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Abstract
Broadband frequency-tripling pulses with high energy are attractive for scientific research, such as inertial confinement
fusion, but are difficult to scale up. Third-harmonic generation via nonlinear frequency conversion, however, remains a
trade-off between bandwidth and conversion efficiency. Based on gradient deuterium deuterated potassium dihydrogen
phosphate (KDxH2-xPO4, DKDP) crystal, here we report the generation of frequency-tripling pulses by rapid adiabatic
passage with a low-coherence laser driver facility. The efficiency dependence on the phase-matching angle in a Type-II
configuration is studied. We attained an output at 352 nm with a bandwidth of 4.4 THz and an efficiency of 36%. These
results, to the best of our knowledge, represent the first experimental demonstration of gradient deuterium DKDP crystal
in obtaining frequency-tripling pulses. Our research paves a new way for developing high-efficiency, large-bandwidth
frequency-tripling technology.
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1. Introduction

The third-harmonic generation (THG) source from Nd:glass
laser driver facilities has become an ideal wavelength for
inertial confinement fusion (ICF). Accurately, THG light
sources in conjunction with broad bandwidth can effec-
tively suppress laser plasma instability (LPI) issues[1,2], mak-
ing it crucial for the successful ignition of laser-driven
ICF. Quadratic nonlinear frequency conversion, including
second-harmonic generation (SHG) and sum-frequency gen-
eration (SFG), is a direct route for converting fundamen-
tal light pulses into the THG region[3,4]. Eimerl et al.[5]

and Babushkin et al.[6] validated the two-crystal cascade
scheme by SFG, achieving a THG bandwidth of up to
1.1 THz@351 nm. Dorrer et al.[7] proposed a novel method
using grating angular dispersion compensation, combined
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with broadband and narrowband SFG to achieve a THG
bandwidth of 10 THz@351 nm. While these schemes have
successfully generated broadband THG, the former is con-
strained by the THG efficiency, which is quite sensitive to
the spacing between the two mixers, and the latter is limited
by the damage threshold of ultraviolet gratings, making it
difficult to widely promote application. Therefore, how to
efficiently obtain broadband THG light sources with robust-
ness is a crucial issue that needs to be addressed urgently.

Nonlinear frequency conversion, a widely used route for
THG, however, faces a trade-off between bandwidth and
conversion efficiency[8,9]. Essentially, it involves managing
population numbers within an inhomogeneous quantum two-
state system. The same issue also arises in quantum two-
level systems with a global inhomogeneity: the nonuniform
resonant frequency limits the complete population inversion
or any alternative required quantum state preparation to a
small part of the ensemble. The solution has long been
established[10–12]: as for nuclear magnetic resonance and
atoms or molecules, rapid adiabatic passage (RAP)[13]

produces violent particle number inversion without precise
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integration of power electromagnetic coupling pulses,
effectively overcoming the impurities in the preparation
of quantum states in nonuniform ensembles. Fortunately,
it is noted that RAP in the parametric three-wave mixing
process, analogous to the two-level quantum system,
can overcome the trade-off and achieve high-efficiency
frequency conversion with a broad bandwidth[14,15]. Here, the
phase mismatch gradually varies from a significant negative
(positive) to positive (negative) value as the interaction
unfolds. The RAP system should ideally start and finish
near a stationary state in which the nonlinear coupling is
negligible, suggesting a robust performance.

The adiabatic THG process essentially involves the regula-
tion of refractive index characteristics of the crystal to satisfy
the RAP conditions[16]. The reported regulation methods
mainly focus on the application of external fields, including
temperature[17] and electric fields[18]. These two methods,
however, are easily affected by external perturbations. One
expected approach is to perform gradient-doping concen-
tration inside the nonlinear crystal to modify its refractive
index, thereby permanently altering the intrinsic properties
of the crystal without external field control. In our previous
theoretical work, we utilized gradient-doping crystals in the
adiabatic THG process and formulated a comprehensive
technical scheme. In this work, we present an experimental
demonstration of a gradient-doped crystal in generating
a frequency-tripling pulse through RAP by a nanosecond
laser, which represents the current state of the art in this

field. A compact THG setup and a high-efficiency THG
architecture were tested, respectively. The former achieved
an efficiency of 7%, while the latter, which was equipped
with a narrowband fundamental laser, reached an efficiency
of 36%. These results demonstrate the superiority of RAP-
based frequency-tripling in terms of incident angle tolerance,
high efficiency and broad bandwidth.

2. Rapid adiabatic passage based on gradient deuterium
deuterated potassium dihydrogen phosphate crystal

To date, with 1 μm lasers, typical oxide crystals of
β-BaB2O4

[19,20], CsLiB6O10
[21,22], LiB3O5

[23,24] and KH2PO4

(KDP)[25,26] have been widely applied in up- and down-
frequency conversion. KDP crystals, notable for their
capability to grow large-sized, high-quality single crystals,
possess distinctive advantages in the THG process. It has
been demonstrated that KDP can be extensively applied
for THG driven by high-power lasers[27,28]. We intend to
implement the gradient-doping strategy in KDP crystals and
demonstrate its potential in THG.

In contrast to KDP with a fixed doping concentration,
Hao et al.[29] from Shandong University have successfully
grown KDP crystals doped with a gradient deuterium (Figure
1(a)) through a ‘point-seed’ rapid growth method in a 5 L
container. Within the crystal, the deuterium concentration

Figure 1. (a) Diagram of gradient deuterium DKDP. A high-quality Type-II PM direction gradient deuterium DKDP crystal with dimensions of 20 mm ×
20 mm × 80 mm is employed in the THG scheme. The deuterium content ranges from 50% to 60% with a change of 10% in an 80-mm-thickness crystal
and maintains 55% at the center of the crystal. (b) The variation of phase mismatch in SFG as a function of crystal length. The calculations assumed a
monochromatic light of frequency mixing at 1058, 529 and 352 nm, respectively. Insert: photo of gradient deuterium DKDP crystal. (c) Intensity evolution
for SFG of the fundamental frequency (blue) and second (green) and third (red) harmonics. The input broadband fundamental frequency light has an intensity
of 0.8 GW/cm2. Assuming the total transmission loss before the KDP crystal is 20% and the efficiency of broadband SHG with KDP is 50%, the intensity
broadband SHG is about 3.2×1012 W/m2 and the given narrowband intensity is comparable to the SHG.
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increases linearly along the beam propagation direction. The
amount of doping deuterium directly affects the properties
of the refractive index in KDP crystal, and the refractive
index is varied with the doping deuterium given in the fol-
lowing formula: n2(x) = xn2

D +(1− x)n2
H, where n represents

the refractive index of deuterium-doped crystal, nD is the
refractive index of fully doped deuterium, nH corresponds
to the refractive index of a deuterium-free KDP crystal and x
denotes the doping deuterium along the optical axis.

Gradient deuterium deuterated potassium dihydrogen
phosphate (DKDP) crystal has remarkable potential in high-
efficiency THG wherein adiabatic schemes are especially
attractive for their robustness to small changes in parameters
that affect the phase evolution of the process. Analogous
to adiabatic mechanism in two-level quantum systems, the
phase mismatch parameter should vary slowly during the
conversion process, from a large negative value to a large
positive one or vice versa. In the presence of a sufficiently
strong pump field, as for SFG, energy is efficiently converted
from lower to higher frequency. Thus, the adiabatic scheme
relaxes the restriction of minimizing the phase mismatch
between the interacting beams, and instead requires �k to
be varied slowly during frequency conversion. The adiabatic
conditions can be written as follows[30–32]:

∣∣∣∣
d�k
dz

∣∣∣∣ <<

(
�k2 +κ2

)3/2

κ
, (1)

where �k = k1 + k2 − k3 represents the phase mismatch
among the interacting waves, k1, k2 and k3 refer to the
wave-number of the seed, pump and generated frequency,
respectively, z is the position along the propagation direction,
κ is the coupling coefficient and κ = 4πw1w3√

k1k3c2
χ(2)A2, where

w1 and w3 are the frequencies of the seed and the generated
sum frequency, c is the light speed in vacuum, A2 is the pump
amplitude and χ(2) is the second-order susceptibility of the
crystal.

The violent phase mismatch within the crystal, near the
entrance and exit of the crystal, was employed to handle
the inherent trade-off of adiabatic process (Figure 1(b)).
The RAP should ideally start and end near a stationary state
where we can neglect the nonlinear coupling. We emphasize
that the eigenstate at the exit of the crystal is quite different
from that at the entrance. For SFG, all light is at the initial
state, whereas at the final state, 40% of the light is at the
third harmonic (Figure 1(c)). Meanwhile, the stationary state
needs to vary very slowly by changing the phase mismatch
in order to remain an eigenstate of the evolving system as it
passes through the phase-matching (PM) concentration.

3. Experimental scheme and results

3.1. SHG source architecture

The experimental setup is schematically shown in Figure
2(a). The pump source is a low-coherence broadband
laser[33–36] that generates 4 ns pulses at 1058 nm, with an
output energy of up to 500 mJ. After a 1:3 beam telescope,
the diameter of the beam profile from the broadband pump
source is 5 mm, and the input bandwidth (full width at
half maximum (FWHM)) can reach 10 nm. The crystal
temperature and incident angle are critical parameters that
directly affect the efficiency and stability of nonlinear
frequency conversion. A KDP crystal with a thickness of
18 mm, cut at θ = 41.1◦ and ϕ = 45◦ for Type-I (o1w + o1w

→ e2w) PM, is used in the SHG stage at room temperature

Figure 2. (a) Schematic setup of compact THG based on a low-coherence broadband laser. The optical axis of the SHG (THG) crystal is located in the
horizontal (vertical) plane. (b) Pulse profile for SHG (green). Insert: pulse profile for the fundamental frequency (blue). (c) SHG efficiency is varied with the
external angle (black dots) and its quadratic-polynomial fit (purple curve).
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(note that all crystals employed in our experiment are
equipped with anti-reflection coating for the corresponding
wavelength). The effective nonlinear coefficient of KDP was
d36sinθsin2ϕ (Type-I) or d36sin2θcos2ϕ (Type-II), where
d36 = 0.38 pm/V[37,38].

Next, we reported the experimental results of SHG. The
pulse profiles for SHG (green) and fundamental frequency
(blue) are shown in Figure 2(b) and the insert. We demon-
strated the conversion efficiency (Figure 2(c)) as a function
of PM angle for Type-I SHG at a fundamental frequency
energy of 40 mJ. The conversion efficiency for both SHG
and THG, according to the Manley–Rowe relationship, is
defined as the ratio of the generated pulse energy to total
incident energy. We controlled the PM angle by a high-
precision rotary stage where the minimum scale value is
0.02 mrad. The efficiency is very sensitive to the PM angle,
which is tuned from –4.18 to –4.46 mrad, reaching a maxi-
mum efficiency of approximately 15.7% at –4.32 mrad. We
conducted the experiment of the generated spectrum under
the largest SHG efficiency condition. After a KDP-based
SHG stage, 90% of the energy corresponds to a bandwidth of
approximately 5 nm with a central wavelength at 528.2 nm.

3.2. Compact THG configuration

We carried out a compact THG experiment under an output
SHG pulse energy of 100 mJ, shown in Figure 2(a). The
broadband SHG light output from the KDP crystal and the
residual broadband fundamental light directly achieved the
nonlinear frequency conversion process to generate the third
harmonic. Different from SHG crystal, the optical axis of
THG crystal is located in the vertical plane and we need
to adjust the angle vertically. Only Type-II (e1w + o2w →
e3w) PM is studied for THG due to a slightly minimized
group-velocity mismatch (GVM). When the angle of the
controlled stage varied from 2.48 to 17.74 mrad, the conver-
sion efficiency of the THG process was insensitive, which
is due to the angular tolerance of the gradient deuterium
DKDP crystal. As shown in Figure 3, the angle bandwidth
(FWHM) is 15.26 mrad. Note that lower energy can avoid
crystal damage and, at the same time, the efficiency is more
sensitive to changes in the PM angle, making it easier to
find the optimal angle. We fixed the angle at 10.5 mrad and
changed the intensity of the input broadband fundamental
light. The conversion efficiency of THG also varied and
achieved a maximum THG conversion efficiency of approx-
imately 7.16% when the fundamental frequency energy is
about 400 mJ.

3.3. High-efficiency THG architecture

To enhance the efficiency of generating the broadband
THG source, we combined the advanced broadband THG

Figure 3. Dependence of tripling efficiency on the rotation angle of the
gradient deuterium DKDP crystal (black dots) and its quadratic-polynomial
fit (purple curve).

technology proposed by Liejia Qian with the adiabatic PM
process[39–41]. It is an efficient frequency-tripling scheme
for 352 nm broadband pulse generation by combination of
broadband and narrowband Nd:glass lasers. This scheme
eliminates the need for dispersive elements such as large-
aperture gratings and can be combined with gradient
deuterium DKDP crystal, potentially breaking through
the trade-off in high efficiency and broad bandwidth.
Research has found that using narrow-bandwidth laser
pulses can slow down the GVM effect on efficiency during
the nonlinear frequency conversion process of broadband
lasers. Meanwhile, the GVM related to narrow-bandwidth
lasers does not affect the PM bandwidth of THG, thereby
scaling up the THG conversion efficiency of broadband
lasers. Furthermore, by utilizing the large mismatch in group
velocity for the Type-II PM process in KDP crystal, the
introduction of narrow-bandwidth laser pulses during the
THG process can effectively suppress the transfer of phase
modulation of fundamental light to the intensity modulation
of the generated frequency-tripling pulse, improving the
uniformity and symmetry of the output beam profile.

The above-mentioned high-efficiency scheme for THG is
shown in Figure 4. The broadband SHG source is introduced
into the optical path of the THG stage after passing through
a dichroic mirror (serving as a short-pass filter). The narrow-
band fundamental light has a wavelength of 1064 nm, a pulse
duration of 3 ns and an output energy of up to 2 J. In our
experiment, a reference pulse serving as a time-synchronized
benchmark is introduced. The leading edge of the narrow-
band fundamental light pulse is first aligned with that of the
reference pulse. Then, the pulse of the broadband frequency-
doubled light is measured, and the delay is adjusted to align
it with the leading edge of the reference pulse, thus achieving
temporal synchronization. We measured the pulse profiles
of both incident and reference beams by a photoelectric
probe, as shown in the insert of Figure 4. The three front
edges of the pulse profiles on the oscilloscope are in align-
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Figure 4. High-efficiency schematic diagram of THG through broadband and narrowband laser sources. The optical axis of the doubler (tripler) is also
located in the horizontal (vertical) plane. Time synchronization of the broadband SHG pulse (green) and narrowband fundamental frequency pulse (blue)
is maintained. DM, dichroic mirror; RM, reflection mirror; Syn., time synchronization. Insert: the black, blue and green solid lines represent the reference,
narrowband and broadband pulses, respectively.

Figure 5. Measured spectra of fundamental frequency (blue), SHG (green)
and THG (red) in the high-efficiency THG scheme. The spectra are centered
at 1058, 528.2 and 352.1 nm, respectively.

ment, making the broadband frequency-doubled light and
the narrowband fundamental light synchronously incident
on the frequency-tripling crystal. A zeroth-order half-wave
plate and a polarizer at Brewster’s angle with respect to the
incident light were adopted to continuously attenuate the
narrow-bandwidth intensity. We can successively achieve
the output energy of the narrow bandwidth through rotating
the half-wave plate.

To enhance the efficiency of THG, it is essential to
strictly ensure the spatial overlap of fundamental light and
SHG light by precisely aligning their propagation directions.
Furthermore, the conversion efficiency can also be improved
if the beam aperture of the fundamental frequency light is
slightly larger than that of SHG. After spatial coincidence
and temporal synchronization of the two incident beams,
a wide-bandwidth and narrow-bandwidth SFG process is
realized in a gradient deuterium DKDP crystal for Type-II
configuration. We obtain a broadband THG spectrum at the
center wavelength of 352.1 nm with a bandwidth of about
4.4 THz (full width at 1/e2 maximum), as shown in Figure 5.

Next, we demonstrate the angular robustness in our
efficient frequency-tripling scheme. The energy of narrow-
band fundamental light was maintained at 100 mJ using
an adjustable polarization system, while the energy for
broadband SHG was kept at 50 mJ. When the gradient
deuterium DKDP crystal was tuned, the frequency-tripling
efficiency reached the maximum of about 22%. The
efficiencies were also monitored when tuning the angle
from –2.0 to 2.0 mrad, all of which exceeded 10%. The
angular bandwidth is 3.78 mrad (FWHM), as shown in
Figure 6(a). In comparison, using a 36-mm-thickness KDP
crystal for THG, the frequency-tripling efficiency reaches its
maximum of approximately 14%. The angular bandwidth is
2.66 mrad at FWHM (Figure 6(b)). Both efficiency and
angular bandwidth, obviously, were lower than those of
gradient deuterium DKDP crystal. The high-efficiency
frequency-tripling scheme utilizing gradient deuterium
DKDP crystals exhibits angular robustness due to its
adiabatic properties.

Gradient deuterium DKDP crystals can achieve efficient
broadband THG output during the nonlinear frequency con-
version process, achieving a conversion efficiency of 36.8%
at 0.15 GW/cm2 using the RAP (Figure 7(a)). The energy of
the narrowband pulse is fixed at 100 mJ in Figure 7 and the
broadband pulse is 117 mJ when the conversion efficiency
is 36.8%. In comparison to the compact THG configuration,
the high-efficiency architectural design is capable of attain-
ing a higher level of efficiency, partially due to the incorpo-
ration of a narrowband pulse. The conversion efficiency is
observed to be in close proximity to the efficiency (approx-
imately 40%) illustrated in Figure 1(c). This experimental
discrepancy can be attributed to the losses incurred during
the transmission of the light beam. When broadband and
narrowband fundamental frequency lights are synchronously
incident on a KDP crystal, broadband THG light is generated
by traditional birefringent PM configuration. Figure 7 com-
pares the adiabatic frequency conversion efficiency with that
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Figure 6. Conversion efficiency as a function of the crystal angular rotation for (a) gradient deuterium DKDP crystal and (b) KDP crystal. The experimental
data (quadratic-polynomial fit) are represented by black dots (purple curve). The energy of narrowband and broadband pulses remained at 100 and 50 mJ,
respectively.

Figure 7. Measured efficiency as a function of broadband intensity at 1058 nm for (a) gradient deuterium DKDP crystal and (b) KDP crystal. Black dots
and purple curve represent experimental data and the quadratic-polynomial fitted curve, respectively. The energy of the narrowband pulse is fixed at 100 mJ.

of the birefringent PM. The efficiency employed in the KDP
is 13.7%, which is about one-third of the adiabatic frequency
conversion (Figure 7(b)). With the increase of broadband
intensity at 1058 nm, the efficiency of the RAP process
decreases slowly and remains above 30%, while that of
the birefringent PM decreases faster. Different performance
of efficiency evolution indicates that, to achieve maximum
efficiency, a smaller amount of intensity is required in the
RAP process. After reaching the optimal efficiency, further
increasing the injection leads to an increase of tripling
energy in both the RAP process and birefringent PM, but
there was no significant decrease in the efficiency of the RAP
method.

Compared to the two-crystal cascade scheme (1.1 THz
@351 nm) proposed by Eimerl et al.[5] and Babushkin
et al.[6], we obtained a broader bandwidth of 4.4 THz. In
comparison with the novel method using grating angular
dispersion compensation with an efficiency of approximately
8% (in the proof-of-concept experiment)[7], limited by
the damage threshold of ultraviolet gratings and the
beam overlap, our method can be applied to high-energy
pulses while maintaining high efficiency (about 36.8%).
Furthermore, we would like to emphasize that there is
still potential for improvement in the efficiency of our
experimental scheme. As the gradient deuterium DKDP
crystal was newly reported in 2023, only one crystal is
currently available for the THG process. In the future,

crystals tailored for the frequency doubler and tripler will be
employed, and the adiabatic process will be applied in the
entire scheme, which is expected to significantly improve
efficiency and bring it close to the quantum limit.

4. Conclusion

In summary, we have demonstrated the generation of THG
in gradient deuterium DKDP crystals by the RAP process.
We have developed a compact THG setup that can obtain
352 nm pulses with a bandwidth of 4.4 THz, achieving an
efficiency of 7%. By introducing a narrowband fundamental
laser, the efficiency can be scaled up to 36%. Compared to
KDP crystal, gradient deuterium DKDP crystal is a better
potential candidate to generate THG due to the robustness of
the RAP process. The gradient deuterium DKDP combined
with RAP is easy to implement and the doping profile can be
reconfigured for different design parameters. Furthermore,
we believe that these results are very helpful for the devel-
opment of high-efficiency and broadband lasers based on
gradient-doped crystals.
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