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ABSTRACT

Charge exchange and beam emission spectroscopy in magnetic confinement fusion plasmas are
reviewed. The range of spectral phenomenology is illustrated from the JET tokamak using fast
deuterium and helium beams. The helium observations are new. The atomic reactions
concerned in the emission and their interplays are summarised. The state of cross-section data
for the analysis is briefly assessed.

INTRODUCTION

Neutral beam associated spectroscopic measurements have become firmly established over the
last ten years as a major diagnostic tool for tokamak fusion plasmas. For fast penetrating
beams such as 'HY, 2D% 3He® and *He? at energies > 25 keV/amu, diagnostic advance has been
very fruitfully associated with the implementation of very powerful such sources for
supplementary heating of plasmas (1). Dedicated diagnostic beams of these types have since
followed on. Proposals for the next international tokamak (ITER) include such H° and He®
beams. By contrast, for the awkward environment of the plasma edge in large machines or for
small diameter machines, the opportunities of using special beams such as ’L® have long been
realised (2).

Beam related spectroscopic measurements arise from two sets of reactions. Using a deuterium
beam for illustration, these are

0 +
Dyoam(1s) + X[-J{;nga - Dpeam + Iasma (”[)
X’Zasma (nl) — Iasma (n r) +hv

in which charge exchange is the primary driving reaction and the emitted radiation gives
information on the plasma ion X;#@... This is ‘charge exchange spectroscopy’ (CXS).
The other set is

Zp 2y
Dpeam(19) + { 'asm“} ~ Dpeam(nl) + { "’2”"“}

Dgeam(n[) - Dl())eam(”’[) + hv

in which beam excitation is the primary driving reaction and the emitted radiation characterises
the beam atoms in the plasma environment. This is "beam emission spectroscopy’ (BES).

The advantages of such spectroscopy are :
(a) Inducing of emission associated with non-radiating fully ionised impurity species in
the plasma core. This is the main reason for the relevance of CXS in high temperature
fusion plasmas. The induced radiation is diagnostic of ion temperature (3), plasma
rotation (4) and impurity density. (5).
(b) Localisation in space of the emission at the beam/viewing line intersection. For
example, at JET a typical injector beam has a section ~ 300 cm? at the plasma centre.



The optical viewing line aperture is ~ S cm?, For a 40 keV/amu 2D° beam, the radiative
lifetime of the » =3 shell is ~ 10® sec and implies a decay length along the beam line
of ~ 2.5 cm. Therefore, for most purposes, the radiation is localisable and reflects the
local reactions in the volume.
(c) Since the neutral beam atoms are traversing a magnetic field, the beam emission is
in general resolvable into Zeeman, Paschen-Back (2) or motional Stark components
depending on particle speeds and field strengths. (6)
(d) Discrimination of the beam/plasma emission from background and coincident
radiation from the plasma edge is possible. Most precisely this is done by modulation
of the beams and less well by pre-and post- beam measurement. In practice the
difference in edge and central plasma feature widths often allows separation by
constrained multi-gaussian fitting methods.
(e) Extended spectral regions over which CXS emission can be observed. This is
especially true for fast beams because of the behaviour of charge exchange cross-sections
to different quantum shells of the receiving ion and, in particular, allows easy visible
wavelength observations.
The disadvantages are
(a) Attenuation of the beams. This necessitates careful calculation for quantitative
studies. For example, in JET beam attenuation by a factor 100 can still gives measurable
CXS spectral signals, but errors of ~ 20% in the stopping cross-section are amplified to
errors ~ 100% in deduced impurity densities. It must also be noted that electron density
measurements particularly near the edge of the plasma can be quite inaccurate.
(b) Mixed components in the beam. These may be fractional energy components in
DY beams or metastable components in He® beams and add uncertainty to analysis.
(c) The initially formed states following charge exchange from the donor beam species
are disturbed by further collisions with plasma ions and electrons before radiating in
general.
For this and the previous reasons quite elaborate theoretical calculations, using many
cross-sections, are necessary to allow signal interpretation. There is another complication. The
beam/plasma interaction establishes a number of secondary populations which in turn act as
the sources for further reactions. Also there are usually radiating populations at the edge of
the plasma. Both sets of populations can emit at the same wavelengths as the sought CXS
lines. The secondary populations are of some importance. To summarise, there are :

(a) Halo atoms - These are DJ,;., atoms formed by reactions (1) with X = D. They migrate in
a random walk by futher CX reactions until ionised. Typically they are localised within ~

30cm of the beam itself.

(b) Plume ions - These are ions formed by reactions (1) They travel along field lines. Excited
by electrons they can radiate before ionising in positions some distance from their point of

formation (in JET, ~ 40m for C*5 and ~ 6m for He*! at SkeV & 5.0'% cm™) (7).

(c) The slowing ionised beam population. For example, for 3He® beams at 50 keV/amu in JET,

the slowing down time of the fast 3He*? after double ionisation is ~ .3 - .6 sec.

(d) lons X+20-! and X"+#0-3 present at the periphery of the plasma. Note the spectral overlap
penp

of hydrogen-like and lithium-like emission.
It is to be noted that the population (¢) is very similar to that of slowing alpha particles
expected to be produced by D/T fusion (8).

THE SPECTRAL PHENOMENOLOGY

In illustrating CXS and BES spectra from tokamaks, it must be noted that the particular
geometric configuration of the machine and spectroscopic viewing lines influences strongly the
relative importance of the various secondary populations. Equally the particular beam energies,
concentrations of impurities, electron and plasma ion temperatures and densities determine the
balance between the various atomic reactions. The data shown here are from the JET
tokamak. The beam line configuration in JET is shown in plan view in figure 1, and has been
described in detail elsewhere (1).
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Fig. 1. Plan view of JET showing the two neutral beam injector assemblies org_anised as ‘radial’ and
‘tangential’ sets of four vertically arranged individual injectors. Spectral observations are allowed via a
horizontal fan of viewing lines (A) ( A= 4000A) and vertical lines at (B) ( A= 3000A) and (D) (
A > 40004). '

JET has been used to study beryllium as a limiter material and so provides a unique
opportunity to observe beryllium CXS (9). Figure 2a shows the vicinity of 4685A. The data
was with deuterium beams at a primary energy of 40keV/amu. There are two CXS lines
namely BelV (n=6-5) and BelV (n= 8-6), distinctive because of their breadth. Each is a
superposition of broad beam/plasma emission and edge emission. Figure 2b shows the same
wavelength region but with modulated beams and appropriate subtractions.
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The edge emission and bremsstrahlung background are effectively eliminated leaving pure CX
features. Their ratio therefore challenges atomic reaction modelling of the effective emission
coefficients. In general other hydrogen-like or lithium-like species of even nuclear charge can
emit at the same wavelength (for example, Hell (n=4-3) or CVI (n=12-9)). Helium was not
present in the pulses shown and carbon was low. The edge emission in Bell 4673.5A isa
narrow feature at 7; ~ 20 eV and provides a wavelength fiducial. The centrally emitted charge
exchange lines generally show an apparent plasma rotation. The rotation is real but its
magnitude is modified by the energy dependence of the driving charge exchange reaction
cross-sections. For the faster moving light plasma ions in particular, the excursion of their
relative speed to the beam atoms from the beam speed produces spectral shifts, width and
intensity alterations (10,11). These depend on the gradient and curvature of the reaction
cross-section with relative speed. At T,=20keV, Ejoem = 40keV]jamu, Al = 0.36Ared,
AT, = 6keV for BelV (n=6-5). By contrast for the light ion He*?, the temperature shift as
observed in Hell ( 7=4-3 ) at 150° to the beam line is AT, = 9.6 keV at T, = 20 keV and
Al =2.3Ablue.. - -
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Fig. 3. Spectral observation through neutral D° beams in the vicinity of 6563A showing edge D,
emission, CXS D, emission, halo D, emission and full, half and third energy beam D, emission. Note
the doppler shift and Stark separation of the latter.

Figure 3 shows the spectral vicinity of D, at 6563A The beam emission is the composite feature
on the blue side, doppler shifted because of the inclination of the beam line to viewing line.
This is very convenient for distinguishing beam emission. The feature is composed of full, half
and third energy parts with different mean doppler shifts. D, emission from the beams is
resolved into Stark multiplets because of the yxB electric field in the frame of the moving beam
atoms. These initially suprising features (6) are becoming familiar to tokamak diagnosticians.
Figure 3 also identifies the various 7= and ¢ components. The information on internal magnetic
field strength and orientation contained in these features is of great interest for tokamak studies.
(12,13). On the other hand, the intensity of the features charts beam attenuation and
collisionality through the plasma. Collisions with plasma and impurity ions are important here.
Fluctuations in the beam intensity reflect density fluctuations in the plasma at least at
frequencies accessible by the limits of signal integration time and on lengths scales set by
radiative decay lengths (14).

Figure 4 shows again the spectral vicinity of 4685A. However this experiment was with 3He®
beams at 50 keV/amu. Helium was the dominant minority species in the plasma and the
feature at 4685A is Hell (n=4-3) primarily. It is probably the first illustration of CXS with
helium beams. Initial estimates of the effective emission coefficient for this CXS line with



helium donor suggests that it is about 50% smaller than that with deuterium donor. On the
other hand beam penetration is somewhat better so the overall impression is similar to that for
deuterium beams. For other impurities such as beryllium and carbon, first impressions are that
the CXS features are significantly weaker than for deuterium beams as indicated by our

preliminary atomic cross-section data base for state-selective charge exchange capture with
helium beams. Attention is drawn to the weak flat pedestal extending for 48 A to the red side

of 4685A.
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This arises from a fast 3He*? population in the plasma generated by the helium beams. The
wavelength extension of the feature corresponds to a 50kev/amu doppler shift and the feature

is assumed to extend similarly to the blue. It is the first observation of a slowing alpha particle
distribution.
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Fig. Sa & 5b. (a)Spectral observation through neutral 3He® beams in the vicinity of Hel (2p p.-3d4'D)

at 6678 A showing edge (Hel) emission and doppler shifted beam (Hel) emission. There are two beam
lines contributing to the latter. (b) Spectral observation through neutral *He® beams in the vicinity of

Hel (2p p - 3d 3D) at 5876 A showing edge (Hel) emission and doppler shifted beam (Hel) emission.
There are two beam lines contributing to the latter.



Decay of the feature on time scales ~ 0.3 sec. after beam switch off indicates that the emission
is not being detected by the helium beam as a CXS donor on the fast population but rather is
associated with thermal deuterium CX at the hydrogen rich edge “X-point’ regions of the
plasma. In JET there is deuterium gas introduction at these points to provide a protective
cooling mantle for the beryllium target plates. This point is not yet fully demonstrated.
Finally figures 5a and 5b show the spectral vicinities of Hel ( 2p'P - 3d !D) at 6678.2A and
of Hel ( 2p°P - 3d ®D) at 5875.7A respecively. Hel edge emission is observed at the nominal
wavelengths. The double feature in each case to shorter wavelengths is the helium beam
emission. The viewing line intersects ‘tangential’ and ‘normal’ neutral beam lines with different
inclinations. The strength of the triplet side spectrum in the beam is of note. The metastable
content of helium beams formed by He'/He neutralisation has been the subject of some
discussion (15,16). It is expected to be < 7%. At a beam particle energy of 50kev/amu
penetrating in a plasma of Z,; = 1, the 2 3S stopping length is ~ 50cm. compared with ~ Im
for 1'S at 5keV and 5.0'3 cm™. The initial entrant metastable fraction, its destruction and the
regeneration of the metastable population in the plasma is important for diagnostic studies.
Evidently with such observations a complete CXS and perhaps BES is possible with helium
beams as the donor.

ATOMIC REACTIONS AND CROSS-SECTIONS - HYDROGEN BEAMS

The atomic reactions of concern are firstly those responsible for beam stopping. At low
density, these are direct losses from the beam atoms in their ground state. For 2D° beams it is
given by the sum of the reactions (1) and the ionising reactions

2 Z
DI(J)eam(IJ) + {X;‘égm“} DY + {X;;aegma} +e

Above 20 keV/amu ion collisions dominate electron collisions. In the large tokamaks, high ion
temperatures, T; < 30keV, are encountered, so proper displaced Maxwell averages must be used
in the equations. Cross-section data for D+ and He*? is good at all energies ( 10% accuracy
at least is required). For the other light nuclei, the high energy region E > 100keV/amu is good
but ionisation cross-sections are poorly known below 80kev/amu. Although the stopping then
1s dominated by the charge exchange cross-sections, it is still difficult to be certain of 10%
accuracy for ions of z > 3

At high densities, stepwise losses via excited states become relevant, that is collisional-radiative
rates are required. So excitation cross-sections matter. These excitation processes of course are
the equations (2) involved in formation of the beam emission spectrum. The situation for
excitation cross-sections is much less satisfactory especially for z> 2. For ion collisions in the

relevant regions 10 kev/amu < E < 70 keV/amu, scaling rules of the % / lzg- type ( see (17) for
a discussion) break down. Also little experimental data is available at these energies for z, > 3.
This is the regime where the elaborate close-coupled atomic orbital calculations are of great
assistance (18).

Figure 6 shows the new data for He*2/H by Fritsch et al. (19) contrasted with older data. The
oscillations are of note and influence modelling of higher density beam stopping and beam
emission spectroscopy. Large scale population calculations making use of such data establish
tabulations of beam stopping coefficients and effective emission coefficients of all spectrum lines
of deuterium for all beam energies and plasma conditions. Figure 7 contrasts theory and
experiment using multichord observations of D, at JET. The primary impurity was carbon and
Z. was ~ 3. Evidently this area of BES is progressing, justifying the cross-secion efforts.
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Fig. 6 & 7. (6) Comparison of H(Is) excitation cross- sections due to He*? impact. (7) Calculated and
measured density of the primary energy fraction of the neutral deuterium beam in the plasma. The
measured values are deduced from D,.

CXS of impurities in tokamaks requires firstly state selective charge exchange cross-sections for
the fully ionised ions of H, He and the first period atoms Be — Ne. Then, less routine, is CXS
of heavier species such as iron, and also of partially stripped recombining ions particularly with
helium-like or neon-like configurations. Since observations concentrate on the visible spectral
region, capture cross-sections to n-shells with subdominant n > z3/* must be known and indeed
the fractions into /-substates. Fields and ion collisions partially redistribute the / populations.
This is very testing both for experiment and theory. The energy region 5 keV/amu to 200
keV/amu is required which spans from the molecular to the high energy regimes. Elaborate
calculations and sophisticated experiments have contributed enormously to the available
database in response to the fusion needs. In illustration, figure 8 reviews the state selective data
for He*2[H (11). Extensive collisional-radiative calculations of various types such as l-mixing
cascade, bundle-nl and bundle-n (20) convert such data to the derived effective emission
coefficients, mapped over plasma parameters, for the particular CXS lines used for experiment
analysis. Improvements which take account of the secondary populations present further
difficult demands on fundamental cross-section calculations. For example, the decreasing
charge exchange capture to a high excited n-shell at lower energies means that CX from excited
states of fractional energy beam atoms or from halo atoms have an opportunity to contribute.
The role of excited state donors increases down to thermal edge features where it is completely
dominant (21). Extensive calculations have been carried out extending the state selective CX
database from excited donors over the whole collision energy range. Clearly such influences
are hard to distinguish from structure in the ground state direct capture cross-sections shown
in figure8 and both must be accorded appropnate attention in the atomic modelling.
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ATOMIC REACTIONS AND CROSS-SECTIONS - HELIUM BEAMS

Helium beam stopping is more complicated than that of hydrogen. In addition to the single
electron loss processes from the ground state as in equations (1) and (3), there are two electron
loss processes of double ionisation, double charge transfer and transfer ionisation.

0 21 +2 2,
Hepogm(1s™ °S) + X;;nga —~He ™ + ’\?;agma tete

0 21 2, +2 2 —2
Hepogm(1s”™ °S) + X;;agma -~ He " + ’\;'iagma

29 —1

0 21 2, +2
Hepgam(1s™ °S) + /‘;‘;agma - He™ + X;;asma te

For He*?, the double charge transfer is resonant. Figure 10 shows the various stopping
cross-sections as used in the JET database for Be*. Note that at the 10% level of accuracy at
50 kev/amu all the processes need to be considered. For single CX there are no experiments,
single ionisation below 100 keV/amu, transfer-double ionisation below 100keV/amu and
double charge transfer are speculative. Comprehensive experimental data is available only for
H* and He*? and partial experimental data for Li** (22). At higher density and with a
metastable content of the beam at source, the 2 'S and 2 S metastables must be incorporated
in the modelling of stopping since they are most influential on the stepwise collisional-radiative
pathways. For BES, evidently transitions from the n=3 to 2 levels on both the singlet and
triplet side are the most immediately useful. The most interesting properties however are in the
n=4 shell. The vxB motional Stark ficld mixes the 4/'F, 4d'D, 4p' P progressively as the electric
field increases up to 100 kV/cm. The resulting forbidden line positions are shown in figure 10.
Unfortunately, unlike hydrogen the branching ratio (15215 — 1sdp 'P)/(1525 1S — 1s4p 'P) is ~
34/1 . With the mixing, transitions from the 4p to the ground act as a drain on the populations
of the n = 4 levels and so the visible wavelength features must be very weak.



T — 1 L T

Be*“/He(1s2's) - |

4 kVicm — 90

4 —

0 _—/]

1 50\

40,62+40,32 Al

L - 0__ . o]

4 0 -——

L 0 — —— ‘_j L ,
ool i w0 w98 y

3, N ll, N L 15. n 16. . 7
10 10 10 0% \rama)

Fig. 9 & 10. (9) Stopping cross-sections for He(l 18) in collision with Be** at zero density. (10)
Theoretical Stark patterns for Hel (n=2-4) singlets with increasing electric field strength viewed
othogonal to the electric field.

These features have not yet been observed on JET at integration times of 1 sec. although blue
enhancement of detectors may allow this at a later stage.

Population of the triplet side in the plasma from the ground state is difficult, since spin
changing collision cross-sections by electrons become very small at 7, > 2 keV. Population is
more likely through spin system breakdown of 4 'F and 4 3F under the Breit interaction.
Clearly more observations of helium beams are required before the helium BES is fully
understood and the opportunities for diagnostic application explored. Tuming to CXS with
helium beams, the data base of state selective charge exchange cross-sections to subdominant
n-shells in the 10 keV/amu - 100 kev/amu range appears to be almost non-existent except with
H+ (see Hoekstra et al. - this meeting) although the situation is better at higher energies. A
transfer database from deuterium is at present in use at JET, based on overbarrier model
considerations. Its validity remains uncertain although initial comparisons with observations
are encouraging. The role of the helium metastables as donors remains ambiguous. For
C+5(n = 8) theoretical estimates suggest that the 2 3S CX contribution is less than that from 1
1S. Evidently considerably more effort is required to bring CXS with helium beams to the same
state as that with hydrogen beams. It is likely that helium beams in the 30 keV/amu - 50
kev/amu will be used quite extensively in fusion plasma studies and so may justify such effort.

ATOMIC REACTIONS AND CROSS-SECTIONS - LITHIUM BEAMS

Use of low energy lithtum beams, E ~ 10 keV/amu parallels that of the hydrogen and helium
fast beams. The short ionisation lengths of L in a plasma ( ~ 10 cm decay length for 60 keV
beams at density ~ 2.0'} cm™) makes it most valuable as an edge probe. The decay of the
resonance line radiation at 6707.8A is described with multi-level (n<3 typically )
collisional-radiative models.



Measurements along the decay path of the beam allow reconstruction of the density profile
(23). Electron and ion collisions are both involved. Likewise CXS with L® as the donor has
been carried out (for example on C*6 and C+* as receiver (24)). After spectral separation of the
nm component of the resonance line (Pashen-Back separations of = and o components are
typically ~ 0.2A) measurement of its polarisation angle has been successfully used to obtain
the internal magnetic field orentation and hence the current distribution in small tokamaks

2.
CONCLUSIONS

The paper has sought to show some of the highlights of charge exchange spectroscopy and
beam emission spectroscopy in tokamak plasmas. Extensive modelling of the
collisional-radiative type is required for full exploitation of these active diagnostics. The
enormous international effort on fundamental ion/atom collision cross-sections has given
credibility to this, such that increasingly precise and subtle deductions are pursued. All modern
large tokamak enterprises now depend on their CXS and BES diagnostics.
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