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Dissociative recombination of Hg™ molecular ions
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We present calculated cross sections and rates for dissociative recombination of thedlecular ion in
the energy range 0.1 meV-2.0 eV. We used the multichannel quantum defect theory applied to the molecular
case, with ionization and dissociation channels simultaneously included. A comparative study has been per-
formed for different isotopic compositions of the Heion, different initial rovibrational states of the ion, and
three dissociation paths: the lowest dissociative stéié},lig, and °I1,, of the Hg molecule for which
autoionization widths are obtained by the complex Kohn variational meflsi150-294{9)06404-3

PACS numbd(s): 34.80.Lx

[. INTRODUCTION experiments. The heteronuclear ion has a small permanent
molecular dipole which permits a more rapid relaxation of
The He ™ molecular ion occupies a special place in thevibrationally excited molecular ions. In the case of Hidn
study of dissociative recombinati¢®BR). In order to explain  this feature was advantageoi@s compared to 1) for ob-
the fast recombination rates observed in a helium dischargégining an ion beam with a ground vibrational level that is
Bates[1] suggested that this process, previously proposed fopredominantly populatefll0—15. For He " this advantage
the ionosphere, was important in laboratory plasmas as weltan be canceled by the very small DR cross section of ions
Paradoxically, Hg" was later recognizef2] as one of the initially in the ground state, which can make it difficult to
few molecular ions with a small recombination rdiee.,  measure. On the other hand, an unknown vibrational distri-
much smaller than I0' cm®s™! at 300 K. Due to the in-  bution of the ions in the beam makes a comparison with the
terest in helium discharges and helium afterglows, it hagheoretical results more difficult. In addition, sources of
been approached many times from both theoretical and exde,” used for injection of ions into the storage ring produce
perimental points of vie3—8]. However, no definite abso- rotationally hot initial distributions, and it is important to
lute cross sections for this process have been presented ¢beck how much the cross section may change with rota-
date. Experimentally, there have been several measuremertignal excitation of the target ion.
of the DR rate in He plasma aftergloW}g,8]. Due to the We thus perform test calculations for various initial rovi-
complexity of the phenomena in such media, only controverbrational levels of the ion ground state, and various isotopic
sial results could be obtained. In addition to the difficulties ofcombinations of He atoms. We also evaluat the contribution
forming He, molecules, it has been showii] that in the of several closely lying dissociation channels assumed to be
plasma afterglow most of Hé ions relax rapidly to their the most important at low energy, the I0W<§§Ig+ ,1Eg, and
ground vibrational level due to various collisional processes?I1, dissociative states of the neutral molecule. Finally, we
This level seems to have a very low probability of recombi-give the value and the temperature dependence obtained for
nation due to the lack of favorable routes for DR near thethe DR rate coefficient around room temperature.
bottom of the He* ground-state potential welB,4]. Experi-

ments on ion storage rings are a promising alterngtive tq the Il. THEORETICAL APPROACH
plasma afterglow measurements, and are now being actively
pursued9]. The process we study may be summarized by the follow-

The main scope of the present work is to help in theing reaction scheme:

understanding and measurement of the DR process fgf He

ions by studying the influence of various parameters on the He,"(J,v) +e” —{He ,H&* } —He+He*, 1)

DR cross section. First, there are three isotopomers built

from the two isotopes’He and “He: 3He,*, “He,", and  whereJ andv denote, respectively, the initial rotational and

the mixed variety>He*He" . Differences in isotopic compo- Vibrational level of the ground-state molecular ion. Since the

sition may prove to be important in the ion storage ringdissociative recombination process was analyzed in recent
review paperg15,16, we only present a brief summary of
its main features. One distinguishes two mechanisms: the

*Present address: Laboratoire de Photophysique datage,  direct process, when the electron is captured directly into a

Universitede Paris—Sud, 91405 Orsay, France. Permanent addresgissociative state, usually doubly excitéence the notation

National Institute for Lasers, Plasma and Radiation PhysicsHes* ), and the indirect process, when the electron is first

Magurele 76900, Romania. captured into a bound Rydberg statelHehich is predisso-
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ciated by electronic interaction with the dissociative state -4&
Hes* . The indirect process gives rise to sharp resonances it

the DR cross section with different shapes depending on the g |
interference with the direct mechanism. A competing process
has to be taken into account, namely the autoionization of the
intermediate Rydberg Heor doubly excited HE* neutral
molecule, which can fragment back into an electron and a

-4.92

)

(a.u

molecular ion in the {',v") [in general different from & ~*
(J,v)] rovibrational level 8
5|
He*(J,v)+e” —{He& ,H&* } —He, (3" ,v') +e.
(2) -5.04

A simultaneous description of these different processes is
conveniently handled within the multichannel quantum de- % 2 3 7 5 6
fect theory(MQDT), extended to the molecular case with R@w)
d|SSOC|at|Ve Channe|8 |n add|t|0n to the USU&| IOﬂIZ&tIOﬂ FIG. 1. Po’[entia|_energy curves involved in the |0w_energy DR
channels[17]. Electronic interactions between singly and process of Hg". The thick lines correspond to ion states calculated
doubly excited stategin a quasidiabatic representation of by Sunil et al. [5] (the attractive curve is th& 23 ion ground
molecular statgsare described by a short-range reaction mastate and the repulsive curve is the first excited geafég), and
trix K, evaluated from the electronic couplings within a the thin lines represent Rydberg molecular states of the neutsal He
second-order perturbative approdd8]. Vibrational interac- molecule deduced from the ion core states by appropriate transla-
tions responsible for the electron capture into monoexcitedions. The continuous thin lines hav& ; symmetry(two npo,
Rydberg states are treated within a frame-transformation agttractive Rydberg states with=3 and 4, and the lowest dissocia-
proach between short- and long-range types of coupling fotive stat¢. The dashed line is a dissociative state W}ﬂhg sym-
the external electron, and are related to Ehéependence of metry, and the dotted line is a dissociative state with, symme-
the quantum defect. Rotational interactions could be intry. The three dissociative curves are Rydberg states gfitl the
cluded in a similar way[19,20, but they usually have a repulsive staté >3 as ionic core.
small effect on the size of the cross sectj@i] and would ) ) )
only be useful for understanding details in high-resolutionstate$ were computed by Coh€i3] in a diabatic approach,
cross section measurements, when available. In addition, illowing states of same symmetry and different ty@iesind
the specific case of Hethe 3-T1 angular coupling was ©f upbound to cross. The approac_h gseq b_y Cphen to study
shown by Cohefi3] to be much smaller that the radial cou- the inverse process of DR, associative ionization of two He
pling between pairs of comparable states. In the present cafoms[22], is particularly suitable for our MQDT treatment,
culations we take account of possible initial rotational exci-2S 10ng as the electronic coupling between the crossing states
tation of the molecular ion, and assume the ion rotationalS known, allowing us to calculate the short-range reaction

quantum numbed to be conserved during the whole process,Matrix mentioned in Sec. II.
neglecting angular coupling with the incoming electron.

Thus theJ andJ’ values in Eq.(2) are the same, and the A. Molecular potential curves
corresponding centrifugal potential-energy is added to all the  gjgyre 1 presents the potential curves that have relevance
potential energy curves involved in reactioid$ and (2). for the dissociative recombination proce€§ with slow

Open and closed channels are only distinguished in th%lectrons. Both the ground statea@lo )X 25 and the
last step of the calculations, when the asymptotic Condition?epulsive first excited state (ﬂgle)A 22u+ o thue o o
are specified. While dissociative states correspond to open. . di iate 1o the I u ¢ |.9 it Héls 2S
channels(open for fragmentation in two atomsan ioniza- ar lon dissociate to e Jowest {ml ¢ls, °S)

2. 1
tion channel may be open or closed depending if the tot |+He(13 . °S) (see Ref[5]). As shown by Gubermafd],

energy(ion plus electrohlies above or below its ionization athe d|ssop|at|v¢ r_ecombmanon of biecan take place along
threshold, defined by a giverd ) level of the ion ground several dissociation paths. The most favorable ones, at small

- electron energies and for ions in low vibrational levels, are
state[cf. Bg. (2)]. Closed channels are responsible for reso embers of Rydberg series of the neutral molecule with the

nances in the cross section, when the total energy coincid o St n S o
with a Rydberg level of a series converging to a “closed” ds|ssomat|veA 29 state c_)f He" as lonization I|r_n|t. The_
lowest such state that intersects favorably with the ion

ionization threshold. . . : : :
ground state is the 32; with  main configuration
1091052%. Some of our test calculations are performed
with this dissociative curve only, but for the total DR cross
The MQDT treatment of DR requires data for the molecu-Section we include also the contribution of the two next dis-
lar ion curves, the relevant dissociative curves of the neutrgfociative curvegsee Fig. 1. The first one corresponds to the
molecule, theR-dependent quantum defect, and electronic E% state with the same orbital configuration as the previous
coupling functions. The ion curves were taken from #ie >3 state, and lies slightly higher in energy; the second one
initio calculations of Suniét al. [5]. Entire families of Ryd- is the lowest®I1,, dissociative curve with the main configu-
berg states either bouncK (core statg or unbound A core  ration hglaﬁlwu. This curve lies still higher but is

IIl. MOLECULAR DATA
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0.2 ‘ ‘ ‘ ‘ ‘ . ‘ ‘ - C. Electronic couplings

01 ¢ T Finally, the MQDT treatment requires electronic cou-
plings responsible for the direct capture irftir autoioniza-
tion of) the doubly excited dissociative states. For ﬂiég
symmetry, we could extrapolate to positive energy the scaled
quantityn* 2y, (in a.u), whereV,, stands for the electronic
interaction between theth Rydberg state of a given series,
with the doubly excited state of same symmgirya diaba-
tic approach Indeed, theV, values obtained by Cohéi3]
for n=3, 4, and 5 nicely decrease a5~ %7 following the
usual behavior for Rydberg serifa4].

To obtain the electronic couplings for the two other sym-
-07 | ] metries involvedonly triplet states were studied in R¢8],
08 ‘ ‘ ‘ ‘ ‘ , ‘ ‘ , and the coupling values for thll,, state are too scargeand

! also to check the extrapolated values obtained f0r3th§
state, we performed electron-molecule scattering calculations

FIG. 2. The quantum-defect functions for the attractive at three internuclear distancd®=2.0, 2.5, and 2.7 a.u. We
(X 22 )npoy, and X 23 ")npm, Rydberg states of Hewith total  used the complex Kohn variational method, which we only
symmetries®3; 'S, and I, respectively. briefly describe here, and refer the reader to an extensive

review [23] for details. We use a trial wave function of the

strongly coupled to a bound Rydberg manifold of the samd®™™m
symmetry(see Fig. 5 of Ref{3]), hence to the wave of the
incoming electron.

Quantum defect
1
o
w

R (a.u)

W (e, ne)
B. Quantum defect functions for bound Rydberg series

In Fig. 1 we also represent, as an example, the first mem- :Er: Axr(ra.ra, .. I Frrg(fnea)
bers of thenpo, Rydberg series, with a ground-state ion
core and the same symmet?¥,; as the lowest dissociative ro
state. These states and similar ones for the other symmetries +§n: Ay’ O (el ), 3
are responsible for the indirect mechanism of DR. We have
obtained the relevant quantum defects by performing small
configuration-interaction computations on these states. Wehere the first sum runs over the energetically open target
used the basis described in Rg23], to which we added statesyy,Frr, is a one-electron channel orbital antisymme-
threes-type diffuse functions with the_exponents_ 0.061' 644,1i-ed toxr by the operatord, and® , is an (N+ 1)-electron
0.023709, and 0.009, and thrpéype diffuse functions with  configuration state function built from square-integrable

the exponents 0.015, 0.005, and 0.002, to account better fon tions. In the complex Kohn variational method the chan-
the Rydberg character of the outer electron. The procedurge| functions are further expanded as

involves the determination, for a set of internuclear dis-
tances, of the energy, (with n the principal quantum num-
ben of the first three members of each Rydberg series, and of

T
its ionization limit E;,,. The quantum defect functions Frro(r)=% [f|r(r)5||05mnb5rro+T|m|%m09|r(r)]
m(R), presented in Fig. 2, are determined by using the mo- '
lecular Rydberg equatiofin a.u) Y,m() Mg
5 X——+ 2 ¢ i), 4
Eion(R)—En(R) =12 n—u(R)] ™%, k

with an average over the three calculated Rydberg states. Fmtheref,F andg|r are the regular and outgoing-wave Coulomb
the 32; symmetry the present result is consistent with thefunctions, andb[(r) are short-range square integrable func-
electron scattering calculations of Gillan and co-worKéis tions. To obtain the target state, a set of molecular orbitals
at the equilibrium distance. The same orbital basis was usedere generated from a self-consistent-field calculation using
for the 125 Rydberg series, whose quantum defect functionthe basis set of Ref5]. To represent better the two excited
behaves very much like that of the triplet series. FortHg, states of the ion, and to obtain a more compact representation
states we used an extended He basis with more diffuse orbifor the scattering, a configuration-interacti®i) calculation

als of d character. The relatively weak variations of theseon the ion was carried out consisting of all singles and
three quantum defects functions with the internuclear disdoubles from an active space of two orbitalg;gland 1o, .
tance indicate that vibrational capture into the bound RydNatural orbitals were obtained averaged over the two lowest
berg states will be slow, which decides the resonance shapeots, (hglau)zzj and (1(7910'5)225 . The final target

and the global effect of the indirect process, as explained itvasisconsisted of the four natural orbitals with the highest
Sec. IV B below. occupation numbers, twa, and twoao, orbitals. The target
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FIG. 3. The electronic coupling functions between the ion
ground-state electronic continuum and th®. 12;, and %11, FIG. 4. Contributions of various dissociative states. The DR
doubly excited states of He cross sections for the direct process only, fdr=0,v=0) and ¢

=0,v=4) Iinitial rovibrational levels of the molecular ion
wave functions used in the scattering calculation were ob-He'He" for different dissociative pathhin lines and their sum

tained by a full Cl in the smaller basis of natural orbitals. (thick lin).

The target basis was augmented with one diffagxponent o ) o
0.001, three diffusep’s (exponents 0.05, 0.01, and 0.005 energy for_the I.owest y|brat|0nal_ ion Ievgl b_ecause its inter-
and oned (exponent 0.5Gaussian functions. The variational S€ction point with the ion curve is too high in energy.
calculations included continuum basis functions uplto

=|m|=4. As in previous calculation§23,25 we used IV. RESULTS AND DISCUSSION

Feshbach partitioning to solve the variational equations.

Since at the scattering energies considered, only one chanr’;{%r\l’!ionro;\i’ffgrisn?r};é?gpgﬁg': gff t%lg ;rboissr;s?ﬁt:?;rigifu'a'

quf);)nv,v:r"e czg;eb(:ii;réla\?vrilﬁltﬁgn;gzléttlrc;:if)rﬁ etrhri Sﬂtrjtf srl:]:nall?mitial rovibrational levels of the electronic ground-state. The

efféctive optical potential intersection point between the lowest dissociative curve and

The calculations were performed in each of the Symmezmhﬁr:]ogfgtfgnpdotsetgttizlC\lljvrevlf Eets\;\tggtne?h\gfg Z?%V% tgﬁter?m"
iag 3 3y + I + i '

g;(esecltiela, rezsgo;]::ge EI?] fggfhrir;gi (i:]gn:irg;s s;z:ngutrze turning points. For this reason one expects a small cross

fittgd to a Breit-Wi nér form and the reson%ncg arametervé% tion for ions in the lowest vibrational leveis£0 and 1

the positionE S(R)gan d widthT'(R), were abstractrt)e d. Each Swith low rotational excitation, and the DR cross section and

re! ’ . + H initi i i
autoionization widthT'(R) is related to the corresponding rate of He™ should vary strongly with the initial vibrational

energy normalized electronic couplingR) by the golden- level of the ion. For each of the three isotopic combinations
rule %lrmula P y 9 of He and“He we calculated cross sections for initial vi-

brational levels ranging from=0 to 4, including the three

lowest dissociative states described above. Because the ion
I'(R)=27V3(R). vibration level should be easier to control experimentally for
the heteronuclear ion, most of our results are shown for the
mixed isotope®He*He. Finally, we tested on this ion the

The C(l)uplmg vrz]alueS/ thusl obgalneld fgg,zt\r}égg h : effect of rotational excitation by sampling initial rotational
very close to the extrapolated value n in the region quantum numbers fro=0 to 9.

R=<2.74 a.u., where the scattering calculation can be per-
formed, above the ion curve. As the range of scattering cal- o ] ) o

culations is also limited for the two other states to the inter- A. Contribution of various dissociative states

section point of their potential curves with the ion cunk ( In Figs. 4—6 we compare the cross sections obtained for
=2.78 a.u. for the'S ; state ancR=2.80 a.u. for the’[l,  the three lowest dissociation paths, along %] , 'S/,
statg, at larger distance we adopted the same behavior fosnd 311, states. The comparison is shown for the hetero-
their coupling functions as for th&S ;* state. In addition, a nuclear *He*He" ion only, and for two different initial vi-
few checks were possible with extrapolated values from Reforational levelsy =0 and 4(with J=0). The cross sections
[3] in the case of the’ll, state, and witlR-matrix calcula- in Fig. 4 correspond to the direct process only, selected by
tions from Ref.[6] at R=2.06 a.u. in the case of tthazg excluding closed channels from the calculati@ach step
state. The results are shown in Fig. 3, with largest couplinglown seen in the cross sections coincides with the inclusion
values for the’ll, state, as expected from the smooth adia-of a new open channel, i.e., to the threshold for further auto-
batic curves in Fig. 5 of Ref3]. Nevertheless, we will see ionization competing with DR For v=0 the Iowest32g
below that this state does not dominate the process at loatate is dominant, its contribution exceeds the singlet one by

* states are
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10 0 0.05 0.1 0.15 0.2
Energy (eV) FIG. 7. Effect of the initial vibrational excitation. Total DR

cross sectionesummed over the three lowest dissociative s)dtas
thev =0 and 4 initial vibrational leveléwith J=0) of the molecu-
lar ion 3He*He". Dashed lines: direct process only; full lines: di-
) rect plus indirect process.
about two orders of magnitude, due to both a better nuclear
overlap(cf. Fig. 1) and a larger electronic coupliri§ig. 3),  ent dissociation paths do not interfere since they correspond
augmented by a Ia_rger mul_t|pI|C|ty factor. Th(_a contribution 5 different symmetries and are not coupled by spin-orbit
of the °I, state is intermediate, the effect of its large elec-interaction. The total cross section of DR is then simply the
tronic coupling and multiplicity factor being somewhat com- sym of the partial cross sections along each route, and is
pensated for by a smaller nuclear overlap. The situation i?eported in Fig. 7 for initial levely =0 and 4. At low en-
very different for thev=4 initial vibrational level(upper  grgy these three dissociative states certainly account for the
curves, fOI’SWhICh DR is mostly dominated by the contribu- \yhole DR process of Hé ions in low rovibrational levels.
tion of the °II, curve, which crosses the ion curve betweenngte however, that for higher electron energies or more ex-
v=3 and 4. cited ions ¢ >5) higher dissociative states should begin to
In Figs. 5 and 6 we shovon a smaller energy rangthe  contribute appreciably to the DR process. In particular, the
resonance structure in each individual cross section when ”}ﬁgh-energy parténear 2 eV of Figs. 4, 8, and 9 should be

closed channels are includ¢@6]. Except for some reso- (aken with caution, and only represent the contribution of the
nance energies the relative contributions of the three differyoyest dissociative states.

ent states are the same as above. Note the very different
aspects of the resonance structures in Figs. 5 and 6, a point
which will be discussed in Sec. IV B below.
If we neglect theS-IT angular coupling, found by Cohen Sincev =3 is the first vibrational level lying above the
[3] to be much smaller than the radial ones, the three differintersection point between the lowest dissociative curve and
the ion ground state, a significant difference is expected be-

FIG. 5. Same as Fig. 4, for the globa@irect plus indirect DR
process andJ=0, v =0) initial ion level.

B. Influence of the initial vibrational level
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FIG. 8. Same as Fig. 7, on a larger energy range and for the
global (direct plus indiredtprocessv =0-2 initial ion levels(with
J=0).

FIG. 6. Same as Fig. 4, for the glob@irect plus indirect DR
process andJ=0,v=4) initial ion level.
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FIG. 9. Same as Fig. 7, on a larger energy range and for the FIG. 11. Same as Fig. 10 for the glob@lirect plus indirect
global (direct plus indirect processv =3 and 4 initial ion levels.  process, starting fromJ& 0, v =0) initial ion levels.
Note the different scales for the cross-section values.

_ . comparing the resonance shapes #6r0 (Fig. 5 andv
tween thev <2 and thev =3, and 4 cross sections. Figures 8 =4 (Fig. 6), summarized for total cross sections in Fig. 7.

and 9 compare them fotHe*He™, on a large energy range For =0 most of the resonances appear as a peak followed
and for theJ=0 rotational level. At low energy we find by a dip (exaggerated by the logarithmic scalehile, for
about four orders of magnitude increase when going from, =4, the resonances are mainly in form of dips. This reveals
v=0 to 3 initial vibrational levels. However, these cross different interference pattern between the direct and indirect
sections become much closer in magnitude when the electrftocesses. For the=0 initial level, both the direct and in-
energy increases, because the0 ion wave function has a direct processes are weak, and they interfere in an interme-
better overlap at higher energy with the dissociative statjiate regime, leading to an asymmetric resonance shape with
wave functions. More generally, we find opposite behaviory Fano parameter larger than 1, in favor of constructive in-
with increasing energy for the two sets of ion levels, sinceierference. Conversely, the fast direct DR for the4 initial

thev =0-2 cross sectiond-ig. 8) slowly increasgapart for  |evel (see Fig. 4is hindered by slow vibrational capture into
the resonance structureetween 0.25 and 1 eV, whereas the 3 hound Rydberg state, leading to window resonancesaith
v=3-4 cross sectionFig. 9) decrease. This comes from Fano parameter close to zefwestructive interferenge
opposite variations of the nuclear overlaps with the dissocia- |t may be noted in Figs. 8 and 9 that for the highest

tive states. Above 1.6 eV the=0 and 3 cross sections differ above a given energy of the incident electfabout 1.5 eV
only by a factor of about 2, and at 2 eV the=0—4 cross for y=4, 1.7 eV forv =3, and 1.9 eV fow =2), the reso-

sections are all within one order of magnitude, betweemance structure vanishes in the cross section. Indeed, the to-

10" and 10 *° cn?. tal energy then exceeds the ion dissociation limit and all the

Finally, the aspect of the resonance structure strongly deonization channels become open, which stops the indirect
pends on the initial state. This is most clear at low energy,

16

10

107
10™ ~ 107
e
< s
§ 5
Q
S e g
3 2
o o
(2]
8 [&] 10-15
o
107°
10"9 L L L
0 0.05 0.1 0.15 0.2
102 . . " Energy (eV)
0 0.5 1 15 2

Freroy @ FIG. 12. Effect of rotational excitation. DR cross sections for
FIG. 10. Isotopic effect. Comparison between the direct DRthe direct process only, fotHe*He' in different initial rotational
cross sectionssum over the three lowest dissociative stafesthe levelsJ with v =0. For these test calculations only tF\E;’ disso-
molecular ions®He*He', “He,”, and ®He,", respectively. ciative state has been included.
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FIG. 13. Same as Fig. 12, for the gloh@irect plus indiredt DR process, starting from different initial rovibrational leve(a) J
=0,v=0; (b) J=3,v=0; (c) J=6,v=0; and(d) J=9,v=0.

DR mechanism described in Sec. Il. The same would happecess(Fig. 12) as well as the total oné&irect plus indirect,

to thev=0 and 1 cross sections at slightly higher energy,Fig. 13 show very little change betweeh=0 and 3, but
about 2.1 eV fov =1 and 2.3 eV fow =0 (the exact values significant differences are found for the higher values).of
depending on the isotopelust below each of these thresh- The direct cross section increases roughly by a factor 2 when
olds the Rydberg resonances become very narfugh-n going fromJ=0 to 9, and the resonance structure in the total
values and compressed, and will be washed out in any aveross section is modified due to energy changes for the reso-
erage, such that no sudden change should be observed nant bound states.

experimental cross sections or rates. When averaged over a Boltzmann distribution of rota-
tional levels the resulting cross section is very close to the
J=0 one forT=300 K (Fig. 14), where the distribution
geaks at)J=3, while at 2000 K(Fig. 19, with a peak at]

C. Isotopic effect

In Figs. 10 and 11 we compare total cross sections for th
three isotopomersHe,*, *He,*, and *He*He™, for initial
rovibrational levels §=0, v=0) and g=0,v=4) of the
ion ground state. In spite of quantitative differences due to
different nuclear overlaps we observe similar behaviors for 1o
the varioudirect cross sectionéFig. 10), all within less than
one order of magnitude. The resonance energies and shap.~
in the total cross sectior(&ig. 11) change from one isotope &10™°
to another due to changes in the vibrational spacings, and £
very small energies the three cross sections are very differer
due to resonances lying just at threshold with different inter-
ference pattern, but the general picture is the same. This
implies that the isotopic effect, in addition to the presence of =
the permanent dipole in théHe*He molecule(which can
prove decisive for the experiments, as explained eaylers
little influence on the average DR cross section, which is 10
mostly dominated by electronic interactions.

107"°

10719

Cross section (cm

0 0.05 0.1 0.15 0.2
Energy (eV)

FIG. 14. Averaged DR cross sectigoontribution of the’3

) . dissociative state onlyfor 3He*He™ molecular ions in a Boltzmann
As a last test, we performed cross-section calculations fogistribution of rotational levels at 300 K, with=0. The inset

a sample of the initial rotational levels of the ground state iorshows the corresponding Boltzmann distribution of initial rotational
3He*He" with v =0, including the contribution of the lowest levels. The dashed line reports tie0 cross sectiofiFig. 13a)]
dissociative state only. The cross sections for the direct profor comparison.

D. Influence of the initial rotational level
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107° rovibrational level of the molecular ion strongly influences
the dissociative recombination cross section at low energy.
dﬂ The difference between the=0 and 3 average cross sec-

_.
S
s

tions is about four orders of magnitude below 1 eV, for each
i e T S of the three isotopomers we have studied. This difference
decreases at higher collision energy, due to a better nuclear
; / overlap between the<2 ion vibrational wave functions and
2\ : the dissociative ones. Around 2 eV the=0-4 cross sec-
! ! | tions are all within one order of magnitude, an important
, [:. feature for experiments attempting to test the initial ion level
by comparing heteronuclear and homonuclear ion results.
Although the mixed isotopometHe*He" should relax much
more quickly to the ground level, the measured cross sec-
tions could differ only slightly except at low energy. Finally,
0 005 0.1 0.1 o2 the resonance structure induced by the indirect DR process is
Energy (eV) very sensitive both to the initial rovibrational level and to the
FIG. 15. Same as Fig. 14 fai=2000 K. dissociation channel, with the gen(_eral tendency to slow dpwn
the fast processes by destructive interferences and to slightly

=9, it is larger for most of the energy range studied. This isspeed up the slower ones. .
9 9y g So far no absolute values for the DR cross section of

an indication that rotational excitation should be taken into

+ ; +
account for a precise comparison with experiments in whictﬁe2 havg been rgportet}. Rflatwe measureme”tém
molecular ions are injected with high internal energy. and the mixed varietyHe'He are being performed in Aar-

hus on the ASTRID storage rind@], on a much larger en-

ergy range(up to 20 eV than for the present calculations.
The only published experimental results for fieDR are

In flow-tube experiments radiation from excited final rates determined in plasma afterglows. Due to the complex-
states resulting from DR can help in analyzing the resultsty of the phenomena in such plasmas, the reports were
and determining the DR cross section. In addition, recent DRomewhat controversial but the rate of DR at 300 K was
experiments in ion-storage rings have been able to measufeund to be less than810™° cm®s ™ [7] for “He," ions.
branching ratios into the final atomic fragmefts},15. Al-  The present calculations lead to cross-section values around
though the calculations presented here do not explicitly de10~8 cn? near 0.026 eV forJ=0, v=0) initial level (see
termine the final states, certain predictions can be made fromigs. 10 and 1), and the corresponding rate coeficient can
asymptotic correlations of the three dissociative states inbe fitted to the relation
volved. All correlate with one helium atom in the
He(1s?; 'S) ground state and the other one in a metastable a=1.04x10"°T %% cnPs™™.
state: He(%2s; °S) for the 33 state, He(2s; 'S) for
the 'S state, and finally He(42p; °P) for the °II, dis-
;ociative state. Therefore, in the absence of curve crossin ates. However, this does not rule out the possible contribu-
in the asymptotic region, one would expect only a groun

. A ion of nonadiabatic couplings to low-lying dissociative
state and metastable He final states. As indicated by GUbeéiates below the ion cur\F/)e gl’his type 0{: rgechanism not

Taﬂ and GodggrﬁZ?], there IS a curve crossing between the'ncluded in the present calculation, has been found to be
24 states ansing asymptotically frorln ground-state He anc’mportant in the case of HeH[28,29. Here we do not ex-
either He(k2s; °S) and He(k2p; “P). This crossing pect 4 significant increase of the cross section, but it could
could reslult in some transfer Irom the metastablegirect part of the flux to lower dissociation limits, including
He(1s2s; °S) state to the He(d2p; °P) state which can 451y ground-state products. Recent experiments by Hardy
be optically observed. However, especially at low energy3q) have seen evidence of the production of He atoms on
and for the first ion vibrational levels=0-2, the dissocia- ihe ground potential-energy curve of the neutral, and we are
tive 12; channel is of minor importance; hence also thecurrently investigating this possibility.
production of the He(42p; 'P) final state.

L
E

10

Cross section (cm®)
-
S
B

e =
3
s-=
Pt o

107

E. Final atomic states

in the temperature range 250-350 K. Its value at 300 K is
6.1x10 ™ cm®s™ !, consistent with the low measured
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