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Nonlinear Cherenkov radiation, an intriguing noncollinear optical parametric process with versatile
longitudinal phase matching, is commonly realized in engineered nonlinear photonic structures. Here,
we report on the observation of ultrabroadband rainbow Cherenkov second-harmonic generation (UBR
CSHG) in a single periodically poled lithium niobate (PPLN) nonlinear crystal driven by a near-infrared
high-peak-power ultrashort femtosecond pump laser. Multiple colored nonlinear radiation bands along
the direction of Cherenkov conical angles are simultaneously exhibited, leading to a beautifully colorful
rainbow picture never reported before. We systematically analyze the multicolor spectral characteristics
of the UBR CSHG in the whole conical direction and explicitly clarify their phase-matching condi-
tions. We show that this UBR CSHG interaction is subject to remarkable spectral broadening owing to
both the third-order nonlinearity effect induced by the high-peak-power ultrashort pump laser and the
reciprocal lattice vector of the PPLN crystal, which eventually enables the generation of three bright
dominating colors—red, orange-yellow, and green bands—and their automatic dispersion in space. The
experimental results suggest rich physics of nonlinear optical interactions and indicate the possibility to
engineer broadband nonlinear frequency conversion for applications in compact colored laser sources and

others.
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I. INTRODUCTION

Second-harmonic generation (SHG), one of the most
extensively investigated nonlinear parametric processes of
a laser interacting with nonlinear crystals, is usually imple-
mented under two popular phase-matching schemes: the
birefringent phase-matching technique [1] and the quasi-
phase-matching (QPM) technique [2]. Generally, QPM
technology is used for collinear propagation between the
interacting waves along the QPM-grating wave vector, in
periodic [3], quasiperiodic [4], and periodic nonlinear opti-
cal lattices [5—7], as well as superlattices [8]. In addition to
QPM, several noncollinear SHG processes have attracted
extensive and intensive interest [9—11]; one of them is
the Cherenkov second-harmonic generation (CSHG) [12].
This phenomenon is an optical close analog of the famous
Cherenkov effect, where a charged particle moving faster
than the speed of the light in media then emits conical
Cherenkov radiation [13]. Similarly, in such a nonlinear
optical process, the second-harmonic wave (SHW) appears
in the form of a conical wave with respect to the transmis-
sion direction of the pump’s fundamental wave (FW).
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Theoretical and experimental investigations into such
CSHG processes are widely reported in bulk nonlin-
ear optical crystal [12,14-21] or waveguide geometries
[22-28]. These publications all reveal that the CSHG can
efficiently occur just by requiring the fulfillment of lon-
gitudinal phase-matching conditions, which vastly relaxes
the stringent phase-matched requirements. Besides, these
interesting CSHG processes have some practical appli-
cations, such as nonconventional characterization and
measurement for planar waveguides [29,30], the charac-
terization and single-shot reconstruction of femtosecond
pulses [31,32], and optical imaging of ferroelectric domain
walls [33,34].

Nowadays, Cherenkov radiation, whether in optical
waveguides or in bulk crystals, is usually realized upon
illumination of a monochromatic pump light [22] or a
short-pulse laser with a very narrow bandwidth [16,17,21]
via the second-order nonlinearity (2NL) of the domain
walls or the polarization discontinuity between the waveg-
uide and the substrate. Nonetheless, the Cherenkov scheme
obtained only by second-order nonlinear effects has cer-
tain limitations in performance. First, the severe limi-
tation is the nonlinear working bandwidth, namely, the
spectral bandwidth where sufficiently efficient conversion
from the pump to emitted-signal laser via the nonlinear
crystal is quite narrow, usually at the level of several
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nanometers. Furthermore, there are no abundant different
frequency components of the Cherenkov output signals to
support continuous spatial separation, a phenomenon like
the “rainbow,” popular in nature. As a consequence, the
radiation patterns obtained are always single-color or quite
narrowband rings. In our previous work, we demonstrated
that a mid-infrared femtosecond pulse laser could facili-
tate the production of an ultrabroadband visible white-light
beam in the collinear QPM mechanism [6]. Furthermore,
we observed that a high-peak-power femtosecond laser
could ignite a significant third-order nonlinearity (3NL)
effect to supplement the 2NL effect for creating the vis-
ible to near-infrared supercontinuum white laser [35]. It
is natural to pose the question of whether the high-peak-
power ultrashort femtosecond pump laser might bring
about something new in the noncollinear CSHG processes,
and whether the 3NL also has a significant influence on
Cherenkov radiation.

Here, we present noticeable experimental demonstra-
tions of an ultrabroadband rainbow (UBR) CSHG in a
single periodically poled lithium niobate (PPLN) nonlinear
crystal pumped by a near-infrared high-peak-power ultra-
short femtosecond laser pulse. We systematically inves-
tigate the spectral properties of the rainbow Cherenkov
emissions and their radiation performance in different con-
ical angles. The greatly enhanced spatial dispersion and
expansion feature of the radiation arcs along the x ®) mod-
ulation direction is characterized using the phase-matched
QPM CSHG concept. Subsequently, we show how the
rainbow capacity of CSHG can be further enhanced based
on the modulation of the pump-laser power as well as the
usage of the QPM mechanism.

II. NONLINEAR OPTICAL EXPERIMENTS

In our experiment, the sample used is a z-cut PPLN
with a period of 6.96 um and a duty ratio of 1:1. Here,
we fabricate the PPLN samples by using the electric pol-
ing technique at room temperature. Standard optical-grade
z-cut LN crystals of 1 mm thick are used as the raw mate-
rial. The dimensions of the PPLN sample are 5 (x) x 20
() x 1 mm? (2). For a typical PPLN sample, the micro-
scopic details of positive and negative poled domains are
explicitly illustrated in Figs. 1(a) and 1(b), and the fabri-
cated PPLN sample is schematically displayed in Fig. 1(c).
A schematic experiment diagram is illustrated in Fig. 1(d).
Here, for clarity of viewing and discussion, the coordinate
system is set so that the incident laser beam propagates
along the +z-axis direction, the PPLN sample has its sur-
face normal parallel to the z axis, and its poling domains
walls extend along the x-axis direction and are modu-
lated along the y-axis direction. The input pump beam
is a near-infrared femtosecond laser at a central wave-
length of 1300 nm, pulse duration of 50 fs, repetition rate
of 1 kHz, average power of 2070 mW, and energy per

pulse of 2070 wJ. The input femtosecond pulse laser has
a rich bandwidth of about 100 nm. The fundamental beam,
which is linearly x polarized, namely, parallel to the PPLN
domain walls, is directed at normal incidence, illuminated
upon the x-0-y surface of the PPLN sample, and propagates
along the z axis. Then two types of SHG processes are
possible: two ordinary waves act to generate an ordinary
SHW, namely, [00-0], and two ordinary waves act to gen-
erate an extraordinary SHW, namely, [0o-¢]. The utilized
elements in the x® tensor of these parametric processes
correspond to di; and d;, together with d3, respectively
[16,17,36,37]. Here, the beam is loosely focused into the
sample with a 1/e? spot diameter size of about 1 mm.
A long-pass filter is placed in front of the PPLN crys-
tal sample, which is used to filter some mixed signals
of visible-light output from the optical parametric ampli-
fier (OPA) and only passes wavelengths above 950 nm to
ensure the correctness of the CSHG experimental results.
Then, the CSHG signal emitted from the crystal is pro-
jected onto a screen located 4.45 c¢cm behind the sample
and recorded with a Nikon D7200 camera. For such a
given input power, the peak intensity of the pump FW laser
corresponds to 51—178 GW/cm?, and it is well below the
optical damage threshold for our PPLN sample of about
200 GW/cm?. It is easy to induce remarkable 3NL pro-
cesses, such as self-phase modulation, by such a high level
of laser intensity. Here, we observe spectral broadening
when the pump femtosecond laser transmits along the opti-
cal axis of the z-cut PPLN crystal. The pump power is first
set to 60 mW, and the corresponding spectrum is displayed
in Fig. 1(e). The bandwidth of the input femtosecond pulse
laser is slightly below 100 nm, while that of the output
femtosecond pulse laser is greatly expanded up to a total
value of about 200 nm, exhibiting 2 times spectral broad-
ening. In analogy with the collinear QPM case [35], this
powerful 3NL may work well with the noncollinear CSHG
process and make the output signals have a much larger
bandwidth.

III. RESULTS AND DISCUSSION
A. Rainbow Cherenkov radiation in PPLN

In Fig. 2(a), we show the overall Cherenkov radiation
pattern recorded from the PPLN sample, where the dis-
tance between the screen and the end face of the crystal
is 4.45 cm. As seen in Fig. 2(a), the radiation pattern
projected on the screen consists of two parts. One is
the Cherenkov second-harmonic structure that involves
a beautifully colorful pattern like a rainbow, which is
composed of colorful bands with red, orange-yellow, and
green. Such an attractive phenomenon is the main body
of this work. The other part, inside the rings, close to
the center, is another phase-matching configuration named
Raman-Nath diffraction, which is strongly dependent on
the type of poled patterns [6,36] and will be explored
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FIG. 1. Experiment layout. (a) Microscopic image of the fab-

ricated sample surface of a typical one-dimensional (1D) PPLN
structure. (b) High-magnification view of the PPLN sample.
(c) Fabricated PPLN sample. (d) Experimental setup. () Spectral
broadening for the pump-laser pulse with a central wavelength
of 1300 nm passing through a PPLN crystal at an input power of
60 mW.

deeply in our future work. To better study the properties
of this multicolor Cherenkov radiation in our experiment,
we perform a comprehensive analysis of the circular arcs
in different directions. First, we focus on the CSHG arcs
distributed in the west and east directions of the screen, as
depicted in Figs. 2(b) and 2(c). The arcs of these distinct
colored bands are marked with a—f . The emitted bands
are observed by eye to change color from red to yellow
to green in both west and east directions. Meanwhile, we

can observe that arcs a—c in the west are symmetric with
respect to d—f in the east, respectively. To further prove
the polychromatic property of this radiation, we place a
1-mm-wide slit monitor, which is just capable of covering
a single-color band, behind the end face of the PPLN sam-
ple at a distance of about 1.4 cm, and move it perpendicular
to the CSHG beam to measure the spectra at different
transverse positions of the CSHG bands. As shown in
Fig. 2(d), the spectra of the CSHG emissions in areas
a—f are found to involve a series of rainbow bands cover-
ing approximately 593—832, 527—768, 493—713, 588838,
555-746, and 513-745 nm, respectively. Note that the
parts of UBR CSHG emission along the west and east
directions exhibit three prominent color bands, 493—745,
527-768, and 593—838 nm, which correspond to three
main color regions: green (492—577 nm), orange-yellow
(577—622 nm), and red (622—780 nm). All these frequency
components add up to form the smooth broadband CSHG
spectrum, ranging approximately from 493 to 838 nm.
We expect that this brilliant rainbow feature comes from
the frequency doubling of the fundamental laser light at
1300 nm with a broadening bandwidth up to 200 nm due
to the additional 3NL.

In addition, one can find several other unique features.
For example, significant chromatic broadening exists in
each of the three regions a— (or d—f), where the spa-
tial bandwidths show a trend of gradual increase, which
is approximately 3, 6, and 8 mm, respectively. Especially,
this feature of chromatic broadening is more obvious in
the shorter-wavelength bands. We expect these arcs are
modified Cherenkov radiation, which involves the action
of reciprocal vectors through the so-called phase-matched
QPM CSHG process. Compared with the direct Cherenkov
configuration, the forward and backward reciprocal vec-
tors, which correspond to the positive-order and negative-
order reciprocal vectors of the PPLN sample, respectively,
may all participate in this modified CSHG process. Here,
the involvement of reciprocal lattice vectors (RLVs) of the
1D PPLN crystal may work to facilitate the expansion of
radiation angles and the broadening of spectral ranges.

B. Principle of phase-matched UBR CSHG

The process of Cherenkov frequency doubling is char-
acterized by the direction of SHW emission defined solely
by the longitudinal phase-matching condition, as shown in
Fig. 3(a), which is

ky cos 6 — 2k =0, 1)

where k; and k, are the wave vectors of the FW and
SHW monochromatic light transport within the nonlin-
ear medium, respectively. 8 represents the internal angle
of the CSHG, and the corresponding external angle is
marked as 8. Under such conditions, the emitted pattern
is a single-color ring.
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FIG. 2. Rainbow Cherenkov radiation generated in the PPLN
sample with an incident femtosecond pump laser at 1300 nm with
an input power of 60 mW. (a) Photographs of multicolor rainbow
Cherenkov second-harmonic generation. Measured ratio between
the overall radiation and the enlarged graphs on the right is about
1:2. (b),(c) Locally enlarged images of the Cherenkov arcs in the
west and east directions, where the different colored areas are
marked as a—f . (d) Ultrabroadband rainbow spectrum (normal-
ized against the peak intensity) of the Cherenkov arcs in areas

a.

When the incident light is an ultrashort laser pulse with
a very large operation bandwidth, the involved phase-
matching diagram of the CSHG should be described as a
polychromatic mechanism, which is rewritten as

ko (M) cos O(A) — 2k (A) = 0, ©)

where k1 (1) and k(L) represent the wave vectors of each
spectral component at A for the FW and SHW ultrashort
laser pulses in the nonlinear crystal, respectively. We can
expect different frequency components of the CSHG sig-
nals to remain separated in space, i.e., different conical
angle 0, benefiting from this longitudinal phase-matching
condition. As clearly illustrated in Fig. 3(b), the recorded

FIG. 3. Principle of phase matching for generating the UBR
CSHG laser in the PPLN nonlinear crystal. (a) Phase-matching
diagram for monochromatic CSHG in nonlinear crystals via the
2NL process for monochromatic pump light. (b) Phase-matching
diagram for broadband rainbow CSHG via the 2NL process for
the ultrashort pump-laser pulse. (c¢) Phase-matching diagram for
UBR CSHG via synergic action of 2- and 3NL for the high-peak-
power femtosecond pump laser. (d) Phase-matching diagram
for broadening UBR CSHG via synergic action of 2- and 3NL
combined with the effect of the RLVs.

CSHG pattern possesses rainbowlike multiple-color bands
due to the distinguished broad bandwidth of the ultrashort
pump laser. Besides, as we point out, the 3NL enabled
by the peak power of the pump laser will contribute to
significant spectral broadening of the interacting waves,
and new spectral components are added to the CSHG pro-
cess as the pump-laser pulse proceeds through the crystal.
Consequently, the synergic action of these 2NL and 3NL
effects can result in an ultrabroadband rainbow CSHG pat-
tern and produce a more significantly broadened spectrum,
as depicted in Fig. 3(c).

A notable feature of UBR CSHG shown in Figs. 2(b)
and 2(c) is the existence of bright broadening arcs along
the x® modulation direction. A comprehensive interpre-
tation for the occurrence of this feature could be given
by introducing the QPM Cherenkov configuration for the
1D nonlinear photonic crystal. In this configuration, phase
matching is automatically achieved by the effect of RLVs
within the PPLN crystal. Here, we adequately explore
the principle of this modified type of so-called QPM
CSHG. The geometry of the QPM CSHG is summarized
in Fig. 3(d), which exhibits that Cherenkov arcs occur-
ring in the direction of the poled domain structure can
have more broadened polychromatic bands with the par-
ticipation of multiple RLVs. The general vectorial phase-
matching conditions can be expressed in the following
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TABLEI. Experimental and theoretical external emission angles of UBR CSHG in three dominating color bands. 87 and S represent
theoretical and experimental Cherenkov external angles, respectively, for the red, orange-yellow, and green bands.
Red band Orange-yellow band Green band
24.7° —32.3° 26.3° —29.3° 32.3° —35.1° 29.3° —34.9° 35.1° —39.5° 34.9° —41.2°
A =7.6° A =3.0° A=28° A =5.6° A =44 A =6.3°
form: with both the compensation of backward and forward
k() 000 — 2610 = 0 RLVs. It can be calculated that the RLVs of the first four
03 CcoS — 1 = .. . .
. > orders (m = +1,£2) participate in the Cherenkov radia-
ka(sin 000 + G, = K2(W)sin 00),  (3) ( ) particip

m=0,£1,+£2,....

Here, ki (1) and £5' (") are the wave vectors of the FW and
SHW ultrashort laser beams in this QPM CSHG process.
ky (1) represents the original wave vector of the SHW sig-
nal in the case of no RLVs. G,, is the mth-order RLV of
the x® modulation, G,, = mQ2w/A)(A = 6.96 um). k|
is the phase mismatch. The RLV G, is relative to the direc-
tion of k£, [along the y-axis direction in Fig. 1(d)]. Here,
this hybrid process is more complicated but more general.
With G,, = 0, Eq. (3) returns to conventional Cherenkov
radiation, as described by Eq. (2). On the basis of the law
of refraction, the external conical angle outside the PPLN
crystal is denoted by 8, which is in the form of

$in Boje = N2.07e(A,0) sin[cos™ (2k1 o (W) /K5, (A')],
(4)

where ny,/.(A',0) is the index of refraction of the
Cherenkov harmonic radiation of ordinary or extraordinary
waves. Looking closely into Egs. (3) and (4), it is easy to
see that this modified phase-matched QPM CSHG can be
extended in both the emitted angles and the overall chroma
with the participation of the forward and backward RLVs
compared with the direct CSHG case. As an example, for
a fundamental beam of 1300 nm, we can calculate that,
with the effect of the first-order forward reciprocal vec-
tor, G, the expanded offset of the spatial angle is about
6°, which corresponds to the lateral translation of about
7 mm in space. The bands near the center of the CSHG
ring are associated with the backward G,,, and the bands
away from the center involve the forward G,,. Table |
gives the experimental and theoretical Cherenkov external
angles for the red, orange-yellow, and green bands, where
the theoretical bands are divided according to the pump
spectrum, as shown in Fig. 1(e). The theoretical results
are calculated under the conditions without participation
from the RLVs. The exit angle ranges of the red, orange-
yellow, and green bands in this experiment are measured to
be about 26.3°—29.3°, 29.3° — 34.9°, and 34.9° — 41.2°,
respectively, which are rather different from the values of
the direct CSHG cases. These results hint at the possibil-
ity of QPM CSHG in the frequency-conversion process

tion in this experiment. Moreover, in the visible bands,
CSHG radiation signals are more enlarged in the shorter-
wavelength parts along the direction of the poled domain
with greatly expanded radiation angles. From Fig. 2(b), we
find that the bandwidths of the three colored bands along
the x® modulation direction correspond to about 3, 6,
and 8 mm, respectively. All experimental results are very
consistent with our theoretical analysis of the principle of
phase-matched UBR CSHG.

C. Radiation performance of the whole conical angles

By adjusting the angular position of the slit monitor
precisely, we can obtain the spectral distributions of the
CSHG frequency components in other distinct conical
angles. The results are shown in Fig. 4. Here, we focus
on some representative patterns of Cherenkov rings at the
opposite angles of 0° and 180°, 60° and 240°, and 120°
and 300°, with the vertical central line along the clock-
wise direction. It can be seen intuitively from Fig. 4(a)
(and the enlarged pictures in Fig. 2) that the circular pat-
terns of the six areas 1—6 are bright in the red band, while
the yellow band and green band are relatively fainter. To
see more details, we further measure the spectral curves
of these emitted bands in these arc directions. The spectral
envelope of the CSHG emissions in areas 1—6 are found
to involve a series of rainbow bands covering approxi-
mately 533717, 529-722, 525-734, 500734, 500766,
and 515-737 nm, respectively. In short, the spectra of
the output CSHG laser cover a series of red, orange-
yellow, and green bands ranging approximately from 500
to 766 nm in these conical angles. Comparing these cases
with Figs. 2(b) and 2(c), it can be found clearly that the
rainbow features gradually broaden as the azimuth angles
of the Cherenkov arcs get closer to the RLV directions; as
such, the Cherenkov arcs in the west and east directions
show relatively more prominent rainbow characteristics
than in other orientations. The greatly expanded rainbow
features approximately appear in the zones of +5° away
from the east-west directions. Beyond these areas, the
overall performance in the radiation angle, light chroma,
and spectral range of CSHG arcs is slightly weakening,
but they still exhibit apparent multicolored-band features.
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FIG. 4. Cherenkov performance in different azimuthal angles.
(a) Pattern of Cherenkov rings at every two opposite angles of
0° and 180°, 60° and 240°, and 120° and 300°, with the vertical
central line along the clockwise direction, which are marked as
areas 1-6, respectively. (b) Normalized supercontinuum spectra
of Cherenkov bands emitted from the designed PPLN sample at
these fixed directions.

It should be pointed out that the rainbow performance
of the UBR CSHG not only covers the RLV modulation
directions but also covers the tunable range of the whole
emitted angles.

Here, we would like to stress two important features
of the generated pattern in our experiment. (i) The exis-
tence of conical rings rather than a pair of symmetrical
spots in a 1D PPLN sample. The major reason is that the
periodical structure in PPLN can provide more domain
walls that can be covered by the FW beam; hence, the
nonlinear polarizations driven by fundamental beams can
be treated as isotropic and superpose with the wave vec-
tors lying on a cone, resulting in the formation of a
circular CSHG beam. (ii) A marked directionality of the
CSHG patterns. It is shown that polarization of the input
beam determines the azimuthal-intensity modulation of the
CSHG pattern [16,17,36,37]. The CSHG pattern in our

experiment is obtained with only one perpendicular sym-
metry plane and exhibits a darker upper semicircle [as
displayed in Fig. 2(a)] when the PPLN is illuminated with
a linearly x-polarized fundamental beam. This asymmetric
phenomenon is mainly due to the following two reasons.
First, the fundamental wave is a linearly x-polarized beam,
so that there will be the coexistence of two types of SHG
processes, [00-¢] and [00-0], due to the birefringence of
LN. Furthermore, there is a marked azimuthal dependence
of the SHG intensity, which, in turn, depends on the type of
SHG process. More precisely, the azimuthal modulation of
the Cherenkov SH rings in LN features one maximum in
the south for the extraordinary wave, and two maxima in
the west and east and two minima in the north and south
for the ordinary wave. As a consequence of these two fac-
tors, the colorful rainbow CSHG pattern becomes darker
in the north, brighter in the south, and of course bright-
est in the east and west. On the other hand, it is feasible
to manipulate the nonlinear optical response for this UBR
CSHG process by tailoring the polarization state of the
pump laser.

D. Rainbow variation dependent on the pump-laser
power

Furthermore, we explore the dependence of the rainbow
capability of CSHG on the input pump power. In the exper-
iment, the incident FW power is increased from 20.1 to
70 mW with an interval of about 10 mW. The measured
CSHG patterns are recorded by a camera and illustrated in
Fig. 5. We compare the CSHG patterns produced by these
six fundamental beams of different powers. The results
observed in Fig. 5 show that the CSHG rings are sen-
sitive to the increased power of the fundamental beams,
which is easily detected by the naked eye to change from
a single red band to ultrabroadband three-colored bands.
Accordingly, the overall chroma of the output CSHG laser
varies with the pump power. Looking closely at Figs.
5(a) and 5(b), we find that, when the pump laser is at
lower powers of 20.1 and 30 mW, the observed CSHG
has only a red band, and there is no obvious broadband
rainbow feature at this time. As the input power increases
to 40.1 mW, as displayed in Fig. 5(c), multicolor bands
along the x ® modulation direction (i.e., the east and west
directions) begin to emerge, involving orange-yellow and
green bands, but CSHG arcs in other directions are still
just red bands. Continuing to increase the pump power
to 50 mW, as illustrated in Fig. 5(d), the overall CSHG
pattern in all conical angles exhibits relatively integrated
but faint noteworthy color bands of red, orange-yellow,
and green, accompanied by the strongest broadening in
the east and west directions. As the energy adjusts to high
power, 60.1-70 mW, as shown in Figs. 5(e) and 5(f), we
can clearly observe that the rainbow characteristics of the
CSHG emission emerging from the crystal are highlighted
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FIG. 5. Dependence of the rainbow feature of UBR CSHG

emitted from the PPLN sample on the pump-laser power. (a)(f)
Projection of Cherenkov radiation driven by the near-infrared
femtosecond laser at 1300 nm with different input powers, vary-
ing from 20.1 to 70 mW, with an interval of about 10 mW.
(a) 20.1 mW. (b) 30 mW. (c) 40.1 mW. (d) 50 mW. (e) 60.1 mW.
() 70 mW. (g) Original spectra at 1300 nm and spectral broaden-
ing for the pump-laser pulse with different pump powers passing
through a PPLN sample.

with a superior performance of bright and well-distributed
multiple bands.

The observed interesting relationship between the rain-
bow variation of CSHG signals and the pump-laser power
can be attributed to the fact that increased pump-light
power leads to enhanced 3NL within the nonlinear crys-
tal, and thus, broadened pump-laser spectra and output
CSHG spectra. As expressly illustrated in Fig. 5(g), we
give the original spectrum at 1300 nm and the spectral
broadening for the pump-laser pulse changing from 20.1
to 70 mW with an interval of about 10 mW when passing
through a PPLN sample. It can be found that the spec-
trum for the pump-laser beam with an original bandwidth
of 100 nm gradually expands with an increase of pump
power. This strongly implies that more spectral frequency
components are involved in the CSHG process and ulti-
mately lead to broadband rainbow Cherenkov radiation
when the pump power grows. The results are well repro-
duced by the broadband phase-matching condition of Eq.
(2) and the diagram of Fig. 3(c), in which the 2NL and 3NL
effects simultaneously have an effect on the CSHG process
to produce rainbow CSHG patterns with enlarged band-
width. At the same time, a larger pump power also means

a higher conversion efficiency from FW to SHW and ulti-
mately brighter CSHG rainbow patterns. These analyses
visually demonstrate that the high-power ultrashort pump
laser is considerably beneficial for the realization of beau-
tiful ultrabroadband bright rainbow Cherenkov radiation
through simultaneously enhanced 2NL and 3NL effects.

IV. CONCLUSIONS

We realize UBR CSHG in a single PPLN nonlinear
crystal upon illumination of a high-peak-power near-
infrared ultrashort femtosecond pump laser. This splendid
multicolor effect involves three conspicuous colors: red,
orange-yellow, and green bands. This greatly enhanced
broadband capability of the UBR CSHG phenomenon,
compared with an ordinary monochromatic pump configu-
ration, can be attributed to the high peak power and broad-
bandwidth nature of an ultrashort femtosecond pump laser
in combination with the enhancement of powerful 3NL and
multiple RLVs of the PPLN crystal, so that the longitudinal
phase-matching condition can be satisfied over a rich spec-
tral range. In more detail, the following mechanisms play
active roles. First, the broad spectral characteristics of an
ultrashort pump laser will account for the initial broadband
Cherenkov radiation. Second, new spectral components
induced by 3NL, originating from the high peak power of
the pump laser, further expand the bandwidth of the output
CSHG signals. Third, more channels of Cherenkov radi-
ation are enabled by the multiple-order RLVs inside the
PPLN sample along the x ¥ modulation direction through
a phase-matched QPM CSHG process and create richer
rainbow features of the CSHG. These three physical pro-
cesses and mechanisms make a major contribution to the
SHG Cherenkov radiation, leading to plentiful multicol-
ored radiation patterns resembling rainbows in nature and
covering 480—838 nm. Here, the most important innova-
tion of this work is to present a flowery colorful UBR
CSHG emitted from a single nonlinear optical material
and automatically dispersed in space, and thus, provide
a concise experimental system for generating multicolor-
output ultrabroadband laser sources with tailored spatial
patterns of optical fields. All observed phenomena in our
experiment can find applications in nondestructive iden-
tification of domain structures, nonlinear microscopy, the
monitoring of ultrashort pulses, and so on. Moreover, the
efficient broadband laser-light sources implemented via
such a versatile and simple noncollinear CSHG configura-
tion are useful in nonlinear optics, nano- or microstructure
formation, and laser fabrication.
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