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by 

H.J.B.M. Broeken and H.W. van der Ven 

Association Euratom-FOM 

FOM-Instituut voor Plasmafysica 

Rijnhuizen, Nieuwegein, The Netherlands 

ABSTRACT 

A neutral particle scattering experiment for a continuous measure

ment of the ion temperature and ion density of the JET plasma in the 

hydrogen and deuterium phase is proposed. Space- and time-resolved mea

surements are possible by injection of a mono-energetic particle beam 

into the plasma and from the analysis of the velocity distribution of the 

scattered particles. The requirements on the injection system are speci

fied and a suitable analyzer system is described. 
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I. INTRODUCTION 

An important problem in plasma physics is the determination of 

the local ion velocity distribution and the local ion density. Some of 

the methods often used are not contactless and, consequently, unreliable. 

An important contactless technique is based on the charge exchange of 

local neutrals. Neutrals in the plasma created by ion-electron recombi

nation, by diffusion from the wall, or - artificially - by neutral 

injection can exchange charge with the ions. The neutrals, caused by 

charge exchange, reflect the energy distribution of the plasma ions and 

are able to escape the magnetic confinement. Therefore, an ion tempera

ture determination can be performed by the energy analysis of the 

escaping neutrals. However, this method fails if these neutrals are 

again charge-exchanged or ionized on their way out of the plasma. The 

main parameter determining the applicability of charge exchange as a 

useful diagnostical method is the pathlength with which neutral parti

cles can escape out of the plasma. If this parameter is large compared 

with the mean free path of the neutral particles, the escaping neutrals 

lose their local information . In Fig. 1 the mean free path for neu

trals in the JET plasma is shown as a function of their energy. Charge-

exchange neutrals, up to 15 keV, have a small mean free pathlength which 

leads to a tremendous attenuation of the charge-exchange neutral fluxes 

from the JET plasma centre (Fig. 1). It is obvious that the measurement of 

charge-exchange neutrals and the interpretation lead to unsurmountable 

difficulties. 
2) An alternative and improved diagnostic technique is based on 

scattering of neutral particles. The energy of the neutrals used in this 

technique can be chosen so high that though formidable beam losses due 

to ionization and charge exchange occur, a sufficient yield of scattered 

atoms can be expected in plasmas with dimensions as in next-generation 

tokamaks like JET. 

When a mono-energetic neutral particle beam passes through a 

plasma, the neutrals are scattered on the plasma ions in all directions. 

Clearly, for a particular direction the scattered particles may have 

gained or lost some momentum from the plasma ions. For given scattering 

angle, this depends only on the momentum of the ions and the masses of 

the interacting species. When the velocities of the ions have a certain 

distribution, this distribution is reflected in that of the scattered 

neutrals. Consequently, by measuring the velocity distribution of the 

elastically scattered neutrals at a fiyed angle, one can deduce the 

energy distribution of the plasma ions 
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Fig. 1. The mean free path (X) of hydrogen atoms as a function 
of their energy in the JET plasma. 
Average proton density: 3.7*1019 m~3 

8.4*1019 m"3. 

For applying this physical concept to the JET experiment, what 

is needed is a neutral atom injector probing vertically into the plasma 

and a neutral velocity analyzer having a line of sight which intersects 

the injected beam at a small angle (Fig. 2). The beam chosen to be of 

80 keV and about 3 A neutral current equivalent (normally hydrogen), is 

illuminating an area of about 0.1m diameter in the plasma centre. Beara 

and analyzer line of sight define a horizontal resolution of less than 

0.1 m and a vertical resolution down to 0.3 m. Time resolutions can be 

reached of 0.1 second in the low density and 1 second in the high mode 

of JET. The method is not affected by the heating beams and provides 

for a determination of the local ion density, impurity density and Z ff 
The proposed diagnostic technique was applied successfully on the 

21 
T-4 Tokamak at the Ioffe Physico-technical Institute in Leningrad . 
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Fig. 2. Schematic representation of the scattered neutral particle diagnostics 
on JET. 
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II. THEORY 

The relative changr in momentum of ün incident particle scattered 

on a moving target depends on the scattering angle, the mass ratio of 

the particles involved and their relative speeds. Thus for a fixed angle, 

a fixed mass ratio and a fixed beam momentum, the scattering will depend 

on the velocity of the target only. Accordingly, when a beam of mono-

energetic particles passes through a plasma, the energy distribution of 

the particles scattered through a fixed angle reflects the energy dis

tribution of the plasma particles. Consequently, by measuring the energy 

distribution of the elastically scattered particles at a fixed angle, 

one can deduce the energy distribution of the plasma particles. 

Consider a neutral atom injector probing vertically into the 

plasma, and a neutral energy detector having a line of sight which in

tersects the injected beam at a small angle (Fig. 2). The beam, assumed 

to be of 60 - 80 keV, about 3 A neutral current equivalent, and illumi

nating an area of about 0.1 m diameter in the plasma centre, is of course 

strongly attenuated in the JET plasma (Fig. 1). This attenuation is 

also present for the scattered neutral particle flux emitted by a volume 

defined by the injected beam and the detector collimation of the neutral 

energy analyzer. The attenuation from source to detector is a strong 

function of the plasma density profile. Denoting this attenuation by a 

factor A, the neutral count rate is given by : 

AT - A * "ih dCT dB *o d r " 2 e sin 6 dö T d" 
(1) 

Here I/e is the neutral beam current, n. the local plasma density, h 

the detector slit image on the diagnostic beam, 9 the scattering angle, 

da/dfi the effective differential scattering cross-section, dE/E the in

verse energy resolution of the energy analyzer, and dQ the solid angle 

of acceptance. The plasma temperature dependence is hidden in the ef-
3) fective scattering cross-section which is given by : 

do / 
AÖ ~ V dü Y*W 

M f !& 
l4ireoEd 

exp 
f-(YEd+E-Eb)* 

Ay E ^ 
(2) 

Here y is the mass ratio of beam and plasma particle, E, is the beam 

energy and T̂  the local temperature in eV. Z. and Z are the nuclear 

charge numbers of beam and plasma species, respectively. E, is the 

energy defined as: 

(3) 
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Fig. 3 . Makokot pred ic t ions for the temperature and dens i ty 
p r o f i l e s in JET. 

3) For E. >> T. and small s ca t ter ing angles , the halfwidth of the 
energy d is tr ibut ion of the scat tered neutrals i s given by: 

(4) 
AE, * 4 9 /yEbT i in2 . 

From the halfwidth and from the figures pertaining to the JET plasma it 

can be inferred that an energy resolution of the neutral energy analyzer 

of 400 is sufficient for a temperature determination with an accuracy 

better than 10% (see appendix). 

If the analyzer entrance slit is chosen to be 20x5 mm2, the 

energy analyzer can be placed at a distance of 9 m from the plasma cen

tre, leaving a useful solid angle of acceptance of 4*10~7 sterad. 

The vertical spatial resolution is a function of the scattering 

angle as follows: 

2rb + h 

sin 6 (5) 
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where r. is the beam radius and h is the detector slit image on the 

beam. For the chosen beam radius, i.e. 0.05 m, and for h = 0.005 m , 

resolutions of 0.26 m at 2 5 ° , 0.32 m at 20°, 0.43 m at 15°, 0.63 m at 

10°, and 1.26 m at 5 can be achieved. The horizontal spatial resolu

tions, given by the beam radius, amount to 0.1 m. 
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Fig. 4a. The detector counting rate per energy channel at dif
ferent scattering angles. 
Profiles used: Makokot predictions (H - fi = 4.4X1019 m-3, 
7 = 2875 eV). 

Beams 80 keV/3 A - H, 0.1 m 0. 
T is the integral counting rate. 
Channelwidth = 200 eV. 
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Pig. 4b. The detector counting rate per energy channel at d i f 
ferent sca t ter ing angles . 
P r o f i l e s used: Makokot predict ions (H - A = 4 . 4 x l 0 1 9 m"3 

T = 2875 eV). * 

Beam: 70 keV/3 A - H, 0.1 m 0. 
r i s the in tegra l counting ra te . 
Channelwidth = 200 eV. 

A computer code has been developed which ca lcu la tes the counting 
rate much more p r e c i s e l y than in the previous formulas. In t h i s code the 
Makokot predict ions on the temperature and the densi ty p r o f i l e s are 
used (Fontenay-aux-Roses, Fig. 3 ) . However, instead of the maximum hori
zontal plasma radius a, the maximum v e r t i c a l plasma radius b=2.l m was 
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substituted.With the parameters given above, and for injection energies 

of 60, 70, and 80 keV, results of the calculations on the counting rate, 

d2r, are given in Figs. 4a'b'c and 5a'b. In the high density case, Figs. 

5a,b, the same profiles as in Figs. 4a' 'c for the density and the tem

perature were used, but instead of the maximum plasma density of 

4.4*1019 m~3, a density of 1020 m-3 was substituted. The calculations 

were performed for a hydrogen plasma and a hydrogen probing beam. The 

scattering volume was taken at the plasma centre. 
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Fig. 4c. The detector counting rate per energy channel at dif
ferent scattering angles. 
Profiles used: Makokot predictions (H - ft = 4.4*1019 in"3 

f » 2875 eV) 

Beam: 60 keV/3 A - H, 0.1 ffl 0, 
r is the integral counting rate. 
Channelwidth - 200 eV. 
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From inspection of Figs. 4 and 5, the highest counting rates can 

be found when the 80 keV/3 A beam is used. A high counting rate permits 

a high time resolution or the use of larger scattering angles with a 

high vertical spatial resolution. Therefore, a beam of 80 keV/3 A is 

preferable. It does not seem advisable to increase the beam current or 

beam particle energy much more. An increase in the beam particle energy 

or in the beam current affects the beam divergence and has an additional 

heating effect on the plasma. 
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Fig. 5a. The detector counting rate per energy channel at dif
ferent scattering angles. 
Profiles used: Makokot predictions (H - n = lxlO20 m"3 

T± = 2875 eV). 

Beam: 80 keV/3 A - H, 0.1 m 0. 
r is the integral counting rate. 
Channelwidth = 200 eV. 
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r = 4.0» io5 (s -1) 

= 5.2>«103 (s_1) 

Fig . 5b. The d e t e c t o r counting r a t e pe r energy channel a t d i f 
f e r e n t s c a t t e r i n g a n g l e s . 
P r o f i l e s used: Makokot p r e d i c t i o n s (H+ - n = lx lO 2 0 m - 3 

T = 2875 eV). i 

Beam: 70 keV/3 A - H, 0 .1 m 0 . 
F i s the i n t e g r a l count ing r a t e . 
Channelwidth = 200 eV. 

As the attenuation i s almost independent of the plasma tempera
tu r e , the maximum counting r a t e and halfwidth of the energy d i s t r i b u 
tion will vary approximately as T~^ and T£ respect ive ly . Thus, the 
counting ra tes wi l l vary not more than a factor 2 on t h i s account over 
the expected JET temperature range (0.7 - 5 keV) . 

Without taking into account an energy-dependent attenuation the 
maximum of the d is t r ibut ion is found at3* : 

E * E. 
max b 

YCos9 + / l - Y 2 sin.26 
1 + Y 

(6) 
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With this effect the distribution in Figs. 2 and 3 are slightly distort

ed and the maximum is shifted to a higher energy. The effect of the at

tenuation is an asymmetric compression of the distributies. Temperatures 

calculated directly from the halfwidth of the distributions would there

fore be too low. Corrections for these effects can be deduced from mea

surements done with a series of analyzers whose lines of sight inter

sect the neutral bean; at various positions in the plasma. The main pur

pose of this setup is to obtain a scan of temperatures along a chord in 

one single discharge, but it also furnishes the density information re

quested for flux corrections. 

In the high density mode of operation of JET, time resolutions 

better than 1 second for 6 less than 10 , which implies a vertical re

solution of 0.63 m, can be achieved. This requires a source performance 

of 8C keV/3 A. Then the entire energy spectrum is to be determined by 

9000 counts corresponding with an average of 100 s"1 energy channel. 

Since the neutral flux is high in the low density mode of operation, the 

achievable time resolution may be increased until it is limited by the 

assimilation speed of the detector. Resolutions down to 0.1 second are 

then possible (see appendix). As can be verified in Figs. 3 and 4, the 

counting rate and, correspondingly, the achievable time resolution is 

strongly coupled with the scattering angle 9. Since it is virtually 

impossible to increase the solid angle by decreasing the distance ana

lyzer - plasma centre, or by enlarging the analyzer entrance slit, the 

only way to improve the time resolution is to enlarge the detector slit 

image h on the diagnostic beam. 

It will be a recommended procedure to store the entire spectra 

each discharge to secure optimal accuracy in the determination of T^. 

In a determination afterwards, accuracies of 5% and better are expected 

to be obtainable (see appendix). 

The storage of the dnta of the entire spectra instead of the half-

widths only, has also the advantage that a deviation of a maxwellian ve

locity distribution can be traced. This is clear since essentially the 

effective differential cross-section is determined by: 

2 
(7) do y2 'z, Z e2 

*> P 

vblV^l
b 4HL m 

o pj 

F(VM) 

Here V, is the beam particle speed, V the scattered particle speed and 

m the mass of the plasma ions. F(v\.) is the velocity distribution func

tion of the ions with velocities V„, parallel to the vector %. - V. 

The effect of the heating beams and high energy tail plasmas is 

found to be small. Scattering on the heating beam particles is not expect

ed since different ports are used, since the vector V. - V is not pointed 

in the heating injection direction, and since the neutral density of the 
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heating beams is too low. Direct scattering of the heating neutrals into 

the detector is excluded when different ports are used. Besides this, the 

injection direction has an unfavourable angle with the detector line of 

sight. A high energy tail plasma may cause a small background by charge-

exchange collisions. To estimate the charge-exchange influence of heat

ing beam ions into the detector aperture an elementary calculation is 

made. Assume the heating beam density of lxio1"* m"3 to spread uniformly 

as ions in an energy range from the plasma energies up to the injection 

energy. Assume this density charge exchanges near the wall in a neu

tral environment of 2*1015 m**3 (see Fig. 3). The yield of charge-ex

change neutrals into the detector results in a spurious background of 

less than 60 counts/sec/channelwidth. This background is only notice

able at the very low counting rates. The remedy for this effect is the 

use of a smaller scattering angle or an operation of the diagnostic 

device with a probing beam having a mass different from the plasma par

ticles. 

The use of different masses brings us to other aspects of neutral 

particle scattering. The shift and halfwidth for various plasma and beam 

species are shown in table 1. When a hydrogen beam on a deuterium plasma 

is used, the mass ratio will be 0.5. The result on the spectra will be 

an enhancement of the counting rates, a decrease of the spectrum half-

width and an increase in the shift of the spectrum maximum, all by a 

factor 2 compared with the rates calculated. 

When JET operates with mixed hydrogen and deuterium species at 

higher plasma temperatures, complementary information on the mixing ratio 

is necessary since it is difficult to unfold the scattering spectra of 

the different species. The presence of He ashes in the plasma during 

D - D operation will not be detected by the diagnostic system since the 

equivalent temperature is much too high and the concentration is too low. 

From inspection cf table I it can be seen that a few per cent of 

heavy masses, like C and 0, can be distinguished from the normal spec

tra, due to the energy shift. Indeed, if the heavy masses are fully 

stripped, a concentration of a few per cent is enough to make these im

purities detectable, enabling a determination of the local impurity 

density and of Zeff• 

The conclusion can be drawn that local ion temperature and local 

ion density measurements are possible in the low as well as in the high 

density operation mode of JET. There are no restrictions in the expect

ed temperature range of 0.7 - 5 keV. For the mixed plasmas (H and D) 

at high temperatures complementary information on the mixing ratio is 

needed. 
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B E A M P A R T I C L E 

H D He Ne 

1 
PLAS
MA 
PARTI
CLES 

b m 

(keV) 

S 
at 

T=1.C 
(keV) 

E 

at 
T=2.8 
(keV) 

b m 

(keV) 

S 
at 

T=1.0 
(keV) 

s 
at 

T=2.8 
(keV) 

Ev,_E 

b m 

(keV) 

s 
at 

T=1.0 
(keV) 

% 
at 

T=2.8 
<keV) 

Ev,_E b m 

(keV) 

% 
at 
T=1.0 
(keV) 

at 
T=2.8 
(keV) 

H H 2.41 5.20 8.70 4.86 7.35 12.3 10.55 10.40 17.4 _4) - -

D 1.21 3.68 6.15 2.41 5.20 8.70 4.66 7.35 12.3 - - -

He 0.61 2.60 4.35 1.21 3.68 6.15 2.41 5.20 8.70 14.7 11.6 19.5 

Li 0.35 1.97 3.29 0.69 2.78 4.65 1.38 3.93 6.58 7.10 8.79 14.7 

c 0.20 1.50 2.51 0.4C 2.12 3.55 0.81 3.00 5.02 4.04 6.71 11.2 

N 0.17 1.39 2.33 0.35 1.97 3.29 0.69 2.78 4.65 3.45 6.21 10.4 

0 0.15 1.30 2.18 0.30 1.84 3.08 0.61 2.60 4.35 3.02 5.81 9.73 

Table I. Full halfwidth andQShift of the distribution maximum of the neutral particles 
scattered under 10 at different temperatures and particle species. 

III. TECHNICAL DESCRIPTION 

The continuous source which will be used for this method must be 

placed at a distance of approximately 5.5 metres from the plasma centre 

to avoid stray magnetic fields. At 5.5 m above the plasma centre the 

stray fields are estimated to be less than 200 gauss, which can be di

minished to acceptable values by magnetic shielding. In order to pre

serve spatial resolution at these distances, the beam should have a low 

divergence. A value of, we assume, 0.4° is the best offered at present 

and leads to the spatial resolution quoted in section I. Investigations 

on low divergence beams with the specifications above are performed in 

Culham and elsewhere. 

A detection channel is formed by three slits (Pig. 6). The first 

slit has a fixed aperture and is placed at A close to the torus. The 

second one has also a fixed aperture and is located at B. The third slit 

is mounted in front of the stripping foil at C and can be adjusted to 

control the counting rate of the channel. Slit systems B and C are fixed 

in position relative to each other. 
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Fig. 6. Schematic representation of the proposed scattering experiment 
with two channel arrays. 
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An optical system can be provided, using a laser beam for align

ing the beam path through slits A, B, and C by adjusting the position 

of slit plate A. Slits A and C determine the "optical" path and slit B 

(preferably more slits B) avoids the scattering of neutral particles in 

the flight tubes. 

The distance of nine metres between the plasma centre and the 

detector is a compromise between radiation level and solid angle of 

acceptance; moreover, it is easier to overcome the stray fields of about 

75 gauss. 

Charging of the scattered neutrals will be accomplished by thin 

carbon or alumina foils placed just behind slit C and in front of the 

analyzing magnet, see Fig. 6. A suppressing grid between the foil and 

the magnet removes low energy ions from the beam. 

To scan the plasma volume, up to two times five channels are pro

posed. An example is given in Fig. 6 for two arrays of five channels 

e£-... Each channel has a solid angle of acceptance of 4-10-7 and an ad

justable detection area up to 20x5 mir.2. The magnets are separating the 

beam species and deflecting the beam particles into the detection sys

tem, while unwanted particles will be dumped at selected places in the 

magnet regions. 

Two dumps are provided for trapping of unwanted radiation (tee 

Fig. 7). The first one is a venetian-blinds configuration and should 

absorb neutrals, high energy ions, VÜV and soft X-rays. The cavity be

hind the first dump is primarily used to slow down the fast neutrons 

and should have an additional high-Z shielding, which will trap hard 

X-radiation and capture y-radiation. 

The deflected particles with the proper mass are focussed by ap

propriate shaping of the pole shoes and have a direction tangential to 

and parallel with the toroidal axis. The deflection magnets can be de

signed as separate units or as a multi-gap magnet system. Small magne

tization coils in combination with the application of rare-earth magnets 

seems possible to increase the field strength for D -deflection. The air 

gap between the pole shoes should be about 1 cm. \ field strength of ap

proximately 1800 gauss needed fora 90° deflection of H+ particles leads 

to acceptable dimensions of the magnet. 

The energy analysis is accomplished by a sophisticated time-of-

flight system (TOF) which is an approved technique in nuclear physics 

experiments " . The TOF-system is shown in Fig. 8. In less than 10~10 

seconds the start-detector collects by means of a channel plate the ar

rival of accelerated ó-electrons, released when a hydrogen ion passes 

through a very thin carbon or alumina foil. A second channel plate with 

a coaxial collector Is placed as a stop-detector at a distance of 

S :> 33 cm. For hydrogen ions with energies in the range of 50 to 80 keV, 

16 



Fig. 7. Schematic lay-out of an analyzer array. 

the velocities correspond to 4*106 and 3*106 ms-1. Flight times of 0.33/ 

4*106 = 83 ns and higher are to be measured for a distance of 33 cm. This 

can be achieved with commercially available electronic units. The energy 

resolution is given by E/dE = S/2vdT, where dt * 100 ps is the spread 

inherent to the instrument in measuring the flight time. This is easily 

obtainable in practice . If the velocity is taken to be 4xl06 ms"1 , 

we find E/dE >̂  400. The dead time of a detection channel is determined 

only by the time to pulse height converter (TAC) which is about 5 us for 

an ORTEC 467, whereas the maximum flight time which can be expected is 

much lower: 

T > S/v , > 0.33/3xi06 ~ 110 ns. The mean counting rate in a channel 
max - ' min -

is 2*10** s"1 with a dynamic range of 10. As already mentioned, the count

ing rate can be adjusted with slit C. 

The schematic of the electronics is shown in Fig. 8. ORTEC units 

are proposed but there are also other companies which sell nearly iden

tical units. The TAC unit has a built-in differential P.H.A. which enables 

the user to select a time channel of interest sorting out unwanted sig

nals. This is also possible with a built-in inhibited circuit, which re

jects pulses that occur within a certain time limit after a start pulse 

is received. In other words, this system has excellent discrimination 
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properties for unwanted disturbing signals, like neutron- and y-radia-

tion. The discrimination properties can also be improved by a coinci

dent system, using channel plates on both sides of the foil, which pro-
9) 

duces the & electrons . Moreover, the system is very compact compared 
to the rather bulky conventional electrostatic parallel plate analyzer, 

S > 3 3 0 

tec. grid 

START STOP 

^10 x / \ 1 0 x> 
-m type: 574 /4 • 

-type: 9 3 4 / 4 -CF .D . C.F.D. 

T.A.C. 

type: 467 

analog time signal ' gat* (busy-out) 

A.D.C. 

20O MHz 

local 
data 

handling 

to codas 

Fig. 8. Schematic of the time-of-flight analyzer. 
C.F.D. - constant fraction discriminator 
T.A.C. - time-to-amplitude converter 
A.D.C. - analog-to-digital converter. 

The combination of a TAC and an ADC in a channel can be replaced, 
at lower c o s t , by a su i tab le Time to Dig i ta l Converter (TDC). Le Croy's 
type 4201 seems to be a good compromise between cost and d i g i t i z i n g 
time. 

If the lowest f l i g h t time i s to be measured with an accuracy of 
8 b i t s and i f 5 channels are used at the same t ime, a large amount of 
data i s produced in one shot of 10 s duration. In t h i s case and without 
data reduction, a maximum number of 5*2xl0' txl0 - 1 M bytes has to be 
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stored for a counting rate of 2x10* counts in each channel. A possible 

local data system which can handle this number of data is shown in 

Fig. 9 and consists of a PDP 11/04 as the main unit combined with a 

"bulk"-memory of 1.5 M bytes. After a shot, the local processor can be 

used to make the necessary calculations and to reduce at th-i same time 

the number of data for further transportation to CODAS. 

Direct analysis of the flight times with a Multi-channel Pulse 

Height Analysis (MPHA) is also a possibility. With a modified Le Croy 

type 3500 MPHA, 32 spectra can be analyzed each with a resolution of 8 

bits. Using five channels, 160 spectra are produced in one shot of 10 

seconds with a time resolution of 1/3 second. The data output is reduced 

to about 33 k words. 
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Fig. 9. Schematic diagram of a local data system. 
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Two foils are used in the flight path of th^ scattered neutrals. 

The first is used to charge the neutrals with efficiencies up to 80% 
12) and the second is used to produce 5 electrons for the start-detector 

The directional changes of the ions due to the foils are found 

minimal J' '. The energy straggling of the ions passing through the 

foils makes a calibration of the detector necessary °~ . This calibra

tion can be performed eventually before each discharge when the JET-

torus is filled with neutral gas. 

Radiation screening can be a serious problem. The neutron sensi

tivities of lead-doped glasses, of which channel plates are made, is 

not yet known. In the opinion of people of Oak-Ridge National Laborato

ries, Princeton Plasma Physics Laboratories, and Galileo, the sensitivity 

for neutrons is low. However, the y-sensitivity is rather high for this 

detector. For Co -radiation an efficiency of 2% is measured. The screen

ing of the detector vessel has to be built up as a multilayer structure, 

containing heavy material for y-screening and inelastic neutron scatter

ing combined with a high hydrogen containing material doped with B or 

Li for further thermalization and capture of thermal neutrons. 

When soft iron is used as the heavy element, it can simultaneous

ly serve as a magnetic shield. The magnetic screening ratio should be 

about 100 and is needed only to avoid unwanted deflection of the ions. 

The channel plates are rather insensitive to magnetic fields of these 

magnitudes. 

A space problem exists when the dimensions of the detector vessel 

with adequate radiation shielding exceeds the vertical size of.the base

ment in which the apparatus has to be placed. The location and arrange

ment of the big-sized tubing necessary for the JET vacuum system may be 

troublesome. 

Investigations on the properties of multi-layered radiation 

screening can be executed with the aid of, or in cooperation with, other 

laboratories. 

Remote control of values, shutters, foil changers, slit plates 

and optical aligning systems can be established either by pneumatic or 

electrical signals. Switching and controlling of electrical supplies and 

electronic units are performed in the usual way. 

The application of semi-conductor electronics, at a high radia

tion level, must be restricted to an essential minimum. 

The vacuum system will be designed in accordance with the re

quirements of and in cooperation with the JET vacuum department. 
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Concluding remarks 

A neutral scattering diagnostic device as outlined in this re

port can be applied successfully for the JET experiment. Complementary 

information on the mixing ratio is needed for multi-species plasmas. 

A passive chaige-exchange diagnostic would be a welcome complement to 

the scattering technique for the outer plasma areas which are difficult 

to scan in the JET device. 

The design and construction of the apparatus can be accomplished. 

However, a detailed study on foils and radiation sensitivity of the de

tector system is advisable. 

Industrial and research contacts necessary for the evaluation of 

this diagnostic technique should be promoted. 

Room near the JET-torus hall is necessary for the assembling, 

installation, and testing of this diagnostic device. 

The TOF-techniques described here can be applied to other diag

nostics, like beam impurity measurements, because of its selective 
18) 

properties in mass separation 

This work was performed as part of the research programme of the 
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APPENDIX: 

A CALCULATION ON THE ACCURACY OF THE TEMPERATURE DETERMINATION 

The temperature is determined by the half width of the scattered 

neutral spectrum: 

AE, ~ 46 /yEj^ Hn2 . (A.l) 

The accuracy in the temperature depends directly on the accuracy in the 

'^termination of the halfwidth E by: 

AE, dT. 
e * -f- "TT • (A'2) 

Consider the sample frequency, or the number of energy groups per unit 

energy. The highest frequency which has to be reconstructed from the 

measurements to reach the dictated accuracy in the temperature is: 1/e. 

Shannon sampling theorem asserts that the sampling frequency must be 

twice the highest frequency which can be reconstructed from the measure

ment: 

_L = 1 
dE c -

Substitution of Eq. (A.2', into (A.3J gives: 

(A.3) 

AE, dT. 
dE » —p- -—• . (A.4) 

* i 

For the proposed TOF-analyzer we find the resolution: 

dE = 2E / ^ ~ . (A. 5) 
"b S 

The accuracy in the temperature determination is directly coupled with 
the accuracy of the time measurement by (Substitution (A.5) into (A.4)): 

dT.« iu /—ZZ±> „ i / 8e E £ 
i _ 2E f 2eE L <• ! / Ë- X - ra ei 

Ti ~ 9 Y^bVi*1*2 S ~ 6 V YmbTi£n2 S
 VA'o; 

Entering some figures as given in this report: 

T = 100 ps; S - 35 cm; hydrogen beam of 80 000 eV, 

we find: 

dT. /M' 
-~ <, — E 1.377, where H in A.M.U., 8 in deg. ,T. in keV. 
Ti e/^ p x 
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For M = 1 . t h i s f u n c t i o n i s p l o t t e d i n F i g . A . l , 
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Fig. A. l . The accuracy obtained in a temperature 
determination of the proposed diagnostic 
technique for a hydrogen diagnostic beam 
o£ 80 keV on a hydrogen plasma. 

Suppose t h e number of p a r t i c l e s e n t e r i n g a d e t e c t o r channel of 

energy width AE i s Po i s son d i s t r i b u t e d f o r an ensemble o f i d e n t i c a l 

measurements . The standard d e v i a t i o n of t h i s number i s : 

aL = /df~nt 

th 

(A.7) 

where i is the i energy channel of the detector and t is the counting 

time. A requirement for the time resolution is the ability to discrimi

nate neighbouring channels at half spectrum height: 

ldri+l "
 dri-llfc > °i 

(A.8) 

Substitution of equation (A.7) into (A.8) results in: 

dl\ 
t > 

dri+l "
 dri~l 

(A.9) 

from which follows the obtainable time resolution (Fig. A.2). 

The vertical space resolution R is given by the scattering angle 

9, the diagnostic beam diameter D and the detector slit image h by: 

R = D+h 
sine 

(A.10) 
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Fig. A.2. Time and vertical resolution as a function of the 
scattering angle 6. 
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