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A new beam emission spectroscopy turbulence imaging system has recently been installed onto the
MAST spherical tokamak. The system utilises a high-throughput, direct coupled imaging optics, and
a single large interference filter for collection of the Doppler shifted D, emission from the ~2 MW
heating beam of ~70 keV injection energy. The collected light is imaged onto a 2D array detector
with 8 x 4 avalanche photodiode sensors which is incorporated into a custom camera unit to per-
form simultaneous 14-bit digitization at 2 MHz of all 32 channels. The array is imaged at the beam
to achieve a spatial resolution of ~2 cm in the radial (horizontal) and poloidal (vertical) directions,
which is sufficient for detection of the ion-scale plasma turbulence. At the typical photon fluxes of
~10'"" s~! the achieved signal-to-noise ratio of ~300 at the 0.5 MHz analogue bandwidth is suffi-
cient for detection of relative density fluctuations at the level of a few 0.1%. The system is to be
utilised for the study of the characteristics of the broadband, ion-scale turbulence, in particular its
interaction with flow shear, as well as coherent fluctuations due to various types of MHD activity.

[doi:10.1063/1.3669756]

. INTRODUCTION

Low-amplitude micro-turbulence driven by electrostatic,
kinetic instabilities such as drift waves is thought to under-
lie the anomalously high transport rates observed in tokamak
plasmas. These instabilities cause fluctuations in the plasma
density, temperature, and potentials with a wide range of spa-
tial scales from a few ion Larmor radii, p;, down to the elec-
tron gyro-radius, i.e., 0.01 < k, p; < 100, where k; is the
perpendicular wave number of the fluctuations.! Efforts to
characterise these fluctuations are aimed at establishing a
link between the transport properties and the type of in-
stability prevailing under particular conditions, e.g., ion or
electron temperature gradient modes or trapped electron
modes.”

The growth rates of ion-scale micro-turbulence are of or-
der y,, ~ cs/L7,, where c; is the sound speed and Ly, is the
temperature scale length.? In spherical tokamak (ST) plasmas
such as in the MAST device the tangentially directed neutral
beam injection (NBI) heating results in a high toroidal rota-
tion rate wy due to the low moment of inertia of the low-aspect
ratio plasma, corresponding to Mach numbers My = Rwg /c,
~ 0.5. This rotation results in strong equilibrium flow shear
wsg ~ Mgcs/Ly,, where L, is the scale length of the rota-
tion, which can be sufficient to suppress the growth of the
ion scale turbulence,* when y,, /wsg ~ O(1). Turbulence sim-
ulations also show that the fluctuation amplitude decreases
strongly with increasing wave number kj_’\, where A is of
order 2. This and the fact that the resulting transport rates
from mixing-length estimates scale as y,,/k7, where y,, is
the maximum linear growth rate, imply that large scale fluc-
tuations could potentially result in significant levels of trans-
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port. Experimental characterisation of such large scale turbu-
lence and its dependence on the level of flow shear is hence of
considerable interest for understanding the confinement of ST
plasmas.

A diagnostic technique which is suited to the charac-
terisation of large scale density turbulence is beam emission
spectroscopy (BES) on heating’ or diagnostic neutral beams.®
The first method utilises the Doppler shifted D, emission
from the energetic deuterium atoms (typically 50-100 keV)
of the heating beam, which are excited primarily by colli-
sions with the plasma and impurity ions, and hence is ap-
proximately proportional to the local electron density. Al-
though the heating beams are quite broad (FWHM of typically
10-20 cm) spatial localisation of the order of 1 cm can be
achieved by viewing the beam in a direction parallel to the
magnetic field. This is because the structure of the turbulence
is “flute” like with a much longer parallel than perpendicu-
lar correlation length, i.e., kK /k; > 1. By observing parallel
to the field the collection volumes, which are defined by the
intersection of the lines of sight with the beam, can thus be
aligned to the turbulent eddies. By observing at several lo-
cations correlation analysis can be used to determine radial
or poloidal correlation lengths. With multi-channel detectors
imaged at the plasma with a radial (or poloidal) separation of
2 cm, fluctuations with wave-numbers k,y < 1.6 cm~! can be
resolved, corresponding to &, gp; < 1 for p; ~ 0.7 cm typi-
cal of MAST plasmas. By extending the observations to two
dimensions using an array of detectors it is also possible to
image the density fluctuations.” This paper describes such a
BES turbulence imaging system which has been recently im-
plemented on the MAST device.
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The availability of 2D images of the ion-scale density tur-
bulence allows the study of detailed physics of plasma trans-
port. As well as determining correlation times and correlation
lengths in poloidal and radial directions, velocimetry using a
time-delay correlation method allows the poloidal propaga-
tion of turbulence to be determined. This information has al-
lowed study of the influence of sheared mean poloidal flows
on formation of internal transport barriers on DIII-D.® The
ability to detect fluctuating poloidal flows has also enabled
detection of zero mean frequency zonal flows and Geodesic-
Acoustic-Modes® from such 2D BES data, which are thought
to be involved in the self-regulation of the turbulence. Tech-
niques used in other fields for image analysis have also been
applied to determine the 2D flow field of the turbulence'”
which could then be used to determine the turbulent parti-
cle flux or Reynolds stress. Application of techniques used
for analysis of phase contrast imaging (PCI) measurements
on the Large Helical Device (LHD) (Ref. 11) could also be
applied to such data to determine the 2D k-spectrum using
Maximum Entropy methods.

A further requirement on the observation geometry is to
view with an appreciable component colinear with the beam.
This provides both an increase in the intersection length with
the beam and, most importantly, large Doppler shifts (typ-
ically 1-3 nm) of the D, emission from the beam atoms,
which is an essential requirement to separate the beam emis-
sion from the much more intense passive D, emission from
the plasma boundary. By availing of high étendu optics to
collect sufficient photons and relatively simple optical tech-
nology, i.e., interference filters and solid-state detectors, it is
possible to achieve adequate signal-to-noise ratio (SNR) to
measure relative density fluctuations of order 0.1% over the
0.5 MHz analogue bandwidth.

This paper describes the technical realisation of the BES
turbulence imaging system on MAST. The conceptual de-
sign of this system is based on simulation calculations, which
were presented in an earlier paper.'” These were used to de-
termine the achievable signal-to-noise ratio and hence the
sensitivity in terms of minimum relative density fluctuation
level én,/n, at a given sampling rate. These calculations were
benchmarked against the measured performance of a trial
8-channel BES system which was implemented on MAST,
which utilised the collection optics of the CXRS system.'? In
Sec. II, the fundamental design considerations are described,
including the choice of viewing geometry, detector, optical
system, and estimates of the sensitivity in terms of the de-
tectable density fluctuation level and the spatial resolution. In
Sec. I1I the optical design of the system is described as well as
the technical realisation of the optical hardware on the MAST
tokamak. Section I'V describes the custom avalanche photodi-
ode (APD) array camera on which the design of the system is
based. In Sec. V initial results from the BES system are pre-
sented, including spectral measurements from which the ratio
of beam emission signal to background is estimated and com-
pared with the spectrally integrated beam emission signals.
Initial results are also presented which demonstrate some ba-
sic characteristics of the broadband turbulence and also detec-
tion of coherent MHD mode activity. A summary and some
initial conclusions from this work are presented in Sec. VI.
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Il. DESIGN CONSIDERATIONS

There were some external engineering constraints on the
design which had to override any other considerations. Firstly,
the provision of any new ports in the MAST vessel was pro-
hibited because these would compromise the strength of the
vessel in view of a planned upgrade to the device. The BES
system therefore had to make use of an existing port, which
necessitated the implementation of a periscopic collection op-
tics located inside the UHV vacuum envelope. It was also de-
cided at a relatively early stage in the project to make use of a
custom camera system based on an 8 x 4 channel APD array
sensor (Hamamatsu S8550) imaged at the beam location with
direct coupled optics instead of using optical fibre coupling.

The relatively large number of channels (32) of the
APD array together with the necessity for high étendu optics
would have required several large diameter optical fibres per
channel to achieve the same performance. With an f~number
of 1.2 at the detector and an active area of each pixel of
1.6 x 1.6 mm? the resulting étendu is ~1.1 x 107% m? sr
pixel~!. To achieve this with 1 mm diameter optical fibres il-
luminated at F/2 would require at least 8 fibres per channel,
hence requiring almost 8 km of fibre altogether. On the other
hand there are some disadvantages with the direct coupled
optics. Firstly, the spatial arrangement of the channels at the
plasma is fixed, whereas with fibres it is relatively simple to
re-arrange the viewing geometry. The size of the detector im-
age and hence channel separation also varies with the distance
from the collection optics to the viewed location at the beam.
Furthermore, with the APD detectors located in the vicinity
of the tokamak, if the NBI power is increased for a future up-
grade, interference from beam-thermal D-D neutrons or hard
x-rays detected by the APDs may require addition of some
neutron shielding of the detector.

A. Viewing geometry

In order to optimise the spatial localisation of the mea-
surement the line of sight has to be oriented along the mag-
netic field where it intersects the heating beam. Because
the turbulent fluctuations are elongated along the field, i.e.,
ki /k; > 1, this minimises the spatial averaging within the
emission volume over the fine scale fluctuations in the direc-
tion perpendicular to the field. As discussed in Ref. 12, for
co-beam directed (red-shifted) views, the optimal viewing lo-
cations lie along an almost vertical locus at the vessel wall
at a toroidal location about —38° toroidally displaced from
the beam port. Moving outwards from the magnetic axis the
optimal location for the collection optics shifts from the mid-
plane to a vertical position ~1 m below the mid-plane, hence
for a fixed optics, the view is optimal at a particular plasma
radius. Other constraints, i.e., the in-vessel (P5) poloidal field
coils above and below the mid-plane in MAST, restrict the
location of the viewing optics to a position 0.4 m below the
mid-plane or above. With the optics at this location the view is
optimised for a major radial location of 1.2 m (corresponding
to a normalised radius /a ~ 0.5) for a typical MAST toroidal
field and plasma current (800 kA, 0.48T). A schematic of the
viewing geometry is shown in Figure 1.
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FIG. 1. (Color online) Plan and E-W sectional view of the observation geometry of the BES imaging system. The direction of the magnetic field vectors are
indicated at several locations along the path of the SS beam. The inner and outer dotted circles show the locations of the magnetic axis and the outboard plasma

edge respectively and the solid circle the beam tangency radius.

An available NW160 port (HM-07) located one sector
clockwise (30°) from the SS beam port was selected for
the BES system, hence the viewing location is misaligned
toroidally by ~8° from the optimal location. Through this port
pass both the optical path and actuators for scanning the view-
ing location and a shutter mechanism, hence, a smaller NW63
window had to be used for the optical path. The centre of the
NW160 port was located 0.2 m below the mid-plane, with the
NW63 window offset vertically upwards in the larger flange.

In order to maximise the SNR, the collection optics
should have as large an aperture as possible. However, the
aperture should not be so large as to degrade the spatial res-
olution due to the finite size of the collection cone within the
emission volume along the intersection depth of the line-of-
sight with the beam of ~20 cm. The maximum acceptable
aperture at the collection lens of F/10 is determined by match-
ing the cone size to the spatial smearing due to the line-of-
sight integration through the beam and the curvature of the
B-field. Using the simulation calculations described in our
earlier paper,'> when viewing the beam from a PINI type NBI
source on MAST, this spatial delocalisation is estimated to be
~2-3 cm, increasing with the observed radius. With a nom-
inal distance to the beam of ~1.4 m for a viewed radius of
1.2 m this requires a collection lens of 140 mm diameter.

More detailed calculations of the spatial response of the
2D BES system are presented in Ref. 14, which describes
calculations of the point-spread functions (PSF) and spatial
transfer functions (STF) taking into account relevant physi-
cal effects, including the finite lifetime of the excited atomic
state. Such data are required to generate synthetic turbulence
data from results of numerical turbulence simulations for di-
rect comparison with observations.

B. Optical system

In Figure 2(a) a schematic of the optical system used for
the BES system is shown. A periscope arrangement consist-
ing of a plane, elliptical collection mirror (M1, 140/200 mm

diameter) and a second deflection mirror (M2) provide the
vertical offset between the location of the window and the
viewing location. A fused-silica doublet collection lens (L1,
140 mm diameter) produces an image of the beam with a
nominal factor ~5 de-magnification just inside the window.
This allows the light to pass through the relatively small aper-
ture window. The overall magnification of the optics is cho-
sen to match the pixel separation of the detector (2.3 mm) to a
2 cm channel separation at the beam for a nominal viewing
radius of 1.2 m, i.e., by a factor 8.7. With the 8 x 4 array de-
tector this results in a spatial coverage of 140 mm horizontally
and 60 mm vertically between channel centres.

A field lens (L2) located at the intermediate image
couples the light through the window to a second pair of
imaging lenses (L3) outside the window. These form a 1:1
image of the beam at a pair of field lenses (L4, 180 mm di-
ameter) arranged to form a region between where the rays are
tele-centric, i.e., the principle rays across the image are par-
allel. This and the narrow F/10 aperture results in a narrow
range of incident angles (6,,,. ~ 3°) at the large rectangular
(170 x 90 mm? full aperture) interference filter (F1) which is
located between these field lenses. This is required in order to
minimise the spectral broadening of the filter bandpass due to
the finite range of incident angles in the incident light cone.

The optics is completed by a deflection mirror (M3)
(deflects light into the picture in Figure 2), which allows
for convenient alignment of the optical axis, and a final

Beam

<— Vacuum boundary

FIG. 2. (Color online) Optical layout of the 2D BES imaging system pro-
duced by ZEMAX ray tracing program. Note that lens LS and the detector
are behind mirror M3, i.e., M3 deflects the beam into the paper.



013508-4 Field et al.

imaging lens (L5). This final lens is a large aperture, com-
mercial Nikkor (F/1.2, 50 mm) camera lens, which forms an
image at the APD sensor. The focussing ring on this lens can
be used to alter the effective focal length of the optical sys-
tem and hence focus the sensor at different distances from the
collection optics. Different radial locations in the plasma can
be viewed by scanning the viewing location along the beam
axis, at major radii at the centre of the array ranging from
0.9 m at the magnetic axis to 1.5 m at the outer plasma edge.
Over this range the magnification of the optics and hence the
inter-channel separation at the beam changes, by a factor of
1.2-0.86 respectively relative to that at a nominal viewed ra-
dius of 1.2 m. The focusing of this lens is performed remotely
using a stepping motor drive.

The viewing location is scanned along the beam between
discharges by rotating the collection mirror M1 about a sin-
gle, near-vertical axis, which is normal to the plane containing
the mirror centre and the beam axis. A consequence of this is
that the image of the beam at the filter and the detector rotates
around the optical axis as the mirror is rotated. This necessi-
tates rotating both the rectangular filter to avoid vignetting of
the outer channels and the APD camera to orient this to the
beam axis. The mechanics of the rotation of the mirror, filter
and camera is described in detail in Sec. III.

C. Predicted spectra

The angle between the line-of-sight and the beam varies
between 40° and 60° when viewing locations at the mag-
netic axis or the plasma edge, hence, there is a change in
the Doppler shift due to the variation in the projection of the
beam atom velocity along the line of sight. For a deuterium
(D% beam with 75 keV energy, the range of Doppler shifts
of the D, beam emission is 2-3 nm to the red side of the un-
shifted background D,, line at 656.1 nm. Figure 3 shows spec-
tra for the spectral region of relevance for the BES measure-
ments produced by the simulation code'? for NBI energies
of 75 keV and 60 keV. The intensities of the beam emission
components are calculated absolutely, while the background
D, and CII line intensities are matched to measured spectra.
It can be seen that the full and half-energy beam emission

E,=75keV

D, Ap= 660 nm

o

CIl Ax =2 1nm

20 100

()
1 80

Dy(Ep) ] 4 60

Tg [%]

1 40

120

0 k - 0
654 656 658 660 662

A [nm]

664 654 656 658 660 662 664
A [nm]

FIG. 3. (Color online) Predicted spectra for beam energies of (a) 75 keV and
(b) 60 keV. The total emission is shown for a viewing radius of 0.9 m, with the
contribution to the D, beam emission from the three energy components for
viewing radii of 0.9, 1.0, 1.1, 1.2 and 1.3 m superimposed. The transmission
of the interference filter is also shown. The vertical dashed lines are the 10%
transmission wavelengths and the central wavelength of the filter.
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components (Ey, Ey/2) are separated from the neighbouring
CII lines but the third energy componets (E/3) are not. The
bandpass of a single interference filter of central wavelength
Ao of 660.2 nm and full-width-half-maximum (AX) of 2.0 nm
is superimposed. It can be seen that this single filter can en-
compass the full-energy beam emission components from the
full radial range at the 75 keV beam energy, while rejecting
the CII lines which lie outside the 10% transmission range of
the filter. At the lower beam energy the full-energy compo-
nents from the outermost locations are quite strongly attenu-
ated. Under these conditions the signal-to-background ratio of
the measurements is hence degraded as discussed in Sec. V A.

D. Interference filter

It was decided to use a single interference filter located
at the intermediate 1:1 image for all of the spatial channels. A
three-cavity, rectangular filter of 170 x 90 mm? size was ob-
tained from Andover Corp. at a reasonable cost and was sup-
plied un-mounted as a trial. The specification of the filter was
for an out-of-band blocking from FIR to x-ray of 10~* and
bandpass with central wavelength Xy of 660.2 (+0.4, —0.0)
nm, bandwidth (FWHM) A of 2.0 & 0.5 nm over a useful
area of the filter of 160 x 80 mm? and a peak transmission
of the filter of at least 45%. With an effective refractive index
of 2.05, illumination at F/10 results in an average shift of the
bandpass to the blue by 0.2 nm. Superimposed on the spectra
in Figure 3 is the measured bandpass for a channel near the
middle of the actual filter. The achieved peak transmission of
the filter was 57%.

The interference filter is of a particularly large size hence
control of the filter tolerances over the peripheral regions of
the filter during manufacturing was challenging. In Figure 4,
the bandpass characteristics are shown as determined from the
bandpass functions measured at 32 locations over the surface
of the filter at 2 cm horizontal and vertical (Ax and Ay) spac-
ing. A collimated beam of white light with a beam diame-

Filter #P339-01

661.0 T -
(a) Central wavelength
660.5 | 1
T bE A-d- -y C
E e00f % g ]
<& *
659.5 % +
DA A b
659.0
2.2 T T r :
(b) Bandwidth (FWHM)
2.1F E
£ 2.0-o--%—-§--§_$_§._$-$_
3 A A A
19F E
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FIG. 4. Measured bandpass characteristics at 32 locations over the surface

of the BES interference filter corresponding to the BES spatial channels:
(a) central wavelength Ao and (b) bandwidth (FWHM), AA.
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In-vessel periscope
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FIG. 5. (Color online) Overview of the complete BES imaging system (the
vacuum boundary is indicated by the vertical line).

ter of 2 cm was used to illuminate the filter for these mea-
surements. It can be seen that the full-width-half-maximum
(FWHM) bandwidth AA of the filter is well controlled over
the full aperture within a deviation of +0.05 nm which is
much smaller than the quoted tolerance. There is however
an appreciable shift of the central wavelength A at the two
ends of the filter corresponding to columns 1 and 8 of the 2D
array. This shift is about —0.5 nm for the middle two rows
(2 and 3) and largest at about —0.8 nm for the locations in
the outer corners (rows 1 and 4). As discussed in Sec. V A
this shift of the bandpass to shorter wavelengths at the ends of
the filter results in greater level of background from the CII
(658.3 nm) line, for which the transmission is ~20% for the
corner channels compared to 1% or less for the other more
central channels.

lll. OPTO-MECHANICAL SYSTEM

The technical realisation of the BES opto-mechanical
hardware is described in detail in Ref. 15. An overview of
the BES hardware is shown in Figure 5. This consists of the
in-vessel periscopic collection optics, which is mounted from
a support tube on the inside of the NW160 vacuum flange, the
associated drives for the mirror rotation and a shutter mech-
anism on the outside of the flange and the external optical
components on a separate base plate. A stringent constraint
on the design was that the periscope assembly had to fit in the
260 mm gap between the vessel wall and the P5 coil case.
Also, the footprint of the hardware immediately outside the
port had to be as small as possible to accommodate other
surrounding diagnostic hardware. In order to minimise per-
turbation to the magnetic field of the tokamak, non-magnetic
materials were used where possible and for the in-vessel com-
ponents all materials had a relative permeability of 1.05 or
less.

A. In-vessel collection optics

A schematic of the in-vessel periscopic collection optics
is shown in Figure 6. Looking back along the light path, the
principle light ray is incident vertically at the collection mir-
ror, which is tilted to reflect the light to cross the axis of the
beam. The viewed location along the beam can be scanned by
rotating the mirror about a single axis which is tilted from the
vertical so that it is normal to a plane through the center of the
mirror and the axis of the beam. This is achieved by mounting

Rev. Sci. Instrum. 83, 013508 (2012)

Deflection mirror (M2) Field lens (L2) Intermediate lenses (L3)

Stepping motor

Flange/window

Rotary feedthrough /

=1 g

Collection lenses (L1) Planetary gearbox

; II
[ . .
= lvl_.Jl Collection mirror (M1)
Shuttered housing

<—— Mirror rotation drive
FIG. 6. (Color online) Sectional view of the in-vessel collection optics.

the mirror bearings on a curved track below the mirror which
allows adjustment of the mirror tilt about its centre. This track
can also be rotated about a vertical axis to align it with a verti-
cal plane joining the mirror centre with the nearest point along
to the beam path. The alignment of the mirror axis has only to
be made once during installation. The bearings of the rotation
axis are full ceramic to prevent seizure under UHV condi-
tions. The mirror mount is attached to a support tube, which
also serves as a protective cover for the mirror. This tube is
mounted below the body of the periscope which houses the
collection lens cell, shutter bearing and deflection mirror and
is attached to the flange by a support tube through which the
light passes.

A shutter is provided to protect the mirror during glow-
discharge cleaning of the vessel between plasma shots. This
shutter is in the form of a shell with an aperture which ro-
tates around the lower support tube in which there is a similar
aperture. The shutter is operated by a pneumatic cylinder via
a linear UHV feedthrough.

The actuator for the rotation of the mirror is a stainless-
steel wire loop running over a lower pulley attached to the
mirror axis, around two guide rollers and an upper pulley.
The upper pulley is rotated by means of a stepping motor, via
a 16:1 reduction gearbox and a rotatary UHV feedthrough.
There is an overall reduction ratio of 48:1 from the motor to
the mirror rotation. A relative encoder is attached to the drive
shaft and end switches are provided which provide an abso-
lute reference for the mirror position. In laboratory tests, an
overall positional accuracy of better than £3 mm at the beam
was achieved, corresponding to an angular accuracy of +7'.

The elliptical collection mirror and the deflection mir-
ror are manufactured from stainless-steel coated in silver and
over-coated with a reflection enhancing layer of SiO,. The
reflectivity of the mirrors is 98% at 650 nm. The collection
lenses are of fused silica with a hard, anti-reflection coating
optimised for 650 nm. All of the stainless steel components
are of SS-316-L. PEEK (poly-ether-ether-ketone) is used for
the roller bearings and phosphor bronze for the wire pulleys
to avoid seizure under UHV conditions.

B. Ex-vessel detection optics

The intermediate lenses (LL3) are mounted in a cell on the
outside of the flange. The light path to the ex-vessel optics
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FIG. 7. (Color online) Schematic of the ex-vessel optical hardware.

is enclosed by a light-tight cone, which allows for movement
of the MAST vessel during baking. The ex-vessel optics con-
sisting of the field lenses (L4), filter (F1), deflection mirror
(M3), APD camera, and imaging lens (L5) are mounted on
a base plate, as shown in Figure 7. The deflection mirror al-
lows for adjustment of the optical axis to the APD camera. As
explained above, the rotations of the filter cell and the APD
camera, which are required as the radial position is scanned,
are performed using stepping motor drives. End-switches and
relative encoders provide an absolute position reference and
measurement. The camera lens (L5) can also be focussed re-
motely using a stepping motor to adjust the focal position at
the beam. The ex-vessel optics has a light-tight cover, the re-
moval of which is interlocked with the power supply for the
APD camera to protect the sensor from over exposure.

IV. APD CAMERA SYSTEM
A. Overview

The detection system is based on the Hamamatsu S8550,
4 x 8 channnel APD array sensor which is integrated into a
custom camera system. This APD camera (APDCAM) sys-
tem was designed and manufactured by ADIMTECH Ltd
(ADIMTECH Kft., Konkoloy Thege Miklés tut 29-33, Bu-
dapest 1121, Hungary), a spin-off company of RMKI/KFKI
institute of the Hungarian Academy of Sciences. The sys-
tem integrates the sensor, pre-amplifier, ADC board with field
programmable gate array (FPGA) to perform triggering, data
manipulation and buffering functions, HV power supply, con-
trol of detector temperature, calibration light and electrome-
chanical shutter, and Ethernet communications into a compact
package.

B. Detector choice

The choice of optimal detector for this high-bandwidth
and low-light level application is discussed in detail in
Ref. 14, as is the design of the pre-amplifier electronics. At
the expected level illumination of ~10'! photons/s, the APD
detector offers the optimal SNR and flexibility. At lower light
levels, photomultiplier tubes (PMTs) are the optimal choice
due to their high (up to 107) intrinsic gain and relatively low-
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noise. This results in a high output signal (from pA to mA),
which hence obviates the need for special amplifier electron-
ics. This means that the SNR is very close to the photon statis-
tical limit calculated with the detected photon flux. The disad-
vantage of PMTs is their low QE (<10%) and high sensitivity
to stray magnetic fields.

At higher light levels, photoconductive photodiodes
(PPDs) are most suitable due to their high QE, which in the
650-670 nm region is as high as 85%. The PPDs do not have
intrinsic gain, therefore, even at a quite high photon flux, their
signal is very low (10'° photons/s ~ 1.5 nA), hence requir-
ing use of Peltier or cryogenically cooled state-of-the-art am-
plifier and read out electronics. These detectors are also in-
sensitive to magnetic fields. The QE of APDs are similarly
high; however, the APD multiplication process introduces ad-
ditional (excess) noise, which can be expressed as a reduction
of the effective QE to values of typically 40%. Nevertheless,
in a certain photon flux range, the SNR of the APD will be
higher than that of the PPD. The gain of the APD and the dark
current are temperature dependent, therefore, they should be
temperature stabilized but they do not need to be operated at
cryogenic temperatures.

The Hamamatsu S8550 sensor integrates 32 sensors of
1.6 x 1.6 mm? sensitive area at a pitch of 2.3 mm into a single
package as shown in Figure 8. The detectors share a common
anode to which a bias voltage in the range 200-390 V is ap-
plied, resulting in an intrinsic gain in the range 2—100. The QE
peaks at 85% at 650 nm which is optimal for this application.
The detector is in contact with a copper tab which is heated
or cooled using a Peltier element to stabilise the temperature
to a set point in the range 10-30°C. The camera housing has
a Nikon F-mount for a lens behind which is a BK7 glass win-
dow and an electromagnetic shutter. The camera integrates
control of the shutter, sensor temperature and the HV supply.
A calibration light source is also incorporated into the cam-
era housing in the form of a high-intensity red LED coupled
to the sensor using fibre optics. This facilitates testing of the
detector electronics and measurement of the noise spectrum
at the same light level as in the experiments.
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FIG. 8. Dimensions of the Hamamatsu S8550 APD array sensor.
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C. Pre-amplifier

The design of the pre-amplifier is also discussed in de-
tail in Ref. 16. There are currently two versions with dif-
ferent bandwidths with —3 dB points of either 0.5 MHz or
1 MHz. The 0.5 MHz version is used for the measurements
presented here. The amplifier consists of a current to volt-
age converter followed by a further gain stage. The current
to voltage converter is based on an AD8065, ultra-low noise,
high bandwidth FET input operational amplifier, which has
extremely low input voltage and current noise of 7 nV/+/Hz
and 0.6 fA/+/Hz, respectively. The amplifier stage consists of
a high-performance, low-noise, high gain-bandwidth-product
ADA4899 operational amplifier (0.6 GHz at —3 dB with unity
gain), which is currently set up to operate with a gain of 50.
Offset compensation is incorporated between the first and sec-
ond stages of the pre-amplifier to correct for any amplifier off-
set and detector dark current. The offset voltage can be set us-
ing DAC:s for each channel independently. The pre-amplifiers
for each of the 32 APD channels are integrated into a single
multi-layer PCB with surface mount technology onto which
the sensor is mounted.

D. Digital electronics

The data acquisition unit incorporates four 8-channel 10—
50 MHz, 14-bit AD9252 ADCs, and a Xilinx Virtex-5 FPGA
which implements clock and trigger functions, digital low-
pass filtering, re-sampling and buffering of the data, which is
packed into UDP packets and output to the 1 Gbit Ethernet
controller. The controller transmits the data to the host PC via
a fibre optic connection. The ADCs function all of the time
but the data are only transmitted in response to either an inter-
nal or external trigger, allowing various triggering modes to
be implemented. The data from the ADC:s is filtered using a
FIR digital, low-pass filter with a steep cut-off just below the
required sampling frequency. An additional recursive filter is
implemented to allow for a lower cut-off frequency with a less
steep characteristic. After the filtering the output resolution is
selected at 8, 12, or 14 bits. The data are then re-sampled at
lower frequency defined either by an external clock or a di-
vided version of the internal 20 MHz clock. The down sam-
pled (decimated) data are then stored in a ring-buffer with
up to 1024 samples per channel, which allows pre-triggering
functions to be implemented. The triggers are common to all
32 channels and can either be an external TTL signal or gen-
erated internally. Data transmission commences after waiting
for a pre-programmed delay of up to several 10 s. An inter-
nal trigger can also be generated in response to a condition
that any one of the 32 input channels fulfils a trigger condi-
tion, i.e., the signal level is above or below a set threshold.
This facility together with the ring-buffer is particularly use-
ful in pre-triggering in response to fast transient events. The
bandwidth of the 1 GBit Ethernet link is sufficient to trans-
mit 32 channels at 14-bit resolution at 2 MHz sampling rate.
The data streams are written directly to the memory of the
host PC, hence the measurement time length is limited by the
computer memory.
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E. Performance

Using the simulation code it is possible to calculate the
incident photon flux at the detectors and hence the expected
signal level from the APD detectors. With the PINI NBI
source operating at 1.8 MW and 60 keV energy, the simu-
lated incident photon rate at the detectors is ~2.2 x 10'! s~!
at an observation radius of 1.2 m in the L-mode discharge
#17068 (as used for the simulation calculations for the trial
BES system'?). This is two orders of magnitude larger than
for the trial BES system observing the SW beam from the
ORNL source at 1.2 MW and 48 kV energy. This is a conse-
quence of the increased collection etendu and also the higher
beam energy of the PINI source.

The APD camera pre-amplifier has a load resistor R, of
68 k2 and a second-stage gain of 50. (This compares to val-
ues of 50 k2 and 100 respectively for the trial BES detectors.)
The resulting sensitivity Sy expressed in terms of the trans-
impedance is 3.4 x 10% V/A. For the APD bias voltage of
290 V, as used for the measurement of discharge #26086
presented in Figure 10, the APD gain is ~5 at which the
excess noise factor is ~1.4. The corresponding output volt-
age of the APD camera for the simulated case for #17068 is
hence ~0.6V with a SNR of ~200. This compares to the SNR
achieved with the trial system of order ~10.

With the un-illuminated sensor at a bias voltage of
310 V, the measured rms noise level from the electronics at
the ADC input is ~2.2 mV. This is compared to the photon
noise level at the typical signal levels for measurements in
Sec. V B. The local magnetic field from the tokamak is a
horizontal component from the nearby toroidal field coils of
~10 G and a vertical field of ~50 G. Only the latter produces
a barely discernable signal due to pickup of ~0.5 mV ampli-
tude and is hence negligible.

V. INITIAL RESULTS
A. Spectral measurements

In order to assess the quality of the spectrally integrated
D, beam-emission (BE) data it is necessary to determine the
ratio of BE intensity (which is localised to the intersection
volume of the line-of-sight and the beam) to the background
emission. The background is from several sources: the CII
(657.81, 658.29 nm) doublet lines, broadband emission from
bremsstrahlung, the D, emission from secondary neutrals due
to charge exchange with the fast-ions from the beam (FIDA
signal) and possible contributions from molecular emission
and other weaker spectral lines. The CII emission is from a
region near the plasma edge a few cm in radial extent but is
distributed over the whole plasma surface rather than being
localised to the beam. Because this emission is proportional
to the plasma density it will augment the BES fluctuation
measurements when observing near the plasma boundary but
confuse the measurement when trying to detect core plasma
turbulence of lower relative amplitude. The bremsstrahlung
emission is predominantly from the plasma core o2 /\/(T,)
but is distributed along the line of sight rather than localised
to the beam. The bremsstrahlung intensity is estimated to be
less than 1% of the BE intensity for typical conditions.
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FIG. 9. (Color online) (a) Spectra measured both before and after the SS
beam cut-off time using the MSE spectrometer at a view radius Rv of 1.2 m
together with the transmission of the BES filter and (b) the ratio of BE signal
to background estimated from the spectrally integrated intensity during the
periods with/without the beam for each spectral channel.

In Figure 9(a) spectra are shown measured from the mid-
plane at the same toroidal location as the BES collection op-
tics using the optics of the Motional-Stark-Effect (MSE) diag-
nostic viewing at a radial location R,, of 1.2 m. The observed
Doppler shifts of the D, BE lines will be almost the same
as those for the BES system which is located 0.4 m below
the mid-plane. Spectra are shown during a period with the SS
beam at 62 keV injection energy and during the ohmic phase
just after the beam is switched off. By integrating the spectra
under the filter bandpass function measured at the location of
each of the 32 spatial channels on the filter the spectrally inte-
grated intensity during (Iss) and after (Ipg) the SS beam cut-
off can be determined. The ratio of BE signal to background
(SBR) can then be calculated from SBR = (Iss — Iop)/Ioy.
This is plotted for each spatial channel in Figure 9(b), where
the channel numbering is in row-column order across the fil-
ter (row 1, channels 1-8, etc). As discussed in Sec. III B,
due to the large size of the filter there is some broadening
of the bandpass at the outer extremes, i.e., for columns 1 and
8. For these channels more of the CII emission is detected
and the modelled SBR is reduced to the range 5-10. For the
more central channels the SBR is higher in the range 10-15.
These values are compared to the SBR estimated from the
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evolution of the BE signal at a beam cut-off as discussed in
Sec. V B below.

The transmission of the filter at the wavelengths of the
CII (657.81, 658.29 nm) lines is ~0.04% and 0.3% for the
central channels and somewhat higher for the four corner
channels at 0.08% and 2%. By cutting out these lines from
the spectra shown in Figure 9(a) it is possible to calculate the
fraction of the background due to these CII lines as ~10%
for the middle channels and ~50% for the corner channels.
Another source of background emission is hence dominat-
ing the background for most of the channels. As mentioned
above, bremsstrahlung can account for only ~10% of the
background emission at moderate densities and the SBR is
also found not to have any clear dependence on density, sup-
porting this conclusion.

The transmission of the filter as a function of wavelength
is also shown in Figure 9(a). At the wavelength of D, (656.1
£ 1.0 nm) the average transmission is 1.0% for the middle
and 15% for the corner channels. The D, emission has a warm
component from charge exchange neutrals and also the FIDA
component. Using the part of the spectrum at wavelengths
greater than 657 nm to exclude any contribution from the D,
intensity at shorter wavelengths, for the middle channels the
SBR increases from ~15 to ~20 indicating that about 30% of
the background intensity is due to D,. For the corner channels
this contribution increases to ~75%.

Although the SBR is typically in the range 10-15 it is
found to be highly variable, the background light sometimes
increasing to result in a SBR low as ~3. Very recently, spec-
tral measurements were made through the BES optics by re-
placing the APD camera with optical fibres at the image plane
of the camera objective. These measurements showed that the
origin of this excessive background light was D, light passing
the rectangular interference filter through the outer regions of
the circular field lenses which were not blocked by the fil-
ter. Although these regions are not imaged directly onto the
detector, there is sufficient scattering of the intense, passive
D, emission (which is two orders of magnitude brighter than
the beam emission) within the objective lens for this scattered
light to be a significant fraction of the detected beam emis-
sion intensity. By masking these outer regions of the field
lenses the background light level could be reduced by a fac-
tor ~5, resulting in a corresponding increase in the SBR to
~50. These modifications now allow for considerably im-
proved measurements of the core turbulence characteristics
than were possible before.

B. Initial BES measurements

The evolution of the spectrally integrated signals from the
BES system is shown in Figure 10(e) for a MAST discharge in
which the SS beam was injecting ~1.5 MW of D at 62 keV
energy from 0.05 to 0.2 s. The discharge was a 790 kA plasma
current, L-mode discharge with a double-null diverted (DND)
magnetic configuration with line average electron density in-
creasing during the shot to about 4 x 10'” m=. The BE sig-
nals increase slowly after starting the SS beam because the
plasma radius at the outboard mid-plane was increasing dur-
ing the early phase and is initially inside the observed radial
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FIG. 10. (Color online) Evolution of (a) plasma current, (b) line-integrated
electron density, (c) SS beam injection energy Ep, (d) SW beam injection
energy; and (d) BE signals from channels 13 (upper trace) and 16 (lower
trace) in the frequency band from O to 50 kHz.

location. The magnitude of the signals of 0.8 V corresponds
to an incident photon flux at the APDs of ~3.4 x 10'! s7!
assuming an APD gain of ~5 at the bias voltage of 290 V.
This output voltage is in reasonable agreement with the pre-
diction of the simulation calculations discussed in Sec. IV D.
The centre of the array was viewing a major radial location
R, ~ 1.2 m with the channels 13 and 16 viewing locations at
1.19 and 1.13 m radius and nominally 1 cm below the mid-
plane. The locations of the magnetic axis and the outboard
separatrix were at 0.97 and 1.4 m during the constant current
phase of the discharge, hence the observation locations are in
the mid-radius, gradient region of the plasma.

The BE intensity Ipg is proportional to the product of
the beam density n;, and the electron density n, (Igg x npn,.),
hence the relatively constant intensity during the density ramp
implies that the increasing density is compensated by an in-
crease in the beam attenuation at the observed location. At the
same bias setting and viewing radius, discharges with the SW
beam only exhibit a barely discernable ~10 mV drop in the
BE intensity at the switch-off time of SW beam, indicating
that the system does not detect a significant signal from this
beam. At the time of SS beam cut-off, the BE signal decreases
from ~0.8 V to ~0.08 V, i.e., by a factor ~10 in both chan-
nels 13 and 16. This is to be compared to the modelled SBR
shown in Figure 9(b), which is calculated from the measured
spectrum, for the channels 13 and 10, respectively. Note that
after masking out the light passing by the interference filter,
the background light level was reduced by a further factor ~5.

Some background signal is produced by neutron, gamma
or hard x-ray radiation detected by the APDs, the latter pro-
duced only when there are runaway electrons. This is in the
form of sharp spikes in the signal with significant amplitude
only over 3—4 samples as a result of the 0.5 MHz amplifier
bandwidth. These peaks are uncorrelated between channels
and result in a broadband, white noise contribution to the sig-
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FIG. 11. (Color online) Comparison of signal power as function of frequency
over a 50 ms period for channel 20 from an L-mode plasma #26373, with the
same DC signal level produced with an LED light source and from the un-
illuminated sensor (electronic noise only).

nal which adds to the photon noise level. The mean signal
level due to these pulses is insignificant compared to the elec-
tronic noise level of ~0.5 mV. The typical pulse rate due to
radiation is 1000 s~! per channel which represents only about
0.5% of the digitized samples. A numerical algorithm is used
to remove these peaks based on their known temporal struc-
ture, which is activated once the amplitude of the high-pass
filtered signal exceeds a threshold voltage. For threshold volt-
ages of 10 mV or less there is no further reduction in the
broadband noise floor of the data, indicating that this radiation
background has been effectively removed by this procedure.

A power spectrum P(f) measured during an L-mode
plasma discharge #26373 in an L-SND configuration with
900 kA plasma current and 1.8 MW NBI heating from the
SS beam at 65 keV is shown in Figure 11. For comparison,
the noise floor due to photon noise is also shown, which was
measured by illuminating the sensor using the in-built calibra-
tion LED light source to produce the same DC signal level as
during the plasma. It can be seen that the plasma fluctuation
amplitude approaches the photon noise level at frequencies
above ~100 kHz. The amplitude of the plasma fluctuations,
which increases with decreasing frequency, is up to four or-
ders of magnitude above the photon noise level. The overall
SNR for the measurement is ~290 in this case, which is in
agreement with the expected performance from the simula-
tions. In this case the noise level from the electronics with the
un-illuminated sensor at the same bias voltage as used for the
plasma measurement is a factor ~5 below the photon noise
level.

A spectrogram of the evolution of the cross-power as a
function of frequency between two poloially separated chan-
nels (13 and 21) is shown in Figure 12 for an L-mode
discharge #26069 with 1.4 MW of NBI heating at 60 keV
energy, viewing at a location at mid-radius, R, ~ 1.2 m. The
period of NBI injection is from 0.04 to 0.32 s. During the ini-
tial stages of the discharge the outboard radius of the plasma
R, increases, passing the viewed radius at 0.08 s and reach-
ing its maximum of 1.4 m at about 0.15 s. The initially high
level of broadband turbulence up to 80 kHz is therefore from
the periphery of the plasma. The higher frequency fluctuations
from 80 kHz upwards at this time are due to toroidal Alfvén
eigenmodes (TAEs) driven by the fast-ion pressure gradient.
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FIG. 12. (Color online) Spectrogram showing evolution of cross-power be-
tween channels 13 and 21 as a function of frequency during L-mode dis-
charge #26069 with 1.4 MW of NBI heating at 60 keV beam energy when
viewing at mid-radius at Rv ~ 1.2 m.

Some of the BE signal at the TAE frequency could be due to
modulation of the FIDA contribution to the background in-
tensity due to redistribution of the fast-ions by these modes.
After 0.13 s the level of broadband turbulence at mid-radius
is reduced, probably because of strong radial shear in the
toroidal rotation in this region of the plasma. Between 0.13
and 0.22 s “fishbone” MHD modes, which are internal kink
modes driven again by the fast-ion pressure gradient, can be
seen with harmonics up to 80 kHz. After 0.2 s there is a low-n
MHD mode which slows down and locks to the wall thereby
reducing the toroidal rotation rate. In the subsequent period
until the end of the discharge with low rotational shear the
power of the broadband turbulence is almost an order of mag-
nitude greater than in the earlier rotating phase prior to the
mode locking.

VI. DISCUSSION

Initial results from the MAST BES turbulence imaging
system show that the system performs as was expected from
the simulations on which the design was based. The APD
camera provides optimal SNR at the typical incident photon
fluxes at the sensors of ~10'! s~!, which are achieved through
the use of a high étendu, direct-coupled collection optics. The
resulting SNR of ~300 allows for the detection of relative
density fluctuations én./n, of order 0.1% at frequencies of
a few 100 kHz, which is typical of the amplitudes expected
for ion-scale turbulence in the core of the spherical tokamak
plasma. The spatial resolution achieved at mid-radius through
the localisation of the emission to the beam of ~2-3 cm is
sufficient for detection of ion scale turbulence with wave-
numbers k, o < 1.6 cm~ L ie., with kr ppi < 1. The initial re-
sults, including spectral measurements of the beam emission,
showed that typically 5-10% of the detected signal is from
background light, which is most likely localised to the plasma
edge. Further spectral measurements performed through the
BES optics allowed the origin of this background emission to
be identified as D, light leaking passed the interference filter.
After masking out this light the background light level was
reduced to only ~2% of the BE signal. Because fluctuation
amplitudes at the plasma periphery can be an order of mag-
nitude or more greater than in the core it remains a challenge
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to distinguish the core turbulence from the edge fluctuations.
Comparison of data immediately before and after a cut-off of
the NBI injection is a method to do this at least at one time in
a discharge and modulation or short cuts of order 20 ms dura-
tion in the beam power would also be useful. Another feature
of this data is the prevalence of coherent MHD activity at fre-
quencies of a few kHz right up to the Nyquist frequency of
1 MHz. Power spectra show that the density perturbations
from this activity, likely to be due to spatial perturbations of
the equilibrium rather than actual density perturbations, are
typically larger in magnitude than the broadband turbulence.
It will be a challenge to develop a method to separate out the
localised, ion-scale turbulence in the core plasma from this
global, large scale MHD activity.
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