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ABSTRACT

A fourth harmonic generation (FHG) scheme in focusing beams is proposed and demonstrated for large aperture Nd:glass laser facilities. By
placing the focusing lens before the FHG crystal, the problem of ultraviolet damage can be overcome, largely without affecting FHG conversion
efficiency owing to the large angular acceptance of the non-critical phase matching technique. A numerical simulation of the FHG process
indicates that angular acceptance can be appropriately increased by lowering the working temperature and jointing the two adjacent com-
pensating angles, so that FHG in focusing beams with relatively small F numbers becomes feasible. With a 170 mm X 170 mm X 7 mm and 65%
deuterated potassium dihydrogen phosphate crystal mounted in a high-precision, temperature-controlled system, high-efficiency FHG has been
demonstrated in the focusing beam with a full beam convergence angle of 36 mrad. When driven with a 223 ], second harmonic radiation (2w), 1
ns flat-top pulse with a beam area of 130 cm?, corresponding to 1.7 GW/cm? 2w input intensity, 182 J of fourth harmonic radiation (4w) were
generated.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/
licenses/by/4.0/). https://doi.org/10.1063/1.5087453

I. INTRODUCTION

In the field of laser-driven inertial confinement fusion (ICF),"”
the choice of laser wavelength is one of the most important issues.
According to the literature,” ~ the second harmonic (2w), the third
harmonic (3w), and the fourth harmonic (4w) of an Nd: glass laser
(1w) can all be used. However, when choosing the wavelength, both
the laser-target coupling and the optics damage should be taken into
consideration. In regard to laser-target coupling, the fast electron
production process can be suppressed, and the coupling efficiency of a
laser with an ignition target can be improved at shorter wavelengths.
However, damage to the optical elements becomes worse as wave-
length decreases, as the optics damage threshold drops severely when
the single-photon energy increases. Concurrently, the gain of non-
linear effects, such as small-scale self-focusing and stimulated scat-
tering, increases dramatically. Therefore, although large aperture
fourth harmonic generation (FHG) in potassium dihydrogen
phosphate (KDP) crystals with a critical phase matching technique
has been previously demonstrated,” * 4w lights are mostly used in
Thomson scattering diagnostic systems,” ' where the light energy is
not very high. In high-energy and high-power laser systems, for high-
energy density physics, such as the National Ignition Facility (NIF),'*"*

Laser Megajoule (LM]),'* and SG-III facility,'” the third harmonic is
used rather than the fourth. Nevertheless, recent work'®'” has shown
that achieving laser-target coupling efficiency is challenging owing to
plasma instabilities. Therefore, driving the target wholly or partly with
high-energy 4w laser beams is attracting much attention. However, to
date, laser facilities are constrained by the UV damage to optics, 1519 and
the damage problem will not be overcome if a standard final optics
system is used for 4w light generation.

Generally, the most serious UV damage to optics occurs at the
functional parts of beam focusing and color separation. In NIF and SG-
II1, this occurs in the wedged focusing lens, and in LMJ, it occurs in the
large aperture gratings. Therefore, a solution to this problem is required
that reduces the usage of UV optics without affecting the basic
functions of the final optical system. Fortunately, owing to its con-
siderable angular acceptance, the non-critical phase matching (NCPM)
technique provides such a solution, in which the focusing lens can be
placed before the frequency converter. In fact, NCPM FHG in small
apertures has recently been reported in deuterated potassium dihy-
drogen phosphate (DKDP), ammoniumdehydrogen phosphate (ADP)
and deuterated ammoniumdehydrogen phosphate (DADP)

crystals,” *" in which a high efficiency and large angular acceptance
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were both demonstrated experimentally. Particularly, the crystals re-
ferred to are suitable for large apertures, and their NCPM temperatures
are close to room temperature. The above two conditions are beneficial
to the application of NCPM FHG in high-energy laser systems. In this
paper, we propose a beam-focusing FHG scheme. We describe the basic
design and numerical simulations of this scheme; large aperture ex-
periments concerning a focusing beam are also presented.

1. BASIC DESIGN OF BEAM-FOCUSING FHG

The basic scheme of beam-focusing FHG is shown in Fig. 1, in
which the focusing lens is placed before the FHG crystal, solving the
damage problem of the focusing lens. The conversion efficiency al-
most remains the same, owing to the large angular acceptance of
NCPM technique. Moreover, it is evident from the figure that the 4w
and the residual 2w focal spots are strictly confocal in the beam-
focusing configuration. Based on this arrangement, the target can be
driven in three ways with only one final optics assembly. Firstly, for a
pure 2w driving beam, it is necessary only to remove the FHG crystal
or to make it totally phase-mismatched by adjusting the angle or
temperature, without any other extra modification, even for the focus
lens. Secondly, for a pure 4w driving beam, residual light can be easily
dispersed by making the debris shield (DS) a small-angle wedge
(about one-sixth the size of a traditional final optics system), as its
confocal characteristics make beam separation more efficient, spot-
to-spot rather than spot-to-nearfield, along with the much more
considerable chromatic aberration in fused silica materials (the re-
fractive index of 2w, 3w and 4w lights in fused silica materials are
1.461,1.476,and 1.501, respectivelyx ). Lastly, the target can be driven
by dual-wavelength lasers, which provides a novel and interesting idea
for laser-target coupling. In the dual-wavelength driving scheme, the
target can be irradiated by 4w and 2w lights simultaneously, so that
more energy can be coupled to the target, allowing greater focal spot
smoothing. Due to the mode mixing mechanism during frequency
conversion, the sizes of the 4w and 2w focal spots are almost the same,
but there are many more high-frequency components in the 4w spot.
As the two spots are completely incoherent, there is room for im-
provement for the spatial uniformity of target irradiation.

In beam-focusing design, temperature control and F number
(defined as the ratio of focal length to beam dimension), parameter
optimization is of great importance. First, with respect to the ad-
justment of non-critical phase matching temperature and tempera-
ture uniformity control, the FHG crystal should be mounted in a
high-precision thermostat with two windows. We suggest that the
thermostat operate in a low vacuum environment (a pressure of about
1 Torr is usually needed to protect the sol-gel coatings of the optics)
which maintained by two windows. The window (40 mm thickness)

SHG FL FHG DS

FIG. 1. The basic scheme of beam-focusing FHG design. The fundamental
frequency laser is firstly frequency doubled by the second harmonic generation
(SHG) crystal and is then focused onto the FHG crystal, so that only the DS is left in
the UV segment. FL denotes focusing lens and DS is debris shield.
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before the FHG crystal is used as a vacuum window, while the ul-
traviolet window is used as a separating window whose thickness can
be minimized to 10 mm. Therefore, damage problems can be greatly
reduced. In addition, to reducing the influence of temperature uni-
formity on conversion efficiency, a DKDP crystal is adopted as the
FHG crystal because of its comparatively larger temperature ac-
ceptance compared to that of ADP and DADP crystals.”” However,
although conversion efficiency is less affected with large F number
focusing beams, the beam aperture is usually unchangeable, while the
focal length of the lens is restricted for the application in a real laser
system. Thus, it is essential to optimize the F number and obtain the
acceptable limit of the focal length by numerical simulation.

I1l. NUMERICAL SIMULATIONS

As referred to above, the F number of the focusing beam is the
most important parameter in beam-focusing FHG design. To in-
vestigate the influence of the F number on the FHG process
quantitatively, a numerical model was developed by solving the well-
known nonlinear coupled wave equations using a split-step Fourier
algorithm.”™ For the purposes of this paper, the self- and cross-phase
modulation terms associated with a nonlinear refractive index can be
ignored, and the type I doubling process can be expressed as

o 10 i, 1 N
(aZ + v at>A2 = 2k2le2 5 ((Xz +l32|A2| )Az
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where A; (i=2, 4) is the complex amplitude, x and y are coordinates in
the sensitive and non-sensitive directions of the crystal, z is coordinate
in the beam propagation direction, k is the wave vector, w is the
angular frequency, 1, and n, are the refractive indices for ordinary and
extraordinary waves, respectively, ¢ is the speed of light, p is the
transverse walk-off term of extraordinary waves, v, is the group
velocity, Xefris the effective nonlinear coefficient, a and p are the linear
and nonlinear loss coefficients, respectively, and Ak is the phase
matching factor between the two fields, i.e.,

Ak = % [1e (w4, 0, Twy — 211, (w3, T) w5 ]. (2)

The phase matching factor has a direct impact on conversion
efficiency, and [see Eq. (2)] it is very sensitive to operating conditions,
including crystal temperature, T, and orientation, 0. 0 is defined as the
angle between the crystal optical axis and the direction of field
propagation. For a focusing beam, assuming the beam center is
perfectly phase matched, 6 is a function of x, and it is inverse pro-
portional to the F number and aperture, D, for a given x, i.e.,

0(x) = %. 3)

The subscripts 2 and 4 denote the parameters for the 2w beam
and 4w beam, respectively. In the model, the 1w wavelength is
1053 nm, the effective nonlinearity coefficient of DKDP crystal
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is assumed to be 0.46 pm/V, and the two photon absorption
(TPA) effect of the 4w beam is taken into account with a coefficient of
2.7 X 107" em/W,” while B, is neglected. Linear absorption was
neglected because of our findings. The nominal input 2w intensity was
specified as 2 GW/cm® to reduce the TPA loss, and the crystal
thickness was 7 mm, which is favorable for a high conversion effi-
ciency and an adequate temperature acceptance. The spatial distri-
bution of the input beam was an 8th order super-Gaussian, with a
dimension of 360 mm X 360 mm. For simplicity, the temporal profile
of the pulse was set to 1 ns flat on top in the simulation.

The influence of incident angle on 2w-4w efficiency was studied
using the numerical simulation. The angular tuning curve for dif-
ferent working temperatures is shown in Fig. 2. Although the full
width at half maximum (FWHM) of the acceptance angle at the
NCPM temperature (referred to as T,, measured to be 29.8 °C for the
65% deuterated DKDP crystal) is about 40 mrad, the flat top area is
only 12 mrad, which makes achieving high-efficiency FHG over the
entire beam aperture difficult. However, fortunately, when the
working temperature is below T, phase matching can be achieved by
adjusting the incident angle. Therefore, there are two phase-matching
angles symmetrically distributed around 6 = 90°. By optimizing the
working temperature, the two adjacent angles can be jointed, and the
angular bandwidth increased.

Based on our findings, we calculated the evolution of the 2w-4w
efficiency vs the Fnumber for different working temperatures, as shown
in Fig. 3. Conversion efficiency increases as the Fnumber increases, and
then gradually tends to a constant value equivalent to that in the
collimated beam. The degradation of efficiency at smaller F numbers is
caused by the relatively large detuned angle at the edge of the focusing
beam, expressed by Eq. (3). When the working temperature is higher
than T, the efficiency curve is always less than that at T,.. But when the
working temperature is lower than T,, conversion efficiency before the
inflection point can be better than that under NCPM conditions. This
result is in accordance with the viewpoint described above.

The inset pictures of Fig. 3 show the 4w near-field distribution at
different F numbers, where F = 50 represents the flat top area of the
curve, F = 28 is about the inflection points of the curves, and F = 10
represents the half maximum position. Evidently, the near-field along
the insensitive axis of the DKDP crystal is almost unaffected in all
cases, as the conversion efficiency is non-sensitive to the incident

1.0 T-Tc(°C)
0.5
0
0.8
-0.5

-1

Normalized 20-40 efficiency

Incident angle(mrad, external)

FIG. 2. Normalized 2w—4w efficiency curves vs beam incident angle at different
working temperatures. The curves show the complementary relationship of angle
and temperature in the phase matching condition.
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FIG. 3. Calculated 2w—4w efficiency vs F number of the focusing beam at different
working temperatures. The insets show 4w near-field evolution with an F number of
(a) 10, (b) 28, and (c) 50 when the DKDP crystal is working at T..

angle in this direction. But in the sensitive axis direction, the deg-
radation turns more and more severely as the F number becomes
smaller. The near-field is not affected by an F number of 50. However,
for F =28, where the inflection point appears, degradation on the edge
of the near-field along the X axis is apparent. Furthermore, for F = 10,
the near-field from the center to the edge at first collapses and then
slightly rebounds, as the secondary peaks of the efficiency-angle
tuning curve begin to become important. This can also explain the
evident kinks appearing in the curves.

The focal length for F = 28 is close to the limit for real facilities;
therefore, we attempted to optimize the working temperature to
achieve a higher efficiency and better beam uniformity. Figure 4
shows the calculated 2w-4w efficiency curves vs working temperature
and focusing beam at F = 28; the tuning curve for the collimated beam
is also shown for comparison. The maximum conversion efficiency
for the focusing beam at F = 28 is achieved when the working
temperature is 0.2 °C lower than T,, which can obtain an increase of
3.5% in comparison with the non-compensation scenario (T = T,).
Although the maximum conversion efficiency is 3% compared to that
of the collimated beam, a good compensation is realized around the
perimeter of the near-field, which can be seen in Fig. 5.

1.00
Collimated beam
Focusing beam (F=28)
5 0.95
c
2
o
£ 0.904
)
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¥
& 0.854
N
0.80 T T

06 04 02 00 02 04
AT(°C)

FIG. 4. Calculated 2w—4w efficiency curves vs working temperature for a collimated
beam and focusing beam at F = 28. The maximum efficiency of the focusing beam is
achieved when the working temperature is 0.2 °C lower than T.. An increase of 3.5%
can be achieved after compensation.
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FIG. 5. The distribution of 4w near-field in the center section of the non-sensitive
direction (y = 0) with different working temperatures for F = 28. When the working
temperature is 0.2 °C lower than T; however, the overall efficiency is 3% lower than
in the collimated beam; the near-field at the perimeter is satisfactory.

IV. LARGE APERTURE FHG EXPERIMENTS

To verify the beam-focusing FHG scheme, including high-
efficiency FHG in a focusing beam and damage resistance of the
FHG crystal, large aperture experiments were performed. The exper-
imental layout is shown in Fig. 6(a). To achieve high efficiency and high
beam quality with the 4w laser, the DKDP crystal uniformity and
temperature across the crystal should be considered for large aperture
FHG experiments. A conventionally grown and 65% deuterated DKDP
crystal with dimensions of 170 mm X 170 mm X 7 mm was prepared to
achieve NCPM FHG, near room temperature. The DKDP crystal was
cut for type I (ooe) phase matching, with the incident 2w beam
propagating perpendicularly to the crystal Z axis (6 = 90°) and at 45° to
the crystal X axis (¢ = 45°). The input and output surfaces of the DKDP
crystal were anti-reflection coated for the 2w and 4w light, respectively.

The FHG crystal was mounted in a high-precision temperature
control system [see Fig. 6(b)], in which temperature uniformity across

(b) Water circuits
inside the shell

(a) Beam S4 of SG-I11
prototype facility
A

€ &

W  SHG AG Le{j A

FHG ow Wedge

\
\

N
Ve
Cal.2(E; g0 Cal.3(E4 o0

CS2

Cal.1(E; ;,)

FIG. 6. (a) Experimental layout of large-aperture NCPM FHG in the focusing beam.
(b) Schematic of the thermostat.
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the crystal was controlled to within 0.1 °C (peak-to-valley value). The
dimensions of the system were 1000 mm X 340 mm X 340 mm and
the temperature could be changed from 10°C to 40°C. Inside the
system, the crystal was located in a vacuum and two deep-ultraviolet
fused silica windows were situated at both ends of the system to isolate
the atmosphere. There were three layers to provide uniform tem-
perature control for the crystal. The one furthest inside was a
stainless-steel crystal frame with constant-temperature recycling
water, and its surface was processed to be less than 5 pm from peak-to-
valley to provide the desired contact area of the crystal. The middle
layer was composed of a dense constant-temperature water loop
attached to the walls of the stainless-steel cavity, and the outside layer
was made of heat insulation materials. Owing to the symmetrical
structure of the temperature control chamber and the vacuum en-
vironment, with no heat conduction, the temperature distribution
over the crystal was symmetrical.

The experiment was carried out on the SG-III prototype facility,
and one of the eight beams was introduced into the FHG experimental
platform by three high-reflection mirrors. The 1w beam had a narrow
bandwidth and a flat-top pulse shape with a pulse duration of I nsata
wavelength of 1053 nm. The spectral bandwidth was about 6 pm
FWHM. The beam size was limited to 140 mm X 140 mm using a
liquid crystal light valve, and the spatial distribution was approxi-
mately an 8th order super-Gaussian. As shown in Fig. 6, the 1w beam
passes through the SHG crystal, absorbing glass (AG), focusing lens,
input window (IW), FHG crystal, output window (OW), and Wedge,
in sequence. The SHG crystal was a 16-mm thick type I KDP crystal,
and the AG was used to absorb the residual 1w beam. The focal length
of the lens was 3.9 m, so that the full beam divergence angle was 36
mrad and the F number of the focusing beam was 28, which was in
accordance with the numerical simulation. The FHG crystal was
located 72 cm away from the lens; thus, the beam size on the crystal
was converged to 113 mm X 113 mm. Both the input and output
windows were uncoated to avoid possible damage. The input window
was fixed at a tilt angle of 10° for the 2w beam energy sampling
measurement. The generated 4w light and the residual 2w light were
sampled with an uncoated wedge, and separated by two color sep-
arators (CS1 and CS2), and then measured with two calorimeters
(Cal.2 and Cal.3), respectively. The NCPM FHG experiment using a
collimated beam can also be conducted with the experimental layout
shown in Fig. 6, but by removing the lens and replacing the Wedge
with a concave mirror.

The temperature tuning curves of FHG with the collimated beam
and the focusing beam are shown in Fig. 7. The black squares refer to
the experimental results with the collimated beam while the red solid
circles denote beam-focusing FHG; both results were obtained when
the input 2w intensity was 0.5G W/cm?. For comparison, the cal-
culated FHG temperature tuning curves are also presented in Fig. 7.
As indicated by the results, the non-critical phase matching tem-
perature is 29.8 °C with a temperature acceptance bandwidth of 3.1°C
(FWHM). The optimal working temperature of beam-focusing FHG
is 0.2 °C lower than that in NCPM FHG with the collimated beam, but
the temperature acceptance bandwidth is almost the same as that of
the collimated beam. This is in accordance with the numerical
prediction referred to above.

Efficient FHG was obtained in the focusing beam with a crystal
temperature of 29.6°C. Figure 8 shows the measured 2w-4w
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FIG. 7. Measured temperature tuning curves for FHG in a 65% deuterated DKDP
crystal with the collimated beam (black squares) and focusing beam (red circles).
The black solid curve and red dashed curve correspond to the calculated results.

conversion efficiency and the output 4w energy as functions of input
2w intensity; the calculated results are also given in Fig. 8 with solid
curves for comparison. A maximum 4w energy of 182 J is generated
with an input 2w energy of 223 J, corresponding to a conversion
efficiency of 81.6%. The highest 4w flux was 1.4 J/cm*/1 ns. The TPA
effect is not prominent possibly because it is self-consistent with the
measured energy balance results (defined as E,_out plus E, out
divided by E,_in). After more than twenty shots, crystal damage was
examined using a dark field image, which did not show any evident
surface damage, except for several individual pinpoints and some dust
around the beam area. The transmissivity was measured after the
experiment and remained the same as before.

Furthermore, as high-power laser facilities usually use a
smoothing technique with spectral broadband, the bandwidth ac-
ceptance of the FHG process should be of concern. Due to high
dispersion in the UV band, the FHG process is very spectrally sen-
sitive. As the blue circles in Fig. 8 show, with 1w bandwidth of 0.3 nm,

1.0 . . . . — 250
0.8+ s ® ¢ ° o7 20
[ J . 2
i 1B
5 061 o ¢ 1820 ™03
& s
£
o 0.4 ° ° {100 &
3 )
1 3
8 A
N - ] =3
0.2 50 3
0.0 . . . 0
0.0 0.5 1.0 1.5 2.0

Input 20 intensity(GW/cmz)

FIG. 8. Measured 2w—4w efficiency (red circles) and output 4w energy (black
squares) plotted as a function of input 2w intensity. Solid curves are calculations for
comparison. The blue circles denote the measured FHG efficiency with a 1w
bandwidth of 0.3 nm.
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2w-4w efficiency drops rapidly as input intensity grows, meaning it
would jar with the SSD (smoothing by spectral dispersion) technique.
If needed, a new beam smoothing technique we proposed recently
may solve this problem. The technique is based on ultra-fast angle
sweeping with narrowband pulses. Moreover, by using the dual-
wavelength lasers driving scheme, conversion efficiency becomes less
important, meaning this problem can be overcome.

V. SUMMARY

In conclusion, we have proposed a beam-focusing FHG design,
in which the focusing lens is placed before the FHG crystal to obviate
the UV damage inflicted on large aperture high-energy laser facilities.
The FHG conversion efficiency of this scheme is almost unaffected
owing to the large angular acceptance of NCPM. A numerical sim-
ulation of the FHG process was conducted by solving nonlinear
coupled wave equations, which indicates that angular acceptance can
be appropriately increased by lowering the working temperature and
jointing the two adjacent compensating angles, so that the focusing
beam, with relatively small F numbers, becomes feasible. In our study,
with 2w intensity, 2 GW/ cm? and a DKDP crystal thickness of 7 mm,
the F number acceptance limit is about 28. A large aperture FHG
experiment has been demonstrated in the focusing beam with a full
beam divergence angle of 36 mrad. The results show that a 4w energy
of 182 ] and 2w-4w conversion efficiency of 82% were obtained.
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