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A transmission hologram with two volume gratings is considered in the regime of wave A diffracted into
wave B via an intermediate weakly excited wave C. In analogy to the phenomenon of stimulated Raman
adiabatic passage in nonlinear optics, this new scheme demonstrates diffraction efficiency with low sensi-
tivity to the hologram’s strength. A theory of three-wave adiabatic coupling has been developed and explored
analytically. Numerical results show an example of a coupling profile that preserves high diffraction effi-
ciency with almost no dependence on the hologram’s strength, including the suppressed influence of

polarization. © 2006 Optical Society of America
OCIS codes: 090.7330, 050.7330.

Transmission volume holograms have a variety of ap-
plications, such as optical switching, filtering, multi-
plexing, imaging systems, and spectral beam combin-
ing. The diffraction efficiency of a single thick
transmission grating is #7=[sin(M)]%,"® which can
reach 100% if hologram strength M =«kL=mn{L/\,
is w/2=157,3%w/2,57/2, .... Here L 1is the
effective interaction length, L=(ey-ep)L,/
[c0S(6a mea)C0S(0 mea)1”?, (€4-€p) is the polarization
factor, and the modulation of the refractive index in
the volume grating is assumed to be on
=n;cos(Q-R); N\, is the wavelength of light in
vacuum, and 64 g meq are the angles (inside the me-
dium) of the k vectors of waves A and B with the z
axis. A new material for volume holographic gratings,
namely, photothermorefractive glass, was recently
developed at the College of Optics and Photonics/
Center for Research and Education in Optics and
Lasers.*® This material has already yielded almost
100% diffraction efficiency for both transmission and
reflection holograms.

A disadvantage of a simple transmission volume
hologram is the rather high sensitivity of the diffrac-
tion efficiency 7 to hologram strength M=«kL. This
sensitivity may cause certain problems in the process
of manufacturing the hologram. In this Letter we
propose a new scheme based on an analogy with the
nonlinear optical phenomenon STIRAP, stimulated
Raman adiabatic passage.

In applying the parallel thinking of the stimulated
Raman adiabatic passage to holography, we intro-
duce a third intermediate wave, C, into consider-
ation, which interacts both with primary wave A and
diffracted wave B to accomplish energy transfer from
A to B. Therefore two gratings are needed if we are to
have three coupled waves in our new volume holo-
gram. The two gratings are characterized by the fol-
lowing modulation of index of refraction:

on =nca(2)cos(Qca - R) + ncp(z)cos(Qcp - R)
=0.5[nca(2)exp(iQc4 - R) + ncp(2)exp(iQcp - R)]

(1)
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+ complex conjugate.

Here C is the intermediate wave, as shown in Fig. 1.
We present our field (for definiteness, of the TE po-
larization) in the form

Ereal(Rat) = E(R,t) + [E(R,t)],

e, a(z)
ER,t) = E mexp(ikA ‘R)
b(z) "
* Teos( B e P8 )
c(2)
exp(ikc - R)

* [C()S(‘gc‘,med)]ll2
Xexplidk,x —i(w+ dw)t]. (2)

Equation (2) was written on the assumption that

ky gc = (wng/c)le, sin(ba B cmed) + € €0S(0s B,Cmed) ],

aB,med == aA,med, HC,med = 0’

Qca=ke—-ky, (3)

| e————
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Fig. 1. Configuration of three-wave interaction inside a
double-recorded volume hologram with modulation of cou-
pling coefficients. The counterintuitive order in which
these gratings are turned on and off should be emphasized:
dotted lines, xcp(z); dashed lines, kca(2).

QCB =kC_ kBa
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i.e., that for unperturbed propagation directions kg4,
kp, and k¢ (inside the medium of the hologram) the
Bragg condition is satisfied when the frequency de-
tuning dw and the angular detuning 66y ,;, are zero.
It should be noted also that the particular configura-
tion is A/B symmetric, while the general nonsym-
metric case yields similar results. Parameter ok, is
influenced by both the frequency detuning dw and the
change in angle of incidence 56y ,;,:

ow 1)
5kx = ?Sln(aA,air) + ; Cos(aA,air) 50A,air'

(4)

The coupled-wave equations are
da/dz = i[kea(z)] c(2) + iaa(z),
db/dz = i[kep(z)] c(2) +iBb(2),
de/dz =ikpy(2)a(z) + ikop(2)b(2) +iyc(z), (5)
Here
0 ow w ow
a= _(E_M)__véeA,air , B= _(§+M)_
C w w

c

w Sw Sin2 GA,air
y=—\n—1 MH=—""—"",
c ) 1L COS 04 med

Sin 64 4i,COS Oa air n
U = ki E = b
1 COS B4 med €08 04 med

+v 56A,air:| )

w

Kca ]1/2nCA ’

~ 2c[cos(6 mea)

w

KcB )]1/2nCB' (6)

2¢[cos( 64 med
The parameters characterizing the spectral and an-
gular detuning from the Bragg regime are «, 8, and
v, all of dimensions 1/m. 6y ., =|64]=|6p| is the angle
of incidence from air for both the A and the B waves,
which are assumed to propagate symmetrically with
respect to the z axis.

Analysis of the eigensolutions of Eq. (2) of the form
exp(iAz) with constant values of k4 and xgc and un-
der the condition of zero detuning (dw/w= 6, 4;,=0,
i.e., a=B=7y=0) yields three eigenvectors [A,B,C]:

[kacl(|kacl? + kB Y2, kgl (|Kacl? + kel Y2, 1],

|2)1/2’_ K;C/(|KAC|2 + |KBC|2)1/Za 1]1

(7

Most interesting is the third eigenmode, which has
zero amplitude of the C wave. Remarkably, the A and
B amplitudes in this mode have opposite signs and
values inversely proportional to the corresponding
coupling coefficients. Thus, the scattering processes
of the A and B waves into C cancel each other, so that
indeed C=0 for this C dark mode.

[~ Kkac/(|Kacl? + |xpc

[kBc,— Kac,0] = const.[(1/kac),— (1/kpe),0].
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The notion of eigenmodes is, strictly speaking, ap-
plicable to a system of equations with constant coef-
ficients only. However, if these coefficients change
slowly with z, then one can expect adiabatic evolu-
tion, i.e., that the amplitude of each mode (not of a
wave but of a mode) will be preserved in the process
of propagation.

Here we make three observations: First, the C
dark mode has A and B waves only. Therefore the
adiabatic evolution of this C dark mode means an en-
ergy exchange between A and B waves, with the
small C amplitude as an intermediary, which arises
only as a correction to the adiabatic approximation.
Second, there is a possibility that a pure C dark mode
will be excited by the pure input A wave if coefficient
kca(z=0)=0 at input z=0. Third, and most impor-
tant, is that one should gradually increase x¢4(z) and
diminish xcp(z) to zero value at the output: xcp(z
=L)=0. The assumption that the changes are gradual
should guarantee that the solution will still corre-
spond to the C dark mode. Meanwhile, with «gg(z
=L)=0, all the energy will be transferred into a B
wave at the output cross section z=L.

We stress that the order in which the gratings are
to be turned on and off along the z coordinate is coun-
terintuitive. It is the A wave that is present at the in-
put; however, it is the other grating, xcp(z=0)#0,
that is turned on here. On the contrary, it is the B
wave that we want to get at the output; however, it is
the other grating, xcs(z=L)#0, that is turned on
there. To keep the validity of the notion of eigen-
modes, we must change the strength of coupling co-
efficients slowly, or adiabatically. This actually re-
quires that «(z) be a slowly varying function, i.e., one
that satisfies the condition that d«/dz <|«|?.

A potential advantage of this design is that, on the
assumption of validity of the adiabatic approxima-
tion, the efficiency of A— B power transfer is 100%
and does not depend on the hologram’s strength M.
In this case the values of M4 and My are defined as

MCAzf kca(z)dz, MCB:f kep(2)dz. (8)

We have validated our adiabatic reasoning by direct
numeric integration of the coupled equations for all
three waves, A, B, and C. From our numerical ex-
periments, a preferred profile of xcp(z) and xca(2)
was found:

rkc(2) = Mcglcos(mz/2L,) (2/L,),

KCA(Z) = MCA[SID(WZ/zLZ)]Z(Z/Lz) (9)

The dependence of diffraction efficiency 7(A— B) on
hologram strengths My, and Mg in the intervals
from 0 to 15 is depicted in Fig. 2 for the case of per-
fect Bragg matching. Our data show that diffraction
efficiency 7 is greater than 85% when (M¢gs,Mcp)
=(5.2,56.2) and is greater than 97.85% when
(Mca,Mop)=(7.5,7.5). Efficiency 7 asymptotically
approaches 100% for larger hologram strengths.
These results manifest the important feature of our
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Fig. 2. Diffraction efficiency of the diffracted wave as a
function of two hologram strengths, n=7(Mca,Mcp).
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Fig. 3. Diffraction efficiency of the diffracted wave as a
function of angular and spectral detuning values (56, in de-
grees, in air; dw/ w, dimensionless) with relatively small ho-
logram strengths Mcy=Mcp=4, thickness L=5 mm, N4
=1.06 um, and 6y »;,=50°. Maximum diffraction efficiency
Tmax Of power transfer A — B is 7,,,,=0.615. There are both
spectral and angular selectivity, as in a single-grating A
— B hologram, but the compensation for wavelength detun-
ing by angular detuning is no longer perfect.

scheme: dramatic reduction of the sensitivity of dif-
fraction efficiency 7 to M. Other profiles have been
studied for the same hologram strengths, M-, and
Mg, with similar results; the profile from Egs. (9)
was the best.

Consideration of other (TM) polarization of inter-
acting waves in our symmetric geometry results in
multiplication of each of the coupling constants (at
the given values of ngy and ngp) by the factor
(ea-ec)=(ep-ec)=cos(04 mea). This is quite remark-
able since it allows TM-polarized wave A to be dif-
fracted into wave B even when they are propagating
at 90° to each other because (ey-ec)=(eg-ep) is
0.707 in each case. This is the task that could not be
achieved with a single-grating hologram. Moreover,
the intensity of the diffracted B wave will be the
same, close to 100% (and even the phase will be the
same), for both polarizations if the modified hologram
strength is large enough for the unfavorable polariza-
tion as well.

In reality, perfect Bragg matching may not always
be possible. We studied the effect of detuning on our
new type of transmission hologram by numerical in-
tegration of the coupled-wave equations. We kept the
same profile [Egs. (9)] for the coupling but took de-
tuning into account. The results of the numerical so-
lution of Egs. (5) are shown in Fig. 3. As the figure
indicates, our adiabatic hologram possesses both
spectral and angular selectivity, just as an ordinary
volume hologram does. However, unlike for an ordi-
nary hologram, one cannot substitute a change of
wavelength for a change of angle without the loss of
diffraction efficiency. The ratio of width 66 (at opti-
mally tuned \,,.) to width 560 (at fixed \,,.) depends
on the particular geometry and on the hologram
strength. Our numerical experiments have shown
that this factor is approximately 7—-12. The same may
be said for spectral selectivity.

The same ideas of adiabatic A/B interaction via a
weakly excited intermediate C wave are applicable to
the design of a beam splitter, |A|2—p4|A[>+pg|BJ?,
where the splitting ratio p,/pg is robust with respect
to manufacturing errors and polarization.

In conclusion, we have suggested a new type of
double-grating volume hologram that transfers en-
ergy from the primary wave into the diffracted wave
through a weak intermediate wave. We consider the
strongly diminished dependence of diffraction effi-
ciency on the hologram’s strength to be one of the ad-
vantages of the scheme suggested. Another possible
advantage of the suggested scheme is its factor-of-2
smaller spatial frequency |Qac|, |Qpc| of each of the
gratings if we have to achieve a certain value of the
deflection angle, #=2 arcsin(|k, —kg|/2k). Yet another
possible advantage that the same optical element
(our double-grating adiabatic hologram) can be used
to handle diffraction of both polarizations efficiently.
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