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Abstract

In this paper, the diffraction properties of an ultrashort optical pulse with arbitrary profiles in time diffracted by a
volume holographic grating are investigated using the modified Kogelnik coupled-wave theory. Simple analytical
expressions for the spectrum and spatial profiles of the transmitted and diffracted beams are obtained. The
dependences of the diffraction bandwidth, the Bragg selectivity bandwidth and the total diffraction efficiency of the
volume grating on the temporal profiles of the input ultrashort pulse are investigated. For three different temporal
profiles, numerical results of diffraction properties are given. It is shown that the temporal shapes of the input pulsed
beams have been found to be an important factor in the analyses of the propagation characteristics.
r 2009 Elsevier GmbH. All rights reserved.
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1. Introduction

The ultrashort pulsed beam (UPB) has many promis-
ing applications in fields such as optical communication,
signal and imaging processing. Because of its abundant
spectrum and high bandwidth, the diffraction properties
of volume holographic gratings (VHG) under illumina-
tion by ultrashort pulsed beams will be different from
that of the monochromatic continuous wave. As a
result, it has been paid increasingly much attention in
recent years [1–5]. Consequently, the combination of
volume holographic elements such as volume grating
and ultrashort pulses will have enormous potential and
novel applications in many practical fields.

In this paper, the diffraction properties of the UPB
with arbitrary profiles in time diffracted by a VHG are
investigated using the modified Kogelnik coupled-wave
theory. Simple analytical expressions for the spectrum
and spatial profiles of the transmitted and diffracted
beams are obtained. The temporal intensity and spectral
intensity distribution of the diffracted beam are calcu-
lated. The diffraction bandwidth, the Bragg selectivity
bandwidth and the total diffraction efficiency are also
analyzed. Numerical results are also illustrated for
several different temporal profiles.

2. Modified coupled-wave analysis

As shown in Fig. 1, we consider an ultrashort pulsed
beam incident on a VHG, which is characterized by a
refractive index in the modulated region (0pzpd) of the
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form

n ¼ n0 þ n1 cosðKxÞ n15n0 (1)

where n0 is the refractive index of the grating region, n1
is the amplitude of index modulation and K is the
grating vector oriented perpendicular to the fringe
planes with the length K ¼ 2p/L, where L is the period
of the grating. d is the thickness of grating and j is the
slant angle. It is also assumed to extend infinitely in the
x–y plane and to be bounded by two identical
homogenous media with refractive indices equal to that
of the grating. The UPB with TE polarization illumi-
nates the grating at an angle y that corresponds to the
Bragg angle of central wavelength l0. It is assumed to be
a pulse with an arbitrary temporal shape. Its electric
field can be expressed as

E0ðr; tÞ ¼ expð�io0tÞF ðtÞ (2)

where o0 ¼ 2pc/l0 is the centre frequency and F(t)
represents the temporal envelopes of the input UPB. The
three different temporal profiles F(t) and their corre-
sponding Fourier spectral profiles G(o) are listed in
Table 1.

The diffraction grating operates in the two-wave
Bragg regime including small deviations from the Bragg
case and neglecting the phase curvature of the readout
pulse. Only the transmitted beam R(z, l)exp(�iq � r) and
diffracted beam S(z, l)exp(�id � r) are present, where
R(z, l) and S(z, l) are, respectively, the scalar
amplitudes of the transmitted and diffracted beam in
the grating, and q and d are their propagation vectors,
connected to the grating vector by the relation d ¼ r�K.

Considering lossless VHG, we take Kogelnik’s [6,8]
coupled-wave theory of volume holography,

cRR0 þ ikðlÞS ¼ 0

cSS0 þ iWðlÞS þ ikðlÞS ¼ 0 (3)

where the primes indicate differentiation with respect to
z, and cR ¼ cos y, cS ¼ cos y�K cosj/b, b ¼ 2pn(l)/l,
W(l) ¼ K cos(j�y)�K2l/4pn(l), k(l) ¼ pn1/l is the cou-
pling coefficient. Here, n(l) is the average refractive
index of the medium at wavelength l and can be given
by Sellmeier’s formulary [7]. n1 is the modulation
amplitude of the refractive index of the medium. For
transmission VHG, where cS40, the boundary condi-
tions are S(0,l) ¼ 0 and R(0,l) ¼ G(l).Then solving the
coupled-wave Eq. (3), we arrive at the results for the
amplitude distributions of S(d,l) and R(d,l):

Sðd; lÞ ¼ � iu0ðlÞ
ffiffiffiffiffi
cR

cS

r
expðxÞ

sinðu2 � x2Þ1=2

ð1� x2=u2Þ1=2

Rðd; lÞ ¼ u0ðlÞ expðxÞ �
x sinðu2 � x2Þ1=2

ðu2 � x2Þ1=2

"

þ cosðu2 � x2Þ1=2
�

(4)

where u ¼ kðlÞd=
ffiffiffiffiffiffiffiffiffiffi
cScR
p

and x ¼ �iWd/2cS. So the
corresponding intensities of the diffraction and trans-
mission light in temporal domain are IS(d, l) ¼ |S(d, l)|2

and IR(d, l) ¼ |R(d, l)|2, respectively.

3. Numerical analysis and discussion

3.1. The spectral bandwidth of the VHG

Due to the Bragg diffraction condition of the VHG,
the diffraction efficiencies for different components of
wavelength l within the spectrum of an UPB are
extremely different, and the maximum one is for the
centre wavelength l0. Using a similar method as in Ref.
[4], we then obtain a wavelength range 2Dl1/2, beyond
which the diffraction efficiency will drop below 50% of
its maximum value. Then DlG ¼ 2Dl1/2. It is the
maximum spectral bandwidth of the diffraction light
for the input UPB with different spectral bandwidths.
For the lossless and unslanted case of VHG, DlG can be
obtained approximately with Ref. [8]:

DlG ¼
4�x cos yL2

pdC
(5)

Fig. 1. Configuration and coordinate system of a thick planar

grating.

Table 1. The UPB’s temporal profiles F(t) and their

corresponding Fourier spectral profiles.

Temporal envelope F(t) G(o) CB

Gauss e�ðt=tG Þ
2

e�ðotG=2Þ
2 0.441

Sech Sech(t/ts) Sech(pots/2) 0.315

Lorentz [1+(t/tL)
2]�1 e�jojtL 0.142
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