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Mode conversion in quadratic nonlinear crystals

Tal Ellenbogen,* Ido Dolev, and Ady Arie
Department of Physical Electronics, Faculty of Engineering, Tel-Aviv University, Tel-Aviv 69978, Israel

*Corresponding author: ellenbog@post.tau.ac.il

Received March 12, 2008; accepted March 30, 2008;
posted April 24, 2008 (Doc. ID 93679); published May 27, 2008

We propose a novel all-optical, nonlinear mode-conversion scheme based on cascaded three-wave-mixing
phase-matched interactions in quadratic nonlinear crystals. We demonstrate the method experimentally by
performing all-optical mode conversion of an input 1636 nm Hermite–Gaussian mode from the zeroth order
to the first order using two periodically poled LiNbO3 crystals. Nonlinear mode conversion of an input beam
into a higher order, orthogonally polarized output beam can be realized using only one quasiperiodic non-
linear structure. Moreover, it can be enhanced for conversion of complex modes, e.g., Laguerre–Gaussian or
Bessel modes. © 2008 Optical Society of America
OCIS codes: 190.2620, 190.4223, 140.3300, 190.4360.
In recent years, there has been increasing interest in
spatial beam shaping, i.e., creating laser beams with
particular transverse phase and intensity distribu-
tions. Some applications require generation of pure
high-order modes, e.g., atom manipulations [1], pho-
ton entanglement experiments [2], and unique opti-
cal imaging techniques [3], while other applications
require “ideal” Gaussian beams that have the small-
est divergence angle and can be focused to a minimal
spot size. Various methods have been developed re-
cently for intracavity mode selection [4] or extra-
cavity mode conversion [5] using linear diffractive el-
ements. In this work we suggest and experimentally
demonstrate, for the first time to our knowledge, a
new method for all-optical nonlinear mode conver-
sion, while maintaining the initial beam frequency.
The nonlinear mode conversion scheme is based on
cascaded three wave mixing processes that can be
controlled in an all-optical manner and tuned to con-
vert beams at different wavelengths using the same
device.

For sum frequency generation (SFG), the spatial
dependency of the local oscillating electric field at
z=z0 created by the oscillating polarization in a qua-
dratic crystal slab of length �z is �Ec�x ,y ,z0�
=�Eb�x ,y ,z0�Ea�x ,y ,z0��z, where Ea,b are the spatial
dependencies of the generating waves, z is the propa-
gation direction, and � is the nonlinear coupling co-
efficient. It was recently shown that the spatial dis-
tribution of laser beams can be transferred in three
wave mixing processes between the interacting
waves [6,7] or between an engineered nonlinear pho-
tonic structure and the optical waves [8]. For demon-
stration of this concept we can consider waves propa-
gating in the z direction, which are plane waves in
the y direction and Hermite–Gaussian (HG) modes in
the x direction. The spatial distribution of such
waves is
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where Am is the amplitude and W0 and W�z� are the
waist and local beam radii, respectively, Gm�u� is the
mth order Hermite Gaussian function, k is the wave
vector, R�z� is the curvature, and � is the Gouy phase.
If we consider the SFGs of HG0 and HG1 taking
into account Eq. (1) and the relation
G0�Wa�G1�Wb�=A ·G1�Wc�, the local spatial pattern of
the oscillating electric field is
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where A�z0� is the amplitude of the generated oscil-
lating electric field. Equation (2) demonstrates that
the local transverse pattern of the generated electric
field is in the form of HG1 distribution. The coherent
addition of the radiation generated by all the local os-
cillations along the crystal is determined by the
phase matching conditions of the interacting waves.

The total generated radiation can be calculated us-
ing a split-step Fourier numerical simulation [9]. Fig-
ure 1 shows the simulated far field phase and inten-

Fig. 1. (Color online) Numerical results for amplitude
(dashed curve) and phase profiles (solid curve) of far field
outputs for sum frequency of HG0+HG1. The top inset
shows � phase singularity, and the right-hand-side inset

shows 2D intensity intersection of the output beam.

2008 Optical Society of America



1208 OPTICS LETTERS / Vol. 33, No. 11 / June 1, 2008
sity distribution of the radiation at 638 nm
wavelength, which is the output of SFG process of
HG0 �1636 nm� and HG1 �1047 nm� generated from a
1 cm long crystal. The interaction is quasi-phase-
matched using a periodically poled LiNbO3 crystal
with a period of 11.75 �m and generates output ra-
diation with transverse distribution, which is similar
to that of an ideal HG1 mode. Calculating the M2

quality factor for the generated beam results in M2

=3, which is the theoretical value for a pure HG1
mode [10]. The simulation shows similar results for
the phase and intensity distributions of an electric
field at 1636 nm, which is the output of a difference
frequency generation (DFG) process of HG1 �638 nm�
and HG0 �1047 nm�. These two processes, i.e., SFG
and DFG, can be cascaded to perform all-optical non-
linear mode conversion at the same wavelength.

The nonlinear mode-conversion scheme proposed
here is shown in Fig. 2(a). To convert an arbitrary
wave from HG0 to HG1, a pump laser beam at the two
modes should be used. First, the HG1 pump beam is
mixed with the signal in a SFG process to get a HG1
mode at the sum of frequencies, then the generated
HG1 mode is mixed with the HG0 pump beam in a
DFG process to get the desired HG1 mode at the
original signal frequency. Both processes should be
phase matched for efficient interactions. It is very im-
portant to note that the longitudinal phase matching
by birefringence or by periodically poled quasi-phase-
matching (QPM) structures is not always sufficient to
compensate the spatial decoherence of the generated
waves and does not always allow the buildup of a
pure mode at the output. This fact is demonstrated in
Figs. 2(b) and 2(c) that show M2 values of the output
beams for the SFG and DFG processes for the same
waves as shown in Fig. 1 with respect to different
waist radiuses of the generating waves. It is shown
that there are interactions where the M2 value of the

Fig. 2. (Color online) (a) Nonlinear mode-conversion
scheme. (b), (c) Numerical results for beam quality factor
M2 for interactions of beams with different waists for the
SFG and DFG processes, respectively (M2=3 is the theoret-

ical value for an ideal HG1 beam).
resulting output beam deviates from M2=3, therefore
indicating that the mode is not a pure HG1 mode.
Nevertheless, by choosing the proper beam param-
eters, an ideal mode transfer can be achieved. We
have used this fact in a cascaded nonlinear process to
experimentally achieve all-optical nonlinear mode
conversion of a 1636 nm HG0 input beam to a HG1
output beam at the same wavelength.

The experimental setup for nonlinear mode conver-
sion is illustrated in Fig. 3. A Q-switched Nd:YLF
source with a repetition rate of 2 kHz and pulse
width of �7.2 ns was split to three beams. One was
transformed to an approximated HG1 mode using a
binary phase plate and was used as the pump for the
SFG stage of nonlinear conversion. Another beam
was used as the HG0 pump beam for the DFG stage
of the nonlinear mode conversion, and the third beam
was used to pump an optical parametric oscillator
(OPO) device that was thermally tuned to generate
signal radiation at 1636 nm at an approximated HG0
mode. The OPO output was used as the signal beam
in the experiment. Phase matching at the first SFG
and second DFG stages was performed by two peri-
odically poled LiNbO3 crystals with 11.75 �m peri-
ods. The crystals were placed on temperature con-
trolled stages that were set to the phase matching
point of T=124°C. To filter the 1636 and 1047 nm
waves after the first stage, a high-pass filter was
used that consisted of six visible mirrors with reflec-
tivity below 10% for wavelengths above 700 nm and a
near IR mirror to filter the remaining Nd:YLF wave.
Far field images for the 1047 and 1636 nm beams
were taken by a MicronViewer 7290 camera, and the
638 nm far field image was taken by a Cannon digital
camera. Intensities were measured by Ophir visible,
IR, and thermal detectors.

Nonlinear mode conversion of the input beam was
observed. Figures 4(a) and 4(f) show far field images
of the input signal HG0 beam and the converted out-
put signal HG1 beam. Figures 4(b) and 4(e) show far
field images of the HG0 and HG1 pump beams, re-
spectively, and Fig. 4(c) shows the 638 nm HG1 out-
put of the SFG process. The average power of the par-
ticipating beams was 4.2 mW �400 nW�, 4.5 mW
�6.15 mW�, and 180 �W �80 �W� for 1636, 1047, and
638 nm, respectively, at the SFG (DFG) stages of the
experiment. The internal efficiencies of the SFG and
DFG processes were 0.021 and 0.0019 %W−1, respec-
tively, considering the Fresnel reflection from both
surfaces of the uncoated crystal. As expected, the de-
pendence of the efficiency of output beams on the

Fig. 3. (Color online) Experimental setup for nonlinear
mode conversion of the OPO signal output HG0 �1636 nm�
into HG1 �1636 nm�. BS, beam splitter; BPP, binary phase

plate; HPF, high-pass filter; and LPF, low-pass filter.



June 1, 2008 / Vol. 33, No. 11 / OPTICS LETTERS 1209
power of each of the input beams was measured to be
linear at both the SFG and DFG processes. The cal-
culated internal efficiencies were 0.98 and
0.12 %W−1 for the SFG and DFG processes, respec-
tively. The one and one-half orders of magnitude dif-
ferences between experimental efficiency and nu-
merical calculations result from structural defects in
the QPM structure, deviations of the duty cycle from
a perfect 50%, experimental deviations from a collin-
ear QPM interaction, and deviations from a perfect
spatial overlap of the generating beams.

The M2 values of a diverging beam can be calcu-
lated using the next general divergence relation
Wx

2�z�=W0x
2 + �Mx

2�2�� /�W0x�2�z−z0�2, where Wx is
twice the standard deviation ��x�, which is calculated
from the second moment of the transverse distribu-
tion; z0 and W0x are the waist location and size, re-
spectively; and � is the wavelength. The transverse
profiles of the beams in the experiment were mea-
sured by knife edge at the waist and far field, and the
measurements were used to estimate the M2 values
of the beams. 2�x values were estimated by fitting
best HG1 or HG0 to the measured knife-edge profiles
and calculating the second moment of the fitted
curve. In addition, 2�x values were estimated by
20%–80% knife-edge values for HG1 distribution and
16%–84% knife-edge values for HG0 distribution. We
have used both approaches for estimation because of
low knife-edge resolution at the beam waists. The M2

values of the input and output 1636 nm beams were
1.46±0.35 and 2.54±0.25, respectively. The rest of
the measured M2 values were 3.05±0.13, 3.05±0.15,
and 1.85±0.25 for the HG1 �1047 nm�, HG1 �638 nm�,
and HG0 �1047 nm�, respectively. The differences be-
tween experimental M2 measurements and ideal val-
ues result from rotation of the beams with respect to
the knife edge that is decreasing M2 values for HG1
beams and increasing M2 values for HG0 beams be-
cause of their ellipticity. In addition, the high M2

value for HG0 �1047 nm� results from low beam
quality.

To get a pure HG1 mode at the output of the non-
linear conversion scheme we have used two crystals

Fig. 4. (Color online) Far field photos of participating
beams: (a) and (f) HG0 signal input and HG1 converted sig-
nal output at 1636 nm, (b) pump HG1 �1047 nm� for the
SFG process, (c) output HG1 �638 nm� of the SFG process,
(d) signal input to the DFG process HG1 �638 nm�, and (e)
pump HG0 �1047 nm� input to the DFG process.
and divided the experimental setup into two stages.
After the first stage of SFG we filtered out the signal
wave at the original mode, and in the second stage of
DFG the signal wave at the new mode was gener-
ated. However, the nonlinear mode-conversion
scheme can be realized using only a single quasiperi-
odic structure [11], where the generated HG1 beam is
orthogonally polarized with respect to the input HG0
beam; thus the two beams can be separated by a po-
larizing beam splitter. For crystals from the trigonal
3m symmetry group, ordinary polarized HG1 pump
and HG0 signal waves can be upconverted to an ex-
traordinary polarized idler wave (using the deoo ele-
ment of the nonlinear tensor), followed by downcon-
version of this idler wave with an extraordinary
polarized HG0 pump to yield an extraordinary polar-
ized HG1 signal wave (using the deee element).

In conclusion, we have suggested and experimen-
tally demonstrated a nonlinear mode-conversion
scheme. By enabling two cascaded three wave mixing
processes, we could convert a HG0 laser mode to a
HG1 mode at the same frequency with experimental
results that agree well with numerical calculations.
The nonlinear mode-conversion scheme can be real-
ized using two birefringent or QPM crystals or using
only one quasiperiodic structure. The advantages of
nonlinear mode conversion are that it can be tuned
by changing phase matching conditions, e.g., tem-
perature or QPM periods, to fit different wavelengths
using the same pump and can be all-optically con-
trolled. Moreover, it can be enhanced for conversion
to modes other than HG1, e.g., higher-order HG
modes, Laguerre–Gaussian modes, and Bessel
beams, and can be combined with nonlinear temporal
shaping of the beams.
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