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Absolute cross sections for electron-impact single ionization of Neq1
„q52,4–6… ions

M. E. Bannister
Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 38731-6372

~Received 20 March 1996!

Absolute total cross sections for electron-impact single ionization of Neq1 (q52,4–6! ions have been
measured using a crossed-beams technique from below the ground-state ionization threshold to 800 eV with
typical total uncertainties near the peak of the cross sections ranging from 9% for Ne21 to 13% for Ne61.
Details of the apparatus and experimental procedures used in this study are presented along with a discussion
of the experimental uncertainties. The measured cross sections for all four ions are dominated by direct
ionization and are in excellent agreement with the Lotz semiempirical formula. Ionization rate coefficients and
fitting parameters calculated from the measured cross sections are also reported.@S1050-2947~96!03008-9#

PACS number~s!: 34.80.Kw
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I. INTRODUCTION

The need for atomic data to support fusion research
resulted in a wealth of cross sections for electron-impact i
ization of ions@1#. Surprisingly, there have been few repo
of absolute electron-impact ionization cross section meas
ments for multicharged neon ions. Experimental cross s
tions for only Ne21, @2,3# Ne31, @4#, and Ne71 @5# have
been published. Ionization cross sections for neon are cri
in modeling and diagnosing the ITER tokamak since neo
a prime candidate impurity for radiation power exhaustion
the divertor @6#. Neon has higher radiation emission rat
than lower-Z species such as Be and C, and a higher im
rity fraction of Ne can exist in an ignited plasma than
higher-Z impurities such as Ar. This paper presents abso
total cross sections for electron-impact ionization of Neq1

for q52,4,5,6.
The ionization cross sections reported here were m

sured using the Oak Ridge National Laboratory~ORNL!
electron-ion crossed-beams apparatus. The experimenta
sults are compared to previous measurements and cal
tions where available. Comparisons to the Lotz@7# semi-
empirical formula and to data recommended by Lennonet al.
@8# are also made.

II. EXPERIMENT

The experimental method and ORNL crossed-beams
paratus have been described in detail elsewhere@9#, but nu-
merous changes since that time make an updated descri
necessary. A schematic drawing of the apparatus is show
Fig. 1. The production, transport, and measurement of
incident ion and electron beams will be discussed in the
section below. The next sections will detail the procedu
used for measuring absolute cross sections and the assoc
experimental uncertainties.

A. Ion and electron beams

Neon ions are extracted from the ORNL electro
cyclotron-resonance~ECR! ion source at 10 kV and mas
analyzed by a 90° bending magnet. The ion source is t
cally operated with 20–50 W of microwave power and a g
541050-2947/96/54~2!/1435~10!/$10.00
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pressure of about 1024 Pa ~1026 Torr! in the ECR region.
For these experiments, both20Ne and 22Ne isotopes were
used in order to eliminate possible errors due to impurity
ions with the same mass-to-charge ratios. Cross section
measured with the two isotopes were indistinguishable
within the experimental uncertainties, indicating that ion
beam impurities were negligible. The ion beam is charge-
purified by an electrostatic parallel-plate analyzer just up-
stream of the collision volume~see Fig. 1!. This eliminates
any ions that have undergone charge exchange in the severa
meter beamline between the mass analyzing magnet and th
charge purifier. The ions enter the magnetically shielded col-
lision volume through a 0.5 cm wide by 1.0 cm high aperture
and are crossed perpendicularly by the electron beam. Upo
exiting the collision volume through another 0.5 cm by 1.0
cm aperture, the product Ne(q11)1 ions are separated from
the primary Neq1 ion beam by a double-focusing magnet.
The product ions are magnetically deflected horizontally
through 90° and then are deflected vertically 90° out of the
plane of the magnetic dispersion by an electrostatic curved
plate analyzer and onto a channel electron multiplier. This
analyzer~vertical deflector! is shown in the plane of Fig. 1
for ease of presentation only. The position of the product
ions in the detector plane can be adjusted in two dimensions

FIG. 1. Electron-ion crossed-beams experimental apparatus. Se
text for an explanation.
1435 © 1996 The American Physical Society
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1436 54M. E. BANNISTER
using the curved-plate analyzer and a final horizontal defl
tor located between the magnet and the analyzer.

The primary neon ions are collected by one of three F
aday cups~two are movable! shown in Fig. 1. The charge
ratio of the primary and product ions determines which c
is used and its position. For the Ne21 measurements, the firs
~fixed! Faraday cup was used; for the other measureme
the middle Faraday cup was used. The Ne21 ion current
measurements were corrected to account for incomplete
current collection and lack of secondary electron suppres
by the fixed Faraday cup. The ratio of true ion current~as
measured in the middle Faraday cup with secondary elec
suppression! to the current measured in the fixed cup rang
from 1.06 to 1.19 in the present experiments. Typical
beam currents ranged 1002250 nA for 22Neq1 and 0.921.5
mA for 20Neq1.

The electron beam is generated as follows. An immers
lens draws electrons from an indirectly heated cathode in
focus and a cylinder-aperture~rectangular geometry! lens
makes the beam parallel@10#. The gun, collision volume, and
collector are magnetically shielded to reduce fields in th
regions to less than 40 mG. After passing through the co
sion volume, the electrons are driven by a transverse ele
field onto a collector plate covered with metal ‘‘hone
comb.’’ The electron current to the box surrounding the c
lision volume is less than 1% of the total collector electr
current. For electron energies less than 150 eV, a fractio
the electron current passing through the collision volu
strikes a grounded shielding electrode between the collis
volume and the collector. The measured electron curren
taken to be the sum of the currents to the collector and
shield since beam profile measurements demonstrate
some of the electrons striking this shield pass through the
beam. The electron beam is chopped at 1 kHz during d
acquisition by applying a 50%-duty-cycle square-wave vo
age to the extraction electrode of the gun.

The differential distributions~profiles! of the electron and
ion beams in the direction perpendicular to both beams~that
is, in the vertical direction!, denoted byI e(z) and I i(z), re-
spectively, are measured using a stepping-motor-dri
L-shaped beam probe with coplanar slits, each 0.15
wide. Typical beam profiles are shown in Fig. 2. Combin
tions of these current profiles are integrated numerically
obtain the ‘‘form factor’’ F, the geometric term quantifying
the overlap of the two beams@10#, calculated by

F5
* I e~z!dz* I i~z!dz

* I e~z!I i~z!dz
. ~1!

B. Diagnostics

Elimination of any spurious sources of apparent signa
crucial for accurately determining absolute ionization cro
sections. Since the background detector counts arise
dominantly due to the ion beam, with a small contributi
from detector dark counts, ion beam tuning is critical. T
two major sources of spurious signal in this experiment b
result from modulation of the ion background by th
chopped electron beam. The first, pressure modulation,
occur because the intense electron beam causes an inc
in the background gas pressure in the collision volume, t
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increasing the number of ions stripped on the backgroun
gas. This effect is eliminated by using a sufficiently high
chopping frequency, in this case 1 kHz, in order that th
pressure does not vary over one chop period. In addition, t
electron gun is left on overnight at a few hundred eV to kee
the surfaces in the gun and collector degassed. The elect
collector is also heated continuously by current-carryin
nichrome wires located below the collector plate and hone
comb. The second source of spurious signal is modulation
ion background resulting from a small fraction of the pri
mary ion beam striking a ground shield in front of the Fara
day cup. Proper tuning of the ion optics upstream of th
collision volume reduces the ion current to this shield to les
than 0.1 nA so that any apparent signal produced is neg
gible compared to the real ionization signal.

After the ion optics upstream of the collision box are op
timized for maximum current and minimum background, th
downstream optics are adjusted to assure full collection
the product ions. The analyzer magnet is set approximate
by steering the primary ion beam into the straight-throug
Faraday cup~see Fig. 1! with the other downstream optics
off and then scaling the magnetic field down by the ratio o
the parent-to-product charge ratio so that the product ions a
now deflected through 90°. Then the downstream optics a
turned on and the signal is measured at a particular electr
energy as the magnetic field is varied in small steps. A typ
cal resulting scan is shown in Fig. 3~a! for ionization of
Ne61 at an electron energy of 500 eV. The magnetic field i
chosen in the middle of the flat peak of the scan. Once t
optimum magnetic field is determined, the voltage on th
curved-plate analyzer is varied with the other downstrea
optics held constant. Figure 3~b! shows a typical scan over
the curved-plate analyzer voltage. Next, the optimum voltag
for the final horizontal deflector is determined, as illustrate
by the example in Fig. 3~c!. The flat peaks on the three

FIG. 2. Typical ion and electron beam profiles in the interactio
region along the direction perpendicular to both beams. The so
curve is a 60 keV Ne61 ion beam; the dashed curve 500 eV elec
trons.
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FIG. 3. Typical diagnostic scans with apparent cross section plotted versus experimental parameters for Ne61 at an electron energy o
500 eV:~a! analyzing magnetic field,~b! vertical deflector voltage,~c! horizontal deflector voltage, and~d! pulse discriminator lower-limit
voltage.
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downstream optics scans indicate that full collection of
product ions has been achieved.

The final diagnostic performed is the measurement of
signal pulse transmission through the detector electron
With 2.8 kV applied to the channeltron and an amplifier ga
of 50, the pulse height distribution~PHD! is measured by
varying the lower limit of a ‘‘voltage-window’’ discrimina-
tor in small steps and measuring the net signal. A typi
result is shown in Fig. 3~d! for Ne61 ionization at 500 eV.
Extrapolation of the net signal to zero discriminator sett
determines the true signal; the pulse transmission is the
of the signal at the discriminator setting used for the exp
ment~in this case, 0.3 V! to the true signal. The pulse tran
mission was estimated to be between 0.98 and 1.00 for
present experiments. No corrections were made to the m
sured cross sections to account for a nonunity pulse tr
e
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mission; however, uncertainty in this quantity was includ
in the absolute uncertainty of the measurements as discu
below.

C. Absolute cross sections and uncertainties

The absolute cross sections are determined@11# from the
measurements using

s~E!5
R

I i I e

qe2v ive

Av i
21ve

2

F

D
, ~2!

where s(E) is the absolute cross section at the center-
mass electron-impact energyE, R is the product ion count
rate,I i andI e are the incident ion and electron currents,qe is
the charge of the incident ions,v i andve are the incident ion
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1438 54M. E. BANNISTER
and electron velocities,F is the form factor that is deter
mined from the two beam profiles, andD is the channeltron
detection efficiency for the product ions that we estimated
be 98%@4#.

The components of the absolute uncertainty for the m
surements are given in Table I at a level equivalent to
90% confidence level for statistical uncertainties. The do
nant contributions come from the transmission of prod
ions to the detector, product ion detection and pulse tra
mission, and measurement of absolute form factors. A
tailed discussion of each of these sources has been g
previously @9#. Although some of the values have been
cently adjusted, the general discussion in this referenc
still valid. The quadrature sum of these components
68.2%. Combining this sum with the total relative unce
tainties at a 90% confidence level~two standard deviations!
yields the total uncertainty for the measurements, show
parentheses in Tables II-V.

The error bars shown in the figures are relative uncert
ties only and are displayed at the one-standard-devia
level. The relative uncertainties are the quadrature sum o
statistical uncertainties and a 2% contribution from form fa
tor variations. These relative uncertainties are also give
Tables II-V at the one-standard-deviation level.

III. RESULTS

The experimental results will be discussed in separate
tions for each of the charge states. However, some discus
that is common to all four charge states is more convenie
given here. For each of the ions, experimental cross sect
will be compared to the one-parameter Lotz semiempir
formula @7#, except for Ne21, where the three-paramete
form is used, and to the recommended cross sections give
the compilation of Lennonet al. @8#. Few experimental ion-
ization cross sections have been reported for multichar
neon ions. For Ne21, researchers at Nagoya have publish
crossed-beams results@2,3# and Hastedet al. @12,13# trapped
ion measurements. Only the electron beam ion source~EBIS!
measurements of Donets and Ovsyannikov@14# for energies
greater than 3 keV have been reported for ionization of
other three charge states. The present cross sections ar

TABLE I. Absolute uncertainties. All uncertainties are at a hi
confidence level~equivalent to a 90% confidence level on the s
tistical uncertainties!. These are combined with total relative unce
tainties at a 90% confidence level to yield the total uncertaintie
the measurements.

Source Uncertainty (%)

Product ion detection and pulse transmission 6 5
Transmission of product ions to detector 6 4
Absolute value of form factor 6 4
Ion current measurement 6 2
Electron current measurement 6 2
Ion velocity 6 1
Electron velocity 6 1

Quadrature sum 6 8.2
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compared to scaled measurements for isoelectronic m
charged ions.

Theoretical cross sections are likewise scarce in the lite
ture. Jakubowicz and Moores@15# published distorted-wave
calculations for Ne61. Salop@16# calculated cross section
in the binary-encounter approximation~BEA! for the four
ions discussed in this paper, but his results overestimate
peak cross sections by 30250% and fall off faster with en-
ergy than the Born approximation (lnE/E).

A. Ne21

Measured absolute total cross sections for electron-imp
single ionization of Ne21 from 56 eV to 800 eV are shown
in Fig. 4 with the threshold region displayed in the inset. T
solid circles represent the present measurements and
open triangles the results of Matsumotoet al. @3#. Also pre-
sented is a solid line representing the three-parameter
semiempirical formula @7# for direct ionization of the
2s22p4 ground state configuration, and a dashed line rep
senting the cross section curve recommended in the com

-

f

TABLE II. Experimentally measured absolute total cross s
tions for electron-impact single ionization of Ne21. The relative
uncertainties are at the one-standard-deviation level; the total un
tainties~given in parentheses! are at a high confidence level corre
sponding to 90% confidence for the relative uncertainties.

s
E ~eV! ~10218 cm2)

56.0 1.476 0.71 ~1.42!
60.9 0.126 0.59 ~1.19!
62.9 0.486 0.50 ~1.00!
63.9 0.396 0.51 ~1.01!
64.9 0.276 0.47 ~0.95!
65.9 1.436 0.44 ~0.90!
70.9 4.186 0.59 ~1.23!
80.9 7.096 0.45 ~1.08!
90.9 9.756 0.40 ~1.13!
100.8 11.786 0.30 ~1.14!
110.8 13.406 0.34 ~1.29!
125.7 14.866 0.33 ~1.39!
150.6 16.956 0.36 ~1.57!
175.4 17.206 0.38 ~1.60!
200.3 17.886 0.39 ~1.66!
225.4 18.126 0.40 ~1.69!
250.4 18.506 0.40 ~1.72!
275.4 18.186 0.41 ~1.70!
300.4 18.126 0.38 ~1.67!
325.5 17.396 0.41 ~1.65!
350.6 17.376 0.37 ~1.61!
375.7 16.536 0.38 ~1.56!
400.6 16.706 0.35 ~1.54!
450.6 16.186 0.37 ~1.52!
500.6 15.856 0.37 ~1.49!
550.7 14.696 0.37 ~1.41!
600.8 14.206 0.31 ~1.32!
700.9 13.286 0.34 ~1.28!
800.9 11.926 0.34 ~1.19!
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lation of Lennonet al. @8# and based on the data of Dan
et al. @2#. The present experimental data are also given
Table II; the total uncertainty near the peak of the cro
section is typically 9%.

The present measurements are in reasonable agree
with the results of Matsumotoet al. @3# and with the Lotz
semiempirical formula, exceeding both by less than 1
near the peak and being dominated by direct ionization.
only significant difference between the two sets of expe
mental data is that the present data fall off as (lnE/E) above
400 eV while the data of Matsumotoet al. decreases more
slowly. As shown in the inset of Fig. 4, zero measured cr
sections below the ground state ionization threshold@17# of
63.45 eV indicate an absence of metastable ions in the
mary Ne21 ion beam.

TABLE III. Experimentally measured absolute total cross s
tions for electron-impact single ionization of Ne41. The relative
uncertainties are at the one-standard-deviation level; the total un
tainties~given in parentheses! are at a high confidence level corre
sponding to 90% confidence for the relative uncertainties.

E s
~eV! ~10218 cm2)

110.5 0.146 0.29 ~0.58!
115.5 20.07 6 0.32 ~0.64!
120.8 20.07 6 0.17 ~0.35!
123.3 0.266 0.19 ~0.38!
125.8 0.246 0.16 ~0.31!
128.3 0.326 0.20 ~0.40!
130.8 0.436 0.13 ~0.26!
136.0 1.176 0.28 ~0.57!
141.0 1.306 0.17 ~0.37!
145.9 1.466 0.32 ~0.64!
151.0 1.956 0.20 ~0.43!
155.9 1.816 0.22 ~0.47!
160.8 2.386 0.14 ~0.35!
170.7 2.666 0.21 ~0.46!
180.7 2.846 0.18 ~0.43!
190.6 3.146 0.19 ~0.45!
200.7 3.346 0.09 ~0.33!
225.7 3.526 0.17 ~0.44!
250.7 3.566 0.17 ~0.44!
275.7 3.686 0.16 ~0.43!
300.8 3.946 0.14 ~0.43!
325.8 3.876 0.14 ~0.42!
350.8 4.066 0.13 ~0.42!
375.9 3.936 0.15 ~0.43!
400.8 4.126 0.12 ~0.41!
425.7 4.076 0.14 ~0.44!
450.8 4.016 0.14 ~0.43!
475.8 4.066 0.12 ~0.42!
500.6 3.986 0.11 ~0.40!
550.7 3.766 0.11 ~0.38!
600.7 3.616 0.15 ~0.42!
650.6 3.486 0.16 ~0.43!
700.6 3.526 0.14 ~0.40!
750.5 3.226 0.13 ~0.37!
800.3 2.916 0.10 ~0.32!
n
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The present data are also compared in a Bethe plot~Fig.
5! to results for Si61 reported previously@18#. The scaled
experimental cross section times the scaled electron ener
plotted versus the logarithm of the scaled electron ene
This scaling is commonly used for predicting ionizatio
cross sections for a given ion based on existing data
isoelectronic ions. Both curves are almost linear, as indica
by the least-squares fit lines in Fig. 5, but the slope of
Si61 data is about 50% larger than that for the Ne21 data.

B. Ne41

Figure 6 illustrates the measured cross sections
Ne41 from 120 eV to 800 eV, and again the experimen
results are also presented in Table III. The total uncerta
near the peak of the cross section is typically 10%. The s
and dashed curves are the Lotz semiempirical formula
direct ionization of the ground state and the recommen
data of Lennonet al. @8# based on scaling of O21 calcula-
tions, respectively.

The agreement between the present measurements an
Lotz formula is quite good, differing by only a few perce
near the peak and lying well within the total uncertainty. T

-

er-

TABLE IV. Experimentally measured absolute total cross s
tions for electron-impact single ionization of Ne51. The relative
uncertainties are at the one-standard-deviation level; the total un
tainties~given in parentheses! are at a high confidence level corre
sponding to 90% confidence for the relative uncertainties.

s
E ~eV! ~10218 cm2)

145.9 0.056 0.09 ~0.19!
151.0 20.02 6 0.07 ~0.13!
156.0 0.016 0.08 ~0.15!
158.4 0.036 0.09 ~0.19!
160.9 0.176 0.07 ~0.14!
166.0 0.276 0.07 ~0.14!
171.0 0.466 0.08 ~0.16!
175.9 0.636 0.08 ~0.18!
201.0 0.876 0.06 ~0.14!
225.9 1.116 0.09 ~0.20!
250.9 1.496 0.07 ~0.18!
275.9 1.666 0.06 ~0.19!
301.2 1.696 0.06 ~0.18!
326.0 1.656 0.06 ~0.18!
351.1 1.766 0.08 ~0.21!
376.1 1.846 0.07 ~0.21!
401.2 1.806 0.05 ~0.17!
426.2 1.786 0.11 ~0.26!
451.1 1.796 0.07 ~0.21!
476.2 1.676 0.10 ~0.24!
501.2 1.746 0.05 ~0.18!
551.0 1.736 0.07 ~0.20!
601.2 1.716 0.05 ~0.17!
651.3 1.596 0.05 ~0.17!
701.3 1.556 0.05 ~0.16!
751.2 1.606 0.05 ~0.16!
801.2 1.476 0.05 ~0.15!
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1440 54M. E. BANNISTER
curve recommended by Lennonet al. underestimates the
cross section by 10–15% near the peak, but agrees well
the measurements near threshold, as shown in the ins
Fig. 6. The small cross sections measured below the gro
state threshold@17# of 126.21 eV suggest that a few perce
of the Ne41 ion beam could have been in a metastable st
but the statistical uncertainties of these points make a rea
able estimate of the metastable fraction impractical.

The Bethe plot of Fig. 7 compares the present results w
scaled cross sections from prior measurements on O21 @19#.
The curves are almost identical, with the Ne41 data just a
few percent higher over most of the energy range of
measurements. This is one case where scaling of the ion
tion cross sections yields very good agreement between
data.

C. Ne51

The measured cross sections for ionization of Ne51 from
150 eV to 800 eV are shown in Fig. 8 and also given
Table IV. The solid curve represents the Lotz formula a
the dashed curve is recommended by Lennonet al. @8# based
on scaling calculations for O31. The total uncertainty for the
present data is typically 11% near the peak of the cross
tion.

The measurements agree very well with the Lotz pred
tion over most of the energy range except near threshold~see
the inset of Fig. 8! where the experimental results are som

TABLE V. Experimentally measured absolute total cross s
tions for electron-impact single ionization of Ne61. The relative
uncertainties are at the one-standard-deviation level; the total un
tainties~given in parentheses! are at a high confidence level corre
sponding to 90% confidence for the relative uncertainties.

s
E ~eV! ~10218 cm2)

181.3 0.0096 0.034~0.068!
201.4 0.0166 0.022~0.044!
206.4 0.0676 0.027~0.054!
211.4 0.0986 0.024~0.049!
216.4 0.1256 0.025~0.051!
226.4 0.2466 0.031~0.066!
251.3 0.3096 0.039~0.083!
276.3 0.4666 0.035~0.080!
301.5 0.6056 0.028~0.074!
326.6 0.6706 0.040~0.098!
351.6 0.6966 0.028~0.080!
376.7 0.7216 0.031~0.086!
401.7 0.7156 0.019~0.070!
451.6 0.6646 0.026~0.075!
501.6 0.6936 0.023~0.073!
551.6 0.7236 0.024~0.076!
601.6 0.7156 0.025~0.077!
651.6 0.6886 0.025~0.076!
701.6 0.6786 0.024~0.074!
751.6 0.6796 0.023~0.072!
801.5 0.6676 0.027~0.076!
901.3 0.6656 0.027~0.076!
1001.4 0.6606 0.024~0.072!
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what higher. The peak cross section is identical to the Lo
formula and only a few percent higher than the recom
mended curve of Lennonet al. The zero cross section below
the ground state threshold@17# of 157.93 eV indicates the

FIG. 5. Bethe plot of product of scaled electron impact ioniza
tion cross sections times reduced energy versus the logarithm of
reduced energy for O-like ions. The circles are the present resu
for Ne21 and the diamonds are measurements for Si61 from Ref.
@17#. The lines are least-squares fits to the experimental points.

-

er-

FIG. 4. Absolute cross sections as a function of electron-impa
energy for single ionization of Ne21. The present experimental
results are indicated by the solid circles with relative uncertainti
at the one-standard-deviation level. The open triangles are the m
surements of Ref.@3#. The solid curve is the prediction of the three
parameter Lotz formula and the dashed curve represents the c
sections recommended in Ref.@8#. The inset shows the threshold
region with a linear energy scale; the results of Ref.@3# are omitted
for clarity.
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54 1441ABSOLUTE CROSS SECTIONS FOR ELECTRON-IMPACT . . .
absence of metastable ions in the Ne51 beam.
Figure 9 shows a Bethe plot of the present data along w

measurements for ionization of N21 @20# and O31 @21#. The
scaling is excellent over the range of the neon measureme
as the three curves are nearly indistinguishable. It is intere

FIG. 6. Absolute cross sections as a function of electron-impa
energy for single ionization of Ne41. The present experimental
results are indicated by the solid circles with relative uncertainti
at the one-standard-deviation level. The solid curve is the predict
of the one-parameter Lotz formula and the dashed curve repres
the cross sections recommended in Ref.@8#. The inset shows the
threshold region with a linear energy scale.

FIG. 7. Bethe plot of product of scaled electron impact ioniz
tion cross sections times reduced energy versus the logarithm of
reduced energy for C-like ions. The circles are the present res
for Ne41, the diamonds are measurements for O21 from Ref. 18.
The lines are least-squares fits to the experimental points.
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ing to note that although no metastables were apparent in t
N 21 and Ne51 ion beams extracted from the ORNL ECR
ion source, a metastable fraction of about 16% was estimat
for the O31 ion beam extracted from the old ORNL Penning
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FIG. 8. Absolute cross sections as a function of electron-impa
energy for single ionization of Ne51. The present experimental
results are indicated by the solid circles with relative uncertaintie
at the one-standard-deviation level. The solid curve is the predictio
of the one-parameter Lotz formula and the dashed curve represe
the cross sections recommended in Ref.@8#. The inset shows the
threshold region with a linear energy scale.

FIG. 9. Bethe plot of product of scaled electron impact ioniza
tion cross sections times reduced energy versus the logarithm of t
reduced energy for B-like ions. The circles are the present resu
for Ne51, the diamonds are measurements for O31 from Ref.@20#,
and the triangles are measurements for N21 from Ref. @19#. For
clarity only the least-squares fit line for the Ne51 data is shown.
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ion gauge~PIG! ion source@22#. Further data are needed to
determine whether this difference in metastable fractions
due to the sources used or to the details of atomic struct
and population dynamics for the different species.

D. Ne61

Table V lists the measured cross sections for Ne61 from
180 eV to 800 eV with relative uncertainties at the on
standard-deviation level and total uncertainties given in p
rentheses at a level equivalent to 90% confidence for
statistical uncertainties. The total uncertainty is typical
13% near the peak of the cross section. The present data
also shown in Fig. 10 with a solid curve representing th
Lotz formula for direct ionization of the 2s2 ground state and
a dashed line representing the recommendation of Lenn
et al. @8# based on the distorted-wave calculations
Jakubowicz and Moores@15# for Ne61.

Unlike the measurements for the other three neon io
the experimental results for Ne61 agree better with the rec-
ommended curve than the Lotz formula for energies abo
400 eV. Below 400 eV, the Lotz prediction is closer. N
metastables were found in the ion beam, as evidenced by
zero cross sections below the 207.27 eV ground state thre
old @17#.

A comparison of the present measurements with those
ionization of other isoelectronic ions@23# is shown in the
Bethe plot of Fig. 11. The scaled cross sections for Ne61 are
in very good agreement with those for C21 and N31, but
10–15% lower than the scaled cross sections for O41. It
should be noted, however, it was estimated that about 90
of the ions in the C21, N31, and O41 experiments were in
metastable states when extracted from the ORNL P

FIG. 10. Absolute cross sections as a function of electro
impact energy for single ionization of Ne61. The present experi-
mental results are indicated by the solid circles with relative unc
tainties at the one-standard-deviation level. The solid curve is
prediction of the one-parameter Lotz formula and the dashed cu
represents the cross sections recommended in Ref.@8#.
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source. As remarked previously, it is not clear whether th
difference in metastable fractions between the present resu
and the older ones is due to using different types of ion
sources or due to atomic physics of the different ions. On
might expect that since the ECR ion source has a highe
average electron temperature it would produce more met
stables, but the trend shown here is just the opposite.

IV. RATE COEFFICIENTS

For many applications such as plasma modeling, it is use
ful to report Maxwellian rate coefficients for the process in-
vestigated. Table VI lists rate coefficients calculated from
our present cross section measurements using a method
scribed elsewhere@24# with the measured data extrapolated
to high energies using (lnE/E). In addition, the rate coeffi-
cients were fit with Chebyshev polynomials of the first kind,
Tn(x), to enable the user to calculate them for any tempera
ture in the range 105 K <T< 108 K:

a~T!5T1/2e2I /kT(
j 50

n

ajTj~x!, ~3!

where I is the ionization potential. The coefficients
a0 , . . . ,a8 given in Table VII reproduce the rate coefficients
to within 1% over the given temperature range. The rat
coefficienta(T) can be expressed simply as

a~T!5 1
2 T1/2e2I /kT~b02b2! ~4!

with the coefficientsb0 andb2 calculated using Clenshaw’s
algorithm @25#:

bj52xbj 112bj 121aj j 50,1,2,. . . ,8, ~5!

-

r-
e

ve

FIG. 11. Bethe plot of product of scaled electron impact ioniza
tion cross sections times reduced energy versus the logarithm of t
reduced energy for Be-like ions. The circles are the present resu
for Ne61. The other measurements are from Ref.@22#: diamonds,
O41, triangles, N31, and squares, C21. For clarity only the least-
squares fit lines for the Ne51 and O41 data are shown.
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TABLE VI. Maxwellian rate coefficients~in units of cm3/s! for the ionization of Neq1(q52,4–6! at
selected values ofT ~in K! calculated from the measured cross sections~see text!.

Electron temperature Ionization rate coefficientsa ~cm3/s!

T ~K! Ne21 Ne41 Ne51 Ne61

1.0 3 105 4.54 3 10212 1.36 3 10215 1.32 3 10217 3.60 3 10220

2.0 3 105 2.32 3 10210 2.19 3 10212 1.49 3 10213 4.76 3 10215

4.0 3 105 1.90 3 1029 9.84 3 10211 1.74 3 10211 2.07 3 10212

6.0 3 105 4.03 3 1029 3.64 3 10210 8.99 3 10211 1.67 3 10211

8.0 3 105 5.99 3 1029 7.11 3 10210 2.08 3 10210 4.86 3 10211

1.0 3 106 7.68 3 1029 1.07 3 1029 3.48 3 10210 9.26 3 10211

2.0 3 106 1.29 3 1028 2.49 3 1029 9.89 3 10210 3.43 3 10210

4.0 3 106 1.65 3 1028 3.73 3 1029 1.66 3 1029 6.65 3 10210

6.0 3 106 1.76 3 1028 4.15 3 1029 1.94 3 1029 8.26 3 10210

8.0 3 106 1.78 3 1028 4.30 3 1029 2.08 3 1029 9.14 3 10210

1.0 3 107 1.78 3 1028 4.34 3 1029 2.14 3 1029 9.65 3 10210

2.0 3 107 1.67 3 1028 4.16 3 1029 2.18 3 1029 1.04 3 1029

4.0 3 107 1.48 3 1028 3.70 3 1029 2.03 3 1029 1.01 3 1029

6.0 3 107 1.35 3 1028 3.38 3 1029 1.90 3 1029 9.59 3 10210

8.0 3 107 1.25 3 1028 3.15 3 1029 1.79 3 1029 9.15 3 10210

1.0 3 108 1.18 3 1028 2.97 3 1029 1.71 3 1029 8.77 3 10210
at
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whereb95b1050 and the reduced energyx is given by

x5
log10T26.5

1.5
. ~6!

The present results agree very well with published r
measurements for Ne51. Datla and Roberts@26# reported a
rate coefficient of 1.08310210 cm3/s at 55 eV and Schmid
et al. @27# measured 2.9310210 cm3/s at 80 eV. The presen
results are 1.10310210 cm3/s and 2.97310210 cm3/s at 55
eV and 80 eV, respectively. The agreement is not so good
the ionization of Ne61, however. At 55 eV, the present re
sult is 2.16310211 cm3/s with Datla and Roberts@26# re-
porting a value of 3.8310211 cm3/s. At 100 eV, the presen
result is 1.33310210 cm3/s versus 1.8310210 cm3/s mea-
sured by Schmidtet al. @27#. This discrepancy may be due t
e

or

the absence of metastable Ne61 ions in the present experi
ment and their presence in the direct rate coefficient m
surements@26,27#.

V. SUMMARY

Absolute total cross sections for electron-impact sin
ionization of Neq1 (q52,4–6! ions were measured using th
ORNL crossed-beams apparatus, with typical total uncert
ties ranging from 9% for Ne21 to 13% for Ne61. Cross
sections for all four ions are dominated by direct proces
and in good agreement with the predictions of the Lotz se
empirical formula as well as the data recommended by
data compilation of Lennonet al. @8#. The Ne21 results were
also in good agreement with the measurements of Ma
moto et al. @3#. The measurements for the other three io
hev

TABLE VII. Rate-coefficient fitting parameters. All parameters are in units of 10213 cm3 K 21/2 s21.

Rate coefficients in the range 105 K <T< 108 K may be calculated using these parameters in a Chebys
polynomial expansion, or through Clenshaw’s algorithm~see text!.

Fitting parameter Ne21 Ne41 Ne51 Ne61

a0 185.787 58.4460 24.5603 7.16433
a1 280.0547 228.9373 210.3413 21.35526
a2 217.6862 20.889595 22.40887 22.55532
a3 20.2390 4.61315 2.77899 1.32380
a4 21.91632 20.707830 20.473245 0.115278
a5 22.00383 20.402223 20.119709 20.324250
a6 0.0786975 0.111143 20.0267319 0.115607
a7 0.356676 0.00189733 0.0719363 0.0265578
a8 0.000000 0.000000 20.0247852 20.0324881
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were close to those for other isoelectronic multicharged i
when compared on a Bethe plot. Only the Ne41 results sug-
gested the possible presence of a small fraction of m
stables in the incident ion beam.
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