplitude of the optical field directly behind a thin
over a range of several gigahertz. If the frequency of the hologram plate can be derived from the amplitude and the
laser is changed, the fringe spacing changes by the same

relative amount, AA = A(Aw/w). In the experiments de-

phase transmittance function of the sample.? For a small
scribed below Aw/w is of the order of 107%, so the change in

grating amplitude, it is proportional to the reference beam

amplitude multiplied by the transmittance function®*
fringe spacing can be neglected.”®> More important is the R
change in the spatial phase of the interference pattern. E = E, expli(—k, x)]exp(—i Rywd >
The phase depends on the frequency, if the two interfering ¢ cos 6
beams have different path lengths from the point of beam

Aiwd 27
division to the sample. The spatial shift of the fringes, X [1 * 3¢ cos COS(I’C + ‘P)] . @)
Ap = (Aw/c)l, is proportional to the path difference, [.
Figure 1 illustrates how a delay placed in the object beam fio and 7 are the zero- and first-order Fourier coefficients
or the reference beam influences the grating phase. The of the complex index of refraction, describing amplitude
direction of the shift of the interference fringes, and thus and phase properties of the hologram, and d/cos 8 is the
the asymmetry in the gratings shown in Figs. 1(b) and effective path length through the sample. Equation (2)
1(c), depends on which of the two interfering beams has can be written as
the longer optical path. If the object beam is delayed ) .
[Fig. 1(b)], the interference pattern moves in the negative E = Eo expli(~k.x)Jexp(—ifio)
x direction as the recording frequency is increased. Cor- X {1 + (7:/2) [exp(iKx)exp(ip)
?espondingly, when the ref‘erence be_ax.n is dt.alaye'd, the + exp(—iKx)exp(—ip)]}. 3
interference pattern moves in the positive x direction, as
shown in Fig. 1(c). Whereas in conventional recording
materials such a grating is washed out (because of the

For simplicity, the factor wd/(c cos 6) has been omitted.
superposition along the frequency axis), spectral selectiv-

Equation (3) describes the near field of three plane waves

with propagation vector components —k,, —k, + K, and

ity permits the complete recording. —k, — Kin the x direction, corresponding to the reference

We now evaluate the diffraction from a thin plane-wave beam, the object beam (+1 diffraction order), and the x
hologram recorded in a frequency-selective material by

component of the conjugate beam (-1 diffraction order),
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with K being the grating vector, K = 2a#/A = 2k,. Note
that the phase of the hologram appears in the diffracted
waves in the term exp(ip), and, most importantly, the
phase of the hologram appears with opposite signs in the
different diffraction orders.

To describe the frequency dependence of the diffracted
field, we assume that the hologram is composed of holo-
grams of continuously varying burning frequencies, and
we take the corresponding phase change into account. We
restrict ourselves to the calculation of the +1 diffraction
order. For recording at a single frequency wp and using
the frequency-dependent modulation amplitudes as given
in Ref. 11, the modulation amplitude of the complex index
of refraction for low burning fluences can be written as

1

T wp — o + i(I)2) “

A1) = ni(w) ~ iki(w) = C
where T' is the hole width and the constant C =
(No®o ~2It) contains the frequency-independent parame-
ters, such as the absorption cross section o; the burning
fluence It, the photochemical quantum yield & and the
initial concentration of the molecules, N;.

If, during recording, the frequency wp is swept over the
range [wp;, wps] in combination with a phase sweep range
(51, 2], the frequency dependence of the field amplitude
diffracted into the +1 order becomes

@®B2
j Aii(w, wplexplio(wp)]ldws. (5)
Wpz — WB1 Jup

E(w) «

For a phase that varies linearly with the recording fre-
quency a constant dispersion factor ¢ can be introduced:

b= $B2 — $B1 , ®)

Wp2 — Wpa1

1.0 ¢
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Fig. 2. Calculated hologram efficiency (+1 diffraction order) of
holes recorded with different phase shifts. The holes are burned
over a range of 3.5 GHz with phase shifts of —2m 0, or 27
(the hole width is assumed to be 1 GHz). When the conjugate
(—1) diffraction order is investigated, exactly the reverse behav-
ior is found.
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Fig. 3. (a) Schematic illustration of experimental arrangement

for thin hologram recording and reconstruction of the =1 orders.
The effect of a path difference is created by the mirror mounted
on the piezoelectric transducer. (b) Frequency and phase sweeps
applied during recording of the holograms.

and the phase is given by ¢(wp) = ¢p + Pplwp — wp).
By using the complex exponential integral function Ei, de-
fined as the principal value of the integral

Ei(z) = — f s, 0
Eq. (5) can be solved analytically:
Eyw) « C,exp{d>[(I'/2) + iwl}
(wpz — wp1)
x (Ei{c{:[—g + i(wp — w)]} m). @®)

The wavelength dependence of the hologram efficiency
can then be calculated by taking the absolute square of
E,(w), given by relation (8). In Fig. 2 |E;(w)|? is plotted
for the +1 diffraction order, with ¢ calculated from
Eq. (6) from the burning range (3.5 GHz) with applied
phase shifts of —27; 0, and 27 A value of I' = 500 MHz
was assumed. For a negative shift, corresponding to a
delay of the object beam, a considerable enhancement of
the hologram efficiency is observed with respect to the
signal obtained for constant phase. However, the diffrac-
tion is strongly suppressed when a phase shift of positive
sign, corresponding to a delay of the reference beam, is
applied. According to Eq. (3) the efficiency of the nega-
tive (conjugate) diffraction order can be calculated by
changing the sign of the dispersion factor ¢ in relation (8).
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Fig. 4. Hologram efficiency spectra for the different phase shifts applied during burning. The negative phase shift results in an ampli-
fication of the hologram efficiency in the first order and attenuation in the —1 (conjugate) order, whereas the positive phase shift leads to
the opposite result. Burning with a constant phase results in a symmetric distribution of the diffraction efficiency.

Thus the signals in the —1 diffraction order correspond to
the sig-nals in the +1 order (Fig. 2) but with the sign of
the phase shift reversed.

The results show that applying a phase shift leads to
amplification of one diffraction order and attenuation of
the other. The suppression of one diffraction order and
the increase of the conjugate order becomes more pro-
nounced the larger the ratio of the burning range to the
homogeneous linewidth becomes, assuming that a total
phase shift of 2 is always used. If a phase shift of more
than 27 is applied, then the spectral structure shows more
extrema, while the qualitative behavior of the recon-
structed signal is not affected.

3. EXPERIMENTS

Experiments were performed to verify the predictions
made in Section 2 (Fig. 2). Holograms were recorded in a
polyvinyl butyral film doped with chlorin (2,3-dihydropor-
phyrin) as described elsewhere.”® The concentration was
chosen to give an optical density of 1.6 at the maximum of
the S; « S, absorption band. Polyvinyl butyral was
chosen as a host material because samples of excellent
optical quality can be prepared and because of the nar-
row homogeneous linewidth of the S; < S, transition
(160 MHz at 1.7 K, Ref. 10). The thickness of the polymer
film used was 65 um.

The experimental setup is illustrated in Fig. 3. A
single-frequency dye laser (Coherent 899-29) is pumped
by a cw argon-ion laser. The frequency scanning is
controlled by software programmed to run the autoscan
laser remotely from a SUN 4/330 workstation via an
IEEE-488 interface. The workstation controls all impor-
tant aspects of the experiment, such as opening and clos-
ing the shutters, setting exposure times, and sweeping the
hologram phase. Holograms were recorded by dividing

the output of the dye laser into object and reference
beams, using a 50% beam splitter. Before splitting the
dye laser beam was expanded by a telescope. The beams
were overlapped at an angle of 1.5° resulting in a grating
period of 20 um. A phase shift, linear with the burning
frequency, could be created either by insertion of a glass
block into one of the recording beams® or by using a
scheme that permits greater flexibility in adjusting the
relative phase difference between the two beams and
hence of the spatial phase of the hologram. The path
length of the reference beam could be changed by applying
a voltage to a piezoelectric translator supporting a mirror.
A controlled change of an order of an optical wavelength
could be easily achieved, permitting the relative phase dif-
ference of the two recording beams to be changed. An
optical path-length change of 8/ results in a relative phase
shift of Ap = 278I/A.

The optical path lengths of the reference and the object
beams were adjusted to be equal to within a few mil-
limeters. The optical delay, either positive or negative,
was simulated by moving the piezo-mounted mirror in the
object beam under computer control during the burning
process. This technique permits the adjustment of arbi-
trary delay values between the writing beams through the
phase dispersion.

The phase shift is considered to be positive if the object
path is decreased. In our experiments the scan width
during burning of the holograms was in the range of
3.5 GHz, which is approximately seven times the typical
hole width of 500 MHz. During burning the laser fre-
quency and the hologram phase were synchronously swept
as shown in Fig. 3. For readout of the hologram the ob-
ject beam was blocked and the reference beam was attenu-
ated by a factor of 50 by inserting a neutral-density filter.
The hologram efficiency was measured as a function of
the readout frequency.



Bernet et al.

4. RESULTS AND DISCUSSION

Figure 4 presents experimental results of the frequency
dependence of the diffracted signals in both diffraction
orders for holograms burned with three different phase
sweeps corresponding to (curves a) a negative phase shift,
(curves b) a constant phase, and (curves c) a positive phase
shift of the object beam. The frequency scan width dur-
ing burning of the holograms was 3.5 GHz, and the phase
changes were (curves a) ~27 and (curves c¢) 2= These
values correspond to a path-length difference of 8.7 cm or
an optical delay of 290 ps. A value of 27 was chosen be-
cause the amplification and the attenuation obtained in
the different diffraction orders are most pronounced for
this phase shift. The experimental data clearly demon-
strate that the diffraction efficiency between the different
diffraction orders can be redistributed by applying an ap-
propriate phase shift and simultaneously sweeping the
laser frequency during recording. A strong suppression
(>10) of one of the diffraction orders with respect to the
other order was observed. Good agreement between the
experimental data and the simulated diffraction efficiency
according to relation (8) was achieved. The frequency
dependence of the signals diffracted into the +1 and -1
orders agrees nicely with the shape predicted by the the-
ory, demonstrating that the approximations of weak burn-
ing and of small hologram efficiency (<1%) are valid.

In conclusion, these experiments show that control of
the grating phase opens a way to increase the absolute dif-
fraction efficiency of mixed holograms stored in SHB
media beyond the value obtainable for conventional holo-
graphic recording media. Note also that the diffraction
efficiency in the wings of the swept signal (curves a) falls
off much faster than that of the unswept signal (curves b).
This effect can be used to reduce cross talk between
holograms recorded at different frequencies, which is es-
sential for spectrally selective data storage. The experi-
mental results presented here show that hole-burning
media, because of their high frequency selectivity, permit
the recording of new types of holograms and that the holo-
gram phase is a new and important variable, opening a
new field of experiments in optics. ‘
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