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Time sequences of the spectral emission from the ASDEX tokamak at the Max-Planck-Institute
fiir Plasmaphysik have been recorded using multichannel survey spectrometers operating over the
wavelength range 100—7000 A. During injection of neutral beams of hydrogen or deuterium,
charge-exchange- (CX) excited lines, mostly An =1,2 transitions from hydrogenic ions of intrinsic
impurity elements or injected trace gases, are prominent throughout this entire spectral region. The
charge-exchange origin of the lines is established by the temporal and spatial dependence on the in-
jected beam current and also, in the case of visible transitions, by their relatively large spectral
widths. With a beam power of 1.7 MW and an extraction potential of 41.5 keV, excitation of in-
trinsic impurity ions, e.g., O’* (n < 11) and C°* (n <9) occurs routinely while, depending on the
plasma conditions, other trace impurities, for example, F!* (n =9), CI'®* (n =13), S"** (n < 15),
and Kr¥®* (n <22) are also observed. From the absolute intensities of the C** and O’+ CX lines,
impurity concentrations are deduced. Comparison of the concentration data derived from the
vacuume-ultraviolet and separately from the visible intensities allows an assessment of the theoretical
cross sections for charge-transfer recombination into different quantum states. Spectral line profiles
of the CX transitions in the visible region involving high-n Rydberg states are consistent with bulk
plasma and ion thermal motion. Coincidence between Rydberg levels of different ions with the same
effective nuclear charge offers a plausible explanation for the appearance of some visible CX lines in
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the absence of atomic beams.

I. INTRODUCTION

Since the recognition that charge-transfer reactions be-
tween neutral hydrogen and ionized impurities"? provide
a unique method for measuring the concentrations of im-
purity nuclei, the use of charge-exchange recombination
(CXR) spectroscopy as a diagnostic technique in high-
temperature (particularly tokamak) plasmas has become
widespread. Often, in the past, the diagnostic use of CX
excitation resulting from H° or D° injection has been
parasitic to the main function of the neutral beams, i.e.,
plasma heating. Custom-built neutral beams, however,
have been developed which, when dedicated to the CX-
excitation diagnostic, allow spatially resolved measure-
ments of the plasma parameters.’ The volume emissivi-
ties of the CX-excited lines depend on the product of the
local neutral-particle density and the impurity concentra-
tion in the plasma. Provided, therefore, that the attenua-
tion of the energy fractions in the beam is modeled
correctly* and that the effective excitation rates following
CXR are known and contribute a measurable amount to
the line intensity, then from these data the impurity con-
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centrations, even of bare nuclei, can be derived. At im-
pact velocities of the order of an atomic unit (2.2 108
cms™!), the effective cross sections for CX excitation are
considered to be theoretically well established, at least for
the case of hydrogenic ions involving n ~m, where m is
the principal quantum shell of the recombined ion into
which direct transfer recombination has a maximum
probability. For hydrogenic ions, the bulk of the states
populated by charge-exchange collisions decay promptly
via a cascade of An=1,2 transitions between states of
maximum angular momentum—the so-called ‘“yrast”
transitions. These transition intensities have been used to
measure the absolute sensitivity of tokamak-viewing,
vacuum-ultraviolet (vuv) spectrometers.’ This calibration
technique has a particular appeal in the present
experiments on the axi-symmetric-divertor-experiment
(ASDEX) where both tokamak vuv- and visible-range
spectrometers viewing the neutral-beam-heated tokamak
employ multi-spectral channel detectors. An extended
series of yrast transitions involving principal quantum
levels from n=2 to 10, or higher, can, in principle, be
recorded simultaneously.
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One aim in the present charge-exchange experiments,
which were carried out during the ASDEX tokamak
neutral-beam-heating program,® has been to survey the
spectrum for CX-excited lines, a task not undertaken ex-
tensively in previous CX studies. An attempt is made to
relate the observed yrast intensities to the theoretical CX
cross sections.”® An additional objective has been to es-
tablish what fraction of the line intensities, which are
commonly observed to be enhanced during beam injection,
is attributable to direct charge transfer from the neutral
beam and not to concomitant changes in the ionization
balance or cross-field impurity transport with subsequent
electron-impact excitation of the recombined ion.’ In typ-
ical tokamak conditions this alternative excitation will
occur on a time scale > 1 ms, i.e., the characteristic time
for relaxation of the ionization balance due to electron im-
pact, whereas yrast decay resulting from CX will follow
the neutral-beam current time history on a much faster
time scale. Previous CX studies particularly of the high-
quantum-state transitions in the visible region have tended
to rely, per se, on approximate wavelength coincidences
with the charge-transfer line and their intensity enhance-
ment during beam injection as corroboration of the CX
process. Appreciable yrast line intensity prior to and fol-
lowing beam injection and even observations of intensity
outside the beam irradiation volume!® have complicated
the simple picture of beam-induced CX. We have at-
tempted to differentiate the beam-induced CX process
from other excitation mechanisms by spatial measure-
ments and by supplementing the slow multichannel
readout detectors with fast-response photomultipliers cap-
able of following beam switchoff on a submillisecond time
scale. We concentrate our discussion on those lines which
have been unambiguously identified as CX lines arising
from atomic-beam-heating conditions in the ASDEX
tokamak in the spectral region 100—7000 A.

The spectral profiles of the visible yrast lines yield fur-
ther information on ion temperature'’!? and bulk plasma
rotation.'>!* 1In the visible region we find that identifica-
tion of the CX lines is assisted greatly by the contrast be-
tween their large spectral widths and the relatively narrow
background lines which are typical of edge plasma emis-
sion. Once the CX character of the lines is established,
the diagnostic information on ion temperature and rota-
tion is readily extracted and the values are wholly con-
sistent with that expected from the tokamak performance.

The absolute intensities of the CX lines depend not only
on the direct-charge-transfer (n,/) cross sections but also
on possible redistribution of the quantum states due to
plasma fields and particle collisions.!* This problem be-
comes quite complex for n>m, see, e.g., Janev.'® As a
working relation,

m=2z07,
where z is the ionic charge. The cross section for charge-
transfer recombination directly into levels above m’' is
sensitive to the beam energy and with this in mind the
neutral-beam energy fractions from the ASDEX injectors
have been measured. Various cascade models for calculat-
ing the effective cross section for CX excitation of the ob-
served lines are considered.

II. EXPERIMENTAL ARRANGEMENT

The ASDEX tokamak at the Max Planck Institut fir
Plasmaphysik has several different heating methods
which are currently being studied. The impurity behavior
during Ohmic-heating discharges, with additional
neutral-beam injection (NBI) heating, ion -cyclotron-
resonance heating (ICRH), or lower hybrid wave heating
(LHWH), has been described by Fussmann ez al.!”

Pertinent to the present paper on charge-exchange spec-
troscopy is the arrangement for neutral-beam injection
heating. Two beam lines, each capable of delivering 1.75
MW of H° atoms or 2.1 MW of D° atoms at a beam ener-
gy of 41.5 keV, irradiate the plasma at an angle of 30° to
the minor torus axis. The current for each beam line is
fed from four sources, pairs of which can be switched in-
dependently. The rise time to reach full beam current is
~20 ms typically, whereas the cutoff times of the beam
sources are relatively abrupt, ~50 us.

The dispositions of the beam-viewing spectrometers and
the beam geometry are shown in Fig. 1. Two viewing line
of sights were adopted, each incidentally intersecting the
axis of the neutral beam in the outside half of the minor
plasma diameter. Viewing position A4, which was im-
mediately “downstream” of the injection port, intersected
the beam axis at an angle of 48° and at a location 19 cm
from the minor torus axis. Viewing position B, the
“upstream” viewing position, intersected the beam nearly
normally, at an angle of 80° and at a location 28 cm out-
side of the minor axis. Apart from these differences in
the plasma radii, both viewing lines admitted light from
nearly the same volume and the same irradiated plasma
conditions, the beam attenuation at this azimuthal posi-
tion being only about 20%. The downstream viewing po-
sition A was occupied either by a vuv-range spectrometer,
Model No. 251 from Schoeffel McPherson Instrument
Co., which with the choice of either of two gratings could
operate from 100 to 1700 A, or a visible-range spectrome-
ter which covered the wavelength region 2200—7000 A.
The upstream viewing position was occupied by a similar
visible-range spectrometer. All the spectrometers were
equipped with optical multichannel detector systems
(OMA’s) with identical recording and control electronics.
The visible-range instruments had the additional option of
photomultipliers for faster-time-resolved measurements.

Spectrometer
line of sight B

Inner
plasma radius

Outer
plasma radius

2 %pect rometer

INJECTOR line of sight A

FIG. 1. Geometry of SE beam on ASDEX with hatched
areas representing the plasma viewed by the spectrometers.
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Light fibers were used to transmit data from the spec-
trometers attached to the torus and a remote, stand-alone
data-acquisition system (SADA), and to send commands
in the reverse direction, allowing exploitation of the vari-
ous flexible readout modes of which the OMA’s are cap-
able. Generally, all 1024 OMA channels were read out in
a period of 16 ms. In this ‘“survey mode,” 16 ms
represents the minimum time resolution and up to 128
frames could be recorded during one discharge. The usual
practice was followed of taking a spectral scan before
plasma initiation which was then used to subtract ambient
light and a “fixed” pattern of noise from the subsequent
time frames. The 16-ms time frame of the survey mode is
not sufficiently short to demonstrate the characteristic
fast time response of the charge-exchange-excited lines,
whose intensities should follow the neutral-beam current.
For this purpose it was necessary to operate the OMA like
a polychromator, by reading out in time the spectrally in-
tegrated information from a limited number of pixel
groups. In this polychromator mode it was possible to
achieve a time resolution of ~1 ms. A still shorter time
resolution ( <0.1 ms) was achieved with the visible-range
instruments when operated with photomultiplier detec-
tors.

The vuv survey spectrometer, similar to that described
by Fonck et al.,'* employed 290Q-lines/mm (1700—120 A)
and 450-lines/mm (1100—100 A) gratings, the dispersion
elements being remotely interchangeable. The photoemis-
sive surface of the microchannel plate detector was coated
with Cul. The vuv instrument had not previously been
calibrated against absolute photon flux. In the present ex-
periments, however, the plasma emission itself was used
to measure the relative spectral sensitivity function and
the calibration placed on an absolute basis (at wave
lengths > 1200 A) by reference to a standard luminosity
source, namely, a MgF,-window D, lamp, absolutely cali-
brated at the National Physical Laboratory of the United
Kingdom. Charge-transfer recombination light from the
nuclei of the light gases He, C, N, and O in ASDEX pro-
vided a convenient pattern of lines for spectral sensitivity
measurements in the vuv region.

The visible spectrometers, with 1-m Czerny-Turner
configurations, have a more limited wavelength coverage
about a chosen central wavelength but have a correspond-
ingly higher resolution than the vuv survey instrument.
The spectrometer in the downstream position 4 had a
2160-line/mm grating while the spectrometer in the
upstream position had a 1200-line/mm grating, both grat-
ings being blazed for 5000 A in first order. A variety of
dispersions was therefore available from 0.18 A/(OMA
channel) in first order with the 1200-lines/mm grating to
0.05 A/(OMA channel) in second order with the higher-
resolution grating. The corresponding spectral] coverages
over 720 intensified channels were 130 and 35 A.

III. CHARGE-EXCHANGE LINE INTENSITIES

The volume emissivity of the lines excited by charge ex-
change with neutral-beam atoms depends on the product
of the neutral-beam density and the density N(H°) of the
recombining impurity ion, viz.,

ecx(M=N(H)N(Z){or(nl,n'l")cxv ) (1)

where o;(nl,n’l')cx is the effective cross section for exci-
tation of the nl-n'l’ transition in the recombining ion,
N(Z) is the density of the recombining ions with nuclear
charge Z, and eN(H)v, is the beam current. Most typi-
cally in practice, the input beam current is known and its
attenuation in the plasma can be calculated. Thus the
ionic concentration N(Z) can be derived if the effective
CX cross sections are known, or alternatively, if N(Z)
can be deduced from other spectroscopic data, the CX
cross sections can be derived. In this paper ionic concen-
trations are derived from the vuv CX data, and with the
gross assumption that these concentrations are invariant
over a number of similar discharges, an attempt is made
to derive the poorly known effective cross sections for the
visible CX lines. In order to proceed, however, the beam
current at the viewing location of the spectrometers needs
to be calculated. A first step in this analysis is to measure
the beam energy components.

Following the technique used by Fielding and Stork,'’
D, gas at a pressure ~ 107> torr was admitted to the torus
chamber and the spectrally shifted H, light arising from
the resonance CX excitation of the fast energy com-
ponents was monitored. The relative intensities of the H,
emission from the three beam components at E,, E,/2,
and E,/3 shown in Fig. 2 are proportional to the beam

Eo/2
150~

Dq (unshifted)

100+

ﬁ W iL

i
| |

FIG. 2. The spectrum of D, from a low-pressure (1.5 10°
torr) D, gas filling in the torus irradiated by the SE beam of H°
at E;=40 keV. The Doppler-shifted charge-exchange lines
from the three beam-energy components E,, E,/2, and Ey/3
have intensities proportional to the component beam fluxes.
The power ratio Ey:E/2:Eq/3 is 0.41:0.44:0.15

Line intensity (Arbitrary units)
T

1 l !
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fluxes j(Eo,/k) at these three energies (Eq=41.5 keV,
k =1,2,3) after correction for the appropriate CX excita-
tion rates.!° The derived fluxes when multiplied by their
beam energy give a relative power ratio for the beam com-
ponents of 0.41 (E):0.44 (E,/2):0.15 (Ey/3).

Model calculations of the beam attenuation, e.g., Isler ez
al.,* depend critically on the spatial profiles of the energy
components of the fast beam and of the plasma density
and less critically on the electron-temperature profiles. At
the observation region in ASDEX, the fast-neutral-beam
profile is well modeled by a single Gaussian on the major
plane of the torus. The electron-density profile is of the
form

n(r)=n,(0)[1—(r/a)*]?,

where a and S are fit parameters (a ~3.5, 8~5 typically)
to the unfolded interferometric data. A radial-density
profile during a discharge with neutral-beam injection is
shown in Fig. 3. The attenuation of the input beam is pri-
marily due to charge exchange and ionizing collisions
with thermal protons when the beam energy is tens of keV
and the electron temperature spans values from 100
eV < T, <3 keV. Precise calculations taking into account
charge-exchange collisions with impurity fractions and
with the depleted proton density leave the attenuation due
to CX practically unaltered since the CX cross sections
scale almost linearly with Z. In the model calculations of
the beam attenuation, electron and proton ionization of
the beam neutrals are also taken into account and the total
attenuation at the viewing position A is found not to
exceed 25%.

The volume emissivity of a CX transition in an impuri-
ty ion, e.g., O VIII is given by

3
eAM)=N(O**") ¥ j(Eq/k)oy(Ey/k) , ()
k=1

where o(E,/k) is the effective cross section for CX exci-
tation of a given wavelength A. Using the attenuation
code of Isler et al.* together with the CX cross sections of

ne (1)

I ! L
-50 -25 0 25 50
Radius (cm)

FIG. 3. Electron-density profile for an ASDEX discharge
(No. 2) showing the relativity flat central region.
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Shipsey et al.” and Green et al.,?® the CX emissivity pro-

files of the three beam components of the n =2—3 transi-
tion in O VIII are shown in Fig. 4 together with their sum.
A nominal 1% oxygen concentration relative to the elec-
tron density has been assumed in the model calculations
pertinent to Fig. 4. In this paper we have made the work-
ing assumption that N(Z)/n, is constant across the plas-
ma profile. Furthermore, in the intersection region de-
fined by the viewing spectrometer, the electron tempera-
ture is sufficiently high [7,(0)~850 eV in Ohmically
heated plasmas and higher still in beam-heated plasmas]
for the assumption to be valid that all the light impurities
such as oxygen exist as bare nuclei and that all therefore
will contribute to the intensity of the CX-excited lines of
the H-like species. The emission profile is clearly a con-
volution of the impurity-density and beam profiles, and,
as illustrated in Fig. 4, can be extremely asymmetric de-
pending on the viewing position chosen.

A possible correction factor arises from the change in
ionization balance due to charge-exchange recombination
during the beam-injection period. This effect can be
simulated by comparing the probability for CX recom-
bination of the impurity nucleii, e.g., 0%t relative to
reionization, O’* +e—0®%*, by electron impact during
one transit of the ions around the torus. Since
Ttransit < Tioniz < TCXR < Tbeam pulses this PTObabilitY ratio is
just the steady-state ionization balance between CXR and
electron-impact ionization. Assuming the nuclei are lo-
cated on flux surfaces (r ~ 15 cm) and that there is no ra-
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FIG. 4. The result of model calculations of the radial emis-
sivity of O VIII (n =3—2) along the line of sight 4 (Fig. 1). The
signal from the three energy components of the beam together
with the total is shown for discharge No. 1.
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dial diffusion within an ionization time ~0.7 ms, the rel-
ative probabilities scale as

3
2L |€ 3 N(HCEy/k)ocx(Eq/k)v;

Pcx(recom) k=1
P, (ioniz) 47Rq{o;(O" ), )7,
N(O'T)
_No™) 3
N(O*) ®

where L =0.4 m is the toroidal extent of the flux surface
irradiated by each injected beam and R=1.65 m is the
major radius of the tokamak; ocx and o; are the charge-
exchange O%*-recombination and the electron-impact
O’*-ionization cross sections, respectively; and £~0.8 is
a factor taking into account the attenuation of the beam-
injected neutral density N(H° E,/k) as it propagates
through the flux surface. The above ratio is of the order
of 4% with both beams irradiating the plasma. The
recombination due to the heating beams, per se, therefore
does not materially affect the concentration of impurity
nucleii though, of course, on a time scale considerably
longer than an ionization time, other factors, such as
cross-field transport and changes in the atomic influxes
from the plasma boundary, may do so.

A second possible source of error relates to contribu-
tions from toroidally circulating ions which have been
produced by charge-exchange recombination and which
can in principle contribute to the “prompt” CX line inten-
sity by electron-impact excitation. This “plume” effect!’
is most serious for the Lyman-series lines of low-Z ions,
e.g., He*. The magnitude of the plume contribution de-
pends on the beam-injection and spectrometer-viewing
geometry. In the present experiments the near-radial
viewing position A, used for the quantitative derivation of
impurity concentrations, minimizes the intersection with
the circulating ions. For the nonresonance yrast transi-
tion in this study the effect of electron-impact excitation
is small in comparison with the charge-transfer excitation
at 40 keV/amu. The plume attenuation factor'’ being
E=d /2mRq=2.5x10"2 ensures that the plume effect is
of minimal importance, where d is the intersection length
of a magnetic flux tube through the beam-irradiated plas-
ma viewed by the spectrometer, and 27Rq is the circum-
ferential length of the flux tube.

In the above model calculation, the cross section
ocx(n,l) for occupying a given quantum state n,/ has had
to be converted into the effective cross section for the
prompt emission of a photon o(nl,n’l’)cx. This problem
has been discussed by Fonck et al.'® and by Isler.> In the
simplest (“collision-free”) case where there is no redistri-
bution of the level occupancy following the recombination
process, contributions to the effective cross section will
arise from cascade electrons which decay spontaneously
from upper levels whose initial populations will also be
determined by charge exchange. In this calculation the
A, values were encoded up to n =20 from the tables for
hydrogen published by Green et al.?! More complex cou-
pling between the levels is possible due to electronic col-
lisions, and in the opposite (extreme) case of high col-
lisionality the sublevels will be statistically populated.

Sampson?? gives the criterion for complete statistical mix-
ing as
7.5

n,> 1.18x 10" cm ™3 . (4)

n8.5

For the plasma densities relevant to this study on ASDEX
and for quantum levels n <m in hydrogenic ions of the
light gases, e.g., O and C, the complete statistical mixing
model is inappropriate. This comment relates to CX exci-
tation of the vuv emission lines. For sufficiently high
quantum numbers, of course, statistical populations are to
be expected and this condition could be relevant to some
of the visible CX emission features. Summers?® and
Spence and Summers®* have recently carried out more
precise mixing calculations for the different / 4+ +—I+ 3,
l++—I++, I—3+—I+7 transitions in hydrogenic
ions. In general these calculations confirm the general
formula (4).

In a tokamak plasma environment motional Stark ef-
fects due to the thermal motion of the ions across the
magnetic fields and Zeeman splitting will also alter the
value of o;(nl,n'l')cx and n,l,j may no longer be good
quantum state designations. These problems will affect
equal-j states of the same principal quantum number in
particular and will become increasingly important at high
n. In the present analyses a “half-mixed” decay scheme is
adopted® in which the almost degenerate states of equal j
are mixed for n < m, while for n > m, all the levels are as-
sumed to be statistically populated.

In addition to the first-order CX collisions with the
fast-beam atoms, a second-order contribution to the CX
signal is to be expected from those CX collisions which
involve the thermal (~1 keV) neutrals produced by the
first-order reactions. This “halo” contribution is not con-
strained to the beam-plasma interaction volume but will
be spread throughout the plasma cross section. At
thermal energies, high-n levels are not populated to any
appreciable extent by charge-transfer collisions involving
ground-state hydrogen atoms.!> The halo correction will
therefore only affect the vuv lines, and in particular the
Balmer-a transition of the recombined nuclei. Assuming
straight-line random trajectories for the thermal neutrals,
the correction for the additional halo signal, in O VlIII,
n=3-2, is calculated typically to be <20% of that ex-
pected from the CX reactions involving the fast beam. In
this study the absolute errors in the derivation of impurity
concentrations, etc., exceed this fraction and the halo con-
tribution has been neglected.

IV. RESULTS

A. The vacuum-ultraviolet spectrum

A sample 16-ms time frame of the vuv spectrum during
the Ohmic-heating phase in ASDEX is shown in Fig. 5.
The strongest features of the emission are mainly reso-
nance lines from the light elements C, N, and O, from
wall material such as Fe, and occasionally from S injected
as H,S for ion transport studies. The truncated spectral
band, Fig. 6, shows schematically how the spectral
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FIG. 5. Spectrum taken with the vuv survey spectrometer at 1s into the Ohmic-heating phase of ASDEX discharge. Exposure
time is 16 ms. The pixel number refers to the reticon readout position. Approximately, with the 450-lines/mm grating, pixel
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FIG. 6. Superimposition of spectral features with different
heating modes in ASDEX. The dotted features are prominent
during ICRH heating; the dashed features appear only during
neutral-beam injection. The background (solid line) spectra are
typical for Ohmically heated plasmas.

features change during different operating conditions in
ASDEX. No ordinate scale is shown here since there is a
considerable difference in the average signal level between
Ohmic- and auxiliary-heated plasmas. The Ohmic spec-
trum, which may be regarded as the ‘“basic” emission
spectrum, is shown as a solid line in Fig. 6, overlaid by
features which appear characteristically with the different
heating methods. ICRH heating, for example, enhances
the metal (Fe) spectrum. Charge-exchange-excited lines
are only present during beam heating. Figure 7, for exam-
ple, shows the full bandwidth covered by the 450-
lines/mm grating at the end of the beam-injection pulse.
The An=1,2 transitions from O’*, N°*, and C°* dom-
inate the spectrum during the beam injection and rapidly
disappear as the beam current is switched off (30 ms be-
tween time frames). Line blending is a problem with the
limited resolution of the vuv instrument but in most cases
the CX features are clearly registered. The OVIII
n=4-5 transition at 633 A, for example, is quite distin-
guishable during beam injection from the neighboring
strong line of O V at 629.73 A, Fig. 7. The CX feature at
134 A is unfortunately a blend of Cv1, n=2—4 at 135 A
and NvII, n=2-3 at 134 A. The minority CVI com-
ponent of this line intensity can be assessed by reference
to the strength of the Cvl, n=2—3 at 182 A using the
relative CX cross sections.’ Identification of the weaker
CX lines is made easier by dividing numerically the
beam-on spectrum by the spectrum taken after the beam
switch-off. We note that lines from hydrogenic ions of
the light elements, in first, third, and fifth orders, can ac-
count for nearly all of the CX features identified in this
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FIG. 7. The vuv survey spectrum (with 450-lines/mm grating) at two different times during an ASDEX discharge. The lower
spectrum is taken at 1.4 s just after the switch off of the neutral beams. The upper spectrum is taken at 1.370 s during the beam in-
jection. Exposure times for both spectra are 16 ms. All the features annotated are charge-exchange-recombination lines which appear

only during the beam-injection period.

way.

In order to confirm that the CX line intensities mimic
the beam current, the vuv instrument was also operated in
the group-pixel (polychromator) mode. In contrast to the
markedly different behavior of the resonance lines which,
due to changes in ionization balance and transport, show
intensity variations on a tens of milliseconds time scale
throughout the discharge, the CX-excited lines (Fig. 8) de-
cay abruptly in 1—1.5 ms following beam switchoff. A
more detailed analysis of this sharp reduction in the CX
intensities has been made by unfolding the detector phos-
phor decay time, using a maximum entropy approach.’®
The results, illustrated in Fig. 9, indicate a residual level
with a much longer time constant which could be due to
background continuum or line blending within the
“monochromatic” pixel grouping chosen to represent the
main CX line.

Following Isler and Langley,5 the CX line intensities,
when compared with their relative effective cross sections
for their excitation, may be used to determine the spectral
sensitivity curve for the vuv instrument. The inverse sen-
sitivity is shown in Fig. 10 for the 290-lines/mm grating.
The sensitivity curve is placed on an absolute basis at
A>1200 A by reference to a standard lamp. The 450-
lines/mm grating, in turn, can then be determined by
referring to the 290-lines/mm-grating CX data, assuming
that the impurity concentrations do not change
throughout a sequence of similar discharges. The spectral
sensitivity has a maximum at 220 A and its shape at this
end of the spectrum can be derived with confidence from
the CX results. At the long wavelength end, A > 700 A,
the CX lines are weaker, the instrument less sensitive, and
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FIG. 8. The vuv survey spectrometer (with 450-lines/mm
grating) operated in the polychromator mode showing that the
intensities of the charge-exchange lines follow the neutral-
beam-injection current. The background line emissions due to
free-electron excitation do not show this sharp decrease in inten-
sity following beam switchoff.
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the linkup with the absolute values from standard lamp
results less convincing than had been hoped for.

Having calibrated the vuv spectrometer against absolute
photon flux, it is then straightforward to measure the irra-
diance of those resonance lines which are prominent dur-
ing the Ohmic-heating phase. Using an ion impurity
transport code?’ to predict the line-of-sight depth for each
of the emitting ion species, the volume emissivity and
thence the impurity concentrations are derived in the
same manner as described, for example, for the Joint Eu-
ropean Tokamak (JET) plasma.?®

Again, as for the JET plasma, the analysis is more
secure for the more highly ionized metals than for the
lighter elements, the former being in near-coronal ioniza-
tion balance in the body of the plasma. The light ele-
ments emit in the vuv only from low ion stages located
close to the plasma periphery and their derived central
concentrations rely critically on the transport model.

Typical values for impurity concentrations derived
from the resonance line intensities during Ohmic heating
are as follows:

N(O)(from O VI, 25-2p)=4x 10" cm ™3
~9% 1073 n,(0),
N(S)(from SXIv, 25-2p)=5x10° cm—3
~1x107* n,(0),
N(Fe)(from FexvI, 3s-3p)=1x10° cm—3
~2x107° n,(0) .

The oxygen concentration is high relative to that quot-
ed recently!” where the smaller values are perhaps more
appropriate to a lengthy period of continuous tokamak
operation and wall conditioning. One cannot, of course,
assume that the impurity concentrations (above) apply
during the beam-heating phase when impurity sources and
ion transport are known to be modified. Accumulation of
the impurities especially of the metals is a feature of im-
proved confinement, which is observed in particular in the
so-called “quiescent H modes,” during beam injection.®
However, the derived concentrations (Ohmic) provide a
guide to those expected during ‘“‘normal” beam injection
when enhancement factors of between 4 and 10 are com-
monly experimenced.

In order to derive impurity (nuclei) concentrations in
the hot core of the plasma during the beam-injection
phase, we turn our attention to absolute intensities of the
CX lines. The abrupt change in the CX signals following
beam switch-off (Fig. 8) are proportional to the impurity
ion densities at the end of the beam-heating pulse, and can
be converted into absolute nucleii concentrations using the
appropriate modeling code.* In fact, the survey spectral
time frame near the end of the beam pulse, see, e.g., Fig.
7, represents a wider data set and this readout mode was
more commonly used to derive absolute line intensities.
These intensities, in units of irradiance
(photonscm ~2s~!) are shown in Table I for two separate
discharges, Nos. 1 and 2, and are to be compared with the
model calculations assuming a nominal impurity level of
1% of n,(r=0). Scaling the nominal concentration to fit
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the observed irradiances yields the derived impurity con-
centration (Table I, right-hand column) relative to the
central electron density n,(r=0). The concentrations are
not completely self-consistent due to shot-to-shot varia-
tions in the data used to derive the instrument sensitivity
and the line intensities shown in Table I. In addition,
however, systematic errors may well have been introduced
due to the subtraction of line blends and background light
in the extraction of the monochromatic line intensity
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from the survey spectrum. The results indicate an oxygen
enhancement over the Ohmic values which is not more
than a factor of 2. Again, a factor of 2 encompasses the
range of concentrations derived from separate beam-
heated discharges. A value of the effective core ion
charge Z.s=2.5 is derived from the present analyses,
whereas visible bremstrahlung measurements of Z.; of
the order 1.5 is more typical in ASDEX with beam heat-
ing.

B. The visible and quartz uv spectrum

Operating in the visible part of the spectrum offers
many advantages in terms of instrument versatility, spec-
tral resolution, and the availability of luminosity stan-
dards for absolute calibration. Furthermore, the use of
optical components such as fiber optics, mirrors, and
quartz windows enables spatial scans of the plasma emis-
sion and remote operation of the spectrometer from the
torus vacuum system. However, the cross sections for CX
recombination into the high n >m states which are re-
sponsible for the visible CX transitions, are thought to be
considerably lower than the values for n <m. Typically
they are less by a factor like 10~2 at 40 keV/amu beam
energy, and considerably less still at low beam energies of
the order < 10keV/amu. As pointed out by Fonck et
al,'® the absolute cross sections for CX recombination
into high-n states are not well established either from
model calculations or by experiment. With these points in
mind and encouraged by the vuv results, a complete
survey of the visible spectrum from ASDEX in the spec-
tral region 2500—7000 A was undertaken.

Standard, beam-heated discharges in D, and in He were
studied while the beam particle energy per amu could be
changed by switching from H to D injection. Several
strong CX line features are observed which can be attri-
buted to recombination with O, N, C, and He nuclei.
Spectral surveys in the vicinity of the principal He11, C vI,
and O VIII Lines are shown in Figs. 11, 12, and 13. The
He11 spectrum was recorded with He as the working gas
while the CvI and O VIII spectra were intrinsic impurities
in a D, plasma. The Hell spectrum was obtained while
commissioning the visible spectrometer on viewing line 4.
A later improvement in the sensitivity of the apparatus

TABLE I CX radiances in the vuv from ASDEX and deduced impurity concentrations. 1 gigarayleigh =1 GR=10"
photonscm 25!,
Experimental
irradiance Model irradiance
(GR) from CX code (1% Impurity concentrations
No. 1 No. 2 concentrations of relative to central
Wavelength 450/mn 290-g/mm impurity assumed) electron density
Element Transition (A) grating grating (GR) No. 1 No. 2
o n=2-1 19 18.2
(0] n=3-2 102 324 12.1 1.06%
(0] n=4-3 293 29.3 22.1 10.7 0.98% 2.13%
o n=5-4 633 28.7 21.1 11.8 0.80% 1.86%
(o) n=5-3 200 8.0 4.8 0.78%
C n=3-2 182 59.9 24.8 7.41 3.28% 4.08%
C n=4-3 521 39.7 24.4 8.87 1.92% 2.73%
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FIG. 11. Time sequence of Hell (n =4—3) emission prior to
and during neutral-beam injection (viewing geometry A4). Sub-
traction of the first two frames yields (below) the broadened CX
contribution to the line intensity.
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FIG. 12. Time sequence of O vill (n =8—7) emission prior to
(¢,) and during beam injection (z; +17 ms and ¢, +34 ms). The
breadth of the CX feature, relative to that from the recycling
edge lines, e.g., O 111, as well as its temporal variation are impor-
tant features of the CX signature. (Viewing geometry A4.)

visible spectrum. The top frame indicates the emission prior to
beam injection, the middle frame illustrates the complexity of
the CX features appearing during beam injection, and the bot-
tom frame, derived from subtraction of the above two frames,
gives the resultant CX features. (Viewing geometry 4.)

was effected by optimizing the mirror viewing optics and
changing the grating from a 1200-lines/mm holographic
grating to a 2100-lines/mm ruled grating blazed for 5000
A. Thus we now would expect for a D, plasma seeded
with only 19% He to have the same CX signal-to-noise ra-
tio as shown in Fig. 11.

As with the vuv lines the spatial and time dependence
(see later) of the Rydberg transitions in the visible region
are uniquely identified with their charge-exchange charac-
ter. In the visible region, however, an additional identify-
ing feature of the CX lines is their large spectral widths
relative to neighboring lines. The latter are emitted from
the cool plasma boundary where the temperature is typi-
cally <50 eV whereas the CX lines exhibit mass motion
and thermal broadening characteristic of the bulk of the
plasma. Figure 12, for example, illustrates the spectral
width and temporal difference between OvIil n=7—8
and a neighboring O 11I line at 2983.78 A during the beam
switch-on phase.

Figure 13 illustrates several interesting features within a
relatively narrow spectral region. In addition to the C VI
n=7—6 line at 3434 A we can a}so observe a An =2 line
from OvIl n=11-9 at 3488 A and a_line, tentatively
identified as SXvI n=13—12, at 3464 A. Ion tempera-
tures of ~1.5 keV, obtained from the Doppler widths of
the OVIII ion emission and from the SXVI line agree
within experimental error, while that from the C VI line is
smaller at ~750 eV. A single Gaussian fit to the CVI
line, shown in Fig. 14, indicates that the line is a compos-
ite of the CX CVI n=7—6 line blended with other, possi-
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FIG. 14. Gaussian fit to the Cvl (n=7—6) CX feature
(viewing geometry A4.)

bly CX, emission from outside the beam-interaction
region, Positive identification of the lines at 3449 and
3497 A have not been made but, in common with several
similar weak features seen in the visible region only dur-
ing beam injection, they appear to have a genuine CX sig-
nature. The time dependence of their intensities differs
markedly from, say, the N1v triplet, Fig. 13, which is
present before the neutral injection pulse. The weak line
at 3430 A is probably F1X n=9—8. Supporting evidence
for this identification is given by spectra, Fig. 15, taken
when the plasma vessel was contaminated by fluorine
from insulating material (Teflon) during titanium-
gettering experiments. In Fig. 15 the FIX intensity is
comparable with that from CVI.

It is clear also that the CX spectra are not confined to
hydrogenic species of the light elements. Heavier ele-
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FIG. 15. Illustration of the additional Fi1x CX line on the
blue wing of C VI (n =7—6) during beam injection when fluorine
is a contaminant in ASDEX (viewing geometry 4.)

ments like Ti, Fe, Mo, and other metals do occur with rel-
atively high abundancies in the He- or Ne-like stages in
the plasma core at typical tokamak temperatures. Identi-
fication of these elements by means of CX recombination
leads to a search for the corresponding lines from the Li-
and Na-like ions. We report here on the first CX-
recombination spectra from Li-like sulfur and Na-like
krypton. A more detailed analysis of these experiments
will be published elsewhere.?® The investigations were
made by puffing H,S or Kr into the discharge during the
NBI heating phase. The gases were added at a constant
rate over periods of between 200 and 300 ms. Concentra-
tions of S and Kr thus achieved are estimated at
1031072 of the electron density. In the case of sulfur
all An=1 transitions of the Li-like ions in the range
2500 <A <7000 A, ie, n=11—10 to n=15—14, have
been observed. In the same way all seven transitions
n=16—15 to n=22—21 of Na-like Kr could be found.
As an example (Fig. 16) the appearance of the n=11-10
line of S*!3 after switching on the NI beam at t=1.10 s
is due to the residual amount of sulfur which remained
from puffing into previous discharges. Following an in-
jection of H,S at t=1.25 s, the intensity is seen to in-
crease and Doppler profiles with linewidths of ~2 A
(yielding T; ~3 keV) have been recorded.

Electron temperatures in these discharges were mea-
sured to be relatively low, T,(0)~ 1.5 keV. At the inter-
section position of the NI beam and the line-of-sight of
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FIG. 16. Charge-exchange features of sulfur in the visible re-
gion when H,S is added as trace gas to ASDEX (viewing
geometry A4.)



35 CHARGE-EXCHANGE-EXCITED LINE RADIATION IN A . .. 3465

the upstream spectrometer B (r ~25 cm, see Fig. 1), T, is
approximately 0.6 keV. At these low temperatures the
majority of sulfur ions are expected to be in the He-like
state ( >90%), whereas the completely ionized atoms are
in the minority (a few percent only). For this reason the
H-like CX lines, such as the n=12—11 line of S!** in
Fig. 16, are weak.

Comparing H-like with Li-like atoms, we have to note
that in the latter three-electron systems the energy degen-
eracy with respect to the orbital quantum number [ is at
least partly removed. In the case of high / (I~n—1) the
outer electron is in nearly circular orbits and the energy
levels are thus very close to those of H-like atoms with ef-
fective charge number Z —2. Conversely, in the case of
low ! we have highly eccentric orbits with less-screened
nuclear charge. For the Li-like S*!? transition n =11—10
shown in Fig. 16 the /[ —I—1 components are predicted to
be shifted by as much as 125 A for the lowest ! with
respect to the high-/ (>7) components. The latter, for
(Zgg=Z —2=14), coincide within AA=0.3 A with the
H-like wavelength A=2678 A. For intermediate values of
lo, e.g., the 3-2 satellite lines, still-large shifts of AA=—5.5
A are predicted in the experiments; however, no strongly
shifted components nor closer satellite lines could be ob-
served, this being the case for the Li-like S'3+ lines as well
as for the Na-like Kr?>* lines. In the case of the Na-like
spectra, qualitatively the same effects are to be expected.
The centroids of the detected lines agree well with the H-
like approximations for Z4=Z—2 and Z4=Z —10,
respectively.

The O VIII spectra are particularly interesting, not only
in the context of plasma diagnostics, but also because of
our observations of high (n=11) quantum state popula-
tions. Hitherto, the line at 2976 A n =8—7 has been used
by other authors!® as a diagnostic indicator of ion tem-
perature and plasma rotational velocity. Scant regard has
been given in the literature to the 4340-A n=9—8 line of
O vl because of its proximity to H, and D,, while the
6068-A n =10—9 line, as far as we know, has been com-
pletely ignored. The 2976-A line, Fig. 12, is well separat-
ed from other lines and is an excellent candidate for plas-
ma diagnostics but does suffer unacceptable attenuation
when ducted through long, ~100-m, fiber-optic links as
in the JET exoperiment.30 Blending of H, and D, with the
O VIl 4340-A line is more of a nuisance than a serious
limitation since the CX feature can often be unfolded by
spectral subtraction techniques and multiple Gaussian
fits. This task is further eased by viewing the beam-
interaction region at an appropriate angle so as to shift
spectrally the CX feature from the hydrogen edge emis-
sion wavelengths in response to the bulk plasma rotation.
Perhaps the most significant observation®' with the widest
diagnostic potential is the O viI1 n =10—9 line at 6068 A,
Fig. 17. In this illustration of a single time frame durin,
beam injection viewed along line-of-sight B, the 6068-A
line is compared with the narrow fiducial lines from a
neon lamp which are used as fixed wavelengths markers
during the NI heating pulse. .

The weak CX feature on the far red wing of the 6068-A
line is tentatively identified as Nvil n =12—10. In com-
parison, the neon linewidths indicate the resolution of the
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FIG. 17. Charge-exchange line of Ovul (10—9) superim-
posed on neon lamp lines. The narrow neon lines indicate the
instrument function and act as wavelength markers from which
the mass motion shifts can be derived (viewing position B.)

spectrometer. Toroidal rotations as high as 3 10° ms™!

have been recorded from the spectral shifts of the O VIl
lines, during injection at a beam power of 4 MW. With
viewing line B, the analysis of the line profiles, Fig. 17, is
complicated by plasma effects such as rotational shear in
the viewed plasma volume as well as thermal broadening.
Moreover, at visible wavelengths, Zeeman splitting and
polarization should be included in the line-shape analysis.
Stark splitting due to the electric fields (~3x10° V/m)
seen by the ions as they gyrate about the magnetic field is
of the same order or larger than Zeeman splitting and to-
gether these effects will exceed the separation of the more
intense n/—n’'l’ transitions as shown, for example, for the
n=10—9 line in Fig. 18. However, the total range of
wavelengths spanned by the fine-structure components
greatly exceeds the wavelength splitting due to Zeeman
and Stark effects so that the overall shape of the observed
spectral feature is more influenced by the population dis-
tribution of the / states and their decay rates. As confir-
mation, the shape of the 6068-A CX line remained unal-
tered after transmission through a polarizer. Ion-ion col-
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FIG. 18. Fine-structure components of O vl (10—9), the in-
clusion of which distorts the thermally broadened profile at
T;=1KkeV.
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FIG. 19. Time response of charge-exchange visible lines with respect to the neutral-beam current.

TABLE II. Charge-exchange-recombination lines in the range A =2500—8000 A observed from ASDEX.

Relative intensities
from spectral

Element Transition A A) response (a.u.) Comments
Hen n=4-3 4686
n=5-3 3203.25 a
n=6—4 6560.10 Could be blended with
a, D,
n=7-4 5411.52 a
Cvi n=7—6 3434 38.4 a
n=8-17 5291 28.5 a
n=9-8 7717 13.3 a
Nvi n=8-7 3887 5.0
n=9-8 5669 10.0 a
n=10-9 7926 4.2 a
n=12-—-10 6085 2.0
O vl n=8-7 2976 70.0 a, Good line for profile
and intensity analysis
n=9-8 4341 14.1 Blended with H,
n=10-9 6068 17.7 a, Good line for profile
and intensity analysis
n=11-9 3488 5.5
Fix n=9-8 3430
S XvI n=13-12 3464 16.6
n=12—-11 2695.8
S x1v n=11-10 2678
n=12-—11 3521
n=13-12 4524.5
n=14-—13 5702
n=15-14 7068
Clxvi n=13—-12 3067 25.0
Kr xxvI n=16—15 2504
n=17—-16 3021
n=18-17 3605
n=19—18 4206
n=20-—19 4990
n=21-20 5798
n=22-21 6689

*Profile analysis requires deconvolution from residual pre-NI signal and/or from line blending.
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TABLE III. Visible CX irradiances from ASDEX and deduced impurity densities. 1 GR =10"

photonscm~2s~!

is assumed in the model calculations.

and n, is the principal quantum number above which statistical mixing of the / states

Prediction of CX
code with the
assumption of 1%

Experimental ionic concentration Derived concentration

irradiance relative to n, (relative to n,)

Transition (GR) (GR) (%)
CVI n=7—6 (wavelength is 3434 A) 0.185
ox(7—6)cx, Ref. 33, n,=7 0.131 1.41
ox(7—6)cx, Ref. 34, n.=7 0.068 2.72
o(7—6)cx, Ref. 33, n.=8 0.308 0.60
ox(7—6)cx, Ref. 34, n =8 0.076 2.43
Ovil n=8-7 (wavelength is 2977 A) 1.46
ox(7—6)cx, Ref. 33, n.=9 0.495 2.95
ox(7—6)cx, Ref. 34, n.=9 0.150 9.73
oa(7T—6)cx, Ref. 32, n,=9 0.511 2.86

lisions for these high quantum states such as n=10,9 in
O VIII ensure that the [/ states are almost completely sta-
tistically populated.?* An important consequence of the
electric and magnetic fields arising from the plasma envi-
ronment is that the levels will be driven into statistical
populations even more readily than in a field-free situa-
tion. Precisely because the high quantum levels are in or
near statistical equilibrium, then any populating process,
be it CX recombination into /~m levels or electron-
impact excitation, e.g., from the ground-state 1s2S,,, to
the n =10, /=1,2 states, will result in the appearance of
yrast transitions. It is therefore of even more significance
in the case of the visible lines to confirm their CX charac-
ter by their temporal correlation with the neutral-beam
current.

A photomultiplier detector was used on the viewing line
B spectrometer to monitor the detailed time evolution and
decay of the An =1 transitions in CVI and OVIIl. The
frequency response of the detector (up to 10 kHz) was suf-
ficient to follow the rapid switch-off of the beam current
and to differentiate therefore between CX excitation and
electron-impact effects following ionization balance
changes which take place on a much longer time scale,
typically 10~3 s or longer. The upper bound of the detec-
tor response resulted from the insertion of a 10-kHz filter
which improved the signal-to-noise ratio of the photomul-
tiplier without severly compromising the time response.
Both the photomultiplier signal and the sum of the volt-
ages from the four sources of the viewed neutral beam
were fed into a LeCroy 8210 analog-to-digital converter.
A 100-us sampling time was used to produce the time his-
tories as shown, for example, in Fig. 19. In this figure the
neutral-particle beam is terminated by switching off suc-
cessively each of the two pairs of sources. The double
step in the line intensities is closely correlated with the
beam current on a 0.1-ms time scale, thus uniquely identi-
fying the lines as CX features.

Having established from their wavelengths, from their
spectral broadening, and from their correlation with the
beam current that the visible lines annotated in Table II

are definite CX features, we can now proceed to relate
their absolute irradiances along viewing-line A4 to effective
cross sections for CX excitation into high quantum states.
The experimental results, averaged over several
discharges, are shown in Table III. The data have been
analyzed for several cascade-corrected models ranging
from an unmixed decay through the “limited Aj=0
mixed” model to the “half-mixed” model. In Table III we
note the critical quantum state n, above which statistical
mixing is assumed. For the oxygen n =8—7 transition the
data of Fritsch®? and Ryufuku®® give a very reasonable
impurity concentration relative to an electron density
without introducing statistical redistribution in the / lev-
els. The cross section from Olson®* gives an emissivity
which is five times too low. For carbon, the cross sections
from Olson®* give reasonable results, as do the results of
Ryufuku®® using the onset of statistical mixing at n, =7.
Without an independent measurement of the impurity
density, it is difficult to decide which model is correct.
Assuming invariant impurity concentrations from the vuv
sequence of discharges to the later visible sequence, the
agreement for oxygen and carbon between the vuv data,
Table I, and the visible data, Table III, is reasonable con-
sidering the factor-of-2 variations which appear within
the vuv data set.

We now turn our attention to the spectral broadening of
the CX feature as seen along viewing-lines 4 and B. The
downstream viewing-line, A4 in Fig. 1, is practically along
the torus major radius and so will not register toroidal ro-
tation. The shape of the lines is adequately interpreted in
terms of thermal broadening with ion temperatures typi-
cally in the 1—2 keV range. Viewing-line B, on the other
hand, accommodated a large component of any toroidal
motion and in consequence the spectral lines suffered
time-varying shifts during the injection pulse which were
of the same order as the thermal broadening. Unfor-
tunately, rotational shear in the viewed plasma interaction
region makes it difficult to describe a unique value to the
toroidal momentum in the plasma. The toroidal rotation
in ASDEX reaches a value of ~3x 107 cms™!, the exact
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value depending on the disruptive magnetohydrodynamic
behavior in the plasma. The results, however, are con-
sistent with the vuv CX spectral widths measured on
DITE."

V. DISCUSSION

Neutral-beam injection into the ASDEX tokamak has
been shown to produce a rich spectrum of charge-
exchange lines extending from the vuv into the visible.
The most intense lines are, as expected, the An =1 yrast
transitions resulting from charge-exchange recombination
of impurity nucleii such as O%*, N’*, and C®*. In the
vuv survey spectra, taken in relatively low resolution, line
blending is a problem but nevertheless all of the expected
CX features from these elements have been identified. In
the visible region many CX lines have been identified in
H-like C, N, O, F, S, and Cl, and several have been noted
to have diagnostic potential.

There remain in the visible spectrum, however, many
other weaker line features which also exhibit all the
characteristics of charge-transfer recombination but
which still remain unidentified. It is clear that the long-
wavelength lines have considerable potential for exploita-
tion as diagnostic indicators of mass motion and thermal
broadening, these parameters being conveniently isolated
with different but simultaneous viewing chords. An ex-
tension of this work using the Cvl n=8-7, OVII
n=10—-9, H,, and Hell n =4-3 transitions in JET dur-
ing Hy beam injection into JET has recently been carried
out.¥

The analysis of the visible CX line intensities in terms
of impurity fractions also appears promising. The actual
values for the effective cross sections of high quantum
states n > m are not well established and they vary sensi-
tively with the relative velocity of the colliding particles.
In the high-energy range with impacting velocities greater
than 2.2 108 cms™!, a n =3 “rolloff” in the cross section
3

) (5)

m
ocx(n,)=ocx(m) i

i.e., the Oppenheimer rule,*® appears to be moderately ac-
curate. The n—3 dependence, however, does not provide a
smooth correspondence with the calculated data such as
those provided, e.g., by Olson®* for the high quantum
states. This problem is presently being pursued by the au-
thors using the charge-exchange-recombination spectrum
of He?’* in the ASDEX tokamak where a n~% rolloff,
a~2.5, is indicated. From the present work at 40-keV in-
jection energy, it appears that the close-coupled atomic-
orbital model*>? gives the most consistent interpretation
at n >m.

A complication which has been noted in this study and
by others!? relates to the C V1 lines, e.g., n =7—6, Fig. 14.
Such lines can have appreciable intensity outside of the ir-
radiated plasma volume and are present even without
beam injection. In the 20-keV beam-injection DITE
tokamak’ the “residual” CVI intensity, i.e., that which
remains after accounting for charge exchange with the
atomic beam on C®*, is adequately explained by electron-
impact excitation of C>*, the spatial ionic population of

P. G. CAROLAN et al. 35

which is modified by charge-transfer recombination with
the background thermal neutrals. In the present experi-
ments with higher beam energy the residual signal is less
than in the DITE experiment, though CX with back-
ground thermal neutrals before and after the atomic injec-
tion pulse might still play a role. The situation with the
CVI lines is complicated by possible blending with the
same principal quantum jump in Li-like O vI. The latter
can result from charge transfer between H° and O°*. In
the case of Rydberg states, blending of lines from several
different ion species is always a potential problem but this
is especially so for charge exchange with ions whose
charge states are equal such as ion Z with a charge state
of (4 z) and ion Z +2 with a charge state of (+z) and is
particularly relevant to C®+ when O®* is a major impuri-
ty species. The fine-structure splitting in the Li-like ion
results in several widely separated O VI line components,
the identification of which, in principle, can establish the
presence of this ion. In the n=7—6 transition of OvI,
for example, the 7p—6s, the 7d—6p, and the 7/—6h tran-
sitions lie at 3067.4, 3313.9, and 3433.9 A, respectively.
However, with collisional mixing of the [ states, the
weighting of the yrast decay is heavily biased towards
Al=1, I ~n—1, leaving the 3434 A as by far the most in-
tense component. The viewing geometry on ASDEX en-
sures that the 3434-A emission is mainly due to charge ex-
change with the core concentration of C®* rather than
with the near-edge plasma concentration of O°*. A
“line-of-sight” tangential to the plasma periphery would
have emphasized the O°*.

In order to demonstrate that coincidences in wavelength
due to transitions between Rydberg levels in different ele-
ments is a problem in tokamaks, a separate experiment
was performed on the DITE tokamak. Adopting a simi-
lar visible spectrometer to that used on ASDEX, it was
first established that the O vill (n=10—9) line had no
measurable intensity during Ohmic-heating discharges.
Following injection of a gas puff of neon, however, a
prominent line identified as Nevil (n=10-9) at
6068.2+0.2 A was observed with a spectral width corre-
sponding to an ion temperature of 300 eV along with nar-
rower neon lines from the plasma edge. The wavelengths
Ovil (n=10—9) and the observed Nevill (n=10-9)
transitions are coincident within the thermal width of the
neon ion; the mechanism by which the n =10 level of
Nevill is populated in ohmically heated plasma has not
been established. Charge-exchange recombination into ex-
cited background hydrogen H* +Ne?+ —H™* 4 (Ne’+)*
is a strong possibility since He-like impurities are per-
vasive ion species in tokamaks and have appreciable con-
centrations even in the outer regions of the plasma.
Whatever the populating mechanism, however, it is clear
that Rydberg-level coincidences between ion species such
as H-like ion Z with a charge state of (z —1)+ and ion
Z +2 with a charge state of (z —1)+ are likely to cause
confusion in the absence of beam injection.

A further consideration is the effect on the effective
charge-exchange cross section of excited states, e.g., H**
(21, etc.) in the impacting atom. This has been highlight-
ed recently by Rice et al.>” who ascribe the “anomalous”
intensity of the high numbers of the ls2-lsnp series in
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Ar'®t to charge-transfer recombination between Ar!’+

and the finite excited-state populations of background
thermal atomic hydrogen in the region of the plasma
edge. In the present experiments excited states of the
thermal halo neutrals and of the background atomic hy-
drogen can contribute, in principle, to the total CX cross
section into the upper levels, favoring those levels with

]
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n=m'-n*, where n* is the excited state of the atomic hy-
drogen. For charge transfer between H**(n =2) and O**,
the preferred level for CX would be n ~10. An assess-
ment of the excited-state contribution can be made from
the relative magnitudes of the populating processes for
n>m'; viz.,

N(H®)yacx(Ey)N(O¥*), Ly + N(H);acx(Ey )N(O¥*), L,

T NHO acx (EFLN(OM ), + N(HO) acx(EF L N(OP),

where R is the ratio of the beam signal to the total
charge-exchange signal from excited states of halos and
background neutrals present due to recycling at the plas-
ma edge. The subscripts b, h, and r refer to the particle
densities and CXR rates, acy, in the beam interaction re-
gion, in the halo volume, and in the volume of the recy-
cled atoms, respectively. The starred quantities represent
excited-state populations in atomic hydrogen. The L,/
symbols are the plasma depth viewed through the beam
and the thermal atoms, respectively. Two sources of
thermal hydrogen need to be considered, namely, the
background thermals which recycle at the plasma
boundary and whose concentration in the plasma core in
ASDEX is several orders of magnitude less, typically,
than that of the beam neutrals. The second source of the
thermal neutrals is the beam halo whose concentration
can be within an order of magnitude of the beam atoms.
The cross sections for charge-transfer recombination into
Rydberg states of impurity nucleii from excited (n*)
states of atomic hydrogen relative to that from the H°
ground state scales approximately as n**/|m/mn* |3,
i.e.,, ~n*". Excited atomic states are therefore highly ef-
ficient at transferring electrons to levels (for example,
n =10 in OVIII) which give rise to visible CX emission.
In steady-state conditions with n, ~5X 10" cm~—> and
T, > 10 eV, the n=2 level in hydrogen has a population
which exceeds 1% of the ground-state population, about a
quarter of this being in the 22S,, metastable state. These
simple arguments therefore indicate that there is good
reason to be concerned with the contribution to the CX
visible signals from excited hydrogen. However, regard-
ing the halos, a consideration of the relative mean free
paths for excitation versus charge transfer indicate that
these ~ 1-keV-energy neutrals suffer one or more CX col-
lisions typically before being lost from the plasma. Their
lifetime within the body of the plasma is too short, by at
least an order of magnitude, for excited-state populations
to become established. Thus the factor N(H®); in the
above equation for R is negligibly small and the effect of
halo excited states can be dismissed in the ASDEX experi-
ment. The slow-recycling hydrogen atoms at the plasma
boundary, on the other hand, can acquire an excited level
population which’” does contribute through charge
transfer to the populations of the Rydberg levels in im-
purity ions. This contribution can become dominant with
tangential viewing near the plasma boundary radius where
the recycling hydrogen has still an appreciable density

) (6)

~5x10° (H® atoms)/cm? (it can be an order g magnitude
or more at the walls) and where the highly ionized, typi-
cally H- and He-like species, diffusing out from the core
have not yet recombined. The radial viewing geometry,
line-of-sight A4, adopted for the absolute cross-section
measurements in this study, serves to minimize /, in Eq.
(6) and therefore the contribution to the CX signal from
excited background hydrogen atoms. The above con-
siderations are very dependent on the O3 transport to the
outer plasma layers. Clearly, in the case where there is no
CX signal prior to or succeeding the beam injection as in
the O VIII signals, excited states in the recycled atomic hy-
drogen play no role. However, during beam injection the
recycling rate of atomic hydrogen from the walls is likely
to be increased and the solution of the problem depends
on numerical models for the diffusion and transport of
ionized impurities and of neutral hydrogen.

The presence of excited states in the beam itself is final-
ly a problem to be considered. Lorentz fields induced by
the motion of the beam across the toroidal field are suffi-
ciently high to ensure the rapid depopulation of metasta-
bles via the s,p states to ground. At a field of 0.5 kV/cm
the 2s,2p states of hydrogen have already about equal
probability for decay, and for higher metastable levels the
fields required are considerably lower.?® External to the
plasma, therefore, the beam population is negligible. In
the plasma environment, however, excited-state popula-
tions of the atomic beams do exist as demonstrated by the
appearance during the beam-injection period of Balmer
emission with shifted wavelengths corresponding to the
beam-energy fractions. The excited-state population can
be estimated using a simple model in which collisional ex-
citation by protons and electrons populates n=2 and
depopulation occurs by radiative decay. The differential
equation for the rates is

dn,

dt
where v, is the beam velocity. After setting
dn,/dt=dn,/dXv, and considering n,=n, equal to a
constant and {v,0, ) also constant, the following solution

obtains for the case in which the n=1 density remains
approximately constant:

=vp0pn 11, + V.0, YN, — Ayyn;y , (7

(v.0.)
Up+ v [l—exp(—AZIX/Ub)].

ny(X) )

ny, Ay
(8)
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We note that the characteristic length to achieve a
steady-state excited population depends only on v, and
the transition probability of the n =2 states,

Ay /vy =(4.78x10%)/(2.72x 10%)=1.78 cm ™" .

Therefore, the asymptotic steady-state population ratio
is achieved by the time the beam particles penetrate only
a very short distance into the plasma. Taking o,=7
X10-17 cm? (40 keV), {(v,0,)=3.5x10-% cm’s~,

v, =2.72%10® cms™!, and n, =3x 10" cm~? gives
n
2 _3.4x1073.
ny

Assuming the scaling (above) of (n*)’, we must conclude
for the 40-keV component that approximately 40% of the
n =10 excitation of O’ arises from the n =2 population
in the beam. The lower energy beam components have
somewhat smaller fractions of n =2, and the fraction also
depends on the plasma density. It does not seem, in con-
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clusion, that charge exchange from the excited levels of
the beam atoms can be completely neglected compared to
excitation from the ground state. The excited-state
corrections involved in this series of experiments, howev-
er, are of the same order as the errors involved in the data
reduction.
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