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Spectroscopy of line radiation from plasma impurity ions excited by charge-exchange recombina-
tion reactions with energetic neutral-beam atoms is rapidly becoming recognized as a powerful diag-
nostic for magnetically confined tokamak plasmas. Ion temperature, bulk plasma motion, impurity
transport, and more exotic phenomena such as fast alpha-particle distributions can all be measured
with this technique. In particular, it offers the capability of obtaining space- and time-resolved ion

temperature and toroidal plasma rotation profiles with relatively 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+, C +,
and 0 with neutral-beam energies of 5—100 keV/amu. Line intensities and profiles can be affect-
ed by atomic fine structure, l-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 examples calculated
for the PDX (Poloidal Divertor Experiment) and TFTR (Tokamak Fusion Test Reactor) tokamaks.
A fiber optically coupled spectrometer system has been used on PDX to measure visible He+ radia-
tion excited by charge exchange to illustrate some of these points. Central ion temperatures up to
2.4 keV and toroidal rotation speeds up to 1.5g 10 cm/s were observed.

I. INTRODUCTION

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 quantities, the plasma ion temperature. '

However, detailed time evolutions and radial profiles of
ion temperatures 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 elec-
tron density and temperature, for which radially resolved
profiles are often the sine qua non of a reasonable descrip-
tion of the plasma. In addition, given the difficulty in
diagnosing hot plasmas, it traditionally 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 available.

The study of the profiles of spectral lines emitted from
hot plasmas has been 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 temperature of the emitting ions if broadening
due to mass motion turbulence is negligible, 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 confinement device. Detailed line-shape studies
may reveal more exotic information such as the distribu-
tion of fast alpha particles in a near-ignition plasma or the
presence of nonthermal tails generated by rf heating. " Ob-

viously, any of the above measurements presuppose the
existence of radiating ions in the hot plasma core whose
spatial distributions are limited and known in a given ex-
periment. Given that such ions exist and can be spatially
localized, a detailed knowledge of line excitation mecha-
nisms is then necessary in order to recognize possible dis-
tortions 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 recombination spectroscopy (CXRS). This ap-
proach holds promise for providing a relatively simple
measurement of ion temperatures with good spatial locali-
zation in fusion grade plasmas, and straightforwardly al-
lows time-resolved ion temperature profiles in a single
plasma shot. Ion temperature and toroidal rotation velo-
city profiles obtained on the Poloidal Divertor Experi-
ment (PDX) tokamak using CXRS are given as an exam-
ple of such measurements. Several considerations which
affect the validity of CXRS measurements of ion velocity
distributions are also addressed.

The application of CXRS to the diagnosis of high-
temperature plasmas has received much attention in re-
cent years and the rapid maturation of this technique in-
dicates its usefulness. Fonck, Goldston, Kaita, and Post,
using results from the PDX tokamak, and Isler and Mur-
ray with data from ISX-8 (Impurity Study Experiment)
originally discussed the measurements of ion temperature
and plasma rotation using CXRS. The basic technique
consists of measuring spectral profiles and shifts of emis-
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sion lines from iona in the plasma which are excited by
charge-exchange recombination reactions. Typically, a
fully ionized low-Z impurity ion and fast neutral atoms
(typically H or D ) from either a diagnostic neutral beam
or a heating neutral beam are used. The recombination
process

H'+Wz+~H++W'z '"-(n, l)

leaves the resulting ion in an excited state ( n, l) which sub-

sequently decays through photon emission. For common
low-Z hydrogenic ions such as He+, C'+, and 0 +, these
spectral lines have wavelengths which range from the ex-
trerne ultraviolet to the visible spectral regions. The cross
sections for such processes are often large () 10 ' cm )

and hence measurable intensities are obtained with
moderate neutral densities.

Local impurity ion densities and transport properties of
fully stripped low-Z impurities have been studied via re-
action equation (1) using the heating neutral beams in the
ORMAK (Oak Ridge Tokamak) (Ref. 7) and ISX-8 (Ref.
g) tokamaks, and using diagnostic neutral beams in the
T-10 (Ref. 9) and PDX (Ref. 10) tokamaks. The use of
reaction equation (1) for the diagnosis of alpha particles
has also been discussed. '" In addition to hydrogen neu-

tral beams, lithium beams are currently in use to study
partially ionized charge states of impurities at the plasma
edge. ' In general, fully ionized low-Z impurities are
most useful for ion temperature and plasma rotation mea-
surernents because naturally occurring impurities such as
C and 0 are fully stripped at tokamak electron tempera-
tures 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 transport' 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 cen-
tral ion temperature and/or plasma rotation using CXRS
have most recently been reported from the PDX, ' ISX-
8, ' Doublet-III, ' and DITE (Divertor Injection
Tokamak Experiment) (Ref. 16) tokamak groups.

In addition to the CXRS approach described above,
several other methods of determining ion velocity distri-
butions in tokamaks presently are available, ' 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 reionization and it is subject to
uncertainties due to ion-orbit effects and non-Maxwellian
distributions. As tokamak plasmas become denser, they
become increasingly opaque to the central charge-
exchange-produced neutrals and the density of back-
ground neutrals decrease. Both of these effects result in a
reduction of the fast neutral flux escaping from the plas-
ma core region. Thus a diagnostic neutral beam is neces-
sary to raise locally the central neutral density to give suf-
ficient signal levels and provide good spatial resolution.
T; may also be determined from analysis of thermonu-
clear neutron emission, but this again is sensitive primari-

ly to the high-energy tail of the ion velocity distribution,

and spatial resolution is not yet possible. The calculation
of T; from neutron emission also presupposes knowledge
of the plasma ionic composition. Measurements of the
Doppler broadening of impurity line emissions from par-
tially ionized atoms excited by electron impact give mea-
sures of the bulk impurity ion energy distribution which
can usually be related to the plasma ion temperature quite
reliably. The wavelengths of interest for such measure-
ments 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 radially
resolved T;(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—5 keV typically. The re-
quirement for a density sufficiently high to give an ade-
quate signal level may conflict with the need to minimize
the heavy impurity concentration. As central electron
temperatures increase in the next generation of tokamaks,
such as TFTR (Tokamak Fusion Test Reactor) and JET
(Joint European Torus), so likewise will the atomic num-
ber Z necessary to assure incomplete ionization in the
plasma core. The decoupling of impurity ion temperature
from the bulk plasma ion temperature must also be con-
sidered 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 impurities can
be used, no heavy impurity injection is necessary, thus
reducing the possibility of perturbing the plasma by signi-
ficantly increasing the impurity content. Furthermore,
use of light impurities ensures the measurements will
closely reflect the temperature of the bulk plasma. Natur-
ally occurring concentrations (Ez/N, —1%) of C and 0
are quite sufficient for such measurements, and as men-
tioned earlier, a single spectral line from a single ion
species can provide a full radial profile of T; since cross-
field transport is usually sufficient to ensure fully stripped
C and 0 throughout the plasma. Since the heating neu-
tral beams can often be used for these measurements, the
CXRS technique is nonperturbing. Good spatial resolu-
tion is obtained by viewing across a collirnated neutral
beam with a collimated spectrometer, and the radial pro-
file 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 Abel inversions are
necessary. It has only the relatively minor requirement
that optical access to view the beam must be available.
Judicious choices of beam injection angle and/or spec-
trometer viewing direction allow spatially resolved rnea-
surements of plasma rotation in any direction of interest
(e.g. , toroidal or poloidal directions in toroidal confine-
ment devices).

A significant advantage of using CXRS to determine
ion velocity distributions is the fact that several of the
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spectral lines excited by charge exchange have relatively
long wavelengths, ranging all thc way to the visible spec-
tral range for spectrally isolated b,n =1 transitions be-
tween Rydberg states of He+ (e.g., hn =4-3 at 4686 A),
C + (8-7 at 5290 A), and 0 + (10-9 at 6070 A). These
lines are particularly interesting because they allow ion
tcmpcratU1 c measurements whllc 1cqulrlng only
radlatlon-hardened fllllcr optic Recess to tllc I'cactol vcsscl.
The detectors and spectrometers can be remotely located
and shielded. Indeed, initial efforts on PDX and
D0Ublct-III conccntI"Rtc«i on Hc II 4686 A dUc to easy v1S1-

blc wavclcIlgtll Recess to tllc tokRI11Rk vlR flbcl' optics.
Even when the visible lines are not sufficiently bright for
line profile measurements (a discussion of line intensities
follows in Sec. II), sufficiently intense lines will usually lie
Rt, A, Q 1000 A Rnd Qo gI'RzlQg 1ncl«icncc optics oI' vacuum
access are required. Since typical tokamak plasmas of in-
terest have kT;&0.5 keV and the ion mass is low,
linewidths produced by thermal Doppler broadening are
readily resolved with conventional spectroscopic in-
strumentation.

The use of CXRS to measure ion velocity distributions
docs, of collrsc llavc soIIlc 1111lltatlolls Rlld consflalllts.
Fine-structure effects and product ion background effects
will be discussed in detail in later sections. An obvious re-
qullcITlcQt ls that good bcaID-spcctl omctcr geometry ls
needed, and, especially with tangential beam injection in
toroidal devices, not all radii may be accessible. When
several beams intersect the spectrometer line of sight,
modulation of a single beam is necessary to obtain good
spatial locallzatloll. 011 plaslIIR dcvIccs wltll ollly rf 11cat-
1ng, 8 «ilagQostlc ncutlal 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 measux'ements, so another spec-
trometer would probably be needed for such measure-
ments. Finally, if good absolute intensity results are
desired, Rcculatc CI'oss scctlons Rn«i bcRIrl particle dcnslt1cs
must be calculated for each case of interest.

In th1s paper, wc cxpan«i Upon ou1 caI'llcI work by d1S-
cussing a variety of effects that can affect the applicabih-
ty of CXRS to ion velocity distribution measurements.
The emphasis is on estimating these effects to determine
when thc mcasurcmcnts arc valid IathcI th8Q prcscnt1ng
complete theoretical discussions. For example, a fully
rigorous atomic line-structure calculation is not per-
formed but estimates are used to evaluate its importance.
As an example of the application of this diagnostic tech-
nique, we also present the first radial profiles of T» and
toroidal rotation vcloc1ty obtained v18 CXRS on tbc PDX
tokamak.

The next section discusses the expected line intensities
for most An =1 transitions of interest for He+, C +, and
0 . Thc tI'adc-Offs bctwccrl thc dcs11c fol long wave-
lengths and high intensities are indicated. Some level-
Inlxlng cffccts wlllc11 IIlay slglllflcall'tly Rltcl' tllc expected
11nc 1ntcns1t1cs Rrc also considered. Scct10Q III conta1Qs 8
discussion of the influence of atomic fine structure on the
determination of bulk ion temperatuxe. Section IV con-
S1«icI's thc 1adlal «icloca11zat1OIl of thc obscrvcd emlsslons
due to recombined 10ns drifting into thc spectrometer line

of sight. This effect is most important in the case of
He+, and specific examples for PDX and TFTR are cal-
culated as illustrations. Finally, Sec. V presents results of
measurements of ion temperature and toroidal rotation
velocity radial profiles using CXRS with He II 4686-A ra-
dratlon.

We concentrate on discussions of b,n =1 transitions in
C and 0 because these transitions have the longest wave-
lengths and these elements are typically the most abun-
dant impurities in magnetic confinement devices. In addi-
tion, He is discussed both because of its long wavelength
txansitions and. its relevance to helium ash measurements.
The concentration on low-Z impurities instead of the
plasma ions themselves (H+ or D+) arises from the fact
that, in most experiments, there can be RQ unknown mix-
tlllc of H Rlld D dcpclldlllg 011 thc pRrtlclllal' 1'lllllllllg
conditions. However, when the plasma working gas does
conta1Q Only Onc 1sotoplc species~ this technique CRQ bc
used on the plasma ions themselves. ' The work present-
ed here can obviously be extended to other low- and high-
Z impurities (e.g. , Ti or Fe), even to the hard-to-detect
He-like and H-like charge states of heavy metals (e.g.,
Fe +). Finally, we note that a tokamak plasma device
will be assumed in all further discussions, but the diagnos-
tic approach would be similax' in other magnetically con-
fined plasma experiments.

II. I.INE INTENSITIES

M
BI"= g (ou)J f NzNJdl,

j
where (o U )J is the rate coefficient for excitation of wave-
length A, by the Jth beam vcloc1ty coGlponcnt, Xz 1s thc
impurity ion «icnslty, Rnd Nj 1s thc beam palt1clc coIIl-
pollcllt Kt vclocl'ty UJ =U I /v J . Tllc slllllIIlatloll ls ovcl
the various beam energy components, and usually M =3
for hydrogen beams. The intensity contribution from the
relatively slow halo neutrals is negligible for most of the
considex'ations in this paper and hence neglected. The in-

(2)

The ability to calculate spectral line intensities for
CXRS measurements is necessax'y in order to evaluate
which lines to use for specific purposes. While the deter-
mination of the density of a fully stripped impurity via
CXRS obviously requires knowledge of the total excita-
tloll rRtc fol tllc llllc Illcasul'cd, lt ls also 1111poItRllt to
estimate excitation rates for other hnes 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
domrnated by charge exchange rather than electron Im-
pact excitation, and hence allow good spatial localization
of the emitting source. In this section we discuss excita-
tion latcs Rppllcablc to CXRS Rnd proccsscs which may
alter these rates, especially for long-wavelength emissions
arising from Rydberg state transitions.

%"hen a spectrometer sightline crosses a neutral beam,
the intensity for a transition at wavelength A, due to
prompt charge-exchange (cx) recombination events is
g1vcn by
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tegral in Eq. (2) is along the spectrometer line of sight and
is replaced by NzNJlj if the intersection length for the
sightline and beam is small. Here, l~ denotes the effective
path length of the spectrometer line of sight through the
beam for the jth beam component. If (o v )J. is in units of
cm s ', and Nz and NJ in units of cm —3, Bk" has the
usual intensity units of photons/cm s sr.

It is worth noting as an aside that 8~" in general does
not depend on the electron temperature, and one can ex-

pect to observe ions in regions of the plasma where T, is
too low to excite the transitions via electron collisions (i.e.,
near the plasma edge). This also eases the uncertainties in
calculating local impurity densities Nz.

The problem of calculating 8'" consists of calculating

NJlj and (nv )J for specific cases. The beam particle
column densities are readily calculated via a beam at-
tenuation code, given specific plasma density and tem-
perature profiles and a specific beam-spectrometer
geometry. These calculations use the total stopping cross
sections used in Ref. 17 and are not discussed further here
except as the results are applied to specific cases of in-

terest.
Several theoretical techniques are used to calculate the

cross section o(n, l} for populating a given atomic level

with principal quantum number n and orbital angular
momentum number I after a charge-exchange collision,
with different techniques appropriate for different energy
ranges. 's The calculation of specific values of o(n, l} for
given energy ranges is presently a very active area of
theoretical atomic physics, and values for a wide range of

I

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 neutral
beam particle prefers to transfer to excited levels in the
product ion [A ' in Eq. (1)] which preserve its orbital
energy and radius. ' This leads to a peaking of
o(n)= g& o(n, l) in n with n,„=Z ~~. As the beam en-

ergy increases, the width of this distribution in n increases
and higher n states are populated. The l distribution of
o(n, l) for a given n state also is peaked, with o(n, l) in-

creasing sharply as / increases for n &n,„and tending to
level off or peak at I n-,„ for n & n,„T.hus, for tran-
sitions between states near or below n,„, the high-I
(yrast) states are predominantly populated and the subse-

quent 4n =1 decay transitions are the most intense. The
change-exchange reaction produces very little momentum
charge for the recombined ion and hence does not disturb
the ion velocity distribution.

The observed intensities are determined by the cascade
of the excited electrons from their initial distribution pro-
duced by the charge-exchange reaction, and this of course
results in a line-intensity pattern that does not at first
glance look like the initial 0(n, l) distribution given by
theory. For example, Fig. 1(a) shows schematically the
distribution of o(n, I) for a given case of
H +C +~H++C +(n, l) as calculated by Green, Ship-
sey, and Browne. The cascade-corrected cross section
for the ( n, I) level is given by

e) n+k —1

~c( i~~) g g [ bn, l;n +1, /& bn +l, l&,'n+2, I2+ +bn+k —l, lk &, n+k, lkod(n +k~lk)]
k=1 Ik ——0

where od(n, l) is the direct charge-exchange cross section
and b„r.„i is the branching ratio for electric dipole transi-
tions from level n'1' to nl (note that b„i.„& ——0 unless
I'=1+1). These branching ratios for hydrogenic atoms

I

are readily calculated using standard references. The sum
in Eq. (3) is terminated at some large value of n (usually
taken to be 10 herein) beyond which crd is negligible. The
cascade-corrected cross sections for the case in Fig. 1(a)

I 2 3 4 5
(b)

L=O I 2 3 4 5
(c)

M=l 2 3 4 5

H+C H +C {n l)
ED =25 keV/amu

FIG. 1. Schematic of cross sections of interest for H +C +~H++C'+(n, l) at 25 keV/arnu with the direct charge-exchange cross
sections taken from Ref. 18. (a) Cross section for populating each level (n, l) directly via charge exchange; (b) cascade-corrected total
cross sections for populating each (n, l) level; (c) total effective cross section for excitation of an n ~m transition.
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t
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Assuming mz 2Zm——

&
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proton mass, we find that for z, Z(10, n (20, and
kT; & 10 keV, within a variation of only +26%,

1/2 ' '2
z,~ H, ~ Zz z 0.091
I Af Z+ Z ~T,

where from now on T; is in keV and qg' is the proton-
proton 1-mixing rate calculated by Pengelly and Seaton
for N, =10 cm and T=l eV. This form allows their
numerical results for q„&' to be scaled directly to the
present cases of interest. If several ion species are present,
the total reaction rate for l-mixing transitions from state
( n, l) to (n, 1+1) is given by

1/2
zz Ha 0.o91 2 Zzg N, q„i'——q»'

z g N,z
Z Tl z +z

p is the reduced ion mass of the colliding particles, T; is
the ion temperature in K, and m is the electron mass. If
the Debye radius is used as a cutoff length for the col-
lisional interaction, the last term in Eq. (5) is given by

I

are mixed in our denser, hotter plasmas. This procedure
eliminates the need to reproduce the laborious evaluations
of excitation and spontaneous emission rates for each
case S.ince ~„ i -n and q„ i -n [cf. Eq. (6)], the criti-
cal density for a given (n, l) sublevel varies roughly as
n and one expects this criterion for / mixing to be fair-
ly sharp in n U.sing the results from Fig 4.of Pengelly
and Seaton, which plots the critical density N„(n) as a
function of n, we use Eq. (12) to produce Fig. 7, which
plots the critical value of N, (in units of 10' cm ) as a
function of n. If, for a given case, the value of the ordi-
nate lies above the curve for a given n state, collisional I
mixing can be neglected to lowest order, while a statistical
distribution among 1 states can be assumed if the value
falls below the curve. For example, with N, =2X10'~
cm, T; =1 keV, and Z,rr=2 (typical PDX parameters
halfway out from the center), all levels with n & 5 for car-
bon and n & 6 for oxygen can be considered to be mixed
collisionally, and the relative population among the vari-
ous I levels in a given n state is then given by their statis-
tical weights (2l+1)/n .

Before examining the consequences of this I mixing on
the rate coefficients, we consider a second I-mixing pro-
cess which can be dominant in certain parameter regimes.
As an ion gyrates around a magnetic field line, it sees an
electric field in its own frame which is perpendicular to
the magnetic field direction and whose magnitude is given
approximately by (in V/m)

0~0.106 1=e»'
T Z

where the square root term in the sum has been replaced
by its median value assuming z and Z range from 1 to 10.
For z and Z & 10, n & 20, and T; & 10 keV, the relation in
Eq. (8) is accurate to +68%. If heavy impurities have
negligible densities, the sum in Eq. (9) is just the product
N, Z,rr where Z,rr

—=g N, z /N„and Eq. (9) reduces to

I I I I I I I I I I I I I I I I

(10)

The I levels can be considered to be mixed collisionally
when A„gv„g & 1 where

~nI =Z'~nI (11)

is the total spontaneous emission rate out of the (n, l) lev-
el. For complete l mixing of a given n state, a sum over
all I values must be made, and the resulting critical value
of N, above which a particular n state will be mixed col-
lisionally is given by

4P

c4
C)

N, (n)
Zeff 0.106 1

Z T].
(12)

O
I I I I I I I I I I I I I I I I

4 6 8 lO l2 l4 l6 l8 20
This result shows that we can replace the critical N, given
by Pengelly and Seaton for a given n state by the quantity
on the left side of Eq. (12) to estimate the n states which

FIG. 7 Estimate of critical n value for onset of I mixing due
to ion-ion collisions. T; is in keV and N, in units of 10' cm



29 DETERMINATION OF PLASMA-ION VELOCITY DISTRIBUTION. . . 3295

1/2

F =vB=2.20)& 10 B,vXB Z (13)

where the ion thermal speed is used and T; is in keV and
B in T. Clearly, large fields can be experienced and the
atomic Stark effect acts to mix states of different parity
(i.e., I). Since both Zeeman and Stark splitting of the
various atomic sublevels are simultaneously present, the
situation can become rather complex as n increases and
the perturbations become comparable to the energy spac-
ing between adjacent fine-structure levels. It is just this
strong mixing regime which is of interest for gaining esti-
mates for critical n levels above which this motional Stark
effect can cause severe l mixing. The problem is not near-
ly as amenable to straightforward calculation as was the
collisional l-mixing case, but a crude treatment does allow
progress to be made. In the spirit of other qualitative
treatments of strong field mixing regimes in atomic struc-
ture, we obtain an estimate for the onset of Stark mixing
between different l levels by comparing the energy shift
due to the motional Stark field to the field-free fine-
structure energy differences.

Ignoring nuclear mass effects and Lamb shifts, the en-
ergy of a given level in a hydrogenic ion with nuclear
charge Z, principal quantum number n, and total angular
momentum j is given by

E(n,j)= — 1+Z (aZ) 1 3

n n k 4n
(14)

where A' is the Rydberg energy (13.6 eV), a is the fine-
structure constant, and k =j + —,

' = 1,2, . . . , n. Then the
energy splitting between fine-structure levels in the same
n level with j values differing by 1 is

a2Z4
b, EFs ——— (15)

hE 3
4~eoao n(n —1) ~S—

e
(16)

where F is the applied electric field and ao is the Bohr ra-
dius. Of course, severe 1 mixing occurs long before this
Stark pattern fully develops. We estimate when l mixing
will start by 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 8 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 magnetic
field and couples states through the (njm

~

x
~

njm') ma-
trix elements with the selection rule m ' =m + 1 (or
mi =mi+1) assuming the 8 field is along the Z axis.
But these m levels are no longer degenerate due 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

In the limit where the Stark shifts are much larger than
the fine-structure separation, the n manifold splits into a
series of equally spaced levels which have a total energy
separation of

4 2

=(eF )vxB Z& pQ
(17)

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 is the Bohr magneton. Equating bE~ with
the spacing between the most closely spaced field-free
fine-structure levels yields a rough estimate of the
minimal value of n for the onset of I mixing. Combining
Eq. (15) (with k =n) and Eq. (17), we get for n &&1

1/9Z7
ng=2 04.

TlB
(18)

with T; in keV and 8 in T. Stark mixing of I levels can
be considered important for all n )ng. This estimate is,
of course, crude and somewhat pessimistic since we only
require that the Stark shift equal the minimal fine-
structure spacing, but it does illustrate the general features
that ns depends almost linearly on Z and very weakly on
T; and B.

Since we are in a regime where the motional Stark field
can be large (due to high T; and 8), and since, with a 8 of
several T, the magnetic perturbation of the field-free ener-

gy levels can approach the fine-structure separation, the
motional Stark effect may in fact be more linear than
quadratic in the magnetic field strength. As n increases,
the Zeeman shift of a given m~ level

bEz =mpo8, (19)

becomes comparable to EEFs and the Paschen-Bach re-
gime is attained. Thus states with hm =+1 can approach
degeneracy with respect to the Stark perturbation. Ignor-
ing the Zeeman splitting, the energy separation between
previously degenerate levels with j=n /2 due to an electric
field F is given by

bE =3 — FA .
4 Z (20)

Using the motional Stark field for F, and equating this
shift to the minimal fine-structure separation gives

Z11
ns -1.91 (21)

T;B2

as an estimate of the critical value of n at which I mixing
due to the motional Stark field may become important.
Again, a near linear dependence on Z and weak depen-
dence on T; and B are evident.

The critical n values for Stark mixing given by Eqs.
(18) and (21) are plotted in Fig. 8, and the interpretation
of the plots is similar to that for the collisional l-mixing

has no electric dipole moment perpendicular to the field
even though, in the absence of the magnetic field, the j de-
generacy of the energy levels allows a net dipole moment
to exist.

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

~
(njm

~

exF -
~

njm')
(SE~= VXB

2p08
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G
l l l l l l I I I l I l I I l

4 6 8 IG I 2 I 4 I 6 I 8 2G

FIG. 8. Approximate n value for onset of I mixing due to
IIlotlonal Stark effect. Curves for both thc llncar and quadratic
StM'k effect cst1IQatcs arc shown. Tq ls ln kcV and S 1n T.

case. Po1 8 g1vcn Z, 1&, Rnd 8, RQQ PE valUcs to thc right
of the curve can be considered to have the I levels mixed
while those to the left will be unmixed. Unlike the col-
lisional case, the criteria for I mixing is not well defined.
The two values of ns in Fig. 8 are quite close to one
another, and to evaluate the importance of Stark mixing
COHlPRfed tO COllisiOQRI / IIllXlng, %'C takC %hiCheVef 1S

lower for given plasma conditions as our criteria for
whether a given n state has significant Stark mixing. For
T~ approximately a few keV, 8 =2 T, and Z =2—8, one
feadllf coQCIUdcs that coHlslonal Hllxlng Is still thc dolIl-
inant process for causing a mixing of I-level populations
Rt thc lowest possibIc fE valUcs. However, 1t sccIIls poss1-
Mc tIlat Stark IMxlng Hlap bccoHlc 1IIlpoftaIlt Rt cond1-
tions with high temperature, high field strength, and low
dCQSltf.

The consequences of severe I mixing on the rate coeffi-
cients for charge-exchange excitation are estimated by in-
s1stlng &at above soIIlc clltlcRI 1cvel n~, glvcn bg P1gs. 7
and 8, the I levels for a given n state are fully coupled
[with relative populations (21+1)/n ] during the cascade
process. For typical PDX parameters, we have n, =2 for
He+, n~ 5fo~r C +, aiid n~ —6 foi 0, and tlie iate'
coefficients plotted in Figs. 2, 4, and 6 are recalculated
Rnd plotted 1Q Pigs. 9, 10, Rncl 11 %'1th statistical distribU-
tions imposed during the cascades for all n &n, For.
n &n, the preferred coupling of the low I levels to the
lowest energy states and the strong coupling of all I levels
to one another in the excited state causes a larger fraction
of the clcctI'ons to drain t1MoUgh talc An ~ 1 channels than
woUki clo so 1Il thc abscncc of I IIl1xlng. Likewise, 8 drop
in excitation rates for An =1 transitions out of the lower
states occUfs &1th I H11x1ng Rt hlg4 n bccaUsc thc cascad-
ing electron distribution has shifted to lower I values and
t4c An Q 1 tfansltlons RI'c tllcn cncfgctlcallg pfcfcffcd. As
CRQ bC SCCIl b$ COHlpaf1ng P1gS. 2—6 Rnd 9—11, thC OVCfRH

effect of I mixing is to reduce the rate coefficients for
most of the b,n =1 transitions, especially for n & n,

Thc IcsUIts presented hclc RI'c Qcccssarilg qURIitativc
due to the simple model used for I mixing, but they do il-

G. I ~ l l

G 40 6G 8G
E 4 keV/emu)

FIG 9. Excitation rate coefficients for Ln = I transitions in
He+ excited by charge exchange. The UD%'A cross sections of
Rcf. 23 arc Used and full I mlxlng 1s assUmcd for n P 2.

2G IGG

lustrate the importance of more detailed studies of the in-
fluence of collisional mixing on CXRS. It is interesting to
note that the b, n & 1 transitions can be most affected by I
mixing. For example, at 25 keV/amu, the 7-3 transition
ln 0 1s 2.7 tlHlcs Hlol c 1ntcnsc %'1th I IIllxlng than
%'itkoUt w1Mlc thc 3-2 tfanslt1on has 8 corresponding fat1o
of 0.65, resulting in an intensity ratio change of & 4 above
that expected without I mixing for n & 6.

A further consequence of the presence of I-mixing ef-
fects is the general principle that the lowest accessible
b,n =1 transitions are best suited for accurate fully
striPPed iHlPUf it/ dcnsltV HlcasUfeHlcnts Using CXRS.
This 1s so bccRUsc thc cascade pI'occss tends to %"ash oUt
uncertainties in the (n, I) distributions at high n and hence
the lower 6n =1 transitions are least affected by a lack of
precise knowledge of the direct (n, l) distributions and I-
mixing effects at high n

Pinally, I-mixing processes can substantially alter the
1ntcnsltp of light cIDltted 4g thc plasHla dUc to electron ex-
citation of the hydrogenic ions which will inevitably be
prcscnt 1Q tile cooler plasHla pcf1phe~. This fad18tlon ls
Rt thc sRIIlc wavelength Rs that excited 5P PI'oHlPt CIlafgc
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predominantly by Doppler effects. For an ion species
vnth a Maxwellian distribution and temperature T; in
keV, the full width at half maximum (FWHM) of the
Gaussian line shape is given by

where v is the wave number of the transition and the ion
mass is taken to bc 2zm&. For hn =l transitions in hy-
drogenic ions, the wave number of the emitted photons is
given by Eq. (14) to be

2Zv= 9F (23)
Pf

for high-n values. Using Eqs. (19), (22), and (23) one can
readily conclude that the unresolved Zeeman splitting is
negligible compared to Doppler broadening for T, ap-
proximately equal to a few keV and 8=1—5 T. Like-
vnsc, motional Stark broadening is almost ahvays Inuch
less than thc Doppler width. Although Zccman and Stalk
broadening of a line are less than the total separation of
fine-structure components for our range of n and Z, one
has to evaluate whether the unresolved fine structure itself
may giVe riSe tO inCOrreCt temperature meaSurementS.
Any such effect will be most pronounced at low T; where
the Doppler broadening is sInall. 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 Ti, subtleties in the line wings can be
mistakenly attributed to nonthermal ion velocities. To as-
sess 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 allow us to calculate
correction factors to be applied to TI measurements when
Eq. (22) is used to derive T; from the FWHM. Since
atomic fine structure is often the dominant broadening
mechanism for the unresolved manifold of lines, we
neglect Zeeman splitting and use the field-free energy lev-
els.

Tllc cIlcl'gy lcvcl of dlscl'ctc ( II,J) states of llydl'ogcnlc
ions has been tabulated to high accuracy by Garcia and
Mack and we use these values to evaluate the wave-
lcllgtlls of Rll electric dlpolc traIlsltlolls bcfwccll s'tates
with b, n =1. The relative intensities of given fine-
structure transitions are obtained by using the cascade-
corrcctcd cross scctlons foI' cxcltatlon via charge cxchangc
as given by Eq. (3) and including I mixing in higher n

states where appropriate. The population of different j
levels of the upper state is obtained from the cascade-
corrected I distribution and the Burger-Dorgelo-Ornstein
sunl Illlc. SRnlplcs of thc I'csultlng llltcnsltlcs RIld posi-
tion of fine-structure components are shown in Fig. 12,
along %'1th thc same transltlons each having a Gaussian
profile due to Doppler broadening. The sum of all the
fine-structure components is the overall envelope and
represents the actual measured 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 ap-
parent value gives the correction factor by which experi-
mental values of T~ should be multiplied to arrive at the
actual ion temperature. These ratios for all hn =1 transi-
tions of interest of He+, C'+, and 0 + are shown in Figs.
13—15 for beam energies of 25 keV/amu, and using the

He Ij
0.5- un=4

Tl =0 eV
I—

0.2—

~~ O. t—
CL

~ 0.8-
CA

0.6—

0l
4686.6

0.3
(C)

0 V~ll

An=6-5
T =GeV

I I t ! I J 1

WaVELE NGTH (C)

(d)
0 vs~I

h, f) =6-5
T =400 eV

4J~04—
l—

~ 0.2—

0 Ii 0
I I 65 I I 64 I I65 t I66 I t62 I I65 I t64 I t65 I I66

@AVEt ENGTH (C) WAVELENGTH(A)
FIG. 12. Fine-structure influence on DopplcI' broadened 11nc profiles. (a) Hc API =4-3 field-f Ice 'Anc-structure coInponcnts; (b)

same as (a) with Doppler broadened pr'ofiles at T; =100 eV; (c) 0 + hn =6-5 field-free fine structure; (d) same as (c) with T; =400
eV.
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where Qi, „& is the electron excitation rate for the ls-np
transition, bi„ is the branching ratio for the transition of
interest, and Nz"

1 is the density of ions produced by
charge exchange between the beam neutrals and ions with
charge Z at a radius R. The integral in Eq. (24) is 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 R.) We
express Nz" i as a function of the value it attains in ioni-
zation charge-exchange equilibrium in the beam volume:

Nz(R)
Nz", ——g(R) g Nj(ou) T,

e Z —i e j=1
(25)

FIG. 16. Typical experimental geometry for CXRS rneasure-

ments on the PDX tokamak. Both the neutral beam and the
spectrometer line of sight are in the plasma horizontal mid-

plane.

where Nz is the density of ions with charge state Z at a
major radius of R, N, is the electron density, Iz i(T, ) is
the ionization rate coefficient for the Z —1 ion species,

NJ is the density of beam neutrals with energy Eu/Vj,
and (O.u)j is the total recombination rate coefficient of
the Z ion species due to charge exchange. The propor-
tionality factor g(R) depends on the parallel transport of
the recombined ions along the field lines and the particu-
lar beam-spectrometer geometry being used, and is dis-
cussed in more detail below. Since we are usually interest-
ed in fully stripped low-Z impurities in hot plasmas, it is
reasonable to assume that Nz is roughly proportional to
the electron density, Nz(R) =N, (R) Xconst.

Assuming a relatively narrow neutral beam so that the
integral in Eq. (2) can be replaced by average values, the
ratio of the radiation due to the ions drifting into the
spectrometer sightline (which we henceforth refer to as
the ion "plume" intensity) to the prompt charge-exchange
signal at the same wavelength is given by

Bg = f N, (R)Nz i (R)Q i, „'(R)bi dl, (24)

torus into the view of the spectrometer. For example, ions
with charge Z —1 created in the beam volume near point
3 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 spec-
trometer sightline, is comparable to the 1ocalized prompt
charge-exchange emission at R =RI, an erroneous ion
velocity distribution (and/or fully stripped impurity den-

sity) will be derived since one is sampling ions created
over a large range of R. This problem is most severe for
lower-Z elements since the excitation energies of the
charge-exchange-induced transitions are very low. It is
especially relevant for measuring thermal He ash densities
or for CXRS temperatures based on He +. Unlike in-
terfering radiation from the cool plasma periphery, this
electron excited component from radii different from RI
cannot be discriminated against by modulating the beam
since it will be in phase with the 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 intensity of light at wavelength k due to elec-
tron excitation out of the ground state is given by

gCX 3

N, (RI) g f(Nl(RI)) (cru)"]

i. .I'(R)bi,
X f, N, (R)g(R)

z —i e

3

g NJ(ou)i dl .
j=1

(26)

Note that this ratio is independent of the beam power
since Xj is in both the numerator and denominator.
Hence this plume emission can be significant even if the
power itself is not sufficient to change the overall ioniza-
tion 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 equals the
ionization rate while the total charge-exchange rate is al-
ways greater than or equal to the rate for exciting a given
transition. The plume-to-prompt ratio then reduces ap-
proximately to the ratio of N„weighted by g and in-
tegrated along the entire spectrometer 1ine of sight, to the
value of X, at the intersection point times the beam
width.

The plume attenuation factor g(R) is estimated by con-
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where ~;=X,Iz j is the electron impact ionization time
and r,„'= g nj. ( o v )J . For simplicity, we also assume

that the ionization distribution is not drastically changed
so that we may take the density of fully stripped ions, Nz,
to be constant. Expressing the density as a fraction of the
value obtained in equilibrium in the beam region

sidering the transport of ions along the magnetic field
lines. This problem has been addressed by Clark et al.
for the DITE tokamak for the general case where paral-
lel diffusion is sufficiently slow that toroidal asymmetries
in the impurity ion distribution can be sustained. We fol-
low their treatment of the problem but restrict our discus-
sion to plasmas where T, &1 keV and Z,ff(2 so that
over most of the plasma, the impurity ions are relatively
collisionless. That is, the collisional mean free path is
&2m.Rpiq where Rz~ is the plasma major radius and q is
the safety factor due to the rotational transform of the
magnetic field. This assumption is usually valid for neu-

tral beam heated plasmas, and it allows us to obtain a
simple expression for g(R).

Ignoring the rotational transform of the field for the
moment, we consider a one-dimensional model for the ion
motion along the field line. Referring to Fig. 17, we let S
denote the displacement along a field line and, for
—d &S&d, a neutral density from a neutral beam in-

duces charge-exchange reactions between the beam neu-

trals and impurity ions with density Nz to produce parti-
cles with density Nz ~. The length of the field line
around the torus is taken to be 2L. Taking ionization and
charge-exchange recombination to be the dominant atom-
ic processes (which is easily the case for He, and less valid
for 0), the continuity equations for particles moving in
the +S direction are

we use continuity at
~

S
I
=d and

I
S

~

=L to solve for g,
which is just the plume attenuation factor of interest. The
general solutions are

sinh[(L —d)/1 ] —su, .

sinh(L /A, ; )

for d &S& —d, and

2 sinh(d/A, ; )
&+(S)= —2L, u

1 e

for L &S & d, and

2 sinh(d/1, ; ) —(2L+S)/k
e l

—2L /A, ,
1 —e

(29a)

(29b)

(29c)

g(S)= e ' (S&d) . (3O)

for —d &S(—L. Here k;=v~; is the ionization mean
free path for particles with velocity v. We have taken
v =(2kT/mm)', but in the very collisionless case, the

g+ could equally well be integrated over a Maxwellian
distribution. This only changes the final result by about a
factor of 1.5 or so at most. The + subscript on g indi-
cates that we have considered only particles going in the
+S direction, and there is an identical population going
in the —S direction that must also be included. Putting
these results in the context of our experimental situation,
we have L=m.Rq, while S represents the arc length
around the torus between the neutral beam center and the
spectrometer sightline at a given R, and 2d is the intersec-
tion length of a magnetic flux tube through the neutral
beam at R.

We consider two limiting cases of practical interest.
For very low Z, such as He+, it is usually true that
2d (&A,; «L. That is, the hydrogenic ions are reionized
to the fully stripped state before going once around the
torus (hence the term ion plume). Here the negative-going
ions never reach the spectrometer line of sight and the
plume attenuation factor becomes

I—~ cn
Ct: ~
I
—~
Ld ~

LU
CCI

z
Xz

((I)

LLI
CL

-L -d 0 d

(28)
Then for S«A, ; (i.e., for points on the spectrometer
sightline near the beam), the plume attenuation factor is
just one-half the beam width along the flux tube divided
by the ionization mean free path. For higher Z such as
oxygen, the limit 2d «L «A, ; is more applicable and we
have

(b)

CL

-L -d 0 d

(c)
N aZ

LLI
CL

-L
I I I

-d 0 d

DISTANCE ALONG FLUX TUBE

FIG. 17. One-dimensional geometry for drifting ion plurne
calculations. (a) Neutral beam density as a function of distance
along the field line; (b) relative density of recombined ions mov-

ing in the + direction for L =3k,;=9d; (c) relative density of
recombined ions for A,; »L.

g(S)=—
L

(31)

which is just a simplified case of the ions being in
ionization-charge-exchange equilibrium around the torus
but with the neutral beam density being the volume aver-
aged neutral density instead of the local beam density.
This is just the expected limit for A,; »L.

It is the short A,; limit that gives the greatest ion plume
intensity contribution, and hence the problem in general
will be more severe for He than C or O. We note, howev-
er, that since k; & mR, the hydrogenic ions do not circle
the torus before ionizing and the spectrometer line of
sight through the ion plume can be minimized by viewing
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vertically instead of in the horizontal midplane or, con-
versely, the beam could inject vertically.

We have calculated the ion plume to prompt charge-
exchange intensity ratio given by Eq. (26) for cases of in-
terest on the PDX and TFTR tokamaks to illustrate typi-
cal results. A computer code calculates the expression in
Eq. (26) using Eqs. (29) as appropriate to account for all
intersections of the neutral beam and spectrometer sight-
line with a given flux surface of major radius R. Before
discussing the results, we note two subtleties of the calcu-
lations. The first is that presence of l mixing in excited
states can increase the branching ratio drastically above
that with no I mixing, resulting in a greatly en-
hanced plume intensity. For example, the He?I 4686-A
(4-3) line is increased by a factor of 7 by the presence of I
mixing when excited from the ground state by electron
impact, as previously mentioned in Sec. II. The second
point is that the field lines in a tokamak do in fact have a
nonzero rotational transform and, depending on the beam
height, spectrometer viewing geometry, and the separation
along a flux tube between the beam and spectrometer
sightline, the ion plume can rotate around the center of
the plasma and not cross the spectrometer 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 B&/BT -a /q (a)R for all r
down to some r near the plasma center, where
r =R —Rz~ is the minor radius of a given flux surface, 8&
is the poloidal field strength and BT 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 zero 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 constant
Bz/BT down to some cutoff r is roughly consistent with
the rotational 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 to derive Bz(r, t). Although relatively crude,
these assumptions allow us to get first-order estimates of
the plurne intensity and spatial distribution. The calcula-
tions 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 neutral beam and vary the tangency radius
of the spectrometer sightline to scan the intersection re-
gion in R. Parabolic density profiles with the temperature
profiles proportional to the square of the density profile
are assumed for both cases. Rzi ——145 cm, a =40 cm,
N, (0)=4&&10' cm, and T, (0)=1.5 keV are used for
the PDX example while the TFTR case has R&I ——250 cm,
a =80 cm, N, (0)=5X10' cm, and T,(0)=1.5 keV.
The safety factor q(a) at the plasma edge 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 distinguishing
feature between the two cases is that the beam injection
angle in PDX is near perpendicular with a 35-cm tangen-
cy radius while in TFTR the injection is nearly tangential
with a tangency radius of 230 cm. The toroidal separa-
tion in the plasma midplane between the spectrometer

IO,

C)
CL

~10

P4)
1 I

I l0 l 30 l 50 190
Rz (crn)

FIG. 18. Plume-to-prompt intensity ratios for the PDX
geometry with near perpendicular beam injection (8»——35 cm,
Rpr ——140 cm, a =40 cm).

10
90 l70

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 cm 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 (H ) is assumed for TFTR. For comparison,
the 90-keV/amu case is calculated for PDX also. The
beam species ratio 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 Mewe
and electron ionization rate coefficients from Bell et al.
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 inter-
section radius for these two cases in Figs. 18 and 19 for a
few transitions of interest. These results show a few gen-
eral features that merit mentioning. The drop with beam
energy reflects the increase in the charge-exchange excita-
tion 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
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FIG. 19. Plurne-to-prompt intensity ratios for the TFTR
geometry with tangential injection (R&T——230 cm, Rpl ——250 cm,
a =80 cm).

340

He+ seen in Fig. 19 compared to the He+ cases in Fig. 18.
This is evident from a comparison of the 90-keV/amu
case to the lower energy cases in Fig. 18. Also, the simi-
larity in the ratio for the hn =10-9 0VIII transition and
the 7-6 0VIII transition is due to the rapid drop ( —1/n )

in both the charge-exchange and electron impact rates as
n increases.

As expected, the plume-to-prompt ratio is largest for
the He+ cases, and often is negligible for the 0 + transi-
tion. When the beam energy is low, only the C + and
0 + Rydberg transitions will be relatively unpolluted by
plume intensity and hence are preferred for ion tempera-
ture measurements even though they are in the uv instead
of visible spectral regions (the visible Rydberg transitions
are often not sufficiently excited at low energies). As
mentioned earlier, 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 popula-
tion is minimized.

When the drifting ion plume intensity is comparable to
the prompt charge-exchange signal, it affects the ion velo-
city distribution measurements only insofar as the plume
has nonzero intensity at radii different from the intersec-
tion radius so that the source is no longer localized. Ex-
amples of the radial distribution of the He+ plume inten-
sity ratio are shown in Fig. 20 for the 45-keV/amu case of
Fig. 18. In general, the maximum contribution comes
from the tangency radius of the spectrometer sightline

0 I I I pl
I 20 140 l60 180 I 20 I 40 I 60

MA JOR RAD IUS (cm) MAJOR RADIUS (cm)

FIG. 20. Plume-to-prompt intensity ratio distribution as a
function of major radius for the PDX case with 45-keV/amu
hydrogen excitation of He+ 4686 A (En=4-3). Rqz is the
tangency radius of the spectrometer sightline while RI is the
beamline-spectrometer sightline intersection radius. R~I ——140
cm and a =40 cm.
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V. EXPERIMENTAL RESULTS

Observations have been made on the PDX tokamak to
illustrate ion velocity distribution measurements using

where the path length through a flux tube is maximized.
Depending on the particular experimental setup, this can
be quite different from RI, the intersection radius. For
RI & RpI the spatial extent of the plume intensity is quite
large and hence more reliable T; values can be expected
for RI &RpI. 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 plurne intensities. It
should be noted that the sharp discontinuities 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 reduc-
tion in intensity as the magnetic field lines rotate the
plume out of the spectrometer sightline thus shows as an
abrupt drop instead of a more realistic gradual decrease.

In general, the plume intensity should be checked for
each case and geometry of interest, since beam properties,
plasma parameters, and experimental conditions all influ-
ence the plume-to-prompt ratio. It is most important for
lowest-Z elements, such as He and Li, and for the
resonant 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 importance
in CXRS measurements of thermalized He ash and in
low-Z impurity transport experiments which employ the
2-1 transitions in order to exploit their high intensities
under charge-exchange excitation.
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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 perpendicular-
ly into the torus with a primary beam energy of 40—46
keV and total power of 1.0—1.5 MW. For these experi-
ments, 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, spa-
tially localized measurcInents are still possible. The
beamline has a FWHM of 16—20 cm in the plasma
center, and a spatial resolution of & 10 cm centered on the
intersection volume is available when the spectrometer
field of view and beam width are taken into account.
Both the beamline and spectrometer sightline lie in the
plasma Inldplanc.

Light collected by the collimating lens is transIDitted by
a quartz fiber optic bundle to the remote spectrometer.
Only the small collimating telescope with an associated
scanner drive is physically near the tokamak. The major
radius of the intersection region of the beam and spec-
trometer sightl1ne was var1cd on a shot-to-shot bas1s by
rotating the colhmating telescope at the w1ndow port.

As shown in Fig. 21, 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 sim-
ple, it has 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 high confinement regime (0
mode) in a single null divertor configuration. Typical
plasma parameters were T, (0)= 1.5—2.0 keV,
X,=1—4X10' cm, I& ——400 kA, Rz~ ——140 cm, and
a =40 cm. The neutral beams were eitheI' H or D, and
the plasma working gas was 0+ except during a short run
with a He + plasma. Typical total beam power injected
was 2—3 MW, which required two Do or three H beams.
PlasIna discharge lengths were 900 ms with beam injec-
tion for 300 ms.

Spectral profiles of the Hea 4686-A line with and
without the neutral beams are shown in Fig. 22 for the
H ~D+ case. A broad component is evident when the
east beamline is on, and this feature is caused predom-
inantly by charge-exchange excitation of the He+ in the
beam-spectrometer intersection Iegion. The narrow com-
ponent is due to electron impact excitation of He+ at the
cool plasma periphery and is present even when the neu-
tral beam is off [cf. Fig. 22(a)1. The increased noise level
during neutral beam heating is due to instabilities in the
plasma edge in H-mode dischaI'ges and neutron-induced
no1sc 1n thc photomultiplier.

The HeII 4686-A (hn =4—3) line was used for these
measurements because the hearn energy was usually too
low to sufficiently excite the high Rydberg transitions of
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FIG. 21. Schematic of experimental setup on PDX for
CXRS measurements.
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FIG. 22. Spectral line profiles of He+ 4686-A line from PDX
(8 ~D ). (8) Neutral beam off with data fitted to 8 single
Gaussian profile (solid line) with a linear background; (b) neutral
beam on with data fitted to a sum of two Gaussians (solid line)
and a linear background. The residual differences between the
data and the fitted functions are shown below each data sample.
A change in time is equivalent to a linear change in wavelength.
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07+ and C +. With a 45-keV/amu H beam, the
4n =10—9 0vr&I transition at 6070 A was observed dur-
ing beam injection 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. Heli-
um was present in the plasma in concentrations of a few
percent of the electron density, the source being both leak-
age 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 Fig. 21,
only H beams provide useful T~ measurements because
the charge-exchange excitation of HeII 4686 A is quite
weak with 22-keV/amu D beams and a large amount of
He + is required for good signal strength. In addition,
the central plume-to-prompt ratio is estimated to be & 1.2
for the D beam with typical plasma parameters. This ra-
tio is reduced to 0.3—0.4 for the H beam, and about half
of this plume intensity originates at radii within +5 cm of
the intersection radius.

The ion temperature and toroidal rotation velocity are
determined from the measured line profiles by using a
nonlinear least-squares-fitting procedure to 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 spectrome-
ter 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
the centers of the narrow and broad components gives the
toroidal rotation speed with respect to the plasma edge.
Uncertainties in the derived values of u& and TI 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, characterized by a
spontaneous and rapid rise in the plasma density, 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 temperature near the
plasma edge at R =180 cm is derived from the width of
the narrow spectral component.

The resulting ion temperature and rotation velocity pro-
files for these discharges are shown in Figs. 23 and 24 for
three times in the discharge. The error bars shown indi-
cate estimates derived from combining the uncertainties in
the fit parameters with uncertainties from shot-to-shot
variations obtained from repeated shots with Rt ——145 cm.
Central values of T~ determined by passive charge-
exchange measurements of the neutral particle energy
spectrum are also indicated. The CXRS and passive
charge-exchange values agree within their estimated error
bars.

The values of T; and v~ rise rapidly during the early
phase of neutral injection (t=400—450 ms), and small
variations in the neutral injector timing and the spectrom-
eter scanner phase can give rise to larger uncertainties in
T;(r) and u~(r) at early times. The T~ and u~ profiles
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FIG. 23. Radial profiles of ion temperature for H —+D+
PDX plasma at three times during the discharge. Closed circles,
CXRS measurements; open circles, passive charge-exchange re-
sults. Beam injection from t =400—700 ms with P,b„,~
=1.5—2.0 MW. Transition to the 8 mode occurred between
520 and 550 ms for all shots. The plasma edge is at R =180 cm
while the plasma magnetic axis is at R = 146 cm.

broaden substantially after the transition to the H-mode
phase of the discharge, and they indicate sharper gra-
dients near the plasma edge (cf. t =660 ms in Fig. 23).
This qualitative behavior is characteristic of other plasma
properties [e.g., N, (r), T, (r)] in II-mode discharges A.
residual plurne intensity may cause a slight decrease in the
measured T; near the plasma center, especially during the
low-N, L-mode phase of the discharge (i.e., t =510 ms),
but should be less important at later times as X, apd T,
rise and hence shorten the He+ ionization path length.
The radial resolution in this initial data set is just margin-
ally acceptable and may contribute to the high-
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sion. The appearance of the highly shifted tail in this fig-
ure is probably due more to the fact that the plume inten-
sity is strongest for high-velocity ions which can reach the
spectrometer line of sight before being ionized back to
He + than to a very high toroidal rotation speed i.n the
plasma. A detailed analysis of the line profile arising
from the ion plume in Fig. 25(a) would involve, among
other considerations, a detailed modeling of both the
beam profile and parallel ion transport for all radii. Such
an effort is beyond the scope of the present work, but we
note that these observations serve as an example of the
importance of taking ion plume effects into account. A
similar result is obtained in this case when only the east
beam itself is on, but here the direct charge-exchange sig-
nal also contributes and tends to I'educe the non-Gaussian
component. This is seen 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
H ~D+ discharges.

Judicious choice of beam-spectrometer geometry allows
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FIG. 24. Toroidal rotation speed radial profiles for the same

conditions as in Pig. 23. All values of U~ are measured relative

to the value at the plasma edge (R = 180 cm).
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temperature values at large R, but it can be significantly
impmved by using a more favorable beam-spectrometer
geometry where the spectrometer line of sight crosses the
bearnline near the sightline tangency point.

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 +

plasma gives a very high intensity signal while the 21-
keV/amu 0 beams gave a high plume-to-prompt ratio
(cf. Fig. 18). Figure 25(a) shows a Hei' 4686-A line pro-
file (Rl ——140 cm) when the east beam was cut off, and
hence the broad component is due to the other neutral
beams (including south in Fig. 21) which were on but not
viewed dir'ectly by the spectrometer. The resulting fit to a
double Gaussian profile shows that the wings of the line
aI'c poor'ly modeled, suggesting that I'adlation froIQ scvcI'al
radii are significantly contributing to the observed emis-
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FIG. 25. Non-Gaussian line profiles at 4686 A due to recom-

bined ions drifting into the spectrometer line of sight.
Do—+He2+ with geometry as shown in Fig. 21, (a) Line profile
with east beam off and south and southwest beams on; (b) line
profile with only east beam on. Solid lines are least-squares-
fitted Gaussians with fit residuals shown below each line profile.
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VI. CONCLUSION

Charge-exchange recombination spectroscopy clearly
provides a powerful tool for determining the ion velocity

I—

~
l 300

f50 l60 I 70 f80 l90 200
R(cm}

FIG. 26. Time evolution of ion temperature profile for the
D ~D+ case in PDX with the geometry of Fig. 16. Scoop lim-
ited discharges with P,b„,~-2.3 M%, Rp~ ——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.

reasonably accurate T;(r, t) measurements even with the
low-energy D beams. The experimental arrangement on
PDX was modified to reflect the arrangement shown in
Fig. 16, where the sightline crosses the neutral beam al-
most 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 distri-
bution 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 by at least 80' in ei-
ther 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 ar-
ray (Princeton Applied Research Corporation, Model
1420) was installed to provide spectral line profiles every
20 ms with acceptable signal strength.

A plot of the time evolution of ion temperature radial
profiles measured with this system is shown in Fig. 26 for
D —+D+ circular discharges run while testing a particle
scoop limiter on PDX. These plasmas were run at den-
sities of N, =(4—4.5)&&10' cm which resulted in de-
creasing the He+ ionization mean free path and hence
contributed to decreasing the plume ion intensity, espe-
cially from the other beamlines. Reasonable agreement
between these results at r =0 (Rl ——155 cm) and passive
charge exchange was again obtained, and a preliminary
analysis of the energy balance for these discharges (using
the Princeton Plasma Physics Laboratory TRANSp
code' ) indicates that the measured T; profiles agree to
within 20% with those calculated assuming neoclassical
ion thermal conductivity. These results are shown mainly
to emphasize the wealth of information available using
CXRS with just a few plasma shots. A detailed transport
and power balance analysis of these discharges using the
above results along with other information on the plasma
properties will be reported elsewhere.

distribution in hot plasmas. Ion temperature profiles can
be obtained with good spatial resolution using the relative-
ly benign low-Z impurities that are present in most fusion
plasma experiments. With high-beam energies and/or
reasonable access for the neutral beam-spectrometer ar-
rangement, simple fiber optically coupled spectrometer
systems are feasible, allowing easy access to reactor envi-
ronments.

The present discussion has considerably expanded our
earlier work, and a number of general observations can be
made. Plasma effects, especially ion-ion collisions, can
mix different I levels and cause substantial changes in ex-
pected line intensities. This results in transitions between
lower n levels of the hydrogenic ions being the most use-
ful for impurity ion density measurements, and it usually
causes a decrease in the intensity of the transitions be-
tween higher Rydberg states. In addition, I-mixing effects
can raise the expected intensities of background radiation
caused by electron impact excitation of the hydrogenic
1ons.

The effects of apparent line broadening due to atomic
fine structure must be evaluated and can change depend-
ing 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.

The ions 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 significant-
ly distort ion temperature and fully stripped ion density
measurements. This effect is strongest in very-low-Z ele-
ments because of the low charge-exchange cross sections
and high electron excitation rates, but may also cause dif-
ficulties for interpreting the intensity of An =2™1transi-
tions in the higher-Z elements such as C and O. It is im-
portant to recognize that this effect is independent of
beam power and cannot be avoided by neutral beam
modulation unless the beam modulation time is faster
than the transit time of the ions along the field lines. This
ion plume intensity can be especially interfering when try-
ing to measure nonthermal ion distributions in He + or
other elements because it can lead to non-Gaussian line
profiles due to loss of radial localization of the measure-
ment 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 this one-dimensional model which assumes
collisionless ion parallel transport along the field lines, no
significant change in the ionization balance due to
charge-exchange 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 C + and
0 +), the model calculations are best considered to be
more estimates than quantitative assessments of the pollu-
tion of the prompt charge-exchange signal by excitation of
drifting ions. However, it is quite clear from both our
simple calculations and our experimental results at low
beam energies with unfavorable beam-spectrometer access
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that the ion plume intensity has to be considered carefully
for each experimental 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 experi-
ments using CXRS. While not necessary, modulation of
the neutral beam power is highly desirable to prevent pol-
lution 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 ex-
cited only at higher beam energies. For helium and other
very light impurities, a vertical viewing geometry is neces-
sary for the most accurate Tt measurements even though
rotation velocity measurements may be sacrificed. If con-
strained to low energy ( & 30 keV/amu) neutral beams and
a midplane viewing geometry, use of the ultraviolet lines
of C + and 0 + 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 goal 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 0 in tokamak devices, it is
easily expanded to other elements and magnetic confine-
ment geometries. In addition, the considerations of inten-
sities, fine structure, and product ion effects obviously are
relevant to other applications of CXRS beyond that of ion
temperature and plasma rotation measurements.
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