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For linear electrooptic (EO) effect of femtosecond laser pulses that propagates along the direction of non-
optical axis in linear-chirped and periodically poled MgO:LiNbO, (LCPPLMN), we explore the compensation
scheme for the phase mismatch and the group-velocity mismatch between the o- and e-light, and discuss the
effect of the linear chirp parameter of the LCPPLMN on the waveform of the output o- and e-light. It is found
that, for any input pulse duration, the phase mismatch and the group-velocity mismatch can be simultane-
ously compensated by the optimization of the linear chirp parameter. As a result, high conversion efficiency
of linear EO effect can be performed. In addition, we discuss the influence of the linear chirp parameter on
the temporal evolutions of the output o- and e-light pulse.
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With the rapid development of femtosecond laser tech-
nology! ¥, femtosecond laser pulse has attracted con-
siderable interest owing to its applications to ultrafast
optical communication, ultrafast nonlinear effect, micro-
nano-processing, high-density information storage, laser
medical treatment and THz radiation® . In the above-
mentioned applications, the manipulation of polarization,
phase and intensity is of importance. The linear EO ef-
fect is known as being a common and efficient method.
For describing the linear EO effect of femtosecond laser
pulse, we put forward the coupling-wave theory of lin-
ear EO effect for ultrashort laser pulse, and investigate
the characteristic of the linear EO effect of ultrashort
laser pulse in bulk LiNbO, crystall’. It is found that
the linear EO effect is limited to many factors, such as
the phase mismatch (PM), the group-velocity mismatch
(GVM), the group-velocity dispersion (GVD), and the
first- and second- order refractive dispersions. These fac-
tors will limit the phase-matching bandwidth and de-
crease the effective interaction length of pulse and the
crystal. As a result, the conversion efficiency of the
linear EO effect is reduced, and the waveform of laser
pulse is seriously distorted. To obtain high conversion
efficiency and make the pulse shape to stay the same,
the GVD and the first- and second-order refractive dis-
persion need to be compensated. Also, it is crucial that
the PM and GVM between two polarization components
are compensated simultaneously. For the GVD and the
first- and second-order refractive dispersions, we perform
their complete compensation by optical phase conjugate
scheme in recent work!". For the compensations of the
PM and GVM, the simplest method is that input laser
pulse propagates along the direction of the optical axis
of the crystal, which is considered to be the special situ-
ations of the birefringence technique. It is known that
the birefringence technique has several disadvantages as
follows. It cannot apply to all transparent wavelengths of
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the EO crystal, and the maximum electrooptic coefficient
cannot be used to improve the EO performance, whereas
the developing quasi-phase matching (QPM) technique
can overcome the above-mentioned disadvantages't 2.
Recently, with the development of the wave-coupling the-
ory of linear EO effect!-1*132122 there has been increas-
ing interest in the use of periodically poled lithium nio-
bate (PPLN) with QPM capability for linear EO effect
application!'"?'?2, PPLN doped with magnesium oxide is
an important EO material and potential candidate in an
EO effect since it has a high electric field of more than 5
KV/mm for ferroelectric domain, and greatly improved
resistance to photorefractive damage threshold®?4. In
addition, linear chirped-periodically poled MgO: 1liNbO,
(LCPPLMN), as one of linear chirped QPM gratings, has
been used to broaden effect the acceptance bandwidth of
the second-order nonlinear effects® since it can provide
the compensations for the PM and GVM simultaneously.
As known to all, linear EO effect is considered as one of
the second-order nonlinear effects. So, it is prospective
that the PM and GVM can be compensated simultane-
ously in a linear EO effect of femtosecond laser pulses
based on LCPPLMN. However, the physical mechanism
of the compensation for the PM and GVM is unclear in
the processing of the linear EO effect for femtosecond la-
ser pulses. For this purpose, based on the wave-coupling
theory™, we explore the compensation mechanism for
the PM and GVM in non-axis direction of LCPPMLN.
Also, we discuss the influence of the linear chirp param-
eter of the crystal on the conversion efficiency of the
linear EO effect and the waveform of output laser pulses.

The schematic diagram of linear EO effect for fem-
tosecond laser pulses in LCPPLMN crystal is given in
Fig. 1, where the optic axis of the crystal is along the
direction of the z-axis of the crystal and the applied
electric field is along the direction of the y-axis of the
crystal. A light pulse propagating along the direction
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Fig. 1. The schematic diagram of linear EO effect for femtosec-
ond laser pulses in LCPPLMN crystal.

I
Output laser pulse

of the x-axis of the LCPPLMN can be decomposed
into two independent polarized components, i.e., o- and
e- light. So the light field is

2
E(te) =+ (B, (La)explila,t—k o)} +CC, (1)
m=1
where the subscript m = 1 and 2 denote the o- and
e-light, respectively; E and E, the slowly varying am-
plitude of the o-and e-light; @, the central frequency of
the laser pulse; k = 27zn, /A, and k,= 27zn,/A are the
wave vectors of two polarized components at @, 4, the
central wavelength; n, and n, the unperturbed refrac-
tive indices of two polarized components at the central
frequency; C.C, complex conjugate. Besides, for one-
dimension LCPPLMN crystal, its structure function is
expanded by Fourier series, as follows:

£ =2 fyexplio, (&), 2)
where ¢, (&) = J-fk’M(u)du, k(&) = 27aM/A(E) is the M-
order reciprocal, A(¢£) is the poled period. The Fourier
coefficient f, = [1 — cos(22MD) + isin(224MD)/(inM)
for M = 0, fi= 2D — 1 for M = 0. The duty ratio
D=10U/(Ir+ 1), I and [ are the lengths of positive
domain and that of negative domain, respectively. With
an external electric field applied on LCPPLMN crystal,
light pulse can undergo rich quadratic effects®]. For ex-
ample, EO effect: @ (o-light)<> @, (e-light). Second
harmonic generation (SHG) or parametric down con-
version (PDC): @ +o, €, (eee), 0, +o, © o, (oee);
o+, 00, (00e); o +o, 0, (eo); 0+ <> o,
(0eo0); @ +w <>@, (000). Here the first-order recipro-
cal (M = 1) is considered to be very near the phase
mismatch between the o- and e-light in linear EO effect.
The other order reciprocals do not play an important
role in linear EO effect because of phase mismatch. So
these terms are neglected. In the coordinate reference
system of the crystal, x = L/2 (L, the crystal length)
is considered as the reference point, where the recipro-
cal is fixed at K. The K is designed to compensate the
phase mismatch for linear EO effect, ie., K =k—Fk, In
the case, the first-order reciprocal K| is form of

Kl = [Ko —Dp(l‘ - L/2)], (3)

where D, is the chirp coefficient. From the poled period
of the crystal A = 27/ K, we have

A=Al+pz-L/2)/L, (4)

where A = 27/K, y = LD /K is the chirp param-
eter®, k = 27/, For different chirp parameter y, we
calculate the dependence of the first-order reciprocal
K, on the location of the reciprocal K,. The related
results are displayed in Fig. 2, where the related pa-
rameter values are given in Table.1l. From Fig. 2, one
sees that the K| decreases linearly with x (the location
of the K|). With 4 = 0.1 and z = 0, the maximum
K, (K, )is 7.2x10°m™. However, for SHG and PDC
cases, such as eee, oee, eco, oeo, 000, ooe and oee, all
their wave vector mismatches are much larger than the
K, .. (see Fig. 2), i.e., the phase mismatches in SHG or
PDC effect cannot be compensated by the first-order
reciprocal K. So, with the range of y from 0 to 0.2,
SHG and PDC do not play an important role and are
neglected because of phase mismatch. In the case, only

linear EO effect in LCPPLMN crystal is considered. Let
E (t,z)=a, a)o/n1 A (t,2),E,(t,z)=a, 6()0/712142 (t,2) and

E, = cE, where a, a, and ¢ are unit vectors. And
suppose that the light pulse meets with plane-wave ap-
proximation, and the absorption loss of the crystal is
neglected, we obtain the coupling-wave equations of
linear EO effect for femtosecond laser pulses in a new
coordinate reference system & = |8, |z/T? and 7 = t/
T, pr,/T, as follows:

PA(Rd)  PA(nY) _da - 9’4,(7,¢)
e e ape )G T
+8A1(r7§)_(i+d )aAl(r,z:)
o& L. * or
= lid, A (7,8 +d,, aAg(T’ $ i, ABZ(T’ o),
explioks ig (8]
+idy A (7,6 =il |A,(z, 8] +20,|4,(z, O)A(r.&  (5)
OA(nG PA(nS) _da 0%4,(7,9)
/L(,}nl? 862 7'22 aTa§ ) (GZ d42) 81_2
0A,(7,¢) 1 0A,(7,¢)
e T T
9’4,(7,¢)

, 04 (7,8 |
= [id, A (7,8) + d,, A“a(z_ +id,, Py

exp[_ié‘ké: - Z¢1(§>}
+id, A, (7,6 - il(, |4,(r, @|2 +20,]A/(r. O)4,(r.9).  (6)

where the normalized variables are used; the normal-
ized phase mismatch ok = TjAk/|B,|, Ak = k — K,
is the phase mismatch between o-light and e-light; T,
is the half-width at 1/e-intensity of input light pulse;
B, = d’k(w)/de|,_,, is the second-order group-ve-
locity dispersion of the o-light pulse. The normalized
walk-off length L. = |B,|/[T(8,~ B), B, = dk(w)

]
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Table 1. The Parameter Values of the System for Calculation

Parameter

Symbol and value

The length of the crystal

L = 15mm

The reciprocal located in © = L/2

K= K - K,= 3199 x 10°'m"

The refractive index of o-light

n, = 2.1726

The refractive index of e-light

n,= 2.093

The center wavelength of input pulse (the corresponding frequency)

4, = 1550nm (@, = 1.2161x 10"

The electro-optic coefficients of the crystal

Ty = 3.4, 1,, = 8.6, 1, = 30.8,
and r,, = 28 (in 107" m/V)

The tensor elements of the third-order susceptibility of the crystal

X =112, =1 x. =9 x,=08
(in 10 %m?/V?)

The azimuth angle =20

The polarization angle 0= r/2,

The light velocity in vacuum

¢ =3 x 10°m/s

The dielectric permittivity susceptibility in vacuum

& = 8.854187818 x 10 "F/m

The initial peak intensity of the pulse I,=2GW/cm?
The duty ratio D =0.5
The first-order group-velocity dispersion parameter of o-light B, = 7.4162 ns/m

The first-order group-velocity dispersion parameter of e-light

= 7.1223 ns/m

The GVD parameter of o-light

The GVD parameter of e-light

= 47.874 ps*/km

The initial and normalized chirp parameter of the pulse

B,=
B, = 37.097 ps*/km
B, =
C =

/dw|,_, and B, = dk(w)/da|,_, are the first-order
group-velocity dispersion parameters of the o- and e—light,
respectively. The normalized coeﬂicients T, 1B,/

(1_;]2]{:1) rl? = '811/71(]]{:1 T = |ﬂ21‘/( 0 2) 22 - ﬂll/
Tk, G = (B + 2kp, - ﬂ(f)/ (2k|4,]) and G, = (B’
+ 2k8,— B7)/(2k|B,|) are the normalized and effective
GVD parameters. B, = &k(w)/de?|,
order group-velocity dispersion of the e-light pulse, 4 =
(B, + B,)/2. The normalized self-phase modulation coef-

ficients are: ¢, = 3T’k @R /(8|,|n)it, = 3Tk m;
Ry /8J8, |0,

The normalized cross-phase modulation coefficients are:

0, =3 kR, | (8|B,|n’) and ¢, =3kaR , /8n’.

The effective third-order nonlinear coefficients are of forms
R, Zzwklala]akal {4, 4, k 1} = {1, 2, 3}, the same

zzz]klaza]bkbl zleklbtbjbkbl’
where X, are the tensor elements of third- order suscep-

tibility of LCPPLMN crystal. The normalized d-coeffi-
cients are of forms as

is the second-

below), and R6 s

b
2]

T
dk -2-rm 1A 2nn ll -8. 8036)(106 (1/m) (eee or oee);

1 e’ 0
5 dk2-2nnelku Znn2 llo -9.508x10 (1lm) (eeo or oeo); |
dk3-2nnolik° 21:n2 I?.o -9.1881x108, (1lm)(ooo or oeo);
45 dk4-2nnulx 2nn l]k -8.4837x10 (1lm) (ooe or oee) |

o~

had
3}

The first-order recirocal of the crystal K1

3 —=
— = 5
251 y=0.02 K, =3.199x10°(1/
—=0.04
2t —1=0.06
—=0.08
1.5F —y=0.1
Y 0.0025 0.005 0.0075 0.01 0.0125 0.015

x, the location of the reciprocal K, (m)

Fig. 2. (Color Online) For different chirp parameter p the
dependence of the first-order reciprocal of the crystal K, the
location of the reciprocal K.

2- j) (g-1)
_ REL fi e leffl rq o1
1q 1 c D) ’
2 |ﬁ21| \/"1n2 i=0 0
(¢ =0,1,2, the same below) (7)

S11901-3




COL 12(Suppl.), S11901(2014)

CHINESE OPTICS LETTERS

April 30, 2014

e M LS off? (8)
Y2 |ﬂ21| ™ ' ; @, )
d3q = 1¢’ (9)
L E ¢ plemd rlh
W= hY S (10)
2n, IS @y @,

where S = 0 for ¢ = 0, while S = 1 for ¢ = 1 and
2, f,=2D - 1 and f = [1 - cos(27zD) + dsin(22D)
+ 4sin(27D)]/(iz) are the zero- and first-order Fourier
coefficients, respectively; The EO coefficients of 7% ot
Gj=1,2, 3) are the same as those of 7. (j =1, 2, 3)
in the Ref (17]; V) and 1 . are the first- and sec-
ond-order derlvatlves of ¥ o A @ d and d describe
the strength of EO coupling between two polarlzatlon
components of light pulse; d2q and d4q result in the
phase delays of these two polarization components, re-

spectively. According to the phase ¢ (¢) = J‘:K (u)du
(K, = KlTOZ/\,HQID7 we have

(&) = T)[K,(E-L/2)-D,(£-L /2" 2]/,

Let A(r & = o(z & exp{ildhé + 9(8)/2) and
At &) = a5 & exp(-10E + ¢,(8]/2); from Eas
(5)—(6), we obtain the coupling-wave equations of linear
EO effect in frequency domain, as follows:

0%, (2,8 , da, (Q,&")
iy —ggr D T+ Q) ==
D 1 D 12
—z[—g(%-d )+AG(Q7§')+PT§rH
+d, +Q (G, —d))]a, (&) + 7, D,a (QE) /2

—i[t, | a(Q,€&) | a,( ,5)
+20, | a,(Q,€) [ a,(Q,6)]+id, a,(Q,&")

1072

+iQd a,(Q,&) - id ,Q%a,(Q, "), (12)

%a,(Q,¢")
g
D.¢'n,

2

9da,(2,¢")

E+1+Qr,) o7

(12P

—1Q( +d,)-AGQ, &)+

+d40 _QZ(G2 _d42)]a’2(g7§ )_ rlszag(Q 5 ) / 2

= _i[fg | a2(Q"§') |2 0'2(Q’§l)
+20, [ a(Q,E) P a,(Q, &+ id,a (Q,E)

3071
+iQd,a,(Q, &) - id, Q% (Q, &), (13)

where &= & LT?/(2If,1); 2= o @ AG(2, &) =
Q/L.+ y K< /L. The group-velocity mismatch can be
compensated completely when AG(£2, fpm) = 0, where
fpm is the optimal dispersion compensation point.

For LCPPLMN crystal, the unit vectors of o-and e-
light are of the forms of a = (sing, —cosg, 0) and b

= (—cos@ cos@, —cosl sing, sind), respectively. 8 is the

polarization angle and @ is the azimuth angle. As shown
in Fig. 1, 8= z/2 and @ = 0 when light propagates along
the direction of x-axis of the crystal, and we obtain a =
(0, -1, 0) and b = (0, 1, 0). Besides, ¢ = (0, 1, 0) be-
cause that the applied electric field E is along the y-ax-
is of the crystal. Suppose further the input light pulse is

a Gaussian one and comes only with the o-light compo-

nent, i. e., A (7,0)= /21 /ce @, exp[-(1+iC))7* /2] and
A, = (7, 0), where I, is the initial peak intensity of
the pulse and C|is the initial and normalized chirp
parameter of the pulse. In the following calculation, the
parameter values of system are given in Table.1l. The

conversion efficiency of the linear EO effect is defined as

n=[_1

where

(r,L dz’/j (r,L)+1,(7,L)]dz, (14)

2
I(z,L) = cg, |o,(r,2)] /2,

1,(7,L) = ce,@,|a,(z, L) /2, (15)

0770

a,(20) =] o

For different input durations, Fig. 3 gives the de-
pendence of the conversion efficiency 7 on the crys-
tal length L, where E is fixed at 3 KV/mm. From
Fig. 3(a), it is found that, in the case of T, = 5

is 80% when 0.03 < y < 0.05;

with 7| increasing to 20fs, it becomes 90% when the
7 is between 0.015 and 0.04; for T, = 50 fs, it can
achieve 100% when the y varies from 0.005 to 0.02.
For different chirp parameter » Fig. 4 displays the
dependence of the conversion efficiency 7 on the
crystal length L. As seen from Fig. 4, the maximum
conversion efficiency 7 is inversely proportional
to the 7 and the optimal point T, becomes small-
er with the 7 decreasing further. For example, from
Fig. 4(a), one sees that, in the case of T, = 5 fs,

the maximum conversion efficiency 7 locates at
z .= 15 mm for y = 0.04, and 7, = 75%. With the
y fixed at 0.2, 7, is 28% at z = 9.2 mm. If input

duration T is conadered to 1ncreabe further, n

max

,(Q, L) exp(iQ7)dQ / 27. (16)

fs, the maximum 7
max

cates smaller z . For example, for ¥y = 0.04, when T

is increased to 10 fs, 20 fs and 30 fs in turn, 7

at 13mm, 11mm and 9mm in turn [see Fig. 4(b)- (c)]
From Fig. 4, it is further found that the conversion
efficiency 77 is independent of the crystal length when
L > T,
ficiency 7 heavily depends on the chirp parameter y
By optimizing the value of the p high conversion ef-
ficiency 77 can be performed. The above-discussed
results are obtained in the case of E = 3 KV/mm.
In the following, with T fixed at 5 fs, we calculate
the dependence of the 77 on the applied electric field
E, for different » the related results is displayed

These results show that the conversion ef-
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Fig. 3. (Color Online) The dependence of the conversion ef-
ficiency 77 on the chirp parameter y and the crystal length L
for different input durations, where E is fixed at 3 KV/mm.
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Fig. 4. (Color Online) For several fixed chirp parameter y the
dependence of the conversion efficiency 77 on the crystal length

L in the case of different input duration 7.

in Fig. 5. As shown from Fig. 5, the 7 increases
almost with the applied electric field E; when 0.08
< < 0.2, If the y decreases to 0.04, the 7 increases
almost linearly with the E, which varies from 0 to
4kv/mm. But the 7 is almost independent of the
E, when E, > 4kv/mm. From Fig. 5, one sees fur-
ther that, for y = 0.04, the increased rate of the
n with the E is the maximum; but for y = 0.2, it
is the minimum. These results show that the influ-
ence of the applied electric field on the conversion
efficiency is limited to the chirp parameter of the
crystal, owing to the compensation for the group-
velocity mismatch depends heavily on the chirp pa-
rameter. In other words, from Figs. (3)—(5), it is
concluded that the linear EQO effect does not only
depend the applied electric field and the crystal
length, but also mainly depends on the chirp pa-
rameter. Besides, the chirp parameter influences se-
riously the temporal evolutions of the output o-and
e-light pulses, as displayed in Fig. 6. From Fig. 6(a),

=3
-3 -
1

m

5 0.8

= e s =
A ot o 0N

=
b

Conversion effiecncy of linear EQ effec

b
i

a 05 1 15 2 25 3 is 4 4.5 .5
E,(KVimm)

Fig. 5. (Color Online) For different the chirp parameter ¥
the dependence of the conversion efficiency 7 on the applied
electric field F, where L = 15 mm and T, = 5 fs.

. »_00.016
g 22 0.014/(b) T =10fs
ec o ®
% L s 0.012
Ig £Z 0.01
= £ oo
EXy =3 0.008
Priry 5
3z 230,006
L o 33 0.004
ué % M : H 5
23 ; AN PP 0002 ; y
200 0 200 400 600 800 f50 50 50 150 250 350
H(=UT,) «(=tT,)
2 0.07 0.4 °
12 006 (c) T =20fs iz |(d) T,=50fs
£ 005 03
£Z 0.04 £E .
£% 003 53 02 A
2% 002 iz F
38 38 04
28 0.01 . g8
o P e £% 35,
50 10 30 70 110 150 Q550 20 30 40 50
U=tTy) <(StT,)

[}

Fig. 6. (Color Online) For different input duration T}, the tem-
poral evolution of the output o- and e-light pulse in the case of
different chirp parameter g where the solid-line: the output o-
light pulse; the dotted-line: the output e-light pulse; the blue line:
7= 0.2; the red line: y= 0.1; the black line: y= 0.08; the green
line: y= 0.04.

one sees that, for any % the output durations of the
o- and e- light pulses are broadened severely when
T,is fixed at 5 fs. This is due to the evident effect
of the effective GVD and first- and second- order re-
fractive dispersions. With T, increasing further, the
broadening degree of the output durations becomes
the smaller [see Figs. 6 (b)-(d)], owing to the decrease
of the effective GVD and first- and second- order re-
fractive dispersions!™. However, the output durations
of two polarization components are sensitive to the
¥ The further decreased y causes the broader output
duration of the e-light and the narrower that of the
o-light. For example, as seen from the green curve
in Fig. 6(a), of all the durations of output e-light
pulses, for y= 0.04, the output duration is broadened
severely, and becomes the largest, if ¥ = 0.2, it is the
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smallest [see the blue curve in Fig. 6(a)]. By compari-
son, of all the duration of the output o-light pulses,
with yfixed at 0.04, the output duration becomes the
smallest, but for y= 0.2, it is the largest.

In conclusion, the conversion efficiency of linear EO
effect is decreased seriously due to the PM and the
GVM between the o-and e-light, and the output wave-
form is distorted by the group-velocity mismatch when
light pulse propagates along the direction of the non-
optic axis of EO crystal. To solve these problems, in
this paper, we take LCPPLMN crystal as an example
to explore the compensation scheme for the phase mis-
match and the group-velocity mismatch. It is found
that, for any input duration, the PM and the GVM
can be compensated. Thereby, high conversion efficien-
cy can be performed. In addition, the output dura-
tions of two polarization components are sensitive to
the linear chirp parameter of the crystal. The further
decreased linear chirp parameter results in the smaller
output duration of the o-light pulse and the larger one
of the e-light pulse. The results presented in this paper
may have a potential application in EO switching, EO
modulator and EO filter with femtosecond pulse.
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