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ABSTRACT.

Thermal alphaparticles are observed in JET during helium discharges using spectral emissionin
He Il (n=4- 3) near 4685A following charge transfer reactions along the path of the neutral
deuterium heating beams. New and reappraised He"™ /H charge transfer cross-sections are
presented. The effects of cross-section energy dependence on temperatures, velocities and absol ute
densities deduced from thermal alpha particle charge exchange spectra are evaluated. The
possibility of detecting fusion a phaparticlesproduced at 3.5MeV and slowing-down by collisions
with plasma electrons and ions using visible charge exchange spectroscopy is addressed. The
spectral signature of slowing-down fusion alpha particles expected during the deuterium-tritium
phase of JET is modelled and its identification against thermal alpha particle and background
radiation isinvestigated.



1. Introduction

Observations of spectral emission from impurity ions in fusion plasmas
following charge transfer from neutral deuterium or hydrogen beams has made
great impact on deduction of impurity ion temperature, plasma rotation and ion
density in recent years. The reactions are

X% 4 D (15) = Xt (ne)+ D*
1
X®5 D () = XU (0" )+ hy

where X**) is a fully ionised impurity ion of nuclear charge zo. InJET,
transitions n—n' in the visible spectral region A > 4000A are observed and the
fast neutral source D() is the heating beams with primary particle energy in the
range 40 - 80 keV/amu. It is to be noted that restriction to visible transitions will
be essential for the active phase of JET as the collected light can be transferred by
radiation resistant optical fibres to a remote diagnostic hall. Such measurements
are intrinsically spatially resolved since the intersection of a line of sight and the
neutral beams defines a well localized observation volume.

The experimental arrangements, diagnostic methodology and deductions of JET
behaviour have been described previously . [Boileau et al. (1989), von
Hellermann et al. (1990)].In this paper, attention is focussed specifically on He II
(n=4-3) emission near A = 4685A. The spectral characteristics of the beam driven
feature are usually recovered from the composite spectrum which includes edge
features and bremsstrahlung radiation using a multi-gaussian fit procedure. Ion
temperature and bulk plasma rotation velocity are deduced respectively from the
spectral line width and position of the charge exchange component using a non-
rotating edge line as reference. We wish to explore the validity of these
deductions when the He*2 temperature is very high (> 20 keV). That this is a
relevant question stems from the fact that vo where o is the effective emission
cross-section for He II (n=4-3) is not constant with relative speed v of the
colliding He*2 and D°. The monoenergetic effective emission coefficient vo is
peaked at v ~ 1.4 at.u. (N.B. the atomic unit of speed is equivalent to ~ 25 keV
/amu) falling steeply at higher speeds and less steeply at lower speeds. This can
cause an asymmetric and displacéd emission line profile depending upon
observational line of sight orientation relative to the neutral beams.



The second issue is detection of alpha particles produced by deuterium-tritium
fusion in a reacting plasma. Future plans for JET include a final ‘active’ phase in
which fuelling will be with a 50% mixture of deuterium and tritium. A
thermonuclear power production to input power ratio Qp.t ~1 is anticipated
which will imply an alpha particle power of ~ 5 MW. The alpha particles are
born at 3.5 MeV and slow by collisions with electrons down to a critical speed v,
(~ 100 keV ) at which point ion collisions become important. The slowing down
time is ~ 1 sec. A range of alpha particle diagnostics have been under study in
recent years. One class is based on exploiting the charge transfer reaction through
use of appropriate diagnostic neutral beams. Single charge transfer with
associated emission of cascade radiation or double charge transfer with energy
analysis of escaping neutralised alpha particles are both possibilities. Detection of
alpha particles at their birth energy by charge exchange requires a probing beam
with particle velocities matching the alpha particle velocity. The neutral particle
current density (~ 0.5 A/cm?2) at 880 keV/amu, corresponding to a neutral particle
density of 10% em-3 in the centre of the plasma, which would be required to detect
alpha particles, unlikely to be available in the lifetime of JET. This paper is
concerned with the feasibility of detecting He II (n=4-3) emission from alpha
particles following charge exchange with neutral deuterium in the existing JET
heating beams. The parameters of the beam heating system are presently
upgraded to 140keV at 30 A and a detailed programme based on 160 keV 3He
injection is being prepared. Such beam particle energies allow significant
interaction with slowed alpha particles with energies < 200 keV/amu. We are
concerned with the magnitude and spectral profile of the resulting He II (n=4-3)
emission. The restriction of the highest detectable alpha particle energies is
associated with the steep fall of the effective emission coefficient with relative
collision speed. This also restricts the Doppler half width of the emission feature
to < 50A and so allows the possibility of discrimination against a thermal
bremsstrahlung background.

Evidently detailed knowledge of the charge exchange cross-sections and
especially the state selective partial cross-sections for nf shells with n >4 are
essential. We have conducted detailed investigations in collaboration with the
experimental group at Groningen (FOM-KVI) and Amsterdam (FOM-AMOLF)
which are summarised in Section 2. In Section 3, modelling of effective
emission for Maxwellian distributions is considered. In this Section detailed
results and corrections to ion temperature, density and rotation at high
temperatures are presented. In Section 4, the feasibility of alpha particle



detection in JET is addressed. This is concerned with the alpha particle power
required for a spectroscopic measurement via He II (n=4-3) emnission. Detailed
predictions of the power likely to be achieved in JET are not the subject of this
work. The conclusions are in Section 5.

2. Charge Exchange Data for He+2

Cross-section data for the fundamental charge transfer reaction

He*2 + D(1s) = He*(n#) + D+ are the starting point for calculation of effective
emission coefficients. Also these cross-sections contribute to the attenuation of
neutral deuterium beams along with ionising collisions and similar processes
with deuterons and other impurities in the plasma. For charge exchange Giot, On
and opy are all required and the complete energy range relevant to fusion
plasmas is 500 eV/amu < E < 880 keV/amu.

Otot Principal sources of experimental measurements are Nutt et al. (1978),
Shah & Gilbody (1978) and Hvelplund & Anderson (1982) which collectively
span the range 500 eV/amu < E < 500 keV/amu. They form a self consistent data
set. The Hvelplund & Anderson values are normalised to those of Shah &
Gilbody at 75 keV/amu, a procedure supported within their experimental error
bars by separate calibration checks. The data with representative error bars are
shown in Figure 1. The older experimental data of Olson et al. (1977) are not
shown but are generally larger (at most 25% at E = 40 keV/amu). There are
available to us, four comprehensive theoretical calculations, namely, Belkic et al.
(1987, 1991), Ryufuku (1982), Olson (1988) and Fritsch (1988, 1989) (see also our
acknowledgements) which include oy and oy decomposition. The theoretical
Oyot values of Belkic and Fritsch are plotted in Figure 1. The Belkic data (in the
boundary corrected Born approximation) are valid in the high energy region and
agree closely with experimental data. The elaborate close-coupled atomic orbital
calculations of Fritsch encompass the whole medium and low energy regions
and also show close agreement with experiment. The data of Ryufuku (1982) has
been adopted by us in earlier work, while the classical Monte Carlo calculations
of Olson (1977) have been widely used in fusion studies but show poorer
agreement with the relevant experimental data.

As part of helium studies for JET, new optical measurements of state selective
charge exchange cross-sections have been carried out by Hoekstra (1990)
(0.3keV/amu < E £ 13 keV/amu) and are in progress by Frieling et al. (1991)



(60 keV/amu < E €120 keV/amu). The collision studies are made for the cross-
sections of the He+1 n=4, £ states. In addition the data of Hoekstra include o3, for
0.3 keV/amu < E< 1.75 keV/amu and o2, 3p, 4p for 2.5 keV/amu <E <13
keV/amu. Hoekstra has shown by making use of the equation

Gw =9, O, + Oy, )

that his optical measurements agree within ~ 7% with the total charge exchange
data of Gilbody's group. This is when the 62, cross-section experimentally
determined by Shah and Gilbody (1974, 1978) is added to his results. Hoekstra's
data, prepared in this manner between 2.5 keV/amu < E < 13 keV/amu are
shown in Figure 1. At lower energies 62p is almost equal to Gipt, The preferred
data for oot adopted in the JET data base is the heavy solid curve, based on the
experimental data of Gilbody's group, Hoekstra and theory of Fritsch and Belkic.
Experimental error bars suggest an expected error £ +15% for '
650 eV/amu < E < 550 keV/amu, while all data within their region of validity are
bounded by #25%. Partial cross-sections oy, and on¢, shown next, are normalised
to this curve.

On The upper shell for the He II (n=4-3) transition, that is n=4, is subdominant
for charge transfer from D©)(1s). (The dominant shell is nerit=2). Also charge
exchange data for shells n>4 are necessary in the present application since the
decrease with n of 6p, can be slow and so cascading significant. Calculation of |
capture to high subdominant shells is clearly difficult. Discrepancies between -
different methods become large and there is not at present an obvious basis for
judgement. We wish to consider this point and begin with the empirical
assumption that on ~ ¢ n'BE) for high subdominal levels n > 4 where c is a
constant. B = 3 arises in high energy approximétions based on the available
density of excited states in a hydrogen-like ion. We seek to choose B(E) so that
extrapolation of 6 to higher n shells, for which there are no explicit data, may be
performed. A value of B(E) can be obtained by fitting the above expression to
data in the interval [n,n-1] for some n. B in fact varies with n as well as E and this
is shown in figure 2. From the various theoretical sources, the range of variation
of B with n is shown as error bars, with the B value at the highest available

n, (n), marked with a symbol. The range of B corresponds to n to n- 2. Thereis a
general trend to B ~ 3 in the high energy region and a tendency for f to increase
at lower energy. The latter is because the process becomes more state selective



and, due to the potential curve crossing mechanism, one n-value dominates
with respect to electron capture. At high energy such a selectivity related to
potential curve crossing does not exist.

Further interpretation of figure 2 cannot be secure without additional clarifying
calculations - we only make some speculations. The low values of B and their
small variation for the data of Belhic at E < 50 keV/amu perhaps imply a high
energy based constraint on B in the calculations. The variation in B and especially
the increasing value with n for the data of Olson for 60 keV/amu < E < 100
keV/amu is surprising but may be due to counting statistics in the Monte Carlo
method as the total cross-section falls with energy. The data of Fritsch shows the
most striking variation of B. The trend is of a decreasing § withnand Bforn=>5
is close to that of Ryufuku at energies 10 keV/amu < E < 30 keV/amu. Decrease
of B towards 3 at very high n is sometimes suggested, but there are some
surprising values such as at 50 keV/amu and the trend is not smooth.
Observation of the He II (n = 7-4) charge exchange spectroscopic line could be
interesting in this context, but is unfortunately influenced by secondary ionizing
collisions from the n = 7 level at JET tokamak densities.

For the JET data base, at present, we have adopted the § curve shown in heavy
solid line, based on n = 5, for extrapolation in n. Retrospectively, the
experimental data of Hoekstra (1990) were found to agree closely with this curve
and are shown in figure 2 also. Note that these are for n = 4.

By using the preferred P, on=¢ can be obtained by extrapolation from n = 5. The
variation in B from figure 2 results in a variation in op=¢ which we view as the
uncertainty in op=¢ . Results on 6,/ 0ot are summarised in Figure 3. The new
experimental data of Hoekstra for n=4 are shown in this figure together with the
older data of Ciric et al. (1985) for n = 3. Note that these data do not follow the
detailed shape of the Fritsch data although the absolute values are in broad
agreement. The JET preferred curves are shown in heavy solid line and are
normalised to the preferred oyoy, using the preferred B curve for extrapolation.
Reliability of ©n/6,4 within £20% for n <5 for E 2 40 keV/amu are expected but
with significantly larger uncertainties at lower energies. Confidence in
extrapolation in n at energies E < 40 keV/amu is evidently low in the light of the
above discussion. New work is in progress on this point.



On¢ We concentrate on n=4 shell data. At tokamak densities and fields,
£-subshell populations are quite strongly mixed and so the £ distribution of direct
charge exchange capture is less important. Data from different sources again
show strong variation. For the JET database, we have sought a parametrisation
of Ont/q,, data based on the observation that On¢/¢y, rises with £ for £<£crj; and

then falls exponentially for £>£.it for some £crit ~ Nerjt-  The parametrising is

P
0./ _ pl(20+1) :
%n - P][ /(2£m., + 1)} £<l.

Ao
= F; er(l A) £> f

(3)

crit

Pj is a normalisation constant, P2 ~ 1 and P3 increases from - 1 to 2 between 1
keV/amu and 100 kev/amu. Best fits of P1, P; and P3 are obtained for each data
source for n=4 at each density. Variations around these preferred values are
quite large although trends are similar. Because of redistribution, the apparently
large variation of the P and P3 parameters gives a variation of less than 5% in
the effective emission coefficients at all relevant plasma conditions.

Preliminary results from Frieling et al. (1991) show excellent agreement with our
preferred data for n=4 in the range 60 keV/amu< E < 120 keV/amu.

0',(‘:’?_)3 The effective emission cross-sections for monoenergetic collisions are

calculated for an extended range of energies and plasma conditions following the
methods described in Boileau et al. (1989} using the preferred direct capture data
described above. The results exhibit the range from no - to full-l-mixing and are
computed from a proper model of plasma environment effects.

The monoenergetic effective emission coefficient for the He II (n=4-3) transition
is shown in Figure 4 for typical plasma conditions. The observed charge
exchange spectrum line profiles are the result of a convolution in velocity space
of the He*2 velocity distribution function and the effective emission coefficient.
The energy dependence of the coefficient acts as a sampling window whose
width may be small compared to the total energy range of the He*2 particles,
depending on their distribution function. The coefficient is a maximum at

E =50 keV/amu (v = 1.4 at.u,) falling with a full-width-half-maximum

~70 keV/amu (i.e. 0.8 at. u. <v < 1.84 at.u.) and implies that He*?2 ions with

speeds relative to the Dgggm speed within the range 0.8 at.u < vre] < 1.84 at.u only



contribute significantly to the observed charge exchange emission signals. The
anisotropic distribution of He*2 particles in velocity space matching the
condition for maximum charge exchange emissivity leads generally to an
asymmetric spectral profile. The anisotropy occurs when the direction of
observation is not perpendicular to the direction of fast neutral beam particle
propagation. We examine these effects for thermal and slowing down He+2
distribution functions.

3. Observation of Thermal Alpha Particles

The spectral environment in the vicinity of the He II (n=4—3) transition near
4685.2 A is shown in Figure 5 in the absence of neutral beam injection, as
measured during a discharge with Nye/Ne ~ 20%. The helium signal is
associated with line emission originating from the edge of the plasma. Two
gaussians with temperatures typically of 50 eV to 100 eV and 300 eV to 700 eV are
necessary to fit this signal adequately. These values are thought to be
representative of the temperature range covered by the He II emission shell near
the plasma boundary. The figure also shows the spectral ranges typically
spanned by the red wing (long wavelength side) of the thermal and slowing-
down fusion alpha particle features.

The composite spectrum includes several emission lines lying to the left of the
He II line of interest and mainly due to low ionization stages of carbon (Figure 5
is representative of a carbon limiter plasma,with Zeff ~ 2 largely due to carbon
contamination). In a beryllium environment, the carbon lines are reduced, but
the spectral interval is markedly altered by the occurrence of the Be II line at
4673.5 A and of the Be IV line at 4658.5 A. Such emission lines significantly
restrict the spectral range available for alpha particle studies on the left hand side
(blue wing) of the He II spectrum, leaving however the red wing intact. The
hydrogen-like beryllium transition n=8—6 transition at 4685.2 A coincident with
the He II transition makes thermal alpha particle studies more difficult in a
beryllium dominated machine, but does not restrict the spectral interval
available for the study of slowing-down alpha particles as this line spans a
smaller spectral range than the thermal alpha particle spectrum. It must also be
stressed that beryllium may not be appropriate as a limiter material during
deuterium - tritium experiments because of its large retention coefficient for
hydrogen isotopes and the necessity to avoid a large tritium inventory in plasma
facing structures. Figure 5 is thus a realistic representation of the spectral



environment of the He II (n=4—3) transition envisaged for alpha particle studies.

It suggests that a line free spectral interval is available for alpha particle
observation, mainly at > 4660 A. If active impurity control with a pumped
director on JET is realised in the future the effect of the CIV line near 4658.3 A
may also be considerably reduced.

The broadening of the He II line during neutral beam injection as a result of the
additional high temperature charge exchange component is illustrated in Figure
6 (observation volume near the plasma centre viewed with a vertical line of
sight; Tex ~ 4.7 keV + 0.2 keV). The spectral characteristics and amplitude of the
thermal alpha component are routinely extracted from the composite spectrum
using a multigaussian fit procedure. This technique may however not be
appropriate for slowing down fusion alpha studies as their spectral profile is not
expected to be gaussion in shape.

The alternative technique of background subtraction using a passive line of sight
which does not intersect the neutral beams has been investigated. It has been
used successfully to recover the thermal alpha particle signal down to the
detection limit (Figure 7), in the spectral interval free of strong edge emission
lines. The detection limit after subtraction of the background signal is imposed
by the fluctuations of the bremsstrahlung level ¢ rMs

It is expressed as

2.6, .C 112
Prus = (‘ e J

lr

exp

(4)

where ¢ prems is the continuum level, C is the overall calibration factor (in
brightness per count rate) and Texp is the exposure time. Suppression of edge
emission lines is not necessarily possible depending on toroidal asymmetries
affecting the emission shells and the different geometries of the passive and
active viewing lines. Thus it can be seen for example in Figure 7 that the signal
below 1 keV still bears the signature of the strong edge He II component. There
is a considerable spectral range where bremsstrahlung radiation is effectively
eliminated and where the signal appearing above the detection limit is
unambiguously attributed to the presence of alpha particles. The characteristics
of the thermal alpha particle population deduced after background subtraction
are in good agreement with those obtained from a multigaussian fit to the
original composite spectrum.



Neutral beam modulation has also been used to recover small charge exchange
signals severely contaminated by emission not originating from the active
volume. In this case, a background spectrum collected during the small switch
off time of the beams is subtracted from the composite spectrum bearing the
active charge exchange signature. This technique yields convincing results for
100% beam modulation. It effectively suppresses the bremsstrahlung radiation
and edge emission lines for spectra collected shortly before or after the neutral
beam switch off interval, thus allowing charge exchange signals to be measured
down to the detection limit expressed by eq. (3).

The temperature and toroidal rotation velocity (using tangential viewing)
attributed to the thermal alpha particle features are affected by the energy
dependence of the effective rate coefficient for the charge exchange reaction
described by e.g. (1) Indeed, the effective rate coefficient varies with the relative
velocity between the target alpha particle and the impacting fast neutral. The
velocity of the thermal alpha particle along the neutral beam line must be added
to the fast neutral velocity when evaluating the effective rate coefficient. This
effect was first computed by von Hellermann et al. (1987) for several low-Z
iimpurity ions. It results in a distortion of the observed spectral line which
becomes more significant for greater Doppler widths (i.e. for larger temperatures
or, at a given temperature, for ion species with a lower mass).

The change in effective full halfwidth and peak position (determining
respectively the temperature and toroidal rotation velocity) depends on the
neutral beam energy compared to the peak energy for charge exchange capture
and the shape of the charge exchange rate coefficient over the thermal energy
range corresponding to the full width of the maxwellian distribution. The
relative position of the thermal maxwellian in irelocity space with respect to the
peak of effective rate coefficients is also a function of bulk plasma rotation. The
angle of observation with respect to the neutral beam propagation axis
determines whether the effective shift is seen as a red or a blue shift of the
observed spectrum.

Similar calculation was more recently applied to UV charge exchange lines of
carbon by Howell et al. (1988). Their calculation could not quite reconcile the

“velocity measurements obtained from two different geometries. The difference
was used to stress the importance of relying on the proper effective rate
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coefficients. Figures 8 therefore summarize the deviation in temperature,
toroidal rotation velocity and effective rate coefficient presented in Figure 4
when the velocity dependent charge exchange cross-section and thermal
distribution of target He+2 ions are taken into account. For the central viewing
line of the JET multichord charge exchange spectroscopy viewing system, the
distortion of the spectral line profile results in an apparent 13% decrease of the
thermal alpha particle temperature at 15 keV. The effect on toroidal rotation
velocity is significant for temperatures relevant to JET. Figure 8b indicates that
an apparent velocity of ~ 7 x 104 m/s is expected in the case of a non-rotating 15
keV plasma, again for the central viewing line. This phenomenon also has a
considerable impact on the thermal alpha particle density deduced from our
measurements, with an apparent 27% decrease of the effective rate coefficient Tj
~ 15 keV. Equally important for the deduction of absolute alpha particle and
other impurities absolute densities is the effect of 6(E) averaged over a thermal
distribution on the stopping cross-sections used for beam attenuation
calculations. In light of the results presented in Figure 8¢, such effect may have
to be considered for high T; plasmas when computing the fast neutral density in
the observation volume, although the effect is not as pronounced for other target
jons.

4. Spectral Signature of Slowing-Down Fusion Alpha Particles

The expected charge exchange line profile associated with fusion alpha particles
is the result of a convolution in velocity space of the effective charge exchange
rate coefficient presented in Figure 4 and the alpha particle slowing-down
function fsq(Vo) given by (Post et al., 1981)

S 1
) =225 s @

where S is the alpha particle source rate, 154 is the slowing-down time, Vg is the

alpha particle velocity and V¢ is a critical velocity depending on the electron
temperature Te [in keV].

Ve=14x108Te1/2. (5)
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For a plasma electron temperature of 15 keV (which determines. V¢ in the
slowing alpha particle distribution function) a broad CX spectral profile with a
width of approximately 150 A is obtained due to the velocity selective charge
exchange capture process. However, the amplitude and line shape are sensitive
functions of observation angle and beam energy, as described in the previous
section. At lower beam energies there are more alpha particles per velocity
interval matching the velocity selective conditions but on the other hand the
number of neutral particles is reduced because of increased attenuation. A
further factor is the decreasing neutralization efficiencies of neutral injectors at
high beam energies. Assuming constant neutral particle power at the source a
maximum of effective signals is expected for a beam energy between 60
keV/amu and 80 keV/amu.

For moderate beam energies (Epeam = 60 keV/amu) there are relatively strong
signals from the slowing-down particles. (Figure 9) The peak amplitude is
comparable to the bremsstrahlung radiation level in the same wavelength
interval. The spectral profile produced by the slowing-down alpha particles is -
rather flat with a slight slope in its plateau and a sharp drop-off at the wing. The
characteristic features of the profile depend sensitively on the viewing angle, the
assumed critical velocity and the neutral beam energy. In principle the slowing-
down alpha particle distribution can be deconvolved and analysed provided the
energy dependence of the charge exchange effective emission coefficient is
known reliably, to yield the source rate and critical velocity. |

Based on the thermal alpha particles measurements presented earlier and using
the projected characteristics of the JET heating neutral beams during D-T
operation, the expected signature of slowing down alpha particles and the
absolute signal strength are computed. In this operation phase with up to 40
MW of ohmic and auxiliary heating, it is expected to achieve an alpha particle
power level of up to 8 MW (with low to moderate electron densities Ne < 5 x 1019
m-3, but high ion temperature T; > 15 keV). If it is assumed that the mean alpha
part particle density in the plasma centre is determined mainly by the production
rate and the characteristic slowing-down time (~ 2s), that the main alpha particle
production occurs within the g=1 surface and that outward diffusion can be
neglected during the slowing-down process, then alpha particle densities in the
plasma centre between 1017 m-3 and 1018 m-3 are expected. It is not our intention
to present an accurate value for the expected alpha particle density in the plasma
centre but to show that our diagnostic can detect what is nonetheless a realistic
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estimate of the slowing-down alpha particle density. An example of a theoretical
spectrum based on this estimate and consisting of the superposition of the
thermal and slowing-down alpha particle contributions, as well as the
continuum background radiation is shown in Figure 9a. The associated figure 9b
shows the energy range of the detectable slowing down alpha particles. The
absolute photon fluxes are based on an attenuation code used for the low-Z
impurity calculations at JET [Boileau et al. (1989)] and the simulation uses the
viewing geometry envisaged for fusion alpha particle studies on JET.

5. CONCLUSIONS

Charge exchange spectroscopy results on JET indicate that the spectral
characteristics of a thermal alpha particle population can be recovered from a
composite line spectrum. For spectral distributions well approximated by a
gaussian shape, the temperature of the alpha particle population can be
recovered conveniently by a multigaussian fit procedure. This is confirmed by
the good agreement between the alpha particle temperature and other impurity
temperatures observed in the vertical geometry where the energy dependence of
the effective charge exchange rate coefficient is not expected to have a significant
impact on the measured temperatures [Boileau et al. (1989)].

Background subtraction using a passive line of sight has been used successfully to
recover charge exchange signals down to the detection limit imposed by
bremsstrahlung radiation fluctuations. This approach allows observation

of a charge exchange signal of complex spectral shape, as is expected for slowing-
down fusion alpha particles. One advantage of this method over neutral beam
modulation is that the two spectra (with and without charge exchange signals)
are recorded simultaneously.

Measurement of the radial profile of a siowing-down alpha particle population
by the JET charge exchange spectroscopy diagnostic has been assessed and appears
to be feasible. The estimated signal-to-noise ratios depend critically on the
concentration of alpha particles and the efficiency of background suppression.
For so-called hot-ion mode plasmas with densities of about 5 x 1019 m-3 and
alpha particle densities of the order of 1018 m3 in the plasma centre, we expect
charge exchange signals produced by slowing-down alpha particles of the same
order of magnitude as the continuum radiation level. The latter is
approximately 1 to 2 orders of magnitude above the detection limit. Alpha

13



particles with energies up to 400 keV should contribute to the charge exchange
spectrum.
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