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Radiative stabilization following double-electron capture in slow Né® +He collisions
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Individual contributions to radiative stabilization in }é + He collisions were studied at projectile energies
from 1 to 150 keV. In these collisions doubly excited statésl 3and 4nl’ (n=4) can be produced by
uncorrelated two-electron transitions or by dielectronic processes caused by the electron-electron interaction.
Compared to our previous study of stabilization, we extended the projectile-energy range down to 1 keV and
the present analysis is based entirely on experimental data. Radiative stabilization was evaluated by combining
our recent results for Auger decay cross sections with available radiative and nonradiative branching ratios.
The total amount of radiative stabilization was found to be nearly consta@t35) within the studied energy
range. However, the individual contributions to stabilization were found to change significantly. At 1 keV the
major contribution to stabilization is shown to be due to the decay of the nonequivalent electron configurations
3Inl" (n=6) produced during the collision by the dielectronic process of autoexcitation.
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[. INTRODUCTION configurations. Note that the expression “near-equivalent”
includes the case=n’.

Charge exchange is at the heart of many important pro- For these near-equivalent electron configurations, the Au-
cesses in atomic collisions, notably, electron capture byger yielda,,, 1, for the statenln’l’1L is close to unity6]
slow, multiply charged ions colliding with neutral atoffis-  and, hence, the related fluorescence yield is rather weak. This
10]. In the case of double electron capture, doubly excitechas experimentally been verified by Etardet al. [17] and
states due to configuratiomdn’l’ of the projectile are cre- Abdallahet al. [19] for the configurations&’, 3I51', and
ated. After the collision, the doubly excited states decay ei4l5|’ of Ne®* ions. The situation is quite different for non-
ther by photon emission or by Auger-electron emission. Raequivalent electron configurations that include a core elec-
diative and nonradiative decay processes allow theéron and a high-lying Rydberg electron. In this case, due to
investigation of the double-capture processes by means dfie small overlap of the corresponding wavefunctions, the
photon spectroscoph8—5,10 and Auger-electron spectros- interaction between the electrons is reduced. Therefore, the
copy[1,6,9]. Photon emission gives rise to the radiative sta-probability for photon emission becomes important, and the
bilization of the electrons at the projectile ions. The study offluorescence yields associated with nonequivalent electron
the pathways leading to radiative stabilization is essential foconfigurations are likely to be significaf$]. For instance,
understanding various phenomena involved in x-ray andluorescence yieldes, - as large as 0.5 have been obtained
light emission from stars. Therefore, in the recent past, rafor the radiative transitions from initial states formed by the
diative stabilization of doubly excited states in few-electronconfigurations #nl’ (n=6) of the ion N&" [17,19,20.
systems has received an increasing attention and has been fiteus, radiative stabilization can play an important role for
subject of intensive discussiof§,7,11-117. double-capture processes into multicharged ions when the

For the analysis of radiative stabilization following production of nonequivalent electron configurations is rela-
double-electron capture, it is useful to distinguish two cat-tively large[6,16].
egories of doubly excited configuratiomdn’l’, namely, For the production of doubly excited statekn’l’ of the
those involving near-equivalemtvalues i’ ~n) and those projectile ion, two kinds of double-capture mechanisms, re-
involving nonequivalenh values @'>n). In the case of 1- ferred to as monoelectronic and dielectronic processes, are
to 150-keV Né°" + He collisions, cross sections for produc- considered. In Fig. 1, these mechanisms are depicted sche-
ing configurationsnin’l’ with |[n’—n|<2 are rather inde- matically for the example of N&" +He collisions. In the
pendent of the collision enerd$8]. On the other hand, cross incident channel two electrons occupy the drbital of the
sections attributed to configurations wifm’—n|>2 in-  target He. During the collision, two independent monoelec-
crease strongly with decreasing impact endrt§]. Hence, tronic transfers due to nucleus-electron interactions give rise
for Ne¥*(nIn’l") ions we consider the cas@’—n|>2  to near-equivalent electron configurationsB and 4nl’
separately fromn’—n|<2 and denote the configurations with n=4 and 5 at intermediate internuclear distances of
corresponding to the latter case as near-equivalent electrdgpically 4 to 10 a.u[9,18]. On the other hand, dielectronic

processes lead to simultanedus-electrontransitions(Fig.
1) where the mutual interaction between the electrons plays
*Present address: Department of Physics/220, University of Nean essential rolg9,18]. Although dielectronic processes can
vada, Reno, NV 89557-0058. produce near-equivalent electron configuratipty, dielec-
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3Inl’ plays an important role for radiative stabilization. In
the early studies of radiative stabilization for 10-keV*Rie
+He collisions, the postcollisional Cl proce&siso called

of &2z A ATR) was considered as an important mechanism that en-
hances the radiative-decay branch of the compone®k 4

;
Ne'” + He

J/SHG by producing 3nl’ states with large fluorescence yields
6/ [10,21]. Since for the impact energy of 10 keV the configu-

N . .
° rations 441" were assumed to be predominantly populated

2t ) L : o
A e during the collision, it was concluded that this postcollisional

Energy (a.u.)

process induces the largest contribution to radiative stabili-
zation[21]. However, this claim has been shown to be ques-
tionable[12,16,18,2% Van der Hartet al. [25] have shown
-4+ / that the postcollisional CI mechanism actually populates
3Inl’" components whose fluorescence vyields are lower than
those for components created by the asymptotic Cl process
and, thus, leads to weakerradiative stabilization of 4!’
3/ than that expected in the asymptotic region. Furthermore, our
L / AE ¢ e recent Auger-electron- t
ger-electron-spectroscopy measuremgh6s18
o have shown that the production of configuratiodsl3 (n
Ne =4-9) actually exceeds that of configurationd4¥ .
S L Hence, besides postcollisional Cl, additional processes have
1 10

/ mono p 4 Ne

100 to be incorporated to explain the amount of radiative stabili-
Internuclear Distance (a.u.) zation in Né°%" + He collisions.
_ _ _ ) In our previous worK 16], the objective was to perform a
FIG. 1. Diagram of approximate orbital energies for the systemcomprehensive study of the different contributions to radia-
Ne'®" +He. The inclined arrows illustrate two independent mono-tjye stapjlization which, before, had been treated rather sepa-
electronic transfers due to nucleus-electron interactions. The monqate'y by different group§7,10-13,21 Since only theoreti-
electronic processe¢mong produce configurationsiln’l” of o ya11es[20] were available for Auger and fluorescence

ivalent and near- ivalen lectrons. Simultan two-. .
equivale a_q ear-equivalent electrons. Simultaneous c;ylelds, we consider our studyl6] as an initial step for a
electron transitions due to the electron-electron interaction are de-

picted by using vertical arrows. The collisional AE process givesconggrehenswe_ _anaIySIS of _the radiative stabilization |_n
rise to the series|181’. In the postcollisional and asymptotic re- Ne'®" + He coII|S|Qns. Thg main goal of the p_re;ent paper IS
gions, Cl phenomena occur between the configuratidds$’4and to c;omplement Fh's Pre"'ous stuiye] by providing contrl-
high-lying Rydberg statesl8l’ (n=10). butions to S'[E_lbl|l2atI0n ba_sed exclusively on experimental

data. In particular, experimental Auger and fluorescence
tronic processes lead primarily to nonequivalent electroryields measured recently by Abdallehal. [19] by means of
configurations &’ involving high-lying Rydberg states the recoil-ion-momentum spectroscopy are presently used.
(Fig. 1). A characteristic example of dielectronic processes id-urthermore, the analysis of stabilization is extended to im-
autoexcitation(AE) [6], where one electron is transferred to Pact energies one order of magnitude smaller than those pre-
a deeper-lying level, while the second electron is excited to &iously investigated16]. The results obtained at these very

higher-lying Rydberg level. low energies are shown to confirm the conclusions made in
In the case of the dielectronic mechanisms, significanfRef.[16] at the higher projectile energy of 10 keV.
differences occur with respect to timeranges of the popu-  As already emphasized in R¢16], it is noted that we use

lated Rydberg states and with respect to the internuclear dihe term “fluorescence yield” to denote the radiative branch-
tances at which the transitions take place. First, during thég ratio for individual states, while the notation “radiative-
collision the dielectronic process of AE creates the Rydberdgtabilization value™” refers to the mean branching ratio for
states Bnl’ with significant probabilities fon values in the radiative decay with respect to thetal number of populated
range from 6 to 99,18]. Higher Rydberg statesi&10) are  doubly excited states.
also produced by AE with smaller probabilities. Second, in
the postcollisional region a dielectronic process caused by Il. SPECTRA AND DATA ANALYSIS
configuration interactiofCl), also referred to as autotransfer
to Rydberg stateATR) [21,22, produces two-electron tran-
sitions from the initially populated configurationd44'’ to Figure 2 shows high-resolutidn-Auger spectra obtained
the Rydberg serieslBI’ with n values ranging from 10 to recently for 1- and 10-keV N&" + He collisions[18]. These
about 12[23]. This postcollisional Cl process occurs in the spectra were recorded at an angle of 40° with respect to the
range of internuclear distances from typically 10 to 20 a.uincident beam direction. It is noted that no significant anisot-
Finally, in the asymptotic region of large internuclear dis-ropy for the Auger line groups has been observed in the
tances £20 a.u.), Cl occurs in the free projectile ion be- angular region from 30° to 90f18]. The line intensities
tween 44|’ and Rydberg statesli3l’ involving levels with  originate from the Auger decay of the nonequivalent electron
n=12[12,24. configurations &1’ (n=6) and the components|4l’,
Since the corresponding fluorescence yields are signifiwhich decay to the 21’ continuum by means df-Auger
cant, the production of nonequivalent electron configurationgransitions. It is seen that the peaks associated with the con-

A. High-resolution spectra
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[ 376/ ] 10+ 3Inl" (n=6-9) by means of the collisional dielectronic
0-keV Ne ™ + He . L " .
< 400 - AE process is S|gn|f|c§1nF at few-keV prOjec_tlle energies.
v Hence, the photon emission from these configurations may
Nﬁ 300 L give rise to an important contribution to radiative stabiliza-
& 3100 tion.
o 414r It is remarked here that the internal structure of the line
= 200 | 3100 groups attributed to 161", 3l41’, and 35|’ has been ob-
‘§ 3’7’ 3I8I(3/9/ | served to change with respect to the impact endf],
@ wl indicating that thd and!’ populations depend on the colli-
] sion energy. Therefore, theveragebranching ratios for ra-
© i \ ’\J j\g diative and nonradiative decays of the different configura-
, m/ . tionsn,n’ (summed ovel andl’) may vary with respect to
1 keV the collision energy. In the following, this possible energy
400 | . .
S depe_ndence of thaveragefluorescence and Auger yields is
5 316/ considered.
“E 300 | 3/9/
g sinf’ B. Cross-section determination
= 3/8/’ 4I4/
i 200 3/10[ 1. Auger-emission cross sections and Auger yields
o
3 a 317" The measured doubly differential electron spectra were
@ 100 L used to evaluate the corresponding cross sections as de-
§ scribed in Refs[18,26,27. First, the Auger spectra were
I integrated over electron energy to determine single-
0 sl B SO differential cross sect|on$1crn ,/1dQ for Auger-electron
160 170 180 190

emission attributed to a given configuratiopn” (summed
overl andl"). Then, total cross sections for Auger-electron
FIG. 2. High-resolution spectra afshell Auger electrons pro- emissiona?, ., were evaluated by integration dftfa 1dQ)
duced in N&°* +He collisions at projectile energies of 1 and 10 over the electron -emission andl&8]. These cross sect|ons
keV. The detection angle is 40° with respect to the incident beanb. ., are given in Table I. The absolute uncertainties for the
direction. The peaks are associated with the configuratidn$’ 3 evaluated total cross sections are abt®0% and the rela-
%g:rgt)logshe 42??"5;3”%? gﬁeslgﬁmiv gforzﬁzpocr(')isﬂézrzlﬁ)r?;’ntlve uncertainties with respect to variation of the emission
, angle are typically=20%. Double collision effects and sys-
3Inl’ (n=10). For the electron energy range from 145 to 200 evtematic errors caused by beam spread after the deceleration
the line intensities are not affected by double-collision effésee .
Ref. [18]). E)I 8t]he ions have been carefully analyzed and corrected for
In Table I, our calculated Auger yield20] are also com-
figurations 3nl" (n=6 to 9 are well separated from the pared with values extracted from the recent measurements
group of peaks due to the overlapping componentperformed by Abdallah and co-workeis9,28 by means of
3Inl" (n=10) and 44l’" and centered at-178-180 eV the method of recoil-ion-momentum spectroscaRIMS).
(Fig. 2). While Auger emission associated with the configu-The calculated valug0] and the experimental daf49,2§
rations 361" and 371" is reduced at 1 keV in comparison generally agree well. For the nonequivalent electron configu-
with 10 keV, Auger intensities due to the configurationsrations 3nl’ (n=6-—8), the differences between theory
3181" and 39I' are found to increase when the impact en-and experiment are smaller than 5%. For the near-equivalent
ergy decrease@ig. 2). More specifically, it is seen that at 1 electron configurations, the agreement is also good since the
and 10 keV the Auger contribution due to nonequivalentdifferences do not exceed 15%. A larger deviation occurs for
electron configurations 181" (n=6—9) is significantly the overlapping statesl4l’ and 3nl’ (n=10), where a
larger than that due to the overlapping componentsiifference of 45% appears. Hence, in the following, particu-

Electron Energy (eV)

3inl’ (n=10) and 44l’. lar attention is devoted to the analysis of the group of peaks
In addition to the lines intensities due to the configura-including these overlapping states.
tions 3Anl’ (n=6) and 44l’, Auger emission from the It should be noted that, in contrast to the case of the

configurations 841’, 3I51’, and 4nl’ (n=5) was ob- nonequivalent electron states, the average Auger yields asso-
served at electron energies from 15 to 145 eV. Spectra inciated with the near-equivalent electron states are close to
cluding these additional Auger line intensities have been prednity. Hence, in this latter case, although the discrepancies
sented in Ref[18]. For a projectile energy of 150 keV, these between the calculated and experimental Auger yields
spectra show that Auger emission frond8', 3I51’, and are small, the differences between the corresponding fluores-
4Inl" (n=5) is larger than that from the state$n8’ (n cence yields ¢, ,»=1—a, /) can be significant. The large
=6). In contrast, at the lower impact energy of 10 keV,uncertainties forw, . in the specific case of the near-
Auger emission attributed to the statelmB (n=6) has equivalent electron states have been taken into account for
been shown to become domindh8]. This finding indicates the present evaluation of the corresponding contribution to
that the production of nonequivalent electron configurationsadiative stabilization.
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TABLE |. Auger-emission cross sectionsﬁvn, and double capture cross sectioas . for the configurations B’ and 4nl’
(n=4) produced in 1-, 10-, and 150-keV &+ He collisions[18]. The relative uncertainties are20%. For the cross sections associated
with the configurations BH’, 3I51’, and 4nl’ (n=5), the uncertainties are abotit35% since the part of the spectra including these
configurations(i.e., the electron energy range from 15 to 150) &/affected by double-collision intensitiésee Ref[18]). The average
Auger yieldsa, ,, , which were previously calculat¢@0], are presented on the right-hand side. Experimental Auger yields obtained at 150
keV by means of recoil-ion-momentum spectrosc¢p9,28 are given in the last column. The experimental uncertainties for the Auger
yields[19,28 are +10%.

Configurations o2, (107 cn?) onn (107 cn?)

nin’l’ 1keV 10keV 150 keV 1keV 10keV 150 keV ann (calc)  an, (expt)
3141’ +3I51’ 10 7 8 12 8 10 0.7 0.8
3lel’ 10.5 11.3 2.3 16.9 18.2 3.7 0.60 0.62
3171’ 3.7 3.1 1.5 6.7 5.6 2.7 0.56 0.55
318’ 45 2.3 0.8 9.0 4.6 1.6 0.52 0.5
3191’ 3.9 1.8 0.5 8.3 3.8 11 0.47

3Inl’" (n=10)+4l4l’ 4.8 5.3 4.4 11.4 12.6 10.5 0.71 0.42
4151’ 6.7 4.5 5.0 7.3 4.9 54 0.91 0.92
4Inl" (n=6) 45 4.9 3.9 5.0 54 4.3 0.8 0.9

As already mentioned in Sec. Il A, tleeerageAuger and  the average Auger yields were previously found to be prac-
fluorescence yields may vary with respect to the collisiontically independent of the collision energy, average Auger
energy, as theé and|’ populations depend on the energy. yields obtained experimentally at an energy of 150 keV
Therefore, in our previous calculatiofig0,29, the energy [19,28 have been used to evaluate the cross seciigns
dependence of the average Auger yielgs,, was investi- also for collision energies lower than 150 kg¥8]. The
gated by evaluating the evolution of the occupation prob+esults foro,, ,» are given in Table I.
abilities g,(l1) andq,/(l") associated with the angular mo-  Particular care was taken to account for configuration in-
mental andl’ of the configurationsiln’l’. Because of the teraction betweenl4l’ and 3nl’ (n=10). The group of
high number of substates belonging to the complaxes peaks centered at178-180 eV(Fig. 2) was integrated
presently studied, the variation of the average Auger yield®ver electron energy and observation angle to determine the
a, ,» With respect to the energy dependence of the occupaetal cross sectioms, for Auger-electron emission from the
tion distributionsgn(l) andq,/(I") was found to be practi- overlapping stategl4l’ and dnl’ with n=10. In addition,
cally smoothed out in the averaging procedd9,29. the recent RIMS measuremeifi®,28 provided experimen-
Hence, we concluded that the average Auger yields are intal values for the average Auger and fluorescence ylelgs
sensitive to the precise distributiogg(l) andq,.(I') and, and w,d attributed to the overlapping stated44’ and
in turn, rather independent of the projectile energy3inl’ (n=10) (see Table). Hence, the cross sectian
[16,20,29. This conclusion has partially been confirmed in for radiative emission fromitl’ and anl’ (n=10) can be
recent RIMS experiments by Hennecatal. [30] who  evaluated from the results obtained fef,:
found practically the same average Auger yields at the pro-
jectile energies of 50 and 150 keV.

Consequently, the average fluorescence yields are ex-
pected to be rather independent of the projectile energy. Thig
expectation is particularly valid for the nonequivalent elec-
tron complexes (8, with n=6 to 9 for which a small varia-
tion of the average Auger yields is uncritical for the fluores- a_ _
cence yields, as the Auger yields are close to 0.5. However, °°s 73n=10 Agn=101 044783p=10" 0441 7)34,4,(26‘)
the situation is different for the near-equivalent configura-
tions for which the average Auger yields are larger than 0.8. M
In this specific case, a slight energy dependence of the aver- “os~ 73n=1003n=10T 0447W03n=10T T441=T) w44
age Auger yields may give rise to a significant energy de- (2b)
pendence of the related fluorescence yields. In the foIIowingI,n these summations. the first ter and
after evaluation of the contribution to radiative stabilization ’ L 1eTMe8s n=10430=10
originating from the decay of the near-equivalent electron’ 3/1=10“3n=10 account, respectively, for the Auger- and

configurations, the effects of a possible energy dependen gdlatlye-emlss,|0n cross sections assomat_ec_i with the con-
for the average fluorescence yields is discussed. Igurations 3nl’ (n=10) created by the collisional autoex-

citation process. The quantitys,~,o is the corresponding
cross section(summed ovem) for populating the states
3Inl" (n=10) by means of AE. The Auger and fluores-

Double-electron-capture cross sectiang,, were deter- cence yieldsag o= 10 and w3 =10, respectively, are average
mined by dividing the Auger-emission cross secti@xﬁg], yields over the angular momeritandl’ as well as over the
by the corresponding average Auger yield,, [18]. Since  principal quantum number for valuesn=10.

oés: U'gswos/( 1-wy). (]

ow, the emission cross sections$, and o, can be de-
scribed as summations over three different contributions:

2. Double-capture cross sections
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The second terms 47a3,=10 and o4 4Tw3zp=10 iN EQS. . 35037030+ 04 41— T w44+ 2 1<60400sn
(2) refer, respectively, to the Auger- and photon-emission Ye~= Ot '
cross sections for the Rydberg componerits| 3 (n=10) ° 3

created by postcollisional and asymptotic CI mechanisms.

The quantityo, 4 is the total cross section for producing the S =603n@3n

doubly excited states|4l’ in the collisional region. The )@AE):f (4a)
constantr refers to the total fraction of the initiall4l’ ot

population that goes into the nonequivalent electron configu-

rations 3nl’ (n=10) by ClI. In a recent studj23], this y)ril(cn:
fraction was found to be equal t80.6. Since Cl is likely to Tot

create Rydberg componentind’ with hlghe_rn values than where o is the total cross section including all double-
the collisional AE process, the corresponding average yields

a and mav depend on the oroduction mecha Capture processes, amd, .. is the average fluorescence
3n=10 @3n=10 May AEP prodt yield associated with the configurationtn’l’ summed over
nisms. However, for the present analysis, it is useful to de

) . o o [ andl’ (Table ). Equation(3) refers to the near-equivalent
termine the lower limit for the contribution to radiative sta- ( . Bq 3 q

S . . electron configurations, while E correspond to the con-
bilization due to the decay of configurations produced by thefigurations of%onequivalent ele?:%)ons. P

AE process. Thus, AE is assumed to produce_ only states” |t should be recalled that the results f05 4 and w3 1= 10
3Inl" with n<10. In other words, the cross sectiog,~10  are maximum values evaluated by neglecting the cross sec-
is supposed to be negligible and, hence, the AE terms of Eqggn o310 for producing Rydberg states!@’ (with
(2) vanish. Within this assumption, where Cl is considered toy > 10) by means of the AE procetsee Sec. I B2 There-
be the unique mechanism creating componeritd '3with  fore, the present analysis provides an upper limit for the CI
n=10, the influence of the production mechanisms on th%ontributionyXN(C,) [Eq. (4b)] and, hence, a minimum value
average yield®i; - 10 and wzp=10 Can be neglected. for the collisional AE contributionyy g, However, it is

The last terms of the summations in E@®), i.e.,0441  shown in the following that our conclusions are unaffected
—7)asand oy (1—7)wy,, account, respectively, for Au- - when the limit values of/§ g, andyyc, are replaced by
ger and radiative emission from the componer$l4 The  gctual values.
average fluorescence yield, , was found to be about 0.1  [astly, the value for the radiative stabilization with re-
[25]. spect to the total double capture is given by the sum of the

To solve the above system of equatidiisys. (2)], the  individual contributions as
Auger yieldsa, . are replaced by (* w, /) in Eq. (2a).
Then, since the contribution of AE to the production of states S=yE+Ynag T YN - 5
3Inl’ with n larger than 10 is presently supposed to be neg-
ligible (o3n=10=0), only two unknown parameters remain,
i.e., 044 and wzp=1p. It should be kept in mind that the
solutions of the system of equatioffsgs. (2)] represent the ] ] o
maximum values forr, 4 andwz - 10. In the following, the The cross sections in Tgble | show _that §|gn|f|cant
present approximation neglecting the contribution of AE inchanges occur in the population of the configuratiohsl 3
the creation of the componentsid’ (n=10) will be and 4nl’ (n=4) when the projectile energy varies from 1
shown to not affect significantly our results. The role of AE t0 150 keV. At the highest energy studied here, double elec-

in the production of the statedr@’ (n=10) is treated in tron capture creates p_redor_ninantly states due_ to near-
more detail in the Appendix. equivalent electron configurations. The cross sections asso-

ciated with these states are found to be rather constant for the
three collision energiekl8]. In contrast, the cross sections
C. Contributions to radiative stabilization for producing the nonequivalent electron configurations
3Inl” (n=6-9) increase noticeably with decreasing en-

The different contributions to radiative stabilization with ergy and they become dominant at 10 kéable ). At this
respect to the total double-capture cross section are based 8fergy, double electron capture intdn8’ (n=6-29) is

the experimental cross sections given in Table I. The contri
bution that follows from the radiative decay of the near- oo u41” and anl’ (n=10). Moreover, the nonequiva-

equivalent electron configurationsiB” (n=4-5) and o electron configurations!Bl’ continue to be enhanced
4inl" (n=4-6) is denoted by the lettefe . The contribu-  \yhen the impact energy is further reduced by one order of
tion attributed to the nonequivalent electron conflguratlonsmagnitude down to 1 keV. This finding provides evidence
3Inl" (n=86) is labeledyy . The contribution to stabiliza- for the fact that the collisional AE process plays a decisive
tion Originating from the decay of the ConfigurationEnB' role in double electron Capture_

(n=6-9 created by the dielectronic process AE is referred The results obtained for the different contributions to ra-
to asyyag - Correspondingly, the contribution due to the diative stabilization are given in Table Il and shown in Fig.
high-lying Rydberg states|BI’ (n=10) produced by Clin 3. The total radiative stabilization valu&for doubly ex-
the postcollisional and asymptotic regions is denqtk@l) . cited states of N& produced in collisions with He are found
These different contributions to stabilization can be writtento range within 0.3—0.4. These stabilization valigagree

as follows[16]: well with the experimental results obtained using x-ray spec-

04,4TW3n=10

(4b)

Ill. RESULTS AND DISCUSSION

found to be significantly larger than that into the overlapping
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TABLE II. Contributions to radiative stabilization originating from the decay of doubly excited states
Ne*(nin’l") (n=3—4) produced in 1- to 150-keV N& +He collisions. The contribution due to the
decay of(nearj equivalent electron configuratiom$n’l’ (n’—n=2) is compared to those associated with
the nonequivalent electron configurations. The contribution originating from the radiative decay of the con-
figurations 3nl’ (n=6) produced by the dielectronic process of autoexcitation is labeled AE. The contri-
bution resulting from the production of componentinl3 (n=10) by means of postcollisional and

asymptotic configuration-interaction phenomena is labeled ClI. In the last row, the fr&tibions Né*
that stabilize radiatively with respect to the total number of doubly excited iofi§ Iéegiven.

Type of
configuration

Configurations
nin’l’

Contributions to stabilizatigh

Mechanism 1 keV 10 keV 150 keV

0.05:0.02 0.05-0.02 0.08-0.03
0.24-0.05 0.2x0.04 0.16-0.02
0.08:0.03 0.1*0.04 0.14£0.05

(Nearj equivalent
Nonequivalent
Nonequivalent

3nl" and 4Anl’ (n~4-5)
M’ (n=6)
1’ —3Inl" (n=10)

AE
Cl

Total stabilizationS 0.4+0.1 0.4-0.1 0.3:0.1

troscopy[10] as well as recoil-ion-momentum spectroscopyequivalent electron configurations is rather constant with re-
[17,19. spect to the variation of the collision energy. The radiative

Considering the individual contributions to radiative sta-decay of these configurations gives rise to the smallest con-
bilization, it is seen in Fig. 3 thagt attributed to the near- tribution to stabilization in comparison with the contributions
Yn(ag) andyyc)) - Previously[16], the relative cross sections
as well as the fluorescence yields associated with the near-
equivalent electron states were overestimated by a factor of
about 1.5, and this led to an overestimation of the contribu-
tion yg. Also, as noted in Sec. IIB1, the average fluores-
cence yields associated with the near-equivalent electron
states are expected to be sensitive to a small energy depen-
dence of the corresponding Auger yields. Hence, in addition
to the error bars reported in Fig. 3, further uncertainties occur
for yg . Thus, within the experimental uncertainties, we con-
clude that in the present energy range the contribugibis
practically equal to the CI contributioyﬁ(c,) (Fig. 3.

In contrast to the near-equivalent electron configurations,
for the configurations I’ (n=6-9) significant varia-
tions occur with varying collision energgFig. 3). At the
highest energy of 150 keV, the contributigﬁ(AE) is found
to be roughly equal tog and yyc, . However, with de-
creasing projectile energy the AE contributig«ﬁ,(AE) in-
creases strongly and it becomes the major contribution at 10
keV. This increase of/yag Originating from an enhanced
production of configurations 181" (n=6—9) continues

10+

Ne ™ +He

03

O E: near equivalent
® N: nonequivalent

0.2

Contributions to Radiative Stabilization

0-0 WY n T NN 1aaal
1 10 100
Projectile Energy (keV)

FIG. 3. Contributions to stabilization originating from radiative
decay of doubly excited states Nenin’l’) (n=3—4) produced
in 1- to 150-keV Né&°* + He collisions. The contribution due to the
decay of near-equivalent electron configuratioms {n=2) is

when the impact energy further decreases down to 1 keV. At
this energy, the contributionyﬁ(AE) for the AE process is
found to be 2.5 times larger thq«ﬁ,(c,) corresponding to the

Cl phenomena.

compared to those associated with the nonequivalent electron con- |4 the present analysis, the average fluorescence yields

figurations. The contribution originating from the configurations
3Inl’” (n=6) produced by the dielectronic process of autoexcita—3|n|,
tion is labelled AE. The contribution resulting from the production

of components Bl’ (n=10) by means of postcollisional and

asymptotic configuration-interaction phenomena is labeled CI. Th
error bars refer to the relative experimental uncertainties, while th

shaded regions illustrate the model uncertainfiegs. (2)] caused
by neglecting the contribution of AE in the production of

attributed to the nonequivalent electron configurations
(n=6—9) have been assumed to be independent of
the collision energy(see Sec. IIBL We expect that the
uncertainties caused by this latter assumption do not exceed

Shose for the experimental cross sections and, thus, do not to

affect significantly the results foyy ag - In addition, it is
recalled that in this study the production of Rydberg states

3Inl" (n=10). These shaded regions indicate the ranges in whici8Inl" with n=10 by means of the AE process has been
the actual values foyy \ are expected when the estimated AE assumed to be negligible. However, as indicated by the

contribution for creating Bl’ (n=10) is included(see Appen-
dix). The curves are to guide the eye.

shaded regions in Fig. 3, when AE contributions to the pro-
duction of the statesl8l’ (n=10) are taken into account
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(see Appendix the value foryy g is increased, whereas  On the basis of theoretical resul80], the averagefiuo-

YX(c) is decreased. Therefore, the present conclusion abol§Scence yielde,,, attributed to the configuratiorrsin’l

the dominance of thgﬁ,(AE) contribution is unaffected by the E)sum(rjned o(\j/er thefz ?‘”9“"’;‘; momehmle) are assll:amsldl 0

present simplifying assumptions. At 150 keV the relative im- g'zlaet%ins fnr; odte ee(r:fé losrzo'[]hgni(rer:g;.ct gr\:veerverylte;din o a

portance ofyyag) andyyc) are about equal within the un- Popule y dep '€ Impact energy, 9

certainties of the data. However, the present results obtainet riation of the fluorescence yields, ,» with respect to the
' ' collision energy. Although an energy dependence of the

at impact energies of a few keV give clear evidence for the’. Id d ﬁ h lusi
predominance of radiative emission from the state Ields w,, are not expected to affect the present conclusion

3Inl’ (n=6-9) produced by the collisional AE process. on the dominance of the AE contribution, it would be helpful

Th h A Il as the domi X found to investigate this possible energy dependence so as to im-
€ enhancement as well as the lenancgh@ga oun rove the analysis of the different contributions to radiative
at very low energies confirm the major conclusions we mad

initially for 10 keV projectiles[16]. tabilization.
The Cl phenomena may enhance thél4 contribution to
stabilization by creating componentdnd’ (n=10) with ACKNOWLEDGMENTS
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IV. CONCLUSION
APPENDIX: MECHANISMS FOR THE CREATION

In the present paper, the mechanisms responsible for the OF THE STATES 3Inl’ WITH n=10
production of radiative stabilization in & + He collisions ) ) )
are studied. The main objective of this work is to evaluate N this appendix, the attempt is made to analyze the rela-
radiative stabilization at collision energies which are one or{ive importance of AE and Cl in the production of the high-
der of magnitude lower than those previously investigated ilYing Rydberg statesl81” (n=10). Itis recalled that these
Ref. [16]. Thus, projectiles with an energy of 1 keV were Rydberg states [81" (n=10) overlap in energy with the
investigated to compare with the higher energies of 10 angtates 441" (Fig. 2). The average fluorescence yields at-
150 keV studied earlier. The results for these latter energie§ibuted to these overlapping states depends on the relative
are revised by replacing theoretical Auger and fluorescencBopulation of the componentd4l” and 3nl’ (n=10). In
yields [20] with recent experimental dafd9,28. Thus, the Other words, since the Cl phenomena require an initial popu-
different contributions to radiative stabilization are extractedation of 441", the fluorescence yield,s depends on the
here by combining the experimental Auger and fluorescenckelative importance of CI compared with that of AE.
yields [19,28 with Auger emission cross sectiofi$g] re- To study the relative contributions of Cl and AE in the
cently measured by using the method of electron spectrogroduction of the Rydberg state¢r3’ (n=10), it is help-
copy. Effort is devoted to treat the collisional effects in theful to evaluate the average fluorescence yield under two
electron transfer mechanisms together with the postcolli€xtreme hypotheses, where either the ClI or the AE contribu-
sional and asymptotic phenomena of configuration interaction to the creation of the statedr8’ (n=10) is assumed
tion. to be negligible. First, if the cross section 4 for producing

The total amount of radiative stabilization varies only 4141" is equal to zero, postcollisional and asymptotic CI phe-
slightly with collision energy. However, it is shown that for homena cannot contribute to the production of Rydberg com-
impact energies of a few keV double-electron capture intgoonents 811" (n=10) [31]. In this particular case, since the
the states with the configurationsd’ (n=6-9) gives the weight of w, 4 vanishes, the yieldv,s reaches the value of
major contribution to radiative stabilization. In particular, the @zn=10. This situation, where AE is the unique process lead-
contribution due to the dielectronic process AE increase#g to the statesl®l’ (n=10), is depicted by curvain Fig.
strongly when the projectile energy decreases from 150 to 4. On the other hand, if the role of AE in the creation of
keV. At the lowest energy of 1 keV, the contribution to 3Inl’ (n=10) is negligible(i.e., o3,=10—0), for a given
radiative stabilization due to the collisional AE process isvalue of wz,=14 the yield w,s becomes equal towz,=10
about 2.5 times larger than those attributed to post-collisionat- (1— 7) w4 4 [EQ. (4b)]. This second value obs is given
and asymptotic Cl phenomer(&ig. 3. Hence, our major by curveb in Fig. 4. Hence, the vicinity of curvb in Fig. 4
conclusion made previously for 10 keV projectiles on thecorresponds to the predominance of the Cl phenomena. Note
dominance of the AE contributiol6] is confirmed here for that this latter value otv.g is larger thanw, 4 because the
the energy of 1 keV. fraction 7 of the initial 441" population that goes into com-
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0.9 w3n=10- BY neglecting the AE cross sectiarz =19, the
foregoing analysigSec. 11B2 provides maximum values
Ne'™ + He for the yield ws,~ 10 (as well as for the cross sectiar, 4).
08k Nevertheless, the AE cross sectiog,~1o can be estimated
by means of an extrapolation by fitting the function® to
the intensities of the statedr’ with n=6—-9. Then, ap-
proximate values for the average fluorescence yiglg- 1o
(and also foro,4) can be extracted from Eq$2) in Sec.
IIB 2. Such estimated values fof .~ 19, ®3n=10, andog4
have been included in Eq8) and(4) of Sec. Il C to evalu-
ate the model uncertainties in the foregoing analysse Fig.
3).

For the energy of 150 keV, the average fluorescence yield
s has recently been measured by Abdallah and co-workers
[19,28 to be wy=0.58. From thew diagram in Fig. 4, this
number implies that the average fluorescence yigld- 1o
ranges from 0.6 to 0.8 when both AE and CI are assumed to
contribute significantly to the production of the Rydberg
components Bl’ (n=10). Moreover, after evaluation of

L : ! : L : the AE cross sectiofrs - 1o by extrapolating the function
0.6 0.7 0.8 0.9 o n=
Average Fluorescence Yield o n~ ¢, the fluorescence yields,-,9 has been found to be
3,210 about 0.7-0.8. Then, fo3n=10~0.75 andw,s=0.58, the
FIG. 4. Upper and lower limits of the average fluorescence yielddlagr"jlm suggests that the role of the asymptotic CI phenom-

. . ! .
wqsassociated with the region of overlapping states. The upper “mi{ahnon in thﬁ_ p_rodLIJcnonhofIBI (n?l(?]) do_mlnatesdthat of ith
of wys (curvea) results from the hypothesis that the collisional AE the postcollisional Cl phenomenon. Thus, in accordance wit

process is the unique mechanism for producing the Rydberg confhe results of Van der Hast al. [25], the ContribUtiOWﬁl(cn
ponents 3nl’ (n=10). On the other hand, the hypothesis that theObtained at 150 keV is likely to be due to the radiative decay
Rydberg components are due to Cl phenomena leads to the low@f Rydberg states whose production occurs mainly in the
limit of w, (curveb.) Since the postcollisional Cl producetnd’ asymptotic region.
states with smallen values than asymptotic ClI, postcollisional CI Next, when the projectile energy decreases, the collisional
is likely to lead to lower values fows,-1 than the asymptotic AE process is likely to gain importance in the production of
phenomenotithe smaller ther value, the smaller the corresponding 3Inl’ states withn=10, as for the case of the states
average fluorescence yield5]). These extrema fow,s are inde-  3Inl’ (n=6-—9) (Table ). In the spectra of Fig. 2, the ob-
pendent of the projectile energyee text servation of a high-intensity peak at the electron energy cor-
responding to BLOl' supports this expectation. From the
ponents Bnl’ (n=10) by Cl phenomena differs from zero diagram in Fig. 4, an enhancement of the AE contribution in

07} (a)

Average Fluorescence Yield o

[23]. the production of the Rydberg state$n8’ (n=10) may
As the postcollisional Cl produceslrdl’ states with result in an increase of the fluorescence yie|d[32]. Thus,
smallern values than the asymptotic €25], the postcolli- further experiments to measure the projectile-energy depen-

sional Cl is likely to lead to lower values fas; .~ othan the  dence of the fluorescence yield,s, especially for impact
asymptotic phenomendifrig. 4). Thus, to investigate further energies of a few keV, may provide additional information
the mechanisms responsible for producing the componentbout the role of AE for the particular case of the Rydberg
3Inl" (n=10), it is useful to evaluate the average yield states 8nl’ (n=10).
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