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A theoretical treatment of dissociative recombination (DR), vibrational excitation (VE) and vibra-
tional deexcitation (VAE) of the BeH™ ion in its four lowest vibrational states (X'X", vi" = 0,1,2,3)
is reported. The multichannel quantum defect theory is used to determine cross sections and rate
coefficients. Three electronic symmetries of BeH - 2II, 257, and 2A - have been included in the cal-
culations. At low energies the DR is dominated by capture into states of 2II symmetry. Satisfactory
agreement with results obtained using the wave packet approach is reached at intermediate energies
despite significant differences at low energies. Cross sections and rate coefficients suitable for the
modeling of the kinetics of BeH" in fusion plasmas and in the stellar atmospheres are presented

and discussed.

I. INTRODUCTION

Beryllium has been proposed as a plasma facing ma-
terial candidate in the edge of the International Ther-
monuclear Experimental Reactor (ITER) [1] in order to
suppress chemical erosion of carbon in the main chamber
ﬂj] The choice of beryllium is justified by its small im-
pact on the plasma performance B] since it should have
a low tritium retention M, ﬁ] The beryllium wall will be
exposed to plasma heat and particles bombardment at
the edge of the reactor and then it will undergo chemical
erosion M, (i B] Consequently, the beryllium atoms will
enter into the plasma, form molecular species like BeH,
BeD and BeT due to reactions with atoms of the fuel (H,
D, T) in the fusion device [4, [7] and will interact with
other impurities. These molecules will be ionized by col-
lisions with plasma electrons and move rapidly under the
action of variable magnetic field. Tons and neutrals move
towards the divertor. In the plasma described above,
numerous atomic and molecular processes occur. Even
though hydrogen isotopes, used as fuel in the fusion de-
vices, dominate the evolution of the core plasma, in the
low temperature edge/divertor regions (below 20000 K),
the collisions between electrons and BeH™ ions play a
major role [§]. Therefore, studies (experimental or theo-
retical) of the above process are needed for plasmas di-
agnostics and modeling Eﬁ] The BeH™ ion can be
destroyed by Dissociative Recombination (DR) [12]:

BeH" +e~ — Be+H (1)

assisted by Vibrational Transitions (VT) - excitation
(VE) and deexcitation (VAE):

BeH ™ (vf) + ¢~ — BeH" (v}) + e~ (2)
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and by Dissociative Excitation (DE) :
BeH" +e¢” — Bet + H+e™. (3)

Here v;” and v are the initial and final vibrational quan-
tum number of the ion respectively.

On the other hand, BeH and its associated ion BeH™
have been identified in stars - including the sun (in
sunspots) [13] - and comets [14, [15]. The accurate de-
termination of physical and chemical conditions of these
media also requires the knowledge of the relevant elemen-
tary processes involving these molecules among which the
DR and VT of BeH™ play a central role. Unfortunately,
due to the high toxicity of beryllium, no measurement on
electron scattering process with BeH™ is available. Thus,
calculations seem to be the only way to obtain these data.
Theoretical studies proceed in two steps:

(i) solving the electronic part of the problem to deter-
mine relevant potential energy curves (PEC), couplings
and autoionization widths and then

(ii) solving the nuclear part of the problem to compute
cross sections and rate coefficients.

Quantum chemistry calculations on BeH/BeH™ have
been reported in Refs. [16-18]. In [16], adiabatic po-
tential energy curves of the six lowest electronic states
of I, '¥F 311 and 23X+ symmetries of BeHT have been
computed using the multireference configuration interac-
tion (MRCI) method. Full configuration interaction cal-
culations by Pitarch-Ruiz at al. HE] provided adiabatic
potential energy curves of the lower states of BeH. These
calculations were preceded by the work of Machado et al.
ﬂﬂ], which revealed the existence of a double minimum
of the low lying excited 2II Rydberg states of the BeH
molecule. Recently, by combining the MRCI method
with electron scattering calculations using the complex-
Kohn variational method @] two of the present authors
ﬂﬂ] calculated both adiabatic and quasidiabatic potential
energy curves of excited states of BeH, hence providing
data for the study of DR and VT of BeH™.


mailto:ioan.schneider@univ-lehavre.fr

In the same article, the first theoretical predictions of
the DR cross sections of BeH™ in its two lowest vibra-
tional states have been reported using the wave packet
method m] Couplings between dissociative states and
excited Rydberg states of BeH of 2II, 2X% and ?A sym-
metries have been considered, leading to sharp oscilla-
tions of the cross sections. However, the wave packet
(WP) technique may not be the most suitable approach
at low collisional energies because the indirect mechanism
through electronic capture into bound Rydberg states is
only partially included. Indeed, only a limited number of
such states were considered, and the vibronic couplings
were neglected.

In this paper, we use the molecular structure
data previously computed ﬂﬁ] in order to revisit the
low/moderate energy electron impact collisions by a
method based on the Multichannel Quantum Defect The-
ory (MQDT)[21, 29]. This allows a detailed approach
of the indirect mechanism at very low energy and of
the vibronic couplings between the ionization channels.
We take the opportunity to enlarge the previous work
ﬂﬂ] by studying the vibrational dependence of the DR
cross section for initial vibrational quantum numbers
v;r =0,1,2,3. Furthermore, we address inelastic vibra-
tional transitions in electron collisions, which are major
competitors of the recombination process. The paper is
organized as follows: Sec. II provides a brief description
of the theoretical approach. Sec. III presents the compu-
tational details of this work and in Sec. IV, we present
the DR and VT cross sections and rate coefficients of
BeH™ at low and intermediate energies/temperatures.

II. THEORETICAL APPROACH

The collision processes studied here involve two mech-
anisms:
(a) the direct process in which the electron is captured
into a doubly excited dissociative state BeH** of the neu-
tral system leading either to two neutral atomic frag-
ments Be and H or to autoionization:

Be+H
+ (0t - o
BeH" (v;") + e~ — BeH™ — { BeH+(U}') e (4)
(b) the indirect process consisting in the temporary
capture of the electron into a singly excited bound Ryd-
berg state BeH*, predissociated by BeH**:

BeH" (v)") + e — BeH" — BeH™*
- Be + H (5)
BeH™ — { BeHJr(v}r) +e”

These processes are reactive collisions involving two
different types of channels, namely dissociation chan-
nels (describing the atom-atom scattering) and ionization
channels (describing electron-molecular ion scattering).

A channel is open if the total energy of the molecular
system is higher than the energy of its fragmentation
threshold, and closed in the opposite case. An ionization
closed channel introduces in the calculation a series of
Rydberg states differing only by the principal quantum
number of the external electron ] Hence, the inclusion
of the closed channels allows for the indirect mechanism,
which interferes with the direct one resulting in the total
process.

The dissociation and the ionization channels are cou-
pled by the short range Rydberg-valence interaction ac-
counted for at the electronic level first, through the R-
dependent electronic coupling V(R). According to [21],
for a given dissociative state d;, this coupling is given by:

V(R) =< ®q,|He| @/ 70" >, (6)

the integration being performed on the electronic coor-
dinates of the total neutral system. Here H.; is the
electronic part of the hamiltonian, ®4; the electronic
wavefunction of the neutral molecule dissociative state,
and ®(€//7°) the electronic wavefunction describing the
electron-ion scattering. As stated in [21], V/(R) is as-
sumed to be independent on the energy of the outer elec-
tron, and an appropriate choice of the wavefunctions may
result in real values for this quantity. However, the com-
putation of this coupling by quantum chemistry methods
is a very difficult task. Instead, one usually extracts its
absolute value from the autoionization width I'(R), ob-
tained from electron-ion scattering calculations [12, ],
using V(R) = [['(R)/ (27)]'/2. The integration of this
interaction on the internuclear motion leads to the con-
struction of the interaction matrix V:

Va, ot (E) = (xa; (B)|V (R)|x0+), (7)

where x4, and x,+ represent the nuclear wave functions
of the dissociative state d; and of the vibrational state
associated to an ionization channel respectively, and E
is the total energy of the molecular system. This in-
teraction is effective in the reaction zone only, charac-
terized by small electron-ion and internuclear distances.
Once the interaction matrix V is built, we determine the
short range reaction matrix I by solving the Lippmann-
Schwinger matrix equation:

1
K=V +Vp—peK, (8)

where Hy is a zero-order Hamiltonian matrix of the
molecular system under study. The solution adopted
for the Lippmann-Schwinger equation depends on the
strength of the interaction matrix elements [Equation ()]
and on its variations with the electron energy [24]. For
weak couplings, this equation has a perturbative solu-
tion M], which is exact at second order , provided
that the electronic coupling V' (R) is energy-independent
ﬂﬂ, ] In the energy representation, the elements of



the reaction matrix (B) write:

Kpn(E',E) = Voun(E', E)

m, n and ¢ indicating dissociation (d; type) or ionization
(v type) channels. It should be noted that within the
quasidiabatic representation we are using, the interaction
matrix V does not have nonvanishing matrix elements
between two ionization channels (Rydberg-Rydberg in-
teraction) or two dissociation channels (valence-valence
interaction). As for the Rydberg-valence interaction ma-
trix elements, which couple ionization to dissociation
channels, they depend on the total energies F, E/7 E
involved in Eq. (@) through the relative kinetic energy
release of the dissociation products ﬂﬂ]

In order to cast the result of the short range interaction
in terms of phase shift, we diagonalize the I matrix:

1
KU = —— tan(n)U. (10)
T
In the external region, the Born-Oppenheimer repre-
sentation is no longer valid for the neutral molecule, and
a frame transformation @] is performed into a close-
coupling representation, via the projection coefficients:

Clot rec = 3 UB o Ot (B)| cos(mp (R) + ) xu(R))
’ (11)

Cana = UL, cosn (12)

S+ na = P Ul o X+ (R)] sin(mp (R) + nd)Ixo(R))
(13)
SdAa = Ué\a sin 772. (14)

Here the labels [, A, and « designate respectively the or-
bital quantum number (corresponding to a partial wave)
of the outer electron, the quantum number associated to
the projection of the total electronic angular momentum
on the internuclear axis, and the eigenchannel defined
through the diagonalization of the K reaction matrix.
These coefficients result from the joint action of the two
types of coupling driving the molecular dynamics in the
curently described processes, i.e., the electronic coupling
expressed by the eigenphases n and eigenvectors U of
the reaction matrix, and the vibronic coupling between
ionization channels expressed by the matrix elements in-
volving the quantum defects pi*(R). Starting from the
matrices built on the elements defined in equations (IIJ)-
(), the generalized scattering matrix is obtained and
organized in an appropriate block-diagonal structure, ac-
counting for open(o) and closed(c) channels:

XOO 'XOC
X = <Xco X > . (15)

_C+iS

X C—iS

Finally, the elimination of the closed ionization channels
in the X matrix leads to the physical scattering matrix

Pt

1
Xee — exp(—i27v)

S = Xoo — Xoe Xeo (16)

and to the DR and VT cross sections for each neutral
electronic symmetry (singlet/triplet g/u) and angular
momentum quantum number A

ymA T A 2.
UZ’;};:H% - 4_Ep57!m Z |de,lvi+| ) (17)
L,j

sym A _ T g m,AE ’ 2.
o7 = 4_€p Y |S’v7{,lvi+ — 6l'l5vf+vi+| ) (18)

v} v
Fo Ll

and then the global cross sections:

_ § sym, A
Udiss<—'ui - O-diss<—'ui+’ (19)
A,sym
o sym,A\
o = o 2
v;{ev? Z v;{ev:r ( O)
A, sym

are generated. Here ¢ is the incident electron energy,
V™A is the ratio between the multiplicities of the neu-
tral system and of the ion, and exp(—27v) labels a diag-
onal matrix whose nonvanishing elements exp(—2mv,+)
are built using the effective quantum numbers v, + asso-
ciated to the closed ionization v* channels.

The molecular data needed to perform the MQDT cal-
culations have been produced by some of us and our co-
workers (Roos et al. [12]) using ab initio Multireference
Configuration Interaction (MRCI) calculations combined
with electron scattering calculations. Adiabatic potential
energy curves (PEC) have been calculated for the ground
state of BeH' and for the excited states of BeH for each
relevant symmetry. Using the complex Kohn variational
method HE] electron scattering calculations were per-
formed to determine energy positions and autoionization
widths of the resonant states. A diabatization proce-
dure [12] of BeH PEC followed in order to produce the
data needed for the DR and VT study: the energies and
autoionization widths of the dissociative states BeH™™,
and the Rydberg states of temporary capture BeH*. We
show in Fig. [ the quasidiabatic dissociative PEC and
their electronic couplings with the ionization continuum
of BeH in the 2II, 2%+, and 2A electronic symmetries.

III. COMPUTATIONAL DETAILS

Using the set of molecular data described above, we
have performed a series of MQDT calculations of DR
and VT cross sections, taking into account the direct
and indirect processes. We have considered the target

molecular ion on its lowest four vibrational levels (v}
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FIG. 1. (Color online) Upper row: Potential energy curves of BeH" (thick black line) and dissociative states of BeH of 211,
29t and 2A symmetries. Lower row: Electronic couplings between the dissociative states of BeH and the ionization continuum.

0 — 3) of its ground electronic state. The cross sections
are calculated separately for each symmetry (involving
all the relevant dissociative states within the symmetry)
and are summed to give the global cross section.

We have explored the energy range 1073 - 2.7 eV of the
incident electron, which corresponds to a total energy of
the system below the dissociation limit of its ground elec-
tronic state. The energy step is 0.01 meV. All dissociative
states plotted in Fig. [ and all the 18 discrete vibrational
states of the ion have been included in the calculations.
From the quasidiabatic PEC’s of the Rydberg states of
Ref.[12], we have extracted quantum defects defining the
Rydberg series of the 2II and 2%+ symmetries of Bell.
Unfortunately, for the 2A symmetry, only one dissocia-
tive state was available from the data of Ref.[12] and we
have taken into account only the direct process for this
symmetry. Taking into account the fact that the dissocia-
tive states belong to Rydberg series of states converging
to the excited ion core, autoionization widths of the very
highly excited states of these series have also been cal-
culated, using the Rydberg scaling law. They have been
added to that of the most excited resonant state available
for both 2IT and 22+ symmetry of BeH. Consequently, for
each of these symmetries, this state becomes an effective
one, and accounts for the contribution of the higher ex-
cited states of the Rydberg series@] The integration
appearing in equation ([l) has been performed on a grid
of internuclear distance of 2450 points ranging from 0.5
to 30.5 units of ag (ap=0.0529177 nm).

In order to obtain the thermal rate coefficients, we
have convoluted the DR and VT cross sections with the
Maxwellian isotropic distribution function for velocities
of the free electrons [29] :

T oo
a(T) = 8 )3/2/0 o(e)eexp(—e/kT)de, (21)

(27kT

where o is the cross sections given by ([9) or [20)) and %
is the Boltzmann constant.

IV. RESULTS AND DISCUSSIONS

In this section, we present the results for DR and VT
cross sections and rate coefficients of BeH™ in its four
lowest vibrational levels (v;” = 0, 1,2, 3) of the electronic
ground state (X1X71).

A. Cross sections
1. Dissociative recombination

In Fig. we show the contributions of the relevant
symmetries to the direct DR cross section of BeH™ in its
ground vibrational state, as well as the total direct cross
section obtained after summation.
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FIG. 2. (Color online) Contribution of relevant symmetries
to the direct DR cross section of BeH" in its ground vibra-
tional state. The thick dashed line represents the cross section
summed over all electronic symmetries.
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FIG. 3. (Color online) Direct (dashed red online thick line)
and total (oscillating black thin line) DR cross sections of
BeH™ in its ground state.

First of all, the 2A symmetry does not allow DR for
collisional energies below 0.6 eV. This energy corresponds
to the energy threshold opening of its lowest dissociative
channel. The 2II symmetry dominates the process at
low energies because the PEC of the corresponding first
and second dissociative states cross the ion PEC in the
vicinity of its ground vibrational level (see Fig. [I). Its
importance decreases strongly with energy until around
1 eV, when a strong revival occurs due to the opening of
the next two highly excited dissociative states. At inter-
mediate energies, the 221, and 2A electronic symmetries
contribute significantly to the DR process due to the rel-
atively strong electronic couplings between dissociative
states and the electron-ion continuum.

At low and intermediate collision energies below the
ion dissociation limit, the colliding electron may transfer
its kinetic energy to the vibrational motion of the BeH™
ion and then, may be temporarily captured into a bound

Rydberg state of the neutral, BeH*, as described by equa-
tions [([[IHI4)]. This bound state is predissociated by
dissociative states BeH** due to the Rydberg-valence in-
teraction [equation ()], resulting in the total (direct and
indirect) mechanism [equations (@) and ([@)]. In Fig. Bl
we present the direct and total DR cross section (summed
over all symmetries). The total cross section is charac-
terized by a rich resonant structure. Figure[3 shows that
the indirect process is relatively weak with respect to the
direct one in this case.

Figure[displays the dependence of the direct DR cross
section on the initial vibrational level of the ion target for
each electronic symmetry. The DR through 2II symme-
try for v = 0 and v}~ = 1 dominates the process down to
zero electron energy because of the crossings between its
two lowest dissociative states and the BeH™ PEC close
to the classical turning points of these vibrational states
(Fig. ). The DR mainly occurs through 2II and 2%+
symmetries for v;” = 2 and through 2IT and ?A symme-
tries for v;r = 3 due to similar favorable crossings and,
respectively, on the relative strong electronic coupling be-
tween the dissociative state of the 2A symmetry and the
ionization continuum. We note stair steps for v;r =0
and v;r = 1 corresponding to the opening of the dissocia-
tive channel of 2A symmetry. This does not appear for
vf = 3 because this channel is open even at zero elec-
tron energy. These cross sections are summed over all
symmetries and displayed in Fig.

2. Vibrational excitation

The electron impact on the molecular cation may also
lead to vibrational excitation (VE), which competes with
the DR reaction. These two processes are intimately re-
lated and modelled simultaneously, as described by equa-
tions (7)) and ([I8]). Figure [ displays the VE cross sec-
tion of BeH™ (v;” = 0) obtained by a summation over all
final vibrational states, v}r of the ion. Both the direct
and total (direct and indirect) processes are considered.
Similar to what was found in the total DR cross section
(Fig. Bl), sharp oscillations appear in the total cross sec-
tion of VE. Despite these sharp oscillations, we note that
the direct and total DR and VE cross section have the
same order of magnitude for all the energy range explored
in this work and hence DR and VE are competitive pro-
cesses at intermediate electron energies. The stair steps
near 0.27 and 0.5 eV correspond to the opening of ion-
ization channels. The huge rise near 0.6 eV corresponds
to the opening of the dissociation channel of 2A and con-
firms the strongly resonant character of these vibrational
transitions [23]. Indeed, the BeH" /BeH system is sub-
ject to Rydberg-valence interactions, quantitatively ex-
pressed through the elements of the interaction matrix

Vi, v+ (E). Consequently, the major pathway of a vibra-

tional transition v;" — v} is of the type v;” — d; — vl}:,
e

the dissociative channels d; being the doorways to t
interchannel interactions.
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3. Comparison MQDT/WP

As mentioned in the introduction, a previous theoret-
ical study of DR of BeH" used the wave packet (WP)
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FIG. 6. (Color online) Direct (red thick line) and total (oscil-
lating black thin line) VE cross sections of BeH" in its ground
state. The cross sections are summed over all final vibrational
levels BeH™ states.

technique ﬂﬁ] In Figs. [[ and §] we show a comparison
between the direct and total DR, cross sections, respec-
tively computed by MQDT and WP methods. According
to Fig. [[it is obvious that the two methods produce sim-
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FIG. 7. (Color online) Comparison between MQDT (solid
black) and WP methods (dashed red online) direct DR cross
sections of BeH™ in its vibrational ground state.

deviations between MQDT and WP results are found at
low collision energies that could be explained by the fact
that the WP method is based on a local approximation
for including autoionization. Figure [ highlights the dis-
crepancy between the total DR cross sections by MQDT
and WP methods. The previously used WP approach in-
cluded electronic couplings to Rydberg states. However,
for an accurate description of the indirect mechanism, a
high number of Rydberg states have to be included as
well as the electronic and nonadiabatic couplings @]
MQDT fully manages the infinity of possible resonant
captures, as well as the nonadiabatic interchannel cou-
plings, and therefore is more appropriate to produce ac-
curate cross sections at low energy, when most of the
ionization channels are closed M]
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FIG. 8. (Color online) Comparison between MQDT (solid

black line) and wave packet (dashed red line) total DR cross
sections of BeH" (v =0).

B. Rate coefficients

We used the calculated DR and VE cross sections to
obtain, by Maxwell averaging, the DR and VE thermal
rate coefficients up to 5000 K. Figure[@ displays the com-
parison between direct and total DR rate coefficients cor-
responding to the cross sections of Fig. [8l The resonances
do not significantly affect the magnitude of DR rate coef-
ficients in the case of BeH" unlike what has been found
for other systems like Hf and HD* [31]. This feature
comes from the weak electronic coupling of the closed
channels to the dominant dissociative states, due to the
unfavorable crossings of the potential energy curves illus-
trated in Fig. [l as well as from their weak nonadiabatic
coupling to the entrance ionization channel, due to the
smooth variation of the quantum defects of the Rydberg
states with the internuclear distance.
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FIG. 9. (Color online) Direct and total DR rate coefficients
of BeH" in its ground vibrational state.

In Fig. [0, we show the total DR and VE rate coeffi-
cients of BeH™" in its ground vibrational state. The DR
rate coefficients obtained by Roos et al. ﬂﬁ] are plotted
too, for temperature higher than 500 K. In the same fig-
ure we display the global rate coeflicients for the VE from
the ground state (v;" = 0 to all excited vibrational levels
(v}L =1,2,...etc.) for the total mechanism. Whereas this
latter process is negligible with respect to the DR at low
temperature, it becomes a serious competitor above 3000
K.

Figure [l shows the total DR and VT rate coefficients
for the three lowest excited vibrational levels of the ion,
in comparison with that corresponding to the ground vi-
brational state. It illustrates a relatively fast DR of BeH™
in its v;r = 2 level, as well as a relatively fast VdE for
vt = 3, at low temperature.

Figure[[2displays the rates of the state to state vibra-
tional transitions. For all initial vibrational levels, curves
of same color represent the total VE and VdE rate co-
efficients related to the same Av = v} — vf. For all
of the initial vibrational levels considered, the evolution
of the excitation rate coefficient with Av and with the
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temperature is quite similar.

V. CONCLUSIONS

The present paper extends the initial study ﬂﬁ] of
the BeH™ reactive collisions with electrons on several as-
pects.

The first is the detailed analysis of the dissociative re-
combination at very low (close to zero) energy of the
incident electron. This required the use of an MQDT-
based approach, able to fully account for the temporary
captures into Rydberg bound states, as well as for the
vibronic coupling between the relevant ionization chan-
nels. The MQDT-calculations resulted in accurate cross
sections in the case of very slow electrons - a case of major
interest for cold astrophysical media - and agree well at
higher energy with those performed by the wave packet
method.

The second aspect is the evaluation of the vibrational
transitions. We produced cross sections and rate coeffi-
cients for vibrational excitation and deexcitation, never
computed before, and certainly useful for the detailed ki-
netics modeling @, @], either in astrophysics, or in the
cold plasma close to the wall of the fusion devices.

The third is the extension to higher vibrational states
of BeH™": our data concern the lowest four vibrational
levels of the target, and all the vibrational levels of the
ion as final states of the vibrational transitions.

Our approach of the vibrational excitation opens the
way to the study of the dissociative excitation ﬂﬁ], oc-
curing above the dissociative threshold of the molecular
ion. This process, very important in the modeling of the
plasma/wall interaction @], is the object of an ongoing
study, devoted to the reactive collisions at high (above 3
eV) energy range of the incident electron.
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