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Electron spectroscopy of Na-like autoionizing metastable ions
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~Received 20 December 2001; published 19 July 2002!

Ejected electrons from the decay of metastable 2p53s3p 4D7/2 autoionizing states of Na-like Ar71, Cl61,
and S51 have been detected using an ion-beam delayed-coincidence technique. The previously calculated and
measured Ar71 Auger line at 114.1060.33 eV was used to calibrate a high-efficiency two-stage parallel-plate
electron spectrometer. The energies of the corresponding Auger lines from decay of metastable Cl61 and S51

were subsequently determined to be 102.061.2 eV and 86.661.0 eV, respectively. The results are consistent
with published data for other members of the Na isoelectronic sequence, and they together exhibit a quadratic
scaling with ionic chargeq over the range 4<q<15.
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I. INTRODUCTION

The properties of highly stripped, excited atoms are
both fundamental and practical interest. Excited ions p
important roles in the diagnostics of laboratory and as
physical plasmas@1#. Metastable ionic states have also be
considered in the design of short-wavelength lasers@2#. In
many cases the quartet level of highestJ of a given configu-
ration of an alkali atom or ion is metastable against autoi
ization, so that the branching ratio for radiation in the e
treme ultraviolet ~XUV ! is appreciable. Such states a
therefore candidates for the upper level of XUV lasers,
may provide intermediate levels for store and transfer las
@3#. The core-excited states of Na-like ions, which have t
outerM-shell electrons and a single vacancy in an otherw
filled L shell, are of particular interest. Two outer electro
are required because the lower laser level is then a clo
shell system with one outer electron. The lower-level po
lation may be quenched by ionization of the remaining el
tron. Since the upper level can Auger decay, it is importan
consider possible upper levels for which the Auger de
rate is smaller than or comparable to the radiative decay
@4#.

The 2p53s3p 4D7/2 metastable state, which has the hig
estJ for this configuration, has been studied theoretically a
experimentally for several Na-like ions. The energy of Aug
electrons from this state of Fe151 was measured and its met
stable nature demonstrated by Schneideret al. @5# in an ion-
atom collision experiment. Karimet al. @6# have performed
detailed theoretical studies of x-ray wavelengths, Auger
ergies, and decay rates for P41. The autoionization spectrum
of Ar71 has been calculated by Chen@7# using the multicon-
figuration Dirac-Fock method. The Auger electron ene
and lifetime of this metastable state for Ar71 were calculated
to be 114.09 eV and 3.2ms, respectively. Huttonet al. @8,9#
measured this Auger line in ion-atom collision experime
at an energy of 114.1060.33 eV, in excellent agreemen
with the theoretical result. This Ar71 line was therefore se
lected as a benchmark to calibrate the energy scale
newly developed electron spectrometer.
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In this paper, an electron-ion delayed-coincidence te
nique developed to measure ejected electron spectra du
electron-ion collisions is described. As an initial test of th
apparatus, the energies of Auger electrons from the deca
the long-lived 2p53s3p 4D7/2 states of Na-like Cl61 and
S51 were measured.

II. EXPERIMENTAL SETUP

The apparatus and coincidence technique described in
section were developed with an ultimate goal of measur
the energy distribution of electrons ejected in ionizi
electron-ion collisions. The coincident measurement of el
trons and ions from autoionization of a fast metastable N
like ion beam reported here represent an initial proof-
principle test of the method@10#. In the present experimen
the metastable ions were created in the ion source pla
along with predominantly ground-state ions. Since the m
crosecond lifetimes of these metastable states are compa
to ion flight times in the experiment, the metastable io
constituted a small component of the ion beam that spo
neously autoionized along its flight path.

A. Ion beam

The experiments were performed at the Multicharged
Research Facility at the University of Nevada, Reno@11#.
Multiply charged ions were produced in a 14.4-GHz Capr
two-stage electron-cyclotron resonance ion source@12#. Gas
~Ar, CCl4, or H2S) was injected into the plasma chamber a
ionized by successive collisions with energetic electrons. T
ion beam was extracted from the ion source by a poten
difference of 10 kV, and transmitted by an ion-beam tra
port system consisting of two einzel lenses and two sets
steering plates. The desired ion beam is selected accordin
momentum/charge by a double-focusing dipole analyz
magnet. The beam size and analyzer resolution are d
mined by adjustable four-jaw slits located downstream at
focus of the analyzing magnet. Another einzel lens and se
steering plates behind the analyzing magnet direct the
beam to the experiments that are located downstream.
operating pressure in the ion source plasma discharge ch
ber was approximately 1026 Torr, and was typically 1029
©2002 The American Physical Society06-1
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Torr in the ion-beam transport system. The collimated io
beam currents for this experiment were 250 nA for40Ar71,
25 nA for 35Cl61, and 12 nA for32S51.

B. Crossed-beam apparatus

A schematic diagram of the crossed-beam apparatus
veloped for absolute measurement of electron-impact ion
tion cross sections@13# is presented in Fig. 1. The ion bea
is focused and positioned by independent one-dimensi
einzel lenses and steering elements, and directed to the i
action region by a 90° parallel-plate analyzer, which
moves ions from the beam that have changed charge in tr
port. The interaction region, which is enclosed by a magn
shield, contains an electron gun and an electron spectr
eter. The electron gun was not activated for the meas
ments reported here. Electrons emitted by the ion beam e
the electron spectrometer at 15° with respect to the ion-b
axis, and are analyzed and detected by a two-stage
parallel-plate electron spectrometer. The ion beam~which
also contains further ionized products! is focused down-
stream of the interaction region by a cylindrical einzel le
and analyzed by a 90° dipole charge-analyzing magnet.
product ions are magnetically deflected by 90°, while
primary ions of lower charge are deflected through a sma
angle~depending on the final-to-initial charge ratio! and col-
lected by an extended Faraday cup mounted inside the m
net chamber. The product ions are further dispersed by a
cylindrical electrostatic analyzer and directed to a stainle
steel plate biased at2400 V, from which secondary elec
trons are detected by a pair of microchannel plates~MCP!
operated in single-particle counting mode.

C. Electron spectrometer

A two-stage 30° parallel-plate electron spectrometer w
a position-sensitive electron detector was developed for
present application. Due to second-order focusing, this
strument has a higher efficiency and resolution than o
commonly used designs@14#. The spectrometer, shown i
Fig. 2, is similar to that developed by Swenson for ion-at
collision experiments@15#. A position-sensitive electron de
tector consisting of a custom tandem microchannel-plate

FIG. 1. Schematic of crossed-beams coincidence apparatu
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tector with an active area of 15 mm3100 mm and a
resistive-anode encoder~RAE! provides an effective energ
bandwidth 2(Emin2Emax)/(Emin1Emax) of 48%. The en-
trance aperture is 0.37 cm high30.185 cm wide, giving a
solid angle of acceptance in the present application of 0.
sr and an energy resolution of 5%. High-transmission~95%!
grids on the high-voltage plates of both stages backed
grounded shields serve to suppress the emission of secon
electrons produced by high-energy electrons and phot
Resistive dividers provided the appropriate voltages to
two stages of the spectrometer, and to ‘‘picture-frame’’ ele
trodes that assured uniformity of the electric fields. The p
formance of the spectrometer was modeled using analy
solutions@14# as well as theSIMION 3D charged-particle tra-
jectory computer code@16#.

D. Electron-ion coincidence technique

Acquiring an ejected electron energy spectrum due
electron-impact ionization of an ion in a crossed-beams
periment requires detection of an electron signal in the pr
imity of an electron beam of 1012–1015 times higher inten-
sity. An electron-ion delayed-coincidence technique w
implemented to address this requirement. Ion flight tim
from the interaction region to the ion detector were in t
3 –4 ms range. Fast timing signals for the delaye
coincidence measurement were obtained from the rear
face of the second MCP of the chevron electron detector
from the product ion MCP detector. The time difference b
tween these signals was recorded by a time-to-digital c
verter with a resolution of 7.8 ns/channel. Two charge sign
extracted from opposite ends of the RAE of the electr
detector provide a one-dimensional position~and therefore
energy! spectrum. The latter was obtained by directing t
two amplified and shaped charge signals from the RAE
analog-to-digital converters. Each detected electron w
therefore characterized by both its position of impact on
detector face and by the time elapsed until the subseq
detection of an ion whose charge had increased by one

III. EXPERIMENTAL RESULTS

A. Electron spectrometer calibration

Energy calibration of the electron spectrometer was c
ried out using the known Auger line~114.10 eV! from the

FIG. 2. Schematic of two-stage 30° parallel-plate electron sp
trometer. In the crossed-beams arrangement, the electron-beam
is perpendicular to the page and located at the center of the in
action region.
6-2
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decay of the 2p53s3p 4D7/2 metastable state of Ar71. The
count rate in the product ion detector was typica
500 s21 nA21and the true coincidence rate wa
0.002 s21 channel21 for a typical Ar71 ion-beam current
of 250 nA ~electrical!. Several days of continuous data a
quisition were required to obtain acceptable statistical pr
sion in a single measurement. Figure 3 presents a typ
time-of-flight spectrum, taken with a temporal resolution
7.8 ns/channel. Figure 4 presents measurements of the
cident position spectrum corresponding to a time delay in
product ion channel of 3.14ms. The energy scale of th

FIG. 3. Time-of-flight spectrum for 70 keV Ar81 due to auto-
ionization of metastable Ar71. The peak at 3.14ms corresponds to
an Ar81 ion flight path of 182 cm from the interaction region to th
ion detector. The time resolution of the time-to-digital converter
7.8 ns/channel.

FIG. 4. Electron detector position spectra due to autoioniza
of metastable 70 keV Ar71 coincident with an ion flight time of
3.14 ms at three different voltagesVi applied to the electron spec
trometer. The feature corresponds to an electron ejected with
energy of 114.10 eV in the center-of-mass frame, which co
sponds to 135.10 eV in the laboratory frame. A noncoincident ba
ground has been subtracted from each spectrum.
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spectrometer was calibrated by accumulating coincide
spectra for different values of the voltageVi applied to the
spectrometer, as shown, and by using the following eq
tions:

Emin5A1Vi , ~3.1!

E5Emin1A2CiVi5A1Vi1A2CiVi , ~3.2!

whereEmin is the minimum detectable electron energy,E is
the electron energy in the laboratory frame,Vi is the voltage
applied to the first-stage high-voltage plate of the elect
spectrometer (0.92Vi is applied to the second-stage hig
voltage plate!, andCi is the channel number, correspondin
to the horizontal position at which an electron impacts
detector~maximum of 256!. A1 andA2 are calibration coef-
ficients that may be estimated from the modeling but mus
determined experimentally for accurate measurements.A1
andA2 and their uncertainties were obtained by accumu
ing coincidence spectra with three different voltagesVi ap-
plied to the electron spectrometer, and recording the co
sponding central channel numberCi for the Auger line. The
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FIG. 5. Coincidence electron energy spectrum due to autoio
ation of metastable Cl61. VoltageVi544.10 V was applied to the
electron spectrometer. A noncoincident background has been
tracted from the spectrum.

FIG. 6. Coincidence electron energy spectrum due to autoio
ation of metastable S51. VoltageVi540.04 V was applied to the
electron spectrometer. A noncoincident background has been
tracted from the spectrum.
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following results were obtained:A151.92260.015, A2
5(6.13060.015)31023. These values are within 10% o
those predicted bySIMION 3D modeling.

B. Coincident electron spectroscopy of metastable Cl6¿ and
S5¿ ions

Subsequent to calibration of the electron spectrome
corresponding coincidence measurements were made
beams of 60 keV35Cl61 and 50 keV32S51. The product ion
count rates were larger than for Ar71: 3000 s21 nA21 for
Cl61 and 14 000 s21 nA21 for S51. The delayed coinci-
dence rates were comparable to the Ar71 case: 0.002 s21

channel21 for 35Cl61 and 0.003 s21 channel21 for 32S51,
requiring data acquisition times of 65 and 61 h, respectiv
to achieve acceptable statistical precision in the electron
ergy spectrum. The results are presented in Fig. 5 and Fi
and are compared to the Ar71 calibration data in Table I. It is
instructive to compare the present data to published data
other Na-like ions. The scaling of the measured and ca
lated electron energies with ionic charge for the five me
bers of the Na isoelectronic sequence is presented in Fi
The curve represents a quadratic fit to the data, represe
by the equation:

E528.76819.958q10.337q2, ~3.3!

whereq is the ionic charge. The present measurements
Cl61 and S51 are consistent with published experimental a
theoretical data for the Na isoelectronic sequence, and
quadratic scaling of electron energies with ionic charge
the data in the range 4<q<15 with a mean deviation o
60.66 eV.

IV. SUMMARY AND OUTLOOK

Measurement of the energy of electrons ejected from
fast autoionizing metastable ion beam has been demonst
using an electron-ion delayed-coincidence technique.
method has been used with a metastable Ar71 beam to cali-
brate a two-stage parallel-plate electron spectrometer wit
energy bandpass of 48% and a resolution of 5%. The te
nique has been applied to the first measurements of the

TABLE I. Measured Auger electron energies for decay
2p53s3p 4D7/2 metastable Na-like ions.

Ion Energy~eV!

Ar71 114.1060.33a

Cl61 102.061.2
S51 86.661.0

aReference value@7–9# for spectrometer energy calibration.
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ergy of electrons from the autoionization of 2p53s3p 4D7/2
metastable Na-like Cl61 and Cl51. The measured energie
are consistent with existing experimental and theoretical d
for other Na-like ions, and help to establish a scaling alo
the isoelectronic sequence.

This technique will next be applied to measurement of
energy spectrum of ejected electrons produced in elect
ion collisions. The product ion background count rate will
significantly lower for such measurements, due to the
sence of metastable autoionizing states in the parent
beam. However, this will be more than offset by a significa
increase in the background count rate in the electron sp
trometer, since it must be aimed directly at the crossing
the ion beam with an electron beam carrying a current in
microampere range. The challenge will be to reduce t
count rate to an acceptable level while maintaining suffici
electron-beam current to yield a measurable electron-ion
nal and coincident count rate.
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FIG. 7. Scaling of measured and calculated electron ener
from autoionization of 2p53s3p4D7/2 metastable Na-like
Fe151, Ar71, Cl61, and S51 and P41 with ionic charge. The curve
represents a quadratic fit to the data.
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