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Near-threshold electron-impact excitation of the resonance In* ion 5s5p' Py — 552'Sp (A =
158.6 nm) line is studied using a spectroscopic method and a crossed (at right angle) monoenergetic
electron and ion beams technique. Strong resonance features observed in the energy dependence of
the effective excitation cross-section for this line are due to the emission of the dielectronic satellites
4d'°5s5p(* PY)np — 4d'°5s%np of the resonance line below threshold and resonance excitation due
to the electron decay of the autoionizing states above threshold. At the threshold of the resonance
line excitation the radiative decay of the autoionizing states affects significantly both the shape and

the value of the effective excitation cross-section.
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I. INTRODUCTION

Under electron scattering by the positively charged
ions the long-range Coulomb field results in the spe-
cific features in the effective excitation cross sections.
This is due to the formation and decay of the autoioniz-
ing states (AIS) of the system “electron + ion”, i.e. due
to the so-called resonance scattering. The formation of
AIS results from the resonance attachment of incident
electron with simultaneous excitation of the ionic elec-
tron. The above states decay via two channels: electron
and radiative ones. The electron channel of the AIS de-
cay within the energy range below the thresholds of new
channels is revealed in a form of the resonances in the
elastic electron-ion scattering cross-sections, while above
these thresholds it is revealed as the resonances in the ion
excitation cross-sections. As Gailitis has shown [1], the
averaged contribution of the resonances into the electron
excitation cross-section for the spectral transition is, by
the order of magnitude, equal to the cross-section of the
direct excitation via this channel. The radiative decay
of AIS results in the dielectronic recombination (DR) of
ion.

The DR mechanism was described by Massey and
Bates [2] as far back as in 1942. But only beginning with
Burgess’ paper [3] a considerable (and, sometimes, cru-
cial) role of the above process in the establishment of
ionization equilibrium and plasma (in particular, the so-
lar corona one) evolution has been found. Three most
essential DR demonstrations are known: (a) DR, i.e. the
process, which in the most cases is determinative in the
ionization equilibrium in plasma; (b) the resonance and
other ionic lines satellites arising in the radiative transi-
tions from AIS (the so-called dielectronic satellites, tak-
ing place in the recombinating plasma e.g., in the solar
flash spectra, laser and TOCAMAC plasma etc.); (c¢) ad-
ditional excitation of ionic levels at the electron decay of
AIS (additional satellites), which does not play an essen-
tial role in the total DR balance.

In the first two cases, photon emission occurs at the
transition of the “inner” AIS electron, and the state of the
outer electron is not changed. The radiative transition of
the outer electron results in the additional satellites.

Dielectronic satellites (as a rule, belonging to the reso-
nance lines) have their wavelengths close to those of the
corresponding ionic spectral line and are very convenient
in laboratory and astrophysical plasma diagnostics, since
the ratio of the satellite and resonance lines intensities
depends strongly on temperature.

In relation with the aforementioned, the direct exper-
imental revelation of the AIS contribution and elucida-
tion of their role in the near-threshold electron-impact
excitation of ions is of specific interest.

Earlier [4] we reported on the studies of the energy de-
pendence of the effective excitation cross-section for the
resonance In™ ion 5s5p 1P — 552155 (A = 158.6 nm)
line within the energy range of 74300 eV. The results
obtained indicated a complicated mechanism of electron
excitation, since, besides the direct excitation, the con-
tribution of the resonance processes due to AIS was quite
substantial. To study deeper the mechanism of electron
excitation of In™ ion, especially in the near-threshold
electron energy range, where the resonance contribution
is the largest, it appeared necessary to carry out more
precise studies with enhanced electron energy resolution.

In this paper, we present the results of spectroscopic
studies of the resonance structure revealed in the near-
threshold electron-impact excitation of the resonance
In* ion A158.6 nm line and suggest the physical justi-
fication of the origin of their formation.

II. EXPERIMENTAL APPARATUS AND
PROCEDURE

The experiment was carried out by a photon spec-
troscopy method using a crossed electron and ion beam
technique with an apparatus described elsewhere [5],
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which allows detailed studies to be performed with the
energy resolution AFE, /5 ~ 0.4 eV. The specific features
of the experimental technique for studying the process-
es occurring at the inelastic slow electron collisions with
indium ions are described in detail in [4]. The schematic
layout of the experimental apparatus is shown in Fig. 1.

Fig. 1. Schematic layout of experimental setup: 1 — ion
source; 2 — electrostatic ion selector; 3 — cooled atom trap;
4 — electron gun, 5 — observed volume; 6,7 — deep Faraday
cups; 8 — diffraction grate of the vacuum monochromator; 9
— cooled solar-blind photomultiplier.

The experiments with metal indium are a complicated
and laborious task for a number of reasons: (i) desired in-
dium atom vapor pressure in the ion source (1073 — 1072
Torr) is reached at high temperatures (900-1000) °C,
while indium melting point is 156 °C; (ii) at such tem-
peratures this metal is chemically aggressive that results
in the destruction of ion source parts and intense produc-
tion of liquid metal phase at the ceramic insulators; (iii)
when the ion source operates in the discharge mode, the
low-lying metastable 3P5” 5 states of In™ ion could be pro-
duced effectively. The above peculiarities put strict re-
quirements on the ion source design. We have developed
new design of the ion source [4], which allowed one to take
into account these requirements and obtain a stabilized
Int ion beam (E; = 700 eV, I; = 2-107% A). Electron
beam current in the energy region of F, = (5 + 17) eV
was I, = (5+10)-107> A at the energy spread (FWHM)
of AE;/5 = 0.4 eV. Spectral separation of radiation was
carried out by means of a vacuum monochromator based
on the Seya—Namioka scheme. The inverse linear disper-
sion of monochromator was OA/0l ~ 1.7 nm/mm. A

cooled solar-blind photomultiplier was used to detect ra-
diation.

Modulation of both beams by square voltage puls-
es phase-shifted by 1/4 of the modulation period was
used to extract the signal due to the process under
study against the total background. The signal of the
(1+0.2) s~! magnitude was extracted against the back-
ground at the signal to background ratio of 1/10 to 1/30.
The process of the measurements and the analysis of re-
sults were automated using an IBM PC.

The valid signal at each point was accumulated for
15002000 s. In this case the mean square error at the
68% confidence level (CL) did not exceed 10% at the
maximum of excitation function for the resonance In*
ion line and 15% for the dielectronic satellites. Electron
energy scale was calibrated with the +0.1 eV accuracy.

Measuring the electron excitation of the resonance In*
ion line was carried out in two stages. First the optical
excitation function f(E) of the A = 158.6 nm resonance
line, i.e. the relative intensity of the above line at dif-
ferent incident electron energies at I; = const was mea-
sured:

f(E)=C/L, (1)

where C'is the valid signal, I is a total electron current.

One has to take here into account that the measured
excitation function fexp(E) is, in fact, the convolution
of two functions — firue(E) and ¢g(F), where firue(E)
is the true experimental excitation function, and g(FE)
is the electron energy distribution function. The use of
electron beams with high energy resolution reduces the
discrepancies between fexp(E) and fiue(E) and allows
such fine effects in the excitation functions as the reso-
nances to be studied.

On the second stage the absolute values of the effective
excitation cross-sections for dielectronic satellites of the
resonance InT ion line were determined at the threshold
taking into account the absolute resonance line excita-
tion cross-section obtained by us earlier (see [4]). The
absolute values of the effective excitation cross-sections
for dielectronic satellites were obtained with the 25% un-
certainty at the 68% CL.

III. RESULTS AND DISCUSSION

We have carried out precise measurements of the near-
threshold area of the energy dependence of the effective
excitation cross-section for the resonance In™ ion line
within the 5+ 17 €V energy range:

e + InT(4d'%55%)1 Sy — InT*(4d'°5s5p) Py + é

!

In"(4d'°55%)' Sy + hv (A = 158.6nm)
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The results of the studies are shown in Fig. 2. Verti-
cal bars in this figure indicate the mean-square errors of
relative measurement.

As seen from Fig. 2, the energy dependence under
study reveals distinct structural features both below and
above the threshold of resonance level excitation. The
FWHM of the below-threshold maxima is comparable to
that of electron beam energy spread, i.e. these maxima
are of a resonance character. This allows one to assume

that these maxima are due to the resonance capture of
incident electrons by In*(4d'5s%)1S, ions with the ex-
citation of the “electron + ion” system into the indium
atom AIS with subsequent radiative decay of the above
AIS in the DR process (3), i. e. the radiative stabilization
of AIS into the bound atomic states. The electron decay
of AIS is a competing channel and this results in the
appearance of resonances in the elastic scattering (5):

In* (4d*°55%nl) 4 hv, (3)
/ In*™* [4d"°5s5p(* PY)nyly] + hm, (4)
In** [4d"5snIny I1]
N InT(4d"55%)1 Sy + €] (5)
In™*(4d"°5s5p) P + €}, (6)

Beginning from the excitation energy of the 5s5p Py
level, the electron decay of AIS (6) leads to the resonance
contribution into the effective excitation cross-section of
the resonance line, while the radiative decay (4) results
in dielectronic satellites that emit at the radiative tran-
sitions between AIS.
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Fig. 2. Energy dependence of the near-threshold elec-
tron-impact excitation cross-section for InT resonance
A158.6 nm line.

Most probably, below the excitation threshold of
the Int ion resonance level the In atom AIS of the
4d"5s5p(* PP)nl configuration are involved in the DR
process. When such AIS decay radiatively, the photons
are emitted with wavelengths close to that of the reso-
nance 4d'%5s5p 1P — 4d'%55%2 1Sy line of In* ion. This
radiation distorts the resonance line profile due to the
appearance of close additional spectral lines, which are
the dielectronic satellites of the resonance line. Indeed,
radiative 4d'°5s5pnl — 4d'°5s?nl transitions are simi-
lar to the resonance 4d'°5s5p — 4d'°5s? transition, but

are realized with the involvement of an additional elec-
tron with the nl quantum numbers. They are revealed
in the electron excitation function for the spectral line
under investigation as the additional resonances in the
near-threshold energy region.

The analysis of the results using the data on the ener-
gy positions and configurations of In atom AIS [6-9] has
shown that an isolated maximum (a) at 6.1 €V in the
energy dependence under study is, most likely, related
to the decay of the In**4d'%5s5p(1 P?)6p AIS, while the
maximum (b) at 7.2 eV — with that of the In** states of
the 4d'°5s5p(1 PP)8p configurations into the 4d'°5s%np
(n = 6 and 8, respectively) In atom states. Beginning
from n > 9, the AISs of the 4d'°5s5p(*P?)nl configu-
rations are located very densely within a narrow ener-
gy interval, and, therefore, dielectronic satellites are not
separated spectroscopically, giving a total contribution
into the DR process. However, in this case the most
probable contribution to their emission is due to the
4d*5s5p(1 PP)np AIS as well.

We failed to separate the energy dependences of the ef-
fective cross-sections for dielectronic satellites and those
for the excitation of the resonance line at the energies
close to the excitation threshold for the 5s5p 1Py level
(7.81 eV). This is due to the electron energy spread. How-
ever, one can see, that the ascending area of excitation
function reveals a feature (¢) in the form of a fold, which
coincides energetically with the 4d'°5s5p(1 P{)np (n >
9) In atom AIS. This indicates that radiative decay of
AIS lying close to the resonance level excitation thresh-
old affects considerably the resonance excitation, reduc-
ing, thus, its effective cross-section.

Above the 5s5p LP¢ level excitation threshold, where
the resonance AIS contribution is possible only, the (d)
and (e) features are observed at 8.5 ¢V and 9.5 €V, re-
spectively. Note that in the photoabsorption spectra for
In atom no AIS were found in this energy region [6, 9].
However, the ejected-electron spectra of In atom [8] just
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at these energies reveal strong lines identified as the In
atom AIS of the 4d'°5s5p5d configuration.

As seen from Fig. 2, in the vicinity of ~10 eV a deep
minimum is observed (by the way, the ejected-electron
spectra of In atom also showed no strong lines in this re-
gion). Only beginning from the excitation energy for the
556525 level (11.64 eV), i.e. the first level, which the cas-
cade transitions to the resonance level are possible from,
the excitation function again reveals a structure. To ana-
lyze this structure in the above energy region we applied
the model of electron capture with AIS formation and
decay, taking into account the cascade transitions from
the higher ionic 4d'%n1In; 1 3L, levels and AIS, which
converge to them. It should be noted that AIS of the
4d°55%5pnl configuration produced under excitation of
the 4d'° subvalence shell [9] and, in particular, the AIS
of the 4d?5s%5p? configuration, which give considerable
additional resonance contribution to the electron-impact
excitation of the resonance line, are also observed in this
region.

IV. CONCLUSIONS

The energy dependences of the effective excitation
cross-sections for dielectronic satellites of the resonance
Int ion line have shown that the DR process is a ma-
jor mechanism of their excitation. In this case the direct
excitation of the ion affects DR only indirectly due to
the influence on the autoionization probability. Howev-
er, the resonance excitation influences considerably the
DR, since these two channels compete, and conversely,
threshold excitation of the resonance DR 5s5p 1 P? level
results in the decrease of the efficiency of the resonant
excitation. Thus, we have confirmed experimentally the
theoretical assumption [10] that, though the resonances
play an essential role in electron excitation, the radiative
transitions resulted in the DR process may damp them
considerably.

The absolute values of the excitation cross-sections for
dielectronic satellites reach (3 + 6) - 10716 cm? and are
only 3-5 times smaller than the maximum value of the
resonance line excitation cross-section [4].

The DR efficiency depends strongly of the ratio of ra-
diative and electron AIS decay probabilities. In the case
of Int ion an essential correlation effects take place to-
gether with strong configuration mixing of levels resulted
in the pronounced increase of probability of radiative AIS
decay.

Measuring the effective electron excitation cross-
sections for satellite lines, as well as the effective cross-
section of resonance line excitation, allows one to check
experimentally the conclusions of the theory concerning
the competition between the autoionization and radia-
tive processes and, in particular, to estimate the accu-
racy of calculated probabilities of both autoionization
and radiative AIS decay. As known [11], no interference
takes place between autoionization and radiation, and
their separation factor has a clear physical sense, even
provided the relevant probabilities are of the same order
of magnitude. It seems much more difficult to estimate
the reduction of the cross-section due to the radiative de-
cay. The above process of radiative decay of AIS, usually
ignored in the scattering problems, results in deforma-
tion of excitation cross-section at the threshold and its
considerable decrease close to the threshold.

Unfortunately, up to date there are no quantum-
mechanical theoretical calculations capable of adequate
description of electron-impact excitation mechanism for
the Int ion. Therefore, to provide further progress in
studying the AIS revelation in the effective excitation
cross-sections for such complex many-electron ions as
Int, one requires quantum-mechanical calculations with
the allowance made for radiative, not only electron, de-
cay of AIS. Especially this is related to the near-threshold
energy region, where the resonance contribution of AIS
dominates.
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IIPUIIOPOT'OBE 3BYIXKEHHS PESOHAHCHOI JIIHIT \ 158.6 um
MOHA IHOIIO EJIEKTPOHHUM YIAPOM

I'. M. Tomonaii, A. 1. Impe, €. B. Osuapenko, 0. I. T'ytuu
Inemumym eaexmpornol gisuxu Haytonarornoi axademii nayx Yxpainu
6ys. Ynisepcumemcovra, 21, Yorceopod, 88017, Ykpaina

CHeKTPOCKOIIYHIM METOOM B YMOBAX IIy9YKiB MOHOEHEPI'eTHIHUX €JIEKTPOHIB 1 fIOHIB, 1[0 II€PETUHAIOTHCH 11T
kyToMm 90°, IOCTi?KEHO IPHIIOpOroBe 30ymKenns pesoHancuol mimii 5s5p ' P — 5s? 'Sy (A158.6 mM) itona In™
€JIEKTPOHHUM yJapoM. Jloroporosi ocobyinBocTi Ha eHepreTUYHiN 3a/1e2KHOCTI ePeKTUBHOIO 1epepi3y 30y1KeHHs
1i€el J1iHil noB’sI3aHi 3 /1ieJIEKTPOHHUM 3aXOILJIEHHSIM HAJIITAI0Y0r0 eJIEKTPOHA HOHOM, 30Y/ZKEHHSIM CUCTEMU “‘eJIEK-
tpor-t+iton InT” B 4d'%5s5p (* PY) np asroitomizamiitai cramm Ta ix pamianifimmm posmazom ma 4d'°5s*np cramm
aToma In, TOOTO € /1ieIEKTPOHHUMU CaTEeTITAMU PE30HAHCHOI JIiHil. Y 1mopo3i 30y/KeHHsT pe30HAHCHO] JIiHil mporiec
pajianiifHOro posmnajy aBTONHOHI3AIIMHUX CTaHIB, AKHUIl 3a3BUYail HEXTYIOTH Yy 33/la4ax IIPO PO3CiIOBaHHS, IIPU3BO-
IWTH 110 nedopMarliii nepepisy 30y/?KeHHsI B II0OPO3i Ta floro CyTTEBOro 3MeHIeHHs 106Jin3y nopora. BumiproBanus
edeKTUBHUX TEPEPI3iB eIEKTPOHHOrO 30Y/I?KEHHsT CATEITHUX JIiHINl pa3oM 3 edeKTHBHUM mepepizoM 30yI2KeHHS
PE30HAaHCHOI JIiHIT Ja€ 3MOry eKCIePUMEHTAJIBHO IIEPEBIPUTU BHCHOBKH TEOPil IPO KOHKYPEHIIIIO0 Mi>K aBTOHOHI3a-
Li€I0 Ta paJialiifHIMU IpolecaMu i, 30KpeMa, OIIHUTH TOYHICTh PO3PAXOBAHHUX IMOBIDHOCTENl €JIEKTPOHHOI'O Ta
paJiialiitHOro po3na/Ly aBTOMOHI3AIIMHUX CTaHIB.
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