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Measurement ofL -shell electron-impact ionization cross sections
for highly charged uranium ions
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L-shell electron-impact ionization cross sections for highly charged uranium ions from fluorinelike U831

through lithiumlike U891 have been measured at 45-, 60-, and 75-keV electron energy. 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.@S1050-2947~97!07109-6#

PACS number~s!: 34.80.Kw, 32.30.Rj
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I. INTRODUCTION

Electron-impact ionization is a fundamental process in
physics of electron-ion collisions. Although cross-secti
measurements are available for ions in low charge sta
there have been very few measurements of electron-im
ionization cross sections for very highly charged ions. R
cently, we reported the first measurements of electron-imp
ionization cross sections for the hydrogenlike ions of seve
high-Z elements ranging from molybdenum (Z542) to ura-
nium (Z592) @1,2#. These measurements provided the fi
accurate cross section information for the ionization of v
highly charged ions, and determined the reliability of the
retical calculations forK-shell ionization. In the presen
work, we report similar results for the ionization ofL-shell
electrons, for which the thresholds are lower and the ion
tion cross sections larger than those forK-shell ionization. In
this paper we report measurements ofL-shell electron-
impact ionization cross sections for the seven highly char
uranium ions from fluorinelike U831 through lithiumlike
U891.

II. EXPERIMENTAL METHOD

The present measurements were done using an exten
of the ionization-balance technique that we used previou
to measure electron-impact ionization cross sections for
drogenlike ions@1#. The present experimental arrangemen
nearly identical to that in Ref.@1#, where additional details
can be found. Highly charged uranium ions were produ
and trapped in the high-energy electron-beam ion trap at
Lawrence Livermore National Laboratory@3#. In this device,
ions are trapped by the space-charge potential of the elec
beam and held within the beam for times much longer th
the time required to strip uranium ions to very high char
states. Hence the ionization balance reaches a steady
equilibrium. Radiative recombination~RR! x rays from cap-

*Present address: Department of Physics, University of Wash
ton, Seattle, WA 98195.
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ture of beam electrons into the partially filledL shell of
trapped uranium ions were used to determine the rela
abundance of the different uranium charge states prese
the trap. Ionization cross sections were then determined f
the measured abundances.

The processes that affect the charge-state distributio
the trapped uranium ions are electron-impact ionization,
diative recombination, and charge-exchange recombina
with neutral gas. Although neutral gas is undesirable beca
of its effect on the uranium ionization balance, neutral ne
atoms were intentionally injected into the trap in order
provide a source of low-Z ions for evaporative cooling of the
highly charged uranium ions. Evaporative cooling is nec
sary to keep the uranium ions trapped within the elect
beam@4#.

Single-electron-impact ionization and radiative recom
nation are the only electron-beam-induced processes tha
fect the ionization balance. The cross section for multi
ionization, in which two electrons are removed from the t
get by a single incident electron, is negligible for the high
ionized uranium ions that are the subject of the present w
Excitation autoionization requires an~energetically forbid-
den! inner-shell excitation, and resonant processes suc
resonant excitation and dielectronic recombination do not
cur at the beam energies used in the present work.

In equilibrium, the abundance ratio of any two adjace
uranium charge states, denoted byq andq11, is determined
by the ionization and recombination cross sections conn
ing them:

Nq

Nq11
5

sq11
RR 1^sq11

CX &

sq
ion . ~1!

Here the ionization and RR cross sections are denoted
s ion andsRR, respectively, and̂sCX& is an effective charge-
exchange-recombination cross section given by^sCX&
5(e/ j e)n0vsCX, wheree is the electron charge,n0 is the
neutral gas density,v is the ion-neutral collision velocity
~approximately the ion thermal velocity!, andsCX is the ac-
tual charge-exchange-recombination cross section. The

g-
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2820 56STÖHLKER, KRÄMER, ELLIOTT, MARRS, AND SCOFIELD
fective current densityj e includes the overlap betwee
trapped uranium ions and the electron beam. The dimens
less quantity (e/ j e)n0v is much less than 1, and̂sCX& is
smaller thansRR. The ionization cross sectionsq

ion for each
charge state can be determined from Eq.~1! if the other
quantities are known. To accomplish this, we determ
Nq /Nq11 spectroscopically, use calculated values ofsRR,
and determine a correction for^sCX& as described below. We
calculated RR cross sections using an accurate relativ
treatment as described in Ref.@1#.

A. X-ray measurements

A 1-cm-thick planar germanium detector positioned
90° to the electron beam was used to obtain spectra of R
rays from uranium target ions in the trap. A spectrum o
tained at 60-keV electron energy is shown in Fig. 1. Sim
spectra were obtained at electron energies of 45 and 75
The x-ray spectra consist of a series of peaks correspon
to RR into the open shells of the uranium target ions. RR i
the higher Rydberg levels joins smoothly with bremsstr
lung radiation at an x-ray energy equal to the electron-be
energy.

Uranium was injected into the trap as low-charge-st
ions from a vacuum spark source@5#. Outer, loosely bound
electrons are removed by the electron beam very quic
and the uranium ions reach an equilibrium charge-state
tribution determined according to Eq.~1!. X rays were
counted for six 5-s time periods beginning 1.6 s after
initial injection of uranium into the trap. Many such countin
cycles were combined to accumulate a final set of six ti
routed spectra at each electron energy. RR peak ratios in
six routed spectra were compared to determine whether
ionization balance was in equilibrium. There is evidence t
the uranium was slightly less ionized in the first spectr
than in the others, as expected from an estimate of the
ization times, so the first spectrum was discarded and spe
two through six were summed together for further analy
The absolute uranium count rate fell by about 3% during
30-s counting period. This small loss rate for uranium io

FIG. 1. Radiative-recombination x-ray spectrum for uraniu
ions at 60-keV electron energy. Capture into theL shell is split into
J5

1
2 and 3

2 components, each of which contains partially resolv
lines from the different ion charge states present in the trap.
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which is approximately the same for adjacent charge sta
is too small to affect the ionization balance in the trap.

B. Charge-state distribution

X-ray emission from RR into the partially filledL shell of
the trapped uranium ions reveals information about th
charge state. The spin-orbit splitting of roughly 4.5 keV b
tweenJ5 3

2 and 1
2 levels in the uraniumL shell produces two

broad peaks in the RR x-ray spectra~see Fig. 1!. The shift in
ionization potential as the uranium-ion charge changes
one unit is roughly equal to the resolution of our detect
producing a series of partially resolved RR lines within ea
of the broad peaks as indicated in Fig. 2, where theL-shell
RR spectra at each of the three electron energies are sh
The ionization balance shifts toward higher charge state
the electron energy increases because the ionization c
section increases and the RR cross section decreases
increasing electron energy.

1. Spectrum fitting

The count rate in each RR line is proportional to the d
ferential RR cross section at 90° times the abundance of
corresponding target ion in the trap. Absolute RR cross s
tions can be calculated with an accuracy of 3% or be
@1,6#, and relative cross sections even more accurately, so
used the calculated differential RR cross sections in a le
squares fitting procedure to determine the charge-state d
bution of the uranium ions. The relative energies of the R
lines ~i.e., the ion energy levels! were fixed at values calcu
lated with a relativistic Hartree-Fock method. An overall e
ergy offset ~the electron beam energy! was left as a free
parameter. In those cases where more than one final sta
populated in RR on the same target ion, the relative am
tudes were frozen at the theoretical values during the fitt
procedure.

The RR spectra were fitted with a line shape consisting
a Gaussian peak plus a shelf on the low-energy side.
accuracy of this line shape was corroborated by fitting hi
statistics lines from radioactive sources. Pileup tails are
significant in our spectra, as verified by examining the sh
of a pulser peak accumulated simultaneously with the u
nium x rays. TheJ5 3

2 and 1
2 RR peaks were fitted simulta

neously, with the relative amplitudes for lines from the sa
target ion held fixed. The efficiency of the detector does
change significantly over the 4.5-keV energy separation
tween the two peaks. Different x-ray linewidths were a
lowed for theJ5 3

2 and 1
2 peaks, but the separate RR line

within each peak were constrained to have the same wi
As a consistency check, theJ5 3

2 and 1
2 peaks were fitted

separately: Changes in the fitted intensities of less than
were observed for all charge states except for the lo
abundance lithiumlike and heliumlike charge states, fr
which the RR signals are weak.

The (2s1/22p1/2)J50 metastable level in berylliumlike ura
nium is expected to have a lifetime on the order of 103 s, and
may have an observable abundance in our trap. The ber
umlike metastable was fitted as a separate target-ion spe
but the small~5–10 %! fitted abundance obtained for it wa
then combined with the berylliumlike ground state abu
dance for cross section analysis.
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2. Absorption-edge measurements

Although the roughly 450-eV full width at half maximum
resolution in our RR (n52) x-ray spectra is sufficient to
allow the intensities of the RR lines from different uraniu
charge states to be determined as described above, we
an absorption edge technique to help confirm that our und
standing of the RR x-ray spectra is correct. At 60-keV ele
tron energy, the energies ofL-shell RR x rays from uranium
are close to the 88.0-keVK edge of lead@7# ~see Fig. 1!.
Since the width of theK edge in lead is several times les
than the resolution of our germanium detector, a clea

FIG. 2. UraniumL-shell RR at each of the three electron ene
gies. The chemical symbols indicate the approximate position
RR lines from the corresponding uranium target ions.
sed
r-
-

er

separation of RR lines from the different uranium char
states might be obtained with absorption-edge spectrosc
We used small changes in the electron-beam energy~near 60
keV! to walk the position of then52, J5 3

2 RR peak across
the lead absorption edge. The count rate for this peak
second germanium detector covered with a 0.6-mm-th
lead foil was recorded as a function of beam energy, and
first detector was used for normalization. For this foil t
ratio of x-ray transmission at energies just above and be
the leadK edge is 0.018, which essentially extinguishes ea
line as it is moved above the edge. To improve the accur
of the electron energy scale and reduce the effects of pos
drifts in the high voltage power supplies or changes in
space-charge potential in the trap, electron energies were
termined from the centroid of the RR (n54) x-ray peak.

The measured x-ray transmission through the lead
sorber foil is shown in the top panel of Fig. 3 as a function
the energy difference between the absorption edge and
electron energy. This energy difference is equal to the bi
ing energy of the captured electron. The solid curve in Fig
is the result of a least-squares fit which was obtained with

-
f

FIG. 3. Comparison of the structure in theJ5
3
2 RR peak as seen

by scanning the RR energy across theK absorption edge of lead
and as seen in the germanium detector at fixed electron ene
Chemical symbols refer to the different target-ion charge state
in Fig. 2. Top: Ratio of x-ray counts with and without a lead foil
front of the detector. Typical error bars are shown. The solid cu
is a least-squares fit as explained in the text, and the broken cur
its first derivative. Bottom: The germanium detector spectrum
60-keV electron energy with no absorber. The vertical lines indic
the position and relative strength of the RR lines from each ta
ion. The energy scales for the top and bottom frames are iden
and equivalent to the binding energy of the captured electron.
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2822 56STÖHLKER, KRÄMER, ELLIOTT, MARRS, AND SCOFIELD
error-function representation of the lead absorption edge@8#
and with the theoretical transition energies for RR into
J5 3

2 levels of the various target-ion species. The brok
curve is the first derivative of the solid curve; it shows t
resolution and position for the different capture lines. T
width of the absorption edge was a free parameter in
fitting procedure. It includes contributions from the electro
beam energy spread and the true width of the leadK edge.
The bottom panel of Fig. 3 shows the 60-keV germaniu
detector spectrum for theJ5 3

2 RR peak, along with the po
sition and strength of the fitted RR lines. As can be seen
comparing the two panels in Fig. 3, the higher-resolut
absorption-edge data are consistent with the spectrum of
lines fitted to the germanium-detector data.

C. Charge-exchange recombination

After the ionization balance@Nq /Nq11 in Eq. ~1!# has
been determined from fits to the x-ray spectra, the remain
piece of information required to obtain ionization cross s
tions is the effective charge-exchange-recombination c
section with neutral gaŝsCX&. ~Charge exchange between
highly charged uranium ion and any other ion is negligible
the low kinetic energies of the ions in our trap because C
lomb repulsion limits the distance of closest approach.! Al-
though ^sCX& is much smaller thansRR @see Eq.~1!#, and
could even be neglected for some of the target ions, we h
attempted to determine its value as accurately as possib

1. Effect of neutral gas

As mentioned above, it is necessary to inject neu
~neon! gas into our trap in order to supply light ions for th
evaporative cooling process. The resultant charge-excha
recombination affects the equilibrium ionization balance
the uranium ions as given in Eq.~1!. We correct for charge-
exchange recombination by running at several different n
tral densities and extrapolating the effect to zero. This is
same technique used previously to account for cha
exchange recombination in the measurement of hydrogen
ionization cross sections@1#.

FIG. 4. The effect of neutral neon density on the uranium io
ization balance as indicated by the observed ratio ofL-shell RR into
J5

3
2 and 1

2 orbitals. The broken line is a best guess at the t
density dependence; its slope was used to determine the amou
charge-exchange recombination as explained in the text.
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The 45-, 60-, and 75-keV spectra from which ionizati
cross sections were obtained were all acquired at the s
electron current~200 mA! and the same neutral density, s
the effective charge-exchange-recombination cross sec
^sCX& is the same at all three energies. At one of the energ
~60 keV! several runs were taken at different neutral den
ties and different electron current densities to determine
amount of charge-exchange recombination. At low neu
density, where charge exchange is minimized, the count
is too low to obtain an accurate ionization balance fro
which ionization cross sections can be determined. Howe
the ratio of total counts in theJ5 3

2 and 1
2 peaks, which can

be determined accurately even at low neutral densities,
good measure of the effect of charge-exchange recomb
tion, and we use this ratio to determine^sCX&.

2. X-ray intensity ratios

The RR(J5 3
2 ) and RR(J5 1

2 ) intensities are the sums o
the product of the RR cross sections and abundances fo
the different target ions in the trap. The RR(J5 1

2 ) peak is
dominated by contributions from boronlike and beryllium
like target ions, while the RR(J5 3

2 ) peak is dominated by
contributions from nitrogenlike, carbonlike, and boronlik
target ions. Charge exchange causes a shift of the ioniza
balance toward lower charge, affecting the intensities of
two peaks. The intensity ratio RR(J5 3

2 )/RR(J5 1
2 ), denoted

in what follows byR, is expected to be very close to a line
function of the neutral gas density, at least for the sm
range of gas densities used here. An examination of the
tails of the ionization balance shows that the ratioR is
roughly proportional to the abundance ratioNq /Nq11 ,
where the indexq refers to any of the most abundant ur
nium charge states. Following Eq.~1!, we expect

R}
Nq

Nq11
5~1/sq

ion!Fsq11
RR 1

KNenNe

j e
1

KBkgnBkg

j e
G , ~2!

where nNe and nBkg are the densities of neutral neon an
unknown background gasses, respectively, andKNe and
KBkg are constants. The second and third terms are the e
tive charge-exchange-recombination cross sections for
jected neon and background gas, respectively. A plot of
measured neutral-density dependence ofR at 60 keV and
200-mA electron-beam current is shown in Fig. 4. As e

-

e
t of

TABLE I. Calculated total RR cross sections for U841 ~oxygen-
like! through U901 ~heliumlike! at the three electron energies us
for ionization cross section measurements. Cross-section units
10224 cm2.

Target
ion 45 keV 60 keV 75 keV

O-like 122.4 74.4 50.1
N-like 137.5 83.3 56.0
C-like 148.4 89.8 60.3
B-like 174.0 105.9 71.3
Be-like 195.7 119.6 80.8
Li-like 224.6 139.5 95.5
He-like 250.1 157.3 108.8
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TABLE II. Measured ionization cross sections for U831 ~fluorinelike! through U891 ~lithiumlike!. At each electron energy the theoretic
relativistic distorted wave cross sections from Ref.@11# and the ratio of experiment and theory are also given. Cross-section unit
10224 cm2. The shift of the uranium ionization balance with electron energy~see Fig. 2! precluded cross-section measurements for lit
umlike uranium at 45 keV and fluorinelike uranium at 75 keV.

Ionization
stage Expt.

45 keV
Theory Expt./Theory Expt.

60 keV
Theory Expt./Theory Expt.

75 keV
Theory Expt./Theory

F-like 178619 162 1.1060.12 241642 183 1.3260.23
O-like 141614 125 1.1360.11 164624 145 1.1360.17 171636 151 1.1360.24
N-like 114611 90 1.2760.12 144620 109 1.3260.18 179634 115 1.5660.30
C-like 6866 58 1.1760.10 91611 75 1.2160.15 97616 81 1.2060.20
B-like 5065 39 1.2860.12 6868 52 1.3160.16 80613 56 1.4360.22
Be-like 23.563.6 22.2 1.0660.16 41.564.7 30.4 1.3760.15 43.366.2 33.1 1.3160.19
Li-like 18.463.1 14.7 1.2560.21 18.963.1 16.1 1.1760.19
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pected, the behavior is roughly linear. The broken line i
best guess at the true dependence on neon density. Its
determines the value of the constantKNe, and thenNe50
intercept~at R52.6! gives the value ofR in the absence o
charge exchange with neon atoms.

In order to account for the possible presence of neu
species in the trap that are unrelated to the neon gas inje
and may even be a different species, such as hydrogen
repeated the neon-density-dependence measurements a
tron currents of 135, 100, and 75 mA. Since the elect
current density is proportional to the total current~because
the beam radius is constant!, these measurements give th
dependence ofR on the current densityj e , and provide an
estimate of the quantityKBkgnBkg . The results imply that
charge exchange with background gas is a small effect. T
procedure gives an estimated value ofR52.2 in the com-
plete absence of charge exchange, as compared witR
53.38 at the neon density used for our cross section m
surements~0.6 on the scale of Fig. 4!.

3. Effective charge-exchange cross section

The effective charge-exchange cross section^sCX& was
obtained from an ionization-balance model as follows: Fi
we anticipate~correctly! that the actual ionization cross se
tions will not have pathological variations among the diffe
ent uranium charge states and will look like the theoreti
values times a scale factor. We then find the cross-sec
scale factor that results in an ionization balance that yie
the no-charge-exchange value ofR52.2 ~when combined
with the known RR cross sections!. Next, we assume that th
charge-exchange-recombination cross sections are sim
proportional to q, as suggested by other measureme
@9,10#, and find the normalization factor for the charg
exchange cross sections that increases the value ofR to that
observed in the runs used for measuring ionization cross
tions (R53.38). The resulting values of̂sCX& for q
583– 89 range from 32 to 34310224 cm2, which should be
compared with the much larger RR cross sections listed
Table I. These values of̂sCX& and the RR cross section
from Table I were used in Eq.~1! to obtain ionization cross
sections. In all cases, recombination is dominated by RR.
conservatively assign an error of 50% to^sCX& based on
estimates of the precision of the extrapolation procedure
the possible effect of neglected multiple charge exchang
a
ope
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Note that the effect of the charge-exchange correction
to ~linearly! extrapolate the rate of neutral-gas-dependent
combination to zero neutral density and eliminate it. Th
procedure is relatively insensitive to the amount of multip
charge exchange~i.e., capture of more than one electro
from a neutral atom!. The main effect of multiple charge
exchange is to make the single-charge-exchange t
^sCX& appear larger than it would otherwise. An exact tre
ment of multiple charge exchange, which couples the ab

FIG. 5. Measured electron-impact ionization cross section
lithiumlike and berylliumlike uranium compared to relativistic di
torted wave theory as given in Ref.@14#. The solid curve is theory
with the Moeller interaction, and the dashed curve is theory with
Coulomb interaction only.
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dances of more than two uranium charge states, is not ju
fied in view of the relatively low rate of charge exchange
the present experiment.

III. IONIZATION CROSS SECTIONS

Separate ionization cross sections for each target ion w
obtained with Eq.~1! using the abundance ratios for adjace
charge states obtained from the least-squares fits to the x
spectra, theoretical RR cross sections, and effective cha
exchange-recombination cross sections as explained ab
The results are presented in Table II. The listed uncertain
are the quadrature sum of the uncertainties in^sCX&, Nq ,
and Nq11 . The estimated 3% uncertainty in the RR cro
sections used for normalization~see Table I! is not included.
~There is an additional error of less than 2% in the RR cr
sections due to the fact that they were calculated at the no
nal electron energies of 45, 60, and 75 keV, while the ac
energies were 45.2, 60.4, and 75.6 keV as determined f
the measured x-ray spectra.! If we had not made a correctio
for charge-exchange recombination, our measured elect
impact ionization cross sections would be smaller
amounts ranging from 13%~for berylliumlike uranium at 45
keV! to 37% ~for oxygenlike uranium at 75 keV!.

Reduced cross sections for electron-impact ionizat
were calculated by Zhang and Sampson using relativistic
torted wave theory with a Coulomb interaction between
electrons@11#. We evaluated these theoretical cross secti
for the electron energies and target ions used in the pre
work, and they are listed in Table II for comparison with t
measured cross sections. Our measured cross section
systematically larger than these theoretical values. Howe
it should be pointed out that the experimental values
their uncertainties are correlated due to the similar cha
exchange correction applied to all of them.

As a result of our previous measurements ofK-shell ion-
ization cross sections for high-Z ions @1#, and corresponding
theoretical calculations that explored the importance of
Moeller ~i.e., first-order QED! interaction@12,13#, it was dis-
covered that the actualK-shell ionization cross sections a
substantially larger than those calculated with only a C
lomb interaction as in Ref.@11#. Moores and Reed calculate
the L-shell electron-impact ionization cross section for lith
tt.
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umlike and berylliumlike uranium with and without th
Moeller interaction@14#. A comparison between their resul
and the present measurements is shown in Fig. 5. As
pected, the theory with the Moeller interaction is closer
our measured cross sections than the theory with the C
lomb interaction only. However the difference between t
two types of calculations is much less than at the hig
electron energies required forK-shell ionization.

Although we listed measured cross sections for seven
ferent uranium ions in Table II, there are really only thr
independent physical quantities. These are the reduced c
sections for ionization of the 2s1/2, 2p1/2, and 2p3/2 sub-
shells. The actual cross sections for the different urani
ions are expected to be proportional to the number of bo
electrons in each subshell times the appropriate redu
cross section. The theoretical cross sections in Table II w
computed from the three~theoretical! reduced cross sections
and the fact that there is a fairly uniform difference betwe
theory and experiment across the span of seven charge s
suggests that the relative size of the theoretical reduced c
sections is correct.

IV. SUMMARY AND CONCLUSIONS

Cross sections forL-shell electron-impact ionization o
highly charged uranium ions have been measured at t
different electron energies, and the results support relativi
distorted wave calculations that include the Moeller inter
tion. The present results can be combined with our previ
measurements ofK-shell ionization cross sections to form
consistent picture of the ionization of very-highly-charg
ions. In both cases the measurements span the electron
ergy range up to a few times threshold and agree with th
retical calculations that include both the Moeller interacti
and exchange.
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