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Dissociative recombination of He2
1 molecular ions
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We present calculated cross sections and rates for dissociative recombination of the He2
1 molecular 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 He2

1 ion, different initial rovibrational states of the ion, and
three dissociation paths: the lowest dissociative states3Sg

1 ,1Sg
1 , and 3Pu of the He2 molecule for which

autoionization widths are obtained by the complex Kohn variational method.@S1050-2947~99!06404-5#

PACS number~s!: 34.80.Lx
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I. INTRODUCTION

The He2
1 molecular ion occupies a special place in t

study of dissociative recombination~DR!. In order to explain
the fast recombination rates observed in a helium discha
Bates@1# suggested that this process, previously proposed
the ionosphere, was important in laboratory plasmas as w
Paradoxically, He2

1 was later recognized@2# as one of the
few molecular ions with a small recombination rate~i.e.,
much smaller than 1027 cm3 s21 at 300 K!. Due to the in-
terest in helium discharges and helium afterglows, it h
been approached many times from both theoretical and
perimental points of view@3–8#. However, no definite abso
lute cross sections for this process have been presente
date. Experimentally, there have been several measurem
of the DR rate in He plasma afterglows@7,8#. Due to the
complexity of the phenomena in such media, only controv
sial results could be obtained. In addition to the difficulties
forming He2 molecules, it has been shown@7# that in the
plasma afterglow most of He2

1 ions relax rapidly to their
ground vibrational level due to various collisional process
This level seems to have a very low probability of recom
nation due to the lack of favorable routes for DR near
bottom of the He2

1 ground-state potential well@3,4#. Experi-
ments on ion storage rings are a promising alternative to
plasma afterglow measurements, and are now being acti
pursued@9#.

The main scope of the present work is to help in t
understanding and measurement of the DR process for H2

1

ions by studying the influence of various parameters on
DR cross section. First, there are three isotopomers b
from the two isotopes3He and 4He: 3He2

1, 4He2
1, and

the mixed variety3He4He1. Differences in isotopic compo
sition may prove to be important in the ion storage ri
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experiments. The heteronuclear ion has a small perma
molecular dipole which permits a more rapid relaxation
vibrationally excited molecular ions. In the case of HD1 ion
this feature was advantageous~as compared to H2

1) for ob-
taining an ion beam with a ground vibrational level that
predominantly populated@10–15#. For He2

1 this advantage
can be canceled by the very small DR cross section of i
initially in the ground state, which can make it difficult t
measure. On the other hand, an unknown vibrational dis
bution of the ions in the beam makes a comparison with
theoretical results more difficult. In addition, sources
He2

1 used for injection of ions into the storage ring produ
rotationally hot initial distributions, and it is important to
check how much the cross section may change with ro
tional excitation of the target ion.

We thus perform test calculations for various initial rov
brational levels of the ion ground state, and various isoto
combinations of He atoms. We also evaluat the contribut
of several closely lying dissociation channels assumed to
the most important at low energy, the lowest3Sg

1 ,1Sg
1 , and

3Pu dissociative states of the neutral molecule. Finally,
give the value and the temperature dependence obtaine
the DR rate coefficient around room temperature.

II. THEORETICAL APPROACH

The process we study may be summarized by the follo
ing reaction scheme:

He2
1~J,v !1e2→$He2* ,He2** %→He1He* , ~1!

whereJ andv denote, respectively, the initial rotational an
vibrational level of the ground-state molecular ion. Since
dissociative recombination process was analyzed in re
review papers@15,16#, we only present a brief summary o
its main features. One distinguishes two mechanisms:
direct process, when the electron is captured directly int
dissociative state, usually doubly excited~hence the notation
He2** ), and the indirect process, when the electron is fi
captured into a bound Rydberg state He2* which is predisso-

ss:
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PRA 59 2805DISSOCIATIVE RECOMBINATION OF He2
1 MOLECULAR IONS
ciated by electronic interaction with the dissociative st
He2** . The indirect process gives rise to sharp resonance
the DR cross section with different shapes depending on
interference with the direct mechanism. A competing proc
has to be taken into account, namely the autoionization of
intermediate Rydberg He2* or doubly excited He2** neutral
molecule, which can fragment back into an electron an
molecular ion in the (J8,v8) @in general different from
(J,v)] rovibrational level

He2
1~J,v !1e2→$He2* ,He2** %→He2

1~J8,v8!1e2.
~2!

A simultaneous description of these different processe
conveniently handled within the multichannel quantum d
fect theory ~MQDT!, extended to the molecular case wi
dissociative channels in addition to the usual ionizat
channels@17#. Electronic interactions between singly an
doubly excited states~in a quasidiabatic representation
molecular states! are described by a short-range reaction m
trix K, evaluated from the electronic couplings within
second-order perturbative approach@18#. Vibrational interac-
tions responsible for the electron capture into monoexc
Rydberg states are treated within a frame-transformation
proach between short- and long-range types of coupling
the external electron, and are related to theR dependence o
the quantum defect. Rotational interactions could be
cluded in a similar way@19,20#, but they usually have a
small effect on the size of the cross section@21# and would
only be useful for understanding details in high-resolut
cross section measurements, when available. In addition
the specific case of He2 the S-P angular coupling was
shown by Cohen@3# to be much smaller that the radial co
pling between pairs of comparable states. In the present
culations we take account of possible initial rotational ex
tation of the molecular ion, and assume the ion rotatio
quantum numberJ to be conserved during the whole proce
neglecting angular coupling with the incoming electro
Thus theJ and J8 values in Eq.~2! are the same, and th
corresponding centrifugal potential-energy is added to all
potential energy curves involved in reactions~1! and ~2!.

Open and closed channels are only distinguished in
last step of the calculations, when the asymptotic conditi
are specified. While dissociative states correspond to o
channels~open for fragmentation in two atoms!, an ioniza-
tion channel may be open or closed depending if the t
energy~ion plus electron! lies above or below its ionization
threshold, defined by a given (J,v) level of the ion ground
state@cf. Eq. ~2!#. Closed channels are responsible for re
nances in the cross section, when the total energy coinc
with a Rydberg level of a series converging to a ‘‘close
ionization threshold.

III. MOLECULAR DATA

The MQDT treatment of DR requires data for the molec
lar ion curves, the relevant dissociative curves of the neu
molecule, theR-dependent quantum defect, and electro
coupling functions. The ion curves were taken from theab
initio calculations of Sunilet al. @5#. Entire families of Ryd-
berg states either bound (X core state! or unbound (A core
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states! were computed by Cohen@3# in a diabatic approach
allowing states of same symmetry and different types~bound
or unbound! to cross. The approach used by Cohen to stu
the inverse process of DR, associative ionization of two
atoms@22#, is particularly suitable for our MQDT treatmen
as long as the electronic coupling between the crossing s
is known, allowing us to calculate the short-range react
matrix mentioned in Sec. II.

A. Molecular potential curves

Figure 1 presents the potential curves that have releva
for the dissociative recombination process~1! with slow
electrons. Both the ground state (1sg

21su)X 2Su
1 and the

repulsive first excited state (1sg1su
2)A 2Sg

1 of the molecu-
lar ion dissociate to the lowest limit He1(1s; 2S)
1He(1s2; 1S) ~see Ref.@5#!. As shown by Guberman@4#,
the dissociative recombination of He2

1 can take place along
several dissociation paths. The most favorable ones, at s
electron energies and for ions in low vibrational levels, a
members of Rydberg series of the neutral molecule with
dissociativeA 2Sg

1 state of He2
1 as ionization limit. The

lowest such state that intersects favorably with the
ground state is the 3Sg

1 with main configuration
1sg1su

22sg . Some of our test calculations are perform
with this dissociative curve only, but for the total DR cro
section we include also the contribution of the two next d
sociative curves~see Fig. 1!. The first one corresponds to th
1Sg

1 state with the same orbital configuration as the previo
3Sg

1 state, and lies slightly higher in energy; the second o
is the lowest3Pu dissociative curve with the main configu
ration 1sg1su

21pu . This curve lies still higher but is

FIG. 1. Potential-energy curves involved in the low-energy D
process of He2

1. The thick lines correspond to ion states calculat
by Sunil et al. @5# ~the attractive curve is theX 2Su

1 ion ground
state and the repulsive curve is the first excited stateA 2Sg

1), and
the thin lines represent Rydberg molecular states of the neutral2

molecule deduced from the ion core states by appropriate tran
tions. The continuous thin lines have3Sg

1 symmetry~two npsu

attractive Rydberg states withn53 and 4, and the lowest dissocia
tive state!. The dashed line is a dissociative state with1Sg

1 sym-
metry, and the dotted line is a dissociative state with3Pu symme-
try. The three dissociative curves are Rydberg states of He2 with the
repulsive stateA 2Sg

1 as ionic core.



m

em
n

e
tr

av
a

W

4

r
u
is
-
d
s

o

. F
th

s
io

rb
se
is

yd
a

d

u-

led

s,

m-

ions

ly
sive
e

rget
e-

le
n-

b
c-
tals
ing
d
tion

nd

est

st

ve

2806 PRA 59L. CARATA, A. E. OREL, AND A. SUZOR-WEINER
strongly coupled to a bound Rydberg manifold of the sa
symmetry~see Fig. 5 of Ref.@3#!, hence to thep wave of the
incoming electron.

B. Quantum defect functions for bound Rydberg series

In Fig. 1 we also represent, as an example, the first m
bers of thenpsu Rydberg series, with a ground-state io
core and the same symmetry3Sg

1 as the lowest dissociativ
state. These states and similar ones for the other symme
are responsible for the indirect mechanism of DR. We h
obtained the relevant quantum defects by performing sm
configuration-interaction computations on these states.
used the basis described in Ref.@23#, to which we added
threes-type diffuse functions with the exponents 0.061 64
0.023 709, and 0.009, and threep-type diffuse functions with
the exponents 0.015, 0.005, and 0.002, to account bette
the Rydberg character of the outer electron. The proced
involves the determination, for a set of internuclear d
tances, of the energyEn ~with n the principal quantum num
ber! of the first three members of each Rydberg series, an
its ionization limit Eion . The quantum defect function
m(R), presented in Fig. 2, are determined by using the m
lecular Rydberg equation~in a.u.!

Eion~R!2En~R!51/2@n2m~R!#22,

with an average over the three calculated Rydberg states
the 3Sg

1 symmetry the present result is consistent with
electron scattering calculations of Gillan and co-workers@6#
at the equilibrium distance. The same orbital basis was u
for the 1Sg

1 Rydberg series, whose quantum defect funct
behaves very much like that of the triplet series. For the3Pu
states we used an extended He basis with more diffuse o
als of d character. The relatively weak variations of the
three quantum defects functions with the internuclear d
tance indicate that vibrational capture into the bound R
berg states will be slow, which decides the resonance sh
and the global effect of the indirect process, as explaine
Sec. IV B below.

FIG. 2. The quantum-defect functions for the attracti
(X 2Su

1)npsu and (X 2Su
1)nppu Rydberg states of He2 with total

symmetries3Sg
1 ,1Sg

1 , and 3Pu , respectively.
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C. Electronic couplings

Finally, the MQDT treatment requires electronic co
plings responsible for the direct capture into~or autoioniza-
tion of! the doubly excited dissociative states. For the3Sg

1

symmetry, we could extrapolate to positive energy the sca
quantityn* 3/2Vn ~in a.u.!, whereVn stands for the electronic
interaction between thenth Rydberg state of a given serie
with the doubly excited state of same symmetry~in a diaba-
tic approach!. Indeed, theVn values obtained by Cohen@3#
for n53, 4, and 5 nicely decrease asn* 23/2, following the
usual behavior for Rydberg series@24#.

To obtain the electronic couplings for the two other sy
metries involved~only triplet states were studied in Ref.@3#,
and the coupling values for the3Pu state are too scarce!, and
also to check the extrapolated values obtained for the3Sg

1

state, we performed electron-molecule scattering calculat
at three internuclear distances,R52.0, 2.5, and 2.7 a.u. We
used the complex Kohn variational method, which we on
briefly describe here, and refer the reader to an exten
review @23# for details. We use a trial wave function of th
form

CG0
~r1 ,r2 , . . . ,rN11!

5(
G
A„xG~r1 ,r2 , . . . ,rN!FGG0

~rN11!…

1(
n

dn
G0Q~r1 ,r2 , . . . ,rN11!, ~3!

where the first sum runs over the energetically open ta
statesxG ,FGG0

is a one-electron channel orbital antisymm

trized toxG by the operatorA, andQn is an (N11)-electron
configuration state function built from square-integrab
functions. In the complex Kohn variational method the cha
nel functions are further expanded as

FGG0
~r !5(

l ,m
@ f l

G~r !d l l 0
dmm0

dGG0
1Tlml0m0

GG0 gl
G~r !#

3
Ylm~ r̂ !

r
1(

k
ck

GG0Fk
G~r !, ~4!

wheref l
G andgl

G are the regular and outgoing-wave Coulom
functions, andFk

G(r ) are short-range square integrable fun
tions. To obtain the target state, a set of molecular orbi
were generated from a self-consistent-field calculation us
the basis set of Ref.@5#. To represent better the two excite
states of the ion, and to obtain a more compact representa
for the scattering, a configuration-interaction~CI! calculation
on the ion was carried out consisting of all singles a
doubles from an active space of two orbitals, 1sg and 1su .
Natural orbitals were obtained averaged over the two low
roots, (1sg

21su)2Su
1 and (1sg1su

2)2Sg
1 . The final target

basisconsisted of the four natural orbitals with the highe
occupation numbers, twosg and twosu orbitals. The target
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1 MOLECULAR IONS
wave functions used in the scattering calculation were
tained by a full CI in the smaller basis of natural orbita
The target basis was augmented with one diffuses ~exponent
0.001!, three diffusep’s ~exponents 0.05, 0.01, and 0.00!
and oned ~exponent 0.5! Gaussian functions. The variation
calculations included continuum basis functions up tol
5umu54. As in previous calculations@23,25# we used
Feshbach partitioning to solve the variational equatio
Since at the scattering energies considered, only one cha
is open, all closed-channel contributions to the first sum
Eq. ~3! were combined with the penetration terms to form
effective optical potential.

The calculations were performed in each of the symm
tries 3Pu , 3Sg

1 , and 1Sg
1 for a range of energies around th

expected resonance. In each case the eigenphase sum
fitted to a Breit-Wigner form and the resonance paramet
the positionEres(R) and widthG(R), were abstracted. Eac
autoionization widthG(R) is related to the correspondin
energy normalized electronic couplingV(R) by the golden-
rule formula

G~R!52pV2~R!.

The coupling valuesV thus obtained for the3Sg
1 states are

very close to the extrapolated valuesn* 3/2Vn in the region
R<2.74 a.u., where the scattering calculation can be p
formed, above the ion curve. As the range of scattering
culations is also limited for the two other states to the int
section point of their potential curves with the ion curveR
52.78 a.u. for the1Sg

1 state andR52.80 a.u. for the3Pu

state!, at larger distance we adopted the same behavior
their coupling functions as for the3Sg

1 state. In addition, a
few checks were possible with extrapolated values from R
@3# in the case of the3Pu state, and withR-matrix calcula-
tions from Ref.@6# at R52.06 a.u. in the case of the1Sg

1

state. The results are shown in Fig. 3, with largest coup
values for the3Pu state, as expected from the smooth ad
batic curves in Fig. 5 of Ref.@3#. Nevertheless, we will see
below that this state does not dominate the process at

FIG. 3. The electronic coupling functions between the i
ground-state electronic continuum and the3Sg

1 , 1Sg
1 , and 3Pu

doubly excited states of He2 .
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energy for the lowest vibrational ion level because its int
section point with the ion curve is too high in energy.

IV. RESULTS AND DISCUSSION

We now present the results of our cross-section calc
tions for different isotopomers of the He2

1 ion, in various
initial rovibrational levels of the electronic ground-state. T
intersection point between the lowest dissociative curve
the ion ground state curve is situated well above the m
mum of the potential well, between thev52 and 3 outer
turning points. For this reason one expects a small cr
section for ions in the lowest vibrational levels (v50 and 1!
with low rotational excitation, and the DR cross section a
rate of He2

1 should vary strongly with the initial vibrationa
level of the ion. For each of the three isotopic combinatio
of 3He and 4He we calculated cross sections for initial v
brational levels ranging fromv50 to 4, including the three
lowest dissociative states described above. Because the
vibration level should be easier to control experimentally
the heteronuclear ion, most of our results are shown for
mixed isotope3He4He. Finally, we tested on this ion th
effect of rotational excitation by sampling initial rotation
quantum numbers fromJ50 to 9.

A. Contribution of various dissociative states

In Figs. 4–6 we compare the cross sections obtained
the three lowest dissociation paths, along the3Sg

1 , 1Sg
1 ,

and 3Pu states. The comparison is shown for the hete
nuclear 3He4He1 ion only, and for two different initial vi-
brational levelsv50 and 4~with J50). The cross sections
in Fig. 4 correspond to the direct process only, selected
excluding closed channels from the calculation~each step
down seen in the cross sections coincides with the inclus
of a new open channel, i.e., to the threshold for further au
ionization competing with DR!. For v50 the lowest3Sg

1

state is dominant, its contribution exceeds the singlet one

FIG. 4. Contributions of various dissociative states. The D
cross sections for the direct process only, for (J50, v50) and (J
50, v54) initial rovibrational levels of the molecular ion
3He4He1 for different dissociative paths~thin lines! and their sum
~thick line!.
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2808 PRA 59L. CARATA, A. E. OREL, AND A. SUZOR-WEINER
about two orders of magnitude, due to both a better nuc
overlap~cf. Fig. 1! and a larger electronic coupling~Fig. 3!,
augmented by a larger multiplicity factor. The contributio
of the 3Pu state is intermediate, the effect of its large ele
tronic coupling and multiplicity factor being somewhat com
pensated for by a smaller nuclear overlap. The situatio
very different for thev54 initial vibrational level ~upper
curves!, for which DR is mostly dominated by the contribu
tion of the 3Pu curve, which crosses the ion curve betwe
v53 and 4.

In Figs. 5 and 6 we show~on a smaller energy range! the
resonance structure in each individual cross section when
closed channels are included@26#. Except for some reso
nance energies the relative contributions of the three dif
ent states are the same as above. Note the very diffe
aspects of the resonance structures in Figs. 5 and 6, a
which will be discussed in Sec. IV B below.

If we neglect theS-P angular coupling, found by Cohe
@3# to be much smaller than the radial ones, the three dif

FIG. 5. Same as Fig. 4, for the global~direct plus indirect! DR
process and (J50, v50) initial ion level.

FIG. 6. Same as Fig. 4, for the global~direct plus indirect! DR
process and (J50, v54) initial ion level.
ar

-

is

he

r-
nt
int

r-

ent dissociation paths do not interfere since they corresp
to different symmetries and are not coupled by spin-or
interaction. The total cross section of DR is then simply t
sum of the partial cross sections along each route, an
reported in Fig. 7 for initial levelsv50 and 4. At low en-
ergy, these three dissociative states certainly account for
whole DR process of He2

1 ions in low rovibrational levels.
Note however, that for higher electron energies or more
cited ions (v.5) higher dissociative states should begin
contribute appreciably to the DR process. In particular,
high-energy parts~near 2 eV! of Figs. 4, 8, and 9 should be
taken with caution, and only represent the contribution of
lowest dissociative states.

B. Influence of the initial vibrational level

Sincev53 is the first vibrational level lying above th
intersection point between the lowest dissociative curve
the ion ground state, a significant difference is expected

FIG. 7. Effect of the initial vibrational excitation. Total DR
cross sections~summed over the three lowest dissociative states! for
thev50 and 4 initial vibrational levels~with J50) of the molecu-
lar ion 3He4He1. Dashed lines: direct process only; full lines: d
rect plus indirect process.

FIG. 8. Same as Fig. 7, on a larger energy range and for
global ~direct plus indirect! process.v50 –2 initial ion levels~with
J50).
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tween thev<2 and thev53, and 4 cross sections. Figures
and 9 compare them for3He4He1, on a large energy rang
and for theJ50 rotational level. At low energy we find
about four orders of magnitude increase when going fr
v50 to 3 initial vibrational levels. However, these cro
sections become much closer in magnitude when the elec
energy increases, because thev50 ion wave function has a
better overlap at higher energy with the dissociative s
wave functions. More generally, we find opposite behavi
with increasing energy for the two sets of ion levels, sin
thev50 –2 cross sections~Fig. 8! slowly increase~apart for
the resonance structure! between 0.25 and 1 eV, whereas t
v53 –4 cross sections~Fig. 9! decrease. This comes from
opposite variations of the nuclear overlaps with the disso
tive states. Above 1.6 eV thev50 and 3 cross sections diffe
only by a factor of about 2, and at 2 eV thev50 –4 cross
sections are all within one order of magnitude, betwe
10217 and 10216 cm2.

Finally, the aspect of the resonance structure strongly
pends on the initial state. This is most clear at low ener

FIG. 9. Same as Fig. 7, on a larger energy range and for
global ~direct plus indirect! process.v53 and 4 initial ion levels.
Note the different scales for the cross-section values.

FIG. 10. Isotopic effect. Comparison between the direct D
cross sections~sum over the three lowest dissociative states! for the
molecular ions3He4He1, 4He2

1 , and 3He2
1, respectively.
on

te
s
e

-

n

e-
,

comparing the resonance shapes forv50 ~Fig. 5! and v
54 ~Fig. 6!, summarized for total cross sections in Fig.
For v50 most of the resonances appear as a peak follo
by a dip ~exaggerated by the logarithmic scale!, while, for
v54, the resonances are mainly in form of dips. This reve
different interference pattern between the direct and indir
processes. For thev50 initial level, both the direct and in-
direct processes are weak, and they interfere in an inter
diate regime, leading to an asymmetric resonance shape
a Fano parameter larger than 1, in favor of constructive
terference. Conversely, the fast direct DR for thev54 initial
level ~see Fig. 4! is hindered by slow vibrational capture int
a bound Rydberg state, leading to window resonances wiq
Fano parameter close to zero~destructive interference!.

It may be noted in Figs. 8 and 9 that for the highestv,
above a given energy of the incident electron~about 1.5 eV
for v54, 1.7 eV forv53, and 1.9 eV forv52), the reso-
nance structure vanishes in the cross section. Indeed, th
tal energy then exceeds the ion dissociation limit and all
ionization channels become open, which stops the indi

e FIG. 11. Same as Fig. 10 for the global~direct plus indirect!
process, starting from (J50, v50) initial ion levels.

FIG. 12. Effect of rotational excitation. DR cross sections f
the direct process only, for3He4He1 in different initial rotational
levelsJ with v50. For these test calculations only the3Sg

1 disso-
ciative state has been included.
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FIG. 13. Same as Fig. 12, for the global~direct plus indirect! DR process, starting from different initial rovibrational levels:~a! J
50, v50; ~b! J53, v50; ~c! J56, v50; and~d! J59, v50.
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DR mechanism described in Sec. II. The same would hap
to the v50 and 1 cross sections at slightly higher ener
about 2.1 eV forv51 and 2.3 eV forv50 ~the exact values
depending on the isotope!. Just below each of these thres
olds the Rydberg resonances become very narrow~high-n
values! and compressed, and will be washed out in any
erage, such that no sudden change should be observe
experimental cross sections or rates.

C. Isotopic effect

In Figs. 10 and 11 we compare total cross sections for
three isotopomers3He2

1, 4He2
1, and 3He4He1, for initial

rovibrational levels (J50, v50) and (J50, v54) of the
ion ground state. In spite of quantitative differences due
different nuclear overlaps we observe similar behaviors
the variousdirect cross sections~Fig. 10!, all within less than
one order of magnitude. The resonance energies and sh
in the total cross sections~Fig. 11! change from one isotop
to another due to changes in the vibrational spacings, an
very small energies the three cross sections are very diffe
due to resonances lying just at threshold with different int
ference pattern, but the general picture is the same.
implies that the isotopic effect, in addition to the presence
the permanent dipole in the3He4He molecule~which can
prove decisive for the experiments, as explained earlier!, has
little influence on the average DR cross section, which
mostly dominated by electronic interactions.

D. Influence of the initial rotational level

As a last test, we performed cross-section calculations
a sample of the initial rotational levels of the ground state
3He4He1 with v50, including the contribution of the lowes
dissociative state only. The cross sections for the direct p
en
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cess~Fig. 12! as well as the total one~direct plus indirect,
Fig. 13! show very little change betweenJ50 and 3, but
significant differences are found for the higher values ofJ.
The direct cross section increases roughly by a factor 2 w
going fromJ50 to 9, and the resonance structure in the to
cross section is modified due to energy changes for the r
nant bound states.

When averaged over a Boltzmann distribution of ro
tional levels the resulting cross section is very close to
J50 one for T5300 K ~Fig. 14!, where the distribution
peaks atJ53, while at 2000 K~Fig. 15!, with a peak atJ

FIG. 14. Averaged DR cross section~contribution of the3Sg
1

dissociative state only! for 3He4He1 molecular ions in a Boltzmann
distribution of rotational levels at 300 K, withv50. The inset
shows the corresponding Boltzmann distribution of initial rotation
levels. The dashed line reports theJ50 cross section@Fig. 13~a!#
for comparison.
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59, it is larger for most of the energy range studied. This
an indication that rotational excitation should be taken i
account for a precise comparison with experiments in wh
molecular ions are injected with high internal energy.

E. Final atomic states

In flow-tube experiments radiation from excited fin
states resulting from DR can help in analyzing the res
and determining the DR cross section. In addition, recent
experiments in ion-storage rings have been able to mea
branching ratios into the final atomic fragments@14,15#. Al-
though the calculations presented here do not explicitly
termine the final states, certain predictions can be made f
asymptotic correlations of the three dissociative states
volved. All correlate with one helium atom in th
He(1s2; 1S) ground state and the other one in a metasta
state: He(1s2s; 3S) for the 3Sg

1 state, He(1s2s; 1S) for
the 1Sg

1 state, and finally He(1s2p; 3P) for the 3Pu dis-
sociative state. Therefore, in the absence of curve cross
in the asymptotic region, one would expect only a grou
state and metastable He final states. As indicated by Gu
man and Goddard@27#, there is a curve crossing between t
1Sg

1 states arising asymptotically from ground-state He a
either He(1s2s; 1S) and He(1s2p; 1P). This crossing
could result in some transfer from the metasta
He(1s2s; 1S) state to the He(1s2p; 1P) state which can
be optically observed. However, especially at low ene
and for the first ion vibrational levelsv50 –2, the dissocia-
tive 1Sg

1 channel is of minor importance; hence also t
production of the He(1s2p; 1P) final state.

V. CONCLUSION

In summary, the following results have been obtain
First, alternative routes for low-energy dissociative recom
nation of He2

1 molecular ions are possible, and the dom
nant one depends strongly on the energy and the initial r
brational level. The lowest3Sg

1 state is the most effective
dissociation path at very low energy and for thev50 –2
vibrational levels, whereas forv53 –4 the DR mainly oc-
curs along the first3Pu repulsive curve, and also a Rydbe
state with theA2Sg

1 state as ion core. Second, the initi

FIG. 15. Same as Fig. 14 forT52000 K.
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rovibrational level of the molecular ion strongly influenc
the dissociative recombination cross section at low ene
The difference between thev50 and 3 average cross se
tions is about four orders of magnitude below 1 eV, for ea
of the three isotopomers we have studied. This differe
decreases at higher collision energy, due to a better nuc
overlap between thev<2 ion vibrational wave functions and
the dissociative ones. Around 2 eV thev50 –4 cross sec-
tions are all within one order of magnitude, an importa
feature for experiments attempting to test the initial ion le
by comparing heteronuclear and homonuclear ion resu
Although the mixed isotopomer3He4He1 should relax much
more quickly to the ground level, the measured cross s
tions could differ only slightly except at low energy. Finall
the resonance structure induced by the indirect DR proce
very sensitive both to the initial rovibrational level and to t
dissociation channel, with the general tendency to slow do
the fast processes by destructive interferences and to slig
speed up the slower ones.

So far no absolute values for the DR cross section
He2

1 have been reported. Relative measurements for4He2
1

and the mixed variety3He4He1 are being performed in Aar
hus on the ASTRID storage ring@9#, on a much larger en-
ergy range~up to 20 eV! than for the present calculations
The only published experimental results for He2

1 DR are
rates determined in plasma afterglows. Due to the comp
ity of the phenomena in such plasmas, the reports w
somewhat controversial but the rate of DR at 300 K w
found to be less than 5310210 cm3 s21 @7# for 4He2

1 ions.
The present calculations lead to cross-section values aro
10218 cm2 near 0.026 eV for (J50, v50) initial level ~see
Figs. 10 and 11!, and the corresponding rate coeficient c
be fitted to the relation

a51.0431028T 20.9 cm3 s21.

in the temperature range 250–350 K. Its value at 300 K
6.1310211 cm3 s21, consistent with the low measure
rates. However, this does not rule out the possible contr
tion of nonadiabatic couplings to low-lying dissociativ
states, below the ion curve. This type of mechanism,
included in the present calculation, has been found to
important in the case of HeH1 @28,29#. Here we do not ex-
pect a significant increase of the cross section, but it co
direct part of the flux to lower dissociation limits, includin
totally ground-state products. Recent experiments by Ha
@30# have seen evidence of the production of He atoms
the ground potential-energy curve of the neutral, and we
currently investigating this possibility.
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