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Based on a modified coupled wave theory of Kogelnik, we have studied the diffraction of an ultrashort pulsed

beam with an arbitrary polarization state from a volume holographic grating in photorefractive LiNbOgs crystals. The

results indicate that the diffracted intensity distributions in the spectral and temporal domains and the diffraction

efficiency of the grating are both changed by the polarization state and spectral bandwidth of the input pulsed beam. A

method is given of choosing the grating parameters and input conditions to obtain a large variation range of the spectral

bandwidth of the diffracted pulsed beam with an appropriate diffraction efficiency. Our study presents a possibility of

using a volume holographic grating recorded in anisotropic materials to shape a broadband ultrashort pulsed beam by

modulating its polarization state.
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1. Introduction

The technique to generate ultrashort pulsed
beams (UPBs) has made much progress in recent
years,!!) which has extended the bandwidth of optical
communications and signal processing. It is of great
importance to control the laser output pulses at will to
achieve functional waveforms with large bandwidths
that can be utilized in a variety of applications. Many
methods have been reported.l?=5 For an optical pulse
with a duration of longer than 1us, it can be directly
shaped in a temporal domain with an electro-optic de-
vice by means of the Kerr effect. For the even shorter
pulses, the above method is difficult to utilize, but an-
other technique can be used for shaping them in the
Fourier domain, where the optical frequency compo-
nents of the UPB are spatially dispersed by a disper-
sive element, then modified by a filter, and recombined
by an identical dispersive element to form the tem-
poral output with a shaped waveform. Among many
filtering masks for the UPBs, volume holographic grat-
ings (VHGs) are most interesting because of their flex-

ibility and the possibility of using them to implement

[6—12] 8] have shown

dynamic processing. Ding et al
both theoretically and experimentally that in the fre-
quency domain it is possible to achieve a large enough
diffraction bandwidth of VHG for the bandwidth of
100 fs pulses mainly by increasing the grating period
and decreasing the grating thickness. Recently Teng!®!
has studied the dispersion effect in the crystal. How-
ever, as a matter of fact, most of the materials used
for VHG are optically anisotropic, such as photore-
fractive LiNbOgs crystals.

the corresponding index modulation in these materials

The refractive index and

will change with the variation of the polarization state
of the readout beam. And, the application of VHGs
to signal transmission in optical fibre communications
is just the case where the polarization state of the
readout pulsed beam of the VHG changes arbitrarily
because fibres are subjected to stress and tempera-
ture changing with their surroundings. Therefore, the
polarization-dependent diffraction properties of VHGs
for the UPB readout should be taken into considera-
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tion. However, it is worth to mention that few stud-
ies of the problem have been carried out up to now.
Therefore in this paper, we investigate the properties
of an input UPB with an arbitrary linear polarization
state diffracted by a VHG in the anisotropic crystals,
and also discuss the effects of the bandwidth of the
input UPB on the diffraction properties. Here, we re-
strict our discussion to the case of an unslanted trans-
mission grating in a photorefractive LiNbOg3 crystal,
and assume that the input UPB is of Gaussian shape
in time.

In Section 2, the modified coupled wave theory of
Kogelnik['3! is derived, and expressions of the spec-
tral and temporal distributions of the diffracted in-
tensity and the diffraction efficiency of the VHG are
obtained. Numerical analyses of the polarization-
dependent diffraction properties, with the spectral
bandwidth of the input UPB changing, are given in
Section 3. Based on these studies, we show the pos-
sibility of shaping a broadband UPB through the ad-
justment of its polarization state. A summary and
suggestions are given in the last section.

2. Modified coupled wave
analysis

As shown in Fig.1, a VHG is recorded in an
anisotropic photorefractive LiINbO3 crystal. The crys-
tal’s optical axis coincides with the z-axis. The grat-
ing vector K is perpendicular to the fringe planes and
parallel to the crystal’s optical axis. And K has a
length of K = 27/A, where A is the grating period.
A UPB
with a field amplitude ug(¢) in the temporal domain

The parameter d is the grating thickness.

enters the interior of the LiNbOgs crystal at an an-
gle . We assume that it is polarized with a nor-
malized polarization vector e,, where e, is indepen-
dent of z. We then have e, = sinpe;, + cosy €,
where ¢ is defined as the polarization angle included
between e, and the incidence plane. e, and e, are
normalized polarization vectors that are perpendic-
ular and parallel to the plane of incidence, respec-
tively. Then in the spectral domain, the amplitude
of the input UPB wg()\), which is obtained by per-
forming the Fourier transform of wg(t), is the super-
position of the ordinary component (o- component)
Ro(0,2) = wo(A)singp and the extraordinary com-
ponent (e- component) R.(0,A) = ug(\)cosy in the
crystal. R;(0,\) (i = o or e ) is diffracted by the VHG

as shown in Fig.1.

A o//K/ /e
A
»
g 0
R; (0, )\) \
d Si(d,\)
Fig.1. Model of a volume holographic grating illu-

minated by the o- or e- beam component of an ultra-
short pulsed beam with an arbitrary linear polariza-
tion state.

As an example, we suppose that the UPB is of a
Gaussian shape in time, so the temporal amplitude of
the input pulse can be generally expressed as

42

ug(t) = exp(iwot - ﬁ)’ (1)
where wy = 2mc/ Ao is the central frequency, and c is
the light velocity in free space. Also, the parameter T
is related to the temporal full width at half-maximum
(TFWHM) of |ug(t)|?, denoted as ATi,p, by the re-
lation: T = A7inp/v21In2. The Fourier transform of
Eq.(1) gives its distribution in the spectral domain as
fellows:

ug(A) = ﬁTeXp{— [ch(% - )\io)r} (2)

Then the spectral full width at half-maximum
(SFWHM) of Io(A) = |ug(N)]? is given by Alinp =
0.44173 /cATin p.

We assume that the two recording beams of the
VHG in the LiNbOg crystal are ordinarily polarized,
and the space-charge field E;. produced by the linear
photorefractive effects in the process of transport of
photo-induced charges in the crystal (diffusion, drift,
photovoltaic effect et al) is parallel to K. There is
no anisotropic Bragg diffraction due to zero effective
electro—optic coefficient. And for the o and e com-
ponents of the input UPB, the amplitudes of the spa-
tial modulation of the refractive indices ni, and nie
are, respectively,

n1o = —n3(Xo) Y13 Esc/2 (3)
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[—71318(Mo) sin® 0 +733n80(No) cos® ] Exe
2nc(/\0)

Nie=— N (4)
where 713 = 8.6 x 1072 mV~! and ~33 = 3.08 x
10~ mV~! are the electro—optic coefficients, n,(\o)
and ne(Ao) are values of the average ordinary and ex-
traordinary refractive indices nq(\) and ne(A) when
A = Ao, respectively, and

Mo (Ao)neo (o)
\/12(%o) cos? 6 + nZy (M) sin® 8

nc()\O) =

where n,(Ag) and neo(Ag) can be obtained by Sell-
meier’s formulae. ]

For the VHG, it is sufficient to consider that only
the transmitted beam R;(z,A)e,; and the diffracted
beam S;(z, \)eg; are present in the grating,? where
1 =0 Or e. ey, and ey are independent of z, and they
are normalized polarization vectors perpendicular and
parallel to the plane of incidence, respectively. Then
the modified coupled wave equations for each wave-
length component within the spectrum of the UPB

are
COS GR; + Oé(/\)Rl = —j Iii(/\)(eri . esi)Si,
cos 05! + [a(N) +19;(N)]S; = —jri(N)(ex - €si)Ri, (5)

where ¢ = o or e, the primes denote the differentiation
with respect to z,

a(X) = pea(X)/2ni(X),
9i(\) = K cos§ — K2\ /4mn;(N),
ki(A) = i /N — peo; /8ni(N),

o(A) is the average conductivity, and oy is the am-
plitude of the spatial modulation of the conductiv-
ity. Referring to the grating geometry in Fig.1, we
have e, - €50 = 1 and ey, - esc = cos(260). Here 6 is
assumed to be the Bragg angle of the VHG for the
central wavelength component within the spectrum of
R,(0,)). Owing to the average birefringence of the
crystal, there inevitably exists a small deviation be-
tween 0 and the Bragg angle for the central wavelength
component within the spectrum of R(0,\). But in
our analysis, we assume that cosf remains near unity.
Then the deviation is very small, and the energy cou-
pling between R.(0,\) and S,(z,A) is stronger than
that between R,(0,\) and S,(z,\) according to the
relation nie > M1, obtained from Egs.(3) and (4) in
LiNbO3 crystal.
here.

So we neglect the small deviation

A Taylor series expansion of ¢ yields the follow-
ing expression that is correct to the first order in the
deviation of AN = A—\g: ¥; = —A)mNifl/AQ, where

N7 = Vi) a=o - (6)

The prime /7 denotes differentiation with respect to A.
If the dispersion effect in the crystal is neglected, we
have N; ' = 1/n;(\o).

In the spectral domain, the boundary condition
of Eq.(5) are Ry(0,A) = ug(A)sing, So(0,A) = 0
and Re(0,A) = ug(A) cos, Se(0,A) = 0. By solving
Eq.(5), we arrive at the result for the amplitude dis-
tribution of the diffracted pulsed beam at the output
of the VHG as follows:

Si(d,\) = —jR;(0, \)exp(—ad/ cos8)

in(v? 2)1/2
e

where
vy = Ki(er; - esi)d/ cosb,
& = —19;d/2cosb. (8)

For a lossless grating, o(A) = 0 and o1 = 0, and we
obtain k;(A\) = mny;/A. According to Eq.(7), the in-
tensity distributions of the diffracted pulsed beam in
the spectral and temporal domains, respectively, are

Is(d,\) = Z|Si<d, A%, (9)

I(d,t) = Z |si(d, t)|%, (10)

where s;(d,t) is obtained by performing the Fourier
transform of S;(d,\) in Eq.(7) with respect to fre-
quency w = 2wc¢/A. The diffraction efficiency of the
VHG is defined as
Is(d,w)dw

= ff IS(w)()iw ’ (11)
where Ig(d,w) and Iy(w) are the intensity distribu-
tions of the diffracted and the input pulsed beams in
the frequency domain, which can be calculated from
Is(d, ) and Iy(A), respectively.

The SFWHM of the diffracted pulsed beam A\gig
may change with the variation of the polarization state
of the input UPB. We denote A)\gig as Algige when
¢ = 0, and as Algigr, when ¢ = 7/2. With the
increase of the SHWHM of the input UPB A\, p,
AXgigi(i = o or e) will reach its maximum value be-
cause of the spectral selectivity of the VHG. We re-
gard the maximum value as the corresponding spec-
tral bandwidth of the VHG A\g;, beyond which, the
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diffraction efficiency for each wavelength component
within the spectrum of the UPB will drop to below
50% of its maximum value, which is for the central
wavelength. AAg; can be obtained by using a similar
method to that in Ref.[12]. For the lossless case of
VHG, it is approximately expressed as

4¢€; cos O A2 N;(N)

A i )
Aa wd

(12)
where &; is the average value of & when the diffrac-
tion efliciency for each wavelength component drops
to 50% of its maximum value with small changes of
Vj.

From Eq.(12), we see that Alg; decreases with
the increase of the grating thickness d, but increases
rapidly with the increase of A when 6 is very small,
and is influenced by the dispersion effect in the crystal.

According to Eq.(9), when ¢ changes from 0 to
/2, the variation range of AXgig will be

Aliang = |A)dif o — AXdifel- (13)

And, AMang will reach its maximum value |Alg,
—AMGge| with the increase of A, . Clearly, by mod-
ulating the grating parameters and the input condi-
tion, an appropriate value of A\;ane can be obtained.
With it, it is possible to perform the pulse shaping in
the frequency domain by modulating the polarization
state of the input UPB.

3. Numerical analysis

For a VHG in a LiNbOj crystal that is grown from
the stoichiometric melt with mole ratio Li/Nb=1.000
at 293 K, the values of A\g; are tabulated as shown
in Table 1, where \y = 1.06 um, d = 1 mm and
Es = 5.0 x 10 V.m~ 1.6 And Arg; denotes the
corresponding TFWHM of a UPB with an SFWHM
of A)g; respectively, assuming it to be of transform-
limited Gaussian pulse shape. It is clear that Alg;
is larger for the larger values of the grating period
A, and Adgo > Alge. And, due to the dispersion
of the LiNbOj3 crystal, A)g; decreases since we have
N;(A) < n;(Xo) calculated from Eq.(6). It means
that the input UPB is broadened in the temporal
domain after being diffracted by the VHG due to
the dispersion effect. In addition, according to Ta-
ble 1, we calculate that AManes = 0.62 nm when
A =1 pm, and Alane = 8.35 nm when 4 = 3 um,
while A)rang = 24.47 nm when A = 5 pm. Obviously,
AMang is also larger for the larger values of A.

Table 1. The variations of Alg; and A7rg; with A,
where d = 1 mm, Fsc = 5.0 X 106 V.m—1.

A/pm p/rad AXg;/nm Atgi/fs
1 0 3.044 542.5
1 w/2 3.664 450.8
3 0 25.52 64.71
3 w/2 33.87 48.77
5 0 70.33 23.49
5 w/2 94.28 17.52

For the VHG in Table 1 with 4 = 3 pm, Fig.2
demonstrates the variation of A)gig; as a function of
A)\inp and ATinp.

40 T T T T

Diffracted SFWHM /nm

Diffracted SFWHM /nm

0 1 1 1 1 1 1 1 1 1
0 40 80 120 160 200
Input TFWHM /fs
Fig.2. The variations of the diffracted SFWHM

AXgig with (a) the SFWHM AMj,, and (b) the
TFWHM ATy, of the input UPB, d = 1 mm, A =
3 pm.

According to Fig.2, Adgiro > AMdife for the in-
put UPB with larger values of A\, p, or with smaller
values of A7y, ,. And with the increase of A\, , or the
decrease of A7inp, Algigi is closer to its maximum
value A\g; that is analytically given as 33.87 nm for
Algo and as 25.52 nm for Alg. in Table 1. Corre-
spondingly, Al ang is close to its maximum value 8.35
nm. So in order to obtain a larger AXang to be used
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for shaping a pulse, the smaller values of A7y, are
preferable.

When the polarization state of the input UPB
changes, taking the VHG with A = 3 pym in Table 1
for example, Fig.3 shows the variations of the spectral
and temporal distributions of the normalized diffrac-
tion intensity with the polarization state of the input
UPB, provided that the UPB is of Gaussian shape
with A, = 20 fs. Figure 3 shows Algig increasing
with the increase of the polarization angle ¢, which
leads to the great differences among the correspond-
ing temporal intensity distributions of the diffracted
pulsed beam in Fig.3(b). Moreover, the UPBs with
smaller polarization angles are distorted more seri-
ously. For other input pulses with Alinp, > Algs
or with A, < A7gi, the change of AXgig with ¢ is

similar.

o o =
o o o
T T T
—
o
Naig

o
=~
T

b

Diffraction intensity/arb. units

o

Diffraction intensity/arb. units
o < I o =
o IS = % =}
66666
([ T A T

(=)

—50 0 50 100 150 200
Time/fs

Fig.3. The distributions of the normalized diffraction
intensity for the input pulse with polarization angles
=0, 7/12, ©/6, ©/4, w/3, w/2, where d = 1 mm,
A =3 pm, Aninp= 20 fs, (a) in the spectral domain,
and (b) in the temporal domain.

Given the grating parameters and the TFWHM of
the input UPB, the diffraction efficiency of the VHG 7

defined by Eq.(11) will also vary with the polarization
state of the input UPB. In Fig.4, at any given values of
ATinp, 0 is larger for smaller values of ¢, and reaches
its maximum value when ¢ = 0. The reason is that
when ¢ = 0, the strongest energy coupling exits be-
tween the diffracted and transmitted pulsed beams in
the VHG. Also, given the value of ¢, n increases with
the increase of A7y, and is very close to a constant
when A7y, is so large that the input pulsed beam
Although
an input UPB with smaller A7y, , is preferable in ap-

can be considered as a continuous wave.

plication of VHGs to shaping a pulse, the diffraction
efficiency is small. Therefore, in order to obtain a
large enough variation range AMyang with an appro-
priate diffraction efficiency, it is necessary to choose
ATinp appropriately when a VHG is used to shape a

pulse through modulating its polarization state.
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Fig.4. The variation of the diffraction efficiency n
with the TFWHM of the input UPB Ar,,, where
d=1mm, A =3 pm.

4. Conclusions

We have studied the properties of a UPB with an
arbitrary polarization state diffracted by a VHG in an
anisotropic photorefractive LiNbO3 crystal, where the
UPB is of an ultrashort Gaussian-shaped pulsed beam
in time and the VHG is an unslanted transmission
type. The modified coupled wave theory of Kogelnik
combining the dispersion effect in the crystal is used.

The results show that when the polarization an-
gle of the input UPB changes from 0 to m/2, the
SFWHM of the diffracted pulsed beam increases while
the diffraction efficiency decreases for the input UPB
with larger SFWHM. And, the variation range of the
diffracted SFWHM reaches a maximum value with the
increase of the input SFWHM, which can be controlled
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by the grating parameters and the input conditions.

As for a readout pulsed beam with an elliptical polar-

ization state, we can analyse the diffraction properties

by using a similar method because it can be repre-

sented as a superposition of o wave component and

e wave component in the crystal.

Our results indi-

cate that the volume holographic grating recorded in

anisotropic materials can be used for shaping a UPB

in the frequency-domain through modulating the po-

larization state of the input pulsed beam.
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