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ABSTRA CT

There is a flarry of' activil,y to co_nplete alpha-particle diag_ostics so that they can undergo
some experimental testing in DI' plasmas on ,JET or 'I't; i'1_ prior to implementation on
VIER. Successful m_asurements oi' escaping charged fusion products ha_e been made inDD plasmas, and the c_-particle source can be well characterized by neutron profile
measurement. These methods can be extrapolated to DT plasmas. Measurement of the

confined a-particles requires a new technique. Collective Ihomson scattering, methodsinvolving charge.-exchange interactions and nuclear reactions with impurities will be

d_scussed.' Some assessment is given of the. capabilities ,, ,°fthese, techniques, bearing inmind the potential for their use in the physics phase of the l I tulg p, o_,:'am.
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ITER, the _'easu e _en_ ill b critic , and b.cause of its sc edule, a d comple access: it-| is imperative that the _hvsics aspects of the measurement techniques to be used have been

i! fullydemonstrated ant|that the instrumentation components are fully tested. A system of

diagnostics is needed,_ that can follow the temporal and spatial behavior of' the a-particles,
from birth in the core of the plasma to the thermalized ash and loss to the divertors.

The 3.5 MeV a-particles are the confined particles in the fi_sion reaction of deuterons and

tritons. High energy fusion products are already observed in pla,,mas using deuterium fuelonly. Here 2.5 MeVneutrons, 0.8 MeV 3He ions, 3.0 MeV protons and 1.0 MeV tritons are' created. Measurements of the neutrons and escaping charged fusim_ products are

already playing an important role in u_derstanding the tflasma behavior. The "burnup"of the confined tritons, and hence the radial diffusion of these ions, can be followed by

deuterons. Deuterons and 3He ions, sometimes used in minority heat.ing wit.h ion cyclotron
resonance heating, also fuse to give a 3.7 MeV a-particle and a 15 MeV proton.

=

-Ji Diagnostics of oc-particles have been discussed for,some years. The methods belong in g_&r-_Q_ _ _,._ |two main families, some depending on collective _Ihomson scattering, others depending

1 on a-particle collisions with neutral ,particles to create escaping He atoms, radiation of He
spectral lines or nuclear _roducts. The former met.hods do not perturb the plasma and can
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Fig• I, The shape of the nrleasured neutron flux ot'a Tt"'I'I_
ti supershot is compared to the neutron ft*axes predicted from

the SNAP and TRANSP transport codes using other plasma
measurements.

have access to the plasma center, also the peak of the (x.-particle source, ltowever, high
power pulsed sources are necessary because of the low cross-section, their spatial re_olution
is not good and the plasma background signal may be high, particularly at higher
frequency. 3he neutral-particle methods require either a high energy neutral impurity
beam or an injected in]purity pellet to provide the target particles. Thcv provide relatively
good spatial resolntion and the possibility of determining the full energ'y spc,ctrum. Both of

i t,hese methods have difficulty penetrating to the center oflarge, b.ot plasmas and perturb the

plasma to some extent.

" Measurement of the escaping charged fusion products has been made on a number of
P tokamaks revealing important physics, information about the confinement, of the high-

energw particles• Recent reports from II_ PR have included measurement of diffusion,the
effectsof toroidal field ripple, and the impact o.fMHD activity in the plasma core.

This paper will describe these methods briefly. For further details the reade.r is referred to
recent, Review articles (Young, 1991, Zweben, 1986) and references given there.

ALPt-[A SOURCE MEASUREMENT

_Ihe a-particle source will be obtained with relatively high accuracy using a multichannel
array of neutron detectors. I'hese detectors view through long tubes in thick shielding
material and are themselves very highly shielded so that their neutron signals arise only
from a collimated region in the plasma and are not affected by scattered neutrons. Such
measurements are done routinely on IFTR (Johnson et al., 199,_, Roquemore et al., 1,)90)
and JET (Jarvis et a/.,1990) for DD plasmas and were a key measurement in the JET
preliminary tritium experiment (JET Team, 1992). The only limitation on the quality of this
measurement is the availability of access for a spread-arr@ of collimator pipes.

Figure 1 shows an experimental profile /'or a beam heated supershot plasma in TFTR
(Johnson et al., 1992). There are ten active viewing channels looking up fYom below, each
with a ZnS(Ag)plastic scintillator for DD neutron detection. 'ihe detectors have been
• _ " ' _ 252 'mdepenclently calibrated using a , Cf neutron source m the vacuum vessel, iPhe measured
data points are compared with the results of transpor., code calculations making use of the
spatial dependence of other plasma parameters. These codes are the equilibrium transport

code SNAP and the time dependent code TRANSP. This good agreement is complementedby a similar agreement over the length of a plasma pulse between the integral of the
neutrons measured by the collimator and a calibrated system of neutron flux monitors.

!
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ESCAPING ALPIIA-PARTICI.,ES

Escaping fusion product particles have been measured on many tokamaks, among them
t LI', ASDEX, i_ lR, JEI', DIII..D and 10 (Zweben et ai., I990A and references therein).
Most of these measurements have been made with solid-state detectors, which cannot

survive in high neutron fluences. The thin scintillators u:.;ed on TFTR (Zweben) or Faraday
cups proposecl for JE'r (Conroy et al., 1991) are planned for use ibr c_-particles from the D_I
experiments. The scintillators are mounted behind an aperture outside the last closed flux
surface, at the bottom of the vacuum vessel, tbr observing first-orbit losses, or near the outer
midplane for looking at loss in the ripple of the toroidal field.

In studies oi"the protons and tritons t¥orn DI) plasmas in 'I'FTtt, it has already beenpossible
to identify some important, features: first-orbit losses; toroidal field ripple-induced diffusion
of' trapped a-particle orbits; ripple-trapl_ed (x-particles in the magnetic wells between
toroidalfield coils; losses due to MHD instabilities; and beam-ion loss when TAE modes
were present. Extrapolating these probes to an ignited tokamak is important but difticult
(Zwet:en et al., 1990B). The probes necessarily have to be close to the plasma and therefore

: sustain very high heat loads, high neutron fluxes and possibly intense integrated c_-particle
_' energy. In TFTR, the probes have to be protected by thick c:_rbon-carbon composite shields
i' and are actively cooled. For ITER,where the t_redominant loss mechanism is potentially
; due to ripple trapping, these probes would have to be integrated into the first wall.
,_ Development of sm'ntillators able to operate at. higher temperatures and survive in the high
O_ radiation environment will be required. Alternative detectors, such as Faraday cups, local
a infra-red first-wall temperature measurement, readily-removable surface samples or

nuclear reactions in beryllium targets c,mld be considered.
=
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A very interesting observation dulling the JET prelimin_,ry tritium experiment (Jh;'r Team,1992) was that the intensity of the second harmonic of the ion-cyclotron emission increased
linearly with tile neutron rate over six orders oi' magnitude (Cottrell, 1992). Spectra in the
ion cyclotron frequency range have been seen for many years in DI) plasmas in both JET
(Cottrell and Dendy, 1988) and 'i't_TR (Greene et al., 19,()0) and have been related to high-

: energy beam ions oz' to charged fusion particles. '.['here are some differences in the observed

: spectra, but the most intriguing common feature is that the harmonic separation is that for
the toroidal field strength at the outside (low-field) scrape-off region, l'he JF 1' measurement
is made v.,ith a large ion-heating antenna at the horizo_tM mid-plane and the I'FI'R
measurement is done with small loops mounted above and below the plasma, near the

= vertical mid-plane. These results are very suggestive of a process as:.;ociated with escaping
high-energy particles, but no convincing mechanism has yet been put forward. Thisis a
non-intrusive measurement, the detectors carl be simple and able to be quite distant ft'ore
the plasma, and so it is important to find an explanation for the emis3_on that can be used to
better characterize the c_-particle behavior.

CONFINED ALPHA-PAL I'ICLES

Co!]eiative Thom_a Scattering

Using an intense coherm?t source, collective Thomson scattering from shielding e!ectronsmoving with the c_-particles can be observed (Hughes and Smith et al., i987). Scatt(.ring off
-e thermal ions has been experimentally demonstrated (Nieswand et al., 1991). Complex

scattering systems are now being built for the DT phases of JET (Costley et al., 1988) and
TFTR (Woskov et al., 1988) for measurement of the a-particle energy distxibution with
limited spatial capability. Both of these systems will operate in the microwave range.

-- Alternativelya 10 la CO2_laser could be used'(I_uglyakov et al., 1991, Richards et al., 1992)
and, for ITER, a frequency of 1.5 Tttz has been proposed (Mukhovatov et al., 1991).

An ideal calculated soectrum for the scattering in I JZER tbr the 1.o PHz s_ stem is shown in
Fig.' 2 for one of the'reference ITER plasmas. The.figUren shows the. contributions,,. to the: overall scattered sigmal from the electrons, thermal lo s and a-particles. Ihe width of the
ion feature sets the lower energy limit that can be measured for the a-particles.

=

JET will use O-mode incoming waves, with frequency between the fundamental and first
harmonic of the ion cyclotron frequency. TFTR will use X-mode incoming waves with
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Fig 2. Ihe scattered spectrtllll calculated for I IER for al 1.a Ttlz
source. The contributions for electrons, therrnal ions and
or-particles are shown. 0 = 5.5 °, ne(0) = 5 × 1019 m -3
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na(0) = 2 x 1018 m -3 ann 1 = 10 keV.

frequency below the flmdamenLal. There was some concern that the plasma background
noise level may be significant at these fl'equencies, but in I F I R it _ as found to be equivalent
to a black-body temperature of less than 20 eV at the relevant 60 GHz fl'equency.

These scattering systems are costl_,_7}}ld, becaus}:_ of' the low scattering cross-scctioi}, require
very high power pulsed sources. I _ I l{ and JE i will use gyrotron sources, the JE I source
now bemg in develoi)ment, lhc 1.o i tlz source for II El{'is clearly a major d(,velolm,ent
issue, but it does allow for reasonably large scatt.ering angles, with the concomitant spatial

resolution and design options. Floweret, the tec}_lology of' 10_l sysLenls iu well adwinced and
the feasibility of doii_g collective scattering (the elec{,ron feature) in a tokamak Ims been
demonstrated at AT1_ (Richards et al, 1992). The scat[ering angle is small, ;;1° t_,pically,
making the spatial resolution poor and constraining tile design optioi._s, lt should _e noted
that refraction of the beam, and hence dependence on the plasma profile, b_comes larger as
the wavelength is increased; hence microwave sources al'e not considere(! fc,asibh.' for the
large, high density plasmas Of I'FI/_R. (.)thor alternative ideas for collective TholtlSOll
scattering making use or the enhancement of rh(: spectral function due Lo plasma waves
cannot be addressed.

292e_,,'al Part_k_A n._ait_s

Post (1981) proposed that neutralization of the high energy a..particles 'by their exchan_!ng
charge with a neutral atom population could allow the c_-particles to be measured. Ihe
cross-section for this interaction is only significant if' the particles have velocities of the
same order of magnitude. A beam of neutral lithium atoms with energy 7 MeV was
proposed. This beam. would both supply fast target atoms but also penetrate to the center of
the plasma. Such a system has not yet been built, because of the high cost of the beam
development, but two alternate schemes are being actively pursued.

The first scheme makes use of a helium beam, one of the 120 kV heating beams, on JET
(Petrov ei! al., 1992). With 5 MW of heating beam power, the number oi" neutral particles
compensates sufficiently so that a good signal to nmse rat.io is prc,(iicted ibr a wide energy
range of Lhc slowing down a-particles. Phe neutl:al particle analyzer is of the F,IIB typp.
with eight energy channels, irt can resolve H, D, 1, at tc and 4.ile'atomic fluxes, a 400 A
entrance foil stripping off an electron prior to the analysis, l ts energy range is
0.5 MeV _ E _<3.5 MeV. A prototype instrument has already been used in th(, measurement
of high energy hydrogen fluxes during iCRF minority hydrot, en heatint_, q he analyzer
detector is made of thin CsI + I'l scintillators coupled to photomultiplier, .;o that the
sensitivity to high energy ions is almost 100% while the sensitivity to neut, rons and gammas
is very low. This last feature is essential for a measurement system for ct-particles.

r_i_ ? ect

An almost identical analyzer will be used on li TR (t ishel_ et al., 1.9.0); the source of neutralparticles will be Lhc ablation cloud of a lithium pellet fired into the plasma at a velocity of
about 800 m/s. (Full penetration of the pellet to the plasma center would require a velocity of
- 5 km/see.). Where the a-particles exchange their charge, the densii.y of Li + ions couldbe
of order 10_0 cm "a, this high density compensating for the low cross-section. Thus an
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Fig. 3. Calculated heliurn 4686/i, spectrum for an c_-part,ic.le densit,y
of 1 x 1012 cm -3 in a TI;"I'R supershot. A TF'Tt{ heating
beam is the source of neutral particles.

analyzer aligned to look nearly parallel to the pellet tlight path i,n the plasma, but several_, centimeters along the field ft'ore the pellet line, so that the anal3 zet observes the optimum

,lt region for I.,i i_ the ,stretched-out ablation cloud, will receix c a 'verx high flux of neutralized_. (z-particles. qhe whole energy spectrum, down to the limit set by the entrance-foil
:_I thickness, is potentially available from such a measurement, but at only"one instant in time,

. 4 ' 1 ' . '.. .' " ' ' . _ ....

_;l and, [)o_entlahy, with collsldol'able nlodlflca[.loll of Lhc l)l_.lSll,_kt, (._D.l't)oll alld [)OI'OIl pellets
are

,,. under consideration to achieve better penetration with a sacrifice in count, rate.
i

;' _9__.o py ot' l t_:t__ 1,i___!___,2_.
z*

---I The atomic collision of an t_-part, icle with an incoming neuLra] atom may result in a singly-
-' charged Ite+ ion in an excited state, which will radiat, ivc,ly decay emitting lines in the
"l heliuln spectrum (Post, etal., 1981). Tooptimize the cross-sect.ion the atomsi_ an incoming

=I neutral beam should tlave a similar velocity ,}o the high-energy a-particles. Alternatively,_' the signal strength can be enhanced using t.h,:,nigh density era pellet ablation cloud (Sasao
:- et al., 1986). But the prir:ciple can be evaluated, at least for rx-particle energies less than

about 800 keV, using t,he heating beam particles in 'I'I"TR or J[,TI'. These are deuteriuln_

neutral beams with energic, s aboui; 100 keV.

Low energy helium transport has been extensively studied by injectin_ helium gas into
deuterium plasmas and observing the charge-exchange helium spectra (I)onck ct al., 1984,

: Synakowski et al., 1990, von ftellerman et al., 1990). But, the density of helium is
considerably higher in these experiments, and the energy ral_ge is much less than for the _-

: particles iz(a DI plasma where tile (z-particle density ma_ be 1 ;_.,of the electro/_ density.
-, Figure 3 shows a calculated spectrum for a discharge, in l l/I R. Ihe _isible 4686A line was
::. selected because of the ease of instrumentation a_)d ability to use fiberoptic signal

transmission. The spectrum shows an example of a calculat, cd "total helium spectrum t'or a

. relatively high a-particle density of 1 × 1012 cm "3 s_perposed on the expected
bremsstrahlung continuum in a I't_'IR supershot. In the calculation a beam density of
1 x ?I.09cm "3 was assumed and the act.ual energy species ii_ the beam were included. A"
slowing-down a-particle energy distribution was used. The spectrum is dominated by the

-- centralthermal peak, but, the'tails on either side contain the information about the fast
- particles. Tile upper limit is set. by the decay of the cross,.section because of the veloeil,y

difference between the beam particles and the (x-particles. A very high throughput optical
- system couples five spatial channels to an f/3.8 spectrom, et}ir , e.ach channel equipped with a

low-noise CCD detector, in the implementation for the i'I_I'.t_ DT program (Stratton et al.,
1.992).

.Gsam_. Spectroscop_

Cecil et al. (1986) and Fdptilij (1990) independently proposed the use or gamma spectroscopy
tbr 7s from nuclear reactions of the a-particles with impurity nuclei as a measurement

. technique. In the former case, resonant reactions such as 7Li (a,¥) lib were proposed where
a 7-spectrum will be produced according to the resonant states of the final nuclei. I he

=
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intensities will be proportioual to the concentration of _-particles that have slowed to the

resonar, t energy. It appears likel,,, however, }/,at the ratio of' the peaks to tlm backgroundsimtal arising'from scat ter'n_ o'f hitch ener_.y neutrons may be too small for effectAve
m;as(n'emeni_ _, Kiptilij prop0secl usin}_" the 9fie ta,hT)12C react'ion wl'ich has a threshold a-
particle energy of 1.7 MeV. Ihe product's-energy is 4.4 MeV. An analysis of the anticipated
s_ectral broadenin_._ for various (_-partJele energy distributior_s is required. The most
dffhcult aspect of tlus t,echnlque is the provlsmn of sulhmcnt shielding for the detector [e.g.
Ge(Li)] wit.h a small collimator tube filLed with a neutron absorber, "so that the very high
neutron, and resultant scattered-7 fluxes do not dominate the signal.
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