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Electron spectroscopy of doubly excited states in He produced by slow collisions
of He2¿ ions with Ba atoms
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We measured ejected electron spectra caused by autoionization of doubly excited states in He atoms; the
excited He was made by double electron capture of low-energy He21 ions colliding with Ba atoms. Measure-
ments were performed by means of zero degree electron spectroscopy at projectile energies from 40 to 20 keV.
Electron spectra due to autoionization from the states He(2lnl 8) to He1(1s) for n>2, and those from
He~3lnl 8) to He1 ~2s or 2p! for n>3, were observed. Line peaks in the spectra were identified by comparing
observed electron spectra with those of several theoretical calculations. It was found that doubly excited states
of relatively high angular momenta such as theD andF terms were conspicuously created in a quite different
manner from the cases of the production of doubly excited states by the use of photon, electron, or ion impacts
on neutral He atoms. Rydberg states with largen values were observed with high population in both the
He(2lnl 8) and He(3lnl 8) series. Other remarkable features in the electron spectra are described and the
mechanisms for the production of these electron spectra are discussed qualitatively.
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I. INTRODUCTION

Multiply excited states in atoms have been one of
most fascinating research subjects for both experimental
theoretical atomic physicists. Doubly excited states in He
the simplest example of the multiply excited states in ato
and have been studied from the earliest period. Theref
they are most widely studied and enormous information
knowledge have been obtained in experimental and theo
ical investigations.

The earliest experimental observations of the doubly
cited states in He were reported in photoabsorption spe
@1# and electron-energy-loss spectra@2#, one after another
from 1963. The studies on the spectra of ejected electr
due to autoionization of doubly excited He by ion bomba
ment @3# and electron impact@4–6# followed. Ever since,
photoabsorption experiments on He atoms have succeed
improving the resolution in using several synchrotron rad
tion facilities @7–9#. Measurements of photoelectron spec
accompanied by photoabsorption were also applied to s
the doubly excited states in He@10#.

By virtue of photoabsorption spectroscopy in the wav
length region from 19 to 21 nm using synchrotron radiatio
the knowledge on spectra of doubly excited states in He
been abundantly supplied over these years. The states
interpreted to be characterized by electron-electron corr
tions. For example, in the photoabsorption spectra below
N52 threshold, three different series of the1Po doubly ex-
cited states have been observed, which were specified a
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1 , 2(1,0)n

2 , and 2(21,0)n
0 (n>2) states

using correlation quantum numbers by Herrick and Sina
glu @11# and by Lin @12#. These experimental observation
stimulated theoretical efforts for understanding these cha
teristics. Many computational methods have been develo
to calculate the properties of doubly excited states. A num
of classification schemes and appropriate quantum num
have been proposed. In terms of the quantum numbers, o
and regularity in energy levels, in the autoionization and
radiative transition rates of the states became to be descr
reasonably. The classification schemes and the computat
methods for doubly excited states of atoms are reviewed
Lin @13#.

In the meantime, some doubly excited states belongin
the 1Se and 1De terms were observed in electron-impa
spectra@2# and ejected electron spectra by the use of elect
impact@4–6# and ion bombardment@3,14#. The triplet states,
such as the3Po term, were found to be populated by low
energy electron impact@4,5# or by the bombardment of fas
molecular ions@3#. These observations promoted numeric
calculations of energy values and autoionization widths
various doubly excited states of different angular mome
and spin states. A large number of calculational results ba
on various theoretical methods were supplied for the co
parisons with experimental data. On the other side, ejec
electron spectroscopy due to autoionization of doubly
cited states created by electron impact near threshold@15# or
by low-energy ion impact@16# were found to be very usefu
for studying the post collision interaction~PCI! effect.
©2001 The American Physical Society09-1
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FIG. 1. Schematic diagram
showing the experimental ar
rangement of apparatus. The siz
of the collision cell and the energy
analyzer system are emphasized
comparison with that of the ion
source and the ion-beam guidin
system.
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In recent years, it has been found that doubly exci
states may be efficiently populated by double electr
capture processes in low-energy collisions of multip
charged ions with atomic targets. These states are ident
by the electron spectra following autoionization from t
doubly excited states. Particularly, the doubly excited sta
in He-like ions or neutral atoms are formed by double el
tron capture of fully stripped ions from many electron ato
or molecules. Macket al.studied the doubly excited states
the (3l3l 8) configurations in C41 ions and O61 ions pro-
duced by collisions of C611H2 and O811He, respectively,
@17#. Sakaueet al. studied doubly excited states of th
(2l3l 8) configurations in C41 ions produced by C611He
collisions@18,19# and in B31 ions produced by B511He col-
lisions @20#. Bordenave-Montesquieuet al. did similar mea-
surements in He-like N51 ions and Ne81 ions of the (3lnl 8)
configurations by the N711He and Ne1011He collisions, re-
spectively,@21#. Chesnelet al. observed the contributions t
radiative stabilization in Ne1011He collisions for the
(3lnl 8) and the (4lnl 8) configurations@22#.

The doubly excited states in neutral He atoms formed
the double electron-capture processes in He21-neutral atom
or He21-molecule collisions have been studied very scarc
until present days. Moretto-Capelleet al. studied the double
electron transfer processes in He211Ar collisions@23#. Their
main interests were, however, not to identify the doubly
cited states but to investigate mechanisms of the elec
transfer processes. We have been carrying out a serie
measurements on the ejected electron spectra due to aut
ization from the He doubly excited states. The excited He
produced by 20 to 40 KeV He21 collisions with alkaline-
earth atoms, Ba, Sr, Ca, and Mg.

Alkaline-earth atoms can be considered as quasi-t
electron atoms with a paired spin state. Principal quan
numbersn of the outermost orbital correspond to 6, 5, 4, a
3, for Ba, Sr, Ca, and Mg, respectively. We may change
binding energy of the two outermost electrons from 15.2
22.7 eV by changing the target species. Furthermore, la
cross sections of the two-electron transfer processes are
pected for alkaline-earth atoms relative to rare-gas ato
because alkaline-earth atoms in the ground state have
polarizabilities in contrast to rare-gas atoms.

A part of the results of these measurements were repo
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in two international conferences@24,25#. As the first full pa-
per in this series of investigations, we present the result
electron spectra from doubly excited He atoms created
He211Ba collisions. Our main interest lies in the identific
tion of the autoionizing states populated by the dou
electron-capture processes by He21 ions from the quasi-two-
electron atoms. Section II gives a brief outline of the expe
mental apparatus and procedures. Experimental results
discussion are presented in Sec. III, where the electron s
tra from the doubly excited He atoms in the (Nlnl8) con-
figurations,n>N, N52 and 3, are presented. The identi
cation of most peaks in the spectra are discussed using ta
of the energy values and level widths obtained from theo
ical calculations. Some remarkable features observed in
population distributions of doubly excited states produced
the present collision system are discussed. The depend
of the population distributions on collision energy is d
scribed and the mechanism of the processes are discu
qualitatively. We summarize the contents of this research
Sec. IV.

II. EXPERIMENTAL METHOD

A. Experiment apparatus

A schematic drawing of the experimental setup is sho
in Fig. 1. We used the 14.25 GHz ECR~Electron Cyclotron
Resonance! ion source at the Center for Nuclear Stud
School of Science, the University of Tokyo@26#. It has
strong axial and radial magnetic fields whose field streng
are over 10 kG. The diameter of the plasma chamber is
mm and the diameter and length of the ECR zone is 30
70 mm, respectively. A beam of He21 ions was extracted
from the ECR ion source with a voltage of 5 to 20 kV a
plied on the plasma chamber. Consequently, the kinetic
ergies of He21 ions were 10 to 40 keV. The He21 ions were
selected by a 90° sector magnet analyzer and focused b
einzel lens. The He21 beam current was typically 200–40
mA, as measured just after the charge state analyzer.
beam of He21 ions was further transported through a switc
ing magnet, and focused by an einzel lens to our experim
tal line. The vacuum in the charge state analyzer and
beam transport system was kept below 1027 Torr.
9-2
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The ion beam passes through a vapor of samples
vaporization cell. The vaporization cell of heat pipe structu
is 50 mm long and has entrance and exit apertures of 1.0
1.5 mm diameter, respectively. In order to stabilize the in
temperature, the cell was installed with three radiat
shields. The vapor pressure was estimated from the temp
ture of the vaporization cell. Measurements were perform
at a low-vapor pressure of the order of magnitude 1024 Torr
in the vaporization cell, which was considered to assure
single collision condition. The vaporization cell was bias
with a negative voltage to extract ejected electrons.

Electrons ejected in the same direction with the ions w
measured by the technique of zero-degree electron spec
copy @27–29#. By virtue of this technique, the Dopple
broadening could be minimized and the best energy res
tion was expected@30#. Ejected electrons were measur
with a combination of a 45° parallel plate electrostatic a
lyzer and a high-resolution simulated hemispherical-ty
electrostatic analyzer with a mean radius of 104 mm. T
magnetic field inside the collision and analyzing chamb
was reduced to a few mG by a mu-metal shielding.

The beam line, the collision chamber, and the analyz
chamber are evacuated by 250 l/s turbo molecular pum
separately. A cooling trap is mounted around the vaporiza
cell in the collision chamber. The cooling trap protects t
analyzer system from contamination by metal vapor a
serves to keep a good vacuum. Typical pressures in the
lision chamber and the analyzing chamber were around 127

and 1028 Torr, respectively.
The 45° parallel plate electrostatic analyzer serves a

preanalyzer to separate the ejected electrons from b
ground electrons and primary He21 ions. Electrons ejected
from doubly excited He** atoms formed in the collision cel
in the same direction with the primary beam are deflected
a 90° angle and directed into the simulated hemispher
analyzer that serves as a main analyzer. This arrangem
proved to be useful to suppress the background noise e
tively. The incident ions were practically not deflected a
were detected by a Faraday cup located behind the par
plate preanalyzer. A typical ion current was 100 nA measu
at the Faraday cup.

In order to operate the main analyzer in the constant re
lution mode, ejected electron spectra were measured by s
ning a deceleration voltage applied to the hemispherical a
lyzer synchronously with the deflection voltage of the 4
parallel plate preanalyzer keeping the electron pass energ
the main analyzer constant. A multichannel analyzer w
used in a multiscalar mode to register the number of dete
electrons as a function of the electron energy. A signal
advancing the channel and the deceleration voltage wa
sued at every instant when the integrated ion current on
current integrator reached a definite value. This proced
was useful to prevent the unfavorable influence due to
avoidable changes in the ion current for the correct meas
ments of the ejected electron intensity. The pass energy
chosen to be about 6 eV during the measurements. The o
all energy resolution of the apparatus was estimated to
better than 100 meV full width at half maximum.
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B. Transformation from the laboratory frame
to the emitter frame

Experimental results give the ejected electron spectra
in the frame of reference fixed to the laboratory, which a
influenced by kinematic effects due to the Doppler effe
Because the electrons are emitted from swiftly moving p
jectile He** atoms formed by the double electron capture
the He211Ba collisions, measured energies of emitted el
trons include energy shifts and other effects due to the D
pler effect. Therefore, we need to transform the spectra fr
the laboratory frame to the emitter frame in order to comp
with the spectra theoretically calculated.

In the first step, we corrected relative intensities in t
spectra in the laboratory frame using a detection efficie
curve as a function of electron energy, which was obtain
by additional experimental measurements under the s
conditions as that of the present energy analyzer system~see
below!.

In the second step, we performed the energy transfor
tion to the emitter frame from the laboratory frame simul
neously during the measurement of the individual elect
spectra, by applying the specific transforming formula us
a computing system. Each measurement was performed
a procedure for the energy calibration, in which the two p
rameters relevant to the space-charge effect and to the a
racy of the projectile ion energy so that the energy posit
of the two reference peaks coincide with the adequate th
retical values.

The electron spectra in the emitter frame obtained in t
way were corrected concerning the relative intensities by
frame transformation from the laboratory to the emit
frame using a formula representing a relation of double d
ferential cross sections between the laboratory and em
frames.

We will describe the relation between the laborato
frame and the emitter frame in the present subsection,
succeed to the procedures for the energy calibration and
correction of the relative intensities in the energy spectra
the next subsection.

The relation in the energy of the ejected electron betw
the laboratory frame and the emitter frame is obtained
follows. The relation in the velocity between projectile io
and ejected electron is presented asVW lab5VW ion1VW emi, where
VW lab is the velocity of the ejected electron in the laborato
frame,VW ion is that of the projectile ion, andVW emi is that of the
ejected electron in the emitter frame. Here, we define
angle betweenVW ion and VW lab as u. The formulaVW lab5VW ion

1VW emi is rewritten as

Vemi
2 5Vlab

2 1Vion
2 22VlabVion cosu,

Vemi
2 5~Vlab2Vion cosu!21Vion

2 sin2 u. ~1!

The velocities Vemi, Vlab, and Vion correspond to
A2Eemi/me, A2Elab/me, and A2Eion /M ion, respectively.
Here,me and M ion indicate the masses of electron and io
andEemi, Elab, andEion are the energy of the ejected ele
tron in the emitter frame, that of the ejected electron in
9-3
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laboratory frame, and that of the projectile ion, respective
The energy relation between the emitter frame and the la
ratory frame is deduced from Eq.~1! as,

Eemi5SAElab2A Eion

1823A
cosu D 2

1
Eion

1823A
sin2 u, ~2!

whereA is the mass number of the projectile ion. The n
merical value 1823 is the ratiomu /me , where mu is the
atomic mass unit andme is the electron mass. When th
direction of the observation is the same as the ion beam,
in the forward direction,u50°, Eq.~2! is simply expressed
by

Eemi5SAElab2A Eion

1823AD 2

. ~3!

This formula was applied for the transformation from t
laboratory frame to the emitter frame for the energy scal

There is a possibility that the electrons emitted to
opposite direction to the ion-beam travel to the forward
rection in the laboratory frame, when the speed of the em
ted electrons is lower than that of the ion. In this case, squ
root of the energy in the laboratory fram,AElab8 is presented
as

AElab8 5A Eion

1823A
2AEemi8 . ~4!

However, the value ofAElab8 was out of the range of energ
we measured through the present experiment, becaus
measured the electrons of energies higher than the v
Eion/1823A in the laboratory frame, which corresponded
the zero energy value of the forward emitted electrons in
emitted frame. Therefore, we did not need to consider
the signals from the electrons emitted backward gave
effects to the proper measurement of the ejected elec
spectra in the forward direction.

C. Energy calibration and correction for the relative intensity

To accumulate signals of energy-analyzed electrons,
used a multichannel analyzer with 1024 channels, each
which corresponded to the deceleration voltage applied
the electron spectrometer. The deceleration voltage also
responded to the ejected electron energy in the labora
frame. In order to calibrate the ejected electron energy,
parameters had to be determined for every measurement
first parametera is related to the correction factor in th
energy of the projectile ion beam, while the second para
eterb to the shift of the energy of the ejected electron due
the space-charge effect formed by the ion beam.

The transforming formula Eq.~3! was rewritten as

Eemi5~AElab1b2AEiona/1823A!2, ~5!

for the energy calibration procedure. The parametersa andb
were obtained by solving the two-line simultaneous eq
tions produced by applying the two experimental peak val
of Elab so that the energies of the correspondingEemi agree
06270
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with the theoretical energies of the two reference peaks
lected for the calibration standards. If the energy of the p
jectile ions is correctly identical to the accelerating volta
of the ion-beam times electronic charge,a equals to unity.
And if the energy shift by the space-charge effect is negl
bly small, b would be zero eV. Usually, these paramete
were considered to be unchangeable during the measure
of each spectrum. Changes from unity in the values oa
stayed within a few percent, and changes in the values ob
were within a few eV, for respective measurements of
spectrum.

When both the reference peaks were sharp and cle
defined, the accuracy of the energy was obtained wit
60.02 eV, as the case of the spectra for the (2lnl 8) configu-
rations, which will be described in the section of the expe
mental results. However, as for the spectra for the (3lnl 8)
configurations, when the energy of the series limit had to
used as the reference point, the values ofa andb depended
very sensitively on the applied values forElab in Eq. ~5!, and
acceptable values ofa and b could not be obtained unles
the applied values forElab were correctly chosen. In thes
cases, accuracy of the energy calibration was estimated t
60.03 eV at the best.

In order to obtain the spectra with true relative intensit
in the emitter frame from the spectra given by the abo
mentioned transformation for the energy scale, relative int
sities in the spectra had to be corrected using the follow
two procedures. The first correction was based on the de
tion efficiency of the energy analyzer as a function of t
electron energy. We measured the detection efficiency cu
in the present analyzer system by doing an extra experim
for this purpose~see below!.

The second one was based on the frame transforma
regarding the intensity of the spectra. The ratio of the dou
differential cross sections between the laboratory frame
the emitter frame was used to calculate the relative inten
in the spectra in the emitter frame. Changes in the rela
intensities in the ejected electron spectra in the course of
frame transformation may be accounted for the change
the relevant solid angles and energy widths between
laboratory frame and the emitter frame. The relation betw
the laboratory frame and the emitter frame for the dou
differential cross sections in the electron ejection spectr
represented by the following formula@30#,

]2semi

]Eemi]Vemi
5S Eemi

Elab
D 1/2 ]2s lab

]Elab]V lab
. ~6!

We obtained the relative intensities in the electron spectr
the emitter frame by multiplying those of the spectra in t
laboratory frame by (Eemi/Elab)

1/2 at every channel of the
multichannel analyzer. By the frame transformation, the p
intensities at lower energies are reduced relative to thos
higher-energy peaks. For instance, the reduction ratio of
tensity of a peak placed at 4.2 eV to that placed at abou
eV in the emitter frame is calculated to be about 0.63 wh
the ion energy is 40 keV.

An extra experiment, mentioned above, was performed
determine the detection efficiency of the present analy
9-4
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ELECTRON SPECTROSCOPY OF DOUBLY EXCITED . . . PHYSICAL REVIEW A64 062709
system as a function of the energy under the same cond
as that for the measurements of all spectra. To do that,
MNNAuger electron spectra in Kr and theNOOAuger elec-
tron spectra in Xe produced by electron impact were
served. The relative intensities in the Auger peaks meas
with our analyzer were compared with those available from
paper by Werme, Bergmark, and Siegbahn@31#, which has
given the correct relative intensities in these Auger elect
spectra. The relative detection efficiency decreased from
to about 0.6 as the energy increased from 14 to 78 eV, wh
was the practical energy range of the present experime
Thus, we obtained a formula of the relative detection e
ciency of our analyzer by the least squares method from
experimental points as a function of the electron energy.

The relative intensities in the ejected electron spectra
the emitter frame obtained by applying these procedures
considered to be correct within an accuracy of630%.

III. RESULTS AND DISCUSSION

We have measured ejected electron spectra origina
from the autoionization of doubly excited states in He. T
excited He atoms were produced by double-electron-cap
processes in collisions of He21 ions with Ba atoms, i.e.,

He211Ba→He** ~Nlnl8!1Ba21

→He1~N8l 9!1Ba211e2.

Here, He** (Nlnl8) indicates the doubly excited He ato
with the Nlnl8 configurations, and He1(N8l 9) indicates the
He1 ion that keeps theN8l 9 electron following autoioniza-
tion. Collision energies were 20, 30, and 40 keV.

A panoramic view of the ejected electron spectra is sho
in Fig. 2 for He211Ba collisions at ion energies 40 and 2
keV, covering the emitter electron energy from 0 to about
eV. In these spectra, the peaks in the energy range from 3
42 eV are attributed to autoionization He** (2lnl 8)
→He1(1s), wheren>2. On the other hand, the peaks in t
energy range 3 to 8 eV are attributable to autoionizat
He** (3lnl 8)→He1 ~2s or 2p!, wheren>3. In the energy
range from 0 to 3 eV, structures attributable to the autoi
ization He** (4lnl 8)→He1(3l 9) and similar upper serie
are observed. The energy calibration for these spectra
performed by choosing the He** ~3lnl 8) series limit energy
7.56 eV and the peak energy 38.92 eV from t
He** (2s3p) 1De level as the reference energies for the ca
bration. The relative intensities in these spectra are corre
by considering the detection efficiency and the frame tra
formation. The accuracy in the emitter electron energy
estimated within 0.04 eV, and accuracy in the relative int
sities is considered to be within 30%.

A. The 2lnl 8 series

The ejected electron spectrum measured in the en
range from 32 to 42 eV is shown in Fig. 3. The spectrum
attributed to the autoionization processes He** (2lnl 8)
→He1(1s). The energy scale of the spectra was calibra
by using the autoionization lines of the stat
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2s2p 3Po(33.72 eV) and 2p3p 1De ~38.92 eV!, considering
the correction for the PCI shifts of 0.013 and 0.018 eV,
spectively.

In Fig. 3, most peaks and bumps are labeled with lette
a,b,c,..., for theidentification of states in comparison wit
theory. Table I gives theoretical energies of ejected electr
obtained from the results of calculations for state energie
the doubly excited states in He by Lindroth@32#, Ho and
Bhatia@33–37#, Tang Watanebe, and Matsuzawa@38,39# and
Morishita et al. @40#, and Lipsky, Amania, and Conneel
@41#. To represent the states, we use the notat

N(K,T)n
A 2S11LP by the hyperspherical classificatio

scheme of Lin@12,13#, where n is the principal quantum
number of the outer electron,N being that of the inner elec
tron, andK, T, andA are the correlation quantum number
while L, S, and P are the usual quantum numbers. Sing
particle notation for the electron configuration, such
(Nlnl8) are used in addition because of its common u
States of thePe andDo terms have not been listed in Table
because these states are nonautoionizing.

Energy values of the peaks and bumps read from the
perimental spectra are tabulated in line with the theoret
energies in Table I. The accuracy of the experimental ene

FIG. 2. Ejected electron spectra ranging from 0 to 42 eV that
measured in the forward direction for the He211Ba collisions. The
ion collision energies are 40 and 20 keV. Relative intensities in
spectra are corrected regarding both the detection efficiency an
frame transformation. The accuracy in the relative intensity
within about 30%. The accuracy in the electron energy cover
these spectra is estimated to be about 0.04 eV.
9-5
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values is estimated to be60.02 eV. The PCI shifts of the
peak energy calculated using the theoretical lifetime for
respective states are indicated in Table I, when they
larger than 0.01 eV. Vertical lines in Fig. 3 represent t
theoretical energies, some of which are corrected with
calculated PCI shift. The experimental energy values
peaks agree with the corresponding theoretical ones wi
the experimental uncertainties, if the PCI shifts are cons
ered.

The energy positions of the ejected electrons are con
ered to be shifted to the low-energy side due to the P
effect. This is originated by the Coulomb interaction betwe
the autoionized electron and the doubly charged ion form
from the target atom after the double-electron transfer co
sion. The line shape and the energy shift in the ejected e
tron spectra due to the PCI effect are dependent on the e
tion angle with respect to the incident ion directio
therefore, the simple formula of Rarker and Berry@16# is not
valid for the present experimental arrangement. We use
formula by Boudjemaet al. @42# for the distribution function
F(«) to obtain the line shape in terms of electron energ«
and the energy shiftD«5«2E, where E is the intrinsic
energy of the ejected electron:

F~«!5b
jqG/v i

~D«21G2/4!

exp@~2jq/v i ! tan21~G/2D«!#

12exp~22pjq/v i !
,

~7!

whereq is the charge of the target ion after the collision,G is
the width of the autoionizing state, andv i is the speed of the
projectile ion. The factorj is given by van der Straten an
Morgenstern@43# as

j512
V

uVW 2vW 0u
, ~8!

FIG. 3. Typical ejected electron spectrum from the doubly
cited states He** (N52) in the forward direction, which are pro
duced by the He211Ba collisions of 40 keV ion energy. Alphabet
cal notations indicate corresponding doubly excited states. Ver
short lines indicate the theoretical energies, for which the PCI sh
calculated using the linewidth, are included. Reference peaks
the energy calibration was chosen atb, the 2(1,0)2

1 3Po state~33.72
eV!, and atj, the 2(1,0)3

1 1De state~38.92 eV!. Accuracy in the
electron energy is within 0.02 eV.
06270
e
re
e
e
f
in
-

d-
I

n
d

i-
c-
c-

he

wherevW 0 is the velocity vector of the electron, andVW is the
velocity vector of perturber ion~the target ion formed afte
the collision!, both in the emitter frame~attached to the in-

cident ion!. Thus,VW 52vW i , wherevW i is the velocity vector of
the projectile. The energy shift for each peak position w
obtained from the distribution function calculated using th
oretical widths of the relevant states for a collision energy
40 keV.

As shown in Table I and Fig. 3, peaks with label lettersa
to e are classified as (2l2l 8) states. Peaks with lettersf to l
( l 1 and l 2! are classified as (2l3l 8) states, peaks with letter
m to o (o1 ,o2 ,o3) as (2l4l 8), peaks withp (p1 ,p2 ,p3) as
(2l5l 8), and peaks withq(q1 ,q2 ,q3) as (2l6l 8), and so on.
The series limit of the (2lnl 8) states is indicated by a verti
cal line at 40.81 eV.

In the region for states of the (2l2l 8) configuration, auto-
ionization lines from the states2(1,0)2

1 3Po ~label b!,

2(1,0)2
1 1De ~label c!, and 2(0,1)2

1 1Po ~label d! are con-
spicuous, where the line from the1De state is outstanding. In
contrast, states of the1Se term ~label a and e! appear only
very weakly.

In the region for the (2l3l 8) states, lines from the state

2(1,0)3
2 1Po ~label g!, 2(1,0)3

1 3Po ~label i!, 2(1,0)3
1 1De

~label j!, and 2(1,0)3
0 1Fo ~label l 1!, 2(0,1)3

0 1De ~label l 2!
are conspicuous, wherel 1 and l 2 are unresolved due to th
lack of the resolving power of the spectrometer. T

2(0,1)3
1 1Po state~label k! is placed between the linej and

line l 1,2 and does not form a peak. It is worth noticing th
lines from the states2(1,0)3

1 1De ~label j!, 2(1,0)3
0 1Fo ~la-

bel l 1!, and 2(0,1)3
0 1De ~label l 2! have the largest intensitie

eminently over the whole range in the spectra.
In the region for the (2l4l 8) states, the states2(1,0)4

2 1Po

~labelm!, 2(1,0)4
1 1De ~labeln!, and 2(1,0)4

0 1Fo ~labelo1!,
and 2(0,1)4

0 1De ~labelo2! are conspicuous. In the region fo
the (2l5l 8) states, the states2(1,0)5

1 1De, 2(1,0)5
0 1Fo, and

2(0,1)5
0 1De appear to form a single peak~labelp!. Similarly,

in the region for the (2l6l 8) states, the states2(1,0)6
1 1De,

2(1,0)6
0 1Fo, and 2(0,1)6

0 1De appear to form a single pea
~label q!.

It is worth mentioning that the intensity of autoionizatio
lines for highn numbers does not decrease rapidly and th
the spectral profile forms a sharp cliff at the series limit
40.81 eV. This intensity distribution suggests to us that
high-n Rydberg states are preferably populated in the proc
taking place for the present system.

It is a remarkable feature in the present electron spe
that the doubly excited states of high-angular momenta s
as the terms1D, 1F are dominantly created, and this featu
is quite characteristic for electron-capture processes
highly charged ions from neutral atomic targets. This feat
appears in clear contrast with respect to the ejected elec
spectra produced by electron- or singly-charged ion imp
on neutral He atoms. There, the peaks from the states o1P
and 1S terms are dominant, and the intensity of Rydbe
states decreases steadily with the quantum numbern of the
outer electron.
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TABLE I. Ejected electron energies resulted from autoionization He** (2lnl 8)→He1(1s)1e2. Theoretical energies are deduced fro
the state energies calculated by Lindroth@32#, Ho and Bhatia@33–37#, Tang, Watanabe, and Matsuzawa@38,39#, and Lipsky, Anania, and
Conneely@41#. Widths of energy levels are given under the respective electron energies. Figures in the brackets represent the pow
of ten. Observed energies are involved in experimental uncertainties60.02 eV and the PCI shift.

Single- Theoretical energies~eV! Observed
Lavel particle State symbol widthsG ~eV! values PCI shift
letter notation N(K,T)n

A 2s11L Lindroth Ho Tang Lipsky ~eV! ~2eV!

a 2s2
2(1,0)2

1 1Se 33.255 33.255 33.267 33.324 33.25 0.13
1.236@21# 1.23@21# 1.24@21#

b 2s2p 2(1,0)2
1 3Po 33.728 33.727 33.726 33.786 33.72 0.01

8.14@23# 8.13@23# 8.14@23#
c 2p2

2(1,0)2
1 1De 35.322 35.320 35.323 35.440 35.26 0.07

6.426@22# 6.427@22# 6.47@22#
d 2s2p 2(0,1)2

1 1Po 35.561 35.559 35.564 35.688 35.5 0.04
3.736@22# 3.736@22# 3.68@22#

e 2p2
2(21,0)2

1 1Se 37.498 37.497 37.500 37.681 37.49
5.88@23# 5.87@23# 5.95@23#

f 2p3p 2(1,0)3
2 3Se 37.924 38.025 38.036

1.81@24# 5.02@25#
g sp232 2(1,0)3

2 1Po 38.174 38.173 38.171 38.187 38.2
1.04@24# 1.05@24# 1.06@24#

h 2s3s 2(1,0)3
1 1Se 38.370 38.368 38.367 38.416 38.38 0.04

3.70@22# 3.67@22# 3.70@22#
i sp231 2(1,0)3

1 3Po 38.512 38.510 38.546 38.52
2.24@23# 2.24@23#

j 2p3p 2(1,0)3
1 1De 38.934 38.931 38.930 38.972 38.92 0.02

1.51@22# 1.51@22# 1.53@22#
k sp231 2(0,1)3

1 1Po 39.072 39.070 39.070 39.012 0.01
8.19@23# 8.19@23# 8.16@23#

l 1 2p3d 2(1,0)3
0 1Fo 39.230 39.237 39.23

3.48@24#
l 2 2s3d 2(0,1)3

0 1De 39.280 39.279 39.278 39.295
5.44@24# 5.47@24# 5.43@24#

2p3p 2(21,0)3
1 1Se 39.507 39.506 39.537

2.07@23# 2.12@23#
2p3d 2(21,0)3

0 1Po 39.530 39.540
2.18@27#

m sp242 2(1,0)4
2 1Po 39.534 39.549 39.557 39.55

2.7@26# 4.10@27#
n1 2p4p 2(1,0)4

1 1De 39.815 39.833 39.85
6.34@23#

n2 sp241 2(0,1)4
1 1Po 39.879 39.877

o1 2p4d 2(1,0)4
0 1Fo 39.941 39.96

o2 2s4d 2(0,1)4
0 1De 39.957 39.961

1.50@24#
sp252 2(1,0)5

2 1Po 40.071 40.076

640.26

p1 2p5p 2(1,0)5
1 1De 40.019 40.205

sp251 2(0,1)5
1 1Po 40.229 40.236

p2 2p5d 2(1,0)5
0 1Fo 40.259

p3 2s5d z(0,1)5
0 1De 40.269

sp262 2(1,0)6
2 1Po 40.326 40.328

640.45

q1 2p6p 2(1,0)6
1 1De 40.398

sp261 2(0,1)6
1 1Po 40.413 40.417

q2 2p6d 2(1,0)6
0 1Fo 40.430

q3 2s6d 2(0,1)6
0 1De 40.436
062709-7



c

re
te
ar

tio

e

a
th
e

kly
al

tw
t

u
c
o
w
is
th
a

us
a

ite
y
e
ll
e

er
ar

on
kl

ve
f t
th

an
c
ve
e

of
f

lcu-
ast

n-
in

e

ts
on

m-
y
e-
y

tail
tes

I
on-

x-
-
-
tical
ifts
ra-
the

-

K. IEMURA et al. PHYSICAL REVIEW A 64 062709
On the other hand, studies on the ejected electron spe
produced by collisions of fully stripped ions B51 @20#, C61

@17–19#, N71 @21#, O81 @17#, and Ne101 @21,22# with He
atoms or H2 molecules have generally demonstrated the
markable tendency that the population of doubly exci
states in He-like ions with high-angular momentum terms
predominant.

As for the (2lnl 8) series, Sakaue and Ohtaniet al. @18–
20# have reported the electron spectra due to autoioniza
of the (2l2l 8) and (2l3l 8) states in B31 ions, and the
(2l3l 8) states in C41 ions, both with identification of major
peaks. The basic feature in the population distribution, wh
the 2(1,0)2

1 1De, 2(1,0)3
1 1De, 2(1,0)3

0 1Fo, and

2(0,1)3
0 1De states are dominant is essentially the same

that found in the present measurement. Moreover,

2(1,0)3
2 1Po state, which is commonly known as th

(sp23-)1P state and is usually observable only very wea
by photoabsorption spectroscopy or other methods,
clearly observed.

There is one distinct difference, however, between the
studies, i.e., the appearance of the peak attributable to

2(1,0)2
1 3Po state in the present experiment; a peak attrib

able to the2(1,0)3
1 3Po is also observed in the present spe

tra. In order to rule out the possibility that the occurrence
the triplet states results from a double collision process,
have checked the pressure dependence of the intensity d
bution of the peaks and confirmed that the intensity of
peak of the triplet state relative to that of other peaks w
independent of the target pressure in the pressure range
The triplet states were observed only for Ba and Sr, but w
not for Ca and Mg. At the moment, we have no defin
explanation for this phenomenon. It might be caused b
failure of the LS coupling scheme, for the heaviest targ
atoms. Otherwise, a capture process from the inner she
the Ba or Sr targets to He21 must be considered unless th
spin change occurs.

B. The 3lnl 8 series

The ejected electron spectrum measured in the en
range from 0 to 10 eV is shown in Fig. 4. The spectra
attributed to the autoionization processes He** (3lnl 8)
→He1 ~2s or 2p! and He** (4lnl 8)→He1(3l 9). The elec-
tron signals due to the autoionization He** (3lnl 8)
→He1(1s), which are expected to be located in a regi
from 44.8 to 48.4 eV, have been observed only very wea
Autoionization signals due to the channel He** (4lnl 8)
→He1(2l 9), which are expected from 8.3 to 10.2 eV, ha
been observed also only very weakly. The energy scale o
spectrum was calibrated by setting the series limit of
(3lnl 8) states at~7.56 eV!, and that of the (4lnl 8) states at
~2.65 eV!.

Most peaks and bumps are labeled alphabetically,
their energy values read from the spectra are tabulated
responding to the symbols of the doubly excited states gi
in Table II. The accuracy of the experimental energy valu
is estimated to be60.03 eV. Theoretical energy values
ejected electrons obtained from the results of calculations
state energies by Lindrothet al. @32#, Ho and Bhatia@44–
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51#, Tang, Watanabe, and Hatsuzawa@38,39#, and Koyama
et al. @52#, Koyama, Takafuji, and Matsuzawa@53#, and
Lipsky, Anania, and Conneely@41# are shown for compari-
son. The PCI shifts for the ejected electron energies ca
lated using the theoretical linewidths are listed in the l
column, if they are larger than 0.01 eV.

Short vertical lines in Fig. 4 represent the theoretical e
ergies corrected with the calculated PCI shifts. As shown
Fig. 4 and Table II, peaks with label lettersa to j are classi-
fied as the (3l3l 8) states. Peaks with lettersk to p are clas-
sified as the (3l4l 8) states; peaks with lettersq to s as
(3l5l 8), peaks with letterst to v as (3l6l 8), and peaks with
lettersw andx as (3l7l 8), and so on. The series limit of th
(3lnl 8) states is indicated by a vertical line at 7.56 eV.

In the region for the states of the (3l3l 8) configuration,
the lines involving the states3(2,0)3

1 1Se ~label a!,

3(2,0)3
1 3Po ~label b!, 3(2,0)3

1 1De ~label c!, and

3(1,1)3
1 1Po ~labeld! are affected by considerable PCI shif

and broadening, forming a single broad peak with bumps
both shoulders. The central peak is caused by the1De state.
A fine line with labele seems to identify the3(1,1)3

1 1Do

state. The1D odd states should be nonautoionizing for sy
metry reasons in the case of the (2lnl 8) states, because the
have only the He1(1s) decay channel. However, the corr
sponding states in the (3lnl 8) configuration have the deca
channel He1(2p) in addition to He1(2s), therefore, they
become autoionizing. A large peak around 5.2 eV with a
to the low-energy side is regarded to consist of the sta

3(0,0)3
1 1Se ~label f !, 3(0,2)3

1 1De ~label g!, 3(2,0)3
1 1Ge

~label h!, and 3(1,1)3
1 1Fo ~label i!. Lines due to the

1De(g), 1Ge(h), and 1Fo( i ) states suffer considerable PC
shifts and broadening, and merge into a single peak. A c

FIG. 4. Typical ejected electron spectrum from the doubly e
cited states He** (N53) in the forward direction, which are pro
duced by the He211Ba collisions of 40 keV ion energy. Alphabeti
cal notations indicate corresponding doubly excited states. Ver
short lines indicate the theoretical energies, for which the PC sh
calculated using the linewidth, were included. The energy calib
tion was performed by choosing the two reference energies at
He** (3lnl 8)→He1(2l ) series limit, 7.56 eV, and the
He** (4lnl 8)→He1(3l ) series limit, 2.65 eV. Accuracy in the elec
tron energy is estimated to be about 0.03 eV.
9-8
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TABLE II. Ejected electron energies resulted from autoionization He** (3lnl 8)→He1(2s or 2p)1e2. Theoretical energies are deduce
from the state energies calculated by Lindroth@32#, Ho Callaway and Bhatia@44–50#, Koyamaet al. @52,53# and Lipsky Anania, and
Conneely@41#. Widths of energy levels are given under the respective electron energies. Figures in the brackets represent the pow
of ten. Observed energies are involved in experimental uncertainties60.03 eV and the PC shift.

Single- Theoretical energies~eV! Observed

Lavel particle State symbol widthsG ~eV! values PCI shift

letter notation N(K,T)n
A 2s11L Lindroth Ho Koyama Lipsky ~eV! ~2eV!

a 3s2
3(2,0)3

1 1Se 3.988 3.988 3.988 3.978 J3.80

0.06

8.19@22# 8.16@22# 8.27@22#

b 3s3p 3(2,0)3
1 3Po 4.074 4.074 4.052 0.06

8.09@22#

c 3p2
3(2,0)3

1 1De 4.270 4.270 4.272 4.245 4.15 0.11

1.43@21# 1.45@21#

d 3s3p 3(1,1)3
1 1Po 4.475 4.476 4.474 4.492 4.25 0.14

1.90@21# 1.90@21#

e 3(1,1)3
1 1Do 4.677 4.677 4.661 4.70

8.73@23#

f 3p2
3(0,0)3

1 1Se 4.970 4.970 4.978 5.024 J4.96

0.14

1.81@21#

g 3s3d 3(0,2)3
1 1De 5.022 5.022 5.049 0.09

1.17@21#

h 3d2
3(2,0)3

1 1Ge 5.252 5.253 5.09 0.14

1.82@21#

i 3p3d 3(1,1)3
0 1Fo 5.330 5.329 5.339 5.24 0.07

8.57@22#

j 3p3d 3(0,0)3
1 1De 5.715 5.718 5.713 5.69 0.03

3.26@22#

k sp342 3(2,0)4
2 1Po 5.828 5.823 5.829 5.85

7.62@24# 1.90@23#

3p3d 3(21,1)3
1 1Po 5.912 5.912 6.009 5.934 0.03

3.95@22# 3.35@22#

3s4s 3(2,0)4
1 1Se 5.958 6.023 5.964

1.4@24#

l 3s4 f 3(2,0)4
2 1Fo 6.044 6.047 J6.052.45@23#

m 3p4p 3(2,0)4
1 1De 6.104 6.097 0.05

6.52@22#

n sp341 3(1,1)4
1 1Po 6.232 6.235 6.241 0.07

8.43@22# 8.13@22# J6.32n8 3(0.2)4
2 1D0 6.269 6.272

n9 1
Fe 6.301 6.302

n- 3(1,1)4
1 1Do 6.302 6.303

3(0,0)4
2 1Po 6.325 6.359 6.329

1Se 6.438 6.455

o 3s4d 3(0,2)4
1 1De 6.470 6.480

o8 1Ge 6.484 J6.5o9 1Go 6.490

o- 3p4g 3(0,2)4
0 1Fo 6.505 6.514

o99 3(21,1)4
0 1Fe 6.507 6.510

1Pe 6.551
062709-9
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TABLE II. ~Continued!.

Single- Theoretical energies~eV! Observed
Lavel particle State symbol widthsG ~eV! values PCI shift
letter notation N(K,T)n

A 2s11L Lindroth Ho Koyama Lipsky ~eV! ~2eV!

p 3p4d 3(1,1)4
1 1Fo 6.591 6.592 6.59

3(2,0)5
2 1Po 6.603 6.613

3(0,0)4
1 1Se 6.605 6.601

1Ge 6.664

3(0,0)4
1 1De 6.681 6.682

1Pe 6.706 6.709
q 3(2,0)5

2 1Fo 6.712 6.714 J6.73r 3(2,0)5
1 1De 6.717 6.714

1Do 6.731 6.733

3(1,1)4
2 1De 6.760 6.762

3(21,1)4
1 1Po 6.762 6.667 6.766

1Fo 6.766 6.767

3(1,1)5
1 1Po 6.784 6.816 6.794

1Fe 6.809 6.839

3(21,1)4
0 1De 6.815 6.817

1Fe 6.924

s 3p5d 3(1,1)5
1 1Fo 6.943 6.966 6.94

1Po 6.957
3s5d 3(0,2)5

1 1De 7.009
t 3p6p 3(2,0)6

1 1De 7.014 J7.00u 3s6 f 3(2,0)6
2 1Fo 7.020

v 3p6d 3(1,1)6
1 1Fo 7.156 7.14

w 3p7p 3(2,0)7
1 1De 7.181 J7.18x 3s7 f 3(2,0)7
2 1Fo 7.185
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tribution from the 1Se( f ) state is considered to be sma
Autoionization of the3(0,0)3

1 1De state forms a sharp singl
peak~label j!.

The energy values of the peak positions experiment
observed agree with the theoretical energies corrected
the PCI shifts within the experimental uncertainty. Howev
the energy values for most bumps do not agree well with
theoretical energies for the corresponding states even tho
the correction for PCI shifts are given. This situation may
mainly caused by the overlapping of numerous spectral lin
each of which produces a respective asymmetric profile w
a tail toward the low-energy side by the PCI effect.

There is a possibility that the peak labeled byk might be
identified with the3(21,1)3

1 1Po state, however, we identify
it to otherwise as follows.

In the region for the (3l4l 8) states, peaks due to the stat

3(2,0)4
2 1Po ~label k!, 3(2,0)4

2 1Fo ~label l!, and

3(2,0)4
1 1De ~label m! are conspicuous. A peak due to th

states1Fo and 1De ~label l and m! is the most prominen
over the whole region of the (3lnl 8) series. Around the en
ergy position indicated by labeln, there are four candidat
states that belong to the1P, 1D, and 1F terms, as shown in
Table II. Around the position indicated by labelo, there are
five candidates that belong to1D, 1F, and 1G terms.

In the region for the (3l5l 8) states, the main peak appea
to consist of the3(2,0)5

2 1Fo ~label q! and the3(2,0)5
1 1De
06270
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~label r! states. In the (3l6l 8) region, the main peak is
formed by the 3(2,0)6

1 1De ~label t! and the 3(2,0)6
2 1Fo

~label u! states. In the (3l7l 8) region, the main peak is
formed by the3(2,0)7

1 1De ~labelw! and 3(2,0)7
2 1Fo ~label

x! states. As for the series3(1,1)n
1 1Fo (n53,4,5,6), indi-

cated by labelsi, p, s, andv the extent of their contribution
cannot be judged yet. In addition to these states, level e
gies of more than twenty (3l5l 8) states belonging to the1D,
1F, and 1G terms have been calculated by Ho and Callaw
@45# and Lipsky, Anania, and Conneely@41#. We have no
information yet about the contribution of these states to
spectral features.

Only few experimental investigations are available
doubly excited states in He, transitions to which are optica
forbidden from the ground state, in the energy region of
(3lnl 8) configurations or higher, using the methods of ele
tron or ion collisions with neutral He atoms. Brottonet al.
measured the electron energy-loss spectra of He in
energy-loss region from 69 to 72 eV, and deduced ene
values and widths of eleven optically forbidden doubly e
cited states below theN53 threshold@54#. Appearance of
the population distribution in these spectra are largely diff
ent from the present results, although the measured ene
are in good agreement with the present ones.

We may compare our results for the identification of t
autoionization lines for the (3l3l 8) states with that of Mack
9-10
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et al. @17#. They have reported the spectra due to the dou
excited C41 states produced by the C611H2 collision, and
those due to the doubly excited O61 produced by the
O811He collision. In both cases, they have displayed spe
from states with the (3l3l 8) configurations and given th
identification of all lines. There is a good agreement betw
the present results and theirs, although there are some d
ences in the intensity distribution. For instance, the peak
to the 3(1,1)3

1 1Do shows the highest intensity for both th
doubly excited C41 and O61 ions.

It should be also mentioned that the intensities of autoi
ization peaks for highn quantum numbers do not decrea
rapidly and, on the contrary, form a sharp edge at the se
limit at 7.56 eV. It is observed that states ofn around 4 or 5
and of theD, F, or G terms are most preferably populated f
the states with the (3lnl 8) configurations.

We find a clear series limit for the (4lnl 8) states at 2.65
eV. The peak structure due to the autoionizati
He** (4lnl 8)→He1(3l 9) may not however, be observe
clearly. This is probably attributable to the situation that t
series overlaps with that due to the autoionizat
He** (5lnl 8)→He1(4l 9).

C. Collision energy dependence of the intensity ratios
in the spectra

In the present measurements, the intensities in the spe
were normalized with the target thickness and the beam
rents. As shown in Fig. 2, the intensity of autoionizati
peaks from the He** (2lnl 8) states is generally weaker tha
that from the He** (3lnl 8),(4lnl 8) and higher excited state
for the collision energies between 40 and 20 keV. As
collision energy decreases, the intensities of the peaks du
the (3lnl 8) and higher excited states relative to those due
the (2lnl 8) states decrease.

Figure 5 shows the energy dependence of the spectra
belong to the (2lnl 8) states. The intensities of peaks fro
the (2l2l 8) states decrease as the collision energy decre
relative to those from the (2lnl 8), n>3, states. The peak
from the (2l3l 8) and (2l4l 8) states become prominent an
peak shapes appear to be sharper. These phenomena a
garded to be due to the fact that the states of the1Fo term (l 1
ando1! become more favorable than those of the1De terms
~j, l 2 , n, ando2! for lower-energy collisions. Meanwhile, th
relative intensities from Rydberg series of highern decrease
as the collision energy decreases, and the profile of the s
tra near the series limit changes to be a gentle slope ins
of a steep cliff.

D. Mechanism of production of doubly excited states
by the double-electron transfer process

In order to explain the characteristic features in the p
duction of doubly excited states in He by double-electr
transfer collisions of He21 with alkaline-earth atoms, a serie
of theoretical studies are in progress based on the schem
analyses using the potential curve crossing, like the Fa
Lichten or the Barat-Lichten theorem. For the potential e
ergy diagram of the~He-Ba!11 system, the essential chara
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ter of this system is the larger magnitude of the polarizabi
of the Ba atom as well as that of the doubly excited He ato
The polarizability of excited He states have been calcula
by linear response theory based on the density-functio
approach. Results of this study have been reported at an
ternational conference@25,55#. Discussions based on the th
oretical analyses of potential energy curves to explain
dynamics of the experimental observations will be given i
future publication.

E. Limitation of application of the method of zero-degree
electron spectroscopy

There is an intrinsic difficulty in the method for the de
termination of energy levels of excited He** with high ac-
curacy using the double-electron capture collision by He21

with target atoms. First of all, the autoionization lines suf
from a considerable Doppler shift and broadening beca
the emitter itself moves rather swiftly. In order to minimiz
the effect of the Doppler broadening, the zero-degree
rangement for spectroscopy is regarded to be the best ch
The PCI effect that affects the autoionization event in
field of the receding target ion produces a unique profile a
shift in particular autoionization lines. The PCI effect caus
the overlap of lines and makes the energy determina
more difficult, which is especially serious for states of sh
lifetime ~large-energy width! and for low-energy collisions.

We have another problem to ask whether the inten
ratios in the autoionization spectra we have obtained
means of the zero-degree electron spectroscopy really re

FIG. 5. Comparisons of typical ejected electron spectra betw
the ion energies 40 and 20 keV. The spectra are from the do
excited states H** (N52) in the forward direction, which are pro
duced by the He211Ba collisions.
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sent the true distribution of population of doubly excit
states in He produced in the collision process of inter
Chen and Lin studied the ejected electron spectra of dou
excited states in He-like ions resulting from double-electr
capture collisions of fully stripped ions by theoretical calc
lations @56#. They found that the intensity distribution o
autoionization lines depended sensitively on the elect
ejection angle, and spectra measured at 0° did not gene
represent the overall distribution of individual states pop
lated in the collision process. According to their results,
intensity distribution measured at 0° should reflect the c
tribution from the components of the states for the magn
quantum number M50, for the autoionization
C41** (2lnl 8)→C51(1s) resulting from C611He colli-
sions, because the quantization axis is taken in coincide
with the axis of the quasimolecule created during the co
sion process. Consequently, the intensity distribution in
spectra measured by the zero-degree arrangement shou
interpreted as the distribution of the quantity (2L11)
3(Auger yield)3(production cross section for theM50
component of the excited states!. As a result, we should con
sider a certain tendency that line intensities from hig
angular momentum states are emphasized too much in
spectra measured by the zero-degree arrangement.

We would expect further experimental studies on the
gular dependence of the spectral distributions to obtai
deeper understanding of the alignment or orientation of
doubly excited states produced by the collision process.

F. Production of Rydberg states of high-n and high-angular
momentum states

One of the most remarkable features found in the auto
ization spectra of doubly excited He produced by the doub
electron-capture processes of He21 from Ba or other
alkaline-earth atoms is that the autoionization peaks from
high-Rydberg states of large principal quantum numbern
>7 have remarkable intensities up to very close to the se
limit for both the (2lnl 8) and (3lnl 8) states.

Bordenave-Montesquieuet al. observed the high-Rydber
series populated in the (3lnl 8) states in doubly excited He
like ions produced by the collisions N711He and Ne1011He
at 10q keV energies@21#. In order to interpret the experimen
tal results, they proposed an ingenious hypothesis based
sort of post-collisional effect, which was called the au
transfer to Rydberg states ATR effect@21,57#. The basic idea
was that high-Rydberg states were fed from the quasis
metrical doubly excited states initially populated, which w
promoted by the post-collisional effect. For instance, th
interpreted that the enhancement of the intensities of
(3lnl 8) Rydberg lines (n.9) was brought, by virtue of a
sort of PCI effect, from the symmetrical (4l4l 8) states that
were preferably populated in the same energy range by
double-electron-capture process. In addition, the enha
ment of the high-angular momentum states was interpre
as a Stark deformation of the Rydberg orbit by the Coulo
field of the receding ion.

At present, it is not clear whether these mechanisms
sufficient to interpret the present experimental findings,
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though they would be one of candidates. The energy ove
between the (2lnl 8) states and the symmetrical (3l3l 8)
states, and energy overlap between the (3lnl 8) and the
(4l4l 8) states, are quite inadequate for doubly excited sta
in neutral He to promote the ATR effect.

Further investigations might be expected to elucid
mechanisms that control the electron stabilization and co
petition between autoionization and fluorescence yields
the Rydberg states, which follow the double-electron-capt
process.

IV. SUMMARY AND CONCLUSIONS

In the present paper, we report experimental results
ejected electron spectra caused by the autoionization of
doubly excited states in He by means of zero-degree elec
spectroscopy. The excited He was formed in the slow co
sions of He21 ions with Ba atoms.

~1! Spectra attributable to the autoionizatio
He** (2lnl 8)→He1(1s) and He** (3lnl 8)→He1 ~2s or
2p! were observed. Most peaks and structures in the spe
have been identified by comparing them with results of t
oretical calculations.

~2! In the spectra for the (2lnl 8) states, the2(1,0)2
1 3Po

and 2(1,0)3
1 3Po states were clearly observed. No oth

peaks corresponding to triplet states were found in both sp
tra. This phenomenon was observed for Ba and Sr targets
not for Ca and Mg. We have no definite explanation for th
phenomenon yet.

~3! In both spectra, doubly excited states of high-angu
momenta such as1D, 1F, or 1G terms were observed pre
dominantly over the1P and 1S states, unlike the spectr
produced by photon, electron, or ion impacts on neutral
atoms. Intensity distributions for individual doubly excite
states in the present spectra are also quite different f
those produced by means of the impact processes.

~4! The species of doubly excited states and their popu
tion distribution observed in the present spectra is, in g
eral, consistent with those of He-like ions produced
double-electron-capture collisions of fully stripped ions w
atomic targets, except for a few exceptions. For instance,

2(1,0)3
2 1Po state was clearly observed for the He-like ion

while it is known to be observed only very weakly in th
case of particle impact on neutral He.

~5! In both spectra for the (2lnl 8) and (3lnl 8) series, the
intensities of the autoionization lines for states of hig
principal quantum numbers, do not decrease rapidly
keep rather high values with risingn, resulting in a steep cliff
at the series limits. This feature was observed more nota
for the higher-collision energies.

~6! From the collision energy dependence of the intens
distribution in the autoionization lines, the following featur
were found.

~a! The intensities of the lines for the (3lnl 8) series
are nearly one order of magnitude larger than those for
(2nl8) series at the collision energy of 40 keV. The intens
ratio of the (3lnl 8) series relative to the (2lnl 8) ones de-
creases as the collision energy decreases down to 20
strongly by a factor of about three.
9-12
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~b! The tendency of the favorable population for hig
Rydberg states, i.e., the observation of a steep edge a
series limit, is reduced as the collision energy decreases

~c! The intensity of the1De terms relative to that for
1Fo appears to decrease as the collision energy decre
The peaks attributable to the1Fo terms become predominan
at the lowest collision energy 20 keV.

In order to understand these features, a theoretical stu
in progress to interpret these propensity rules in connec
with the consideration of the high polarizabilities of both t
double excited He atom and the Ba target atom. Result
this study will be published before long.
p
,

s.
-
the
el

y,

D
H

.

n

en
th

M

R

S.
A.

06270
the

es.

is
n

of

In order to obtain more unique experimental informatio
we should perform systematic measurements of the ang
dependence of the electron ejection in the autoionization,
thereby determine the differential cross sections for autoi
ization. To get the overall population distribution of ind
vidual states, high-resolution translational energy-gain sp
troscopy of colliding ions, which proves its effectiveness
the single-electron transfer collision processes, are expe
to be useful. A method to measure the radiative decay yie
in doubly excited1Po states in He, which recently proved t
be successful in a photoexcitation process@58#, may also
be applied to doubly excited states produced by He21 colli-
sions.
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