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ALPHA-PARTICLE MEASUREMENTS NEEDED FOR
BURNING PLASMA EXPERIMENTS

Kenneth M. Young’

1. INTRODUCTION

The next major step in magnetic fusion studies will be the construction of a
burning plasma (BP) experiment where the goals will be to achieve and understand the
plasma behavior with the internal heating provided by the fusion-generated alpha-
particles (a-particles). Two devices with these physics goals have been proposed, the
International Thermonuclear Experimental Reactor (ITER)' and the Fusion Ignition
Research Experiment (FIRE)’.  Extensive conceptual design work for the
instrumentation to try to meet the physics demands has been done for these devices,
especially ITER’, and the overall requirements are reviewed in this book®.

This article provides a new look at the measurements specifically important for
understanding the physics aspects of the O-particles. An earlier article addressed a
similar topic’, but two significant events have occurred since then. The first was the
completion of physics experiments on JET® and TFTR’ with deuterium-tritium (DT)
fueling, and the first chances to study a-physics®'®, and the second is the realization
that relatively compact plasmas, making use of advanced tokamak plasma concepts, are
the most probable route to burning plasmas and ultimately a fusion reactor. These
plasmas require measurements with excellent spatial and temporal resolutions and a
large number of diagnostic signals will feed into the control of the plasmas.

The BP experiment will provide the science basis for the operation of a fusion
reactor. Thus it is imperative that the understanding developed should lead to
optimization of the plasma performance and being able to use the O-particles in
controlling the plasma. The a-particles will become the dominant heating term in any
successful BP experiment, and as such will play a key role in the physics of the plasma.
Their generation in the core can be expected to significantly affect the density and
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pressure profiles associated with the confinement regime of choice. The fusion output
in the form of these a-particles has got to be fed back into the control of the heating to
affect the pressure gradients; it must also be used to assist the current profile, and
possible provide current drive; and it must provide momentum to affect the shear flow
with its strong influence on the transport properties. These roles then set the purpose
for the a-particle measurements, setting up the requirements for specific diagnostics.
Table 1 provides a listing of the diagnostic techniques which are being considered for
the a-physics measurements in a BP device. They are discussed in the following
sections, but some comments indicate where testing on operating devices is very
desirable. Many of the diagnostics necessary for these measurements are not fully
developed or will be severely constrained in their operation under BP conditions.

2. MEASUREMENTS OF CONFINEMENT AND SLOWING DOWN: EFFECT
OF PLASMA HEATING AND PROFILES

The most important measurements to be made for understanding the heating impact

of the o -particles are the profile measurements of the electron temperature and ion
temperature. The pioneering measurements on TFTR® and JET' were relatively
difficult because of the low-Q and thus small temperature increments. In TFTR
averages over a number of shots were required to establish profile differences. The BP
plasmas are expected to be created with reversed shear, for which there is little data
from TFTR or JET in DT plasmas, so very good measurements of these key parameters,
and the safety factor, q(r), will be required.
The best measurement of the source a-particles generated in the fusion reactions will be
the 14 MeV neutron flux, with collimation provided to obtain spatial dependence. But
it will be necessary to follow the history of the confined a-particles as they lose energy
and are distributed across the plasma radius. It is unfortunately not possible to rely on a
single measurement technique for this history because of limitations on each of the
techniques so far proposed. Collective Thomson scattering may be the best technique,
but, so far, has only been successfully demonstrated on the more easily measured
thermal plasma'®. Measurement in the microwave range gives the possibility of
relatively good spatial resolution because the scattering angle can be quite large, and
the hardware components are mostly available. Unfortunately, there are very limited
transmission windows between resonant harmonics across the plasma, which constrains
the measurement and causes high background noise levels. At high densities refraction
will be an issue. The other possible choice for which sources and detectors are
available is a CO, laser at 10}, and a test is planned for studying the fast ions generated
by the JT-60U negative-ion-based neutral beam''. In this case, though, the scattering
angle must be very small (<1;) making spatial resolution and accessibility to the plasma
very problematic. A compromise solution would be in the far infra-red (FIR) spectral
region, using technologically feasible lasers, but for which developments in the lasers
and detectors are necessary.

Neutral particle analyzers have proven capable of obtaining core a-particle
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Table 1 Summary of diagnostics for alpha-particle physics

Diagnostics for alpha-particle
physics

Comments relevant to a
burning plasma (BP) device

Confinement and Slowing Down*

14 MeV Neutron profile for a-source
Collective scattering

o-CHERS

High-energy neutral particle analyzers

Knock-on neutron measurement
(neutron spectrometer or bubble chamber)

Impact on Plasma Stability*

Mirnov coils (high frequency)

Correlation reflectometry
Alfv n antennas

Beam emission spectroscopy
Ion cyclotron emission

Instabilities affecting redistribution and
loss*

Mirnov coils

ECE grating polychromator

Escaping-a diagnostics (IR, Faraday cup,
scintillator, diamond)

Alpha-ash and removal*

Thermal-He CXRS

Divertor He measurement

Neutron measurement of core np, ny
CXRS measurement of core np, nr
Fast-wave reflectometry of core np, nr

Proven technique; needs same spatial
resolution as Tj(r).

Demonstration required (JET, JT-60U);
spatial, energy res. concerns.

Proven technique; needs neutral beam;
radiation-effects concerns.

Requires low-Z impurity (JET); spatial
resolution is an issue.

Difficult to get temporal/spatial resolution
(JET).

Proven technique, but tough radiation
environment.

Rapidly evolving technique (JET)

Valuable for JET physics studies. Necessary
for BP?

Proven technique; needs neutral beam.
Proven measurement; has it any value?

Proven technique.

Proven technique.

For energy, source measurement, need
scintillator but neutron, thermal issues (JET);
diamond demonstration needed (JET).

Proven technique; needs neutral beam.

Proven technique.

2.5 MeV neutrons to be measured in larger
14 MeV neutrons (JET).

Proven technique; needs neutral beam.
Prototyping needed (DIII-D, JET)

* Assumes that there are good measurements of ng(r), Te(r), Tj(r), v(r), q(r), magnetic equilibria, etc.
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distribution functions in two somewhat different applications. In JET, Gondhalekar et
al. made use of the enhanced charge-exchange cross-sections of natural low-Z
impurities, Be and C, in the core in unfolding the spectrum of a-particles from the
combined D- and a-spectra’. There was only one vertical line of sight providing a line-
integral measurement, and it is to be hoped that a future JET measurement will have
additional sightlines. On TFTR, the novel pellet charge exchange (PCX) concept, using
a neutral particle analyzer in conjunction with a low-Z lithium pellet radially-injected
into the plasma with horizontal observation was applied'’. The pellet flight time
provided the spatial resolution for the a-particle distribution function and showed
redistribution of trapped O-particles in reversed-shear discharges. In high-density
plasmas with neutral beam heating, the failure of the pellet to penetrate limits its
applicability. A spectroscopic technique making use of the charge exchange of the a-
particles with neutral beam particles, the so-called a-CHERS (charge exchange
recombination spectroscopy), was also used on TETR®. The high-energy tail of the
468.6 nm He" line is spectrally resolved to determine the slowing-down spectrum of the
O-particles below about four-times the neutral beam energy (i.e. up to about 700 keV in
the TFTR case). One result was that the anomalous diffusivity of the a-particles was
less than 0.03 m?*/s. This measurement of the tail requires very precise knowledge of
the visible bremsstrahlung background and other noise sources. The principal of
operation of this technique is the same as that used for measurement of the He-ash or
the ion temperature and plasma rotation, though the instrument requires a higher optical
throughput. All these instruments depend on a neutral beam source, with energy in the
range 100 - 150 keV/amu. Particles with this beam energy do not penetrate well into
the proposed burning plasmas and development of a short-pulse intense diagnostic
neutral beam has been proposed"’.

The high-energy tail of the neutron spectrum contains a "knock-on" component
created by the O-particles colliding with the fusing atoms and imparting additional
center-of-mass velocity, leading to higher energy neutrons. The spectrum of this very
small tail, tied to the O-energy spsectrum, approximately 10™ of the peak, has been
measured on JET by a neutron spectrometer, averaging over many DT shots'*. Tt is
difficult to see how such a spectrometer could provide sufficient counts for both
adequate temporal or spatial resolution. Hence a development of a set of pulsed bubble
chamber detectors, with very sharp low-energy cut-offs, the lowest at about 15 MeV, so
that only the "knock-on" tail’s spectrum is measured, has been proposed’. The
detectors could be installed in collimator tubes of a neutron camera for a BP device.

Measurement of escaping O-particles, while important for the issue of o-particle
confinement is described in section 4.

3. IMPACT ON PLASMA STABILITY; MACROSTABILITY AND
COLLECTIVE EFFECTS

Fast ions and a-particles have very significant impacts on the plasma in that they
can stabilize MHD modes and destabilize a large variety of high-frequency (> 100 kHz)
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modes of the Alfv n eigenmode (AE) type. The behavior of low-frequency MHD
modes can be relatively easily followed by the Mirnov coils. The normal pressure
diagnostics must be monitored closely to observe any build-up of the pressure.

High-frequency Mirnov coils give a clear picture of the presence of the various AE
instabilities, being particularly good at following the evolution in frequency (chirping,
etc.) which have provided the necessary clues for mode identification. In BP reversed-
shear plasmas a build-up of an avalanche of these instabilities to cover a large fraction
of the plasma cross-section, providing a clear rapid transport path, is a concern.
Correlation reflectometry on TFTR has been effective in spatially localizing modes and
providing a resource for theoretical analysis and prediction'®. Since its sensitivity to
small amplitude density fluctuations is much greater, it can detect fluctuations not
visible on the Mirnov coils. For a BP plasma, it is essential that there be coverage
across the full plasma cross-section, so that a combination of O- and X-mode
correlation reflectometry is required.

Another opportunity for studying AE modes has been taken at JET where a set of
external coils has been used to destabilize stable AE modes, hence allowing for study of
the growth of the modes and tying behavior closely to theoretical projection'”. It is not
clear that there is value to extending this type of experiment to a BP where the internal
drives are likely to be very strong.

Another very clear instability observed on TFTR and JET occurs at harmonics of
the ion cyclotron frequency at the outside, low-Br, plasma edge, caused by trapped a-
particles interacting with the low plasma density™”'®. The interactions are so complex
that it is doubtful whether any meaningful information about the a-particle population
will be obtained in a BP at high magnetic field.

4. IMPACT OF INSTABILITIES ON THE ALPHA-PARTICLE BEHAVIOR;
REDISTRIBUTION AND LOSS

Good measurements of the MHD and the higher frequency MHD modes are
required and internal T, fluctuation measurements are particularly important. In TFTR
DT experiments, the possibility of investigating the redistribution of the a-particles was
provided by the two diagnostics, PCX and a-CHERS®. Sawteeth were shown to
redistribute the trapped and non-thermal a-particles and TAE modes redistributed
trapped a-particles. The key to the measurements was the good spatial resolution of the
instruments.

The limit to redistribution is loss, which must be measured effectively with an
array of detectors. Surface temperature measurements by infra-red imaging gives good
spatial information about the overall energy loss of fast ions. But localized detectors
are necessary for obtaining information about the energy and source of the a-particles.
An array of such detectors in the lower-outside quadrant (depending on the toroidal
field direction) of the first wall can provide this information. On TFTR, an array of
thin-scintillator detectors behind shielded apertures gave very specific data on the pitch
angle and gyroradius of the lost particles®. In quiescent plasmas, the losses could be
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assigned to first orbit losses and toroidal field ripple induced loss. In discharges with
active MHD, and with the total light being fed to a photomultiplier, quantitative
measurements of the losses were obtained for sawteeth, fishbones, locked modes,
tearing modes, the thermal quench prior to major plasma current disruptions, high-
frequency kinetic ballooning modes and ICRF heating. For application in a BP device,
improved scintillators which can tolerate high temperatures and radiation-hard optics
must be developed. An alternative technique using Faraday cup detectors has been
proposed and installed on JET'. These detectors are easier to locate and install,
requiring only electrical wiring, but they only provide information about the energy of
the O-particles passing through the aperture.

5. MEASUREMENT FOR STUDIES OF TRANSPORT OF FAST IONS AND a-
ASH REMOVAL

The measurement of helium in the core of the plasma has been carried out
spectroscopically in many tokamaks to study the diffusion of this impurity’. In a BP
this a-ash builds up as the o -particles thermalize and for a reactor could stop the
burning process. Hence it is critical to measure it both in the plasma core and in the
efflux through the divertor. In the core, charge-exchange spectroscopy, using the full
468.6 nm He' spectral line, is the only available technique. Again, there is a
requirement for a neutral beam. In the divertor, residual gas analysis and Penning
gauges can be used for quantifying the helium flow from the plasma.

One expects that there will be specific experiments aimed at manipulating the -
particles, to be able to enhance the a-ash loss’ or to channel the high-energy particles’
toward the goals of controlling plasma behavior. Suggestions for affecting the current
drive and the plasma rotation and shear have been made and have to be studied much
more deeply than in preliminary TFTR and JET experiments®. The diagnostics
required for these physics studies will be the standard set of profile diagnostics, and
magnetic measurements for studies of current drive.

An associated aspect of controlling the a-particle behavior is the fueling of the
hydrogen isotopes, deuterium and tritium. The measurement of the core densities of
these ions can be done spectroscopically, with a neutral beam to provide the source of
particles for the neutralization. There are proposals that the relative densities could be
obtained by neutron spectroscopy, even though the DD neutron intensity will be many
orders of magnitude smaller than the DT intensity, and it is hoped to test this idea on
JET. An alternative technique which uses simple coils to carry out fast-wave
reflectometry was prepared for test on DIII-D and is awaiting test'”.

6. SUMMARY AND RECOMMENDATIONS FOR MEAUREMENTS FOR a-
PHYSICS IN A BP DEVICE

We have briefly described four areas of physics study to be carried out in burning
plasma experiments for understanding the behavior of the heating particles,
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emphasizing the measurements needed and examples of diagnostics for carrying out
those measurements. The set of diagnostics must be aimed at achieving the mission of
the BP device, the ultimate goal of which must be establishing the optimal operating
conditions for the more-engineering-oriented next step. For the latter, access to the
plasma for diagnostics will necessarily be more restricted and plasma control, rather
than physics understanding, will be the prime motivator for the instrumentation.

The set of diagnostics to enable thorough a-physics studies that can be considered
now for implementation on a BP device is shown in table 1. It is essential that there be
very high quality diagnostics for measuring the profiles of the main plasma parameters
and for measuring the fluctuations over a wide range of frequencies. Many of the
techniques with the best spatial resolution are dependent on a neutral beam, which is a
major challenge for high-density and large tokamak plasmas. Good spatial and
temporal resolution neutron measurements will be key, particularly for confinement
studies, since they will define the a-source. Good measurements of the fluctuations,
externally with many Mirnov coils and internally with many spatial locations of ECE
and reflectometry to provide local temperature and density variations are essential for
defining the instability modes.

Finally a set of diagnostics for the a-particles themselves must be installed on a BP
device. Physics studies of confinement and redistribution demand techniques with very
good spatial resolution, such as was available with a-CHERS and PCX on TFTR. Both
of these diagnostics are difficult to implement on a BP device, the former needing a
neutral beam and the latter a high-speed lithium pellet. Collective Thomson scattering
techniques and neutral particle analysis dependent on natural levels of low-Z impurities
must be developed further, but it is difficult to see how they can provide sufficiently
good spatial resolution to resolve some of the physics issues. An array of lost-a
detectors at the wall to give energy and source information about the escaped particles
will enhance the physics understanding. All these techniques should, if possible, be
applied in a second JET DT campaign to determine the value of installing them on a BP
device.
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