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Theoretical calculations and experimental crossed-beam measurements are compared for electron-impact
single ionization of Bi* for q=1-10. The configuration-average distorted-wave calculations include both
direct ionization and indirect excitation-autoionization contributions. F8t Biis necessary to account for
levels within an excited configuration that straddle the ionization threshold. This was included via level-
resolved atomic structure calculations, from which statistical partitions of the configuration-averaged cross
sections could then be made. Evidence is found for ionization contributions from an excited configuration in
Bi3* and BP*. Good agreement is found between theory and experiment for all the ionization stages of Bi
studied.
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I. INTRODUCTION (eV), as a function of incident electron energy(eV), is
given by

For the next generation of magnetically confined fusion
experiments, heavy metals are being considered for plasma In(e/ly)
facing components due to their ability to withstand high heat ole) = 45X 1072 & el <. (1)

. . . k k

loads and erosiofi,2]. Accurate electron-impact excitation,
ionization, and recombination rates for heavy metals are In this paper we apply the CADW method to calculate
needed to model the transport of the resultant impurity ionglectron-impact ionization cross sections for “Bi(q
in present day tokamak experiments. Even for electron=1-10 to compare with experimental crossed-beam mea-
impact ionization rates it is possible for atomic experimentssurements. Previous experimental measurements on the
to measure only a limited number of elements and their ionsingle and double ionization cross sections fof &nd B?*
ization stages. Thus, it is important to check theory againsfvere performed by Miilleet al. [15]. They found that for
experiments for all heavy metals. We present a comparisoBi*, inner shell ionization of the &subshell left the system
between crossed-beam measurements and distorted-wayea configuration that was autoionizing. Thus direct ioniza-
theory for the ionization cross section of "Bihrough to  tion of the &l subshell leads to a double ionization of Bin
Bi 0", contrast, for B¥*, ionization of the 8 subshell leaves the

The configuration-average distorted-waveCADW)  system in a configuration that is bound. For this reason, at
method[3] was formulated to calculate electron impact ex-energies above 200 eV, the single ionization cross section for
citation, ionization, and recombination cross sections foiBj2* was measured to be greater than the cross section for
complex atomic ions. The CADW method was initially ap- Bi*. To our knowledge, no experimental measurements have
plied to calculate electron-impact ionization cross sectiongeen published on electron-impact single ionization of Bi
for all ionization stages of Fg4,5] and Ni[6,7]. Since that  through to B
time, both CADW calculations and experimental crossed- There have been very few theoretical calculations of the
beam measurements have been carried out for the electrogingle ionization cross section of low charged Bi ions. As
impact ionization of several elements heavier than Fe, inpart of the work on Bi and B?* by Miiller et al. [15], Lotz
cluding G&" (q=1-9 [8], Mo (q=1-8 [9], Snf" (@  formula[16] calculations were performed. The Lotz calcula-
=1-12 [10], and W* (q=1-10 [11,12. Recently, CADW tions demonstrated the behavior of tha:iBner shell ioniza-
calculations have been completed for the electron-impadion, but did not match the experimental measurements be-
ionization of all ionization stages of i3], while work isin  cause of contributions from excitation-autoionization. To the
progress for all ionization stages of J¥4]. best of our knowledge, no theoretical calculations have been

We compare our CADW results with those of the Lotz published for the remaining ion stages of Bi. In Sec. Il we
expression[16]. The Lotz expression is a semiempirical outline the theory used in the paper, Sec. Il describes the
method, where the total ionization cross sectfon?) from  experimental setup, Sec. IV compares the experimental and
subshellsk with occupation numbeg,, ionization potential, ~ theoretical results, and in Sec. V we summarize our results.
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Il. THEORY a local density approximation. There are commonly two dif-
ferent approximations made for the scattering potential that
the incident, scattered, and ejected electrons experience. The
incident and scattered electrons can be evaluated VA' a

The main contributions to the electron-impact single ion-
ization cross section are from direct ionization

Bi% +e —BiW)*+e +¢e, (2 potential, with the ejected continuum electron calculated in a
o o VN1 potential, whereN is the number of electrons in the
and excitation-autoionization initial target. This is referred to as the DWI$ (distorted-
Bi™+e — (Bi®)* +& - Bi@V*+e +e. (3) Wwave, incident, and scattered electron infapotentia). Al-

ternatively one can calculate the incident, scattered, and

Hereq is the initial charge of the ior(Bi®")* represents an  ejected electrons in &\~! potential, labeled as DWISI
excited state of the ion, and for the process of excitation=—1).
autoionization, there is also the possibility of radiative stabi- There are various refinements possible to improve a
lization occurring before the excited ion can autoionize.configuration-average distorted-wave calculation. It is occa-
Thus, autoionization configurations are associated with agjonally the case that splitting of levels within an excited
Auger yield, giving the fraction of electrons that will au- configuration results in a spread of levels which straddle the
toionize from such a configuration. ionization threshold. The configuration-average model in-

~ We present theoretical results using configuration-averaggy,des all the contributions from a configuration, or omits it,
distorted-wave theor{8]. In this approach, the cross section gepending on whether the excitation threshold lies above or
for single ionization of an electron from they,)* subshell  pejow the jonization potential. Thus, one possible refinement

is given by of the configuration-average distorted-wave method is to use
320, [E2 d(k§/2) a level-resolved structure calculation to determine which lev-
o=—73 tf > @+ )2+ 1) els are truly autoionizing. Level-resolved excitation cross

k' Jo Keke 1iigls sections are then produced for each level by a statistical par-
X (2l + DP(, ol ki Ko ko), (4) tition of the configuration-average excitation cross section.

The level-resolved energies are used to determine the exci-
where the linear momenté;, ke, k;) and the angular momen- tation thresholds for the level-resolved cross sections. All
tum quantum numberd;,l,l;) correspond to the incoming, levels below the ionization threshold are omitted, and all the
ejected, and outgoing electron, respectively. The first ordelevels that lie above the threshold are considered contributors

scattering probability is given by to the total cross section. Level-resolved Auger yields are
used on the autoionizing levels such that the total excitation-
P(lilelt ki ke kp) = 2 AI)},IE,If[R)\(kelekalfantltakili)]2 autoionization cross section is produced. For cases where it
A is expected that straddling of the autoionization threshold is
Y Y 1372 occurring the AUTOSTRUCTURE code [17-19 is used to
+§ Broigl R (Kilr kel i) evaluate the level-resolved atomic structure of the excited
configurations, and the level-resolved Auger yields.
+ 3> CMN| RMKeleo kel N Kili) For complex species with opahand p shells, there will
R be many terms within the ground configuration. In such cir-
N cumstances the configuration-average model should become
XRY (kil 1, keles el K1), (5) a good representation of the average behavior of the configu-

where the angular coefficients B, C may be expressed in ration. Also, with so many terms within the ground configu-
terms of standard $-and 6§ symbols andR* are standard 'ation, one might expect any metastable terms to be included

Slater integrals. The radial distorted wavRg(r) needed to  in the ground configuration. Thus, the configuration-average
evaluate the Slater integrals are solutions to a radiaflistorted-wave model should provide a reasonable calcula-

Schrédinger equation given by tion for the_ single ionization cross section qf hea_vy species
such as bismuth. Good agreement of configuration-average

h(r) - _2 P.(r) =0 ©6) distorted-wave calculations with complex species has been

o ) KT seen numerous times in previous work, for example, in the

work in krypton[13] or tungsten12].
where

1d 11+ z
h(r):———+ ( )—?+VD(r)+VX(r), (7) I1l. EXPERIMENTAL SETUP

2 2
2dr 2 The measurements were performed at the Giessen
andZ is the atomic number. The direct potential is given byelectron-ion crossed-beam setup which has been described in
oce 2 ., detail earlienTinschertet al. [20], Hofmannet al. [21]). The
_ ” Pnulu(r ) Bi* ions were produced by evaporating bismuth granulate
Vol(r) = Eu“ “u o maxr’,r) r (8) from an oven into the plasma of our newly installed 14 GHz
electron cyclotron resonance ion sou(Bedtz [22]). Using a
where P, (r) are the configuration-average Hartree-Fockmagnetic field the desired mass to charge ratio was selected.
bound radial orbitals. The exchange potential is calculated ilfter tight collimation to typically < 1 mn? the ion beam
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500 . : . : . , .

T ' TABLE I. Configuration-average ionization potentials for the
subshells in the ground configuration of*Bithe configuration-

- average double ionization potential is 39.41 eV.

Configuration-average

g 300 Transition ionization potentialeV)

g 5d1%s26p? — 5d1%s26p! 15.57

§ 200 50%s?6p2 — 5d'%s'6p> 26.22
5d1%s26p% — 5d°6526p? 43.22

Table | shows the direct ionization potentials foi* BiVe also
L = include the effects of excitation-autoionization via the
Energy (eV) 5d%s°6p®nl and S'%s'6p?nl configurations, wheren
=5-8 and =0-3. Theresults from the direct ionization are
FIG. 1. Electron-impact single ionization cross section fof. Bi reasonably close to experiment; however, once excitation-
The dashed line gives the total configuration-average distortedaytoionization is accounted for, the CADW results are sig-
wave direct ionization, and the solid line gives the total pificantly higher than experiment. The distorted-wave calcu-
configuration-average  distorted-wave  direct plus the totalation js overestimating the cross section for such a near
configuration-average  distorted-wave  excitation-autoionizatiome tra| species, a not uncommon occurrence. The total Lotz
cross section. The dot-dashed line shows the Lotz direct ionizatiop,ss section falls significantly below the total configuration-

cross section. The solid circles show the current experimental mea;

; ) %verage distorted-wave direct ionization cross section,
surements and the solid squares show the measurements of MullfH'

et al. [15]. ough is in good agreement above about 300 eV.

was crossed with an intense electron beam. After collimation B. Bi?*
H .

we had ?b"“t 20 nA current of B lons, for lower charge . The theoretical and experimental results for’'Bare

states higher currents could be obtained. The accelerati

. L own in Fig. 2. Bi* has a ground configuration of
voltage used is 10 kV. The ionization products were Sepag 106526, Again, the current experimental measurements

rated from the incident ion beam after the interaction using g4 in good agreement with the previous measurements of
magnetic field. They were detected by a single particle degiier et al. [15]. Direct ionization from the § 6p, and 5

E)eecetl(;:' while a large Faraday cup collected the primary M ubshells is included, as well as excitation-autoionization

In the dynamic crossed-beam technig@uller et al. 0
[15]) the electron gun is moved up and down across the ion ' ' ' ' ' ' ' ' '
beam with simultaneous registration of the ionization signal. L
The electron and the ion currents were used to obtain the
absolute cross sections. The electron gun was designed k£ 3%° : 7
Beckeret al.[23] and delivers an electron current of 430 mA - : i
at the maximum energy of 1 keV. The typical measurementZ :
time is about 40 s for large cross sections at high energie< 200
and up to 2000 s near threshold. The total experimental un-z
certainties of the measured cross sections are typically 8% &°
the maximum, resulting from the quadrature sum of the non- ,,,
statistical errors of about 7.8% and the statistical error at
95% confidence level.

00 600
IV. RESULTS Energy (eV)

A. Bi* FIG. 2. Electron-impact single ionization cross section fot*Bi

. . . The dashed line gives the total configuration-average distorted-
The theoretical and experimental results fof 8ie shown g 9 g

P " . . H52602 wave direct ionization; the dotted line gives the total of the
in Fig. 1. Bi" has a ground configuration oti56s°6p°”. The configuration-average distorted-wave direct ionization plus the

configuration-average results show the direct ionization ofynfiguration-average distorted-wave excitation-autoionization. The
the & and & subshells. The direct ionization of thelSub-  sqjig line gives the statistically partitioned configuration-average
shell leads to a double ionization, as was reported previouslyistorted-wave results. The dot-dashed line shows the Lotz direct
by Mdller et al. [15], and is not included in the calculation. jpnization cross section. The solid circles show the current experi-

Note that the current experimental measurements are in goaflental measurements and the solid squares show the measurements
agreement with the previous values of Miller al. [15]. of Muller et al. [15].
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TABLE II. Configuration-average ionization potentials for the 100 T
subshells in the ground configuration of?Bithe configuration- % : [\}'J

average double ionization potential is 67.30 eV. ©

Configuration-average 70 —
Transition ionization potentialeV) g o _
5d1%s26p — 501%< 23.84 2 5 i
5d1%s26p — 5d1%s6p 34.55 2 w0 ]
5d1%s6p — 5d%6s26p 52.26 ° h

30

20

via the 51°%6s’6pnl and 5'%s'6pnl configurations, where

n=5-8 and I=0-3. It can beseen that the basic T R AT Ty
configuration-average distorted-wave result lies significantly %5 30 35 40 45 50 55 60
higher than experiment. Some of the autoionizing configura- Energy (¢V)

tIOQS lie 2C|Ose _to thFj' Ionlzgtlon thres.hold,.ln particular the FIG. 4. Electron-impact single ionization cross section fot*Bi
50°%s’6p” configuration, with a configuration-average €n- i, the near threshold region. The lower dashed line shows the
ergy of 26.8 eV, compared to the configuration-average ioNground state direct ionization; the solid line shows the ground state
ization threshold of 23.84 eV. In the case of Bithe terms girect ionization plus the excitation-autoionization cross section.
and level splitting within the excited configurations are caus-The upper dashed line shows the excited configuration total direct
ing the levels to straddle the autoionization threshold. Weonization, and the dotted line shows the direct plus excitation-
used theaAUTOSTRUCTURE code[17] to evaluate level ener- autoionization cross section for excited configuration ionization.
gies and Auger yields, which were then used to adjustrhe solid circles show the experimental results.
configuration-average excitation cross sections. The main ad-

justment to the statistically partzitione_d cross section comegijied configurations associated with core excitation of tte 5
via the adjustment to thed36s°6p® configuration. Excitation  gbshell all make a small contribution to the total excitation-

to the _&96_326p2 configuration is the largest contribution to 4tojonization cross section. Partitioning of these configura-
the excitation-autoionization cross section; thus the partitiongjong produces a further small reduction in the total cross
ing of this configuration produces the most significant reducsection. It can be seen from Fig. 2 that the statistically par-
tion in the total theoretical cross section. The remaining eXyjtioned results lie in closer agreement with experiment, al-
though they still slightly overestimate the peak of the cross
section. It is also to be noted that the DVIN5- 1) results for

the direct ionization lie slightly lower than the DWIS)
results. For all other ion stages which were investigated the
DWIS(N-1) results were almost identical to the DWN)
results, and we show only the DWIS$-1) results. Table Il
shows the direct ionization potentials for’BiThe total Lotz
cross section falls significantly below the configuration-
average distorted-wave direct ionization cross section at all
energies. This difference is largely due to differences in the
5d direct ionization cross section.

10

300 . . . T . T , T ,

w0 _

@ 8
3 3
I
|

Cross section (Mb)

_
f=3
=1

50
C. Bi%*

The theoretical and experimental results for**Bare
shown in Fig. 3. Bi* has a ground configuration oti¥6s?.

FIG. 3. Electron-impact single ionization cross section fo¥i We show the configuration-average distorted-wave results
The dashed line shows the ground state direct ionization; the solid
line shows the ground state direct ionization plus the excitation- TABLE Ill. Configuration-average ionization potentials for the
autoionization cross section. The two dashed lines show the exciteslibshells in the ground configuration of®Bithe configuration-
configuration total direct ionizatiofupper curve shows the excited average double ionization potential is 98.52 eV.
configuration results while the lower curve shows the ground cons=

Energy (eV)

figuration results The dotted line shows the direct plus excitation- Configuration-average
autoionization cross section for excited configuration ionization.Transition ionization potentialeV)
The two dot-dashed lines shows the Lotz direct ionization cross

section, with the upper curve giving the first excited configuration5p°5d"%s®— 5p°5d'%s 43.46
jonization cross section, and the lower curve showing the groun&p®5d1%s?— 5p®5d°6s? 62.95
configuration results. The solid circles show the experimentagp65d10652_,5p55d10652 141.90

results.
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TABLE IV. Configuration-average ionization potentials for the ~ TABLE V. Configuration-average ionization potentials for the
subshells in the first excited configuration of 3Bi the subshells in the ground configuration of*Bithe configuration-
configuration-average double ionization potential is 98.52 eV. average double ionization potential is 144.21 eV.

Configuration-average Configuration-average
Transition ionization potentialeV) Transition ionization potentialeV)
5p85d1%s6p — 5pf5d1%s 32.74 5p65d1%s— 5p®5d10 55.06
5p85d1%s6p — 5p®5d%p 45.69 5p85d1%s— 5pf5d6s 75.76
5pb5d1%s6p — 5p®5d°6s6p 64.43 5pb5d1%s— 5p®5d1%s 155.08
5pb5d1%s6p — 5p°5d1%s6p 143.55

i 10
assuming both a 100%d%s? ground state, and a 100% With a ground state of $5d'%s, we do not expect to have

5d%s6p excited configuration. For the ground configuration significant metastable fraction. There is a small amount of
we include direct ionization ffom thestand 5l subshells.  Cr0SS section below the theoretical ionization threshold. We

We include indirect ionization via core excitation of d &nd ?ncl_ude_ direct ionization of th_esGand 4 subshells. l\_lote_ th".ﬂ
5p subshell for the ground configuration. As can be seerfnization of the p subshell lies above the double ionization
from Fig. 3 there is reasonable agreement with the eXperit_hreshold with a conﬁguranon—averag_ed ionization pot_entlal
mental cross section. Closer inspection of the threshold re@f 155 eV, compared to the double ionization potential of
gion (See F|g 4shows that there is a Signiﬁcant metastab|e144 ev. Table Vv ShOWS the dII’eCt lonization pOtentIa|S fOI’
fraction below the ground ionization threshold. This thresh-Bi**. The theory agrees well with the onset of the excitation-
old agrees well with the ionization threshold of the first ex-autoionization cross section, and although slightly higher
cited configuration. For the first excited configuration we in-than experiment at the peak of the cross section, is in broad
clude direct ionization of the § 6s, and %l subshells and agreement above the peak. Again, the total Lotz ionization
indirect ionization via core excitation of thes@nd & sub-  cross section lies significantly below the total direct ioniza-
shells. Tables Il and IV show the direct ionization potentialstion from the configuration-average distorted-wave results.
for the ground and first excited configurations ofBiThe

metastable cross section significantly overestimates the total _

cross section, indicating that the metastable fraction may be E. Bi®"

small. To match the cross section in the region below the The theoretical and experimental results fors"Bare

ground ionization threshold requires approximately 30%shown in Fig. 6. Bi* has a ground configuration ofi¥. The
metastable fraction. The total Lotz cross section lies signifi-

cantly below the configuration-average distorted-wave direct
ionization results.

D. Bi**

The theoretical and experimental results for*'Bare B 7
shown in Fig. 5. Bi* has a ground configuration ofi5%s. . -

Cross section (Mb)

Cross section (Mb)

Energy (eV)

FIG. 6. Electron-impact single ionization cross section fot*Bi
The lower dashed line shows the direct ionization cross section for
the ground configuration while the solid line gives the total direct
= L ionization plus the total excitation-autoionization cross section for

Energy (V) the ground configuration. The upper dashed curve gives the total
direct ionization for the first excited configuration, and the dotted

FIG. 5. Electron-impact single ionization cross section fdf'Bi  curve configuration gives the total direct ionization plus the
The dashed line shows the total direct ionization cross section, thexcitation-autoionization cross section for the excited configuration.
solid line shows the total direct plus the total excitation- The two dot-dashed curves show the total Lotz direct ionization
autoionization cross section, the dot-dashed line shows the totaross sections results, with the upper curve showing the excited
Lotz direct ionization cross section, and the solid circles show theonfiguration results, and the lower curve showing the ground con-
experimental results. figuration results. The solid circles show the experimental results.
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TABLE VI. Configuration-average ionization potentials for the 40— T ' T L — L — T
subshells in the ground configuration of°Bithe configuration-
average double ionization potential is 196.32 eV.

30 —
Configuration-average

Transition ionization potentialeV) g
AF4525pB5(10_, 41455250652 89.15 RS
414552505010, 4f145525°5(10 168.87 8
414562508510, 41455506510 233.65 c
414552585010, 4113552585410 224.97 10

experimental ionization threshold is in good agreement with

0 100 200 300 400 500 600 700 800 900 1000

the ionization threshold for the first excited configuration, Energy (eV)
5d%s. For the ground configuration we include direct ion-
ization from the B and 5 subshells and excitation- FIG. 7. Electron-impact single ionization cross section fdt'Bi

autoionization via core excitation of thes,5and 5 subshells.  The dashed line shows the total direct ionization cross section, the
For the first excited configuration we include direct ioniza-solid line shows the total direct plus the excitation-autoionization
tion of the & 5d, and 5 subshells, and excitation- Cross section, the dot-dashed curve shows the Lotz total direct ion-
autoionization via core excitation of thepand & subshells. ization cross section, and the solid circles show the experimental
Tables VI and VII shows the direct ionization potentials for "esults.

" ~ T :
Bi>". It can be seen that the excitation-autoionization contrijanificantly below the configuration-average distorted-wave
bution from the first excited configuration results in a cros

: . X ﬁesults until about 900 eV, when there is good agreement.
section greater than that of experiment, while the groun

configuration ionization cross section is slightly lower than G. Bi’™*
experiment. The large amount of cross section in the region The theoretical and experimental results for‘Bare

below the ground ionization potential indicates a largeshown in Fig. 8. Bi* has a ground configuration ot We
excited configuration fraction in the beam. The total Lotzj,q|,de direct ionization of theds 5p, and 4 subshells, and
ionization ~ cross section lies significantly below the g ciation-autoionization via core excitation of the &nd 5
configuration-average distorted-wave results until aboulpshelis. Table IX shows the direct ionization potentials for
800 eV, when there is reasonable agreement. Bi’*. Again, there is reasonably good agreement between
theory and experiment. Once one enters significantly into the
F. Bi* 5d subshell, one would expect the configuration-average
distorted-wave calculations to be in closer agreement with
experiment. This is because of the large number of terms
associated with an operdSubshell, so any metastable terms
present are likely to be contained within the ground configu-
ration. Thus, the configuration-average ionization result for
the lowest configuration should contain the effects of any
metastable presence as well. The total Lotz ionization cross
section lies below the configuration-average distorted-wave
results until about 800 eV, when there is good agreement.

The theoretical and experimental results for'Bare
shown in Fig. 7. Bi* has a ground configuration oti% We
include direct ionization of the & and F subshells and
excitation-autoionization via core excitation of the &nd
5s subshells. Table VIII shows the direct ionization poten-
tials for Bi®*. There is clearly significant excitation-
autoionization, with distorted-wave theory giving a good
match to experiment.

Bi®* shows some evidence of below threshold ionization,
suggesting that there is perhaps some metastable presence, or H. Bi8*
that the term-resolved direct ionization threshold is some- The theoretical and exoerimental results forf'Bare
what lower than the configuration-average threshold ioniza- P

U + , )
tion potential. The total Lotz ionization cross section IiesfShOWn in Fig. 9. Bi* has a ground configuration ol We

include direct ionization of thed 5p, 5s, and 4 subshells,

TABLE VII. Configuration-average ionization potentials for the TABLE VIII. Configuration-average ionization potentials for the
subshells in the first excited configuration of °Bi the  subshells in the ground configuration of®Bthe configuration-
configuration-average double ionization potential is 196.32 eV. average double ionization potential is 232.99 eV.

Configuration-average Configuration-average
Transition ionization potentialeV) Transition ionization potentialeV)
4195825065096 s — 4f145525p650° 68.46 415825065d° — 41455255508 107.16
4f1%5525p850%6s — 4145525650865 93.15 4f145525p85d° — 4f195525p°5¢1° 187.46
4f195825065096s — 4f145525p°50%s 173.03 4f145525085d° — 4f14555p650° 253.09
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30

25 T T T T T

25—
20 —

20 —

._.
=
I

Cross section (Mb)
—_
W
I
=
S
I

Cross section (Mb)

400
Energy (eV) Energy (eV)

FIG. 8. Electron-impact single ionization cross section fof*Bi FIG. 9. Electron-impact single ionization cross section fot*Bi
The dashed line shows the total direct ionization cross section, th&he dashed line shows the total direct ionization cross section, the
solid line shows the total direct plus excitation-autoionization crosssolid line shows the total direct plus excitation-autoionization cross
section, the dot-dashed curve shows the Lotz total direct ionizatiosection, the dot-dashed curve shows the Lotz total direct ionization
cross section, and the solid circles show the experimental results.cross section, and the solid circles show the experimental results.

and excitation-autoionization via core excitation of the 5
and 5 subshells. Table X shows the direct ionization poten-

tials for Bi#*. The results for Bi* lie slightly below those of TABLE X. Configuration-average ionization potentials for the
experiment at the peak of the cross section, but agree well atibshells in the ground configuration of®Bithe configuration-
higher energy. It should be noted that direct ionization of theaverage double ionization potential is 310.11 eV.

4f subshell lies very close to the double ionization potential
for Bi®*, and in the configuration-average picture actually Configuration-average
lies slightly above, suggesting that it should all double ion-Transition ionization potentialeV)
ize. However, inclusion of direct ionization of thé gubshell 41455250857 — 41456250656 145.12
provides much better agreement with experiment at high en-

1 67 1 57
ergy, suggesting that term and level splitting is causing thé"l4582 5p65d7ﬂ4f1455252 5‘3 226.54
majority of the direct ionization to fall in the single ioniza- 4f**5s’5p°5d’ — 4f*%5s5p°5d 294.00
tion regime or that there is a significant radiative branching#f*%5s°5p°5d’ — 4f135s5p°5d” 313.08

ratio of the ionized configuration. A level-resolvediTo-
STRUCTURE calculation reveals that thef 4onization does
indeed lie below the double ionization threshold. The total

Lotz ionization cross section lies below the configuration- 2 : ' : : '
average distorted-wave results until about 800 eV, when
there is good agreement.

l. Bi%*

The theoretical and experimental results for’*Bare
shown in Fig. 10. BY* has a ground configuration ofi% In
the theoretical calculations we include direct ionization from

TABLE IX. Configuration-average ionization potentials for the 5
subshells in the ground configuration of’Bithe configuration-
average double ionization potential is 270.95 eV.

Cross section (Mb)
S
L e L R S S s B s S B s

Configuration-average

Energy (eV)
Transition ionization potentialeV)
FIG. 10. Electron-impact single ionization cross section for
A1'%5s5p°5d° — 4f455°5p°5d" 125.83 Bi®*. The dashed line shows the total direct ionization cross section,
4f1495525p0508 — 4f145525p55d8 206.70 the solid line shows the total direct plus excitation-autoionization
419582508508 — 41455506548 273.22 cross section, the dot-dashed curve shows the Lotz total direct ion-
41455258508 — 4f1355255508 267.33 ization cross section, and the solid circles show the experimental

results.
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TABLE XI. Configuration-average ionization potentials for the  TABLE XIll. Configuration-average ionization potentials for the
subshells in the ground configuration of°Bithe configuration- subshells in the ground configuration of'®f the configuration-

average double ionization potential is 350.43 eV. average double ionization potential is 391.85 eV.
Configuration-average Configuration-average
Transition ionization potentialeV) Transition ionization potentialeV)
4f145525p0506 — 4f145525p05d5 164.99 414582506505 —, 4f145525p85d* 185.44
4f195525p0506 — 4f145525p55d0 246.93 414582508505 —; 4f145525p°50° 267.87
41455258506 — 411455506546 315.38 414552508505 — 4f14555p650° 337.34
41455258506 — 4§135525p55(16 313.08 414552508505 — 41135525850 337.12

the &=, 5p, 55, and 4 subshells, and excitation- core excitation of the » 5s, and 4 subshells. Table XII
autoionization from core excitations of the,55s, and 4 shows the direct ionization potentials for'8i. It can be seen
subshells. Table XI shows the direct ionization potentials forthat the 5 and the 4 subshells fall within the single ioniza-
Bi®*. It can be seen that thes@nd the 4 subshells fall just tion region. As can be seen from Fig. 11, there is reasonable
inside the single ionization region. The theory is in reasonagreement between theory and experiment, though again
able agreement with experiment, except at the peak of thtéheory is slightly lower than experiment at the peak of the
cross section, where theory comes in lower than experimentross section. The total Lotz ionization cross section is
The total Lotz ionization cross section is a little lower thanslightly lower than the configuration-average distorted-wave
the configuration-average distorted-wave results, and bdgirect ionization results, and by 700 eV is in good agree-

700 eV is in good agreement. ment. It should, however, be noted that the Lotz expression
does not account for excitation-autoionization, and thus is
J. Bj1o+ still significantly lower than experiment.

The theoretical and experimental results for'®Biare
shown in Fig. 11. Bi°* has a ground configuration ofi% In
: : o V. SUMMARY
the theory results we include direct ionization from the 5

5p, 5s, and 4 subshells and excitation-autoionization via . .
Recent experimental measurements for electron-impact

single ionization of Bi through to Bt°* have been compared
with configuration-average distorted-wave theory. Good
agreement is obtained for most of the ion stages. Féf Bi
account was taken of level splitting of the autoionizing con-
figurations. The contribution to the measured cross section
from excited configurations, containing metastable terms,
was found to be significant for Bi and BP*. There is, in
general, good agreement between configuration-average
distorted-wave results, and those of experiment. The Lotz
ionization cross section results become a reasonable approxi-
mation to the direct ionization cross sections as the charge
state increases, although they are still significantly below the
experimental measurements due to the large amount of
excitation-autoionization present in the total cross section.
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autoionization cross section, the dot-dashed curve shows the Lo@ry through Advanced Computing by the U.S. Department of
total direct ionization cross section, and the solid circles show théenergy. Support by the Deutsche Forschungsgemeinschaft
experimental results. (DFG), Bonn-Bad Godesberg, is gratefully acknowledged.

052714-8



ELECTRON-IMPACT IONIZATION OF BFf FORq=1-10 PHYSICAL REVIEW A 70, 052714(2004)

[1] ITER Physics Basis Editors, ITER Physics Expert Group Salzborn, D.M. Mitnik, D.C. Griffin, J. Colgan, and M.S.
Chairs and Co-Chairs, and ITER Joint Central Team and Phys-  Pindzola, Phys. Rev. /64, 052706(2001).
ics Integration Unit, Nucl. Fusior89, 2137(1999. [11] M. Stenke, K. Aichele, D. Hathiramani, G. Hofmann, M.
[2] H. P. Summers, N. R. Badnell, M. G. O’'Mullane, A. D White- Steidl, R. Vélpel, and E. Salzborn, J. Phys2B, 2711(1995.
ford, R. Bingham, B. J. Kellett, J. Lang, K. H. Behringer, U. |11\ 5 pindzola and D.C. Griffin, Phys. Rev. 36, 1654(1997).

Fantz, K-D. Zastrow, S. D. Loch, M. S. Pindzola, D. C. Grif- . S
fin, and C. P. Ballance, Plasma Phys. Controlled Fusidn [13] S.D. Loch, M.S. Pindzola, C.P. Ballance, D.C. Griffin, D.M.

B323 (2002 Mitnik, N.R. Badnell, M.G. O’Mullane, H.P. Summers, and
[3] M.S. Pindzola, D.C. Griffin, and C. Bottcher, &tomic Pro- A.D. Whiteford, Phy;. Rev. A66, 052708(2002)' )
cesses in Electron-lon and lon-lon CollisionBIATO Ad- [14] S.D. Loch, A.D. Whiteford, and M.S. Pindzo{arivate com-
vanced Study Institute, Series B: Physics, edited by F. Brouil- ~ munication.
lard (Plenum, New York, 1986 Vol. 145. [15] A. Muller, K. Tinschert, Ch. Achenbach, E. Salzborn, R.
[4] M.S. Pindzola, D.C. Griffin, and C. Bottcher, Phys. Rev3A, Becker, and M.S. Pindzola, Phys. Rev. Lei, 414 (1985.
3668(1986. [16] W. Lotz, Z. Phys.216, 241(1968.
[5] M.S. Pindzola, D.C. Griffin, C. Bottcher, S.M. Younger, and [17] N.R. Badnell, J. Phys. BL9, 3827(1986.
T.H. Hunter, Nucl. Fusion Suppll, 21 (1987%). [18] N.R. Badnell, J. Phys. B30, 1 (1997).
[6] M.S. Pindzola and D.C. Griffin, J. Phys. B1, 3253(1988. [19] N.R. Badnell and M.S. Pindzola, Phys. Rev. 39, 1685
[7] M.S. Pindzola, D.C. Griffin, C. Bottcher, M.J. Buie, and D.C. (1989.
Gregory, Phys. Scr., B7, 35(1991). [20] K. Tinschert, A. Muller, G. Hofmann, K. Huber, R. Becker,
[8] J.A. Shaw, M.S. Pindzola, M. Steidl, K. Aichele, U. Harten- D.C. Gregory, and E. Salzborn, J. Phys.2R, 531(1989.
feller, D. Hathiramani, F. Scheuermann, M. Westermann, and21] G. Hofmann, A. Miller, K. Tinschert, and E. Salzborn, Z.
E. Salzborn, Phys. Rev. &3, 032709(2000). Phys. D: At., Mol. Clustersl6, 113(1990.

[9] D. Hathiramani, K. Aichele, G. Hofmann, M. Steidl, M. [22] F. Brotz, dissertation, University of Giessen, 2000, http://
Stenke, R. Volpel, E. Salzborn, M.S. Pindzola, J.A. Shaw, geb.uni-giessen.de/geb/volltexte/2000/263/
D.C. Griffin, and N.R. Badnell, Phys. Rev. B4, 587 (1996 [23] R. Becker, A. Miller, Ch. Achenbach, K. Tinschert, and E.
[10] K. Aichele, W. Arnold, D. Hathiramani, F. Scheuermann, E. Salzborn, Nucl. Instrum. Methods Phys. Res9B385(1985.

052714-9



