PHYSICAL REVIEW A VOLUME 58, NUMBER 4 OCTOBER 1998
Auger-resonance-decay process in Ar [2-shell excitation and ionization
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The production and subsequent autoionization of the(Ap,)6d’ satellite state that is formed either by
shake-up or recapture during the Auger decay ofpavAcancy in Ar has been studied by photoelectron
spectroscopy in the energy region from 243 to 256 eV. The creation of near zero energy electrons below and
immediately above the Ar |2 ionization threshold is discussed. Some ambiguous points in previous studies
are clarified [S1050-294{08)12609-4

PACS numbsg(s): 32.80.Dz, 32.80.Fb, 32.80.Hd

. INTRODUCTION the decay of all Arp 1nsnd resonances. Heimanet al.
[18] interpreted their results on the basis of shake-off theory.
When resonant excitation of an inner-shell electron in arBut recent calculations predicted that shake-off was very un-

atom results in an Auger decay there is a probability that théikely [6]. Hayaishiet al.[19] proposed a two-step autoion-
out-going Auger electron will interact with the photoexcited ization model in order to explain the increased production of
electron. The two electrons can exchange energy resulting ifero energy electrons at thgp24d and & resonances.
unexpected final states of the excited ion. This proces¥his model required the initial excited states to experience
is usually described as a shake-up or shake-down proceshake-up into final states lying just above a double ionization
[1-7]. A similar Auger or photoelectron interaction occurs threshold, see Eq$2) and(3). Subsequent autoionization of
when the atom is photoionized at or just above the innerthese states could then occur through a valence multiplet
shell ionization thresholds. In this case the released photqauger decay producing low-energy electrons. However, only
electron either can be captured into a discrete level of the iothe (*D)6d’ final state appears to be a suitable candidate for
or can escape with reduced kinetic energy. This process igis proposalsee Fig. 1 The binding energy for this state
called a postcollision interactiofPCl) [8—11]. However, in  has been reported to be in the range from 43.42 to 43.44 eV,
general the excitation and decay cannot be treated as separ@iRereas the S)5d” state lies below the!D) double ion-
events[12]. For example, photionization of an Arp2elec-  jzation threshold3,23—24. If the production of zero energy
tron near threshold or photoexcitation at a specifierdd  electrons by shake-off is ruled out then the question arises
resonance can produce any of the following final states:  “can shake-up or shake-down into th&X)6d’ level occur

at all 2p~'ns,nd resonances?”

Ar+y—Art*3p2(°P,'D,'S)md+ e, @ In the present work we report on our studies of the prob-
o 11 3 ability for producing the ¥D)6d’ satellite state at photon
—Ar *3s"3p *("P,°P)md+e,, (20 energies coincident with the resonances and at energies

. above thel, 5 ionization thresholds.
wheree, represents the Auger electron amdcan be either '

greater or less than. If the Ar** excited final states lie
above the threshold for double ionizati¢gsee Fig. ] auto-
ionization can occur through a valence multiplet decay
[13,14], as shown in the example below:

Art*3p~2(1D)md' —Ar?*3p 2(°P) + e y0, M=6
)

wheree,, o represents the electron produced by autoioniza-
tion. Measurements of the kinetic energies of these electrons
identify the Auger final state and hence the valuemfThe
production of excited ionic states through Auger decay and
the knowledge that further decay is possible through a va-
lence multiplet transition are very important in the interpre-
tation of multiple ionization and photoelectron spectra
[15-17.

Studies of threshold electrons by several grou&—22 _—
have revealed that near zero energy electrons are produced in

5d'

nl

FIG. 1. Energy-level diagram of the Ar(®P,'D,S) continua.
The discrete Rydberg states leading up to double ionization repre-
*Present address: Department of Chemistry, University of Nesent the Ar* satellite states. The possible autoionization pathways
vada, Las Vegas, NV 89154. are indicated by arrows.
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HEMISPHERICAL ENERGY .
ANALYZER FIG. 3. Low-energy electron spectra produced in the Auger de-

cay of the 2 !ns,nd resonances via autoionization of the
FIG. 2. Experimental arrangement of the hemisphericalshake-up states. The broad background peaks near the zero energy
electron-energy analyzer, electron lens, gas cell, and channetegion were caused by scattered electrons.
electron detector. A variable voltage was applied to the gas cell to

rovide a constant 5-eV pass energy for the energy analyzer. . .
P P 9y 9y Y We see that each state experiences shake-up into the

Il. EXPERIMENT 3s23p*(*D)6d’ final state, which then autoionizes into the

3P, continuum, producing a 23-meV electron. The zero of

An electron energy analyzer was used in conjunction Wiﬂ} . :
o he energy scale is based on this value. The 50-meV half-
synchrotron radiation to study the low-energy electron specy idth of t%):a &’ line and of the remaining structure shown in

trum between 0 and 6 eV produced by the Auger decay of. .
the 20~ 1 vacancy in Ar. The experiment was performed at"19: 3 reflects the resolution of the energy analyzer only and

the Advanced Light Source in Berkeley, California, on thed0€s not depend on the resolution of the incident radiation,
bending magnet beamline 6.3.2. The synchrotron radiatioMhich was about 0.5 eV. This is evidence that these lines all
was dispersed by a plane gratii§00 lines/mm grazing Originate through autoionization. The data taken at the 4
incidence monochromator. The photon band pass used wa§id I resonances also show structure due to shake-up into
varied for different measurements but was typically in thehighern values. However, there may be some contamination
range of 0.1 to 0.5 eV. The energy scale of the monochrofrom direct excitation into the & and 7’ resonances be-
mator was calibrated using the Ap24s absorption line at cause of the poor photon resolution. There is a broad scat-
244.39 eV=0.01 eV[29]. The electron energies were ana- tered electron peak that has a maximum below the zero en-
lyzed with a 180° spherical energy analyzer with a mearergy position and a tail on the higher-energy side. These
radius of 5 cm. The analyzer was set for a pass energy of Bcattered electrons are caused by the Auger electrons hitting
eV, which gave a resolution of about 50 meV. To obtain anthe edge of the exit aperture of the ionization cell. The field
accurate energy calibration, the binding energy of thedistribution within the ionization cell, which depends on the
Ar('D)6d’ state was measured in a separate experimengeometry of the ionization region and its exit aperture, will
This made use of the high-resolution electron-energy angyush any zero-kinetic-energy electrons produced there
lyzer Scienta in conjunction with the PGM undulator beam-yrqugh the analyzer at a lower voltage than that for the
line at the Synchrotron Radiation Center in Wisconsin. We,grq_Linetic-energy electrons produced in the ionization re-
measurgd the. binding energy to be 43'412i®./005 e'V. gion. The zero-kinetic-energy scattered electrons will then
Subtracting this value from the_ knowiP, double ionization appear at a position below the zero position of the spectrum.
threshold at 43.3893 eY30] gives an energy value of 23 If the low-energy electrons observed at the Ari2sonances

rrllev fo,r the glectrong produged by autoionization of the o e cqsed by shake-off, this would produce electrons with
(*D)6d’ state into the’P, continuum.

The elect detected at riaht les to the bh a continuous energy distribution starting at zero. But because
e electrons were detected at right angles to the photof,.qq ejectrons would be produced in the ionization region

beam and to the radiation polarization vector. The ionizatior{hey should appear exactly at the zero position of the spec-
region was surrounded by mesh in order to reduce the bac fum. Thus, it is unlikely that the background continuum
ground of scattered eIectror_ls. The arrangement of gas ce bserved in’ the present spectrum is caused by shake-off.
electron lens, and analyzer is shown in Fig. 2. The electron-energy spectra taken at photon energies ex-
actly at theLs and L, thresholds are shown in Fig. 4. At
these thresholds we would expect to see, respectively, the
Figure 3 shows the low-energy electron spectra obtainedero energy B, and 2o, photoelectron peaks. Instead,
from the decay of the resonantly excited 2ns,nd states. because of the PCI effect, the zero energy electrons are cap-

Ill. RESULTS
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data represent the probability for production of tH®)6d’ state
through shake-up. Above tHe; edge the data represent a combi-

FIG. 4. Low-energy electron spectra produced in the Auger denlation of sources, namel)_/, recapture of photoelectrons into the
cay of the ! hole at theL , 5 thresholds. Recapture of the pho- ("D)6d’ state and retardation of the photoelectrons.

toelectrons into the!P)nd’ states and their subsequent autoioniz-

ation can be seen in both spectra. Thgy,2photoelectron peak can The peaks have broadened line shapes, in excess of that
be seen in thé, spectrum retarded by about 0.2 eV from its ex-

pected peak positiofvertical dashed line

tured into the various discrete levels of ArA

certain frac-

tion are captured into the!D)nd’ levels. At thel ; thres-
hold we see autoionization of tived’ levels into the®Pg; ,
continuum 6=6) terminating at 1.74 eV fon=o. Al-
though direct excitation of some of these lines will contributeincluded the underlying scattered electrons. Then the photon
to the spectrum we note that in our previous work, using anergy was scanned between 243 and 256 eV with a resolu-

photon energy of 248.8 eV, the entiréD)nd

" series was

also populated fronrm=6 to infinity [17]. In this case direct

excitation was not possible. At thie, thresh

old a similar

spectrum occurs because of the capture of thg,Zphoto-

electrons. However, a high percentage of th

e energetie 2

photoelectrons escape giving the broad peak near 2 eV.

In Fig. 5 both the p,,, and 2p3,, photoelectrons appear.

no PCI

Electron Counts

(@)
hv=255 eV

(b)
hv=252 eV

Electron Energy (eV)

caused by the photon-energy resolution, and retarded peak
positions caused by the PCI effd@1]. A small fraction of
these energetic electrons are still captured into ) 6d’
level, as shown in the figure.

In order to determine the probability for producing the
(*D)6d’ state, the energy analyzer was set to collect the
electrons that appeared at the position of tHé peak, which

tion of 200 meV. The results are shown in Fig. 6. This spec-
trum represents the relative probability for producing the
(*D)6d’ final state as a function of the incident photon en-
ergy, but it is uncorrected for the scattered electron back-
ground shown in Figs. 3-5. The contribution to the peaks
caused by scattered electrons can be estimated from these
figures. For example, from Fig. 3 the scattered signal ac-
counted for 40%, 30%, 16%, and 14% of the intensity of the
4s, 3d, 4d, and T peaks, respectively. Applying these
corrections to the resonances in Fig. 6, we obtain the relative
shake-up probabilities. These values were normalized to the
calculated values given by Meyet al. [5] for the 4d reso-
nances. Clearly thediand & lines are not completely re-
solved in Fig. 6, thus the results are approximate. The results
are tabulated in Table | and compared with the calculated
and experimental values given by Meyetrral. [5] and by
Mursu et al. [3]. Theory predicts a negligible amount of
shake-up from the @ '4s and 3 initial states into the @&’
final state, whereas our present results indicate otherwise.
The ratio of the 4 to 5d line intensities are in qualitative
agreement with the calculated values given by Mesteal.
Above thel 5 threshold the origin of the spectrum is more
complicated because of the PCI effect. For photon energies
several electron volts above the threshold all photoelectrons

FIG. 5. Photoelectron energy spectra observed above thepAr 2are retarded by varying amounts, even to the point of being
ionization threshold. The peaks are retarded by 0.10 to 0.22 eveduced to 0 eV or captured into a discrete level of Am
from their expected positions due to the PCI effect. Note that finaFig. 5(b) the 2p,,, photoelectron should have a discrete en-

shake-up into thelD)6d’ state still persists.

ergy of 1.22 eV. Instead, it peaks at 1 eV but has a continu-
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TABLE I. Approximate shake-up probabilities from core excited staggs'ad into the 3?3p*(*D)6d’

state.
Relative shake-up probabilities

Initial excited Present data Meyet al. [5] Mursu et al. [3]
states Expt. Calc. Expt. Calc. Expt.
2p°4s 2.7
3d 10 0.004 0.0 17
4d 24 24 32 34.5 14.2
5d ~34 32
6d 13

8 stimated value.

ous range of energies down to 0 eV, including capture into The difference between the dotted curves and the experi-
the 6d’ final state. Thus, in Fig. 6, above thg threshold, mental pointgexcluding the resonandesepresents the con-
the spectrum consists of three electron groups produced hyibution by retardation to the production of the 23-meV pho-
(i) retardation, consisting of all electrons that are retarded tdoelectron peaks. To predict the line shapes of these peaks
yield energies of 23 me¥ 25 meV; (ii) capture, consisting we followed the procedure described by Heimatrmal.[18],

only of 23-meV electrons produced by electron capture intavho applied Niehaus’s semiclassical mo@@] to calculate

the 6d’ state, followed by autoionization of that state; andtheir threshold photoelectron line shapes. The parameters we
(iii ) excitation of the p;,;nd resonances, consisting of 23- used were the linewidth of the Ar2level, I'=120 meV,
meV electrons produced by shake-up into thig 6nal state and the photoelectron enerd23 me\). The results were
and subsequent autoionization. convoluted with a Gaussian bandpass function with a half-

There is a strong similarity between the spectrum shownvidth of 200 meV. This half-width represents the photon
in Fig. 6 and the “threshold” photoelectron spectra observedandpass used for this experiment. The line shape obtained
by previous investigatofd 8—21]. Comparing our results be- from this calculation as a function of the excess energy
low with the L threshold with that of Avaldet al.[20] we  above the ionization threshold is shown in Fig. 8. The same
note that the ratio of their intensities fod34d:5d lines are ~ result was obtained for a zero energy photoelectron. The shift
in excellent agreement with the present data. Abovelthe in the peak position was 320 meV and the half-width of the
threshold the intensities of their photoelectron peaks relativéne was 500 meV. This is in agreement with the calculations
to thend resonances are much larger. This can be explaine@f Armen and Levin[32], who used a quantum-mechanical
on the basis that threshold energy analyzers have a high8iydrogenic model. The solid line results shown in Fig. 8
collection efficiency for zero energy electrons than for 23-represent the relative probability for producing 23-meV elec-
meV electrons. The base line shown in Fig. 6 represents th&ons through retardation. We added this result to the recap-
level of the background electrons caused by the doubléure curve at the 3 threshold, adjusting the peak height to
photoionization of the valence shell electrons. The magnihormalize the sum to the experimental peak value. The re-
tude of the scattered electron background produced by Aug&ults are shown by the solid line in Fig. 7. This procedure
electrons striking the exit aperture of the ionization cells varwas repeated at thie, threshold. We see that without con-
ies depending on the intensity of the Auger electron signal.

Above thel; edge we assume that this background is ap- — T 7T T
proximately constant and is represented by the electron sig-
nal at 256 eV.

We now wish to determine the contribution of electron
capture to the production of théd)6d’ state at energies
above the_5 edge. To a first approximation we assume that
the production of the @' final state by electron capture is
proportional to the total recapture probability. In our recent
PCI studies of A{16] we obtained an experimental recap-
ture probability curve in good agreement with the calculated
results of Tulkkiiet al.[11], which explained the production
of Ar* above thel, 5 thresholds. We also found that a con-
stant fraction of the captured electrons were reemitted. The
reemitted electrons were of course a consequence of captur
into highly excited states, primarily!D)nd’ states withn
=6. Thus, normalizing the recapture probability curve to the
data in Fig. 7 just at thé 3 andL, edges gives the continu-  FIG. 7. Low-energy(23-me\) electron production above the
ation of the probabilities for producing thed6 state above edge. The contribution from electron recapture into the)ed’
the thresholds. This is shown by the dotted curves in Fig. 7state is given by the dotted curves. The solid curve represents the
The solid curve is explained in the discussion below. sum of the electron recapture and retardation cu(ses Fig. 8.
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FIG. 8. Calculated electron yield probability for producing zero ~ FIG- 9. Constant-energ{2-eV) photoelectron spectrum mea-
and 23-meV electrons as a function of the excess energy above t3&réd as a function of the photon energy. The solid curve represents
ionization threshold. The semiclassical model of Niehaus was usel’® Predicted electron yield using the Niehaus model convoluted
and convoluted with a Gaussian functi200-meV photon resolu- With @ Gaussian functio00-meV photon resolution
tion).

across a threshold and then must decrease in a manner simi-

sidering the contribution from the recapture curves the callar to that of the recapture probability curil]. If no suit-
culated PCI line shapes would not reproduce the experimergble bound states exist to provide low-energy autoionized
tal results at theL, ; edges. Thomas and co-workd&l] electrons then this problem does not exist. To illustrate this
have discussed the need to convolute the semiclassical livge have measured the constant energy spectrum for 2-eV
shapes with additional Lorentzian broadening in order to obelectrons, which occurs well above theg ; thresholds, as
tain a better fit with their experimental data. Armen andshown in Fig. 9. The photon resolution in this case was 100
Levin [32] argue that the agreement between their quantunmeV and the electron resolution was 40 meV. Applying the
model and the semiclassical model indicates that extra corNiehaus model again and simply renormalizing the curves to
volution is unjustified, and if so, then what causes the differthe photoelectron peak heights, we see there is an excellent
ence between theory and experiment at the threshold? Wg to the experimental data.

submit that the cause is the production of near zero energy
electrons created by the capture of the excited and ejected
photoelectrons(below and above the thresholds, respec-
tively) into the ¢D)6d’ state and their subsequent decay by
autoionization producing 23-meV electrons. This extra This research was supported by the National Science
source of near zero energy electrons must be continuousoundation under Grant No. PHY-9317934.
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