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ABSTRACT

By combining the time-of-flight or LIDAR principle with a Thomson backscatter diagnostic, spatial profiles
of the electron temperature and density can be measured with a single set of detectors for all spatial points. The
technique was demonstrated for the first time on the JET tokamak and has been in routine operation since July
1987. Originally a ruby laser (3 J pulse energy, 300 ps pulse duration, 0.5 Hz repetition rate) was used together
with a 700 MHz bandwidth detection and registration system which yielded a spatial resolution of about 12 cm.
A large filter spectrometer with 6 spectral channels covering the wavelength range 400 - 800 nm gives a dynamic
range for the temperature measurements of 0.2-20 keV. The original system is described, examples of measurements
are given and compared with the results of other diagnostics. The system is being upgraded to make measurements
at 10 Hz and a major component of the new system is an Alexandrite laser (1-2 J pulse energy, 350+/-50 ps pulse
duration, 10 Hz repetition rate) which is currently being constructed. The new laser and other technological
improvements being incorporated into the upgraded diagnostic will also be described.

1. INTRODUCTION

By combining the LIDAR (Light Detection and Ranging) and Thomson scattering techniques a new method
for obtaining electron density and temperature profiles has been applied for the first time on the JET tokamak
[1]. The method was proposed in [2] and [3], and during the development of the system for JET several aspects
have been described [4-8,18]. The system is especially well snited for fusion devices that become inaccessible due
to activation, since the collection optics required in the vicinity of the device are very simple. Further, this method
yiclds measurements with smaller statistical errors at given laser energy than conventional Thomson scattering
systems. This is due to the lower plasma light signal level achieved by the short integration time for each spatial
point,

2. PRINCIPLE OF MEASUREMENT

The spectrum of the backscattered light, generated by a short laser pulse as it traverses the plasma, is
recorded as a function of time by a fast detection system. Analysis of the scattered spectrum yields the electron
temperature and density in the uswal way [9]. However, the position of the laser pulse within the plasma is also
known at any instant in this time-of-flight method. Thus, by analysing the spectrum as a function of time, the
profiles of both the electron temperature and density are determined along the line of sight.

The spatial resolution dL of such an arrangement is given by dL = c(t® + t;° +1t5°)/2, where ¢ is the speed
of light, t, is the laser pulse duration and t, and tg are the detector and recorder pulse response times. In the
LIDAR system described here, the laser puise duration is 300 ps, the response times of the detector and recorder
are 500ps and 550ps respectively. This results in a spatial resolution of approximately 12 cm, a value which is
sufficiently small compared with the dimensions of the JET plasma (minor radius ~1.2 m).

3. SYSTEM OVERVIEW

The general layout of the system is shown in Fig.1. The laser and all sensitive components of the detection
system are located outside the biological shield around the JET torus hall. The laser beam and the collected
scattered light are passed in and out via a labyrinth penetration in the torus hall ceiling. In the torus hall the
laser beam is directed towards the torus inner wall by a single dielectric mirror. There is no beam dump as such,



the beam is dircctly incident on ome of the carbon tiles covering the torus wall. Before passing the entrance
window the beam polarisation is rotated through 90° by a half-wave plate in order to reduce the stray light level
in the polarisation plane of the scattered light, ,

The backscattered light is collected by a folded spherical mirror system through an array of six windows
surrounding the laser input window on the JET vessel. Its effective solid angle of collection from the plasma centre
is 5.5x10° sr. The collection system is shared with the 90° Thomson scattering system, for which it was constructed
[10]. From the labyrinth, the scattered light from the LIDAR system is passed to the spectrometer, where gated
MCP photomultipliers detect the power in the different wavelength bands. The fast transient recorders digitize
the photomultiplier signals and send the data into CODAS, the JET data acquisition and control system, for
analysis.

4, THE LASER
The ruby laser (Fig.2) consists of an actively mode-locked oscillator, two single pulse selectors in series
followed by four stages of amplification. Vacuum spatial filters are inserted between the final three stages to
control the transverse mode structure. The main parameters of the laser are summarised in Table L

Table I

Laser Beam Parameters

Energy (single pulse) 57
Energy {0.5Hz rep. rate) 31
Wavelength 694.3 nm
Puise Duration 300 ps
Beam Divergence 250 mr
Diameter _ 40 mm
Pre-pulse Suppression Level 10°

The frequency of the 50 MHz acousto-optic modulator, positioned close to the 100% reflectivity cavity mitror,
just matches the optical round-trip time of light pulses within the oscillator and mode-locks the cavity oscilla-
tions. The RF drive power of the modulator can be varied to control the duration of the individual pulses in the
mode-locked train and a further level of pulse width control is afforded by the inclusion of an intra-cavity ctalon.
Pulses in the range 180 to 600 ps duration can be generated but the oscillator is invariably set to produce 300 ps
pulses. This duration is a compromise between the conflicting requirements of achieving good spatial resolution with
the diagnostic whilst minimising the risks of damage in the optical components, The energy stability of the output
pulse train from the oscillator is improved by partially opening the Q-switch a few micro-seconds early, allowing
a short period of pre-lase. Optical triggering of an electro-optic shutter (Single Pulse Selector) allows one of the
larger pulses from the oscillator pulse train to be switched through to the amplifier chain for amplification from
the millijoule energy level up to 5-J. The second SPS unit is necessary to meet the pre-pulse contrast of about 10
required by the diagnostic. This high suppression level is necessary to prevent stray laser light, produced by pre-

pulses as they strike the inmer torus wall, from swamping the scattered light signal from the main laser pulse.

Examples of the oscillator pulse train, the switched-out pulse duration and the final output pulse energy when the
system is run at 0.5 Hz are given in Fig3. In addition, useful output for up to 6 laser pulses has been obtained
at 1Hz.

5, THE INPUT AND COLLECTION OPTICS

Five dielectric mirrors and two long focal length positive lenses (separated by a vacuum pinhole) are used
to direct and image the laser output via the labyrinth and into the scattering volume region some 50m away. This
arrangement gives an approximately constant beam cross section through the plasma (~50 mm diam.) and, to
minimise the risk of optical damage, maintains a beam diameter at all optical components greater than that existing
in the laser, The input optics also include motorised mirror mounts and a He-Ne Jaser based alignment system to



allow the beam path to be remotely aligned to the torus.

For the collection and transmission of the scattered light the same optics are used as for the single point
Thomson scattering system which was described in [10]. The main parts of the collection optics are shown in
Fig.1. The scattered light passes through 6 quartz windows of 0.17m diameter arranged on a circle of radius 0.19m
around the central laser input window. The windows are located on a pumping port at a major radius of 7.5m,
ie. 445 m from the plasma centre and they are equipped with fibre optic monitors to detect the build up of any
deposits. Two shutters inside the torus arc used to protect the windows against deposits during cleaning discharges
and carbonisation.

A vertical array of six aluminium coated spherical mirrors (0.3 m diameter, 20 m focal length) with a
common centre of curvature is located at a major radius of 11.6 m and images the plasma centre onto a small
plane mirror which is inclined by 45° and mounted behind the laser beam steering mirror. This Newtonian mirror
reflects the scattered light onto a horizontal array of six spherical mirrors positioned underneath. These nHITOrS
image the Newtonian mirror onto a 0.2 m x 0.3 m quartz field lens mounted 19m above in the penetration of the
2.3 m thick concrete ceiling, This field lens will also serve as a tritium seal during the D-T phase of JET opera-
tions. Above the ceiling penetration a labyrinth is set up with two plane broadband mirrors. In the trittum phase
of operation this labyrinth will be encased in a concrete shiclding block to reduce the neutron flux into the roof
laboratory. ,

The collection optics is characterised by an F-number of F/8, an dtendue of 1 cm®sr and a transmission
T=15% which is approximately constant over the whole spectral range of 400 - 800 nm.

6. THE SPECTROMETER

The constraints on the design of the spectrometer are listed in table IL

Table 11
1. High étendue 1 cm?st
2. Large Temperature range 0.2-20 keV
3. High rejection @ 694nm > 10°

4, Long depth of focus/moving image

The solution adopted, which uses a stack of edge interference filters [11] with slightly offset angles of incidence,
meets the given requirements in a rather compact set-up Fig4. To overcome 4 above, an image is formed of the
collection optics which is illuminated homogeneously by the broadband scattered light, Close to this focal region,
4 short wave pass dielectric edge filters are tilted and placed behind each other. The edge wavelength of a filter
is chosen to be shorter than that of the preceding one. Thus 4 beams of light are reflected from the filler stack
and one is transmitted. Each beam contains the wavelength range defined by the edge wavelengths of two adjacent
filters. Colour glass filters are used to absorb the small amount of short wavelength light reflected by each filter.
Multiple reflections within the filter stack do not impair the performance of the spectrometer since they "walk-
off* the reflected main beum paths.

An additional spectral channel is set up by a fifth edge filter placed at an angle of 45° in front of the stack,
again in an image plane of the collection mirrors. The long wavelength range 650 - 850 nm is taken out of the
incident beam of light by this filter while the whole short wavelength range 400 - 650 nm is passed.

As can be seen from Figd, a number of AR-coated lenses between the edge filters are used for image-
relaying. Image relaying is used also to image the collection mirrors onto the detectors. Thus once again the same,
homogeneously illuminated, area of the photocathode is used throughout the measurement. As a corollary this also
ensures that no local saturation of small areas of the proximity focused micro-channel plate photomultiplier occurs.

Two small additional edge filters are inserted in front of each of the detectors 2 and 3 to increase the stray
ruby laser light rejection, and one edge filter in front each of the detectors 4 and 5. A highly doped ruby crystal
filter is inserted in front of the channel 1 detector, a stray light suppression method described by several authors
[12,13). The crystal shows high absorption at the ruby laser line but transmits light with wavelengths near to this
line with only small losses [14]. The spectral transmission or "slit' functions (Signal / photon, normalised to
maximum) of the six channels are shown in Fig.5.



7. DETECTORS

The detectors required for the system need to combine a large sensitive area of about 20 mm diameter with
a risetime of less than 300 ps and a gain of about 10°. They also neced to be capable of both efficient gating in
order to facilitate stray light suppression and of rapid recovery from saturation by intense light pulses. All these
requirements are met by the proximity focused ITT F 4128 micro-channel plate photomuitiplier [15].

The gating ¢ircuitry described in {16] ensures very low interference pick-up on the output signal and constant
gain throughout the time of measurement. The low pick-up level of < 10 mV was obtained by using a gating
pulse with a smooth leading edge of 7 ns risetime (this time is acceptable due to the long distance between the
laser input window, a main source of stray light, and the outer plasma edge). The detector parameters are listed
in Table III

Table III

Detector Parameters

Type: ITT F 4128 proximity focused Operating Voltages:
MCP photomultiplier i)Photo-cathode - MCP

Active Area: 20 mm dia. BIAS: -10V
Gain: 10° Gate Pulse: +130V
Risetime: <300 ps )MCP: 1800V
Spectral Sensitivity: MA1 (S20) fi)MCP - Anode: 300V
Shutter Ratio: >10" @ 694 nm Recovery Time: 50ms

' >10® @ 400 nm

8. SIGNAL RECORDING AND DIGITISATION

The signals of the photomultipliers are recorded by sixk TEKTRONIX 7912AD transient digitisers, upgraded
by the manufacturer to 800 MHz bandwidth when used with high sensitivity 7A29 pre-amplifier plug-ins. The use
of these pre-amplifiers to register the scattering signals in the 100 mV range is complicated by the fact that the
detectors deliver pulses of about 300 V amplitude and a risetime of< 300 ps at the end of each measurement
when the laser pulse hits the inner torus wall. Since the pre-amplifiers would be destroyed by these transients,
the pulses have to be clamped to a safe voltage level (40 V) without degrading the bandwidth of the detection
system, By using at the transient recorder input a fast, biased Schottky diode to clip the forward travelling
(negative) pulse to -40 V and an attenuator at the photomultiplier output to reduce the (positive) reflections,
pulses of both signs are kept to a safe level for the pre-amplifier. Details of this solution are described in [16].

The transient digitisers are read out sequentially by the JET CODAS data acquisition system in the two
second interval between consecutive laser pulses.

9. CALIBRATION

To enable the evaluation of the scattering signals a number of calibrations have been performed. In addition to
those common for Thomson scattering experiments, a) and b), three extra calibrations ¢), d) and ¢) are required
for the LIDAR system:

a) Spectral Slit Function :

The spectral "slit" functions of the six spectral channels have been measured by illuminating the spectrometer
with a beam of light simulating the characteristics of the collected light beam with respect to intensity, divergence
and polarisation. A KRATOS 1 kW high pressure Xe arc lamp together with a KRATOS GM 252 F/36, f =
(.25 m grating monochromator is used as a tunable light source.



b) Relative Sensitivity of the Spectral Channels

The relative sensitivity of the spectral channels has been measured by illuminating the collection optics with
a black body light source of calibrated colour temperature: a diffuse reflector painted with a titanium oxide pigment
supplied by the NPL Teddington, UK, is placed in front of the torus windows and is illuminated by an OPTRONIC
1 kW spectral irradiance standard lamp Model 100A, powered from a current stabilised supply.

€) Sweep Linearity of the Digitisers

"A 100 MHz crystal oscillator with an accuracy of better than 5 x 10° is used to recalibrate regularly the
time bases of the TEK transient digitisers. Changes in the sweep velocity of less than 0.5 % have been measured
over a time interval of 18 months.

d) Time Correlation of the Signals
On each signal trace a time mark is produced by feeding light from the laser pulse to the detectors via a
low dispersion, high bandwidth optical fibre. These time marks serve to correlate the signals in time.

¢) Vignetting

As can be seen from Fig.1, the solid angle of collection varies strongly along the line of sight, the collection
mirrors being far away from the window array. This vignetting has to be determined in order to evaluate density
profiles and Raman scattering from air at atmospheric pressure was used to determine the relative variation of
the solid angle of collection as a function of the position of the scattering volume. The required absolute calibra-
tion for density measurements was then achieved by normalising the line integral of the electron density as measured
by Thomson scattering to the corresponding line integral measurements by the JET FIR interferometer in a series
of reference discharges.

10. RESULTS

Electron temperature and density are found through a non-linear least squares fit to the spectral channel
data every five centimetres through the plasma [18). The time corresponding to a given scattering position is
determined for each signal as.the appropriate time relative to the synchronization pulse described above.

Examples of the raw photomultiplier signals from the different spectral channels are shown in Fig.6. Note
the small level of plasma light relative to the Thomson scattering signals. This is due to the short integration time
of 800 ps. The automated analysis procedure locates the time-markers, subtracts baseline and plasma light levels,
applies calibration factors and then fits T, and n, values by the method described above to 50 time slices across
the 6 spectral channels,

Currently up to 9 profile pairs (n, and T,) are obtained at 2 s intervals throughout each JET discharge and
a data base containing more than 50,000 profiles has been compiled to date. Fig.7 shows an example where the
differences in profile behaviour during the Ohmic, ICRF, and Pellet Injection phases of a single JET pulse are
clearly evident from the LIDAR system data. Normally, major radial points from the outer plasma edge to within
25 cm of the inner wall of the JET torus are accessible. Stray light generated by the leading edge of the laser
pulse as it strikes the inner wall prevents measurement in this region. (There is insufficient depth for a beam
dump).

Electron temperature profiles from the LIDAR system have been compared with the partial profiles from
the standard JET ECE system [19] and Fig.8a shows an example. The agreement between these independently
calibrated diagnostics at 2.8 T central toroidal field is seen to be within the experlmcntal error bounds over the
whole profile for both systems. In addition to single profile comparison, the central regions of a large number of
T, profiles from both ECE and LIDAR have been averaged and compared. Fig.8b shows T (LIDAR) vs. T(ECE)
over the full range of measured temperatures during the last six months of operation in 1988. The slope of the

linear regression line gives the systematic difference between the two diagnostics as T,(LIDAR) = 0.85 T,(ECE),

which again is within the calibration accuracy quoted for both diagnostics.

The spatial resolution of the system is limited by the finite pulse width of the laser and the response time
of the detection system. The detected signal can be described as the convolution of the scattered signal from
different scattering volumes with the response function of the complete system. By applying a deconvolution
technique to the raw channel signals before applying the T, and n, fitting procedure [17,18] an improvement in



spatial resolution from 12cm to about 9em is obtained.
11. OUTLOOK

Since state of the art tcchmiques are used, no significant improvements in terms of spatial resolution and
statistical errors are expected to be possible for a full radial profile LIDAR system in the near future. However,
a major improvement is possible with respect to the repetition rate of the measurements, using a type of laser
capable of higher repetition rates than ruby, e.g. an Alexandrite laser. With respect to better spatial resolution
for a limited spatial chord length, required for plasma edge diagnostics for example, a system on the LIDAR basis
seems feasible using streak camera detection techniques [3] and shorter laser pulse lengths. Both systems are under
construction at JET. _

The 10 Hz upgrade of the main LIDAR diagnostic requires the following modifications to the original system
described above:

1. Instailation of a 10 Hz/1-2 ¥/ 350ps Alexandrite laser operating at 750 am.

2. Replacement of the aluminised mirrors of the collection and transmission optics by a set of broadband
dielectric mirrors. This will improve the transmission of the optical system by a factor =2, compensating for
the lower energy of the Alexandrite laser (compared with that of the present system).

3. Upgrade of the TEK 7912 AD transient digitisers system to cnable operation at 10 Hz repetition rate.
4, Paraliel data readout from the transient digitisers and data compression to cope with the large data rate.

Phased installation of the above modifications has been procecding in 1989 during breaks in JET operations.
Broadband dielectric mirrors (R =99%) [TecOptics, Isle of Man] were installed in place of the Al mirrors in the
collection path early in the year giving the expected factor 2 improvement in transmission. Bandwidth enhancement
of the digitizers to 1GHz was implemented and the feasibility of a 10-20 Hz data taking and readout scheme for
the digitizers using a PC controller was demonstrated [Ris¢ National Lab. Denmark]. In autumn '89 the linking
of the 6 PC’s to CODAS via an Ethernet interface, which was under development by the home team (PN&AG)
during the early part of the year, was completed and during the final period of JET operations all LIDAR data
was successfully collected using the new control and readout system (but at 0.5Hz).

The new Alexandrite laser, fig.9 (courtesy of Allied-Signal Inc. NJ, USA), uses a diode injected seed pulse
into a stable cavity, regenerative amplifier followed by a pre-amplifier to bring the pulse energy up to 10mJ. The
main amplifier chain consists of a series of 3 double pass amplifier heads separated by spatial filters and a final
single pass output head to bring the energy into the 1-2J range. Manufacture is nearing completion ready for
installation at JET in the spring of this year.

The cxisting ruby laser will be used for setting up an cdge diagnostic with good spatial resolution (3-4 cm).
For this purpose it will be operated at a pulse duration of about 200 ps and a streak camera will be used as
detection system. The laser will continue to serve as the back-up system for the Alexandrite laser and it is
planned that it can be brought into this operational mode at short notice by simply rotating its plane of
polarisation.

To summarize, the quality of the results obtained with the diagnostic system, its proven reliability and the
good compatibility with the requirements of remotely controlled operation render the LIDAR system well suited
for clectron temperature and density profile measurements on large plasma devices.
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Figure 1. Lay-out of the JET LIDAR-Thomson scaltering system.
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Figure 2. The 5J, 300ps pulse width Ruby laser (courtesy of Lumonics Ltd, Rugby, UK).

Figure 3. Example Ruby laser waveforms:

a) Oscillator output pulse train monitored by
photodiode (risetime 1ns, ’scope BW 350MHz,
20ns/div), missing pulse has been switched
into the amplifier path.

b) Streak camera record of single pulse (and
its reflection after a known optical delay
to calibrate time base) 200ps/div.

¢) Laser output energy at 0.SHz repetition:
rate, vertical scale 0.5J/div; time 2s/div.
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Figure 8. a) Comparison of a temperature profile obtained from the LIDAR-Thomson scattering
diagnostic with that from the electron cyclotron emission (ECE) measurement system.
b) Comparison of T,(LIDAR) vs. T,(ECE) both averaged over central plasma region
fitted regression line gives T,(LIDAR) = 0.85 T(ECE) for 13,025 profiles (1988).
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Figure 9. (courtesy of Allicd-Signal Inc.) Lay-out of new 10Hz Alexandrite laser. T0,T1: beam expanders;
WP: wave plate; Pol: polarizer; EM: energy monitor; TFP: thin film polarizer; FR: faraday rotator
CL,CYL: compensating lenses; QR: quartz rotator; SFL: spatial filter lens.
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