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Thomson scattering is one of the few diagnostics that can make true local measurements of the
electron pressure. Though a standard diagnostic on large experiments, the cost of the system pro-
hibits most smaller devices from using this measurement. The ZaP Flow Z-Pinch at the University
of Washington has built a low capital cost, multi-point Thomson scattering system using existing
equipment from previous experiments. The age of the equipment required a complete character-
ization of the equipment and improvements in the analysis techniques to determine the electron
temperature. By using fast recording techniques, improvements have been made with the measure-
ments of the background light and errors associated with the measurement of the scattered light.
Temperature measurements are consistent with the results from measurements requiring deconvo-
lutions and predicted profiles.

Thomson scattering is one of the few truly local mea-
surements of the electron pressure in hot plasmas. Laser
light is scattered by the electrons due to the Thomson ef-
fect. The technique is well documented [1] and is a stan-
dard diagnostic on most large devices. Since the Thom-
son cross section is small, high energy lasers and sensitive
detection optics and electronics are required. The price
of these components, along with the time and effort re-
quired to build and operate a Thomson scattering system
often precludes smaller experiments from using this diag-
nostic technique. The ZaP experiment at the University
of Washington has built a multi-point, Thomson scatter-
ing system and is making electron temperature measure-
ments on a total experimental operating budget that is
less than the operating budget of most Thomson scat-
tering diagnostics. This has been accomplished by using
preexisting hardware from previous diagnostics, signifi-
cantly reducing the capital cost of the system.

The ZaP experiment is studying the stabilizing effect
of sheared flows on gross plasma instabilities [2–5]. It is
predicted that the kink instability of the Z-pinch can be
stabilized when the pressure profile satisfies the Kadom-
stev criteria and the flow shear satisfies dVz/dr ≥ 0.1kVA

[6]. Other calculations predict that the flows must be
supersonic to stabilize the instabilities [7, 8]. The exper-
iment was built to validate the predictions made by ref
[6]. The experiment forms Z-pinches that exhibit a quies-
cent period in the mode activity shortly after formation.
During this period, a stable Z-pinch with a sheared flow
is measured on the axis of the machine. The character-
istics of plasma: ne, Vi, Ti, and B, are found by tak-
ing chord-integrated data, assuming axisymmetry, and
deconvolving the data. Since the large energy densities
preclude the use of internal probes, Thomson scatter-
ing offers the only method to validate the deconvolution
measurements. The Thomson scattering system was also
designed to answer questions about the pressure profile
in the experiment. Knowledge of the pressure profile is
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FIG. 1: Schematic of the ZaP Thomson scattering system.
The laser beam is directed horizontally through the machine
axis at the z=0 cm plane. The scattered light is collected
through the top viewport. The collected light is separated into
its wavelength components by the spectrometer and measured
by an array of photomultiplier tubes.
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needed to better compare the results to the predictions
from the computer codes.

I. THOMSON SCATTERING HARDWARE

Most new Thomson systems built today use a YAG
laser and modern detectors. Budget constraints have
forced the ZaP Thomson system to use a ruby laser and
associated hardware: a Korad ruby laser (originally from
LANL), Hibshman spectrometer (from ZT-40), and pho-
tomultiplier tubes, PMTs (from UW). The only capital
expenditure has been the collection optics and the struc-
ture. A diagram of the complete system is shown in Fig
1.
The system uses a model K-1500 Korad laser. The

specifications for the laser are from 1976. Since that time,
the laser has been shipped across state lines and has had
many of its components replaced. Initial testing of the
laser showed that the beam had a hollow energy profile,
indicating that the beam properties had degraded. To
ensure the collection optics would be designed properly,
a complete characterization of the beam was performed.
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FIG. 2: Ray trace of the collection optics. The four-lens
system images the beam path within ±4 cm of the machine
axis. The collection fibers are located at the fiber optic focal
plane. Each location on this focal plane images a 0.1 cm
segment of the beam path.
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By using high quality plate glass as partial reflectors, im-
ages of the energy profile were obtained. The minimum
spot size, the divergence angle, along with the beam size
and energy profile at various locations after the focusing
lens (400 mm) were found. The minimum waist e−2 of
the focused beam is 0.14 cm, with a 0.029 rad divergence
angle. Defining the waist size as the radius where 99%
of the energy is encompassed, the focused beam has a
0.35 mm waist over 8 cm centered on the axis of the ma-
chine. Although not a standard for laser specifications,
this value is important for Thomson systems that mea-
sure density.

The system is designed to make measurements on ei-
ther side of the machine axis at the z = 0 plane. A
400 mm focusing lens was chosen so measurements up to
4 cm off of the axis could be made. High quality, fused
silica glass mounted at the Brewster angle are used as
entrance and exit ports on the vacuum system to min-
imize the losses in the beam energy. The initial ports
used high quality BK7 glass, but these were damaged by
the laser. Each port contains two irises to minimize the
stray light in the system. These are matched to the laser
beam waist size. The beam dump consists of plates of
colored glass windows placed at the Brewster angle and
a stack of stainless razor blades [9]. The beam dump is
placed outside of the vacuum chamber. Additional stray
light suppression is not necessary.

The collection optics are designed to measure the scat-
tered radiation from ten points along the beam line. A
four lens collection telescope, with a magnification of 2 is
used to image the scattered light onto 4 arrays of fibers.
By placing the fibers at different locations along the im-
age plane, scattered light can be collected from up to
40 mm on either side of the machine axis. An in situ
alignment target is installed to verify the alignment of
the collection optics with the laser beam. A flat piece
of 304 stainless steel with a small angle relative to the
beam path is mounted on an actuator. The plate dif-
fusely scatters the light from the HeNe alignment laser

through the collection optics on to a witness plate. This
part of the system allows for testing the collection optics
without bringing the machine up to air.

The size of the collection volume was chosen to match
the étendue of the spectrometer, while maximizing the
available collection solid angle. The maximum collection
angle is 0.10 sr and the étendue of the spectrometer is
9.0 mm2, setting the maximum available collection area
to 9 mm. To ensure all of the scattered light is collected,
the dimension along the z-axis perpendicular to the beam
path, was chosen to be 0.9 mm, greater than the radius
of 99% of the beam energy. This led to a radial resolution
of 0.1 mm. To allow for fine scale pressure gradient mea-
surements, while observing the pressure at other radial
locations four fiber bundles are used. Individual fibers
would increase the radial resolution of the system. The
housing for the fibers is approximately twice the width of
the fibers. One fiber, used to measure small radial gra-
dients, collects light from 6 adjacent spatial points. One
collects light from two adjacent spatial points, and two
fibers collect light from a single spatial point. One of the
possible configurations could make measurements at 0.1,
0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 0.9, 1.1, and 1.3 cm The present
holder uses shims to allow for other configurations, or for
fewer spatial measurements.

The four bundles are combined into a single bundle
that attaches to the entrance port of the spectrometer in
the screen room. Low-OH, 200 micron, fused silica fibers
are use to minimize the loses over the 9-m length. Each
spatial point is arranged vertically with a 0.1 mm spacing
between points. A curved entrance is use to ensure that
each vertical column at the image plane corresponds to a
single wavelength. A custom imaging spectrometer built
by the Hibshman Corporation for the ZT-40 Thomson
scattering system is used to spectrally resolve the scat-
tered light. This high étendue, imaging spectrometer has
three notch filters at the ruby line and one notch filter at
the Hα line to attenuate stray light. The quoted disper-
sion is 3.5 nm/mm and the ruby notch should attenuate
light from 690 nm to 705 nm at more than 107. The spec-
trometer was designed to use a ITT F4149 MCP at the
exit plane. Initial testing showed that background light
from the plasma depletes the charge on the MCP during
the first half of 100 ns gate. Large-area, red-enhanced
PMT tubes have a large enough capacitance to avoid be-
ing depleted during an entire pulse. To use the PMT
tubes, an array of 1-mm, BCF-98 plastic fibers has re-
placed the MCP. These fibers bin the spectrally resolved
light and image the light on to an array of R1333 PMT
tubes. The signals from the PMTs is recorded with Tek-
tronix TDS3034B oscilloscopes. Recording the tempo-
ral evolution of the background along with the scattered
light is important since the timescale of perturbations
can be on the order of the time of the laser pulse [10].
The fibers are mounted on a translation stage to allow
for different wavelengths to be measured and to calibrate
the instrument. Initial testing was done with a single
row of fibers for one spatial point. Since that time, a
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second row for two spatial points has been added. The
ten point capability of the system can be realized, by
purchasing square fibers and fabricating the appropriate
fiber bundle.

An in situ calibration has been done of the com-
plete spectrometer system: collection fibers, spectrom-
eter, plastic fibers, and PMT’s. The dispersion was
measured using a tungsten lamp and known wavelength
bandpass filters. The light was imaged onto the collec-
tion fibers and the voltage signal from the PMT’s was
measured. The shape of the bandpass filter is measured
by translating the plastic fibers across the image plane
and making multiple measurements. Finer wavelength
scale measurements shown here are made by recording
the voltage as the plastic fibers are being translated.
The stationary measurements are used to verify the lo-
cation of the fibers. Bandpass filters at 632.8, 647, 670,
680, and 710 nm are used. The spectral throughput of
the system was measured by focusing the tungsten lamp
onto the collection fibers. The lamp has a relatively flat
spectral output from 600 to 750 nm. The plastic fibers
were translated across the image plane and the voltage
from the PMTs was measured. The measured response
is a combination of the attenuation of each of the fiber
types, the attenuation of the notch filters, the disper-
sion of the spectrometer, and the spectral response of
the PMTs convolved with the instrument function of the
spectrometer. The shape of the notches must be found
when the wavelengths near the notch are used to find the
temperature or Raman scattering is used to absolutely
calibrate the system. To characterize the notches the
instrument function is measured. The instrument func-
tion, measured with different wavelength laser sources
and a 1 nm wide bandpass filter, is independent of wave-
length. Since the laser sources tended to mode hop over
the length of measurement and the 1 nm wide bandpass
filter has the same FWHM has the laser sources, the in-
strument function measured with the bandpass filter is
used to analyze the data.

It is not possible to directly measure the notch filter
spectral shapes of the ruby and Hα filters in the spec-
trometer. Removing the filters is not an option. Guesses
of the spectral shape functions were made using the pub-
lished data. The attenuation due to the fibers and PMT
spectral response was found using regions where the light
was not affected by the notch filters. (note: each PMT
has a different response) The attenuation is applied to
the guess of the filter shape and the resulting function is
convolved with the instrument function. The convolved
functions are then compared to the measured white light
response for each PMT. By minimizing a global χ2, the
best parameters for the shape can be found. A large
number of shapes were found which had similar χ2 val-
ues and not all of them required the throughput to be
zero at the ruby line. Forcing a small wavelength region
to zero, centered at the ruby line, did not change the
shape parameters. This is due to the smoothing effect of
the convolution. The simplest spectral shape that can de-

FIG. 3: Shown here is the measured white light response of
the PMTs (top plot), together with the notch shape (bottom
plot).
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scribe the notches is chosen. The shape consists of three
regions, outside of the notch the value is set to one. Two
polynomials are used to describe the notch shape on ei-
ther side of the wavelength of interest. The polynomials
are constrained to be between zero and one. At the edges
of the notch they have a value of one and a slope of zero.
At the quoted wavelength of the notch, the value of the
polynomial is zero. Zero is chosen to be the value at the
ruby wavelength because no evidence of stray light has
ever been measured by the system. No criteria is placed
on the slopes near the quoted wavelength. The impor-
tance of the filter characterization will be discussed later
in this paper.

II. ANALYSIS

The measured background and scattered signal are
shown in Fig 4. On this pulse, the background radi-
ation is changing on the same time scale as the laser
pulse. This behavior is seen at times near the thresh-
old for stability. Typically, lower wavelength bins do not
measure any scattered light. When the broadening of the
Hα line is small or the waveform of the Hα line is similar
to the bremsstrahlung radiation, the signal from the low-
est wavelength channel can be subtracted from the other
channels yielding only the scattered radiation measured
by the remaining channels. Polynomial fits to the back-
ground levels have not yielded satisfactory results. The
area of the scattered signal is then found. The error as-
sociated with this measurement is small. A total of 105

photons are collected by the system. The large number
of photons make the photon statistics negligible. The
largest source of error is the noise in the scopes and er-
rors during calibration. This level is much lower than the
signal and is further reduced when over 1000 points are
used in the integration.
The temperature is then found by fitting the bright-

nesses to a Gaussian that has been adjusted for the
notches, attenuation, and instrument function. A Gaus-
sian is multiplied by the attenuation found during the
calibration for each of the fiber and PMT combinations
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FIG. 4: The PMT signals are shown in the first five plots
and indicate a changing background signal. The sixth plot
shows the laser intensity time history during the pulse as
measured by a photodiode. To extract the scattered sig-
nal from this temporal response, the background light trace
(Wave=664 nm) is scaled and subtracted from the first four
wavelengths. The resulting signal is similar to the laser mon-
itor.

.

FIG. 5: The electron temperature measured with Thomson
scattering and the ion temperature measured by deconvolving
spectroscopic data are similar. Two characteristic tempera-
ture measurements for different experimental conditions are
shown. The error in the electron temperature is smaller than
the symbol size. Twenty ion temperature measurements can
be taken on each pulse.

.

generating a number of waveforms. Each of these is mul-
tiplied by the notch spectral shapes and convolved with

the instrument function. The appropriate wavelength
bin is then compared to measured brightness. The root
mean square of the sum of the differences is χ2. Simply
scaling the measured brightness by the measured white
light response function and fitting those data to a Gaus-
sian yields higher temperatures than with the method
described above. This is due to the fact that the mea-
sured white light response function alone cannot properly
model gradients near the notches.

III. RESULTS

The measured temperatures are consistent with previ-
ous measurement techniques. Typical temperature mea-
surements for the ZaP experiment are shown in Fig. 5.
Two important results can be seen in the figure. The ion
and electron temperatures are similar to each other. This
is expected because the thermal equipartition time of the
electrons and ions is small, ∼ 10’s ns. The ion temper-
ature measurements are simpler for the ZaP experiment
to make, requiring only maintenance on the spectrom-
eter. The deconvolved temperature calculation is fully
automated. The flat temperature profile was predicted
by thermal conductivity calculations. In the center of the
Z-pinch, the thermal conductivity is large due to the low
magnetic field. Near the edge of the plasma, the magnetic
field significantly increases and the thermal conductivity
decreases. Large gradients can be supported near the
edge due to the smaller transport coefficients. A simi-
lar effect is seen in the velocity profile due to the small
viscosity on the edge of the plasma.

The ZaP experiment has built a multi-point Thomson
scattering system using hardware from previous experi-
ments. All of the components have been characterized,
and the system is presently making electron temperature
measurements. The design of the system allows for elec-
tron pressure profile measurements in different regions
of the plasma. The electron temperature measurements
have validated the previous measurements from chord-
integrated ion temperature data.
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