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The Normal-incidence Vacuum-ultraviolet Spectrometer for the TJ-II
and First Experimental Results

McCarthy, K. J.; Zurro B.; Baciero, A.
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Abstract

A normal-incidence spectrometer, operating in the extreme-ultraviolet and ultraviolet wavelength regions,
has been commissioned for the TJ-II stellarator. The instrument has been custom built by McPherson,
Chelmsford, MA, and has several unique features and accessories that are described here. The instrument
and CCD detector has been tested and calibrated, and its performance evaluated, using spectral lines
from glow discharges and a RF excited flow lamp. Finally, the first spectra collected with the instrument
of TJ-II plasmas are presented and a preliminary estimation of an oxygen ion temperature is made.

El Espectrometro de Ultravioleta de Vacio en Incidencia Normal para el TJ-II
y los Primeros Resultados Experimentales

McCarthy, K. J.; Zurro B.; Baciero, A.

30 pp. 14 figs. 4 tbls. 2 fots. 23 refs.

Resumen

Se hapuesto en funcionamiento un espectrometro en incidencia normal en el stellarator TJ-II, que opera
entre las regiones espectrales de los rayos ultravioletas y los rayos ultravioletas extremos. El instrumento
ha sido fabricado especificamente para el TJ-II por McPerson, Chelmsford, MA, y posee varias carac-
teristicas linicas asi como accesorios que se describen en este documento. Se comprobo, calibro y
evaluo el rendimiento del instrumento y del detector CCD utilizando lineas espectrales de descargas de
tipo glow y de lamparas de flujo excitadas por radiofrecuencia. Finalmente, se muestran los primeros
espectros medidos por el instrumento en plasmas del TJ-II y se realiza una estimation preliminar de la
temperatura de un ion de oxigeno.
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I. Introduction

Three principal toroidal magnetic confinement systems have emerged as potential

routes to a fusion power plant. These include the stellarator, the tokamak, and the reversed

field pinch. Recently, in CIEMAT, a medium sized stellarator machine, the TJ-II, has been

built and commissioned with the goal of studying and understanding some of the outstanding

topics in plasma physics. These are transport mechanisms in magnetically confined plasmas,

operational limits and plasma confinement [1]. The TJ-II is a low magnetic shear stellarator of

the heliac type with an average major radius of 1.5 m, an average minor radius of < 0.22 m,

and a nominal toroidal magnetic field of -1 T. At present, in this device plasmas are created

and heated with hydrogen using 100 to 600 kW of electron cyclotron resonance heating

(ECRH) at second harmonic (53.2 GHz). Plasmas lifetimes are between 200 and 500 ms, the

19 -3

central electron temperatures and densities are <2 keV and <1.7 x 10 m respectively while

ion temperatures are -0.1 keV. In the near future, neutral hydrogen atoms accelerated to 40

keV (Neutral Beam Injection) will provide up to 2 MW of additional heating for creating
20 -3

plasmas with higher electron densities ( -1x10 m') and ion temperatures (-0.4 keV).

In order to maximise the scientific return of the TJ-II a set of state of the art

diagnostics has been installed [2]. Some of these diagnostics have been designed and

constructed at CIEMAT from low-cost commercial or in-house built components: for instance

Langmuir probes, an X-ray Si(Li) spectrometer, electron cyclotron emission (ECH)

radiometers, a 2 mm heterodyne interferometer, bolometers, as well as laser induced

fluorescence (LIF) and atomic beam systems, while others, such as a high-resolution visible

spectrometer have required support from outside bodies. On the other hand, the complexity,

size and non-commercial nature of diagnostics such as the Thomson scattering system or the

heavy-ion-beam probe have required international collaborations for their construction and

commissioning [3]. Because of their numbers, each diagnostic is assigned to one TJ-II group.

This group is then responsible for its correct operation and maintenance, and for providing

data to all other users.

VUV spectroscopy, both active and passive, is one of the most powerful diagnostic

tools available to study plasmas in fusion devices [4,5]. Its importance lies in the fact that, in

hot plasmas, the most important and intense line emissions from impurity ions, as well as

from ions injected into the plasma, occur in this wavelength range. Furthermore, while a



visible spectrometer is limited to studying ions emitting for localised regions near the plasma

edge, a VUV spectrometer can probe both the plasma edge and centre. For these reasons such

spectrometers, having both spectral and temporal resolution capabilities, are considered

essential for present day large fusion devices [6,7,8]. In the case of TJ-II, a modern VUV

spectrometer will enable spectroscopic surveys and studies to be undertaken of plasma

impurities and hence make for improved operation of the machine (identification and control

of contaminants entering the plasma is imperative to obtaining good plasmas). It will also

widen the optical range of access to the plasma and amplify the range of experiments that can

be performed. For instance, the groups working on plasma-wall interactions, Langmuir

probes, plasma limiters, and neutral beam injection all require the information that can be

provided by a VUV spectrometer on the rates of impurities entering the plasma from their

systems, e.g. carbon and oxygen from the vacuum vessel walls, tungsten from the probes, iron

from the stainless steel limiters and hardcore walls, or carbon from the protective tiles used

for NBI [9]. Furthermore, experiments on plasma transport, a key goal of the TJ-II project,

using laser ablation of heavy metals can be optimised [10]. For this, small bundles of atoms,

cluster or micro-pellets of a heavy metal are injected into the plasma in a controlled manner

and the temporal and radial evolution of VUV line emissions are monitored to gain

information on transport phenomena. With the provision of a diagnostic beam VUV charge

exchange spectroscopy, one of the most powerful spectroscopic techniques, will provide the

only direct measurement of fully ionised stages of low-Z ions, which are the dominant species

in the interiors of hot plasmas, as well as a means to follow the temporal evolution of ion

temperatures.

II. Description of instrument

The wavelength region between 30 and 195 nm is inaccessible to normal optical

spectroscopy as it lies below the transmission cut-off in air at -195 nm, i.e., O2 shows strong

absorption below this wavelength. Furthermore, this region exhibits reduced reflectivity off

surfaces. For these reasons a dedicated instrument employing vacuum isolation techniques is

required for performing spectroscopy. Also needed are specialised detectors and high

reflectance coatings for gratings and mirrors. These are outlined below together with

descriptions of the instrument selected, the accessories, the communication protocol, the

vacuum system and the support table.



a) The basic instrument

The instrument chosen was the Model 225 NOVA spectrometer by McPherson,

Chelmsford, MA. It is a 15 degrees, lm focal-length normal-incidence instrument with a

stated operating wavelength range between 30 and 200 nm for a 1200 grooves per mm

grating. It has a quoted spectral resolution of 0.015 nm, a wavelength dispersion of 0.83

nm/mm, a wavelength accuracy of ±0.05 nm, a wavelength reproducibility of ±0.005 nm (all

with a 1200 g/mm grating). Finally, it has a horizontal aperture ratio off/10.4 when used with

a 56 x 96 mm2 grating.

The principal reasons for selecting a normal-incidence instrument, rather than a grazing

incidence or Seya-Namioka type instrument, are as follows. First, although grazing incidence

instruments can be operated to shorter wavelengths, they are not convenient for modern

detectors such as CCDs. Second, a normal-incidence instrument has similar efficiency (120 to

200 nm), better resolving power and reduced astigmatism compared to a Seya-Namioka type

system [11]. One of the drawbacks of the instrument, i.e. reduced reflectivity at short

wavelengths, can be compensated for by use of special coatings and suitable detectors.

The instrument was fabricated from low magnetic permeability type 316 stainless steel in

order to comply with TJ-II regulations, i.e. JI<1 .01 for R<3 m and |H<1.03 for R>3 m. In order

to maximise the potential of the instrument, several modifications to the normal model offered

by the manufacturer were requested. These are now described.

Photo 1. A side on view of the instrument coupled to the TJ-II. Here, the CPM
detector assembly is located in the upper central part, the grating indexer is

mounted on the vacuum flange at the extreme right, and the retractable mirrors
are mounted on the two neighbouring central vacuum flanges.
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b) Modifications to the basic instrument

Several modifications to the standard Model 225 NOVA instrument were requested.

These include a second entrance slit assembly with retractable mirror (for calibration

purposes), an in-vacuum-indexible triple grating holder, a second exit slit assembly with

retractable mirror (for making measurements with high temporal resolution) and an adjustable

adapter assembly mounted on the primary exit arm. In addition, where possible, ConFlat

flanges were requested in order to comply with the high vacuum requirements of the TJ-II, i.e.

a base pressure <10~7 mbar and parts closest to the main vacuum chamber bakeable to 150° C.

See Photo 1 and Fig. 1.

In order to maximise the return of the instrument an in-vacuum-indexible, triple

grating holder with three gratings is provided. Details of the gratings selected are given in

Table 1. All of the gratings listed are concave types with a 56 mm x 96 mm ruled area and a 1

m radius of curvature (995.4 mm). In the case of 1200 g/mm, both a holographic and a ruled

type were selected. This was done in order to have both high efficiency between 50 and 120

nm (ruled), the wavelength range of most interest, and high signal to noise ratio with good

Grating Number

1

2

3

Grooves/mm

1200

1200

3600

Type

Ruled (blaze at 80 nm)

Holographic

Holographic

Useful Range

50-120nm

30-330nm

30-100nm

Coating

Iridium

Iridium

Iridium

Table 1: Details of the gratings selected for the instrument.

efficiency across the full wavelength range (holographic). Note; the signal to noise ratio of a

holographic grating may be up to ten times higher than that achievable with a ruled grating,

while the efficiency of the ruled grating is about twice that of the holographic grating at the

blaze wavelength but diminishes on both sides. Furthermore, the reflectivity of the three

gratings at short wavelengths, i.e. <100 nm, has been enhanced by an iridium over-coating,

albeit with reduced reflectivity at higher wavelengths compared to standard Al+MgF2 coated

gratings [12]. Finally, in the 3600 g/mm case, only a holographic grating was available.

Second entrance and exit arms, together with slit assemblies, were requested from the

manufacturer. These arms and assemblies provide extra flexibility as a calibration lamp can

be mounted behind the second entrance slit assembly (NW40CF flange) while a fast detector

can be placed behind the second exit slit assembly (NW40CF flange). In order to select

between the primary and secondary arms a plane mirror can be inserted into or extracted out

of the beam path by manually rotating the linear motion drives provided.

11



An adjustable adapter assembly with a ConFlat NW130CF flange is employed for

mounting a CCD camera onto the primary exit arm of the instrument. For this, the primary

exit slit assembly is dismounted and replaced by this adapter assembly. A ceramic break is

inserted between the main instrument and the adapter assembly to provide electrical isolation.

The adapter assembly consists of a bellows, support arms, pivot bearings and tilt micrometers.

The adapter permits the focal plane (CCD) to be tilted about the central wavelength in order

to assure good focussing across the whole CCD array. See sub-section d. A table of tilt

micrometer settings as a function of central wavelength was provided by the manufacturer.

c) Accessories

Several accessories have been incorporated on the instrument. These include a stepper

motor scanning system and scan controller, a filter wheel assembly with five positions, an

electronic shutter and a calibration lamp.

The stepper motor scanning system and scan controller is the Model 789A-3 by

McPherson. It allows for local or remote control at speeds up 100 nm per minute with a motor

resolution up to 50,000 steps per revolution (under remote control). The dedicated control

software is in the form of a Lab VIEW executable program for Windows 98. Communications

with the host computer (via an RS232

port) can be by hardwired cable or by

fibre optic cable.

100

10

"a

Aluminium Tin Indium

LiF

A .
120 140

The vacuum filter wheel, a

Model 648 by McPherson, is located

-60 mm in front of the principal

entrance slits. It is fitted with three, 10

mm aperture, thin foil filters by Luxel

Corporation, Friday Harbor, WA, and

one plane parallel window by Janos

Technology Inc., Townshend, VT, (see

Table 2). The selected filters block

second and higher orders light while minimising the attenuation of first order light in the

40 60 80 100
Wavelength (nm)

Fig. 2. Predicted transmission curves of the thin
film filters 1, 2 and 3 of Table 2 [13].

Position
1
2
3
4
5

Filter Material
Aluminium

Tin
Indium

Lithium Fluoride
-

Thickness
1577 A
1620 A
1581 A
5 mm

-

Transmitting range
17-75nm
55 - 75 nm

75-110nm
> HOnm

-

Table 2. Details of the filters selected. Position 5 on the filter wheel is blank.

12



wavelength range of interest. Finally, the filters can be changed while under vacuum by

means of a mechanical indexing system.

The electronic shutter is a Model 04-UTS-201 by Melles Griot, Irvive, CA. It has a

25.2 mm maximum aperture and is capable of operating under vacuum. The controller is a

model 04-ISC-850 that permits both manual and TTL (remote) operation. The fastest shutter

speed available is -16.7 ms. The shutter, an ultra-thin model, is positioned at -30 mm in front

of the entrance slits.

The calibration lamp selected was a Model EUX-X-L by Resonance Ltd., Ontario,

Canada. It is a compact, windowless, RF excited flow lamp powered by a small, 20 watt,

power supply. The lamp can be used with a variety of gases, e.g. He, Ne, Ar, N2, etc., and it

mounts directly to the ConFlat (NW40CF) flange provided on the second entrance slit

assembly. It can be selected by inserting the retractable mirror provided.

d) Detector systems

The principal light detector system is based on a charge coupled device (CCD) camera

that permits multiple spectra to be collected during TJ-II discharges. The camera is the Model

SX-TE/CCD-400EBG1 by Roper Scientific, Trenton, NJ. It incorporates a Model 400PB

back-illuminated CCD by Princeton Instruments, Trenton, NJ, with a 26.8 x 8 mm2 active

area, i.e. 1340 by 400 active pixels (20 x 20 |im2 pixels to match the spectrometer resolution).

Note: the aluminium mask, which normally shields the sensitive serial transfer channels from

X-rays, reduces the active area size by -5%. It also prevents spectral smearing during serial

readout. This back-illuminated device was chosen because of the high quantum efficiency of

such devices over the wavelength range of interest without the need for intensifiers, which

could reduce the spatial resolution [14]. In addition, the CCD supplied has both low and high

speed readout amplifiers (50 kHz and 1 MHz) resulting in low readout noise, i.e., 2 to 4 e"

RMS and 6 to 9 e" RMS for 50 kHz and 1 MHz operation, respectively. The dark current

stated is <1 e/pixel/sec at -45° C. Finally, the CCD camera chamber is a high vacuum

compatible model with a rotatable ConFlat (NW130CF) interface flange. It incorporates a

multi-stage Peltier cooler with forced air circulation for cooling the CCD to -40° C. Note; the

CCD active surface, which is -2.54 cm behind the front face of the Conflat flange, is located

at the principal focal plane of the instrument when the camera is mounted on the adjustable

adapter assembly supplied with the instrument (see sub-section b). The resultant wavelength

range along the long axis of the CCD is -22.5 nm for a 1200 grooves per mm grating.

The CCD camera is controlled using a Model ST-133 controller, also by Roper

Scientific. This controller uses a 16 bit A/D converter and supports both imaging and

spectroscopic modes of operation, with or without pixel binning. Typically, one complete

13



CCD frame or 18 complete spectrograms can be collected during a typical 250 ms TJ-II

plasma discharge. It also permits data taking to be initiated by the user or by an external

pulse, and it allows for an independent shutter to be synchronised with data taking (see sub-

section g). In addition, it controls other CCD functions such as the detector temperature and

supports high-speed serial communications with a computer via 50 m of fibre optic cable. The

controlling computer is a Model Armada E500 by Compaq. This is a laptop-type personnel-

computer operated under Window 98. The Armada E500 is mounted on a docking station, the

Armada Convenience Base EM also by Compaq. This station permits the computer to

interface with the ST-133 controller via a PCI serial interface card that is mounted in the

single PCI slot in this station. This PCI serial interface card supports data rates up to 1

Megapixel per second.

The second detector system is based on a Channel Photomultiplier (CPM) by

PerkinElmer Optoelectronics GbmH, Wiesbaden, Germany. The CPM is placed inside a

stainless steel housing that is mounted on an in-house-designed zero-length viewport. The

viewport is located approximately 8 cm behind the second exit slits and incorporates a 48 mm

diameter ultrahigh purity quartz window (spectrasil by Dynasil). See Fig. 3. The viewport

structure supports high vacuum and electrically isolates the detector and its housing from the

main instrument. A thin screen of the phosphor sodium salicylate (ss) [15] is fixed to the

vacuum side of the quartz window. This phosphor, whose response is well characterised,

converts incident VUV radiation to longer wavelengths where the CPM sensitivity is high.

Note; its peak emission occurs at -410 nm. The CPM was chosen for this application because

of its high gain, extremely low noise, high immunity to magnetic fields, compactness and fast

response time (~3 ns rise time). (Note; the calculated local axial and radial magnetic fields

generated by the TJ-II coils in the vicinity of the CPM are ~2 and 7 Gauss, respectively [16].

Stainless Steel

Teflon

Aluminium

Nylon

Quartz

Viton

Copper

Vacuum
Quartz
Window

Phosphor
Screen

Channel Photornultiplier \ .

Signal

Incident
VUV

Converted
to

Visible

S

Fig 3. A cross-sectional view of the CPM detector assembly.
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The predicted loss in response of an unshielded CPM in such an environment is <1 %). The

CPM model chosen was the C962, which employs quartz and multi-alkali for the entrance

window and photocathode respectively, as it provides a broad and high spectral response, i.e.,

>1% QE between 165 and 750 nm. The values quoted by the manufacturer for the detector

supplied were; 7.8% cathode sensitivity at 560 nm, 9 x 107 current amplification, 711.3 pA

dark current and 42 \iA bias current at room temperature, all with -2 kV of bias voltage.

Finally, a Model 456H High Voltage Power Supply by ORTEC and a Model 427 Current

Amplifier by Keithley Instruments Inc., Cleveland, OH (normally set to 106 V/A gain) are

used with the CPM.

e) Communications

TJ-II protocol requires that communication between the control room and all

instruments, controllers, and detector systems located in the experimental hall is via fibre

optical cables.

Communication with the Model 789A-3 scan controller is via 50 m of multimode fibre

optical cables terminated with ST standard connectors (type EFN062A from Black Box,

Alcobendas, Madrid) that interface to the RS232 ports via asynchronous mini modems (type

ME605A from Black Box). A DB9 to CD25 Adapter cable connects the mini modem to the

host computer (type FA599 from Black Box). In the case of the CCD camera,

communication with the host computer is via 100 m of FDDI standard cable and connectors

plus converters (system C-7157-0006 from Roper Scientific).

f) Vacuum system

The vacuum requirement for opening the instrument to the main TJ-II vacuum

chamber is a base pressure lower than 1 x 10"6 mbar in the coupling chamber linking this

chamber to the spectrometer. In order to reach this pressure, the main instrument chamber is

evacuated with a 550 1/s turbomolecular pump (Model V550 by Varian Vacuum Products,

Lexington, MA), which is supported by a 250 1/min mechanical pump (Model SD-301 by

Varian Vacuum Products). The turbomolecular mounts to an electro-pneumatic ultra-high

vacuum gate valve (Model E-GV-6000M-P by Caburn-MDC Ltd, East Sussex, England)

mounted on the principal inlet flange of the instrument, all with NW160CF flanges. Base

pressures better than 10"7 mbar at 20° C have been achieved in the main chamber. The

coupling chamber, whose internal volume is -1200 cm3 and surface area is ~ 400 cm2, is

evacuated via the primary entrance slits. A base pressures better than 10"6 mbar was achieved

in this chamber after several weeks of pumping. Provisions have been made to mount a small

turbomolecular pump on this coupling.

15



The instrument is coupled to the main TJ-II vacuum chamber via a short vacuum

chamber. The main components of this chamber, which has NW63CF flanges on both the TJ-

II and instrument ends, are; a four-way NW40CF vacuum cross (type FC01500 by Varian

Vacuum Products), a 12 convolution NW63CF edge-welded bellows (Model EWM63-12-CF

by Carburn-MDC Ltd.), two NW63CF to NW40CF reducing flanges (Model FR04500275E

Photo 2: A close-up view of the instrument/TJ-II interface (bellows, 4-way cross,

shutter, and filter wheel) as well as the CCD detector and its adapter assembly.

by Varian Vacuum Products), and an electro-pneumatic ultra-high vacuum gate valve with

NW63CF flanges (Model 11221-0254M by Nor-Cal Products, Yreka, CA, USA). This gate

valve separates the coupling chamber from the TJ-II chamber. An ionisation gauge is fitted to

one arm of the four-way cross, while the remaining arm is used for pumping the coupling

chamber. A small turbomolecular pump can be mounted here if required.

The vacuum in the spectrometer and coupling chambers is measured by thermocouple

gauge tubes (type 531 by Varian Vacuum Products) and Bayard-Alpert type ionisation gauges

(type 563, also by Varian Vacuum Products). A Multi-Gauge type Controller (by Varian

Vacuum Products) controls these gauges. Additional thermocouple gauge tubes are located

behind the slits in order to monitor the vacuum in these small chambers. Note; small internal

butterfly valves permit the small chamber behind the slits to be isolated from the main

instrument chamber for mounting removing detectors, lamps etc.

16



f) Support table

The instrument is mounted in its vertical position on an in-house designed and build

support table. This stainless steel support table is 600 mm wide, 1300 mm long and 900 mm

high. Three metric machine screw actuators (Model SME 2501-225 in stainless steel by

Power Jacks Ltd., Fraserburgh, Scotland) allow the instrument to be raised or lowered by up

to 225 mm. The actuators and the edge-welded bellows, that connects the instrument to the

main chamber, permit the line of sight of the instrument through the plasma to be varied by ±

2 degrees. The nominal line of sight is a horizontal chord that traverses the TJ-II magnetic

axis at about 1.7 m above the experimental hall floor. With this permitted variation in angle,

an entrance slit to plasma centre separation of -1350 mm, the line of sight about the centre

may be varied by ± 50 mm {i.e. to a=± -0.25 r). Note; in the future, a 51 x 210 mm2 internal

aperture rectangular gate valve, Model 02006-BA24 by VAT Vakuumventile AG, Haag,

Switzerland, and a rectangular bellows (to be defined) will replace the present coupling to

allow the full plasma minor diameter to be viewed. Finally, the table is fitted with small nylon

wheels and with adjustable nylon support feet that can be lowered to stabilise it.

g) Electrical isolation and grounding

In-house designed teflon o-rings are extensively used in the TJ-II to electrically isolate

components in order to prevent grounding loops. Such o-rings have also been used to isolate

the accessories mounted on the instrument. The o-rings, which are manufactured for

NW40CF, NW63CF, NW130CF and NW160CF flanges, isolate the RF flow discharge lamp,

the CCD camera, the electro-pneumatic vacuum gate valves and the turbomolecular pump

from the main instrument. The strategy followed when electrically grounding equipment is

that each piece of equipment is grounded at one point only, this ground being common for all

equipment. Furthermore, the transformer for the power supplies and amplifiers of the

detectors is isolated from the transformer for all other components, i.e., vacuum pumps, scan

controller, vacuum valves, discharge lamps etc. In this way, the signal noise and interference

in the detectors has been minimised.

h) Miscellaneous

A pulse generator with four independent-channels (Model 500C by Berkeley

Nucleonics Corporation, San Rafael, CA) converts the discharge timing pulse from the TJ-II

timing system to a TTL output that can be inputted to the CCD controller. In this way, CCD

data collection can be synchronised with TJ-II discharges. In addition, the amplified signal

from the CPM detector is connected to the TJ-II VXI-based channel-digitiser data-acquisition

system [17]. The user interface for controlling and visualising the signals is based on X-
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Windows/Motif. The main application program for this acquisition system resides on a UNIX

central computer (a DEC Alpha Server 8400).

III. Instrumental Performance Tests

The evaluation and performance testing of the instrument have been performed using

emission lines produced by the calibration lamp and by glow discharges, which are used for

conditioning the TJ-II vacuum chamber walls prior to operation. In both cases helium was the

working gas. The tests performed include alignment and wavelength calibration of the CCD,

an evaluation of the wavelength accuracy and reproducibility and the determination of the

spectral line-width and resolution, as well as of the line-shape. Testing with glow discharges

was performed during the spring 2001 TJ-II experimental campaign and with the flow lamp

during the summer of 2001. Once commissioned, the instrument was regularly operated

during the autumn 2001 campaign. In the case of the lamp, the second entrance slit width was

set to 10 |am and the retractable mirror was inserted. In the case of the glow discharges, the

primary entrance slit width was set to 50 \xm. For both cases the slit height was set to 4 mm.

a) CCD alignment and wavelength calibration

Prior to performing the wavelength calibration, it was first necessary to ensure that the

parallelism of the CCD detector columns and the spectral lines was sufficient so as to produce

negligible line broadening. This was achieved by repeatedly rotating the CCD camera about

the axis perpendicular to its surface in order to minimise the deviation of a spectral line

centre. For this, a long integration time was used so as to minimise image transfer effects.

Finally, a variation of 0.04 pixels per

100 pixel rows was achieved.

A wavelength calibration of the

CCD can be performed in software by

fitting a smooth or low order

polynomial function to the CCD pixel

positions of a number of spectral lines

of known wavelength. It has been found

Fig. 4. Wavelength calibration for the 3600 that a linear, 2nd or 3Ild order fit is

g/mm grating. The residuals of linear (+) and 3rd generally sufficient. In order to check

order polynomial (•) fits are shown. the goodness of such fits, the residuals
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of both a linear and a low-order polynomial fit to isolated spectral lines between 55.5 and 50.6

nm, the majority of which are He I lines, obtained with the 3600 g/mm grating are compared

in Fig. 4. Expressed in terms of wavelength, the linear fit residuals are within ±0.004 nm

about the fit values while the 3rd order polynomial fit residuals are within ±0.0025 nm. Hence,

all the points are within the stated resolution of the instrument, which is ±0.005 nm. In

addition, the regression coefficients of the residuals are in excess of 99.9% and their standard

deviations are <0.25% for both cases. In conclusion, a linear fit to spectra collected by the

CCD is sufficient for spectral analysis and for line identification purposes as the wavelength

Grating Type

1200 g/mm (ruled)

1200 g/mm (holog.)

3600 g/mm (holog.)

Dispersion (nm/pixel)

0.01671 ±7e-5

0.016736 ±8e-5

0.005625 ± 3e-5

Dispersion (nm/mm)

0.8355 ± 0.0035

0.8368 ± 0.004

0.28125 ±0.0015

Table 3: Measured dispersion values across the CCD focal plane for the

three instrument gratings,
dispersion (nm per pixel) is constant across the focal plane of the CCD. Finally, the dispersion

values quoted by the manufacturer for this instrument type are 0.83 nm/mm and 0.28 nm/mm

respectively for the two grating densities selected. As listed in Table 3, the measured

wavelength dispersion values are in good agreement with these values.

b) Wavelength accuracy and reproducibility

A test of the instrumental central wavelength accuracy was made by comparing the

wavelength at the central CCD pixel (as determined from a spectral line fit) with the

wavelength set by the instrument scan controller. For this, the instrument wavelength was

incremented in 10 nm steps between 60 and 150 nm. At each step spectra were collected, the

spectral lines were identified [18], and a linear fit was made to the known wavelengths in

order to determine the wavelength at the central CCD pixel and hence to estimate the

difference between the instrument setting and measured wavelength. In the case of the 1200

g/mm holographic grating an average fixed offset of -0.5546 nm (33 pixels), with respect to

the central pixel of the CCD, was found. Additionally, average fixed offsets of -0.403 nm (24

pixels) and -0.168 nm (30 pixels) were found for the 1200 g/mm (ruled) and 3600 g/mm
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Fig. 5. The variation between set and measured
CCD central wavelength for the 1200 g/mm

holographic grating.

gratings respectively. These fixed offsets

can be attributed to a misalignment (-0.6

mm) when mounting the CCD detector,

while the variation in fixed offset

between the gratings (~±0.076 nm for

1200 g/mm) is an instrumental effect. As

this fixed offset cannot be easily reduced

it is best corrected for when setting the

wavelength. Next, in Fig. 5, the

differences between the corrected set

wavelength and the measured CCD

central wavelength are plotted as a function of wavelength for the 1200 g/mm grating

(holographic). Here, the range of these differences is ± 0.02 nm, or 1.2 pixels (for 20 micron

pixels), which is significantly smaller than the stated instrument wavelength accuracy, i.e. 0.1

nm. In the case of the 3600 g/mm grating, these variations are less than 0.06 nm, or again 1.2

pixels. Thus, it is correct to say that the measured instrument accuracy is within limit once a

correction is made for a fixed offset.

A test of wavelength reproducibility was made by repeatedly scanning the instrument

between 0 and 58.43 nm, i.e. the strongest He I emission line in this range. The variation in

the position of this line on the CCD was less than ±1 pixel, a value similar to the accuracy

measured.

c) Spectral line-shapes and line-widths

Line fits have been performed on emission lines for the three gratings. In the current

set-up, the calibration lamp used to produce the emission lines may not fully illuminate the

acceptance angle of the spectrometer and hence result in a narrower line profile that for the

TJ-II plasma [19]. While this would result in narrower line profiles than those produced by

extended sources, it may not be so critical here because of the limited radial extension of most

plasma ions that emit in the wavelength range under consideration in the TJ-II. Also, some

care has to be taken when using glow discharges or flow lamps to determine line-shapes and

line-widths as such lines may be subjected to broadening from self-absorption [20]. Hence,

we use lines from glow discharges, the calibration lamp, and TJ-II plasmas to investigate

these parameters.
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The profile assumed when fitting isolated spectral line has been a Voigt profile, which

is a convolution of a Gaussian function with a Lorentzian function [21]. It is given by

1+2 .{WO
X —

SX

(l).

Here I(X) represents intensity at wavelength X, Im is the intensity at the peak maximum, Xo is

the profile central wavelength, SX is the full-width at half the maximum of the peak (fwhm),

and x is a variable parameter that

1

0.8

0.6

£0 .4
c
0)

^ 0.2

a) lwhm= 0.0686 nm

b) lwhm=0.0607 nm

c) fwhm=0.0359 nm

53.4 53.5 53.6 53.7 53.8 53.9 54
Wavelength (nm)

changes continuously between 0 (a

Gaussian profile) and 1 (a Lorentzian

profile). In Fig. 6, the shapes of the He I

line at 53.74 nm produced by the

calibration lamp and collected using

each of the three gratings are plotted

together with their fwhm's determined

by spectral line fitting. (This line, rather

than the He I resonance line at 58.43 nm

is used here for illustration as a second, F i g 6 T h e H e T l i n e a t 53.7 n m produced by the

but unidentified, line is present close to l a mP- a) 1 2 0 0 S / m m r u l e d ' b) 1 2 0 0 § / m m

holographic, c) 3600 2/mm holoeraDhic eratine.
the 58.43 nm line.) Note, for these

measurements the 53.7 nm line fell at about +5 mm from the central focal plane position.

Also, in this figure, the higher efficiency of the ruled grating at this wavelength cannot be

appreciated as the line intensities have

been scaled to facilitate comparison.

Furthermore, the peaks about 53.9 nm are

not ghosts, which are sometimes observed

with gratings having random groove

location errors. Rather, they are O II

emission lines that are probably the result

of residual gases in the gas line [18].

Next, the narrower fwhm obtained with

the 3600 g/mm grating can be readily

1200 g/mm holographic
(glow discharge)

1200 g/mm holographic
(TJ-II plasma)

58.3 58.4 58.5
Wavelength (nm)

58.6 58.7

Fig. 7. The He I line at 58.43 nm.
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appreciated. However, it is not so apparent that the fwhm obtained with the 1200 g/mm

holographic grating is -10% less than that acquired with the 1200 g/mm ruled grating. This is

also true for the He I resonance line shown in Fig. 7, where the line obtained with the ruled

grating also exhibits significant wings on both sides of this line. Such wings are generally

attributed to stray light. However, as suspected, the lines produced by the lamp (operated at

high currents) and glow discharges are significantly wider than that created by the plasma.

This point is particularly critical when

measuring Doppler broadening as it

points towards using neighbouring

plasma lines as references rather than

lines excited by lamps or glow

discharges.

Next, in Fig. 8, the variation in

fwhm of the He I line at 53.7 nm across

the focal plane is compared for both 1200 F i §- 8- The ./wftm of the 53.7 nm He I line across

g/mm gratings. Lines excited by the

calibration lamp were used so that the

values obtained should be considered as overestimates of the instrumental values. For this, the

spectrometer was scanned in 2 nm steps, so that the spectral line fell on different parts of the

CCD. At each position the CCD adapter assembly was set to its optimised tilt for the central

wavelength. Also, plotted are the fwhm's for the holographic grating with no focal plane tilt

optimisation. Here, several points are

evident. First, the narrowest fwhm's, are

obtained with the holographic grating.

Second, the fwhm is almost constant

across the full focal plane when the focal

plane detector tilt is optimised. Third, in

the case of the ruled grating, the fwhm

increases steadily away from the focal

plane centre. Similarly, the line profile

parameter values in Fig. 9, i.e. x of the

Voigt profile equation, were obtained

using the same spectral data that was used

the principal focal plane as measured with the
1200 g/mm gratings. Here, A (holographic), x

(ruled) and + (holographic with no tilt).
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Fig. 9. The line parameter profile (53.7 nm He I)
across the focal plane for the 1200 g/mm
holographic (A) and ruled (x) gratings.
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for Fig. 8. It is evident that the line shapes of lamp lines tend to be Lorentzian rather than

Gaussian. This was also true for longer wavelengths lines, albeit the profiles were less

Lorentzian (e.g., x -0.5 at 102.5 nm). When data from TJ-II plasmas were examined, it was

found that profiles tended to be almost Gaussian, i.e. x < 0.1, except for wavelengths below

50 nm where x tended to higher values.

As line-shape changes both with

wavelength and across the focal plane,

the line-width alone is inadequate for

quantitatively determining the

resolution. This task is also made more

complicated by the difficulty in

obtaining closely separated spectral

lines with similar intensities, as

required when applying the Rayleigh

criterion. In addition, the line resolution

is also dependent to a certain extent on line-width, on the 20 micron CCD pixel size

(equivalent to 0.0167 nm/pixel for the 1200 g/mm gratings and 0.0056 nm/pixel for the 3600

g/mm grating) and on good photon counting statistics. Note; when using a CCD, two lines can

only be distinguished if their peaks are separated by a minimum spacing of two pixels.

50.6 50.8 51 51.2 51.4 51.6 51.8
Wavelength (nm)

Fig. 10. Neutral helium lines between 50.5 and
51.8 nm were used to determine an upper value

for the instrument resolving power.

Theoretical

Theoretical (CCD)

Software

By-eye

1200 (ruled)

0.015 nm

0.0334 nm

0.0487 nm

0.0487 nm

1200 (holographic)

0.015 nm

0.0334 nm

0.0661 nm

0.0661 nm

3600 (holographic)

0.005 nm

0.0112 nm

0.02878 nm

0.0228 nm

Table 4. Best estimate of line resolution obtained using He I lines below 58.4 nm.

Nonetheless, an indication of the upper limit of spectral resolution of the principal focal plane

can be obtained with the spectra shown in Fig. 10. Here, the higher series members (n = 5 to

14) of the He I transition series Is2 {S - np lP° are plotted for the three gratings. The minimum

line separation of this series is 0.0228 nm. The results of both a software (using the second

derivative of the spectra to locate peaks) and a "by-eye" check are given in Table 4. The
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results show that for the ruled grating, peaks separated by two to three pixels can be resolved,

while for the holographic gratings the resolving power increases to between 3 and 4 pixels.

d) Preliminary Results from TJ-II

The first measurements of TJ-II plasmas with this instrument were performed soon

after the first attempt at wall conditioning of the vacuum vessel walls with boron

(boronization) had been performed [22]. Normally, wall conditioning is performed prior to

operation by glow discharge cleaning with helium and argon. However, it is not possible to

make a direct comparison of spectra before and after the boronization procedure had been

performed. However, thirteen different impurities were previously observed during the

UV/visible survey [23], of which carbon, oxygen, fluorine (from teflon), argon, iron and

chromium produced the most numerous and intense lines.

In Figs. 11 to 14, several spectra from the TJ-II plasmas are presented. In all cases the

1200 g/mm ruled grating was selected and the line of view of the instrument passed through

the plasma centre. In addition, the working gas was hydrogen for Figs. 13 & 14 and helium

for Figs. 11 & 12, and plasmas were heated with 300 kW of ECRH. Furthermore, the CCD

frame integration and readout times were set to 1 ms and -13 ms respectively in order to

avoid saturation of the most intense lines. For this the CCD was operated in spectroscopy

mode (all 400 rows were binned into a single row) and all 1340 pixels were readout. These

times permitted up to 15 separate frames (spectra) to be collected as the plasma duration was

of the order of -200 ms. Finally, the optimum filter was selected for each spectral range

except in Fig. 13 when no filter was used.

From the spectra, which are plotted in log scale, the richness of lines in the VUV as

well as the quality and intensity of the emission line data can be appreciated. It should be

noted that line-widths could be further decreased by reducing the entrance slit height. Also,

wings are seen about all intense emission lines, a phenomenon that is characteristic of the

ruled grating and may be attributed to stray light (see Fig. 7). Furthermore, as well as the

working gas emission lines, the most intense lines in the spectral regions selected are those of

carbon and oxygen, while lines from boron and fluorine are also prominent. However, unlike

in UV/visible survey, lines from metals, such as chromium or iron, are absent in these spectra

because of the boronization. It is not intended to speculate here on the effectiveness of this

first attempt at boronization as the intensities of these lines prior to boronization are unknown.
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Fig. 11. The TJ-II plasma spectra between 30 and 52 nm collected with the 1200 g/mm
ruled grating in a 14 ms period along the flat-top of an ECRH discharge. Helium was
the working gas. The thin aluminium filter was used to block the 2nd order of shorter

wavelength lines. Some of the principal lines and ions are identified.
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Fig. 12. A TJ-II spectrum between 59 and 80 nm collected with the 1200 g/mm ruled
grating and the tin filter. Hydrogen was the working gas.
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Fig. 13. A TJ-II spectrum between 100 and 122 nm collected with the 1200 g/mm
ruled grating. The discharge was created with hydrogen. No filter was used.
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Fig. 14. TJ-II spectrum from 150 to 170 nm made with the 1200 g/mm holographic
grating. For this the LiF filter was used and argon was injected during the discharge. The
working gas was hydrogen and the spectrum was integrated along the full plasma flat-top.
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Nonetheless, the intensities of spectral lines from ions

such as C IV would indicate that better time resolution could be achieved without seriously

prejudicing the photon statistics or the good signal to noise levels. A reduction of up to 10 in

time resolution may be achievable, when using the ruled grating, by only reading a narrow

region of interest about the line(s) of interest. Such an improvement in time resolution would

be of considerable benefit when studying transport phenomena in the TJ-II plasmas or when

performing laser ablation experiments [10]. The spectra presented also indicate the good

response of the instrument across the broad wavelength range studied, in particular in the

region below 100 nm where the grating reflection efficiency is considerably reduced. It is

thought that the reduced grating efficiency may have been offset to some extent by the

increased CCD efficiency at these wavelengths [14] and the good transmission of the thin film

filters selected. Also, it is possible to work at wavelengths below 60 nm without a filter as no

2ml order lines from below 30 nm have been observed.

Finally, a first attempt has been made to estimate a central ion temperature from the

width of a highly-ionised impurity-ion spectral line. For this, it was necessary to verify, by

fitting, that the recorded line is not contaminated with other lines, and that the line-shape is

well represented by a Gaussian-like function. Then, the term due to Doppler broadening, AA,D,

is obtained from the recorded line fwhm, AX, by performing a deconvolution with the

instrumental fwhm, AA,. See equation (2). Finally, the ion temperature, Tjon (eV), is estimated

with equation (3), where M is the mass of the emitting ion in atomic mass units and XQ is the

spectral line wavelength.

Tim = 1.68x 108

Lines from a broad range of oxygen ions have been identified both in the UV/visible

region [21] and in Figs. 11 to 14 of this work. The most highly ionised oxygen lines identified

in the spectra presented here were those of the O VII Is2s 3S( - \s2p 3P transitions at 163.8

and 164 nm. With an ionisation potential of 739 eV, this ion exists close to the TJ-II plasma

centre. While not very intense, the photon statistics of the 164 nm line, which was integrated

along the discharge flat-top, were sufficient to estimate the ion temperature at Tion = 154.5 ±

27



15 eV. Note, the instrumental function was determined from the nearby Ar III transitions at

166.97, 167.34 and 167.55 nm.
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