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Double K-shell photoionization of neon
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DoubleK-shell photoionization of Ne at 5000 eV was observed by recording theKK-KLL Auger-electron
hypersatellite spectrum. The measured Auger spectrum is compared with the results of multiconfiguration
Dirac-Fock calculations. Shake calculations are used to identify likely multivacancy states produced by pho-
toexcitation or ionization in addition to double-K vacancies, and their calculated Auger spectra are compared
with the measured spectrum. The measured relative intensities of hypersatellite and diagram Auger lines are
combined with experimental and theoretical determinations of branching ratios from single- and double-K
vacancies into final states to determine the ratio of double-to-singleK-shell photoionization cross sections to be
0.32~4!%. This ratio is much larger than the calculated high-energy-limit ratio and indicates a large contribu-
tion of dynamic electron correlation.
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I. INTRODUCTION

Double photoionization of He has been extensively st
ied as a probe of electron correlation in the simplest cas
a two-electron system@1–3#. The many-body perturbation
theory ~MBPT! treatment@4# identifies three first-order am
plitudes in the electron-electron interaction that are refer
to as ground-state correlation~GSC!, shakeoff ~SO!, and
two-step-one~TS1! amplitudes. The GSC amplitude a
counts for, e.g., angular and radial correlation between
two equivalent 1s electrons in the ground state@5#. Upon
photoemission of one of the electrons, relaxation~or the sud-
den change in the average screening of the nuclear cha!
can excite or eject the second electron and is describe
the SO amplitude. The TS1 amplitude describes a proces
which photoabsorption ejects one of the electrons and it
dergoes a binary collision with the second electron and b
are ejected. The three MBPT amplitudes provide intuit
descriptions of electron-electron interactions in the dou
photoionization process but should not be thought of as
dependent mechanisms and are added coherently in cal
tions of observables. Furthermore, the degree of importa
of each amplitude changes depending on the choice of ga
form of the dipole operator, i.e., length, velocity, and acc
eration@2–4,6#. However, a recent theoretical treatment d
scribes double photoionization of He as an incoherent sum
SO and ‘‘knockout’’ ~or TS1! contributions, with knockout
calculated quasiclassically@7#.

The same electron-electron interactions are expecte
govern doubleK-shell photoionization in higher-Z atoms,
with the energy variations of double-K photoionization cross
sections following Z-scaling laws@8#. In the high-energy
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limit, the double-to-singleK-shell photoionization cross
section ratioR can be accurately calculated for He and H
like ions @9,10#, because electron-electron interaction in t
final state is negligible and only ground-state correlation
needed. Accurate 1s2 ground-state wave functions can b
constructed and theZ dependence ofR in the asymptotic
limit can be calculated. A good agreement exists betw
theory and the high-energy measurement~5.4–9.1 keV! on
He using the ion-recoil momentum imaging method to d
tinguish photoabsorption from Compton scattering@11#. The
energy required to reach the asymptotic limit scales asZ2

@8#. At lower energies,R depends on dynamic correlation i
the final state as described in the lowest order by TS1.

For atoms beyond He,R cannot be determined unambigu
ously from ion charge-state yields. However, double-K va-
cancy states can be identified by observingKK-KL hypersat-
ellites in the x-ray fluorescence spectra@12–15# or KK-KLL
hypersatellites in the Auger-electron spectra@16,17#. Experi-
mentalR values can be deduced from relative intensities
diagram and hypersatellite lines combined with the inform
tion on branching ratios into particular final states from in
tial single- and double-K vacancy states. In the present wor
double-K photoionization of Ne at 5000 eV was observed
recording theKK-KLL Auger hypersatellite spectrum. Th
energies and transition rates of the hypersatellite spect
have been calculated by Chen@18# using the multiconfigura-
tion Dirac-Fock~MCDF! method. The measured Auger spe
trum is complicated by contributions from other multiv
cancy states produced in the photoionization proce
Additional vacancy states that are likely to be produced
identified using shake calculations, and their Auger spe
are calculated using the MCDF method and compared w
©2003 The American Physical Society12-1
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the measured spectrum. The value ofR is determined from
the relative intensities of theK-L2,3L2,3

1D diagram line and
theKK-KL2,3L2,3

2D hypersatellite line along with branchin
ratios into the final states from single- and double-K vacan-
cies taken from experiment and theory. The measuredR is
compared with high-energy-limit calculations@9,10# and an
empiricalZ-scaling law@13#.

II. EXPERIMENTAL METHODS

The threshold for double-K ionization of Ne is 1863 eV
@17# compared with 870.21 eV for single-K ionization @5#.
The energies and relative intensities of NeK-LL Auger dia-
gram lines and the satellite lines resulting from additio
excitation or ionization of theL shell have been determine
experimentally@5,19,20#. The calculatedKK-KLL hypersat-
ellites are located in the 813–879 eV kinetic-energy ran
@18#, and are shifted up in energy from the correspond
diagram lines by'66 eV. The strongest predicted hypers
ellite KK-KL2,3L2,3

2D was recorded in recent electron
impact experiments@17# at 870.5~3! eV. Observation of hy-
persatellites in that experiment, and in an earlier electr
impact experiment@16#, was complicated by the presence
a large background.

The present measurements were made using 5000 e
rays on beam line 12-ID at Argonne’s Advanced Pho
Source@21#. The x-ray beam passed through an effusive
jet of Ne that was maintained at a constant gas density b
flow control valve. Auger-electron spectra were recorded
a double-pass cylindrical mirror analyzer~CMA! @22# posi-
tioned with its cylinder axis perpendicular to the propagat
direction and at 54.7° to the linear-polarization direction
the x-ray beam. At this position, the intensities of photoel
trons and Auger electrons integrated over the accepta
angles of the CMA are independent of dipole anisotrop
and first-order nondipole asymmetries@23#. The electron en-
ergy scales of the Auger spectra were calibrated using
diagram line energies tabulated in Ref.@5#.

A survey spectrum~Fig. 1! through the diagram lines an
the energy region of the hypersatellite lines indicated t
data could be recorded with a good signal-to-backgro
ratio. The CMA was operated at 100 eV pass energy to p
vide sufficient resolution while retaining detection efficienc
The 795–895 eV region was scanned repeatedly to re
the hypersatellites along with theK-L2,3L2,3

1S and 1D dia-
gram lines~see Fig. 2!. The electron counts were correcte
for an estimated 12% variation of the detection efficien
over 795–895 eV due to variation of the CMA’s source v
ume at constant pass energy@22#. Correction was also mad
for 5% variation in the x-ray flux determined from the ph
tocurrents from isolated beryllium windows through whi
the beam passed. The correction was consistent with va
tions of the number of x rays scattered from the gas tar
which were recorded by a NaI scintillation detector.

III. RESULTS AND DISCUSSION

A fit with Voigt functions to theK-L2,3L2,3
1S and 1D

diagram peaks gave a full width at half maximum~FWHM!
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of 2.59 eV. Even with that modest a resolution, the Loren
ian width from the fit was 0.25~6! eV, in agreement with the
tabulatedK-vacancy lifetime width of 0.27~2! eV @5#. A
weak structure appears in the~830–880!-eV region when
viewed on an expanded scale. The sloping background in
region is the Lorentzian tail of theK-L2,3L2,3

1D diagram
peak. Removal of the background gives the satellite struc
plotted in Fig. 3 along with the calculated hypersatell
spectrum@18#. To account for instrumental resolution, th
stick spectrum of Ref.@18# was broadened with a Voigt func
tion obtained by fitting theKK-KL2,3L2,3

2S and 2D hyper-
satellite peaks between 860–875 eV. The2S hypersatellite is

FIG. 1. The Auger-electron spectrum of Ne excited by abso
tion of 5000-eV x rays. Three prominent diagram lines result
from decay of single-K vacancies are identified by their final state
and the energy region of the calculatedKK-KLL hypersatellites is
indicated.

FIG. 2. The Auger-electron spectrum of Ne excited by abso
tion of 5000-eV x rays. TheK-L2,3L2,3

1S and 1D diagram lines and
theKK-KL2,3L2,3

2D hypersatellite line are indicated. The structu
between 830–860 eV is discussed in the text. The dashed c
beneath the peaks in the~820–890!-eV region is the estimated
background and tail of the1D diagram peak.
2-2
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DOUBLE K-SHELL PHOTOIONIZATION OF NEON PHYSICAL REVIEW A67, 062712 ~2003!
weaker and more likely to be contaminated by transitio
from other initial vacancy states that are discussed below.
report results only for the fit to the2D hypersatellite. The
fitted position is 870.50~3! eV, in agreement with the mea
surements of Ref.@17# but 1.9 eV lower than the MCDF
calculation. However, the calculated energy of t
K-L2,3L2,3

1D diagram line is 806.78 eV, which is 2.30 e
higher than experiment@5#. So theory and experiment diffe
by only 0.4 eV for the energy difference between t
KK-KL2,3L2,3

2D hypersatellite and theK-L2,3L2,3
1D dia-

gram line. The Voigt fit to the hypersatellites gave a FWH
of 3.0 eV and a Lorentzian width of 1.0~1! eV. The Lorent-
zian width is consistent with the sum of the calculat
double-K lifetime width ~0.824 eV! @18# and the measured
single-K lifetime width @0.27~2! eV# @5#.

A. Initial vacancy states

The measured structure between 830–860 eV is o
partly explained by the calculation@18#, suggesting that ini-
tial vacancy states are produced in addition to@1s2# ~in the
following, we use the notation@AB#CD to represent con-
figurations with vacancies in theA andB subshells and ex
cited electrons in theC and D subshells!. In an experiment
using both electron- and photon-impact excitations of N
Krause et al. @19# identified Auger satellites in the
'(830–880)-eV region attributed to initial states of the ty
@1s2p#np and@1s2s#ns. These states are shakeup satelli
of @1s# vacancies and can be observed directly in x-ray p
toelectron spectra@24#. We estimated the contributions o
these initial states to our measured Auger spectrum as
lows. In the x-ray photoelectron spectrum of Ref.@24#, the

FIG. 3. Measured Auger spectrum~circles! compared with the
calculatedKK-KLL hypersatellite spectrum@18# ~dotted curve! and
the calculated contribution from@1s2p#np and@1s2s#ns, n53, 4
initial states~solid curve!. The calculated hypersatellite spectrum
broadened by the experimental hypersatellite line shape, is
trarily scaled, and three strong transitions are identified by th
final states. The calculated spectrum for@1s2p#np and @1s2s#ns,
n53, 4 initial states is broadened by the experimental diagram
shape and is scaled to the measured spectrum by a procedur
plained in the text.
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four strongest@1s2p#np satellites are@1s2p#(3P)np(2S)
and @1s2p#(1P)np(2S) with n53, 4. The four stronges
@1s2s#ns satellites are @1s2s#(3S)ns(2S) and @1s2s#
(1S)ns(2S) with n53, 4. MCDF calculations similar to
those in Ref.@18# were performed to generate Auger spec
for the eight initial states. To account for lifetime widths an
instrumental resolution, the theoretical spectra were bro
ened with the Voigt function obtained by fitting th
K-L2,3L2,3

1S and 1D diagram peaks in Fig. 2. The ampl
tudes of the calculated spectra were scaled to the meas
amplitude of theK-L2,3L2,3

1D peak in Fig. 2 using the in-
tensities of the shakeup initial states relative to@1s# vacan-
cies measured using 1487-eV x rays@24# and branching-ratio
measurements from@1s# vacancies into diagram Auger line
obtained using 40-keV electron impact@20#. We assumed
that the probabilities for decay into single-Auger final stat
as compared with multiple-Auger and fluorescence chann
are the same for the shakeup initial states as for@1s# vacan-
cies@25#. The sum of the eight scaled Auger spectra is co
pared with the measured spectrum in Fig. 3, where they
seen to account for roughly 20% of the measured intens
Additional initial states, therefore, apparently make sign
cant contributions to the measured spectrum. From the r
tive intensities reported in Ref.@24#, we estimate that the
eight shakeup states included in our procedure account
'80% of the shakeup intensity in the Ne 1s photoelectron
spectrum. The shakeoff states@1s2p# and @1s2s# produce
Auger lines at kinetic energies well below the hypersatel
region @19,20#.

Shake calculations were performed to identify at le
some of the multivacancy states that are produced by ph
ionization in addition to@1s2#. Single-configuration Hartree
Fock wave functions were calculated for the Ne ground s
and vacancy states and represented by linear combinatio
determinantal functions. We consider states having the s
2Se symmetry as the@1s# vacancy state. Continuum orbita
of appropriate symmetries were calculated for states in wh
additional electrons are shaken off. The shake probability
a nine-electron statex is given by the overlap integra
u^@1s#gsux&u2, where the@1s#gs state consists of the unre
laxed orbitals of the ground state, but with a vacancy in thK
shell. This describes the probability that, given the sudd
removal of a 1s electron, the remaining electrons relax to
eigenstatex of the ionic Hamiltonian. Using the single
configuration wave functions restricts the excited electron
bound or continuum orbitals ofs or p symmetry due to the
single-particle angular overlaps from the ground state.
calculate the shake probability for@1s2# to be 3.0431024,
compared with 8.731024 calculated in Ref.@9# using a
highly correlated ground state for He-like Ne. Table I lis
our results for relative shake probabilities scaled to 100%
@1s2#. Our results show a probability of 0.61 for an add
tional 2p excitation or ionization, relative to that of pur
@1s2# excitation. This is in comparison with a value of 0.4
calculated by Sˇmit et al. @16#, who ascribe the intensity to
shakeoff of one or more 2p electrons. TheZ-scaling laws@8#
indicate that double-K photoionization of Ne at 5000 eV is
below the high-energy-limit regime, so knockout is expec
to affect the relative yields of vacancy states. Given the lim
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SOUTHWORTHet al. PHYSICAL REVIEW A 67, 062712 ~2003!
tations of our model, the relative intensities in Table I a
used simply to identify vacancy states that are likely to
produced along with@1s2#.

MCDF calculations were performed to generate Aug
spectra for several of the initial states listed in Table I. T
calculated lines were broadened by the Voigt function de
mined in fitting the measured hypersatellite peaks betw
860–875 eV. The calculated spectra for five initial states
compared on arbitrary scales with the measurement in Fig
The @1s22p#3p(1S) and @1s22s#3s(3S) initial states@Fig.
4~a!# are predicted to be the two strongest ones, in which
L-shell electron is shaken up in addition to the removal
bothK-shell electrons. They produce Auger lines at energ
below the measured 870.5-eV peak that we attribute to
KK-KL2,3L2,3

2D transition. Correction for the calculated e
ergy of the K-L2,3L2,3

1D diagram line would lower their
energies by 2.3 eV. While these shakeup initial states
likely to contribute to the measured spectrum in t
'(850–870)-eV region, the detailed shapes of the predic
spectra are not apparent, indicating that their contributi
are smaller relative to@1s2# than is suggested by the inten
sities in Table I. The calculated spectrum for t
@1s2#3s(2S) initial state@Fig. 4~a!# has its strongest peak a
the very weak experimental bump near 881 eV. Figure 4~b!
shows the calculated spectra for the@1s22p#(2P) and
@1s22s#(2S) initial states in which anL-shell electron is
shaken off in addition to the removal of bothK-shell elec-
trons. These initial states produce Auger lines in
'(840–860)-eV region and likely account for some of t
measured intensity that is not explained by the@1s2# and
@1s2p#np and @1s2s#ns initial states~see Fig. 3!.

Combining a shake calculation to identify initial vacan
states with MCDF calculations of their Auger spectra in
cates that the measured spectrum consists of several co
butions, but we are unable to attain a definitive analysis
their relative weights. A more extensive calculation that

TABLE I. Results of shake calculations for the relative inten
ties of double-K-vacancy states of Ne.

Vacancy state Intensity

@1s2#3s(2S) 5
@1s2#ns(2S),n.3 2
@1s2#(2S) 100
@1s22p#np(3S) 0
@1s22p#3p(1S) 37
@1s22p#4p(1S) 7
@1s22p#np(1S),n.4 7
@1s22p#(2P) 10
@1s22s#3s(3S) 70
@1s22s#4s(3S) 20
@1s22s#ns(3S),n.4 23
@1s22s#3s(1S) 8
@1s22s#4s(1S) 3
@1s22s#ns(1S),n.4 3
@1s22s#(2S) 5
@1s22p#ns(1,3P) 2
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corporates electron correlation in the ground state and io
states is required to obtain quantitative estimates of rela
intensities, even in the sudden approximation~see, e.g., Ref.
@26#!. Beyond that, knockout is expected to be important
the experimental energy used. While it is likely that some
the measured intensity near the 870.5-eV peak is due to t
sitions other than theKK-KL2,3L2,3

2D hypersatellite, the fit-
ted energy and width of that peak are consistent with
MCDF calculations. We therefore proceed under the assu
tion that the fitted area of that peak is due to that transit
alone.

B. Double-to-singleK-shell photoionization ratio

From the fitted Voigt functions, we determine the intens
ratio of the KK-KL2,3L2,3

2D hypersatellite to the
K-L2,3L2,3

1D diagram line to be 0.002 23~10!. When vacan-
cies are produced by~4.5–5!-keV electron impact
@16,17,19#, this ratio is measured to be much small
'0.0004~see Fig. 3 of Ref.@17#!. While this ratio is mea-
sured at the specific energy of 5000 eV in the present ph
ionization experiment, the electron-impact measureme
comprise an average over a range of energy transfers f
the @1s2# threshold up to the beam energy. The difference
a factor of 5–6 for the hypersatellite-to-diagram intens
ratio between photon and electron impact suggests that

FIG. 4. Measured Auger spectrum~circles! compared with cal-
culated spectra from five initial states with emptyK shells. The
initial states in ~a! are @1s22p#3p(1S) ~solid curve!,
@1s22s#3s(3S) ~dotted curve!, and @1s2#3s(2S) ~dashed curve!.
The initial states in ~b! are @1s22p#(2P) ~solid curve! and
@1s22s#(2S) ~dotted curve!. The calculated spectra are broaden
by the experimental hypersatellite line shape and are arbitra
scaled.
2-4
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DOUBLE K-SHELL PHOTOIONIZATION OF NEON PHYSICAL REVIEW A67, 062712 ~2003!
electron-impact measurements sample the rising edge o
double-K photoionization cross section rather than the bro
maximum@7,8#. While this seems to be the case for doub
K-vacancy production, the experiment of Ref.@27# showed
that production ofKLx(x51,2, . . . ) multiple vacancies in
Ne by 1.5-keV x rays and by 3.2-keV electron impact w
essentially the same. This is consistent with our result in F
3, that is, the Auger lines from@1s2p#np and @1s2s#ns
vacancy states account for only'20% of the intensity in the
energy region of theKK hypersatellites, i.e., theKL shakeup
states contribute roughly the same intensities relative
single-K vacancies in both the present 5-keV photoionizat
experiment and the~4.5–5!-keV electron-impact experi
ments, but double-K vacancies are produced a factor of'5
times stronger in the photoionization experiment. In a 1
keV electron-impact experiment in which the NeKK-KL
x-ray fluorescence hypersatellite was recorded, theKK
shakeoff probability was estimated to be 0.001@28#.

To determine the double-to-singleK-shell photoionization
cross section ratioR from the hypersatellite-to-diagram lin
intensity ratio, the branching ratios from@1s2# and@1s# va-
cancies into the respective final states are needed. Rece
the relative yields of Ne11 –Ne41 ions were measured in
coincidence with 1s photoelectrons@25#. The coincidence
method excludes contributions from other initial vacan
states such as those with additional excitation or ioniza
of the L shell. The yields are interpreted as determining
branching ratios for a@1s# vacancy into fluorescence an
single-, double-, and triple-Auger decay channels. The y
for Ne21 was 0.9267~21!, showing the dominance of single
Auger decay. In the same paper@25#, the probabilities of
double-Auger processes were calculated for both shak
and shakeoff of additionalL-shell electrons. Shakeoff pro
duces Ne31 and shakeup also leads to Ne31 in many cases
due to stepwise double-Auger decay. Only a fraction
double-Auger processes contribute to the Ne21 yield. It was
also noted that shakeoff upon radiative decay, which a
produces Ne21, can be neglected. Hence, to a good appro
mation, the Ne21 yield can be attributed to diagram Auge
decays. Among the diagram Auger lines, the branching r
for K-L2,3L2,3

1D has been measured to be 0.6086~15! @20#.
Using this branching ratio along with the Ne21 yield per
@1s# vacancy from Ref.@25#, the relative number of@1s#
vacancies produced in the present experiment is determ
from the area of theK-L2,3L2,3

1D peak in Fig. 2.
The branching ratios for decay of@1s2# vacancies are no

known experimentally, but the single-Auger decay rates
fluorescence yield were calculated in Ref.@18#. The calcu-
lated fluorescence yield increases by 33% compared
that for @1s# vacancies. From Ref.@25#, the combined yields
of fluorescence and double- and triple-Auger decay fo
@1s# vacancy are 0.0731~35!. If these yields are as much a
twice as great for@1s2# vacancies, the single-Auger yiel
would be '0.85. We therefore estimate the single-Aug
yield for @1s2# vacancies to be 0.90~5!, with the large uncer-
tainty reflecting the lack of knowledge of the actual yie
Using that yield along with the calculated single-Aug
branching ratio of 0.440 for theKK-KL2,3L2,3

2D hypersat-
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ellite, we determined the relative number of@1s2# vacancies
produced from its peak area in Fig. 2.

Combining our measured intensity ratio of the hypers
ellite to the diagram line with the single-Auger yields an
branching ratios, we obtainR50.32(4)%. This result is
plotted in Fig. 5 along with measurements on He at h
energy~5.4–9.1 keV! @11# and at 190 eV@1# where theR
value for He reaches its maximum. The measurements
compared with the high-energy-limit calculations for He-lik
systems@9#. A similar calculation was reported in Ref.@10#.
It should be noted that the calculatedR values are for the
ratio of double ionization to the sum of single ionization a
single ionization plus excitation, while the present measu
ment on Ne determines the ratio of double ionization
single ionization and excludes single ionization plus exc
tion. However, forZ510 the calculations of Ref.@10# show
that exclusion of single ionization plus excitation increas
the asymptotic ratio only slightly from 0.087% to 0.0871%
so the comparison in Fig. 5 remains valid. While the hig
energy measurement on He agrees with the calcula
asymptotic ratio, the He measurement at 190 eV is large
a factor of'2 and the present result for Ne at 5000 eV
larger than the calculated ratio by a factor of'4. The ex-
perimentalR values for higher-Z atoms determined from in
tensity ratios of x-ray fluorescence hypersatellites to diagr
lines @12–15# are also larger than the high-energy-limit ca
culations. In these cases and for Ne at 5000 eV and He at
eV, the photon energies used are within the broad maxim
of the double-K photoionization cross section calculated
Z scaling@8#, where knockout is an important interaction. A
empirical Z-scaling law was determined in Ref.@13# by fit-
ting R values measured at energies where knockout is imp
tant, including the He measurement at 190 eV. This empir
curve is plotted in Fig. 5 and givesR50.28(3)% for Ne, in
good agreement with the present measurement. A comp

FIG. 5. Ratio of double-to-singleK-shell photoionization cross
sections measured for He at 5.4–9.1 keV~open circle! @11#, He at
190 eV~open square! @1#, and Ne at 5 keV~closed circle! compared
with results of high-energy-limit calculations on He-like system
~solid curve! @9# and an empiricalZ-scaling law ~dashed curve!
@13#.
2-5
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son of the empirical and asymptotic curves in Fig. 5 th
gives a rough estimate of the effect of knockout relative
shakeoff.

IV. CONCLUSION

Double K-shell photoionization of Ne at 5000 eV wa
observed by recording theKK-KLL Auger hypersatellite
spectrum. The measured spectrum is complicated by co
butions from other initial vacancy states, e.g., double-K ion-
ization plus excitation or ionization of theL shell. Shake
calculations were used to identify the likely initial vacan
states, and their Auger spectra were calculated by the MC
method and compared with the measured spectrum.
measured intensity ratio of theKK-KL2,3L2,3

2D hypersatel-
lite to the K-L2,3L2,3

1D diagram line was combined with
experimental and theoretical data on branching ratios fr
single- and double-K vacancies to determine the double-t
single K-shell photoionization cross-section ratio. The me
sured ratio is much larger than the calculated high-ene
limit value, indicating that knockout is an importan
interaction for doubleK-shell photoionization of Ne at 500
eV. This experiment illustrates the difficulty of using Aug
spectra to determine double-K photoionization cross sec
nd
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tions. There are remaining ambiguities in the assignmen
the Auger spectrum that could be investigated in future st
ies. Inclusion of knockout interactions in future calculatio
of energy-dependent double-K photoionization cross section
is also needed.
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leisen, and R.I. Hall, Phys. Rev. A62, 022704~2000!.
@18# M.H. Chen, Phys. Rev. A44, 239 ~1991!.
@19# M.O. Krause, T.A. Carlson, and W.E. Moddeman, J. Ph

~Paris! 32, C4-139~1971!.
@20# A. Albiez, M. Thoma, W. Weber, and W. Mehlhorn, Z. Phy

D: At., Mol. Clusters16, 97 ~1990!.
@21# M.A. Beno, G. Jennings, M. Engbretson, G.S. Knapp,

Kurtz, B. Zabransky, J. Linton, S. Seifer, C. Wiley, and P.
Montano, Nucl. Instrum. Methods Phys. Res. A467-468, 690
~2001!.

@22# P.W. Palmberg, J. Vac. Sci. Technol.12, 379 ~1975!.
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