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y USE OF SPECTRA FROM FOIL-EXCITED HEAVY-ION BEAMS
TO INTSRPRET RADIATION FROM PLASMAS®
Brant M. Johnson °
Srookhaven National Laboratory, Upton, New York 11973
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. Spectra from foll-excited heavy fon beams 2an be relevant parameters for producing m.shly ionizen atnmy
used to iavestigate the relative abundance and charge in a tokamax discharge are the high central slsciron
state composition’of heavy metal sontaminants which temperatures T, (1.5 to 3 keV in existing machincs) -
Sause severe radiative energy losses in tokamak-pro- and the product of the electron density and partizie
duced plasmas. The degree of lonization of these confinement time. The presence of Righly loniz2d %ea
aetals in the tokamak plasma is not well imown because atoms, sven in small quantities, adversely affects
of uncertaintiss i2 lonization and recombination rates achieved temperature and confinemsnt times in -.okama.(
and partizle confinement times. Only 2 few stages of discharges.3:4 The identification and quantitative
lonization are typically promineat in foil-excited analysis of heavy lon lmpurities is thus crucial to
spectra, however, and both the most probable charge- fusion research.
state and distribution width are well known. Highly
ionized heavy ions (e.g., Ti, Mo, W and Au) which span The study of :pcctn from t‘oil~cxc1ted ion beams,
the range of charge states round in present tokamaks beam-foil spectroscopy (BFS),5:9 has proved to be 2

=were produced by passing beams from the Brookhaven valuable source of atomic data for fusion. For sxam-
MP tanden Van de Graaff accelerator facility through Ple, Wiese and Younger? have discussed the important
20 ua/caz sarbon stripping foils. EUV radiation was contributions to the direqt determination of f values.
recorded with a grazing incidence spectrometer. Com- Until recently, most BFS experiments were perforzed at
sarisons of the beam-foil spectra with radiation from small accelerator facilitles and were thereby limited
piasmas, and recent direct determinations of atomic to light ions and relatively low lonization stages of
osclillator strengths for principal resonance lines of "heavier atoms. This prompted the belief that since
such highly fonized sptclcs 2s Li-like iron (Fed3+), ‘such high beam energies were required, the direct

Na-lixe bromine (3p2d ) and Cu-like fodine (I24+) are deternination of f values for the very highly icnized
discussed. . heavy ions expected in future gzeneration tokamaks would
be beyond the scope of the IFS :ne"hod 7 4 plot of -=ne

Introguction faximum mean charge states varsus atomis number for

N several types of existing and future accelsrators is
The important atomic data needs for progress shown in Fig. 1. The estimeted rangz of ionic charges

toward fusion pou!r have been stressed in recent com- produced in previously constructed, next genersation,
aittes reports. 1,2 ARong the needs cited are wave- ind fusion reactor tokamaks is indicated. This cem- 5
lengths of atomic transitions, line identifications, - parison demonstrates that the investigation of radia-

atomiz tl'iﬂ!itiﬁﬂ probabilities, and absorption oscil- tion from the highly ionized species s=xpected in futurse
lator strengths {f values). Of particular urgency ars plasma devices will not be beyond the range of the BFS

the stomic data t'or nighly tonized metals such as Sqo, method. A graphical overview of recent BF3 survey
TL, Cr, Fe, NL, Zr, Nt, Mo, Ta, W, Re, Pt, and i-x. scans and f value determinations is included in Fig. 1.
Thes» elaments possess various desinble phy;icu or
shezical properties as construction materials in toka- The BFS technique 2an 2iso be used to elucidate
fax-Sype plisma devices; but the very high radiation the types of transitions and “he states of ionization
e:‘!‘i:zency o the heavy ions’ carn cause prohibitively for heavy-metal sontaminants ia tokamak-produced plas-
aigh radiative energy losses from the plasmas. The Das. Beam [ofl exci:aticn produces 2 narrow distriju-
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. 2nd volume recombination.
scrided here, coilaborators {Tvolvad, and the Zapa-

T.i ramnm 26 cm at 370 angls of incidence),

ceroids of %0.02 no.

o

tion of charge states for a single «mown ion, 2and both
the mean >harge state and ilstricution width are
ccurately predictable from experizeatal parazmeters.
In 2ontrast, the degre2 of ionization of these metals
in the tokamax plasma is not well known in relation to
Te Decause of lack ol knowliedge of lonizatisn 2nd
recombiznation rates and, competition betwesn lon loss
The 2xperiments to be de-

bilities of :the 8NL rthree-stiie tandem facility have
been reviawed rscently by Jones.” The present

discussion will cocacentrate on cthe relation of the
axperimental results to fusion‘research.

= [ “ Me ¢ by

Host of the aexperiments were performed using beams
cf heavy ifons from the Brookhaven Nationai taboratory
dual M? tandem Van Je Graaff accelerator facility. The
beams, after collimation, were passed through thin
(typically 20 ug/cm2) carbon -stripper foils which
ware use¢ to further strip and #xcite the beam at a
gall-detlncd position in space. In this methed, the
bead-foil-excitation technique,5:8 both the mezn
sharge state (maxima for the BNL facillty are shown in
fig. 1.) and distribution width (approximataly Caussian
witih a typicai FWHM of about 2 charge states) are accu-
rately prediztable from experimental parameters b¥
zeans of empirically established relationships.¥» 10
Sor most of the wori, the axtreme-ultra-violet (ZUV)
radiaticn aaitted perpendicular to the bHeam 2xis was
recorded with 2 2.2 @ grazing incidence spectrometer

Ueunzman 3220 equipped with 2 gold coatad (380 g/am)

e zrating with a 9laze angle of 2913' {blaze
Hith
vlewing

eantruan: 304 e<1% 311%s set Lo 300 um the
the spectral

Lenghta of ihie bo27 waa less than | am and
resolution obtained was -0.4 nm TWHM With an esti-
aated uncertainty ia the determination of peak cen-
Radiation which passed through

the exit slit ¢f the spectrometer was detected with a
2hannel aisctron aultiplier (CEM) with a dark current
sounting rate of less than 0.2 Hz. Radiative lifetimes
wer? msasurad by translating the foil in discrete steps
zeraliel %¢ the oeam axisz and measuring Sne apatial
dgeay ln inctansity of wavalangth selected transitions.’

Direst Datepmingtisn of Jsciilator Strenmths

Abscrption oscillator strengths, £ values, for
principal resonance lines (i.e., 3trongly radiating
"in=3nell" “ransitions) can be determined directly {rom

2F3 radiative lifetime measurezents using the simple
relaticnship:

2y
5 Agi,

froe = t.ab x 10=14 42
wnsre \ is the transition wavslength in am, g, and 24
ar2 the statistical weights of. the upper ind lower
levals, respectively, and Apy is the transition
probability. #Ffor ns - ap transi%ions and other un-
tranchnd decay, Adkj = 1/tg, whers 7y i3 the measured
mezn life (in seccnds) of the upper level, Quanti-
tative analysis of the impurity problem in plasaess
depends on the determination of  values and excitation
rate ccafficients (which can be detarmined from f
7alues). The mnost promising source of a reliable data
base i3 the scombined theorstical and experimental
affert to datermine tie systematic trends of { values
along iLzoalmcironis sequencas. 1his appreach and
previcus EFS results nave sesn reviawed by Wiese and
‘sunger.” b ‘

iszent BFS resuitsi'=13 for ns-np traasitons in
nishly fonized aroms are zompared wWith relatavistic
saiculational€=~i% in Table I. The experiments were
performes using a 491 MeV Fe hean {rom the Zerikeley

D
Super HILAC, and 54 MeV Ni, 75 MeV Cu, 3G MsV 3r, 2rd
75 Me¥ I beams from the Brookhaven P tandems. The
asasured decay zurves were fit to 2 sum 5f at most
three exponentials by curve-peeling and use of the
orogram HOMER.2! Care was taken to follcw the decay
curves for many aecanlives of the primary transition o
avoid errors zaused by overlooking contriduticns from
long-lived cascade :ails.22 In the Li-like Fe
experiment,!! zcod agreement was obtained with
relatavistic aulti-configuraticn-Hartree-fock {HCEE)
"length gauge" calsulatiops. 9,17 This agreement s
typical of the Li sequence whers theoratical caliula-
tions are simpiified and measured decay zurvas ire
routinely fit to a singl: or at mcst three exponen-
tials. For ¥a and Cu sequeances, measured oacillator
strengths are generally lower than theoretical resulits.
Previous studies qn less aighly ionized species nave
indicated a (10-15)% discrepancy for the sodium
sequenced? and a 30% discrepancy for the copper
sequence.’ On the theoretical side, relatavistic
effects and core polarization increase calcuiational
uncertainty, but accuracies of 5% are usually quoted
and the disagreemnt is attributed to problems
associated with extracting primary neanlives from
aeasured decay curves.

The main experimental complication for na3 2rd
higher levels is the usual presence of 2 long-lived
tail attributed primarily %o the "yrast® (lzn-1) decay
chain, Younger and wisse2? nave demonstrated :the
dominant effect of thnis type of sascading via theo-
retical simulaticn of the zeasured decay curve of the
lp 23 javel ia K¢ 7IIT.ZY <The mypast" decay cnain
is often approximatad as a single exponential zcmpo-
nent. If the decay curve is followed f3r many primary
meanlives, tners i3 no reason to beliave that an
axponential decomposition is zore likely to under-
correct for cascading than to overcorrect for 1t.85
This contention i3 consistent with the zomparisons
Shown ir Table I. For the 3s 23; - 3p 25
transitions of the Na sesquence, the exparimental
results are in agreement for the 1/2-1/2 transitiom in
NL'T+ and the 1/2-3/2 transition in Cu'3+, over-
astimate for the 1/2-1/2 transition in CulB+*, and
underestimate the theorstical values for the remaining
transitions., The sasuits for Cu~like lodine unger=-
sstimate the theoretical zal:ulations by scme 39%.

Table I. 4 comparison of recent experimentai apd theo-
retizal oscillator strsngth dsterminations
for, as ZSJ - np ZPJ. resonance .ines of the
lithium (n=2), sodium {n=2), and zopper (a=zd)
isoelsctronis sequencss,

/2 - 172 /2 .- 3/2
n lon

" *xp. theory axp. theory
2 Fells a.018  o0.018" s.o87% . 0.ou3"
x X

17+ g 0.Mm3 b 0.252

3 Ni 2.1 7.1137 0.237 0.2567

3 Culd+ 9.16°  5.12% 3.26% ° 3.25°

X anX

2 2U+ d 0.090= d 3.82

2 3r 2.072 3.08¢ 3.147 3222

4 12ts 3.:6%  a.22¥ s.29t dawd

Experimantal (3F3) letearminations: [aj Jef. !, {b;

Rar, 12, (o) 3ef, '3, (d) Ref, U, 2n2 2 Ref. '3,

Ralatavistiz ralsuiztisas: (W) lefs. S.aad 1T, (x)
Ref, 19, and {3} Raf, 2z2°.

def. i3, (y)
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Fig. 2. Time-of-flight-intensity decay curve for the
382545 - 2p2P;/; transtion in Cu'S*. 4 long-
lived "yrast” tail (t,20.48 nsec), a "growing

in" ascade (r1,20.044 nsec}, and unexplained
inten3aity modulations are shown to complicate
the extraction of tne meanlif'e (+20.085 nsez).

An adcitional complication in these sxperiments
was Ph: presence ol unexplained intensity aodula-
ticns<S cn most cf the decay curves. A decay zurve
wmizh is typisel of the proslems caused by an "yrast"
tzil and 2 "~rewing ia" cascade (l.e., one of ‘he.
axponential coeffizients is negative csusing a daxinum
in the zurve), 2and snows the most =xtreme case of in-
'?"sxh, acauliations yet encountered is shown in Fig. 2.

lthough tine origin of these sscillations which were -
2isc pr~senc 1a the measured deciy curves for H 1T+
and Bpd+ repains an interesting puzzie, for the
prupcse =x.raccing accurate meanlives their presence is
perely a nuissance which increases the expsrimental
uncertainties. uc~uraci-s of only +10-20% are quotad
for tihe sedium seguence messurements. 12-14 Younger
and Wiase@s aad Curtis<5:27 nave discussed in detail
e problams assceiated with atcmis meanlife measure-

nts ., -—ﬂni=:1g aew precedures whizh shouid provide
urzte de e'm-n=u-o“s ars being davelioped.c2,4

thar axperimental and theoretizal worik Ls axpected
{irmly establish systematic trends aiong isoelsc-
niz sequences and Lhershy provide plasma experi-
iters with accurate  values for principal resonance
=3 2f 2ny impurity lon,

ran : TaitaBxnie o1 Spaa

The aeasurement of absolute concentrations of
individual impurity ions in tokamak plaszas depends on
mors than f value determinations alone. First, the
resonance lines of the articular ilonic specles of
interest aust bde identified and resolved from other
{often overiapping) transitions. A typical plasma
discharge can contain several highly ionized metals
from current sperturs lizmiters and vaguum vessel walls
in addition to light ion impurities such as Qor C
wnich may radiate in the same wavelength region.
Tuprthermors, the degree of lonization of the izpurity,
ion is in general not well known in relation to the
alatron temperature jue %o uncertainties in plasma
confinement times and competition betwsen icn loss and
velune recombination.

Recenzly, ZFZ nas Sesn used2d o resolve
1iffapenaes shgervad ia LTI% ang ,nma‘EG
gxperiments, Fesults 9 an zvera2ze ion acdeil’
ingizhted shat sungaten icns with charge atatas 3 = 5
%9 33 should 2xist i{n voth devizes (Au ions witih simi-
lar :narge 3tates weres also expectad in Crmak) ang

N

theoretical studies!? indicated that large -iribers _;
spestral lines would oyerlap to form broad zpazoial
features in the L3-70 A region. Foil-excilted .pzctra
which span the renge of charge states producsi in
present tokamaks (See Fig. i.) were measured
wavelength region for tungsten and gold icns
renging from 20-33 and 25-33, respectively.
spestra, the four beam energise used in each
the hor~esponding 3 are shown ia Fig. 3. 4s 3
ted,29,30 the iscelectronis spectra show the same
features with the zold lines displaced toward lzwar
wavelsngths by about 7 and i0 A for bands preaine:
at lower and higher beam 2nergies, respectively.
K -
o Spectra from the tokamak discharges with central
electron temperatures T, of about 500-600 eV for PLT
and 800 eV for Ormak are shown in Fig. 4. The LT
spectrum sorresponds to somewhat higher states of
ionization and did not change very markedly up to asout
1500 eV, where it is expected3! that tungsten icns
with Q=31 will be produced. The two tokamak spectra
shown in Fig. 4 are ve§y similar except for the absence

of the band around 46 & in the PLT spectrum., All of
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Fig. 3. Foil-excited spectra of tungsten {left) and
gold (right) ions. 3eam nergies and zean
charge states G are indicated.
; . — ———cm—me— . . ..— 8-1181-78
- ;l. Amrsnman .4 r M 1‘
2 :::::.T:.'.‘"_\{ i !
LI P R O L ‘
i e : !
3 |L " e { . E - ‘ ‘\\ W -
I Do | . D3 A

\ | JF '%;k

R R R " M T ] L I M T B
AYELENGIN th) AAVELENGTN b

«

Specira fron ':xanqk 1ischare?

Tiz. 4, g2s in PLT lafud
and Jdrmak {right). di3tion was ateoridutad
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the transitions ‘n the Jrmak spectrum were attributed
$2 radiation from tungsten ions,30 even though Crmak
contained a gold-plated liner (PLT does not). Com-
parison of the 3F3 spectra in Flg. 3 uit§ the tokamak
spectra in Fig. 4 indicates that the L6 X featurs in
the Crmai spectrum should be assigned to gold. The two
bands of iines at about 5% and 55| 3 were attridbuted
primarily <o 4d-if transitions, zlthough eother transi-
tions may nave comparaole intensities in this spectral
region.! Additicnal features at higher wavelengths
obssrved in the foil-excited spectra, Sut which are
absent from the tokamaic spectra, Were attributed mainly
Lo U4d-4f transitions frow nultiply-excited states not
aroduced in plasmas. This first use of 8FS as an aid
0 Identification of heavy contaminants in tokamak
plasmas has shown that the method can contribute much
to the identification of apectral features. More
detailed comparisons are limited, however, by the
differneces in resction mechanisms in bess-foil and
plasma excitation.

In a tokamak cr similar plasma discharge, exai~
tation procesds by alectron impaot. The rate of
collisional excitation Is typically about 105 sec=!
and the typical radiative lifetime is about 10~12
sec. Multiple axcitations are therefore not likely and
singly excited ins0 transitions will predominats. In
Yeam-foil axcitation, the rapid passage of ths beam
through the foil groduces effective collision frequen-
alas of sbout 1077 se2=! and concomitant multiple
snllisicns sefore excitation states produced ir a

creicus 20llision have deexcited. It is also possible
22 ausiply excited[stlte; in a single ion-atom
" .3270.32  3ingly axzited anad transitons are also
plousiy produwced and are 9ftea the most sallent spec—
2l features,!1-'S 30 that any features obssrved in
tokamek spectrun should in general alsc be observable
in BFS. Additional fsatures attributable to multipls
and/or inRerashell axcitation will often lie outside
the wavelength region of interest. When overlapping
does occur, as is apparently the case for the W and Au
spectrz of Fig. 2., it may be possible to isolate the
spectra. feasures peculiar to beam-foil axcitation by
omparison with the 3pectra from plasmas. ESxperiments
~nich were undertaken %o consribute to the understand-
ing of piasmzs aight thereby serve %o rugthen the
und2rsiandiag of the beam-foil interaction, .

50

100

o ocr

Investizations have Seen initiated to provide
2xtensive {sil-oxcited spectra for other mstals for
ccaparison with spectra from tokamak discharges. For
ikpample, spectra Iin the wavelsangth region from 5 Lo 55
nzm have been mezsured for molybdenum lons with q = 13
to 28, Details of these recent sxperiments and
sormparisons with ilo spectra from other sources ars

iven sisewners.3 In present snd aear future
tokamsks, heavy lecns such as W and Mo will be partially
stripped and therefore strongly padiac1n¢.3 Lighter
ions will be nearly or completely ionized (See Fig. 1.)
nd consegquently should rsdiate less power from a
tokasak discharge. Titanium (Z222) is currantly the
zmost favorable construction material for next
generation tokamaks such ss Princeton's TFTR.34 7o
previde data for plaama din;nosties. we have begun a
somprahansive study of foil-excited Ti. Preliminary
apectra for 7 = 1§ and 17 are stowm {a Fig. 5. The
fewer alectron systems are seen to produce much simpler
spectra than dbserved for W and Au in Fig. 3. In
contrast to 5ae resulis for heaviar ions whers complex
bands 3f lines doninate the spectrim, it will ode
Jossidble to obtain Ti spectrs with sufficient
resolution =20 isolate mest of the transitions and make
1eeurate wavelensth and lifetime messyreRents. Further
aeasursgents lor higher 3 and over an axtended range
of wavelengths are now in progruss.
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Much can be learned from the zompariscn =f 3pactra
from highly ionized heavy ions produced by beam-fail
excitation and plasma discharge. It haa Heen shcwn
that present and future accelerators :an produca:
surficiently energeticz beams to span the range of
charge states expected in future and sven fusion
reactor tokamaks. If individual transitions are
well-resolved and identified in spectra from both
sources, the direct deteraination of f values from the
beam-foil sxpsriments can be used to determine
axcitation rate coeffizients and absoluts concen-
trations of impurity ions in tokamak plasmes. Further
experimental and theoretical work should cxtend and
firaly exstablish ystematic trends of f values along
iscelectronic sequences. When individual lines are not
identifinble, comparijon with foil-excited spectrs can
help identify, 2ssign charge states and mlucidate the
types of :ransitions produced in plasma discharges.
Conversely, the comparison can serve to Isolate transi-
tions {rom excitation states whizh are produced
strongly i{n BFS, but not observed in olasmas, thus
furthering the understanding of the beam-foil
interpcilon. An experimental program to investigate
foil-axcited spectra over a wide range of chargs states
and to direotly determine f values for heavy isns
commonly observed in plasma dizcharges ass Heen
initiated, .
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