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First Double Excitation Cross Sections of Helium Measured for 100-keV Proton Impact
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Excitation cross sections of thes2s2d1S, s2p2d1D, and s2s2pd1P autoionizing states of helium,
produced in collisions with100-keV protons, have been measured for the first time. Using a high
resolution electron spectroscopy together with a recently proposed parametrization of autoionizing
resonances distorted by Coulomb interaction in the final state makes it possible to extract from electron
spectratotal cross sectionsas well asmagnetic sublevel populations.These new experimental data are
briefly compared with out theoretical calculations. [S0031-9007(97)04892-8]
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Two-electron excitation of the helium atom by proton
impact is currently a benchmark test for the theories
multielectron transitions which try to understand the ex
citation mechanisms involved in heavy particle collision
[1]. Doubly excited states of helium lie above the single
ionization threshold and decay primarily by autoioniza
tion. Since the excitation and subsequent nonradiati
decay of autoionizing states is coherent with direct ioniz
tion, the resonant and direct ionization amplitudes shou
be added together, rather than cross sections of both p
cesses [2]. This results in at least two effects. Firs
the resonances in ionization cross sections are asymm
ric. They are commonly described by Fano’s formula [2
Second, the intensity of an autoionizing resonance is n
proportional to the population of the resonant state [3
The total resonant yield can provide only a lower estima
for the excitation cross section at asymptotic collision ve
locities [4]. This means that information on two-electro
excitation is hidden in the resonance profiles. Therefor
comparing the calculation results for two-electron excit
tion with available experimental data (electron spectra
resonance parameters) requires not only an adequate th
retical description of the double excitation itself, but als
a realistic description of the direct ionization, including
the interference of resonant and direct ionization. Mor
over, Coulomb interaction in the final state (CIFS) be
tween the scattered charged particle, the ejected electr
and the recoil ion considerably influences the resonan
profiles [5–8]. Under the conditions of strong CIFS th
shapes of the resonant lines can be very different fro
the familiar Fano’s one [5,7] complicating the compar
son of experimental and theoretical results, and hence
description of three-body Coulomb interaction of charge
particles must be as accurate as the description of tw
electron excitation [8]. The theoretical excitation cros
sections reported in this paper are part of our comple
calculation [8] where all these problems are solved. Fro
another point of view, if we are able to extract excita
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tion cross sections from experimental data instead of re
nance yields a comparison with less complex calculatio
becomes also possible. Indeed, several approximate th
retical models [9–13] have been developed in the past
discuss the excitation mechanisms; they calculated exc
tion cross sections of doubly excited states considered
bound states; therefore they had not to describe the co
plex perturbing effects (interference of resonant and d
rect ionization amplitudes, CIFS). So far it was a commo
point of view that excitation cross sections of autoioniz
ing states could never be extracted from measured ioni
tion cross sections unless the direct ionization amplitu
is small. So the latter theoretical excitation cross sectio
were considered unrealistic until now since no valid com
parison could be made with experiments which measur
only resonance yields. However, Godunovet al. have
recently shown [8,14] that, under conditions of stron
enough CIFS, a new parametrization allows a separat
of the excitation information from the perturbing effects
The present experimental work is an application of th
finding. For the first time, the total excitation cross se
tions as well as the magnetic sublevel populations of t
low-lying autoionizings2s2d1S, s2p2d1D, and s2s2pd1P
states of helium excited by100-keV proton impact have
been extracted from experimental spectra.

This experimental information on the two-electron ex
citation of autoionizing states by charged particle impa
can be extracted from electron spectra under the followi
conditions: (i) Intermediate collision velocities are stud
ied in order that the influence of CIFS be strong enough
distort the resonant line shapes; (ii) experimental ener
resolution is high enough to make apparent such a d
tortion; (iii) an adequate parametrization of the resonan
profiles with allowance for CIFS is used to separate t
resonance and interference contributions to the reson
profile; (iv) a measurement of the angular dependence
the electron spectra is performed. All these conditions a
satisfied in the present experimental work.
© 1997 The American Physical Society
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Our study is based on the new parametrization r
cently proposed [8,14] for the description of resonanc
profilesin electron emission spectra distorted by CIFS. F
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the present collision conditions, the doubly differenti
cross section for electron emission in the vicinity of a
toionizing resonances can be written as [8,14]
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where´m ­ 2sEe 2 EmdyTm is the relative energy devia-
tion from the resonance positionEm, Ee is the ejected
electron energy,Gm is the resonance width,Zp andZt are
the charge of the projectile and the recoil ion according
yf is the speed of the scattered particle,ype is the relative
speed between the scattered charge particle and
ejected electron. The first term in Eq. (1) is the doub
differential cross section for direct ionization. Th
new resonant parametersAc

msEi , qed, Bc
int,msEi, qed, and

Bc
exc,msEi , qed are given by [8]
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whereKi and Kf are the momenta of incident and sca
tered particles,mp is the mass of the projectile,dVf is the
solid angle element in the direction of the scattered p
ticle, K0

res,m is the electron energy independent part of th
kinematic factor allowing for CIFS in the resonant ion
ization channel,tdir is the amplitude of direct ionization,
texc,m andtdec,m are the amplitudes for excitation and non
radiative decay of the resonant statem, respectively. The
explicit expressions for the amplitudes and other facto
that enter the above equations can be found elsewh
[8,15]. The parametersAc

msEi , qed and Bc
int,msEi , qed in

Eqs. (2) and (3) reflect the interference of resonant a
direct ionization, while the parameterBc

exc,msEi , qed is
the squared absolute value of the resonant amplitu
[Eq. (4)]. Then it is seen from this new parametrizatio
that the influence of CIFS results in the separation of t
resonant and interference contributions.

Here, it would be pertinent to indicate the relation o
this parametrization [Eq. (1)] to the well known Shor
parametrization [16]
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If the influence of CIFS is weak (large ejection angles
fast collision velocities), the kinematic parameterj ø 1,
and from Eqs. (1) we obtain [8,14]
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It is easy to see that the information on the excitatio
of autoionizing states inBc

exc,msEi , qed is mixed with
the interference termBc

int,msEi , qed in the expression of
BS

msEi , qed, and hence cannot be extracted from expe
mental spectra when CIFS is weak.

In the absence of the interference terms, with
without CIFS [Eqs. (1) and (5), respectively], extractin
the information on the population of the autoionizin
states becomes straightforward.

The expression (4) for the resonant parame
Bc

exc,msEi , qed can be presented in a more useful for
using the definition for the amplitudes involved [15
namely,

pGm

2
Bc

exc,msEi , qed
sinhspjd

pj

­
LX

M­2L

sLM
exc sEidP2

LM sss cossqedddd , (8)

wherePLMscossqedd is the associated Legendre functio
and sLM

exc sEid designates the excitation cross section f
the magnetic sublevelM of the state with total orbital
momentumL. The total cross section for the excitatio
of an autoionizing state is given by

sexcsEid ­
LX

M­2L

sLM
exc sEid

­ s2pd4m2
p

Kf

Ki

LX
M­2L

Z
jtLM

exc,mj2dVf . (9)

The known qe dependence of the resonant parame
Bc

exc,msEi , qed in (8) has been used to derive the two
electron cross sectionssexcsEid andsLM

exc sEid by a fitting
procedure.
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The experimental apparatus used in the present w
has been described in detail before [7,8]. Two indepe
dent runs have been performed, with energy resolutio
of 0.11 and0.068 eV, respectively, for emission angles
between 10± and 160±. These new high-resolution mea
surements made it possible to resolve the near-lying a
toionizing s2p2d1D and s2s2pd1P resonances as well as
observe a distortion of the resonance profiles for forwa
electron emission angles below 40±. Ionization cross sec-
tions were put on an absolute scale by a normalization
the direct doubly differential cross section of ionizatio
measured by Ruddet al. [18]. We estimate our experi-
mental cross sections to be known within635%.

The measured profiles of thes2s2d1S, s2s2pd1P, and
s2p2d1D resonances have been analyzed using form
(1). A new fitting procedure has been developed f
processing the electron emission spectra. For each
onance, the following adjustable parameters have be
used: the resonance parametersAc

msEi , ued, Bc
int,msEi , qed,

and the cross sections for double electron excitati
sLM

exc sEid. The resonance positionEm and width Gm

were taken from theoretical calculations. The direct io
ization cross sectionFsEi , ued was approximated by a
first-order polynomial. Since the excitation cross sectio
sLM

exc sEid does not depend on ejection angle, we simult
neously fit spectra measured at different ejection angl
various combinations of spectra were used, each
them defining a fit set; up to a maximum of 15 spect
were fitted together. Using this new fitting procedur
strongly restricts the variation of the adjustable param
ters. Two additional constraints were used in the fi
ting procedure: (i) The excitation cross sectionsLM

exc sEid
must be positive; (ii)

p
Ac

msEi, ued2 1 Bc
int,msEi , ued2 #

2
p

Bc
exc,msEi , uedFsEi , Ee, ued where the direct ionization

cross sectionFsEi , Ee, ued is determined at the resonanc
position Ee ­ Em. The latter was simply derived from
the definitions of the resonant parameters. The new fitti
procedure has been proven to be reliable; it gives sta
values of the resonance parameters when different set
spectra are used. It is worth noting that direct applicati
of Eq. (1) to a single spectrum could be unreliable if th
effect of CIFS is comparable with statistical noise.

Examples of fitted electron spectra are presented
Fig. 1 for three ejection anglesue ­ 20±, 90±, and 160±

(these spectra are taken from a set of 15 spectra fit
together). The same values ofsLM

exc sEid are used for all
these angles. A good fit can be observed. It is importa
to note here that Shore’s parametrization (5) is unab
to fit well the experimental spectra whenue # 40± (see
also [8]).

The two-electron excitation cross sectionssexcsEid to-
gether with the relative sublevel populations are presen
in Table I. The angular dependence of the express

fBc
exc,msEi, qed sinhspjd

pj g [see Eq. (8)] is shown in Fig. 2.
The experimental values are averaged over different
runs; they are compared with our theoretical calculation
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FIG. 1. Experimental electron emission spectra in the regi
of the s2s2d1S, s2p2d1D, and s2s2pd1P resonances of helium
excited by100-keV proton impact. The energy resolution is
equal to68 meV. The spectra are fitted with formula (1) with
inclusion of CIFS (they are part of a set of 15 spectra fitte
simultaneously; see text). (a)–(c): angles of emission are eq
to 20±, 90±, and 160±, respectively. Experiment: full dots.
Results of fit: dotted lines, contribution of each resonanc
heavy line, sum of these contributions.

The theoretical model which includes the three-bod
Coulomb interaction and an expansion of the two-electr
excitation amplitudes in powers of the projectile-targ
interaction up to the second order has been expl
itly described earlier [8,15]. Its validity relies on the
quantitative agreement achieved between experiment
the calculated electron spectra and resonance parame
Ac

msEi , qed andBc
msEi , qed [8].

A good agreement between theoretical and experime
tal values for thes2s2pd1P state can be seen in Table
and Fig. 2 both for total cross section and relative su
level populations. The magnetic sublevelsM ­ 0 and
M ­ 61 are about equally populated fors2s2pd1P and
s2p2d1D states both in theory and experiment. The we
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TABLE I. Cross sections (in units10220 cm2) and sublevel
populations (%) for two-electron excitation of the autoionizin
s2s2d1S, s2p2d1D, and s2s2pd1P states of helium excited by
100 keV proton impact. Experimental results are present
together with our theoretical calculations.

Sublevel population
M ­ 0 M ­ 61 M ­ 62 sexc

s2s2d1S expt 1.00 3.40
theor. 1.00 5.97

s2s2pd1P expt 0.51 0.49 8.80
theor. 0.55 0.45 11.8

s2p2d1D expt 0.32 0.57 0.11 9.00
theor. 0.51 0.41 0.08 3.51

populations of theM ­ 62 levels are well reproduced by
our theoretical calculations. For thes2p2d1D state the dis-
crepancy between experimental and theoretical total cr
sections is stronger than for the relative sublevel pop
lations. Such a deviation between calculated and expe
mental line intensities for this state has also been obser
before for intermediate [8] and high-velocity [17]p 1 He
collisions. In a coupled-channel calculation where th
doubly excited state is taken as a bound state, Nagy a
Bodea [13] recently reported forsexcs2s2p 1Pd a value of
about8.2 3 10220 cm2 in good agreement with our val-
ues in Table I.

FIG. 2. Angular dependence of the expressio
fBc

exc,msEi , qed sinhspjd
pj g for the s2l2l0d states of helium ex-

cited by 100 keV proton impact. (a)–(c):s2s2d1S, s2p2d1D,
and s2s2pd1P states, respectively. Present experiment: fu
dots. Present theory: solid line.
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In this paper experimental excitation cross sections
s2l2l0d autoionizing states of helium excited by100 keV
proton impact are presented for the first time. Ou
theoretical calculations are in reasonable agreement w
the experimental data. These experimental results provi
a deeper insight into the nature of two-electron transition
and become a new challenge for the theory of multiple
electron transitions in ion-atom collisions.
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