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Foreword

The technical reports in this collection of papers on "LIDAR
Thomson Scattering" were presented at the International Atomic
Energy Agency Technical Committee Meeting, with the same title,
held at the JET Joint Undertaking in Abingdon, Oxon, the United
Kingdom, April 8-10, 1991. The meeting was attended by 34
participants from eight countries.

A summary of the meeting, written by C. Gowers, JET, is
included at the beginning of this collection of papers. The summary
will also be published in the journal Nuclear Fusion.

This collection of papers is prepared from direct reproductions
of the authors' copies. It is hoped that publication of the document
in this way will provide timely information to participants of the
meeting, as well as to others who may have not been able to attend
but are interested in the proceedings.

Inadequate, but special acknowledgements are recorded here to
Dr. Peter Stott, who chaired the local organizing committee, and to
Greta Blankenback and Carol Simmons, who so ably and efficiently
handled administrative and secretarial details before, during, and after
the meeting.
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C.W. GOWERS
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1. INTRODUCTION

This Technical Committee Meeting report is intended as a review for

those readers who are not necessarily specialists in this particular plasms

diagnostic technique.

Thomson scattering was first used to measure electron temperatures and

densities in magnetically confined plasma during the mid 1960's. Since that

time with the improvements in laser and detector technologies the technique

has become one of the essential standard diagnostic techniques for making

spatially resolved temperature and density profile measurements in fusion

research. The increase in dimensions of confinement experiments combined with

technological developments in a number of key areas, namely high energy short

pulse (sub-nanosecond) lasers; fast, high gain detectors; high bandwidth

recording techniques; made it possible in the early 1980's to consider a

departure from the standard 90° scattering geometry for the spatial profile

systems and to use instead, a time of flight backscattering or LIDAR (Light

Detection And Ranging) technique. A short laser pulse is launched through the

plasma and its progress is monitored by observing the light backscattered from

the plasma electrons. The spectrum and total scattered intensity give the

electron temperature (T,) and density (n.) in the normal way for Thomson

scattering and their profiles are determined since the position of the laser

pulse is known by the time of flight principle. In addition LIDAR-Thomson

scattering offers a considerable simplification of the alignment and access

requirements, increasingly important factors when diagnostics for the next



step fusion machines are being considered.

The meeting was divided broadly into four sections; the first was a

short session in which the existing JET LIDAR system was reviewed and advanced

plans for a higher resolution extension were presented; the second was devoted

to lasers and laser developments: the third dealt moetly with fast detectors

and analysis techniques; in the final section the outline designs of LIDAR

scattering systems for new fusion machines were discussed.

2. REVIEW OF EXISTING JET LIDAR SYSTEM

C Gowers (JET, Abingdon) reviewed the main features of the existing JET

LIDAR Thomson scattering system and described recent enhancements to its

original performance. The expected spatial resolution, fix, is related to the

laser pulse duration, T U I, and the response times of the major components of

the detection system, the detector and digitizer, ximt and T,U.6, by the

expression fix - (tu,
2 + titt

z + Tdlg
2)1/2*c/2 which for the original components

gave dx -12cm. After outlining the optical components of the ruby laser and

its overall performance, he described the input and collection optics set up.

He pointed out that the potential difficulties associated with out of focus

and moving images of the scattering volume are avoided by forming an image of

the collection mirror array on both the dispersion elements and the detector

photocathode, instead of the scattering volume itself. Also, by using edge

filters as the dispersion element a high throughput (Icm2.sterad)

polychromator has been developed. Two tricks are used to deal with stray

light, i) by using a quartz 1/2 lambda plate just before the input window to

the vacuum vessel and ii) by using a highly doped ruby crystal in front of the

laser wavelength channel.

After presenting some recent results he described how the spatial

resolution has been enhanced by hardware and software improvements. The

bandwidth of the digitizers has been improved and a software deconvolution

technique has been applied to the raw signals, obtaining an overall

improvement of 2S-30Z in ix. A system for monitoring any variation in the

spectral transmission of the collection windows due to deposits from the

plasma has also been recently commissioned and results were presented. An

improvement in the repetition rate of the measurements is planned and a second

ruby laser with a higher repetition rate has recently been ordered.

The results presented showed high signal to noise ratio and good long term

reliability and stability indicating the strength of the LIDAR technique.

During the discussion of the paper, in response to a question about the



perturbing effect of such high power laser pulses on the plasma, Mr Gowers

pointed out that the fluence at vhich such effects were thought to become

important was around 1Q17 Watts/cm2 *nd the LIDAR laser was currently

producing only -109 W/cm2 in the plasma. Care would be needed if a LIDAR

system were constructed with significantly shorter pulses and a tightly

focused beam.

H. Fajemirokun (Imperial College, London) then described a modification

of one of the six parallel collection optics paths of the JET LIDAR system

which allows the installation of a streak camera based detection system. With

this system it is planned to obtain considerably higher spatial resolution

since the response time of the detector is reduced substantially, and the

response time of the digitizers is eliminated. He anticipated that with lOOps

resolution with the streak camera and a laser pulse duration of ~200ps, the

system will have a resolution of better than Scm. However, at this level of

resolution the radial extent of the plasma diagnosed is limited to about 50cm

by the available length of the streak image. Ideally, high quantum efficiency

and single photoelectron recording capability are required because the number

of scattered photons expected in each temporal resolution element will be

small ("170 for 2J laser energy and 1.1019m"3 density). In addition the camera

will need to be gated with a high contrast ratio to avoid the effects of pre-

and post-pulses of stray light from the input window and the back wall of the

torus. Experiments with a new Thomson-CSF camera will commence later this year

but stray light characterisation test results have been obtained with a low

gain camera on loan from Imperial College (London). These were presented and

even showed a small feature which was consistent with being due to scattered

light.

3. LASERS AND LASER DEVELOPMENTS

Prof. Weber (Festkfirper-Laser-Institut, Berlin) reviewed developments

in solid state, visible and near IR lasers pointing out that in recent years,

although no dramatic breaks-through had been forthcoming, steady engineering

improvements in crystals, cavity design and pumping techniques has resulted

in reliable lasers with kW average output powers. Such lasers could be

interesting for LIDAR applications. In addition several alternative material

geometries eg. slab, moving slab, annular rod and rotating cylinder are being

tested in laboratory lasers. Broad band materials like alexandrite and the

recently announced Ti:sapphire look attractive although flash lamp pumping



looks to be a problem with the latter because of the short energy storage

time. Alexandrite has demonstrated impressive average power capabilities, 150V

or lOJ/pulse free running, but small scale self-focusing of short pulses is

difficult to overcome in the low gain material. YSGGiCr at 780nm output

wavelength has reported performance of 0.6J in Q-switched operation at 25Hz.

This appears to be another future LIDAR laser possibility.

Improved beam quality is part of the Eureka program where the aim is to

obtain C02 beam quality with solid state lasers. Programs using parallel or

serial amplification and phase conjugating mirrors were outlined. Increased

pumping efficiency is also being sought by using co-doping of materials.

Doping with additional ions to enhance pumping efficiency is undergoing tests

at laboratory level although Prof Weber stressed that the process of

developing materials into full production, high performance lasers is very

expensive and companies are extremely reluctant to embark on such a course

without a clear and marketable application. He concluded that in the short

term the lasers available for LIDAR applications will be the familiar

materials that are already well developed, namely ruby and Nd:YAG with the

latter still being the best from the high repetition rate viewpoint. The

tunable materials alexandrite and recently Ti:sapphire are also beginning to

produce performance both at the laboratory and commercial level which could

be useful for LIDAR work.

When asked if he thought there was any possibility of increasing the

repetition rate of ruby lasers by cooling to liquid nitrogen temperatures,

Prof Weber replied that such schemes have been tried, but there are serious

problems with bubbles induced in the coolant by flash lamp light and heat.

These interfere very significantly with efficient pumping on subsequent

pulses. He thought that this would be a difficult problem to resolve.

Dr Selden (Culham Laboratory, Abingdon) discussed possible laser sources

and he included Excimer lasers at the short wavelength end of the spectrum and

CO2 at the other extreme. Both offer interesting pulse duration and repetition

rate performance if suitable detectors can be found. He also brought to the

meeting's attention the development of chirping and pulse compression

techniques now available as commercial laser packages which offer the

possibility of producing high power laser pulses with reduced risk of laser

damage. The scheme works by dispersing the short oscillator pulse with

gratings, prisms or a long fibre, producing a longer but varying frequency

pulse which can then be more safely amplified. After amplification the pulse

is compressed using a pair of gratings.



Dr Golft«ov (Kurchatov Inst. Troitsk, USSR) pointed out that the

required beam parameters of lasers for LIDAR are fairly ordinary when viewed

from the inertial confinement viewpoint, the repetition rate being the real

challenge. He presented a compact design for a Nd phosphate glass system which

consists of an oscillator and 6 rod amplifiers. The final amplifier is 75mm

diameter and frequency doubling gives 15J in 300ps at S27nm. The whole optical

system fits on a 3mx2m table top. Vacuum spatial filters are included in the

later amplification stages both to prevent the development of damaging, high

order transverse modes and to also magnify the beam diameter for the larger

rods. The repetition rate of the laser is limited to lHz and at this frequency

the energy per pulse will fall from 1SJ down to 7J during a 10s pulse burst.

The recovery time will be about 1/2 an hour.

To obtain better spatial resolution, for example in the divertor region

plasma, he suggested a shorter pulse length laser, 30-50ps. To keep within

acceptable damage threshold levels ie.l-3GW/cm2, requires an output aperture

of 1-2X102 cm2 and has rather poor extraction efficiency. An alternative

technique might be to use a multi-pulse approach either by generating several

pulses with the laser by passing the pulse several times through the final

amplifier or by passing the same pulse several times through the plasma. In

this way the laser energy per pulse could be reduced by about one order.

It was pointed out in the discussion following his presentation that the

sub-nanosecond multi-pulse approach would add considerable complexity to the

equipment near the machine and would have to deal much more effectively with

the stray light pulses than has been done to date.

Dr Nizienko (Kurchatov Xnst, Troitsk, USSR) outlined a more advanced

laser design built around the use of two additional concepts. First the bulk

of the beam amplification is carried out in what he termed a light boiler.

This is a parallel amplification scheme similar to that outlined by Prof.

Weber, which consisted of a pumping chamber with a matrix of alternately flash

lamps or laser rods. This design gives close, efficient coupling of flash

lamps and rods. Dr Nizienko incorporated WFR (Wave Front Reversal) cells as

the final stage of the amplifier. These are Stimulated Brillouin Scattering

mirrors which perform 3 functions; they act as pulse compressors, reducing the

pulse length by about one order of magnitude, they also act as spatial filters

cleaning up the beam profile by controlling the high order transverse modes

and lastly as phase conjugation mirrors enabling effective double passing of

the amplifier stages. The overall loss introduced by each WFR is was about

50Z. In the latest design the final stage of the system consists of a Raman



oscillator/amplifier system to shift the wavelength from S30nm to 630nm and

to further compress the pulse duration to give 2J in SOps. This has the

advantage of shifting the wavelength towards the red end of the spectrum,

giving the overall system the capability of diagnosing a greater temperature

range.

Or Schunke (JET, Abingdon) discussed the possibilities of using Nd:YAG

laser wavelengths in a LIDAR system since this is a well developed laser

material and has the added advantage, when compared with Ruby, of a much

higher repetition rate. She reported results obtained using the JET LIDAR

simulation code, LIDARRUN. As a reference point she compared JET LIDAR

experimental results with the predicted performance from the code for the same

conditions, concluding that the experimental profiles and error bars are

accurately predicted. She had then used the code to investigate the expected

performance for a number of different Nd:YAG laser scenarios. Firstly, she

simply replaced the JET ruby laser parameters in the code with a 1J

fundamental plus U frequency doubled, 200ps pulse duration Nd:YAG laser, a

laser that she claimed was a realistic possibility with today's technology.

Using the same parameters as the present JET spectrometer gave rather poor

performance predictions with large errors on the measurements for the

fundamental wavelength for temperatures below about lOkeV and also large

errors if the 2nd harmonic was used for temperatures above about 2keV.

She commented that the situation could in principle be considerably

improved if the different polarization of the two harmonics is exploited. The

green light spectrum can then be separated from the infra-red by a (broad

band) polarizer and directed to a new 5 channel spectrometer with channels

optimised for a 53Own laser wavelength. The existing spectrometer, given an

extra two channels with long wavelength sensitivity, can then be used for the

scattered spectrum from the fundamental line. The simulation of this set-up

showed that the fundamental wavelength can then be used for temperatures

greater than about 3keV and the 2nd harmonic for temperatures from about 200eV

up to 4keV. However, this scheme implies a large and very expensive

modification to the existing JET LIDAR system and also relies on obtaining

acceptable performance from an as yet untested infra-red sensitive GaAs photo-

cathode MCP photomultiplier.

Dr Schunke had therefore turned her attention to a LIDAR simulation for

ITER. She concluded that, using the tangential access proposed by Salzmann et

al at a recent ITER Diagnostics Workshop, the two wavelengths of Nd:YAG can

be used to great advantage. Firstly, the fundamental is better matched to the

higher temperatures expected in the bulk of the ITER plasma and secondly the



cooler region near the inner wall SOL could be well diagnosed by the 2nd

harmonic. However, 3-5J of laser energy is assumed to be available in each

harmonic implying a substantial step in laser development.

A.DETECTORS AND ANALYSIS METHODS

This session was begun by Dr Surovegin (RADIAN Inst. Moscow) who

described the main features of the new SCANCROSS streaking image intensifier.

The key feature of the device is that unlike a normal streak tube it does not

re-image a slit or spot from the photocathode and sweep it across the phosphor

but instead transforms the image of the whole of the photocathode area (diam.

up to AOmm) into a slit shape 0.08x7mm and sweeps this across the phosphor in

the direction orthogonal to its 7mm length. To do this the device uses

spherically shaped photocathode and grid anode surfaces and quasispherical

electrostatic focusing. This is followed by a short MCP stage both to convert

the energy of the initial photo-electrons and to collimate them. Two

quadrupole magnetic lenses then transform the image from round to rectangular.

In principle several hundred resolved pixels are possible with down to 2ps

duration for each. So far a tube has been made and operated in static mode,

sweeping the image only slowly across the phosphor.

In the discussion Drs Hirsch and Gusev pointed out that the low gain of

the MCP stage (about 1) will lead to extremely noisy gain for the device.

There was also concern expressed about the current density in the cross over

region and whether this will induce saturation effects in the MCP. Dr

Surovegin commented that he had described the manufacture of this first device

and that there were other manufacturing options available which would be tried

in the future.

Dr Dymoke-Bradshaw (Imperial College, London, & Kentech Instruments)

reviewed detectors for LIDAR Thomson scattering giving the advantages and

disadvantages of streak cameras, photo-multipliers and gated intensifiers. He

described the advantage of an indirect or capacitive method for gating wafer

intensifiers showing an example of a lOOps gate-on period with very little

gate induced pick-up noise. He also pointed out that by gating at high speed

in conventional 90° Thomson scattering geometry but with a short laser pulse,

stray light can be gated out with a gated intensifier tube. Such a system can

be used in near backscattering geometry, but sufficient movement of the image

will be required to obtain spatial resolution. He also described non plasma

LIDAR applications where range gating is used eg in fog, smoke or under water.



He vent on to review the current technology for pulse generators for gating,

concluding that avalanche diodes are now able to generate rise tines of <50ps.

Finally he suggested that fast Pockels cells are now be able to chop Q-

switched laser pulses dovn to <100ps offering a cheap alternative to the

conventional mode locking technique.

Or Gusev (loffe Institute, Leningrad) deecril3d results of

investigations into the use of an AGAT ctreak camera as a possible LIDAR

detector. He first demonstrated with a simple analysis why the excess noise,

F, for a device will be large, if the first stage gain, Kj, is low. He then

described the results of excess noise measurements showing that F was " 1.5

for the camera . Also when the streak camera is compared with a

photomultiplier, the ratio of quantum efficiency to excess noise is a factor

2.5 less for the streak tube, mostly due to the presence of a mesh electrode

in the tube and low gain on the MCP stage.

He also presented some experimental results in which the stray light

characteristics of a LIDAR experiment are simulated and the capability of the

camera to cope with these sparious signals is tested. He showed very

encouraging results which demonstrated that the camera responds linearly to

a small "scattering" signal ("10* photons) despite being struck by a stray

light pulse of 1012 photons a nsec before. As a result of the tests, a new

AGAT streak camera system has been specified and work on its development is

starting.

The LIDAR related activities at Kyushu University were outlined by Dr

Kajiwara (Interdisciplinary Grad. School of Eng. Sci., Kyushu University).

Kyushu University is interested in assessing the possible application of the

LIDAR Thomson scattering technique to the Large Helical Device being designed

in Nagoya. He described assessment experiments that have been carried out on

a Hamamatsu streak camera. His analysis of the signal to noise ratio at the

different stages of the detection system closely paralleled the work reported

by Dr Gusev. He also concluded that low gain at the streak tube stage could

significantly enhance the noise of the system. The camera was tested

experimentally using Rayleigh scattering from a 300ps frequency doubled Nd:YAG

laser pulse in 90° scattering geometry. From the results Dr Kajiwara concluded

that in these experiments the detection limit is determined by the read out

noise and dark current of the CCD camera. He also found that an order of

magnitude more scattered photons are needed to obtain the same signal to noise

ratio as obtained when the experiment is repeated using a photomultiplier as



the detector. In attesting the performance of a LIDAR system design for a

large experiment he concluded that, vith realistic assumptions for laser

energy, detection solid angle and optical transmission, a streak camera system

could be realized but the effective range of plasma covered by the measurement

would be limited by vignetting effects to about lm. He also concluded that an

uncooled CCD camera vill be required if greater than lHz repetition rate is

to be used for the measurement system. This vill increase the read out noise

and dark current noise but could be compensated if higher gain is available

at the streak stage.

Dr Hirsch (IPF Stuttgart) presented the details of studies carried out

on microchannel plate photomultipliers when determining their suitability for

use as the detectors in the JET LIDAR system. He outlined the construction of

the ITT F4128 tubes and the factors that contribute to its response time. He

then described the rise time tests and the dependence of the measured

performance on the voltages applied to the different stages. He also described

the gating contrast ratio tests and the remarkably high ratio (1013) measured

at the red end of the spectrum. He pointed out that the tubes have a limited

life governed by the MCP. The output will start to drop once the accumulated

delivered charge begins to approach 20mC/cm2 . This is not a severe constraint

since even at lOHz repetition rate and 20s JET pulses, each laser pulse

producing heavily saturated output, this corresponds in the gated mode of

operation to 3x10* JET pulses.

It has been important to look at the recovery time after saturation

because each laser pulse produced such heavily saturated output from the

detector when it struck the inner wall of the vacuum vessel. His measurements

show that the detector is fully recovered after about 30ms. However the

following amplifier can easily be damaged by the several hundred volt output

pulse unless protective measures are taken.

Dr Hirsch has tabulated for comparison purposes the known performances

of ITT, Hamamatsu and ITL MCP photomultipliers and has compared in a similar

way the expected performance of a streak camera with the ITT tube's

characteristics. He concluded that more experimental data is required on

streak cameras generally before their suitibility for use as LIDAR-Thornson

scattering detectors can be confidently predicted.

MicroChannel plate photomultipliers were also the subject of Or Bassan's

(RFX, Istituto di Gas Ionizzati del CNR, Padova) presentation although in his

particular application, which was conventional Thomson scattering on the



AO
reverted field pinch, RFX, he is studying the multi-anode MCP photomultiplier.

High repetition rate is his main concern because of the need to make plasma

light measurements very close to the main laser pulse. He has studied the

thermal and electrical behaviour for high MCP strip current tubes and in

particular has looked at the recovery time for double pulse operation for

different levels of charge in the first pulse and different pulse separations.

He showed that for lApC charge in the first pulse, the tube chows no

saturation even down to pulse separations of 100ns. However for first pulses

of 3X and "lOx this charge, the recovery tine is about lms. He concluded that

high repetition rates are possible with double MCP tubes and the thermal

problems associated with high strip currents are manageable. Rise time tests

are still to be carried out.

Dr Orsitto (ENEA, Frascati) gave a post deadline talk on the Thomson

scattering system for FTU. He briefly reviewed the parameters of the machine

and then described the main features of the Nd:ELF lOHz laser based scattering

system. This uses conventional geometry and pulse durations but the laser

repetition rate is impressive with 5J/pulse, 10 pulses per laser burst with

interpulse spacing from 10-100ms. The laser which uses a slab in double pass

geometry for the final amplification stage, maintained good divergence and

pointing stability throughout the burst. The recovery time between bursts is

ISmin. The dispersion and detection systems use 19 separate 5 channel filter

monochromators for dispersing the scattered spectrum and avalanche photodiode

as detectors. The expected accuracies for central and edge temperature

measurements are AZ and 1SZ respectively.

Dr Nielsen (JET) discussed the need for real time temperature and

density measurements on large, tokamaks and concluded that for density and

current profile control, a real time LIDAR-Thomson scattering system could be

a very useful complimentary diagnostic to ECE and Interf erometric diagnostics.

Unlike ECE measurements, Thomson scattering did not suffer from serious

perturbing effects produced by runaway electrons nor from fringe jumping

induced by rapid or local density perturbations like interferometry. However,

the repetition rate for Thomson scattering measurements was limited (mostly)

by the repetition rate of suitable lasers and this was much less than either

of the other two diagnostics. Reviewing available or nearly available hardware

he concluded that a lOHz laser suitable for a LIDAR system could be built and

detection systems could be made to run at 20-25Hz depending on the type of

technology used ie MCP photomultipliers with fast transient recorders or a



streak camera with a CCD readout system. He outlined a transputer based scheme

for • photomultiplier detection system which is currently undergoing

feasibility trials at JET. He described the chi2 analysis procedure used to

fit the T, and n, values.and demonstrated the fitting procedure running on a

PC at close to the required speed (actually 170ms per fit at the current state

of development). He concluded that a real time system for an 8-10Hz LIDAR

system is feasible using a PC equipped with transputer based control cards.

Dr Giudicotti (Univ. di Padova) moved the discussion to a somewhat

different topic when he described some aspects of Raman calibration of

scattering systems. He outlined the calibrations he has carried out on the Eta

Beta II (conventional) scattering system, concluding that Raman scattering

from a few tens of millibars of hydrogen produces s very convenient signal for

relative and absolute calibration of the system. It is possible to carry out

the relative sensitivity calibration by rotating the grating in the

spectrometers and thereby scanning the Raman line across each channel. This

method agrees well with the usual tungsten lamp calibration.

Experiments were also conducted to see the pressure at which stimulated

Raman scattering occurs so that an upper pressure limit for linear response,

given the intensity distribution of the Eta Beta II laser, can be defined. For

the laser energy of 8J the J-l->3 line (723.8nm) shows exponential behaviour

above -230mbar. Other lines investigated also show non-linear behaviour above

about 300mbar. Deuterium was also used as the scattering gas but only the J-0-

>2 line was found to be non-linear. Or Giudicotti calculated the expected

Raman gain for his experiments and with reasonable assumptions the simplified

model gave qualitatively similar results to those observed. He has extended

the calculations to the cases for Raman scattering from nitrogen in both RFX

and JET. In the RFX case where the pressure and temperature will be lOOmbar

and 350°C respectively, self focusing will not be a problem even at energies

up to 15J. For JET, transient stimulated Raman theory should be used but as

a first approximation he used steady state theory and applied a correction

factor. He concluded that the Raman calibrations will still be in the linear

regime but only just.

In the discussion it was pointed out that if the calculation were

correct one would expect problems in the beam path between the roof laboratory

and the machine since this path was in excess of 25m. To date no beam break-up

problems have been observed.

The final paper in this session was given by Dr Salzmann (IPP, Garching)

who discussed ideas on recovering calibrations of a data set when things had



gone wrong, by simply carrying out a statistical analysis of the data itself.

He argued that in a scattering system given:-

a) the assumption that light is being scattered by electrons with a Maxwellian

velocity distribution,

b) the use of more than 2 spectral channels giving a level of redundancy in

the measurements of n, and T. and

c) the noise on the signals being due to photo-electron statistics,

it should be possible from a statistical analysis of the data to determine:-

i) the development of a systematic error in the measurements due to a fault

developing in the hardware

ii) which piece of hardware (or software) is causing the problem and

iii) a modified set of calibration constants and T, and n, measurements that

are consistent with the noise levels on the signals.

He first showed the results of a simulation in which he used the ratio

of the channel sensitivities in the chi2 fitting procedure (using a SAS

program). He compared perfect data with the result of perturbing one of the

channel ratios by 102 for a data set of 1000 measurements. The value of

temperature fitted in the perturbed case changed by only 21 but the frequency

distribution of chi2 values changed dramatically. The distribution of the

residuals for the perturbed signal ratio showed a shift of nearly 3 standard

deviations, clearly highlighting where the error lay. Be also gave an example

of JET data where such an event had occurred and had been detected and

corrected by this method of analysis.

He then discussed the possibility of taking the method further and

trying to determine all the relative calibrations of the scattering system

purely from the statistical analysis of a reasonably sized data set. After

describing the details of the analysis he showed firstly the results of

simulations of the JET 6 channel set-up. To date, when the analysis is started

with the relative sensitivity channel ratios both too high and too low,

similar phenomena are observed. In both cases the 3 channels closest to the

laser line reach final values which were very close to the real values after

5 iterations but the two channels at the blue end of the spectrum do not

converge so accurately onto the true values but remain high or low depending

on whether the starting value is high or low. The reason for this is not yet

clear. Nevertheless, Dr Salzmann has tried to apply the technique to

investigate some JET data in which an optical error had induced a relative

sensitivity variation with position across the profile. He found that hie

technique changes the profile, raising the temperature at virtually every

point but only to the top of the upper error bar (ie. a few I). The resultant



distribution of chi2 values across the profile shows good values everywhere

and no discernable variation with radius, just a set of random points.

Dr Salzmann concluded that statistical methods are valuable tools for

detecting and correcting problems in Thomson scattering apparatus. The more

ambitious idea of calibrating the system using the method has shown some

promising results but requires further development.

5.LIDAR SYSTEMS FOR FUTURE DEVICES

The first presentation in the final session was also given by

Dr Salzmann (IPP, Garching) who outlined the parameter ranges expected in the

three main regions of the ITER plasma. In the core, T, will range from 0.5 to

AOkeV and n, from 1.1018 to 2.1020 nr3 whereas in the plasma edge the ranges are

5 - 500eV and 1.1017 - 5.1019 m"3 respectively. In the X-point region the

ranges are expected to be 5 - 200eV and 1.1018 - 1.1021 m'3. He went on to

outline a proposed scattering diagnostic which, with a single LIDAR based

system, could measure both the core plasma and the edge region with good

spatial resolution if both harmonics of a Nd:YAG laser are used. This scheme

requires a tangential line of sight with the beam line passing very close to

the inner wall. The resolution along the line of sight, dLLID> is given by the

usual LIDAR formula but the effective major radial resolution achieved, dR.ff,

is enhanced since:

dR.ff - dLLID.sin(x)

where x is the angle between the mid-plane flux surface and the sight line.

He claimed that for dL^Q - 10cmt dR4ff could be as low as l-2cm for reasonable

laser beam divergence. He also suggested that the second pass of the laser

pulse through the plasma can be used for a second profile measurement and

extended this idea to include chords which are out of the mid-plane. In this

way he showed that five different chords can be measured with a set of three

double pass LIDAR systems.

Each of the proposed systems requires a pair of large, coupled telescopes, one

inside the vacuum boundary of ITER and one outside. With such a scheme it

would be possible to have a small vacuum window positioned outside the direct

line of sight of the plasma and within the shadow of the radiation shield. The

only components in the direct radiation path would be the laser input mirror

and the large plane mirror in the collection path. About 63 of laser energy

are required (in each harmonic) to obtain the same level of accuracy as the

present JET LIDAR system.

By far the most important R and D topic for the proposed diagnostic is



the development of radiation hard optics capable of also withstanding the

thermal loads and the laser power density simultaneously. Other development

areas are higher energy lasers with high repetition rates and suitable large

area fast detectors.

Dr Johnson (PPPL, Princeton) outlined the main parameters of the

proposed burning plasma experiment. BPX, where T, and n, are expected to be

about lOkeV and 1.5-3.1020 m*3 respectively. The minimum repetition rate

required for measurements will be l-2Hz, but 10-20Hz would be a very useful

in studies of MHD phenomena. The spatial resolution, ideally, should be 3cm

in the mid-plane. In the divertor region, where T, and n, are expected to be

10-100eV and 1-20.10M m"3, lcm spatial resolution will be required. After

listing the rather harsh environmental considerations for BPX diagnostics, Dr

Johnson concluded that LIDAR is the only Thomson scattering technique to

consider. However, formidable problems remain to be solved. Carbon coating of

optics in the direct sight line has been a serious problem on TFTR reducing

optical transmission to 20Z for one component. Radiation effects are known to

cause dimensional changes to optics, and he presented data on the fractional

change in dimension for various neutron fluences for fused and crystal quartz

showing that parallel cut crystal quartz had the lowest dimensional change.

In addition he presented the expected neutron fluences at different diagnostic

locations on the machine.

Using a simple code to predict the accuracy of scattering measurements.

Or Johnson showed that, given current detector response characteristics, a

laser wavelength in the 700-800nm range is preferable, 5J being sufficient

energy to give better than 52 error bars over the l-30keV temperature range.

For the outline layout of the optics for the mid-plane system, BPX has

adopted the ITER design but since no tangential access is possible, the line

of sight is along a major radius. In the reference design, a lOOps pulse

duration ruby laser is assumed with a streak camera detection system based

around an RCA streak tube and ICCD camera read out system. A read out time of

6-8ms using a "frame transfer" technique is thought to be possible.

There are more difficulties with access for the divertor region in the

BPX reference design but modification of - one of the vertical access ports

could provide a suitable view of the lower X-point region. Since it is

proposed to minimise the local load on the divertor dump plates by sweeping

the separatrix, a single fixed LIDAR system could give a 2-0 mapping of the

parameters. The reference scattering design is centred around a lOOps Nd laser

and streak tube detection system.



Reviewing R & D requirements, Dr Johnson concluded that characterisation

of effect of radiological exposure on laser damage thresholds in windows and

mirrors is an important issue. Suitable remote cleaning methods for the optics

will also require development. Some laser and detection system developments,

eg SJ energy in 100-150ps pulses at l-10Hz will also be necessary within the

time frame of the BPX programme ie. currently about 9 years to first plasma.

Dr Nielsen (JET, Abingdon) outlined the difficulties of designing a

Thomson scattering system for the divertor region on JET. He concluded that

only a LIDAR system could overcome the awkward access problems but this still

requires mirrors inside the vacuum system which could be a problem since this

is such a hostile environment (adjustment problems, impurity deposition, high

temperature 300° C baking). The original LIDAR design for the divertor plasma

had called for a 100-200ps, 1J frequency doubled, Nd:YAG laser operating at

lOHz. The collection optics used an F/25 collection cone and delivered the

scattered light to a 3 channel spectrometer. The detection system was not yet

fully defined but could be built around either the "RADIAN" streak photodiodes

or a conventional streak camera. With a streak camera he showed that only

about a 1.2m length of the scattering chord could be diagnosed because of

vignetting effects. However, the Scancross tube, if its performance promise

was realised, offered a much longer scattering chord length being limited only

by vignetting at the torus hall ceiling penetration. Dr Nielsen concluded that

plasma light, even in the divertor region, should not be a problem because of

the short integration time and with a 1J laser and high transmission optics,

enough photons can be collected to give 102 accuracy over a lm scattering

length with about 4cm spatial resolution. He added that it had recently been

decided that initially the system will use one of the ruby lasers of the

existing LIDAR system to demonstrate its viability, with the option of

converting later to a Nd:YAG laser source. He also pointed out that it may be

possible to consider such a scheme for the ITER divertor region as a mirror

system could be sited inside the vacuum system also in the shadow of the

radiation shield.

The final talk of the meeting was given by Dr Shcheglov (Kurchatov Inst.

Moscow) who outlined the possibilities of using Near-resonant Rayleigh

Scattering in a Hybrid LIDAR system for ITER. He argued that NRS had

significant advantages over fluorescence scattering since:- a) it is

independent of collisions, b) it has no problems of optical depth, c) it can

be detuned from the line avoiding background radiation and d) relatively large



values for the cross section can be obtained eg 103-10* times the Thomson

scattering cross section. Having looked at possible impurities and he

suggested that the CI and Hel lines are suitable but he pointed out that there

ie a significant advantage in moving to shorter wavelengths since there is a

very strong inverse wavelength dependence.

He then tketched possible laser schemes based around a picosecond solid

state driven dye laser or possibly an excimer driven dye laser where with

final amplifier cross sections of 30cm2, 350mJ in 20ps is achievable.

In a brief closing address Dr Stott (JET, Abingdon) thanked the

participants and their colleagues for all the hard work in preparing for the

meeting and commented that he was encouraged to see several groups performing

serious experimental investigations and simulations of LIDAR diagnostic set-

ups. He looked forward to seeing more results from LIDAR-Thomson scattering

from other parts of the world in the near future.



The JET LIDAR System Now

C Gowcrs, B Brown, A Gadd, K. Hirsch", P. Nielsen, H Salzmann" B Scbunke

JET Joint Undertaking, Abingdop, Oxon OX14 3EA, UK.
*IPF, Universitit Stuttgart, 7 Stuttgart-8O, FRG

"MPI f. Plasmaphysik, 8046 Garching,FRG.

ABSTRACT

The time of flight or LIDAR approach to the measurement of T. and n. profiles by Thomson scattering was
first demonstrated on the JET tokamak in preliminary form in 1586[1]. These first single shot, 4 channel measurements
were followed in 1987[2] with results from the full l/2Hz repetition rate, 6 channel temperature and density profile
system. The diagnostic uses a 300ps ruby laser and MCP photomultipliers detectors coupled to fast transient recorders.
The spatial resolution achieved initially was 12-13cm. The advantages of the LIDAR technique over conventional
Thomson scattering were apparent from the beginning. Short detection integration times gave low plasma light levels
and therefore good signal to noise ratios. This also allowed comparatively large scattering volumes to be used resulting
in insensitivity to misalignment. These factors, combined with the simplicity of the optical system close to the tokamak
and the relatively undemanding access requirements, have made it possible to consider Thomson scattering as a viable
diagnostic technique for the next generation of fusion devices. Several enhancements to the performance of the original
LIDAR system have been considered both in terms of the spatial resolution (now < 10cm), the repetition rate and the
reliability of the measurements. The key features of the JET LIDAR system[3] and progress on these improvements will
be reviewed.

^INTRODUCTION

By combining the LIDAR (Lieht Detection and Ranging) or time of flight principle and the Thomson scattering
technique a new method for obtaining plasma electron temperature and density profiles has been developed for the JET
tokamak. The method was proposed in [4] and [5], and during the development of the system several aspects have been
described [6-9]. The system is especially well suited 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 yields 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 and recording system. Analysis of the scattered spectrum yields the electron
temperature and density in the usual way [10]. However, the position of the laser pulse within the plasma is also known
at any instant by the time-of-fiight principle. 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 expected spatial resolution fiL of such an arrangement is given by SL « c/2*(i:L
s + t 0

2 + Tf,2)"2, where
c is the speed of light, TL is the laser pulse duration and T 0 and TR are the detector and recorder response times
respectively.

When the LIDAR system was originally installed, the laser pulse duration was 300 ps, the detector response time
was 450ps and that of the digitizers was 550ps. This gave an expected 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), to give many fully
resolved point measurements on each profile.

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
Sght 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 directly incident
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Figure 1. Lay-out of the JET LIDAR-Thomson scattering system.
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c* one 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. This reduces 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 is dQ - 5.5X10"3 sr. The
collection system was shared with the 90° Thomson scattering (11] system and in fact was originally designed for that
tjstem. However the spectrometer for the 903 system has now been removed and the laser is currently used for impurity
ablation measurements and a q-profile scattering experiment.[12]

From the labyrinth, the scattered light from the LIDAR system is passed to the spectrometer, where gated MCP
pkoto-multipliers detect the power in the different wavelength bauds. The fast transient recorders digitize the photomul-
tiplier 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 I.

Table I

Laser Beam Parameters

Energy (single pulse)
Energy (0.5Hz rep. rate)
Wavelength
Pulse Duration
Beam Divergence
Diameter
Pre-pulse Suppression Level

5J
3J

694.3 nm
300 ps
250 ur
40 mm

10"

The frequency of the SO MHz acousto-optic modulator, positioned close to the 100% reflectivity cavity mirror,
just matches the optical round-trip time of light pulses within the oscillator and mode-locks the cavity oscillations. The
KF 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 etalon. 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
aamimising the risks of damage in the optical components. The energy stability of the output pulse train from the
OKQlator 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 suppres-
sion level is necessary to prevent stray laser light, produced by pre-pulses as they strike the inner torus wall, from
swamping the scattered light signal produced by the main laser pulse. Examples of the oscillator pulse train, the
smtched-out pulse duration and the final output pulse energy when the system is run at 0.5 Hz are given in Fig. 3. In
addition, useful output for up to 6 laser pulses has been achieved at - lHz.

5.THE INPUT AND COLLECTION OPTICS

Five dielectric mirrors and two long focal length positive lenses (separated by a vacuum piahole) are used to
direct and image the laser output 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 mirrors in the .
input optics are controlled by stepper motors and a He-Nc laser based alignment system is included 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 [11]. The main parts of the collection optics are shown in Fig. 1.

The scattered light passes through 6 quartz windows of 0.17 m diameter arranged on a circle of radius 0.19 m
around the central laser input window. The windows are located on a pumping port at a major radius of 7.5 m, ie. 4.45 m



Figure 2. The 5J, 300ps pulse width Ruby laser (courtesy of Lumonics Ltd, Rugby, UK).

b)

Figure 3. Example Ruby laser waveforms:
a) Oscillator output pulse train monitored by

photodiodc (risctime Ins, 'scope BW 350MHz,
20ns/div), missing pulse has been switched
into the amplifier path.

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

.. c) Laser output energy at OJHz repetition
rate, vertical scale 0.5J/div, time 2s/div.



from the plasma centre and they are equipped with fibre optic monitors to detect the build up of any deposits, see
section 11. Two shutters inside the torus are used to protect the windows against deposits during cleaning discharges,
carbonization and beryllium evaporation.

A vertical array of six spherical mirrors (0.3 m diameter, 2.0 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, inclined at 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 mirrors image the Newtonian minor onto a "0.2 m x 0.3 m quartz
Geld lens above the penetration of the 2 3 m thick concrete torus hall ceiling. This field lens will also serve as a tritium
seal during the D-T phase of JET operations.

Above the ceiling penetration a labyrinth is set up with two plane broadband mirrors. In the tritium phase of
operation this labyrinth will be encased in a concrete shielding block to reduce the neutron flux into the roof laboratory.

After passing aa achromatic doublet image relaying lens and an aspheric corrector plate which compensates the
spherical aberrations caused by the Newtonian telescopic system, a 1:1 image of the plasma centre is formed in the plane
where the entrance slit of the spectrometer of the original single point Thomson scattering system was located. This
entrance slit consists of a 3.5 mm x 50 mm uncoated area of an aluminized, inclined mirror and was used to separate
the scattered light from the two systems (see Fig. 4).

The collection optics are characterised by an F-number of F = 8, an itcndue of 1 cm2sr and a transmission T
-15% which is approximately constant over the whole spectral range of 400 - 800 am.

6.THE SPECTROMETER

The constraints on the design of the spectrometer are listed in table II.

Table n

l.High itenduc 1 ctnz.s-r
2.Large Temperature range 0.2-20 keV
3.High rejection @ 694om >108

4,Equal path lengths for each colour
5.Long depth of focus/moving image

The solution adopted, which uses a stack of edge interference filters with slightly offset angles of incidence, meets the
given requirements in a rather compact set-up.

To overcome 5 above, an image is formed of the collection optics which is illuminated homogeneously by the
broadband scattered light. Within the depth of focus, 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 filter 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 beam paths. In Fig. 4 the complete spectrometer set-up is shown,
using the wedge plate configuration in place of the plane substrate filters currently in use.

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 Fig. 4, 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 DO 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 [13-17]. The crystal
shows high absorption at the ruby laser line but transmits light with wavelengths near to this line with only small
lossesflS]. The spectral responses of the six channels (normalised to their maxima) 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
rise time of less than 300 ps and a gain of about 105. They also need to be capable of both efficient gating in order to



Figure 4. Lay-out of the spectrometer.
SL: slit mirror; EF: dielectric
edge filter, FL: field lens;
CL: condenser lens; CGF: colour
glass filter; D: detector;
IF: bandpass int.Elter (optional).

Figure 5. Spectral transmission (slit
functions) of the 6 channels
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Fig. 6. Raw signal": from the 6 spectral
channels vs time for one laser

. pulse (#23462; t =6.8s).
Different channels are displaced
vertically. %„' indicates the time
mark used for time correlation, '&'
indicates 'switch-on' pulse which
occurs during the rise of the
detector 'gate-on' pulse. Spectra
are fitted to 50 time points between
32 and 46ns, eg. at t, the plasma is
relatively cool (l-2keV), signal on
only 3-4 channels whereas at t, there
is a large signal on chns 5&6 (T, «8kcV).



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 microchannet plate photomultiplier[19].

The gating circuitry described in [20] ensures very low interference pick-up on the output signal and constant
gab 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 us rise time (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 HI.

Table m

Detector Parameters

ie: ITT F 4128 proximity focused MCP photomultiplier

Active Area:
Gain:
Rise time:
Spectral Sensitivity:
Shutter Ratio:

Recovery Time:
Ooeratine Voltaees:
a)Photocathode - MCP
b)Bias
c)Gate Pulse
d)MCP
e)MCP - Anode

20 mm dia.
105

<300 ps
MAI (-S20)

>10'3@694 nm
> 10s @ 400 nm
~50 ms

-10 V
+ 130 V

up to 1800 V
300V

8.SIGNAL RECORDING AND DIGITISATION

The signals of the photomultiplicrs are recorded by six 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 rise time 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 [20].

The transient digitisers were originally read out sequentially by the JET CODAS data acquisition system in the
two second interval between consecutive laser pulses. To obtain higher repetition rate it has been necessary to develop
a faster read out PC based scheme, see section 11.

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) 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.

b) 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.

c) Spectral Slit Function
The spectral "slit" functions of the six spectral channels have been measured by illuminating the spectrometer
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with a beam of light simulating the characteristics of the collected light beam with respect to intensity, divergence and
polarisation. A KRATOS1 kW high pressure Xe arc lamp together with a KRATOS GM 252 F/3.6, f •= 0.25 m grating
monochromator is used as a tunable light source.

d) 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 NFL 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.

e) Vignetting
As can be deduced 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 calibration 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

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 to 50 time slice points across the 6 spectral channels by using a chi2 minimisation
routine [21].

Normally 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. Recently it has proved possible to obtain data
at a faster repetition rate(-lHz). The pulse to pulse laser energy decays more rapidly at this rate but up to 6 useful
records are obtained per JET pulse. Fig. 7 shows an example where the differences in profile behaviour during the
Ohmic, Pellet Injection and ICRF heating phases of a single JET pulse are clearly evident from the LIDAR system data,
which was taken at 1.2s intervals. 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 [22] and Fig. 8a shows an example. The agreement between these independently calibrated
diagnostics is seen to be within the experimental error bounds over the whole profile for both systems. In addition to
single profile comparisons, 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
Ac whole period of operation in 1990. The slope of the linear regression line gives the systematic difference between
the two diagnostics as T.(LTDAR) - 0.85 T.(ECE), which again is within the calibration accuracy quoted for both
diagnostics. Fig. 8c shows the same data plotted against pulse number and demonstrates the long term stability of both
systems.

^IMPROVEMENTS

Since the original installation of the system, improvements on the basic performance have been achieved or are being
developed in three main areas:

QHigher repetition rate
The aim here is to obtain several T. and n. profile measurements within each energy confinement time. The

original plan to instal a lOHz alexandrite laser has not been successful. Although this type of laser could reach the .
repetition rate successfully it suffered from small scale self focusing when 400ps pulses were used. It was judged to be
too difficult at the present time to overcome this problem with the low gain alexandrite material. An alternative approach
is to try to increase the repetition rate of a ruby system possibly up to about 4Hz. Interleaving the pulse trains of two
such lasers would give an overall measurement capability close to the target performance. This is the present approach
and the laser is currently under development. In addition, new high reflectivity dielectric collection mirrors have been
installed, replacing the original aluminium coated items and enhancing the overall collection efficiency by a factor 2. This
has allowed the energy performance specification of the new ruby laser to be relaxed.
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In addition a faster read out and storage system for the digitizers has been developed. This uses PC's as parallel
processors. Each digitizer is now controlled by a GPIB board in the PC. The PC's are in turn controlled via an Ethernet
link to CODAS. The feasibility of the scheme was demonstrated by Rise and the final system developed in house. The
read-out system now has lOHz capability and in anticipation of the need for greater data handling capability, incorporates
a degree of data compression.

Ii)Sp»tial resolution
The spatial resolution has been improved in two ways. Firstly the bandwidth of the digitizers has been enhanced

from 8OOMH2 to lGHz [Rise National Lab. DK] by removing the unused internal trigger delay line and modifying the
associated compensation network.
Secondly a dcconvolution technique has been applied to the raw signals to try to enhance the overall response time of
the detection system. The detected signal is a convolution of scattered signal from different scattering volumes and the
response function of the system G ( T ) .

where Sm^/t) is the measured signal, S ( I -T) is the scattered signal which would be obtained from an infinitely short laser
pulse and an infinitely fast detector. The time mark signal discussed in section 10 is in fact the response function of the
system G ( T ) and the best initial estimate of s(t-t) is SnHU(t). Using a trial and error approach with these values in the
right hand side of the above equation yields a zero order correction to the measured signal:

Applying the correction factor yields a better estimate which is then used in the next iteration. It is found that no further
improvement is obtained after about 5 loops. The overall improvement achieved in the spatial resolution is about 25-30%.
This can be seen in the time mark signal before and after enhancement, fig. 9.

HOReliability
The overall reliability of the LEDAR system has been good as can be seen from the results comparisons with

other diagnostics. However, the accumulation of coatings on the plasma facing surface of the collection windows has in
the past caused operational calibration difficulties. To overcome these, a window transmission monitoring system has
been developed and installed. A pair of identical fibre optic monitors compare the plasma light signal seen via the laser
input window (which is continually cleaned by laser ablation of any deposits) and via one of the (uncleaned) collection
windows. The spectral transmission of each monitor is measured with a photomultiplier by passing the light through a
series of filters mounted on a wheel rotating at about l/2Hz, fig. 10a. An example of the signal output is shown in
fig. 10b. The ratio of the signal obtained from the uncleaned to that from the cleaned window for 1990's operation is
given in fig. 11 where the ratio of the transmission at each wavelength has been plotted versus JET pulse number. This
shows no serious spectral transmission problems, simply a gradual loss of transmission over the 6 month operating period.
This loss was in fact corrected for by the re-normalisation of the LIDAR density measurement to the FIR interferometer
results, a procedure which is normally carried out every few weeks.

12.SUMMARY

The expected performance of the JET LIDAR system and that achieved to date are summarised in table IV.
The system has worked reliably since its full installation in 1987 was completed. Nearly all JET discharges since that date
have LIDAR T. and n, profiles taken at 0.5Hz or recently more often at close to lHz.
In conclusion, we believe that a number of factors, namely the relative simplicity of the components that need to be close
to the torus; their insensitivity to misalignment; the relatively low levels of plasma light; the capability of locating sensitive
equipment behind the biological shield; the remotely controlled operation and not least its proven reliability demonstrate
that a Thomson scattering diagnostic based on the LIDAR principle is a viable technique for electron temperature and
density measurements on the next generation of large fusion devices.
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Table IV. Summary of LIDAR System Performance

Parameter Expected Achieved

T, range - 0.2-20keV 0.2-14keV
n. range >3.10'*m-a 3.10u-3.10?o

Accuracy T. >10% 5-7%
n, >10% 3-5%

Spat. Res. 12cm 9-10cm
Rep. rate 0.5Hz lHz(6#)
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Abstract -A high resolution LIDAR Thomson scattering system for JET has been designed [1], using a
streak camera detection system. The best achievable spatial resolution of the easting LIDAR system is 9-
10cm. There is a need for higher resolution than is presently achievable in order to resolve the density and
pressure gradients at the plasma edge during H-mode operation of JET. An additional motivation is the
possibility of taking high resolution LIDAR snapshots of islands in the core of the plasma. It has been
reported [1] that by using a streak camera system, resolution of better than 4cm is in principal possible, over
a limited part of the plasma radius. Some feasibility experiments were carried out during a portion of the
last JET period of operations (1:9:90 • 3:11:90). A Hadland 675 Imacon streak camera and 50/40 intensifier
formed the detection system, and a Tektronix DCS rfffiMng CCD camera system recorded the. data and
transferred it to a PC for analysis. Results obtained on the stray light signature, plasma light levels and our
initial attempts to record scattering results are reported here. In addition, some general problems
encountered in the operation of the detection system and the interpretation of data are discussed.
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i) Introduction

The LJDAR-Thomsoa Scattering diagnostic, has been operating successfully at JET since July 19S7.

Originally, the best achievable spatial resolution was around 12 cm. This figure is determined by the pulse

width of the laser, tL, and the response time of the detection system, t 0 , according to the relation (assuming

gaussian laser pulse and detector response);

where c is the speed of light. Latterly, this figure has been improved to around 9-lOcm, by deconvolving

the received signal from the total response function of the system (the Green's function of the system). Using

the existing system, it seems unlikely that any further improvements in spatial resolution will be possible

across the whole profile. However, it would be of interest to resolve locally distances significantly smaller

than this figure at the edge of the plasma, because in H-mode operation the scale lengths of the electron

density gradient, the electron temperature gradient and the electros pressure gradient are less than 9 cm

(fig.l). Understanding the nature of these gradients would yield important information on ballooning and

other modes in the plasma. To attain better spatial resolution with a LIDAR system requires a detection

system with a faster response time than the microchannelplate photomultipliers and transient digitizers

presently used, which have a combined bandwidth of 700 MHz. In addition, any shortening of the laser pulse

would clearly be helpful.

Large improvements in the detector response time may be realised by switching to a streak camera

detection system. Streak cameras with a streak speed of up to 30 ps/mm are available on the market. The

pulse length of the ruby laser currently in use on the LIDAR-Thomson scattering diagnostic may be reduced

to 180 ps by the addition of an appropriate mode-selecting etalon in the laser oscillator cavity. At this pulse

length, the laser energy per pulse is around 2J.

The system considered here (schematic, fig.2) shares the existing LTDAR-Thomson scattering system laser

and input optics, but only uses one of the six beams of collected light from the output collecting mirror

array (the remainder of the array will continue to be used by the existing LEDAR-Thomson scattering

system). A three channel filter spectrometer divides the light into three frequency bands before it is focused

down into 3 spots on the streak camera photocathode by a fast F/l lens. A CCD camera records the output

of the streak camera image intensifier and the data is stored in digitised form on a personal computer. It

will be shown that spatial resolution of less than 4 cm is achievable using such a set-up. Even better

resolution could possibly be obtained by using a deconvolution technique on the observed data, similar to

that used on the present LIDAR-Thomson scattering system and this is also being investigated.



li) Modus operand!

A basic description of the LXDAR-Thomson scattering concept is given in [1]. Collected Thomson scattered

light passes through a 3-channel spectrometer and thence via an F/l focusing lens to the streak camera

photocathode. The streak image will consist of three parallel lines, side by side, which vary in intensity along

their length. By fitting a spectrum to the 3 channel intensity distribution at each temporal resolution element

on the streak camera record the electron temperature and density profile for a 0.5 m long radial section

of plasma can be deduced. For a given focused spot size, X, on the photocathode and a given sweep speed,

S, the temporal resolution (i.e.response time of the detector) of the streak camera is just XS. For example,

a sweep speed of 75 ps per mm (well within the capability of available cameras) and a spot diameter of 2mm

yields a temporal resolution of just 150 ps. Inserting this into the formula for the spatial resolution and

taking a laser pulse time of 180 ps yields a minimum resolvable length inside the plasma of 3.5 cm.

Hi) Collection optics

The backscattered light from the plasma first passes through a quartz output window of diameter 17 cm

whose centre is displaced 19 cm vertically from the mid-plane of the torus. The light is then focused by a

single spherical mirror of diameter 35 cm and focal length 2 m, such that a point at a major radius of 3.9

m is imaged close to a small newtonian mirror. The spherical mirror has an effective solid angle of collection

of 1.2 x 10'3sr. In turn, the newtonian mirror is imaged onto a field lens in the roof of the torus hall by a

second spherical mirror of diameter 30 cm and focal length 2.00 m . After passing through a two mirror

labyrinth, the plasma is finally imaged by an achromatic doublet, which is placed in the image plane of the

second spherical mirror. It is at this point that the scattered light for the high resolution LIDAR system is

separated from that of the existing LIDAR system. A 1:1 image of the plasma is formed about lm from the

achromat, after passing through an aspheric corrector plate and a thin ( focal length 1 m) compensating lens.

The compensating lens is necessary because the focal length of the first spherical mirror is optimised for the

original LIDAR system, Le. to image the centre of the plasma (at major radius 3.05 m), not the edge.

iv) Spectrometer design

A number of constraints determine the nature of the spectrometer to be used in the system. Most

importantly, the number of photons collected by the collection optics from a single spatially resolved element

in the plasma must be considered. The length of a spatially resolved element is about 3.5 cm as calculated

above. The number of photons, n ,̂ scattered from this plasma element and delivered by the collection optics

to the streak camera photocathode is given by the formula
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where n. is the electron density in the plasma, o^ is the number of incident photons, o. is the classical

electron cross-section, A is the cross-csctional area of the incident laser beam, V is the scattering volume,

T is the total optical transmissior and fi is the solid angle subtended by the collecting mirror (note

V/A " & L, the resolution element length). For collection optics as described above with a total transmission

of 20%, a laser energy of 2J at 694 nm and an electron density of 10"m'a, n^ * 4800. For an S25

photocathode, the quantum efficiency at 694 nm is about 3%. Therefore the number of photoelectrons

produced per resolution element would typically be 144; not a very large number, but certainly detectable.

The paucity of photoelectrons meaas that a diffraction grating spectrometer is unfeasible, as this would

spread the photons over a whole spectral range. It is more promising to use an edge or bandpass filler

spectrometer, which splits the incoming light into a small number of spectral bands and concentrates this

light at points on the photocathode. The overall transmission of such a system is also typically higher by a

factor 1.5. Two channels are required to determine the electron temperature, but using only two channels

precludes performing the land of statistical analysis on the data as described in [2]. Therefore a three

channel filter spectrometer is favoured. Having specified a three channel system, it is necessary to determine

the optimum frequency ranges of the channels for the required dynamic range in electron temperature, i.e.

.01 - 1.5 keV. Using a simulation code good frequency bands for the system were found to be; SOOnm to

SSOnm, 580nm to 675nm and 675-690 nm.

Before the light reaches the streak camera, stray laser light must be extracted from the collected light.

This is most efficiently done by using a sharp-edged bandpass filter to define the boundaries of each channel,

positioned after the edge channel filters, to reject unwanted light.

Finally, the optical path followed by light in each three channels must follow the same optical path to

within 1 cm (less than 1 resolution element) to best use the whole available streak length and avoid an extra

consideration in the time calibration of the system.

After the light passes through the spectrometer the 3 plasma images must be demagnified into as small

a spot as possible on the streak camera photocathode. For a 2mm diameter spot on the photocathode an

F/l final focusing lens is required, if the scattering volume diameter in the plasma (i.e. the laser beam

diameter) is 4cm.

v) Specification of streak camera.

The fast consideration in the streak camera specification is to choose an appropriate streak rate. Taking

into account eqn(l), it is clear that little is to be gained in terms of spatial resolution by having a streak

camera response time of much less the laser pulse time (180 ps). A streak camera response of 150 ps is

reasonable, and for a 2mm light spot on the photocathode (achievable by using F/l optics), this equates to

a streak rate of 75 ps/mm. In order to observe 0.5 m of plasma at this streak rate, a 45 mm streak length



is necessary (assuming 1:1 magnification in the streak camera tube).

Both before and after the arrival at the streak camera of scattered light from the edge plasma region, a

large pulse of stray laser light arrives (around 10' times larger than the scattered light signal), the first from

the torus input window, the second from the torus inner wall. This dictates that the on/off gating ratio of

the streak camera should be > 10s. The laser light from the observed 0.5 m region arrives over a period of

3 3 ns and the total laser flight time to the inner wall and back is around 14 ns. A gating rise/fall-time for

the streak camera of less than 10 ns is therefore required, with a post gate suppression period of typically

100 ns.

vi) Experimental Aims.

From the discussion and experimental work described thus far, it is clear that in order to make high

resolution LIDAR-Thomson scattering measurements at the plasma edge, a custom built streak camera and

tightly specified bandpass and edge filters are required. However, having already set up much of the optical

system, it has been possible to obtain valuable experimental data before these special components became

available by using a loaned streak camera and a set of (un-optimized) filters.

a) to characterize stray laser light pulses;

b) to gain experience in the details of the experimental set-up (eg. triggering schedules);

c) to attempt to observe Thomson scattered light from high density plasmas;

d) to develop and test analysis software on real signals;

During the last two months of the JET operational period running from 29:8:90 to 3:11:90, the Hadland

675 Imacon streak camera and accompanying intensifier- unit previously used in preliminary experiments

described in [1], were available. It was therefore proposed to use this equipment, in conjunction with a set

of blocked bandpass filters designed to reject ruby laser light but with pass-bands fairly close to and on the

short wavelength side of the laser line, in an attempt to make some relevant observations. The edge

filter/mirror stack shown in the schematic was replaced simply by a mirror, so all measurements made were

1-cbannel measurements. Later during the experimental period, a notch filter which transmitted ruby laser

light ( about 99% transmission at 694.3nm) but strongly rejected the remainder of the visible spectrum

became available and was used in place of this mirror.



vii) Expected Plasma Light Level.

A mention must be made of the signal expected to be detected by the system due to plasma light since

this is a potential source of noise. In the plasma, conditions are such that bremsstraalung, recombination and

line radiation all make important contributions to the plasma light in the spectral region of interest.

However, a calculation of the order of magnitude of the bremsstrahlung contribution will serve to illustrate

a comparison of the order of magnitude of background signal due to plasma light with the scattered light

signal. For a plasma with Z^, approaching unity, the number of photons radiated by bremsstraklung in

wavelength band dk (tun) is given by (3],

np - 7.62 x 10"" {nlfXTlJ2)GttdtVp dk (3)

where n. is the electron density (m"3), T, is the electron temperature in eV, Gn is the free-free Gaunt factor,

Q is the solid angle subtended by the optical collection aperture (lO^sr), T is the integration time (14ns) and

Vp is the portion of the radiating plasma volume accessible to our optical system (2.0x0.0012 m"3}. For a JET

plasma with a line average electron temperature of 3000 eV, electron density 2xlO'8m"3 and a Gn of 3, this

yields 90 photons in a bandwidth of lOnm centred at 640nm. It is usual practice (e.g [3] ) to multiply the

pure hydrogen bremsstrahlung estimate by a factor of 100 to give a worst case scenario for plasma

background (bremsstrahlung + line + recombination contributions) in a tokamak, giving a total plasma light

estimate of 9000 photons.

Comparing this figure with the total number of scattered photons expected in the same wavelength

interval (integrating over a 2m scattering length because using a slow streak rate, scattered light from the

whole plasma may in principal be collected), of about 91,000 yields a signal to worst case plasma light ratio

of better than 10. Therefore, the plasma light background source was not expected to be a problem in this

experiment.

The actual signal to noise ratio (i.e., the relative size of quantum noise fluctuations in the signal) is

obtained by comparing the number of signal quanta to the square root of the sum of the number of signal

quanta plus plasma light quanta (since quantum statistics dictates that the noise fluctuation is the square root

of the total signal; any non-fluctuating background level may simply be subtracted). This calculation should

be performed at the point in the detection system where the respective number of quanta are smallest, and

this is in the streak camera, after the signal has been photoelectrically converted to electrons at the

photocathode but before amplification in the intensifier. The quantum efficiency of an S20 photocathode at

640nm is around 2%, and using this figure in the calculation yields a signal to noise ratio of better than 40.

Thus, quantum noise considerations may be neglected

viii) Set-up and Description of Apparatus.

a) Optics

A photograph of the experimental set-up is shown, figs.3. The emphasis here is on the mechanical details

of the actual set-up used, though changes to the optical design described earlier are noted and discussed.



light collected and focused by the vertical spherical minor array in the torus hall is transferred to the roof

laboratory via a relay optical system. The beam from the upper spherical mirror is separated from the

remainder of the light at an image plane of the vertical spherical mirror array. The bulk of the collected light

goes to the original LIDAR-Thomson scattering microchannelplate photomultiplier detectors. The beam

separation is performed by an elliptical plane mirror placed in the path of the beam from the upper

spherical mirror at 45° to the beam, supported by a hollow finger assembly which is bolted onto a metal

mask in front of the achromatic lens (an image plane of the vertical mirror). The light is redirected through

an f * 0.5m field lens (for the plasma image) by another small mirror held by an adjustable assembly

screwed into the edge of the light box.

At the next image plane of the vertical mirror is placed an f = Lm lens, just behind which is a plane

mirror which directs the light from the plasma back through the f * lm lens and (via another plane mirror)

to a f = 0.5m field lens. This field lens is in turn imaged by an aspberic demagnifying lens working at focal

ratio F/Q.9 onto the photocathode of the streak camera. Thus, an image of the scattering plasma volume is

formed at the streak camera photocathode.

As described, the optics will image the centre of the plasma in the JET vessel, at a major radius of 3.05m.

However, since the diagnostic in its final form will be primarily intended to make measurements at the

plasma edge, a thin (f =0.8m) corrector lens may be inserted at the base of the elliptical mirror support

finger, very close to the achromatic lens. This has the effect of modifying the optics in the roof lab to be a

relay system for, and to image at the photocathode, light from a major radius of 3.9m, the plasma edge

region.

The aspheric demagnifying lens must be mounted very close to (around 2 cm) the streak camera

photocathode. To allow this, the shutter assembly in front of the photocathode was removed and a custom

made lensholder fixed in place, utilising the shutter assembly screw holes. So that the shutter could still be

used if required, the iensholder was made with screw holes allowing the shutter assembly to be affixed in

front of the lens.

The optics in the roof laboratory up to and including the first f=0.5m lens are enclosed in the original

LIDAR light-tight box. The remainder of the optics are enclosed by specially built light boxes, designed to

be easily removable to facilitate adjustments to the optics in between JET plasma pulses. A heavy black cloth

was used as a light seal around the camera aperture.

b1) Detection system

The streak camera used throughout these experiments was a Hadland 675 Imacon model obtained courtesy

of Imperial College, London. The photocathode fitted is a glass fronted S20. The streak rate of this camera

is adjustable over the range from lOnsmm'1 down to 30 psmm'1, and during the course of the investigations

the streak rates lnsmm*', 2nsmm'< and 5nsmm'1 were utilized. The magnification of the electron optics inside

the streak tube was set at x3 throughout, so the actual streak rates observed at the output of the streak tube

for the settings used are l/3nsmm'\ 2/3nsmm"' and 5/3nsmm'' (i.e indicated rate divided by 3). After

intensification and processing the scales on the A4 printouts become approximately 0.25, 0-5 and 1.4nsmm"'

respectively.
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As Che laser pulse moves through the plasma, the light collected by the collection optics in fact forms a

moving image at the photocathode. The direction of the motion of the focused image is in the vertical plane.

If the streak camera is oriented so that this image motion is in the direction of the streak, then the effect

of this spot motion manifests itself as a small increase in the effective streak speed, which poses no major

problem to the interpretation of results. If, however, the streak is perpendicular to this direction, the

streaked image will no longer appear as a straight line, making analysis more difficult. In addition, for a

multichannel system with two or more focused images squeezed onto the photocathode, a channel may be

shifted beyond the edge of the photocathode. Therefore, the camera was mounted on its side, so that the

streak direction is in a vertical plane.

A related issue is the defocusing of the laser pulse as it moves through the plasma. Any design of

collection optics can only image one point in the plasma at the photocathode; other points are by definition

out of focus to some degree. For a high resolution edge diagnostic which only examines perhaps O.Sm of

plasma or less, this defocusing effect is unimportant. However, the defocusing of the spot is a fundamental

barrier to obtaining high resolution measurements along the whole plasma radius using a single streak

camera and collection optical system, because for much of the plasma chord the out-of-focus spot size will

be large, causing the effective integration time of the streak camera to be long (of course, other fundamental

problems exist in making such a measurement, such as the trade-off between spatial resolvability (a function

of streak rate) and the available streak length of existing streak cameras). The depth of focus of the

collection optics could always be improved by increasing the focal ratio of the collection aperture, but this

means that less scattered light is collected. As the expected signal is already close to the limits of

detectability, this is an undesirable course of action.

To trigger the detectors, the voltage pulse from a Pocket's cell, acting as a single pulse selector in the

ruby laser system, was used.

iv) Results.

a) Initial results

The laser was fired at the JET plasma commencing on shot 22635 with the camera set to the Ins/mm

streak rate. The signals recorded consisted of two distinct components; i) sharp, intense peaks whose

position on the streak record could be moved by adjusting the relative delay on the arrival of the trigger

pulse at the camera and ii) a background of lower intensity but extending over the whole of the camera

record and whose features appeared completely independent of the trigger timings (Cg.4). The sharp peaks

behaved in a manner consistent with the expected stray laser light pulses originating from reflections of the

input laser beam. A schedule of expected stray light pulses was constructed and matched to what was

observed in and around the time window of interest (fig-5).

Fig. 5 shows a streak camera record on the Snsmm'1 streak rate, when the laser was fired into a vacuum.

Only the first of the two components mentioned above is seen here. Identifiable stray light pulses are from

the input window of the torus (observed via two different routes in the collection optics) and the torus inner



wall. Neither the input window nor the inner wall are imaged by the collection optics, and so these pulses

appear out of focus on the streak camera photocathode giving relatively long duration signatures due to this

blurring. In this case the filter in use had a pass band of 6nm centred at 6S3nm. Its transmission of ruby

laser light was measured to be 2.9x10°°.

Explanation of the background signal (e.g. fig. 4) posed more of a problem. The time independence (at

least on a ns timescale) of this signal and its intensity variation with plasma density (no plasma, no

background) are consistent with a plasma light signal However, its observed absolute intensity at this streak

speed was 3 orders of magnitude in excess of what might be expected for a worst case plasma. This could

be explained if the post-streak gating of the camera was not working correctly. On a Hadland 675 camera,

the post-streak gating is designed to operate in the following manner: a large (kV) "blanking-pulse" voltage

is applied for 10ms to the high voltage focusing mesh just behind the photocathode of the streak camera in

order to completely defocus the electron beam originating at the photocathode, effectively gating out any

signal with a gating ratio of 107 . Thus, when about 30ps after the end of the streak, the sweep plates of the

camera are reset to the starting position (an action which would sweep the beam slowly back across the

phosphor screen were it not defocused), nothing is seen at the output of the streak camera. If this blanking

pulse system were defective, and the flyback signal were visible, then the plasma light level would seem

anomalously large because the flyback occurs over a period of around 50us, 3 orders of magnitude slower

than the streak.

Initial investigations into this effect, performed by illuminating the photocathode with a constant light

source, showed that the signal recorded was roughly constant in intensity for a range of streak rates from

lnsmm'1 down to 60psmm"', demonstrating that the recorded signal was to a large extent independent of the

indicated streak rate. At slower streak speeds (2nsmm'1 and Snsmm'1) a smaller signal was observed,

indicating that the observed effect was less severe in these regimes, a fact used in the quantitative

experiments performed later on.

Attempts to shutter out the effect, using a liquid crystal shutter with a closing time of 200|i.s, failed. This

result is commensurate with an un-gated flyback signature occurring on a shorter timescale than 2OOp.s.

Since the high voltage blanking pulse is switched by a krytron tube, which is mounted so as to be visible

when the camera front panel is opened, its operation may be checked by i) seeing by eye if it fires and ii)

seeing how soon it fires after the end of the streak using a photomultiplier. These tests indicated that the

krytron fired 700ns after the end of the streak, i.e. it appeared to be operating at the correct time.

Experiments using a laser diode to characterise the detection system confirmed that the flyback signal

was visible. Figure 6 shows a streak record of a laser diode producing 20ns pulses every 4(is. Only one such

pulse could be recorded by the actual streak (due to the 4jis rep-rate) and in any case its intensity would

be too low to be detectable. This recorded signal is, therefore, a flyback signature hi the absence of a

blanking pulse.

As stated above the problem was less severe at streak rates of 2nsmm'' and Snsmm*', so these rates were

used in attempts to observe scattered signal. In addition a set of filters were used to further attenuate plasma

light signals and laser stray light pulses (one of which arrives very closely in time to the scattered signal from

the plasma). The filters were mounted directly in front of the aspheric focusing lens on the front of the



camera. Laser stray light was further attenuated by use of a notch transmission filter in place of mirror 3.

b) scattering results

Using a bandpass filter centred at 640am, along with the niby laser notch transmission filter in place of

mirror 3 in the figure, a reproducible feature was observed on the CCD record, just earlier than the inner

wall stray light pulse. Measurements were made at 2nsmm"' and Snsmm"' (figs 7, 8). The signal was not

observed at times when there was no plasma or when the detection system was triggered without the laser

having fired. The signal was always centred 8ns before the peak of the inner wall pulse, i.e. at a time

corresponding to the arrival of Thomson scattered light from the plasma centre. In verifying this, a

geometrical correction must be taken into account due to the motion of the image spot on the photocathode

(arranged, as described earlier, to move parallel to the streak direction). This correction is independent of

streak speed and was shown by the optical design software to correspond to the image of the centre of the

plasma appearing lcm further away from the inner wall pulse on the A4 record than would be expected

from purely temporal considerations.

With the calibration data obtained in the laser diode experiments described in the next section, it is

possible to approximate the number of photons corresponding to the signals of interest in figs.7,8. This may

then be compared to the expected number of photons calculated using the simulation program. Using the

expression,

where rip, is the number of photons represented by the feature, P is the laser diode laser power required

to produce a signal of the same magnitude, Ep is the energy per photon at 640nm, i is the time duration

of the signal, t) is the quantum efficiency of the S20 photocathode at the subscripted wavelength and y is

the pincushion screen correction, yields the following results;

7a) 1.2+/-0.4 x 10s photons

7b) 1.1 +/-0.4 x 10* photons

8) 1.4+/-0.5X 10* photons

These numbers compare with an expected value of 0.8x10' for a typical JET plasma.



Conclusions.

ai Stray light

Measurements of both the timing >nd magnitude of stray light pulses observed in these experiments

suggest that it will not be a problem in the forthcoming attempts to investigate the plasma edge region and

magnetic island structures at high resolution. Even using a non-optimized filter set, it was possible to time

resolve these signals without precipitating complete saturation or severe blooming of the streak camera

photocathode. It should further be noted that the inner wall pulse was considerably larger than usual

throughout this operational period because the inner wall tile on which the laser pulse usually dumps became

detached during a disruption, allowing the laser beam to scatter from a shiny metal surface.

b) Scattered light signals

There is strong, though not conclusive, evidence that a Thomson scattered signal was detected. The

feature in question was,

i) reproducible,

ii) only present when laser pulse and plasma present,

iii) of the expected magnitude,

iv) at the expected time.

c) Flyback and plasma light

The problems encountered with the streak camera gating system highlight the importance of the highly

specified gating performance of the camera built for the high resolution system. The estimate of the

magnitude of the plasma light signal yielded from the spurious flyback signal ( around xlOa enhanced)

implies that in a correctly gated camera this should not be visible.

d\ Triggering

The system was triggered reliably from the spare single pulse selector output of the laser.
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Figures

[1] H-mode edge density gradient

[2] Schematic of high-resolution system design

[3] The preliminary system

[4] First results - stray light plus background

[5] Stray light signature in time window of interest

[6] Flyback signature characterized by laser diode

[7] Scattered signals - indicated streak rate 5ns/mm

[8] Scattered signal - indicated streak rate 2ns/mm



Fig.1) JET H-mode density profile.
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Fig. 2) Schematic of High Resolution System

intensifie

lens (f-1mT

nlrror4

'lens (M).5m)

-mirror 2
pmirror 1

"y^correctlon lens (f=0.8m)
I—scattered light from plasma

CCD camera

personal computer

\



Fig. 3) System
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Fig. 4) Stray Light + Background

a) Intensity distribution of signal (summed vertically)
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Fig. 5) Relevant Stray Light Pulses
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Fig. 6) Flyback
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Fig. 7a) Detected Signal (5ns/mm)
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Fig.. 8) Detected Signal (2ns/mm)

tune

Parameters

inner
r

scattered light feature

streak rate: 2ns/mm

picture intensity / 1



Status of Solid State Lasers in the Visible
and Near Infrared

H. Weber

Optisches Institut, Technische University Berlin

FestkSrper-Laser-lnstitut Berlin GmbH

Presented at the JET Workshop on LIDAR-Thomson Scattering

08.04.1991



Abstract

Hundreds of solid state Lasers cover more ore less the visible and near infrared
spectrum. Only a few of them *n of major interest. Among them the Ti-Sapphire, Cr-
Alexandrite, Nd-YAG, Er-YAG. Due to new concepts (slabs, annular rods diode
pumping, unstable resonators) the relevant parameters as outputpower, efficiency and
beam quality have been improved considerably during the recent years. Highlights are
the kW-Nd-YAG laser and the tunable, flashlamp pumped Alexandrite and Sapphire
systems. In the near future diode pumped systems of high beam quality and high
spectral stability in the 100 W-range will become available.
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Intraduction

Progress is slowly in laser physics. There are no exciting new results in the field of solid
state lasers, but a lot of technical improvements. Persistent engineering work on
crystals, lamps, cavities, resonators and other components has finally produced reliable
lasers in the kW-range, tunable lasers over a broad spectral range, very stable diode
pumped Nd YAG lasers, and new systems in the 2-3 pm region (table 1).

New excitation processes as up-conversion and cross relaxation will enhance efficiency
and they look very promising. Phase conjugation can be applied for Q-switch systems,
but it is still in the status of a bread board model.

The step from the lab system to a reliable industrial laser is extremely expensive.and if
no market is in sight support from industry is difficult to obtain.

Spectral Range

Solid state lasers in connection with frequency conversion cover the spectral range
from nearly 0,2 /im up to 3 £im, (table 2). Approximately 1000 lines are reported in the
relevant handbooks / 1 , 2 /. Very interesting results very obtained by the Kaminskii
group during the recent years. They investigated the rare earth ions, and especially
Prasaeodym in different host crystals. Several lines in the visible can be excited by
lamps at room temperature, and efficiency might be not too low (above 1 %) /4,5/.

For many applications in spectroscopy and diagnostics the tunable solid state lasers are
of special interest, because they can replace the dye lasers. Fig. 1 gives a survey. Flash
lamp pumped Alexandrite and Ti-Sapphire are or will come on the market soon. Details
can be taken elsewhere 16,71.

One would expect that with this diversity of lines and crystals will exist for any
requirement a suitable system. But if we look a bit more carefully on these lasers, we
become aware of the problems

- no crystal of useful dimensions available
- lasing occurs only at low temperatures
- excitation by another laser
- very low efficiency
- crystals are not very stable (color centers, hygroscopic)

which means low output power or output energy per pulse.

Power Lasers

Which of all these lasers deliver power or energy? This means that a crystal of 10-20
cm length should produce an output power of at least some ten watts or an energy of
some joules per pulse. Only a few crystals remain, which are summarized in table 3.
The values of power and energy are very rough numbers. They depend on several
parameters. A very important one is the lamp lifatime, a crucial parameter for industrial
applications, less important in the tab. Ti-Sapphire can be operated with output energies
of several joules, but then lifatime of the (amp is strongly reduced, because short
pumping pulses are required for this system. Alexandrite can deliver more than 10 J per
pulse, but crystal endface are destroyed after several pulses.
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The most reliable system is still the Nd-YAG crystal with output powers up to 2 kW.
There are some competing crystals as LNA ( La1 .x Ndx Mg A IJ ^ 0 1 9 ) or GSGG
(Gdg(Ga ScUGa-j O ^ )
Some examples are given in table 4.

New concepts

So far rod laser systems were discussed, which are limited in output power due to the
thermally induced stress, and which deliver low beam quality.

Other concepts are under investigation since many years, and it is one of the goals of
the EUREKA project HPSSL-EU 226 to improve both, beam quality and output power.

I will only discuss the two most advanced configurations, the slab and the annular rod,
shown in fig. 3. The slab laser is available with output power up to 700 W, and the
beam quality is not too bad if special resonators are used (fig. 4). Although the
efficiency is rather low and the set-up very sophisticated it will be used for special
applications in micromachining and metrology.

The annular rod laser is a very compact system of high efficiency. With Nd-YAG 7.5 %
total and 9 % slope efficiency were achieved /11 /. Output powers of 1 kW were
realized in the lab and 2 kW will be possible. But beam quality is rather low.

Several other proposals for high power systems exist, partially realized in the lab. A
review is given in table 5.

Beam Quality / Phase Conjugation

Beam quality is a severe problem in the case of high power solid state lasers. A lot of
effort was spent to improve beam quality by special devices. I will not go into details. A
summery is given in fig. 5. The dotted lines indicate the fundamental mode of Nd-YAG
or CO2 , resp. The kilowatt solid state iaser is far above the diffraction limited value, at
least by a factor of 10. Another approach to improve beam quality is phase conjugation
by stimulated Brillouin back scattering (SBS). It works nicely for Q-switch systems. Two
modes of operation are possible, passive Q-switching with the SBS-cell inside the
resonator as shown in fig. 6a, or using a combination of amplifier and SBS-cell. The
amplifier system has certain advantages and looks very promising for high average,
periodically Q-switched lasers <fig.7). Such a system is under development in the
EUREKA-program HPSSL EU 226/16/. One problem is still the reflectivity of the SBS
cell. High reflectivity requires peak power in the MW-range and not too bad beam
quality (fig. 6b).

Future Developments

Two further developments have to be mentioned, which will become important. The
diode pumped solid state laser and the new pumping schemes.

Diode pumped solid state lasers with average output powers of 1 W are on the market.
Higher powers can be realized, although these systems are extremely expensive. In fig.
8 a diode pumped Nd-YAG Slab laser is shown, which is under development and is
expected to produce about 10 W/14/cw or average power if periodically pulsed. Scaling
up to some hundred watts is more a problem of costs than of technic.
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The advantages are well known:

- high reliability (in principle)
- high efficiency
- high beam quality (thermal distortions are low)
- easy to modulate

A difficulty is the output energy of pulsed diode pumped systems. The peak power of a
diode is not very much above the average power {factor 2...5), in contrast to lamps
(factor 100 and more). The best diode stack, realized in the lab /19/ , delivers a peak
power of 1,2 kW and an average power of about 200 W. With this system about 50
mJ can be stored in a Nd-YAG-Laser.

New pumping schemes are under investigation, which will enhance efficiency
considerable.

Sensitization by doping with additional ions, which absorb pumping light and transfer it
to the active ions is one possibility. As an example in fig. 9 the energy levels of Cr-Nd-
GGG are shown. Efficiency can be doubled, but thermal effects increase too. More over
the growth of high quality crystals is still a problem. Other Systems are codoped GSGG,
YSAG.

A much more interesting system is shown in fig. 10., the triple doped Cr-Tm-Ho-YAG.,
operating at 2.1 pm. Pumping light is absorbed by the Cr-ion and transfered to the
Thulium - ion, level 3. From this level a decay to level 2 occurs. The energy difference
is not converted into heat, as normally occurs in laser crystals, but excites another
Thulium ion from level 1 to level 2. Now two Tm-ions exist, which activate two Ho-
ions, an ideal system of this kind has the quantum efficiency of two, because one
pumping photon produced two excited states. Efficiency increases and heat production
in reduced. In reality a lot of problems has to be solved, and this system is not the
system of the future. But the principle looks very interesting. Using nonlinear processes
to improve solid state lasers will be one way.

This project is supported by BMFT contact F.u.E 13 N 5530
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Figure Captions

Fig. 1 Tunable Solid State Lasers

Sapphire: AI2O3 . YAG: YgAlgO^. YAP: YAI03, YLF: UYF4 , Alexandrite:

BeAI204<Forsterite: Mg2Si04 , GSGG: GdgSCjGagO^, GGG: G d 3 G a 5 0 1 2

GSAG: Gd3Sc2Al301 2

Fig. 2 Output energy vs. wavelength for Ti:Sapphire 181 and Alexandrite /9/ .

Fig. 3 Slab-fupper picture) and Annular-Rod-Laser (lower picture) /10 ,11 / .

Fig. 4 Special resonators for improved beam quality of slab lasers /121.

Fig. 5 Beam parameter product (beam quality) vs. output power.6 * w means half
farfield angle times beam waist radius.

Fig. 6 a) Q-switching by a SBS cell
b) Reflectivity of a SBS cell vs peak-power.

Fig. 7 Amplifier systems using phase conjugation, parallel and serial configurations.

Fig. 8 Diode pumped Nd-YAG-Slab, which is expected to deliver 10 W /14/.

Fig. 9 Sensitization of a Nd-GGG crystal by Cr.

Fig. 10 Simplified diagram of the Cr, Tm, Ho-YAG l\ 51.
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Serial amplifiers

Pol >/4 90°-Rot PCM

Oscillator Amp 1 Amp 2

Pol 90°-Rot PCM
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Amp 5 Amp 6

Parallel amplifiers
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wavelength/um

Nd:Glass 1,05 -1.06

on the market

in the lab

upper limit

Nd:YAG 1,06

on the market

in the lab

upper limit

Alexandrite:Cr 0,75

on the market

in the lab

upper limit

GSGG:Nd,Cr/GGG:Nd,Cr 1,06
on the market

in the lab

upper limit

Ruby (Sapphire:Cr) 0,69

on the market

in the lab

upper limit

Ti:Sapphire 0,7

on the market

in the lab

upper limit (estimated)

power/W

20

140

1000

1800

2500

5000

150

10

150

2000

-

90

500-
1000

100

1000-
2000

•

energy/J
(free running)

10

15

10

20

(2)

3

10

5-8

4-5

2,5

2,5

3-7

1

1,5

*
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YSGG

YAG

YSGG

GSAG

YSGG

GSAG

GSGG :

YSGG :

: Cr.

: Cr.

Cr.

Cr,

Cr,

Cr

Cr

Cr

Er
Ho,

Ho,

Ho,

Nd

Tm

Tm

Tm

2.79

2.1

2,1

2

1,06

0,78

0,78

0,78

Q

0,1

1

0,05

0,6

E/J
free

2,5

0,4

8

1,5

30

0,3

0,3

f/Hz

10

1

50

25

25

J/%
free

1

2,1

1.5

10

0,5

2

3,6

Table 4 Some recent results with pulsed lasers /18/. Energies

in the free running and Q-switch mode. Crystal dimen-

sions approx. 6X60 mm. f : repetition rate, J efficiency

in the free running mode.
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Investigation of potential laser systems for the LIDAR Thomson
scattering technique

(UKAEAJEuratom Fusion Association)
AEA Fusion, Culham Laboratory, Abingdon, Oxon, 0X18 SDB, U.K.

A C Selden, D E Evans, M J Forrest

ABSTRACT

A survey of current/advanced laser systems of potential interest for
LIDAR Thomson scattering diagnostics of large scale fusion plasmas will
be presented, covering both visible and infra red sources with pulse
repetition rates ranging from Hz to KHz. Techniques for pulse
generation, pulse shaping and ASE noise suppression will be reviewed
with respect to the special requirements of LIDAR, pointing out
the important contributions of non-linear optics in this field. The
possible application of high p.r.f. laser sources to plasma diagnostics
will also be discussed.



Introduction

We begin by defining a few constraints. Firstly, the Debye length KTQ,
which sets an absolute upper limit to the wavelength Xm used for
Thomson scattering. For typical conditions in large Tokamak plasmas
Xm- Xj) £ 100 um for 180° scattering (asO.l). A lower limit is defined
by the transmission cut-off in common optical materials (eg Xc - 0.2 um
for fused silica). Secondly, we need enough scattered light to make a
measurement, with sufficient brightness to outshine the plasma light.
In the visible, this implies laser pulse energies of at least 1J and
peak powers of tens of MW. LIDAR imposes additional constraints:
spatial resolution is defined by the pulse duration (1 ~ cxp). For
example, a resolution of - 3 cm implies Tp ~ 100 ps. Also, a high
contrast ratio of pulse energy to background (> 108) is required to
prevent detector saturation by stray light produced when a 'pre-pulse'
strikes the vessel wall. Similarly, a steep leading edge is helpful
for probing the plasma boundary near the wall (pulse shaping). How
often the plasma profile can be recorded depends on the pulse
repetition frequency. This can range from Hz to KHz, depending on the
chosen system. Finally, a low beam divergence (< 1 mrad) allows good
collimation over the observed plasma chord. (Table I).

TABLE I

Laser

Pulse energy
Pulse width
Pulse power
p.r.f.
Divergence
Pulse contrast

'Single-shot'.

Parameters

E p >U*
xp - 100 ps
W >10GW*
Vp > 1 Hz (10 Hz)
0 < 1 mrad
Cp>108

Choice of wavelength will be restricted by the availability of suitable
sources and windows. Plasma radiation in the near UV and far infra red
must also be taken into account (though less of a problem for the
shorter pulse lengths appropriate to LIDAR). The combination of pulse
energy, pulse width and repetition rate required for 'single-shot'
scattering is not readily satisfied by solid state lasers - except
(perhaps) for Nd: YAG/YLF; of the gas lasers, CO2 and rare gas halide
excimers are potential alternatives. Current 'State-of-the-art' laser
parameters are listed in Table II for solid, liquid and gaseous media,
illustrating the diversity of potential laser systems available.



Nd:YAG

Nd:YLF

YAG/silieate

YLF/phosphate

Nd:POCl3

Cr: sapphire
(Ruby)

Ti: sapphire

CO2

Excimer/dye

Excimer amp

KrF/Raman

'Pumps'

CO2

CVL

KrF

1064nm

1054nm

1064nm

1054nm

1052nm

694nm

700-900nm

10.6|ii;

300-500nm

248nm

~300nm

10.6nm

511/578nm

248nm

'State

VP
lOHz

SlKHz

3ppm

2Hz

lOHz

0.5Hz

-

10 Hz

0.1-lKHz

-

-

100 KHz

6KHz

1KHz

Table II

of the art' laser

TP
lOOps

300ps

50ps

lOOps

1 ps-lns

30ns

300ps

-3ps

<lns

- 200ps

-3ps

-30ps

-ljis

30 ns

~10ns

sources

E P
0.7(l)J

2>U

2-3mJ

3J

6J

1.5J

3J

-

>U/litre

fewmJ

-2-3J

(5KJ)

-

20 mJ

1 J

<W>

7W

>10W

3W

0.15W

12W

(100 W)

1.5 W

(5-10 W)

(> 10 W/litre)

~1W

-

-

3kW

100W

1KW

refs

(1)

(1)

(2)

(1)

(3)

(4), (5), (6)

(7)

(8)

(9), (10)

(11)

(12)

(12)

I

(13)

(14)

(15)



Neodymium YAG is well placed to offer 10 Hz operation'1', while a prf
in excess of 1 KHz is potentially available ^ via CW regenerative
amplification in neodymium YLF; but the pulse energy would have to be
substantially increased to be useful. Higher energies and shorter

. pulses (down to 1 ps!) are attainable with neodymium glass, ^.21) ^ u j .
at much reduced prf, because of its less favourable thermal properties.
The neodymium liquid laser has operated at 5 -10 Hz and up to 100 W
average power, but shows strong Raman conversion for Wp > 100 MW
Ruby sets the present LIDAR standard, with the parameters reported for
JET d\ Its sibling, Ti: sapphire, is still being developed, but is
widely tunable (700 - 900 nm), has generated ps pulses^, and
currently operates at 5 -10 W CW. Thus, solid state lasers have
average powers ranging from -0.1 W for glass, through - 1W for ruby to
£ 10 W for YAG in this context. However, a face-cooled neodymium glass
slab amplifier has substantially enhanced the average power of a
repetitively pulsed glass system, with up to 12W (6J © 2Hz) now
commercially available^'. A combination of diode pumping and moving
slab/rotating disc geometry may increase the average power of neodymium
lasers to > 10 kW (for CW operation) in the future ^QK

Turning now to gas lasers, these offer large volumes - hence large
pulse energies - and high repetition rates. CO2 (often overlooked!)
has certainly produced sub-ns pulses at GW power levels***) and should
generate ~ 300 ps pulses using a 2 atm pressure mode-locked
oscillator*1™. However, the detectivity decreases for shorter pulses
(NEP a Xp-i). Excimer laser pumped dye lasers can produce tunable
wavelength ps pulses with a few mJ energy; these can be amplified to
the J range (TW power) by large aperture excimer lasers, while
multiplexing the output pulse trains to pump a Raman cell should
ultimately yield multi-kJ pulses with a few tens of ps duration*1 M
A modulated RF powered CO2 laser can provide pumping for infra-red
sources**^) a t ~ ioo kHz*1*), while both rare gas haiide excimer (KrF)
and copper vapour lasers (CVL) offer KHz prf as pump sources in the
100 W - 1 kW power range*1'*' "*) with high photon conversion
efficiencies eg for excimer pumped dye - excimer amplifier systems
tailored to LIDAR requirements. (Fig 1).

High prf schemes

High repetition rate single-point Thomson scattering on Tokamak plasmas
has been performed with (i) a repetitively Q-switched ruby laser*1')
and (ii) a repetitively pulsed (Q-SW) NdrYAG laser*18), the former



giving 25 x 1.6 J pulses in 1 ms burst (time resolution 40 us), the
latter operating quasi-continuously at 60 Hz and 60 W average power
(U/pulse). One may ask what could be achieved for LIDAR. A standard
commercial CW mode locked Nd:YLF laser operates at 76 MHz continuously
generating SO ps pulses at - 20 W average power, with a spatial
separation of -4 metres between each pulse. Five such beams combined
could give 100 W, sufficient for - 100 Hz data collection rate (in
terms of scattered photons ie - U per measurement). The peak power
per (mode-locked) pulse - 20 kW, a factor of- 1000 down on 'single
shot' single point Thomson scattering, so the signal will be buried in
the noise (plasma background), requiring heterodyne detection™**). The
advantage of such a scheme lies in the stability of the source, but
requires a more thorough analysis to prove its viability. Alternative
schemes based on the higher average power neodymium and excimer lasers
now being developed ^°» *"', an uprated CO2 system' *®*, or heterodyne
techniques at longer wavelengths (X < 100 um) may present themselves in
the future (Table III).

rep Q-sw ruby^''

repQ-swNd:YAG<18>

CO2 (2 atm)

CWNdrYLF
(Mode-locked)

KrF-Raman

PIRa<100um)

TABLE III

High prf schemes

VP

25kHz

60Hz

(30 Hz)

76MHz

0.1-1 kHz

10 GHz

E P

1.6J

IJ

(3J)

SljiJ

(U)

TP

100ns

20ns

-300ps

50ps

(lOOps)

m

<W>

40kW

60W

(100W)

(100W)

(0.1-lkW)

fewW

Remark

1 ms burst

Cont.

Cont.

Cont.

Cont.

pcm*

Pulse code modulation ('binary strings')



Pulse techniques

A number of techniques, many based on non-linear optics, have been
established for generating, selecting and shaping pico-second pulses.

Generation

Most ps laser sources comprise a mode-locked oscillator and several
amplifiers, with optical isolation and switching as required. A Bimple
mode-locked oscillator/amplifier scheme can be used for generating 100
ps pulses, with a pulse stretching version, incorporating an
intra-cavity etalon and regenerative amplifier, to allow higher pulse
energies to be generated without damage to components^. The
successful development of the 'terawatt table-top' (T-cubed) laser™ *>
arose from imaginative use of pulse stretching and compression
techniques to produce a 1 ps TW pulse (Fig 2).

Powerful ps pulses in the near UV can be generated by multiplexing
trains of excimer laser pulses to pump a high gain Raman amplifier
(CH4), (H» 12) w n i le feedback stabilisation by injection seeding of a
synchronously pumped mode-locked dye laser narrows the generation
spectrum, resulting in transform-limited output pulses^25).

Pulse contrast and pulse shaping

One of the key requirements for the laser source is high pulse contrast
(> 10e in the visible). Two important sources of background laser
light (inter-pulse energy) are amplified spontaneous, emission (ASE) and
insufficient discrimination for single pulse selection eg as in the
regenerative amplifier^ (Fig 3). ASE is a potentially serious
problem for dyes and excimers, which have high gains and short
radiative lifetimes. Pulse contrast can be enhanced in a number of
ways. Perhaps most familiar is intensity dependent transmission, or
saturable absorption; for an appropriate choice of parameters
(absorption cross-section and lifetime, pulse width, peak intensity)
very high contrast ratios can be achieved (> 1010), albeit with some
loss in pulse energy. This can be restored by a following amplifier.
Because energy loss occurs preferentially at the leading edge in
'clearing' the saturable absorber, some pulse shaping is also achieved.
A four-pass saturable absorber/laser amplifier arrangement has
demonstrated ten-fold sharpening of the output pulses of a mode-locked
neodymium laser (To = 10" G = 300y>22). A lack of suitable saturable



absorbers in the UV renders excimer sources prone to ASE, but the
non-linear response of the excimer pumped Raman amplifier yields a high
contrast ratio (> 10» pulse energy to background and > 10*° intensity
ratio). Molecular gases, such as SFg and freons/halocarbons, provide
saturable absorption in the infra-red (for the CO2 laser) as does
p-type germanium, which can be used for mode-locking. SFg also
functions as a highly effective 'notch' filter for attenuating
scattered laser radiation^10-*. Other non-linear optics processes
useful for enhancing pulse contrast (and pulse shaping) are harmonic
generation and the optical Kerr effect: frequency tripling can
increase an initial contrast of- 103 to - 10», while a picosecond
light gate based on the optical Kerr effect in C S 2 ^ ' could be used to
create a steep leading edge (following ASE suppression).

Summary and Conclusions

A survey of the current 'state of the art' laser scene leads us to the
conclusion that the immediate choice for a LIDAR source probably lies
with neodymium; whether a YAG system or YLF/glass hybrid will depend on
the repetition rate and degree of flexibility required. Either will
operate at ~10W average power (pulse energy - prf product). Both CO2

and KRF-Raman lasers are potential candidates for the 100W power range
in the near future, yielding a tenfold increase in data acquisition
rate. These are all 'single shot' sources, though with impressive
repetition rates in some cases (KHz for excimers). The possibility of
employing heterodyne detection (and sophisticated pulse code
modulation) allows us to consider CW mode-locked sources eg Nd:YLF at
76 MHz prf (possibly diode-pumped), while a true CW source in the mid
infra-red could perhaps be developed, using microwave modulation to
provide the necessary pulse coding^ "'.

Pulse shaping and pulse contrast rely on well established techniques of
both linear and non-linear optics eg grating compression, saturable
absorption, in the 0.5-l|im and 10\un. wavelength regions; in the near UV
the excimer pumped Raman amplifier has demonstrated excellent results,
with contrast ratios > 109 being achieved.
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THOMSON SCATTERING

S.M.Golberg, A.Yu.Goltsov, A.N.KolomiJsky,
M.I.Pergament

Branch of Kurchatov Institute, Troitsk, Moscow Region, USSR,

Analyzing possible schemes to realize ITER LIDAR Tnomson scatteri
diagnostics one can conclude: required parameters of laser radiation
(10-15J, 300ps -11]) does not seem to be an extreme one for classical
laser system of reasonable size (a problem of ps - laser will be dis-
cussed latter). However to construct a compact and reliable laser
system it's necessary to overcome some difficulties concerning the
laser beam propagation in amplifier chain. Self-focusing is known to
be the main source of troubles for 1 nsec or shorter laser pulses.
Self-focusing constrains the output beam brightness and lead to the
damage of laser elements, active media and antireflecting coatings.
To compensate a self-focusing effects serious efforts should be un-
dertaken. In the first place it's necessary to increase a beam cross-
section towards the laser output. Besides, laser radiation filtering
is required to eliminate the most dangerous spatial modes. For this
purpose the beam is passed through a pair of confocal lenses with a
pin hole diaphragm in their common focus with a hole diameter d ^
Ik/A (A - spatial scale of the roost dangerous mode). Changing lens
focuses one can enlarge a beam diameter.

To provide a proper intensity distribution at the exit of the
system It's necessary to use a set of aperture diaphragms, optimally
distributed along the amplifier chain. The images of this apertures
are to be retranslated along a chain.

To provide a proper shape of laser pulse (i_^100 psec) the addi-
tional su stem should be used containing any electrooptical shut-



ter.
To obtain efficient o^2w conversion output laser beam quality

should be high enough: divergence 59 ^ io~5-5»io"4rad, &A $(0.1-1)A,
low depolarization level (^0.58), high intensity distribution unifor-
mity across the KDP-crystal (besides the crystal parameters should be
conjugated with laser pulse parameters). It dictates some require-
ments both to laser system as a whole (master oscillator scheme, spa-
tial filtering system, cooling regime etc.) and to optical quality of
any element in this system.

And, finally, compactness and high reliability of considered de-
vice demand high level of research and development works with all la-
ser system elements - mechanical structures, adjustment elements, op-
tical elements, effective amplifiers, charging system, capacitor
banks and so on.

All above mentioned problems were taken into account during de-
velopment of the laser system now under consideration.

This scheme seems to be preferable as it was tested in
1988 and since it has been used in laser plasma interaction
experiments at the Optical Research Division of the I.V.Kurchatov
Institute. It is quite reliable and easy to operate. The parameters
of this device are as follows:

output energy E=15 J;
wavelength JU0.527 urn;
pulse duration 1=0.3 ns;
divergence 9=5*1O"4 rad.

Fig.2 shows the laser pulse profile (a) and far field intensity
distribution (b). Our experience shows that series of ten pulses (1
Hz repetition rate) should be followed by half-an-hour cooling of ac-
tive elements. The parameters of the tenth pulse degrade (E^0=0.6*E1;
6,,£9(26.,) due to thermooptic distortions. This is the main disadvan-
tage of the proposed scheme.

The optical layout is presented in Fig.1. The main elements are
master oscillator, Nd phosphate glass rod amplifiers (aiO-a75), tem-
poral and spatial shaping devices, air and vacuum spatial filters
(asf, vsf), frequency converter (KDP crystal).

The master oscillator is a single mode, stabilized wavelength
device. The length of the resonator is equal to 1 meter. The 1 mm
diameter diaphragm is used to select one transverse mode. Coupled

-2-



Fabry-Perrot interferometers provide a one-longitudinal mode opera-
tion. Brewster angle arranged plates are responsible for linear pola-
rization of the output radiation. LiF(Fg) crystal provides Q-switch
mode operation and 20 ns (FWHM) laser pulse with energy '»20mJ and

o
linewidth < 0.5 A Is generated.

Temporal pulse shaping device consisting of Pockels cell and
preamplifiers (alO) are used to cut off 0.3 ns pulse from 20 ns os-
cillator pulse. The Pockels cell is driven by the laser triggered
gap. The minimum duration of the laser pulse is determined by rise
time of the electrical driving pulse and equals to 0.25 ns (FWHM).
The design of the Pockels cell enables to change the pulse duration
in the range 0.3 - 10 ns.

Spatial beam shaping device is designed to eliminate the wave
front distortions of the laser beam and to shape intensity distribu-
tion in beam cross-section. Air and vacuum spatial filters are used
to improve high-intensity laser radiation parameters, to relay the
image of hard-aperture d2 through the laser system towards the output
surface of active elements and KDP crystal.

The laser parameters are suitable for effective conversion of
the laser radiation into the second harmonic with at least 60 percent
efficiency.

Fig.3 shows the output amplifier and crystal KDP with i0r»i00 mm
aperture and 20 mm thickness.

30-50 PSEC-LASER SYSTEM.

Development of laser system with output parameters on tlie level
of E^ = 3 - 5 J, T = 30-50 psec for divertor diagnostic seems to be
quite serious problem. The main source of trouble is self-focusing.
As it was already mentioned self-focusing constrains the intensity in
laser media on the level of (1-3)GWt/cm2, so to obtain the above pa-
rameters the output active elements aperture must be of the order of
S ~ 100 cm2. In other words laser system appears to contain the out-
put amplifier with high aperture and cost. Besides, reliable opera-
tion of these high aperture (disk) amplifiers demands clean laser
operation conditions. And, finally, the energy flux in this condi-
tions would be of the order of 1O~1 J/cnf' (much less than the satu-
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ration level for Nd-Ph glass media: "5 J/cm2), so the extraction ef-
ficiency appears to be quite poor.

For this reason it's worth detailed discussion any possibility
to release laser parameter requirements at the ezpence of proper
organization of scattered radiation measurements and reconstruction of
investigated plasma parameters. This is the reason for we would like
to discuss now a multypulse plasma probing with a set of ps-pulses.

Let's consider the measurement of plasma scattered laser radia-
tion. If the main noise source is the fluctuations of the total pho-
ton number scattered into recording system aperture, it's clear that
the accuracy of measurement will be determined by the total laser
energy injected Into plasma:

S/N ~ Esign/Enoisen'Esign/(Esign> *~ E ^ - E l a £ f

Consider now a situation when for measurement of plasma parame-
ters a set of sequential psec-pulses with single pulse energy E* and
constant time interval T p between pulses (this interval being large
compared with 2L_/c) is used. It's easy to derive that in so-
organized measurement a signal-to-noise ratio would be

S/N ~ N1/<

where E^ - total energy in the set of pulses. In the other words this
multipulse method of probing enables N-folding reduction of a
single pulse energy, while maintaining the constant accuracy of a
measurement as a whole. This circumstance drastically changes the si-
tuation if we are going to build a diagnostic laser system of reaso-
nable size and cost, since it enables to diminish an exit aperture by
the order of magnitude.

To illustrate a capabilities of the above discussed method we
carried out some computer simulations. "Measured" signals in 6 chan-
nels were computed as a sums of perfect values and gaussian noise.Re-
al spectral efficiencies of JET spectrometer channels were taken in
to account. Temperature was determinedby minimizing 6ome functional
(procedure quite analogous to one being used at JET). For laser wave-
length A.=0.69 urn and photon numbers at the spectrometer entrance of
the order of 1O5 the temperature reconstruction accuracy in the range



0.2-20 kev was found to be (3-8)% (well compared with JET experimen-
tal results). When applied lor A,»1.O6 ̂ M laser wavelength reconstruc-
tion accuracy was found to depend only upon the total number of pho-
tons in all laser pulses (10 pulses were used) and this accuracy was
comparable with ruby laser results in temperature range 3-20 kev and
degraded lor T g below 1 Kev. Analogous simulations were conducted for
measurements with X*0.53 \m in divert or region. In this case 3 arti-
ficial channels for spectral analysis were taken with spectral win-
dows: 400-470 nm, 470-515 nm, 515-530 nm. Total number of photons for
analysis was taken to be 104. For temperature range 5-103ev the accu-
racy of reconstruction was found to be from 5 to 10%.

Consider now a laser system. To realize the above described me-
thod laser system should consist of subsystem to generate a sequence
of psec-pulses and a proper amplifier chain. As a first one of course
a mode locked master oscillator is to be used. This device generate
in a natural way a necessary set of pulses with Tp=2L_/c and - -
T_/m , where L g - oscillator length, m - number of axial modes incor-
porated to form a psec pulse. This number is determined by interreso-
nator Fabbry-Perrot interfer.;.*ter. A generator of this type csai pro-
duce a set of 1 0 - 2 0 psec pulses with a single pulse energy of the
order of 100 - 200 nJ.

To increase the energy ^f radiation an amplifier chain would be
quite analogous to the above discussed classical one, so we-'11 not
consider it in detail. It's worth mentioning only that T usually is
somewhat greater then the low laser level decay time, and with W "10
and i "• 30 psec we have N~_ < T_, so the ability of chain, discussed
in previous chapter seems to be at least quite proper to realize a
system needed for divertor testing.

The above described method is very simple but has a disadvantage
that can play an important role in some experimental situations. The
case is that when dealing with long scale plasma it's necessary to
provide long time-interval between a ps-pulses (of the order some 10
ns). It's possible to develop a master oscillator with this
parameters but it seems more adequate to realize another method
described schematically in fig.4; Suppose at the exit of preamplifier
laser chain a ps-pulse with energy E Q (and polarized as shown at the
fig.). If the gain of amplifier is G, and polarization plane rotation
is of the order of (1/G)1/2, it's easy to understand that at the exit

-5"-
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ol the system we shall obtain a set of ps-pulses with energy EQ(G-1)

d

and temporal distance between each other L/c, where L- total
dimension of polarization loop. For example with E0=10

2 mJ and G ~ 3
it seems reasonable to obtain of the order of 10 (30-50)ps pulses
with total energy ~5 J. The distance between the pulses is easy
adjustable (one can change the length of the loop). It is Important
to emphasize that discussed method moves some problem from laser to
registration system. But, and it's very important, the possibility to
reduce requirements to single pulse energy enables, principally, to
make use of existing now commerciall-type lasers with high repetition
rate (for example, YAG-laser with 0.3-1 J, 50-100 psec, 10 Hz are
quite available). The possibilities of described scheme is now being
experimentally tested in Optical Research Division in Branch of Kur-
chatov Institute.

Polarizing schemes of this type presents some additional possi-
bilities for for multiple probing of the plasma with the same laser
pulse. The idea is schematically illustrated in fig.5.

As we have already mentioned, to realize lidar measurements re-
quires registration system with high capabilities. The system we pro-
pose is based on new time analysing tube with high aperture photoca-
thode. Electron intake of the cathode (diam.40 mm) is transformed into
slit (0.1*5 mm 2), and the image of this slit is being streaked along
the exit screen. We estimate a time resolution of this tube to be of
the order of 10-15 psec, the value overlap all possible requirements
of the LIDAR technique. A more detailed-^discussion of this device
will be presented in the report of Dr.B.EiDashevsky. A registra-
tion scheme on the base of this tube is quite analogous to JET 121.

At the moment in our division experimental testing of one-
channel prototype of this system is being conducted. The first re-
sults confirms the possibility to use this device in LIDAR measure-
ments. /

i

1. ITER Diagnostic Workshop, July 10-14, 1989, Garching, FRG.
2. Rev.Sci.Instrum., 61(10), Oct.1990, pp.2843-2845. A high resolu-
tion LIDAR-Thomson scattering diagnostic for JET. H.Fajemirocun,
C.Cowers et al.
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Diagnostic Nd:Laser with Composed Aperture
and Non-Linear Elements.

V.N.Belousov, A.M.Mamin, Yu.K.Nizienko

The operaLing parameters or diagnostic laser strongly depend
on experimental conditions. As it concerned to JET Lldar laser for
operation in divcrtor region tlv.: following draft specification are
desirable.

Laser wavelenght A. 500 * 750 nm
Pulse duration i: 30 * 100 psec
Laser energy/pulse 100/t J/psec
Beam divergence • diameter < 20 mm-mrad
Beam diameter < 40 mm
Pre and. post pulse energy suppression
a) 1 nsec before > 108

b) after main pulse > 106

Repetition rate 2 •*• 10 Ha

It is comparable with operating parameters for example Sprite
laser of Rutherford Appleton Laboratory wich are

Energy E 5 J
Pulse duration i 40 psec
Divergence B 2-10"5 rad
Pulse contrast ratio ~ 1O~10

To construct the required parameters a tabble-top and "black
box" performance operating in repetition rate laser is very
complicated task, especially if we use a conventional laser. For
instance solid state laser with short pulse direct amplification.

Our experience In laser technique connecting with non-linear
elements and composed aperture amplifiers have led us to the
proposal of novel, laaor scheme. The proposed laser is a neodymium
laser pumped Raman laser (Fig.1).



A neodymium laser based on following main principals [11:
1. All Amplifier's operate in double-pass and are conjugated with

non-linear wave front reversal (WFR) mirrors based on Stimulated
Brlllouin Scattering (SBS).
2. WFR-mirrors operate in pulse compression.
3. A large aperture amplifier witJi composed active element and

"light boiler" pumping system operates along with beam splitting
system and WFR-mirrors array.

Neotiynilum laser based on above mentioned principles with new
crystallino active medium pictured at Fig.I. The co-doped material
Nd:Gr:YScGC (yttrium scandium gallium garnet) is factor of three
times more efficient than Nd:YAG.
This efficiency improvement occurs because energy absorbed by
chromium ions io transferred to the neodymium ions. YScGG crystal
may be easily grown in significantly larger sizes than YAG with
,P;OO«1 optical quality.

Thermal focusing and birefringence wich occur in repetition
rate laser can be successfully overcome in two-pass active medium
by using WFR-effect, slab geometry and compensation of
depolarization method [21.

The master oscillator operating in TEMQ0 mode yields 10 mJ in
5 nsec pulse. Two double-pass amplifiers stages are available. The
first 8 mm rod amplifier and the second composed aperture
amplifier are used. Active element of Uhe second amplifier
consists of four 8*38*115 mm3 slabs. Ten flashlamps placed between
slabs. Three 10 mm aperture Faraday rotators with permanent
magnets and large Verdet constant glasses are used.

To form the required pulse duration- two stages of pulse
compression are available. In the first compression stage based on
Stimulated Brillouin Scattering 5 nsec pulse transforms to 0.5
nsec pulse with approximately 50ft efficiency. The second
compression stagrv based on Stimulated Raman Scattering in
pressured gases transforms the pulse duration from 0.5 nsec to 50
psec with more than 50% efficiency.
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Operatlng parameters of the proposed laser are the follows:

Neodymium Laser
OsciJIator

Energy
Pulse duration

Rod Amplifier
Aperture
Energy
Pulse duration
Efficiency

Composed Aperture Amplifier
Aperture
Energy
Pulse duration

Raman Laser
Oscillator

Energy
Pulse duration

Amplifier
Energy
Pulse duration

TEMQ0 mode
E-10 mJ
•i=5 nsec

© 8 mm
E=1 J
T=5 nsec
?7= 1S

4<8*38 mm 2

E=5 J
T---0.5 nsec

E=20 mJ
T=5O psec

E=2 J
*c=50 psec

Main features of the proposed scheme were studied on the
experimental test facility shown in Fig.2.

The output beam of the TEM00 mode operating oscillator trans-
formed by 8" telescope and 13*13 mm2 aperture diafragm is directed
into the first amplifier stage. This amplifier stage consists of
Faraday isolator, an amplifier with a 20 mm diameter Nd:glass rod
and WFR cell. The WFR cell includes a tube filled with SF6 gas at
15 atm and focusing lens (f=50 cm). The reflected beam after the
second amplification In the same Nd:glass rod is directed to the
next amplifier stage by the Faraday isolator.

Tt was shown that the WFR cell reflected about 80 % of the
beam energy without essential distortion of the pulse shape. The
second amplifier stage consists of Faraday isolator, splitting
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systsm, an amplifier with composed active elements and SBS pulse
compressors. The splitting system transforms the Input beam Into 9
separate beams corresponding to active elements of the laser
amplifier. The laser amplifier includes nine 20 mm diameter
Nd:glass rods and 12 flash!amps placed between the rods (see
Ftg.3). Each separate laser beam is focused by ions (f=?i">0 cm)
Into a 300 cm long ga^ c*l] working as a SBS pulse compressor. The
.-"•putting syv-'̂ ni \n l.ĥ  UouM*• pass amplifier stage operates as a
^iw-iu^ suwinrttoi* of thw ivn«oi*d beams, collecting them to thi-j
('.nffipacl output beam. Thw measured energy of one beam of difraction
quality was about 4 J in ? nsec. It was found that balance of
input energy in different beams and the choice of the suitable
compression regime provide the time delay fitter of the beams to
bis less then the rise time of the individual pulse. Thus the total
output energy was about 40 J in 3 nsec pulse [11.

The Raman two stages compressor or in other terms Raman laser
was studied at 1 Joule pumping energy in 1 nsec pulse [3]. Basic
features of Raman compressor are similar to Brillouin ones. More
than 10 times pumping pulse shortening with about difraction
quality of total beam was obtained. The efficiency of Raman laser
was more than 50%.

The main advantages of the considered scheme in comparison
with the ordinary direct amplification scheme with large aperture
active elements are as follows:

Due to the double-pass regime of amplification and the
efficient pumping system of composite aperture amplifiers high
efficiency, durability and reliability of the laser system are
provided.

The requirements to the optical elements quality are not so
hard due to the WFR effect. Glass active elements can be
substituted by crystal elements and thus pulse repetition rate
regime can be easier realized. This system also practically
nonsensitlve to thermal effects and mechanical vibrations.

The considered laser system seems to be more compact and less
expensive If we take Into account that the functions of
WFR-mlrror, spatial filter, Image retranslator, shutter and pulse
compressor can be carried out by one nonlinear element.
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Wave lenght of Raman laser depends on used medium and varied
in wide rnnge. For Instance gases SF6, methan and hydrogen
transform 0.53 (.im radiation to 0.56 pm, 0.63 jam and 0.66 |im
ivapeetively. It is important that extremely high prepulse energy
suppression is achievable for Raman laser.

References

Ml B.N.Belousov, Yu.K.Niaienko: Laser and Partiolc Beams, to be
published.

[21 B.H.BejioycoB, 10.K.HM3HeHKo: OnraKa H cneKTpocKonnfl, T.58, B . 4 ,
1985.

f31 B.H.BejioycoB, K).K.HH3HeHKo: IIpRnpHHT WA3-4707/7, MocKBa, 1988.



Schematic layout of the proposed laser
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*IPF, Stuttgart University, Stuttgart, Germany
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Abstract
The features of a LIDAR system based on a frequency-doubled

Neodymium YA6 Laser are presented. With a diagnostic set-up using

simultaneously the fundamental wavelength and the frequency

doubled output of the laser, a broad range of temperatures is

accessible, making the diagnostic system feasible not only for

the bulk plasma but for the outer regions as well. Advantage can

be taken of the different polarisations of the two wavelengths

generated by the Neodymium laser, the detection system can then

be divided into two different detection paths, one for high and

the other for low temperatures. Based on the expected plasma

parameters of a next step experiment the proposed performance of

such a system is simulated. The advantages of a two wavelength

system are discussed and a lay-out for a feasible diagnostic

system for a next step machine is presented.

1. Introduction

The performance of LIDAR Thomson scattering diagnostics has

been successfully demonstrated on JET /I/. The technique promises

to be a useful tool for measuring the electron temperature and

electron density profiles on large fusion devices. However,

despite the larger dimensions of a next step device it is clear

that diagnostic access will be limited by the shielding and

cryogenic structures necessary for-operating an ignition device.

On the other hand the reliability and performance constraints on

the diagnostic itself will be even more demanding. It fs
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therefore necessary to look at some of the limiting technical

problems now.

The LIDAR technique requires the use of a short pulse-high

power, high performance laser system. The major point of

criticism, that the LIDAR system on JET has to face, is the

limited repetition rate of the measurements during a JET pulse.

The ruby laser currently in use, operates at 0.5 or 1 Hz, with

a maximum of 9 or 6 successive pulses respectively/ so a higher

repetition rate and a larger number of laser pulses is highly

desirable, with these improvements in mind, at the moment the

only convincing alternative to the ruby laser is the Nd:YAG

laser. The main advantage of the Nd:YAG laser is the high

repetition rate that can be achieved simultaneously with high

laser output energies and short pulse durations for an unlimited

number of successive pulses. In addition, by using both the

frequency doubled and the fundamental output simultaneously for

the diagnostic set-up, it seems possible to cover a broad range

of electron temperatures. The technical reliability and advanced

commercial development of the Nd:YAG laser is not discussed

further here, but is well documented /2/. No alternative is

currently sufficiently well developed to offer the same standard

of performance. For example Nd-glass lasers offer high output

energies, but can only operate in single pulse or burst modes

with a low number of pulses. The iodine laser operates with low

repetition-rate and never left the status of a laboratory system.

The Alexandrite laser suffers from the effects of small scale

self focusing and is a low gain material, so that high pulse

energies might not be achievable for short laser-pulses /3/.

2. The Simulation Program

To assess the feasibility of a NchYAG laser in a LIDAR system,

the expected performance was simulated using a fortran routine.

To start the simulation program, the parameters describing the

experimental set-up and the scattering geometry have to be

defined. This includes the laser specifications as well as

details about the spectrometer and the detection system ,see



Table 1. The program then calculates the relativistic Thomson

scattered spectrum and the resultant number of photoelectrons

expected for each channel of the assumed spectrometer set-up. The

background plasma light is also taken into account by calculating

the contribution of pure hydrogen bremsstrahlung and multiplying

by a suitable factor to simulate higher Z,lf. This signal, in

photoelectrons, is then added to the expected scattered signal.

The program then simulates real signals by randomizing the total

photoelectron signal in each spectral channel using a fortran NAG

routine. The temperature corresponding to this randomized data

is then recalculated using a chi-square fitting routine. This

procedure is done for each point of assumed density and

temperature profiles. For these performance simulations parabolic

density profiles and triangular shaped temperature profiles were

assumed.

Table 1: Channel data and parameters

1)
2)

3)

4)

5)

6)

T)
8)

9)
10)

11)
12)

13)

Central electron temperature

Central electron density (*1019]

Scattering angle

Length of scattering volume

width of scattering volume

Central solid angle

Optical transmission

Spectrometer transmission

Laser energy

Laser wavelength

Plasma diameter

Integration period

Bremsstrahlung enhancement

CHANNEL NO WLMIN WLMAX

1
2

3

4
5

6

410.0 480.

480.0 520.

530.0 590.

590.0 630.

630.0 665.

675.0 780.

11.

2,

175.

0.

0.

0.

0.

0.

1.

694.

2.

0.

100.

(NM)

0

0

0

0

0

0

0000

.0000

0000

1200

0500

0050

4000

5000

5000

0000

5000

8000

0000

QUAK

0.

0.

0.

0.

0.

0.

keV
i m"3

deg

m
m
srad

J

nm
m
ns

1 EFF

035

035

031

025

013

007 '
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3. Simulation of JET Results

To confirm the quality of the simulation program, a test run

used the set of parameters characterizing the current JET LIDAR

set-up using the ruby laser and the LIDAR polychromator. The

spectral distribution of the relativistic Thomson spectrum is

shown in figure 1/ overlaid by the outlined range of the six

spectrometer channels. For small temperatures the spectrum is a

narrow Gaussian centred around the laser line, for higher

temperatures the distribution becomes broader and shifts towards

the blue due to the relativistic effect. The temperatures shown

in figure 1 represent the temperature range that can be measured

on JET at the moment. The spectrometer was designed with the

Relativistic Thomson Spectrum
Ruby tasw 684 nrn

400 500 600
Wav«l«ngth (ran)

700

Figure 1 Relativistic Thomson Spectrum for Backscattered
Ruby Laser Photons.
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sensitivity range of the available fast detectors in mind. These

detectors are sensitive in the visible region of the spectrum,

so the choice of observing scattered light predominantly on the

blue side of a red laser line was optimum. The observable

spectrum is divided into slices of an appropriate width, so that

the temperature can be deduced accurately from the data. The

lowest measurable temperature is defined when a minimum of two

spectrometer channels detect a signal and the upper temperature

limit occurs when the peak of the scattered spectrum moves out

of the spectral range of the instrument.

The simulated profiles were compared to actual measurements

made in the 1989 experimental period. The resemblance between

measured radial profiles and the simulated profiles is shown in

figures 2a/2b and 3a/3b. The errorbars in the measurements are

normally well below 10 %. The temperature range that can be

measured with the same accuracy is about 0.2 to 20 keV and the

minimum measurable electron density is about 3xlO18 m*3. This is

the performance level achieved by the current LIDAR system and,

as shown above, it is reproduced in the simulations. In what

follows this standard is used as the basis of acceptable

performance for alternative designs.

To make a realistic evaluation, the specifications of a Nd:YAG

laser that could be custom-built today, were considered. It seems

possible to purchase a system that can run at 10 Hz with 200 ps

pulses and simultaneous pulse energies of 1 J fundamental and

1 J frequency doubled. An important feature of the frequency

doubling process is the fact that the polarization of the

frequency-doubled wavelength is perpendicular to the polarization

of the fundamental beam. If both wavelengths are used in a LIDAR

set-up, it is possible to separate the backscattered photons

originating from the different source wavelengths by their

polarization since the Thomson scattering process does not change

the polarization of the incident photons (except at very high

temperatures i.e. for 50 keV the effect is negligible /4/).
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Figure 2a: Measurement of Electron Density for JET pulse
#19937.
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Figure 2b: Measurement of Electron Temperature for JET pulse
#19937.
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Figure 3a: Simulated Radial Eleccron Density Profile.
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Figure 3b: Simulated Radial Electron Temperature Profile.



In a first attempt to probe the performance of a Nd:YAG laser/

the hypothetical experiment of exchanging the ruby laser by a

Nd;YAG laser in the JET LIDAR set-up is made, assuming that the

two laser beams are directed simultaneously into the plasma along

the existing beamline. Further, it is assumed that the

backscattered light is separated according to its generating

laser wavelength and detected by two separate spectrometers,

identical copies of the polychromator currently in use. Running

the simulation for this set-up bears disappointing results.

Using the infrared Nd:YAG laser line at 1064 run convincing

measurements are only obtainable for temperatures higher than 8

keV (figure 4a). Using the green laser wavelength at 532 run, only

measurements below 3 keV are possible without enormous error bars

(figure 4b). With this experimental set-up an interval in the

temperature range between 3 and 8 keV is not accessible. Also the

expected accuracy in the measurement would be typically of the

order of 10 to 20 %. Looking at the spectral distribution of the

backscattered light, this is not an astonishing result. For

medium temperatures the backscattered spectrum of the infrared

line is just coming into view of the Lidar spectrometer. The

spectral distribution of the backscattered line from the green

lays well in the detection range, but the width of the channel

slices is not adjusted to account for the narrower spectrum.

The solution lays in the optimization of the polychromator

used. Two new spectrometers have to be designed especially for

the spectral distribution of light backscattered from the Nd:YAG

laser wavelengths. These spectrometers have to be optimized in

the same way the existing LIDAR polychromator was optimized for

the detection of the spectral distribution of backscattered ruby

light. A first possible set-up for a spectrometer detecting the

spectrum backscattered from the green Nd:YAG-line is suggested

in figure 5. Five channels cover the spectrum below the laser

line, but the channels are narrower than the ones in the original

LIDAR spectrometer. A design like this can be built using

narrower bandpass filters.
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Electron Temperature Simulation
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Figure 4as Simulated Radial Temperature Profile for JET
(Nd:YAG Laser at 1064 nm with Lidar Spectrometer)
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Figure 4b: Simulated Radial Temperature Profile for JET
(NDsYAG Laser at 532 nm with Lidar Spectrometer)
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Figure 5: Relativistic Thomson Spectrum for Backscattered
NDtYAG Laser Photons (532 nm).

The choice of detectors is limited by the requirements for the

time-resolution. The fast detectors a LIDAR set-up can use are

only sensitive in the visible region of the spectrum. To build

an efficient spectrometer for the infrared line, it is essential

to cover far more of the red and near inf-rared spectral light

than the existing LIDAR spectrometer. If temperatures below 10

keV are to be covered, one or two additional red channels are

essential. A new infrared sensitive MCP photomultiplier with a

GaAs photocathode offers to cover exactly the spectral region of

interest from 600 to 900 nm, with nominally an 18 % quantum

efficiency at 800 nm /5/. This detecto? has not yet been

evaluated experimentally, so the simulation relies on the data

sheet information and assumes that the 'promised performance

parameters match those of the existing detectors, particularly

with respect to the rise time. Using two GaAs detectors two

additional channels could be added in the near infrared to set-up

a spectrometer (figure 6).
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Figure 6: Relativistic Thomson Spectrum for Backscattered
Nd:YAG Laser Photons (1064 nm).

The simulation of the Nd:YAG laser performance with this set

of spectrometers does appear capable of producing results

comparable to the present ruby based system. The infrared laser

wavelength can now be used to make effective measurements down

to 3 keV and the green laser wavelength can cover temperatures

below that (figure 7a/7b).

The conclusions from the simulation of a Nd:YAG laser

performance on JET is, that an exchange of only the laser is not

sufficient. A significant change in the wavelength of the laser

source has to be accompanied by major changes to the detection

system. If a Nd:YAG laser is to be used in an independent LIDAR

set-up, the spectrometer must be optimized for the expected

backscattered spectrum and the required detection range. If this

is done and the spectral channels are carefully selected then the

same quality of results may be obtained. As the infrared

wavelength is better for the detection of higher temperatures and

the green laser line is suited better for the detection of lower.
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Figure 7a: Simulated Radial Temperature Profile for JET
(Nd:YAG Laser at 1064 run with optimized IR
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Figure 7b: Simulated Radial Temperature Profile for JET
(NdtYAG Laser at 532 run with green Spectrometer)



temperatures, one possibility not mentioned so far is that the

measurements of two wavelength might be combined to compose

radial profiles, with the infrared line used to give the central

temperature and the green line supplying the values for the outer

region and the edge.

It would not be feasible at this stage of the project to

introduce a Nd:YAG laser in the existing LIUAR set-up at JET,

because of the major changes necessary, but it is a good option

for a set-up on a next step machine. As an example the expected

performance of such a system on ZTER will be reviewed.

4. Performance of a NcJ:YAG laser on ITER

Going from JET to ITER the most important changes lay in the

larger geometric dimensions of the machine. Nevertheless the

number of viewing ports is less than on JET and the different

diagnostics will have to share these ports. This rules out the

use of a radial set-up like the one on JET, where a big viewing

port is allocated to the diagnostic. One scheme submitted by Hans

Salzmann et al. /6/ propose to use tangential lines of sight,

(figure 8), and thus cover the different regions of interest in

the machine with varying spatial resolution. The laser traversing

the plasma on this tangential chord will diagnose *".he colder edge

region near the inner wall of the tokamak with higher spatial

resolution than the hot core plasma, so the diagnostic has to

acknowledge the special emphasis on the measurement of the cold

scrape-off layer. The expected plasma parameters set the

temperature range the diagnostic system has to cover [Table 2].

Table 2:

T. / eV

n. / nr3

ITER Performance

Core

25 k

7 10-"

Parameters

Edge

500

1 10-"

X-Point

200

1 10""

Major radius: 6.00 m Minor radius: 2.15 m
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E x p e c t e d

temperatures range

from 200 «V in the X-

point region to 25
' keV in the plasma

c e n t e r , s o m e
estimates even give
t h e m a x i m u m
temperature in the

plasma core as high

as 45 keV. The

electron density will

be 1 to 10.10" cm"3.

To provide cover of

the whole temperature

range a LIDAR system

with a large dynamic

range is required and

so a Nd:YAG laser

using both the

. fundamental and the

frequency-doubled

wavelengths would be

an ideal solution.

The fundamental laser

wavelength can be used to measure the high temperatures in the

plasma centre, the green laser wavelength will supply the

information about the colder edge zones.

Figure 8: Sketch of the ITER Design /$/

Carrying out the simulation for the tangential lines geometry

and the previously defined spectrometers and assuming a laser

energy of 1 Joule fundamental and 1 Joule frequency-doubled, the

results look worse for the green line than for the infrared line.

The core temperature of the ITER plasma would be determinable

with good accuracy by the IR line (figure 9a). But in the case

of the green laser line the errorbars seem to dominate the signal

(figure 9b). A measurement could not give accurate temperature
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Figure 9a: Simulated Radial Temperature Profiles for ITER
(Nd:YAG Laser at 1064 nm and 1 Joule).
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Figure 9b: Simulated Radial Temperature Profile for ITER
(NdrYAG at 532 nm and 1 Joule).



parameters under these conditions. The diagnostic would fail

completely at the region of interest that is near the inner wall

of the tokamak, where the green laser wavelength is supposed to

make the main contribution. The region near the inner wall is not

only a low temperature region but also a low density region, so

the number of backscattered photons and therefore the signal

level is much smaller and the errorbars accordingly larger. In

addition to the problem of the low density the solid angle

accessible for the observation on ITER is 4 times smaller than

on JET, resulting in yet fewer detectable photons.

This has to be compensated for by higher laser energies. In

a hypothetical experiment every parameter can be enhanced, so we

can assume for the time being a laser with higher output energies

both in the fundamental and in the frequency doubled laser

wavelength. The simulation of the expected performance of a

Nd:YAG laser with 3 J fundamental and 3 J frequency doubled

output showed the tendency to improve the results. The errorbars

were reduced and the profiles, except for the outer edge region,

were much smoother. If a simulation assumes a Nd:YAG laser that

can produce output energies of 5 J fundamental and 5 J frequency

doubled the profiles show the preferred results (figure lOa/lOb).

With an experimental set-up like this, convincing and accurate

measurements cannot only be made in the piasma centre but in the

edge region as well. A diagnostic set-up like this can perform

electron temperature measurements on ITER with the same quality

and accuracy of the current ruby based LIDAR system on JET.

5. Conclusions '
To summarize the results of the simulation, a LIDAR system

based on a Nd:YA6 laser is feasible. In principle the performance

of such a system using a Nd:YA6 laser instead of a ruby laser can

match the performance of the current LIOAR system used on JET,

but a new set of optimized spectrometers must be set up to cover

the scattered spectrum efficiently and this amounts effectively

to re-installing the complete JET LIDAR system. However, the

possibility of using the two Nd:YAG laser wavelengths
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simultaneously allows the dynamic range of such a system to be

large. Consequently this scheme is an attractive option for the

design of a Thomson scattering diagnostic for ITER. To obtain a

system with the same performance as the current LIDAR system

operating on JET, a laser with higher output energy is required

i.e. about 5 J simultaneously in fundamental and 2nd harmonic.

It is clear that the limitations of the LIDAR diagnostic are

set by the technical features of currently available detectors

and lasers. Assuming that commercial pressure produces progress

in Nd:YAG laser development, or even another laser material comes

along with a suitable wavelength, an appropriate set-up for ITER

appears feasible.
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Scancros$ - A New Chronographic Image Intensifier for Highly Sensitive
Optical Oscilloscope and LIDAft Detection System

Dr A L Surovegin and Dr B E Dashevsky
"Radian" R and D Center, Moscow, USSR

My report will address itself to the results obtained by RADIAN company in
developing image intensifier tubes capable of measuring low-intensity ultra-
fast light phenomena. I'd like to discuss in particular the following questions:

- a brief survey of existing systems;
- some new approaches, prerequisites and the conception of

developing a Scancross-type device;
- the Scancross tube operating principle;
- electrical support circuits;
- preliminary results

A good deal of problems in contemporary experimental physics are concerned
with measuring highspeed optical phenomena of low intensity. The most
typical among them are problems of laser remote sensing, for instance,
defining of low-scattering media turbidity profiles as well as detailed
backscattering profiles for differential-absorption, Raman and fluorescence
lidars. Practically all of this methods of diagnostics applicable in plasma
physics are associated with the same measurements.

Since my report is devoted only to photodevice technology, I shall only
mention the fact that diagnostical lasers have been fully developed and their
performance characteristics have been considerably improved. But regretfully
there is a shortage of subnanosecond and picosecond photosensors and other
detection means satisfying the experimenter's requirements. I shall try to
outline the most important of these requirements. An efficient laser remote
sensing of a weakly scattering object can be accomplished in two parallel ways:
first, by enhancing the probing laser beam energy, and second, by raising the
detection system sensitivity. However, the beam energy enhancement has
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limits imposed by medium optical density, and it is necessary to increase the
laser beam aperture, that is to enlarge the volume under investigation in
order to prevent noticeable changes in the studied medium brought in by the
probing beam.

However, expansion of the volume under investigation imposes certain
limitations on the reception optics designed to collect as many photons as
possible and to pass them over the photodevices, and on the detector's active
area. Moreover, one has to extend the detector's active area, it is necessary by
a reason to be discussed below, namely, lessening of the Coulomb repulsion
effect showing up in the beginnings of photoelectron paths.

One has to pay special attention to peak intensity of probing laser beam when
a medium under investigation is separated from laser radiation by windows
whose optical strength has to be taken into account.

Small signal detection requires extremely high photodevice sensitivity. In
other words, the photocathode spectral response must correspond to radiation
under study, and its performance must be improved to reduce intrinsic
noises. For the extension measurement of lengthy objects the receiver
dynamic range is of extreme importance, as well as the matter of maintaining
high temporal resolution.

These general and fairly obvious observations are nevertheless helpful in
delineating the following photodevice properties which in ideal case should
be combined:

- first, large reception area,
- second, high temporal resolution,
- third, large dynamic range,
- fourth, high sensitivity and
- fifth, the highest possible performance, i.e. reliability, simplicity

of operation, parameter stability and small size.

Let us try to evaluate the existing light-measuring systems in terms of these
desirable properties.
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For the present time, the configuration shown on the 2nd slide is supposed to
be a "classical" one. In this configuration, the photo-sensor is either a two-
electrode coaxial phototube or a multi-electrode photomultiplier (PM), or a
distributed-parameter photomultiplier (DPPM). The coaxial phototube has a
very good transmission band, but an extremely low sensitivity, while the PMs
are much more sensitive, though their working principle neither allows
obtaining really large signal amplitudes, nor provides high temporal
resolution, which fact confines their applicability.

Let us consider this oscilloscopic method in more detail (see Fig. 1). A shaped
electric wave is transferred along a coaxial line to the input of a hot-cathode
electron-beam tube wideband deflection system or is applied to the spacing
between the modulating electrode and the tube's cathode (the so-called
"deepness" or brightness modulation technique). This technique and the
facilities needed to effect it have a number of limitations. First, the attainable
temporal resolution confined to that of the light sensor. It also depends on
high-frequency losses in the electric wave transmission path as well as on
limited transmission bands of the deflection system or the tube cathode-
modulator system.

Second, the facilities whereby this indirect method of electron-optical
oscilloscopy is effected are composed of many independent units, and this
hinders the system adjustment and enlarges its size, weight and cost. The
dynamic range of detected signals measurement is usually confined to 100:200
due to principle design features of wide-band oscillographic electron-beam
tubes. A considerable enhancement of temporal resolution in oscillography
and single-shot phenomena measurements was achieved by using
chronographic cameras employing a focused electron beam as a transmission
line.

A complicated optical system in such cameras provides a point image of an
object under study to be projected onto a cathode plane. A resolvable pixel is
formed by photoelectrons coming from the point on the cathode surface.
They carry along a complete information about all changes taking place
during the highspeed single-shotprocess. These electrons accelerated by high
voltage applied to electrodes are focused on the phosphor screen plane,
thereby enabling replication on the screen, of the point image that has been
projected onto the input cathode plane. Using a time-base sweep system, this
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image is continuously displaced on the phosphor screen plane following a
preset principle, producing a recording track whereon brightness varies over
time with input optical signal power variations.

However this device has a number of serious shortcomings. In the first place,
a complex multilens optical system intended to form a point image on the
chronographic tube input cathode brings about large energy losses in light
under study. This hinders investigation of weak and short light flash
dynamics.

In the second place, the dynamic range extension is prohibited in the upper
range part by Coulomb repulsion of electrons in the beam. Indeed, since the
light to be measured is focused in a point on the cathode surface,
photoelectron density near this surface is great, while their speed is
insignificant. As a result, the Coulomb repulsion of electrons strongly affects
the beam parameters. The higher is the input optical signal intensity and the
smaller is its duration, the stronger is this effect. Axial broadening of
photoelectron train results in an increase of the resolvable pixel size along the
sweep direction. This makes sweep acceleration necessary because temporal
resolution is unambiguously related to time over which a photoelectron
beam traverses one resolvable pixel on the phosphor screen plane.

The discussed tubes require a super-wideband deflection system which, on the
one hand, is very difficult to implement and, on the other hand, has a
confined deflection sensitivity hindering efficient operation of the device.

Our study was undertaken to construct a special chronographic tube which
could be free of shortcomings of the above oscillographic devices. Our
approach consisted in the following (see Fig. 2).

Photoelectrons from the whole large cathode are collected in a symmetrical
beam converging to a crossover. Using an additional focusing system, the
crossover image is formed on the phosphor screenplane, thus making up the
smallest resolvable pixel.

Implementation of this approach might, primarily, considerably simplify the
light-collection optical system. This, in turn, might significantly reduce the
sensitivity threshold of the device and enable its application in cases where to
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collect the light in a point on the cathode surface is difficult in principle.
Besides, distribution of an optical signal over the cathode large surface allows
reduction of current density not only in the vicinity of this surface, but also in
the regions of the converging electron beam where electrons have not yet
picked up enough speed on their way to the anode. The Coulomb repulsion
of electrons will become pronounced only in the crossover region where they
stay for a very short time.

Though the proposed scheme is simple at the first sight, its practical
realization involved a number of principle design problems that had to be
solved.

The first one consisted in choosing an adequate electron-optical system
whereby the crossover could be formed at large electron beam apertures.

Typical electrostatic focusing systems of image intensifiers comprise a flat or a
spherical cathode substrate, one or several focusing electrodes and an
accelerating anode with an axial round hole. Viewed on Fig. 3 is a lay-out
diagram of electrodes of a typical electrostatic focusing system employing a
spherical-substrate cathode. One gets from the diagram a picture of computer-
traced equipotential lines and approximate trajectories of electrons emitted by
points on the axis and in the periphery of the cathode active area. The
equipotential lines are almost concentrical in the region close to the cathode.
But nearby the accelerating anode hole they bend backward. Because of this
face an aberration-free crossover is difficult to form with large beam
apertures. One can see that trajectories most remote from the symmetry axis
are refracted even stronger near the anode hole, and therefore the point of
intersection with the axis is closer to the cathode. This disturbs formation of a
point crossover, the result being transformation of the large aperature beam
into some funnel-shaped rather than cone-shaped figure whose external side
in the contraction part has a form of a caustic surface.

According to computer-aided calculations. It is impossible to form a less than
2-mm across diameter crossover at large beam apertures using such focusing
system. Another serious shortcoming of the system is dispersion of times
over which photoelectrons leaving the central and peripherical cathode
regions travel to the crossover. For the focusing system incorporating a 40
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mm cathode, which is shown in the Fig. 3, time dispersion between
photoeletrons coming from centre and from edges is of the order of 60:70 ps.

Hence employment of the conventional electrostatic system in the new tube
design appeared absolutely unpractical.

The problem was solved both theoretically and experimentally by our staff
members led by Dr Boris Dashevsky who is present here.

The conception of a practically new focusing system based on the theoretical
model of an immersion objective of a "spherical capacitor" type. Dr.
Dashevsky has developed an electrostatic focusing system with a so-called
quasispherical field and implemented it so that it became compatible with a
number of image intensifier tubes. The Fig. 4 shows a lay-out diagram of the
said system electrodes as well as equipotential lines and trajectories of
electrons emitted by the cathode. One can get more details about electron-
optical parameters of the new focusing system along with the earlier
discussed system parameters from Dr. Dashevsky's report at the 19th
International Congress on Highspeed Photography that took place in
September 19C0 in Cambridge. I shall only mention that the design presented
on this slide allows formation of a 0.4mm wide aberration-free crossover at
large electron beam apertures. A focusing electrode field is formed between
the spherical cathode and a grid anode allowing for the influence of an
additional cone-shaped electrode facing the cathode'fyith its broad base. Ehis
field closely approximates an ideal spherical one on the whole way from the
cathode to the spherical anode surface. Therefore, likewise the "spherical
capacitor" model, the proposed design provides a practically zero dispersion at
the crossover of electrons leaving the cathode with equal initial energies
within the beam active area. •

Now, assuming that the first problem has been coped/ with, let us consider the
second, though not less complicated one.

In compliance with the proposed chronographic tube design, the luminous
spot focused onto the phosphor screen is the trace of the crossover electron
image. The focusing quality depends on a beam angle, at which electrons
leave the crossover and on their energy, that is to shrink the size of the
electron spot on the screen, one has to reduce both the beam angle and energy
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of electrons leaving the crossover, thus providing conditions close to those of
paraxial optics. However, upon exposure of the whole cathode surface to
radiation under study, the aperture angle of the beam entering the crossover
is very large.

For example, for a 40 mm cathode tube, the aperture angle makes 36°, while
its energy is as large as 12 keV. Hence, to improve beam focusing onto the
phosphor screen plane, the aperture angle at the crossover outlet must be
compressed to 1-2° with concurrent energy reduction of beam electrons to
several electron-Volt units.

We propose employing a microchannel plate (MCP) see on Fig. 5 as an
electron energy converter, though other approaches are possible, too. When a
single-electron pulse travels along a MCP channel, time dispersion is much
dependent upon the number of collisions the electron has with channel
walls. With regard to the relation between MCP amplification and channel
gage calculated by Guest, we chose a MCP gage of no more than 10. Then at a
voltage of the order of 700 V applied across the MCP, one or two collisions
were observed for a single-electron pulse travelling along a channel, and the
resultant dispersion did not exceed 10 picoseconds.

Electrons escaping the MCP made a much lesser aperture angle than that at
the MCP input, which means that in addition to its energy conversion
function the MCP may serve as a supplementary collimator.

To improve the electron beam aperture compression, we installed at the MCP
outlet a flat grid with a potential of 5 kV approximately 1 mm away from the
MCP output surface. The consequent aperture angle of the electron beam that
had left the crossover did not exceed 1° at electrostatic field strength of 5 kV
near the MCP outlet.

Different approaches can be adopted to form a focusing system between the
crossover and the phosphor screen. In our first tube sample we used the
method in which focussing was done simultaneously with crossover
anisotropic transformation from round to rectangular form by the means of a
system comprising two quadrupolar magnetic lenses placed one after another
on the tube's outside. The field of such focusing system compresses the
electron beam in the sweep direction along the screen and strongly extends it
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in the orthognal direction, enabling a large amount of resolvable pixels be
formed along the sweep direction. The screen active area is 40 mm in the
sweep direction. The sweep is carried on through the action of an electric
field formed by two plates. Their geometry makes it possible to operate with 1
ns pulses. Their deflection sensitivity is 25 V/mm. The Fig. 6 shows a
diagram of a tube with a time plot for pulsed and constant electrode voltages.
All the mentioned ideas have been finally implemented in the tube shown in
Fig. 7.

Presuming that this tube should be effective in dealing with extremely weak
light signals, we decided to employ an image intensifier to ensure a weak
signal readout from the screen. The potential distribution in the Scancross
tube is such that the screen is under the jacket potential, which makes the
tube compatible with further devices through a direct contact.

Experts of our company have developed and manufactured image intensifiers
of four types with different image compression ratios providing an improved
compatibility with various photodevices. The intensifier family includes
four version, 1:1, 1:0.62, 1:0.46 and 1:0.33. To provide readout of information
from tube screens we developed a simple and reliable Apple-compatible CCD-
strip-based system composed of 1024 elements (500 x 12 urn). However, this
may be already subject of anther report.

So far, we have managed to test our image intensifier tubes only statically.
The dash real size on the screen was 0.08 x 7 mm. Dash brightness gradually
dropped off as a result of shadowing of some part of the cathode area. The
possibility of the dash length smooth variation on the screen using an
additional magnetic lens was proved experimentally. The dynamic regime
tests are now in preparation, and we would like to conduct them as carefully
as possible, since fidelity of results for picoseconds pulses is often dependent
on the way they were obtained.
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"SCANCROSS" - A New Chronographic linage Intensifier
for Highly Sensitive Optical Oscilloscope and LIDAR
Detection Systems

Boris E.Dashevsky & Alexander L.Surovegin
R&D Center "Radian" Moscow USSR.

The results obtained by RADIAN company through developing
image intensifier tubes capable to detect low-intensity
ultra-fast light phenomena are presented in the report.
The following questions are supposed to be discussed:

- a brief survey of existing methods and systems
- some new approaches, prerequisites and the conception
of developing scancross-type devices

- the scancross ttype principle of operation
- electrical support circuits
- preliminary results
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ELECTRICAL SUPPORT AND TEMPORAL DIAGRAM FOR LD-C TUBE
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Gated Optical Detectors for Lidar Applications.

A.K.L. Dymoke-Bradshaw,
Lidar applications require short laser pulses and well matched

fast detectors to give the best sensitivity and spatial resolution. Whilst
gated intensifiers do not offer continuous temporal information they
are considerably cheaper than streak cameras and several may be
used to cover different regions of the scattered spectrum. Gated
intensifiers also offer high rejection to the stray light, both before and
after the data capture period. Streak cameras are not normally capable
of preblanking and certainly not with the turn-on speed of a gated
intensifier system. A gated intensifier system ought to be able to
operate to within a few centimeters of a distant solid object and
perhaps several times this in front of a transparent object like an input
window. Generation-3 intensifiers are now currently available.
Although harder to gate, they can in principal be used as an alternative
with much higher quantum efficiency in the red. Generation-3 cathode
streak tubes are not readily available yet.

The gated detectors may also be used for 90° scattering, with
whole plasma imaging. If the laser pulse is the same length as the
transit time of the plasma of interest, then time resolution of an
evolving plasma can be achieved with fast gating of the detector.

For lidar applications in fog, smoke or under water it may well be
possible to operate at high repetition rates with lower peak power laser
systems, and use delay scanning to resolve objects from the
background of scattered light.

The pulse generators which are available to drive the gated optical
systems are also suitable for chopping of laser pulses. Whilst mode
locking is a well established technique for producing short pulses,
considerable performance is now available by chopping of Q switched
lasers with very fast pockels cells driven by high voltage pulse
generators. At a moderate cost this can provide a very flexible laser
system capable of producing pulses down to about lOOps with faster
systems on the horizon.



Experimental investigation of the AGAT streak-camera
application possibilities in the LIDAR

Thomson scattering diagnostics.

V.K.Gusev,E.E.Mukhln,G.T.Razdobarin,P.O.Konenko1

A.P.Ioffe Physic-Technical Institute AS USSR, Leningrad

A B S T R A C T
The data on experimental testing of the electron-optical AGAT

streak-camera specification are presented. The amplification,
gating ratio and slgnal-to-noise ratio performance of the streak-
camera are discussed and measured. It is shown that the
discrimination of the weak scattered signal against the preceding
strong one with the peak power around 107 times too large is
achievable. This property which is peculiar to the AGAT
streak-camera is caused by the local saturation of MCP
lntensifier. Some requirements to the streak-camera specification
parameters are formulated on the basis of the experiments.

1. INTRODUCTION
The LIDAR Thomson scattering system seems to be the most

promising to satisfy the requirements of the plasma diagnostics In
conditions of the high plasma background radiation and limited
plasma access /1/.

To provide the spatial resolution less than 5 cm which is
necessary for the edge and divertor plasma diagnostics one should
use the ultrashort pulse laser together with ultrafast scattered
radiation detector with response time less that 150 ps. At the
same time the highest possible quantum efficiency, large gain and
gating ratio should be supervised. Most of these properties are
perculiar to the streak-camera detectors with electronic shutters.
It should be kept in mind that the weak scattered signal which Is
to be recorded in LIDAR diagnostics is preceded and followed by
the strong stray light pulses originating from the Input window
and back chamber wall. These both ones could exceed the scattered
1Electro-technical Institute.Moscow



signal by 6 to 7 orders of magnitude. The very short near 1 ns
gating rise/fall time should be virtually provided for the stray
light signal suppression. To analyze the general properties of the
ultrafast LIDAR detectors the AGAT streak-camera was taken In our
experiments as a prototype.

2. The noise and the sensitivity limit
of electron-optical cameras.

To analyze the noise and sensitivity problems or the streak-
camera and Image lntenslfier one should look through the proper
gain coupling between the amplifier stages. The appropriate
matching of the camera screen readout device Is also Important. At
the moment there is a large number of different electron-optical
devices of various gain which are commercially available. The
coupling condition is to be nominated with respect to the gain
and dynamic range of each stage. The gain coupling requirement
could be formulated as follows: the whole system should be
designed to minimize the contribution of each stage amplification
statistical noise.

The amplification noise of any Intensifler stage used to be
specified by excess noise factor, determined as the normalized

ratio of the variances of output-to-input signals F= °u* . InL
the case when the input signal fluctuations are to be of the
shot-noise origin

F=i+-2-|- (1)
where k and crk are the mean value and standard deviation of the
amplification coefficient.

In the limit of idealized detector P-factor is equal to unity
whereas in reality it could be noticeably greater. In the case of
MCP amplifier F«2+6 /3/. The MCP amplification noise contribution
can be decreased by using the low noise preampliflcatlon stage. In
this condition the normalised ratio of output-to-input signal
variances can be written as follows /3,4/:
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where <n> Is the mean number of photoelectrons emitted rrom the
tube photocathode

K is the NCF amplification coefficient
H is the electron multiplication coefficient in

preamplifier stage
From equation (2) it follows that

This principle of the P falling down with low noise
preamplification was used in designing of chronografic
streak-camera AGAT. The preamplifier placed In front of the MCP
amplifier consists of the phosphor K-71 (electron-to-photon
conversion efficiency is about 400 photons per single 15 keV
energy electron) and photocathode S-20 (quantum efficiency ~0.1 In
the blue side of the spectrum). Both of them are put on the inner
surfaces of FOP and the outer surfaces are keeping in contact. The
value of the electron multiplication coefficient M of this stage
might be large enough to decrease the MCP-amplifler excess noise
factor.

The total amplification of the streak-camera and lntensifler
unit should be taken large enough to read out each single
photoelectron emitted from the tube photocathode. The required
total intensification follows from the screen readout device
sensitivity. Anyone two dimensional photon sensitive matrix can be
used for a screen readout. In particular a photografic film is in
a common use. The matrixes with linear output such as GGD cameras
are preferable. The single electron linage spot on the screen is
usually transferee! to the number of the CGD pixels. For the each
photoelectron recording the stored charge should be in excess of
the threshold charge value determined by the COD dark current.
This coupling condition could be satisfied while using the MCP
amplifier and CCD camera with the sensitivity limit of ~103

photons per pixel. The advantage of such array is rather broad
dynamic range. The accumulation of .the charge Induced by several



tens or primary photoelectrons inside the single electron linage
spot area Is possible.

It Is worth noticing that essential accumulation of the
electrons emitted from the limited area of the tube photocathode
during the short (-tens of picoseconds) time Interval Is
restricted by the coulomb push apart effect which was observed In
chronograflc electro-optical tubes /5/.

Another possibility Is using of the dual MCP lntenslfler In
conjunction with the streak-camera. Such the array may be
reasonable because of the higher MCP gain and correspondingly more
available coupling conditions between the GGD camera and the
lntenslfler.

The dynamic range of this array Is significantly limited due
to MCP gain saturation and Is restricted to a single photoelectron
per unit area of one electron Image spot. It means that one can
read out no more than 100*200 photoelectrons from the screen Image
area of 2*2 mm2 when the screen resolution Is about 10 mm"1. In
spite of this disadvantage the MCP output saturation nevertheless
can help the suppression of the powerful stray light signal.

The experimental part of this work deals with the AGAT
streak-camera performance investigation with the idea to use it
for scattered light detection in LIDAR Thomson scattering
diagnostics. The basic points of interest are the intensifier
gain, the noise level and sensitivity, the gating capability to
suppress the stray light and plasma selremission.

3. Specification of the AGAT- streak-camera.
The AGAT streak-camera Is the two stage electron-optical

convertor. The chronografic tube PV-001 used as the first stage
has a multi-alkali 2*5 mm2 area photocathode and is capable to
scan the ultrashort time processes. The streak speed is ranging
from 0.25 nsec/cm up to 13 nsec/cm, the screen resolution Is near
10 mm"1, electron-optical magnification is 2. With the 40 mm tube
screen diameter It is possible to Investigate the several nsec
duration processes with the temporal resolution being not worse
than 100 psec. The electron image controlling Is achieved by means
of the streak deflecting plates and electron beam deflecting
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shutter. The deep gating ratio Is feasible during the whole time
beyond the streak phase. The FOP screen of the tube Is kept In
close contact with PMU-2B MCP image lntenslfler photocathode.

The photocathode Input and the screen output light fluxes
were measured to calculate the total amplification coefficient and
gating ratio. LED with peak response In the blue side of spectrum
A.*470 ran was taken as the light source. The fluxes relative
measurements of the LED and tube screen emission were performed
with S-20 photocathode P.M. which response Is nearly the same both
In the range of the LED and screen emission spectra. The
experimental data turned to be rather close to the catalogue ones.
The total amplification coefficient In the blue side of the
spectrum was found to be 5«1O3 photon/photon. This corresponds to
(0.5*1)-105 photon/photoelectron provided the photocathode quantum
efficiency being in the range of 0.05+0.1.

This amplification seems to be In accordance with CGD matrix
capability of detecting the single photoelectron screen flux
provided the low losses coupling between the COD camera and
intensJfier can be attained.

The gating ratio is determined by the camera operation
scenario. According to our measurements the signals arriviug at
the time period (I) before the streak triggering have been
attenuated up to 1O~* due to electronic gating. A full scale
amplification stated above refer only to the time period (II) of
the streak action. At the time period (III) Just after the streak
is over the attenuation of 10~4 is switched once again. In order
to supress the spurions streak Image occuring due to the fly-back
sweeping the additional deep gaitlng is applied on the time being
of ~.4 ms. The time period (IV) lasting from 0.4 ms up to 0.7 ms
after the streak triggering is attributed to the final step of the
MCP voltage pulse. During this delayed time period some
deterioration of gating ratio may happen. This camera operation
scenario is illustrated In the set of traces of figs.1a,1b.
Traces "a" correspond to the delayed triggering of LED with



respect to the streak triggering, contrary to the traces "b" which
are referred to the forestall LED triggering. The traces of screen
flux recording by P.M. (1), pulsed MCP voltage (11) and the
photodlode Intensity (ill) are presented. In the P.M. traces
(l)one can easily recognize all the mentioned above time periods
(I-IV) of camera operation scenario. The deterioration of the
gating ratio starting at the time t ~700 jisec was excluded lately
by means of shortening of the MCP voltage pulse duration down to
0.4 ms.

One of the basic points of the streak-camera performance is
the sensitivity limit which is defined by the signal statistical
fluctuation in photocathode and MCP amplifier. For a given
photocathode quantum efficiency the sensitivity limit is strongly
dependent on the detector excess noise factor P. In order to
estimate this factor the electron multiplication coefficient M of
preamplifier stage needs to be measured (see eq. 3). Unfortunately
these measurements are hardly to be carried out because of the
technological reasons. Some estimates of the streak-camera
sensitivity limit have been made on the basis of the comparison of
P.M. output statistical fluctuations In two measurement runs. In
these two runs the P.M. photocathode was illuminated In a
different manner: directly from the source and then from the same
source after its image Intensification. In the first case the
signal fluctuations are dependent on quantun\ efficiency 7 and
excess noise factor F of the P.M.' •

-2f~JL
vr F

In the second case the corresponding parameters 7, F refer to the
streak-camera AGAT. In our experiments the I|2) emitting the 300
nsec duration pulse was taken as a light source. To provide the
same Integration time in both runs,the P.M. 'output was gated by 26
nsec pulse duration which is equal to the streak-camera sweeping

7
time. It was found that the P.M. — ratio is a factor of 2.5 as

F
large as the streak-camera one. This difference can probably be
explained by the less value of the tube photocatode quantum
efficiency. The photoelectron absorption by the mesh electrode



placed near the tube photocathode may be the reason. It Is worth
noticing that this set of measurements was performed at the small
MCP gain. This can also Influence the final result. At this time
the quantum efficiency and excess noise factor measurements can
not be regarded as fully completed. Nevertheless It may be stated
that the streak-camera sensitivity limit Is not essentially lower
than that of the P.M. with S-20 photocathode,

4. The low Intensity signal discrimination against
the high Intensity stray light pulse.

The streak-camera capability to discriminate a low intensity
signal against the extremely large spurious light pulse was
studied experimentally. The experimental set up (see Fig.2)
consists of a number of blocks namely: Nd-glass picosecond laser
with the second harmonics convertor (1-17), the optical delay line
(off-axis path spherical Eabry-Perrot) (23-24), the optical array
of glass plates originating the testing light pulses (31,33,34)
and the AGAT streak-camera (30).

The laser passive mode synchronization is used for generating
a pulse train . The oscillator cavity is formed by two mirrors one
of which (R s 100%) Is kept In close contact with the dye 3274-Y
solution slrculatlng inside 1 mm clearance (5). The pulse train
length is about 250 nsec the time period between the pulses is
about 8 nsec with each pulse duration being around 10 psec. The
pulse selector (9,10,11) consist of two crossed Glan-Tailor
polarizers and optically triggered pockels sell. The single laser
pulse passes through the due-sell (14) to reduce the laser
background before the amplification. Frequency doubling sell (16)
was used to convert the IR laser radiation Into the second
harmonics A. = 0.53 \ua.

The optical delay line formed by the two 2.5 m focus
spherical mirrors (23,24) of 0.8 m spacing provides 22 passes of
the laser beam with the delay time being of 58 nsec. This delay
time Is necessary for proper triggering of the streak-camera with
respect to the moment of the photocathode illumination. The
spherical mirror set has the advantage as compared to the plane
mirror one due to small size and low light losses /6/. Laser



energy at the delay line output was In the range of 0.1+0.5 mJ.
The glass plates array (31,33,34) placed Into the laser axis

was used to produce three light pulses of different Intensities
for the photocathode Illumination. Two low Intensity signals were
due to the diffuse scattering of laser beam Inside the glass
plates 31 and 34. The scattered light Intensity per unit solid
angle was ~3.7«10"5 of the Incident flux. The reflected beams from
the plate surfaces were pointed to the light dumps 32 and 35. The
high Intensity signal was produced by the backreflection of the
laser beam from the glass plate 33. The reflection coefficient
from A.R. coated surfaces was near 1%. The viewing axis of the
camera was slightly tilted towards the laser beam. This provides a
small displacement of the Image spots originating from different
plates across the sweep trace. The Image size of diffuse scattered
spots on the photocathode was near 0.3+0.4 mm. The objective
optical magnification was ~1/50. The collection solid angle was
~10"5 sr. The PWMH of the backreflected spot was about 0.1 mm for
laser beam divergence of 10"3 rad and camera objective focal
length of 80 mm. The ratio of the light fluxes Inside the spots of
backreflected and diffuse scattered origin was as large as 107.
All three testing pulses are arriving In succession In a single
sweep trace. The delay time between testing signals can be easily
varied by means of changing the plate spacing. The absolute
Intensity and the ratio of fluxes from the plates can be varied
also by the laser output and the backreflected signal attenuation.
The photographic film was taken to pick up the linage from the
screen. The minimum detectable signal Is expected to be of ~10
photoelectrons per a single-electron Image spot of 10~4cm2

provided the amplification coefficient is to be ~105

photons/photoelectron and the film sensitivity ~1O10 phot/cm2. The
traces on figs.3a,3b represent the screen film picked up
densltograms of the three successive spots corresponding to the
testing light pulses. The streak sweeps from left to the right and
streak-speed Is 7 nsec/cm. The large central peak (flg.3a)
corresponds to the backreflection of laser beam from the plate 33.
It contains about 2«1012 photons. Two remaining peaks at the 4 t h

and 25 t h mm from the streak starting point correspond to the

8



diffuse scattering of laser beam Into the camera aperture from the
plates 31 and 34. Their spacing from the plate 33 Is 133 cm and 82
cm correspondingly. The time Interval between the signals equals
to the twice time of laser pulse flight between the plates. The
right side recorded signal contains about 5*10* photons. As It
follows from the figure this signal which is delayed for 5.6 nsec
from the central one Is well distinguished lnspite of great
amplitude attenuation 107.

The densitograms In fig.3b are virtually the same three Image
spots when the backreflected beam from the plate 33 has been
dumped. One can see that the backrefleeted spot in fig.3a Is
noticeably broader than the diffuse scattered one in fig.3b. The
width at the bottom of the reflected signal spot densitogram is
about 3 mm along and near 1 mm across the streak direction. The
main reason of the alongside broadening is virtually a poor
contrast of the laser pulse profile.

There could be two reasons of the spot transverse dimension
broadening from (0.2 mm expected to be, up to 1 mm which was
observed in experiment). The first one is the contribution of the
laser beam divergent wings. It worth to note that no laser beam
shaping has been undertaken In this experiment. The second and the
more principle one is the instrumental function deterioration.
These both reasons are the consequence of the extremely high
backreflected signal intensity. No.matter what the main the reason
Is the experimental data draw to the conclusion that the time
delay of 0.7 nsec Is enough to distinguish a low intensity signal
against the previous one with the intensity 107 times too large.

5. Conclusion
It was shown experimentally that the AGAT streak-camera

specification In common features satisfies the LIDAR detector
requirements. The sensitivity of camera Is very close to that of
the P.M. The advantage Is the capability of low intensity light
pulse discrimination against a powerful localized highlighting at
least 7 orders of magnitude in excess. This discrimination Is
possible even within very short time Interval near 1 nsec. The
total gain of near 105 photons per single photoelectron seems to



be satisfactory for the low noise GGD camera screen reading.
The gating performance Is high enough to suppress the stationary
background emission and could be Improved If necessary.

The further characteristic Improvement Is possible. The main
performance characteristics of upgraded device: the photocathode
area Is to be 4 times Increased up to 4x12 inn2. The camera
magnification Is to be decreased down to 1.4. The dual MCF Image
lntenslfler Is planned to be used to make the excess noise factor
close to unity and to Improve coupling between the GGD camera and
lntenslfler.
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Plg.2

Experimental layout
1 - He-Ne laser
2 - aperture
3,4 - Aluminium mirrors
5 - Due cell with 99% reflecting dielectric end mirror
6 - Neodymium laser rod 010*290 mm
7 - 3 nan operture
8 - 5095 reflecting dielectric output mirror
9,11 - Glan-Taylor polarIsers
10 - Half-wave switching Pockels cell
12.21 - lenses
13 - Gas-filled laser-triggered spark gap
14 - Dye cell
15 - Amplifier
16 - KDP doubling frequency cell
17 - Filter 1.06 \m cut off
18,19,25,29 - Prisms
20,26 - Beam splitters
22 - Past photodiode (200 ps respoonce time)
23,24 - Mirror delay 58 ns
27 - Coaxial photoelement (500 ps responce time)
30 - Streak camera
31,33,34 - Signal plates
28,32,35,37 - Beam dumps
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Abstract

A LIDAR system combined with a streak camera was investigated to get higher spatial resolu-

tion than the present LIDAR on JET (spatial resolution 100 mm). In order to realize the system, i)

confirmation of the detection limit of a streak camera and ii) optimization of the system were neces-

sary. Regarding i), we estimated the SN ratio of a streak camera system with a CCD camera for

read out of the streak image theoretically and checked the estimation by observing Rayleigh scatter-

ing using a sub-ns YAG laser/SHG. The results showed that the SN ratio of the system near the

detection limit was dominated by read out noise and dark current of the CCD chip and it could be

improved to the value determined by photon statistics by getting sufficient light gain at the streak

stage. Regarding ii), the observable length along the laser beam is determined by a) a spot size of

the observation volume at the entrance slit of the streak camera, b) length of the output screen of the

streak tube, and c) streak speed. On the other hand, loss of scattered light due to vignetting

becomes larger when the spot size is made smaller. Therefore, the system was optimized to get as

long an observable length as possible under the constraint of deterioration of the detection limit due

to vignetting. A grating spectrometer was shown to be feasible for certain conditions.

§1 Introduction

A LIDAR system has good accessibility to fusion-plasma devices and is believed to be the only

possible system of Thomson scattering for divertor plasmas and future nuclear-burning plasmas.

A LIDAR system is now routinely working on JET. However, the spatial resolution of the system

(-100 mm) is not sufficient for certain measurements and its improvement is desired.

To realize higher spatial resolution in LIDAR system, one solution is to introduce the laser

beam tangentially to a magnetic field and thereby making the spatial resolution perpendicular to the

magnetic field to be determined by a spot size of the laser beam. However, this method is appli-

cable only when a suitable diagnostic port is available. Therefore, efforts to improve the spatial

resolution along the line of sight of the system should be made to preserve the inherently good ac-

cessibility of the system.

The spatial resolution is determined by the pulse length of the laser beam and the response time

of the detector. In the system now working on JET, it is determined mainly by the response time

of the detector (photomultipliers). It is expected to be improved to less than SO mm by using a

streak camera as its detector. For that purpose, there are two factors to be considered, namely 1)

absolute sensitivity and detection limit of a streak camera and 2) optimization of the system.

Regarding I), we considered the SN ratio of a streak camera system, where the output was read

I
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out by a CCD camera, and examined its properties experimentally by observing Rayleigh scattering

of a sub-ns YAO laser/SHG. This is described in Section 2.

The item 2) is related to the following facts; when a streak camera is used, the observable re-

gion of a plasma along the laser bearv is determined by the streak time needed to streak the whole

output screen of the streak camera and the longer the streak time the longer the observable region.

On the other hand, the spatial resolution is determined by the streak time of the length of the image

of the entrance slit of the streak camera and the shorter the streak time the higher the spatial resolu-

tion. Therefore, in order to observe a wide region of a plasma with high spatial resolution, focus-

ing of the observation point as small as possible on the entrance slit of a streak camera and use of a

streak camera having a long streak length are necessary. Then, vignetting due to movement of the

scattering volume along the laser beam becomes a problem. In the present system on JET, to over-

come the vignetting effect, images of diagnostic ports instead of the scattering volume are focused

on photocathodes of photomultipliers. This kind of solution for the vignetting is impossible for a

streak camera system and optimization of the system considering the vignetting is necessary. In

order to take this into account quantitatively, changes in the collection efficiency of the collection

optics due to loss of collected light by vignetting and change in detection solid angle were consid-

ered by using a model of observation of scattered light under the assumption of use of a streak

camera with the longest streak length presently available. In the system, a spectrometer with a

grating seems feasible. These are described in Section 3.

§2 Detection limit of a streak camera system

Figure 1 shows a construction of a streak camera combined with a CCD camera for reading out

of the streak image. First, we will consider the SN ratio of the system theoretically and then exam-

ine its properties experimentally.

We assume the input to the system to be a pulse train whose average number is Nph [photons]

and distribution is the Poisson distribution. Many elements involving statistical process are con-

nected by cascade in the system and fluctuation of its output becomes a convolution of fluctuations

of the input and fluctuations originating in each element of the system. Photo-electron number

generated in the CCD chip u and its fluctuation o are given as follows by considering the distribu-

tion of the output of each element for unit input and convolving each.
(1)

(2)

where pi=a0iP2;a is the quantum efficiency of photo-cathode of a streak camera, pj is the trans-

mittance of the mesh electrode and 32 is the input efficiency of the MCP, y is the emissi vity of sec-

ondary electrons at the entrance of the MCP, m is an averaged amplification factor of the MCP, 6 is

the electron-photon conversion efficiency of the output phosphor of a streak tube, and P2=n6; n is

the coupling efficiency between the output phosphor of a streak tube and a CCD chip, 6 is the

quantum efficiency of the CCD chip. In the CCD chip, read out noise OR and dark current noise

OD are added to the fluctuation given by eq.(2). Then the SN ratio of the output of the CCD chip is



given by

S/N=

Calculating eqs.( I) and (2) by using values of each element of a streak camera used in the experi-

ment mentioned later (e.g., «=0.1, pi=0.55, P2=0.6,7= 1.3, m=I000, 8=50,11=0.02, and 6=0.12)

results in

H=5.INph, (4)

O=V2.04xl03Nph, (5)

On the other hand, OR and OQ are typically OR =20 [electron rms /pix/scan] and GD=3 [electron

rms/pix/scan] for a cooled CCD chip. Then, for the area of 4 mm2 of the CCD chip which con-

tains 17400 pixels, the fluctuation due to these factors is given by

oi+Oo=7.1xl06. (6)

Therefore, the final S/N is given by

S/N=-
V7.1xl06+2.0xl03Nph'

As can be seen in eq.(7), SN ratio is strongly affected by the read out noise and the dark current

when Nph is less than 4000.

Figure 2 shows the experimental arrangement of Rayleigh scattering measurements which were

used to calibrate absolute sensitivity and to determine a detection limit of a streak camera system.

A second harmonic (SHG) of a sub-ns YAG laser and a streak camera system ("C283O Temporal

Analyzer" produced by Hamamatsu Photonics K.K.) were used. As mentioned above, the detec-

tion limit of the system is strongly affected by read out noise and dark current of the CCD chip.

Therefore, the detection limit can be improved by getting sufficient light gain at the streak stage.

We n.tde a modification of the streak camera to increase light gain by a factor 10 by increasing the

applied voltage of the MCP and the voltage between the MCP and the output phosphor. Laser en-

ergy of full power 0.3 J at SHG was adjusted to 2 mJ in order to yield an adequate signal intensity

for the purpose. Scattered light was observed perpendicularly to the laser beam. An optical delay

was used to trigger the streak camera. The SN ratio in the observation was determined as follows.

Namely, we observed 100 Rayleigh scattered signals from nitrogen gas of pressures of 20-7SS

TOIT respectively, then obtained u as their average and o as their standard deviation. An example

of the data are shown in Fig.3, where the abscissa is the output of the CCD camera with a unit of

count which corresponds to the number of photo-electrons produced at the photo-cathode of the

CCD chip, and the ordinate is the frequency of signals whose intensity were in the range of the ab-

scissa divided into several regions adequate to see their distribution. The curve on the figure is the

Poisson distribution obtained by a least squared error curve fit. SN ratios obtained from these

procedures are plotted in Fig.4. The abscissa is the total photon number entering the entrance slit

of the streak camera which is determined by the parameters of the observation optics and the nitro-



gen gas pressure. The dotted curve on the figure is the result of the calculation of eq.(7) before the

modification of the streak camera and the solid curve on the figure indicates the result after the

modification. The above experiment was done after the modification. From the results, the de-

tection limit of photons of scattered light, which enter the entrance slit of the streak camera, of 500

was obtained. It should be improved down to about 100 by getting more light gain at the streak

stage. For the same integration time, the sensitivity of the streak camera is worse by a factor of 10

compared with a photomultiplier with the photo-cathode of the same quantum efficiency due to the

loss of photo-electrons at the mesh electrodes and the MCP input. This is tolerable for measure-

ments at high plasma density, and we conclude that the streak camera system is a possible detector

for the LIDAR system.

§3 Optimization of the system

(n the previous section, a streak camera was shown to have sufficient sensitivity as a detector of

the LIDAR system. However, the geometrical difference between a photomultiplier and a streak

camera makes optimization of the system on different points of view necessary. Namely, the spot

size of the observation volume should be focused as small as possible on the entrance slit of the

streak camera, and the length of the output screen of the streak tube should be as long as possible to

get a long observation length. The former factor dictates the observable length along the laser

beam due to loss of scattered light by vignetting. In this section, the effect is considered in detail.

We assume the use of a streak tube having the largest output screen presently available.

Specifications of the tube are as follows, namely, ISO ps maximum temporal resolution, 20 radiant

gain, I06 shutter ratio, 35mmx4mm effective photo-cathode area, 0.75 magnification of image and

$64mm output screen. Combining this streak tube with a focusing of the laser beam to a diameter

of $10 mm at the observation points yields a system shown in Fig.5. In the system, a laser beam

is introduced into a plasma through a horizontal pott, and the Scattered light is observed through the

same window and collected by a mirror Ml. Focus of the collection system is 10 m away from

Ml. When the laser beam is focused to $10 mm and the detection solid angle is less than 0.008 sr

(F/10 collection), the observation volume can be focused to less than 4.S mm at the entrance

aperture of a spectrometer by using an F/4.S focusing lens. This fact indicates that a commercially

available spectrometer could be used. Parameters of the spectrometer are shown on the figure,

namely, F/4.S, 4.Smmx4.5mm input aperture, 400 lines/mni grating, and 35mmx4.5mm output

screen with a spectral range of 400-700 nm and resolution of 40 nm. This specification is suitable

for measurements of plasmas having temperatures ranging from about 1 keV to over 10 keV. The

image of the output screen is transferred to the photocathode of the streak camera by an F/4

focusing lens.

In order to investigate the vignetting effect of the system quantitatively, the ratio of the scattered

light which goes through the aperture A to total scattered light collected by Ml was estimated as a

function of the position of the scattering volume along the laser beam with F-numbers of the collec-

tion mirror as a parameter, using a ray tracing code "Optic" written by Dr. P. Nielsen of JET. The

dimension of the aperture A was changed according to the F-number as indicated on the figure



which was selected so that all the light going through the aperture entered the entrance aperture of

the spectrometer. The results are shown in Fig.6. They includes both the vignetting effect and

the change in collection solid angle due to the movement of the scattering volume. For F/IO op-

tics, a large collection efficiency is obtained at the focus of the collection optics. However, it

sharply decreases as the observation volume moves. On the other hand, for F/20 optics, collection

efficiency at the focus is smaller than that of F/IO optics by a factor decided by the difference in

detection solid angle. However, the loss of scattered light due to vignetting is smaller than that of

F/IO optics and the collection efficiency exceeds the value of F/10 far from the focus. This is

because a larger aperture is usable for F/20 optics due to ease of focusing after the aperture.

Assuming the total transmittance of the system to be 0.2, use of a ruby laser, and spatial resolution

of SO mm yields photon number which enters the photo-cathode of the streak camera to be

Nph=l.6xl0*l5neELT1c. (8)

where rie [nv3] is the electron density at the observation volume, EL [i] is the laser energy and r\c is

the collection efficiency given on Fig.6. For the case of n e=lxl01 8 nr3, EL=I J and nc='.

Nph=1600 is obtained. This adicates that the system considered here is realizable, where realistic

parameters of laser energy, detectable electron density and detection solid angle are assumed. The

observable region along the laser beam is I m for the present case, which is determined by multi-

plying the spatial resolution of the system by the ratio of the length of the output screen of the

streak camera to the size of the image of the scattering volume. This is sufficient for divertor or

edge plasma measurements. However, it is difficult to get sufficient collection efficiency over the

whole plasma region having a diameter of several meters due to vignetting. Therefore, we con-

clude that the system with a streak camera is suitable to local plasma measurements where detailed

measurements are necessary.

Discussions so far were made under the assumption of use of a cooled CCD camera to get a

low detection limit, which restricted the frequency of reading out of the streak image to less than 1

Hz. In order to get a higher repetition rate of data acquisition, however, we need to use a CCD

camera working at a room temperature. In this case, 30 Hz read out is available while the dark

current increases by 160 times. However, because the dark current is inversely proportional to

read out time, the actual increase is 6 tines. In addition, read out noise increases in proportion to a

square root of band width of electric circuit, which is about 6 times for the present case.

Therefore, if we can get about 10 times larger light gain than that considered above, the same SN

ratio is obtainable by non-cooled CCD camera. This gain seems to be realized by using a tapered

fiber plate which couples the output screen of an image intensifier to a CCD camera upon suitable

R&D.
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A report on the capability of the roicrochannel plate photomultiplier
type (ITT F4128) presently used at the JET LIDAR Thomson Scattering
System is given. Detailed investigation on time response, low noise
amplification, shutter ratio, gating behaviour, linear mode of
operation and saturation pulse recovery carried out during the design
phase for LIDAR are presented. Mew investigation with respect to dc-
and gated operation showed no measurable changes in sensitivity of
this MCP photomultiplier. Comparing this type of detector with other
MCP photomultipliers and with streak cameras some detection schemes
for future LIDAR type diagnostic are proposed.
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1. Introduction

The development of microehannel plates (MCP) for image intensifier
/U and short time optical shutters has influenced the production of
high frequency photomultipliers. Since the past 15 years the MCP
photomultiplier has replaced the "crossed field" types completely.

With respect to their performance they are used as
a) low noise detectors for very low light levels, as

necessary for laser scattering experiments (LZOAR)
b) fast switchable detectors for investigation of "giant"

laser pulses, pre- and post-pulse behaviour.

2. Principle of MCP photomultiplier

The basic construction features of this type - a proximity focused
high vacuum optical detector - ITT F4128 /2-4# 8-10/ is shown
schematically in fig.l.

ITT F4128 fj PHQTOCATHODE MICROCHANNEL PLATE

MCP

"V-plaic"

• i 18 mm

•c-l2.5f . im

Nch~5-l05cnT2

10 mm

METAI,FTTM

d

U

E

PC

0.3

150

5

MCP

I.I

1800

16

A

1.3

300

2.3

mm

Voil

V/cm

NODE

Fig. 1: Basic construction features of a proximity focused MCP-PMT
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The MCP-PMT consists of
a) an optically transmissive input window (quartz)
b) a back-side illuminated flat photocathode on the inner surface

of this window, MA3 type similar to S20, 10/18mm diameter.
c) a MCP in close proximity and parallel to the photocathode, in

a 2-stage version ("V-plate"), 18 nun diam., 5xlOs channels/cm3,
12,5 |tm diam. each.

d) an appropriate electron sensitive anode close behind.

This version has got layers of metal web structure on all surfaces,
allowing for high frequency gating. Together with the low capacity
of the anodo being capable of high frequency operation even with a
holder not perfectly matched.

In the normal "on" mode the photocathode is operated at a negative
potential of up to {-) 150 Volt with respect to the MCP. The photo-
electrons emitted are accelerated directly, without loss towards the
MCP. The collection efficiency of the MCP input is very high >.85.
This is due to the fact, electrons hitting the metal web areas are
capable to create secondary electrons which subsequently may enter
(at least the major part) the microchannels following those very
close penetrating directly, see fig. 2. Then producing additional
secondary electrons by depleting the charge stored within the
individual channels.

MCP GAIN MODEL

* Si
n

0(1)

0(2)

= 2 .7 -3

= 1.35

= 20

= 750

= 3 x 10s

7 TV-plate")

• OUTPUT
j ElECTAONS

Fig. 2: MCP gain model
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The so called "first dynode" at the entrance of the HCP has a gain
of 2.7 - 3, higher than the "distributed" dynodes to follow within
the HCP channels, achieving an average gain of 1.35 each. This is
summing up for approximately n - 20 distributed dynodes within one
single stage HCP to an overall gain of 750, leading to < 3 x 10s for
a 2-stage HCP, a "V-plate". Within one single HCP channel a charge
of 12 000 electrons can be depleted for linear pulse output without
recharching. This giving a maximum linear output charge of 1 nC/cm2.

In the "off" mode a small positive potential between photocathode and
MCP is sufficient to prevent photoelectrons (PE) from escaping the
cathode area and even "recollecting" some secondary electrons created
near the input of the HCP.

A qualitative overview of the influences on the performance of the
HCP photomultiplier is shown in table 1.

VOLTAGE

PC-MCP

MCP

MCP-ANODE

RISE TIME

yes

...

yes

GAIN

yes

yes
—

NOISE FIGURE

yes

—

...

SATURATION

—

yes
—

Table l: Influence on the performance of MCP-PMT's, qualitatively

The time response is effected by both, Cathode-MCP and MCP-Anode
voltage accelerating the electron towards the next stage. There is
practically no influence to be found with .respect to the voltage
within the HCP due to normal operation (transit time prop, to /o ).
The overall gain is mainly effected by the HCP voltage. The potential
of the photocathode with respect to the HCP input effects the gain
not very strongly, but a factor of about 3 is to be expected ("first
dynode gain", see fig. 2). The noise characteristics is, as expected,
only influenced by the cathode potential and a function of the first
dynode secondary electron gain. The capability of linear operation
(avoiding saturation) is only influenced linearly by the HCP voltage,
according to the charge stored dynamically within the channels.

All these influences will now be investigated quantitatively.



- 5 -

3. High frequency response

The time response of the MCP-PMT is originating partly from the

jitter in the overall transit time and on the transit time between
HCP and Anode itself /3/. To this part of the rise- and decay-time
we have to add t»»e contribution of the capacity C to be charged or
discharged.
T*(transit) • T2(P-MCP) + T2(MCP) + T2(MCP-A)
Typical values 55ps (150V) 54Ops (2) H3ps (1.5kV) —> 600ps

4T2(rise) = AT2(P-MCP) + AT2(MCP) + ADT2(MCP-A) + T2(MCP-A) + (ZC)2

Typical values 2ps 41ps 21ps 113ps —> 13Ops

This leading to a rise time of ~130ps (200 ps for 300 V between MCP
and anode) and a small contribution due to charging by "e-beam" at
low impedance. The decay time of 130ps is increased by a major
contribution of discharging in a 50Q-line exceeding 200 ps.

Fig. 3: Pulse shapes used for measuring the time response
200 mV/div, 200 ps/div

Figure 3 shows a variety of pulse shapes used to measure the time
response of the MCP photomultiplier from ITT F 4128 (Stuttgart
version with a photocathode of 10 mm diameter). These optical pulses
were generated with a cw-laser diode operating in pulsed mode (SHARP
LT20MC, modulation bandwidth up to 6 GHz). The pulses measured at
optimal voltage distribution of the MCP-PMT (see fig. 1) showing a
rise time of the complete detection system of 240 ps or 340 ps FWHM
respectively. Taking into account the rise time of the sampling
system of lOOps and a minimum pulse width of 100 to 150 ps for the
laser diode (rise time < 5Ops, decay time < 100 ps approximately) we
can deduct a time response of the HCP photomultiplier of 270 ps FWHM
or 180 ps rise time, assuming gaussian pulse shape. For the 16 mm
dia. photocathode used at the JET LZDAR system measurements yield to
a rise time of 240 ps.
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The influence on time response of the voltage between MCP and Anode
will be described in the following:
As an example the FWHM measured for the complete registration system
is shown in figure 4 for voltages of 584V, 266V, 140V between MCP and
anode respectively. The FWHM of the system is increasing from 320 ps
to 400 ps.

584 V

266 V

140 V

320 ps

340 ps

400 ps

200 ps/div

200 mV/div

Fig. 4 Pulse width at different voltages between MCP and anode

This dependence on the time response with respect to the voltage
between MCP and anode is presented in fig. 5.

* MCP PHOTOMULTIPLIER ITTF4128

T
1
M
E

•
•

N

P
S

400

350.

300.

250.

200.

150.

100.

50.

r...

&BB&EBHB

LASER DIODE 780nm (50-100 ps)

SAMPLING SYSTEM (100 ps)

100 200 300 400 500 600

VOLTAGE MCP # ANODE / V
Fig. 5: Time response as a function of MCP-anode voltage
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Rise time, decay time and FWHM evaluated for the ZTT F4128 is shown
as a function of KCP to Anode voltage. The pulse width increases with
decreasing voltage. Above 300 V there is practically no further im-
provement (5%) in the time response to be measured. The photocathode
potential was kept to -120V

Measurements of the influence of the cathode potential were carried
out with optimized MCP to Anode voltage of 300 V. These results are
summarized in figure 6, showing the rise time as a function of
(negative) cathode potential.

MCP PHOTOMULTIPLIER ITT F4128
N
O
R
M
A
L
I
Z
E
D

V
A
L
U
E

EXC. NOISE (SNI = 1)

T-TRANSIT

-160 -120 -80 -40 -Z0 -30

VOLTAGE CATH. # MCP / V

Fig. 6: Influence of cathode potential on rise time, gain and noise

Starting from a normalized time response (240 ps for the system,
18Ops for the MCP-PM alone) the rise time begins to increase beyond -
-40 V, being just tolerable at -20 V and then rises rapidly for
smaller negative potential.

Measurements at different cathode potential are shown in the
oscillogram (fig.7) for different cathode potential. Only at very low
(negative) voltages (above -3 V) there is an influence on the rise
time to be detected.
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Fig. 7 Pulse width at different cathode potential
200 ps/div, 200 mV/div

There are some other quantities which are influenced by the cathode
potential being described further on.

4. Low noise amplification

The gain in the MCP-PMT is mainly originating in the microchannels
following the variation of the MCP voltage similar to ordinary photo-
multiplier with discrete dynodes. For a basic scaling: 60 V
difference in MCP voltage accounting for a factor of 2 in gain, 200
V for one order of magnitude.

Besides this main influence on the gain there is an additional
contribution by the cathode potential which is also shown in fig 6.
The gain, normalized to unity, is gradually decreasing when reducing
the negative potential of the photocathode, achieving .5 at -20 V and
.3 at -3V.
There is also an influence on the excess noise factor for signal
voltage increasing from 1.3 below -50 V to a factor of 2 at -3 V than
rising furtheron because of a "gain" < 1. Above this voltage the gain
of the "first" dynode drops below unity, the collection efficiency
will decrease. This resulting in a reduced effective quantum
efficiency r\* = i\ c, the statistic of photoelectrons getting worse.

Summarizing the influence of the photocathode potential we can state:
between -ISO V and -20 V there is only a very small variation in rise
time and excess noise. Besides the reduction in gain by a factor of
2 an operating voltage of -20 V seems still tolerable, easing gated
operation very much.
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5 Shutter ratio

Now we come to the most marvellous capability of this proximity
focused MCP-PM: - the shutter ratio - /3,12,14/. First describing
this on the example of static shutter ratio and then discussing why
it is much more complicated to measure the dynamic shutter ratio.

This shutter ratio is shown in figure 8 as a function of wavelength.

L
O
G

S
H
U
T
T
E
R

R
A
T
I
O

MICROCHANNEL PLATE PHOTOMULTIPIER

300

T>

ITT F4128

-j— LAMP
PULSELASER

CW- LASER

400 **50 500 600 700

WAVELENGTH IN NM
800

Fig. 8: Shutter ratio as a function of wavelength

In the red region this ratio exceed 10 n and is gradually decaying to
10 at 450nm. The strong drop to 108 at 300nm is caused by optical
feed througn because it is not effected even by counter voltages up
to + 100 V. The most probable explanation is: photons penetrate the
semi-transparent photocathode creating photoelectrons on the metal
film on the MCP surface. Assuming an optical transmission of ~1O"2

together with a quantum efficiency of " 10'* (Cr or Ni at 300 nm) this
accounts for ~10'8.
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The measurements were performed with different light sources;

A PULSED LASERS

nitrogen laser
dye lasers

< 1 us, lOOuJ

laser diode

<lns. 100(J
Cumarin
Na fluorescein

Rhodamine 6G
Rhodamine B

Kresylviolet I

II
> 100 ps, pJ

337 nm
445 nm
518 nm

560 nm

610 nm

640 nm

670 nm
780 nm

B CW LASERS

argon ion laser
lOOmW

HeNe laser

458 nm

488 nm

496 nm

514 nm

633 nm

C TUNGSTEN/ARC LAMP

BK7, 1 mm ' 310 nm

BK7, 10 mm 320 nm

BK7, 40 mm 330 nm

color glass edge filters from 345 nm

to 780 nm

Measurements in the red region were very critical because of this
enormous shutter ratio, we need to expose the photocathode with up
to 10" photons per pulse (some 100 JJJ, 1 ns) to receive a reasonable
signal of a few photoelectrons (few rnV) in the "off" mode. In the dc
case we had to expose the photocathode with up to 100 mW of argon ion
laser light to overcome our detection limit of 4.5 pA corresponding
to "100 PE. Therefore the measurements with HeNe-laser and laser
diodes were restricted by our detection limit, indicated by arrow.



- 11 -

Our MCP survived this high loading of the photocathode without any
decay in sensitivity. The only effect was a far higher dark current
after that kind of overexposure, recovering fast; showing the normal
dark current after a few hours in complete darkness (HV on).
The switching capability near the "off" status - voltages around zero
volt is shown in figure 9.
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L
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E

MCP PHOTOMULTIPLIEB ITT 4128
0*

4

-2.

4

-6.

-10.

-12.

-14

•xxxx
I

LD

U (-120V)

337

AR+: 515

-120 - 3 - 2 - 1

COUNTER VOLTAGE IN VOLT

Fig. 9: Switching performance as a function of cathode potential

Besides the behaviour in the ultra violet (opt.leakage) the voltage
necessary to switch off completely from the "on" status or on from
"off" status is less than 2V. in the red region (ruby laser
straylight) the voltage needed is even smaller .5V were suitable. In
principle a very small counter voltage ( > 3V) is sufficient for the
"off" status save enough in static mode, whereas in the dynamic mode
10 V seems appropriate.
The problem of measuring the dynamic shutter ration is only due to
the shape of laser pulses which are normally (q-switched) rising very
fast, but decaying gradually with an extended tail within the 10*s

region for tenth of ns. At the JET LIDAR ruby laser system with mode-
locked pulses, "cleaned" with two pockels cells in series we were
able to detect straylight pulses originating from pre- or post-pulses
indicating one pockels cell failing. This is giving an estimate for
a dynamic suppression rate of better than 10s.
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6 Gated operation

As shown in fig 9 a very small (positive) counter voltage is
necessary to close the MCP-PM "completely". To be on the safe side
we applied a voltage of + 10 V for the gated operation and switched
then the voltage between the photocathode and the MCP with a pulse
generator to -120 V within less than IS ns. This giving a voltage
rise of dU/dt of **lV/100ps which means switching faster than the
response time of the MCP-PMT. Measuring light focused onto small
parts of the photocathode we could prove the speed of the electrical
pulse travelling across the photocathode to be faster than it's rise
time. Applying slower pulses we determined the critical slope of the
gating pulse by the response function of the MCP illuminated with
short laser diode pulses. For this monochromatic light (780 nm) we
found .5V within 200ps were still fast enough. A detailed description
of pulse generators useful for gating MCP-PMT's is given in /22,24/.

There is one effect on the signal to be regarded when operating in
the dynamic gated mode the "switching-on" pulse, shown in figure 10.

U(C-MCP) = +10 V

U(gate) =-130V

500 ps/div

200 mV/div
Fig. 10: swi tching-on peak due to gated operation

Measuring the width of this short switching on pulse with different
slopes of the gating voltage gave similar results for the gate pulse
rise necessary.

Besides suppressing of pre-pulses and dc-background illumination
another reason for operating the MCP-PMT's in the gated mode only
is it's charge lifetime, see figure 11.
For the ITT F4128 the charge lifetime is 20 mC/cm2. This means after
extracting this charge the sensitivity (gain and/or quantum effic-
iency) will be decreased by a factor of two. Assuming a dc dark
current of inA equivalent to lnC/sec this leads to a time of '/. 10'
sec operating in dc mode, a fraction of one year. In the gated
operation this dark current is reduced by a factor of about*100
giving a charge lifetime comparable to human life.
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o

ui
- 1000V

lour INITIAL - 3OnA/20mm*

to' 10 •' 10' 10'
ACCUMULATED CHARGE Icoulombs/cm1)

Fig. 11: Charge life time /5/

A detailed investigation was done in Stuttgart by K. Hainan /24/in his
diploma thesis comparing the signal response of the MCP-PMT in dc and
gated mode. No change, neither in time response nor in spectral
sensitivity (gain and photocathode sensitivity) was found. These
measurements needing a precision of measuring +/- 1 v on a high
voltage level of 1800 V were conducted very carefully to reject all
"rumours" of changes in sensitivity due to gated operation.

Indications for changes in sensitivity were found only when leaving
the region of linear operation. This is described the next chapter:

7 Linear - nonlinear operation, saturation

The two main reasons for nonlinear response are:
1) single pulse saturation due to nonlinear gain with respect to

the input signal, occurring above a level of 50000 PE/cm2 pulse.
2) multi pulse nonlinear response due to operating at frequencies

too high to obtain recharching sufficiently - more than 99% of
the voltage.

Please keep in mind the gain is very sensitive to small changes in
MCP voltage (U/Uo)k, k being >15, therefore 1% in voltage summing up
to > 10% in gain.
Within the individual microrna mels there is a certain charge of
12000 e/channel stored which ^ xti be extracted linearly in a single
pulse with output current proportional to the input current. Assuming
"all" channels (500 000/cm*) contributing to the output pulse
(homogeneous illumination of the photocathode!l) the maximum linear
charge output is ~ 1 nC/cm2 (according to ITT /3 / ) .
The next oscillogram (fig. 12) shows different pulse heights
depleting charges of .5nC, l.SnC and 3nC from the microchannels in
a quasi continuous illumination homogeneously exposing the photo-
cathode before gating on and during "on" mode then being gated off.
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LASER DIODE SIGNAL
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DEPLETED

5 x 100 mV/div

10 ns/div
Fig. 12: Linear, nonlinear and saturated output

The linear operation is shown with a charge extraction of .5nC;
nonlinear decay of the signal with time is seen at 1.5 nC and some
indication of saturation is visible in the case of extracting 3 nC,
because it is crossing the 1.5nC signal trace at 30 ns.

Results of charge depletion measured is given in figure 13.
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Fig. 13: Charge depletion as a function of time for different gain
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The rotative signal normalized to the linear output is shown as a
tunctiou of time for thrcte individual MCP gains. The photocathode was
v-pound homogeneously (O.lmW laser diode at 700 nm, delivering
Q.xnJ/ns, n - 2%) producing "7000 PE/ns. The 90% limit of the signal
voltage corresponding to .8nC within an area of .76cm2 and agrees
very well with the proposed 1 nC/cm2 limit for linear response by
ITT /3/. This value is supported by measurements with area of the
photocathode reduced from 10mm to 7mm diameter giving half of the
maximum linear output.

An example of short time saturation pulses is shown on the next
oscillogram (fig. 14). The intensity of the short laser diode pulse
(FWHM 750ps, lOpJ at 700 nm, >10* PE) is attenuated by calibrated
neutral density filters. These measurements were checked using a
scatter plate giving similar results. The maximum output voltage
measured with a photocathode of 10mm diameter was 63 V corresponding
to ~1.3 A in a 50Q line.

signal

voltage

10V

optical

attenuation

90

30V

50V

58V

63V

30

4.1

1

Pig. 14: Saturation pulses at a repetition rate of 10 Hz
50 x 200 mV/div (attenuation 50), 500 ps/div

From the 18mm version used in the LIDAR system we were able to
extract more than 200V (lGhz scope, measured during the acceptance
test at Risj* /l8/), corresponding to ~3A within 700ps,

This mode of operation is normally chosen for single photoelectron
pulse counting when you are not depending on linear output but on a
high single PE signal. In this case of only few individual channels
emitting charges, you need only to care about the probability of
electron passing the same channel some time later but within the time
needed for recharging.
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The next oscillogram (fig. IS) is giving an impression of the
recharching time needed for linear signal output.

frequency
30

100

300
1

10 x

Hz
Hz

Hz

kHz

:200

10

mV/div

ms/div

Fig. 15: Recharging behaviour for linear signal output

The MCP-PMT was operated near the limit of linear output (50 000 PE
emitted by a 10mm photocathode) extracting just .8nC within 20 ns.
You can easily see the signal being reduced within a few pulses at
a repetition rate of 1 kHz, even at 300 Hz there is a slight
reduction. The repetition rate just tolerable operating at maximum
linear output voltage is between 100 and 300Hz; Eberhardt, from ITT
calculated 250 Hz /3/.

With respect to the operation at JET, where each measurement is
terminated by a enormous straylight pulse, because of the ruby laser
hitting the inner wall, creating a saturation pulse on each MCP-PM
the behaviour of saturation recovery must be known. The recovery time
was determined in Stuttgart using short double pulses produced by an
optical delay line, first pulse attenuated. The saturation pulse
recovery time is approximately 30 ms for the ITT F4128.

With respect to the lifetime of the MCP-PMT a single saturation pulse
(20) will deplete about 3nC/cm2 resulting in 6 x 106 saturation pulses
within the charge life time of 20 nC/cm2. Assuming a future 10 Hz
operation with a 20 sec duration of a JET pulse this leads a lifetime
equivalent to 3 x 10* JET discharges.
These ITT MCP-PMT types are also offered with a Ni film, increasing
the charge lifetime to 1 C/cm2. This film protects the microchannels
from being "poisoned" by the photocathode or/and the photocathode is
shielded from ion back streaming.
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8. Summary on MCP-photomulUpllers

A summary of the influence on the capability of MCP-PMT is given in
table 2 quantitatively, showing the dependence and the limits of
reliable operation.

VOLTAGE

PC-MCP

M C P

MCP-ANODE

RISE TIME

U < -20V

U>300V

GAIN

1-0.3

factor 2 (60V)

—

NOISE FIGURE

U < - 20V

...

—

SATURATION

...

Q~U
300/30 Hz

—

Table 2: Influences on the performance of the MCP-PMT P4128

For the MCP-photomultiplier from ITT F4128 we can state the following
capabilities:

high frequency response (dia. 10 mm) up to 2 GHz
high signal dynamic, linear output lnC/cm2

extremely high shutter ratio 10* to 1013

excellent saturation recovery 30Hz
self protecting system limited charge stored
charge life time (gated operation) 3 x 10* saturation pulses
low gating voltage -20 to -i50V, slope > 2.5 V/ns
high current pulse output up to 3 A/cm2

One warning should be given; because of the high current output the
voltage in a 50 Q line could easily exceed the damage limit of the
input amplifier of the registration system.

A comparison with respect to other manufacturer for MCP-PMT is shown
in table 3. Besides the ITT MCP-PMT there are some other tubes
available from HAMAMATSU and ITL. This table which might be useful
for further consideration, is showing the well known capability of
ITT PMT's in comparison with those from other manufacturers.
The full performance of the GaAs-type photocathode MCP-PMT from ITT
F4142 is not yet known and needs detailed investigation especially
with respect to life time and time response.
To be mentioned specially is the R2566U from HAMAMATSU having the
capability of 100 ps time response, but this MCP-PMT is not rateable
up to now.
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tit

MCP-PMT

n> 1%

MCP 01A.
CHANN.

max.V/kV

C-MCP/V

MCP(2)/V

MCP-A/V

GAIN

Ij/nA

ldc/nA

ITT F4128
MAI-4
»S20

<6S0nm
<850nm

> 18mm
12.5pm

2.6/2.2

150(550)

1800

300

> 1 0 s

> 1

100

ITT F4142
GaAs

620 • 810
600-900

> 18mm
12.5|*m

2.6/2.2

100(500)

1800

100

> 10s

>3

100

H A M A M A T S U

R2566U
» S20

<65Onm
<750nm

> 12mm
6 |im

4.6/4.0

850

1700

1450

5x10*

1-5

100

R1564U
»S20

dto

> 18mm
6 |im

3.4/3.0

950

1600

450

Sx 10s

1-5

1000

R2024U
»S20

dto

> 18mm
6 |im

3.4/3.0

9S0

1600

450

S x 10s

1 - 5

1000

I T L

»S20

<650nm
< 750nm

> 18mm

3.9/3.1

500

1600

1000

> 10s

1000

MAX.UN.
OUTPUT

WA
C-MCP
MCP /mm
MCP-A

t(rise)
t(decay)
FWHM

Q-UFE
TIME

SHUTTER
RATIO

GATING
off-on

ITT F4128

lnC/cm2

> 3A/cm2

0.3
1.1
1.3

2AQps4Wgi
270ps
350ps

20macmz

10"

+10V to
-120V

ITT F4142

noi fe&iccC

+10V to
-120V

R2566U

0.7A

< 1
1

lOOps
120ps
150ps

50mC

no gating

R1S64U

2
1

220ps
700ps
800ps

R2024U

10
1

300ps

50mC

3x10*
dynamic

C-MESH
15V

ITL

>400ps
500ps
700ps

+100V to
-500V

AOmtn

Table 3 : Detailed comparison of MCP-PMT's
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9. Comparison of MCP-PMT and adequate registration system with
Streak cameras capable for LIDAR type diagnostics.

The MCP-PMT system used at JET was investigated very carefully. It's
capability is well known/ whereas with respect to streak cameras some
further investigation must be carried out. Some of the factors not
completely known are shown in table 4:

Shutter ratio
Charge life time dc

gated (Id/100)
Linear limits
Recharging (lin. output)

(saturation)
Repetitive operation
Time response
Window of observation
Resolution limits
Spatial points
Information

MCP-PMT
1OI} to 108

20mC/cmz

"a century"
1 nC/cm*
300 Hz
30 Hz
> 107 pulses
240/100 ps
512 pxl
system rise time
-20

STREAK CAMERA
10*/10«?
photocathode?
phosphor?
investigation
investigation
investigation
bleaching?
< 100 ps
~40 mm sweep
focusing
10 to 15

full radial profile details of
N.(r) edge, divertor

Table 4: Comparison MCP-PMT with Streak camera

A streak camera system can improve the spatial resolution without
any doubts, but only in a spatial window restricted by the focusing
capability. This "focused" image together with the limited streak
length, resulting in about 10 to 15 spatial points. This should be
adequate for higher spatial resolution within a limited area such as
edge and divertor region.
The present day LIDAR system delivering ~2Q spatial points for the
whole plasma diameter can be improved by a factor of 2 using MCP-
PMT's presently available, having a matched registration system with
laser pulse width suitable.
Starting with the present day LIDAR system some improvements can be
suggested see table 5. Using a MCP-PMT with a 10 mm diameter photo-
cathode, a 4.5 GHz transient digitizer with an external preamplifier
not perfectly matched and a laser pulse of about 200ps this system
should achieve a spatial resolution of 5 to 7 cm all over the plasma
diameter. An even better spatial resolution might be achievable using
the fast MCP-PMT from Hamamatsu R26S5U together with an optimized
preamplifier the 4.5 GHz transient digitizer and a matched laser
pulse width of 100 ps giving a spatial resolution of 3-4cm. However,
up to now, this MCP-PMT is not yet gateable.
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LIDAR optimized max. Streak C.
ITT F4128 18mm <250ps

10mm <200ps
HAMAMATSU R2655U lOOps
STREAK CAMERA <100ps

TRANSIENT DIGITIZER 400ps
TRANS.DIG. SCD5000 200ps**
TRANS.DIG. SCD5000 90ps

LASER PULSE 300ps 200ps lOOps lOOps

RESPONSE TIME 670ps 35Ops 200ps 150ps
SYSTEM to850ps 450ps 250ps 200ps

SPATIAL RESOLUTION 1 0 - 1 3 5 - 7 3 - 4 2 - 2.5 cm

* M C P - P M with highest bandwidth, not gateable up to now
** with external preamplifier not perfectly matched to the system

Table 5: Time response and spatial resolution for LIDAR

There are other limits for higher spatial resolution besides the
detection system given. These limits are the availability of laser
systems suitable and the loading of optical components and coatings.

One limiting fact of detectability for each scattering diagnostic
system is the number of scattered photons, giving a certain signal
to noise ratio due to the number of photoelectrons emitted by the
photocathode. Assuming a constant number of scattered photons for
future LIDAR systems (same signal to noise ratio) means the energy
has to be increased according to decreasing the scattering length.

N, ~ E(laser) • dL • dQ .

For short pulse application the laser power determining the loading
of optical component is connected with the Energy according to

E ~ P(laser) • x(laser) .

The scattering length depends linearly on the pulse width

dL ~ T(laser) .
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For the solid angle we assume a scaling proportional to the linear
dimension of the experiment, the diameter of the laser beam should
remain the same as used for UDAR on JET (40 mm dia.).
Keeping the number of scattered Photons constant N, = const leads
to:

constant » ?(laser) • T2( laser) • dQ,

The laser power has to be increased quadratically with pulse width,
which means increasing the spatial resolution by ~3 results in an
increase of the laser power by a factor of 9.

For LZOAR systems on future fusion experiments the solid angle is at
least .3 dQ (LIDAR). This all summing up to ~ 10J, lOOps resulting
in an average power loading of > 15 GW/cm2 for a spatial resolution
of about 2 to 4 cm. This power loading will give problems because of
intensity variation across the laser beam causing localized damage
on optical coatings.
Even by increasing the beam diameter to 80 mm (bigger window) an
average Power loading of ~ 4 GW/cm2 seem still too high for window
and coatings due to exposure to plasma and radiation damage to be
expected.

10. Conclusions

An optimized MCP-PMT and registration system matched to a 200 ps
laser should be used for radial profile measurements achieving 5 to
7 cm spatial resolution. This could be improved by laser input and
viewing direction tangentially to the torus giving a far higher
spatial resolution near the inner wall when the laser beam cross
section is matched by focusing.

For higher spatial resolution within a limited region the streak
camera system seem to be suited for a spatial resolution of 2 to 3
cm. Further investigation on streak cameras should clarify the
remaining questions on dynamic shutter ratio and linear operation/
saturation recovery and repetitive operation needs to be examined.

Pushing the spatial resolution further down in the mm region needs
careful investigation of the power loading on optical components
operating at high laser power in the vicinity of the plasma and due
to radiation damage. But special means of focusing the laser beam
inside the plasma vessel could improve the spatial resolution
remarkably.



- 22 -
LITERATURE ON MCP-PMT

h Investigation on MCP-PMT's by manufacturers, data sheets

/I/ Eberhardt, E.H. Image transfer properties of proximity focused
image tubes. Appl. Opt. 1&, 2127 (1977)

/2/ Eberhardt, E.H. Gain model for microchannel plates.
Appl. Opt. 11, 1418 (1979)

/3/ Eberhardt, E.H. Parameters pertaining to microchannel plates
and microchannel plate devices.
ITT Opt. Prod. Div., Techn. Note No 127 (1980)

/4/ ITT (Eberhardt) Gated microchannel plate detectors.
ITT Opt. Prod. Div., Techn. Note No E23 (1984)

/5/ HAMAMATSU Characteristics and application of microchannel
plates. Techn. Manual, RES-0795

/6/ Koyama,K. Application of MCP-PMT's to time correlated
Kume, H. single photo counting and related procedures.
Fatlowitz, D. HAMAMATSU Corp. Technical Info. No ET-03, 1988

111 Kume,H. Koyama,K.Ultrafast microchannel plate photomultipliers.
Nakatsugawa,K Appl. Opt. 22, 1170 (1988)
Suzuki,S. Fatlowitz,0.

/8/ Data sheet on ITT MCP-PMT's F4126, F4i£8 and F4129 (ca. 1980)
*

/9/ Data sheet on ITT MCP-PMT F4128 (JET and Stuttgart type) (1984/6)

/10/ Data sheet on ITT MCP-PMT F4142 (GaAs type) (1988)

/ll/ Techn. data HAMAMATSU No T112-02 (1990)

J5 Investigations and application of MCP-PMT's for LIPAR
/12/
Salzmann, H. Proposal for a new Thomson Scattering Technique
Hirsch, K. for large fusion devices.

Inst. f. Plasmaf. Univ. Stgt. IPF-82-16 (1982)
/13/
Brederlow, G. LXDAR Thomson Scattering.
Gruber, J.E. JET Art. 14 - Contract JE 3/9009
Hirsch, K. MPI f. Plasmaphysik (IPP), Garching, report
Roehr, H. IPP-1/299
Salzmann, H. Inst. f. Plasmaforschung, Univ. Stgt. IPF 84-3
Witte, K.J.



- 23 -
/14/
Sal«mann, H. Proposal for a time-of-flight Thomson back-
Hirach, K. scattering technique for large fusion devices.

Rev. Sci. Xnstruro. ££,, 457 (1984)
/15/
Hirsch, K. Asessment of the possible use of the KE 1
Salzmann, H. Thomson scattering collection optics for an

additional LIDAR system.
IPF report IPF-85-1 (1985)

/16/
Salzmann, H, and Hirsch, K. Time-of-flight backscattering technique
Gruber, J. and Roehr, H. for large fusion devices.
Brederlow, G. and Witte, K. Rev. Sci. Instrum. 56., 1030 (1985)
/17/
Hirsch, K. Eigenschaften eines gepulsten MCP-Photomultipliers.
Koechel, M. Verhandl. DPG VI, 21/1 (1986) S34
Salzmann, H.
/18/
Hirsch, K. Internal Report on the acceptance test for the JET
Bundgaard et al. MCP-PMT's at Nat. Lab. Riso, Roskilde, Denmark
/19/
Hirsch, K. Shutter ratio of a gated ITT F4128 microchannel
Koechel, M. plate photomultiplier.
Salzmann, H. Rev. Sci. Instrum. 58., 2339 (1967)
/20/
Salzmann, H., Hirsch, K. First result from the LIDAR Thomson
Nielsen, P., Gowers, scattering system on JET
Gadd, A., Gadeberg, M., Nucl. Fus. 27, 1925 (1987)
Murmann, H., Schroedter, C.
/21/
Salzmann, H., Bundgaard, J., Gadd, A.,The LIDAR Thomson scattering
Gowers, C , Gusev, V., Hansen, K.B., Diagnostic on JET.
Hirsch, K., Nielsen, P., Reed, K., Rev.Sci.Instr.Jii, 1451 (1988)
Schroedter, C. and Weisberg, K.-V. Report JET-R(89)07 (1989)
/22/
Bundgaard, J. Electronics for microchannel photomultipliers in
Hansen, K.B. the LIDAR Thomson scattering diagnostic on JET.
Weisberg, K.-V. Rev. Sci. Instrum. ££, 3265 (1989)
/23/
Fajemirokun, H., Gowers, C. A high-resolution LIDAR-Thornson
Nielsen, P., Salzmann, H. scattering diagnostic for JET.
Hirsch, K. Rev. Sci. Instrum. £1., 2843 (1990)
/24/
Haitian, K. Aufbau eines Pulsgenerators fur das "gating"

eines MCP-Photomultipliers, Untersuchung seiner
*npfindlichkeit bei CW- und geschaltetem Betrieb

L; ~2onarbeit Inst. F. Plasmaforschung, Univ.
Stuttgart, 1990



HIGH REPETITION RATE MICROCHANN6L.PLATE
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ABSTRACT

In this contribution we describe the development of microchannel plate
(MCP) photomuttipliers with a recovery time of the order of 10*5s, two orders of
magnitude smaller than in conventional MCP detectors. In these detectors a
short recovery time has been achieved by using an electron multiplier made of
low resistivity MCPs, capable of operating at a strip current density as high as
130 jiA/cm2, in pulsed conditions. The thermal characteristics of a 25 mm
prototype detector have been investigated experimentally, finding a thermal
coefficient of the resistivity of 0.68 %PC (at 20 °C), a thermal capacitance of
0.93 ± 0.06 J/°C and a thermal time constant of 175 ± 2 0 s. The electrical
behaviour was investigated measuring a maximum output charge In linear
regime of 25 pC (at 10* gain) and a recovery time of 50 us. A numerical model
was also developed that describes In a very satisfactory way the observed gain
saturation due to the charge depletion of the microchannel wails. A rise time as
fast as in conventional MCP can be obtained in this type of detectors, so that
they may be used for high repetition rate Lidar Thomson scattering, provided a
suHabte laser source is available.
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Prospects for LIDAR as a Real Time Control System

presented by P Nielsen

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, UK

Present day Tokamaks are still limited in performance because of a number of
instability (sawteeth, MHD locked modes, island structures..) associated with the
detailed shape of temperature and current density profiles. It has long been the
belief that many of these performance Umitations could be prevented by local
heating or particle injection or through external resonant fields.

A prerequisite to these techniques is an accurate real time knowledge of the
relevant profiles. The LIDAR technique offers to measure simultaneous
temperature and density profiles at discrete time intervals. Laser repetition rates
of 10 Hz are within reach. Is it possible to collect and process the data fast
enough to make a real time system?

Thomson scattering finds the electron temperature by fitting a complex spectral
density function to a measured spectrum. The measured spectrum may arrive
from several (6 to 10) discrete spectral recording channels or from a two
dimensional CCD picture (streak camera).

The present JET system is of the former type. In this case it is desirable to have
parallel acquisition and processing of the signals. We are currently investigating
the use of a fast PC (386 or 486) with 6 or 7 transputer boards in the PC. Each
transputer collects the data from the digitizers (GPIB) and performs a
preprocessing of the recorded traces, time synchronization, base-line subtraction
etc. The processed traces are fed either to the host PC or to a seventh
transputer. Preliminary investigations of the transputer performance will be
presented. We will also demonstrate the capability of the host computer to
process the data at the required rate.



NON-LINEAR OPTICAL EFFECTS IN RAMAN CALIBRATIONS
OF THOMSON SCATTERING SYSTEMS
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ABSTRACT

in this contribution we present the results of an investigation of the limits
imposed by non-linear optical effects to Raman calibrations of Thomson
scattering systems. When these effects take place Raman calibration is
impossible because the intensity of the Raman lines is unpredictable. The
Thomson scattering system of the ETA BETA II experiment has been used for
Raman scattering measurements in H2 and D2 up to atmospheric pressure. A
scattering signal undoubtedly due to stimulated Raman scattering was
observed at the stronger Stokes transitions, for filling pressures above 230 and
500 mbar for H2 and D2 respectively. This light is not originated from the
scattering volume but is detected as diffused light into the vacuum chamber.
Calculations of the self-focusing critical power and the steady-state Raman gain
were carried out to explain the observed phenomena, suggesting that in OLY
conditions significant power conversion to the first Stokes wavelength takes
place in to the vacuum chamber, near the beam dump. These results show that
for a given experimental condition, non-linear optical effects impose an upper
limit to the filling pressure for Raman calibrations of Thomson scattering
systems. These effects should be considered when planning a Raman
scattering calibration experiment and may be important in LIOAR Thomson
scattering systems, due to the high peak power of the short laser pulse.

PMparsd for tt» IAEA Technical ComnwttM Mtating on Lktar Thomson Scattering 'ET 8-11 April 1991.



'Post mortem' analysis of LIDAR data

H. Salzmann
MPI f. Plasmaphysik. 8046 Garching, FRG

Due to the backscatter geometry the scattered spectra of a LIDAR system are rather
broad, e.g. at electron temperatures achieved at JET the whole visible spectral range is
covered. Therefore the evaluation of LIDAR measurements is even more endangered by
chromatic deposits on the inside of the viewing window than that of common 90°
scattering set-ups. To avoid these difficulties monitoring the transmission of the window
over the whole spectral range of the measurements is needed (and is done on JET using
the plasma as a broadband light source). In addition, statistical methods can be used to
identify and correct systematic errors under the assumption that the mentioned chromatic
effects do not change over a period of time required to collect a representative set of scat-
tering data. This requirement is not too stringent keeping in mind that about 25 spectra

r collected at every laser shot with the JET system and considering the planned
ir. /ovement of the laser repetition rate to 6 pps.
The statistical approach is based on the fact that all calibrations relevant for temperature
evaluation (the normalised speci * sensitivities of the spectrometer channels, the abso-
lute sensitivities of the detectors and their noise properties) but the one of the spectrally
varying transmission of the collection optics can be done hands-on outside the biological
shield. This transmission is assumed to vary slowly over the spectral range and therefore
can be approximated by a constant value for each spectral channel. Thus the signal Sj
from the spectral channel #i is given by Sj » Rj » pe •* fj(Te). where the temperature
dependence fj(Te) is determined by folding the spectral density function with the spectra!
sensitivities of the channels as measured outside the biological shield, it should be noted
that for a LIDAR system where the solid angle of collection varies strongly along the line of
sight, the values of Rj will vary for each spatial point according to this effect. However, the
ratios Rj / Rf used for determining the electron temperature should be constant for a well

aligned spectrometer.
Tr* a investigated procedure now basically consists in fitting simultaneously electron tem-
peratures and the values of Rj • n e to a set of k measurements at a fixed spatial location.
E.g.. 10 laser shots will yield 60 measurements Sj allowing in principle to tit the 20

unknown parameters. To avoid this cumbersome procedure, an iteration method is
applied where alternatively temperatures and densities are fitted using fixed values of Rj
and then these fitted values are used to improve the values of Rj. It should be noted that

this method will only restore the relative calibration of the scattering system needed to
measure the electron temperature but not the absolute calibration required for the density
evaluation. The method is applicable to all Thomson scattering systems using more than
2 spectral channels.
The statistical basis of the method is discussed and applications to JET LIDAR data are
presented.
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Aspects of LIDAR for the next generation of fusion experiments (ITER)

H. Salzmann
MPI f. Plasmaphysik. 8046 Garching. FRG

Due to a number of inherent features the LIDAR Thomson scattering arrangement is
suited for diagnosing the next generation of fusion plasma devices. E.g.. advantageous
attributes are the access via a single port and the ease of alignment. A drawback of the
system on the other hand is given by the broad scattered spectrum, which is about 50%
wider than that of a conventional 90° scattering arrangement.
In the course of a conceptual study for the ITER diagnostics a possible LIDAR system
capable of investigating both the bulk and the edge plasma has been investigated.
Tangential lines of sight, the optimum geometry for LIDAR were chosen. These lines of
sight pass close to the inner wall and thus would allow well resolved measurements with
respect to the magnetic flux surfaces while the geometrical length of the scattering volume
is of the order of 10 cm. Since the collection optics will be located wed away from the
tokamak. there is only little change of the solid angle of collection along the line of sight
(e.g.. with the proposed conceptual optics the solid angle would decrease from 0.002 sr
for the outer edge measurements to 0.0017 sr for the inner plasma edge). This should
facilitate measurements along the second pass of the laser puise through the plasma in
addition. Thus, the installation of three LIDAR systems tilted with respect to each other in
the vertical plane would yield 2-D information on the electron temperature and density
along five chords.
The system collects spectra exceeding the width of the visible region from the plasma
centre and narrow spectra from the edge. Existing high speed detector technology to-
gether with the need for a large sensitive detector area requires that the scattered spectra
are in the visible. Therefore it is proposed to use simultaneously the fundamental and the
harmonic radiation from a short pulse (about 300 ps) Nd laser for the measurements at
high and at low temperature, respectively. The scattered spectra are polarised
orthogonally according to the polarisation of the two laser pulses and will be resolved
using different spectrometers. The proposed use of a Nd laser also takes into account
that according to present day technology this laser type seems to be best suited for this
purpose. Numerical simulations assuming 100% enhancement of the bremsstrahlung as
well as direct comparison with JET experiments indicate that an energy of 10 J at ruby
laser wavelength will yield statistical errors less than 10% at 12 keV / 7*10" m-3 plasma

parameters. Comparable energies are required at both the harmonic and the fundamental
of the neodymium laser to perform the measurements up to higher temperatures.
As with all diagnostics for next step devices, radiological damage to optical components is
a critical issue and requires high priority R&D.
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The diagnostic access to the Jet divertor plasma is extremely limited. The target
plates for the divertor plasma form a trough at the bottom of the vacuum vessel
preventing diagnostic access from the bottom ports. The divertor plasma is
further expected to be characterised by rapidly changing parameters following
a flux surface from the x-point to the target plate and small scale lengths lateral
to the flux surface.

A flux contour plot shows that plasma essentially follow two straight lines from
the x-point to the target plate. It is obvious to try and let a laser beam chase one
of these lines in a Thomson Scattering System. With the access limitations we
are further led to the LIDAR technique in order to observe this scattering
volume. The Lidar technique further offers advantages because of its small
sampling time of the very large background radiation expected in this region.

The mechanical system involving remotely controlled mirrors inside the vacuum
vessel will be presented. The mirrors allow the laser beam and the detection
volume to be scanned in a radial direction to follow Che location of the divertor
plasma in different magnetic configurations. Accurate beam steering is further
required as the laser beam has to clear a 10 mm gap between the target plates.
We wish to clear the plates in order to make measurements close to the plates.

With the small scale-lengths involved it is desirable to have as short a laser pulse
as possible and as fast detectors as possible. A spatial resolution of better than
SO mm is required. The choice of laser and detectors to achieve this and the
possible future upgrades to achieve better resolution will be discussed.

The path of the laser will in some cases also allow scattering measurements in
the scrape off layer on the outside of the jet plasma. Since the laser beam in this
position is almost tangential to the flux surface the spatial resolution is mostly
dominated by the diameter of laser beam which is of order 10 mm.

The applicability of this design to the ITER divertor plasma will be addressed.



HYBRID UDAR SYSTEM FOR ITER DIVERTOR PLASMAS DIAGNOSTICS

IV. Mojfhalmnho, AJB. Berlts-ov and DJk. Shchmglov
IV. Kwchatov Institute. Moscow, USSR

l.INTRODUCTION

Time-of-flight Thomson scat ter ing technique was adopted

a s method for obtaining electron temperature and density

profi les on ITER for core/edge plasmas and for measurement

of e lectron parameters of divertor plasma. Besides • a LIDAR

diagnostic was chosen for nwasurinc atom d*nsit>i*s in

divartor r*cion by near-resonant. Rayleich scat.t»rrlnc <NRS>

C13. Atomic trans i t ions under discussion were D and Hel
a

587.6-nm lines. Evalution of feasibi l i ty of NRS technique

Includes est imates of scattering cross sect ion a a t high
laser Intensit ies I intrinsic for LIDAR method. Our
analysis of the problem has led t o propsal t o make use of
"hybrid" laser system with final exclmer amplifier for NRS
LIDAR. The same laser system would also be used for LIDAR
Thomson scatter ing measurments of electron parameters in

19 —3divertor for electron densities above 1x10 m with good
spatial resolution C22 cm).

2.ANALYSIS OF NRS AT ATOMS OF DIVERTOR PLASMA

For LIDAR technique laser Intensity i s rather s tr ic t ly
determined by geometry and conditions of the experiment:the
laser pulse duration T^ defines a spatial resolution, single
pulse energy provides SNR. In divertor plasma choice of beam
cross sect ion S i s also restr ic ted by demands of spatial
resolution. At high laser Intensit ies the e f f e c t of
Rayleigh signals 1̂  saturation must be taken into consi-
deration C2-SL Instead of I at a I . I i s given by

I a I /Cconst+I >. Ci>
The est imates of I saturation behaviour i s based on
relation C21



The Raby frequency O wIE COSh Cd - dlpole matrix element
for transition between two relevant states, E. is electric
field amplitude), fl»«CA*-«O/j1'2 Is the generalised Raby
frequency, the detuning A«w -» . Parameter x"CQ/A> defines
transition into saturation regime. The saturation behaviour
was demonstrated in experiments Csee e.gI3,41) for ns
duration of laser pulse, but I ocCO </0 O2 is correct and in
short-pulse approximation theory CS1.

We have analysed the above mentioned NRS proposals for
ITER divertor plasma diagnostics taking S being equal to
10 cm2. The analysis demonstrates that Raylelgh scattering
is saturated. Estimates of signals I give a few percents

2

value of a oc Q >.

3.OUR CONCEPTION OF NRS FOR ITER DIVERTOR PLASMA

The saturation parameter x i s proprtional t o X" and
the resu l t s of est imates could be explained by selection for
NRS experiments relatively long wavelenghts X . For example,
in the case of our proposal t o use NRS near Hel 1.083-pm
line Csee Fig. la> with help of YA1O iNd9* laser CE. - 1 J,

2 S I .

S. slcm > x is equal to one even for ns pulses CT. >10ns>. So
the UV spectral range .is preferable for NRS JLIDAR applica-
tion.

The analysis of feasibility for a number of pairs
C\ A > in the UV was made. The case of carbon atom density

o i.

measurements is chosen ma example. It was proposed to apply
UDAR technique for NRS scattering near CI C2*S -3*P°>-
transitlon <X •247.86nm>. All estimates have been made per1 J of KrF -laser energy and for T. adSOps. In this

eU

parameter x doesn't exceed the value of 02. The
calculations demonstrate that for spatial resolution a£2cm
and N «100 photoelectrons the ground state densities of
carbon atoms of at least n MO m"1 for efficiency detection
<5OxKxQM0~*, where <5O - is effective solid angle of
collection, K -is the optics transmission, Q is quantum



efficiency of photodetectors.
High level of background radiation IB of divertor

plasma Is main difficulty for NRS-experlments. We used a
number of various approaches t o numerical simulation of Ig.
The most intensive calculated background radiation was given
by traditional method of est imates (hydrogen bremsshtralung
intensity with enhancement factor of 100>.

In rather unfavorable case of high electron density
n •102Om~*' CT "iOeV, Integration time 0.8 ns> the spectral
density of background radiation was estimated t o be
N at 250 photoelectron/nm. For n • 10 i7 m~* the rat io
NJB

ly'2y<Wa,2tCl-2>xl0~2. Hybrid KrF-laser system C63 seems t o be
at trac t ive a s ps laser source for NRS near CI 247.9-nm line.

4. PS HYBRID LASER SYSTEM FOR NRS EXPERIMENTS

The scheme of hybrid laser system i s shown In Fig.2. The
mode-locked oscillator generates the ps seed pulses, e lectro-
optical shut t er s allow one of pulses of train t o be se lec-
ted. Frequency doubling i s done Just before commercially
available excimer amplifier. The beam was expanded by a t e -
lescope and fi ltered by vacuum spatial f i l ter . Pulse Is then
amplified in wide-aperture discharge-pumped excimer laser.
The pecularity of hybrid laser arrangement i s Independence of
output energy fluence. on pulse duration for T £ 100 ps. An
output energy of 0,35 J has been demonstrated in C63 for
aperture A • 33 cm2 and T m 20 ps. Wide-aperture rare-gase
hallde excimer laaf^s have been developed a s final ps ampli-
f ier for output energy of up t o 1 J C7, 81 CA • 100 and 130
cm2).

S. DIVERTOR THOMSON SCATTERING EXPERIMENT

The hybrid laser system i s able t o provide a good spatial

resolution and therefore could also be useful for the LJDAR

Thomson scat ter ing measurements in divertor plasma. The same

data for es t imates of Thomson LJDAR feasibi l i ty were used.

For electron densi t ies n • 102° m"' the calculations g ive .



lot

fettered signal Hm • 2 x 10a photoelectrons pep single la-

ser pulse. The limit of n, detectivity t i n ( a C3-S»dO*am~a

Of m 100 photoelectrons). The estimate of S/N ratio has

given the value N^Vw a 2X for n - 102° m"*.

The sympliflad version of hybrid laser system Cas shown

in Fig.3> could be .applied .for divertor Thomson scattering.

The third harmonic of neodimium laser can be amplified in

XeCl final amplifier. This scheme seems to be adequate for

proof-of-prlnciple model experiment.
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