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Resonant holography
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We present a method of enhancing the diffraction efficiency of a hologram by placing it inside a resonant
optical cavity. The diffraction efficiency improves on account of the multiple passes that the incident light
undergoes inside the optical cavity. The resonance condition in this case turns out to involve both mirror
ref lectivity and the optical path length inside the cavity. Experimental results for a resonantly enhanced
angle-multiplexed holographic memory and an optical three-port element are shown. © 2002 Optical Society
of America
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Volume holographic optical elements have been used
in optical interconnects,1 data storage,2,3 and imag-
ing.4 For most applications, the hologram should
diffract the highest amount of incident light possible;
the undiffracted light is wasted. Here we show that
diffraction eff iciencies approaching 100% are obtained
when the hologram is placed inside an optical cavity
and demonstrate the idea experimentally in the
context of two applications: an angle-multiplexed
holographic memory with increased dynamic range
and an optical three-port element.

Re-entrant diffraction into ring resonators has
been used in the past for image storage and associa-
tive recall,5,6 and diffraction into Fabry–Perot-type
optical cavities has been used for optical intercon-
nects.7,8 Instead, we tune the cavity to resonate the
diffracted beam by multiple passes of the readout
beam through the hologram.

Resonant holograms are recorded conventionally
by interfering mutually coherent reference and ob-
ject beams inside a photosensitive medium.9 After
recording is complete, the hologram is placed inside an
optical cavity and probed with a beam that replicates
as closely as possible the reference beam used during
the recording phase. For brevity, we limit the present
discussion to the Bragg diffraction regime. However,
our results may also be extended to the Raman–Nath
regime if multiple diffracted orders are taken into
account.

In the resonator shown in Fig. 1(a) with normal
incidence of the readout beam, both the forward- and
backward-propagating on-axis probe beams are Bragg
matched. Therefore, a forward reconstruction and a
phase-conjugate reconstruction are obtained simulta-
neously. Resonance is obtained when all diffracted
beams interfere constructively. Optical losses (ab-
sorption, scatter) place an upper limit on the resonant
diffraction efficiency. The finesse of the holographic
cavity is defined by the losses in combination with the
single-pass eff iciency of the hologram.

Let r denote the amplitude ref lection coeff icient of
the partially ref lecting mirror and h1 the single-pass
diffraction efficiency of the hologram (which is ob-
tained from the stand-alone hologram, without the
optical cavity). Also, let l denote the wavelength,
b the one-pass intensity loss coeff icient inside the
0146-9592/02/060385-03$15.00/0
cavity, and L the optical path length of the cavity.
In terms of these parameters, the forward and the
phase-conjugate diffraction efficiencies obtained from
the hologram inside the cavity are, respectively,

Fig. 1. Geometries for resonant holography: (a) two-port
geometry with normal incidence, (b) three-port geometry
with normal incidence. VHOEs, volume holographic opti-
cal elements; PRMs, partially ref lecting mirrors.
© 2002 Optical Society of America
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hpc � hfw �1 2 h1 2 b� . (2)

By requiring that no optical power be ref lected back-
ward in the direction of the source, we obtain the reso-
nance conditions

r � 1 2 h1 2 b , (3)

L � �2m 1 1�
l

4
, (4)

where m is an arbitrary integer. The quality factor of
the holographic resonator is approximately Q � 1��b 1
h1�1�2. Therefore, the coherence length of the incident
beam should be larger than QL to ensure that Eq. (4)
can be observed. When these conditions are satisfied,
the resulting overall (forward plus phase-conjugate)
resonant diffraction eff iciency is

h` �
h1

h1 1 b
. (5)

Since h1 1 b , 1, the resonant gain G � h`�h1 is
always larger than 1. However, the single-pass loss
coeff icient b sets an upper limit on the attainable reso-
nant gain. Resonance is most efficient when h1 .. b.
Alternatively, losses may be compensated for by inclu-
sion of optical gain inside the holographic cavity.

Resonance conditions (3) and (4) apply to arbitrary
diffracted wave fronts. Spatial frequency components
having equal diffraction eff iciencies resonate simul-
taneously if they satisfy condition (3). This is veri-
fied in the experiment illustrated in Fig. 2. However,
spatial frequency components whose diffraction eff i-
ciencies deviate from condition (3) get filtered out be-
cause they are nonresonant. The sensitivity of the
holographic resonator to h1 is shown in Fig. 3. These
curves indicate that reconstructions degrade grace-
fully as a result of recording nonuniformities. How-
ever, resonance is extremely sensitive to path-length
condition (4) as in any Fabry–Perot-type cavity.10 As
in other resonant conf igurations, the path sensitivity
of resonant holograms has potential applications to in-
terferometric sensing11,12 and wavelength routing.13

We implemented a simple resonant holographic
memory by mounting the holographic material of
Fig. 1(a) on a rotation stage. We superimposed
plane-wave holograms at several angular positions,
separated by twice the Bragg selectivity of the ma-
terial. Figure 4 shows the resonant diffraction
efficiency enhancement that we obtained by Bragg
matching and resonating each hologram individually.
Resonance resulted in improvement of the average M
number14 by a factor of

p
G � 3.4 in our experiment.

Two methods can be used to eliminate the phase-
conjugate reconstruction: oblique incidence of the
readout beam to the Fabry–Perot cavity and a ring
resonator.15 The former presents problems in practice
because the resonant beam walks off the resonator in
the lateral direction.

The geometry of Fig. 1(b) is similar to that of
Fig. 1(a), except that the back mirror has been
replaced with a partially ref lecting mirror with am-
plitude ref lection coefficient r 0. Thus, this device
acts as an optical three-port element. The amplitude
resonance condition is

r � r0�1 2 h1 2 b� , (6)

and the overall (forward plus phase-conjugate) reso-
nant diffraction eff iciency is

h` �
h1�1 1 rr0�

1 2 r2
. (7)

(a)

(b)
Fig. 2. Holographic reconstruction: (a) nonresonant,
(b) resonant. We recorded a hologram of a U.S. Air Force
Resolution Chart slightly off the Fourier plane to en-
sure equal diffraction eff iciencies for a wide bandwidth of
plane-wave components. The resonant reconstruction was
obtained with the conf iguration shown in Fig. 1(a) with
r2 � 0.9. The measured loss coeff icient was b � 0.07, and
the diffraction eff iciencies were h1 � 0.3% and hfw � 1.5%
(theoretical, 2.0%). This and subsequent experiments
were implemented on a 1-mm-thick slab of Fe-doped
LiNbO3 with a doubled Nd:YAG laser �l � 532 nm�.
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Fig. 3. Theoretical and experimental diffraction eff icien-
cies �hfw 1 hpc� from Eqs. (1) and (2) that satisfy Eq. (4)
versus one-pass eff iciency, h1, for two partially ref lect-
ing mirror ref lectivities. A measured loss coeff icient of
b � 0.05 was used for the theoretical curves. The ex-
perimental curves were obtained with a lateral aperture
of �1 mm2, where resonance was relatively uniform.

Fig. 4. Holographic memory with resonant enhancement
of the diffraction efficiency. The solid curve was obtained
by angular scanning of the memory without the resonator.
Each peak corresponds to one stored hologram. The
dashed curve was obtained by application of Eqs. (1), (2),
and (4) to the experimental data of the solid curve. The
asterisks are actual values of the corresponding resonant
diffraction eff iciencies obtained experimentally.

The fraction of the power transmitted straight
through the hologram and the two partially ref lecting
mirrors is

htrans �
r�1 2 r02�
r0�1 2 r2�

. (8)

The sensitivity of this element to deviation of h1 from
resonance condition (6) is shown in Fig. 5. One can
think of the resonant three-port element as an eff i-
cienct, smart beam splitter, defining both the ampli-
Fig. 5. Experimental and theoretical responses of the
three-port element of Fig. 1(c) with r2 � 0.7, r02 � 0.9, and
b � 0.05.

tude and the phase of the def lected beam relative to
the readout beam.

In conclusion, resonant holograms are compatible
with and improve the diffraction eff iciency of many
holographic systems. We have obtained preliminary
evidence that resonant holograms are also superior in
terms of other performance metrics, e.g., depth resolu-
tion in ranging systems.
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