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In this letter, we demonstrate the realization of nonlinear Cherenkov difference-frequency

generation (CDFG) exploiting the birefringence property of KTiOPO4 (KTP) crystal. The pump

and signal waves were set to be along different polarizations, thus the phase-matching requirement

of CDFG, which is, the refractive index of the pump wave should be smaller than that of the signal

wave, was fulfilled. The radiation angles and the intensity dependence of the CDFG on the pump

wave were measured, which agreed well with the theoretical ones. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4940095]

In particle physics, a charged particle moving faster than

the speed of light will drive the medium to emit coherent

light, and this is called Cherenkov radiation.1 This concept

can be extended to nonlinear optics as the nonlinear

Cherenkov radiation, which is, when the phase velocity of

the nonlinear polarization wave (vp) driven by the incident

light is faster than that of the harmonic wave (v), the

harmonic wave will emit along the Cherenkov angle

h ¼ arccosðv=vpÞ. In 1970, Tien et al. observed the first

Nonlinear Cherenkov radiation in a planar waveguide.2

Since then, extensive works have been reported, including

Cherenkov sum-frequency generation (SFG), third harmonic

generation (THG), and high-order HG (HHG),3–10 which

provide a promising route to produce short-wavelength lasers

and broad-band frequency converters. Besides, Cherenkov

second-HG (CSHG)11 has some applications such as optical

imaging of ferroelectric domain walls.12,13 In contrary to

Cherenkov frequency up-conversion, Cherenkov down-

conversion cannot be automatically realized because the

phase velocity of the nonlinear polarization wave is gener-

ally smaller than that of the harmonic wave if the interacting

waves are of the same polarization. Chen et al.14 demon-

strated the realization of Cherenkov difference-FG (CDFG)

in a two-dimensional periodically poled LiTaO3 (PPLT),

where the backward reciprocal vector was used to accelerate

the nonlinear polarization wave. Birefringence properties in

LiNbO3 were previously used for demonstrating frequency

up-conversion Cherenkov process.15 Here, we use a similar

concept in KTiOPO4 (KTP) but this time to generate a

Cherenkov down-conversion process.

The difference-frequency generation considered in this

work is a degenerate process (where the wavelength of signal

equals that of idler) and the wave-vector mismatch of this

process is Dk ¼ kp � ks � ki ¼ kp � 2ks ¼ 4pðnp � nsÞ=ks

(where the footnotes p, s, and i denote the pump, signal, and

idler waves, respectively). To get a radiated signal wave, the

wave-vector mismatch should be less than zero, which

requires that np < ns. However, in normally dispersive

media, np is always larger than ns when they have the same

polarizations. If the pump and the signal waves are chosen to

be of different polarizations, the requirement may be met.

For the birefringent crystal KTP, Figure 1(a) shows the

dispersion relations of the pump wave polarizing along the x
direction and the signal/idler wave polarizing along the z
direction at room temperature, respectively.16 From the

figure, we can see that, when the pump wavelength is longer

than about 370 nm, the refractive index of pump is always

lower than that of the signal or idler wave. Thus, the wave

vector mismatch for the DFG process is less than zero, i.e.,

Dk ¼ kp � 2ks < 0, just as shown in Figure 1(b).

The experimental setup is shown in Figure 2. The two

ports of the laser can export 1064 nm wave (polarizing along

the z-direction) and 532 nm wave (polarizing along the x-

direction), respectively, with a repetition rate of 10 Hz and a

pulse width of 20 ps. Polarization of both beams were rotated

by 90� with a half-wave plate. A prism was put into the path

to ensure an optimal temporal overlap of the two pulses. The

incident beams were loosely focused inside the crystal with a

beam waist of about 100 lm. The crystal used in the experi-

ment is a 0.5-mm-long one-dimensional PPKTP with a

poling period of about 15 lm and the group velocity mis-

match between the short pulses is negligible within such a

short interaction length. The domain walls of KTP parallel

to the incident wave were not involved in the nonlinear

frequency conversion process. Instead, the presence of the

domain walls was to enhance the Cherenkov radiation.12,17

First, we opened the port 1, letting the z-polarized

1064 nm wave incident into the PPKTP crystal along y axis.

On the screen, a green spot labeled as ‹ and an ultraviolet

(UV) spot labeled as › (visualized with fluorescent powder)

can be clearly observed, as shown in Figure 3(a). Spot ‹ is

the direct CSHG process, polarizing along z-axis. The UV

spot › is a third harmonic generation of the incident IR

beam via sum-frequency generation of the aforementioned

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

xphu@nju.edu.cn.
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Cherenkov second-harmonic generation wave and the funda-

mental wave, and it is polarized along z-axis. The phase-

matching diagram of spot › is shown in Figure 3(d).

Subsequently, we opened the two ports and adjusted the

prism to ensure the maximum overlap between the pump and

the signal. Besides spots ‹ and ›, one more CTHG spot

(labeled as fi) appeared on the screen (shown in Figure

3(b)), which was polarized along z-direction and generated

by Cherenkov sum-frequency mixing of the collinear z-

polarized signal and the z-polarized pump waves. When a

filter was used to reflect the shining 532 nm green light,

another UV spot (labeled as fl) can be observed. Spot fl was

FIG. 1. (a) Theoretical refractive index

of KTP. The black line represents the

dispersion of x-polarized pump wave

and the red represents that of the z-

polarized signal wave. (b) The phase

mismatch versus the wavelength of the

pump. Curve under the horizontal zero

line corresponds to the region, where

the phase-matching condition of

CDFG is met.

FIG. 2. Schematic experimental setup.

M1: High-reflection at 1064 nm/45�,
M2: High-reflection at 532 nm/45�, M3:

High-reflection at 1064 nm and High-

transmission at 532 nm. k
2
: half-wave

plate for 1064 and 532 nm, respec-

tively. f: lens with a focal length of

15 cm. The inset is sample setup.

FIG. 3. The radiations projected on the

screen when only z-polarized 1064 nm

wave incident into the crystal (a), when

the 532 nm and 1064 nm were mixed

into the crystal (b); the schematic of all

the five spots together with the corre-

sponding measured Cherenkov radia-

tion angles (c); the phase-matching

diagrams of spots ‹ and › (d), fi and

fl (e), and � (f).
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x-polarized and was generated by a Cherenkov sum-

frequency process between the z-polarized signal at 1064 nm

and x-polarized pump at 532 nm, and Figure 3(e) shows the

phase-matching diagram of this type of Cherenkov

THG (spots fi and fl). With the help of an IR viewing card,

at a relatively small angle, one x-polarized infrared

Cherenkov spot (labeled as �) was observed, generated by

the Cherenkov difference-frequency interaction between the

z-polarized signal and the x-polarized pump waves. This spot

was measured to be x-polarized and the wavelength was

1064 nm. Combining with the measured radiation angle, we

found that this IR spot was generated through the DFG pro-

cess between incident 1064 and 532 nm beams at different

polarizations. The average output power of the CDFG was

measured to be about 10 lW and the corresponding powers

of the pump and the signal waves were 0.7 and 3.8 mW,

respectively. Therefore, a birefringence controlled CDFG

was realized in the PPKTP, just as predicted in the foregoing

analysis.

The abovementioned five spots were generated from

interacting waves with different polarizations, thus different

second-order optical nonlinear coefficients were responsible

for these observed processes. Taking into consideration the

second-order nonlinear optical susceptibility tensor of KTP18

and the non-zero components of the electrical fields of the

interacting waves, the nonlinear coefficient responsible for

each process is listed in Table I.

The external radiation angles of all the five spots

are given in Table II. Using the refractive index of KTP in

Ref. 16, the theoretical predictions of the radiation angles are

also listed in the table and match well with the experimental

values.

In theory, the intensity of CDFG is proportional to the

product of the intensity of the pump Ipump and the intensity

of the signal Isignal

Iidler / d2
15IpumpIsignalL

2 � sin c2ðDkLLÞ;

where DkL is the longitudinal phase-mismatch parallel to

the propagation direction of the incident waves. L is the

interaction length, and theoretically, the output of the idler

wave is proportional to L2 when the longitudinal phase-

mismatch DkL is 0. Because only the x-component of the

pump wave was involved in the CDFG process, we rotated

the half-wave plate to vary the power of the x-component

of the pump wave to investigate the power dependence of

the CDFG on the pump. Figure 4 shows the normalized

power of CDFG depending on the power of the x-compo-

nent of the pump wave, which fits to be a linear

relationship.

Our scheme for realizing CDFG in normally disper-

sive materials is an alternative to the previous work in

Ref. 14, in which backward reciprocal vectors provided by

the quasi-phase-matching structure were used to accelerate

the phase velocity of the nonlinear polarization wave. As

for the quasi-phase-matched CDFG, domains with few-

micron period are needed. For example, a domain period

smaller than 3 lm is needed to realize a 370-nm pumped

CDFG in KTP, which is still a challenge in ferroelectric

domain engineering. The method based on birefringence

can reduce the requirements for fabricating short-period

domain structures. Moreover, our work can be extended to

waveguides, where mode dispersion engineering is more

flexible, exploiting mode-matching to realize Cherenkov

down-conversions.

To summarize, we put forward a scheme to realize a

degenerate CDFG in the birefringent crystal KTP, where the

pump (532 nm) and signal waves (1064 nm) were set to be

along x and z polarizations, respectively, and CDFG was

experimentally realized as expected. In addition to CDFG,

CSHG and two types of Cherenkov THG were observed in

the experiment as well. Some characteristics of the observed

Cherenkov radiations, such as phase-matching diagrams,

radiation angles, and CDFG intensity dependence on the

pump wave, were investigated in detail.

The authors thank Professor Dragomir N. Neshev for

beneficial discussions. This work was supported by the

National Natural Science Foundation of China (Nos.

11274165, 91321312, 61222503, and 11404167), the Jiangsu

TABLE I. The non-zero electrical field (E) components of the interacting

waves for generating the five spots and the corresponding second-order non-

linear coefficient involved.

Spot number Non-zero components of E Nonlinear coefficient

‹ Ez(1064) Ez(1064) d33

› Ez(1064) Ez(532) d33

fi Ez(1064) Ez(532) d33

fl Ez(1064) Ex(532) d15

� Ez(1064) Ex(532) d15

TABLE II. Experimental and theoretical results of the external radiation

angles.

Spot ‹ Spot › Spot fi Spot fl Spot �

Experimental 28:1� 63:1� 54:4� 30:3� 10:9�

Theoretical 27:5� 62:3� 52:5� 29:4� 11:5�

FIG. 4. The power dependence of the CDFG on the x-polarized pump wave.
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