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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 th@s?)'S, (2p?)'D, and (2s2p)'P autoionizing states of helium,
produced in collisions withi00-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 sectionas well asmagnetic sublevel populationsThese new experimental data are
briefly compared with out theoretical calculations. [S0031-9007(97)04892-8]

PACS numbers: 34.50.Fa

Two-electron excitation of the helium atom by proton tion cross sections from experimental data instead of reso-
impact is currently a benchmark test for the theories ohance yields a comparison with less complex calculations
multielectron transitions which try to understand the ex-becomes also possible. Indeed, several approximate theo-
citation mechanisms involved in heavy particle collisionsretical models [9—-13] have been developed in the past to
[1]. Doubly excited states of helium lie above the single-discuss the excitation mechanisms; they calculated excita-
ionization threshold and decay primarily by autoioniza-tion cross sections of doubly excited states considered as
tion. Since the excitation and subsequent nonradiativbound states; therefore they had not to describe the com-
decay of autoionizing states is coherent with direct ionizaplex perturbing effects (interference of resonant and di-
tion, the resonant and direct ionization amplitudes shouldect ionization amplitudes, CIFS). So far it was a common
be added together, rather than cross sections of both prpeint of view that excitation cross sections of autoioniz-
cesses [2]. This results in at least two effects. Firstjng states could never be extracted from measured ioniza-
the resonances in ionization cross sections are asymmeien cross sections unless the direct ionization amplitude
ric. They are commonly described by Fano’s formula [2].is small. So the latter theoretical excitation cross sections
Second, the intensity of an autoionizing resonance is noiere considered unrealistic until now since no valid com-
proportional to the population of the resonant state [3]parison could be made with experiments which measured
The total resonant yield can provide only a lower estimatenly resonance yields. However, Goduneval. have
for the excitation cross section at asymptotic collision vetecently shown [8,14] that, under conditions of strong
locities [4]. This means that information on two-electronenough CIFS, a new parametrization allows a separation
excitation is hidden in the resonance profiles. Thereforepf the excitation information from the perturbing effects.
comparing the calculation results for two-electron excita-The present experimental work is an application of this
tion with available experimental data (electron spectra ofinding. For the first time, the total excitation cross sec-
resonance parameters) requires not only an adequate themns as well as the magnetic sublevel populations of the
retical description of the double excitation itself, but alsolow-lying autoionizing(2s2)'S, (2p?)'D, and (2s2p)'P
a realistic description of the direct ionization, including states of helium excited by00-keV proton impact have
the interference of resonant and direct ionization. Morebeen extracted from experimental spectra.
over, Coulomb interaction in the final state (CIFS) be- This experimental information on the two-electron ex-
tween the scattered charged particle, the ejected electroditation of autoionizing states by charged particle impact
and the recoil ion considerably influences the resonancean be extracted from electron spectra under the following
profiles [5—8]. Under the conditions of strong CIFS theconditions: (i) Intermediate collision velocities are stud-
shapes of the resonant lines can be very different froned in order that the influence of CIFS be strong enough to
the familiar Fano’s one [5,7] complicating the compari- distort the resonant line shapes; (ii) experimental energy
son of experimental and theoretical results, and hence thesolution is high enough to make apparent such a dis-
description of three-body Coulomb interaction of chargedortion; (iii) an adequate parametrization of the resonance
particles must be as accurate as the description of twa@rofiles with allowance for CIFS is used to separate the
electron excitation [8]. The theoretical excitation crossresonance and interference contributions to the resonant
sections reported in this paper are part of our completerofile; (iv) a measurement of the angular dependence of
calculation [8] where all these problems are solved. Fronthe electron spectra is performed. All these conditions are
another point of view, if we are able to extract excita-satisfied in the present experimental work.
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Our study is based on the new parametrization rethe present collision conditions, the doubly differential
cently proposed [8,14] for the description of resonanceross section for electron emission in the vicinity of au-
profilesin electron emission spectra distorted by CIFS. Fotoionizing resonances can be written as [8,14]

d’c exp(—¢ arctane,) ., _
dE,d(), = F(E;,E., ¥.) + %: S%L T {AM(Ei’ﬁe) [S,u COS(QD,U,(S,LL)) SII’I(QDM(SM))]

+ BlcntM(Ei» 3.) [COS(QDM(SM)) + ey Sln(gp,u(s,u))] + Bexc M(Ei» ﬁe)eXFi_f arCtanS,u)}» (1)

with | electron energyl’, is the resonance widtlz,, andZ, are
Z, vy the charge of the projectile and the recoil ion accordingly,

=, <Zz - v—> vy is the speed of the scattered partialg, is the relative

f , pe speed between the scattered charge particle and the

pulen) = —€Ine, + 1)/2, ejected electron. The first term in Eq. (1) is the doubly

wheres, = 2(E, — E,)/T, is the relative energy devia- differential cross section for direct ionization. The
n e wllE
tion from the resonance positioki,, E. is the ejected, "€W resonant parametess, (E;, Jc), Bin.u(Ei, J), and

| B, (Ei, 9.) are given by [8]
c 4 2 K 0 *
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Kk,
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Kk
B B9 = Cmd SR L [ e ptne a0 (4)

whereK; andK, are the momenta of incident and sca{t It is easy to see that the information on the excitation
tered particlesy, is the mass of the projectild(), isthe  of autoionizing states |rBexw(E,,19) is mixed with
solid angle element in the direction of the scattered parthe interference ternBj, ,(E;, 9.) in the expression of
ticle, Kroew is the electron energy independent part of theBS (E;, ¥.), and hence cannot be extracted from experi-
kinematic factor allowing for CIFS in the resonant ion- mental spectra when CIFS is weak.

ization channelyy;, is the amplitude of direct ionization, In the absence of the interference terms, with or
fexe,u @Ndtgec, , are the amplitudes for excitation and non-without CIFS [Egs. (1) and (5), respectively], extracting
radiative decay of the resonant staigrespectively. The the information on the population of the autoionizing
explicit expressions for the amplitudes and other factorstates becomes straightforward.

that enter the above equations can be found elsewhereThe expression (4) for the resonant parameter
[8,15]. The parameteray, (E;, ¥.) and Biy ,(Ei, 9.) in BS,. ,(E;, 9.) can be presented in a more useful form

Egs. (2) and (3) reflect the interference of resonant andsing the definition for the amplitudes involved [15],
direct ionization, while the parametes, .  (E:, 9.) is  namely,

the squared absolute value of the resonant amplitudes Tl sinh(7r ¢)

[Eq. (4)]. Then it is seen from this new parametrization 2 Bexe u(Eis Fe) wé

that the influence of CIFS results in the separation of the

resonant and interference contributions. Z oEM(E)P?,,(cogd,)), (8)

Here, it would be pertinent to indicate the relation of
this parametrization [Eq. (1)] to the well known Shore where Py (cogd.)) is the associated Legendre function

parametrization [16] and oY (E;) designates the excitation cross section for
2o the magnetic sublevel! of the state with total orbital
dE.dQ. F(E;, 9e) momentumL. The total cross section for the excitation
o A (Ep, 90)8, + B (Es, 0 ) of an autoionizingLstate is given by
s M s
+ Z 2 +1 (5) O-exc(Ei) = Z exc (E)
If the influence of CIFS is Weak (large ejection angles or M=k Kk, L
fast collision velocities), th_e kinematic parametex< 1, = (27 4’"127 2 Z f |teLxAc4,M 2dQy. (9)
and from Eqgs. (1) we obtain [8,14] i M=—
A% (Ei, 9,) — AS(Ei, 9,) (6) The known ¥, dependence of the resonant parameter
Ly o L el _
Bme(Enﬁ) T B u(Er0,) = BG(Ei 9,) Bg. 4(Ei, ¥.) in (8) has been used to derive the two

electron cross sections..(E;) ando.Y (E;) by a fitting
— B(Ei,9,). (7) procedure.
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The experimental apparatus used in the present work
has been described in detail before [7,8]. Two indepen-
dent runs have been performed, with energy resolutions
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 au-
toionizing (2p?)'D and (2s2p)' P resonances as well as
observe a distortion of the resonance profiles for forward
electron emission angles below°40lonization cross sec-
tions were put on an absolute scale by a normalization to
the direct doubly differential cross section of ionization
measured by Ruddt al. [18]. We estimate our experi-
mental cross sections to be known withir35%.

The measured profiles of th@s?)'s, (2s2p)'P, and
(2p*)'D resonances have been analyzed using formula
(1). A new fitting procedure has been developed for
processing the electron emission spectra. For each res-
onance, the following adjustable parameters have been
used: the resonance parametej;séE,», 0.), Bfm,M(E,», ),
and the cross sections for double electron excitation

otM(E;). The resonance positio, and width T',

N W o

=y

N W~ O O

Cross section (10™%°cm?/eV/sr)

o 1 1 1 1 1 1 1 1 1 ]
were taken from theoretical calculations. The direct ion-
ization cross sectior(E;, §.) was approximated by a
first-order polynomial. Since the excitation cross section 50
LM

o (E;) does not depend on ejection angle, we simulta-
neously fit spectra measured at different ejection angles;
various combinations of spectra were used, each of
them defining a fit set; up to a maximum of 15 spectra 40
were fitted together. Using this new fitting procedure

strongly restricts the variation of the adjustable parame-

ters. Two additional constraints were used in the fit- |
ting procedure: (i) The excitation cross sectioff (E;) 3032 33 34 35 36 37

must be positive; (iWAS(E;, 0.)? + Biwu(Ei, 0.)> = Electron energy (eV)

2\/BgXC’M(Ei, 0.)F(E;, E.,0.) where the direct ionization FIG. 1. Experimental electron emission spectra in the region
cross sectiorF (E;, E,, 0,) is determined at the resonance g;éngd(zgz)ll 3() &i’/z)lf; vtoar‘]”?rr(lzzzcl:)'f_l’_ r:gsgr?gpcefegglﬁgg%n}s
posmor_l E? = E,. The latter was simply derived frqm equal to6§ meV. Trl?e spectra?are fitted with f%):mula (1) with
the definitions of the resonant parameters. The new fittinghcusion of CIFS (they are part of a set of 15 spectra fitted
procedure has been proven to be reliable; it gives stablgimultaneously; see text). (a)—(c): angles of emission are equal
values of the resonance parameters when different sets tf 20°, 90°, and 160, respectively. Experiment: full dots.
spectra are used. It is worth noting that direct applicatiorﬁesu'ts. of fit: dotted lines, contribution of each resonance;
of Eq. (1) to a single spectrum could be unreliable if the ™2 liné, sum of these contributions.

effect of CIFS is comparable with statistical noise.

Examples of fitted electron spectra are presented ifpe theoretical model which includes the three-body
Fig. 1 for three ejection angle, = 20°, 90°, and160°  coulomb interaction and an expansion of the two-electron
(these spectra are taken from a set of 15 spectra fitteghcitation amplitudes in powers of the projectile-target
together). The same values of(E;) are used for all jpteraction up to the second order has been explic-
these angles. A good fit can be observed. Itis importantyy gdescribed earlier [8,15]. Its validity relies on the
to note here that Shore’s parametrization (5) is unablgantitative agreement achieved between experiment and
to fit well the experimental spectra whe = 40° (see  the calculated electron spectra and resonance parameters
also [8)). . | AS (E;, d,) and B, (Er, 9,) [8].

The two-electron excitation cross sectiong.(E;) to- A good agreement between theoretical and experimen-
_gether with the relative sublevel populations are presen_teg“ values for the2s2p)' P state can be seen in Table |
in Table I. The angular dependence of the expressiogng Fig. 2 both for total cross section and relative sub-
[BSXC,M(EZ',I%)%?@] [see Eq. (8)] is shown in Fig. 2. level populations. The magnetic sublevels = 0 and
The experimental values are averaged over different fil = +1 are about equally populated f¢2s2p)' P and
runs; they are compared with our theoretical calculations(2p?)! D states both in theory and experiment. The weak
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TABLE I. Cross sections (in units0~2° cn?) and sublevel In this paper experimental excitation cross sections of
populations (%) for two-electron excitation of the autoionizing (2/2/’) autoionizing states of helium excited B90 keV
(2s1)'S, (2p?)'D, and (2s2p)'P states of helium excited by oo impact are presented for the first time. Our
100 keV proton impact. Experimental results are presente h ical calculati . bl ) ith
together with our theoretical calculations. eoretical calculations are in reasonable agreement wit
the experimental data. These experimental results provide

Sublevel population a deeper insight into the nature of two-electron transitions
M=0 M==*1 M=2*2 o« and become a new challenge for the theory of multiple-
(25%)'S expt 1.00 3.40 electron transitions in ion-atom collisions.
theor. 1.00 5.97 A.G. has appreciated the hospitality of Laboratoire
(252p)' P expt 0.51 0.49 g.80 Collisions, Agrégats, Réactivité, IRSAMC, Université
theor. 0.55 0.45 11.8 Paul Sabatier, Toulouse, France where an important part
2p)'D expt 0.32 0.57 0.11 900 Of the theoretical work has been performed. One of us
theor. 0.51 0.41 0.08 351 (A.G.)acknowledges support from the French Ministry of

National Education and Scientific Research through Grant
No. PECO-CEI A196547F.

populations of thé/ = *2 levels are well reproduced by

our theoretical calculations. For th&p?)! D state the dis-

crepancy between experimental and theoretical total cross

sections is stronger than for the relative sublevel popu-  «opn |eave of absence from Laboratoire Collisions,
lations. Such a deviation between calculated and experi-  agrégats, Réactivité, UMR 5589, IRSAMC, Université
mental line intensities for this state has also been observed  paul Sabatier, 31062 Toulouse Cédex, France.
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