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Recent technological developments make a laser Thomson scattering diagnostic, operating in the
incoherent electron scattering regime, a good candidate to accomplish measurements of fast electron
dynamics(i.e., fast equilibrium changes, turbulence, and electron fluctuatiortigh temperature
plasmas. Pulse repetition rates for current generation Thomson scattering diagnostics have been
limited to about 100 Hz, with the possible exception of “burst” modes in which multiple laser
systems provide a limited sequence of closely spaced pulses. To overcome this limitation in laser
capability, we propose that recent advances in compact, high power, diode-pumped solid state lasers
be applied to a fast Thomson scattering diagnostic for fusion research. To illustrate the possibilities,
we present an overview of a diagnostic system designed for the Madison Symmetry Torus reversed
field pinch. The operational goal for this single-laser system is to medsura,, andp, with a
measurement rate of at least 10 kHz and spatial resolution of 2 cm. If successful, the technique can
be extended to higher temporal frequencies and much better radial resolution, and implemented on
other fusion research devices. @03 American Institute of Physic$DOI: 10.1063/1.1532762

|. DIAGNOSTIC GOALS it fluctuates in time and space. A laser Thomson scattering
diagnostic, operating in the incoherent electron scattering re-
gime, is a candidate to accomplish a good part of this goal.
everal examples of the possibilities of this approach exist.
he high spatial resolution Thomson scattering system on the

Measurement of fast electron dynami@¢®., fast equi-
librium changes, turbulence, and electron fluctuatioims
high temperature plasmas is one of the remaining frontiers

plasma diagnostics.The Transpo_rt and Turbulence Sub- Eaijnhuizen Tokamak ProjectRTP) tokamak was used to
group at the 1999 Snowmass Fusion Summer Study reported, . ~ - ~
make initial measurements df,, ng, andj, for 0.03<k

“While ion transport appears to be fairly well understood in - X ;
tokamaks, knowledge of electron particle and energy trans=0-2 MM ~ from an ensemble of 47 discharge3he six _
port remains far more elusive.” Oversimplifying the mea- laser vertical Thomson system on ASDEX Upgrade has just

surement problem, ions are able to emit discrete wavelength€en improved to allow “burst” mode operation with a mini-
photons that carry information about the state of that ion to &um time delay between laser pulses of 100 ns and radial
detector, while electrons emit radiation only when accelerfesolution of 2.7 mni. This is an impressive achievement,
ated (e.g., cyclotron or bremsstrahlung emisgi@nd typi-  but temporal resolution in these and similar systeimgdim-
cally must be actively probed with a beam of particles orited to a burst train consisting of a single-digit number of
photons in order to obtain detailed information. In spite oflaser pulses; the time delay between bursts is a substantial
this difficulty, substantial progress has been made in medraction of a second. Continuous pulse repetition rates for
surement of the turbulent electron density field in the toka-current generation Thomson scattering diagnostics have been
mak edge. However, the other turbulent moments of the eledimited to about 100 Hz. This situation can be improved by
tron distribution function have typically only been measuredincreasing the number of lasers operating in the diagnostic
in cool edge plasmas with material probes. In addition tosystem, but space, cost, and complexity severely limit that
electron turbulence, there is also a critical need for measurgpath. This limitation in laser capability is the sole difficulty,
ment of fast equilibrium changesuch as sawtooth crashes as filter or holographic transmission grating spectrometers
and confinement barrier transitionsand long wavelength with avalanche photodiodéAPD) detectors could easily
disturbances such as pressure-driven magnetohydrodynamigndle much higher data rates.
(MHD) instabilities. To overcome this limitation in laser capability, we pro-
Ideally, the experimentalist would like to make direct pose that recent advances in compact, high power, diode-
measurements of the entire electron distribution function aBumped solid state lasers can be applied to a fast Thomson
scattering diagnostic for fusion research. This laser develop-
¥Electronic mail: djdenhar@wisc.edu ment effort has been driven by a combination of industrial,
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defense, and inertial fusion energy applications, and thus thimagnetic confinement devices, although mode conversion of
proposal represents an attractive and cost-effective transfetectron Bernstein waves offers diagnostic possibilities in
of technology to the magnetic fusion energy program. Tooverdense plasmas.But even in tokamaks and stellarator,
illustrate the possibilities, we will present an overview of aauxiliary current drive and heating, or the presence of su-
diagnostic system designed for the Madison Symmetrigrathermal electrons, can significantly alter the electron dis-
Torus (MST) reversed field pincHRFP. MST has a well- tribution function and make interpretation of ECE spectra
diagnosed plasma and exhibits interesting physics, includingrore difficult'? An incoherent Thomson scattering diagnos-
an improved confinement operating mode, large-scale resigic is less sensitive to this problem, and does not suffer from
tive MHD activity, and magnetic relaxation phenomena. Theradiation cutoff.

operational goal for this system is to measiigg N, and

Pe With a measurement rate of at least 10 kHz and spatial

resolution of 2 cm, using a single, compact laser. If succesg-”' EXAMPLE IMPLEMENTATION

ful, the technique can be extended to higher temporal fre-  The innovative aspect of the proposed diagnostic is the
quencies and much better radial resolution, and implementegpplication of high-average-power diode-pumped solid state

on other fusion research devices. Yb:yttrium—aluminum—garnetYAG) laser technology to a
Thomson scattering system. Development of this laser tech-
II. SIMILAR WORK nology is being driven by both industrial and inertial fusion

energy applications’ Development work on diode-pumped

To our knowledge, no one has constructed a laser ThOmyh:yAG lasers is being done by various laboratories
son scattering diagnostic operating in the incoherent electrofyorigwide 2417 (Refs. 18 and 19 are good summaries of the
scattering regime to measure electron turbulence. A propos@|,rrent status of ytterbium solid state lageb:YAG im-
to perform plasma turbulence imaging using high-power laproves on Nd:YAG by having a longer fluorescence lifetime
ser Thomson scattering has appeared in the literdtbte,  and closer pump and emission peaks, thus making it a more
the present proposal is fundamentally different. That workgtficient gain medium, especially for diode pumping. How-
proposed use of the Nova laser to produce a single-pulse 1%er, Yh:YAG is a three-level lasdunlike Nd:YAG) and
kJ “plane sheet” beam to produce a snapshot two+hys requires a minimum pump level to bleach the lower
dimensional(2D) image of spatial electron density fluctua- jevel. At low pulse repetition frequencies, every shot requires
tions, providing a diagnostic capability with similarities to thjs pleaching investment, but above kHz rates at high power
recent advances in beam emission spectrostdihe initial  yh:yAG becomes highly efficient. Design scalings have pre-
implementation of the diagnostic we are proposing noMiicted reasonably compact Yb:YAG lasers operating at 100
nally produces one-dimensional spatial measurement of botfyy average powef®
N and T, but the time-series measurement capability will  we propose development and construction of a 1030 nm
provide data from which 2D or even three-dimensional strucyh:YAG laser system as the source for a fast Thomson scat-
tures can be reconstructed. This was accomplished to a veg¥ring diagnostic for the MST reversed field pinch. The tech-
limited extent on the RTP tokamak by double pulsing thenjcal approach follows a previously demonstrated Yb:YAG
Thomson Scattering laser. The two pulses were timed to C%ygtem in which good beam qua”ty at h|gh average power
incide with the passing of the tearing mod®™and “X"  was achieved through a resonator design utilizing a large
points past the measurement points; the expected profile flagiameter fundamental mode that almost filled the ¥bth
tening and steepening was obserVed MST the long wave-  this approach, the laser rod itself acts as a spatial filter. This
length helical tearing modes will continuously rotate past thgimits the number of transverse modes beyond the fundamen-
measurement points; correlation of the fluctuationsdrand  ta| that are supported by the cavity without incurring large
Te with magnetic fluctuation measurements will allow for diffractive losses. Figure 1 shows a schematic drawing and
spatial reconstruction of thie, and T, turbulent structures. photograph of a dual-rod Yb:YAG system with a 90° rotator
Thus the ability to make local, time-series measurements dbcated between the rods for birefringence compensation.
fluctuations should translate to a powerful spatial mappingrhis tabletop-size system is serving as the base line for the
capability. presently proposed Thomson scattering source.

The diagnostic in current operation that is most similar ~ The laser shown in Fig. 1 produced over 1 kW of con-
in capability to the proposed fast Thomson scattering systertinuous wave output power, and ingeswitched mode pro-
is correlation radiometry of electron cyclotron emission.duced 532 W of output power at a kHz pulse repetition fre-
Successful use of this technique was first reported on thquency(53.2 mJ/pulse For g switching, two acousto-optig
W?7-AS stellaratof and has since been extended to measureswitches were symmetrically located in the cavity near the
ment of the correlation between electron density and temend mirrors. In theg-switched mode of operation, the mea-
perature fluctuations in W7-AS by simultaneous operation ofured pulse width was 77 ns, the measured beam quality was
a heterodyne reflectometer and correlation electron cyclotroM?=2.2, and the pump-light to laser-light conversion effi-
emission(ECE).® Correlation ECE radiometry has been ap- ciency was 17%. The only substantial difference between the
plied to or is being implemented on a number of tokamaksalready demonstrated laser technology and the technology
most notably TEXT-U Future application of ECE radiom- being proposed here is in the diode pump arrays. Since the
etry is limited by several factors. Probably the most severe islevelopment of the laser shown in Fig. 1, LLNL has devel-
the radiation cutoff that prevents viewing ECE in low-field oped an advanced laser diode pack¥gezalled the
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FIG. 1. Schematic diagram and photograph of a dual-rod Yb:YAG laser with birefringence and bifocusing compensation, developed at Lawrenee Livermor
National Laboratory.

“SIMMs” package for silicon monolithic microchannels. would be required to address the linear polarization require-
This development substantially reduces the cost of the lasenent given in specificatiof6). The laser light from the sys-
diode arrays. The proposed laser system will require approxtem shown in Fig. 1 was unpolarized due to the stress-
mately 3.2 kW of diode arrays for pump excitation, a smallinduced birefringence in the laser rod. However, the
fraction of the 80 kW of SiMMs packaging that has alreadydemonstrated beam quality for the laser in Fig. 1 W&S

been successfully demonstrated. = 2.2, which is more than two times better than that required
The laser we are proposing will be designed to meet theo achiew a 1 mmspot size at a focus, 50 cm from an entry
following specifications: port[specification(5)]. This opens up the possibility that the
(1) burst mode operation with a burst duration of 100 msCUtPut radiation from the laser can be split apart into two
every 2—3 min: _orthogqnal linearly polarlzed _beams a_nd then ret_:om_blngd
(2) pulse duration<100 ns; mtc_> a single compos!te spot. Simple optlcal rec_:orquanon in
(3) 10 kHz<pulse repetition frequency=20 kHz during which one of the split off beams has its polarization rotated
burst on time: by 90° and then is juxtaposed next to the other beam results
(4) pulse energy=50 mJ; in a composite single beam having linear polarization at

(5) beam quality M2) generated by the laser shall be suchroughly twice the beam qualit_y of the or_iginal _unpolarized
that a 1-mm-diam spot 50 cm from a beam entry point!aser beam. Thus the composite beam .WI|| be linearly polar-
on the containment vessel can be generated, and thi€d and have a beam quality sufficient to generate the
over a 50 cm span the beam remains less than 2 mm iimm-diam spot as required by specificatiés) above.
diameter; and However, for the Thomson scattering diagnostic it will prob-

(6) laser light should be linearly polarized. ably be straightforward to generate linearly polarized light

directly out of the laser without any need for beam splitting
The beam quality description given in the fifth specifi- and recombining. As explained below, this is because the
cation above can be quantified asMA requirement of 5.3. Thomson scattering laser runs at a substantially lower aver-

With this M2 value, and a 3.6-mm-diam input beam spot atage power than the continuously running system that we

the entrance port to the containment vessel, a simple 50 citave already demonstrated.

focal lens at the entry port can be used to generate the nec- In many respects, the laser system proposed for applica-

essary beam divergence profile. tion to a Thomson scattering diagnostic on the MST RFP is
With only a simple optical management system at thdess demanding in terms of its specifications than the already

output of the laser, it can be argued that the dual-rod 103demonstrated system in Fig. 1. This is because the system in
nm Yb:YAG system shown in Fig. 1 has met all the requiredFig. 1 operated continuously at the 10 kHz and 53 mJ/pulse
laser specifications for the Thomson scattering diagnostioperating point, but the present system is only required to

The optical management system at the output of the lasesperate at this pulse format in a burst mdde0 ms every
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2-3 min. This burst mode operation opens up a new operon each of the polychromator channels. The output of the
ating window resulting from the relationship between theAPD modules will be directly digitized at a rate between 0.5
thermal diffusion time needed to establish steady state temand 1.0 GHz, with the digitizer gated on for approximately
perature gradients in the 2-mm-diam Yb:YAG rod and the500 ns around each laser pulse. This digitization scheme cap
burst mode duty cycle. As a very rough estimate of the timdures both the signal and background with a single channel,
taken to establish steady state thermal gradients in the 2-mnand has become cost competitive with current pulse integrat-
diam YAG rods to be used, we simply consider the thermaing digitizers such as the LeCroy 2249A. Direct digitization

diffusion time in YAG: increases the system flexibility and provides a better opera-
c tional record for troubleshooting and data analysis.
At= p_sz, An eight channel polychromator is not sufficient to allow
K

inversion of a non-Maxwellian electron velocity distribution
where p is the 4.56 g/crh density of YAG, ¢ is the 0.59 function, but is sufficient to measure the small shift of the
J/g °C heat capacity of YAG, and is the 0.01 W,/cm°C  center of the scattered spectréfriThis shift is proportional
thermal conductivity of YAG. Taking\x to be the 1 mm rod 0 the directed electron velocityjy). Although not one of
radius gives a thermal diffusion time of 2.7 s. This thermalthe goals of this diagnostic, it may be useful at some point to
diffusion time, which is much longer than the burst mode on@ttempt ensemble average equilibrium measurements of the
time (100 mg, and much shorter than the burst mode off component of . directed along the scatteriigvector.
time (2—3 min, offers up interesting possibilities that sug-
gest laser design could be simplified and laser performanc
exceeded relative to the already demonstrated continuous@
running system. These possibilities for simpler systems and
better performance obtain because thermal gradients will not To set the context for the fluctuation measurement per-
have a chance to establish themselves in the laser rod durifigrmance that should be obtained from the proposed fast
the burst on time, and the gradients that do establish themFhomson scattering diagnostic, we have carried out a simple
selves after a burst is completed will have substantially demoment analysis estimate of the expected uncertaintig€g in
cayed away before the next burst begins. This means thendn.. The most important parameter in this estimatél,is
laser rod will essentially be starting from a cold cavity con-the total number of Thomson scattered photoelectrons col-
figuration for every burst and be operating in a near heatected per pulse of the laser. This can be calculated fkom
capacity mode. Simplifications over the continuously run-~N,(nT)ner§L(AQ), whereN, = number of incident pho-

. ESTIMATED PERFORMANCE OF THE PROPOSED
IAGNOSTIC

ning design will come in several ways. Since thermally in-tons in laser pulse;n, = electron density ~1.5
duced gradients will not establish significantly during thex10' m™3, r, = classical electron radius= 2.82
burst on time, thermal lensing in the laser rod will not be anx10 *® m; L = length of observed scattering volume

issue. Additionally, it will not be necessary to correct for ~0.02 m; AQ) = observation solid angle~0.03 sr; 7
stress-induced birefringence, and so design considerations quantum efficiency of detectee0.4; andT = transmis-
associated with bifocusing compensation that were importargion of the optical systen+0.2.
for the continuously running system will not have to be ad-  The values shown for these parameters are what could
dressed in the Thomson scattering system. We are propositng expected for an implementation on MST. The uncertainty
to carefully consider the possibility of exploiting these con-in density measured by Thomson scattering is proportional to
ditions in the design phase of the laser. Based on our pret/\/N, and the uncertainty in temperature is\2 times
liminary estimates, it does appear that a single rod pumped é&trger. Two other mechanisms add to the measurement un-
each end will be adequate for the Thomson scattering lasecertainty: the excess noise generated by the avalanche pro-
The light collection and detection systems of this diag-cess in the APD, and the background light emitted by the
nostic do not require the same level of innovation as thelasma in the wavelength region of measurement. A good
laser. Implementation on the MST RFP is eased by a maguality APD will have low dark current and an excess noise
chine design that provides good diagnostic acdessdis- factorF of 3 or less, so we assunffe= 3. (Electronic noise
crete toroidal field coils although porthole size is limited to added by the amplifier and digitizer following the APD is not
11.5 cm diameter. Scattered light collection will be done withaccounted for here, but that can be minimized by good de-
a custom six-element lens similar to that used for the MSTsign) In MST, we typically record continuum emission in
equilibrium profile measurement Nd:YAG Thomson scatter-the near infraredNIR) about five times bremsstrahlung, so
ing system. The lens translates entirely in vacuum through ¢hat has been folded into the estimate of background photo-
valve to view the laser scattering volume in MST. The focalelectron in Table I. Other estimates going into the figures in
plane of the lens is outside the vacuum and is easily acce$he table are a total spectral bandwidth of 100 nm for collec-
sible. Fiber optic bundles will lead from the focal plane totion of Thomson scattered light, and a spectrométendue
filter polychromators designed and built by Generalof 0.014 cnf sr (reasonable for standard 3-mm-diam APD
Atomics?! All eight channels of each of the polychromators detectors, but could be increased substantially by large area
will be populated, four on the short wavelength side of theAPDs). Note that a quantum efficiency of 0.4 for the APD
1030 nm laser line, three on the long wavelength side, andetectors is conservative; for example, Perkin-Elmer NIR-
one covering the laser line to enable Rayleigh scattering derenhanced APDs are specified to be 0.4 at 1064 nm, rising to
sity calibration. Avalanche photodiode detectors will be usechearly 0.8 at 950 nm.
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TABLE |. Estimate of measurement uncertainties using a 50 mJ laser pulse energy in the proposed high
repetition rate Thomson scattering system.

Pulse Photons/ Background

energy at pulse from Photoelectrons/ photoelectrons in

1030 nm laser pulseN 100 ns Ang AT,
50 mJ 2.6¢10Y 1480 2000 12% 17%

These simple analytic uncertainty estimates are very ertic will have the capability to capture the characteristics of
couraging. They are conservative by design; the momerthe electron turbulence associated with tearing mode activity.
analysis estimate does not assume a fitting function, and sbhis will enable first-time measurements of the structure of
does not add any information to the problem. A simplesuch turbulence and the transport caused by it.

Monte Carlo simulation, assuming a Gaussian fitting func-  However, suppose the temperature fluctuations are un-
tion, produced substantially lower estimated uncertaintiesgorrelated with other fluctuating quantities. From a physics
<8%. More sophisticated Thomson scattering data analysigiewpoint this would be unexpected in MST, and would pro-
techniques, such as a maximum likelihood metfitddmay  vide the severest test of this Thomson scattering diagnostic.
produce even lower uncertainties. Therefore, we can corin order to estimate the uncertainty in an ensemble averaged
clude, with a very high degree of certainty, that with a 50 mJquantity such agT,),?’” we first estimate the “fluctuation
Yb:YAG laser similar to that demonstrated at LLNL, mea- uncertainty,” 572, in a single time point measurement of

it 0 . _ H H ~ ~ m ~ . . .
e el Pise UGty Wil e Ta=(Te 7% whereT, i the actual physical fucuaton

) S X _ ._.._amplitude andr;=51 eV is a conservative estimate of the
with th|_s dlagnogtlc, as ensemble averaging a”?' statisticy ndomly distributed measurement uncertaiffgble |) for
corre_latlon techniques dramatically lower the achievable unTe: 300 eV (typical in a standard MST dischange
certainty for electron turbulence measurements.

The key to reducing the statistical uncertainty of a mea- 2
surement of a fluctuation quantity is to acquire many time- ‘ﬁﬁf V2Teor+ o7
series samples. Over 100 such samples can be obtained in a
single day of MST operation. Plasmas are routinely produced For an ensemble oM time samples, the ensemble-
in MST with excellent reproducibility in relevant mean pa- averaged uncertainty is
rameters(current, temperature, density, magnetic field pro-
file) and in magnetic fluctuatione@mplitude and spectra 572
Ensemble averages of correlated fluctuating quantities have \/<72_>*—m
been obtained for many years as part of the transport studies ¢ o TN
in MST. For the proposed Thomson scattering diagnostic,
each time-series sample will have a duration of about 20 mwhere the approximation is valid whév is large and thes
(the equilibrium flattop portion of a MST dischajgend con-  uncertainties at each time sample are similar. With-2
tain 200 datapointgat f 5= 10 kH2). For fluctuations that X 10* (one day of MST operatignand T,=3 eV (1% of
are propagating in the poloidal and toroidal directions, as igquilibrium T¢) the statistical measurement precision for
the case for the tearing mode fluctuations in MST, the timgT,) is 0.36 eV. Instrumental noise in the diagnostic will
average is equivalent to an average over a magnetic surfadeave to be understood and measured for such uncorrelated
As will be shown below, even with pessimistic assumptions fluctuation measurements to be meaningful. If necessary, we
an ensemble averaged quantity will be precisely measurablgan go beyond individual test and monitoring systems and
in one MST run day. test the instrumental noise and performance of the diagnostic

The first step in fluctuation analysis of data from a highsystemin situ by recording a Raman scattered signal from
repetition rate Thomson scattering diagnostic on MST willmolecular hydrogerino plasma, just Kin the vacuum ves-
be to perform a correlation analydie.g., the correlation of se). In this application the Raman scattering signal is a
temperature and magnetic fluctuatinmscorrelated quantity  “fluctuation-free” test bogeyno density or temperature fluc-
such as(BT,) is rich in physics content, and is simpler to tuations in a room temperature gabat will enable us to
measure because the tearing modes in MST produce a cleajyantify instrumental noise and cross-channel correlations
low-noise B that averages out uncorrelated noise from thethat could disrupt fluctuation measurements. Thus, we are
correlated quantity. A simulation predicts that data from onlyconfident that the proposed diagnostic will be able to mea-
20 MST discharges will be sufficient to characterize a 1%sure even uncorrelated electron fluctuations to approximately
fluctuation to a precision of 0.1%&.g., 0.3 eV uncertainty on 0.1% of equilibriumT, at a fluctuation bandwidth of 5 kHz
a 3 eV fluctuation of a 300 eV equilibriumCorrelation (the Nyquist limit due to the sampling frequencySince
analysis techniques are well developed on MST, having beelIST plasmas are reproducible both shot to shot and day to
successfully applied to many measurements, including speclay, detailed measurement of the spectral and spatial charac-
troscopic measurements ®fand interferometric measure- teristics of electron turbulence will be within the capability
ments offi,.2>?On MST, this Thomson scattering diagnos- of the proposed diagnostic.
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