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ABSTRACT: A new master oscillator is being installed in the pulse-burst laser system used for high-
rep-rate Thomson scattering on the MST experiment. This new master oscillator will enable pulse
repetition rates up to 1 MHz, with the ability to program a burst of pulses with arbitrary and varying
time separation between each pulse. In addition, the energy of each master oscillator pulse can be
adjusted to compensate for gain variations in the power amplifier section of the laser system. This
flexibility is accomplished by chopping a CW laser source with a high-bandwidth acousto-optic
modulator (AOM). The laser source is a Laser Quantum ventus 1064 diode-pumped solid-state
laser with continuous output power variable from 100 to 500 mW. The 1064 nm, 2.7 mm diameter
polarized beam is focused into the gallium phosphide crystal of a Brimrose AOM, which deflects
the beam by approximately 60 mR when driven by the 400 MHz fixed frequency driver. Beam
deflection is controlled by a simple digital input pulse, and is capable of producing deflected pulses
of less than 20 ns width at repetition rates much greater than 1 MHz. These deflected pulses from
the output of the AOM are collimated and propagated into the laser amplifier system, where they
will be amplified to ~2 J/pulse and injected into the MST plasma.
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1 Introduction

Pulse-burst laser systems typically produce a sequential series of laser pulses at high repetition rate
(1kHz to 1 MHz) in bursts that can last many milliseconds. The period between bursts is often
long (1-100 seconds), and is determined by the time needed for heat to be removed from the laser
gain medium. An alternative name for this type of system is “heat-capacity laser,” which makes
explicit the use of thermal inertia to obtain a burst of high-power laser operation while avoiding
the expense and complication of a high-power laser cooling system. Typical individual laser pulse
widths are 1-20 ns with pulse energies that range from a fraction of a joule to several joules. The
need for these high brightness pulses (high peak optical power) is often driven by a diagnostic need
to record an image or scattering event against an extremely bright background.

Arguably the first Nd:YAG pulse-burst laser system was reported by Knight and coauthors
in 1980 [1]. Since then a range of pulse-burst laser capability has been developed at a variety of
institutions, the predominant application being laser diagnostics for fluid dynamic measurements [2,
3]. Recent development has emphasized high pulse energy at high pulse repetition rates for long
burst durations [4, 5]. Pulse-burst laser technology has also been applied to high-temperature
plasma diagnostics, specifically Thomson scattering measurements [6, 7]. A master oscillator,
power amplifier (MOPA) configuration has been used to produce 1-2J pulses at repetition rates
up to 200kHz [8]. However, the diode-pumped Q-switched Nd:YVO4 master oscillator in this
system has several drawbacks. It operates at a preset pulse repetition rate during a burst, pulse-to-
pulse energy variation is substantial and difficult to control, and pulse energy and pulse width are
functions of the pulse repetition rate. In short, it lacks the flexibility and controllability desirable
for pulse-burst MOPA system.

Thus, as a next step in our system development we are implementing the approach of Thurow
et al., replacing the Q-switched master oscillator with an acousto-optic modulator (AOM) pulse
slicer [9]. The AOM slices pulses from a diode-pumped CW laser, enabling pulse-on-demand
operation and variable pulse durations ranging from 10 ns to infinity. This ability to program a burst
of pulses with arbitrary and varying time separation between each pulse will maximize extraction



of stored optical energy from the power amplifier, and provide the flexibility to respond to a broad
range of diagnostic and experimental situations.

2 Pulse-burst laser system

The architecture of the custom high-rep-rate pulse-burst laser built for the MST Thomson scattering
diagnostic is described in [10]. Since that paper was published, the final Nd:glass amplifier stage
has been added to the system. The master oscillator now injects pulses into a power amplifier
consisting of four Nd: YAG stages and two Nd:glass stages. The design goal for this system is burst
operation at 250 kHz repetition rate with ~2J pulses.

A schematic illustrating the layout of the new master oscillator system is in figure 1. The diode-
pumped CW laser produces a 1064 nm beam, minimum diameter ~2.7 mm, linearly polarized with
vertical orientation. The polarization is rotated 90 to horizontal with a halfwave plate (CVI Laser
QWPM series). The beam is focused with a f = +100 mm bestform lens (CVI Laser BFPL series)
to minimum spot size in the crystal of the AOM. The diverging beams (deflected and zero-order)
exiting the AOM are re-collimated with another bestform lens. The focal length of the re-collimation
lens will be selected to produce a deflected output beam with the combination of beam diameter
and beam divergence best matched to the optical characteristics of the power amplifier chain. The
deflected beam is produced only when the AOM is energized, and thus is the pulsed beam that is
“sliced” from the CW laser beam. These beam pulses are directed through a 4 mm optical isolator
(EOT HP-04-1-1064) and on into the first stage of the power amplifier. The zero-order beam is
simply dumped.

Orientation of the AOM crystal relative to the incoming beam is critical for proper operation.
The required alignment adjustability was achieved by mounting the AOM on a Thorlabs PY005
compact five-axis platform. The optical axis of the AOM crystal must be tilted approximately 30 mR
relative to the incoming beam, while at the same time maintaining clear passage of the incoming,
deflected, and zero-order beams through the input and output apertures of the AOM crystal.

AOM on o optical
halfwave  focusing five-axis re-collimating isolator to power
| platform lens lf
CW laser plate lens amplifier
1064 nm ° H $ @ EI dump

Figure 1. A block diagram illustrating the layout of the new master oscillator system. The tilt of the AOM
is exaggerated for clarity.

3 CW laser source

The CW laser source is a diode-pumped solid-state unit, Laser Quantum ventus 1064 with mpc6000
power supply/controller. The laser head is approximately 104 X 174 X 52 mm. Nominal maximum
output power is 500 mW, adjustable down to 100 mW. This is not a narrow linewidth laser, as



this characteristic is not required for our Thomson scattering diagnostic. The laser operating
characteristics most critical for this application are beam power stability and beam optical quality.

The beam power must be stable over a broad range of frequencies in order to avoid fluctuations
in the amplitude of the sliced pulses. As a simple example of the importance of this characteristic,
suppose the beam power oscillates at a frequency of 0.5 MHz. If pulses are being sliced from this
beam at a repetition rate of 1 MHz, there is a high likelihood that the pulse amplitudes will oscillate
around a mean, perhaps also varying with a low beat frequency. Similarly problematic is a beam
that exhibits random variations in output power, particularly power spikes or dips. A spike, if sliced
from the beam, has the potential to be amplified by the power amplifier chain beyond the optical
damage threshold. A dip may not deplete the stored optical energy in the amplifier chain, allowing
excessive energy to be available to the next pulse sent through the chain, again possibly exceeding
the damage threshold. To avoid the problems described above, the laser source was specified to
operate with less than 0.2% rms noise fluctuations in beam power over the frequency range 10 Hz
to 100 MHz.

The optical characteristics of the beam from the master oscillator in any MOPA system directly
influence the quality of the power amplifier output beam. This is true for a system containing an
AOM pulse-sliced master oscillator, but in this case the optical characteristics of the CW laser
source beam also affect the operation of the AOM pulse slicer itself. In particular, the beam must
focus to an acceptable spot size within the AOM crystal, with acceptable divergence out from the
focal point, while avoiding high-order mode structure within the beam that could lead to damaging
power densities within the crystal. The ideal beam would exhibit a TEMqg transverse beam mode,
with beam divergence characteristic of a Gaussian beam. Unfortunately, commercially available
lasers, even those advertised as having a “Gaussian beam,” often deviate from that ideal, particularly
in the far-field, so it is generally prudent to characterize a beam before putting the laser into service.

Figure 2 contains transverse beam intensity profiles taken at four distances from the exit of
the CW laser source. The lack of structure within the 2D profiles, and the Gaussian shape of the
1D cuts, indicates that this beam is approximately TEMg in both near- and far-field. However,
the beam divergence (figure 3) differs from that expected for an ideal Gaussian beam, which has
a minimum spot size (the waist) and a single figure for beam divergence, meaning that the beam
radius increases linearly past the Rayleigh range. Instead, note that the beam shown in figure 3 has
two values of beam divergence: 0.3 mR in the mid-field, and 0.6 mR in the far-field, with the change
in divergence occurring at about 600 cm from the laser. The beam waist of approximately 2.7 mm
diameter occurs between 100 and 200 cm from the laser; an ideal Gaussian beam with this waist
size would have a single value for divergence of ~0.25 mR. This deviation from ideal Gaussian
beam characteristics will likely have a negative effect on beam quality in the power amplifier and
downstream in the beamline that transports the amplified beam to the plasma. Spatial filtering of
the beam may be required if the negative effects become problematic.

Despite this deviation from the Gaussian ideal, the focal spot (figure 4) produced by the
f = +100 mm lens is acceptable. The spot size of ~ 70 um diameter is within specification for
the AOM, and the beam profiles show no evidence of high-order mode structure that could cause
potentially damaging concentrations of power within the AOM crystal.
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Figure 2. Beam intensity profiles Figure 3. The variation of the 1/e> beam radius as a function
recorded by a DataRay beam profiling of distance from the laser source. The two lines illustrate the
camera at various distances from the mid-field divergence (300-600 cm from laser) and the far-field
laser source. The graph below each divergence (600—1400 cm from laser).
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Figure 4. The focal spot variation produced by the f = +100 mm lens, with the lens placed approximately
100 cm from the CW laser source.

4 Acousto-optic modulator

The AOM is a Brimrose GPM-400-100-1064, a gallium phosphide crystal with a center frequency
of 400 MHz. It is driven by a Brimrose FFA-400-B2-F1.25 fixed frequency driver. This driver
has a modulation input, used to turn the driver off and on at frequencies up to S0 MHz. When the
driver is not energized, the laser beam proceeds through the crystal undeflected, often called the
zero-order beam. When the driver is energized, a deflected beam appears, with the input beam
intensity typically split roughly equally between the zero-order and deflected beams.
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Figure 5. Beam intensity profiles of the diffracted ~Figure 6. Pulses sliced from the CW laser beam
(deflected) and transmitted (zero-order) beam. The by the AOM. The AOM driver was modulated by an

graph below each profile is a 1D cut through the SRS DGS535 pulse generator; the time markers iden-
center of each 2D profile. tifying each trace are the input pulse width from the

DGS535. The deflected beam is recorded by a Thor-
labs DET025AL with 150 ps rise and fall times. The
noise on the traces is a results of the low sensitivity
of the detector at 1064 nm.

The operation of an AOM is described in many references, a few of which are listed be-
low [11-13]. In brief, an AOM is activated when an acoustic wave is launched into transparent
optical material (glass or crystalline) by a transducer attached to one face of the material. This
wave results in a sinusoidal modulation of the density of the material, and thus a modulation of
the index of refraction. This index modulation has the characteristics of a grating, so with proper
orientation of the laser beam and the axis of acoustic propagation in the material, a large fraction
of the incident laser beam will be diffracted into the first-order deflected beam when the acoustic
driver is energized. The deflected and zero-order beams are separated by approximately 60 mR by
the specific AOM in this system. Figure 5 shows the intensity profiles of these two beams, neither
of which exhibit any high-order mode structure.

A key figure of merit for use of an AOM as a pulse slicer is the time required for the driver to
establish an acoustic wave in the material, which sets the rise time of the deflected beam, and the
time for the acoustic wave to disappear when the driver is turned off, which sets the fall time of the
deflected beam. The AO crystal has an acoustic velocity of 6.3 km/s, which results in a predicted
rise time of ~7 ns for a 70 um diameter beam spot in the crystal [12]. The manufacturer specifies a
rise time of 7 ns for the driver. The recorded rise time (figure 6) is approximately as expected from
a convolution of these two times. The combination of rise time and fall time set the minimum pulse
width that can be produced by the pulse slicer. Pulse widths of the deflected beam produced by
various input pulse widths to the Brimrose driver are shown in figure 6. Rise and fall times of the
sliced pulse are approximately equivalent, and it is straightforward to produce a symmetric 20 ns
wide laser pulse for injection into the power amplifier chain. Given the bandwidth of the Brimrose
driver, such pulses can easily be produced at repetition rates of 1 MHz, or at repetition rates that
vary during a burst. For example, it may be useful under certain circumstances to inject into the
power amplifier a burst containing a frequency comb of pulses.



For input pulses to the Brimrose driver of less than the 11 ns shown in figure 6, the peak
amplitude of the pulse begins to drop, the drop being approximately proportional to the reduction
in input pulse width. This provides the capability to vary the amount of energy in a sliced pulse
while keeping the pulse width below 20ns (preferable for optimum operation of the Thomson
scattering detection system). This capability should be useful in reducing power amplifier pulse
energy variation when injecting bursts with varying pulse timing (e.g., a frequency comb).

5 Summary

The new master oscillator system described above, consisting of a CW laser source and pulse-
slicing AOM, produces 20 ns wide laser light pulses at MHz repetition rates. These pulses will
be injected into the power amplifier chain of the pulse-burst laser system used for high-rep-rate
Thomson scattering on the MST experiment. The new master oscillator system has the ability to
produce a burst of pulses with arbitrary and varying time separation between each pulse.
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