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A low-cost upgrade has been implemented on the Madison Symmetric TdiS$) ruby-laser
Thomson scatteringTS) system to increase spectral coverage and substantially improve the
signal-to-noise ratigSNR). The spectral resolution has been increased from five channels on the
long-wavelength side to an 11-channel system, which covers both sides of the laser line. Coverage
on both sides of the spectrum allows for more accurate detection of subtle changes in the
distribution function, particularly relativistic spectral shifts of high-temperature plasmas during
auxiliary current drive. The previous microchannel pldNECP) detector was replaced with an array

of modular large area avalanche photodiode detectors, which have approximately 16 times the
guantum efficiency of the MCP detector. Scattered light collection has also been upgraded, allowing
the radial viewing location of the TS system to be easily changed between plasma discharges.
Improved SNR and upgraded light collection hardware in the Thomson scattering system have
facilitated first-time measurements of the evolution of the electron temperature profile in the MST
under a variety of discharge conditions, leading to increased understanding of the underlying
dynamics of reversed-field pinch plasmas. 2003 American Institute of Physics.
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I. INTRODUCTION days. The capability of the system was further improved in
1998 by the addition of an alternate laser beam line. This
The Madison Symmetric Torud4ST) Thomson scatter- doubled the number of viewing locations of the MST Thom-
ing (TS) ruby-laser system is relatively robust, and has genson scattering system and expanded the radial range of cov-
erated useful data for over 15 year§.The system consists erage nearly to the plasma edge. Even with this improved
of a JK Lumonics PDS1 ruby-laser head, collection optics, dlexibility of the system, it was still severely hampered by
Jarrell-Ash MonoSpec-2Model 82-499 spectrometer, and low light levels and an unacceptable signal-to-noise ratio
avalanche photodiode detectors. Over time, the system h&SNR) in the edge region. In 2000 a major upgrade in the
evolved through minor and major technological upgradeslight detection system was implemented, greatly improving
but the laser itself has remained the same. It is a single-pulséhe light collection efficiency. With this upgrade from the
per-plasma-shot unit, limited by the time it takes to pump thefive-channel microchannel plattMCP) detector to the 11-
flashlamps and dissipate the excess heat. It can be operateldannel large area-avalanche photodiode detécfoAPD)
in “double pulse mode,” however less than half the energyarray, it became possible to make statistically significant,
of a single pulse is released in either of the two pulses. Besingle shot temperature measurements. The time required to
cause the system historically has operated on the verge ofeasure a temperature profile was reduced from days to
signal-to-noise practicality, double pulsing the laser has nohours, while the resolution of that measurement was in-
been an option. To improve the reliability of measurementsgreased by a factor of 3. The operating range of the MST has
multiple shots are usually ensembled together. Prior to thalso expanded, reaching record high electron temperatures
upgrades discussed here, measuring the electron temperat(ioe the reversed field pinchWith electron temperatures in
at differing radial locations had only been done in a limitedexcess of 1 keV, relativistic corrections to the electron distri-
sensé. bution function become significant, and are measured with
Hardware upgrades have improved the performance dhe upgraded detector setup.
the ruby TS system. A significant improvement came in 1997
with the addition of a movable fiber optic bundle, which Il. LIGHT COLLECTION SYSTEM

defines the entrance aperture of the light gathering sy3tem. The entire laser system is mounted to a movable cart,
This upgrade made it possible to change viewing geometriegich is positioned in close proximity to the MST as shown
between shots, and opened the possibility of measuring temy Fig 17 Once in position, the cart can be raised off its
perature profileswith ensembling in the matter of a few ¢ 4qters to prevent unwanted movement. The laser beam path
is mated to the MST through an extension of the vacuum.
dElectronic mail: thiewer@pppl.gov There are two paths the laser can alternately follow. From the
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FIG. 1. Side view of the ruby-laser

Thomson scattering system at 90° tor-
oidal of the Madison Symmetric

Torus. To operate in central laser path
mode, the lower steering mirror is re-
moved along with the movable correc-
tion lenses.
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laser head the beam is turned 157.5° by reflection in a vertiMonospec-27 spectrometer. At the entrance to the fiber
cal plane from a turning mirror. This angle is set by thebundle are a cut-glass filter and a plastic polarizer that are
poloidal MST box port, which holds the collection optics at used to reduce non-Thomson scattered, background light.
an angle of 22.5°. The air-to-vacuum interface is a lens withiThe spectrometer entrance aperture is set by a 0.072 in. slot
a focal length of 1500 mm. This lens is at the end of a longattached to the end of the fiber bundle. The spectrometer uses
pipe, which has both a bellows for mechanical isolation ancbne of three gratings to disperse the incoming light.

a delrin segment for electrical insulation. These pipes are The most recent upgrade to the Thomson scattering sys-
supported from the laser-head platform and weakly from d@em replaced the five-channel microchannel p(8€P) de-

VAT valve at the entrance of the MST vacuum vessel. Aftertector with an 11-channel large area-avalanche photodiode
passing through the lens, the beam converges to a maximudetector(LA-APD) array. To do this the exit-plane mirror of
energy density near the geometrical center of the MSThe spectrometer was removed and a new exit-plane structure
vacuum vessel. On the opposite side of where the beam emas fabricated. This new exit-plane structure consists of two
ters the MST, there is a vacuum beam dump. Keeping théundles of fiber optics, which are fastened to a kinematic
beam dump under vacuum eliminates the need for a secondount. These two bundles contain sevén the long-
vacuum-to-air interface, which could increase the backwavelength sideand four(on the short-wavelength side of
ground scattered light. The spectrometer and collection fibethe laser ling separate sub-bundles of fibers for dedicated
optics are located in a light-tight cabinet at the top of a pailLA-APD modules. Because the plastic fibdilsmm-diam

of nearly vertical support beams, which attach to the laseESKA-MEGA) used to construct this array slightly attenuate
cart. In this way, the entire Thomson scattering laser systerthe light at the frequencies of interest, it is necessary to mini-
remains mechanically and electrically isolated from themize the distance between the exit-plane and the LA-APD
MST. detector element.

The MST ruby-laser system can be operated in two con- The LA-APD modules themselves are commercially
figurations, which are related to the regions of plasma volavailable units from Advanced Photonix, Inc. The photodi-
ume that are of interest for a particular experiment. Theode has a 5-mm-diam active area. The APD is thermoelec-
Thomson scattering volume that is viewable by the system irically cooled to maintain a high signal-to-noise ratio
the image of the fiber optic bundle on the beam line. In thSNR). The improvement in the SNR is due to the high quan-
“central laser path” configuration, there are eight chords oftum efficiency of the LA-APD at the ruby wavelength com-
measurement extending fromr/a=—-0.587 to r/a  pared to the MCP, about 85% vs 3.5%. The main advantage
=+0.627. Here the negative sign refers to chords that aref the MCP was its relatively high gain, 40as compared to
inboard of the geometrical center of the MST vacuum vessel.
In the “edge laser path” configuration, a steering mirror is
inserted into the beam line, directing the laser onto a more

viewing dump

tangential path to the plasma. In “edge” configuration the 15 - o
radial locations that are measured cover a range from 3 3 %»-ehb_e_‘
=0.625 tor/a=0.882. Figure 2 gives an indication of the > 3 NG o
extent of the radial coverage. 5 Erest, ®
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Thomson scattered photons are collected by a 3-in.-dia IG. 2. Geometrical coverage of ruby-laser Thomson scattering views. Er-

lens located _in the bQX port flange. This |ig_ht is focused ONtQoy pars indicate radial rangén r/a spacg of scattering volume on each
a movable fiber optic bundle and piped into a Jarrell-Ashview.
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IV. ELECTRONICS AND DIGITIZATION

A schematic overview of the MST TS system is shown
in Fig. 4. Working back from the data acquisition system,
Thomson scattering data is digitized using either 3 LeCroy
2249A or 3 LeCroy 2250L digitization modules. The main
difference between the two types is that the 2250L's have 32
bit fast in fast out memory. This allows the modules to be
re-triggered with a minimum separation time ofy®. This
feature is extremely important for double-pulse experiments,
and is convenient when calibrating the system. Both types of
modules integrate the charge delivered to their 12 parallel
inputs for 100 ns, when the module is gated on. This gate
width gives an adequate amount of flexibility for any jitter in
FIG. 3. Photograph of the TS spectrometer. The two-tier, stadium style laythe initial timing of the fast-photodiode triggering, which
out of the LA-APD modules, the exit-plane fixture, the larger area mirror, will be discussed below.
the spectrometer shutter, and the APD power distribution box are visible. Three digitizers are used to captuf#) the background

light preceding the Thomson scattering sigria),the Thom-

son scattering signal, an@) the background light following

the Thomson scattering signal. To accomplish this the signals
the LA-APD gain of approximately 30DAnother difference  from the 11 LA-APD modules are triplicated using 11 0°,
between the APD modules and the MCP is that the APDshree-way power splitters, available commercially from
have a continuous signal output, whereas the MCP couliini-Circuits, Inc. The sensitivity of these power splitters
only be gated on for a few microseconds. Because the APDmnges from 10 kHz to 2 GHz. One drawback of this scheme
are always “on,” it was necessary to install a fast-openingis the loss of “dc” background light from the plasma. This
shutter in the spectrometer. This shutter remains closed durepresents a possible source of error, not in the temperature,
ing “start-up” of the plasma discharge to block out the in- but in the uncertainty of the number of photons. The tem-
tense background light. Measurement based calculations iperature is unaffected, since subtracting the average of the
dicate that the plasma start-up light would exceed thdwo digitized background signals from the digitized TS sig-
manufacturer’'s damage threshold of the APD by close to amal removes this dc background. In addition to the filtering
order of magnitude. A photograph of the assembled speadone by the power splitters, each APD signal is also filtered
trometer, exit plane, and LA-APD array and shutter can bedy an isolation transformer, used primarily to prevent inter-
seen in Fig. 3. nal ground loops. The iso transformers used are simple inte-
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grated circuitschip 8451-1B, which hae a 3 nsrise time. ments were made possible by the increased spectral coverage
The timing of events in the MST Thomson scattering of the upgraded ruby-laser TS system on the MST. The SNR

system is entirely controlled by the measurement of the lasémprovement afforded by the LA-APD array also made it

fast-photodiode output. This photodiode detects a small fragpossible to study time resolved electron temperature profiles

tion of the photons that are emitted by the oscillator ruby rodn the MST for the first time. The electron temperature evo-

during lasing. From that point onward, the majority of the lution has been measured in a number of different discharge

timing is set by the time-of-flight physical separation of ob- conditions® Under typical plasma conditions, these measure-

jects and by lengths of delay line. A properly timed sequencenents have demonstrated the role of magnetic fluctuations in

of events is shown schematically in Fig. 4. The “laser fire” the transport of heat, and would not have been possible with-

trigger can be adjusted to occur nearly anywhere within theut this diagnostic upgrade.

plasma discharge. The laser fire signal may be given manu-

ally, or via the CAMAC based, MST timing circuitry. A me- ACKNOWLEDGMENTS
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