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The experimental performance of beam smoothing by combined one-dimensional (1D) spectral dispersion
and lens array (LA) technology is presented, as applied in the ninth beam of SG-II. Using 3w spectral
dispersion with a bandwidth of 270 GHz and a line dispersion that is 24.9 times the beam’s diffraction-
limited width decreases the focal spot non-uniformity of 80% energy concentration from 46% to 17%. The
multiple-beam interference properties of the LA are theoretically and experimentally validated by spatial
power spectral density analysis. Peak—spectra suppression ratios of 20 and 10 dB are achieved in the

dispersion and orthogonal directions, respectively.
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In inertial confinement fusion experiments, uniform irra-
diation on a target is an essential condition for successful
ignition. To achieve high irradiation uniformity, a com-
bination of beam-smoothing techniques is employed in
high-power solid-state laser systems, such as Omegal'
and National Ignition Facility!?). A focal spot is enlarged
and shaped by spatial beam conditioning technologies,
including random phase plates (RPP), kinoform phase
plates (KPP), distribution phase plate (DPP)!®!, contin-
uous phase plates (CPP)!, and lens array (LA)®l. More-
over, smoothing by spectral dispersion (SSD)[S]7 polariza-
tion smoothing (PS)[”), and multiple-beam overlap are
used to suppress the amplitude of high spatial frequency
within a focal spot. Excellent irradiation uniformity is
achieved through two-dimensional (2D) SSD, DPP, PS,
and multiple-beam overlap in OMEGAM.  Compared
with the patterns derived by phase plates, the focal spot
speckle pattern obtained by LA is not completely ran-
dom. The power spectra of such patterns are concen-
trated in certain spatial frequencies, and non-uniformity
contrast is less than 100%. On the basis of numerical
analysis, researchers proposed a schemel®? that com-
bines LA and SSD.

The current letter presents the experimental perfor-
mance of combined one-dimensional (1D) SSD and LA
technology, as applied in the ninth beam of SG-II. Us-
ing 3w spectral dispersion with a bandwidth of 270
GHz and a line dispersion that is 24.9 times the beam’s
diffraction-limited width (DLW) decreases the focal spot
non-uniformity of 80% energy concentration from 46%
to 17%. The multiple beam interference properties of the
LA are theoretically and experimentally validated by spa-
tial power spectral density (PSD) analysis. Peak—spectra
suppression ratios of 20 and 10 dB are achieved in the dis-
persion and orthogonal directions, respectively.

The schematic of an LA, focusing lens, and target plane
in the ninth beam of SG-II is shown in Fig. 1, where
the z-y plane refers to a plane transversal to the optical
axis, F' is the focal length of the lens, § defines the size
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of the focal spot, D is the beam aperture, and d is the
sub-aperture diameter of the LA. Far-field irradiation is
a temporal integral of the instantaneous laser intensity
distribution at the target plane, given byl

At
(z,y) = /0 e (2, y, 0)dt, (1)

where At denotes a time period that is equal to the
measured laser pulse width. Epp(x,y,t) is the complex-
valued electric field at the target plane. It is the spa-
tial Fourier transform of Exr(z,y,t), the complex-valued
electric field at the 3w near field. Enxp(z,y,t) is written
as

ENr (Ia Y, t) = Eo(:E, Y, t) exp [i(bSSD (Ia Y, t)]
- €Xp [i¢LA ({E, y)] > (2)

where Fy(z,y,t) defines the initial temporal and spa-
tial electric field, including amplitude and phase distri-
butions; ¢gsp (z,y,t) is the 1D SSD phase contribution;
¢LA (x,y) is the LA phase contribution.

The spatial and temporal phase contribution of 1D SSD
in[lt}he dispersion direction of the z axis can be written
as

¢ssp (2,y,t) = 30, sin [27 fur (¢ + Ex)] 3)

where §,, is the 1w laser modulation depth!!, f,; denotes
the modulation frequency, and &M represents a param-
eter related to the spectral dispersion of grating. The
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Fig. 1. Schematic of the LA, focusing lens, and target.
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parameters of the 1D SSD are listed in Table 1. Two sep-
arate phase modulators are integrated in the front-end
system of the ninth beam of SG-II. The first modula-
tion frequency is 10 GHz and the second is 3 GHz. The
lw spectral bandwidth is 0.3 nm, the corresponding 3w
bandwidth is ~270 GHz, and the line dispersion is 24.9
times the beam’s DLW. The frequency modulation to
amplitude modulation conversion (FM-to-AM) induced
by spatial filter is fully investigated!*!]. Spectral disper-
sion is introduced between the ®40 mm faraday isola-
tor (FR40) and the third ®40 mm rod-amplifier (403)
(Fig.2). The groove density of the grating is 1480 1/mm
and the beam aperture at the grating is ~30 mm. Thus,
the spectral dispersion parameter £ is 0.81 ns/m, with a
310 mm beam aperture at the focusing lens.

The phase contribution of a LA with NxN square aper-

tures is given by['?
L7 T ot (4 Ymn
d d

N N
OLA (;[,"y):z Zrect (
X exp {—i%[(lv_zfmn)z‘f'(y_ymnf]} ., (4)

where (Zmn, Ymn) represents the central coordinate of
the sub-aperture located in row m and column n at the
-y plane, d is the sub-aperture diameter, and f is the
corresponding focal length. In the experiment, d is 47.2
mm, N is 7, and f is 92.925 m.

The beam DLW is equal to the speckle size in the focal
spot. The width is defined by 2.44F\A/D = 4.35 um,
where F' is the focal length of the lens (F'=1.575 m),
A denotes the 3w laser wavelength (A=351 nm), and
D represents the beam aperture (D=310 mm). In the
measurement, the focal spot size on the target is pho-
tographed by a CCD camera at ~12x magnification.
The CCD sensor has an array of 1024x1024 elements
with a pixel size of 13 um. One pixel of the CCD camera
corresponds to 1.08 pum in the target plane, a value less
than a quarter of the DLW.

The measured focal spot images of 3 ns laser pulses
without frequency modulation and with 1D SSD are
shown in Figs. 3(a) and 3(b), respectively. The hori-
zontal and vertical directions in Fig. 3 refer to the x and
y directions in Fig. 1, respectively. The comparison of
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Fig. 2. Schematic of the 1D spectral dispersion.

Table 1. Spectral Dispersion Parameters for the
Ninth Beam of SG-II

Circle Cycle Dispersion lw Spectrum 13
(DLW /nm) (nm) (ns/m)
2.49(10 GHz) 83 03 0.81

0.75(3 GHz)
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Fig. 3. Measured focal spot images.

the 2D gray distributions illustrates that 1D SSD sig-
nificantly improves irradiation uniformity. In the dis-
persion direction, images subjected to 1D SSD show a
smooth spatial intensity envelop (see single-pixel lineout
in the horizontal direction in Fig. 3(b)), whereas those
exposed to pulses without frequency modulation exhibit
a highly modulated spatial intensity profile (see single-
pixel lineout in the horizontal direction in Fig. 3(a)).
Meanwhile, the spatial intensity profile in the vertical
direction is also considerably improved. Focal spot im-
age is the overlap of a sequence of instantaneous focal
spot patterns shaped by LA (refer to Eq. (1)). With
spectral dispersion, each focal spot pattern is shifted in
space along the horizontal direction—an approach that
can also be called “beam sweeping.” According to the ba-
sic concept of SSD, the irradiation uniformity of the focal
spot can be improved merely by beam sweeping. Given
that sweeping by 1D SSD occurs only in the dispersion
(horizontal) direction, the spatial intensity profile in this
direction is much smoother than that in the vertical di-
rection.

The encircled energy fraction!?! and normalized con-
trast of the focal spot images are analyzed, as shown in
Fig. 4, where SSD1 refers to the 3 GHz frequency mod-
ulation, and SSD2 is the 1D SSD of the combined 3 and
10 GHz frequency modulation. SSD1 and SSD2 have the
same spectral bandwidth. The normalized non-unifor-
mity contrast (RMS) of the focal spot is defined as

3 %i([—[) 5)
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where I is the average intensity of the encircled area.
In Fig. 4, the thin solid black curve, thin dashed red
curve, and thin dotted blue curve represent the encircled
energy fractions of the focal spots without frequency
modulation, with the 1D SSD of 3 GHz frequency mod-
ulation, and with the 1D SSD of the combined 3 and
10 GHz frequency modulation, respectively. These three
curves are nearly overlapping, indicating that the energy
concentrations of the focal spots are unaffected by the
application of 1D SSD. The thick solid black curve, thick
dashed red curve, and thick dotted blue curve represent
the contrast of the focal spots without frequency modu-
lation, with the 1D SSD of 3 GHz frequency modulation,
and with the 1D SSD of the combined 3 and 10 GHz fre-
quency modulation, respectively. The turning point of
these three curves is around 80% of the encircled energy
fraction, and the corresponding spot radius is 83.2 times
the DLW. At this point, focal spot non-uniformity con-
trast decreases from 46% under the absence of frequency
modulation to 17% under 1D SSD. Given the edge slope
of the focal spots, contrast significantly increases when
the calculation area is larger than 83.2 times the DLW.

The spatial PSD!™13) is shown in Fig. 5. The thick
solid black curves and thin solid red curves in Fig. 5 rep-
resent the spatial PSDs without frequency modulation
and with 1D SSD (SSD1 in Fig. 4), respectively. The
spatial spectral distribution is calculated by 2D Fourier
transform with a hamming window applied to the fo-
cal spot data. Three different algorithms are used to
analyze the spatial PSD: (1) the power spectrum is the
sum at each spatial frequency in the dispersion direction
(horizontal direction, Fig. 5(a)); (2) the power spectrum
is the sum at each spatial frequency in the vertical direc-
tion (Fig. 5(b)); (3) the power spectrum is the azimuthal
sum at each spatial frequency in a polar coordinate (Fig.
5(c)).

Without frequency modulation, five peak spectra
(thick solid black curves in Figs. 5(a) and 5(b)) ap-
pear, with corresponding spatial frequencies that are 1
to 5 times the frequency of 0.079 um~—! . Because the fo-
cal spot shaped by LA is a convolution of multiple beam
interference patterns and Fresnel diffraction patternsl®!,
the focal spots have principal maxima with a spatial
frequency of d/FA = 0.085 ym~! and N-2=>5 secondary
maxima between two adjacent principal maxima, where
N is the number of sub-apertures. In ideal conditions, six
peak spectra should appear in the spatial PSD. However,
six times the spatial frequency of 0.085 um~! is a value
higher than the cutoff frequency (0.46 pum~!, dashed
black line in Fig. 5), determined by 2 multiplied the
reciprocal of the DLW. Thus, only five peak spectra are
observed in the experiments. Table 2 shows that the the-
oretical predictions for the peak frequencies excellently
agree with the experimental results.

Because the peak spectra in the horizontal direction are
effectively suppressed by 1D SSD (thin solid red curve
in Fig. 5(a)), the spatial PSDs in the vertical direction
and in the polar coordinates (thin solid red curve in
Figs. 5(b) and 5(c)) are basically the same. For the first
four peak spectra, suppression ratios of 20 and 10 dB
are achieved in the dispersion and orthogonal directions,
respectively.
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Fig. 4. (Color online) Encircled energy fraction and contrast
of the focal spot.
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Fig. 5. (Color online) Power spectra calculated from the focal
spot by using different algorithms.

Table 2. Spatial Frequencies of the Peak Spectra

Peak Frequency 1st 2nd 3rd 4th 5th

Predictions (um™?) 0.085 0.170 0.255 0.340 0.425
Measurements (um~') 0.079 0.16 0.24 0.313 0.388
Difference 71% 59% 59% 7.9% 8.7%

Fraction power above intensity (FOPAI) refers to the
ratio between the sum of laser energy higher than a
certain intensity and total energy; it is defined as?!

_ f[(m)y)>[0 I(Ia y)dxdy

FOPAI(L,) :
I(z,y)dzdy

A steep FOPAI curve, which is close to the average
intensity line, indicates excellent uniformity. In Fig. 6,
the thick solid black curve is the result without frequency
modulation. The thin solid blue curve and thin dotted
red line show the results with the 1D SSD of 3 GHz
frequency modulation and with the 1D SSD of the com-
bined 3 and 10 GHz frequency modulation, respectively.
When SSD is applied, the FOPAI curve becomes steeper,
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Fig. 6. (Color online) FOPAI of different experimental re-
sults.

indicating that the strong intensity area of the focal spot
is effectively reduced and that uniformity significantly
improves. Because the color cycle of the 10 GHz mod-
ulation is 2.49, the effect of coherence among periodic
color cycles is apparent!'®. Thus, the smoothing effect
of SSD2 is not as good as that of SSD1, as verified by
Figs. 4 and 6.

In conclusion, the effectiveness of beam smoothing by
1D SSD and LA is verified by online experiments carried
out on the ninth beam of SG-II. Using 3w spectral disper-
sion with a bandwidth of 270 GHz and a line dispersion
that is 24.9 times the DLW decreases the normalized focal
spot non-uniformity of 80% energy concentration from
46% to 17%. The encircled energy fraction is unaffected
by 1D SSD. For the first four peak spectra, suppression
ratios of 20 and 10 dB are achieved in the dispersion
and orthogonal directions, respectively. Thus, the peak
spectra caused by multiple beam interference of the LA
are effectively reduced by 1D SSD. Furthermore, if an-
other orthogonal-direction SSD is incorporated into the
smoothing process, higher uniformity can be expected.

This work was supported by the National “863” Project
of China and the National Natural Science Foundation
of China (No. 11204043).
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