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ABSTRACT

A new series of D-3He fusion yield experiments has been
performed in JET using ICRF heating to generate a high energy 3He tail
reacting with a background Deuterium plasma. Using the recently
installed antennas with Beryllium screens, RF power reaching 15 MW
could be coupled to the plasma at the fundamental cyclotron resonance
of 3He near the magnetic axis. Best results were obtained with 3.5 MA
discharges in the double null configuration with high recycling on
outboard limiters in order to stay in L mode and to control the plasma
density and purity. A record fusion power level of Prys = 140 kW was
obtained, corresponding to a reaction rate of 4.6 1010 reactions/s. The
amplification factor Q = Pgys/PicrRH reached a maximum of 1.25 % at
Picryg = 10 MW. The previous best results were Prys = 100 kW and
Q= 1%. Time resolved measurements show a correlation between
fusion power and energy stored in the fast 3He ions in agreement with
calculations based on classical slowing down of the 3He ions driven by

ICRH to an average energy in the MeV range.



I INTRODUCTION

The achievement of high fusion yield from D-3He reactions has
been a continuing challenge to Physicists working on fusion plasma
research. It certainly constitutes a very severe test of the quality of 3

essential components in a fusion experiment.

a) Confinement. The confinement device must be capable of
retaining for several slowing down times (1 - 3 secs) the high
energy ions (~ 0.5 MeV) which produce the dominant contribution

to the D-3He reaction rate.

b) Heating. The heating method must be capable of producing a
substantial ion population with an average energy in the MeV
range. This ion population should be located in the plasma centre

where it also maintains a high central electron temperature.

c) Measurements. The D-3He reactions must be measured accurately
from the very weak branch: D[3He, Y] SLi despite confusing Yy

yields originating from nuclear reactions with impurity ions.

Modern tokamaks with currents in excess of 3 MA allow orbits of
both the fuel ions (D and 3He) and charged fusion products (4He and H)
to be significantly less than the plasma radius and the classical energy
decay of these particles is dominated by the slowing down time on

electrons.

Heating with powerful waves at the Ion Cyclotron Resonant

Frequency (ICRF) is at present the only method available capable of
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producing a substantial ion population in the MeV range. All
experimental results obtained so far use ICRF at a frequency
corresponding closely to the fundamental cyclotron resonance of 3He
ions near the magnetic axis of the tokamak plasma. Only a minority 3He
ion population can be used in order to fulfill simultaneously the

following 3 requirements:

1) Sufficient Wave Damping [1] imposes a minimum concentration:

n= ngﬂelnd 2 1 %. This condition is not a constraint in the JET

experiment

2)  Avoidance of Mode Conversion at the D-3He-Hybrid Frequency (1]
n s 1.05 [SiBag | Equation (1)

where Sy = kic/wpg is the average normalized wave number of the
incident power at the resonance, B3He is the kinetic pressure of
the minority normalized to the magnetic pressure. wpg is the

deuterium plasma frequency

This condition can be a constraint in the experiment particularly
when using the usual "monopole” phasing (in phase launching
current straps) which corresponds to a low value of ky (eg Sy~

0.13 for nq = 2.5 x 1019 m-3).

3)  Generation of a high energy 3He tail with "tail temperature" T,
giving the highest reaction rate. Stix's [2] formulation of the
anisotropic high energy tail generation gives an optimum 3He-D

reactivity for Tyopy ~ 1 MeV (see appendix and Fig 11).



This condition imposes another constraint on the minority

concentration, which can be derived from the Stix result [2]:
Ti=Te(1+3&/2) Equation 2
with
E=Pt/(3 N3, - kTe) Equation 3

or in practical units:

P(MW m-3) T.!/2 (eV)
ne m-3 n3y, (m-3)

£ =56 x 1037 Equation 4
where P is the RF power density transferred to the 3He ions
(typically 60 to 80 % of the input power), t; is the classical Spitzer
ion-electron slowing down time. Combining equations 2 and 3 and

assuming & >> 1, we get the optimum 3He concentration:

n3g. 8.4 x 1031 P T.3/2
pt = X < Equation $§
De nez

In the appendix, we summarize the calculations of the total D-3He

fusion power assuming an anisotropic "Stix" distribution function (eg

classical slowing down of the 3He ions) and taking into account the

inhomogenities of the plasma parameters and the RF deposition profile.

Using the same distribution function, we also calculate the total energy

contained in the fast 3He ions driven by ICRF. The results can simply be

expressed in the form:

n .
Pfus = ;g- Wfast . a(n3He/ne) Equatlon 6

Wast = B P3y, Teo32 / ne Equation 7
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where Py, =] P dv is the total RF power damped on the 3He minority.

The coefficient a depends mainly on the 3He concentration and depends
only weakly on the other plasma parameters. o« goes through a
maximum value (amax ~ 0.1 to 0.15 s-1) when the optimum
concentration given by equation 5 is set near the magnetic axis. On the
contrary, the coefficient p depends sensitively on the T, profile and on

the RF power deposition profile.

These equations underline the important parameters of the
experiments: the central electron temperature needs to be high in order
to achieve the required tail temperature, which implies working at low
plasma density. The central power density and the plasma purity
(ng/ne) also need to be high and, finally, the minority density needs to
be set to the optimum value. It should be stressed that there exists, at
present, no reliable measurement of the 3He concentration under RF
heating in the centre of the JET plasma (the charge exchange
recombination measurement is obscured by overlapping beryllium
lines) and one can only attempt to obtain the maximum yield by
varying the 3He input flow either with a gas valve, or as done recently
in JET for the first time by injecting a 120 keV neutral 3He beam that

they penetrate into the centre.

Experiments on 3He-D reactivity using the ICRH method have first
been reported from the PLT tokamak experiment [4]. Measurements of
the unconfined 14.6 MeV protons from the d[3He,p]4He reaction enabled
estimates of the fusion power to be made which varied in the 0.2 - 1.5
kW range as the applied RF power was increased from 0.4 to 1 MW.
The reactivity was estimated within a factor 2 - 3. The central electron

temperature was ~ 2 keV.



A series of JET experiments on 3He-D fusion were performed in
1988 [2] with 12 MW of ICRF; the central electron temperature rose to 8
keV and 60 kW of fusion power was generated for about 1 second. The
reactivity increased strongly with the coupled RF power - Picru - and
found to be proportional to Pjcry3/3 with some evidence of a weakening
of the dependence leading to a saturation in Q = Pgysion/PicrH at the
highest RF power levels. Theoretical estimates of both the
perpendicular stored energy associated with the fast ions and the fusion
yield agreed with experimental values (with experimental errors of the
order of ~ 20 %) when it was assumed that 65 % of the ICRH power
launched by the antenna was coupled to the 3He minority ions (P/PiCrRH
= 0.65). In these experiments, the central Deuterium concentration was

rather low ng/ne ~ 0.3 due to severe carbon impurity influx.

In a following series of experiments [5], Beryllium evaporation
was used as a wall conditioning method and improved central values of
ng/ne were achieved leading to a higher fusion yield of 100 kW and a
global Q of 1 %.

In this paper, we report new experiments performed with
beryllium belt limiters and a new set of antenna screens made of
beryllium bars reducing the specific RF-induced impurity influx from
the screens to a totally negligible level. The experiment also included
3He injection at 120 keV from NBI providing a central source of 3He.
Finally, the plasma geometry has been further optimized to allow 5 - 7
second sawtooth-free periods in a 3.5 MA plasma with elongated and
triangular cross-section. The central electron temperature now reaches
10 - 12 keV and the maximum fusion yield reaches 140 kW for RF
power levels above 10 MW.



The present article presents the experimental method and the
results. The results are compared to a simple theoretical analysis based
on the standard cyclotron acceleration model and on classical slowing

down time.



IT  EXPERIMENTAL PROCEDURE

The plasma was prepared following the guidance of equations 6
and 7 which requires maximizing P T¢3/2 ng/n,. On one hand, T,
increases with Picry/ne following approximately an off-set linear law up
to a certain value where a saturation occurs, probably due to finite orbit
effects on the minority ions [6]. On the other hand, n4/n. increases with
plasma density (impurity screening effect) and decreases with power.
Despite excellent energy confinement, H mode plasmas gave negligible
D-3He fusion output because the density rises continuously during the H
phase and the electron temperature stays rather low ~ 6 keV; in
addition, the H mode phase was short (1.5 to 2 secs) due to carbon

influx from the divertor target plate.

JET monster sawtooth discharges have lower energy confinement
times than H modes although somewhat better than standard L mode.
Typically g ~ 1.3 1g (Goldston). The plasma density in these discharges
can be controlled by gas puffing under feedback control up to a certain
power loading of the limiters. In these experiments, care was taken to
minimize the power loading on limiters by shaping the plasma so that it
was in contact (see Fig 1) with both the upper divertor target plates
(carbon), the belt limiters (beryllium) and the RF antenna side
protections (carbon). In a number of cases, the plasma radial position
(Fig 3) was swept (15 mm) using the eigen modes in the RF feedback
position system [5]. This method allowed coupling up to 15 MW for
several seconds while still controlling the density (2.5 to 3 x 1019 m-3)
and avoiding excessive impurity contamination. Fig la gives the flux
contour of the discharge used in the series of experiments reported

here; note the points of contacts of the separatrix with both the belt
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limiters and the divertor plates. Observations with an infra-red camera
confirmed that the exhaust power was shared not only among these
elements but also with the side protection tiles of the antenna. Large
particle recycling with limiters on the low magnetic field side also
serves to prevent a transition to the H mode. Fig 1b gives the flux
contours of the discharge used in previous experiments [2,5] which
were only in contact with the belt limiters. Note that plasma prepared
in the new experimental procedure was far more triangular and

elongated.

Fig 2 gives the evolution of the general plasma parameters.
Sawteeth are generally not present; a monster sawtooth crash occurs
only towards the end of the pulse or even when the RF is ramped down.
The sawtooth stabilisation is consistent with the effect of the fast
particle population (Wgage < 1.5 MJ, eg about 1/3 of the plasma stored
energy). Also apparent in the figure is the fairly good control of
electron density. The effective ionic charge Z.ff was estimated from
charge exchange recombination and from X ray spectroscopy to be Zff =

2 to 4 depending on the operating sequence.

The ICRF system [7] is made of 8 identical modules. Each
amplifier module is driven by an independent frequency source. The
frequencies of the 8 sources were chosen to be slightly different from
each other in order to reduce cross-talk between antennas due to the
presence of toroidal eigen-modes. In the best fusion yield experiments,
the 8 frequencies would be regularly spaced between 32 and 33.2 MH:z
while the vacuum field on the magnetic axis (R = 3.12 m) was set to
297 T. The position of the cyclotron resonance of the 3He ions was

calculated from the magnetic equilibrium to be Ryes = 3.02 £0.05 m.
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The resonance was therefore displaced by 0.1 m from the magnetic axis.
The spread of frequencies introduces a spread of resonance position by
10.05 m. Other experiments performed with a different resonance

position Rpes = 3.17 m gave a somewhat lower yield.

Each ICRF module feeds 2 antenna loops which have a toroidal
separation of 31 cm between mid-points. In the high power series of
the present experiments, the 2 RF loop currents were fed in-phase
(monopole configuration) so that the radiated spectrum was rich in low
wave number radiation -3 m-! < k< 3 m-l. Experiments in the dipole
phasing (out of phase) did not exceed a power level of 4 MW due to
technical difficulties with the ICRH power plant in this particular series.
In all experiments the RF loops were covered by a Faraday screen made
of solid beryllium bars inclined by 15° with respect to the horizontal
plane, eg nearly aligned with the total magnetic field at the antenna
location. The use of beryllium screens reduced to negligible levels the
specific impurity generation by the antennas in contrast with previous
experiments which used nickel screens [2]. Fig 3 shows the evolution of
the frequency and loading resistance of one of the 8 antennas during a
high fusion yield experiment. The eigen-modes on the loading
resistance shows that the single pass damping is incomplete. Complete
damping requires about 3 wave reflections on the outside cut-off
surface which matches closely a peripheral magnetic surface.
Comparison of the heating efficiency to cases of full damping per pass
(H minority) did not reveal any energy loss due to the low damping per

pass.

Plasma breakdown occurs in 3He. Deuterium is injected under

feedback control during the entire pulse to maintain the density at the
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requested level. 3He could again be injected by gas puffing at the end
of the current ramp up phase. In some cases, the JET NBI system was
used to inject high energy neutral 3He. However, this procedure did not
increase the yield. Table 1 summarizes the conditions of the

experiments.
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Plasma Current

Vacuum Toroidal Field
(at 2.96 m)

Central Electron Density
Central Electron Temperature
Central Ion Temperature

Helium 3 Concentration

ICRF Power (monopole)

Frequency

Major Radius of the 3He Cyclotron Resonance

(magnetic axis at R = 3.1 m)

3.5 MA

310345 T

2.5 to 3.5 x 1019 m-3
up to 12 keV
up to 8 keV

quite uncertain
1% to 10 %

up to 15 MW

32 to 35.5 MHz

3.02 £05 m
or
3.15 £0.05 m

TABLE 1

Main Parameters of the High Fusion Experiments
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ITT MEASUREMENT OF THE D-3He REACTION RATE

The fast charged reaction products released in the 3He + D -> 4He
(3.7 MeV) + p(14.6 MeV) are well confined in the plasmas (Ip > 3.5 MA)
considered in this study and even at lower plasma currents the
interpretation of measured escaping protons as performed in the
pioneering experiments [4] are rendered extremely difficult due to the
complicated nature of the orbits followed by these particles. However
the y-rays emitted in the weak secondary branch 3He + D -> SLi + y (16.6
MeV) are well suited for monitoring the total reaction rate. The
detection of these y-rays requires the use of extremely efficient
detectors (intrinsic efficiency = 50 %) and at JET three such detectors
are used: a 125 mm x 125 mm long Nal(Tl) scintillator and two 75 mm
x 75 mm BGO crystals. Two detectors, the Nal and a BGO, have been
used systematically on every discharge since the first successful
observations in 1986 [8]. They view the plasma vertically from two
well-shielded locations in the roof laboratory and Fig 4 shows their
position in relation to the JET machine. The experimental arrangement
has been improved from the earlier set-up by the addition of remotely
controllable pre-collimators situated on top of the vertical ports of the
vacuum vessel and supported by the upper horizontal limbs of the
transformer circuit. Also, in expectation of higher y-ray fluxes, the
thickness of neutron filters (Li2CO3 + CHs) has been increased and extra
Pb y-ray absorbers installed. @ The Pb absorbers attenuate the low
energy Yy-rays preferentially and thus permit higher 16 MeV detection
rates. In order to compensate for the narrower line-of-sight imposed
by the precollimators, a horizontal line of sight was also installed. This
is still under commissioning and, as far as the present study is

concerned, has only been used occasionally for checking the volume
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integration of the emission as deduced from the Nal detector. The
calibration procedure has been described in ref [8] and at the present

time the total absolute error is estimated to be less than 30 %.

In the presence of beryllium as the major plasma impurity, the
fast 3He ions undergo highly exothermic reactions with beryllium,
releasing energetic neutrons and vy-rays. Neutron yields from these
reactions can be sufficiently strong as to compete with the D-D yield and
their presence can be easily detected with neutron spectroscopy. Also
v-rays from interactions with Be show up easily on the y-spectra. If
their energy is too high, they start masking the 16 MeV y-ray emission
and many of the discharges from this campaign had to be disregarded
because of excessive contamination by Be y-rays. On several occasions
the emission rate from such reactions was so high that an estimate on

the power released in these reactions gave 1 - 5 kW.
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IV EXPERIMENTAL RESULTS

Most of our experimental data points were obtained in 3.5 MA
double null discharges with the wall power loading shared between the
upper (carbon), the lower (beryllium) x-point dump plates and the Be
belt limiter, as described above. High current discharges (I, 2 4.5 MA)
in JET can only be obtained in the limiter configuration and are
therefore likely to have a higher Be contamination preventing a proper

analysis of the y-ray spectra and/or leading to a poorer performance.

The full data-set is shown in Fig 5, giving the 16 MeV y-ray
count-rate as a function of applied RF power. For comparison, a data
point from a 5 MA limiter discharge is shown; all the other points refer

to 3.5 MA, double null x-point discharges.

First we notice the power dependence of the y-ray yield as a
function of RF power. The exponent 'a' in Nyee PaICRH, compatible with
the upper bound of the data set, is 1.7 for RF power levels in the range
from 3 to 10 MW. In a previous investigation [2] the value of 1.7 was
representative of the full data set and not only its upper bound. The
large scatter of the data in the present series of experiments is

discussed at the end of this section.

Converting count-rates into total y-ray yields taking into account
line-of-sight and absorbers gives a good measure of the generated
fusion power. As can be seen in Fig 6 the highest yields achieved
approach 140 kW and, therefore, lie substantially above the previous
record of 100 kW obtained during the Be gettering phase of the JET
experiments in 1989. Above about 10 MW of coupled RF power the
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yield seems to saturate, possibly caused by excessive impurity
generation and/or an acceleration of the minority ions above their
optimal energy. The effect of this saturation can be seen more clearly
in Fig 7, where the fusion multiplication factor Q = Pgyus/PICRH is shown
as a function of coupled RF power. The maximum of Q is reached at
moderate values of the coupled power (6 MW < Picryg < 10 MW) and
clearly exceeds the previous best values of 1 % from the Be gettering

phase and 0.5 % in the pure carbon phase.

As expected from equations 6 and 7, Fig 6 shows a clear
correlation between Picry Te3/2/ne and the maximum fusion yield from
experiments with variable 3He concentrations. The behaviour expected
from equation 6 is also well demonstrated in Fig 8 which represents
time-resolved measurements of Wrygagy (deduced from magnetic
measurements) and measured fy-emission rate during a single long

plasma pulse.

Finally we present the data base (Fig 9) in the Pgys versus Wreast
plane. The representation removes the scatter (compare Figs 5 and 9)
due to variable plasma conditions, in particular the electron
temperature profiles. The remaining scatter is thought to reflect a large
but not well known variation of the 3He and D concentration. This
result is in agreement with a simple theory (appendix) based on
"classical” RF tail formation process and slowing down due to electron
drag and ion collisions. In other words, the maximum observed yield of
140 kW also corresponds to the maximum yield which could be
achieved for the theoretical optimum concentration (here n3g./ne =
0.07) and for ng/ne ~ 0.5 to 0.65. Such a value of n4/ne is determined

experimentally from the absolute D-D reaction rate measurement.
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Finally we note that the agreement with theory also constitutes

proof that the 3He high energy tail did reach the optimum 1 MeV value.

CONCLUSIONS

In a recent series of experiments to study the fusion reactivity
generated between ICRH-driven 3He minority ions and the background
deuterons, up to 15 MW of RF power was coupled to the JET plasma
giving a measured Q = 1.25 %. The maximum Q value was obtained with
10 MW input power. A maximum fusion yield of 140 kW in charged
particle products was reached at a somewhat higher input power of

14 MW,

The maximum fusion yield is approximately proportional to Wy,
or PicRH Te32/ne as expected from an elementary theory (equation 6)
which neglects orbit effects and anomalous diffusion of the fast
particles. This correlation with Wgag = & Picru Te3/2/ne is found either
when comparing different experiments (Fig 9) or during long pulses
using time resolved measurements, Fig 8. The scattering of the data
points shown in Fig 9 is ascribed to varying concentrations of the
Helium 3 and Deuterium since obtaining the maximum yield requires
working at the optimum concentration. The observed maximum fusion
yield corresponds accurately to the maximum theoretical yield for the
observed value of stored energy in the fast particle (Wrast). Injecting
3He atoms at 120 keV with the JET NBI system actually lowered the
yield, presumably because the 3He concentration exceeded the

optimium calculated value of 0.07 in this series.
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It is interesting to note the progress made (gain by a factor 2.3)
both in Q and Prysion since the first JET experiments [8] which used the
same RF power level. @ Much of this progress results from the
replacement of carbon limiters and nickel antenna screens by beryllium
limiters and beryllium screens which allow higher values of n4/n. for a
given value of P/n. (see for instance Fig 1 of reference 9, which gives
an increase of ng/ne by a factor 1.3 to 2). However, the change of
limiter material is insufficient to explain all the progress made. The
plasma prepared for these experiments also had better confinement
properties. The plasma current was higher (3.5 MA instead of 3 MA)
and the geometry was close to a double null configuration;
consequently, the electron temperature was increased and the energy

stored in fast particles was higher.

Further progress appears possible in JET by improving Wigas, €g
increasing the central electron temperature. This may be achieved by
working at high current (5 MA) and increasing the central electron
power input while maintaining sawtooth-free discharges. The use of
higher ICRH power and of the LHCD system recently installed in JET

may provide the required additional features.
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APPENDIX

In this section, we calculate the observable quantities of the
experiments, Prys and Wry,g, assuming a classical description for the
generation of a high energy 3He tail by fast magnetosonic waves which
is balanced by electron drag and by collisions with the main ion species.
We use the Stix's formulation [2] of the anisotropic distribution function.
Then we calculate various moments of this distribution taking into
account the inhomogenities of the plasma parameters. Since, in this
work we can only observe moments of the distribution function and not
the distribution function itself it is sufficient to use a simple description
neglecting contributions from higher order terms [10]. Finite larmor
radius effects can be included by implementing a broadening of the RF

power deposition profile.

Consider a test 3He ion energy E in a deuterium plasma. The

critical energy for electron drag to dominate ion collisions is:

2/3
Ecqt = 14.8KkT, 2 L) Equation 8

n -l A.
CJ J

where A and A; are the atomic masses of the test and field ions and kT,
the electron temperature. The summation is taken over the field ions.

Taking Te = 10 keV and ne = 3 x 1019 cm-3 we find:

Ecri[ ~ 300 keV
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Since most of the D-3He fusion reactions take place at about 0.7
MeV, it is legitimate to consider an anisotropic distribution with only 2
degrees of freedom in the direction perpendicular to the confining field
on the basis that cyclotron resonance provides perpendicular energy
which cannot be isotropized by the electron drag process. A discussion
of this result is given by Stix [2] and we use his formulation of the
anisotropic distribution of the 3He distribution function f(E) (equation

38 of Reference 2).

We then calculate the local energy density (perpendicular energy)

in the fast ions.

Weast = 1.6 x 10_19 n3He IF(E)E dE Equation 9
0

The local D-3He fusion reactivity is given by:

R =npng,, IF(E) < ov > dE Equation 10
0

where <ov> (Fig 10) is calculated with an updated cross-section ¢ and
takes into account collisions between test 3He particles and a

maxwellian background deuterium species (T; = 10 keV).
We now consider an inhomogeneous toroidal plasma with an

eliptical cross-section (elipticity in the centre ¢ = 1.3) and with density

profiles matching the experimental data:
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ne(® = ne [1 - 2/a2]°”

n3g(r)/ne(r) = n

nyg(r) _ Zegg - Zimp
ng(r) 1+4n - Zimp(l + 2n)

where Zimp = 4 (eg beryllium) and Z.ff = 2 has been chosen in the
calculation.

The temperatures have been modelled with peaked profiles as

measured during the experiments:
4
Te(r) = Te [1 - 12/a2]
Ti(r)/Te(r) = 0.8
The RF power density has been given the form:
P = Pg exp [- r2/w2]

A value w = 0.35 m has been used in the calculation. It has been

derived as a sum of 3 terms,

W =W+ Wr+ W
where W; is the intrinsic RF power deposition calculated from full wave
codes when the resonance passes through the magnetic axis (Wj~ 0.15).

W R describes the off-set of the resonance from the magnetic axis
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(WR ~ 0.1) and finally Wq is the broadening due to finite orbit size at E
~ 0.7 MeV (Wgo ~ 0.1).

Finally, we derive the total fusion power output and the total
energy in fast particles by integrating equations 9 and 10 over the

plasma volume (a is the plasma radius; R is the major radius):

a
Wy = 4n2 REI Wiage Tdr Equation 11
0

a
Prs = 4n’Rel183x10%1.6x10™ ISR rdr Equation 12
0

Table 2 summarizes the input parameters in the calculations and the
most salient results. Fig 11 gives the fusion reactivity in the centre as a
function of the 3He concentration. The optimum reactivity in the centre
is obtained for n ~ 0.12. This optimum concentration varies with the
plasma parameters according to equation 5. On the contrary, the
optimum tail temperature does not vary much and is always close to 1
MeV. The variation of the fast particle energy density with the
concentration is given in Fig 12. The reduction of Wpgs with n results
from the increasing importance of the ion collisionality as the average
fast particle energy decreases and approaches Ecri;. This curve can be
used as a guide line in the experiments to find the optimum3He
concentration without making a direct measurement: one should
increase the 3He concentration until Wgase is reduced by a factor 0.7

from its value at low concentration.
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Finally, the result of the volume integration is shown in Fig 13.
The optimum fusion output is obtained for a 3He concentration n ~ 0.07
meaning that the central tail temperature must be somewhat

overdriven to make the best use of the plasma volume.

Both the total energy content Wpgas; and the total fusion power
output agree within 20 % with the observed values (Fig 9) for ng/ne ~
0.6. This is a strong indication that there are no large anomalous
processes either in the cyclotron acceleration model nor in the
confinement of the fast ions for the level of power which has been

reached so far. This conclusion agrees with previous JET studies [6].
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INPUT IN THE CALCULATIONS

» Total power transferred to 3He ions
(about 80 % of the total coupled power)

o Half width of the gaussian power
deposition profile

» Central Electron Temperature

o Central Electron Density
o Zeff

+ Deuterium concentration ng/ne

OUTPUT FROM THE CALCULATIONS

e Fusion yield at optimum concentration

o Optimum 3He concentration

* Optimum high energy tail temperature

10 MW

035 m

10 keV

2.5 x 1019 m-3

2

~ 0.6

126 kW

0.07

1 MeV

TABLE 2

Input Parameters and Output Values in the Calculations
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FIGURE CAPTIONS

Fig 1:

Fig 2:

Fig 3:

Fig: 4

Fig 5:

Poloidal flux contours in the plasma used in the series of
experiments reported here (Fig la) and in a previous series of
experiments performed in 1989 (Fib 1b). The points of contact

of the last closed surfaces with the limiters are indicated.

Evolution of the important quantities during a typical high
fusion yield experiments: plasma current (Ip), ICRF power, NBI
3He for fuelling and D for charge exchange measurements,

central electron temperature (Teo) and density (neg).

Evolution of the ICRF antenna loading resistance (R¢), the
antenna-plasma distance and ICRH frequency. Both the
antenna-plasma distance and the RF frequency are under
feedback control to maintain constant R and the imaginary

impedance seen by the generators.

Experimental arrangement showing one of the two vertical
lines-of-sight used in the series of experiment described in the

present paper.

Variation of y-ray yield as a function of coupled RF power;
A 3He gas puff, monopole configuration, 3.5 MA

O3He NBI, monopole configuration, 3.5 MA

<© 3He gas puff and/or 3He NBI, dipole configuration, 3.5 MA
O3He gas puff, monopole configuration, 5 MA
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Fig 6:

Fig 7:

Fig 8:

Fig 9:

Fig 10:

D-3He Fusion Power as a function of Picry Te3/2 ne e« Wras for
3.5 MA discharges;

A 3He gas puff

O3He NBI

Measured Q as a function of coupled RF power for 3.5 MA
discharges with the RF antennas in monopole configuration;

A 3He gas puff

O3He NBI

Time evolution of a) D-3He y-ray emission, b) coupled RF
power, c¢) central electron temperature, and d) perpendicular
energy stored in fast particles deduced from magnetic
measurements (diamagnetism and plasma equilibrium). Note
the correlation between the fusion yield and Wrprag as predicted

by equation 6.

D-3He fusion yield versus the perpendicular energy of the fast
3He ions determined from magnetic measurements (Wgag =
4(Wdia - WMHD)/3). These results should be compared to the

theoretical results of Fig 13.

< ov > versus 3He test particle energy calculated from updated
cross-sections. The calculation is made for test 3He particles
colliding on a maxwellian background deuterium species (T; =

10 keV).
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Fig 11: Central values of the fusion reactivity and 3He tail temperature

T¢ versus N = n3y./ne. The optimum conditions corresponds to

Ty~ 1 MeV and n ~ 0.12.

Fig 12: Central value of the fast particle energy density versus n.

Fig 13: Total fusion output versus Wrgyg; from equations 11 and 12. The
3He concentration 7 is indicated on the curves. The parameters

are given in Table 2 except for: lower curve, T = 8 keV, P = 7.5

MW and upper curve T, = 10 keV, P = 10 MW.
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antenna-plasma distance and the RF frequency are under
feedback control to maintain constant R; and the imaginary
impedance seen by the generators.
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