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PROSPECTS FOR ALPHA PARTICLE HEATING IN JET IN THE HOT ION REGIME

J G Cordey, M Keilhacker, M L Watkins

JET Joint Undertaking, Abingdon, Oxon O0OX14 3EA, England.
Abstract

The prospects for alpha pérticle heating in JET are discussed.
A computational model is developed to represent adequately the neutron
yield from JET plasmas heated by neutral beam injection. This neutral
bheam model, aupgmented by a simple plasma model, is then used to
determine the neutron yields and fusion Q-values anticipated for
different heating schemes in future operation of JET with tritium.
The relative importance of beam-thermal and thermal-thermal reactions
is pointed out and the dependence‘of the results on, for egample,
plasma density, témperature, energy confinement and purity is shown.
Full 1%D transport code calculations, based on mddeis developed for
ohmie, ICRF and HNBI heated JET discharges, are used also to provide a
power scan for JET operation in tritium in the low density, high ion
temperature regime. The results are shown to be in good agreement
with the estimates made using the simple plasma model and indicate
that, based on present knowledge, a fusion Q-value in the plasma

centre above unity should be achieved in JET.




1. INTRODUCTION

The performance of JET will be determined to a large extent by

the thermal transport properties and purity of the JET plasma under L

conditions of strong additional heating power. fo approach ignition
in JET will require energy confinement times, Te’ of about 1-2s and an
effective ionic charge, Zeff' close to unity. At present therconfine—
ment time in JET ohmic discharges is ~ 0.8s and this is reduced to

75 0.4s in the presence of strong additional heating (see, for example

Figure 1). The lowest values of Ze ¢ presently obtained are in the

£
range 2 - 2.5 [Figure 2). As a result progress towards ignition, as
represented in the ni(o) T versus Ti(o) space {Figure 3, where ni(o)
and Ti(o) are respectively the central values of the ion density and
temperature and TE is the global energy confinement time), is on a
broad front with similar values of the product ni(o) T, Ti(O) being
obtained in high density, low temperature, ohmic plasmas and in low
density, high temperature plasmas with strong additional heating {8 MW
of neutral deuterium injectlon at 75 kV and/or < ) Mwhof ion éyclotron
resonance heating).

In the present paper we review the approach to ignition in JET,
concentrating on the low density, high temperature ("hot ion") regime.
It was recognised already in the JET design document R5[1] that in an
approach to ignition in the central plasma ("core ignition") a
significant fraction of the reactivity would come from reactions
between the injected beam ions and the background thermal ions. The
additional g-particles produced by these heam-thermal reactions were
seen as an extra heating source enabling core igniticn to be obtained
with lower additional heating power. Calculations were also made of
the fusion Q (= fusion energy release/input pewer) as a

function of the plasma density and confinement time for the operation




of JET as a hot ion driven system. Recent experiments on JET have
enabled a more precise assessment of its potential to operate in this
regime. i

The paper is organized as follows. In Section 2 the scaling of
the fusion Q-value with plasma parameters for neutral beam injection
is examined. 1In Section 3, the neutron yields and fusion Q-values
obtained in present JET experiments in deuterium are compared with the
expectations of neutral beam theory. In Section #, fhis neutral beam
model is augmented by a simple plasma model in ordér to extrapolate to
higher power operation in JET with tritium and to determine the
deuterium-tritium fusion Q-values to be expected. Finally, in Section
5, full 1%D transport code calculations based on models developed for
various JET plasmas are used to demonstrate that the Q-values thus

obtained are similar to those obtained using the simpler plasma

models.

2. THE SCALING OF THE FUSION Q-VALUE WITH PLASMA PARAMETERS FOR

NEUTRAL BEAM INJECTION

The most general scenario is the injection of counterstreaming
deuterium and tritium beams into a D-T plasma. In this case there are
three sources of fusion reactions, beam-beam, beam-thermal and
thermal-thermal reactions. In the present paper, we consider only the
contributions of the latter two sources to the fusion Q, which
can be obtained from the thermal and fast ion distribution functions

and may be put in the form:

3

v 2
. nDnTovth(Ti) Y . C, T *X T BT )
= P nE 9D " p e
: e D
thermal-thermal beam-thermal

where ne, n., n

5 T are the electron and background deuterium and tritium

densities, Te and Ti are the electron and ion temperatures, P is the
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total external neutral beam injection power at an energy, ED’ Yris the
fusion yield, Evth and E?D are fusion.reaction rate coefficients and
C, 1s a constant.

Of major importance is the dependence of each term in the above
equation on the density: at very high densities (>10%*°m™?) the
thermal-thermal term is dominant and we have the conventional reactor
operation; at moderate densities (2-3 x 10'® m™?) the beam-thermal
fusion term becomes deominant and this is the two-component tokamak
(TCT) type of operation discussed originally by Dawson, Furth and
Tenney[2]. At low densities (<2x10'°m™?) it would be necessary to
censider also the beam—-beam fusion term. The colliding beam tokamak
£3,4], in which counter-streaming deuterium and tritium beams are
injected to maximise the number of "head-on" fusion reactions, is a
good example of how beam—beam fusion may be expleoited.

Of importance also is the dependence of each term in the above

cequaticn on the impurity concentration: the thermal-thermal term is
quite strongly affected through the reduction of the product nDnT by

the dilution effect of the impurities; the beam-thermal term is less

affected by dilution since it depends only linearly on n The

T
beam-beam contribution would be completely unaffected by impurity

dilution but the angular scattering of the injected fast ions is

proportional to Ze and so the reactivity from "head-on" collisions

ff

would be reduced.

3. NEUTRON YIELDS IN PRESENT JET EXPERIMENTS

In a recent series of experiments up to 8 MW of 75 kV deuterons
have been injected into deuterium plasmas with currents in‘the range
I =1 -5 MA and a standard JET geometry with an elongation K = 1,45,

A further 6§ MW of ICRH was also added making a total input power of up




to 16 MW, including the onmic heating contribution. The neutron
ylelds are shown as a function of density in Figure #, and indicate as
expected a maximum at low line - averaged electron densities,

A ~ 2-3x10'°m™%., The resulting fusion Q-values in deuterium are shown
as a function of density in Figure 5. The discharges with the largest
Q-values (QDD ~ 2.5 x 107*, which corresponds to QDT~ 0.2 for
deuterium injection into a tritium plasma) had current in the range 2
- 3 MA and were located on the inside wall or had an X-point. Their
confinement times were about 0.3s., At first sight it would appear
from Figure 5 that combined heating {NBI and ICRH} gives a lower
Q-value than NBi alone. However, this maybe because combined
heating experiments have not yet been performed in the X-point
configuration,

These experimental_Q~values are reasonably reproduced by a
theoretical model for the attenuation of the neutral beam and the
subsequent slowing down of the fast ions. This model uses the neutral
beam injection geometry, measured neutral beam energy, power and
species mix and the measured electron and ion temperatures and
electron density in the actual plasma geometry of JET. The flux
surfaces are obtained from the best fit to the magnetic measurements
made on the vacﬁum wall of a set of sclutions to the Grad-Shafranov
equilibrium equation containing two variable parameters describing the
current profile [(5]. This equilibrium is subsequently parameterised
in line with the "moments approach" [6], in which the "radial"
co-ordinate, p, ié the horizontal half-width of a flux'surface
neormalised te that at the limiter, Py The radial eilectron
temperature profile is obtained from the electron cyclotron emission
(7] at the second harmonic. The central ion Lemperature is obtained

from a crystal spectrometer measurement[8] of a Ni2®* line, which is
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routinely available during neutral beam injection, but which slightly
overestimates the background ion temperature for intense neutral beam
injection. The ion temperature profile is taken to be the same as
that of the electrons., The line-averaged density is measured by a
single-channel microwave interferometer [9] viewing along a vertical
chord near the plasma centre (major radius, R=3.14 m). The density
profile is obtained from the seven channel far infrared interfer-
ometer, by fitting the data to a functional form, ne=ne(o)(1—pz)y+na.-
Zeff is determined from the visible bremsstrahlung viewing alcng a
single vertical chord (R=3.14 m). Its profile is assumed to be flat
and, for the present results, is assumed to comprise a mixture of
deuterium, oxygen and carbon, with three times the conceﬁtpation of
carbon as oxygéﬁ. The assumed plasma geometry and profiles for JET
Pulse Number 7958 are shown in Figure 6.

For the épeoified plasma geometry and profiles, the birth profile
of fast ions is calculated using a multipie pencil beam model in which
many filamentary neutral currents are attenuated by electron impact
icnisation, proton ionisaticn and charge-exchange, inecluding capture
by impurities.x A time-dependent sclution to the Fokker Planck
equation, representing the slowing down of fast ions, provides the
neutron yields that arise from beam-thermal interactions together
with the corresponding fusion Q-values in deuterium and the equivalent
fusion Q-values assuming deuterium injection into a 100% tritium

plasma.

In Figure 7, we show as a function of time for Pulse Number 7958
the total neutral injection power (8 MW of deuterium injection at
75 kV with an assumed power species mix of TH%: 16%: 10%);: the neutron
yields determined from the neutron flux measurements {10]; the neutron
yields calculatgd by the neutral beam physics model and the thermal

plasma parameters; the resultant team-plasma fusion Q-values for
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deuterium injection into a deuterium plasma and also into a tritium
plasma. It is to be noted that the time variation of the measured
and calculated neutron yieids are in very good agreement. The
measured total neutron yield is some 30% lower than that calculated,
indicating possible errors in the assumed plasma parameters
(particularly, the ion temperature and the effective icnic charge) or
in the neutral beam physiés model. Noﬁe-the—less for the present

considerations this degree of accuracy is acceptable.

b, EXTRAPOLATION TO FUSION CCNDITIONS
| We now turn to the significance of the above for the production
of g-particles in JET.

A simple plasma model i3 assumed with density and temperature

"profiles of the forms, n, = ne(G)(1-p2)O'5 and Te = Te(O}(1-p!'5

)
taken from a 3 MA JET pulse with an elongation of 1.45 and p, = 1.17m.
For given volume-averaged electron density, Ee =.fnedVA/HV, energy
confinement time, Ta , and external input power, P, the central

temperatures are cbtained from a simple global energy balance

equation,
Ti
P=3Jﬁle[1"e+{ni +n_ o+ nc)ﬁg]dv

2T
e

The ion and electron temperatures are assumed to be related by a
simple equipartition formula Ti = 2Te/(1+ﬁ;10'“°). The deuterium-
tritium (ni), oxygen (no) and carhon concentrations (nc) are obtained

by specifying Ze and assuming nc = 3no. The external power 1s

£f
assumed to comprise of a combination of up to 40 MW of neutral
deuterium injection at 160 kV (assuming a power species mix of_

653%:29%:8%) and up to 20 MW of ICRF.




4.1 Neutral Beam Injection at a total power level of 20 MW

We consider in the first instance the particular case of 20 MW of
160 kV deuterium injection into a 50:50 D-T mixture. 1In Figure 8 the
global Q-value is shown versus density for four different values of
T, = .4, 0.8, 1.2 and 1.6s. The lower T, is typical of L-mode
behaviour in JET, where T, is only weakly dependent on density and
increases with current in the range T 0.1 - 0.4s. The intermediate
value (TEV= 0.8s) is typical of present ohmic plasmas and presumably
would be reached with H-mode behaviour in JET. The highest values
(TE ~ 1.2-1.68} are those required to apprecach ignition in JET and,
for a power level of 20 MW, correspond to plasmas close to the 8
limits of 3% (TE ~ 1.3s) and 4.8% (Tg ~ 2s) expected, respectively,
for BMA X-point and 7 MA limiter operatioﬁ in JET. The relative
importance of the thermal-thermal and beam-thermal coniributions to
the total Q-value is also shown.

From these curves the following cbservations can be made:

First, the maximum Q-value is obtained at relatively low
densities, ﬁe= 2 -3 x 10' m™® for the lower values of T, and only
slightly higher ﬁe= 4 - 6 x 10%? m™? for the higher values of T
This arises from the need to keep the plasma temperature sufficiently
high and near the optimum value (~ 12-15 keV) as the density is
varied,

Second, for 18 up to 0.U4s the beam—thermal fusion term is
dominant for the entire density range, and it is only for confinement
times greater than 0.8s that the thermal-thermal fusion term becomes
significant.

The Q-values are reduced, of course, with Increasing impurity
concentration, as shown in Figure 9 for the same conditioﬁs as in

Figure 8 bubt with Zeff = 3.




4.2 Combined Neutral Beam and ICRF Heating, Each af a Power Level of

20 MW

The same curves as in Figure 8 may be used to assess the
prospects of a combined heating scenario in which 20 MW of ICRH is
added to the 20 MW of NBI (Figure 10). In this case, since the total
input power has been doubled, hoth the value of Ta used to.label each
curve and the magnitude of the Q-value obtained have to be reduced to
one-half of their original values, Also plotted on Figure 10 ,are the
conditions of constant electron temperature, from which it is seen
that, as the density increases, the maximum galin in the Q-value is
obtained by increasing TE such that the central eléctron‘temperature

is maintained at approximately 15 keV,

4.3 Central Q-Values

In the central part of the discharge (defined as the inner
quarter volume, or roughly, the region within g = 1} the Q-values

{(referred L0 as Q, ) are rather larger, as shown in Figure 11 for NBI

Y
alone and Figure 12 for the combined heating scheme:with the ICRH
assumed to be deposited within the inner quarter volume. For fixed
confinement time and at the lowest densities, when the beam-thermal
interactions dominate, Q% is lower with combined heating, while at the
higher densities, Q% is higher with the combined heating, with the
higher temperatures more than compensating for the increased heating
power .

It should be noted.that to obtain Q% > 2.5 requires Te 2 0.8s and
the difference between ( and Q% is less with combined heating because

of the assumpticn that the ICRF is deposited wholly within the inner

quarter volume.




4,4 Dependence of @-Values on the level of Neutral Injection Power

As shown by the power scan with NBI alone at the fixed density,
ﬁe= 4 x 10'® m™* (Figure 13), a substantial increase in the beam power
to about 40 MW would be necessary in order to achleve Q > 1 fgr Te
>0.4 s or Q > 2.5 for T, > 0.8s. Taking account of the a-power in
addition to the external input power might even lead to core ignition

at lower external power levels and at somewhat higher densities, ne >

8 x 10! m™?® (Figure 14).

5. FULL TRANSPORT CODE SIMULATIONS OF THE HOT ION REGIME

Plasma transport models used in a full 1%D transport code [11]
have been developed for various JET plasmas, including ohmic [12],
ICRF [13] and NBI [14]. In particular, low density, high temperature
plasmas with neutral beam injection were examined in [14} and found to
be well simulated using an anomalous electron thermal diffusivity of
the ALCATOR-INTOR or Coppi-Mazzucato-Gruber form (xeAI = E‘).Io“’ne"1 or
XaoMG = 3.10‘5aBTne;°.B(RqTe)"‘Ap'°.5); ion thermal diffusivity of the
Chang and Hinton form with an anomaly factor, ui = U ancmalous
diffusive and convective particle fluxes; oxygen/carbon and nickel
impurities; neoclassical resistivity; classical energy transfer
between electrons and ions; and the Xadomtsev reconnection model for
sawteeth., Confinement degradation during NBI was simulated by
increasing, ocutside the q = 1 region, the electron thermal diffusivity

for ohmic plasmas by either a fixed factor, aeSZ, or a power-dependent

v o v
- P dv.
factor, % -Ofptotal’edwof o
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Using the model with and o, a series of calculations has
eCMG ep
been performed for various power levels (in the range 5-40 MW) of
neutral deuterium injection at 160 kV into a deuterium-tritium plasma
assumed Lo be maintained at a 50-50 mixture. The density increase
during neutral beam injection is limited by pumping 10% of the edge
outflux. This maintains the volume-averaged electron density within

the range 2-4 x 10'? m™? and Zeff
confinement time is calculated to be approximately O.U4s irrespective
of the level of additional heating power. The Q-valuss obtained in
these calculations are pleotted in Figure 15; whieh shows also that the
results of the simple plasma model for 5e= 2 x 10 m™?® and Zeff =1

n = te o—a
and ne B x 10 m and Zeff

from the transport code calculations,

6. SUMMARY_

We have shown that we have been able to reproduce fairly
accurately the present JET experimental data for neutron yields using
the appropriate plasma conditions and a neutral beam deposition and
slowing down model. This gives confidence in extrapolating to JET
operation in tritium, and the level of alpha particle heating which
might be expected for different plasma conditions and heating powers
has been determined. Concentrating on the low-density, hot ion mode
of operation, central Q-values in excess of 1.0 could be expected for
confinement times in excess of 0.4s. However, low Z impurities can
reduce considerably the Q-values.

Further gains in these Q-values would require improved plasma
confinement, a substantial increase in the neutral injection power or

beneficial synergistic effects between the NBI and ICRH. Improved

=-1]-

in the range 2-3., The glcbal energy

= 3 cover the range of Q-values obtained




plasma confinement might be found in the central plasma or achieved
through X—poiﬂt operation in JET, leading to central Q-values in
excess of 2.5 and global Q-values in excess of 1 for confineﬁent times
in excess of 0.8s., If the confinement time were considerably less
than 0.4s, then it might be preferable to inject deuterium beams into
a low-density, 100% tritium plasma, thereby increasing by a factor of
two the beam-thermal contribution at the expense of the thermal-
thermal contribution. Leaving aside the technical difficulties
invoived in the production of a tritium beam, additional gainé are to
be expected with balanced injection of both deuterium and tritium
beams into a 50:50 D-T plasma for which there are two clear
advantages: first, at low density and rE the beam-beam contribution
would become very significant; second, the tritium beam would give
better control over the D-T background mixture. With combined NBI and
ICRH, higher Q-values might result from using the ICRF to ‘'clamp' the
injected particles at the optimum énergy fqr fusion. There are of
course several problems to be overcome with this scheme, the main one
being to ensure that most of the ICRH power is actually absorbed in
the injected deuterons rather than on electrons, background deuterons
or on a minority hydrogen component of the background plasma as 1Is the
case in some of the present JET plasmas with second harmonic deuterium

heating.
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with Z,y=3. The dotted lines are the
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Fig.12 Central (Q,,) and Global (Q) Qpr versus volume-
averaged electron density at fixed values of 7, for 20MW
deuterium injection at 160kV and 20MW of RF deposited
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Fig. 14 Central (Q,,) and Global (Q) Qor
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DT plasma at a volume-averaged electron
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for full 1¥4-D transport code calculations with a 50:50 DT impure
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