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Electron-impact excitation of the doubly excited states of helium below theN53 He1 threshold

S. J. Brotton, S. Cvejanovic,* F. J. Currell,† N. J. Bowring, and F. H. Read
Department of Physics and Astronomy, Schuster Laboratory, Manchester University, Manchester M13 9PL, United Kingdo

~Received 5 April 1996!

Measurements of the doubly excited states of helium below the He1(N53) threshold populated by electron
impact are presented for a range of scattering angles and residual energies. The deduced values of the energies
and widths for 11 of the optically forbidden states are compared with theoretical values, which shows the
agreement to be good for the energies but poorer for the widths. The data verify propensity rules in Lin’s@Adv.
At. Mol. Phys. 22, 77 ~1986!# K, T, A classification scheme for the cross sections. By comparing the
2s2 1Se and 3s2 1Se states at the scattering angle of 20° and the residual energy of 40 eV, we obtain a
dependence ofn210.160.8 for the cross section at these conditions.@S1050-2947~96!09112-3#

PACS number~s!: 34.80.Dp, 32.80.Dz, 31.50.1w, 31.25.Jf
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I. INTRODUCTION

The doubly excited states of helium are fundamental s
tems for the investigation of electron-electron correlatio
@1#. The two electrons in these states are highly correla
since the strength of the electron-electron interaction is c
parable to the electron-nucleus interaction. Due to the
creasing release from the effects of the nucleus, the im
tance of electron-electron correlations rises for higher val
of the principle quantum numbern of the two excited elec-
trons. Therefore, the doubly excited states cannot be cla
fied by the independent-particle model, and interpretation
quires the use of the quantum numbers of the pair
electrons~see Sec. III A!. The doubly excited states lie abov
the single-ionization threshold and so decay by autoion
tion @2#.

The first evidence for these correlation effects was p
vided by Madden and Codling@3# who used synchrotron
radiation to observe a full series of doubly excited1Po levels
converging to the He1(N52) limit. Later observations us
ing the same technique include those of Woodruff and S
son @4# who observed the states converging to theN53, 4,
and 5 limits, and the measurements of Domkeet al. @5# be-
low theN52–8 thresholds. By contrast to the rapid progre
of the photoelectron experiments to higher energies, the d
bly excited states had only been measured by elect
impact excitation below theN52 ionization limit @6# before
the present work. The great advantage of electron-imp
spectroscopy is that, unlike the photon experiments, it is p
sible to observe both the optically allowed and forbidd
transitions and so to reveal the full richness of the spectr
The N53 states had not been observed in electron-imp
experiments for two main reasons. First, as will be show
the cross sections of doubly excited states decrease ra
with increasingN. Second, the amplitudes of the resonan
structures are less than 5% of the cross section of the di
ionization process, and so it is necessary to see the s
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above the relatively large random fluctuations of the co
tinuum. As a result, very long collection times are requir
to obtain adequate statistics.

There are three main aims of the experiment. First,
provide the initial measurements of the energies and wid
of states with a wide range of quantum numbers for comp
son with theoretical values. Second, to investigate how
relative cross sections of the doubly excited states dep
upon their pair quantum numbers. Third, to determine h
the cross sections of the ‘‘ns2’’ 1Se states vary withn, since
this provides information about how the two electrons a
correlated.

II. EXPERIMENTAL DETAILS

A. The spectrometer

The electron spectrometer has been described in d
elsewhere@7#, and so only a brief discussion is given her
The electrons are produced by a heated tungsten filamen
are transported through the system using stacks of triple
erture electrostatic lenses@8#. A hemispherical deflection
monochromator produces an electron beam with a nar
energy spread, which is focused onto a gas beam effu
from a hypodermic needle. The energies of the electr
scattered from the interaction region are measured b
hemispherical deflection analyzer. In order to observe at
ferent scattering angles, the analyzer can be rotated betw
210° and 100° with respect to the direction of the incide
electron beam. The energy analyzed image at the exit p
of the analyzer is recorded by a multidetector@9#. The mul-
tidetector gives a great increase in the data collection e
ciency, which is necessary since theN53 states have very
small cross sections. The spectra are typically collected o
a period of a week, and several such spectra are then a
together to give those presented below.

The spectra are collected in the constant residual ene
mode, in which the impact energy is ramped by a sawto
voltage while the voltage of the residual energy power s
ply is fixed. The energy scale is unaffected by field pene
tion into the interaction region, and so the measured ener
are more accurate than in ejected electron spectroscopy.
drifts in the energy-loss scale were random with a ro
mean-square deviation of 4.5 meV. The energy-loss s
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55 319ELECTRON-IMPACT EXCITATION OF THE DOUBLY . . .
was calibrated using the 21S state of helium.
A small fraction of the electrons in the incident bea

scatter inelastically from structural parts of the target regi
and also some electrons escape from the sides of the ele
optical systems. Consequently, some of the counts in
energy-loss spectra originate from sources other than the
beam, and this yield will be referred to as the backgrou
~not to be confused with the direct-ionization continuum!.
Therefore, to measure the cross section it is essential to k
the fraction of the total count rate due to the background~see
Sec. VI!, which is achieved by introducing the gas into t
chamber via an alternate route and then remeasuring
count rate. The background is found to be negligible for
the spectra to be discussed.

B. Choice of incident energies and scattering angles

In the first stage of the experiment, theN53 spectra are
collected at different scattering angles and residual ener
to find the experimental conditions that allow the data to
most easily interpreted. To complete this first stage withi
reasonable time, the pass energies of both the monoc
mator and analyzer were raised to the high value of 11
which leads to the low-energy resolution of approximat
110 meV. In the second stage of the experiment, the o
mum conditions are repeated at the improved energy res
tion of 60 meV, as discussed in Sec. IV.

We start by examining the variation of the spectra w
residual energy for a fixed scattering angle, which was c
sen as 20° because this was found to be the most sui
condition for theN52 data@10#. In Fig. 1 the spectra are
shown at the residual energies of 20 eV, 40 eV, and 60

FIG. 1. The variation of the low resolutionN53 spectra with
residual energy RE when the scattering angle is 20°.
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When the residual energy is increased from 40 eV to 60 e
there is little change in the spectrum, although the relati
cross section of the peak at about 69.4 eV reduces slightly
will be shown in Sec. IV that this peak is due to th

3(2,0)3
1 1Se and 3(2,0)3

1 3Po states~using Lin’s classifica-
tion scheme, see Sec. III A!, which appear merged in Fig. 1
because of the low resolution. The energy, width, and cro
section of the3(2,0)3

1 1Se state are of particular interest~see
Sec. VI!, and so the collection energy of 40 eV should b
chosen in preference to 60 eV. Residual energies higher th
60 eV are likely to be less interesting, since as the impa
energy is raised the optically forbidden cross sections d
crease. The change in the spectrum when the residual ene
is reduced from 40 eV to 20 eV is much more dramati
because a large resonance profile becomes prominen
about 69.7 eV, which is interpreted in Sec. IV as a sudd
increase in the relative cross section of the3(2,0)3

1 1De

state. In general, much more structure is visible at 20 eV th
40 eV. The time required to obtain adequate statistics is s
nificantly longer at 20 eV than 40 eV, and so spectra wi
residual energies lower than 20 eV were not collected.

Next we consider the variation of the spectra with angl
The 3(2,0)3

1 1Se state is of special interest, and also it i
desirable to minimize the collection time, and so a suitab
fixed residual energy is 40 eV. Figure 2 shows the spectra
10°, 20°, 30°, 40°, 60°, and 80°, and reveals that the stru
ture varies little with the angle. The most noticeable chan
is in the peak at about 69.4 eV due to the merge

3(2,0)3
1 1Se and 3(2,0)3

1 3Po states, which is prominent at
20° and 80° but is barely visible at 30°, 40°, and 60°. Thu
the figures show that the angles most likely to give the e
ergies and widths of the3(2,0)3

1 1Se and 3(2,0)3
1 3Po states

are 10°, 20°, and 80°. Considering the signal and bac

FIG. 2. The variation of the low resolutionN53 spectra with
the scattering angleu when the residual energy is 40 eV.
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ground count rates, the most suitable scattering angl
20°.

In summary, if the aim is to determine the energies a
widths of the 3(2,0)3

1 1Se and 3(2,0)3
1 3Po states, then the

residual energy should be 40 eV and the scattering a
20°, whereas if the1De states, and possibly other optical
forbidden states, are of interest then a residual energy o
eV and a scattering angle of 20° are suitable.

C. Fitting the data

To fit to the experimental data, it is necessary to convo
the theoretical line shapes with the apparatus functionG in
order to represent the imperfect energy resolution of
spectrometer. Using the singly andN52 doubly excited
states, we carefully investigated the shape ofG and found it
to be accurately approximated by a single Gaussian. Th
fore, to obtain the energiesEmk , widthsGmk , and the shapes
and amplitudes of the noninterfering resonance profiles~see
Sec. III B!, the experimental data are fitted to the formula

I ~E0!5E
2`

` ds

dV
G~W,E2E0!dE, ~1!

where@11#

ds

dV
5C~E!1(

k

Amk~E2Emk!1Bmk~Gmk/2!

~E2Emk!
21~Gmk/2!2

. ~2!

Here the subscriptm signifies a measured value,W is the full
width at half maximum of the Gaussian apparatus functi
C(E) is a quadratic function of the energy loss and accou
for both the variations in the cross section of the dire
ionization continuum and the detection efficiency of t
spectrometer, and theAmk andBmk are the Shore parameter
The Emk , Gmk , Amk , and Bmk are obtained using Mar
quardt’s method@12#.

For the nonlinear parametersEmk and Gmk , the error
«mk is defined by@13#

x2~amk1«mk!5x2~amk!11, ~3!

whereamk is the value ofEmk or Gmk that gives the mini-
mum x2. The «mk are obtained by the Marquardt metho
The errors to be quoted in Table I also include the inaccur
due to random drifts in the energy loss scale and the un
tainty in the apparatus functionW.

III. THEORY

A. Propensity rules

In order to interpret the spectra, it is necessary to kn
the theoretical energiesEt and widthsG t of theN53 states.
Over the past few decades, there have been many cal
tions ofEt andG t , some of the most accurate and extens
of which are those by Ho and co-workers@14#. The calcula-
tions of @14# show that there are many broad and clos
spaced states in the present energy range. Consequ
there is a large overlap between the states, which make
interpretation of the spectra difficult. We therefore discu
propensity rules that allow the number of states included
the data analysis to be greatly reduced.
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By considering the correlation between the two electro
in the doubly excited states, propensity rules for autoioni
tion and radiative excitation and decay have been deri
using the molecular-orbital model@15,16# and the hyper-
spherical coordinate method@17,18#. We use the hyper-
spherical classification scheme of Lin in which the correla
wave function is represented by the notati

n(K,T)N
A 2S11LP; whereL, S, andP are the usual quantum

numbers;n is the principle quantum number of the out
electron; andK,T,A are the correlation quantum numbe
@19#. In Lin’s classification scheme, in order to represent
correlated motion of the two excited electrons the coor
nates are chosen as the distancesr 1 and r 2 of the electrons
from the nucleus and the interelectronic angleu125 r̂ 1• r̂ 2.
The quantum numberK describes the angular correlation
the two electrons or the dependence of the wave function
u12, and is given by

K'^r,cosu12&, ~4!

where r, is the radius of the inner electron. IfK has its
maximum possible value, then the two electrons are loc
ized on opposite sides of the nucleus.T is equal to the pro-
jection of the total angular momentum onto the interele
tronic axis. WhenT50 the two electrons move in the sam
plane and asT increases the angle between the orbital pla
rises. Herrick and Sinanoglu showed that the possible va
of K andT for a givenN, L, andP are restricted by@20#

T50,1,2, . . . ,min~L,N21!, if P5~21!L

K5N212T, N232T, . . . ,2~N212T!. ~5!

The quantum numberA was added to represent the rad
correlations of the two electrons. WhenA511 the radial
oscillations of the two electrons are in phase, whereas
A521 the electrons oscillate out of phase. IfA50 then
there is little radial correlation and the states are similar
the singly excited configurations.

To apply the ideas of@17# for autoionization to the
electron-impact excitation from the ground state, we use
approximation that the partial width for the decay to t
He1(N51) channel is proportional to the cross section
the inverse excitation process. Arguments essentially equ
lent to those of@17# then yield the following propensity rule
for K, T, andA:

~1! The states withA511 will have much the larges
excitation probability, followed by, in order of decreasin
cross section, those withA521 and A50, respectively.
SinceA511 for the ground state, the propensity rule b
comesDA50. It is also expected that the widths of th
A521 configurations are very much smaller than those
theA511 states.

~2! For a givenT, A, and 2S11LP, asK becomes more
positive, the excitation probability increases. Thus, for e
ample, the3(2,0)3

1 1De state will be easier to excite than th

3(0,0)3
1 1De state, and the3(0,0)3

1 1De state will, in turn,
have a larger cross section than the3(22,0)3

1 1De state.
However, one possible exception to this trend is t

3(2,0)3
1 1Se and 3(0,0)3

1 1Se pair @17#, since for the related
case of the total widths the ratio of the theoretical values
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55 321ELECTRON-IMPACT EXCITATION OF THE DOUBLY . . .
1:2.2 @14#. Therefore, rather than applying theK propensity
rule to the possibly anomalous3(0,0)3

1 1Se state, the spectra
are examined to search for its presence.

~3! For a givenK, A, and 2S11LP, the largerT the greater
is the cross section.

~4! The effect ofA on the cross section is stronger th
that ofK, and the effect ofK is greater than that ofT.

We provide some physical insight into propensity rules
2, and 3. WhenA521 the electrons oscillate out of phas
so that if one electron is close to the nucleus the othe
distant. By contrast, the two electrons are either simu
neously close to or far from the center of the atom for
in-phase oscillations of states withA511. Therefore, when
A511 the probability of findingbothelectrons close to the
nucleus is significantly higher than ifA521, which leads to
a greater overlap with the initial ground state 1s2 and hence
to a larger cross section. We thus obtain propensity rule
As K becomes more negative, the electrons are on ave
separated by a smaller angleu12, which results in a larger
electron-electron repulsion. There is also an increase in
electron-electron repulsion whenT reduces, since the prob
ability of close encounter between the two electrons
greater if the angle between the orbital planes is smaller
both cases, the higher electron-electron repulsion cause
atomic size to increase, which leads to a reduction in
amplitude of the doubly excited state wave function in t
center of the atom and so to a smaller cross section. Thus
largerK andT the greater is the cross section, which giv
propensity rules 2 and 3.

As a guide to how the cross sections of theN53 states
vary withS, L, andP, the experimental spectra for the do
bly excited states of helium below theN52 threshold can be
used. These spectra, collected at the same scattering a
and residual energies as the data forN53, show that the
1De and 1Po states have the largest cross sections, follow
by the 1Se and 3Po states. Thus, theN52 spectra are domi
nated by theP and D states. A similar dependence o
2S11LP is expected for theN53 states.
A transition for which

DL1DP5odd ~6!

is called parity unfavored, whereDL is the angular momen
tum transfer andDP(50 or 1! is the change of parity. Fan
showed@21# that the differential cross section for a pari
unfavored state is zero at the scattering angles of 0°
180°, and remains small for low scattering angles. This p
diction is verified by the observation of the ‘‘2p2’’ 3Pe state,
which does disappear whenu is 0° or 180° and is negligible
at small scattering angles@10,22#.

B. Overlapping resonances and state-state interference

A possible consequence of the overlapping of the re
nances is the existence of state-state interference@2#, which,
although it potentially leads to considerable complicatio
when analyzing the spectra, is expected to be negligible
the present data. The reason for this can be understood u
the quantum-mechanical law that two processes will not
terfere if we can, in principle, distinguish between their fin
states, even though we might not actually do so. Theref
,
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doubly excited states with different quantum numbe
2S11LP will not interfere, since these decay to distinguis
able ionization states. In Sec. IV, it will be shown that t
2S11LP are different for all the states that are expected
have significant effects on the spectra and that are spa
closely in energy relative to their widths. Consequently,
have assumed that state-state interference has a negli
effect on the shapes of the resonance profiles, and so it is
included in the following data analysis. It is fortunate th
state-state interference can be neglected, for otherwise
analysis of the spectra would be excessively complica
~see Sec. IV!. The prediction is verified experimentally, sinc
the spectra are well fitted using noninterfering resonance
files of the Shore form.

C. Postcollision interactions

The interaction between the scattered and ejected e
trons, which is known as postcollision interaction~PCI!, can
affect the position and shape of a resonance profile@23#.
Since one of the aims of the experiment is to measure
energies and widths of theN53 states, we need to estima
the magnitude of the PCI effects and determine whet
these should be taken into account.

Using a classical model in which the approximation
made that the scattered and ejected electrons are thin sp
cal shells, it has been shown@24# that the PCI energy shift is
given approximately by

DEPCI~Es ,Ee!'F e2me
1/2

25/2p«o\
G H G~AEe2AEs!

AEe AEs
J , Ee.Es

~7!

wheree is the electron charge,me is the electron mass,«o is
the permittivity of free space,\ is the Planck constant, an
Es andEe are the energies of the scattered and ejected e
trons, respectively. The energy shift is zero in this mo
whenEe,Es .

The N53 states can decay to the He1(N51) and
He1(N52) channels by ejecting electrons with the energ
of approximately 45 eV and 4 eV, respectively. In the e
periments to be discussed the residual energies are 20 eV
40 eV, and so only the 45 eV ejected electrons overtake
scattered electrons and hence cause a significant PCI e
If G is given the typical value of 100 meV for the observ
N53 states, then Eq.~7! with Ee equal to 45 eV gives 27
meV and 3.3 meV forDEPCI at the residual energies of 2
eV and 40 eV, respectively. To obtain the estimated P
energy shifts, it is necessary to multiply these values
DEPCI by the fraction for theN53 states decaying to th
He1(N51) channel. According to the measurements
Lindle et al. @25#, the fraction for the3(1,1)3

1 1Po state is
0.021. Using the propensity rules for autoionization d
cussed in@17#, in particular the result thatDN521 is
strongly favored, suggests that approximately equal fracti
would be obtained for the otherN53 states. The estimate
PCI energy shifts at the residual energies of 20 eV and 40
are therefore 0.58 meV and 0.07 meV, respectively. Th
according to our simplified model, the PCI energy shifts a
the distortion of the shapes of the resonance profiles are
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FIG. 3. The higher resolutionN53 data and
the individual fits to the states at the residual e
ergy of 40 eV and the scattering angle of 20
The letters~a!, ~b!, ~c!, ~d!, ~e!, ~f!, ~g!, ~h!, ~i!,
~j!, ~k!, ~l!, and ~m! represent the state

3(2,0)3
1 1Se, 3(2,0)3

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

3(1,1)3
1 1Po, 3(2,0)3

1 3Fo, 3(1,1)3
1 3De,

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

1 1Ge, 3(1,1)3
1 1Fo,

3(0,0)3
1 1De, 4(2,0)3

1 1Se, 4(2,0)3
1 1De, and

4(1,1)3
1 1Po, respectively, and~n! is the direct-

ionization continuum. A linear slope has been r
moved for the purpose of illustration.
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ligible. We therefore feel justified in omitting the effects
PCI from the following analysis.

IV. ANALYSIS OF THE SPECTRA

We interpret in detail the two spectra collected at the
timum conditions determined as described in Sec. II B. A
cording to the calculations of Ho and co-workers@14#, there
are 37 and 26 states in the energy range of the spectra
lected at the residual energies of 20 eV and 40 eV, resp
tively. Consequently, if all the states were to be included
the fitting procedure, then up to 151 parameters would n
to be optimized. Therefore, considering the large overlap
tween the states, it would appear that the interpretation of
spectra is all but impossible. However, the number of sta
included in the fit can be reduced greatly using the ar
ments discussed in Sec. III A. The steps in the procedure
the following:

~1! The stages given in~i!, ~ii !, and ~iii ! are expected to
have negligible cross sections and so are excluded from
data analysis.

~i! States for whichDAÞ0 when excited from the
ground state~propensity rule 1!.

~ii ! The parity unfavored states.
~iii ! For a givenT, A, and 2S11LP, the cross section

reduces greatly with each decrease inK ~propensity rule 2!.
Therefore if the staten(N212T,T)3

1 2S11LP with K equal
to its maximum value@see Eq.~5!# does not have a larg
cross section, then all the states with smaller values ofK,

n(Kv ,T)3
1 2S11LP, will have negligible cross sections

whereKv5N232T, . . . ,2(N212T).
~2! As a guide for the dependence on2S11LP, use the

experimental spectra for the doubly excited states of hel
below theN52 threshold collected at the same condition

~3! Divide the remaining states into those expected
have a major or minor effect on the spectra. We use the
that for a Rydberg series the amplitudes and shapes o
resonance profiles are approximately constant, but the w
varies asn*23, wheren* is the effective principle quantum
number@26#.
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~i! The major states are given in~a!, ~b!, and~c!. ~a! The
lowest member of a Rydberg series (n53) with the maxi-
mum allowedK, Kmax, for a given 2S11LP ~propensity rule
2!. ~b! If the staten(K,T)3

1 2S11LP has a large cross sec
tion, then the next higher member of the Rydberg ser
n11(K,T)3

1 2S11LP is also a major state.~c! States with the
maximum possible value ofT5N2152 @see Eq.~5!# and
the highest allowed value ofK5Kmax22 for thisT ~propen-
sity rule 3!.

~ii ! The minor states are given in~a! and ~b!. ~a! If the
state n(K,T)3

1 2S11LP has a small cross section, then th
next higher member of the Rydberg serie

n11(K,T)3
1 2S11LP is a minor state. ~b! If the state

n(N212T,T)3
1 2S11LP with the maximum value ofK has

a very large cross section, then the state with the next low
value ofK, n(N232T,T)3

1 2S11LP, may have a minor ef-
fect.

FIG. 4. The total fit to theN53 data at the residual energy of 4
eV and the scattering angle of 20°. The inset is an independ
spectrum collected over a reduced energy interval to confirm
separation of the1Se and 3Po states.
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FIG. 5. The higher resolutionN53 data and
the individual fits to the states at the residual e
ergy of 20 eV and the scattering angle of 20
where the same notation is used as in Fig. 3.
linear slope has been removed for the purpose
illustration.
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The major states in the energy range of the 40 eV sp
trum are therefore3(2,0)3

1 1Se, 3(2,0)3
1 3Po, 3(2,0)3

1 1De

3(1,1)3
1 1Po, 3(2,0)3

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

1 1De,

3(2,0)3
1 1Ge, and 3(1,1)3

1 1Fo. For the 20 eV spectrum, th

4(2,0)3
1 1De and 4(1,1)3

1 1Po states should also be include
The minor states in the energy range of the 40 eV spect
are 3(0,0)3

1 1De, 3(21,1)3
1 1Po, 4(2,0)3

1 1Se, and

4(2,0)3
1 3Po, whereas for the 20 eV spectrum we must a

include the4(2,0)3
1 3Fo state. A more detailed discussion

steps~1!–~3! is given in @27#. The elimination procedure is
supported by the goodness of the fits obtained below.

We start by interpreting the spectrum collected at the
sidual energy of 40 eV and the scattering angle of 20° w
the improved resolution of 5863 meV. The data and the
individual fits to the states are shown in Fig. 3. The total
to the spectrum is displayed in Fig. 4. The minor sta

3(21,1)3
1 1Po and 4(2,0)3

1 3Po and the ‘‘anomalous’’

3(0,0)3
1 1Se state are not clearly required, and so are

cluded from the data analysis. To fit to the change in slo
that begins at about 71.1 eV, it is necessary to include

4(2,0)3
1 1De and 4(1,1)3

1 1Po states outside the observe
energy range, which are shown added together in Fig. 3.
fitting of 13 states to the spectrum requires the optimizat
of 55 parameters, which makes it difficult to find the uniq
solution. Therefore, although very much simplified by t
elimination procedure, the data analysis is still a formida
task. It has, nevertheless, been possible to obtain fits
which the parameters always converge to the same value
within the quoted uncertainties, implying that the fit show
in Fig. 3 and that to be displayed in Fig. 5 are almost c
tainly the unique solutions. The number of degrees of fr
dom for the present analysis is 215, and so for a good
x2 is approximately normally distributed with a mean val
of 215 and a standard deviation of 21@13#. The value of
x2 obtained here is 239, and therefore the model adequa
reproduces the data.

The energies and widths of the3(2,0)3
1 1De,

3(2,0)3
1 3Fo, 3(1,1)3

1 3De, 3(2,0)3
1 1Ge, and 4(2,0)3

1 1De

states can be measured more accurately at the residua
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ergy of 20 eV than 40 eV, and so the values obtained at
eV were fixed in the fit to the 40 eV spectrum. Similarly, th
energies and widths of the1Po states are more easily dete
mined for N53 by photoionization experiments than b
electron impact@4, 5, 28, 29#. Therefore, we used the data o
@29# to deduce that Em@3(1,1)3

1 1Po#569.880 eV,
Gm@3(1,1)3

1 1Po#5191 meV,Em@4(1,1)3
1 1Po#571.725 eV

andGm@4(1,1)3
1 1Po#575 meV, and fixed the energies an

widths equal to these values. Since there are few data po
to optimize the parameters of the4(2,0)3

1 1De and

4(1,1)3
1 1Po states, it is necessary to fix the ShoreA andB

parameters for each of these states. TheA andB parameters
were chosen so that each resonance profile has an ampl
and shape equal to that of the corresponding lower mem
of the Rydberg series.

As a result of improving the resolution, the structure th
appears as a single broad peak in Figs. 1 and 2 at about
eV is resolved into the3(2,0)3

1 1Se and 3(2,0)3
1 3Po states.

FIG. 6. The total fit to theN53 data at the residual energy of 2
eV and the scattering angle of 20°.



er
u-

ua
th
-
th
es

ex

is
th

s a

d
v
yi
el

m

le
he

rg
a
s
e

e
a
s’
e
f

n
-
be
t

in
as
th
th
m

dt
s

eV,
eV
of

es
r

re
ory.
f the

of

the

low

e
error

en

th.
in
-
ree-
the

tes

sed

ate

a-

l

al

-

he
r-

324 55BROTTON, CVEJANOVIC, CURRELL, BOWRING, AND READ
To confirm the separation of the1Se and 3Po states, an
independent spectrum was collected in the reduced en
interval of 69.25–69.81 eV with a slightly improved resol
tion of 55 meV, and is displayed inset in Fig. 4.

We now interpret the spectrum collected at the resid
energy of 20 eV and the scattering angle of 20° with
improved resolution of 6062 meV. The data and the indi
vidual fits to the states are shown in Fig. 5. The total fit to
spectrum is displayed in Fig. 6. The minor stat

3(21,1)3
1 1Po, 4(2,0)3

1 3Po, 4(2,0)3
1 3Fo, and the

3(0,0)3
1 1Se state are not clearly required, and so are

cluded from the data analysis. The number of degrees
freedom is 242, and therefore the value obtained forx2 at
200, although slightly on the low side, implies that the fit
again acceptable. The energies and widths of

3(2,0)3
1 1Se, 3(2,0)3

1 3Po, and 4(2,0)3
1 1Se states are fixed

at the values obtained from the 40 eV spectrum. Also,Em
andGm for the 1Po states are set equal to the same value
before.

The hardest aspect of the data analysis is the nee
include ‘‘hidden states,’’ which are states that are not ob
ously present but nevertheless have an important underl
effect. The most surprising of the hidden states is the r
tively large and very broad3(2,0)3

1 1Ge state, which is nec-
essary in order to fit to the middle region of the spectru
The first two members of the hiddenn(1,1)3

1 1Po Rydberg
series are also revealed.

The spectra confirm the predictions of the propensity ru
for K, T, andA. Comparing the relative cross sections of t

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

1 1De states shows that whenK de-
creases from 2 to 0 the cross section reduces from the la
in the spectrum to a small and narrow feature, which is
expected according to theK propensity rule. Also, the cros
section of the3(0,2)3

1 1De state is larger than that of th

3(0,0)3
1 1De state, which verifies theT propensity rule. Fur-

ther, the states3(2,0)3
1 1De and 3(0,2)3

1 1De show that the
effect of K on the cross section is greater than that ofT.
Finally, no states withA521 or 0 are observed, and so th
propensity ruleDA50 applies strictly. The absence of
clear resonance profile due to the ‘‘anomalou

3(0,0)3
1 1Se state indicates a possible difference betwe

propensity rules for the present experiments and those
autoionization.

One of the most unexpected results in theN53 data is the
sudden increase in the relative cross section, and alteratio
the shape, of then(2,0)3

1 1De Rydberg series when the re
sidual energy is reduced from 40 eV to 20 eV. It would
interesting to understand the cause of this large change in
relative cross sections of then(2,0)3

1 1De states.
In Figs. 3 and 5, the positive quadratic variation

C(E) @see Eq.~2!# as a function of the energy loss is not
would be expected due to changes in the focusing of
electron lenses, and is therefore probably a feature of
differential cross section of the direct-ionization continuu

V. COMPARISON BETWEEN THE MEASURED
AND THEORETICAL ENERGIES AND WIDTHS

Table I, the measured and theoretical energies and wi
are compared, where~a! and ~b! distinguish the parameter
gy
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determined at the residual energies of 20 eV and 40
respectively. To convert the theoretical energies into
above the ground state, the reduced Rydberg energy
13.6038 eV and the ground-state energy of22.903 78 a.u.
are used. For the1Po states in Table I, the measured valu
are deduced from@29#, and the theoretical results are, fo
brevity, shown for only@14#.

We will now comment on the parameters for which the
is a significant disagreement between experiment and the
There is a general tendency for the theoretical energies o

3(2,0)3
1 1De, 4(2,0)3

1 1Se, and 4(2,0)3
1 1De states to be

lower than the measured values. The values
G t@3(1,1)3

1 3De#, G t@3(0,2)3
1 1De#, and G t@3(1,1)3

1 1Fo#
are, respectively, smaller, larger, and smaller than
experimental results. Thex2 is a minimum for
Gm@3(0,0)3

1 1De#'0 meV and increases by 1 whenG56
meV @see Eq.~3!#, which suggests thatG t@3(0,0)3

1 1De# is
much larger than the correct value. However, due to the
statistical accuracy of the3(0,0)3

1 1De resonance profile,
x2 versus (G2Gm) is approximately linear rather than th
expected quadratic dependence, and so the estimated
might not be reliable. The3(2,0)3

1 3Po resonance profile is
small, apparently narrow and is located awkwardly betwe
the relatively large profiles of the3(2,0)3

1 1Se and

3(2,0)3
1 1De states, which causes a large error in its wid

Unfortunately, it was therefore impossible to obta
Gm@3(2,0)3

1 3Po# with sufficient accuracy to allow for a pre
cise test of the predicted widths. Thus, in general, the ag
ment between experiment and theory is quite good for
energies but poorer for the widths.

VI. THE n DEPENDENCE OF THE CROSS SECTION
FOR THE n„n21,0…n

1 1Se STATES
AND ELECTRON CORRELATIONS

Most of the authors who analyze then dependence of the
partial widths or cross sections for the Wannier ridge sta
( r 1'2r 2) only consider the statesn(n21,0)n

1 1Se, and so
for comparison purposes only these states will be discus
here. For brevity, then(n21,0)n

1 1Se states will, in this sec-
tion, be referred to by the more familiar but less accur
notationns2. In the present experiments, only the 2s2 and
3s2 states are observed and therefore it is not then depen-
dence of the fullns2 series that is determined, but the vari
tion whenn changes from 2 to 3.

A number of authors@44–48# have calculated the partia
widths Gn

(g) for the decay of the He21s(ns2) 2S and
H2(ns2) 1S series to the He (1s2) and H (1s) channels,
respectively. Writing

Gn
~g!}n2a ~8!

the following values ofa have been obtained from classic
and semiclassical treatments: 6@44#; 5.254@45#; 6.254@46#;
and 3.254@47#. More recent, fully quantum-mechanical re
sults by Chrysoset al. @48# for H2 and by Heim and Rau
@49# for He (ns2) have givena56.860.4 anda56.5, re-
spectively.

We provide some insight into the relation between t
value fora and electron-electron correlations. A similar a
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TABLE I. The comparison between the measured~subscriptm) and theoretical~subscriptt) energies and
widths. The labels~a! and~b! distinguish the parameters obtained at the residual energies of 20 eV and 4
respectively. For the1Po states, the values are deduced from the measurements of Zubeket al. @29#.

State Em ~eV! Et ~eV! Gm ~meV! G t ~meV! Ref.

3(2,0)3
1 1Se (b) 69.37860.011 69.386 (b) 72621 82 @14#

69.386 88 @30#
69.384 83 @31#
69.386 82 @32#
69.374 @34#
69.380 @36#
69.404 @37#
69.404 @38#
69.384 82 @39#
69.377 @41#
69.361 @42#
69.392 83 @43#

3(2,0)3
1 3Po (b) 69.49860.020 69.472 (b) 0–130 81 @14#

69.478 87 @30#
69.471 85 @31#
69.472 81 @32#
69.475 77 @33#
69.479 26 @35#
69.479 82 @39#
69.471 @40#
69.451 @41#
69.436 @42#
69.479 116 @43#

3(2,0)3
1 1De (a) 69.68660.005 69.668 (a) 145611 140 @14#

69.670 147 @30#
69.679 147 @31#
69.668 140 @32#
69.615 136 @39#
69.643 @41#
69.624 @42#
69.686 154 @43#

3(1,1)3
1 1Po 69.88060.022 69.874 19162 191 @14#

3(2,0)3
1 3Fo (a) 69.96960.008 69.982 (a) <17 ,0.014 @14#

69.985 3 @30#
69.982 0.85 @32#
69.959 @41#

3(1,1)3
1 3De (a) 70.16760.026 70.154 (a) 165648 20 @14#

70.162 21 @30#
70.154 23 @31#
70.154 20 @32#
70.133 @41#
70.119 @42#

3(0,2)3
1 1De (b) 70.43360.010 70.420 (b) 38618 117 @14#

70.426 118 @30#
70.420 117 @32#
70.447 @41#
70.433 @42#

3(2,0)3
1 1Ge (a) 70.6660.12 70.651 (a) 4706280 182 @14#

70.651 181 @30#
70.649 180 @32#
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TABLE I. ~Continued!.

State Em ~eV! Et ~eV! Gm ~meV! G t ~meV! Ref.

3(1,1)3
1 1Fo (b) 70.73060.016 70.728 (b) 162624 88 14

70.733 89 30
70.728 88 32
70.738 41

3(0,0)3
1 1De (a) 71.10560.015 71.112 (a) <6 34 14

71.127 35 30
71.117 33 31
71.113 34 32
71.112 41
71.099 42

4(2,0)3
1 1Se (b) 71.38260.007 71.358 (b) 22611 41 14

71.394 40 30
71.356 37 31
71.360 34
71.420 38
71.357 20 39
71.362 41
71.347 42
71.384 43

4(2,0)3
1 1De (a) 71.51960.004 71.502 (a) 5667 65 14

71.519 59 30
71.494 62 31
71.495 41
71.480 42

4(1,1)3
1 1Po 71.62560.022 71.627 7562 79 14
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gument is given in more detail in@49# and applies only to
low values ofn, such as then52 andn53 measured in the
present experiments, rather than to the (core)ns2 series or
threshold region. In the independent-particle model, the e
trons are uncorrelated and the wave function is the produc
two ns eigenfunctions, which would give a value of 6 fo
a. To represent an increase in the angular correlations,
proportion of the higherl components, (nl2) 1Se, in the
partial-wave expansion ofc(ns2) rises @50#, which causes
the amplitude of the wave function in the center of the at
and, hence, the cross section to reduce. Therefore if ang
correlations increase withn, then the cross section reduc
more rapidly than according to the independent-part
model, which can be represented by writing

s~ns2!}n2[61C~n!] . ~9!

Thus, for lown, a value ofC(n).0 implies that electron
correlations increase withn, and the larger isC(n) the
greater the rate of increase. We differ from@49# in thatC is
written as a function ofn ~see the discussion below!.

To measure the total cross sections(3s2) would require
the collection of spectra at many different angles with
resolution of about 60 meV necessary to separate the 3s2 and

3(2,0)3
1 3Po states. This procedure would be excessiv

time consuming, and so the ratio of the cross sections
measured at only one scattering angle. The 2s2 and 3s2

states should be compared at the same scattering angle
energy above threshold, which are chosen as 20° and 4
c-
of

he

lar

e

e

y
as

and
eV

since these are the conditions at which the 3s2 state appears
most clearly in the present experiments. The 2s2 state was
observed in a separate experiment, and a fit to its appr
mately Lorentzian peak givesEm557.85360.005 eV and
Gm511562 meV.

If the resonance profiles have a Lorentzian form when
broadening effects of the spectrometer are removed, then
cross section is proportional to the area under the Lorent
curve, that is,

ds2~ns2!

dEdV
}h~ns2!G~ns2!, ~10!

whereh(ns2) is the maximum height of the Lorentzian. T
estimate the relative cross sections of thens2 states Eq.~10!
is used, where for the slightly asymmetric profiles the ve
cal separation between the maximum and minimum of
resonance structure or amplitude is substituted forh(ns2).
The mutual normalization of the 2s2 and 3s2 states is per-
formed using the direct-ionization continuum. The amp
tudes of the unbroadened resonance structures relative t
continuum cross section obtained from the fitting proced
are

h~2s2!/sc~97.85!50.364060.0048, ~11!

h~3s2!/sc~109.38!50.010960.0032, ~12!
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wheresc(97.85) andsc(109.38) are the double differentia
cross sections for the electron-impact ionization of heliu
d2s/dEdV, at incident energies of 97.85 eV and 109.38 e
respectively, and at the same residual energy of 40 eV
scattering angle of 20°. If the approximation is made t
sc varies linearly with impact energy for small extrapol
tions from the measured values of@51#, then we obtain

sc~97.85!/sc~109.38!51.11. ~13!

We have also calculated this ratio using the data of ot
authors@52–54# and have found the agreement to be within
few percent.

Combining Eqs.~10! to ~13!, and using the measure
widths of the 2s2 and 3s2 states, yields

d2s~3s2!

dEdV Y d2s~2s2!

dEdV
50.01760.005. ~14!

If the ratio of the differential cross sections~14! is represen-
tative of s(3s2)/s(2s2), then this would imply a value o
10.160.8 fora whenn changes from 2 to 3. The theoretic
values for a quoted above and that predicted by t
independent-particle model are significantly smaller th
10.1. However, the above theories apply to the (core)ns2

series and in some cases to the threshold region, rather
to the low values ofn52 andn53 measured in the presen
experiments. A possible explanation for the discrepanc
therefore suggested by the measurements of Buckman
Newman @55# and the calculations of Chrysoset al. @48#,
which show thata reduces asn increases. Such a decrease
a is expected, since there is a large initial increase
electron-electron correlations as the effects of the nuc
rapidly lose their dominance, after which in the highern
region the correlation pattern becomes well established.
discrepancy cannot be due to the higher effective cha
Z* of the core for He(ns2) than for the systems considere
in @44–48#, sincea is expected to reduce asZ* increases.
Thus, the value fora obtained in the present experimen
suggests that there is a large increase in electron correla
whenn rises from 2 to 3.
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VII. SUMMARY

Measurements of the doubly excited states of helium
low the He1(N53) threshold populated by electron impa
have been presented for a range of scattering angles
residual energies. The agreement between the measure
ergies obtained and the theoretical values is generally go
although there are a few small discrepancies for most of
calculations. For the states3(1,1)3

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

3(1,1)3
1 1Fo the differences between the measured and th

retical widths are large and greater than the experime
errors, where the errors include statistical inaccuracy, no
niqueness in the fitting procedure and the uncertainty in
energy resolution. There are two further possible source
error, namely, the correct choice of states to include in
fitting procedure and state-state interference, but we ex
on the basis of our arguments and the goodness of the
obtained that these have negligible effect on the measu
widths.

We have also investigated in two ways how the corre
tions between the two excited electrons affects the cross
tion of the doubly excited states of helium. First, the da
verifies propensity rules in Lin’sK,T,A classification
scheme for the cross sections, and thus shows how the e
tation probability depends on the radial and angular corre
tions. Second, by comparing the 2s2 1Se and 3s2 1Se states
at the scattering angle of 20° and the residual energy of
eV, we obtained a dependence ofn210.160.8 for the differen-
tial cross section at these conditions. If these differen
cross sections are representative of the total cross sec
s, thens reduces more rapidly whenn changes from 2 to 3
than according to theoretical predictions. We suggest that
discrepancy is due to an atypically large increase in electr
electron correlations whenn rises from 2 to 3, which cause
the cross section to reduce more rapidly than according
the theoretical calculations that apply to the (core)ns2 series
or threshold region.
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