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ABSTRACT
The momentum transfer dependence of fundamental double excitation processes of

helium is studied with high resolution and fast electron impact. It elucidates the dynamical
correlations, in terms of internal correlation quantum numbers, K, T and A. The Fano
profile parameters q, fa, p 2 , / and S of doubly excited states 2{

l<°)2ls'> 2{<u&ipO

and 2(i,o)2 V are determined as functions of momentum transfer K2.

1 INTRODUCTION
Electron correlation effect is the fundamental physics for the interaction among

electrons in an atom. It has raised the general and continuous interest of both theoreticians
and experimentalists in the realm of atomic and molecular physics since the pioneer
experimental work of Madden and Codling [1] and the corresponding theoretical
investigation of Cooper et al [2,3] on the doubly excited states of helium, which has been
reviewed by Tanner et al [4]. Helium is the simplest system to study electron correlation
effect because of the two-electron nature.

The doubly excited states lie above the first ionization threshold. But till 1963, the
two Rydberg series of double excitations of helium, i.e., (sp,2n+)lP° and
(sp,2n-) \P°, had been revealed by the photoabsorption experiment of Madden and
Codling who used the NBS 180 MeV electron synchrotron [1]. Although it was an
undoubtedly excellent advance in atomic physics, the sequent problem arose: according to
the theoretical work[5-7], there should be three series excited from the ground state 1S*
to final states lP° below N=2 threshold of He+, i.e., (sp,2n+), (sp,2n-) and pd
namely. So the pd series was missing in Madden and Codling's investigation [1]. There
after, lots of experimental studies were carried out on the double excitations of helium
until the first observation of the missing Rydberg series by Domke et al [8]. Then, all the
three series below N=2 threshold of He+ predicted by theory were observed. With the
development of the synchrotron radiation technique, more sophisticated photoionization
experiments were performed to achieve the higher Ryderg series above the N=2 [9], the
decay paths of two-electron excitations [10], photoelectron angular distributions [11],
threshold energies [12], interseries interferences [13], and the dipole-quadrupole
interference [14], etc.

Rather than the above optical experiments (mostly by synchrotron radiation method),
there were also lots of investigations on doubly excited states of helium by
charged-particle (including electron, proton and other positive ion) impact method. Unlike
the optical method, it is possible to observe both the optically allowed and forbidden
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transitions and so to reveal the full richness of the spectrum. Among these studies, the
ejected electron spectroscopy was normally used [15]. Relatively few experiments used
energy loss spectroscopy [16]. One can appeal the review by Schulz [17] for detailed
information in this field. In the fast-electron impact and electron energy loss experiments,
as early as in 1963, Silverman and Lassettre observed the double excitation (2s2p)lP
and had some discussions of its strength depending on the momentum transfer from 0 to
1.0 a.u. [17]. Later, Wellenstein and collaborators [18] got the Bethe surface for helium by
use of 25 keV incident electrons with the scattering angle from OP to 10°. Although the
low energy resolution (2 eV FWHM) precluded the authors from ruling out contributions
from some of the optically forbidden transitions, Wellenstein et al alluded to the possible
interest and significance in the momentum-transfer dependence of the Fano parameters in
these doubly excited transitions. Using 2.5 keV incident energy with resolution of 0.7 eV
FWHM, Fan and Leung [19] measured the generalized oscillator strength density (GOSD)
and deconvolved the Fano parameters of (2s2p)lP° <— (\s2)xSe resonance. Compared
with the present electron impact work by 2.5 keV incident energy and 80 meV FWHM
resolution [20], although Fan and Leung's result is not accurate, it was the first time to
give the momentum-transfer dependent behavior of Fano parameters of (2s 2pfP°
resonance.

Besides the experimental investigations, lots of theoretical works were carried out as
a role to interpret, to predict, and to deeply understand the experimental results. The
interference between a discrete state and a continuum around an autoionization state was
illustrated theoretically by Fano and Cooper [3]. In Burke and Me Vicar's calculation [5],
resonance states other than the normally known plus-minus series appeared. Sequentially,
atomic theoreticians developed various theoretical methods to deal with doubly excited
states of helium, including configuration-interaction (CI) methods, hyperspherical
coordinate methods, close-coupling approximations, complex coordinate method,
saddle-point technique and others [3-7].

In the above methods, most of these calculations presented the resonant energy
positions, the resonant width, photoabsorption cross sections of these resonances, and very
few gave the momentum transfer dependent behavior related parameters in the collision of
charged particles with helium, such as the generalized oscillator strength (GOS), whose
properties play the central role in the theory of collisions of fast charged particles with
atoms and molecules. GOS can be written as [21]:

tKr,

For the case of fast electron impact, E is the excitation energy, p0 and pa are the
momenta of the incident electron and scattered electron, respectively, K1 is the
momentum transfer square, y/t and \yf are the N -electron wavefunctions of the initial
(ground) and the final state, respectively, and r} is the position vector of the yth atomic
electron. The above equation also gives the relationship between GOS and differential
cross section (DCS, do(K,E)ldCl).

In Eq. (1), \\rf is a discrete state. When the discrete state locates above the first
ionization threshold, interference will occur between the discrete state and the
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corresponding continuum, which leads to the autoionization in the photoabsorption
process. Fano worked out the configuration interaction theory for discrete-continuum
interaction and introduced the famous Fano formula to describe the photoabsorption cross
section (or the optical oscillator strength density spectrum, OOSD) around the resonance.
Here we can generalize Fano's theory to the case of non-optical excitation, we write the
GOSD near the resonances [3]:

1+e,2

here fai represents the relevant continuums involving interfere with the /th resonance,
qt represents the ratio of transition amplitude to the "modified" discrete state and to the
unperturbed continuum states. fe (E) is the total continuum GOSD, which includes both
parts that interfere and does not interfere with resonances, e{ = (E-Ert ) / (F /2 ) stand for
the departure of the excitation energy E from an idealized resonance energy Eri which
pertains to a discrete auto-ionizing level of the atom, this departure is expressed in a scale
whose unit is the half-width 17 2 of the line.

The ratio parameter p 2 is defined as:

(3)
£=£„

For a specific resonance, the integrated GOS / of the "modified" embedded
discrete state is expressed as [3]:

(4)

since f^ varies very slowly with E. Note that, for a window-type resonance, fal

always is 0 because q, = 0 , in spite of the degree of the interference between the discrete
and the continuum. In order to elucidate the relevant strength involving interference
between the embedded discrete state and the relevant continuum as a whole, an integrated
resonance strength St can be defined as:

In present work, using the fast-electron energy loss spectrometer(EELS) [22,23], we
measured the GOSDs for the doubly excited states of helium below the N = 2 threshold
of He+ and obtained the parameters q, and fai in Eq. (2). Both of the two parameters
show the behaviour of momentum-transfer dependence, which indicate the dynamical
electron correlation effect for the two highly excited electrons. And the parameters p 2 ,
f, and St are also calculated by Eq.(3-5).

2 EXPERIMENTAL METHODS

131



Because the presently used high-resolution and angular-resolved fast-electron
energy-loss spectrometer has been
described in detail elsewhere
[22,23], only a brief description is
given here. The electrons are
produced by a heated
thorium-tungsten filament, after
energy monochromized by an
electrostatic hemispherical

monochromator, they meet the
target gases at the collision chamber.
Then the scattered electrons are
detected by a microchannel-plate
based position sensitive detector
(PSD) after they passed a rotatable
electrostatic hemispherical analyzer.
Compared with the previously used

channeltron detector [22], the PSD
gives a great increase in
measurement efficiency for about
20 times [23], thus makes this

investigation possible, especially at larger scattering angles and higher excited energies,
where the differential cross sections are very small. The spectrometer was operated in the
constant incident energy mode with incident energy at 2.S keV, then energy loss caused by
inelastic scattering was compensated by a scanning voltage with the step interval of 10 mV,
and the energy resolution was 80 meV. In the present experiment, the background pressure
in the collision chamber was 5xl0~5Pa, and the spectra were measured at the sample
pressure of 8xl0"3 Pa.

The spectra at scattering angles from 0° to 6° were recorded from 56 to 66 eV, which
covers the N = 2 doubly excited states of
helium. The absolute energy scale is
calibrated by the well-known resonance
energy of ^ i i J V , and the scattering angles
were determined relating to the physical CP
which was calibrated by the symmetric
angular distribution of the differential cross
section for He 2lP around 0°.

The normalization of the spectra was

Fig. 1 The absolute GOSDs of the double excitations

ofheliumfiomO°to60.

17 31 »

Energy Losss (eV)

Fig. 2 The fitting result

resonance of „ (0,1)! XP° at 6°

near the
made by measuring the ratio of the intensity
at 0 to that at 4°. Then the spectra at non-0°
were converted to the generalized oscillator
strength densities (GOSDs), and the one at

0° was converted to the optical oscillator strength densities (OOSDs)[22]. The absolute
GOSDs are illustrated in Fig.l. The assignments in Fig. 1 are adopted from the
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classification in Ref. [7]. In this classification, a doubly excited state 2S+Xif with one
inner electron (principal quantum number N and one outer electron (principal quantum
number n) can be represented as n(K,r$2S+1i'1, where K, T and A are new internal
quantum numbers to describe the correlation between the two excited electrons [7].

After we measured the GOSD spectra, a numerical deconvolution procedure [24]
based on least-squares fitting was used to obtained the parameters qt and fai in Eq. (2).
In order to show the reliability of the present fitting procedure, we give a illustration of the
fitting result at 6° scattering angle in Fig. 2.

3 RESUTLS AND DISCUSSION
In Fig. 1, we show the GOSDs spectra measured by the present EELS method. It

shows the momentum transfer K2 dependence of the overall structures from 56 to 66 eV,
which consist of series of Fano resonances. At scattering angle 0°, the momentum transfer
is very small (K2 = 0.03 au.), so this spectra can be taken as the OOSD spectra. As can
be seen in Fig. 1, the Rydberg series of ^O,I^1P° have the dominative contributions to the
total OOSD at 0s, and no other resonances show visible strength expect for two small
fluctuations around 62.2 eV and 62.8 eV. When the scattering angle is increased, there are
two dipole-forbidden series arise, i.e., ,,(1,0)2 V an<^ J-Wiz1** > especially at large angles.
The K2 dependent behaviour of the three series are evidently different. Using a
least-squares fitting program [24], we obtained the parameters in Eq. 1 at each scattering
angle.

The fitted Fano parameters of the
2(1,0)2"'s* resonance are shown in Fig. 3. It
can be seen that the \q\ varies a little and
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smoothly with K , it indicates that the
transition amplitude into the "modified"
discrete state has a similar behavior as
that into the relevant continuum with K2.
While the p 2 , / and S of 2(i,o)J's«
increase with K2, it shows the typical
behaviors of dipole-forbidden transitions.

The fitted Fano parameters of the
dipole-allowed 2(°>l)2lpO resonance are
shown in Fig. 4. It can be seen that he
sign of q is negative for all K2, and
|#| decreases slowly with K2 . It
indicates that the transition amplitude
into the "modified" discrete state
decreases more quickly than that into the
relevant continuum. As K2 increases,

the GOS / and the resonance strength S decrease, showing typical behaviors of
dipole-allowed transitions. The p 2 decreases with K2 because the contributions of
dipole-forbidden transitions increase with K2. It is interesting to note that in Fig. 4 there
are discrepancies between ourfitted p 2 and those by Fan and Leung [19]. Their results

Momentum tranfer square 1C ( m )

Fig. 3 The fitted Fano parameters of

.(1,0)! ' 5 ' as a function of K2
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Fig. 4 The fitted Fano parameters of

2 (0,1)* l p ° a s a f u n c t i o n o f K*

were obtained by adopting for T their energy
resolution of 0.7 eV directly. The importance
of the energy convolution with the
instrumental function can be understood by
the energy folding integration with a
Lorentzian function, i.e.

I/.,

(6)
here Q is the Lorentzian width. Thus, the
fitted fai without taking into account the
convolution will be underestimated by a
factor (r,+ n)/r ( , about 20, the same for the
corresponding p2. We plot the corrected
values in Fig. 4, which are then consistent

with our fitted p 2 . The values of q and / ,
reported in [19] with the energy resolution
about 0.7 eV insufficient to observe the nearby
resonances are generally smaller than ours
especially at large K2. Such experimental
discrepancies require further studies.

The fitted Fano parameters of the
2(1,0)2"'D* resonance are displayed in Fig. 5.
The sign of presently experimental q is
negative and \q\ varies very slowly with K2

with a value 0.37±0.18, which is consistent
with Ihe experimental electric
dipole-quadrupole interference value of -0.25
[14]. Note though that Krassig et al. [14] said
that "the value of q can not be unambiguously
determined from electron scattering
experiments because all multipoles are present".
It seems that at present incident energy of 2.5

keV, the other multipoles contribute much less to the excitations. The / , S, fa and
p 2 of 2(1,0)2"'D* increase with K2, showing typical behaviors of quadrupole transitions.

In order to show the high resolution spectra near the 2(O,\%1P° aD^ i(°-l)ilpD

resonances, after removing the "smooth ionization continuum" (i.e., fc(E) in Eq. (1)),
the GOSDs at 0°, 2°, 4? and 6° are displayed in Fig. 6. It clearly reveals the weak
resonances ( yf1'0^'5' > 2Ml'°%lDe » 2H'°)2ls' an^ 3(1.°)2lpO )• As K2 increases, the
dipole-forbidden transitions ^(ifi^s* and ^o.ojj 1D* arise higher, while 2(-

1'°)2's* ^
relatively slower variation with K2. And it is obvious that the strength of the
dipole-allowed transition 3(1,0)2^ decreases slowly with K2 . The above
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Fig. 5 The fitted Fano parameters

of 2(l,0)*'D' as a function of K2
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Fig. 6 The GOSDs of double excitations of
helium at 0°, 2°, 4° and 6° with smooth
ionization continuum removed.

momentum-transfer dependent
behaviour is the typical
characteristic for the dipole-allowed
and dipole-forbidden transitions.

Let us focus on the two weak
resonances 2(-i,o)2

1s' and 2(
|-°)2l5'

in Fig. 6 to elucidate excitation
dynamics according to the internal
correlation quantum numbers, AT,
T and A. We pay attention to the
K2 dependence of these two
resonances. Based on Fermi's
Golden rule, the transition strength
is proportional to the square of the
transition matrix element, i.e., the

transition- operator-weighted
overlap integral between the initial
ground state (Is)2 lSe and the final
doubly excited state 1(KX^XS' . At
large angles (e.g., 0 - 4 ° with
K2 -0.91 a.a), the transition
matrix element results mainly from

the interactions in an inner region (e.g., R=^+%*\ a.u.). At small angles (e.g., 0 - 0 °
with K2 -0.03 a.u.), the transition matrix element results mainly from the interactions in
an outer region (e.g., R>5 a.u.). For the initial ground state, the wave function, in the
inner region, has a broad peak at (012 = 180°, a = tan"1 (r, lr2 )= 4 5 ) while it, in the outer
region, has two ridges at (012from 0° to 180°, a - 20° and 70°) respectively owing to the
two electron "breathing" correlations in the hyperspherical coordinate [7]. In both inner
and outer regions with respect to the initial ground state (i.e., R < about 7 a.u. because
negligible contribution to the overlap integral owing to exponential decay of the ground
state wave function), the wave function of 2(i,o$lse has a broad peak at (0,2=18O°,
a = 45°), while that of • 2(-i.o^lse has one major broad peak at (012 =30°, a = 45°) and
two minor rising ridges at (012 from 0° to 180°, a ~ 20° and 70° with two peaks at
012 =180°) respectively [7]. Thus, the strength variation of the transition 2{-i,o%lse with
K2 should be slow because the wave functions of (Is)2 lSe and 2(-

10)2ls* has a definite
overlap in spite of AT2. In contrast, the strength variation of the transition 2(i,o^'s* with
K2 should be fast because the wave functions of (ls)2iSe and 2{\.o)2

lse has a very
different overlap according to different K2. This momentum-transfer dependence can be
seen from Fig. 6. However, it is strange that the transition 2(-i,o)^ls" has an exorbitant
strength even at K2 -0.03 a.u.. Furthermore, the width (F l 0 - V2) of 2(i,o)2V is lager
than the width ( r_ 1 0 ~ V2 ) of 2(-i,o)J's*. This can be understood as follows: Because of

2(i.oy2"
1sf with the major configuration as (2s)2 and 2(-1,0)2"V with the major

configuration as (2p)2, the squared interaction matrix element (V] ~R°(2s, 2s; h,es)2)
should be lager than the squared interaction matrix element (V2
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where R'(2l,2I;ls,es) are Slater integrals. Fig. 6 also exhibits the well known
phenomena that the resonance 3(o,i)£V with A = 1 is much stronger than the resonance

* with A=-\.
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