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Measurement of electron-impact ionization cross sections for hydrogenlike higR-ions
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Electron-impact ionization cross sections have been measured for the hydrogenlike ions of molybdenum,
dysprosium, gold, and bismuth at selected electron energies between 1.3 and 3.9 times threshold. The cross
sections were obtained from x-ray measurements of the equilibrium ionization balance in an electron beam ion
trap. The measured cross sections agree with recent relativistic distorted-wave calculations that include both
the Moeller interaction and exchand&1050-294{@7)03408-2

PACS numbsg(s): 34.80.Kw, 32.30.Rj

I. INTRODUCTION another type of experiment, the evolution of the ionization
balance in an electron-beam ion source was used to obtain
Electron-impact ionization is a key process in the physicdonization cross sectiong8]. lonization cross sections for
of highly charged higl# ions, and accurate values for high- several lithiumlike ions have been measured in an electron-
Z ionization cross sections are required for a complete unbeam ion trapEBIT) by comparing the rates of ionization
derstanding of electron-ion collisions. In addition to its fun- and dielectronic recombinatiof9]. Very-highly-charged
damental role in basic atomic collision physics, electron-ons can be produced by stripping relativistic accelerator
impact ionization also has a practical application in high-beams in foil targets, but their electron-impact ionization
temperature plasmas and highly-charged-ion sources, whe@0ss sections are too small to measure with a crossed or
it is the process by which highly charged ions are usuallymerged electron beam. However, measurements of the strip-
produced. Unfortunately, there are very few measurementging of relativistic beams of highly charged uranium ions
of ionization cross sections for highly charged ions, and alchanneled in crystal targets have been used to infer electron-
most none at all for the highest charge states. There is a lorigpact ionization cross sectiof0].
history of theoretical calculations of electron-impact ioniza- Here we report the results of ionization cross-section mea-
tion cross sections, ranging from simple semiempirical for-surements for the hydrogenlike ions of molybdenum, dyspro-
mulas to sophisticated relativistic distorted-wave calculasium, gold, and bismuth at selected electron energies be-
tions. The calculations are not easy due to the presence 8veen 1.3 and 3.9 times threshold. We have previously
two electrons in the final state, and different types of calcupublished one other result using the same technique, a mea-
lations often produce very different cross-section values. surement of the ionization cross section of hydrogenlike ura-
The hydrogenlike isoelectronic sequence of one-electrofium [5]. Taken together, these results form a sufficiently
ions is the simplest system for studying ionization cross seccomplete set of measurements to distinguish among different
tions because multielectron effects are completely absent ariieoretical models and determine reliableshell ionization
only direct single-electron-impact ionization contributes tocross sections for all heavy elements.
the cross section. For example, excitation autoionization
does not occur for hydrogenlike target ions. Although the
atomic system is very simple, there are nevertheless discrep-
ant theoretical calculations of ionization cross sections for Hydrogenlike ions were produced and trapped in the high-
hydrogenlike ions, particularly at high electron energy whereenergy electron beam ion tréBuper EBIT at the Lawrence
the ionization cross sections are sensitive to relativistic intertivermore National Laboratory11]. lons in an EBIT are
actions[1-4]. Differences among recent fully relativistic continuously exposed to the electron beam in which they are
distorted-wave calculations can be attributed to the choice afapped, resulting in an easily observed x-ray emission spec-
electron-electron interaction. For example, the inclusion ofrum. We use radiative recombinatiéRR) x-ray lines from
lowest-order QED terms and exchange amplitudes was re<-shell capture to determine the relative abundance of hy-
cently found to have a significant effect on the cross sectiondrogenlike and bare ions, the presence of which is a measure
at high electron energ}3,4]. of the hydrogenlike ionization cross section. The relative
Other than our previous measurement of the ionizatiorrates of ionization and recombination of the trapped ions
cross section for hydrogenlike®¥ [5], there have been no determine the equilibrium ionization balance in a manner
direct measurements of the electron-impact ionization crosanalogous to chemical equilibrium. The predominant recom-
sections for very highly charged ions. For lower charge statebination process is RR. Dielectronic recombination, a reso-
and electron energies, ionization cross sections have beerant process, does not contribute at the electron energies
measured in crossed- and merged-beam experif@isin used here, and three-body recombination is negligitle.
small but necessary correction for charge-exchange recombi-
nation with neutral gas atoms will be explained Iatdhus,
*Present address: Department of Physics, University of Washingior hydrogenlike and bare ions, the relationship between the
ton, Seattle, WA 98195. cross sections and abundances at equilibrium is

II. EXPERIMENTAL METHOD
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apparatus can be found elsewhEté,16. A diagram of the
trap portion of the apparatus showing the features relevant to

] Atoms

Superconducting the finite nuclear size was taken into account in the potential
beam compression A Trapped ions seen by the electron, and all significant partial waves and
\ radiation multipoles were included. In the 100-keV energy
Top range radiation multipoles up to order 10 contribute at the
e'e°"°°'e\J L 0.1% level.
! ! A. Production of high-Z hydrogenlike ions
g Ne A X-rays The EBIT was developed for x-ray measurements of
ﬁl L AN trapped highly charged iori45]. Detailed descriptions of the
| |
bl
| |
| 1

\ the present work is shown in Fig. 1. The electron beam is
/j‘ FCente, compressed to high density~G000 A/cnf) and guided
Bottom electrode along the axis of the trap by a 3-T magnetic field produced
electrode by superconducting coils. lons are trapped radially by the
' | negative space charge potential of the electron beam. Axial
] 5 om | Electron confinement is achieved by bias voltages applied to three
beam drift tubes(i.e., trap electrodgs Collisions with beam elec-

FIG. 1. Trap configuration. The cylindrical center electrode istror.]S .striprfhe'ions to high Charge Str‘]”‘tesl and prOduce.x'rﬁy
slotted to facilitate x-ray emission and neon cooling gas injection.er.nISSIOn that is observed at 90° to the electron beam in the
midplane of the trap.

ion Highly charged ions trapped in an electron beam are
Nbare: H—bare 1) heated by small-angle Coulomb collisions with beam elec-
Ny o’ trons. A comparison of rates shows that, in the absence of a

cooling mechanism, ions will “evaporate” from the beam
whereN,,.and Ny are the abundances of the bare and hy-before reaching high charge states. We use an evaporative
drogenlike charge states. The cross sections for radiative réan-ion cooling technique employing a mixture of low-
combination and ionization are given in obvious notation. charge and high-charge ions to remove the heat from elec-
The hydrogenlike ionization cross sectioff",, .can be  tfon beam heatind5,17]. In the present work, the low-
obtained from Eq(1) if the other quantities are known. We charge cooling ions were introduced from a collimated beam .
obtained RR cross sections from theoretical calculation?f neon gas atoms that intersected the electron beam at 90

[12]. Calculated RR cross sections provide a convenient an § shown in Fig. 1. A schematic of the gas injector geomeiry

i lization for EBIT i Is shown in Fig. 2. Some of the neon atoms are ionized by
accurate normaiization for CrOSS Seclion measurey, o o|actron beam and captured in the trap. tw-charge

ments. The RR calculation is basically the same as that fof ., "ions are then heated by collisions with hotter High-

the inverse process of photoionization, for which there is a . . ; ;
. ! . ons before escaping axiallgvaporating from the trap with
extensive database of measured cross sections. For the eri bing levap 9 p

fie removal of energy. Evaporative cooling is extremely ef-
¥Ective, and for every element studied here we obtained a

within the experimental uncertainties of typically 3%3], so : : S
o . ’ several minutes, a time much longer than the equilibration
we take*=3% as the uncertainty in our theoretical RR cross g q

; ) . . time for the ionization balance.
sections. The RR process is particularly simple for bare tar-

get ions as it involves a single electron radiating in the field
of the nucleus. References for the relativistic treatment of RR
used in the present calculations can be found in Re&fl.and The elements studied in the present work were injected
in the review article by Pratt al. [14]. In our calculations into the Super EBIT trap as low-charge-state ions from a

B. X-ray measurements
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FIG. 2. Layout of the neon gas injection system. Apertures 1 and 2 have a diameter of 4.6 mm, and aperture 3 has a diameter of 3.1 mm.

The nozzle inside diameter is 1.5 mm. The thermal valve is regulated to maintain a constant pressure in the region between apertures 1 and
2.
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FIG. 3. Typical radiative-recombination x-ray spectra for each of the four elements studied. Peaks labeled with the chemical symbols of
other elements are due to contaminant ions. The molybdenum spectrum was obtained with a 1-cm-thick planar germanium detector, and the
other spectra were obtained with a 3-cm-thick coaxial germanium detector. The lines |A8¥ledn the bismuth spectrum are from a

radioactive source used for energy calibration. The high-energy portions of the gold and bismuth spectra have been multiplied by factors of
5 and 10, respectively, for display purposes.

vacuum spark sourdd.8]. Immediately before injection, any of our Super EBIT, and on the low side by the small size
ions already present in the trap were dumped by removingand therefore small bare-ion abundanoé the ionization
the axial trap potential. When the ion source was triggeredgross sections near threshold, so fewer electron energies
the axial trap potential was pulsed up in order to capturavere used. A typical x-ray spectrum for each element is
some of the ions from the source. Once trapped, the ions losshown in Fig. 3. A complete list of the electron energies used
their outer electrons very quickly, and the hydrogenlike ion-appears in Table |. The electron energies were determined
ization stage is reached within a few seconds or less, depenftom the observed energies of the RR lines and have an
ing on the element and electron energy used. After a presemcertainty of approximately 0.2 keV, an energy range over
delay following ion injection that ranged from 5 to 7 s, x-ray which the change in the ionization and RR cross sections is
spectra were accumulated for a 14-s period for the threaot significant.
lightest elements and a 35-s period for bismuth. This dump- The observed x-ray spectra consist of a series of peaks
inject-count cycle was repeated many times until a sufficientorresponding to RR into the open shells of the highly
number of counts was accumulated in the RR() x-ray  stripped target ions. RR into the higher Rydberg levels joins
lines. The number of ions retained in the trap after injectionsmoothly with bremsstrahlung radiation at an x-ray energy
is determined by the evaporative cooling power and is veryequal to the electron beam energy. X-ray emission from RR
reproducible from cycle to cycle. We estimate that roughlyinto the partially filled inner shells reveals information about
10% of the electron-beam space charge was neutralized lie ion charge-state distribution. X-ray emission from RR
ion charges for the conditions used in the present crosdnto the empty higher Rydberg levels is insensitive to small
section measurements. changes in the charge-state distribution and provides a mea-
Planar(for molybdenunm and coaxial(for the other ele- sure of the total number of ions in the electron beam. RR into
ment3 germanium detectors were used to obtain RR x-raythe K shell of bare and hydrogenlike target ions produces a
spectra. We were able to measure ionization cross sectionslaarely resolved doublet of lines from which we determine
four different electron energies for hydrogenlike molybde-the relative abundance of bare and hydrogenlike ions. The
num. For the heavier elements the electron energy range wdR spectra were fitted with a line shape consisting of a
limited on the high side by the-200-keV maximum energy Gaussian peak plus a shelf on the low-energy side. Separate
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TABLE 1. lonization cross sections for hydrogenlike ions. Threshold enefgesionization potentia)s
are given in the second column. The third and fourth columns give the incident electron energy in keV and
threshold units, respectively. The quantitief. ., and (oqxy are the total RR and effective charge-
exchange recombination cross sections as explained in the text. The last four columns are ionization cross
sections. The relativistic distorted wave calculations are from Moores and ReefdtR€fross section units
are 10 24 cnm?.

H-like Present Rel. DW. Rel.
Element €) 1. P.(keV) Eg(keV) E./L.P. oRR. . (otxy Experiment with Breit D.W. Lotz

Mo (42) 24.6 315 1.28 90.33 72 154816 15.1 148 143
36.1 1.47 72.39 70 21.Z21.9 20.8 20.0 194
64.8 2.63 26.56 3.1 30.&26 31.6 299 273
95.6 3.89 13.01 7.3 34.%72 32.2 30.2 259

Dy (66) 63.1 95.1 151 67.2 6.6 4.%¥0.58 4.13 347 31

153.1 2.43 30.2 6.6 6.290.83 6.11 506 4.1
Au (79 93.3 153.1 1.64 58.6 9.6 2.39.33 2.47 191 16
Bi (83 104.1 191.6 1.84 48.5 7.7 2.3D.19 2.40 176 14
U (92 131.8 198 1.50 67.5 7.5 1.59.27 1.44 093 0.7

8value taken from Ref[5].

fits to high-statistics lines from radioactive sources con- dN, _ on
firmed the accuracy of this line shape for our detectors. The —g;~ = Nruelie/€)0Hen
separation of the two members of the RR{1) doublet was

frozen at the theoretical value during the fitting procedure, ~Nyl(je/€) oRR et N oS+ (jo/€) T par
and their widths were constrained to be the same. The _ RR ox
electron-beam energy spread is roughly ten times less than + Npard (Je/€) Opare .11 NV Tare 1 (©)

the detector resolution, so its contribution to the line shape

(which would be roughly Gaussian and the same for all RRgjmilar equations may be written for the other ionization
peaks is hidden in Ehe fitted line width. The differential RR g5 resulting in a set of coupled differential equations for
cross section at 90° faf-shell capture differs by a factor of e complete ionization balance. We are interested only in
2 for bare and hydrogenlike target ions, as expected from thg,q (rejative abundance of bare and hydrogenlike ions at or
number ofK-shell vacancies, so the abundance ratio of barg e 4y the equilibrium ionization balance. These two ionization
a_md hydrogenlike target ions was obtained by adjust_mg th%tages are coupled to each other through (B).which re-
fitted RR(n=1) peak areas by a factor of @he theoretical qces to the simple relationship of Ed) if we assume that
RR ratio calculated with our relativistic code differs from 2 (4 ionization balance is in equilibriuie., dNye/dt=0)

by less than 1%. and neglect charge-exchange recombination.
Although we are interested only in the steady-state ion-
C. Approach to equilibrium ization balance, an estimate of the rates for the relevant col-
The abundance of each ion charge state in the trap {sion processes is helpful for understanding how rapidly
coupled to that of the adjacent charge states by charg&quilibrium is achieved. The rate constantor an electron-
changing collisions. The rate of change of the abundance d@n collision process in an EBIT is given by:
a bare ionNNp4e IS

A=(jele)0, 4
dNb ) . e
dtare: NH(J e/e) O-II-?n—>bare

) RR ox where o is the cross section for the collision process. The
~Noard (Je/€) 0pare .u+ Nov Tharel, 2 effective current density, accounts for the overlap of the
ions and the electron beam. For the shallow axial trap depths
(typically 10 V) and low ion temperatures used here the
whereNy, is the abundance of hydrogenlike iorjg,is the  gverlap factor is approximately one, so we estimate fhat
effective electron current density, aral is the electron 5000 A/cn? for the ~180-mA beam currents used for
charge. The cross sections for electron-impact ionizationmost of the present measuremer{®ome of the molybde-
RR, and charge-exchange recombination with neutral gas aim data were taken at an 80-mA beam current, jandas
denoted byaﬁlbare O'E;re—»Hi andagg(,e respectively. In the proportionately smaller.
charge-exchange termyg is the neutral gas density amdis Rewriting Eq.(2) in terms of rate constants, we have
the ion neutral collision velocityapproximately the ion ther-
mal velocity. The charge-exchange cross section includes
both single and multiple electron capture. For hydrogenlike dNpare
ions the corresponding equation is dt

= NHM—?H_ Nbare[)\RRe—" Nbar 5

bar bard *
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The solution to Eq(5) for a hydrogenlike bare ionization _ Npare
L Tl s . . ion R CX

balance that is initially out of equilibriungi.e., with Ny THobare™ N (0bare--h+(Tbarg) - (7)

initially depleted has the form H
Equation(7) follows from Eq.(2) if dN,,./dt is set equal to

Npare= Ngg%‘(l_eﬂbaf&), (6) Zero. Here(abcg(re& is a density-dependent effective charge-
exchange recombination cross section given (@
=(elje)Ngvopae The dimensionless quantityelje)nev is
g Much less than one, ardrg,y is smaller thanocy, , for
all of the present measurements. We used (Egto obtain

all of the hydrogenlike ionization cross sections reported in

where \ pare= M9+ ARR ANEX . and N2 is the equilibrium
abundance of bare ion@or this estimate we have neglecte
the feeding ofN,, from other ionization stages and assumed
that N, ..+ Ny is constan). ;

As t?zrien bg seen from DE(QG), the abundance ratio of hy- the present work, with values foforpae and ol y as
drogenlike and bare ions approaches equilibrium with a ratgiven in Table I.
given by\.e Even for very small ionization cross sections,
equilibrium is achieved quickly because of the fast RR rate.
(See Table | for a list of the cross sectignBor the present Since all of the measurements reported here and in Ref.
measurements .. ranges from 0.8 to 3.573. Both the [5] were performed under similar conditions, we expect
estimated time to reach the hydrogenlike ionization stage an¢uo5a) to have similar values in all cases. However, we de-
the hydrogenlike bare equilibration tima (" are in all  termined(oX) separately for each element using an ex-
cases much smaller than the delay time between the trappingapolation procedure that differs slightly for the different
of ions and the start of data acquisition, so we expect thelements studied. For molybdenum, the ratickeshell RR
ionization balance to be SO|id|y in equilibrium during data X-ray intensities for hydrogen"ke and bare target ions,
acquisition. The acquired x-ray spectra were neverthelesﬁljR”Eaﬁe, was measured for several different neon gas den-
routed into seven different time bins of equal length andgjties at one of the electron beam enerdi®$.8 ke\J. This

examined for changes in the ionization balance. None wergytjg is equal tol the abundance ratio of hydrogenlike and
found, and the seven spectra were summed together for fufsare jons. So, rearranging E@), we expect

ther analysis.

2. Extrapolation to zero neutral density

For the elements studied in the present work, the seven IRR Ny . K nelne
time-routed spectra show a gradual decline in the total x-ray IW:% N =3V ad| oRR e it j ) (8
bare bare e

count rate of roughly 1% per second due to a slow loss of
'xo.g‘fgwfgoéq ;_hle \f\:ﬁréh 1;2etvfgrg?jgfsncgp?n;aﬁtlfgsﬁlﬁzrﬂ;r'swhere Kne IS @ constant andy, is the density of neutral
' ' R 9 . neon atoms. The second term is the effective charge-
than A\, the equilibration rate for the hydrogenlike bare L X :
ST exchange recombination cross section;,,y rewritten to
ionization balance. . .
show the linear dependence on neon density. The neglect of
the small ion loss rata'°® is justified even at very low
D. Charge-exchange recombination cooling gas density because our time-dependent data show
ghat it is essentially unaffected by the neutral density and is

: : S = _always roughly two orders of magnitude smaller than the
into our trap in order to supply light ions for the evaporative ther rates. The number of ions lost from the trap immedi-

cooling process. This affects the ionization balance of the o ) e
highly charged ions through charge-exchange recombinatiorfﬁte'y(~100 m3 after injection during thermal equilibration

Neither the charge-exchange recombination cross section n F thgat lons s of course strongly dependent on neutral gas
the absolute neutral density in our trap is known. However, ensity.

R RR
the neutral neon density can be varied by known factors by F19ure 4 shows the measurements /1 Gave for molyb-
rgenum as a function of neon density. The dashed line is a

adjusting the flow rate in the neon gas injector. We correc X -
for charge-exchange recombination by running at several dif2€St guesscf;l(t the true density dependence; its slope, and the

ferent neutral densities and extrapolating the effect to zero. faCt that(ai,9 must be zero at zero neutral density, were
is not possible to measure cross sections at near-zero neutkged to determine the value @fyy;9 as a function of neon
density because the number of trapped ions is small and tHéensity. lonization cross sections for hydrogenlike molybde-
count rate is too low. We assume that the increment in th&um were determined at four different electron-beam ener-
gas-injector pressure gauge reading above background gies from data runs at neutral densities ranging from 0.2 to
proportional to the density of neutral neon injected into thel.0 on the scale of Fig. 4. The values @fj,y used are
trap. The location of the pressure gauge is shown in Fig. 2. llisted in Table I.

responds to gas skimmed by the second of three collimating

apertures. 3. Background gas

As explained above, it is necessary to inject neutral ga

The trapped ions in our apparatus are almost completely
surrounded by electrodes and x-ray windows at a tempera-

To account for charge-exchange recombination, @g. ture of 4 K, and the density of backgroufmbt neon gas is
must be modified with the addition of another term. Theextremely low. However, background gas also contributes to
correct equation for the hydrogenlike ionization cross sectiortharge-exchange recombination, and its presence would ap-
is pear as an unrecognized offset in the pressure scale of Fig. 4.

1. Effect on ionization cross sections
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FIG. 4. Effect of neutral neon density on the ionization balance FIG. 5. Similar to Fig. 4 but for bismuth at 191.6-keV electron

and number of trapped molybdenum ions at 64.8-keV electron encnergy- The point with the small error bar at a density of approxi-

ergy. Top: the ratio of hydrogenlike to bare ions as indicated by thénat9|y 2 comes from ailong h'gh'StaF'St'CS run used to determine
RR intensities. The dashed curve is a best guess at the true dens‘ﬂ}3 hydrogenlike ionization cross section.
dependence. Bottom: total x-ray count rate for RR intoKhshell
(normalized to a repetitive pulserStatistical uncertainties are RR line and theK-shell RR line from hydrogenlike target
roughly the size of the plotted points. The dashed curve is to guidéons. A correction for the energy dependence of the detector
the eye. efficiency was included in the calculation of this ratio. For
gold and bismuth only thé=1/2 component of thé&-shell
(Charge exchange between a highly charged ion and anothRR was used. Although several charge states contribute to
ion such as N¥ is negligible at the low kinetic energies of RR inton=2 orbitals, the shift in ionization balance caused
the ions in our trap because Coulomb repulsion limits theby charge-exchange recombination is expected to produce a
distance of closest approaghVe used the evaporative cool- nearly linear relationship, similar to Eg8), between the
ing effect of neutral background gas to confirm that the backratio IRR,/1 R and the neutral neon density. Measurements of
ground gas density was small. The absolute iRR{) x-ray  this ratio and the number of trapped bismuth ions are shown
count rate(measured relative to a repetitive pulseras re-  in Fig. 5. Here the strong RRE3) line was used as a
corded at different neon densities, as shown in Fig. 4. At lonmeasure of the number of bismuth ions, which is appropriate
densities the count rate is expected to have a nearly lineajecause th& shell is completely vacant for all of the bis-
dependence on gas density, becoming zero at zero neon defjuth charge states present in the trap.
sity. The measured count rate behaves as expected, indicat- The following procedure was used to determifel
ing that the density of background gas in the trap is small. oy pare ions of dysprosium, gold, and bismuth. First, the
ratio 1RR,/1RR was extrapolated to zero neutral dengitye
broken line in Fig. % at which point there is no charge-
For the heavier elementdysprosium, gold, and bismyth  exchange recombination. Next, calculated RR cross sections,
the RRbare count rate is too low to be used in a determi- and relative ionization cross sections for the different charge
nation of the correction for charge-exchange recombinationstates obtained from the Lotz formufd9], were used to
Instead we determined the rate of charge exchange from threearch for a normalization factor for the Lotz ionization cross
ratio of two much stronger RR lines: tiblended L-shell  sections that yields an ionization balance with the correct

4. Modified extrapolation for heavy elements
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wave theory with the Moeller interactidiRef.[4]) for hydrogenlike
8182+ ions atE,~1.5 threshold units(See Table | for exact energy val-
sl | ues)
3 tions for L-shell andK-shell electrons, we do not use it for
S this purpose. The adjusted Lotz ionization cross sections are
= 2F e . used only for estimating the charge-exchange recombination
S P rate. The value of o Obtained is relatively insensitive to
A s the details of the above procedure, such as the assumed rela-
§ Ty - tive size of the ionization cross sections for the different ion
S // charge states. We conservatively estimate the error in
1 1 (05X ) to be 50% of its value. Although this uncertainty is
0 . . . . . . . large, it translates into a much smaller percentage error con-
1 2 3 4 5 tribution to the ionization cross section because recombina-
Energy (threshold units) tion is dominated by RRsee Eq(7) and Table ].

FIG. 6. The measured ionization cross sections for hydrogenlike
molybdenum and bismuth compared to the relativistic distorted 1. IONIZATION CROSS SECTIONS

wave calculations of Refl4]. Solid curve: complete calculation S . .
. . . fi4] ' p N Our measured ionization cross sections for hydrogenlike
including the Moeller interaction. Dashed curve: relativistic calcu-.

lation with the Coulomb interaction only. Dotted curve: nonrelativ- lons "’?re listed in Table I.' They were thalned from £.as
istic calculation. described abov_e. 'The listed gngertalntles are the quadrature
sum of the statistical uncertainties, an assumed 50% uncer-
, RR /'RR ... .  tainty in the correction for charge-exchange recombination,
extrapolated(i.e., no charge exchange,=,/Ij" ratio. Fi- 504 "an estimated 2% additional systematic error from the
nally,_wﬂh the normalized |on|zat|on cross sections heldline-shape fitting. The estimated 3% uncertainty in the RR
fixed in the search procedure, a sufficient amount of charggross sections used for normalization is not included.
exchange was included to reproduce the obsehfeg/I " There have been numerous theoretical calculations of
ratio at nonzero neon density. The charge-exchange recongtectron-impact ionization cross sections. The most relevant
bination cross section for the different ions was assumed t@ the present work are those by Moores and Reddnd
be proportional to the ion charge as suggested by other megygse by Fontes, Sampson, and Zhd8%§ Both of these
surement§20,21], and was assumed to be dominated bygroups explored the effects of first order QE., the Breit
single charge exchange, so only one overall charge-exchangg voeller interactionand exchange terms in relativistic dis-
factor was adjusted to match the observg,/I ¥ intensity  torted wave calculations. Both groups found that the ex-
ratio. change terms are important, and that inclusion of the Moeller
This procedure determines the value(ofXy as a func-  interaction, as opposed to the static Coulomb interaction, sig-
tion of neon density and allows}]" .. to be determined nificantly increases the ionization cross section at higher
from Eq.(7). Hydrogenlike ionization cross sections for eachelectron energy.
element were determined from long runs at an intermediate Calculations for the same elements studied in the present
neon density(For bismuth this corresponds to the point with work have been reported in Rd#], and we include those
the small error bar in Fig. bAlthough the adjustment of the results(with and without the Moeller interactigrin Table I.
theoretical(Lotz) ionization cross sections to match the ex-In all cases our measurements agree with relativistic dis-
trapolated(no charge exchangeatio of RR intensities does torted wave theory that includes both exchange and the
provide information on the size of the ionization cross sec-Moeller interaction. The measurements disagree with calcu-
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lations that include only the Coulomb interaction at higherelement studied, enabling a study of thelependence of the
electron energies where these calculations diverge frononization cross sections daearly constant energy in
those with the Moeller interaction. The energy dependencéhreshold units. This is displayed graphically in Fig. 7, where
of the ionization cross sections for molybdenum and bismuthhe ratios of the experimental and theoretigalativistic dis-
are shown in Fig. 6. torted wave with the Moeller interactiprcross sections are

A convenient semiempirical formula due to Lotz is widely plotted. The excellent agreement between theory and experi-
used to estimate electron-impact ionization cross sectionsent for a wide range of atomic number and electron energy

[19]. For hydrogenlike ions it has the form suggests that electron-impact ionization foishell electrons
In(E/1,) is now sufficiently well understood to determine reliable
. n .
o%(Lotz) = 4.5x 10~ 14 Eel H (cm?), (@  Cross sections for all heavy elements.
e'H
whereE, is the incident electron energy amd is the ion- ACKNOWLEDGMENTS

ization potential of the hydrogenlike target ion in eV. Lotz-
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