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The equilibrium state in tokamak core plasmas has been studied using the relative intensities of
resonance x-ray lines, for example LyH-like), “w” (He-like), and “q” (Li-like) from test ions

such as Ar15, Ar*16 and Art1". A full spatial analysis involves comparison of the line intensities
with ion diffusion calculations, including relevant atomic rates. A zero-dimensional model using a
global ion loss rate approximation has also been demonstrated by comparison with the data collected
from a Johann configuration spectrometer with a charged coupled d&@i®) detector. Since the

lines are nearly monoenergetic, their intensities are independent of the instrument sensitivity and are
directly proportional to the ion abundances. This method has recently been applied to Ar in the
Oxford electron beam ion trafEBIT) with a beam energy in the range 3—10 keV. Taking into
account the cross sections for monoenergetic electron collisions and polarization effects, model
calculations agree with the observed line ratios at 4.1 keV beam energy. This work will be expanded
to provide nomograms of ionization state versus line intensity ratios as a function of EBIT beam
energy. ©2001 American Institute of Physic§DOI: 10.1063/1.1324755

I. INTRODUCTION influx terms, respectively. Given that the local flux of ions of

) ] ) o charge state, atomic numbef, is described by a diffusive
In this article, comparison of the x-ray emission spectra(D) and convective ) equation

from highly ionized argon in the Joint European Torus

(JET), tokamak with the same emission lines in an electron  T',=—D(r)Vnz(r)+V(r)nz(r),

beam ion trag;> namely the Oxford EBIT,indicates the

relative ionization balance in these very different plasmas. [then profiles of theD and V coefficients are selected that
is argued that as in tokamaks the relative ion abundances @ve computed emission profiles in agreement with the mea-
an EBIT are determined not only by atomic collision pro- Sured radial distribution of the ions.

cesses but also by a characteristic loss timeThe physical Itis the practice to measure a restricted range of line and
interpretation of this loss parameter depends on the operatirfgPntinuum radiances and fit these data to an ion transport
conditions in these two plasmas. code such as SANCOwhich can encompass a relevant

Particle loss rates from tokamaks are often establishe@tomic data base such as ADASIt is common to assign
through a study of the time and space dependence of tH8€ convection term the form
relative ion abundances of injected or intrinsic test ions. The
concentrations of the ions are given by a solution of the V(r):_ZD(r)rS
coupled equations a? '

an where S is the dimensionless “pinch” paramettrand 0
z

—S=—V.I'y+ny(ny_1S,_1—Nn,S, < S<3. Uncertainties in the transport and atomic physics
at modeling as well as errors in the absolute radiances make
n, these detailed transport simulations a complex, lengthy, and

+Nz, a7 1~ Nzay)— T_z + vz, often error-prone procedure. A simpler algorithm is to relate

the ion balance, through intensities of resonance emission

S ~lines from successive ion charges, to a global ion confine-
whereS and « are the appropriate ionization and recombina-ment time -

tion coefficients whiler and y are the nondiffusive loss and

an, Ny
Jat T_z+ Yz+Ne(Nz-1S7-1

dElectronic mail: nicol.peacock@ukaea.org.uk
YAttached to the Department of Physics, University of Leicester, LE1 7RH,

UK. —NzSz+Nz a7 Nzaz),
9Present address: Euratom/UKAEA Fusion Association, Culham Science

Center, Abingdon, Oxon, OX14 3DB, UK. where
0034-6748/2001/72(1)/1250/6/$18.00 1250 © 2001 American Institute of Physics
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TABLE |. Argon emission lines analyzed in this work. 3150~ 152p 'P,
[ - 1 3
lon Label x R) 3130 1525 'S, 1s2p°P; 4
=3 - T
ArXVill Ly o, 3.7311 = 3110 \ 1525 %S,
ArXVIil Ly o, 3.7365 g - ! T
ArXvil “ow 3.9490 S 7 e |
ArXVII “ oy 3.9657 < 2750/ 15%0% s, 200, wl z| x
ArXVvil “yr 3.9693 2 27407 152022D° |
ArXVII “ 7z 3.9943 ® 7 S P '
" vy — 1
ArXVI q 3.9810 5 2280 \
[} ‘\
- L 1
7 2219 152s2p2P2, |
z 172 4
2190+ : !
. e UL o ||i \
D _ a ‘2 a + J699.8|/|c182 180
2T o el 2 390 —r—
(24 -1.45)X 17 I 11s23p 2P, ,
o rlaq
. . . = 410
In a tokamak such as JET with the minor plasma radids z ol
m and with 0.05D,<0.5n?s !, depending on the con- 2 890 15%2p 2P,
finement moder; in the core plasma can vary betweef.2 "2
s and a few seconds. Thug,~1/a;, the time to reach oo 4
ionization-recombination balance, ig,< 7z, and the rela- 930 1928 Sy

tive fon abundance is only temperatufg dependent. For FIG. 1. Energy level diagram oh=1—2 transitions in ArXVI and
smaller tokamaks like COMPASS the ionization balance in, " 9y g -
Cl has been demonstrafei be 7, dependent in lossy plas-
mas with 7> 77 .

The object of this article is to apply the same principles
to an EBIT plasma where again ionization balance is of I-:i:n 4R, ihv--
interest®! and considerable effort has been expended on ' 4w F T S A
writing ionization balance codé$:!® In the present article
we deal with a version of the ionization balance code terme
OXGAS Analogously in the case of the EBIT we can de-
fine a lossr; where

whereR;, the relative excited state population, can be cal-
Lulated using the ADAS population structure code.

Sample spectra of ArXVIIl and ArXVIl from the JET
tokamak are indicated in Figs. 2 and 3, respectively. The
1 1 1 relative abundances of argon ioffsig. 4 (top)] and the as-

T_Z: Zsc+ T_eq sociated line intensitiefFig. 4 (bottom] in JET discharge

#33311 are calculated using the SANCO ion transport code
and 7eg. is the escape time from the trap which depends ofith the ADAS atomic physics package. The transport coef-
such factors as evaporative coofifigind gas flow, trap po- ficients D(r) andV(r) shown in Fig. 4 have been derived
tential, and beam energy. Howeveg, depends only on mo- previously by fitting to the transient spectral signature of

noenergetic electron collision rates such as ionization, radignjected test ions. The ratio ofd/w” assumes considerable
tive recombination, and charge exchange with neutral

thermal argon atoms. The highly charged ions are assumed
to visit all regions in the EBIT trap. In the case of resonances .
between multiply excited levels and the beam energy, dielec- Ar XVIIl Ly

tronic recombination also has to be admitted. The argon CIxvi
emission features studied here are the2—1 resonance
lines of Li-like, He-like, and H-like ions as indicated in 0.75
Table I. The term diagram for the He-like ions and the Li-
like ion satellites and their labéfsare as indicated in Fig. 1.

0.50

II. ION ABUNDANCES FROM Ar SPECTRAL LINE
EMISSION (MAXWELLIAN EXCITATION)

Normalised intensity

0.25
Except in the presence of non-Maxwellian electron

beam$® in tokamaks, magnetic confinement emission is iso-
tropic and unpolarized. In the x-ray region, line splitting due
to induced Lorentz electric fields and Zeeman splitting re- o " y -
sulting from the main toroidal field is small relative to mass 0.872 0.376
motion spectral shifts. The line radiance from a tokamak in A-(nm)
terms of the volume emissivity;; and then the ion abun- giG. 2. JET spectrum of Arxviil Ly, , using a Gél11) double crystal
danceq is given by spectrometer with collimation resulting lAA~3500.

JG00.183/1¢
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FIG. 3. JET(#49704 spectrum of ArXVIln=1—2 transitions and satel-
lites using the CCD Johann spectrometer with @ Bl) crystal.

- . . & ST
significance since the upper states of each line are populated o 1 q ;- e N
directly from the ground states of adjacent ion charges, viz. * O_M

1.50

Iw_n(ArJrlG) (ov)w E:O:1Aqr+Aqa.

The last factor, the transition rate branching ratio, which
takes into account the ratio &4 to the total decay and
Auger rates, is 0.942 for thg, line.!” In the temperature
range 200 e T,<20keV the ratio of the excitation rates
(ov)qw=1 whether usingR-matrix or the Born approxima-
tion. Thus(ov)q,~fqw and an assumption of equal ion
abundances givek,/l,,~1. The “g/w” intensity ratio is
directly a measure oN(Ar*'%/N(Arf1% and reaches a g 4 Relative ion abundancdtop) of argon ions and associated line
maximum of ~15% at the outer edge of the normalized intensities(bottom in JET discharge #33311 at 57Fy(r/a=0) is 4.8 keV
plasma radius. In the core witli,~5keV, the ratio is andn(r/a=0)is 4.2x10" ¥ m~3. The ion abundances are represented by
<1073, In magnetically confined fusion plasmas the/tv” the intensities of the resonance line Jr*%), “w” (Ar *16), and “g”

w“ " . - - (Ar™19) calculated by a diffusive equilibrium codSANCO) with diffusive
and W/Lyc,1 intensity ratios, calculated as shown in Figs. ;4 .onvecive transport coefficients as shaftton.

5 and 6, respectively, with ion confinement time as a param-

eter, are directly related to the ionization balance which in |, N(Ar*'® o(e), Agq

fche steao_ly state_ls determined by d|ﬁu5|ye equilibrium. Since v N(Art1) "~ o(e)y =7 1Aq+Ag

in JET with multi-keV temperatures; typically exceeds 0.1

s, then the ‘¢/w” intensity ratio is always close to the coro- Predictions using the OXGAS code for the Ar ion charge

nal value. states in the Oxford EBIT with continuous gas feed are illus-
trated in Fig. 7 for an ion trap integration time of 3 s. At a
beam energy of 4.1 keV,

Ill. EXPERIMENTAL METHOD AND DATA ANALYSES Iq N(Ar*15)

A= x1.31x0.932.
(BEAM EXCITATION) W NCAr )

In contrast to the tokamak plasma, emission from anAssuming equal abundances of A? and Ar"® the

EBIT is anisc_)trop_i&8 and p_olar_izebf’ about the monoener- “q/w” intensity ratio would therefore be 1.23. The experi-
getic beam direction. Considering for a moment the spatiallymental derivation of ion abundances from these lines re-

V(ms™'v) D(m2s™") g/w(x10"") I{phcm=®

|
oo
o 0Q
A NO
./
G99 225720

02 0.4 0.6 0.8 10
rfa

integrated total line intensity;; , then quires a serious consideration of the spatial variation of the
j intensity and polarizatidi??! of the different transitions due
lij =geo( eij)N”, to the monodirectional beam excitation. In addition the crys-

tal diffraction is polarization dependefftThe observed line
wheree is the beam energy, is the electron beam current intensity is thenl ggs=R;l;+ R, 1, , whereR is the crystal
density, andr is the electron-impact excitation cross-section.reflectivity andl,, |, are the intensities of the polarizations
The ratio of lines ‘g/w,” for example, is given by parallel and othogonal to the beam, respectively. Generally,
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FIG. 5. Calculated intensity ratio ofd” (Li-like)/*w"” (He-like) emission 04 — é — ; — '1‘0‘ ! '1'2' ’ 4

lines from argon as a function df, with 7, as a parameter. Beam Energy (keV)

FIG. 7. OXGAS predictions of the relative abundance of argon ions as a

_ _ . function of beam energy foB=2.7 T, j.=50 mA andN(Ar)~10°cm 3.
R=R, /RH_ cos"26 with 1<m<2. In order to calculate the The gas feed rate is continuous and the counts integratedacd¥eperiod.

effects of anistropy and polarization we need to consider in
some detail the experimental setup.

The variable geometry, Johann configuration x-ray spec- . .
trometer with ch read-o%ﬁhas previouslgy been us%%i‘ytop is the Bragg angle, anllis the dls_tance between the source
study emission spectra from the JET and COMPASS toka‘:’lnglfﬂfﬁ polet of rt]he cu:vzeg d'ffgftgééiu)' Fc;rb the
maks. The CCD spectrometer with its capability for long liaibl specagaeig\;vri/,\cl)js Trrr:m, th_ b dmrztrﬁszlg
signal integration times and low noise is in fact even moreneAg Iglh'eh an tN ‘1 th. i ES E anawl N v i
ideally suited to the present application of the study of the" ’ﬁ\c’.\' 1nc i ![n con ra?h 0 hel 0_3Ti vViewing geomte 'y 1s
EBIT. In the Johann geometry where the crystal radius is th sy ICIEQG © cover the whol@=2- 1 emission spectrum
diameter of the Roland circleRz=2r), the waveband, sen- r(;\m Ar_m.\ Tifpfzt;\um SEOWHA'; Fig.- 9is a comp05|tte
sitivity, and resolving power are interdependent and depeng‘ comM™ =1 2 3, WNETEAA; 53 are EXposures a

on the spatial dimensions of the source. For extended sourc gferent source positions and diffraction from different, lo-

such as tokamaks tie/no., i.e.,w/R, is equally filled for a cal (~1 mm regions. of the crystal curvature. This V\./i” affect

range of wavelengths satisfying the Bragg condition. In Con_somewhat the relative line intensities. The resolving power

trast, the EBIT “point source” was arranged in the presentOf the spectrometek/AA~3500 as can be set'e&n .frO”.‘ the

experiments to be within the Rowland circle as indicated inwell-separated components  of (LiyLLya2=5.5m in Fig.

Fig. 8, in order to achieve a finite bandwidth, albeit at thel0: ) o

expense of sensitivity. The dispersion plane is orthogonal to  ntroducing the  polarization factorP= (I, —1,)/(l

the axis of the EBIT. +1,), where I,+1, =1(90°) and where the intensity
The angular bandwidth is thehd = (w sin6/b)—(w/R)  Viewed orthogonal to the beah90°)=31/(3—P), then the

+(x/b) wherew is the crystal widthx is the source widthg relative intensities of two different lines from the same ion

species are given by

10000F T,
1000§ Rowland
8 Circle—="
8
g
< 100
z
o !
S
< |
10F EBIT Source
l\ﬂ‘h Curved
N Crystal
’ . ) . | == T mJ Diffractor
500 . 1000 1500 2000 -
Te (eV) /
Crystal Chamber f “\Turbo Pump
FIG. 6. Calculated intensity ratio of “w'{He-like)/Ly, (H-like) emission
lines from argon as a function df, with 7, as a parameter. FIG. 8. Optical layout of the CCD spectrometer on the EBIT source.
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300[ " W T T T ] 100
[ 1 Relative intensities of the
r ﬁ b 5 4r—averaged emission |
200 ] a0 M J\
° [ . @ 100
g ] o o - e
3 ] 4 Relative intensities emitted in a plane
© r ] £ perpendicular to the electron beam
C Xy gr z i o 50 7
100~ 1 g
[ 1 o N\
r ] 00:) o M
i 100
] Relative intensities after reflection from
- bl a Si(111) crystal at the Bragg angle
3.94 3.96 3.98 4.00 501~
A (A)
L VAAN J\
FIG. 9. EBIT spectrum oh=2—1 transitions in ArXVIl and ArXVI at 0
ep="7.0keV. 3.94 3.96 3.98 4.00

»(A)

FIG. 11. Calculated relative intensities of the=1—2 transitions in

ArXVIIl from an EBIT with e,=4.1 keV. The effects of emission anisotropy

on the viewing angle and on reflection from thé13il) crystal are shown.
la. (14P)+R(1-P,) 3—-P, o,

I, (1+Py)+R(1-Ppy) 3-P, oy

lq  N(Art)

The first factor on the rhs accounts for the different crystal |, N(Ar*16) #1.31x0.932

reflectivitie€® to the L and|l components while the second

factor is the fraction of (90°) to the total emission. (1+Pg)+R(1-Py) 3—-Py
Inserting the total cross sections for excitation by elec- (1+Py)+R(1-Py) 3-Pq

tron impact for the He-like ArXVlin=2—1 lines and adopt- .

ing the polarization parameters suggested by BeiersdorfelpSertlng values fonJVjSO.G, Pq=033, andR=0.201, then

et al,?! the calculated relative intensities forw,” “ x,” Iq 0.95 N(Ar™™)

“y,” and “ " in the orthogonal plane are as indicated in Fig. lw N(Ar+16)’
11. Assumlng a prysta! _reflect|vﬁ§/F_2=0.201, then the cal- Predictions of the OXGAS cod&for the appropriate oper-
culated relative intensities after diffraction are also shown i diti fe —41keV. t tentiat400 V. B
and can be compared with the data in Fig. 9. The effect of NG conditions ofe,=4.LKeV, trap potentl ’

polarization in the adopted geometry is to substantially supg 257ATr ’ J‘(f:s ngg:jA’ _agcsi 3 asl' geg;aztr)illgr/nﬁ X;ﬂhlg ogt:u-
press the triplet X" and “y” lines. The observed 2’ in- u 9 gives valu ( )/N( )

tensity and the important AtAr* 16 charge state indicator il\figg gig j}‘(”‘ljog ﬁffaorﬁenigg:liftrhgfglez IF;] a;ir:;r:;tm
ratio “q"/* w" are less affected. Applying the same analysis '

to the “q"/* w” intensity ratio, we have

1 L | 1 LI
/(_n\ 0.30 B— OXGAS Code .
500 F ! I T ] -*é'
n ] >
E ] > ~—=a Normalised Ly,
- L = o Intensit !
400 F Yay S n y
£ § B (EBIT DATA)
E 3 < 0.25f
300F = =
z 5 1 5
Ve I3
© 200F g £
F _‘; 0.20 B
100 F 3
E E L I n 1 i L L L n 1 L L L | L L n 1 I I I 1 I
E ] 4 6 8 10 12 14
0 ) ‘ ' Beam Energy (keV)
3.725 3.730 3.735 3.740
A (A) FIG. 12. Intensity of ArXVIIl Ly, asa function of beam energy compared
to OXGAS predictions wittlB=2.7 T, jo=100 mA, N(Ar)~10° cm™3, and
FIG. 10. EBIT spectrum of Ar Ly12 at e,=7.0keV. V:=400eV.
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agreement with the experimental ratio of 0.2. At higher beanbe of the same order as observed in the EBIT with a beam
energies, above 5 keV, the code seems to overestimate tlemergy of 4.1 keV, ionization-recombination equilibrium be-
degree of ionization in the trap. This can be appreciated byng a good approximation for well-confined plasmas in both
comparing the montonically decreasing ArXVIII ion abun- sources. In tokamaks, the concept of a global loss rate has
dance with beam energy predicted by the code with the meapplications to the diagnostic use of the relative resonance
sured intensity of ArXVIII Ly, (Fig. 12. The experimental line intensities to determine diffusive equilibrium coeffi-
data shows, in contrast, a maximum at abejit 8 keV. cients. In an EBIT plasma the model is less readily appli-

An attempt has been made to relate the ion abundancesble and requires multidimensional parameter fitting. Glo-
in EBIT to a global loss term in the same manner as forbal loss rates may be so low relative to the source influx term
tokamak plasmas. However, in tokamaks the neutral fuel inthat ion abundance equilibrium is never reached. In the op-
flux and the electron density are related. The situation in th@osite situation where the trap is leaky with a leak rate on the
EBIT is more complex since herg, andN(Ar®) have to be same time scale as the ionization rates, then the calculated
separately specified. We choose the related parameters nbmograms of relative line intensities versus beam energy
N(Ar%/j.=R as a ratio parameter which describes a 3-Dmay be useful in establishing the actual mechanisms of the
surface with ion abundance and beam energy. Figure 13 iloss processes.
lustrates such a calculation for specific values of the EBIT
operational parameters.
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