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ABSTRACT

Spectroscopy of line radiation from plasma impurity ions excited by
charge-exchange recombination reactions with energetic neutral beam atoms is
rapidly becoming recognized as a powerful technique for measuring ion
temperature,; bulk plasma motion, impurity transport, and more exotic phenomena
such as fast alpha particle distributions. In particular, this diagnostic
offers the capability of obtaining space- and time-resolved ion temperature
and torcidal plasma rotation profiles with relatlvely simple optical
systems. Cascade-corrected excitation rate coefficients for use in both fully
stripped impurity density studies and ion temperature measurements have been
calculated for the principal An = 1 transitions of He', 3%, ang 07* with
neutral beam energies of 5 to 100 keV/amu. Line intensities and profiles can
be affected by atomic fine structure, R-mixing collisions, motional Stark
effects, and product ions created in the neutral beam region which drift into
the viewing sightline. @General estimates of the importance of these effects
for the transitions of interest are provided, along with specific results for
the PDX and TFTR tokamaks. A fiber optically coupled spectrometer system has
been used on PDX to measure visible He' radiation excited by charge
exchange. Central ion temperatures up to 2.4 keV and toroidal rotation speeds
up to 1.5 x 107 cm/s were observed 1in diverted discharges with Py €
3.0 MW. The radisl profiles of both quantities broaden after the plasma
digcharge transitions into the ASDEX-like high confinement regime.
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I. INTRODUCTICN

The determination of ion velocity distributions in high temperature
plasmas is of fundamental importance in controlled fusion research, and
several techniques are presently used to measure these distributions to
determine, among other guantities, the plasma ion tempe::ature-1 However,
detailed time evolutions and radial profiles of ion temperature have not been
routinely available in magnetically confined plasma experiments in spite of
their relevance to understanding the confinement properties of particular
configurations. This is in contrast to our knowledge of other basic plasma
properties such as electron density and temperature profiles, for which
radially resolved profiles are often the sine qua non of a reasonable
description of the plasma. In addition, given the difficulty in diagnosing
hot plasmas, it traditicnally has been desirable to make redundant
measurements of basic parameters. This is especially true as plasma
experiments become larger and more expensive, with correspondingly fewer
plasma shots availabl

The study of the profiles of spectral lines emitted from hot plasmas
has 2een a time~honored means of obtaining the ion velocity distribution. The
Doppler broadened width of the line profile gives a measure of the bulk
thermal tewperature of the emitting ions if broadening due to mass motion
turbulence is negligible,3 and the shift of a line center gives a measure of
the plasma bulk motion, such as may arise in a rotating plasma in a toroidal

4 Detailed 1line shape studies may reveal more exotic

confinement device.
information such as the distribution of fast alpha particles in a near-~
ignition plasma or the presence of nonthermal tails generated by RF

heating-5 Obviously, any of the above measurements presuppose the existence

cf radiating ions in the hot plasma core whose spatial distributions are



limited and known in a given experiment. Given that such ions exist and can
be spatially localized, a detailed knowledge of line excltation mechanisms is
then necessary in order +to recognize possible adistortions of the' line
profile. These effects may then be compensated for, or preferably, such
knowledge may allow one to choose appropriate transitions and ions so as to
minimize such distortions.

In this paper, we discuss a relatively new approach to ion velocity
distribution measurements in hot plasmas which uses the active spectroscopic
technique of Charge-Exchange Regombination Spectroscopy (CXRS).Z This
approach holds promise for providing a relatively simple measurement of ion
temperatures with goecd spatial localization in fusion grade plasmas, and
straightforwardly allows time resolvred ion temperature profiles in a single
plasma shot. Jon temperature and torcidal rotation velocity profiles obtained
on the PDX tokamak using CXRS are given as an example of such measurements.
Several considerations which affect the validity of CXRS measurements of ian
velocity distributions are also addressed.

The application of CXRS to the @diagnosis of high temperature plasmas
has received much attention in recent years and the rapid maturation of this
technique indicates it usefulness. Fonck, Goldston, Kaita, and Post,2 using
results from the PDX tokamak, and Isler and Murray6 with data from ISX-B,
originally discussed the measurements of ion temperature and plasma rotation
using CXRS. The basic technique consists of measuring spectral profiles and
shifts of emission 1lines from ions in the plasma which are excited by
charge-exchange recombination reactions. Typically, a fully ionized low-2
impurity ion and fast neutral atoms (typlcally H® or D°) from either a
diagnostic neutral beam or a heating neutral beam are used. The recombination

process
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B +a% s +a
leaves the resulting ion in an excited state (n,) which subsequently decays
through photon emission. For common low-2Z hydrogenic ions such as He™, c5+,
and 07+, these spectral lines have wavelengths which range from the extreme
ultraviolet to the visible spectral reglons. The cross sections for such
processes are often large (2 1076 cm?) and hence measurahle intensities are
cbtained with moderate neutral densities.

Local impurity ion densities and transport properties of fully stripped
low-Z impurities have been studied via reaction Eg. (1) using diagnostic
neutral beams in the T-107 and PDx® tokamaks and using the heating neutral
beams in ISX-B.9 The use of reaction Eg. (1) for the diagnosis of alpha
particles has also been discussed.5'10 In addition to hydrogen neutral beams,
lithium »eams are currently in use to study partially icnized charge states of
impurities at the plasma edge.11 In general, fully ionized low-2Z imnurities
are most useful for ion temperature and plasma rotation measurements because
naturally »nccurring impurities such as C and O are fully stripped at tokamak
electron temperatures and thus do not strongly radiate and perturb the
plasma. In addition, these ions are sufficiently abundant at all radii in the
plasma due to cross field transport8 that no additional contamination of the
plasma with impurity atoms is necessary and a full radial profile can be
obtained by observing a single spectral line. Measurements of central ion
temperature and/or plasma rotation using CXRS have most recently been reported
from the Ppx. 12 ISX—B,13 and p-1111¢ tokamak groups.

In addition to the CXRS approach described above, several other methods

of determining Jlon velocity distributions in tokamaks presen:tly are



available,3 but all of these have limitations. The most common measurement is
to energy analyze the fast neutrals produced in the center of the plasma by
charge exchange with background neutral atoms. This technique measures only
the high energy tail of the ion distribution which can escape from the plasma
center without re-icnization and it is subject to uncertainties due to ion-
orbit effects and nonMaxwellian distributions. As tokamak plasmas become
denser, they become increasingly opaque +¢o the central charge-exchange-
produced neutrals and the density of background neutrals decrease. Both of
these effects result in a reduction of the fast neutral flux escaping from the
plasma core region. Thus, a diagnostic neutral beam 1s necessary to raise
locally the central neutral density to give sufficient signal levels and
provide good spatial resolution. T; may also be determin:a from analysis of
thermonuclear neutron emission, but this again is sensitive primarily to the
high energy tail of the ion velocity distribution, and spatial resolution is
not yet possible. The c¢alculation of Ti from neutron emission also
presupposes knowledge of the plasma ionic composition. Measurements of the
Doppler broadening of impurity line emissions from partially ionized atoms
excited by electron impact give measures cf the bulk impurity ion energy
distribution which can usually be related to the plasma ion temperature quite
reliably. The wavelengths of interest for such measurements can lie in the
X-ray, extreme ultraviolet, or near ultraviolet spectral regions. If
supplementary information on the ion species radial distribution is available
(which is not always the case), line profile measurements from several
impurity charge states can provide radlally resolved Ti(r,t) measurements.
However, it is obviously necessary that a sufficient number of highly ionized
heavy atoms which are not fully stripped be present in the hot plasma core,

which has kT, = 1 to 5 keV typically. The requirement for a density high
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enough to give an adequate signal level way confilet with the naed to minimize
the heavy impurity concentration. As central electron temperatures increase
in the next generation of tokamaks, such as TFTR and JET., s0 likewise will the
atomic number Z necessary to assure lincomplete ionizatlon in the plasma
core. The decoupling of impurity i1on. temperature from ti.2 bulk plasma ion
temperature must also be considered carefully as Z increases.

The CXRS measurements of ion velocity distributions are less subject to
the limitations mentioned above and will be useful on both the present and
next generation of confinement machines with large, hot, dense plasmas. Like
other Doppler broadening measurements, the bulk ion temperature is measured.
Since low-Z impuritiés can be used, no heavy impurity injection is necessary,
thus reducing the possibility of perturbing the plasma by significantly
increasing the impurity content. Furthermore, use of light impurities ensures
the measurements will closely reflect the temperature o©f the bulk plasma.
Naturally ocecurring concentrations (ng/n, ~ 18) of € and O are quite
sufficient for such measurements, and as mentioned earlier, a single spectral
line from a single ion species can provide a full radial profile of vy since
cross=field transport is usually sufficient to ensure fully stripped C and 0O
throughout the plasma. Since the heating neutral beams can often be used for
these measurements, the CXRS5 techniques is nonperturbing. Good spatial
resolution is obtained by viewing across a collimated neutral beam with a
collimated spectrometer, and the radial profile is produced by simply changing
the viewing direction of the spectrometer. Thus, the measurement is similar
to a crossed beam technique and neither prior knowledge of impurity radial
distributions nor BAbel inversions are necessary. It has only the relatively
minor requirement that optical access to wview the beam must be available.

Judicious choices of beam injection angle and/or spectrometer viewing



direction allow spatially resolved measurements of plasma rotation in either
the teoroidal or poloidal directions.

A significant advantage of wusing CXRS to determine ilon velocity
distributions i: the fact that several of the spectral lines excited by charge
exchange have relatively long wavelengths, ranging all the way to the visible
spectral range for spectrally isolated An = 1 transitions between Rydberg
states of He' (e.g., An = 4-3 at 4686 A), ¢7* (8-7 at 5290 A}, and 077 (10-9
at 6070 A). These lines are particularly interesting because they allow ion
temperature measurements while requiring only radiation-hardened fiber optic
access to the reactor vessel. The detectors and spectrometers can be remotely
located and shielded. Indeed, initial efforts on PDX and D-IIT concentrated
on HelI 46864 due to easy visible wavelength access to the tokamak via fiber
optics. Even when the visible lines are not bright enough for line profile
measurements (a discussion of line intensities follows in Sec. II),
sufficiently intense lines will usually lie at A > 1000A and ro grazing
incidence . cics are required. Since typical tokamak plasmas of interest have
kT; * 0.5 ke? and the ion mass is low, line widths produced by thermal Doppler
broadening are readily resolved with conventional spectroscopic
instrumentation.

The use of CKRS to measure ion velocity distributions does, of course,
have scme limitations and constrairta. Fine structure effects and product ion
background effects will be discussed in detail in later sections. BAn obvious
requirement is that good beam-spectrometer geometry is needed, and especially
with tangential beam injection in toroidal -evices, not all radii may be
accessible. When several beams intersect the spectrometer line of sight,
modulation of a single beam 1s necessary to obtain good spatial

localization. ©On plasma devices with only RF heating, a diagnostic neutral




beam would be necessary. It should be noted that spectral lines chosen for
optimal ion temperature measurements are usually not attractive for absolute
impurity density measurements, so another spectrometer would probably be
needed for such measurements. Finally, if good absolute intensity results are
desired, accurate <cross sections and beam particle densities must be
caiculated for each crsze of interest.

In this paper, we expand upon our earlier workz by discussing a variety
of effects that can affect the applicability of CXRS to ion velocity
distribution measurements. The emphasis is on estimating these effects to
determine when the measurements are valid rather than presenting complete
theoretical discussions. For example, a fully rigorous atomic line structure
calculation is not performed but estimates are used to evaluate its
importance. As an example of the application of this diagnostic technigque, we
also present the first radial preofiles of T; and toroidal rotation velocity
obtained wvia CXRS on the PDX tokamak.

The next section discusses the expected line intensities for most
An = 1 transitions of interest for He+, C5+, and 07*. The trade-offs between
the desire for long wavelengths and high intensities are indicated. Some
level-mixing effects which may significantly alter the expected 1line
intensities are also considered. Section III contains a discussion of the
influence of atomic fine structure on the determination of bulk icn
temperature. Section IV considers the radial delocalization of the cbserved
emissions due to recombined ions drifting into the spectrometer line of
sight. This effect is most important in the case of Heu, and specific
examples for PDX and TFTR are calculated. Finally, Sec. V presents results of
measurements of ion temperature and torecidal rotation velocity radial profiles

using CXRS with HeII 4686 A radiation.



We concentrate on discussions of An = 1 transitions in C and O because
these are typically the most abundant impurities in magnetic confinement
devices. In addition, HKHe is discussed both because of its long wavelength
transitions and its relevance to helium ash meagurements. The concentration
on low-2 impurities instead of the plasma ions themselves (u* ox o) arises
from the fact that, in most experiments, there can be an unknown mixture of ut
and b* dapcnding on the particular running conditions. The work presented
here can obviously be extended to other low- and high«2 impurities (e.g., Ti
or Fe), even to the hard-to-detect He-like charge states of heavy metals
le.g., Fe+24)- Finally, we note that a tokamsk plasma device will be assumed

in all further discussions.

I1. LINE INTENSITIES

The abi*ity to calculate spectral 1line intensities for CXRS
measurements 1S necessary in order to evaluate which lines to use for specific
purposes. While the determination of the density of a fully sktripped impurity
via CXRS obviously requires knowledge of the total excitation rate for the
line measured, it is also important to estimate excitation rates for other
lines which may be more suitable for ion velocity measurements (e.g., high n
transitions at long wavelengths) than for impurity density measurements.
Estimates of excitation rate coefficients also allow us to determine which
line intensities will be dominated by charge exchange rather than electron
impact excitation, and hence allow good spatial localization of the emitting
source. In this section we discuss excitation rates applicable tc CXRS and
prosesses which may alter these rates, especially for 1long wavelength

emissions arising from Rydberg state transitions.



when a spectrometer sightline crosses a naucral beam, the intensity for

a transition at wavelength A due to prompt charge-exchange recombination

events is given by

cx 1 N A
- w— 2
B = o ji1 <dv> 5 In e jdz (2}

where <cv>§ is the rate coefficient for excitation of wavelength A by the jth

beam velocity component, n, is the impurity ion density, and "j is the beam

particle component at veleocity vy o= v1f/§. The summation is over the various
beam energy components, and usually N = 3 for hydrogen besams. The intensity
contributicn from the relatively slow halc neutrals is negligible for most of
the considerations in this paper and hence neglected. The integral in Eq. (2}

is along the spectrometer line of sight and is replaced by nz"j Ej if the

intersection leugth for the sightline and beam is small. Here, Ej denntes the

effective path length of the spectrometer line of sight through the beam for

the jth beam component. if <cv>;
units of cm™>,

is in units of om3 s™' and n, and ny in
Bix has the usual intensity units of photons/cm2 x s x gter,

It is worth noting as an aside that Bﬁx in general does not depend on
the electron temperature, and cone can expect <o cbserve ions in regions of the
plasma where Tg is too low to excite the transitions via electron collisions
{i.e., near the plasma edge}, This also eases the wuncertainties in
calculating local impurity densities Ty

The problem of calculating Bix consists of calculating njlj and <cv>;
for specific cases. The beam particle column densities are readily calculated
via # beam attenuation code, given specific plasma density and temperature
profiles and a specific beam-spectrometer geometry. These c¢alculations use

the total stepping cross sections used in Ref. 15 and are not discussed

further rere except as the results are applied to specific cases of interest.
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Several theoretical techniques are used to calculate the cross section
a(n,£) for populating a given atomic level with principal quantum number n and
orbital angular momentum number 2 after a charge-exchange collision, with
different techniques appropriate for different energy ranges.16 The
calculation of specific values of ¢(n) for given energy ranges is presently a
very active area of theoretical atomic physics, and values for a wide range of
beam energies are becoming available. Only some of this work will be
referenced in this paper as it is needed. A few general features of these
results are worth noting however. The charge-exchange reaction tends to be a
resonant process in that the electron from the beam neutral particle prefers
to transfer to excited levals in the preduct ion [Az-1 in Eq. (1)] which
preserve its orbital energy and radius. 1’ This lz2ads to a peaking of g(n) = E
g(n,2) in n with ny, = 73/4,  As the beam energy increases, the width of this
distribution fn n increases and ligher n 1levels are populated. The 2~
distribution of ao(n,%) for a given n level also is peaked, with o(n,%)
increasing sharply as & increases for n £ Nyax and tending to level off or
peak at £ ~ Nyax for n > DMax® Thus, for transitions bhetween states near or
below ny,,r the high L (YRAST) states are predominately populated and the
subsequent An = 1 decay transitions are the most intense. The charge-exchange
reaction produces very little momentum change for the recombined ton and hence
does not disturb ‘he ion velocity distribution.

The observed intensitles are determined by the cascade of the excited
electrons from their initial diatribution produced by the charge-exchange
reaction, and this of course results in a line intensity pattern that does not
at first glance look 1like the initial o({n,%) distribution given by theory.
For exawmple, Fig. 1{a) shows schematically the distribution of o(n,{) for a
c5+

given case of H® + C6+ + H 4+ {(n,£) as calculated by Shipsey, Greene, and

Browne.18 The cascade-corrected cross section for the (n,%?) state is given by
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N ntk-1
g (n,2) = L E [bn'g,n+1,g Por1,8 ne2,0, 0T
=1 Ek= 1 1 2
Boskei b, bk, 8 ad(n+k.2k)] (3
k-1 k

where 04(n,%) is the direct charge-exchange cross section and bnl;n’l‘ is the
branching ratio for electric dipole transitions from state n”"2” to n? (note
that bnl;n'l’ = D unless £° = £ % 1). These branching ratios for hydrogenic
atoms are readily calculated using standard references. The sum in Eg. (3) is
terminated at some large value of n = N, beyond which ¢4 is negligible. The
cascade-corrected cross sections for the case in Fig. 1(a) are shown in Fig.
1(b). Since atomi¢ fine structure usually is not resolved, we are interested
in the total effective cross section for excitation of a given n° + n
transition which is given by summing over all the £ levels with the

appropriate branching ratios. These cross sections are given by

n"=1

gn,n”) 20" = I ¢@n )b

£ - (4)
2<0 n{,n’ 4

with £ = £7 £ 1. Figure (1c} shows these resultant total cross sections for
line excitation for the case of Fig. 1a. The transitions between lowest n
levels will be brightest and will have intensities which are least sensitive
to the original d4(n,2) distribution. These features make the short
wavelength transitions between low n states most attractive for impurity

A

density meagurements since the <ov>" rates can be reliably calculated.
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Since these cascade calculations are scmewhat tedicus and the results
are needed for several CXRS applications, we present in Figs. 2-6 total
effective rate coefficients for excitation via charge exchange for the
important &n = 1 transitions of Hell, CVI, and OVIII, using values of gyqin,d)
provided by several authors. The results of Shipsey, Gresne, and Browne18 for
He + ofB* were obtained using the perturbed stationary state method including
molecular states for the specific system of interest and are the most accurate
for this energy range. The more general Unified Distorted Wave Approximation
(UDWA) calculations of Ryufuku and cowarkers,20'21 while not as exact, provide
O‘d(n,ﬂ) over a very wide range of beam energy, 2, and n, thus being most
useful faor global éestimates of intensities. The curves drawn in Figs. 2~6 are
our interpolations between the few points in energy for which the cd(n,l)'s
are provided. The tendency for the long wavelength higher n transition. to be
excited only at high beam energies is evident in these results, as is the
tendency for cross sections to peak at values of Ngax ™ 23/4. For example,
the excitation rate coefficient for transitions dArop rapidly as n increases
above n = 2 ip HeII, while the sharp drop in <ov>® for CVI does not appear
until n 2 5.

While the theoretical cross sections ad(n,E) provide the populations of
a given state wvia direct charge-exchange events, the cascade process can be
significantly affected by the surrounding plasma environment. Several
processes, can cause transfer between different R-levels before an electron
drops to lower states via photon radiaticn. These £-mixing processes can
cause a distortion of the relative popnlations amonyg the excited states and
affect line intensities and fine structure line profiles. Other effects, such
as lonization of the ion from the excited states before photon emission, tend

not to be important for typical tokamak plasmas; we discuss only collisional
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£-mixing and possible fi-mixing due to the motional Stark effect22 produced by
iop thermal motion in the magnetic field. As mentioned earlier, the emphasis
here is on obtaining estimates as to when thege £-mixing processes are
important rather than providing a rigorous theoretical discussion of their
details.

The R-mixing effects of jon-ion collisions have been discussed by

Pengelly and seaton?3 for planetary nebulae with N ™ 104 cm™3

and kT, = kTy =
1 ev, and we simply expand on their discussion to include a plasma regime
typical of contemporary fusion experiments (N, » 1013 - 101 cm'3, k?; ~ 1-10
keV}. They use an impact parameter collision model with straight line
trajectories to defive the net rate coefflclents for transitions between
nearly degenerate f#-states due to charged particle collisiocons. We follow
their discussion to extrapolate the results to our regime of interest. The
rate coefficient for nf + nt” (£ = &11) transitions between nearly degenerate

states in hydrogenic ions with charez Z and due to collisions with ions of

charge z is given by

1/2 Dnl T.m

Z,2_ -6 u i
Q= 9493 x 0T (5 73 {11.54 + log (57— m
T. ng
R
+ 2 1og10 Ec} cm3 sec-1 (5)
where
b, =¢26en?nd-22-2-1, (6)

nl Z



p is the reduced ion mass of the colliding particles, T; is the ilon

temperature in °K, and m is the electron mass. If the Debye radius 1s used as
a cutoff length for the collisional interaction, the last term in Eq. (5) is

given by

2 log, R = 1.68 + log ((T,/N ) 17

with ¥, being the electron density in units of om™3,

Assuming my = 2Zmp and m, = szp where m is the proton mass, we find

that for =z, % < 10, n < 20, and kT; € 10 keV, within a variation of only t

26%,

z,z _ H,H 2z

z,2 0.001
9ng 9 2+z

2 T
1

( (8)

where T; is in ke¥ and qgiﬂis the proton-proton f£-mixing rate calculated by
Pengelly and Seaton for Ne o 104 cm3 and T % 1 ev. This form allows their
numerical results for qﬁiﬂ to be scaled directly to the presen® cases of

interest. 1If several ion specles are present, the total reaction rate for £-

mixiﬁg transitions from state {n,f) to (n,%+1) is given by

7.2 H,H 0.091 2 /) 2z
N g ' = Rz LN ozt —=
; Z n¢ ng 22/52 z 2 Z+z

H,H 0.106
ni T
1

—%~ LN 22 (9)
Zz 2

z
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where the sguare root term in the sum has been replaced by its median value
assuming z and 2 range from 1 to 0. For 2 and Z € 10, n < 20, and Ty < 10
keV, the relation in ZEq. (B) 13 accurate to % €8%. If heavy impuritles have
negligible densities, the sum in Zq. (9) is just the product ¥, Zofr vhere

Togf is the usual resistlvity anomaly factor, andé Eg. {9) reduces to

z .
It =gyt 218 —Lgf w, = 07 (10)
z V_Ti Z

The £-levels can be considered to be mixed c¢ollisionally when A,Zm Tnf = 1

Wnere
(11)

is the total spontaneous emission rate cut of the (n,L) level. TFor complete
L-mixing of a given n~level, a sum over all f-values must be made, and the
resulting critical value of N, above which a particular n level will be mixed

collisionally is given by

z
£ 0.10 1
N () — 6. . (12}
e 26 ',T—- HE H
i “n I

This resul: shows that we can replace the critical Ng given by Pengelly and

L]

Seator. for a2 given n-leyel by the guantity on the left side of Eq. (12) o

estimate the n-levels which are cixed in our denser, hotter plasmas. This

procedure eliminates the need to reproduce the laborious evaluaticns of

3

excitation and spontanecus emission rates for each case. Since Ty,g ~0° and
f

Sn,2 ™ nom4 [cf.,, EqQ. (8)], the eritieal density for a given sudblevel (n,1}

8

various rougnly as n and one expects this criterion for 2-mixing to ke
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falrly sharp in n. Using the results from Fig. 4 of Pengelly and Seaton,

which plots the critical density W, .(n] as a function of n, we use Eq. {12}

to produce Fig. 7, which plots the critical value of Ny (in units of 1013 cm”

3) as a functioa of n. 1f, for a gilven case, the value of cthe ordinate liss
above the curve for a given n-level, collisicnal f-mixing can be neglected to
lowest order, while a statistical Jistribution among £ states r2i be assumed
if the valvue falls kelow the curve., Yor example, with N, = 2 x 1013 cn3, T,
= 1 keV, and Zafr T 2 {typical PDX parameters halfway out from the center),
all levels with n > 5 for carbon and n > € for oxvgen can be Considered to be
mixed collisionally, and the relative population among the varicus f-states in
a given n-level is then given by their statistical weights (2% + 1)/nZ2,

Before examining the consequences o©f this Z2-mixirg on the gpate
coefficients, we consider a second 2-mixing process which can be dominant in
certain parameter regimes. As an lon gyrates around a magnetic field line, it
sees an eslectric fleld in its own frame which is perpendicular tc the magnetic
fielé direction and whose magnitude is given approximately bv

1/2

s Ty
=2y B{V/m) (13}

2

F = vB = 2,20 x 10

where the ion <thermzl speed is usad and Ty is in keV and B in Teslas,
Clearly, large fields car te experienced and the atomic Stark =ifect 2cts to
@ik statas of different parity {i.e., 2). Since both 2eeman and Stark
splitting of the wvaricug atomic sublevels are simultaneously present, the
situation can bhecome rather complex as n increases and the percturbations
become comparable to the energy spacing bdetween adjacent £ine structure
levels. It is just this strong mixing regime which is of iaterest for gaining

estimates for critical n-~levwels above which this motional Stark effect can

v
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cause Severe f-mixing. The problem is not nearly as amenable to straight«
forwaré calculation as was the collisional 2-mixing c¢ase, but a crude
treatment does allow progress to be made. In the splrit of other qualitative
treatments of strong field mixing regimes in atomic structure, we obtain an
estimate for the onset of Stark mixing between different f&-states by comparing
the energy shift due to the %otional Stark “ield to the field-free fine
structere energy differences.

Ignoring nuclear mass effects and Lamb shifts, t=he energy of a given
level in a 4wydrogenic ion with nuclear charce 2, principal quantum number n,

and totzl angular momentum j is given by24

= : 7 =l 3
E(n,i) = - Ry (1+ (o) (F - 3;)] (14)

where Ry 1is the Rydberg energy (13.6 eV), a is the fine sStructure constant,
and k = j + /2 = 1, 2, ,..., n. Then the energy splitting between fine

structure states in the same n-level with j values differing by 1 is

2,4
AT = - Ry G._Z___l__ {
A“FS Ry n3 TPET 119)

In the limit where the Stark shifts are much larger than the fine skructure
separation, the n-manifold split into a ssries of egually scaced levels which

have a total energy separation of23
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4me A

AE_ = 3 Ry F —2.2 DiAZT) (18)
s L2 z

where F is the applied electric field and aj is the Bohr radius. Of course,
severe 2-aixing occurs long before this Stark pattern fully davelops. He
estimate when 2-mixing will =tart b solving for the n-value at which the fine
structure separation is equal to the energy shift of the electron. due to the
motional electric field.

As T; or B increases, the motional Stark effect first arises as a
second order perturbation in the energy of magnetic sublevels of a given j-
manifold.?®  This occurs because the electric field is perpendicular to the
maygnetic field and couples states through the <njmlx|njm’> matrix eiements
with the selection rule m° = m = 1 {or Mg- = mg % 1) assuming the B-field is
along the Z-axis. But these m levels are 7o longer degenerate duve to the
presence of the magnetic field, and one thus returns to a quadratic Stark
effect instead of the usual hydrogenic linear Stark effect. That is, the atom
in the magnetic field has no electric dipole moment perpendicular to the f£ield
even though, jin the absence of the magnetic field, the j degeneracy o¢f the
enezgy levels .:llows a ret dipole moment to exist.

The resulting second order shift due to the motional Stark field is

givan by

: ey |2 2

0 ,(n:mlevaxBJnjm >l 2 n4 a,
aen = Zu 8 vy e

Mo M 2z L
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where we have approximated the matrix element of X by the size of the Bohr
radius for the nth excited state. In Eq. {17), po 1is the Bohr magneton.
Equating AEQ with the spacing between the most closely spaced field-free fine
structure levels yields a rough estimate of the minimal n~level for the onset

of f-mixing. Combininy Egs. {15) {(with k = n) and Eg. (17), we get for n >> 1
. (18}

with T; in kev and B in Teslas. Stark mixing of £-levels can be considered
important for all n 2 ng. This egtimate is, of course, crude and somewhat
pessimistic since we only vequire that the Stark shift equal the minimal fine
structure spacing, but it does illustrate the general features that ;s depends
almost linearly on Z and very weakly on Ti and B.

Since we are in a regime where the motional Stark field can be large
{due to high T; and B), and since, with a B of several Tesla, the magnetic
perturbation of the field-free energy levels can approach the fine structure
separation, the motional stark effect may in fact be more linear than

guadratic in the magnetic field strength. As n increases, the Zeeman shift of

a given my level

= ]
4B, S myu B, (19)
becomes comparable to 8E.g and the Paschen-Bach regime is artained. Thus
states with Am = % 1 can approach degeneracy with respect to the S3tark
perturbation. Ignoring the Zeeman splitting, the energy separation between
previcusly degenerate levels with j = n/2 due to an electric field F is given

by24



in Awaoao
LE" = 3 Z-'{':Ry e2 F . {20}

Using the motional Stark field for F, and eguating this shift to the minimal

fine structure separation gives

1
nIS" = 1.91 (5-—13)1/’2 , (21)
TiB
as an estimate of the critical value of n at which f-mixing dye to the
motional Stark field may become important. Again, a near linear dependence on
Z and weak dependence on Ty and b are evident.

The critical n values for Stark mixing given by Egs. (18) an” (21) are
rlotted in Fig. 8, and the interpretaticn of the plots is similar to that for
the collisional f-mixing case. For a given Z, T;. and B, any n values to the
right of the curve can be considered to have the {-levels mixed while those to
the left will be unmixed. Unlike the collisional case, the criteria for -
mixing is not well-defined. The two values of Ag in Fiq.‘8 are quite cleose o
one another, and to evaluate the importance of Stark mixing compared to
collisional f2-mixaing, we take whichever is lower for given plasma conditions
as our criterion for whether a given n level has significant Stark mixing.
Sor TE ~ few eV, B = 2 ", and Z = 2 to 8, one readily concludes that
collisional mixing is still the Gominant process for causing a mixing of
i~level populaticns at the lowest possihle n values. However, 1t seems
pessible that Stark mixing may beceme imps “*ant at conditions with high

temperature, high fleld strength, and low density.
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The consegrences of severe 4-mixing on the rate coefficients for
charge-exchange excitation are estimated by insisting that ahbove some critical
level n.., given by Figs, 7 and 8, the 2-levels for a given n-gtate are fully
coupled |with relative populations (22 + 1)/n2] during the cascade process.
For typical PDX paramekers, we have ng ® 2 for He*, n, =5 for e, ana n, =6
tor 07+, and the rate coefficients plotted in Figs. 2, 4, and 6 are
recalculated and plotted in Figs. 9, 10, and 11 with statistical distrioutions
imposed during the c¢asc. 25 for all n 2 Noe For n » L the preferred
coupling of the low 2-levels to the lowest energy states and the sirong
coupling of ali 2-levels to one another in the excited state causes a larger
fraction of the eleckrons to drain through the A n > 1 channels than would do
so in the absence of E—mixing.. Likewise, a drop in excitation rates for M =
1 transitions out of the lower states occurs wikh 2-mixing at high n because
the cascading electron distribution has shiftgd to lower £ values and the &n >
1 transitions are then energetically preferred. As can be seen by coméaring
Figs. 2-6 anrd 9-11, the overall effect of R-mixing is to raduce ths rate
coefficients for most of the 4&n = 1 transitions, especially for n > ng-

The resulls presented here are necessarily qualitative due to the
simple rodel used for 2-mixing, but they do itllusirate the importance of more
detailed studies of the inflcence of collisional mixing on CXRS, It is
interesting to note that the &n > 1 transitions can be most affected by 2~
mixing. For example, at 25 keV/amu, the 7-3 transition in 07+ is 2.7 times
more intense with 2-mixino than without while the 3-2 transition has a
corresponding ra*io of 0.83, resulting in an intensity ratic change of » 4
above that axpected witvhao: fL-mixing for n % 6.

A further conseguence of the presence of 2L-mixing efiects is the

general principle that the lowes:t accessible &n = 1 iraisitions are best

«Q
(]
<
[
/1]

suited for accurate fully stripped inmpuriity density measurements usin
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This is so because the cascade pracess tends to wash out uncertainties in the
(n,R) distributions at high n and hence the lawer An = 1 transitions are least
affected by & lack of precise knowledge of the direct (n,%) distributions and
L=mixing e‘ffects at high n.

Finally, 2-mixing processes can substantially alter the intensity of
light emitted by the plasma due tn electron excitation of the hydrogenic ions
which will inevitably be present in éhe couler plasma periphery. Since this
radiation is at the same wavelength as that excited by prompt charg. exchanage,
it can be a source of considerable complication in interpreting signals from
the spectrometer. Of course, modulation of the neutral beam (as in Ref. 8) or
spectral line profile discrimination (see Sec. V) can be used to distinguish
between prampt charge-exchange radiation and background plasma light from the
plasma edge, but the charge-exchange process itself creates ions which can be
excited wia electron impact and thus change the expected line intensity.
Modulation of the beam will not help distinguish betwcen this electron
excitation compeonent and the direct charge~exchange cemponent. Since electron
excitation of hich n levela of CS+ and 07"' is negligible (due to their high
excitation energies from the ground state) whereas éha:ge—exchange cross
sections peak at large n, electron excitation of &n = 1 lines in 5t or o7* is
usually negligible with respect to prompt charge exchange at high n values.
Indeed, it is only with charge-exchance exitation that these transitions are
observed at all in tokamak plasmas. However, for very low-Z elements such as
He or ILi, the charge-exchange cross sections tend to peak at n = 2 and drop
rapidliv as n increases (g ~ 1/n3). The thrashold enerev for electron impact
zxcitation of higher n levels is small enough that electron excitation rates
are coparable to charge-~exchange rates, contrary to the case for highexr 3.

This is discussed in some detail later, but we note here that l-mixing® can
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significantly increase the electron Jimpact excitation rate of 4n = 1
transitions by moving the excited electron from the npzp stata {which «wil-
decay back to the ground state with high probability) to higher 2-states which
will then decay to intermediate levels. For example, the elestron excitation
of the EelI 4«3 transition at 4586 A via excitation of the n = 4 level from
the ground state can be enhanced by an order of magnitude if the n = 4 level
is Theavily mixed. This result has implications Ffor the use of such
transitions for ion temperature measurements and for the study of o't ash in

tokamak devices, and will e referred to later.

III. FINE STRUC'I‘UR;E EFFECTS ON THE LINE PFOFILE

The ability to determine the lon velocity distributien via CYRS depends
on the line shape being determined predominately by Dopple: effects. For an
ion species with a Maxwellian distribution and temperature kT; in keV, the

full width at half marimum (FWHM! of the gaussian line shape is given by
WA
A\JD=\) 1.73 x 10 --2—- (22)

whera 'v is the wavenumber ¢: the transition, Ty is in keV and the ion mass is
taken to be 2 ZmP- For An = 1 transitions ia hydrogenic ions, the wavenumber

of the emitted photons is given by Bg. (14) to be

22
v = ._..:i_RZ (23)
n

for high n values. Using Egs. (19), (22), and (23) one can readily concliude
that the unresolved Zeeman splitting is negligible cempareé 4o Doppler

broadeninc for T, = few eV and B = 1 to 5 T. Likewise, motional Stark
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broadening is almost always much less than the Doppler width. Although Zeeman
and Stark broadening of a line are less than the total separaticn of fine
structure components for our range of n and 2, one has to evaluate whether the
unresolved fine structure 4itself may glve rise to incorrect temperature
measurements. Any such effect will be most pronounced at low T where the
Doppler broadening is small. Temperatures measured near the edge of the
plasma will thus be most influenced by this effect. Even if the.FWHM of a
line profile gives a good measure of T, subtleties in the line wings can be
mistakenly attributed to nonthermal ion veloclties. To assess the magnitude
of these effects, we calculate the total line profiles which arise from a
superposition of gaussian line shapes centered at the position of the fine
structure components. These profiles then aliow us to calculate correction
factors to be applied to T; measurements when Eg. (22) is used to derive T
from the FWHM. Since atomic fine structure is often the demlnant broadening
mechanism for the unresolved manifold of lines, we neglect Zeeman splitting
and use the field-free energy levels.

The energy level of discrete (n,j) states of hydrogenic ions has bheen
tabulated to high accuracy by Garcia apd mack?? and we use ‘these values to
evaluate the wavelengths of all electric dipole transitions between states
with 4n = 1. The relative intensities of glven fine structure transitions are
obtained by using the cascade corrected c¢ross sections for excitation via
charge exchange as given by Eg. (3) and including £~mixing in higher n levels
where appropriate. The population of different j~levels of the upper state is
obtained from the cascade corrected R-distribution and the Burger-Dergelo-
ornstein sum rule.Z28 Samples of the resulting intensities and position of
fine structutre components are shown in Flg. 12, along with the same

txansitions each having a caussian profile due to Doppler broadening. The sum
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of all the fine structure components is the overall envelope and represents
the actua)l measure3d profile. Using the FWHM of the composite line profile
from such calculations, we define an apparent ion temperature given by Eq.
(22) and this FWHM. The ratio of the real temperature to this apparent v:ilue
gives the correction factor by which experimental values of Ty should be
rmultiplied te arrive at the actual ion temperature. These ratios for all
+

r

&n = 1 transitions of interest of He™, c3 and O'" are shown in Figs. 13 to

15 for beam enzrgies of 25 keV/amu, and using the gy(n, %) values of

)

Ryufuku.z* Full f-mixing was assuned for n » f.s whera ng = 2, 5, and & for

+ 5+

Be®, c3*, ana 0°°F

, respectively. The large discontinuities in the curves for
some transitions (e.g., 4-2 of C5+l are due to the meraing of the profiles of
discrete fine structure transitions as T; increases and the Doppler widih
becomes larger than the transition separation. The closer the corraction
factor is te 1.0, the more symmetric and gaussian-like 5he sum profile is. Im
general, the higher wavelength transitions are least susceptible to distortion
by £ine structure at high Ti and thus most suited for determining Ti. These
results can change by up to ~ 10% depending on whether I-mixing is inci:deé in
the upper levels or not. The £&-mixing tends to broaden the line siructira by
increasing the intensity of widelvy separated fine structure comgponents
originating from moderate to low 2-levels, Hewever, since the thigh n

transitions which are preferred for KT, neasurements are also those «nich

originate from transitions out of ZR-mined states, thesse curves porovide

reasonable correction factor Zor T, measuyrements which can ce appli=d over 2
very wide parameter range.

A Few obvious conclusions can be drawn from theseé resuits., The low-
lying tiransitions are not well-suited for ion temperature measurements unless

inz structure compcnents Lthemselves are reselved. Transiticns bhatweaen

rn

the

high n states are much bettar but, as noted earlier, the cnarge-exchance cCross
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sections drop rapladly as n increases. Hellum 1s almost 1deal due to its low
mass and relatively bright visihlg line, but this 4-3 transition 1is best
excited by neutral beams with a high primary beam energy (: 60 keV/amu) so
that all three beam energy components contribute to the CXRS signal. On the
other hand, measurements using helium are most prone to errors arising from
ions drifting linto the spectrometer line of sight (see the next section). The
visible lines of ¢t ana 07+ are also attractive candidates excépt that,
again, higher beam energies are desirable for reasonable intensities. Also,
overlap with visible lines of HI and other impurity ions tend to make several
of these lines gquestionable for rellable ion temperature measuremerts in the
visible range unless %the bheam is modulated. The 0 to 90 kev/am beam
energies planned for the TFTR tokamak may make‘ these lines quite attractive
for simple fiber optically coupled spectrometer systems. For smaller tokamaks
such as PDX and PLT with 20 to 50 keV/amu neutral beams, the near UV lines of
Cs+ and 07* are most attractive for ion temperature measurements when He ' is

not present in the plasma.

Iv. RADIATION FRCM PRODUCT IONS

Finally, we consider the effects of hydrogenic lons which are procduced
by the neutral beam out of the spectrometer line of sight and subsequently
drift into the sightline as they follow the toroidal field lines. Consider a
tyoical experimental situation as depicted in Fig. 16, wherein a neutral beam
is injected in the plasma midplane with a tangency radlus of Rpq. A
spectrometer sightline, also In the plasma midplane with tangency radiuvs Rgr
intersects the beam at a major zadius of Ry. Siance hydragenic ions are
produced via reaction Eg. (1) along the entire beam line, there is a source of

h¥drogenic ions at all R that may be able to drift -around the torus into the
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view of the spectrometer. For example, lans with charge 2-1 created in the
beam volume near point A in Fig. 16 can follow the indicated trajectory to
cross the spectrometer sightline before being ionized back to charge state
Z. If the emission due to electron collisional excitation of these drifting
ions, integrated along the spectrometer sightline, is comparable to the
localized prompt charge-exchange emission at R = Ry, an erroneous ion velocity
distribution (and/or fully stripped impurity density) will be derived since
one is sampling ions created over a large range of R. This problem is most
severe for lower T elements Since the excitation energies of the charge-
exchange induced transitions are very low. It is espécially relevant for
measuring therma_l He ash densities or for CXRS temperatures based on ",
Unlike interfering radiation from the cool plasma periphery, this :alectron
excited component from radii different than R; cannot be discriminated against
by modulating the beam since it will be in phase with ;he beam just as the
prompt charge-exchange signal will be.

An estimate of the magnitude and radial extent of the electron excited
signal is given by a relatively simple model. The inteusity of light at
wavelength A due to elactron excitation out of the ground state is given by

=1 cx 2-1 .
By = o3 {uem i {RY Qo) by ot (24)

where Qao_ is the electron excitation rate for the 1s-np transitiorn, b is

np )
the branching ratio for the transition of interest, and ng’_‘.lis the density of
ions produced by charge exchange between the beam neutrals aad ions with
charge 2 at a radius R, The integral in Eag. (24) 1s along the entire path

that the spectrometer line of sight takes through the plasma. (For ease of

calculation, we treat all plasma parameters as a function of major radius
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R). We express ng.q a a function of the value it attains in ionizatien

charge~exchange egquilibrium in the beam volume:

n,_(R) 3
=3 2z T
gt = E{R) gt I B <0V, (25)
-1 CREIRESY CUP R A

where n, is the density of ions with charge state Z at a major radius of R, N,
is the electron density, Iz_1(TeJ is the ionizaticn rate coefficient for the

Z-1 ion species, n. is the density of beam neutrals with energy Eo/lg, » and

J

<cv)§ is the total recombination rate coefficient of the Z ion specles dus to
charge exchange. The proportionality factor E(R) depends on the parallel
transport of the recombined ions along the field lines and the particular
bearm~spectrometer geometry being used, and is discussed in more detail
below. Since we are usually interested in fully stripped low-Z impurities in
hot plasmas, it is reasonable to assume that R, is roughly propertional to the
electron density, ngz(R) = Ne(R) x constant.

Assuming a relatively narrow neutral beam so éhat the integral in
Eg. (2) can be replaced by average values, the ratio of the radiation due to
the ions drifting intg the spectrometer sightline (which we henceforth refer

to as the lon "plume" intensity) to the prompt charge-exchange signal at the

same wavelength is given by

e-'
B 1
cx N (R) 3 A
B, eI [(nl(RI)Jj <OV>j )
st
z-1
(R b, 3
x [ g = A5 g owle . (26)
L © z-1'Te qup 4]
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Note that this ratic is independent of the beam power since 4 is in
both the numerator and denominator. Hence this plume emission can be
significant even if the beam power itgelf 1s not sufficient to change the
overall ionization balance of the impurities. ‘That this ratio can easily be
significant may be seen by noting that, at least for 2-1 transitions, the
electron excitation rate roughly eguals the ionization rate while the total

'
charge~exchange rate 1s always greater than or equal to the rate for exciting
a given transition. The plume-to-prompt ratic then reduces approximately to
weighted by £ and integrated along the entire spectrometer

the ratio of Ne,

line of sight, to the value of N, at the intersection polnt times the beam
width.

The plume attenuation factor §(R) 15 egtimated Dby considering the
transport of ions along the magnetic field lines. This problem has been
addressed by Claxk et al. for the DITE tokamak2® for the general case where
parallel diffusion is sufficiently slow that toroidal asymmetries in the
impurity ion distribution can be sustained. We follow their treatment of the

problem but restrict our &iscussion to plasmas where Tg > 1 keV and 3 2

~

eff :
so that over moSt of the plasma, the impurity ions are relatively
cellisionless. That is, the collisional mean-free path is 3 21 Rppq where Rg,
is the plasma major radius and g is the safety factor. This assumption is
useally velid for neutral beam heated plasmas on PDX or those expected in
TFTR, and it allows us to obtain 2 simple expression for £ (R)-

Igrnoring the rotational tranzform of the field for the moment, wa
consider a ohe-dimensional model for the ion moticn along the field line.

Referring to Fig. 17, we let S derote the displacement along a fieid linz and,

for - d < 5 <d, a neutral density from a neutral beam induces charge~exchange
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reactions between the beam neutrals and impurity ions with density n, to
produce particles with density ng_qe The length of the field line arcund the
torus is taken to be 2L. Taking ionization and charge-exchange recombination
to be the dominant atomic processes {which is easily the case for He, and less
valid for 0Q), the continuity equations for particles moving in the +§

direction are

3an n n
v -1 _ ¢ | 2 -3¢ 8¢ 4 (27a)
EX:) T T
ox 1
on n
Z-1 _ Z=1
v —ils o L>}s)>»a (278)

1
X

- T
Enj<av>j.

where 1; = N.I, , is the electron impact ionization time and T
For simplicity, we also assume that the iloalzation distribution is not
drastically changed so that we may take the density of fully stripped ions,
n,, to be constant. Expressing the density as & fraccion of the vwalue

obtained in eguilibrium in the beam region

Z~1
§ =z ‘ch' , (28)
2 i
we use continuity at [S] = 4 and [S| = L to solve for £, which is just the

plume attenuation factor of ilnterest. The general solutions are

i -d3)
Slnh((L d),/ki] -s/x.

= - ———me i T ]
£+(S) =1 P (L/li) e i {29a)

for é » 8 > d, and
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2 sinh(d/),) ~s/3,

E(8) = ——r7—" {29b)
* 1-e 2Ly
For I, ¢ 5 & &, and
2 sinh(d/A.)
£,(8) = ~—pe— e (20 + 8)/2y t29¢)
1-e i
for ~d € S & ~L.
Here X; = vT; is the ionization mean-free path for particles with velocity

v. We have taken v = r2kT/nm)1/2, but in the very collisionless case, the §+
could equally well be integrated over a Maxwellian distribution. This only
changes the final result by about a factor of 1.5 or s¢ at most. The +
subseript on £ indicates that we have consi< -.d only particles going in the
+§ direction, and there is an identical populaticr going in the -5 direction
that must alse be included. Putting these results in the context of our
experimental situation, we have L * gRg, while S represents the arc length
around the torus between the neutral beam center ar. the spectrometer
sightline at a given R, and 2d 1s the intersection length of a flux tube
through the neutral beam at R.

We congider two limiting cases of practical interest. For very low 2,
such as Ke', it is usually true that 24 << X; << L. That is, rhe hydrngenic
ions are reionized to the fully stripped state before going once around the
torus (heance the term ion plume). Here the negative-going ions never reach
the spectrometer line o¢f sight and the plume attenuation factor becomes

- TN (10)
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Then for § ««¢ Ai {i.e., for points on the spectrometer sightline pear the
beam}. the plume attenuation factor is just one half the beam width along the
“flux tube gdivided by the ionization mean-free path. Por higher 2z such as

oxygen, the 1limit 29 << L << Ai is more applicable and we have
da
E(8) T ‘ {3

which is just a simplified case of the ifons being in Jlonization-charge
exchange eguilibrium around the torus but with the neutral beam density keing
the volume averaged neutral depsity instead of the local beam density. This
is just the expected limit for )‘i »> L.

It is the short A; limit that gives the greatest ion plume intens.ty
contribution, and hence the problem in general will be more savere for He than
C or 0. %We note, however, that since ki < TR, the hydrogenic ions.do not
circle the torus before lonizing and the spectrometer line-of-sight through
the ion plume can be minimized by viewing vertically instead of in the
horizontal midplane or, conversely, the beam could inject vertically.

We have calculated the ion plume to prompi charge-exchange intensity
ratio given by Bg. (26) for cases of interest on the PDX and TFTR tokamaks to
illustrate typical results. A computer ccde calculates the expression in 73,
(25) using Egs. (29a-c) as aporopriate to account for all intarsections of . .
neutral beam and speckrometer sightline with a given Elu% surfece of major
ragius R. Before discussing the tzesults, we note :wo subtleties of the
calculations. The first is that presence of f-mixing jin excited states can
increase the branching ratio drastically above that with no f-mixing,
rasulting in a greatly ennanced plume intensity. For example, the EelI 1685 A

(4~3) line is increased by a factor of 7 by ths presance of &-mixing when
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excited from the ground state by electron impact, as previously mentioned in
Sec. I1. The second point is that the fleld lines do in fact have a nonzero
rotational transform and, depending on the beam height, spectrcometer viewinag
gecmetry, and the separation along a flux tube batween the beam ard
spectrometer sightline, the ion plume can rotate around the center of the
plasma and not cross the sapectrometer sightline at all. This of course
assumes that cross field transport within the flux surface is negligible. We
account for this in our calculations by assuming BP/BT =~ a/gq({a)R for all r
down to some r near the plasma center, where r = R =~ RPP. is the minor radius
of a given flux surface, B, is the poloidal field strength and Bg is the
toroidal field strength. Given this tilt of the magnetic field lines, the
contribution to the integral in Eq. (26) at a given R is set to zerc if the
vertical separation between the beam center and the spectrometer sightline is
greater than one half of the nominal beam height. The assumption of a
coenstant BP/BT down to some cutoff r is roughly consistent with the rotatieonal
transform as a function of r calculated for several PDX cases using measured
N, and T, profiles as a function of time and solving the magnetic diffusion
equation t- derive Bp(r,t]. Although relatively crude, these assumptions
allows us to get first order estimates of the plume intensity and spatial
distribution. The calculations are most uncertain for the cold plasma edge
where the assumption of collisionless parallel transport is no longer valid.
For the sample cases for TFTR and PDX, we set the position of the
nentral beam and vary the tangency radius of the spectrometer sightline to
scan the intersection region in R. Parabolic density profiles with the
temperature profiles proportional to the square of the density profile are
assumed for both cases. Rpy = 145 cm, a = 40 am, N (D} = 4 x 1013 em™3, ana

T,(0) = 1.5 keV are used for the PDX example while the TFTR case has Rpy =
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250 em, a = 80 cm, Ng(0) = 5 x 10'3 em™3, and T (0) = 1.5 kev. The safety
factor q({a) is taken to be 3 for both cases and a full beam height of 16 cm is
assumed for PDX and 40 cm for TFTR. The dlstinguishing feature between the
two cases is that the beam ilnjection angle in PDX is near perpendicular with a
35 cm tangency radius while in TPTR the injection 13 nearly tangential with a
tangency radius of 230 cm. The toroidal separation in the plasma midplane
between the sgpectrometer pivot point and the location of the beam source is
taken to be 56° in the PDX cases and 78¢ in TFTR, both values chosen to
reflect actual experimental setups. A horizontal beam width of 16 c¢m is
assumed for PDX and 20 cm for TFTR, while a primary beam energy of 22 or 44
keV/amu (44 kv D® or H°) is used for PDX and 90 keV/amu (He) 1is assumed for
TFTR. TFor comparison, the 90 keV/amu case is calculated for PDX alse. The
beam species ratic is assumed to be 2:1:1 for both cases. Charge~exchange
rates from Figs. 9-11 are used along with electron impact excitation rates
obtained by Mewe3? and electron ionization rate coefficients from Bsll et
a_l.:“ Both the neutral beam and spectrometer are assumed to be in the plasma
midplane.

The plume~to-prompt intensity ratio is plotted as a function of the
neutral beam-spectrometer sightline intersection radilus for these two cases in
Figs. 18 and 19 for a few transitions of interest. These results show a few
general features that merit mentioning. The drop with beam energy reflects
the increase 1in the charge-exchange excitation rate of these Rydberg
transitions as the beam energy increases. In fact, the 90 keV/amu energy
assumed for the TFTR case accounts for most of the reduced ratio for He' seen
in Fig. 19 compared to the ret cases in Fig. 18. This is evident from 1
comparison of the 90 keV/amu case to the lower energy cases in Fig. 18.

Likewise, the increase in the ratio when using the An = 10-9 OVIII transition
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instead of the 7-6 OVIII transition i3 due to the rapid drop in the
charge-exchange excitation rate as n increases.

As expected, the plume/prompt ratio is largest for the Het cases, and
often 1s negligible for the 0’* transition. When the beam energy is low, only
the % and o't Rydberg transitions will be relatively unpolluted by plume
intensity and hence are preferred for ion temperature measurements even though'
they are in the UV instead of visible spectral regicns {(the wvisible Rydberg
transitions are not sufficlently excited at low energies). At low beam
energies, the He' case can be improved upon by viewing vertically with the
spectrometer or neutral beam so that the path length through the drifting ion
population is minimized.

When the drifting ion plume intensity i3 comparable to the prompt
charge~exchange signal, it affects the ion velocity distribution measurements
only insofar as the plume has nonzero intensity at radii different from the
intersection radius so that the source 1s no longer localized. Examples of
the radial distribution of the He' plume intensity ratio are shown in Fig. 20
for the 45 keV/amu case of PFig. 1B. In general, the maximum contribution
comes from the tangency radius of the spectrometer siahtline where the path
length through a flux tube is maximized. Depending on the ypa:r‘icular
experimental setup, this can be quite different from Ry, the intersecticn
radius. For Ry < Rpp. the spatial extent of the plume intensity is guite
large ard hence more reliable T; values can be expected for Ry > Rpg+ Even
then, one should correct the value of R to which a measured T; is assigned by
estimating a value weighted by the prompt and plume intensities. It should be
noted that the sharp discontinulties in the plume profiles at large R in Fig.
19 are artifacts in the calculation due to the assumption of a rectangular

profile of the beam intensity in the vertical direction. The reduction in
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intensity as the magnetic field lines rotate the plume out of the spectrometer
sightline thua shows as an abrupt drop instead of a more realistic gradual
decrease.

In general, the plume 1intensity should be checked for each case and
geometry of interest, since beam properties, plasma parameters, and
experimental conditions all influence the plume/prompt ratio. It is most
important for lowest Z elements such as He and L1, and for the rescnant 2-1
transitions for all elements since the electron excitation rate for these
transitions is a maximum for a given element. Thus it will be of considerable
imp.rtance in CXRS measurements of thermalized He ash and in low-% impurity
transport experimcnts which employ the 2-1 transitions in order to exploit

their high intensities under charge-exchange excitation.

v. EXPERIMENTAL RESULTS

Observations have been made on the PDY tokamak to illustrate ion
velocity distribution measurements using CXRS. A schematic of one of the
:experimental setups used is shown in Fig. 21. Here, one of the main heating
beams is used as the fast neutral source. Each beamline (out of a total of
four on PDX) injects near perpendicularly inte the torus with a primary beam
energy of 40 to 46 kV and total power of 1.0 to 1.5 MW. For these
experiments, the neutral beam viewed by the spectrometer (designated by its
geographical location on the torus) was not modulated, but since the beams do
not overlap, spatially 1localized measurements are still possible. The
beamline has a FWHM of 16 to 20 cm in the plasma center, and a spatial
resolution of ¢ 10 cm centered on the intersection volume is available when
the spectrometer fileld of view and beam width are taken into account. Both

the beamline and spectrometer sightline lie in the plasma midplane.
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Light collected by the collimating lens is transmitted by a quartsz
fiber optic bundle tc the remote spectrometer. Only the small collimating
telescope with an associated scanner drive is physically near the tckamak.
The major radius of the intersection region of the beam and spectrometer
sightline was varied on a shot-to-gho. basis by rotating the collimating
telegscope at the window port.

As shown in Fig. 27, a 0.5 m focal length spectrometer with a rapid
scanning mirror on the exit slit assembly is used to obtain a short range
spectral scan across the line profile every 50 ms. while this system is
extremely simple, it ‘n.as the disadvantage of relatively low efficiency, and an
optical multichannel analyzer is preferred for high time resolution with
reasonable signal-to-noise ratios.

The measurements reported here were made during a series of runs
studying the ASDEX-like high confinement regime (H«mode)32 in a single null
divertor canfiguration.33 Typical plasma parameters were Te(o) = 1.5 to
2.0 xev, i, = 1 to 4 x 10'% en”3, 1, = 400 kA, R, = 140 cm, and a = 40 cm.
The neutral beams were run with either H° or D°, and the plasma working gas
was pt except during a short run with a Hett plasma. Typical total beam power
injected was 2 to 3 MW, which required twe D° or three H° beams. Plasma
discharge lengths were 900 ms with beam injectien for 300 ms.

Spectral profiles of the Hell 4686 line with and without the neutral
beams are shown in Fig. 22 for the H® p* case. & broad component is evident
vwhen the EAST beamline is on, and this feature is caused predominantly by
charge-exchange excitation of the Het in the beam-spectrometer intersection
region. The narrow compor.:nt is due to electron impact excitation of et at
the cool plasma periphery and is present even when the nevutral beam is off
[cf., Fig. 22(a)]. The increased noise level during neutral beam heating is

due to instabilities in the plasma edge in H-mode discharges.,
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The HeII 4686 A {An = 4 to 3) line was used for these measurements
because the beam energy was usually toc low to excite sufficiently the high
Rydberg transitione of 07+ and c5+. With a 45 keV/amu H® beam, the An = 10-9
OVIII transition at 6070 A was observed during beam 4injection but with
intensities too low for reliable line profile measurements. Some of the low
intensity was due to poor sensitivity of the grating above 5500 A. Helium was
present in the plasma in concentrations of a few percent of the electrcn
density, the source being both leakage of He into the discharge from several
neutral particle energy analyzers and a small addition of He to the prefill
gas.

For the experimental arrangement shown in TFig. 21, only H® beams
provide useful T; measurements because the charge-exchange excitation of HeII
4686 R is quite weak with 22 keV/amu D°® beams and a large amount of Hett isg
required for good signal strength. In addition, the central plume/prompt
ratio is estimated to be > 1.2 for the D° beam with typical plasma
parameters. This ratio is reduced to 0.3 to 0.4 for the H® heam, and about

!
half of this plume intensity originates at radii within ¥ 5 cm of the
intersection radius.

The icn temperature and toroidal rotation velocity are determined from
the measured line profiles by using & nonlinear 1least sguares fitting
proceiare te fit a double gaussian function to the measured profile. A
polynomial is included in the fitting function to account for a time varying
background intensity. The resulting fits for the data in Fig. 22 are shown by
the solid lines. The residual difference between the fitted function and data
is shown for each case. The instrumental profile of the spectrometer is

roughly gaussian with a FWHM of ~ 1 A. The width of the broad component gives

the ion temperature in the intersection volume while the separation between
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the centers of the narrow and hbroad components gives the toroidal retation
speed with regpect to the plasma edge. Uncertainties in the derived values of
v and T, due to both statistical uncertainties in the fits and shot-to-shot
variations are included in the final uncertainty estimates. Shot-to-shot
variations were dominant for these runs,. The transition to the H-mode regime
occurred at times in the discharges that varied over a 50 ms range (from 510~
560 ms), which further increased the shot-to-shot variations. An estimate of
the edge temperature near the separatrix at r = 40 cm is derived from the
width of the narrow spectral component.

The resulting ion temperature and rotation welocity profiles for these
discharges are shown iﬁ Figs, 23 and 24 for three times in the discharge. The
error bars shown indicate estimates derived from combining the uncertainties
in the fit parameters with uncertainties from shot-to-shot variations obtained
from repeated shots with Ry = 145 cm., Central values of T, determined by
passive charge-exchange measurements of the neutral particle energy spectrum34
are also indicated. The CXRS and passive charge-exchange values agree within
their estimated error bars,

The values of T; and A rise rapidly during the early phase of neutral
injection (t # 400 to 450 ws}, and small wvariations in the neutral injector
timing and the spectrometer scanner phase can give rise to larger
uncertainties in Ti(r) and v¢(r) at early times. The 1& and Vo profiles
broaden substantially after the transition to the H-mode phase of the
discharge, and they indicate sharper gradients near the plasma edge (cf., t =
660 ms in Fig. 23). This qualitative behavior is characteristic of other
plasma properties [e.qg., Ne(r). Té(r)] in H-mode discharges., A residual plume
intensity may cause a slight decrease in the measured T; near the plasma

center, especially diaring the low ﬂe L-mode phase cof the discharge (i.e., t =
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510 ma), but should be less important at later times as “e and 'I'e rise and
hence shorten the He' ionization path length. The radial resolution in this
initial data set is just marginally acceptable and may contribute to the high
temperature values at large R, but it can be significantly improved by using a
more favorable beam~spectrometer geometry where the spectrometer line-of-sight
crosses the beamline near the sightline tangency point. It is clear from
these results that time resolved T and v¢ radial profiles can be routinely
obtained using CXRS.

The existence of a non-gaussian line profile arising from the presence
of the drifting ion plume was observed during a series of D° + He'" plasma
shots, These were most favorable for such observations because the He't
plasma gives a very high intensity signal while the 21 keV/amu D° beams gave a
high plume/prompt ratio {cf., Fig, 18). Figure 25(a) shows a BeII 46B6 A line
profile {RI = 140 cm) when the EAST beam was off, and hence the broad
component is due to the two other neutral beams (including SOQUTH in Fig. 21)
which were on. The resulting fit to a double gaussian profile shows that the
wings of the line are poorly mcdeled, suggesting that radiation from several
radii are significantly contributing to the observed emission. A similar
result is obtained in this case when only the EAST beam itself is on, but here
the direct charge-exchange signal also contributes and tends to reduce the
non-gaussian component. This is sgeen in Fig. 25(b), where again the line
profile wing is not well-matched by the assumed gaussian profiles. This broad
component in the wings of the line when the EAST beam is off was hardly
evident in the H® + D° cases plotted in Figs. 23 and 24, reflecting primarily
the advantage of using higher energy beams to reduce the relative intensity

due to drifting ions and, to a lesser degree, more favorable plasma profiles

in these He + p' discharges.
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Judicious choice of beam-spectrometer geometry allows reasonably
accurate Ti(r,t) meaaurements even with the low energy D° beanms. The
experimental arrangement on PDX was modified to reflect the arrangement shown
in Fig. 16, where the sightline crosses the neutral beam almest at the
tangency radius of the sightline. This reduces the radial delocalization due
to the ion plume, as indicated in Fig. 20 (the shape of the plume intensity
radial distribution is rather insensitive to the neutral beam energy). To
reduce any influence from other neutral beams, the NORTHWEST beam on PDX was
used since this beamline is toroidally separated from all others LY at least
r0® in either direction. [Modulation of the beam as a means of separating the
influence of various beamlines was not available for these experiments.) In
addition, an optical multichannel analyzer with an intensified photodiode
array (Princeton BApplied Research Corporation, Model 1420) was installed to
provide spectra’. line profiles every 20 ms with acceptable signal strength.

a plot of the time evolution of ijon temperature radial profiles
measured with this system is shown in Fig., 26 for D° - p* circular discharges

35 These plasmas were run

run while testing a particle scoop limiter on PDX.
at densities of ﬁe = 4 to 4.5 % 1013 cm-3 which resulted in decreasing the Het
ionization mean-free path and hence contributed to decreasing the plume ion
intensity, especially from the other beamlines. Reasonable agreement between
these results at r = 0 (Ry = 155 cm) and passive charge exchange wWas again
obtained, and a preliminary analysis of the energy balance for these

discharges (using the PPPL TRANSP code15'36

) indicates that the measured T
profiles agree to within 20% with these calculated assuming neoclassical ion
thermal conductivity. These r=sults are shown mainly to emphasize the wealth

of informaticn available using CXRS with just a few plasma shots. A detailed

transport and power balance analysis of these discharges using the above
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results along with other information on the plasma properties will be reported

elsewhere.

VI. CONCLUSION

Charge Exchange Recombination Spectroscopy clearly provides a powerful
tool for determining the ion velocity distribution in hot plasmas. Ion
temperature profiles can be obtajined with good spatial resclution using the
relatively benign low-Z impurities that are present 1in most fusion plasma
experiments. With high beam energies and/or reasonable accesa for the neutral
beam-spectrometer arrangement, simple fiber optically coupled apectrometer
systems are feasible, allowing easy access to reactor environments.

The present discussion has considerably expanded our earlier work, 2 and
a number of general observations can be made. Plasma effects, especially
ion-ion collisions, can mix different f£-levels and cause substantial changes
in expected line intensities. This results in transitions between lower n-
levels of the hydrogenic ions being the most useful for impurity ion density
measurements, and it also can cause an increase in the intensity of the
transitions between higher Rydberg states. 1In addition; L~mixing effects can
raise the expected intensities of background radiation caused by electron
impact excitation of the hydrogenic iong.

The effects of apparent line broadening due to atomic fine structure
must be evaluated and can change depending on excitation processes. This is
especially true when velocity distributions are being studied in detail. For
overall ion temperature measurements, a correction to the measured temperature
can be applied to obtain the actual ion temperature with a high degree of

confidence.
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The 3lons produced by the neutral beam which then drift along magnetic
field lines into the spectrometer line of sight and are excited by electron
collisions can significantly distert ion temperature and fully stripped ion
density measurements. This effect is strongest in very low-2Z elements because
of the low charge-exchange cross sections and high electron exciltation rates,

but may alsc cause difficulties for interpreting the intensity of An = 2-1

transitions in the higher-Z elements such as C and O. It ir -toat to
recognize that this effect is independent of beam power am’ Ao 5. ded
by neutral beam modulation unless the beam modulation time .. ‘ai’ .nan the

transit time of the ions along the field lines. This ion plume intensity can
be especially interfering when trying to measure nonthermal ion distributions
in He' or other elements because it can lead to nongaussian line profiles due
to loss of radial localization of the measurement rather than to any real
nonthermal effects.

A very simplified model for calculating the ion plume intensity has
been introduced in the foregoing discussion. The use of a one-~dimensional
model which assumes collisionless ion parallel transport along the field
lines, no significant change in the ionization balance due to charge-~exchanage
recombination, and only charge-exchange recombination and electron impact
ionization, is not rigorously applicable across the entire plasma cross
section. For the case where the ionization path length is greater than the
plasma circumference (e.g., for C5+ and o7+), the model calculations are best
considered to be more estimates than quantitative assessments of the pollution
of the prompt charge-exchange signal by excitation of drifting ions. However,
it is quite clear from Dboth our simple calculations and our experimental
results at low beam energies with unfavorable beam-spectrometer access that

the ion plume intensity has to be considered carefully for each experimental
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situation. The model used here represents a useful first step for such
evaluations.

Ion temperature and plasma bulk motion velocities can be measured in
most magnetically confined plasma experiments using CXRS. While not
necessary, modulation of the neutral beam power is highly desirable to prevent
pollution from other beams and to help discriminate against radiation from the
cool plasma edge. Visible spectral lines are most attractive for these
measurements due to ease of optical access and spectral analysis, but these
are best excited only at higher beam energies. For helium and other very
light impurities, a wvertical viewing geometry is necessary £for the most
accurate T; measurements even though rotation velocity measurements may be
sacrificed. If constrained to low energy {< 30 keV/amu) neutral beams and a
midplane viewing geometry, use of the ultraviolet lines of C5+ and 07+ will
give the most reliable measurements, but fine structure corrections must be
made, especially at low temperatures. This approach is planned for the PBX
experiment (a modification of the PDX tokamak}.

The gozl of reliable and relatively simple time~ and space-resolved ion
velocity distribution measurements seems readily attainable using CXRS
provided attention is paid to the various complications we have discussed.
While our discussion has concentrated on ion temperature measurements using
He, C, or O in tokamak devices, it is easily expanded to other elements and
magnetic confinement geometries. In addition, the considerations of
intensities, fine structure, and product ion effects obviously are relevant to
other applications of CXRS beyond that of ilon temperature and nlasma rotation

measurements.
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FIGURE CAPTIONS
Schematic of cross sections of interest for He + cOF s+ gt + c5*(n,2)
at 25 keV/amu with the direct charge exchange cross sections taken
from Ref. 18. {a) Cross section for populating each level (n,%)
directly wvia charge exchange; (b) Cascade-corrected total cross
sectiors for populating each (n,%) level; (c) Total effective cross

section for excitation of an n*m transition.

Rate coefficients for excitation of prinecipal An = 1 transitiong in
He' via charge-exchange recombination. Unified distor+ted wave cross
sections from Ref. 21 are used. The wavelength for each transition

is given in parentheses.

Excitation rate coefficients For An = 1 transitions in ¢ using the

perturbed stationary state cross sections from Ref. 18.

Excitation rate coefficients for An =1 transitions in C°F using the
unified distorted wave cross sections from Ref. 21. The wavelength

for each transition is given in parentheses.

Excitation rate coefficients for An = 1 transitions in o’* using the

perturbed stationary state cross sections from Ref. 19.

Excitation rate coefficients for An = 1 transitions in 07' using the
UDWA cross sections of Ref. 21. The tavelength for each transition

is given in parentheses.
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Critical n-value for onset of 2-mixing due to ilon~ion collisions.

T; is in keV and Ng ln unita of 1013 cm=3,
Appr~ximate n-value for onset of 2-mixing due to motional Stark
effect. Curves for both the linear and quadratic Sstark effect

estimates are shown. T; is in keV and B in Teslas.

Excitation rate coefficients for An = 1 transitions in He' excited
by charge exchange. The UDWAR cross sectlons of Ref. 21 are used and
full L-mixing is assumed for n ? 2.

5+

Excitation rate coefficients for An = 1 transitions in C with £-

mixing for n » 5. UDWA cross sections of Ref. 21 are used.

Excitecion rate coefficients for An = 1 transitions of o7+ with £~

mixing for n » 6. UDWA cross sections of Ref. 21 are used.

Fine structure influence on Doppler broadened 1lipne profiles. {a)
He* An = 4-3 field-free fine structure components; (b) same as (a)
with Doppler broadened profiles at T; = 100 eVi {c) O'% An = 6-5

field-free fine structure; (d) same as (c) with = 400 eVv.

Ion temperature correction factors due to field-free fine structure
for me' with excitation by neutral hydrogen. Cofiplete &-mixing is
assumed for n » 2. The abscissa is the value of the real ion

temperature, not the apparent value.



FIG.

FIG.

FIG.

FIG.

FIG.

FIG-

14

15

16

17

18

19

50
Ion temperature correction factors due to fine structure for C5+
with excitation by 25 keV/amu neutral hydrogen. Complete £-mixing

is assumed for n » 5.

Ion temperature correcktlion factors due to fine structure for 07+

with excitation by 25 keV/amu neutral hydrogen. Complete f-mixing

is assumed for n 2 6.

Typical experimental geometry for CYRS measurements on the PDX
tokamak. Both the neutral beam and the spectrometer line-of-sight

are in the plasma horizontal midplane.

One-dimensional geometry for drifting ion plume calculations. {a}
Neutral beam density as a function of distance along the field line;
() Relative density of recombined ions moving in the + direction
for L = 3x; = 9d; (c) Relative density of recombined ions for Ai >>

L.

Plume/prompt intensity ratios for the ©PDX geometry with near

perpendicular beam injection (RBT = 35 cm, RPE = 140 cm, a = 40 cm).

Plume/prompt intensity ratios for the TFTR geometry with tangential

injection (RET = 230 cm, RPL = 250 cm, a = B0 cm}.
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Plume/prompt intensity ratio distr’bution as a function of major
radius for the PD“ case with 45 kevV/amu hydrogen excitation of Het
4686 A (An = 4-3). Rgp is the tangency radius of the spectrometer
sightline while R; 1 the beamline-spectrometer sightline

intergection radius. Rpp = 14D cm and a = 40 cm.

Schematic of experimental setup on PDX for CXRS measurements.

Spectral line profiles of He' 4686 A line from PDX (H® + D'}. {a)
Neutral beam off with data fitted to a single gaussian profile
{solid liné) with a linear background; (b) neutral beam on with d=ta
fitted to a sum of two gaussians (solid iine) and a 1linear
background. The residual differences between the data and the

fitted functions are shown below each daty sample. A change in time

- is eguivalent to a linear change in wavelength.

Radial profiles of ion temperature for He® + pt eox plasma at three
times during the discharge. Closed circles = CXRS measurements;
open circles = passive charge exchange results. Beam injection from
t = 400 to 700 ms with Prpg = 1.5 to 2.0 MW. Transition to the
H-~mode occurred between 520 to 550 ms for all shots. Separatrix is

at R = 180 cm while the plasma magnetic axis is at R = 146 cm.

Toroidal rotation speed radial profiles for the same conditions as
in Fig. 23. RAll values of v¢ are measured relative to the value at

the plasma edge (R » 180 cm).
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Nongaussian line profiles at 4686 3 due to recombined ions drifting
into the spectrometer line-of-sight. ©D° * He'' with geometry as
shown in Fig. 21. (&) Line profile with EAST beam off and SOUTH and
SOUTHWEST bheams on; (b) Line profile with only the EAST beam on.
Solid lines are leaat squares fitted gaussians with fit residuals

shown below each line profile.

Time evolution of ion temperature profile for the D° » p* case in
PUX with the geometry of Fig. 14. Scoop limited discharges with
PA.BS & 2,3 MW, P‘PE = 153 cm, and a = 40 cm. Each intersection point
on the grid surface represents a datum. The neutral beam was on

from 300 to 600 ms.
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