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The filterscope diagnostic on DIII-D utilizes photomultiplier tubes to measure visible light emission from
the plasma. The system has undergone a substantial upgrade since previous attempts to cross-calibrate the
filterscope with other spectroscopic diagnostics were unsuccessful. The optics now utilize a dichroic mirror to
initially split the light at nearly 99% transmission or reflectance for light below or above 550 nm. This allows
the system to measure Dα emission without degrading visible light emission from the plasma for wavelengths
below 550 nm (to measure Dβ , Dγ , W–I, C–III, etc.). Additional optimization of the optical components and
calibration techniques reduce the error in the signal up to 10% in some channels compared to previous methods.
Cross-calibration measurements with two other high resolution spectroscopic diagnostics now show excellent
agreement for the first time. This expands the capabilities of the filterscope system allowing measurement of
divertor detachment, emission profiles, edge-localized mode (ELM) behavior, plasma-wall interactions. It also
enables direct comparisons against calculations from boundary plasma simulations. These were not possible
before.

I. INTRODUCTION

The filterscope (FS) diagnostic is a low-cost spec-
troscopy system that uses band-pass filters to measure
specific regions of the electromagnetic spectrum with a
high time resolution (usually 50 kHz or higher). Similar
diagnostics used to measure calibrated charge state radi-
ation has been around since the 1980s in PDX1 and later
in Alcator-C2, JET3, TFTR4, and DIII-D5 until ORNL
developed the general FS design.6 Implementation typ-
ically includes view chords observing specific regions of
interest or fan-like arrays covering tangentially across the
plasma and/or the divertor regions. Band-pass filters are
selected to monitor line radiation or continuum radiation
which is measured through photomultiplier tubes. The
fast line radiation measurements are extremely useful to
determine several plasma phenomena. For example, cali-
brated Dα measurements are commonly used to detect
and classify Edge Localized Mode (ELM) behavior.7,8

Splitting the light from one view chord to measure sev-
eral different charge states simultaneously can identify
plasma detachment9, measure plasma edge conditions10,
and help constrain plasma modeling codes. Recently,
several filters have been added to compare simulations
of neutral tungsten erosion rates against sputtering mea-
surements using fast neutral tungsten (W–I, at 400.9 nm)
spectroscopy.11

Currently, filterscope diagnostics can be found on ex-
periments worldwide such as DIII-D, KSTAR12, JET,
W7-X13, and EAST14. The filterscope diagnostic on
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DIII-D underwent a significant upgrade to increase light
throughput through new splitter designs, expanded ca-
pabilities to measure up to 96 channels simultaneously
(from 64), and a complete overhaul of the calibration pro-
cess resulting in excellent agreement with other high reso-
lution spectroscopy diagnostics during a cross-calibration
experiment for the first time.
This paper is organized as follows: Section II describes

the hardware, upgraded optical components, and chord
layout. Section III explains the filterscope calibration
technique. Section IV shows the cross-calibration results
with two other diagnostics. Section V summarizes the
main conclusions.

II. HARDWARE

The basic design of a filterscope diagnostic is to have
a light collection optic directed at the region of interest,
focusing the light into a fiber optic. The light travels
through the fiber optic and exits through a collimating
lens. It is then split up to three times prior to passing
through a band-pass filter to the Photo-Multiplier Tube
(PMT). This allows simultaneous measurements of up to
four different spectral lines per chord. A schematic of the
general layout can be found in Refs. 6 and 15.

A. Viewing chords layout

The filterscope system on DIII-D currently has 36
viewing chords. The position of each viewing chord is
measured with a coordinate measuring machine. Fig. 1
shows the arrangement of two filterscope fan arrays view-
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FIG. 1. Cross-section of the DIII-D vacuum vessel (black) su-
perimposed with the center of cone-shaped viewing chords for
the filterscope. A plasma separatrix flux surface is shown at
two time slices (purple and goldenrod) showing the extent of
the strike point sweep used for the cross calibration discussed
in Sec. IV. An additional eight mid-plane views observing the
plasma edge and four chords viewing the SAS divertor are not
shown.

ing the upper and lower divertors. The upper divertor
views are located at 150◦ toroidally and consist of eight
chords (names ending in UP) while the lower divertor
views are at 135◦ toroidally and make up 15 chords. A
lens located outside of the vacuum vessel focuses the light
upon an array of bare fiber optics. This arrangement re-
sults in conical views with elliptical spot sizes due to the
non-normal angle of inclination with the tiles. An ellip-
tical fit is performed on each chord where they intersect
the wall and the upper and lower divertor views range
from a 15.8 cm major and 7.79 cm minor diameter to a
5.7 cm major and 2.1 cm minor diameters ellipses.

The system also has a wide angle mid-plane view of the
plasma located at 135◦ toroidally (dashed line in fig. 1).
The viewing cone has a large opening angle of ∼20◦ to
observe the center post compared to a typical opening
angle of ∼1◦ for the other viewing chords. A description
of eight additional mid-plane views observing the edge of
the plasma can be found in Ref. 6.

Four additional views point directly into the new diver-
tor configuration, the SAS-VW. One view is located be-
low the machine at 30◦ toroidally looking straight up and
three additional views have in-vessel optics viewing the
tungsten-coated inboard side of the divertor (not shown).

FIG. 2. New splitter box design used to split the incoming
light from one viewing chord three times in order to measure
four different spectral lines simultaneously. The light enters
the box on the bottom-left to a fiber optic, exiting through
a collimator to a dichroic mirror with a cut-on wavelength at
550 nm The light above 550 nm passes through a pinhole to
reduce intensity before going through another collimator to a
fiber optic leaving the box. The light below 550 nm passes
through additional cube splitters to further split the light
prior to going through a collimator and leaving the box.

B. Splitter Optics

Light from the plasma travels from the machine hall
approximately 35m to the electrical annex where the op-
tical splitter and electronics is located. There are two
setup options for the optical splitter depending on filter
inventory and physics needs of a particular channel. The
first option is to bypass the splitter or have the light pass
through a circular aperture to reduce intensity prior to
reaching the band-pass filter and the PMT. Another op-
tion is to split the light up to three times depending on
the view chord. The light could be split further to ob-
serve more spectral lines but is limited by the brightness
of the atomic transition of interest.
The new splitter setup shown in fig. 2 consists of all off-

the-shelf components and is enclosed in a rack mounted
enclosure. The fiber optic from the machine attaches to
the back of the box and the light enters the splitter box
through a butt-jointed connector. The light then trav-
els through another fiber optic leaving through a colli-
mator (ThorLabs F950SMA-A) entering a dichroic mir-
ror (ThorLabs DMLP550R) with a cut-on wavelength at
550 nm in the first stage. Channels observing faint lines,
such as W–I, skip the butt-joint connector and the fibers
from the machine hall are connected directly to the col-
limator inside of the splitter box.
The center wavelength of the dichroic mirror is chosen

due to our specific setup where we observe Dα (656.1 nm)
in every channel and do not want to lose signal strength
to other lines of interest that are all primarily below
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500 nm. The light above 550 nm then travels through a
pinhole (with diameters ranging from 500µm to 2000µm)
to decease intensity prior to going through a collimator
and a fiber to exit the box.
Light below 550 nm travels through one or two addi-

tional cube beam splitters (ThorLabs CCM1-BS013) to
split the light prior to going through a collimator and
leaving the box. The whole cube setup system uses the
standard 30mm cage cubes (ThorLabs CCM1) connected
together to be light tight. The filterscope system uses low
OH fiber optics with core diameters near 600µm and nu-
merical apertures (NA) ranging from 0.22 to 0.39. The
collimator focal length is chosen to minimize beam di-
vergence and light collection based off of the fiber optics
on-hand and what is available for purchase off the shelf.
Channels observing spectral lines near 400 nm use fiber
optics with a thicker core (1000µm, 0.5 NA) to maximize
transmission at lower wavelengths.

C. Electronics and data storage

The DIII-D filterscope system uses a 6U VME form-
factor chassis (ANSI/IEEE 1014-1987) consisting of eight
modules (96 channels) with the fiber optic input con-
nected directly to a mount that is aligned with the input
of the PMT. Each PMT is held in a custom chassis hold-
ing the exit collimator, optical filter, operation amplifiers,
and analog electronics to the data acquisition system.
PMTs from Hamamatsu (models H5783 and H10721) are
still in use with the majority of them from the previous
filterscope system. Each signal from the PMTs is ampli-
fied for output into the data acquisition system and has
the ability to provide real-time output of the filterscope
signal to use for alarm triggering or for input into plasma
control algorithms. A PXI express based data acquisition
system by National Instruments (NI) is used to control
and store the data. The filterscope system consists of
a PXIe chassis (NI PXIe-1085), a PXI control module
(NI PXIe-8840), eight PXIe input/output modules (NI
PXI-6250), and a digital input/output module (NI PXI-
6509). The data for each shot is stored locally on Synol-
ogy RS816 rack station with multiple SATA hard drives
using MDSplus16 to store the data. The raw data is then
pushed to the experimental tree at DIII-D prior to be-
ing calibrated (using the technique discussed in sec. III)
then pushed to another tree for access to the end user.
Calibration information such as the measured filter trans-
mission, PMT gain curves, in-vessel calibration measure-
ments, is stored for each discharge for every channel. A
more detailed description of the hardware components is
found in Ref. 15.

III. ABSOLUTE INTENSITY CALIBRATION

An important part of the filterscope diagnostic is the
absolute calibration of the light observed within the

band-pass of each filter. A complete calibration depends
on four components: (1) measurement of the chordal po-
sition within the machine, (2) accurate representation of
the filter transmission, (3) in-vessel measurements using
an absolutely calibrated light source, and (4) a represen-
tation of the PMT response to different applied voltages.
The positional mapping of each view chord is discussed

in more detail in sec. II A and is typically done after
any changes with the optics or after several experimental
campaigns. In-vessel calibrations using an absolutely cal-
ibrated Labsphere in terms of ΦLS (photons / (s cm2 sr
nm)) is done prior to and after each experimental cam-
paign. The Labsphere is brought inside the vessel to
characterize the entire optical path and the average sig-
nal, Vcal, with standard deviation is recorded for one
PMT gain setting, Gcal.
Filters are measured prior to a run campaign using

a 1.33m McPherson model 209 Czerny Turner design
spectrometer with a 16-channel Princeton Instruments
PI-MAX4i intensified CCD camera (the multi-chord di-
vertor spectrometer (MDS) diagnostic at DIII-D)17. The
system has a spectral resolution of ∼0.02 nm and is wave-
length calibrated using a spectral lamp with known line
radiation in the region of the band-pass of the filter to be
measured. A light-tight filter holder setup is assembled
using collimators with a fixed empty space between them
(to fit the filter) and a background white light signal is
measured. The filter is then placed in the setup and the
signal is divided by the background signal to get the filter
transmission.
The integration of the filter transmission and the lab-

sphere radiance gives the inherent number, Ih:

Ih =

∫
ΦLS(λ)Tf(λ)dλ. (1)

Previous filterscope calibrations (see Ref. 6) used a
Gaussian function to approximate the filter transmission
for the inherent number calculation. Using a Gaussian
approximation results in a larger inherent number, up
to ∼10%, due to the boxcar-like transmission function
for the current filter compared to previous Gaussian-like
filter transmission. This would directly translate to an
artificially increased calibrated signal (see eqn. 2) and is
why a measured filter transmission is used.
The photon flux Φ (photons / (s cm2 sr)) is given by:

Φ = Ih

[
Gcal

Gsig

Vsig

Vcal

]
, (2)

where Vsig is the PMT voltage measured from the plasma
during a discharge with a PMT gain of Gsig. PMT gain
characterization is discussed in the next section.

A. PMT Gain Calibration

One of the big advantages that the filterscope diag-
nostic has over other spectral diagnostics is the ability
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FIG. 3. Exponential gain curve of the PMT showing the
measured values (solid squares) and a fit performed on those
values (blue line). Previous techniques used the fitted values
to calibrate the FS signals, introducing a systematic error
as evident by the difference between the measured and fit
function.

to exponentially increase the signal level without sacri-
ficing time resolution. Fig. 3 shows a measured PMT
gain curve, GPMT, for one PMT in the filterscope sys-
tem. The filterscope sends a reference voltage, called the
control voltage, used by the internal high-voltage DC-
DC converter that powers the PMT. The control voltage
ranges from 0.05 to 1.0V in increments of 0.05V but
is typically limited between 0.15 to 0.9V for operations
to ensure the PMT turns on and the signal to noise is
sufficiently low.
Gain curves for each PMT (GPMT) are measured after

installation into the filterscope hardware. Measurement
of GPMT involves hooking up a light source to the PMT
with a neutral density filter. The signal is recorded at
each control voltage and the neutral density filter trans-
mission is determined by recording signal levels at the
same control voltage with the different neutral density
filter setups. Signals are then scaled with respect to the
lowest control voltage measured to generate the response
curve (black squares) shown in fig. 3.
Calculation of the photon flux in eqn. 2 uses the mea-

sured GPMT values to generate the quantities Gcal and
Gsig at the control voltages used during the calibration
and plasma measurement respectfully. Previous filter-
scope gain calibration curves fit the measured values to
an exponential function with a fourth order polynomial
in the exponent6,15 (blue line in fig. 3). The calibration
programs would then use the fit to calculate Gcal and
Gsig. However, the fits would routinely not match the
measured GPMT values at high control voltages as shown
in the zoomed-in region in fig. 3. This mismatch is pri-
marily due to PMT gain curves responding exponentially
to the applied high voltage18, not the control voltage ap-
plied to the DC-DC converter. This source of systematic
error has been eliminated from photon flux calculation

FIG. 4. (a) Zoomed-in view of the lower viewing filterscopes
(various colors with square endpoints) and the MDS chords
(black with circular endpoints) used in the cross-calibration.
A plasma separatrix flux surface is shown at two time slices
(purple and goldenrod) showing the extent of the strike point
sweep used for the cross calibration discussed in Sec. IV.
(b) Cross-calibration measurements showing the filterscope,
MDS, and Langmuir probe diagnostics as the outer strike
point swept across the line of sight of each view chord.

and the measured values (black squares in fig. 3) are used
instead.
Repeatable and consistent PMT gain curves are an im-

portant factor to determine the validity of the calibrated
signal. The gain curve, GPMT, for four different PMTs
was measured with a span of seven months and thousands
of power cycles between the measurements. Each possi-
ble ratio of GCTRLi

/GCTRL0
was computed for each base

control voltage (GCTRL0). It was found that the highest
average percent difference at a specific control voltage be-
fore and after thousands of power cycles was 3.5% with
the lowest being 0.8%. On average, the repeatability of
GPMT is quite good, well within the typical margin of
error of approximately 10% for the calibrated signal that
takes into account the signal to noise ratio of the signal
measured during a plasma discharge, errors in the abso-
lute in-vessel calibration, GPMT measurements, and filter
transmission curves.

IV. CROSS-CALIBRATION

A strike-point sweep moves the main separatrix across
the bottom (or top) of the machine several times during
a single discharge. Fig. 1 and Fig. 4(a) shows the ex-
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tent of a strike-point sweep used in the cross-calibration
described in this section. The strike point (where the sep-
aratrix intersects the vessel tiles) starts outwards (gold-
enrod line) progressing inwards (purple line) then moves
outwards once more. This results in an increase in mea-
sured Dα emission as the strike point intersects the view
chord. Since there are two strike points, the cross-
calibration comparisons are broken up into two plots de-
pending on if the outer strike-point (OSP) or the inner
strike-point (ISP) crossed the view chords. The OSP is
the strike point in the right-hand side of fig. 4(a) (chords
FS01DW to FS06) while the ISP is on the left-hand side
(chords FS03 to FS04DW).

Fig. 4(b) shows the calibrated filterscope, MDS, and
photon flux inferred from Langmuir probe (LP) signals
during the cross-calibration sweep for the OSP chords.
The x-axis is the difference between the radial strike
point location and the radial chord position. It should
be noted that the filterscope and MDS views do not
directly overlap and measure the plasma at different
toroidal locations. The filterscope views used in this
cross-calibration are at 135 degrees while the MDS chords
are at 150 degrees. Therefore, we would expect slight dif-
ferences between the chords since the strike point has a
different angle of inclination, flux expansion, and neutral
recycling changes.

The MDS diagnostic, discussed briefly in sec. III, inte-
grated counts for 1ms at a time over a spectral range of
652 to 659 nm throughout the discharge. These counts
are converted to photons using an absolute calibration
and multiplied by a normalized Dα filter corresponding
to the measured filter transmission curve in the nearest
filterscope channel (FS05 for L5, FS06 for L6, etc.). The
signal is then integrated for each time segment during
the discharge in order to provide a direct comparison to
the filterscope signals.

Deuteron flux determined through the LP diagnostic
is shown in fig. 4(b) (black squares). LP radial profiles
of the ion current perpendicular to the divertor target is
quantitatively consistent with the profile of the deuteron
flux when multiplied by a Johnson-Hinnov factor (in-
verse photon efficiency)19. Johnson-Hinnov factors rang-
ing from 2 to 20 (typically around 19 when the strike
point is on the LP) were calculated using Atomic Data
Analysis Structure (ADAS20) using the measured elec-
tron density and temperature values. The measured peak
temperatures and densities were 30 eV and 1×1019 m−3,
and are thus indicative of a low-recycling, ionizing plasma
at the divertor plate.

Fig. 5(a) illustrates the ISP cross-calibrations during
the same discharge. The x-axis is now the distance along
the vessel wall, S, starting at the very bottom of the
machine, R = 1.43m, z = −1.38m, progressing inboard
(to the left in Fig. 1) in order to account for the different
angled surfaces as you reach the inside of the machine.

Fig. 5(b) shows another discharge observing the C-III
transition lines near 465 nm using the FS, MDS, and tan-
gential TV (TangTV)21 diagnostics. The MDS data un-

FIG. 5. Cross-calibration measurements showing the mea-
surements of the filterscope, MDS, and TangTV diagnostics
as the inner strike point swept across the line of sight of each
view chord. The x-axis is a function of distance along the
inner wall. Dα measurements are shown in (a) and the C-III
transition lines near 465 nm are shown in (b).

derwent a similar treatment as discussed above to create
a mock FS signal, using the normalized measured filter
characterization curve corresponding to the nearest FS
channel with a C-III filter (FS01 for L2 and FS02 for
L3). Multiplication of the filter transmission curves is
used to match the spectral observation range of both di-
agnostics. The filters used for comparison have a boxcar
transmission curve centered at 465 nm with a bandpass
of 2 nm (1.5 nm for Dα filters) with >95% transmission
over the bandpass.

Filterscope data is compared with C-III brightness
measured by TangTV cameras viewing the lower divertor
through a narrow bandpass (2.1 nm) interference filter in
fig. 5(b) (red and gray lines with a black outline). Lo-
cal emissivities are obtained from tomographic inversion
of the TangTV signal and a mock FS signal is then re-
produced from the 2D emissivities through a synthetic
diagnostic. Measurements match up well when the strike
point is at the radial location where the FS chord inter-
sects the lower divertor. TangTV only measures light in
the lower divertor area therefore, line emission measured
by the filterscopes outside of the lower divertor (e.g. up-
per SOL) is not represented in the TangTV measurement
and would lead to a mismatch in regions away from the
strike point.
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V. CONCLUSIONS

An expanded filterscope system has been successfully
designed and implemented on DIII-D. The diagnostic un-
derwent a significant optical redesign, utilizing a dichroic
mirror to extract Dα radiation without decreasing radi-
ation due to wavelengths less than 550 nm. This tech-
nique results in higher signal levels for other commonly
monitored line radiation such as Dβ , Dγ , W–I, C–III,
etc. Each portion of the updated calibration procedure
has been tested and previous calibration techniques have
been eliminated due to inaccuracy or introduction of sys-
tematic errors. The system shows good agreement with
the MDS, LP, and TangTV diagnostics during a cross-
calibration experiment for the first time. The absolute
calibration of the system now enables direct comparisons
against calculations from boundary plasma simulations
which were not possible before.
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