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Partially deuterated KDP is an ideal nonlinear crystal for second-harmonic generation (SHG) of femtosecond
lasers at 1pm, which features with vanished group-velocity mismatch at its retracing point of phase-matching.
We numerically investigate the characteristics of SHG with femtosecond lasers in a partially deuterated KDP,

which shows that group-velocity dispersion plays an important role. This spectrally non-critical phase-matching

configuration can support both high efficiency and large acceptance bandwidth.

PACS: 42.65. Ky, 42.65. Re

Over the last decade there have been spectacu-
lar developments in ultrafast laser technology, due to
the introduction of broadband solid-state laser mate-
rials and of Kerr lens mode-locking and amplification
techniques. With these advances, high-power fem-
tosecond lasers can produce peak powers approaching
petawatt at fixed wavelengths of 800nm and 1 um.
Second-harmonic generation (SHG) is a powerful tech-
nique of wavelength extension. To increase the con-
version efficiency and to avoid harmonic pulse broad-
ening in the regime of ultrashort lasers, the overall
group-velocity mismatch (GVM) between the funda-
mental (FH) and the second-harmonic (SH) pulses in
the crystal needs to be sufficiently small compared
with the FH pulse duration, or equivalently in fre-
quency domain the spectral acceptance of the crystal
needs to be sufficiently large compared with the FH
pulse bandwidth.'?l In order to meet this require-
ment, very thin crystals must be used, which results
in low conversion efficiency.!?!

Nonlinear crystals normally exhibit inevitable
GVM. Several approaches, such as achromatic phase-
matching (APM),[*~¢ multi-crystal sequence,(”) tilted
quasi-phase-matched gratings, %]
matching,[® have been tried to broaden the effective
spectral acceptance bandwidth of the doubler. Un-
fortunately, these approaches are not possible to be
used in practice due to the complexity and quite strict
requirements for alignment of the optics. Thus, it
is interesting to search for nonlinear crystals with
zero-GVM. In this case, the doubling configuration
is just like the conventional one and no modifica-

Cerenkov phase-

tions of the input light are needed, which makes
it more practical in the sense of simplicity, relia-
bility and conversion efficiency. The crucial is the

availability of proper crystal for a specific wave-
length corresponding to zero-GVM. Several mature
crystals were investigated and found to be suitable
for broadband second-harmonic generation at certain
wavelengths, such as BBO for 1.5pum,!!°! LBO for
1.3 um, "] MgO-doped PPLN for 1.55 ym communi-
cation band,!'?! partially deuterated KDP in the re-
gion from 1.034 um to 1.179 um and potentially KDP
analogs from 1.013 pm to 1.278 pm.['*'4] Among these
crystals, partially deuterated KDP is particularly in-
teresting since it can be made large in size and matches
with the femtosecond laser from Nd:glass system.

In many common situations of SHG, group-
velocity dispersion (GVD) is much less important than
GVM and is thus neglected usually. For example, the
characteristic dispersion length of a 100-fs pulse at
800nm in KDP is about 5cm, while the GVM length
(the length over which the FH and SH pulses separate
by the pulse duration owing to GVM) is nearly 1 mm.
When the effect of GVM is negligible, GVD will be a
dominant factor of SHG for femtosecond lasers. SHG
in this situation is important for efficient conversion,
and has not been addressed in previous studies. In
this Letter, we study the SHG of femtosecond lasers
in a partially deuterated KDP where GVD plays a ma-
jor role. Since the first-order wavelength-sensitivity of
wave-vector mismatch OAk/OA (i.e., GVM) vanishes,
the spectral acceptance bandwidth is roughly deter-
mined by the second-order wavelength-sensitivity pa-
rameter (i.e., GVD) and is inversely proportional to
the square root of the crystal length. The charac-
teristics of this spectrally non-critical phase-matching
configuration of SHG are investigated systematically,
which show unique features compared with conven-
tional SHG of femtosecond lasers with significant
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GVM.

To study SHG with femtosecond pulses, the stan-
dard nonlinear-coupled wave equations in the time do-
main are solved numerically, which neglect the trans-
verse effects and all the derivatives of the linear index
of refraction beyond the second.[®16! We first study
the phase-matching properties of a partially deuter-
ated KDP (Fig.1). For SHG of the type-I phase-
matching, there exists a retracing point on the phase-
matching curve around 1pm (Fig.1(a)). The retrac-
ing point (i.e., wavelength) occurs at a specific phase-
matching angle for a certain nonlinear crystal, and
depends on the deuteration level. As the first order
of approximation, this retracing behaviour is a mech-
anism of non-critical phase-matching in the frequency
domain. Equivalently, non-critical phase-matching ex-
actly corresponds to zero-GVM at retracing wave-
length in the time domain (Fig. 1(b)). Therefore, par-
tially deuterated KDP is an ideal crystal for SHG of
femtosecond lasers at 1 um. The wavelength for re-
tracing or zero-GVM can be tuned with the deuter-
ation level, which is important for practical use. For
instance, partially deuterated KDP with a deutera-
tion level of ~12% cut at § = 41° corresponds to a
retracing wavelength at 1054 nm that matches with
the Nd:glass laser system.
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Fig. 1. (a) Phase-matching angle 6 and (b) the corre-

sponding GVM versus wavelength Aj,, for type-I doubling
in KDP (dotted line), KD*P (dashed line) and 12% par-
tially deuterated KDP (solid line).

When GVM vanishes, the dispersion effect and
wave-mixing processes will significantly alter the out-
put SH spectrum. For the sufficiently broad input
FH spectrum, SHG of femtosecond pulses at retracing
point does not really independent of wavelength. The
nonlinear length, Ly = n),/(mx(?) Ap), is used as a
measure of FH intensity in the simulations, where n,
Ap and Aj are the refractive index, wavelength and
field amplitude, respectively. Detailed numerical re-
sults of the output SH spectra are shown in Fig. 2,
where AK L, an equivalent measure of the crystal ori-
entation angle 6, is the phase-mismatch at the re-
tracing wavelength (i.e., 1.054 yum). The two main
peaks in Figs. 2(a) and 2(b) correspond to the phase-
matched components, while other minor peaks can be
attributed to those spectral components where phase-
mismatch are odd multiple of 7. The locations of all
these peaks on the spectrum depend on the orienta-
tion of the crystal. With the decreasing AKL, i.e.,
0 approaches to the retracing point, the two phase-
matched peaks move to the retracing wavelength sym-
metrically, and link together to form a single peak
when AKL = 0 is exactly reached, as shown in
Fig.2(c). The spectral width of this peak is much
broader than those of the individual peaks, indicat-
ing physically that the spectrally non-critical phase-
matching is satisfied.
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Fig. 2. Numerical results of the output SH spectra with
a l-cm-long partially deuterated KDP at (a) AKL =
2.5 (b) AKL = 0.57 (¢) AKL = 0.
tions are carried out under the regime of low pump in-
tensity (L,; > L). A Fourier-transform limited Gaussian
pulse with bandwidth of 150nm is adopted, and disper-

sion values are taken to be GVD1y = —13fs?/mm and
GVDaw = 70fs?/mm.

The simula-

The results shown in Fig.2 also imply that there
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exists an acceptance bandwidth for the non-critical
phase-matching beyond which phase cannot be effec-
tively matched. To evaluate the acceptance band-
width governed by GVD, the output SH spectra are
calculated for different input bandwidths of FH pulses
(solid lines in Fig.3). For comparison, the SH spec-
tra under conditions of infinite acceptance bandwidth
(neglecting GVD) are also illustrated (dashed lines).
As is expected, the SH spectrum is identical to that in
neglecting GVD when the FH bandwidth is relatively
small. For a 10-mm long crystal, GVD will start to
limit the output SH spectra significantly if the FH
bandwidth is larger than 27 nm. Fig. 4 shows the sim-
ulated conversion efficiency. With an FH bandwidth
of 27 nm, the efficiency is very close to that of the ideal
case with narrow FH bandwidth. Thus we determine
that the acceptance bandwidth A\ is 27nm in a 10-
mm crystal, and the scaling of AX with crystal length
L can be written as

AX-VL = 27nm - cm?/? (1)
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Fig. 3. Numerical results of the output SH spectra at
retracing (AKL = 0) for different values of FH band-
width: (a) AXi, = 27nm, and (b) AX;, = 54nm.
The simulations are carried out with a 1-cm-long partially
deuterated KDP under the regime of high pump intensity
(Lp; = 3.5mm). For comparison, the ideal SH spectra
under infinite acceptance bandwidth are also illustrated

(dashed lines).

It is worth noting that the present definition of
acceptance bandwidth is under a condition of high
efficiency. Compared to the conventional definition
based on the small-signal approximation, this defini-
tion is closer to the practical application of design. For
efficient SHG of a femtosecond laser with bandwidth
A, the crystal length L can be directly determined by
Eq. (1). At high intensity of about 200 GW/cm?, an
efficient SHG can be designed with a crystal length of
1 mm, which corresponds to an extremely large value

of acceptance bandwidth of about 85 nm. As a com-
parison, the acceptance bandwidth of high efficiency
in the conventional KDP crystals is only about 15 nm
under the same condition. Therefore, the retracing of
phase-matching will greatly enhance the acceptance
bandwidth by nearly an order of magnitude.
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Fig.4. Calculated conversion efficiency versus crystal
length under high pump intensity (L,; = 3.5 mm) for dif-
ferent values of FH bandwidth: (1) AX;, = 0 (solid line),
(2) AXip, = 27nm (dashed line), and (3) AXy, = 54nm
(dotted line). A vertical line at 1 cm denotes the design of
crystal length for AA;,, = 27 nm.
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Fig.5. Calculated conversion efficiency versus crystal

length under high pump intensity (L,; = 3.5 mm) for dif-
ferent deuterations: (1) optimal deuterated level of 12%
(solid line), (2) 16% deuterated level (dashed line), and
(3) 16% deuterated level but phase-mismatching AKL =
—0.087 (dotted line).

It is important to note that phase-matching at re-
tracing is not strictly independent of wavelength. The
phase-mismatching due to GVD will be significant
when increasing the crystal length beyond the design
value, and the SHG of femtosecond laser at retracing
point will be limited by GVD eventually. As clearly
shown in Fig. 4, the crystal length can be designed to
be 10 mm for an FH bandwidth of 27 nm, and the ef-
ficiency will be significantly lower for a longer crystal
(L > 10mm). On the other hand, spectral bandwidth
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is the most important parameter in SHG at the retrac-
ing point. We have proven during the simulations that
the conversion efficiency for a highly chirped pulse is
almost identical to that with femtosecond pulses at
fixed intensity. Thus, the obtained results can be valid
for broadband lasers with various pulse durations from
tens of femtosecond to nanosecond.

Since the retracing behaviour of phase-matching is
crucial, it is important to examine the sensitivity of
the conversion efficiency of SHG on deuteration level.
A deuteration deviated from the optimal value will
cause a reduction of efficiency (Fig.5). From the cal-
culated results, we can conclude that a deuteration
level of (12 4+ 2) % is practically acceptable for re-
tracing wavelength of 1054 nm. Obviously, a deuter-
ation level beyond (12 £ 2) % will result in a smaller
value of acceptance bandwidth and reduced conver-
sion efficiency as well. It is interesting that this effect
can be compensated for to some extent by introducing
a proper phase-mismatching as also shown in Fig. 5.
This may be explained easily by Fig. 1(a), i.e. assum-
ing that the retracing wavelength is longer than that
of the laser, a proper phase-mismatching at the cen-
tral wavelength will favour the overall phase-matching
condition for all laser components if there is a perfect
phase-matching towards the longer wavelength.

In conclusion, we have numerically studied the
SHG of femtosecond pulses in a partially deuterated
KDP crystal at its retracing point vicinity. The spec-
tral characteristics of the generated SH pulses and its
conversion efficiencies in the strong pump regime are
investigated in detail, which shows that GVD plays

an important role. This spectrally non-critical phase-
matching configuration can support both high effi-
ciency and large acceptance bandwidth, which makes
this approach attractive. We conclude that partially
deuterated KDP crystal is an ideal nonlinear crystal
for femtosecond lasers at 1 um.
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