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FIG. 3. (Color online) Thomson scattering measurement of electron tem-
perature evolution during an improved confinement discharge. Both upper
and lower plots are illustrations of the same data. Temperature in the core
volume of the plasma steadily rises during the improved confinement period
and then drops rapidly as the period ends.

pulse-burst laser programming is a type of heat-capacity la-
ser operation.lo_12 Heat-capacity laser operation is character-
ized by a burst of pulses of limited duration, tens of ms in
this case. During the burst, the entire volume of the laser rod
is evenly heated by the flashlamp pump pulses,7 rising
steadily in temperature as the burst progresses and the waste
heat from the pump pulses accumulates. The temperature rise
is relatively uniform throughout the rod volume, so thermal
gradients in rod remain small and beam distortion due to
index gradient effects also remains correspondingly small.
Heat is completely removed from the rod after each burst.

Heat-capacity laser operation is intermediate between
single-shot high energy operation in which every laser pulse
starts with a completely equilibrated gain medium, and
steady-state operation (e.g., continuous train of pulses) in
which cooling while pumping establishes thermal gradients
in the gain medium. Typically substantial effort in optical
correction and compensation is required to counteract the
index gradient effects arising from steady-state operation.
This level of effort is usually not required for heat-capacity
laser operation, thereby substantially simplifying the laser
design.

The time required to establish a temperature gradient in
the smallest rod in our NdYAG laser heads is long compared
to the burst length. The figure of merit useful to quantify this
statement is the one-dimensional approximation of the ther-
mal diffusion time across the rod radius

Ar = E;’2,

K
where p is the 4.56 g/cm’ density of YAG, c is the
0.59 J/g °C heat capacity of YAG, and « 1is the
0.1 Wy/cm °C thermal conductivity of YAG." For a YAG
rod with r=3 mm, the thermal diffusion time is 2.4 s, much
greater than the burst length. This approximation of the ther-
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mal diffusion time assumes effective cooling of the rod edge,
therefore the time to establish thermal gradients in a rod will
be lengthened if it is thermally isolated from its surround-
ings. The modeling results reported in Ref. 14 also indicate
that the index gradient effects on pulse energy and beam
divergence should be small for these short bursts.

A practical limit to the peak temperature of the rod at the
end of a burst is 100 °C, the boiling point of unpressurized
cooling water. Around this temperature, the lower lasing
level of the active Nd ion in the rod also begins to be ther-
mally populated from the ground state."' The rods in our
laser should be well under this limit at the end of a burst,
using the approximation that half the electrical energy deliv-
ered to the flashlamp arc is radiated, and a substantial frac-
tion of that radiant energy is absorbed by the flow tubes and
other surfaces in the pumping chamber.

In addition to the burst of fifteen 0.15 ms pulses, another
typical mode of operation is to drive the laser flashlamps
with a burst of five 0.31 ms pulses at a repetition rate of
1 kHz. A detail of one of the five pulses is shown in Fig. 2.
The Pockels cell is switched three times: 0.145, 0.225, and
0.305 ms after the start of each flashlamp pulse. The 0.08 ms
between Pockels cell switches allows the laser rod to re-
pump, and thus produces a burst of three ~2 J pulses at a
repetition rate of 12.5 kHz.’ By operating both lasers in this
mode and interleaving the pulses, the system produces five
bursts of six ~2 J pulses; the pulse repetition rate within a
burst is 25 kHz, and the burst repetition rate is 1 kHz. This
mode of operation is useful for recording electron tempera-
ture fluctuations and correlating them with magnetic mode
rotation in MST."

In practice, the operational limits of this laser system are
set by the explosion energy and wall loading limits of the
ﬂashlarnps.9 The explosion energy characterizes the electri-
cal energy applied to the flashlamp that is likely to cause
single-pulse catastrophic failure. A single-pulse explosion
constant is generally supplied in flashlamp data sheets; the
explosion energy then scales as the square root of the pulse
width. The flashlamps in the system described in this paper
are operated at a maximum of approximately 15% of the
explosion energy. At this limit we expect a lifetime of greater
than 103 pulses. The need to produce ~2 J laser pulses sets
the required flashlamp power input, thus the practical effect
of this explosion energy operational maximum is to limit a
single flashlamp pulse to a width of 0.39 ms.

Flashlamp manufacturers typically suggest a time-
averaged wall loading of 200 W/cm? for liquid-cooled
flashlamps with clear fused quartz walls of 1 mm thick. Ap-
plication of this limit to pulse-burst operation is not imme-
diately apparent since the power loading within a burst is
large, but then the time between bursts is long enough to
ensure that all heat is removed from the flashlamps. As a
starting point, the flashlamps have been operated such that
the burst-integrated heat load is kept well below 200 J/cm?.
This operational maximum limits the number of flashlamp
pulses in a burst; the longer a flashlamp pulse, the fewer a
burst can contain.

Several months of operational experience producing
greater than 10* pulses suggests that the pulse-burst pro-
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gramming described above is conservative; in particular it
appears that the number of flashlamp pulses in a burst can be
increased. As a starting point, we plan to double the number
of pulses in a burst (e.g., 30 pulses instead of 15) during the
next major MST experimental campaign.

Besides actually pulsing the flashlamps, the drive system
is required to perform another key function: starting and sus-
taining a simmer discharge in the ﬂashlamps.7 If the simmer
discharge is not present when the IGBT applies the drive
system voltage to the flashlamp electrodes, the flashlamp arc
discharge will not start. Initiation of the simmer discharge
requires application of a short (~1 us) high-voltage
(=10 kV) trigger pulse to the flashlamp. In the initial design
of the drive system the primary of the trigger transformer
was driven with a pulse of fixed width and voltage. Unfor-
tunately the resulting high-voltage pulse was insufficient to
reliably initiate the simmer discharge. The solution was to
produce an adjustable width input pulse with a small IGBT,
and optimize the pulse width to match the characteristics of
the trigger transformer as loaded by the flashlamp.

In addition to greatly extending the capability of the
MST Thomson scattering diagnostic, a major advantage of
the system described in this paper is the relative simplicity of
implementation and operation. A number of solid-state pulse-
burst laser systems have been previously built (see Ref. 8 for
brief descriptions), but they have all been custom systems,
with limited operational flexibility. In contrast, for the system
described in this paper, Q-switch and flashlamp parameters
are independent and programmable, and enable production
of a burst of pulses tailored to experimental needs. In addi-
tion, any of a large variety of commercial solid-state laser
optical heads could be used as the basis of such a laser sys-
tem, substantially reducing development and construction
effort.

As a next step beyond the laser upgrades described
above, a custom pulse-burst laser system is now being com-
missioned. This new laser is designed to produce a burst of
up to 200 approximately 1 J Q-switched pulses at repetition
frequencies of 5-250 kHz. The master oscillator is a compact
diode-pumped Nd: YVO, laser, intermediate amplifier stages
are flashlamp-pumped Nd:YAG, and final stages will be
flashlamp-pumped Nd:glass (silicate). The YAG amplifier
stages of this system are complete and work well, and the
first Nd:glass stage is undergoing testing (Fig. 4).'6

Although the laser systems described in this paper are
limited to a burst length of a few tens of milliseconds, this is
not an intrinsic limit of heat-capacity laser design. For ex-
ample, the Solid-State Heat-Capacity Laser (SSHCL) pro-
gram at Lawrence Livermore National Laboratory has built
and operated a diode-pumped Nd:YAG laser capable of
10 kW average power operation for 5 s, with a two-times
diffraction limited, wavefront corrected beam.!” The gain
media are 10X 10X2 cm?® slabs of transparent ceramic
Nd:YAG."? This laser is relatively compact, fitting on a
single large optical table. With some refinement and exten-
sion, this type of laser system could be adapted to serve as
the source for a Thomson scattering diagnostic on a large
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FIG. 4. (Color online) Optical table layout of high-repetition-rate pulse-
burst laser system being commissioned for addition to the MST Thomson
scattering system.

fusion research experiment, producing electron temperature
profiles at a rate of 10-100 kHz for several seconds.
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