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Pointing fluctuations of beams reduce the possibility of incoherent or coherent
addition for ultrahigh peak power in a multi-beam picosecond—petawatt laser
system. Pointing fluctuations on the target were observed on Shenguang
Upgrade Petawatt (SGII-UP-Petawatt) beam using a high-speed and high-
resolution active pointing stabilization control system. The maximum frequency
of the pointing fluctuations was less than 50Hz, and the amplitude was
approximately 2.8 yrad (RMS). An online test of pointing fluctuations with active
stabilization control demonstrated that pointing fluctuations could be reduced to
0.63 yrad (RMS), approximately one-quarter of that without active stabilization
control. The benefits of reduced pointing fluctuation were estimated using a
multi-beamlet petawatt laser system; the results demonstrated that peak power
could be increased by 51.7% when active stabilization control was used in an eight-
beamlet picosecond—petawatt laser system.
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1 Introduction

High-power laser systems are used worldwide to support high-energy-density scientific
research activities, inertial confinement fusion (ICF), and astrophysics communities [1-12].
Typically, single or multiple beams are pointed at a small target or accurately injected into a
target through a small hole. Sufficient system stability is important to ensure that the beam
pointing positions are the same as the target position when the target alignment loop is
completed, several minutes before the shot is launched [13, 14]. Absolute beam-pointing
stability is not possible [13, 15] due to environmental pressure fluctuations, acoustic vibration,
and wind. Researchers have improved pointing stability by increasing the stability of mirror
mounts and trusses, providing vibration isolation for support structures, and maintaining a
stable environment. Through these efforts, beam-pointing fluctuations can be reduced to 7 prad
or less, which is sufficiently stable for a nanosecond laser system. Although pointing
fluctuations of approximately 5-7purad are acceptable, the application of
picosecond-petawatt laser systems is limited; incoherent and coherent addition in an
ultrahigh-intensity laser system require precise spot overlapping [3, 4, 16-18].

The Advanced Radiographic Capability (ARC) [3, 4] at the National Ignition Facility (NIF)
[1, 2] sets beamlets to focus on the NIF target and impinge on an array of backlighters; the

backlighting material produces bursts of high-energy x-rays that illuminate an imploding fuel
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FIGURE 1

High-speed and high-resolution beam stabilization system.

capsule. The backlighter can be a gold wire with a diameter of 25 pum or
less, precisely aligned to coincide with the focal spot, as 20% of the
encircled energy for each beamlet lies within a 25-um radius. With
~35 um or ~3.9 prad of 18 pointing uncertainty, ARC beamlets are not
overlapped in space, limiting their application [19, 20]. As significant
relativistic effects in laser-matter interactions require laser intensities
of ~10" W/cm?, the ARC was designed to operate at ~10'® W/cm?,
requiring beam overlapping or additional focusing [21].

Tiled gratings on the Petawatt Aquitaine Laser (PETAL) system
[7] are brought into coherent addition using an auxiliary segmented
mirror with an alternative compression scheme [22]. Position stability
is ensured through closed-loop control of piezo actuators using
capacitive sensors; the pointing stability is +1.3 urad (RMS), with a
peak value of +4 prad [23]. The focal spot remains at one point
through stability control of all mechanical structures. As the beams are
split after the first compressor and combined again after the second
compressor, only the relative difference between the beam segments in
the second compressor induces pointing fluctuations between beams,
which induces focal-spot splitting. The pointing fluctuations of the
second compressor, one mirror, and two gratings for each beam
segment should be significantly less than +1.3 urad (RMS), which
is the pointing fluctuation of the entire system, and may be the reason
why the focal spot is preserved.

In this study, relatively high-frequency pointing fluctuation was
observed in the SGII-UP-Petawatt-picosecond system at the National
Laboratory on High Power Lasers and Physics (NLHPLP); the
maximum fluctuation frequency peak was less than 50 Hz,
consistent with the findings of Isono et al. [15]. A closed-loop
control scheme to reduce the pointing-fluctuation amplitude was
(Cw)
transmitted from the target chamber to continuously identify the

devised using a continuous-wave simulation laser
pointing fluctuation characteristics of the entire single-shot worked
laser system. Using the scheme in the laser system, a test was
conducted without launching a full energy shot; the test result
indicated that the pointing-fluctuation amplitude could be reduced
to almost one-quarter of the amplitude without beam-stabilization
control. Furthermore, numerical simulation based on the test results

indicated that spot-overlapping could be achieved through the entire
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system and that incoherent and coherent additions could be realized
using this technology.

2 High-speed and hi?h—resolution active
beam-pointing stabilization control
system

A high-speed and high-resolution active beam-pointing
stabilization control system was used to reduce pointing
fluctuations, as shown in Figure 1. The system included an image
sensor, a high-speed image processing system based on a field-
programmable gate array (FPGA), and a fast steering mirror
(FSM). A high-speed camera operating at frame rates greater than
1,000 frames per second (FPS) at full frame (HSGZ5M-1600-2TG,
Visiyun, China, 800 x 600 pixels) was placed on the focal plane of a
long-focal-length lens. The image processing system determined the
spot center bias from the reference position on the sensor and sent
control signals within 1.5 ms after a new frame was captured. A 25.4-
mm diameter FSM was used to precisely adjust the tip/tilt in less
than 1 ms.

A position-sensitive detector (PSD) [24] was not used to trace the
far-field beam spot in the scheme because the spot size and intensity
distribution in the spot critically affect detection accuracy. The camera
would trace a feature structure in an image, such as a hot spot, rather
than trace the entire spot. The control system was developed to study
the beam-pointing fluctuation characteristics in the SGII-UP-
Petawatt-picosecond system (Figure 2).

The SGII-UP-Petawatt—picosecond system uses the chirped-pulse
amplification (CPA) technique. A short pulse from a mode-locked
oscillator is stretched in time using a grating-pulse stretcher and
amplified using optical parametric chirped-pulse amplification
(OPCPA). The nanosecond pulse is subsequently amplified by the
SGII-UP-Petawatt amplification chain. The amplified pulse from
spatial filter 4 (SF4) is continuously amplified and transmitted
through the spatial filter series SFs (s = 5, 6, 7, 8). The amplified
nanosecond pulse is sequentially compressed into a picosecond pulse

by the compressor with 4-m gratings (G1-G4). A laser energy of 1 kJ
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FIGURE 2
Test setup of SGII-UP-Petawatt—picosecond system.

FIGURE 3
Beam far-field distribution on high-speed camera.

with a pulse width of 2-10 ps is delivered into the target chamber
center using an off-axis parabolic mirror (OPM).

In the test, the alignment laser was transmitted backward. A
single-mode fiber with NA = 0.12 delivered a CW simulation laser
with a wavelength of approximately 1,053 nm, which was the
wavelength of the Nd:glass laser system, into the center of the
target chamber. The laser was collimated by the OPM and
transmitted backward through three transmission mirrors, four
gratings, three additional transmission mirrors, SF8, the 35-cm
diameter disk amplifiers, and the plasma-electrode Pockels cell
(PEPC), followed by a half-wave plate (removed from the beam
during system operation) and other spatial filters, amplifiers, and
Faraday isolators in sequence. The alignment laser was delivered into
the high-speed and high-resolution active beam-pointing stabilization
control system. Each isolator in the beam reduced the backward
transmission laser power by approximately one-half as the
electromagnet was not energized in the test. The high-speed
camera was placed on the focal plane. The entire system, from the
output end of the fiber to the sensor plane of the high-speed camera,
was considered an optical imaging system. The spot on the camera was
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FIGURE 4
Beam-pointing fluctuations of the SGII-UP-Petawatt—picosecond
system.

the image of the output end of the fiber in the chamber. Thus, the
position of the spot could be changed according to changes in the tip/
tilt of any element in the beam path.

3 Performance of high-speed and high-
resolution active beam-pointing
stabilization control system

The pointing fluctuations of the laser system were measured for
several seconds at 1,000 FPS using the high-speed and high-resolution
active beam-pointing stabilization control system. A typical spot
distribution is shown in Figure 3.

The center of the spot indicates the pointing of the system and is
processed as follows. First, an area of concern in the frame is chosen to
reduce the data size; the spot remains inside this area. The center of the
spot is determined using a gravity algorithm automatically executed by
the FPGA. The deviation between the current spot position and a
reference position is calculated, and a control signal is sent to drive the
FSM to point the current spot to the reference position. The
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FIGURE 5

Spectrum of beam-pointing fluctuations in the SGII-UP-
Petawatt—picosecond system.

relationship between the control voltage applied to the FSM and the
pixel deviation is calibrated before the test; when a new frame is
obtained, the center of the spot is calculated, and a new control signal
is sent out.

Figure 4 shows the details of a recorded segment of beam-
pointing fluctuations. The red dotted represents the
horizontal spot deviation referring to the average spot center
during a recording period of approximately 4 s; the blue dashed
line represents the vertical spot deviation referring to the same
reference position. The deviation angle is calculated using the
same method. The relationship between the angle and the pixel
deviation is calibrated before the test.

The results showed that the pointing fluctuations from SF4 to the
target were approximately 2.8 urad (RMS) and 6.3 prad (PV). The
frequency spectrum of the beam-pointing fluctuation was analyzed by
FFT according to the pointing fluctuations measured (Figure 4), as
shown in Figure 5. The analysis indicated that the visible spikes did not
exceed 50 Hz, which means that when the active beam-pointing
stabilization control system operates above 200 Hz, the pointing
fluctuation can be effectively reduced for a 100-m-scale laser

line

system according to the Nyquist sampling law.
The pointing fluctuations are recorded when the active beam-
pointing stabilization control system operates in a closed loop, as

10.3389/fphy.2023.1118254

shown in Figure 6. The pointing fluctuations are significantly reduced
in most cases compared with those in Figure 4. The abnormal shocks
are likely reduced in the vertical direction (Figure 6A) because the
original pointing-fluctuation amplitude was never significantly large;
the system operates well at all times in the horizontal direction
(Figure 6B). Considering a normal segment of data without spikes
for analysis, the pointing fluctuations from SF4 to the target are
reduced to 0.63 prad (RMS) and 1.98 prad (PV), as shown in
Figure 6C.

This is a challenging task and has never been reported for a high-
power laser system. It has been demonstrated in simulations that the
tip/tilt error should be no more than 0.5 prad for two-beam additions
to obtain the Strehl ratio (SR) >0.8 [16]. This study meets this
requirement in a high-power laser system, paving the way for the
application  of addition CPA-configured
picosecond—petawatt laser systems.

coherent in

4 Peak power improvement in multi-
beam petawatt laser systems

To evaluate the benefits of this technology, the power of non-
coherent addition for eight beams was simulated, considering the
pointing fluctuations of the laser system. In the simulation, the far-
field distribution of the beam I(i,j) was generated based on the x-ray
focal spot grayscale image G (Figure 7), where G(i,j) is the value of the
pixel (col = i, row = j). Supposing that the peak power is approximately
Lnax 34 x 10" W/cm?® which is easily attained in a
petawatt—picosecond laser system, the distribution I(3,j) can be
expressed as follows:

ImaxG (i> ])
Gmax

1(i,§) = , 1
where G,y is the maximum of the grayscale image G.

The far-field spot moves from the center of the target
corresponding to the pointing fluctuation data; the value of the
center for frame k is as follows:

Icenter (k) = I(l - Xk,j - )’k) (2)
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Active beam-pointing stabilization control system working in a closed loop in the SGII-UP-Petawatt-picosecond system: (A) Pointing fluctuations in the
vertical direction; (B) Pointing fluctuations in the horizontal direction; (C) Pointing fluctuations from 723 ms to 1,624 ms in (A).
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50pm

FIGURE 7
X-ray focal spot grayscale image in SGII-UP-Petawatt—picosecond
system.

where (x, ) denotes the center of frame k (k = 1,2, ..., N). The
intensity probability distribution p at the center of the chamber can be
estimated by the histogram corresponding to I..,,(k), which can be
written as follows:

N
p(n) = Yhtkn) [N, 3)
k=1

where n=1,2,3, ..., M; M is the number of bins in the histogram; and
h(k,n) represents the judgment function for frame k that is used to
determine whether the intensity is within the range of n in the

histogram.
n-1 n
1) —I max < Icenter (k) <—I max
h(k,n) = M M , 4)
0, else
Supposing that each beam fluctuates independently,

the incoherent addition intensity of the eight far-field beams
ranges from 0 to 8I,,,. The probability of each intensity P is as

follows:
0.3
open-loop

0251 | e closed-loop 1
> 02 | T closed-loop segment i
£ 015 ]

2
= 0.1F 1
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FIGURE 8
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8N
P(m) =Y H(kn) / 8N, )
k=1

where n =1,2,3, ..., 8N, and H(k,n) represents the judgment function
for the incoherent addition intensity of eight beams, which is used to
determine whether the intensity is within the range of n in the
histogram.

n-1
M

n

I max < Icenter (k) < MI max ,

>

H(k,n) = (6)

0, else

Figure 8 shows the probability distribution P(n) of the laser intensity in
the center of the target under various pointing-fluctuation conditions. The
“open-loop” implies that the pointing-fluctuation data were obtained from
non-controlled pointing fluctuations, as shown in Figure 4. The “closed-
loop” implies that the active beam-pointing stabilization control system
operates as shown in Figures 6A, B. The closed-loop segment indicates that
the pointing-fluctuation data are obtained from a segment without
abnormal shocks, as shown in Figure 6C. Supposing that the active
beam-pointing stabilization control system works in a closed loop for
each beam, the certain exceeded intensity (CEXI, “certain” represents >95%
probability) is improved from 1.72 x 10" W/cm® to 2.20 x 10" W/cm?, as
shown in Figure 8B, although occasional high-amplitude pointing
fluctuations occurred in the test. Considering the segment without
abnormal shocks, the CEXI is further increased to 2.61 x 10" W/cm?
which is close to the intensity of the incoherent addition of eight beams
(approximately 2.72 x 10" W/cm?) without any pointing fluctuation.

5 Summary and discussion

This study proposed a high-speed and high-resolution active beam-
stabilization system to evaluate pointing-fluctuation characteristics and
reduce the pointing fluctuations in high-power laser systems. The
maximum frequency of the pointing fluctuations was less than 50 Hz,
and the amplitude was approximately 2.8 prad (RMS) and 6.3 prad (PV).
The active beam-stabilization system was tested on the SGII-UP-
Petawatt—picosecond system; the pointing fluctuations were reduced to
0.63 prad (RMS) and 198 urad (PV). The simulation results for
addition based on the
demonstrated that the peak power could be increased by improving

incoherent active  stabilization ~system
the beam stability in the multi-beam picosecond-petawatt laser system.
The peak power was improved from 1.72 x 10" W/cm® to 2.61 x 10" W/
cm’, increased by 51.7%. This technique can also be applied to the

coherent addition of laser beams in high-power laser systems.
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Performance of an active beam-pointing stabilization control system: (A) Probability distribution of laser intensity at the center of the target; (B)

Probability of laser intensity exceeding a certain value.
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Given that the active beam-stabilization control scheme was
conducted on a laser system in this study, closed-loop control can
be improved in the future. The only concern is the application of the
stabilization control system when a high-energy shot is launched. A
scheme has been proposed for this condition [25, 26], and research is
underway. High-precision pointing control in high-power laser
systems is expected to be achieved in the near future.
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