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High-bandwidth polarimeter for a high density, accelerated spheromak

Patrick J. F. Carle,! Stephen Howard,?? and Jordan Morelli'
'Department of Physics, Queen’s University, 99 University Ave., Kingston, Ontario K7L 3N6, Canada
2General Fusion, Inc., 108-3680 Bonneville Pl, Burnaby, British Columbia V3N 4T5, Canada

(Received 16 July 2013; accepted 12 August 2013; published online 26 August 2013)

REVIEW OF SCIENTIFIC INSTRUMENTS 84, 083509 (2013)

A three-beam heterodyne polarimeter has been built to diagnose the PI-1 plasma injector at General
Fusion, Inc. The polarimeter measures plasma density and Faraday rotation, which can provide es-
timates of magnetic field magnitude and direction. Two important calibration steps are required for
the polarimeter to produce reasonable Faraday rotation signals. Beam polarization ellipticity must
be measured to ensure there is a linear Faraday rotation response. In addition, the two beams travel-
ling through the plasma must be collinear to reduce error due to differences in plasma density. Once
calibrated, the Faraday rotation signals are in much better agreement with other diagnostics. For a
null signal, the Faraday rotation measurement noise floor is 0.1° at 0.5 MHz bandwidth. Comparing
preliminary spheromak Faraday rotation measurements to a model, the maximum error is about 0.3°
at 0.5 MHz bandwidth, which is primarily due to electrical noise during the injector’s capacitor dis-
charge and limitations of the model. At a bandwidth of 0.5 MHz, the polarimeter has an axial resolu-
tion between 6 cm and 30 cm depending on the speed of the spheromak, which varies between 30 km/s
and 150 km/s. The spheromak length ranges from 0.75 m to 2 m. Additional polarimeter chords will

be added in future upgrades. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4819307]

. INTRODUCTION

General Fusion, Inc. (GF) is working towards building
a prototype magnetized target fusion generator? in which a
plasma injector (see Figure 1) forms and accelerates a sphero-
mak plasma®* into a reactor chamber. As the spheromak ac-
celerates, the tapered injector electrodes compress the plasma
to higher density and temperature. The spheromak would
then be compressed to fusion conditions using an acoustically
driven implosion of a liquid metal liner. Two plasma injec-
tors, PI-1 and PI-2, have been built and are undergoing tests
to generate an optimized plasma.

The injectors are equipped with a number of diagnos-
tics to measure plasma parameters. The Thomson scattering
system can read temperature at a single point and time. Ion
Doppler spectroscopy gives time-resolved, average tempera-
ture. A single-exposure survey spectroscopy system displays
line radiation over a broad spectrum. Infrared-wavelength in-
terferometers measure line-averaged density along a chord.
Rogowski coils monitor current through the injector elec-
trodes. Surface magnetic probes and insertable three-axis
probe arrays resolve the magnetic field.

With this suite of diagnostics, it is possible to use den-
sity and magnetic field measurements to constrain models of
the spheromak’s magnetic geometry and dynamics. Magnetic
field measurements are typically obtained with probes.’ To
obtain information on the plasma core, probes must be im-
mersed inside the plasma. Towards the end of the injector, the
spheromak can reach temperatures in the hundreds of eV with
densities of 10?2 m~3. Such harsh conditions could severely
damage immersed probes, contaminate the injector vacuum
and perturb the plasma.®
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In this way, a non-perturbing magnetic field diagnostic
like the polarimeter is a useful alternative. A particularly dif-
ficult and novel challenge for GF’s polarimeter is to resolve
a plasma that is about 1 m long as it is accelerated to speeds
on the order of 100 km/s. This requires a high measurement
bandwidth to obtain an axial profile of the passing plasma. A
bandwidth of 1 MHz could provide measurements with axial
resolution on the order of 10 cm.

This paper describes the polarimeter built to diagnose
plasmas in the GF injector. Section II reviews the three-beam
heterodyne polarimetry approach. The experimental setup is
detailed in Sec. III. In Secs. IV-VI, noise sources and cali-
bration steps are described. Preliminary results are given in
Sec. VII and a summary in Sec. VIIIL.

Il. PLASMA POLARIMETRY

The polarization plane of a linearly polarized beam of
light can be rotated when passing through a magnetized
plasma. This effect is known as Faraday rotation.” Since a
linearly polarized beam is equivalent to the superposition of
a left and right circularly polarized beam, the left or right-
handed beam, respectively, sees a higher or lower refractive
index and therefore an advance or lag in phase. The Fara-
day rotation, ¢y, can be defined as half the phase differ-
ence between the left and right-handed beams.® It depends
on beam wavelength, A, plasma electron density, 7., and mag-
netic field, B

¢ ¢[rad] = 2.63 x 10—13x2/neB -dl, (1)
where dl is an infinitesimal vector in the direction of the
beam’s path through the plasma. Therefore, the Faraday rota-

tion depends only on the component of magnetic field parallel
to the beam direction, B).

© 2013 AIP Publishing LLC
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FIG. 1. PI-1 plasma injector with polarimeter laser chord at the 352 position. Laser passes in between inner and outer electrodes.

An additional phase shift, ¢,, due to the change in the
plasma’s refractive index with plasma density, is incurred in-
dependent of the polarization state’

¢plrad] = —2.82 x 1072 / nedl. )

A polarimeter can measure these phase shifts to obtain
estimates of plasma magnetic field and density. An imple-
mentation that is robust to noise and minimizes the number of
required detectors is the three-beam heterodyne method!%-'?
depicted in Figure 2.

The system uses three primary beams (w;, @, ws) split
from a CO; laser that outputs a linearly (vertically) polar-
ized beam. Two of the three beams, w| and w,, are frequency
up-shifted by 25 MHz and 40 MHz acousto-optic modula-
tors (AOMs). The AOMs do this by effectively reflecting the
beams off acoustic waves, which Doppler shifts the beams.

As shown in Figure 3, beam w; is sent through a A/2
waveplate, which changes its linear polarization from verti-
cal to horizontal. Beams w; and w; are then combined with a
thin film polarizer (TFP) to divert most of the power into a sin-
gle combined beam. The combined beams are then reflected
off a phase retarding reflector (PRR), which converts lin-
ear to circular polarization and vice versa. Before hitting the
PRR, the beams’ polarization planes are perpendicular to one
another. This causes the PRR to create circularly polarized
beams of opposite handedness (i.e., w; is left-circularly po-
larized and w; is right-circularly polarized). Therefore, when

C C - Polarizer
w, W, Plasma ’ W, w,

(.03

+

v

FIG. 2. Three-beam heterodyne polarimeter used at GF.

sent through a magnetized plasma, beams w; and w, are, re-
spectively, phase shifted by ¢, + ¢rand ¢, — ¢r.

Once through the plasma, the beams w; and w; are com-
bined with beam w3 using a 50/50 beam splitter. The beams
are then sent through a TFP to select a single electric field
component (i.e., vertical), and focussed onto a detector. When
the three beams are interfered, they produce a heterodyne
signal composed of the beams’ beat frequencies: 15 MHz,
25 MHz, and 40 MHz. The 15 MHz beat signal between
beams w; and w; has a phase shift that is the difference be-
tween the two interfering beams: 2¢. This gives the Faraday
rotation through the plasma, and an estimate of the internal
magnetic field if the density is known. The interference of the
plasma beams with beam w3, which does not pass through the
plasma, gives plasma density. The two beat signals produced
at 25 MHz and 40 MHz contain a phase shift of ¢, £ ¢y~ ¢,
since ¢, > ¢yr. The phase shifts from these beat signals are
extracted with a demodulation algorithm by comparing them
to reference beat signals. '3

Phase
A retarding

reflector
To plasma

Thin film Mirror

polarizer

N2
waveplate

W,

FIG. 3. Polarimeter beam combination and conversion to circular
polarization.
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lll. EXPERIMENTAL SETUP

A CO, laser (Access Laser Merit-S) is used, which
outputs an 8 W, 10.6 um, linearly polarized beam. At
10.6 pum, the beam’s frequency is an order of magnitude
greater than the plasma frequency assuming a peak density
of 10% m~3. Therefore, reflection off the plasma should not
be a concern. As mentioned previously, the two AOMs (Brim-
rose GEMF-40-4-10.6 and Brimrose GEMF-25-4-10.6) pro-
duce frequency shifts of 25 MHz and 40 MHz giving interfer-
ence beat signals at 15 MHz, 25 MHz, and 40 MHz. The peaks
are separated by at least 10 MHz, allowing for measurement
bandwidths on the order of a MHz. The detector is a non-
cooled HgCdTe detector (Vigo PVM-10.6) with AC-coupled
pre-amplifier. The signal is sampled at 125 MS/s with a 12-bit
Picoscope 4227 digitizer.

The polarimeter is located about halfway down the PI-1
plasma injector at the 352 position (i.e., 352 cm away from
the injector back flange, see Figure 1). The vacuum vessel
windows are anti-reflection coated ZnSe for high transmis-
sion of the 10.6 um beam. The chord inside the plasma is
vertical and 0.60 m long. Since this chord is tangential, the
Faraday rotation depends in theory on both radial (compo-
nent of the poloidal) and toroidal field. However, magneto-
hydrodynamic (MHD) simulations and Grad-Shafranov equi-
librium models have shown that the radial field contribution is
small. Therefore, the polarity of the Faraday rotation should
depend predominantly on the toroidal field, which is in the
clockwise direction looking from the tip of the injector to-
wards the back flange.

An insertable magnetic probe array was available on
some shots to measure the magnetic field direction and mag-
nitude. The probe array is located at the same axial position
as the polarimeter chord. The linear array is enclosed in an
alumina ceramic tube and contains five radial, five axial, and
five toroidal probes spanning approximately 14 cm. Surface
magnetic probes are located across the entire injector and are
useful for measuring axial field to determine the position of
the spheromak in the injector. Rogowski coils measure current
flow through the injector electrodes, which is the predominant
source of toroidal field.

IV. BEAM POLARIZATION

Ideally, both plasma beams should be perfectly circularly
polarized when passing through the plasma in order to have a
linear relationship between phase shift and observed Faraday
rotation. Beams with strong elliptical polarization can pro-
duce phase shifts which suggest much larger or smaller Fara-
day rotation than is actually the case.

Beam polarization ellipticity is calibrated using a half-
waveplate rotating'* at 15 Hz. The plasma beams are sent
through the rotating waveplate, which phase shifts the beams
and emulates Faraday rotation in a magnetized plasma. A full
Faraday rotation cycle is measured for every quarter rotation
of the waveplate.

In the initial optics arrangement (Figure 4), two phase re-
tarding mirrors each reflected one of the two plasma beams
before they were combined. In principle, this setup could pro-
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FIG. 4. Initial beam combination setup gave poorly circularly polarized
beams due to difficulties in aligning the beams with respect to the PRRs.

duce circularly polarized beams while avoiding the use of a
half-waveplate. However, space constraints made it difficult
to properly align the beams with respect to the PRRs. The re-
sult was a nonlinear response during polarization calibration
as shown in Figure 5. The polarization ellipticity was suffi-
ciently poor that it could have caused as much as a factor of 2
overestimation of the true Faraday rotation signal.

The cause of the problem was determined to be at the
plasma beams’ conversion from linear to circular polarization
with the phase retarding mirrors. A half-waveplate was placed
into the system so that both plasma beams were combined be-
fore conversion to circular polarization (Figure 3). The result
was a dramatic improvement in the linearity of the response
as shown in Figure 5. Polarization ellipticity error has been
reduced to less than 0.1°.

V. BEAM COLLINEARITY

Beam collinearity can also be a source of significant Fara-
day rotation error. If the plasma beams are not collinear, spa-
tial variation of density can result in a difference of phase
shifts between the two beams, A¢,. This would distort the
Faraday rotation phase shift measurement to 2¢y + A¢,,. For
By = 1T, the ratio ¢,/¢¢ is about 1000, i.e., the ratio of Eq.
(2) to Eq. (1). Therefore, the polarimeter is much more sen-
sitive to density phase shifts than to Faraday rotation phase
shifts along the same chord. For example, given the geometry
at the 352 position, with B = 1, a parabolic density profile
with line average of 10> m~ and a beam misalignment of

Phase shift (deg)
(o))

o o

| |

&
o
|

= = = Initial setup
— Improved setup
I I

30 40 50

Time (ms)

FIG. 5. Phase shift responses due to beam polarization ellipticity for differ-
ent setups. Obtained using A/2 waveplate rotating at about 15 Hz.
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FIG. 6. Apparent Faraday rotation during beam alignment by placing a ro-
tating, 14 arc min (0.23°) wedge of ZnSe in the path of the plasma beams.
Both signals have bandwidths of 500 Hz. Signal sampled at 10.4 kHz.

0.1 mm, the density phase shift noise introduced into the Fara-
day rotation signal would be about 9°. The maximum Faraday
rotation signal due to the interaction with the magnetic field
would be about 8°. In this scenario, the desired signal could
be washed out with a similarly shaped noise signal due to
beam misalignment that is coincident with the arrival of the
spheromak.

To eliminate this noise, the beams can be precisely
aligned with a rotating wedge' of ZnSe placed along the path
of the plasma beams. If the beams are not collinear, they will
have slightly different path lengths in the wedge. Therefore,
they will experience different phase shifts, which will appear
in the Faraday rotation signal. To improve the collinearity of
the beams, their positions can be adjusted by translating and
angling them in order to eliminate the signal created from the
rotating wedge. Figure 6 gives an example of the signal pro-
duced from the beam alignment process.

The wedge’s rotation rate is limited to about 15 Hz. Given
the polarimeter’s standard sampling rate of 125 MHz, mil-
lions of samples are needed to collect a full rotation of the
wedge. This slows computation time and makes it difficult
to obtain instant feedback between adjusting the position of
a beam and seeing the effect on alignment on a computer
screen. However, when sampled below the Nyquist frequency,
the frequency peak of interest will shift to a new frequency
as a result of aliasing. Therefore, it is simply a matter of
determining where this aliased peak is expected and chang-
ing the demodulation frequency in the algorithm accordingly.
In this manner, a much lower sampling rate can be used,
lowering the computational burden and easing the alignment
process.

VI. OTHER NOISE SOURCES

To facilitate alignment, the polarimeter box is located
a few metres from the vacuum vessel at the 352 position.
Unfortunately, this places the box near the capacitor banks,
which generate transient noise pulses during discharge that
the equipment can pick up. To compensate, the laser, AOMs,
and detection equipment are housed in a box with 1/8 in. thick
aluminum walls. It is ensured the box is well-sealed and has
a good connection to ground to act as a Faraday cage that
can reflect much of the electromagnetic noise. In addition,

Rev. Sci. Instrum. 84, 083509 (2013)

just before a shot, the box is disconnected from the building
power lines using a relay. During this short time, the equip-
ment is powered with an uninterruptible power supply. Within
the box, standard methods of shielding from radio-frequency
(RF) noise are used such as carrying power and signals with
shielded BNC cables and avoiding ground loops. These steps
have significantly reduced capacitor discharge noise.

The vacuum vessel windows are made of 3 mm thick
ZnSe, which has a high Verdet constant and can therefore
cause a significant Faraday rotation at high magnetic fields.
The Faraday rotation due to the windows is ¢; = VdB),
where V is the Verdet constant, d the window thickness, and
B) the magnetic field parallel to the direction of the beam.
The Verdet constant'® for ZnSe at 10.5 um is V = 20 % 6°
T~! m~!. The magnetic field at the windows is strongly atten-
uated since the windows are recessed in a 10 cm deep well.
Therefore, an upper limit of By = 0.1 T at the windows is
chosen, though the true field at the windows is likely much
less. For transmission through two windows with V = 26°
T!' m~!, the Faraday rotation due to the windows is 0.02°.
Assuming plasma parameters along the polarimeter chord of
n, = 10! m=3 and B = 0.5 T, the Faraday rotation signal
is 0.5°. The Faraday rotation from the laser passing through
the plasma is over 20 times greater than that from the win-
dows. Therefore, the windows have only a small effect on
measurements.

The Cotton-Mouton effect,!” which affects beam polar-
ization ellipticity and depends on magnetic field perpendicu-
lar to the beam propagation direction, can also add noise into
polarimeter measurements. However, for this experiment, the
magnitude of the magnetic field and the beam wavelength are
sufficiently low that the effect is negligible.

The noise floor for a null signal (i.e., no capacitors
discharging, no plasma passing by) is about 0.1° for a
0.5 MHz bandwidth. The noise spectrum is white, suggest-
ing the source is likely detector thermal noise. To improve the
noise floor, the detectors could be cooled to lower the ther-
mal noise or the beam power could be increased to boost the
detector signal.

VIl. RESULTS

Faraday rotation measurements can be compared to a
Faraday rotation model generated with Eq. (1) using other di-
agnostics as inputs. The model assumes axisymmetry. The ra-
dial density profile is taken to be parabolic and is constrained
by the line-average polarimeter density measurement. Internal
magnetic field probe measurements were not available during
polarimeter shots, so the toroidal field also had to be mod-
elled. From previous shots with an inserted magnetic probe
array, the magnetic axis (i.e., peak toroidal field) is located at
about the midpoint between the two electrodes, r = 0.41m.
In addition, the ratio of the surface probe peak axial field to
the magnetic axis peak toroidal field is approximately con-
stant. This ratio is measured to be By(axis)/B,(wall) = 2.0 £
0.2 using data from 9 shots. The toroidal field at the magnetic
axis is modelled by taking the surface probe axial field and
multiplying it by this ratio. The toroidal field profile can then
be estimated by assuming a parabolic profile centred at the
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FIG. 7. Model toroidal field profile along polarimeter chord for shots 34140
and 34704 at the 352 axial position. The electrodes are located at polarimeter
chord positions —0.31 m and 0.31 m, and the magnetic axis at 0 m.

magnetic axis and decreasing to zero at the walls. Figure 7
shows model toroidal field profiles.

The observed magnetic geometry matches well with a
Grad-Shafranov model V x B = A(V)B. The eigenvalue A is
a function only of the poloidal flux function, W, and has a
linear profile of the form A(W) = A[1 + aQW/Wpa — D],
where X is the average value of A and « is a slope parame-
ter that yields a peaked A profile for positive values of o and
a hollow A profile for negative values. Configurations with a
ratio By(axis)/B,(wall) = 2.0 & 0.2 correspond to peaked A
profiles with « = 0.6 &£ 0.1. This is consistent with a decay-
ing spheromak.*

Figure 8 compares model to measured Faraday rotation
for typical shots before and after calibration. Measurements

—&— Surface axial field
- 1.0 —&— Polarimeter density — 4
5 —=— Polarimeter Far. rot. o
!;,E 0.5 - —— Probe model Far. rot.L_ o %
£z =
£2 00+ =
9 ﬁ C)m
> =3
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g 2
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I I I I I I I
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Time (us)
—A— Surface axial field L 1.0
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FIG. 8. Measured Faraday rotation compared to expected Faraday rotation
from model toroidal field and density profiles. Signal bandwidths are 5 MHz
for polarimeter density and 0.5 MHz for Faraday rotation and surface mag-
netic field. (a) Shot 34140: Poorly aligned beams produce Faraday rotation
measurement that does not agree with model. (b) Shot 34704: Beam align-
ment error significantly reduced. Faraday rotation measurement agrees well
with model.

Rev. Sci. Instrum. 84, 083509 (2013)

before beam alignment agree poorly with the model. The large
Faraday rotation at low density suggests fields in the tens of
teslas, which is larger than what is possible from the measured
accelerator currents. Also, the probe array has never measured
fields of this magnitude at the 352 position on similar shots.

Pre-alignment measurements are also sometimes charac-
terized by a sustained positive Faraday rotation. Given the
known direction of the plasma toroidal magnetic field, the
laser beam’s direction of travel through the plasma, and the
handedness of the circularly polarized plasma beams, the
Faraday rotation signal should be predominantly negative.
Therefore, signals with long periods of positive Faraday ro-
tation are unlikely to be good measurements since this would
require a sustained toroidal field in the direction opposite the
expected one.

Results after the improved beam alignment are in good
agreement with the model. The calibrated polarimeter gener-
ally produces Faraday rotation measurements in the correct
direction with a magnetic field on the order of a tesla, which
is typical of what is observed on magnetic probes. The er-
ror between the model and measurement is less than 0.3° at
0.5 MHz bandwidth. Discrepancies can primarily be at-
tributed to capacitor discharge noise at early times and
limitations of the model.

In order to evaluate the axial resolution, 8z, of polarime-
ter Faraday rotation measurements, the spheromak’s length
and speed must be estimated from surface probe axial fields.
The spheromak’s axial length, Ly, is taken as the full-width-
half-maximum (FWHM) of the spline-fit to surface probe ax-
ial fields at the time of the maximum Faraday rotation signal
(see Figure 9). The spheromak’s speed, vsph, is Lgpn divided
by the amount of time it is observed at the polarimeter’s ax-
ial position, which is measured as the FWHM of the poloidal
surface probe signal (as in Figure 8). The polarimeter’s axial
resolution is defined as 8z = vgpn/fgw Where fgw is the po-
larimeter measurement bandwidth.

At the 352 position, vg, ranges from 30 km/s to
150 km/s. Therefore, with fgw = 0.5 MHz for Faraday rota-
tion measurements, 6z is between 6 cm and 30 cm. Typically,
Lgpn is between 0.75 m and 2 m, meaning the number of re-
solvable scale lengths Lgp,/6z ranges from 2.5 to 33. For shot
34704, the 1.0 m-long spheromak passes the 352 position at
100 km/s, suggesting the polarimeter can resolve 5 scale
lengths across the spheromak.

0.5 — + o+
0.4 — [+
0.3
0.2

0.1 —

Surface probe axial field (T)

0.0+ T
I I I I I I I
100 200 300 400 500 600 700 800
Position from back flange (cm)

+
ul
1

FIG. 9. Spline-fit to surface magnetic probe axial field measurements for
shot 34704 at time of peak polarimeter Faraday rotation (488 us).
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VIll. SUMMARY AND FUTURE WORK

A three-beam heterodyne polarimeter using a CO, laser
has been built at GF. The polarimeter beams are calibrated
for polarization ellipticity and beam collinearity. Preliminary
Faraday rotation measurements have been compared against
a model and show a maximum error of 0.3° at 0.5 MHz band-
width. The error is due to electrical noise and limitations of
the model. With 0.5 MHz bandwidth, the polarimeter has an
axial resolution between 6 cm and 30 cm depending on the
speed of the spheromak.

In future upgrades, additional chords will be added
to the system to improve polarimeter estimates of spa-
tially resolved density and magnetic field. The polarimeter
will be a valuable asset in better understanding spheromak
behaviour.
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