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FOM-Instituut voor Plasmafysica 

Rijnhuizen, Nieuwegein, The Netherlands 

ABSTRACT 

A method is described for the space- and time-resolved analysis 

of ion energy distributions in a plasma. A well-collimated neutral hy

drogen beam is used to enhance the charge-exchange processes. The method 

is used in the TORTUR II tokamak to study the space and time evolution 

of the ion temperature profile of the plasma. The analytical background 

and the technique are described in detail. Examples of measurements on 

TORTUR II are presented. 
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I. INTRODUCTION 

Neutral atoms of the working gas are always present in plasmas 

of laboratory devices. These atoms are generated by the recombination 

of ions and electrons or they enter into the plasma from the walls of 

the plasma chamber. Resonant charge exchange between the atoms and plas

ma ions gives rise to a flux of charge-exchange atoms from the plasma. 

The analysis of this flux contains information about the energy distri

bution of the plasma ions. An understanding of the mechanism by which 

the flux of charge-exchange atoms in the plasma is produced, enables 

one to derive the ion temperature and the neutral density in the plasma 
12 3) from the analysis of these atomic fluxes ' ' . Therefore, the energy 

analysis of neutral fluxes from a plasma has become a widespread method 

in the determination of the ion temperature ' ' . The analysis is 

straightforward if the plasma is transparent for the charge-exchange 

atoms, i.e. when the "optical thickness" of the plasma, A, with respect 

to these atoms satisfies the inequality: 

A = noa < 1 . (1) 

Here, n is the plasma density, a is the plasma radius and o is the ef

fective cross-section for destruction of neutrals in the plasma. 

In devices where the plasma is less transparent for the charge-

exchange atoms, the atoms can escape from the interior of the plasma 

only as a result of repeated charge-exchange events. Under these condi

tions it is a difficult problem to derive the inner plasma temperature 

from the energy distribution of the charge-exchange neutral flux. The 

central temperature may be derived from the high energy tail of the 

neutral spectrum. In devices where the plasma is semi-transparent or 

opaque for fast neutrals, as in the TORTUR II tokamak, it is necessary 

to perform a detailed analysis of the processes by which the atoms pene

trate from the wall into the plasma and of the processes by which the 

atoms escape to the wall. Additional information derived from supplemen

tary diagnostics and the use of extensive computer codes are required 
7 8 9) 

for the determination of ion temperature profiles from the spectra ' ' ; 

A much faster and more reliable method to determine the local 

plasma parameters uses an injected neutral-particle beam to raise the 

neutral background density along its trajectory. Traditionally, particle 

beams were used to determine the average value of the plasma density 

over the path traversed by the beam from the attenuation of the beam 

(Refs. 10, 11, 12). 

Other applications of injection of beams are the determination 
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of the ion temperature and impurity concentrations by elastic scatter

ing of the neutral beam particles ' . The current density can be de

termined by a combination of neutral injection and optical methods. By 

injection of heavy particles one is able to measure the local q-values 

and the plasma space potential ' ' . Clearly, the beam probing 
.. , . ,, . . . . tl8,19,20,21) 

methods are rapidly gaming interest ' 

A local ion temperature diagnostic is of extreme importance for 

a heating experiment like TORTUR II 2'23). The position of the energy 

deposition and the development of the energy distribution have to be 

accurately followed in situ. The method presented here permits a local 

determination of the ion energy distribution. 

ion source 

neutralizer 

neutral beam 

8-channel 
analyzer 

stripping cell 

bolometer/ Faraday cup 

Fig. 1. 

The experimental arrangement for 
an act ive diagnostic system based 
on enhanced charge-exchange pro
cesses . 

In Fig. 1 the diagnost ic se t -up i s shown* schematically. The in ject ing neu
t r a l beam i s chosen to be v e r t i c a l . The l ine of sight of the detector i s 
in horizontal d i r ec t i on . The detector i s an 8-channel e l e c t r o s t a t i c neu
t r a l - p a r t i c l e analyzer, described in Rijnhuizen Report 80-122 . The 
theory i s t rea ted in Chapter I I , the neut ra l p a r t i c l e source in Chap
t e r I I I , the e lec t ro techn ica l system and the beam diagnost ics in Chap
t e r IV, and the beam l ine i s described in Chapter V. Preliminary mea
surements in TORTUR II are presented in Chapter VI, followed by a brief 
discussion in Chapter VII. 
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II. THEORY 

Apart from the geometrical requirements which are treated in 

Chapter V, there are several demands on the diagnostic beam imposing 

restrictions on the performance of the source. First of all, there is 

the choice of the beam particle. In the case of TORTUR II this choice 

is rather simple. The plasma is not polluted by a hydrogen atom beam 

and the interaction cross-sections of hydrogen neutrals with the plasma 

species - hydrogen ions and electrons - are well-defined. Secondly, the 

beam energy and intensity have to be chosen in such a way that penetra

tion of beam neutrals into the plasma centre provides a sufficient yield 

of charge-exchange neutrals towards the analyzer. On the other hand, 

the beam must not be allowed to disturb the plasma and the energy ex

change between the beam and the plasma has to be kept minimal. Moreover, 

the disturbing influence on the measurement of multiple charge exchange 

has to be minimized. 

In order to gain some insight in these problems we suppose 

maxwellian distribution functions for the ions and electrons: 

,T E* -E/(kbT(r)) 
An (r) = / J n(r) - =7- e D AE . (2) 

(kbT(r)) '2 

Here, An(r) is the number density of the plasma ions with energies in 

the energy interval (E,E+AE), n(r) is the plasma density and T(r) is 

the plasma temperature. The transmission of the neutral beam and of the 

charge-exchange neutral flux towards the analyzer, both functions of 

the particle energy involved, are given by: 

A (r,E) = exp 
a 

'- f S(*,E) 
. J v 

dx (3] 

where S(r,E) = (<CJ V>. + <a* v>. + <CK v> )n(r) is the effective 
ex 1 ion 1 ion e 

frequency of neutral-particle losses by charge exchange and ionization. 
a is the plasma radius and v is the velocity of the particles involved. 

i e 
<o v>., <a. v>, and <o, v> are the collision rate coefficients for 
ex 1 ion 1 ion e 24 

charge exchange, ion ionization and electron ionization, respectively 

A collision rate coefficient, <ov>, at velocity w, is defined by 

, - / • 1 f 
<OW-> . (W/ = -,—r-

3 n.(r) 

a (|w-v|) |w-v|f -(r,v)dv , (4) 

where f.(r,v) is the distribution function of the j plasma or beam 
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s p e c i e s involved ( j = i , e t b ) . The t r ansmis s ion of n e u t r a l beams from 

the plasma c e n t r e t o t h e plasma boundary in t h e TORTUR plr.sma i s shown 

in F i g . 2 . 

Ab,c 

0.7 5 
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0.2 S 

1 1 1 

- n = 5>10 1 V 3 -
^ S ^ n = 1020»-3 

-
/.K^l-W™*-^ _ 

- / 

- ^ y -

'— \ ^ J. 1 

10" 10 J 10« io-

beam energy (eV) 

Fig. 2. The transmission of neutra l beams from the plasma centre 
to the plasma edge in the TORTUR II plasma as a function 
of the beam p a r t i c l e enerqy a t different plasma dens i t i e s . 

When n, i s the beam d e n s i t y a t the t o r u s en t r ance and dV i s t he 

volume element around a p o s i t i o n r i n t he plasma, t he number of c h a r g e -

exchange r e a c t i o n s per u n i t t ime e q u a l s : 

AR (r ,E) = n, An{r) <oQ v>. A. (r ,E)dV. 
ex b " b 

(5) 

Here, <a v>. is the collision rate coefficient for charge exchange and 

A, (r,E) is the attenuation of the probing beam. A fraction >l/4-n of these 

neutrals born in the volume element dV will be scattered in the direc

tion of the detector. When the neutral flux towards the detector is at

tenuated on the way out of the plasma by a factor A (r,E), and the ef

ficiency of the stripping cenn is given by E f^(E), the flux of ions with 

energies between E and E+AE entering the ion energy analyzer is given 

by: 
a d rb =ïï Eeff < E ) A R ( r' E ) Ac ( r' E' 

= n 4 Q 
-rz E -f (E)A. (r,E)A <r,E)n, n<r)<a v: TT Ait -effvw"bv-L'w"c,i'£"1VMi' uexv b 

lkbT(r)j 

y2 -E/(kbT(r)) 
e b ^ dV (6) 

Integrating this flux over the volume defined by the cross-section of 
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the beam and the analyzer viewing line, one finds a relation between 

the beam density or the neutral beam current, and the detectable neu

tral charge-exchange flux. Results of these calculations are shown in 

Fig. 3.25> 

100 

* 

« 
C 
O 10 

fe 

0-1 

- i — i — I T t r I [ i I I I I 

T i = 0.5 k e V N 

Tk = 0.2 keV, 

Fig. 3. The estimated yield of stripped charge-exchange 
neutrals per injected neutral ampere equivalent 
per us as a function of the charge-exchange neu
tral-part ic le energy for diferent ion temperatures. 

The figures needed for the ca lcula t ion of Fig . 3, where f l a t p rof i les 
were used, a r e : a beam cross-sect ion of 5 cm2 (2.5 cm 0 ) , a beam energy 
of 30 keV, a volume V defined by the in te r sec t ion of the analyzer scan
ning aperture and the beam cross-sec t ion of 2.5 cm3, a so l id angle of 
acceptance of 10~5, a plasma density of 1020 m"3, and a de tec tor reso
lu t ion AE/E of 0 .01. 

I t turned out tha t var ia t ion of the beam energy did not change 
the r e s u l t s very much in the range between 20 and 40 keV. This i s be
cause an increase in the beam transmission due to a higher beam energy 
i s compensated by a decrease in the c ross-sec t ion for charge exchange. 

- 6 -



Prom this point of view one can operate in a rather wide energy range. 

Of course the highest neutral beam current densities available should 

be chosen. On the other hand, to avoid appreciable plasma heating the 

energy deposition of the beam into the plasma has to be negligible com

pared to the plasma energy content. 

Suppose that the neutral beam with energy E, is fully absorbed 

by che plasma, then, the energy deposition into the plasma equals: 

AW = IwE^t . (7) 

Here, At is the time that the beam is injected and I. is the neutral 

bean current in ampere-equivalent. The energy deposition AW may be 

thought to diffuse immediately along the magnetic surfaces, enhancing 

the energy content of the plasma by a fraction: 

AW =* 2ii2a2 R n A K T , (8) 

where R is the major torus radius, k, is the Boltzmann constant, and 

Ak.T is the enhancement in the plasma thermal energy. Taking At = 1.0 ms, 

Ew = 25 LeV, one finds for the enhancement of the ion temperature 

(a = 8.5 cm, R = 0.45 m) values between 50 and 12 eV per ampere-equiva

lent. These values may seem considerable but in the low density case 

only a fraction of the beam spends its energy in the plasma (see Fig.2). 

.Moreover, the energy containment time of the plasma is of the same order 

as At. 

The measurements have to be corrected for the actual presence of 

charge-exchange neutrals from the plasma itself. It is difficult to make 

an accurate estimate of the magnitude of this effect. However, calcula

tions based on the neutral production from radiative recombination per

formed by Dnestrovskij and by the author of this report show these to 

be small '*'. 

Another effect that may perturb the measurement is that the beam 

particles undergo charge exchange with the plasma ions, enhancing the 

background neutral density. Let us assume that the transmitted neutral 

beam is ionized completely by charge exchange as it traverses the 

plasma. The charge-exchange particles spread out over a part of the 

torus volume, until they become ionized. Hence, the charge-exchange 

atoms will enhance the neutral density in a volume mainly determined 

by the mean free path length for ionization, \. : 

[n * J b Tion = h AnQ * " = - . (9) 
2 e 7 r r t X i on 2OTrJv± 
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Here, Ii* 8 tne transmitted neutral beam current in ampere-equivalent, 

e is the elementary charge, x. is the ionization time, and v. is the 
ion l 

thermal velocity of the ions. We have assumed that r. < ^ion
 < R» where 

r. and R are the minor and major torus radii respectively- As I, = 

Trr̂ n.ev, , where r. is the beam radius, n, is the average beam density, 

and v, is the beam particle velocity, one can rewrite Eq. (9) as: 
rz v 

An„ * n, — — . (10) o b - 7 v. 2ri i 

The enhanced density of background neutrals enlarges the flux of charge-

exchange neutrals towards the analyzer. According to Eq. (6), the flux 

of charge-exchange neutrals towards the analyzer produced by the beam 

can be written as: 

dlb = C(E)rbnb<aexv>b Afa , (11) 

where C(E) contains the integral over the plasma volume seen by the de

tector. The same procedure can be followed to calculate the contribu

tion of the flux of charge-exchange neutrals produced by the enhanced 

density of background neutrals, df . Replacing n. by An and <o x
v>, 

by <o_„v>. in Eq. (6) and integrating ever the plasma volume seen by 
" A 1 

the analyzer, one finds, using A. = 1: 

1 V 
dr * C(E) an, — — — <o v>. , (12) o v ' b _ 2 v. ex l ' ' 2rf i 

where a is the plasma radius. It will be clear that for the measure

ments to be undisturbed by multiple charge-exchange interactions, the 

following inequality must be satisfied: 

dro < drb . (13) 

Using expressions (11) and (12) one can rewrite inequality (13) as: 

<a v>- 2rf <o v> 
6 X 1 < — £ A. eX b (14) 
v. ar, b v. 

or rewriting Eq. (14) and using <o v>. ~ o (v)v for |v-v, | * v , 

v > v± and <oexv>b ~ oex<vb>vb/ 

E < 
f2rt°ex<V A b ) 2 

arboex(E) 
kbT *« 20 kbT . (15) 
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Above a certain energy prescribed by Eq. (15) the spectrum may be dis

turbed by the contribution of multiple charge-exchange interactions. Of 

course, in the derivation of this result the profile effects are ne

glected. A precise energy limit for disturbances due to these inter

actions should be determined by more extensive calculations using a two-

or three-dimensional code. However, this is beyond the scope of the 

present paper. We will restrict ourselves to the conclusion that the 

effects of multiple charge exchange will be negligible up to several 

keV. 
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III. THE NEUTRAL PARTICLE SOURCE 

On the basis of the considerations of Chapter II, it seems appro

priate to settle for a 25 keV - 1 ampere-equivalent neutral beam, but 

also to demand for a wide range in these parameters to cover all pos

sible working conditions of TORTUR. A source that fulfils these require

ments is a modified heating source of the TFR tokamak in Fontenaj-aux-

Roses (France) 6'27'. This source is able to produce up to 5 A hydrogen 

ions corresponding to an available neutral beam power of 70 kW. The 

beam divergence of a single beamlet in the extraction system amounts to 

1.25 degrees. The design of this so-called duopigatron ion source is 

shown in Fig. 4. Its functioning 

is described in detail by Bonnal 

et al. 2 8' 2 9 ). We will describe 

here two modifications which were 

necessary for our special use. 

They concern a change in the ex

traction system and a modification 

of the neutralizer. 

The multi-aperture extrac

tion system consists of 3 grids: 

a plasma grid, the acceleration 

grid, and the deceleration grid. 

The plasma grid, separating the 

plasma in the source from the ex

traction system, is at ground po

tential (see Fig. 5) . intermediate 
electrode 

cathode 

magnetic coil 

anode 

Fig, 4. The ion source. 

insulator 60 KV 

plasma grid 

acceleration grid 

deceleration grid 

- 1 0 -



extraction neutratizer corona cylinders 
system 

,L. 
|||l 
111 
111 
111 
llll lr 

Fig. 5. The potential distribu
tion along the beam path 
of thu neutral source. 

The acceleration grid has a negative potential to accelerate the 

ions. The third grid, biased at somewhat smaller negative potential, 

decelerates the ions down to the desired energy. The function of the 

deceleration grid is to prevent electrons from the neutralizer domain 

to enter into the extraction system. All grids are manufactured out of 

oxygen-free copper. They are 2 mm thick and are curved with a radius of 

0.82 m. It is technically difficult to drill the apertures perpendicu

lar to the spherical surface of the grids. The drilling machine or the 

grids should move along three axes with a precision which is hardly ob

tainable. A loss in precision cancels the potential advantages of the 
28) focussing . The 151 holes of 3.6 mm 0 are therefore drilled parallel 

within a radius of 25 mm. This parallel drilling has several advantages. 

It can be performed much easier with a high degree of precision. The 

alignment of the beamlets can be achieved within 50 vim. The beam focus

sing in this case is not only performed by the concave grids but also 

by a deviation of the radial trajectories caused by spherical asymmetry 

of the apertures. This results in a difference between the real focus 

and the geometrical focus point of the concave grids. The top angle of 

the real focus point, cf>, can be calculated from geometrical considera

tions and depends on the intergrid distance of the plasma grid and ac

celeration grid, d, and the aperture displacement 6. ' 

* * 6 + j£ , (16) 

where 8 is the top angle of the geometrical focus point. The real focus 

point will be ab^ut 3/4 of the geometrical focus (Fig, 6). 
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Fig. 6. The grids of the accelerat ion-decelerat ion extract ion system used in the 
duopiga*-ron ion source. The grids are curved with a radius of 0.82 m. The 
151 beamlets (3.6 ram 0) are within a cross-sect ion of 50 mm. 

The g r i d s must be p o l i s h e d by hand in an i r r e g u l a r motion. The 

d i s t a n c e between the a c c e l e r a t i o n and the d e c e l e r a t i o n g r i d s i s 2.2 iun 

and d v a r i e s from 4 t o 5.3 mm. When the g r i d s a r e i n s t a l l e d , the l a r g e s t 

va lue of d i s used x,o begin w i t h . The source i s f i r s t ope ra ted to 

" e l e c t r o - p o l i s h " the g r i d s , s t a r t i n g with a low e x t r a c t i o n vo l t age u n t i l 

break-down d i s a p p e a r s . Then t h e g r i d d i s t a n c e , d, i s diminished and the 

e l e c t r o - p o l i s h i n g procedure i s r e p e a t e d . This p rocess of c o n d i t i o n i n g 

of t h e e x t r a c t i o n system may t ake c o n s i d e r a b l e t ime to avoid g r id dam

age . Every time when the source has been a t a tmospher ic p r e s s u r e , g r i d 

c o n d i t i o n i n g i s n e c e s s a r y . 

To reduce pumping requ i rements the r e a l focuss ing d i s t a n c e i s 

kept small (615 mm). The f o c a l po in t i s s i t u a t e d somewhat above the 

narrow e n t r a n c e p o r t of t he t o r u s . The g r i d d iameter i s r e l a t i v e l y small 

(50 mm). The 151 a p e r t u r e s w i th in t h i s d iameter a re s u f f i c i e n t for a 

t o t a l e x t r a c t e d c u r r e n t of 3.8 - 5.3 A a t a c u r r e n t d e n s i t y of 250 -

350 mA c m - 2 . 

- 12 -



The gas in the neutralizer comes from the ion source • 

The efficiency of the neutralizer depends on the gas pressure, p, along 

the length, L, o* the neutralizer cell. Optimal neutralization is ob

tained with pL * 4*1015 cm-2 (Refs. 29, 33). The pressure distribution 

from the ion source to the pumping manifold is treated in Chapter V. 

On the basis of these considerations and the figures given above, a 

cell length of 33 cm is chosen. 

Due to losses in the beam transmission line and the inefficiency 

of the neutralizer, a neutral current of about 1 ampere-equivalent has 

been obtained at the focus ' 
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Fig. 7. The ion source and a part of the beam line mounted on TORTUR II. 
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IV. THE ELECTRIC CIRCUIT AND THE SOURCE-BEAM DIAGNOSTICS 

The electric circuit is shown in Fig. 8. The magnet (1370 wind

ings of 1 nan 0, R = 13.5 ft) and the filament are switched at the same 

time. A current of 2.5 A is used to build up a magnetic field at the 

cone surface of the iron intermediate electrode in the anode space. The 

filament current is between 63 and 69 A after 2 seconds burn-time. When 

it is switched on, currents of 120- 130 A are normal, but a saturation 

current of more than 69 A damages the filament. This consists of 4.5 

windings of 1 mm 0 tungsten wire on an 8 mm 0 mandrel. A new filament 

needs an outgassing procedure. The filament support is cooled by a water 

flow of 0.6 - 0.9 1/min. 

0-25 V 
100 A l^? 

0.12 F 

0-35G V 

'arc 

0-40 kV 
40 mA 

loooa 

1 k 

fast 

switch 

\ / 

-nn- ï 
•-ÉS3 ÜD 
K 3k ,—Q D 

D 
O D 

magnet 

filament 

intermediate 

electrode 

anode 

• O D D plasma grid 

accel. grid 

decel. grid 

neutral izer 

r corona cylinders 

Fig. 8. Schematic of the circuitry of the ion source and the extraction system. 
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The arc current is supplied by a capacitor bank of 0.12 F/350 V. 

A thyristor enables fast switching of currents between 20 and 40 A. The 

anode voltage is between 120 and 200 V. The high voltage supplied at 

the acceleration grid is from a 4.4 pF/4 0 kV capacitor. Start and stop 

arc switches are used for fast switching of the extraction current at 

chosen times. When the high voltage is switched on, the ions are ex

tracted passing the acceleration and deceleration grid (see also Fig.5). 

The acceleration current is between 0.2 and 0.3 A. The ion beam trans

fers into an atomic beam in the neutralizer. This causes a potential 

drop between 4 and 5 kV over the decelerator grid resistor, providing 

the decelerator voltage between the accelerator and decelerator grids. 

The electrons are kept within the neutralizer by the potential differ

ence, and by that between the neutralizer and the first corona cylinder. 

The corona cylinders, separated by approximately 8 mm, provide a potential 

drop from high voltage down to ground potential. Here the remaining 

ions from the neutralizer are decelerated down to ground potential and 

caught by the walls. The corona cylinders replace two highly trans

parent grids which were used in the original design. These had the dis

advantage that a discharge between the grids was triggered when the 

beam passed. This effect was enhanced by magnetic stray fields. 

The timing of the electrical circuits and the gas supply is pre

sented in Fig. 9. All trigger signals are derived from the digital time 

programming of the TORTUR II device and transported along light conduc

tors to the various triggering ports. This is done to eliminate pertur

bations caused by fast-rising currents and voltages. The arc is started 

between 60 and 80 ms after the gas supply. The extraction is started 

at e.g. 68 ms. During the extraction period, which is variable from 

about 1-4 ms, the extraction voltage drops about 1.2 to 5 kV, causing 

torus gas injection 

source gas injection 

arc 

extraction 
6 8 7 0 

- » * t (ms) 

Fig. 9. Time scheme of the source triggering. 
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a time-dependent neutral beam energy. The charge-exchange neutral flux 

is hardly affected by the voltage drop due to the energy dependence of 

the charge-exchange cross-section and the attenuation of the neutral beam. 

The operation of the source and of the extraction system is 

monitored by current and voltage measurements on the magnet, the fila

ment and the arc, as well as on the acceleration and deceleration grids. 

The acceleration current, I , and the net extraction current, I , 
ace ex 

are measured by Rogowski loops in the high voltage circuit. The total 
extracted current I. . = I + 1 is measured over a shunt. The neu-

tot ace ex 

tral beam intensity can be measured at the port opposite the beam line 

(see Fig. 1). Here, a measurement can be done with a combined bolometer-

Faraday cup. A schematic representation is given in Fig. 10. 

beam 

l iner 

c3p3 

ft^H^ 
thermocouple 

amplifier 

100 V 

Faraday cup bolometer 

Fig. 10. Schematic representation of the combined bolometer and 
Faraday cup. 

with five cross-positioned copper calorimeter discs of 50 mm2 

and 0.5 mm thickness, one can measure the time-integrated beam power 

density and the positioning of the beam. The time dependence of the 

beam intensity can be monitored by the Faraday cup. The calibration of 

the bolometer was performed by evaporating well-dimensioned water drops 

on the preheated calorimeter discs. Another calibration by simply weigh

ing the discs and their copper connections showed a good agreement. The 

thermocouples (TCI 05/50/2 of Termocoax S.A. Sondern, France) of the 

calorimeters are followed by 400x amplifiers. Then the calibration of 

the bolometer output signal is given by: 
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AV = 6.8x10 5 EbJb At , (17) 

where AV is the output voltage of the amplifier in V, E. is the beam 

energy in eV, and J, is the beam current density in mA cm-2. The ex

traction time At is expressed in seconds. The time response of the 

bolometer was about 0.3 second. (Fig. 11.) 

Fig. 11. The bolometer-Faraday cup. 

Measurements with the Faraday cup showed a good agreement with the 

bolometer measurements when an efficiency of 2 secondary electrons per 
34) incident atom is assumed for the energy of the beam . Measurements 

with the bolometer and Faraday cup are not possible during the run of 

the TORTUR discharge because of possible damage to the thermocouples 

and amplifiers. The remaining source diagnostics are coupled with the 

data acquisition system of TORTUR enabling a time-dependent recording 

of the diagnostic signals by a PDP 11/70 computer. 

The source and the beam line were examined in a test stand where 

the source was conditioned. Optimal source parameters were investigated. 
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These test*7; are described in detail by Van Dijk .We will summarize 

the conclusions as follows. 

During the conditioning described in Chapter III, a voltage 

break-down in the extraction system appears frequently, as is shown in 

Fig. 12a. After several days of discharging tue source at a repetition 

rate of one per 3 minutes, the break-downs disappear. A smooth time 

dependence of the source signals is achieved, as is shown in Fig. 12b. 

arc current I 
arc 

extraction voltage V 
extr 

extraction current I 

Fig. 12a. Functioning of the source during the conditioning phase. 
The arc current shows some noise. The break-downs in the 
extraction system are demonstrated by the spiky character 
on the extraction current and the extraction voltage. 

I 
arc 

extr 

ex 

20 A/div - 10 ras/div,-

20 kV/div - 5 rcs/div; 

5 A/div - 5 ms/div. 
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arc current I 

extraction voltaqe V 

extraction current I 

bolometer signal 

Fig. 12b. Proper functioning of the source after several days of 
conditioning. 

I 
arc 
V 
extr 

ex 

20 A/div - 2 ms/div; 

20 kV/div - 1 ms/div; 

2 A/div - 1 ms/div; 

Bolometer: 100 mV/div - 0.5 s/div. 

Summarizing the optimal parameters of the source we found: 

for the gas flow Q: 1.3 torrl/s; the filament current: 66 A after 

2 seconds burn-time; the magnet current: 2.5 A; the arc voltage be

tween 160 and 180 V, and an arc current of about 30 A. The extraction 

current scales with the voltage in agreement with the Child-Langmuir 
29) 1--1.W, except for a constant factor 0.3 , (Fig. 13). This is due to 

the inhomogeneous plasma distribution in the arc discharge and the 

efficiency of neutralization. 
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(mA/cm 2) 

ii 

400 -

300 -

200 " 

100 -

Fig. 13. Comparison of the neutral current density measured at the 
focus point and the extracted current density predicted by 
the Child-Langmuir law. 
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V. THE BEAM LINE 

The beam line connecting the source to the torus provides a 

stable transmission of the beam. Care was taken to match the emittance 

characteristics of the source and the acceptance characteristics of the 
27) beam line . In our case, the torus entrance port has a diameter of 

32 mm over a length of 20 cm. Wider holes in the copper shell around 

the torus are not acceptable for plasma, stability. Moreover, the space 

between the toroidal field coils would not allow a wider beam line in 

that area. The design of a beam line as used on TQRTUR is largely de

termined by the geometry of the apparatus. Scanning of the plasma cannot 

be done by shifting the beam or the analyzer, but requires measurements 

at different ports at various radii. The beam line and the source are 

constructed in such a way that displacement of the beam to a different 

port can be achieved relatively easily. 

The beam line and the neutralizer (3) are shown in Fig. 14. The 

source and the neutralizer are mounted on 4 insulating supports (5). 

The assembly is connected to the beam line by an alignment bellows (4). 

The supports allow the source to move in 3 spotial directions, so that 

the beam can be directed through the small ports to obtain optimal 

transmittance. The neutralizer (3) is placed immediately behind the ex

traction grids (1). Two alumina cylinders (6) with corona cylinders (7) 

separate the extraction system and the pumping box (8). The latter is 

grounded electrically. The pumping box has a trapezium shape. It is 

located between the toroidal field coils, and is connected to the torus 

entrance port by a high vacuum valve (10) and a ceramic insulator (11). 

The trapezium shape of the pumping box is chosen to optimize the gas 

conductivity towards a 32-litres expansion vessel (9) connected to a 

turbo-molecular pump. The expansion vessel serves as a buffer to keep 

the pressure at the beam line above the torus entrance port as constant 

as possible. 

The working gas is supplied at the filament support of the ion 

source by a piezo-electric valve (.Vesco) . The expansion vessel, the 

pump, the beam-line components, and the piezo-electric valve are dimen

sioned so as to provide the pressure distribution necessary for simul

taneous functioning of the source and the neutralizer, and to minimize 

the gas density along the remaining parts of the beam line. The calculat

ed pressure distribution is shown in Pig. 15. 
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Fig. 14. Schematic representation of the beam line. 

1 extraction system 7 corona cylinders 

2 glass insulators 8 pumping box 

3 neutralizer 9 expansion vessel 

4 alignment bellows 10 high vacuum valve 

5 source supports 11 ceramic insulator 

6 alumina insulators 12 torus 
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Fig. 15. The calculated pressures according to the design of the bean line in the 
source and in the neutralizer as a function of time at two different inlet 
gas flows. At 60 ms the source is discharged. 

The gas supply, Q, is 1.2 - 2.0 torrl/s during 70 ms. The source 

is fired at 60 ms during 10 to 20 ms when the maximal pressures have 

built up. During the discharge, the source plasma sucks gas from the 

neutralizer into the anode space. The gas flow to the torus is 0.5 

torrl/s at most. It does not influence the gas load of the torus sig

nificantly. The calculated pressures are in good agreement with the 

pressures measured at the pumping box and in the torus. 

As mentioned before, the entrance ports restrict the beam trans

fer because of their small dimensions. It can be derived from geomet

rical considerations that these diaphragms reduce the beam intensity 

about a factor of 3.5. Moreover, in the small entrap.ee tube the beam 

ato-.c arc icni'-ed in collisions with gas molecules and the wall. The 

wall releases particles which increase the ionization of the beam. 

Hence, an enhanced attenuation of the beam intensity is to be expected. 

To illustrate this process we consider the situation as shown 

in Fig. 16. 

Following Riviere, Sheffield and Hemsworth ' , one can de

rive Eq. (18) from Fig. 16: 

v dN _
 Y lb f . d M r S +C . riIbC .... 

V dt ~ T " 4 N C S^2C + e(S+2c) ' (18) 
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fast ions 

ionization S 

fast neutral beam-
neutral i zer 

transmitted 

^secondary 
gas 

\p lasma 

to the 
pump torus entrance tube in the 

toroidal magnetic field 

Fig. 16. Schematic representation of the beam blocking in the torus entrance tube. 

Here, N i s t he average dens i ty in the t o rus en t r ance t u b e , V i s 

the volume of the en t rance t u b e , Y i s the number of molecules r e l e a s e d 

a t the wal l per i n c i d e n t i o n , I, i s the n e u t r a l beam c u r r e n t , e i s the 

elementary cha rge , C i s the e f f e c t i v e gas conductance of t h e t o r u s 

en t rance t u b e , S i s the e f f e c t i v e pumping speed of the beam-l ine pump, 

and u i s the gas e f f i c i e n c y of the source : 

a = 
2eQ 10 - 15. (19) 

a is assumed to be constant in time. The torus plasma is considered to 

be an ideal pump. The fraction of the beam ionized in the tube is given 

by: 

f = 1 - exp(- NLa) , (20) 

where L is the tube length and a is the cross-section for electron 

loss by fast atom collisions. As y is very near to one, the second 

term in the right-hand side of Eq. (18) is the dominant one in most 

applications. Therefore, the gas density increases and the transmitted 

beam I = I, (1 - f) decreases relatively fast to a saturation value. 

The time constant for this decrease is, with S = 240 1/s, C = 150 1/s: 

' - * ¥ £ - 'SO,. (21) 

The calculated stationary values of the transmitted beam amount to 0.9 

and 0.6 5 times the neutral beam current from the neutralizer. Riviere 

and Sheffield remark that their calculations are based on optimis

tic estimates of the ionization cross-section o. Therefore, the satura

tion value might still be lower. It is clear that for an unimpeded 

transmission a large conductivity and pumping speed are required. 
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At the torus port opposite the entrance tube, the neutral bea: 

intensity was measured by the bolometer-Faraday cup combination. 

Fig. 17. The Faraday-cup signal of the transmitted neutral 
beam through the torus, (lv/div - 5ms/div.) 

In Fig. 1/ a measurement of the transmitted neutral beam is 

given. The measurements indicate a neutral current density of 15 niA cm~z. 

For an unimpeded beam of 80 mA cm-2 equivalent current density and a 

beam energy of 20 keV (see Fig. 13) the transmittance of the entrance 

tube is about 1/5, which is close to the estimate given above. 

Another effect that disturbs the beam-line transmittance is the 

magnetic stray field from the toroidal field coils. This has been mea

sured and has shown to be less than about 6 Gauss near the most criti

cal zone: the extraction system and the neutralizer. This field de

flects the ions in the r.eutralizer, resulting in a displacement of the 

neutral beam at the torus entrance tube. The influence of the toroidal 

field can be diminished by a "focussing" coil placed around the corona 

cylinders and by a small corrective displacement of the source. In the 

future, improvements along this line can be made for optimal beam 

transmission. 
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VI. CHARGE-EXCHANGE MEASUREMENTS WITH INJECTION OF THE NEUTRAL BEAM 

The source described in the previous chapters has been used for 

measurements of local ion energy distributions in TORTUR- Examples will 

be given in this chapter. For the determination of the ion temperature 

profile, the attenuation coefficients have to be known (see Eq. (6)). 

To this end the procedure should be to inject the probing beam at vari

ous radii. When the plasma temperature near the edge has been determin

ed, the attenuation of the neutral flux through the edge region can be 

calculated. Then the flux of charge-exchange neutrals from an inner 

plasma region can be corrected for the attenuation. Therefore, the 

source was first placed on the outer port of TORTUR at r = 6.5 cm, to 

demonstrate the value of beam probing. 

In these introductory runs the measured energy distribution is 

not entirely local, but it is an integral value over the finite width 

(3 cm) of the neutral beam. 

As expected, the flow of hydrogen gas from the beam line into 

the torus has a negligible effect on the charge-exchange neutral flux. 

Small disturbances, due to the influence of hydrogen gas and the neu

tral background density, were observed at energies below 50 eV. In 

Fig. 18 the signal of the neutral-particle energy analyzer before and 

during extraction are shown. 

An energy distribution over the complete energy range up to 

3 keV is composed of 4 to 5 energy settings of the electrostatic analy

zer. This yields to 30 to 40 points in the entire energy range. The 

results of the measurements are assembled to an energy spectrum by the 

PDP 11/70 computer. A specimen of such a spectrum is shown in Figs. 

19 a and b. 
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Pig. 18. Signals from the particle analyzer during a TORTUR discharge, demonstrating 
the absence of signals from plasma neutrals and source gas. The source was 
fired at t = 1.5 ms The signals are not corrected for the energy resolution 
of the various channels. The magnitudes of the signals are in good agreement 
with fluxes calculated from £q, (6) in Chapter II. 
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Fig. 19. The energy spectrum measured with neutral injection 
at r * 6.5 cm in the TORTUR II tokamak. 
a) at t = 1.35 ms, b) at t = 1,9ms. 
The time resolution was 100 us. 
The discharge conditions were: B-toroidal = 3.4 T, 
n = 4X10

19 m - 3, 1-plasma = 50 kA, and V . = 400 V. 
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From inspection of the spectra it can be verified that the points 

in the range below 100 eV exhibit a large error. This is due to the 

poorer energy resolution of the detector and the sharp drop of the 

stripping cell efficiency at lower energies. The effect of the tempera

ture profile is visible in Fig. 19. With the example of a profile shape 

as {1 - (r/a)2), T varies from 45 eV at r = 8 cm to 260 eV at r = 5 cm. 

This effect can be seen in the slopes drawn in Fig. 19. 

In Figs. 20a and b, the effect of ion heating on the energy dis

tribution measured with the neutral beam is shown. The measurement was 

performed during a turbulent heating discharge of TORTUR. 

An enhancement of high-energy particles is evident from compari

son with Figs. 19a,b and 20a,b. 

-30-



25 

20 
(arb.units) 

«„ u, m 
W E dE/ 

IS 

10 

T 1 1 1 1 r 

45 eV 

100 eV 

HM, t 

_L 

600 1200 1800 2400 3000 

E (eV) 

25 

20 
(arb.units) 

*n i-r —) 
W E dE/ 15 

10 

-t 1 1 1 1 1 r 

100 eV 

260 eV 

600 1200 1800 2400 3000 

*• E («V) 

Fig. 20. The energy spectrum measured with neutral injection at 
r = 6.5 cm in the TORTUR II tokamak during a turbulently 
heated discharge. 
a) at t - 1.55 ms? b) at t = 1.8 ms. 
The time resolution was 100 us. The discharge conditions 
were: B-toroidal * 3.4 T; n = 4*1019 m~3; I-plasma = 50 kA; 
and V e l c o = 400 V. The turbulent pulse of 20 kV/50 kA 
during 10 us was supplied at t = 1.2 ms. 
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VII. DISCUSSION 

As stated in the introduction, the measurements of the ion ener

gy distributions with intense neutral beams can be used advantageously 

for the measurement of local plasma parameters. Of course, a passive 

measurement of ion energies can be made. However, for the interpreta

tion of the measurements a considerable a priori knowledge of the pro

files - especially of the neutral density profile - is required for the 
9) passive method . The active charge-exchange method presented here will 

fail when multiple charge exchanges occur between the beam region and 

the plasma edge, i.e. when nao > I. Then, two effects can disturb the 

measurements. Firstly, the flux of charge-exchange neutrals originating 

from the beam will be attenuated. Secondly, the neutrals lost from the 

beam will become part of the neutral-gas background , and will thus en

hance the flux of charge-exchange neutrals originating from the remain

der of the plasma volume. It was shown in Chapter II that the first of 

these effects is the dominant one. The criterion for the applicability 

of the method is therefore a matter of statistics, i.e. of the possi

bility to compose a spectrum from the detected charge-exchange neutrals. 

This criterion depends on the plasma, on the access of diagnostic appa

ratus, on the equipment used, and on the level of stray signals. Hence, 

by beam modulation, phase-sensitive detection, good access etc., one 

should be able to shift the criterion to, say, nao < 5. When naa 

becomes still larger, other methods must be used, like that based on 
17 "}H) 

scattering of a neutral beam by ions in the plasma ' 

In the cases where nao > 1, corrections for the attenuation 
ex 

and profile effects due to a finite beam width are necessary. These 

corrections have to be performed, for instance, for the active diagnos

tics on TORTUR. Measurements like those carried out in TORTUR can be 

improved, in principle by using wider ports and by applying more pump

ing. However, this is not possible in TORTUR. More work can be done on 

stray-field compensation and on adjustment of the beam position, which 

is affected by the toroidal field. Thus far the yields are satisfacto

rily large. The timescale of the measurement is restricted to about 

0.5 ms because of the limited recording time of the analog-digital con

verters. This can be improved easily. There are indications thac iiiore 

stable injection parameters exist after a transient period of approxi

mately 1 ms. In future experiments, the time sequence of injection and 

measurement have to tune to that effect. 
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