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HAIFA is a modular, multichannei, fiber-optically coupled spectroscopy diagnostic for
tokamak plasmas. It operates in the visible, measuring H, radiation, the visible continuum
from thermal bremsstrahlung, and selected impurity lines. HAIFA is characterized by high
modularity and flexibility, good radiation resistance, high noise immunity, and low cost.
Details of design, construction, and calibration are given. The analysis of visible
bremsstrahlung radiation measurements to deduce the effective ionic charge in a plasma is

discussed.

INTRODUCTION

A modular, low-cost spectroscopy system using interference
filters and fiber-optic coupling has been in use on the Prince-
ton Plasma Physics Laboratory’s tokamak fusion test reac-
tor (TFTR) since 1983. This is not the first system of its
type; it grew out of the diagnostic that Fonck and co-workers
installed on the Princeton divertor experiment (PDX) toka-
mak in 1980.! At MIT, a system independentiy developed by
Foord, Marmar, and Terry to view the visible bremsstrah-
lung emission from the Alcator C tokamak shares some fea-
tures with the Princeton system.” Morgan and co-workers
have installed a fiber-optic system on the joint Eurcpean
torus (JET), which they have described briefly.” The
Princeton system has not been described previcusly in any
detail, and the TFTR version differs from the MIT and JET
systems in several important respects.

HAIFA is a system that collects light from the plasma
using simple telescopes, transports it about 50 m in optical
fibers to a shielded environment, collimates the light and
passes it through one or more interference filters to select
emission lines or other spectral regions of interest, detects
the light with photomultipliers or photodiodes, amplifies
and filters the signals, and then digitizes and stores them for
anaiysis. The system is characterized by high optical
throughput (hence, high sensitivity ), immunity to both elec-
trical noise and ionizing radiation, reliability and ease of op-
eration, flexibility, and low cost.

In Sec. I, we shall outline the system performance goals
and how they are refiected in the final design. In Sec. I, the
system compornents and construction details are described in
detail. Section III sketches the uses of HAIFA on TFTIR,
and includes a discussion of cur absolute wavelength and
intensity calibration technique. In Sec. IV, we present some
brief cormments on data analysis, and show sample data from
TFTR as examples of how HAIFA is used.

. DESIGN GOALS AND THEIR IMPLEMENTATION

In this section we shall describe cur design goals and
how they are met in the system we built. In order of impor-

1211 Rev. Sci. instrum. 58 (7), July 1987

0034-6748/87/071211-10801.30

tance, the goals were high system sensitivity and selectivity,
good rejection of external noise, high flexibility in applica-
tion, and low cost.

Although the acronym for the system derives from H-
Alpha Interference Filter Array (HAIFA), the most impor-
tant nse is the measurement of the visible bremsstrahlung
radiation emitted by tokamak plasmas. This diagnostic tool,
first described by Kadota er al.,* vields valuable information
about the purity of the plasma. At the normal operating pa-
rameters of TFTR and most other tokamaks, the brems-
strahlung radiation is quite weak; the surface brightness is
typically 10'° photons/(s cm?® A sr). By comparison, radi-
ation in a moderately bright line like #,, (6563 A) has 10°-
10? times more photons, and an impurity fon like O vi can
radiate 10°~10° times more photons in a single line. The sys-
tem for the bremsstrahlung, then, not only must be sensitive,
it also must have good rejection of other lines.

A standard figure of merit in the discussion of optical
system performance is the throughput, or étendue. The units
are (area) X (solid angle). If the plasma is viewed by an
optical system which collects all the light from an area 4
emitted into a solid angle £, this product A maultiplied by
the surface brightness gives the maximum signal [in pho-
tons/(s A) ] that one can collect. To avoid signal loss down-
stream in the optical system, one must not reduce the geo-
metrical étendue. The HAIFA collection optics are an f/2
lens imaging the plasma onic a single fiber with a 600-zzm-
diam core. This yields an étendue of 5X 1074 cm® sr. By
comparison, the ordinary grating spectrometer we use in the
visible (R = 0.6m, f/7 grating) has an étendue only slightly
iess when the slits are opened to give the 10-A passband used
in HAIFA. Moreover, the efficiency of a grating with a fa-
vorable blaze angle is abont the same as the transmission of
an interference filter, and the same detector can be used for
either.

We chose to use filters rather than a conventional spec-
trometer for several reasons. First, the cost of even a simple
spectrometer is enormously greater than the cost of an inter-
ference filter, and we were designing a system with an ulti-
mate size of more than 40 channels. Second, to achieve a
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ratio of 10°: 1 in off-resonance rejection requires a double
monochromator; scattered light from a single grating instru-
ment would be too great. Third, the coupling of optical fibers
to the entrance slit requires some effort, since the fibers have
numerical apertures corresponding approximately toan f/2
light cone, and are round, while spectrometers are typicaily
f/5-f /8 with rectangular slits. Crossed cylindrical lens can
do the matching job reasonably well, but increase the num-
ber of elements and the alignment problems unnecessarily.
The choice of detectors was straightforward. To main-
tain the modularity, individual detectors were required, and
photomultipliers have no competition for gain X bandwidth
with low noise. For the H, channels, we had 10%-10° times
more signal than in the visible bremsstrahlung passband,
and used photodiodes. Noise in our photodiodes is ten times
higher than our photomultipliers at the same operating pa-
rameters, but the A, signal was large enough tc make that
irrelevant. The cost is lower, the lifetime longer, and most
importantly for operational considerations, the gain is more
stable. In more than a year of operation after initial turn-on,
the measured change in photodiode sensitivity was 15%. By
comparison, a new photomultiplier tube may drift 10%—
20% in four weeks of operation, although in most well
burned-in tubes the change is less, with 5% being typical.
Noise in a tokamak environment is severe. A typical
plasma in TFTR is a pulse of 2.5-MA circulating current
confined by a pulsed magnetic field of 5 T. A runaway tail of
the electron velocity distribution can create a shower of gam-
ma rays of 20-MeV energy when it strikes the vacuum vessel,
and even in relatively cool plasmas (7}, <5 keV) large
pumbers (10'%/s) of thermonuclear neutrons are produced
when high-energy neutral beams of deuterium are injected
into the deuterium plasma to heat it. Finally, there is sub-
stantial mechanical/thermal stress and vibration. By carry-
ing the optical signal in fibers to a remote location, sensitive
components are protected. The only elements at the toka-
mak for a single channel are a simple Si0, lens viewing the
plasma through a Si0, window, a Si(, optical fiber, and an
aluminum mount. High-purity fused silica is the best optical
material for resistance to ionizing radiation,’ and the tele-
scopes and fibers easily tolerate the 150 °C temperatures the
vessel reaches during bakeout. The optical fibers are run to a
data-acquisition room some 40-60 m away from the viewing
ports, which are located at eight locations distributed
around the torus. The attenuation of signals through this
length of fiber is less than the coupling losses at each end, and
no electrical noise can propagate. The data-acquisition room
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is well shielded from radiation and vibration. Distance and
careful electrical isolation reduce electrical noise to nonde-
tectable levels.

A plasma diagnostic should be flexible. The configura-
tion of the plasma is frequently changed, and as the physics
interest changes as the program develops, different regions
of the plasma become important. We designed our filter
housing so that the interference filters are easy to change and
adjust. We can change viewing locations on the machine
with ease; all we must do is move a small (32-mm-diam, 150-
mm-long) telescope and re-aim it. By directing a He—Ne
laser back up the fiber, the telescopes can be both focused
and aimed. In the detector rack, any fiber can be connected
to any filter housing by loosening one screw. Either type of
detector attaches to any filter housing. Not only is this flexi-
bility vital for changing the operating mode, but it makes
repair very simple: a failed unit either can be swapped out
with one of a small variety of spares, or replaced by a part
from a less important channel in an emergency.

Finally, the design was done with an eye to high com-
monality. The collecting telescopes and the prefilter collima-
tors are identical, for example. Screws for assembly are of
two sizes only (2-56 and 6-32}. As much as possible, all parts
require a minimum of machining from standard stock sizes,
s0 that only a finishing cut (or none) is required for some
dimensions.

ii. DETAILS OF DESIGN AND CONSTRUCTION

Figure 1 is a simplified block diagram of the system. We
shail discuss the components of the system in sequence,
starting at the tokamak end.

A. Telescopes and collimators

The telescopes are mounted on the machine in two
ways. The single telescopes are held in a mount which
clamps around the edge of a 2.75-in. Conflat™ flange (we
machined dimples in the flange rim to accept the clamp
screws). A 25-mm-diam quartz window is mounted in the
flange. The mounted windows are from Huntington, model
VPQ-150. This window will tolerate temperatures to 200 °C.
We have repeatedly cycled them to 150 °C with no failures.

- One window failed, however, due to mechanical problems.

The construction of the window leaves the seal exposed, and
great care must be used in handling and installation, The
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/¢ i Telescopes

F1G. 2, Peloidal array of telescopes. There are 18 telescopes in the array,
cach with three fibers at the image plane. The telescopes are steerable about
two axes for adjustment.

single telescope mount allows the viewing angle to pivot
+ 3° about the window normal.

The telescopes in the poloidal array are mounted in
steerable blocks on an arch whose center is a 4-in. sapphire
window (from Ceramaseal) in a 6.5-in, Conflat ™ flange. The
array contains 18 telescopes, and covers a poloidal angle of

— 50°to + 50°, measured from the horizontal. The viewing
lines span all of even the largest plasmas. (See Fig. 2.)

The telescope cousists of a lens, a lens holder and body,
and a focus slide. {See Fig. 3.) The lenses are high-purity
fused silica { Melles-Girot 01-LPQ-001), with a focal length
of 50 mm and a diameter of 25 mm. They are simple, and
plano-convex since we use them near infinity focus. The cy-
lindrical telescope body has a registration key which fits into
the telescope holder for reproducible orientation. The focus
slide holds the fiber, which is terminated in a metal ferrule.
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FiG. 3. Telescope/receiver, interference filter in its housing, and detector.
The telescope and collimator are identical. The filter housing shows a filter
in the rotating holder. The shoulder to the right holds a second filter normal
to the collimated rays when this is required.
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The ferrule is clamped concentrically inside the slide, and
the fiber itself is further clamped to the slide for strain relief
of the ferrule. The slider is keyed to the inside of the telescope
body. The telescopes are 150 mm long and 32 mm in diame-
ter. Normally the slide is set so that the end of the fiber is
imaged at the other side of the vacuum vessel (about 2.5 m)
for tightly collimated light colleciion. A fitting at the end of
the focus slide clamps an opaque 0.25-in.-diam plastic pro-
tective tubing in the telescope.

In the data-acquisition room, the fibers in use are con-
nected to collimators, which produce a parallel ray bundle to
pass through the interference filters. The collimators are
identical to the telescopes with one exception: the lenses are
glass. There is no radiation and no elevated temperature to
contend with, and the cost of a glass iens is less than a tenth
that of a high-purity Si0O, lens.

B. Fiber-optic cables

The fiber used is high-purity fused silica with a 600-um-
diam core, surrounded by a silicon polymer cladding and a
Tefzel” protective outer jacket. The total diameter is about 1
mm. The fiber is Fibropsil QSF-600A, manufactured by
Quartz et Silice, France, and marketed in the United States
by Quartz Products Corporation of Plainfield, NJ. Qur se-
lection, made several years ago, was based on tests of the
then available fibers conducted by the Naval Research Labo-
ratory on the effects of ionizing radiation on optical trans-
mission. The Fibropsil fibers showed excellent radiation re-
sistarice in the visible. A review by Sigel summarizes
research in the radiation resistance of optical fibers.” Most of
the telescopes have three fibers in a tight circular array at the
focus of the lens. While the use of three fibers increases the
cost slightly over a single fiber of equivalent cross section, it
has two marked advantages. First, it gives redundant light
paths. Of the 24 cables we have made so far, one was da-
maged in the installation and one was broken by operations
nearby. in both cases only one of the three fibers was da-
maged. Second, each telescope can be connected to as many
as three separate filter/detector assemblies simply by fitting
the fiber ferrules into the collimator slides. The use of beam
splitters requires more parts, critical alignment, and lacks
the flexibility of detector choice and location which individ-
ual fibers offer.

The three-fiber cables are prepared as follows: Because
the fiber cladding (which forms the total internal refiection
interface) is a soft polymer which cannot be glued or
clamped, it and the outer protective jacket must be stripped
off before a fiber can be terminated. The stripped fiber is
cleaned with acetone and reclad by dipping into a solvent-
based compound (Epotek 394) which dries to the proper
optical index. This results in a hard cladding which can be
glued. A standard ferrule {Amphenol 906, although others
would be equivalent here) is drilled out to 1.40 mm (a num-
ber 54 drill) to accept the fibers in a triangular array. An
optical epoxy designed for the purpose { Epotek 302} is used
to glue the fibers into the ferrule. When the epoxy is cured,
we grind the ends of the fibers flush with the ferrule and
polish them. Since this is a light-gathering system and not an
imaging device, the polishing is very simple. Three ferrules
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can be mounted in a jig and polished at one time on our 8-in.
laps. A coarse diamond lap (200 gm) is used for the rough
grinding. The surface is then polished on aluminum oxide
laps of 30-, 12-, 3-, and, finally, 1em grit. Examination with
a microscope shows no visible scratches. The entire process
takes about 10 min.

To test the quality of the bond, we performed a pull test
by attaching weights to one fiber of a three-fiber ferrule. At
an applied load of 5 kg to the I-mm fiber, the attachment of
the weight to the fiber jacket failed repeatedly, but the ferrule
joint held. Examination with a microscope while the joint
was under load showed no signs of deformation.

The aitachment of ferrules to single fibers at the other
end of the cables is much simpler. Mechanically bonding
ferrules (Radiall F 706054000) used with a fiber cleaver
(Radiall Optall F 780014000) give good terminations in
about 2 min. These devices are designed specifically for the
QSF fibers. The strength of the attachment is high (although
this end of the fiber is under very little stress), and a mistake
in the process costs little in time or money.

In making up the cables, it is easiest to thread the optic
fibers through 20-m sections of protective tubing at a time.
One can push the fibers through this length. Adjacent sec-
tions of tubing are connected with ordinary tubing connec-
tors to reach the total length of the run. There are no joints or
splices in the fibers themselves. In the data-acquisition
room, the protective cable is connected by fittings to the
relay rack which holds the detectors. Inside the rack, the
fibers have a large strain relief locp before attaching to the
collimators.

Qur experience shows that the protective tubing should
have a distinctive color if it is to be routed along with other
more robust cables. The black Eastman Polyflow™ tubing we
started with looks exactly like coaxial cable; however, it is
much more susceptible to damage by kinking, which usually
breaks the contained fiber.

C. Filters

The interference filters are 25 min in diameter, of three-
cavity construction, and blocked to 10 000 A. We obtained
them from Barr Associates of Westford, MA. Interference
filters have three main types of central frequency shift. As
they age, they drift blue. As they are heated, they drift red.
As the angle of incidence of the light to be filtered varies
from the normal, they tune biue. We designed our system so
that the filter mounts would tilt, allowing us to tune the
filters. The thermal drift is 0.1-0.3 A/K, depending on de-
tails of the filter construction, according to Corion Corpora-
tion of Holliston, MA. One H, filter we tested had a tem-
perature coefficient of 0.19 A/K. We have found very little
age drift in several years of operation {perhaps an Rngstrom
for an H, filter), but this depends critically on the filters’
environment. The angular shift is about 0.4 A/ (degree?) for
angles near the normal. We keep our filters in a4 temperature-
stabilized cabinet at 33 °C (see below), higher than room
temperature ever rises. We ordered them 5 A red of the de-
sired center wavelength, which gives about 10 A of stack for
manufacturing tolerance. All of our filters have been well
within that tolerance. The filters for the visible bremsstrah-
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fung (at 5235 ;\) and for the H, measurements (6563 A for
H, 6561 A for D, 6560 A for 7) were ordered with 10-A
passbands. The added width from the diverging collimated
beam (due to the finite source size of 600 pm) is negligible
on this scale.

A simple ring with diametric exterior pins serves as a
tiltable filter mount; see Fig. 3. A lever on the outside of the
filter housing attaches to one of the pins and tilts and clamps
the filter at the correct angle.

The filter detector housings also have a mounting coliar
for a second filter. We felt that obtaining more than 1000 : 1
rejection of light outside the passband was beyond the cur-
rent state of the art even for a three-cavity filter. Therefore,
we used a second broadband (45 f\) filter, mounted in series
with the first for compound rejection. The two filters are at
an angle of 10° to each other to avoid spurious cavity effects.
The 45-A passband of the broad filter allows a relatively high
transmission ( = 60%) without including any bright lines. It
may be possible, however, to obtain comparable perfor-
mance with a single filter.®

Following the tiited fiber and the {optional) normally
mounted filter, the light falls on a field lens (glass) which
concentrates the light onto the detector. The spot size on the
photomultipliers (see below) is smaller than the photocath-
ode size so that we are sure the view is not vignetted. The
extended image avoids two dangers of a smaller spot size:
accelerated wear of the photocathode and sensitivity to
small shifts in the optical system. (Such sensitivity could be
due to local variations in photocathode response which are
averaged out with a large illuminated area.) The same ap-
proach is used with the smaller photodiode photocathodes.

D. Thermal housing

A relay rack in the data-acquisition room is the termi-
nus for the fiber cables. The protective jackets are secured to
a panel of the rack with bulkhead tubing feedthroughs, and
the rack contains a large (2X0.5X0.5 m) insulated box.
The temperature is controlled by a simple proportional con-
troller {Cole-Parmer Versatherm 2156 with a YSI-621 sen-
sor) driving four 60-W lightbulbs as heating elements. Two
are at the top of the cabinet, two are at the bottom, and a fan
circulates the air. The temperature is measured (an Omega
Digicator with a 411A readout) and fed into a CAMAC
analog-to-digital converter for remote monitoring. The box
is maintained at about 33 °C; the drift is less than 1 °C, which
does not move any of our filter passband edges over a line.

The thermal enclosure alsc contains the detectors and
preampilifiers. This is a matter of convenience, but has the
advantage of stabilizing the dc offset in the preamps. It does
not affect the intrinsic system noise.

E. Detectors

The wavelength of the visible bremsstrahlung region is
centered at 5235 A. However, we wanted to look at impurity
lines, too, so we needed extended blue response in our phcto-
multipliers. We chose the RCA 4837. This tube is from the
1P28 family; a nine-stage, side-viewing photomuliiplier with
afused silica window and an Sb—-Cs photocathode. However,
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perhaps its most important characteristic was its very low
dark current (1.5 107" A at 100 A/Im) which was impor-
tant for our sometimes very low signals. This tube is no long-
er made. We are ¢valuating the Hamamatsu R212, which
appears to be an equivalent tube. The photomultipliers are
housed in Pacific Precision Instruments 315-ORF housings.
The bias chain uses only resistors and capacitors. The hous-
ing is rf shielded, and the filter housing mounts rigidly to the
PMT housing with an O-ring for a light seal. The PMT hous-
ing contains a combination magnetic/electrostatic shield.
The photodiode detectors are the EG&G HUV 1000B.
This is a blue-enhanced silicon photodiode operated in the
zero bias (photovoltaic) mode, and has an integral op-amp,
all in a TOS3 housing. We operate the op-amp with a 20-M{2
feedback resistor in the current input mode, and use the
same -+ 15 V dc power that the preamps (see below) use.
The photodiode/amplifier was mounted on a small board in
a box that clamps to the filter housing exactly as the PMT
housing does. The detector is held concentric with the field
lens by a Teflon ™ annular ring. Fine adjustment of the detec-
tor position relative to the field lens is made by spring-loaded
mounting screws which hold the board to the box.

F. High voliage

We use a LeCroy 4032A high-voltage power supply.
This is a CAMAC-interfaced 32-channe! supply designed to
operate photomultiplers and similar low-current devices.
The cost is less than the equivalent number of individual
supplies. Also the unit has very attractive control, monitor,
and alert features. Experience has shown, however, that this
trade-off should be examined more carefuily. The mean time
between failures for the 4032A is less than a year, and all our
failures (four on the HAIFA unit, three on another unit at
this laboratory) have affected ail 32 channels. While the
sumined failure rate of individual supplies may be greater, a
faiture in one such unit does not affect other data channels.
Also, the modularity and low unit cost of individual supplies
mean easier replacement and cheaper spares expenses. Sup-
plies such as the Bertan PMT-10A can be programmed and
monitored remotely by CAMAC D/A’s and A/D's with no
interfacing other than cables. Our experience with supplies
of the Bertan type suggests that their MTBF is much longer.

G. Preampiifiers

The requirements for the preamps are not stringent. A
gain of 100 V/uA is sufficient to drive the digitizers with the
photomultiplier voltages at 650 V, typical. There were sever-
al features we wanted, however, that made us design our own
preamp.

We use both photodiode/amplifiers and photomulti-
pliers, so we need both voltage and current preamplifiers.
Our units have a jumper on the input resistor which is quick-
Iy attached or removed to change from one mode to another.
The gain, while not changed often is critical for data analysis
and should be easy to monitor. There are three gains (100,
10, and 1 V/uA in the current mode; 100, 10, and 1 V/V in
the voltage mode) which are switch selected at the preamp
and reported through CAMAC. This gain monitoring re-
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quires only 2 bits, and the fourth status (chosen to be low-
low) indicates nc power to the preamp.

Before digitizing an analog signal it must be filtered to
avoid aliasing, and we have included an active three-pole
filter into our preamp with a roli-off of more than 18 dB/
octave above the knee. We usually run the digitizers at 2
kHz, so that the knee is set at I kHz, but sometimes we want
to examine faster phenomena. To facilitate changes in the
filter frequency, the filter components were made accessible.
Because these were to be general purpose spectroscopy
preamps, we wanted an output stage that could drive long
cables if necessary, sc a high-current output was included.
Finally, since saturation of our signals is possible, saturation
should be clearly shown. Therefore, the output is clamped at
5V, before any of the amplifier stages start to overload. The
design is very conservative, and the circuit is well bypassed
and shielded. With over 100 unit-years operation, we have
had only one failure.

H. Digitizers

The preamps are fed directly into BiRa Systems model
908 CAMAC-based digitizers, strapped for — 5 to + 5-V
operation. Although we operate the preamplifiers at nomi-
nal zero bias and therefore use only half the digitizer’s reso-
lution here, it eases probiems of dc offset and drift (the
preamps are dc coupled, since the plasma pulse lasts as long
as 6 s), and there is sufficient resolution {4000 counts, full
scale) for our purposes. The digitized output is stored in
local memory and read back after the pulse is over.

i. ac power supply

All ac power for the system is routed through four solid-
state ac relays. We designed a switching box which allows
either local or remote {(via CAMAC) control of these relays,
and returns an on/off status of each circuit. Gur access to the
hardware is quite limited during normal operations. These
circuits allow us the capability of being able to turn off, say,
the high-voltage power supply or the rack heater if there is a
malfunction in either of these units. Both of these events
have cccurred, and we view this control as necessary. The
unit also gives us a direct and independent measurement that
the ac power is really on.

lil. CALIBRATION AND NOISE

After the fiber-optic cables are in place, telescope/colli-
mators are attached 1o each end and focused. We used a He-
Ne laser injected through the lens onto the fiber as a light
source. The telescope/collimator’s focus slide at the other
end was adjusted to focus the image of the fiber on some
suitably distant surface. The slide then was locked down.

Before the collimators are installed in the filter hous-
ings, the filters are tuned. We used a monochromater as a
tunable source for this purpose. A fiber mounted at the exit
slit is terminated at the other end with a collimator, which is
inserted into the filter housing. After the absolute wave-
length was checked (moving the moncchromator the 800 m
from our lab to the data-acquisition room typically jars the
wavelength setting several Angstroms) the monochromator
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is tuned to the desired wavelength. The filter mount is tilted
until the passband is centered on the monochromator line by
measuring the preamp output. It is important that the filter
housing be at the operating temperature {33 °Cin our case)
during this procedure so that temperature dependence does
not shift the tuning. In more critical cases, we measure the
filter passband by scanning the monochromator and record-
ing the preamp output. This must be done in the case of the
H,-D, filters. Absolute intensity measurements of these
lines are made to measure particle influx to the plasma, and
we must be sure that the filter totally covers both lines. For
the bremsstrahlung filters it is not necessary, since they sam-
ple the continuum.

When the filters are aligned and the complete system is
connected, from telescope through digitizer, an in situ sys-
tem absolute intensity calibration is done. Our absolute
source is a tungsten ribbon lamp, the General Electric 30A/
T24/13, available from Eppley Laboratory, Newport, RL
The supplier will calibrate the lamp; however, we had our
tamps calibrated by the National Bureau of Standards.” The
lamp with its assorted support apparatus cannot be set up at
the tokamak, so a transfer standard is used. It consists of a
dedicated telescope, 5 m of fiber, collimator, filter, detector,
high-voltage power supply, and preamp. The transfer stan-
dard is first calibrated in the lab using the ribbon lamp. A
laser illuminates the fiber with light at the collimator end,
and the end of the fiber at the telescope is imaged (using an
auxiliary lens) onto the center of the standard lamp’s fila-
ment. If the image of the fiber is smaller than the filament
width, we are assured that the lamp is filling the optics of the
calibration channel. The lamp is turned on and set (using a
precision shunt resistor and a potentiometer} to a current at
which the NBS calibration was done.

NBS calibrates a lamp with a photeelectric pyrometer.
The lamp’s current is adjusted until its output, measured by
the pyrometer, matches that of a secondary blackbody at the
temperature desired. (The secondary blackbody is calibra-
ted against the primary radiometric source, gold at its freez-
ing point.) This brightness matching is done at a specified
wavelength, usually 6550 A. The surface brightness of the
filament is given by the blackbody equation

B=¢e(A, TY2cA ~*(e H/*Th __ y—1, (1)

The units are photons/{s wavelength area sr), and all the
symbols have their usual meanings.

The temperature in this equation is the true surface tem-
perature; the calibration, which has not taken the emissivity
of the tungsten filament into account, gives the filament’s
brightness temperature (as seen through the lamp’s enve-
lope window). To use the lamp at wavelengths other than
the calibration wavelength, we need to find the surface tem-
perature at the calibration current, and then use the appro-
priate value of e(d, T) for the wavelength of interest.
Between 3000 and 6000 A, and between 1600 and 2800 K,
(A, T) varies between 0.44 and 0.48. Tables of the emissi-
vity can be found in several places.®

In the visible, and for temperatures in the 2000-2500 K
range, the relation between the surface temperature and the
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brightness temperature is closely approximated by
T, = Tg/{1 + Ty X (Ak /ch) Xin[e(4, Ty, 1}, (2)

where ¢, is the transmission of the lamp envelope quartz
window. The value of £; can be taken as 0.92, constant over
the visible wavelength range. Equation (2} is an implicit
solution for 7°,; the value for (A, T') is that corresponding to
T, not Ty. However, the error in determining 7, will be only
about 1.5 K when using the value of e(A, T) for T, which
gives an error in the brightness of less than 1%.

Now that we know the true surface brightness of the
filament at our calibration current, we can measure the re-
sponse of the transfer standard to the light. One practical
problem is that the calibration lamp is much brighter than
the visible bremsstrahlung; in our case the brightness of the
lamp at the lowest calibration current is 1.2 X 10" photons/
(s A cm? sr), and the plasma’s brightness is typically only
1 10'°, This difficulty can be dealt with using calibrated
neutral density filters in front of the transfer channel tele-
scope when it is being calibrated. We were able to use the
known gain ratios of the preamps, and exploit the very wide
linear range of photomultipliers. Care must be taken in this
approach, however, to avoid saturating the tube. A chopping
wheel in front of the standard lamp eliminates stray light and
de offset problems. An oscilloscope or a digital voltmeter
reading peak to peak are satisfactory ways to measure the
preamp output.
 After the transfer standard is calibrated in the lab using
filters similar to the ones used in the HAIFA channels on the
tokamak, the in situ system calibration can be done. The
transfer standard telescope is mounted beside the tele-
scope(s) of the channel(s) to be calibrated at the tokamak.
We use a quartz—halogen projection bulb to illuminate a tar-
getin front of the telescopes. A chopper wheel modulates the
signal. The specifications of the light source do not matter
{although the source must be incandescent) because the
transfer standard views it over the same wavelength range as
do the channels to be calibrated. Nor does the width of the
filters in the transfer standard matter; the calibration auto-
maticaily accounts for that. The center wavelength has a
slight effect, however. Near 5230 A, which is commonly
used for measurements of the visible bremsstrahlung be-
cause of the absence of lines, a difference of 10 A between
bandpass centers of the transfer standard and the channels to
be calibrated gives an error of about 2% at a lamp tempera-
ture of 2200 K. At 2700 K, the error has fallen to 1%. At the
D_ wavelength (6563 A), the errors are half this size.

The kind of target viewed by the transfer standard and
the channel(s) to be calibrated is not important as long as it
does not show specular reflections. We have used ordinary
bond typing paper successfully. For calibrating the array,
which views + 50° from the normal, we sandblasted an alu-
minum sheet and painted it with flat white optical paint
(3M™ Nextel 101-10A ). We measured the diffuse reflectiv-
ity as a function of viewing angle, and found a slow, smooth
falloff that was down to 90% of the normal value at 50°. We
could see no specular component for this target.

Next let us consider the transmission of the windows
and lenses in the system. We inferred the surface tempera-
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Tasre L The cumulative noise in the detector chain for a typical visible
bremsstrahlung channel, in terms of the equivalent brightness signal.

the field of view for cne of a sequence of identical plasma
shots and comparing signal sirengths. During the last run of

Cumulative rms noise
photens/ (s A srem?®)

+ PMT + Plasma
Digitizer + Preamp  (HVon) Signal = 110"
9.0 10° 1.0x 107 5.5%107 3.3x10*

ture of the absolute calibration lamp filament by correcting
for the window transmission. When we calibrated the trans-
fer standard, we did it through the SiO, lamp window and
the 8i0, lens used to fil! the telescope optics. This loss of
about 15% is compensated for by the two elements through
which the telescopes view the plasma, i.e., the vacuum win-
dow and the protective shutter inside the vacuum vessel,
both of which are Si0,. Measurements of both windows and
shutters verify that the two-surface loss of clean $i0, is in-
deed 8%. The protective shutter does not stay clean, how-
ever, nor would the window if the shutter were not there.
The purpose of the shutter is not so much to keep the window
clean as to allow us to measure the transmission of the dirty
element. This we do by remotely swinging the shatter out of
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FiG. 4. B, emission from two toroidal locations, showing a free expansion
of the piasma from 2.50 s until hard limiting on the inner wall begins at
2.55s. i
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FFTR, the array shutter transparency feil from 0.92 to 0.32
over a period of only four months. The changes in transmis-
sion are episodic rather than gradual, and usuvally can be
traced to a specific plasma discharge which disrupted vio-
iently.

Table { shows the noise from the different parts of the
system and from a plasma of moderate brightness. These
data are all digitally rebinned for an equivalent sample time
of 20 ms. This was the usual filtering prior to display and
analysis. The unrebinned data of the system noise alone, tak-
en at the standard 0.5-ms sample time, show a noise level
about 20% higher than a bandwidth dependence of
(dHz™''?) would predict when compared with the 20-ms
noise, reflecting the preamplifier roll off above 1 kHz.

An estimate of the photon-counting statistics noise,
based on reasonable values of losses and efficiencies in the
various parts of the system, indicates that for a moderate
brightness of B = 1x 10" photons/(s A cm?sr), an rms
counting noise figure of 1 10® photons/(s A cm? sr), or
1%, would be expected. The 3% value observed arises from
other sources in the plasma itself. Table I shows that the
contribution to the total noise from system noise is not signif-
icant.

In Sec. I, we said that the detector noise in the photo-
diode channels is a factor of 10 higher than in the photomul-
tiplier channels. However, the signal integrated over the H,
or D, lines (depending on the plasma working gas) is typi-
cally 100-1000 times stronger, so that the photodiodes are
quite satisfactory for this purpose.

IV. DATA AND ANALYSIS

HAIFA is used on TFTR primarily to study A, radi-
ation from the plasma edge and bremsstrahlung radiation
from the entire plasma volume. In this section, we show data
illustrating these uses and briefly discuss the analysis tech-
nigues.

Five channels monitor the radiation as the neutral fuel
atoms are excited and ionized at the edge of the plasma. This
H, and D, radiation (at 6563 and 6561 A, respectively)
comes from the very edge of the plasma where the electron
temperature is only 10’s of eV and the electron density is in
the range of 5X 102 cm ™ 3. When the detectors are absolute-
Iy calibrated, the integrated total brighiness of this radiation
can be turned into a particle influx into the plasma and, when
combined with information about the plasma size and den-
sity, can yield values for particle confinement times.> This
calculation requires some modeling and is not done routine-
ly. The raw data, however, can furnish other useful informa-
tion. For example, Fig. 4 shows the D, intensity during a
free expansion discharge. Initially the plasma is constrained
by a limiter on the outer edge of the plasma. Most of the
deuterium recycling into the plasma does so at or near the
plasmas contact point on the limiter, so that the channel
which is viewing 120° away sees little or no radiation. At 2.5
s, the plasma is moved magnetically inward, the signal at the
limiter drops, and the plasma begins to expand at about 7
mm/ms until it is in contact with the inner wall of the vessel,

Spectroscopic diagnostic 1217




at which time one sees the signal increase at both locations.®

The second major use of HAIFA is to monitor the radi-
ation from bremsstrahlung at 5235 A. Observations with our
visible spectrograph show that there are no lines within the
filter passband. That being so, the volume emissivity ob-
served is, for a single ionic target species,

€=189X10"Bn,nZ% g, (i, T,)T; V24 2
% exp( — 12 400/T.4) , -

where € is the volume emissivity in W/ {(cm’ A, m, and n;
are the electron and ion densities, respectively, in number/
cm?, Z, is the effective charge state of the impurity species
(£}, gx (i,T,) is the Maxwellian-averaged free—free Gaunt
factor for this charge state and electron temperature, 7', is
the average electron temperature in electron volts, and A is
the wavelength in Angstroms.*'? In the visible, the exponen-
tial term is so nearly equal to 1 that it is dropped. The ques-
tion of what is the effective ionization state, Z,, for a heavy
impurity ion is a complex one,''? which we shall ignore
because our impurities are dominated by C and O, which are
completely stripped in the vast bulk of the radiating plasma.
Thus when Eq. (3) is summed over impurities, we take Z, to
be the atomic number of the impurity and g;; is taken outside
the sunmmation, even though it has a dependence on Z; and
T,. This allows us to write

€= 189X 10~ B n2] 2T Vg Z . (4)

where we have used the common definition of Z effective
Zg= (n/n)Z7. (5)

It is this convenient form that allows us to caiculate some
kind of average Z., from the emissivity and use it in the
analysis of plasma behavior. The question arises: What error
is made by taking an effective g, outside the summation over
target ions? We have evaluated this error for several TFTR
scenarios. Taking various impurity mixes, and using the ex-
act value of g, from Ref. 10, the value of g, (7,7, ) was com-
pared with an effective value for g, (as parametrized be-
low), {gs). The results are shown in Table II,

The first two cases are typical of moderately clean
TETR plasmas, where the dominant impurity is carbon. The
error is less than 1%. The second two cases are pathological
but possible discharges where the dominant impurity is Ni
{from Inconel protective plates inside the vacuum vessel).

TasiLE II. The results of using an effective value for the free~free Gaunt
factor and ignoring the detailed dependence on charge state and tempera-
ture, compared to the exact value calculated from Ref. 10 for several repre-
sentative cases from TFTR plasmas.

Impurity mix {gs)

n,/n,(C) n/n,(Ni) wn/n{Z=7y Zu g« (5T,)
3.3% 0.0% 0.0% 2.0 1.00
10.0% 0.0% 0.0% 4.0 1.00
0.0% 0.4% 0.0% 40 0.92
0.0% 0.7% 0.0% 6.0 0.91
0.0% 0.1% 8.0% 5.4 0.98
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F1G. 5. Measured visible bremsstrahlung brightness and the calculated Z
effective from a plasma discharge on TFTR. The units of brightness are
photons/ (s em? A sr). At 2.8 s, a heating beam of nentral deuterium was
injected into the plasma, driving the density and temperature up substan-
tially. The Z effective falls slightly during this injection due to dilution of the
plasma by heating beam fons.

In these cases the error could be nearly 10%; moreover, the
question of what the effective charge state of the Ni ions is
further confuses the relationship between impurity concen-
tration and Z 4. The last case is more usual for a dirty mixed
impurity discharge, where a mixture of carbon and oxygen is
joined by 0.19% Ni. The error here is only 2%, which is too
small to be important even for systematic studies, and is well
within the intensity calibration uncertainty.

The variation of the Gaunt factor with ion and tempera-
ture cannot be ignored. Between 100 and 5000 eV, and for
plasma ions with atomic numbers between 1 and 28 (typical
values for modern tokamaks), g, varies from 1.8 to 4.7. For-
tunately, the variation is slow and smooth, and if one para-
metrizes the values in Ref. 10 in a double power law, the Z
and T, dependencies can be combined with those in Eg. (4).
For the range of impurities and temperatures of TFTR, we
find a good approximation to be

gff _— 3~77Z e;i—f().0579T2.147 . (6)

Our experience on TFTR is that there is little or no
radial variation in Z; for most types of plasma (see below).
That being so, the emissivity in Eq. (4) can be integrated
across a diameter of the plasma with Z ;. outside the integral,
giving a relation between the surface brightness of the plas-
ma and the Z,,.. This brightness is what a telescope looking
through the middle of the plasma sees, ignoring for now re-
flections from the walls of the vacuum vessel (but see be-
low). The integral over the temperature and density profiles
either can be done exactly using, for example, Thomson scat-
tering data, or the profiles can be modeled with only a peak
temperature and the line-integrated density as inputs. The
profiles themselves often do not change much, and their ra-
dial integrals change even less as the plasma conditions
change.

Figure 5 shows the results of such a simple calculation,
which is done automatically after each shot and is presented
within seconds. The brightness time history is from a central
channel of the visible bremsstrahlung array. The calculated
Z_. time history uses this brightness, a temperature profile
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from our electron cyclotron emission radiometer,'? and the
line-integrated density from our 1-mm interferometer.'* The
density profile is modeled; it is approximately parabolic. The
high value of Z_; at the beginning of the discharge is an
artifact. Neither the brightness nor the temperature is reli-
able this close 10 the plasma start up. The burst at 0.4 s is
from a sudden influx of carbon; at this time the plasma swept
across a cracked carbon tile in TFTR’s movable limiter. The
plasma reached equilibrium at about 2.3 s when both the
plasma current and density had stabilized. This particular
plasma had a current of 2.2 MA, a central density of
6.2 10" m™?, and a central eleciron temperature of 4.0
keV. lis major radius was 2.56 m, its minor radius was 0.82
m, and the toroidal field at the center of the plasma was 4.7
T. These conditions were typical of large plasmas on TFTR

BRIGHTNESS (10°)

20 30 40 %O
DEGREES

0.5-

| L
' P PR AL LT

VOLUME EMISSIVITY (105)

¢} 0.5 1o
RADIUS {meters}

Fi6. 6. (a) The chordal data from the bremsstrahlung array for a shot with
neutral atom heating beam injection at 2.8 s. The event at 100 ms is the
growing plasma sweeping across a broken carbon tile on the plasma limiter.
The edge signal is mostly reflected light; some real emission does occur out-
side the limiter, however. (b) The Abel inversion of the datain (a). Thisisa
reconstruction using polynomials up to degree 4; higher orders give a better
picture of edge variation (where it exists) but are too sensitive to noise to
give reliable central reconstructions.
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at the end of the 198483 run period. At 2.8 5, 5.3 MW of
high-energy neutral deuterium atoms were injected into the
plasma. As a result, the density increased substantially, and
the visible bremsstrahlung brightness doubled. However,
the impurity fraction of the plasma, as indicated by the Z g,
did not increase; in fact, beginning at about 3 s there was 2
slight decrease caused by dilution. The Z4 calculation was
terminated at 3.4 s, the last time for which 7, data were
available immediately after the shot. A more detailed analy-
sts is done for selected shots off line. This latter analysis uses
full profile information and smoothed and adjusted data.
The results of the two calculations seldom differ by as much
as 10%.

The third main use of the HAIFA system is to gather
poloidal profile data from the 18-channel visible bremsstrah-
lung array. When these chordal data are inverted to vield a
volume emissivity profile, the results can be combined with
temperature and density profiles to determine the radial de-
pendence of Z_,. Figure 6 shows data from the poloidal ar-
ray for a discharge with nearly the same parameters as the
one shown in Fig. 5, except that the injected power is higher.
The upper figure is the chordal data, foided about the hori-
zontal midplane of the plasma. The nonzero chordal intensi-
ty outside the plasma (at 50°) is due to reflections from the
stainless-steel vacuum vessel walls. The measured brightness
outside the plasma is about 10% of the central chord bright-
ness doring ohmic discharges for a large variety of plasma
parameters and geometries. This will distort the Abel inver-
sion process, and as a correction, all channels are assumed to
see the same reflected light, and 109% of the central channel
is subtracted from each. (After the inner wall of TFTR was
covered with carbon protective tiles, the reflections disap-
peared.) The neutral beam injection which began at about
2.3 s deposited 5.6 MW in the plasma, heating the ions to 4.3
keV in the plasma center. The electron temperature rises
slightly during neutral injection, which would cause the
emission at 5253 A to decrease. However, the major effect is
a sharp increase in emission caused by the density increase.
The inverted data are shown in Fig. 6(b). We do our inver-
sions by least-squares fitting to orthogonal polynomials in

® Beam Power = (0 MW
{ © Beam Power =56 MW

0 i i i 1 1 [
c 10 20 30 40 50 60 70
MINOR RADIUS {cm}

F1c. 7. The Z-effective radial profiles from inverted chordal data. The upper
curve is a profile from the emissivity of the shot in Fig. 6. The lower curve
shows the Z profile of a shot without neutral beam injection, but with the
same size, density, and current. For both shots, 7, = 2.2 MA, B, =4.7T,
n, = 4.5x10"* m~?, the major radius is 2.5 m, and the minor radius is 0.82
m. To aid comparison, the two smooth curves are identical, and are merely
displaced from one another.
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emission or physical space, not in chordal or integrated
space. Thus we can change the polynomial degree and havea
clear physical picture of what we are doing. In the inversion
in Fig. 6(b) we have used polynomials up to 4th degree;
higher orders tend to generate noise in the center for this
shot.

We remarked earlier that our Z_; radial profiles are es-
sentially fiat. In Fig. 7, we have taken temperature and den-
sity profiles, and extracted Z,; (#} from the inversion shown
in Fig. 6 at the end of neutral beam injection. From the cen-
ter to 50 cm, the valueis flat to + 6%. A pronounced drop at
60 and 70 cm may be real (an accumulation of impurities in
the center of a plasma has been seen before) or could be an
artifact of the Thomson scattering density measurement,
which is rather hard to make at the outer edge of the plasma
where the density is low. The 36% fall in the calculated value
of Z 4 could stem from an 18% systematic error in n, (7) at
these points, which is possible.

The more general gquestion of errors in Abel inverted
profiles is difficult to answer; details of each system must be
considered. What is true in all cases is that systematic errors
in the outer chords have a cumulative effect on the inferred
central brightness. One check we have used is to make sure
that the central Z_; (r) agrees with the value derived from
the central chord integrated with the measured 7, (r) and
n, (r) profiles. For the inverted Z ., profile shown in Fig. 7,
the central chord value agreed well with the central value of
the profile. [ Note that because of the n2(r) term in Eq. (4),
the central chord determination is strongly centrally weight-
ed.] We have done sensitivity tests with our inversion pro-
cess, and believe that for plasmas such as the one measured
in Fig. 6, the error in the central brightness is less than 20%.
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