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We present experimental realization of �Cerenkov difference frequency generation (CDFG) in a

2-dimentional rectangular periodically poled LiTaO3. The backward reciprocal vector of the

nonlinear photonic crystal accelerates the phase velocity of the nonlinear polarization wave so as to

exceed the phase speed limit of achieving �Cerenkov down-conversions in this normal dispersion

medium. Some characteristics of CDFG, such as radiation angles, pumping power, and pulse

temporal overlapping dependences were discussed. The experimental results matched well with

theoretical predictions. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4746408]

The conventional �Cerenkov radiation in particle physics

is due to a charged particle moving faster than the velocity of

the light in medium.1 In nonlinear optics, when two laser

beams with frequencies x1 and x2 are focused into a nonlin-

ear crystal, 2nd-order nonlinear polarization waves (NPW)

including 2x1, 2x2, x1þx2, and x1�x2 are generated. By

analogy with the conventional �Cerenkov radiation, each of

these nonlinear polarizations may be considered to be a source

for the generation of nonlinear �Cerenkov radiation (NCR).

The earliest observation of NCR was realized in a ZnS planar

waveguide reported by Tien et al.2 Since then, varieties of

studies of �Cerenkov second harmonic generation (CSHG)3,4

and �Cerenkov sum-frequency generation (CSFG)5–7 realized

in optical waveguides had been reported. More recently, by

use of ultra-short laser light sources, it was found that NCR

could be highly enhanced due to the existence of domain

wall in bulk nonlinear photonic crystals (NPC).8 Besides

CSHG (Refs. 9–14) and CSFG,15 third-harmonic16,17 or much

higher-order18 �Cerenkov radiations could also be generated

via cascaded 2nd-order nonlinear processes.

However, all the �Cerenkov radiations mentioned above,

whether in optical waveguides or in bulk crystals, were
�Cerenkov up-conversions, which made use of the terms 2x1,

2x2, or x1þx2. As is well known, the realization of NCR

should satisfy an important prerequisite: the phase velocity

of NPW should be faster than that of the harmonics. In a

normal dispersion medium, such phase velocity condition is

naturally satisfied, so �Cerenkov up-conversions are relatively

easy to be achieved. But for �Cerenkov down-conversions,

the phase velocity of NPW x1�x2 can be expressed as

vp ¼ x3

�
x1

v1

� x2

v2

� �
; (1)

where x3 is the difference frequency signal, v1, v2 are the

phase velocities of x1 and x2, respectively. The phase veloc-

ity of the NPW (vp) is generally smaller than that of har-

monic (v0), so �Cerenkov difference frequency generation

(CDFG) cannot be realized. In the previous works, we have

reported that in dielectric waveguides with modulated 2nd-

order nonlinearity (v(2)), the reciprocal vectors provided by

the structure can modulate the phase velocity of NPW.19,20

The phase velocity could be decreased by the forward recip-

rocal vectors while be accelerated by the backward ones. In

this letter, we designed a 2D rectangular periodically-poled

LiTaO3 (PPLT) crystal, which not only utilized the domain

walls but also introduced v(2) modulations along the propaga-

tion direction of NPW x1�x2, then vp is modulated into

vp ¼ x3

�
x1

v1

� x2

v2

�
��~G��

� �
; (2)

where ~G is the reciprocal vector of PPLT. So with a proper
~G, the phase speed limit may be broken, i.e., vp > v0, thus,

CDFG process can be realized.

The layout of the experiment setup is depicted in

Fig. 1(a). The fundamental source is a laser with a repetition

rate of 10 Hz and delivers �20 ps pulses. There are two out-

put ports: Port 1 delivers y-polarized 532-nm green light and

Port 2 delivers z-polarized 1064-nm near infrared. M1 and

M2 are mirrors coated for high reflectance (R> 99.9% at

45�) at both 532 nm and 1064 nm. W1 is a half-wave plate of

532 nm. In order to ensure the two pulses to get a good tem-

poral overlapping, a prism P1 together with a translation

stage is used to construct a simple delay line. The two inci-

dent beams are focused into the crystal along x-axis using a

lens F1 with a focal length of 300 mm. Fig. 1(b) shows the

simple schematic experimental diagram. The sample used in

the experiment is a z-cut 2D rectangular PPLT with the

dimension of 0.5 mm (x)� 8 mm (y)� 0.5 mm (z). To satisfy

the phase velocity prerequisite for achieving CDFG of 532

nm and 1064 nm, we set the domain period of the sample to

be K¼ 5.5 lm. A screen for projecting the radiations is

placed behind the end facet of the nonlinear crystal.

In the experiment, we first opened port 2 and just

allowed 1064 nm to be focused into the sample. The energy

of 1064 nm was set to be about 0.25 mJ. As shown in

Fig. 2(a), one could observe two green spots on the screen,

which were both common CSHG radiations from the 2D

a)Author to whom correspondence should be addressed. Electronic mail:

xphu@nju.edu.cn.

0003-6951/2012/101(7)/071113/4/$30.00 VC 2012 American Institute of Physics101, 071113-1

APPLIED PHYSICS LETTERS 101, 071113 (2012)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

210.28.139.26 On: Mon, 08 Jun 2015 07:13:20

http://dx.doi.org/10.1063/1.4746408
http://dx.doi.org/10.1063/1.4746408
http://dx.doi.org/10.1063/1.4746408


nonlinear photonic crystal. By measuring the �Cerenkov radi-

ation angles and taking the reciprocal vectors of the structure

into consideration, we found that spot › was a direct CSHG

radiation with no reciprocal involved; while for spot ‹, it

was induced by a CSHG process with the 1st-order backward

reciprocal vector participated, and in this case, the phase

velocity of nonlinear polarization wave was equivalently

increased, thus spot ‹ had a larger radiation angle than that

of spot ›. The related phase-matching diagrams were shown

on the right of each spot (Figs. 2(b) and 2(c)).

Substantively, we opened port 1 and mixed the two

beams into the crystal. The energy of 532 nm and 1064 nm

were set to be about 0.68 mJ and 0.4 mJ, respectively. In

order to access the largest nonlinear coefficient d33, the

polarization of 532 nm was changed to z-direction which was

the same as that of 1064 nm. When the prism was adjusted to

an optimal position for the largest temporal overlapping of

the two pulses, we can find another green spot fi located

between spots ‹ and ›, as shown in Fig. 3(a). According to

our analysis, spot fi resulted from the CDFG process cas-

caded with a CSHG process. Fig. 3(b) shows the phase-

matching diagram of CDFG and it follows:

~k532 � ~k1064 � ~G
��� ��� ¼ ~k1064

��� ���cos hDFG
c ; (3)

in which ~k532, ~k1064 represent the wave-vectors of 532 nm

and 1064 nm in the crystal, respectively, ~G ¼ 2p
K ~x is the

1st-order reciprocal vector, hDFG
c is the radiation angle of

CDFG. While the phase-matching diagram of the cascading

CSHG process is shown in Fig. 3(c) and it follows:

~k1064 þ ~k1064 cos hDFG
c

��� ��� ¼ ~k532

��� ���cos h00c ; (4)

in which h00c is the radiation angle. The generated signal at

1064 nm is invisible, however, the cascaded CSHG process

FIG. 1. The simple layout of the experimental setup from the top view.

M1: 45�-HR mirror at 532 nm, M2: 45�-HR mirror at 1064 nm, W1: half-

wave plate of 532 nm, P1: prism, F1: lens with focal length of 300 mm

(a). The schematic diagram of our experiment, the sample with the dimen-

sion of 0.5 mm (x)� 8 mm (y)� 0.5 mm (z), is a z-cut 2D rectangular PPLT

with a period of 5.5 lm (b).

FIG. 2. The radiations projected on the screen when only 1064 nm was

focused into the crystal (a). The phase-matching geometry of spot ‹

(b). The phase-matching geometry of spot › (c).

FIG. 3. The radiations projected on the screen when 1064 nm and 532 nm

were mixed into the crystal together (a). The phase-matching geometry of

the CDFG process (b). The phase-matching geometry of the cascaded

CSHG process (c).
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transformed the CDFG signal into a visible signal, which

was spot fi in the experiment. Such a visible signal reflects

some characteristics of CDFG, which can offer us a rela-

tively easy scheme for studying CDFG. We measured each
�Cerenkov angle as shown in Table I, including the common

CSHG processes (spots ‹ and ›), the CDFG process and its

cascaded CSHG process (spot fi). Table I also illustrated the

calculated radiation angles out of the PPLT crystal, which

matched well with the experimental values.

Theoretically, the CDFG intensity can be expressed as

ICR
1064 / d2

eff 1 � I532 � I1064 �
ð �

f532ðtþ sÞ � f1064ðtÞ
�2

dt; (5)

in which deff1 is the effective nonlinear coefficient of the

CDFG process, I1064 and I532 are the intensity of the input

1064 nm and 532 nm, respectively; f532ðtþ sÞ and f1064ðtÞ
represent the pulse profile of the input 532 nm and 1064 nm

beams, respectively; s is the time delay between the two

pulses. As for the cascaded CSHG process, the intensity of

spot fi can be written as I3 / d2
eff 2 � I1064 � ICR

1064, where deff2 is

the effective nonlinear coefficient of the cascaded CSHG

process. Under an undepleted approximation of the pump at

1064 nm, we can get that the intensity of spot fi is

I3 / ICR
1064 / cI532, in which c ¼

Ð
½f532ðtþ sÞ � f1064ðtÞ�2dt is

the temporal overlapping of the two pulses. Keeping the

power intensity of 1064 nm at 0.4 mJ and remaining the

delay line in the optional position, we regulated the power

intensity I532, and the intensity tuning curve of spot fi was

shown in Fig. 4. From the figure, we can find that I3

increased with I532 and was fitted to be a linear relationship,

which was in good agreement with the theoretical prediction.

To investigate the dependence of the radiation on the

temporal overlapping of the two interacting pulses, we kept

the energies of the two pulses at fixed values and scanned

the prism from þx to �x. By moving the prism in steps of

0.7 mm, i.e., gradually increasing the optical path of the

532 nm light, the temporal overlapping between the two

pulses was first increased and then reduced. From Fig. 5(a),

we can see that the intensity of spot fi first increased and

then decreased. As discussed above, intensity I3 was propor-

tional to ICR
1064, which indicated that the variations trend of the

CDFG intensity could be entirely represented by that of I3.

So we can get the normalized intensity of CDFG varying

with the delay time, as shown in Fig. 5(b), which was in well

accordance with theoretical fitting using Eq. (5).

In conclusion, we have achieved CDFG (~k532 � ~k1064

! ~k1064) in a 2D rectangular PPLT crystal. Due to the partic-

ipation of the backward reciprocal vector, the phase velocity

of the NPW was accelerated to exceed the threshold for realiz-

ing CDFG. The �Cerenkov angles of all the radiations and the

intensity dependent properties of the interactions were

discussed. In addition, we investigated the dependence of the

intensity of CDFG on the time delay of the two pulses through

a cascaded CSHG process. Our results indicate that such a

scheme is an effective approach for realizing �Cerenkov down-

conversion, and related works such as �Cerenkov optical para-

metric generation are under way.
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TABLE I. The theoretical (hT) and experimental (hE) emission angles of all

the radiations (out of the crystal), including the common CSHG process

(spots ‹ and ›), the CDFG process (the position of the near-infrared CDFG

point was determined using a near-infrared fiber optical spectrometer), and

the cascaded CSHG process (spot fi).

Type Common CSHG Cascaded CSHG CDFG

Reciprocal

vector involved

0 �~G 0 �~G

hT 32.9� 56.8� 40.3� 29.6�

hE 33.4� 57.7� 40.1� 29.2�

FIG. 4. Dependence of the cascaded CSHG intensity on the input power

intensity of the pump at 532 nm.

FIG. 5. The intensity evolutions of spot fi when moving the prism from þx
axis to �x axis in steps of 0.7 mm (a). The dependence of the normalized

CDFG intensities on time delay as well as the theoretical fitting (b).
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