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A statistical model serving to estimate the branching ratios in the dissociative recombination of polyatomic
molecular ions is described. Simple phase-space assumptions are employed separately for the electronic cap-
ture step and the subsequent dissociation and yield predictions in good agreement with existing ddta on H
Also the vibrational state populations of molecular fragments can be obtained and'faréifound to agree
well with recent measurements.
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The dissociative recombinatididR) of molecular ions is  systems the authors of RéfL5] reached the conclusion that
a key process for the formation of complex molecules inthe model is lacking for such systems “general predictive
dense interstellar cloudd,2]. Among all species, ki at-  power, free from parametrization.”
tracts particular interest owing to its key role in astrochem- Here we present a model describing product branching
istry [3]. Moreover, the low-energy DR rate fo;Hhas been ratios for the DR of polyatomic molecular ions, based on
a controversial issue for many years, and there are still unsimple statistical assumptions about the redistribution of en-
explained differences reaching orders of magnitude amongrgy among the dissociating nuclei and about the population
the experimental and theoretical resUl®d. In fact, for the  of electronic potential surfaces. The development of this
low-energy DR of H* even the driving mechanisms have model was initially motivated by our recent experimental
not yet been fully clarified, while at higher energy, they seenstudies[6] of the dissociation process following electron
to be reasonably understodd]. For H;* the DR process capture on H' at the heavy-ion test storage rin@SR),
with low-kinetic energy electrons can be depicted (e6  vyielding the kinematic correlations in the three-body channel

Fig. 1) as well as the vibrational excitation of the, Hroduct in the
two-body channel; as shown below, the product vibra-

Hyt e (E)— H(1s)+H(1s)+H(1s) (a) 0 tional populations measured in this experiment can be well

3 H,(X 129)(U)+ H(1ls) (B) described by a simple model considering the relative energy

available within a pair of H nuclei, assuming a uniform dis-

with total product kinetic energies &,=4.76 eV andE; tribution of the fragments in the three-body phase space. The
=09.23eV/[the latter being given for the vibrational ground
state ¢ =0) of the H, fragmen{. The first complete branch-
ing ratio (BR) measurement for the DR of vibrationally cold
H,;", as a function of electron kinetic ener§y was carried
out by Datzet al.[5]. The three-body product channewas
dominant for lowE with 75% of the total reaction rate and
only 25% remaining for the molecular chang®lSo far, no 15
explanations for this ratio nor for the structure of the BR
observed at higher electron energies0.4—20 eV have % 10
been given. Detailed experimental studies of the dissociatiors
dynamics following the DR of K" have been performed 5 s
recently[6], yielding also the vibrational level populations of
the H, fragment produced in channgl For more complex 0
molecular ions(such as HO", CH,", H;O", and others
[7—12]) DR measurements also showed a strongly dominant _g
many-body fragmentation.

It has been seen as an appealing goal for more than twi
decades to provide a theoretical model capable of explaining
these experimental results on a unified basis. The first at-

tempt to predict the DR product branching ratios was per- g, 1. Molecular potentials and final-state energies relevant for
formed by Herbst and coworkef43,14], applying the sta- the DR of H,*. Indicated are the ¥ ground-statésolid curve and
tistical phase-space model of chemical reactions. Gallowajinal energies for various electronic excitatiorisovibrational

and Herbs{15] later modified the phase-space theory, con-ground state for all bifragment energigsAlso shown are the 4
sidering the effects of Franck-Condon factors and curvepotential curvesidashed correlating to the lowest exit channels,
crossings as also emphasized by B4ted. However, after reached at near-zero initial energy. The dependence on the Jacobi
comparisons with experimental results for several tetratomicoordinatey is shown for the geometry indicated in the inset.
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same energy randomization among the nuclei should alsouclei in this subset and then assume a bound molecule to be
influence the product branching ratio, since a pair relativédormed in all cases where the relative kinetic energy remains
energy exceeding the JHdissociation energy prevents the below the molecular binding enerd, ; . Otherwise, atomic
formation of this molecular product in favor of additional fragments are produced and the electronic configuration con-
contributions to the three-body exit channel. With additionaltributes to the fully dissociated product channel. For the
simple statistical assumptions about the population of eleceases where indeed a molecule is formed, the relative energy
tronic configurations, the experimental low-energy value ofdistribution for the subset predicts in addition the degree of
the product branching ratio can be very well reproduced, andovibrational excitation for this product.
structures in the observed energy dependence of the branch- The corresponding relative kinetic-energy distribution for
ing ratio can be explained. complete phase-space randomization can be obtained in a
The DR of a molecular ion can in its main features bestraightforward way for a dissociating three-body system
described as a two-step process, a basic picture which weith a total kinetic-energ¥, by using the Dalitz coordinates
shall adopt also here. In the first step, an electron is capturdd7] 7,=(2E;—E,—E;)/3E, and 7,=(E,—E;)/V3E,,
into an electronic configuration of the neutral state, correwhereE,, E,, andE; are the kinetic energies of each of the
sponding to a certain potential-energy surf4R&S. In the  three fragment atoms, respectively, dig=E;+E,+E; is
second step, this capture is followed by a rapid dissociatiotthe total kinetic energy. The relative kinetic energy in the
of the system on the PES into an exit channel. Of all eleceenter-of-mass system of two selected particles can be ex-
tronic configurations, soméreferred to as repulsive-type pressed in terms of the Dalitz coordinates. For example, one
configurationg yield only atomic products while othefgsle-  obtains
noted as bound-type configuratign®ay also support mo-
lecular fragments. Let us denote By the asymptoticelec- Ei, 2m;+2m,—m; m;+m,+m;
tronic energy after fragmentation associated with an energy E 3(my+my) /i
. P k 1TMy
surfacei. Then, at an initial energ¥, a total energyE, ;

=E—E; is available for the relative translational motion be- wherem,, m,, andm; are the particle masses. The Dalitz

tween the fragmentglus all rovibrational motion within coordinates are defindd7] such that a random phase-space
those fragments which are molecules. For low-energy recoms P P

bination of H* the exit channel HH, can be reached via distribution for the three particles corresponds to a uniform

the %A, PES ofH, which repeserts a bound-type confiu- o % 1 18 (.72 plne, confned witin & redon
ration, while the exit channel of three ground-state H atoms) y gy : 4

correlates to thé®“B, surfaces, which are of the repulsive Tasses, this region is a C|rcle_ of rad'“?’ 1/3'. an_d usyag
type =1/3—(2/3)E,,/E, the normalized relative kinetic-energy

In addition to the electronic pathway;sve consideprod- distributionP(E,) is obtained by integration ovey, as

uct channeldlistinguished by the composition and the states

of fragments. Whereas a repulsive-type configuration always P(Eyy) dEn:E f d7,

yields fully dissociated fragments, a bound-type configura- ™

tion may contribute not only to product channels with bound

molecular fragments but, if sufficient ener@y ; is avail- _i _

i = 1

able, with a certain probability also to fully dissociated exit =

channels. Thus, for 4 the bound-type configuration as rep-

resented by théA,; surface can contribute to both product  For the case of k" recombination with low-energy elec-

channelsB and a. trons towards HH, we have E,=E, 2A1=9.23 eV and
For any product channey, we write its formation prob- g, =g, ., 15)=4.48 eV. As a first step, we have derived

?b'".ty PX[haS a sum over contributions from various eIec'the vibrational distributiorP z(v) of the H,(X 13) products
ronic pathways, for this channel, using a simple quantization of the continu-
ous energy distribution of Eq4) according to

, )

m;+m,

dnq

d E12 d ElZ

2E;,\2
1——”) dE,. (4
Ex

P,=AX \P, 2
! (E,+Ep 1 1)/2

. L . Pg(v)= P(E)dE;, 5
where \; denotes the relative contribution of an electronic (Ey_1+E,)2

configurationi and P'y the probability that fragmentation on

the associated PES leads to the prodyct# is a normal-  (lower limit of 0 and upper limit ofE,; for v=0 andv
ization factor so thak ,P,=1. To estimate the probability =uv,,,, respectively. The predicted relative vibrational
P',/, we assume that the energy rele&sg is randomized populations are in very good agreement with our recent ex-
amongall the nuclei which evolve on the multidimensional perimental dat46] (see Fig. 2

PES, taking into account the standard restrictions of energy By the same reasoning, i denotes a product channel
and momentum conservation. If the configuratide of the ~ where one pair of fragments atoms forms a molecule with
bound type andy denotes a product channel where a subsebinding-energyE,, ; and is reached by fragmentation along
of the nuclei can form a molecule in an electronic sjatee  the bound-type electronic pathwaythe molecular product
derive the relative kinetic-energy distribution for the specificfraction is obtained by
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0.2— ' ' ' ' ' ' ' tistical population of the relevant electronic energy surfaces,
are in perfect agreement with the experimental ref&jlof
P,/Pz=3 for the BR in the low-energy DR of H.
| We have tested the more general predictive power of our
Be model based on these two statistical assumptions by calcu-
lating also the electron energy dependence of the two- and
< three-body product branching ratio fog Hfor which experi-
- L o 1 mental data by Datet al.[5] are available. Bound-type con-
_¥_ | figurations are added with increasing final-state energy, cor-
B relating to the following exit channelgsee Fig. 1 H(nl)
I l— | +H,(X 129) [atomic Rydberg states, starting with HJ2
— +Hy(X'2g) at 0.97 eVl, H(1s) +H,(n’A) [molecular ex-
I M cited states, starting with HEL+ H,(B 13 ) at 1.95 e\ and
H combinations of both[H(nl)+H,(n"A), starting with
5 2 p 5 o H(21)+Hy(B1X,) at 12.15 eV
v Channels leading to molecular singlet states(d’ 1A)
with n’=<3 are treated according to Edd) (with E,=E,;)
and(6); this implies that any decay of excited, ktates leads
to the H, electronic ground state. A large fraction of flag-
ments in other electronically excited states cannot be ex-
pected to remain bound because of strong predissociation
. £y and because pf radiativg decay to the, dissociqtive state.
p'y:f YJP(EJ_Z)dE:LZ- (6) We here con3|d§r all i—tnplet states as well as'smglet states
0 with n’>=4 to dissociate and hence to contribute to three-
body fragmentation. Although somewhat simplifying, this
For H;*, again Eq.4) is applied. At near-zero electron en- assumption takes account of usual astrophysical conditions
ergy, the only bound-type path is thd; surface, which as well as the conditions of most experiments including Ref.
fixesEy=Ey; andE, ; as above. Its contribution to the two- [5], where the measurement of the BR was performed a few
body product channes, from Eq. (6), is P;A1:0.48, while ~ microseconds after the electron capture, leaving ample time
) o o 2 for these decays to occur. The statistical weight of each
the dissociation fraction is given by the complemeF?taA(1 bound-type configuration is obtained as=\¢(2l+1)(2
=0.52). However, the overall branching ratio between the_ Sx0) for H(nl) +Hy(*3A), with A¢=2 according to the
three- and two-body product channels as represente,.by initial spin multiplicity of the DR reaction. Excited
andP [see Eq(2)] also depends on the repulsive-type con-repulsive-type configurations which correlate to nil(;)
figurations and hence the relative probabilitigsat which 4+ H(n,l,)+H(nsl;) are also included, starting with
electronic states are populated in the electron capture stepy2|,)+2H(1s) at 5.44 eV; their weight is set to;
Of the two 2B, repulsive-type configurations with energeti- — T12_,(2I,+1). The energy dependence of the theoreti-
cally open-exit channels at near-zero electron energy, onlya| results has been convoluted with the rotational tempera-
the doublet configuratiofB, can be formed from the initial yre as estimated from the experimental results of Strasser
state corresponding to the singlet ground state of Bnd a et al.[6] and the electron temperature present intReRING
free electron. We now assume tretchPESwhich is corre-  gtorage ring experimenfis].
lated to an energetically open asymptotic exit channel con-  Figure 3 shows the comparison of the model calculation
tributes to the reaction rate according to the statistical yith the experimental resulf§]. The dashed curve includes
weight of the corresponding electronic configuratiorhis  a| the electronic final states as mentioned above. It repro-
seems to be a very rough assumption as it disregards thgces the overall shape of the BR as a function of the elec-
issue of potential-surface crossings and favorable Franckron energy, although the calculated values between 0.7 and
Condon overlap factors which are usually assumed to detei ey overestimate the measured ones. The comparison be-
mine the electron capture probability; however, as opposeglyeen the model and the experimental data provides a rather
to diatomic systems for which the latter considerations hav@jetailed interpretation of the observed structures. In particu-
been found important, we would expect a simple statisticalar, the rise of the two-body product fraction &0.6 eV is
assumption to become increasingly useful for polyatomicjye to the opening of the H{P+H,(X Is,) electronic
systems where often many pathways in a multidimensionahannel. The fact that the branching ratio is observed to be
coordinate space can contribute to a given reaction. For lowypproximately independent of the incident electron energy
energy recombination of i the statistical assumption im- pejow the H(2)+Hy(X'S,) threshold (0-0.7 eV and
plies )\ZBZ=)\2A1=2, i.e., it is determined by the spin multi- again below H(8)+ H,(X 12g), threshold (~1—-2 eV
plicities Ns=2. Remarkably, the normalized product clearly demonstrates that, once a channel is open electroni-
branching ratios oP,=0.76 andP ;= 0.24, following from  cally, the growing number of rovibrational states energeti-
the model of random fragment energy distributanmd a sta-  cally accessible for increasing electron energy does not en-
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FIG. 2. Relative vibrational state populatioR¢v) of H, frag-
ments from the DR of K" at near-zero initial energy as obtained
from the model(open bars compared to the experimental results
[6] (open circles
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- : eV, and the statistical model gives the correct size of this
Hi&‘?:g) l.‘\\[ ;:‘fs';jms) peak once the predissociation and decay of the excited mo-
1

Hiee N lecular hydrogen states is taken into account.

0.8r HXZ N 1 The assumption that all possiblevalues are actually
2 RS N populated in the dissociative process should be regarded as
& + an upper limit as electron capture into states with high-
0.6 . electronic angular momentum is expected to be suppressed.
s In addition, a considerable fraction of the electronic energy
£ surfaces correlated to highstates of the fragments may be
6 0.4 . raised up in energy in the molecular complex as a conse-
z quence of molecular-orbital promotion, so that their Franck-
:|:N Condon overlap with the initial state of the DR reaction be-

0.2 . comes very small. To obtain the lower limit for the branching

ratio in our paper, we therefore repeated our calculation
counting only final electronic states witlh=0. The result is
0 > - 5 . ) shown by the full line in Fig. 3; the two limiting branching

10 10 e ev " ratio predictions are seen to enclose the measured values

¢ over most of the energy range.

FIG. 3. Branching ratio for the two-body channel as a function ~The model proposed here yields a straightforward expla-
of electron energy as obtained from the model including all finalnation of the finding from many experimerité—12] that a
states(dashed curveand final states with=0 only (full curve). large degree of fragmentation occurs during the DR of poly-
Some important final-state threshold energies are indicated. Thatomic molecular ions as, by the energy randomization
model includes rotational excitation of the Hions and the experi- among the nuclei, exit channels where molecules can be pro-
mental electron energy distribution. duced also contribute to those with higher fragmentation.

. _ . . This will enhance fragmentation if bound- and repulsive-type

hance the reaction rate into this channel. This supports thgynfigurations among themselves are populated statistically
approach of combining separate statistical assumptions f%i in Eq. (2)]. The present model cannot explain the experi-

the electronic and the nuclear degrees of freedom, as ORjenty) results obtained for the predissociation gRydberg
posed to considering the total weight of electronic states p'”§tates[18].

internal rovibrational statgsl3]. Due to the opening of fur-

ther channels H{l) +H,(X 129) (starting at~2.86 eV for This work has been funded in part by the German Federal
n=3) the two-body fraction keeps increasing untih eV.  Minister of Education, Science, Research and Technology
At ~5.5 eV, the opening of additional repulsive electronic(BMBF) within the framework of the German-Israeli Project
channel leads to a strong drop in the two-body fraction.Cooperation in Future-Oriented Topi@d3IP), and by the Eu-
Starting from~12 eV, the excited bound-type configurations ropean Community within the Research Training Network
H(nl)+H,(n'A) open, producing an additional peak-at5  “Electron Transfer Reactions.”
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