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ABSTRACT

The reduction in neutralisation efficiency of positive ion beams compared to theoretical
cal culations has been acknowledged for sometime. The effect has been ascribed to adepletion
of the gas target in the neutraliser, although the cause of this has been the subject of debate.
Recent measurements in the neutraliser of the JET Neutral Beam Injection system showed a
significant increase of the gas temperature, supporting the gas heating hypothesis. This work
presents direct measurement, by two methods, of the power contained in the neutral component
of the JET neutral beam injection system that confirmsthe neutralisation shortfall. A calorimetric
technique is used to compare the power within the full (i.e. ions and neutrals) and neutral
beam componentsfor the high current JET triodeinjectors, from which the effective gastarget
can be derived. The results of these measurements are confirmed by considering the response
to neutral beam injection of the energy stored in the tokamak plasma. Finally, the gas heating
model, combined with earlier measurements of the gas temperature in the neutraliser, is used
to support the hypothesis that the target depletion is due to indirect heating of the neutraliser
gas by the beam.

1. INTRODUCTION
High power, Neutral Beam I njection (NBI) systemsare commonly employed asadditional plasma
heating tools on magnetically confined fusion devices. The JET NBI system consists of two
Neutral Injection Boxes (NIBs) each equipped with up to eight Positive lon Neutral Injectors
(PINIs) [1]. Therearethreetypesof PINI currently in use, designated by the maximum operating
voltage and beam current in deuterium: the “tetrode” 80kV/56A, the “triode” 140kV/30A and
therecently upgraded “HC triode” 130kV/60A [2,3]. The NIB located at machine octant 4 (N1B4)
Is supplied with seven tetrode PINIs and one triode PINI, whilst the NIB located on octant 8
(NIB 8) is supplied with eight HC triode PINIs. It has long been established that the neutral
beam power achieved by the positive ion based systems at JET falls short of the predicted value
determined from the expected neutraliser gastarget and the well known reaction cross sections.
This problem is more acute for the upgraded HC triode PINIs on NIB8.

Recent spectroscopic measurements of the neutral gas temperaturein the neutraliser cell [4],
[5] performed on the JET Neutral Beam Test Bed, showed that the probable cause of this deficit
was depletion of the gas target due to indirect heating by the beam. The consequence of this
observation for the JET neutral beam injectorsisareduction of neutral beam power delivered to
the plasma. Accurate knowledge of this quantity isnecessary for interpretation of measurements
made on the tokamak plasma itself, hence the requirement to confirm, by measurement, the
extent of this effect.

The power contained within the neutral component of the beam can be inferred from
calorimetric measurements of the total extracted beam power (referred to as un-deflected beam)
and the power observed when the residual ionic species have been removed by a transverse



magnetic field (referred to as deflected beam). A second measurement of the neutral beam
power can be obtained by comparing the response of thetokamak plasmato neutral beam injection
from the 130kV injectorsto that of injection from the lower power 80kV injectors, for which the
neutral power iswell established. Finally, the gas heating model of PamEla [6], together with
the measured gas temperatures and neutraliser plasma parameters[5] can be used to predict, via
arevised neutraliser gastarget, the neutral beam power. These three methods are described and
the results compared in the following sections.

2. CALORIMETRIC MEASUREMENT OF NEUTRAL BEAM POWER

A planview of aJET NIB isshown inFig.1; theeight PINIsare vertically mounted in two banks
of four. The ion beam extracted from the source is passed through a gas neutraliser and the
subsequent mixed beam of ions and neutral particles passes through a deflection magnet. For
injectioninto the tokamak, the magnet i s energi sed to remove the unwanted i onic beam component
and the neutral beam passesinto the torus viathe duct, as shown by thelower beamin Fig.1. For
beam diagnostic purposes, however, the beam can be stopped before reaching the duct on a
calorimeter, as shown by the upper beam. Note that the situation represented by Fig.1 is for
illustrative purposes only; in normal operation both beamswould either passinto the tokamak or
be intercepted on the calorimeter.

The calorimeter consists of two assemblies, each of eight 30mm thick copper plates, two
metres high, hinged in the vertical mid-plane of the NIB. Each plate is precision machined into
7x59 16mm sguare castellations, some of which contain thermocouples positioned 10mm below
thefront face, to form four horizontal arraysand one central, vertical array in each assembly. Each
assembly presents an angle to the beam varying from 32 degrees at the beam fringes to 14.2
degrees at the beam centre line. The thermocouple arrays are normally used to determine beam
distributionsin thevertical and horizontal directions. For the purposes of determining the efficiency
of the gas neutralisers, the response of the thermocouple arrays was used to measure the energy
deposited on the calorimeter by the beam. A typical response of the vertical thermocouple array is
shown in Fig.2(a), whilst Fig.2(b) shows the horizontal array for which the rise in temperature of
each thermocoupl e has been normalised to the angle of incidence of the beam.

Thevertical thermocouplearray isentirely contained within the central element of the assembly
and atypical thermocouple response with timeisshownin Fig.3. To determine the beam power
the energy, E, deposited on the central array, which is proportional to the average temperature
rise, AT, of the element, is computed. However, the thermal time constant of the calorimeter in
the direction along the vertical beam axis is approximately an order of magnitude greater than
that in the horizontal direction (due to the much larger temperature gradient in the latter and the
effect of the castellations) so that the element will not reach a uniform temperature within a
convenient time scale. The average temperature rise across the whole element was therefore
obtained from the expression:
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where

AT is the rise in temperature of the it thermocouple in the vertical array, measured
approximately 10s after the initial thermocouple response when steady heat flow during the
cooling phase has been achieved as shown in Fig.3.

Ay isthe separation between thermocouples in the vertical array
y isthetotal length of the vertical thermocouple array
N isthe number of thermocouplesin the element

Equation (1) giveslessweight to the two end thermocouples (i=1 and i=21), in addition these
are positioned 22mm inboard of the ends of the element, so that equation (1) does not include
the contribution from this fraction of the calorimeter. In practice these two errors are not
significant, asthereis effectively zero beam flux at these two points, as shown in Fig 2(a).

The method depends upon the rel ative response of the thermocouplesto two different beams.
The effect of different beam widthsisincluded by calculating the fraction, f, contained between
x=xs of agaussian beam of rmsradius s, centred at X:
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where sand x,, are determined from agaussian fit to the datafrom the horizontal thermocouple

array.

For the un-deflected beam, i.e. containing both ion and neutral components, the total energy,
E,, deposited onthe cal orimeter isthe product of the extracted beam current, voltage, transmission
and pulse duration. For the deflected beam, i.e. the neutral component only, the total energy
deposited on the calorimeter is somefraction, h, of thisproduct, where h definesthe neutralisation
efficiency of the neutraliser. By comparing the average temperature rise of the central element
for deflected and un-deflected pulses with similar extraction parameters, the neutralisation
efficiency can be determined from:
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where the subscripts D and U denote deflected beam and un-deflected beam respectively.

Themeasured values of neutralisation efficiency, h, are shown in Fig.4 asafunction of extracted
beam voltage. M easurements were made for beams from the 130kV/60A upgraded triode PINIs
(referred to as“HC Triode”). In un-deflected mode, the beam voltageislimited to 90kV to avoid
excessive thermal loading of the calorimeter elements. Thus the neutralisation efficiency for
deflected beams of energy greater than 90keV must be determined by comparison with un-



deflected beams at this maximum energy. It istherefore important that the horizontal gaussian
width of the beam, x, is determined as accurately as possible, so that the fraction, f, in equation
(2) is also determined accurately. This is best achieved by ensuring that the deflected beam
measurements are always taken for beams of optimum perveance at the given energy, as this
maximises the response of the central thermocouples in the horizontal array. It isalso assumed
that transmission losses in the beamline are identical for deflected and un-deflected operation.

Figure 4 also shows the results of computation of the neutralisation efficiency using a line
integrated, cold (i.e. room temperature) target density, P.. The cold target is obtained from
empirically derived formulae for the neutraliser pressure in the absence of extracted beam,
corrected for the loss in contribution from the source flow represented by the extracted beam
current and varies from 1.6x10% at low beam current to 1.3x10%° molecules/m? at high beam
current. Thereductionin neutralisation efficiency with increasing beam voltageisclearly evident,
falling to approximately 60% of the expected value at maximum voltage.

21. CALCULATION OF NEUTRALISER TARGET

The beam initially extracted from the source consists of three ionic species:

D*,D; and D;. Asthe beam traverses the neutraliser target these evolve into full and partial
energy neutral and ionic species. Furthermore, theratio of theinitial speciesvarieswiththearc
current in the ion source(and hence extracted beam current); thus the composition of the final
beam isacomplex function of beam current. The processesincludedinthe calculation aregiven
inTable1. Thefraction, F,, of thetotal beam power in the neutral component of agiven species
is calculated from a series of equations of the form:

dF
d—HO = 2010 Fl‘z Fo Go1 (4)

where F, isthe fraction of the total beam power in theionic beam component of a given species

0 represents cross section for a particular neutral producing process

O represents the cross section for a particular ion producing process

The total power in the neutral component of the beam is given by the sum of the fractions
obtained from the equations represented by equation (4) after integration from zero to aspecified
target density.

To obtain the effective target in the neutraliser, the neutralisation efficiency measured at the
calorimeter must be corrected for re-ionisation losses in the additional path length of 1.25m
represented by the deflection magnet. The pressure in the magnet has been measured to be a
constant fraction of the pressurein the NIB (as obtained from the empirical formula) and the re-
ionisation of the neutral beam caused by this target is estimated by assuming that full, half and
third energy neutrals have the same flux ratios astheir corresponding ionic speciesin the source.



The neutralisation efficiency at the neutraliser is then given by:
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fy =, (E)exp-T1,,6,, E)+f, EL)exp(-T1,,6,, E R+, (E plexpC-T1,,0,, (E B))
f,E)f,(E2)f,(E) arethe estimated full, half and third energy neutral fractions
G1o1S the re-ionisation cross section at the respective energy

I, isthe integrated gas target along the magnet path

Strictly, the absolute neutral fractions calculated at the end of the neutraliser, for an assumed
neutraliser target should be used to calculate the re-ionisation fraction and hence an adjusted
efficiency. The new efficiency should then be used to re-calcul ate the neutraliser target and the
process repeated iteratively until convergence is obtained. However, it can be shown that the
error introduced by adopting the non-iterative technique is negligible; the correction to the
neutralisation efficiency due to re-ionisation is approximately 3%.

Theinitial ratios of the species concentrations were measured by Doppler shift spectroscopy
[7, 8, 9] asafunction of beam current and are shown in Figure 5. These, together with the system
of equations (4) can be used to determine the target density required to fulfil the measured
neutralisation efficiency. The cal culated neutralisation efficiency isshown asafunction of target
density in Figure 6 for extracted deuterium beams of energies40keV and 125keV. Itisparticularly
important that the fractional energy components are included in the calculation at low beam
currents, where the D; speciesissignificant. Figure 7 shows the reduced target, as afraction of
cold target, obtained for the data of Fig 4, together with historical data from the former NIB 8
PINI type, designated “Triode”. The Triode PINI operated at 140kV/30A with similar cold
target densities to the HC Triode PINI.

Whilst the upgraded NIB 8 PINIs show percentages of cold target of the order 35%, the previous
NIB 8 Triode PINIsyield much larger percentages of the order 60%. It should be noted that, at low
beam energy (below 70keV) the target is effectively infinite and the neutralisation efficiency is
insengtivetorelatively large changesin target asshownin Fig.6. At higher energies, the neutralisation
efficiency does not become asymptotic until much higher target densities are attained. Therefore,
it is impossible to define a target at low beam energies from the measured efficiency, merely a
lower limit, asindicated by the barsin Fig.7. The absolute magnitude of the error for higher energy
data depends upon thelocus on the neutralisation efficiency vs. target density curve. In most cases,
however, thelarge error isin thedirection of increasing target density, with the error inthe opposite
direction being of the order 30%. At highest energiesthe gastarget error istypically £10%; some
indicative error bars have been shown for the HC Triode.



The apparent reduction in neutralisation target has been acknowledged for some time and recent
measurements [4, 5] have implied that it is due to the indirect heating of the gas by the beam.
The results of reference [4] show that the neutral gas temperature in the neutraliser is most
strongly afunction of beam current, with only aweak dependency on beam energy. Thereduction
in gastarget apparent in Fig 7 also demonstrates this behaviour as can be seen from Fig 8 which
shows the data of Fig 7 now plotted as a function of the extracted beam current. The historical
Triode data now almost lie on a single curve with the low energy (low current) HC Triode data.
Although there is some degree of scatter in the data (due to the sensitivity of the neutralisation
efficiency to target density), it is clear that the reduction in neutraliser target follows the same
scaling as the gas temperature measured in [4].

3. MEASUREMENT OF NEUTRAL BEAM POWER FROM TOKAMAK PLASMA
RESPONSE

The ability to measure the neutral beam power independently of the neutral beam diagnosticsis
particularly useful in confirming the neutralisation measurements described in Section 2. This
can be realised by measurement of the stored plasma energy for beams of known injection
power and those from the HC Triode PINIs. The reference beam was taken from the 80kV/56A
(HC Tetrode) PINIs, since the neutralisation deficit in these injectors has been documented
extensively and the neutral beam power known with reasonable accuracy [10].

A plasmathat is heated both ohmically and by neutral beam injection at constant power will
reach a steady state with a constant plasma energy and assuming that the heat flow is zero-
dimensional (i.e. in considering power entering and leaving the plasma the heat flow paths are
not modelled explicitly but are represented by global heating and energy confinement times),
the balance equation is:

(Png - Psp) + Po =Pq (6)

where

Pyg 1S the power injected by neutral beam

Pgy is the shine through power of the neutral beam (i.e. power not deposited in the plasma)

Py isthe ohmic heating power

Py isthetotal power lost from the plasma
Thetotal power lost by the plasmaisrelated to the global energy confinement time by empirical
scaling expressions. As part of the physics studies in support of ITER, several such scaling
expressions have been generated based on databases for specific operating regimes such as L-
mode and H-mode [11]. These expressions all take a similar form in which the confinement
time, t, of the thermal plasmaenergy is expressed as a function of several plasma and tokamak
parameters in the form:
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where | is the plasma current, B is the toroidal magnetic field strength, n is the line averaged
density, M isthe averageion mass, R isthe mgjor radius, eistheinverse aspect ratio and k isthe
elongation. For a steady state, L-mode plasma heated only by neutral beam injection all the
terms in the middle of equation (7) can be considered constant with the exception of the total
power loss. Thus equation (7) reduces to:
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The thermal confinement time, in a steady state plasma, is aso given by:
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P
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where W, is the thermal component of the plasma energy. Thus combining equation (8) and
(9), the thermal plasma energy can be directly related to the power loss by:

Wy, = KP‘T‘E+1 (10)

Thethermal energy, W, is obtained from the diamagnetic energy, W;,, which isacombination
of thermal and fast ion energies and is measured by the diamagnetic loop diagnostic [12]:
3

Wiia= Wip + 5 W

5 "Vperp (11)

W perp the component due to the motion of fast ions perpendicular to the magnetic field lines, is
calculated from the code PENCIL [13] and the factor 3/2 isincluded to account for the parallel
degree of freedom that is not included in the measurement. Thus, combining equations (6) and

(20), the injected neutral beam power can be expressed in terms of the thermal energy:

Wy P 12
[(Pne—Psi)tPol = ( k)
where

The shine-through power is obtained from the PENCIL code [12] and the ohmic power from
standard tokamak diagnostics. Additional losses such as neutral beam fast-ion orbit losses,
investigated using the TRANSP [14] tokamak analysis code, were shown to be negligible.
Calculation of charge exchange losses using cross sections for hydrogen and the Stix model for



fast ion slowing down time [15] showed that total charge—exchange losses scale mainly with
total beam power, compared to shine-through losses, which are sensitive to the beam energy. As
the method compares reference and test beams of different energies, beam energy dependent
mechanismswill influence the final resultsto agreater extent than power dependent terms. Test
calculations showed that neglecting shine-through losses introduced an error of approximately
5% inthefinal result, whereasthe effect of charge-exchange was negligible. Thework presented
here therefore includes the shine-through loss but omits the charge-exchange loss in the
calculation.

3.1 EXPERIMENTAL METHOD
The basic technique is to compare the thermal stored energy component, W,;,, measured for the
test beam, extracted from the 130kV/60A HC Triode PINI, with that of the reference beam
extracted from the 80kV/56A HC Tetrode PINI. To achieve this, beams of 2 seconds duration
from each PINI type were consecutively injected into suitable JET plasmas. The beam pulse
duration ensured that a steady state would be obtained in each of the injection phases.

The technique required specific properties of the JET plasma, viz:-

(i) aminimum plasmadensity of 2x10"°m™

(if) L-mode plasma throughout the heating phase

(iii) no other additional heating or fuelling technique, such aslon Cyclotron Resonance Heating
(ICRH), Lower Hybrid Current Drive (LHCD) or pellet refuelling

(iv) the tokamak plasmato bein steady state (steady plasma shape,

dnydt ~ 0, dw/dt ~ 0, di/dt ~ 0, dB/dt ~ 0, d /dt ~ 0, ; isthe plasmainternal inductance) for
at least 1 second before neutral beam injection.

The condition for the application of equation (8) has aready been discussed (that al the
guantities on the right hand side of equation (7) with the exception of the total power loss be
constant) and the validity of thiswas checked for each neutral beam injection phase of the pulse.
The ITER-96P L-mode scaling [10] allows the constant terms in middle of equation (7) to be
displayed asasingle quantity and gives o= —0.73. Thusaconfinement time, T,rgrgep. , NOrmalised
to P~*" can be cal cul ated, which should be constant throughout the beam injection phase of the
plasma. Figure 9 shows aplot of this quantity, for atypical pulse, together with the diamagnetic
loop measurement of W, and theinjected neutral beam power, demonstrating that the conditions
aresatisfied. Thetime axisin Figures 9to 11 refersto the time elapsed from theinitiation of the
JET plasma, which istaken astime zero. (It should be noted that the neutral beam power, Pyg, in
Fig.9 has been obtained by using the average cold target described in Section 5 to calculate Pyg).

A series of twel ve measurements were made with the reference PINIs operating at nominally
80kV and the extraction voltage of the test PINIsvaried from 100kV to 115kV. Figure 10 shows



all therelevant quantities measured during atypical pulse. Thereference PINIsinject first between
15 and 17 seconds after initiation, followed by the test PINIs between 17 and 19 seconds. The
neutral beam power in Fig 10 is cal culated from the known target in the reference PINI, P, and
from the average cold target described in Section 5 for the test PINIS, P,.

The effect of high voltage breakdowns can be seen in the neutral beam power and for this reason
the average power, <P,4>, <P,> has been calculated during the time that the plasma is in
steady state. Similarly the value of W, is only taken between 15.7s and 16.9s in the reference
PINI pulse and between 17.5s and 18.8sin the test PINI pulse. Figure 10 also shows the shine-
through power, Pg,, the ohmic heating power, P, and the fast ion energy, 3W /2.

The quantitiesin equation (12) can now be cal culated from the averaged values of Fig 10 and
these are shown in Fig.11 for two different neutral beam pulses. In Fig.11(a) the value of the
averaged steady state thermal energy, W, is almost constant in the reference and test pulse
phases, despite a difference in the calculated absorbed neutral beam power of approximately
IMW. InFig 11(b), adight reduction in the cal culated absorbed neutral beam power between
the test and reference pulse phases is accompanied by a slight increase in the plasma thermal
energy. Theseplotsservetoillustrate that the cold target cal cul ation overestimatesthe transmitted
neutral beam power for the test PINIs.

3.2 DETERMINATION OF CORRECTION FACTOR
The results of the plasma response experiment were analysed to obtain a neutral beam power
delivered by the HC Triode PINIs that is consistent with that from the HC tetrode PINIs.
Introducing acorrection factor, A, for the neutral beam power delivered by the HC Triode PINIS,
equation (12) can be used to equate the plasma response of the test and reference phases:
Wt&,ref WtEl,test
= (13)
Png ref ~Pstyref TParet  A(PnB test ~PsHitest) + Patest

Where the subscript “ref” refers to the reference (HC Tetrode) data and the subscript “test”
refers to the test (HC Triode) data. Thus the correction factor can be expressed in terms of the
measured quantities and the parameter 3. Over the small range in voltage, the variation A is
expected to be small and 3 can be taken as constant. ThusA and b may be determined by varying
the latter and requiring a minimum standard deviation from the mean in the resultant values of
A. Thismethod gave values of A =0.81 and $=0.66 or o,,=0.51, whichiscloseto early L-mode
scalings such as Goldston [16] and ITER89L-P[17]. The parameter b could have been obtained
from one of the scaling expressions relevant to the plasma regime in which the experiments
were performed. However, these empirical scaling expressions are derived from awide range of
plasma conditions, thus there is considerable risk of introducing error into results derived from
an experiment necessarily performed over alimited range of conditions. Secondly, uncertainties
in the absolute magnitude of W, including offsets, can appear as an error in the determination




of a,. However the effect of such measurement uncertainties on the derived value of A ismini-
mised in the region eeee Of the data set.

Having determined A and b it is possible to display the results graphically by plotting AW,
against eee» where:

AWih = Winhtest = Wi ref (14a)
and
Phetx = Ppex = Pshx t Pax X =ref, test (14b)

ThisisshowninFig.12 for the corrected and uncorrected HC Triode neutral beam power. Ascan
be seen the linear fit calculated from the uncorrected HC Triode neutral beam power does not
pass through the origin, unlike that cal culated from the corrected powers. Thislends confidence
inthe analysis method, since this expected result is not automatically enforced by the algorithm.

4. RESULTSOF NEUTRALISER GASHEATING MODEL

The gas heating model of PamEla [6] has been applied to the neutraliser measurements of [4]
and [5] and isdescribed in detail in [5]; it can be used to predict the thermal gas temperature for
aknown neutraliser gas pressure, beam energy and current. For convenience of mounting on the
NIB, the neutraliser cell is divided into two parts of 0.86m and 1m lengths respectively, the
neutraliser gasbeing introduced at their junction. The pressure distribution through the neutraliser,
in the absence of beam, has been measured by a moving ion gauge and takes the form shownin
Fig.13. Using thisdistribution and the cal culated lineintegrated cold target an effective pressure
for the neutraliser can be obtained as input to the model. For a given beam energy and current,
the thermal gas temperature, T, can be calculated and a value for the hot target, P, derived
from a suitable scaling law.

It isknown that the gas flow in the neutraliser isin the transition flow regime, for which the
conductance effectively scales with the square root of the gas temperature (this scaling would
also apply to the molecular flow regime) and on this basis it might be expected that the target
density, which is proportional the gas number density would scale as T/, assuming that the
mass flow is conserved. A series of measurements made on the neutraliser of a PINI in the
Neutral Beam Test Bed, however, revealed that the neutraliser pressure, py, IS constant over a
widerange of beam powersas shownin Fig.14. Thisdatawas obtained by measuring the pressure,
Pg, iN abaratron situated at the end of along, narrow bore connection such that the conditions
for thermal transpiration were satisfied. Using the gastemperature, also shown in Fig.14, obtained
by afit to data obtained from spectroscopic measurement, the pressure in the neutraliser was
calculated by the scaling law:
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where
Tg=293K isthe gas temperature in the baratron
Ty isthe gas temperature in the neutraliser measured spectroscopically [4]

This behaviour indicates that the correct scaling for the hot target isin fact linear, i.e.:

Iy _ Tc

M. Th (16)

where T isthe thermal temperature of the gas in the absence of beam i.e. ambient. Theresults
are shown in Fig 8 expressed as afraction of the cold target; comparison with the values derived
from the neutralisation measurements shows reasonably good agreement, supporting the theory
that target depletion isindeed due to gas heating. The reason for the apparent conservation of
pressureisnot obviousbut isindicative of either an additional net sink term for the gas (presumably
due to the implantation into the neutraliser walls of the neutraliser plasmaions, known as “ion
pump-out”) or subtle changesto the gasflow. Indeed a more thorough investigation of the data
implies that, for beam power between 3MW and 6MW, the measured target is best fitted by
assuming a scaling of TF, implying an even stronger sink term relative to the higher power
beam. (Itismost probablethat the high power scaling represents acombination of ion pump-out
and a source term due to gas evolution from the walls). However, as the higher current results
are primarily of relevance to neutral beam injection at JET the linear scaling will be used for
calculating the power transmitted to the plasmain Section 5.

5. CALCULATION OF POWER TRANSMITTED TO JET PLASMA

Calculation of the neutral beam power transmitted to JET requires accurate knowledge of the
neutraliser gastarget and the total beam |osses along the beam path length. The latter have been
estimated from cal orimetric measurements to be 30% and historically, the former was taken to
be a constant value of 6x10™°m™. This value was an attempt to adjust the design value of cold
target (1><102°m'2) for the observed, but un-quantified, target depl etion, based upon the measured
pressure distribution in the neutraliser shown in Fig.13 and indeed provided an adequate
description of the HC Tetrode, Tetrode and Triode PINI performance. The predicted power
transmitted to the JET plasmafrom asingle HC Triode PINI under these conditionsis shown as
the dotted linein Figure 15.

Using the target densities obtained in Section 2, the revised transmitted neutral power can be
calculated and these are shown as pointson Fig.15 asafunction of thetotal beam power extracted
from single HC Triode PINI. The increasing shortfall with extracted power due to the depletion
of the neutraliser target isobvious. Figure 15 also showsdatafrom the plasmaresponse experiment
corresponding to extraction voltages of 100kV and 115kV. Finally, the solid curve shows the



predicted power based on the hot target derived from the gas heating model.

The gas heating model and the neutralisation measurements show reasonable agreement, as
might be expected from the similarity of the gas depletion cal culations, confirming the cause of
target depletion. That the value of the transmitted neutral beam power taken from the plasma
response measurements is also in agreement confirms that the neutralisation measurement
techniqueisvalid.

CONCLUSION

Two independent experimental techniques have shown that the neutral beam power transmitted
to the JET plasma by the upgraded HC Triode (130kV/60A) PINI is below the value expected
based on historical computation. Direct measurement of the neutralisation efficiency of the JET
beams has enabled calculation of the effective target in the neutraliser as a function of beam
parameters. It has been shown that the gas target can be depleted by up to 70% of the expected
value and that the depletion is a strong function of beam current. Comparison with the gas
heating model indicates that the depletion is indeed due to the indirect heating by the beam of
the neutraliser gas. A revised computation of the neutral beam power transmitted to the JET
plasmaby the HC Triode PINI, based upon the measured, depl eted target shows good agreement
with measurement of neutral beam power based upon the plasma response. This has increased
confidence in the gas heating model, which has been used to identify a method by which the
target depletion can be reduced and this will be the subject of a subsequent publication.
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Table 1 Callision Processes Included in the Cal culation of Neutralisation Efficiency

Double (dissociative) ionisation
Doubleionsiation with stripping
Projectile electron loss

Electron capture with ionisation
Electron capture by H

Electron capture byH"

Electron capture by H”

Double electron capture by H*
Electron detachment

Double electron detachment
Production of fast H from fast H,
Production of fast H" from fast H,
Production of fast H," from fast H,
Total destruction of fast H,
Dissociation of fast H,"
Production of fast H from fast H,"
Production of fast H" from fast H,"
Electron capture by H,"

Total destruction of fast Hy"
Production of fast H from fast Hy"
Production of fast H" from fast H;"
Production of fast H, from fast Hy"

Production of fast H," from fast Hy"

+

+

+

H
H
H
H
H
H
H
H
H
H

N 2 N S N N N N N RN

H+ H +H) +2e
H" + (H" + H") +3e
H" + H, + e

H+ H +H) +e
H™ + H,"

H+ H

H+ H,

H™ + 2H"
H+H,+e

H" + H, + 2e

H (fast, total)®

H* (fast, total)*

H,"

(Destruction of H.,)"
(H" + H) + H,

H (fast, total)®

H* (fast, total)*

H, + H,'
(Destruction of Hs")"
H (fast, total)®

H* (fast, total)*

H, (fast, total)®

H," (fast, total)?

&X (fast, total) indicates the sum of all processes leading to the creation of afast species X

b (Destruction of X) indicates the sum of all processes |eading to the destruction of species X
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Figure 1: Plan view of the JET Neutral Injection Box.
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Figure 2: Beam profile measured by (a) the vertical thermocouple array in the calorimeter and (b) the
horizontal thermocouple array. Temperaturesin (b) are normalised to the angle of incidence of the beam.
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Figure 14: Results of the thermal transpiration

experiment:

*

neutraliser pressure measured by

transpiration techniqueand O neutral gastemperature
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spectroscopically.
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