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Autoionization electrons following double excitation of D in 2.4 keV € +D, collisions:
Experimental and theoretical evidence
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The electron spectra originating from ionization of By impact of 2.4 keV electrons have been measured
at various emission angles. After subtraction of the direct ionization background, three peaks are clearly visible
in the electron energy range 1-20 eV. The existence of these peaks is confirmed by theoretical calculations.
Two of these peaks are due to autoionization of doubly excited states lying above the first and second
ionization thresholds. The third peak is attributed to the strong interference between direct ionization and
autoionization while the molecule is already dissociating.
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Among the multiple processes that occur in collisions of Figure 1 also shows th®, DES lying above the second
photons or ionized particles on,Hand D; targets, double ionization thresholdS! (2po,). These states may decay by
excitation (DE) has been the subject of many experimentalautoionization either to the first or to the second ionization
[1-6] and theoretical[7-12 works during the last thirty threshold. Thus, if e.g., autoionization occurs in the Franck-
years. Doubly excited stat¢®ES) of H, or D, following  condon region, these states lead to slowbs eV) or fast
photon or electron impact are known to play an important(~5_20 e\l electrons corresponding to autoionization

role as intermediate resonant states in a wide range of atom oo+ 2o+ ]
and molecular processes occurring in plasma physics, Ias{&rOngh the’3,, (2pay) or X 29 (1s0g) thresholds, respec

physics, and astrophysics. The formation of these states i VEIV.' As for the Q, states, processe8) and (iii) are also
collisions of charged particles with+or D, is of particular possible.
interest because a large number of exit channels is involved,
especially at low impact velocitidd 3,14]. 40
In this work, we consider the case of thg farget. Figure
1 shows the potential energy curves of some relevant DES of
D, [12,15. The Q; DES of D, lie above the first ionization
threshold[the X*X{(1s0,) state of D;*] and may autoionize
leading either ta(i) a bound molecular ion B (arrows in
Fig. 1) or to (ii) a neutral atomic deuterium plus a deuteron
(dissociative ionization Procesqii) is possible when most
excitation energy is taken by the nuclei instead of by the
ejected electron. In this case, the electron kinetic energy is
smaller than in proceg$). Moreover, Fig. 1 shows that these
DES curves cross the ionization threshold at large internu-
clear distance§>3.5 a.u) and, therefore, they no longer au-
toionize in that region. Thus, if the autoionization lifetime is
long enough, these states may leadiiig dissociation of the
molecule into two neutral deuterium atoms instead of to ion-
ization. The latter process, called resonant dissociation, com-
petes efficiently with processé9 and(ii) [11], but does not
lead to electron emission. This means that autoionization can o -
only be observed for those states that autoionize before pro- — e Franck-Condon region
cess(iii ) occurs. If the autoionization lifetime is very short, Ft L L L
the DES will decay in the Franck-Condon regighe dotted 0 1 2 3 4 5 6
lines in Fig. 3, but this is not the case in genefal]. Internuclear distance (a.u.)
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FIG. 1. Potential energy diagram for,DThe single-electron
(dashed linesand double-electrorgfull lines) excited states are
*Corresponding author. taken from Refs[18,23. The arrows indicate the possible autoion-
Electronic address: francois.fremont@ismra.fr ization channels following the double excitation process.
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As mentioned above, in addition to autoionization, DE of
D, (and H,) leads to the ejection of deuteroriprotong
and/or excited neutral atoms. Hence, to investigate the DES
of H, and D,, most previous experimental studies focused on
the analysis of both the fragment kinetic energy distributions
[5,6] and the photons emitted by the excited fragmé¢ni4].

From these studies, qualitative information on the energy
positions of these states has been obtained. An estimate of
autoionization widths as functions of internuclear separation
has been obtained for the lowest DES from the proton/
deuteron ratio in dissociative photoionization of Bind D,

[5]. Also, the relative importance of partial autoionization
widths corresponding to different ionization thresholds has
been determined6]. Nevertheless, experimental data for
resonance parametefise., autoionization energies and life-
timeg are still very scarce, mainly due to the existence of
strong interferences betweén, (ii) and(iii) [16] that com-
plicate the analysis. Hence, most of the information about
DES of H, and D, comes from theoretical works
[7,9,11,12,15,17 |

The observation of autoionization electrons by electron f T8 12 16 20 {
spectroscopy should bring additional and more direct infor- N ""'1'0 — ""1'(')0
mation about the properties of DES. This is an experimental Electron energy (eV)
challenge. First of all, because electrons associated with the
DE process are much less abundant than those originating FIG. 2. Cross section for electron emission by 2.4 keMre-
from the dominant direct ionizatio(DI) process. Secondly, pacting on B, as a function of the ejected electron energy, obtained
because the nuclear motion smoothes all resonance peakisthe observation angles of 30° and 90°. The full curve is a fit of
associated with the DE procefk8]. These difficulties ex- the background. The arrows indicate the positions of the structures
plain why previous attempts in photoionization experimentsdue to the autoionizing double excitation 05.D
have failed in identifying autoionization electrof$9,2Q.

DE 24keVe + D2

Cross section (arb. unit)

consists of a 90° parallel-plate analyzer. The voltage on the

very r(;eqentl?/, the presence ?f”the:'se electrons/hrg%been S%’Iétes of the spectrometer was scanned to record the electron
gested in electron spectra following 68 MeV/u“KrH,  yig|gs as a function of the electron emission energy, for sev-

collisions [21], however no definite conclusion could be ob- g5 ohservation angles relative to the beam direct2sh.
tained because resonance peaks were absent at several obsefigyre 2 shows typical doubly differential cross section
vation angles. Thus, observation of autoionization eIectron@DDCS) spectra as functions of the target electron energy for
still remains an open problem. the emission angles of 30° and 90°. The electrons originate
In this paper we present the first clear evidence of automainly from single ionization. It is seen that the cross section
ionization electrons following DE of P after impact of decreases strongly when increasing the emitted electron en-
2.4 keV electrons. These electrons have been observed atgy. Superimposed on the ionization spectrum, a small
angles ranging from 30° to 130°. The key point for a suc-structure centered at8—10 eV is clearly observed. It was
cessful observation of autoionization electrons is to perfornverified that this structure is not due to the excitation of
measurements with high statistics. This is essential to sepa&purious gases, such as dr O,. This reproducible structure
rate the corresponding signal from the background due to thig thus attributed to the double excitation of.DA careful
dominant DI process. The detailed structure of the autoioninspection of the spectréhe inset of Fig. 2 reveals an ad-
ization electron spectra is compared with theoretical calculagditional structure at electron energies around 15 eV. Both the
tions and the different peaks observed in the experiment aratter structure and the one a8—10 eV are systematically
unambiguously identified. Besides providing quantitative in-observed at each investigated angle.
formation on autoionization of P(energies and cross sec-  To enhance the visibility of the DE signal, a polynomial
tion), this work opens the door for future experiments infunction was usedin the logarithmic scaleto reproduce the
which, e.g., the energy of the autoionization electron is meabl contribution below 2 eV and above 20 eV. The quality of
sured in coincidence with that of the’ragment or with the  the fit was found to be practically independent of the degree
Lyman- rays emitted from excited @I). The latter experi-  of the polynomial function for degrees ranging from 4 to 7.
ments will be important to obtain direct information on en- Subtraction of this DI contribution leads to the DE spectrum,
ergy positions and lifetimes of individual DES, which is not as shown in Fig. 3 for the emission angle of 90°. As men-
possible by just analyzing the energy of thé ftagments. tioned above, the DE spectrum consists mainly of two peaks
The experiment has been performed at CIRUaen us-  centered at~8.5 eV and 15 eV. In addition, a low intense
ing an electron gun of simple design. A beam of 2.4-keVstructure is also observed at electron energies lower than
electrons collimated to a diameter 62 mm was directed 5 eV. We have found that the shape of the DE spectrum is
onto a jet of B molecules. The emitted target electrons werenearly independent of the observation angle within the sta-
energy analyzed using a single-stage spectrometer, whidistical error bars.
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FIG. 3. Experimentalleft side) and theoreticalright side cross
sections for Auger electron emission in 2.4 keV+®, collisions,

as a function of the ejected electron energy. Statistical error bars for @

the experimental data are also reported.

The whole spectruntopen circles in Fig. Rand the direct
ionization DDCS(full curves in Fig. 3 have been integrated
over the emitted electron energyand the emission angle.
This gives total and direct ionization cross sectioRg and
oy, respectively. The resulting cross sectigrnwas then nor-
malized to the value of 101077 cn? obtained by the ex-
trapolation of previous measuremefi#g]. In principle, it is
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wherev is the electron impact velocityy runs over open
ionization channels,,, is the vibrational state in channel
W, is the corresponding vibrational energf,™ is the
maximum vibrational energy in channelthat is coLry'npatibIe
with the energy of the incoming electroh,is the angular
momentum of the ionized electrom is the corresponding
azimuthal quantum numbe¥/y,(r ,R) and‘lfzvaflmww (r,R

are the ground and final states of the molecule, réspectively,
r represents the electronic coordinatBss the internuclear

distance,(AJ# is the two-electron dipole operator, apgXx, y
andz. The wave function®,, and¥, .., are evaluated

in the adiabatic approximation from Eq@.ﬁ) and (60) of
Ref. [28]. Briefly, the final stateV, . results from a

close coupling calculation that includes ‘contributions from
the four lowest ionization thresholds of ,D

[X 255(1s0g), 25 (2par)  2T1(2p,), 22g(250)], the Qs Qp,

Q3 and Q, doubly excited states, and the corresponding
nuclear states that describe vibration and dissociation. There-
fore, ¥ is not given by the product of an electronic

avaslmWaUI
and a nuclear wave function and accounts for interferences
among the various electronic and nuclear channels. The non

not possible to extract absolute DE cross sections from thgesonant background has been obtained by excludin@ all
difference betweenr,, and o, due to the interference be- States from the close coupling expansion.

tween DI and autoionizing DE24]. However, one can use

The theoretical results are presented in Figright side,

this procedure to estimate the order of magnitude of the DEIOrmalized to the experimental spectrum at 90° and convo-

cross section. We have found a value

of luted with a Gaussian function to account for the 5% energy

(1.9+0.6 1071° cm?, which is comparable to the value of resolution in the experiment. The three structures observed in

0.64x 107° cn? obtained by the extrapolation of the mea-

surements reported if23]. This result supports the validity
of our fitting procedure to determine the DI background.

The basic formalism to analyze the angular distribution o

ionized electrons has been introduced in R¢®H,2G. To

f

the experiment are also present in the calculated spectrum.
More precisely, the dominant peak is centered at 8.5 eV in
both spectra, and the widths are close to each other. The peak
observed at-15 eV is reproduced more or less by the cal-
culation, although the intensity is slightly larger than in the
experiment. This is also the case for the structure observed at

our knowledge, this formalism has only been applied t0gnergies smaller than 5 eV. Concerning the comparison with
evaluate photoionization cross sections, which are related t@xperiment, it should be noted that, in addition to the statis-

the angle integrated cross sectief¥) through the usual for-
mula do/dQ=0c(e)[1+B(e)P,(cos 0)]/(4m); 6 is the emis-

tical uncertainties, the DI subtraction procedure induces fur-
ther uncertainties on the final DE spectra. The latter uncer-

sion angle. Previous photoionization experiments op H tainties are particularly significat-30%) in the low energy

[26,27 have shown that th8 parameter barely depends en
even in the vicinity of DES. Consequently, tHe/dQ) ando

(<5 eV) region. Thus, taking into account the difficulties in
extracting the information from experiment, the agreement

spectra are nearly identical at any angle up to a normalizatiobetween experiment and theory is reasonably good.
factor. Since dipole transitions govern the entire spectrum at The theoretical calculations allow one to understand the

the high impact energy considered in this w¢tk13 a.u), a

origin of the different peaks observed in the experiment. Fig-

similar behavior is expected in our experiments. As mendure 3 shows the contributions of tH&] (dashed ling and

tioned above, this is exactly what we observe.

1, (dotted ling symmetriegthese are the only symmetries

Consequently, in order to understand the origin of theallowed in the dipole approximatignPeak(a) is essentially
structures observed in the experiment, it is enough to condue to autoionization of the loweg}, states of'II, symme-
sider the angle integrated cross section. The latter has bedfy through the excited ionization threshdl;(2po,). Auto-
evaluated in the framework of the first Born and dipole ap-ionization of these states through the lowest threshold
proximations. For randomly oriented molecules, it is givenX 2E;(lsag) leads to a significant part of pedk). Another

by (in a.u)

important contribution to peab) comes from autoionization
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of the Q, states of'S symmetry through the lowest ioniza- In conclusion, we provide clear experimental evidence for
tion thresholdX 22;(15%), In contrast, the contributions of electron emission following double excitation of, Dy fast

Qs and Q, states were found to be negligible, so one canglectron impact. Due to the high statistics of the spectra, the
expect that a higher DES will have a minor effect. Most of Présent results give detailed information on the energy dis-

the signal associated to the observed peaks correspond {ffpution of the emitted autoionization electrons: after sub-
dissociativeionization. traction of the direct ionization contribution, three structures

o . . . due to autoionizing double excitation are revealed at energies
The origin of peakc) is subtle. This peak appears both in |6 than 20 eV. Theoretical calculations show t@gtand
the 1 and*IT, symmetries and results from the interferencey, pES give the major contribution to the double excitation
between direct ionization, autoionization and dissociationprocess. They also show that the peak observed at energies
Indeed, the autoionized electron is ejected when the two NUarger than~10 eV results from interference between direct
clei have already began to separate. This means that the ifnization and autoionization while the molecule dissociates.
terference between autoionizing DE and DI does not occur iThis confirms the observations of let al. [6] and shows
the Franck Condon region or, equivalently, that the interferthat a correct assignment of the observed peaks requires the
ence manifests at electron energies different from those coinclusion of the nuclear motion. The observation of electrons
responding to a “vertical” electron decay. The existence ofollowing double excitation of D opens the way for a new
strong interference effects related to molecular dissociatiogeneration of experiments in which molecular autoionization
has been theoretically predictgtl] in the case of bHphoto-  electrons(and only these electrongre analyzed, e.g., in
ionization. The interferences are clearly visible in the kineticcoincidence with heavier fragments and/or emitted photons.
energy distribution(KED) of ejected protons and explain,
e.g., the presence of unexpected peaks in the spectra mea-We acknowledge J. A. Tanis, R. D. DuBois, N. Stolterfoht
sured by lItoet al. [6] at low proton energies. Earlier experi- and B. Sulik for helpful discussions and the CCC-UAM for
mental works[23] have not shown any evidence for this its generous allocation of computer time. This work has been
phenomenon. Thus, using a totally different approach, i.epartially supportedJ.F. and F.M. by the CICYT Projects
electron spectroscopy, we provide additional evidence for thilo. BFM2000-0033 and No. BQU2001-014%pain and

existence of these interference effects. the European COST action D26/0002/02.
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