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Electron-impact single ionization of low-charged molybdenum ions
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The electron-impact single ionization of low-charged Mo ions is studied both experimentally and theoreti-
cally. The absolute cross sections for Moions in charge stateg=1-8 are measured using a crossed-beam
technique. Distorted-wave calculations are made including both direct ionization and excitation-autoionization
contributions. For ions in charge statgs-6-8, the measured cross sections are in good agreement with
calculations involving only the lowest-energy metastable configuration. For ions in chargegst8es, the
good agreement between experiment and theory confirms the dominant role played by excitation-
autoionization contributions to the total ionization cross sec{isd050-29476)07807-9

PACS numbsd(s): 34.80.Kw, 34.80.Dp

I. INTRODUCTION IIl. CROSSED-BEAM EXPERIMENTAL METHOD

. . _ _ The measurements were performed at the Giessen
A_ better understaqd|ng_of_ atomic collision Processes iNgjectron-ion crossed-beam sefig. 1), which has been de-
volving low-charged ions is important for the modeling of gcriped in detail earlief7,8]. The molybdenum ions were

fusion edge plasmdd]. The use of a molybdenum surface produced by a 10-GHz electron cyclotron resonafE€R)

for divertor plates in tokamaks is currently under experimenson sourcg9] using the insertion techniqu€ig. 2), where a

tal investigation in Alcator C-Mod at the Massachusetts In-hundle of thin 0.5-mm-diam molybdenum wires mounted on
stitute of Technology and in FTU at the Centro Richerchetop of a rod was fed axially to the edge of the ECR plasma.
Energia in Frascati. These experiments will pave the way fowith this technique the ion source was in operation for
future use of metal divertors on the next generation of fusiomearly 10 h before the bundle of molybdenum wires had to
machines. be replaced.

The atomic collision data for electron-impact single ion- lon currents of some nA of M6 up to Mo®* ions at
ization of low-charged Mo ions are sparse. In the past, elect0-kV acceleration voltage have been obtained. The low ion
tron ionization cross sections have been measured fof Mo current was caused by the unfavorable isotope distribution of
[2] and calculated for M&, Mo'2*, Mol3* [3,4], and molybdenum, wheré®Mo is the stable isotope with the larg-
Mo 3" [5]. lonization rate coefficients have also been calcu-£st partition(24.1% in the natural mixture. Molybdenum
lated for Mc®*, Mo®", and Mo [4], although only for  1ONS of mass 98 amu were use_d for 'Fhe_pre_sent investigation.
the ground configurations. In this paper we report on a joinONly the cross section of the single lonization of Mowas
experimental and theoretical project that extends the receffeasured with the isotopEMo, becziuse" Mo " ions have
study of Bannisteet al.[6] on Mo*" and Mo®* to cover the the same mass-to-charge ra_uo%N : .
electron-impact single ionization of all M3 ions from . After gnalyas for the desired mgss-to-charg.e ratio and a

- o oL o tight collimation to typically 1-mm diameter, which reduced
g=1 to 8. Strong excitation-autoionization contributions tothe beam current roughly by a factor of 100, the ion beam
the total ionization cross section are confirmed for Vo was crossed with an intense electron beam,. We employed
ions from q=3 to 8. We also find for M8 ions from . itterent types of electron guns. A high-current electron
q=6 to 8 that ionization from the lowest-energy metastabley delivers a ribbon-shaped electron beam at energies from
configuration dominates the measured cross sections. 10 to 1000 eV and currents up to 450 m20]. The second

The remainder of the paper is partitioned as follows: intype is a newly developed high-energy electron gun with an
Sec. Il we outline the crossed-beam experimental method, igxjal symmetric setup. This gun is designed for the electron
Sec. Il we review distorted-wave theory as applied to theenergy range from 50 to 6500 eV and delivers electron cur-
electron-impact ionization of atomic ions, in Sec. IV we rents up to 430 mA11]. After the electron-ion interaction,
compare experiment and theory for Mothrough M&®™, the product ions were separated from the incident ion beam
while in Sec. V we give a brief summary. by a magnetic field and detected by a single particle detector.

1050-2947/96/54.)/587(6)/$10.00 54 587 © 1996 The American Physical Society



588

ECR
DP EL
th=
M
ECR 10 GHz ECR ion source
EL einzel lens
icw [ DP DP electrostatic deflector plates
A A variable apertures
LO| FC FC movable Faraday cups
4l M 90° sector magnets
EQT electrostatic quadrupole triplet
! { EQT ES spherical condensers
CA  collimating apertures
EG  electron gun
1c Faraday cup collecting the parent ion beam
CEM single particle detector for product ions
\\ MCP channel plate detector for neutral particles
ES
FC
CA @)
CA \\ ES
EG | O[0
0 =
CEM
M
0.5 o=
k Y |Es
R =
L IC
1 m :
== MCP

D. HATHIRAMANI et al.

54

sured cross sections are typically 8% at the maximum result-
ing from the quadrature sum of the nonstatistical errors of
about 7.8% and the statistical error at 90% confidence level.

lll. DISTORTED-WAVE THEORETICAL METHOD

Major contributions to the electron-impact single-
ionization cross section are made by the following two pro-
cesses:

e +AT AT LeT 1T,

D
and

e +ATT (AT e AT DT LeT e (2)
whereA represents an arbitrary ion with charge The first
process is direct ionization while the second is excitation
autoionization. Since for low-charged ions the branching ra-
tio for autoionization is approximately one, the total ioniza-
tion cross section is given by

%FZ aion(iefw; Texdi—1), 3

where g;,,(i—f) is the direct ionization cross section from
an initial configuration, term, or levélof the N-electron ion

to a final configuration, term, or levelf of the
(N—1)-electron ion andr.,{i—j) is the inner-shell excita-
tion cross section from an initial configuration, term, or level
i of the N-electron ion to an autoionizing configuration,

FIG. 1. Schematic view of the experimental setup, including theterm, or levelj of the N-electron ion.

whole beamline from the ion source to the detector.

The direct ionization and inner-shell excitation cross sec-
tions for all the Md* ions are calculated in a configuration-

The incident ion beam was collected in a large Faraday cumverage distorted-wave approximati¢h3]. The threshold
Absolute cross sections were obtained by employing the dyenergies and bound radial orbitals needed to evaluate the

namic crossed-beam techniqiie2], where the electron gun

cross sections are calculated using the relativistically cor-

is moved up and down through the ion beam with simultarected Hartree-Fock atomic structure code of Copah15|.
neous registration of the ion signal and both actual beanh prior form of the scattering amplitude and a maximum
currents. The total experimental uncertainties of the meainterference approximatidri6] are employed to evaluate the
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FIG. 2. Principle of the ECR ion source with the bundle of molybdenum wires.
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FIG. 3. Electron-impact single ionization of Mo Solid circles: FIG. 4. Electron-impact single ionization of M6. Solid

present measurements; open squares: measurements of Man, Smficles: present measurements; dashed curve: direct ionization from
and Harrisor{2]; dashed curve: direct ionization from the%d® the 4p®4d* ground configuration.
ground configuration.

. L i The experimental measurements for the ionization cross

direct ionization cross sections. _ section of M&* are compared with distorted-wave theory in
More accurate inner-shell excitation cross sections for,:ig 4. At 60-eV incident energy, near the peak of the cross
3+ . . . . . . y

Mo=" are calculated in a multiconfiguratidrSJ level re-  gection, the measurements are about 10% higher than the

solved distorted-wave approximation. Threshold energies,qnfiguration-average distorted-wave calculation fdrséib-

bound radial orbitals, and term and level mixing coefficientsgpa( “girect ionization from the #4d* ground configura-

are calculated using the atomic structure package of Fischg, - For direct ionization of the @ subshell, some of the
[17]. NonrelativisticLS scattering algebra is generated using,

dified ion of th | I d ﬁvels of the 4°4d* configuration will contribute to single
a modified version of the general angular momentum code o,z ation, while other levels will contribute to double ion-
Scott and Hibber18]. Following standard method49], the

lativisticK . h ¢ q frons ization. A configuration-average calculation for the
nonrelativistick matrices are then transformed franb 10— 45, 44 inner-shell excitation yields a cross section of 181

JK coupling, followed by a further transformation to inter- \1p, 4t 4 threshold of 38.9 V. Thus, the total ionization cross
mediate coupling through the use of "term coupling” Coef- go¢tion from distorted-wave theory is almost a factor of 2
ficients. The res_ultmg relativisti& r_nr?\trlces yield level-to- higher than the present measurements at the peak. However,
level cross sections and rate coefficients. this might be expected since the large effects of correlation
and continuum coupling are not included in these
IV. COMPARISON BETWEEN EXPERIMENT AND configuration-average distorted-wave calculations.
THEORY

. . o . B. Mo3*
The electron-impact single ionization cross sections for

Mo9* ions in charge stateg=1 to 8 are shown in Figs. The distorted-wa\_/e theory is expected to _be_come more
3—11. The error bars indicate a total experimental uncerdccurate as the residual charge on an atomic ion becomes
tainty. larger. This is due, in part, to the increased strength of the
central force of the partially screened nucleus and a concur-
rent reduction in the effect of electron correlation. The ex-
perimental measurements for the ionization cross section of
Two crossed-beam experimental measurements for thilo®" are compared with distorted-wave theory in Figs. 5
ionization cross section of Mb are compared with and 6. Configuration-average distorted-wave calculations are
distorted-wave theory in Fig. 3. At 50-eV incident energy, made for direct ionization from thepf4d? ground configu-
near the peak of the cross section, the present measuremeragion including both the 4 and 4p subshells. Direct
are about 25% higher than the previous measurements @fnization of the 4 subshell will contribute to the double
Man, Smith, and Andersof2]. The configuration-average ionization of Mo®". Configuration-average calcula-
distorted-wave calculation forddsubshell direct ionization tions were carried out for the pt~4/ (/=2,3),
from the 40%4d°® ground configuration is almost a factor of 2 4p—5/ (/=0,1,2,3), 4—6/ (/=0,1,2,3), 4—4d,
higher than the present measurements. Direct ionization aind 4—5/ (/'=0,1) inner-shell excitation cross sections.
the 4p subshell will contribute to the double ionization of The 4p—4d excitation cross section is by far the largest.
Mo *. A configuration-average calculation for thgg4:4d  The total ionization cross section from distorted-wave theory
inner-shell excitation yields a cross section of 229 (Vb including the $—4d excitation is given by the solid curve
=1.0x10"*cm?) at a threshold of 38.2 eV. Thus, the total in Fig. 5, while the chained curve excludes the-44d ex-
ionization cross section from distorted-wave theory is aboutitation.
a factor of 3 higher than the present measurements at the There are 68LS terms and 180LSJ levels in the
peak. 4p°4d* excited configuration of Md", which straddle the

A. Mo * and Mo?*
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FIG. 5. Electron-impact single ionization of Mo. Solid FIG. 7. Electron-impact single ionization of Mb. Solid

circles: present measurements; solid curve: total ionization from theircles: present measurements; solid curve: total ionization from the
4p°4d° ground configuration including thep4-4d excitation; dot-  4p54d2 ground configuration; dashed curve: direct ionization from
dashed curve: total ionization from the2d* ground configura-  the 4p®4d? ground configuration; open squares: measurements of
tion excluding the $—4d excitation; dashed curve: direct ioniza- Bannisteret al. [6].

tion from the 404d® ground configuration.

o . experimentally. If the level populations were known, calcu-
ionization threshold. Some of the levels of thp>4d® ex-  |ations could be carried out to determine a weighted sum of

cited configuration are bound, while other levels may authe total ionization cross sections from each ground and
toionize. Thus, we carried out a level-to-level distorted-wavemetastable level.

calculation for the $—4d excitation to determine the cross
section to autoionizing levels only. The total ionization cross C. Mo** and Mo5*
section from distorted-wave theory, including only those ,
4p—4d excitations that are able to autoionize, is given by, WO crossed-beam experimental measurements for the
the solid curve in Fig. 6. The good agreement betweerionization cross section of Mo are compared with
theory and experiment for Mo is somewhat fortuitous, dlsto_rted—wave theory in Elg. 7. The present measurements
since the partition between bound and autoionizing levels of"® in good agreement with the previous measurements of
the 4p54d* configuration will change with only slight shifts Bannisteret al.[6] over the entire energy range. The present
in the calculated energies. We used the experimental ionizé:__onﬂguran_on-average distorted-wave calt_:ulatlons are essen-
tion threshold of 46.4 e20] and found that only 44 of the tally identical to those reported by Banznlsmral. [6]. Di-
180LSJlevels in the 454d* excited configuration are able T€Ct ionization calculations from thep#4d? ground configu-
to autoionize and contribute to the ionization cross section.fation included the d, 4p, and 4 subshells. Inner-shell

A better theoretical calculation could be made if the level€XCitation calculations included thep4-4f, 4p—5/ (/
populations in the p®4d® ground configuration were =123, 4p—6/ (/=0,1,2,3, 4s—4/ (/'=2.3), 4s—5/

known. However, these populations are difficult to determind” =0,1,2, and 3—4/ (/=2,3 transitions.
Two crossed-beam experimental measurements for the

ionization cross section of Mg are compared with
distorted-wave theory in Fig. 8. The present measurements
are again in good agreement with the previous measurements
of Bannisteret al. [6] over the entire energy range. The
present configuration-average distorted-wave calculations are
again essentially identical to those reported by Bannister
et al. [6]. Direct and indirect ionization cross sections are
from the 4p®4d ground configuration and involve the same
subshells and transitions as reported above fof Maexcept

the 4p—5p, which is now bound.

gl by by by iy

Cross section (1077 cm?)

D. Mo®*, Mo’*, and Mo®*

100 1000 In previous work on the Fg21] and Ni[22] isonuclear
Electron energy (eV) sequences, comparison between distorted-wave theory and
ECR crossed-beam experiments indicated that electron-
FIG. 6. Electron-impact single ionization of Mé. Solid  Impact ionization from charge states whose ground configu-
circles: present measurements; solid curve: total ionization from théations were 8%3p" occurred mainly from the metastable
4p®4d® ground configuration including a level-to-level calculation configurations 8*3p"~*3d. We expect the same phenom-
for the 4p— 4d excitation; dashed curve: direct ionization from the €na to occur in the Mo ions whose ground configurations are
4p®4d? ground configuration. 4s%4p".




54 ELECTRON-IMPACT SINGLE IONIZATION OF LOW- ... 591

= ,F
o 40k 1 o 3
£ ] £
[} F 7 o 6 [
° 30 F 3 ?
o : o 51
~ 20 | E o4k
c E E c
2 ; ] £ 3
5 10 l 3 § 2 b
%3 2 o 1 F
O : } o °
100 1000 100 1000

Electron energy (eV) Electron energy (eV)

FIG. 8. Electron-impact single ionization of Mb&. Solid FIG. 10. Electron-impact single ionization of Mo. Solid

circles: present measurements; solid curve: total ionization from thé&ircles: present measurements employing the high-current electron
4p®4d ground configuration; dashed curve: direct ionization from gun; solid diamonds: present measurements employing the high-
the 4p®4d ground configuration: open squares: measurements ognergy electron gun; solid curve: total ionization from the*4d
Bannisteret al. [6]. metastable configuration; long-dashed curve: direct ionization from
the 4p*4d metastable configuration; dot-dashed curve: total ioniza-
The experimental measurements for the ionization croston from the 9° grousnd configuration; short dashed curve: direct
section of M@ are compared with distorted-wave theory in 'onization from the 4° ground configuration.
Fig. 9. Configuration-average distorted-wave calculations are ) o
made for direct ionization from thesd4p® ground configu- T_he experimental measurements for the ionization cross
ration including both the g and 4s subshells and from the section of Md * are compared with distorted-wave theory in
4s?4p°4d metastable configuration including thel 44p, Fig. 10. Conf|gurat|'on-.avgrage distorted-wave calculations
and 4 subshells. The €4p°® ground configuration calcula- are made for direct ionization from thes#p°® ground con-
tions include the 8—4/ (/=2,3) excitations, while the figuration including both the g and 4 subshells and from
4s24p54d metastable configuration calculations include thethe 4s?4p“4d metastable configuration including thed 4
4p—5f, 4p—6/ (/=0,1,2,3), &—4f, 4s-5/ (/ 4P, and & subshells. The #4p® ground configuration cal-
—0,1,2), and 8—4/ (/=1,2,3) excitations. The calcula- Culations include the @&-4/ (/=1,23) and
tions for the metastable configuration are in good agreemertd—5/ (#=0,1,2,3) excitations, while the sd4p*4d
with experiment in regard to both the threshold for ionizationmetastable configuration calculations include the-4f,
and the magnitude of the cross section. We expect thds—5/ (/=1.2), 3d—4/ (/=123), and 8—-5/
|\/|06Jr ions from the ECR source are main|y in metastab|e(/:0,1,2,3) excitations. The calculations for the metastable
triplet states of the #4p®4d configuration. configuration are in good agreement with experiment.
The experimental measurements for the ionization cross
section of M&®* are compared with distorted-wave theory in
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FIG. 9. Electron-impact single ionization of M®&. Solid Electron energy (eV)

circles: present measurements employing the high-current electron

gun; solid diamonds: present measurements employing the high- FIG. 11. Electron-impact single ionization of 6. Solid dia-
energy electron gun; solid curve: total ionization from the*4d monds: present measurements; solid curve: total ionization from the
metastable configuration; long-dashed curve: direct ionization fromp34d metastable configuration; long-dashed curve: direct ioniza-
the 4p®4d metastable configuration; dot-dashed curve: total ionization from the 4%4d metastable configuration; dot-dashed curve:
tion from the 4® ground configuration; short dashed curve: direct total ionization from the #* ground configuration; short-dashed
ionization from the #° ground configuration. curve: direct ionization from thepf ground configuration.
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Fig. 11. Configuration-average distorted-wave calculationglected for charge states greater than 5, where they strongly
are made for direct ionization from thesZ4p* ground con-  dominate the primary ion beams. However, as in the case of
figuration including both the g and 4s subshells and from ions initially in their ground states, the cross sections defined
the 4s°4p®4d metastable configuration including thed4 by long-lived metastable ions also show that inner-shell ex-
4p, and 4 subshells. The #4p* ground configuration cal- citation to autoionization levels plays an important role. Gen-
culations include the &—4/ (/=1,2,3), 3d—5/ erally one can say that the configuration-average distorted-
(/=0,1,2,3), and 86/ (/=0,1,2,3) excitations, while wave calculations with unit branching ratios are in fairly
the 4s?4p®4d metastable configuration calculations include good agreement with respect to both the position and value
the 4s—5d, 3d—4/ (/=1,2,3), 3—5/ (/=0,1,2,3), of the maximum of the observed cross section for ions in
and A—6/ (/=0,1,2,3) excitations. The calculations for charge states greater than 3. However, there are noticeable

the metastable configuration are again in good agreemesdiscrepancies between theory and experiment at both low
with experiment. and high energies. As mentioned before, a better theoretical

calculation could be made if the level populations in the
V. SUMMARY target ion were known. These populations are difficult to
determine experimentally. If the level populations were

The total cross sections for single ionization of molybde-known, LSJ level-to-level distorted-wave cacluations with
num ions by electron-impact have been investigated for lowhonunit branching ratios could be carried out to compare
charge states Mb up to Mo®". Comparisons with acces- with experiment in greater detail.
sible measurements from other groups are in good agreement
in nearly the whole observed energy range with the present ACKNOWLEDGMENTS
data within error bars.
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