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Electron spectroscopy of Na-like autoionizing metastable ions
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Ejected electrons from the decay of metastatpé3a3p “D-, autoionizing states of Na-like Af, CIf*,
and S* have been detected using an ion-beam delayed-coincidence technique. The previously calculated and
measured At Auger line at 114.18 0.33 eV was used to calibrate a high-efficiency two-stage parallel-plate
electron spectrometer. The energies of the corresponding Auger lines from decay of meta&takledc$ "
were subsequently determined to be 162102 eV and 86.6:1.0 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 charge) over the range 4 q=<15.
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[. INTRODUCTION In this paper, an electron-ion delayed-coincidence tech-
nique developed to measure ejected electron spectra due to

The properties of highly stripped, excited atoms are ofelectron-ion collisions is described. As an initial test of this
both fundamental and practical interest. Excited ions playapparatus, the energies of Auger electrons from the decay of
important roles in the diagnostics of laboratory and astrothe long-lived 2°3s3p “D,, states of Na-like ¢I" and
physical plasmafl]. Metastable ionic states have also beenS®" were measured.
considered in the design of short-wavelength la$gfs In
many cases the quartet level of highésif a given configu-
ration of an alkali atom or ion is metastable against autoion-
ization, so that the branching ratio for radiation in the ex- The apparatus and coincidence technique described in this
treme ultraviolet (XUV) is appreciable. Such states are section were developed with an ultimate goal of measuring
therefore candidates for the upper level of XUV lasers, orhe energy distribution of electrons ejected in ionizing
may provide intermediate levels for store and transfer laserglectron-ion collisions. The coincident measurement of elec-
[3]. The core-excited states of Na-like ions, which have twotrons and ions from autoionization of a fast metastable Na-
outerM-shell electrons and a single vacancy in an otherwisgike ion beam reported here represent an initial proof-of-
filled L shell, are of particular interest. Two outer electronsprinciple test of the methofl0]. In the present experiment
are required because the lower laser level is then a close¢he metastable ions were created in the ion source plasma
shell system with one outer electron. The lower-level popualong with predominantly ground-state ions. Since the mi-
lation may be quenched by ionization of the remaining eleccrosecond lifetimes of these metastable states are comparable
tron. Since the upper level can Auger decay, it is important tqo ion flight times in the experiment, the metastable ions
consider possible upper levels for which the Auger decayonstituted a small component of the ion beam that sponta-
rate is smaller than or comparable to the radiative decay ratgeously autoionized along its flight path.

[4].

The 2p°3s3p “D-j, metastable state, which has the high-
estJ for this configuration, has been studied theoretically and
experimentally for several Na-like ions. The energy of Auger The experiments were performed at the Multicharged lon
electrons from this state of & was measured and its meta- Research Facility at the University of Nevada, Rdad].
stable nature demonstrated by Schneigteal. [5] in an ion-  Multiply charged ions were produced in a 14.4-GHz Caprice
atom collision experiment. Karirat al. [6] have performed two-stage electron-cyclotron resonance ion so(ité@. Gas
detailed theoretical studies of x-ray wavelengths, Auger en¢Ar, CCl,, or H,S) was injected into the plasma chamber and
ergies, and decay rates fot 'R The autoionization spectrum jonized by successive collisions with energetic electrons. The
of Ar’" has been calculated by ChEf using the multicon- ion beam was extracted from the ion source by a potential
figuration Dirac-Fock method. The Auger electron energydifference of 10 kV, and transmitted by an ion-beam trans-
and lifetime of this metastable state for’Arwere calculated port system consisting of two einzel lenses and two sets of
to be 114.09 eV and 3.2us, respectively. Huttoet al.[8,9]  steering plates. The desired ion beam is selected according to
measured this Auger line in ion-atom collision experimentsmomentum/charge by a double-focusing dipole analyzing
at an energy of 114.190.33 eV, in excellent agreement magnet. The beam size and analyzer resolution are deter-
with the theoretical result. This At line was therefore se- mined by adjustable four-jaw slits located downstream at the
lected as a benchmark to calibrate the energy scale of facus of the analyzing magnet. Another einzel lens and set of
newly developed electron spectrometer. steering plates behind the analyzing magnet direct the ion

beam to the experiments that are located downstream. The
operating pressure in the ion source plasma discharge cham-
*Electronic address: phaneuf@physics.unr.edu ber was approximately 16 Torr, and was typically 10°

Il. EXPERIMENTAL SETUP

A. lon beam

1050-2947/2002/66)/0127065)/$20.00 66 012706-1 ©2002 The American Physical Society



M. LU AND R. A. PHANEUF PHYSICAL REVIEW A 66, 012706 (2002

From ECR Spectrometer Bose 2nd Stage High Electron Trajectories
lon Source Plate (Ground) Voltage Plote
1

I
3rd Sut End‘S}ge Cover Grids  4th Stt

Electron Spectrometer

Horizontal Einzel 4
Lens i

Magnetic

Vertical Einzel Shield Char»g‘e Antolyzing
lagnef

22z
Lz
S =)
e
22
2%

Parollel-plate R X 1st Sut Guord Plates ==

Deflector

tCyIindricaI Lens ’ Ist Stoge  fon Bean Ist Stage High PositionSensitive Detector
ectron p Cover Voltage Plate Detector Holder
Primary lon

Gun

Other Experiments. . Transiation Stoge ” i FIG. 2. Schematic of two-stage 30° parallel-plate electron spec-
Product lon trometer. In the crossed-beams arrangement, the electron-beam axis
= is perpendicular to the page and located at the center of the inter-
action region.

Cylindrical” fi—
Deflector

tector with an active area of 15 mxil00 mm and a
resistive-anode encodéRAE) provides an effective energy
Dbandwidth 2Emin—Ema/(Emint Emax Of 48%. The en-
trance aperture is 0.37 cm higl®.185 cm wide, giving a
solid angle of acceptance in the present application of 0.046
sr and an energy resolution of 5%. High-transmiss@bio
grids on the high-voltage plates of both stages backed by
grounded shields serve to suppress the emission of secondary
A schematic diagram of the crossed-beam apparatus delectrons produced by high-energy electrons and photons.
veloped for absolute measurement of electron-impact ionizaResistive dividers provided the appropriate voltages to the
tion cross sectiongl3] is presented in Fig. 1. The ion beam two stages of the spectrometer, and to “picture-frame” elec-
is focused and positioned by independent one-dimensionatodes that assured uniformity of the electric fields. The per-
einzel lenses and steering elements, and directed to the intdormance of the spectrometer was modeled using analytical
action region by a 90° parallel-plate analyzer, which re-solutions[14] as well as thesimioNn 3D charged-particle tra-
moves ions from the beam that have changed charge in trangctory computer codglL6].
port. The interaction region, which is enclosed by a magnetic
shield, contains an electron gun and an electron spectrom- D. Electron-ion coincidence technique
eter. The electron gun was not activated for the measure- Acquiri iected elect t due t
ments reported here. Electrons emitted by the ion beam ente cquiring an €ejected €electron energy spectrum dué 1o

the electron spectrometer at 15° with respect to the ion_bear%fectrommpact lonization of an ion in & crossed-beams ex-

: eriment requires detection of an electron signal in the prox-
axis, and are analyzed and detected by a two-stage 30°_. 5 . . .
. ; imity of an electron beam of £8-10" times higher inten-
parallel-plate electron spectrometer. The ion be@avhich

also contains further ionized productis focused down- sity. An electron-ion delayed-coincidence technique was

stream of the interaction region by a cylindrical einzel Ienslmplemen.ted to gddresg this requirement. lon fI|ght.t|mes
and analyzed by a 90° dipole charge-analyzing magnet Thfrom the interaction reglqn_to the; ion detector were in the
8 4 uS range. Fast timing signals for the delayed-

product ions are magnetically deflected by 90°, while thecoincidenc:e measurement were obtained from the rear sur-

primary ions of lower charge are defiected through a smalle]race of the second MCP of the chevron electron detector and

angle(depending on the final-to-initial charge @W col- from the product ion MCP detector. The time difference be-
lected by an extended Faraday cup mounted inside the ma veen these signals was recorded by a time-to-digital con-

net chamber. The product ions are further dispersed by a 9 verter with a resolution of 7.8 ns/channel. Two charge signals

cylindrical electrostatic analyzer and directed to a stainless- .
steel plate biased at 400 V, from which secondary elec- extracted from opposite ends of the RAE of the electron

: . detector provide a one-dimensional positi@nd therefore
gpoygrsa{z rg igest?ar%;d-pg);tiilgiléuorfti?\]écrrsgggnnel PlAMER) energy spectrum. The latter was ob_tained by directing the
' two amplified and shaped charge signals from the RAE to
analog-to-digital converters. Each detected electron was
C. Electron spectrometer therefore characterized by both its position of impact on the
A two-stage 30° parallel-plate electron spectrometer withdetector face and by the time elapsed until the subsequent
a position-sensitive electron detector was developed for théetection of an ion whose charge had increased by one unit.
present application. Due to second-order focusing, this in-
strument has a higher efficiency and resolution than other IIl. EXPERIMENTAL RESULTS
commonly used designsl4]. The spectrometer, shown in
Fig. 2, is similar to that developed by Swenson for ion-atom
collision experiment$15]. A position-sensitive electron de- Energy calibration of the electron spectrometer was car-
tector consisting of a custom tandem microchannel-plate deied out using the known Auger lin€l14.10 eV from the

FIG. 1. Schematic of crossed-beams coincidence apparatus.

Torr in the ion-beam transport system. The collimated ion
beam currents for this experiment were 250 nA f8Ar’*,
25 nA for 3°CI°*, and 12 nA for3?s°™,

B. Crossed-beam apparatus

A. Electron spectrometer calibration
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FIG. 3. Time-of-flight spectrum for 70 keV Ar due to auto- Center-of-Mass Electron Energy (eV)
ionization of metastable AF. The peak at 3.14us corresponds to
an A" jon flight path of 182 cm from the interaction region to the ~ FIG. 5. Coincidence electron energy spectrum due to autoioniz-
ion detector. The time resolution of the time-to-digital converter isation of metastable €f. VoltageV;=44.10 V was applied to the
7.8 ns/channel. electron spectrometer. A noncoincident background has been sub-
tracted from the spectrum.

5 4
decay of the p°3s3p "Dy, metastable state of At. The  spectrometer was calibrated by accumulating coincidence
count rate in the product ion detector was typically spectra for different values of the voltaye applied to the

500 s' nA™'and the true coincidence rate was spectrometer, as shown, and by using the following equa-
0.002 s channel? for a typical A" ion-beam current tjons:

of 250 nA (electrica). Several days of continuous data ac-

quisition were required to obtain acceptable statistical preci- Enin=A1Vi, (3.1
sion in a single measurement. Figure 3 presents a typical
time-of-flight spectrum, taken with a temporal resolution of E=Emnint AC\Vi=A1Vi+ACV;, (3.2

7.8 ns/channel. Figure 4 presents measurements of the coin- . o )
cident position spectrum corresponding to a time delay in th&/NeréEmy is the minimum detectable electron energyis

product ion channel of 3.14s. The energy scale of the the electron energy in the laboratory franw,is the voltage
applied to the first-stage high-voltage plate of the electron

spectrometer (0.92 is applied to the second-stage high-

ig 1 N v _'57 17\; ] voltage plz_itéa andC; i_s_ the chan_nel number, corresponding
30 ] 5 oo ] to the horizontal position at which an electron impacts the
20 ] P ] detector(maximum of 256. A; andA, are calibration coef-

10 ] _-‘- . ] ficients that may be estimated from the modeling but must be
0 Jomrl  EaTri et ] determined experimentally for accurate measuremehis.

and A, and their uncertainties were obtained by accumulat-
ing coincidence spectra with three different voltaygsap-
plied to the electron spectrometer, and recording the corre-

V,=53.17V
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FIG. 4. Electron detector position spectra due to autoionization 60 70 80 90 100 110 120
of metastable 70 keV Af coincident with an ion flight time of Center-of-Mass Electron Energy (eV)

3.14 us at three different voltageg; applied to the electron spec-

trometer. The feature corresponds to an electron ejected with an FIG. 6. Coincidence electron energy spectrum due to autoioniz-
energy of 114.10 eV in the center-of-mass frame, which correation of metastable %$. Voltage V;=40.04 V was applied to the
sponds to 135.10 eV in the laboratory frame. A noncoincident backelectron spectrometer. A noncoincident background has been sub-
ground has been subtracted from each spectrum. tracted from the spectrum.
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TABLE |. Measured Auger electron energies for decay of 280 —— — T
2p®3s3p “D-), metastable Na-like ions. ® Current Experimental Data
240 A Experiment: Hutton et al. [8,9]
— 0 Theory: Kharim et al. [6]
lon EnergyeV) S a Experiment: Schneider et al. [5]
2 200 Quadratic Fit to Data ]
Ar’t 114.10-0.33 =
cIe* 102.0£1.2 'g 160 ]
S 86.6-1.0 ]
5 120 .
aReference valug7—-9] for spectrometer energy calibration. ‘g
L 80 :
following results were obtainedA;=1.922+0.015, A,

=(6.130+0.015)x 10 3. These values are within 10% of 40 r r r r r r r

those predicted bgimioN 3D modeling.
Na-like lon Charge

B. Coincident electron specirgscopy of metastable €F and FIG. 7. Scaling of measured and calculated electron energies
$** ions from autoionization of P®3s3p?D;, metastable Na-like
Subsequent to calibration of the electron spectrometeffe™", Ar’*, CI°*, and $* and P* with ionic charge. The curve
corresponding coincidence measurements were made wifBpresents a quadratic fit to the data.
beams of 60 keV?°CI®* and 50 keV32S°*. The product ion
count rates were larger than for Ar. 3000 s! nA~!for  ergy of electrons from the autoionization opZBs3p “D,
CI%* and 14000 s! nA™! for S°*. The delayed coinci- metastable Na-like € and CP*. The measured energies
dence rates were comparable to the Acase: 0.002 s are consistent with existing experimental and theoretical data
channel? for 3CI®* and 0.003 s! channel? for 3s°*,  for other Na-like ions, and help to establish a scaling along
requiring data acquisition times of 65 and 61 h, respectivelythe isoelectronic sequence.
to achieve acceptable statistical precision in the electron en- This technique will next be applied to measurement of the
ergy spectrum. The results are presented in Fig. 5 and Fig. @nergy spectrum of ejected electrons produced in electron-
and are compared to the Ar calibration data in Table I. Itis ion collisions. The product ion background count rate will be
instructive to compare the present data to published data faignificantly lower for such measurements, due to the ab-
other Na-like ions. The scaling of the measured and calcusence of metastable autoionizing states in the parent ion
lated electron energies with ionic charge for the five mem-beam. However, this will be more than offset by a significant
bers of the Na isoelectronic sequence is presented in Fig. ihcrease in the background count rate in the electron spec-
The curve represents a quadratic fit to the data, representémmeter, since it must be aimed directly at the crossing of

by the equation: the ion beam with an electron beam carrying a current in the
5 microampere range. The challenge will be to reduce that
E=28.768+9.958q+0.3379", (3.3 count rate to an acceptable level while maintaining sufficient

whered is the ionic charge. The present measurements foelectron-beam current to yield a measurable electron-ion sig-
q ge. P hal and coincident count rate.

CI%* and S* are consistent with published experimental and
theoretical data for the Na isoelectronic sequence, and the
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IV. SUMMARY AND OUTLOOK
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