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INTRODUCTION 

In the framework of a cooperative program with JET and Culham 

Laboratory for neutral injection development for JET, FAR was charged to 

develop a 160 keV, 30 A, 5s deuterium beam required for the "extended 

performances" phase of JET. In addition to this main task, FAR laboratory 

was also asked to test the PINI-B, one of the two prototypes of the 80 keV, 

60 A, 5 s hydrogen beam injectors intended for the "basic performances" 

phase of JET (the other prototype, the PINI-A, was tested at Culham) . 

Tests of this unit were performed between June 82 and March 83. The main 

results of this work will be presented here. 
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I. EXPERIMENTAL APPARATUS 

The FINI-B (Plug In Neutral Injector) IM was assembled at 
Culham Laboratory. It was equipped, at FAR, with a rectangular periplas-
matron ion source, fitted to the PINI specifications and Manufactured 
under the responsibility of FAR for the account of JET /2/. The ion beam 
was accelerated by a multi-aperture four grid system developed at Culham /l / 
of 18 x 45 cm2 overall surface and 36,5 % transparency.FIG i. 

The grids were made out of electrodeposited copper with one cooling 
channel per aperture row /t/. The test bed has been already thoroughly described 
/3/ : it consists of a cylindrical tank, 3 m in diameter, 37 m 3 in volume, 

3 
pumped by one to four cylindrical cryopumpa /4/ of about 250 10 1/s (for H_) 
each, equipped with a deflection magnet, an ion dump and an end calorimeter, 
which for the reported experiments was a V-shaped 50. x 60 cm 2 water cooled 
copper target placed at 6,8 m from the source. The extracted beam goes through 
alTS5mlcmg water-cooled neutralizer, which is in two parts : the first part 
is an element of the PINI, the second part has been manufactured by FAR. 
The extracted beam must be focussed 14 m away in the vertical plane, both by 
geometrically tilting the two halves of each grid and by providing apertures 
offsets. In the horizontal plane the beam must be focussed at 10 m by aperture 
offsets only. The offsets are established between the gradient (G_) and the 
negative grids (G„) ; the beam forming or plasma grid (G,) is aligned with G 9, 
the neutralizer grid (G,) with G_. 

II. DIAGNOSTIC TOOLS 

The power loading of the source backplate, grids, deflecting magnet, 
scrapers and ion beam dump was deduced from the temperature increase of the 
cooling water. The water flow in the different circuits was measured by turbine 
flow meters and the rise of water temperature by differential thermocouples. 

The transmitted beam power (ions + neutrals or neutrals only) was 
measured by the same method on the V shaped end calorimeter which,normally, 
was water cooled ; but this device can be also thermally insulated, in this 
case and for short pulses (0,2 s) the transmitted beam power was deduced from 
the increase of the calorimeter temperature (measured by four thermocouples) 
after the shot. 
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The beam profile was measured electrically by 56 secondary emission 
detectors placed behind the calorimeter which was» correspondingly, drilled 
with a 56 circular apertures(0 = 2 mm) matrix. 

The beam species were measured by a magnetic analyser at the end 
of the line behind the calorimeter. 

We used a data acquisition system which consists of a 32 channels 
module with a 32 K words memory used for recording the main electrical para
meters of the line i.e. : V _» I , V , Vg-, pressure gauges readings, cooling 
water temperatures and thermocouples voltages on the source back, plate, 
ion dump, end calorimeter and scrapers. 

A 64 channel module, 8 K memory, was used to determine the beam profile 
from the secondary electron detectors placed behind the end calorimeter. These 
modules are connected to a CAMAC interface linked to-a SOLAR 16-40 minicom
puter. By real time processing one can display in a few minutes on a video 
terminal the main shot data,, their time dependence and the beam profiles with 
the corresponding divergences. 

III. OPERATING CONDITIONS 

Our H.V. power supply, which is suited to the 160 keV, 30 A, deute
rium beam operation, limited to 40 A the extracted ion beam current in long 
pulses (T = 2 s). The beam energy was in this case 63 keV (corresponding to 
the best beam optics). For short pulses ( T = 0.2 s) it was possible to operate 
regularly the injector at 78 keV, 56 A, perveance match beam. The operation at 
full beam power was achieved after a conditioning phase of about 4000 shots, 
0.1 s each. The electrical scheme is shown in FIG.l 

In the PINI design the whole accelerating system, including grid 
holders and water cooling pipes are located inside, the main H.V. insulator 
where, during the shot exists a relatively high neutral gas pressure of the 
order of source filling pressure. This situation creates the possibility of 
long path,Paschen-like, discharges between the different elements of the system 
which makes the conditioning very difficult for a source filling pressure 
bevund 18 nT. 



4. 

In these tests the normal operating range of the source pressure 
was F = 8 T 12 mT. Additional gas can also be injected in the middle 
of the neutralizer. The gas flow yielding a neutraliser gas target thickness 
111*1.3 10 cm was 30 Tl/a when injected into the source only or 37 Tl/ S 

when injected both into the source (Q. - Î0 Tl/s) and the neutralizer 
(Q N » 27 Tl/s). The interest of adding neutral gas into the neutralizer to 
make up for the reduction in the gas flow into the source was to reduce grids 
power loadings, at constant value of the neutraliser linear density (see later). 
Nevertheless when the injector was operated with long pulses (T - 2 s) and 
at reduced ion beam power (40 A, 63 keV) because of the already mentioned 
H.V. power supply limitation» we intentionally increased the grids loading 
by operating at relatively large gas flow : Q g = 32 Tl ./s into the source 
only, getting so the same grid loading (70 kW on G1) as expected for a 60 A, 
80 keV beam. In these conditions the long pulse tests were significative of 
the adequacy of the grid cooling technique. 

Grid 2 of the four electrode system was resistively biased (through 
a 80 kfî, 1A partitor in parallel with the H.V. power supply) at a negative 
potential V.* with respect to G1. The V ratio (" = V23^ V12 ^ w â S v a r i e a *-n 

these experiments in the range T = 7? 8,5 the highest value of the beam 
perveance was obtained at T ̂  8.5. The electrical behaviour of this extraction 
system was more complex than that of a conventional three electrode system. 
Frequent breakdowns occurred between G1 and G2 (independentely of the H.V. 
breakdowns ) and to correctly condition G2 an additional protection system 
was necessary, to cut-off the source discharge and the H.V. power supply 
during such breakdowns. In addition the grid 2 can collect both positive 
(cold or fast ions) and negative charges (backstreaming electrons) and the 
net current flowing on it varies in a rather complicated way with the expe
rimental conditions. When the net current is positive an electrical insta
bility (latching) can occur, characterized by a sudden transition to a very 
high T value (i.e. very low voltage V.,) and large positive current on G2, 
This instability which generally occured at high beam perveance (T^i 9) was 
already observed and reported /5/. 
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Transient instable situations leading to the "latching" occurred also very 
often at the beginning of the shot ; reliable operation vas obtained by 
adjusting the rise of the arc current to the accelerating voltage rise time 
(notching). The safe operating margin of grid 2 can become wider by reducing 
the suppressor grid voltage (V_.) to produce a slight increase of the back 
streaming electrons. In these conditions we observed that the G2 current 
was negative (stable situation) in a relatively large range of the beam per-
veance as shown on fig. 2. 

IV. EXPERIMENTAL RESULTS 

a) Beam perveance 

The extracted current versus the accelerating voltage at perveance 
match is shown on Fig. 3. The limit for the G2 latching is also reported. 
The best perveance increases with the current and the voltage. The highest 
figure is P2S 2.5 10~ A/V at V = 8.5 corresponding to 57A at 80 kV. These 
figures are in agreement with previous FAR measurements on a smaller injec
tor with the same optics /5/ and with the PINI-A results /6/. 

b) Beam composition 

The beam composition at the extraction plane is reported in Fig. 4. 
The angle of acceptance of the magnetic analyser is ± 0.4°. All the reported 
measurements were taken at perveance match, on the neutral beam. This beam 
composition is consistent with the measurements previously made on the source 
itself /2-7/ and also with the beam neutralization efficiency deduced from 
the ratio of the neutral beam to the total (ions + neutral) beam power 
transmitted to the end calorimeter. 

c) Power inventory 

Thermal loadings of the main components of the injection line, 
h-ve been measured at perveance match in the range 2.2 -f 2.G 10* A/V ' and 
with T between 7 •=• 8.5. Two kinds of dependences on the gas flow rate Q-
have been explored. The first, with gas inltt into the source only 
(Q g » 0, Q = 0) : in this case the relationship between Q s and P , the source 
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filling pressure, is Q g ** 2.63 P Q (Tl/s) (P in mT j . The second, with gas 
inlet in both source and neutraliser (Q * 0, Q N * 0 ) , keeping the gas linear 
density into the neutraliser at a value corresponding to an adequate beam 
neutralization (nl a» 1.3 10 cm ) . The thermal loadings are given in percent 
of the total drain power. 

Backstreaaing electrons (b.s.e) 

The power measured on the back plate versus Q_ is given on Fig. 5 
and Fig. 6. The kind of gas injection is reported on the figures. Due to the 
source geometry, the back plate takes about half of the total b.s.e. power 
carried into the source. The remaining half falls on the water cooled anodes. 
Trends and figures of the power carried by b.s.e. are consistent with the 
production of electrons by gas ionization inside the accelerating gap. This 
conclusion is in accordance with previous measurement made at FAR /5/. 

Grids power loadings (beam only) 

The plasma grid loading P-. versus G- is also reported on fig. 6. 
for the mentioned situations of gas injections. With gas inlet into the 
source only, ?„. is linear with the gas flow rate (Fig. 7). P_. dependence 
on perveance is illustrated in Fig, 8 ; P.. is normalized to 1 mT source 
filling pressure and the perveance to the perveance match. The dashed area 
include the precision of the calorimetric measurements (± 10 Z) and the 
P„- variations inside the explored range of V (8.5 * 7). The minimum of P . 

occurs, independently on T, at a perveance about 35 * lower than the optimum 
perveance ; P., exhibits also a trend to decrease with F. These measurements 
confirm those previously made at FAR /5/, which were taken by the JET as the 
guide line for the grids cooling specifications. P.. values at perveance match 
and its dependence on the gas flow rate are also in agreement with the corres
ponding PINI-A results. The arc contribution to Pfl. depends on the arc regime. 
Typically it is about 17 * 20 % of the arc power, about the same as for the 
PINI-A, which was equipped with a "Buckett" ion source. 

V . is therefore found very close to the projected safe limit for 
long pulse operation at perveance match. 
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As for P _, P G 3 , P-,, these have been measured for the gas regime 
Q • 30 Tl /s, Q„ = 0 at perveance match. Their figures are : 

PG2" °'26 * °' 4 5 % * P G 3 * °' 6 5 Z ; P G 4 * * %r 

Their dependence on the perveance can be taken the same as previously measured 
/5/, due to the agreement between the values at perveance match. 

Neutralizer and deflecting magnet 

Their respective thermal loadings are shown on figure 9. The thermal 
loading of the neutralizer results essentially from ions created by ionisation 
and charge exchange on the neutral gas in the acceleration gap. These ions 
have generally very aberrated trajectories. 

Beam power transmission 

The total beam (i + n) and neutral beam power transmitted to the 
end calorimeter are given in figure 10, versus the normalized perveance. 
The dependence on the perveance is in good agreement with results on PINI-A /6/. 

In conclusion, the total extracted power can be accounted for about 
95 % at perveance match namely : end target 75 % ; magnet 3 T 3.5 % ; 
neutralizer 5 • 5.5 % ; grids 3.7 % ; b.s.e 8 %. 

As previojsly mentioned,long pulses have been operated without gas 
input into the neutralizer and at high gas pressure into the source 
(Q- - 32 Tl/s) to increase the grid loadings (see fig. 7). Total (beam + arc) 
grid power loading of 70 ktf, 19 ktf, 22 kW, 33 ktf have been measured on respec-
veiy G., G-, G. and G, in pulses of 2s. The waveform of a 2s shot is shown 
in fig. 11. The G. loading corresponds to 1.5 % of 4.8 MW, the nominal beam 
power. When inspected, the grids did not show any evidence of macroscopic 
damages due to high thermal gradients and important mechanical stresses. 
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d) Beam optics 

The beam profile was studied at 6.8 m from the source by using 
the array of 56 secondary emission detectors connected with the computer data 
acquisition system. This system allowed to record and to analyse 7 hori
zontal and 8 vertical beam profiles over a total surface (perpendicular to 
the beam direction) of 28 x 48 cm 2. 

Calculations showed that, at that distance,the beam dimensions are 
sligthly dependent on the beam focussing, therefore we utilised profiles to 
deduce the beamlets divergence by taking the horizontal and vertical beam 
focal lengths equal to their nominal values (10 m and 14 m respectively). 
The results were consistent with a beamlets divergence angle a ~ 0.7° at 
the best optics (perveance match beam). We. measured also the variation of the 
divergence angle with the beam perveance, the results are given in fig* 12. 
The main problem in these measurements ve.s that the beam profiles were 
asymmetric (see fig. 13) ; the symmetry depending on the V value (the beam 
profile was .symmetric at r = 3). After dismounting, we found mechanical 
misalignements (up to 0,3 mm) between grid 1 - grid 2 and grid 1 - grid 3 
which can account for such asymmetries. 

Beam losses on the neutraliser, magnet scrapers and the transmitted 
beam power have been computed as a function of the beamlets divergence ; the 
results are reported in fig. 14. 

The calculated beam transmission versus the divergence given in 
fig. 14 combined with the measured dependence of the divergence with the beam 
perveance (see fig. 12) fits to the experimental curve of fig. 10, when norma" 
lized to the maximum of this latter. 
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V. CONCLUSIONS 

The most salient observations during this short period of experi
mentation can be summarized as follows : 

- The four grid operation is somehow delicate, due to the latching of the 
second grid, h.'gh T KT > 7) and high perveance shots can be run only by 
notching the arc, 

- The thermal loading of the first grid has been found close to the upper limit 
of the projected safe operating renge. However, grids have so far successfully 
stood long pulses, high power operations as related before. Their conception 
and realization seems therefore to be correct. 

- The mechanical alignement of the grids has been found unsatisfactory. Modi
fications to the series FINI have been made to get rid of this defect. 

- The agreement betv«sen PINI-B and previous FAR measurements, particularly on 
the grid loading and their dependence on gas prest.ve is good. The model 
already proposed by FAR to explain the sxperimen'.al facts is therefore to be 
considered still valid /5/. Also the agreement between PINI-A and PINI-B 
results is to be stressed. 
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FIGURE CAPTIOUS 

FIG. 1 PINI-B mechanical and electrical scheme 

F*>i. 2 G, negative current versus perveance. 

FIG. 3 Drain current versus beam energy at perveance match. 

FIG. 4 Species frétions versus the drain current at perveance match. 

FIG. 5 Source hack plate loading by b.s.e. versus Q-, the total gas flow 
rate, at perveance match. 

FIG. 6 Back plate and G1 loadings (beam only) versus Q_, Che total gas 
flow rate, for different gas injection situations, at constant nl 
at perveance match. 

FIG. 7 G1 loading versus the total gas flow rate Q T > at perveance match. 

FIG. 8 G1 power loading normalised to the source filling pressure F (mt), 
versus the perveance, normalized to the perveance match. 

FIG. 9 Neutralizer and magnet scrapers loadings versus the perveance, 
normalized to the perveance match. 

FIG. 10 Transmitted power to the end calorimeter versus the perveance, 
normalized to the perveance match. 

FIG. 11 V , I- and main parameters of a 2s shot. 

FIG. 12 Beamlets divergence angle versus the perveance, normalized to the 
perveance match. 

FIG. 13 Beam profile as displayed on the video therminal. 

FIG. 14 Computed transmission efficiency to the end calorimeter and losses 
on the neutraliser and magnet scrapers versus the beamlets divergence 
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