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A SUMMARY OF THE WORKSHOP ON ALPHA-PARTICLE DIAGNOSTICS
HELD AT JET ON 9-10 DECEMBER 1986

O N Jarvis, A E Costley
JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK

An informal Workshop was held under the auspices of the JET Joint
Undertaking,.Abingdon, UK on 9 and 10 December 1986 to discuss the options
available for making experimental measurements on alpha-particles in d-t
plasmas. There were 57 participants, 26 from European laboratories, 10
from the United States, 2 from Japan and the remainder from JET. ALl the
presentations were by invitation. There will be no official Wofkshop

Proceedings.

As discussed In the Introductory talk (Kellhacker, JET), the study of
alpha-particle production, confinement and consequent plasma heating is one
of the main objectives of the JET Project. The motivation for holding the
Workshop was to present and assess the exﬁerimental techniques which could
be applied to the investigation of alpha-particle phenomena in d-t plasmas
for such machines as JET, TFTR and CIT. The role to be played by
conventional diagnostic techniques was not overlooked, but attention was
naturally focussed on methods specific to the presence of alpha-particles

and for which the feasibility has yet to be established.

Two distinet classes of alpha-particle phenomena can be distinguished: the
simpler class contains phenomena exhibited by individual alpha-particles
under the influence of bulk plasma properties, whilst the more complex
elass includes the effects {possibly collective) due Lo the alpha-particle
density becoming significant. The first class is already being studied
intensively in JET and TFTR ﬁith deuterium plasmas, using the d-d reacticn
products (tritons and *He ions) as analogues of the d-t reaction
alpha-particle. These zero—order effects (alpha transport and confinement)
can be studled in d-t plasmas but only at levels of negligible

alpha~particle power.

The source term for the alpha—particle heating of d-t plasmas can be
established quite reliably by a combinaticon of measurement and calculation.

Measurement of neutron production {(Jarvis, JET; Strachan, PPPL) will give



the total number of alpha-particles produced and their spatial profile.
Neutron spectrometry should quantify their effectiveness in heating the
plasma. Calculation provides their birth energy distribution; for example
140 keV D° beams injected into a tritium plasma give rise to an alpha
particle energy distribution with FWHM of 1.5 MeV centred at 3.5 MeV (the
energy associated with low velocity reactanﬁs). In the absence of
anomalous transport, instabilities and alpha~pérticle related collective
effects, it is a stralghtforward matter to derive the steady state
alpha-particle velocity distribution, fu(v,r,t). Our problem is that,
whilst the aforementioned phenomena will all be present, their importance
in relation to the achievement of ignition and steady state burn conditions
is entirely a matter of theoretical conjecture. Their study in plasmas for

which Q@ - 1 is clearly mandatory.

From the vantage point of theory, Sigmar, (MIT) listed the guantities to be

measured in alpha-heated plasmas as follows:

*+ Alpha heating power; Pu(r,t}.
= Particle and energy confinement times for fast alpha-particles; Tap’

T

ok’
= Alpha-particle pressure gradient; dpa.
dr fast
+ Fast alpha-particle velocity distribution; dfa or fu(v).
dv

*+ Alpha-particle fluctuation frequencies near certain critical values.

+ Correlation between dfu > 0 and ancmalcus slowing down.
dv
+ The helium ash problem; na(r,t) for thermalised alpha-particles.

+ Correlation between ejected fast alpha-particles (due to MHD events)
and changes in Er {(eg. abrupt changes in plasma rotation).

anom

» Correlation between Da and noise at frequencies for shear and

global Alfvén waves.
The diagnostic techniques specifically devoted to the investigation of
alpha~particle related phenomena can be separated into two general

classes:

« Study of escaping alpha-particles (prompt or delayed losses).



« Study of the distribution function for confined fast alpha-particles,

and of the containment of thermalized alpha-particles.

A wide range of diagnostic techniques were covered in the Workshop, as
reported below, but it must bhe borne in mind that to be suécessful ail
diagnostics will have to be tolerant of the very high radiation background
accompanying operation of d-t plasmas in the region of Q = 1 and will need
te operate reliably with essentially no maintenance on or close to the
tokamak {(Young, PPPL, in context of CIT).

Escaping Alpha~Particles

The observatlon of charged fusion reaction products from deuterium plasma
using solid state detectors inside the tokamak vacuum vessel has become
almost routine {(eg. Sadler, JET) but these detectors will not be usable
with d-% plasmas. -WOPk at TFTR (Zweben, PPPL) is well advanced towards the
development and testing of an alpha-particle detector using thin ZnS(Ag)
crystals which should operate in the d-t environment. A conceptual design
for a sophisticated diagnostic has alsc been proposed by Miley (Univ of
Illinois). It would appear that fast lost alpha-particles can be studied
by such means, with rather poor energy resclution but excellent time

resolution,

Surface ccllector probes can also be used for studying the losses of fast
alpha~particles, although these measurements offer poor time resolution at
best and become post-mortem examinations at worst (McCracken, Culham).

Nevertheless, such measurements can be regarded as being easy to secure.

The problems addressed by lost alpha measurements include partiecle and
energy confinement times for fast alpha-particles, implications for fast
alpha-particle velocity distributions fu(v,r,t) and correlations with MHD

events.

Confined Fast Alpha-Particles

(1) Thomson Scattering Methods

The study of fast {Ea > 140 keV) confined alpha-paricles was the most

important, and most challenging, task considered by the Workshop.
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A diagnostic technique which has received a lot of attentlon in recent
years involves the Thomson scatitering of electromagnetic radiation from the
electrons closely accompanying fast alpha-particles. The scattering

parameter o = E%;’ where |ki = 2 Iki| sin ©/2, should be greater than unity
if ion features are to be distinguished from the electron background. The
ideal radiation socurce for this application would have a wavelength of
about 100 u, Unfortunately, no sufficiently intense scurce exists and one
must choose from the CO, laser at 10.6 u and gyroiron radiation at about 2
mm., The former necessitates workiﬁg-with small scattering angles, of about

1°, whereas the latter can select any angle.

An account of the €0, radiation scattering technique was presented by
Richards (ORNL) who stressed the advantages of a system which can determine
fa(v,r,t) at a number of discrete values of v {(due to selection of narrow
frequency bands of scattered radiation). Forrest (Culham) described a
swept—hetercdyne technique for obtaining measurements continuous in v. The
CO, technique is to be tested for proof-of-principle on ATF {(ORNL), but
will examine only the electron feature. The main problem seems to be the
need to work at very small scattering éngles with correspondingly small

sclid-angles for light collection.

The gyrotron technique proposed by Woskoboinikov (MIT) has rather different
problems. The scattering angle can—be large but the refractive effects
will be serious. There is also a requirement to choose an operating
frequency whichrdoes not coincide with the electron cyclotron emission from

the plasma electrons.

The two Thomson scattering techniques were also considered by Hughes
(University of Essex) with particular reference to JET. The high
temperature, low density operating regime for JET appaﬁently indentifies
the gyrotron technique as being preferred, although, for CIT, the much
higher densities are favourable for the CO, system. Both approaches
require further study before a definitive preferenée for JET can be
determined. A key question is whether or not use can be made of the
enhancemenﬁ in the scattered power which occurs at specific geometfries due

to the lower hybrid resonance.

A related proposal, involving the scattering of FIR radiation from electron



density fluctuations associated with mode conversion of radiant energy from
strong RF sources was noi discussed. (It appears rather improbable that
useful information on alpha particlé velocity distributions can be obtained
from the measurement of changes in wave damping due to the presence of an

alpha particle population).

(ii) Atomic and Nuclear Methods

Threshold nuclear reaction technigues (Strachan, PPPL) are unlikely to be
very helpful in determining the fast alpha-particle velocity distribution
function, although the a(t,Y) "Be reaction, the a(%Be,n)}*?C and the
a(®Be,Y)!3C reactions are under investigation. The ®Be reactions are of
interest if Be is used for limiters and hence'becomes a significant

impurity element.

Injection of pellets to serve as a target for fast confined aipha
interactions was considered by Crandall (US DoE) and Sasac {Nagoya).
Effects to be observed include nuclear reactions, charge exchange resulting
in emission of Doppler shifted radiation and double charge exchange fo
provide a source of escaping neutral helium atoms. The time window for the
measurements is only ~100 pysec as pellet ablation.is rapid. Only light
elements are considered for the pellet (Li, Be, B, C). Problems include
the provision of a fast injection velocity for metallic pellets (10*-10°
m/s)} or reduced velocity for doped fuelling pellets (£ 5 x 10* m/s) and the
requirement that the diagnostic instrumentation directly viéws the pellet
trajectory (which effectively removes nuclear measurements from

consideration for JET}).

The employment of a diagnostic neutral beam instead of a pellet-injector
was also considered by Sasao; the beam technique is preferable in that it
can provide a continuous measurement and the ion velocity can be matched to
the problem (vi "V, = 1.3 x 107 m/8). A °Li beam is favoured by some
proponents but the source (6 MeV ions) requires development. A ?He beam
(1.7 MeV) appears a more practical proposition. The usefulhess of such
bééms was not questiocned but the problems of implementing one for the d-t
phase of JET operation are comparable with those of operating the heating
beams (costly and manpower intensive). Furthermore, access for diagnostic

beam and associated measuring systems.would be in competition with other




already installed equipment. An 800 keV He beam is under serious

consideration for CIT.

The heating beams (of D° or T° ions) can themselves be used for diagnostic
purpcses (von Hellerman, JET), using charge exchange recombination
spectroscopy on helium lines, The absolute thermalized alpha-particle
concentration should be measﬁrable by this technigue (the ash problem) and
information is obtainable for alphas in the range 20 to 200 keV provided
the charge—exchange cross-section can be determined reliably as a function

of energy.

Another application for a diagnostic beam (200 keV H®) was described by
Kusama (JT-60). This invelves a small angle (Rutherford) scattering of the
neutral ions into an energy analyser. The energy transferred during the
collision with a plasma ion depends Both on the ion's motion and its mass,
permitting energy distributions for different cconstituents to be
determined, Unfortunately, this Rutherford scattering technique is
unsuitable as an alpha-particle diagnostic because the particle mass is
intermediate between the far more abundant major plasma species (D,T) and
the primary impurities (Be, C); it is the presence of the latter which will

obscure the alpha-particle signature.

Finally, the ion cyclotron radiation from fusion products has already been
studied at JET (Cottrell). By measuring at sufficiently high harmonics of
the fusion alpha-particles's emission spectrum, it should be possible to
determine the alpha-particle power Pa{r,t) for low power situations (Pa< 10
MW). It may also be possible to model fa(gl,r,t) by measuring the
strengths of the different harmonics; however, this is an area in which the
theoretical understanding has not yet been developed to the extent

required.

Alpha Transport and Thermalization Effects (D-D Plasmas)

As discussed by Strachan (PPPL) and exemplified by Sadler (JET), Martin
{Cadarache), Pillon and Battistoni (Frascati}, the existing tokamaks
(especially JET and TFTR) can already address alpha-particle transport
issues and are, indeed, particularly well suited to the purpose.
Collective alpha—particle effects are not expected but nevertheless the

measurements have already shown the unexpected ejection of fast reaction
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products by sawtooth and fishbone phenomena and triton burn-up studies
have yielded results which vary considerably from one discharge to another,
although the controlled plasma parameters are essentially unaltered; this,
presumably, is a direct manifestation of MHD effects. These results
clearly demonstrate that there is no reason to be ooﬁplacent about the

benign nature of alpha-particle heating.

Conclusions

It is clear that it will be very important to obtain a good understanding
of the behaviour of alpha-particles released in d-t plasmas at or near to
ignition conditions. Unfortunately, it is also clear that the task of

measuring the complete velocity distribution functions will be one of the

most challenging yet encountered in fusion research.

The studies with charged particle fusion reaction products which are
already being pursued in deuterium plasmas will be of great assistance in
predicting the behaviour of alpha-particles in d-t plasma under conditions
of very weak alpha-particle heating. However, once the potential
alpha-particle heating contribution approaches the MW level one must expect
collective alpha-particle phenomena which will be ofrentirely novel

character.

The various technigues which were discussed in the Workshop can be

summarized in the context of JET as follows:

« Neutron Diagnostics -~ Should provide the birth profile of the
alpha~-particles.

« Active escaping ~ The use of scintillator/charge exchange

alpha-particles measurement techniques may be feasible

and is well worth exploring.

« Passive escaping - Feoil deposition techniques ﬁsing the
alpha~particles established probes should certainly be
developed.
+ Forward scattering of CO, ~ May be unsuitable for JET because of low

radiation electren densities and high

temperatures.
. Large~angle scattering of -~ Promising outlook. May well provide
gyrotron radiation the only direct measurements of



fa(v,r,t).

+ Nuclear reaction - Unlikely to prove useful but ideas not
techniques yet fully explored.
« Charge—exchange - Requires very high speed injectors and

spectroscopy using pellets appropriate viewing locations, unlikely

to be compatible with JET space

requirements.
+ Charge-exchange with ~ Potentially valuable technique but
diagnostic beams unlikely to be pursued for access and

resource considerations.
= Charge—exchange ~ A simple diagnostic, which should
spectroscopy with heating be attempted. Attacks the ash problem
beams and may give partial distribution
functions.
« Ion cyclotron emission ~ A simple ﬁeohnique but interpretation

may be difficulit.

It is unfortunate that the most direct technique for measuring fa(v,r,t),
involving the use of double charge-exchange with a diagnostiec beam and
analysis of the resulting neutral helium atoms, makes such demands on
resources and access that it is unlikely to be pursued., This places much
emphaslis on proving the large—angle Thomson scattering'technique as a more
practical alternative. The ability to diagnose the full alpha~particle
distribution in the piasma therefore remains problematic. The measurement
of the thermalized alpha~particle density and of the escaping
alpha—-particles (the latter possibly via post-mortem studies) is, however,

reasonably secure.

Whilst the authors of the foregoing summary have attempted to interpret
falrly the opinions expressed in the Workshop, the responsibility for any

misrepresentations rests with the authors alone.



