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Three-body fragmentation dynamics of amidogen and methylene radicals via dissociative
recombination
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We report the investigation into the three-body fragmentation of the triatomic moleculggNHCH, via
the process of dissociative recombinati@R). Recently reported analysis of experiments into the DR of the
similar system HO indicated that the DR process is violent, involving a large degree of geometrical change
and energy distribution from the initial attachment of the free electron by the parent ion to the final dissociation
step. Comparison of data from NHand CH, with that of H,O gives a similar picture of the DR process,
though there are significant differences in the results, not only in the branching fraction between the expected
decay channels, but also in the distribution of the available reaction energy over the product hydrogen atoms
as well as in the molecular geometry at the point of dissociation.
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[. INTRODUCTION stituent in such region8-10|, though it was only in 1993,

when van Dishoeck and co-workers detected,NiHinter-

Stellar spacd 11], that its pivotal role was confirmed. Fur-
ermore, NH has also been suggestg?] to play an im-

Molecules containing carbon and nitrogen are some of th
most important species in many areas of science, rangi

from laser physics to combustion, interstellar chemistry, an ortant role in the production of NH, whose spectroscopic

biology._Carbon and_ca_rbon containing molecule_s play som ignature has also been observed in these environments
of the biggest roles in interstellar chemical physics. For exI13 14

ample, the production of carbon in stellar interiors via the
triple-a process is one of the most important reactions inth

astrophysics, since without this process it is not possible t nstant production of ions and electrons. That there is a

create atoms heavier than helium. Furthermore, in studies ignificant degree of ionization is highly important, as one of

tmhgleeﬁglce::ocr:ogsr?baet?rgécngsrbgg 't?]?ss sginu;eggo dgg?;?r:gﬁle most efficient neutralization processes for molecular ions
Y g dissociative recombination.

directly [1]_..These .d.ata are t_hen used+to determine the col- Dissociative recombinatiofDR) is a reaction process in
umn .densmes. O.f critical species such %s[a_‘ﬂ' Mqlecular which a molecular ion recombines with a low-energy elec-
species containing carbon also play critical roles in pIanetar)(ron' with the resulting intermediate then fragmenting into

at:jnoslphgres, Wf'th meéhangl and |tst methyl S}nd Jme.thylengeutral products taking away the excess internal energy. DR
racica’s being ot consicerable importance in the Jovian angy 5, extremely important mechanism in controlling the ion-

Sag’rn'a? atmospherés]]; th Ci ant ies bel ization level of many media and results not only in the loss
or nitrogen, some of the most important Species beIoNG¢ 1, 1ecylar jonic species but also in the production of dif-

to t.he ammonia family, i.e., NHNHZ and NH. Th‘? NH ferent, mainly radical, neutral specigsee, e.g., Refs.
radical is important not only for testing the production path—[15_1ﬂ)_ The rate coefficients and neutral product branching

ways of nitrogen containir_lg mo_lecules, l.)Ut also fo_r its role infractions arising from such processes are necessary for un-
processes such as electrical discharge in amni@hia role derstanding these environments

indicated by thex bands{7] in spectra obtained from such a One successful experimental technique extensively uti-

process. These banc_is are aiso sign_ificant in ast.rochemistrl}éed to study DR reactions is the ion storage ring. The use
since they are a major spectroscopic S|gnat_ure In cometary, y scope of ion storage rings in DR studies has been cov-
atmospheres. NpHwas suggested to be an important con-

ered in depth in many reviews, with two of the most recent
being Refs[18,19. Of particular relevance, recent advances
in detector technology have enabled the accurate measure-
* Author to whom correspondence should be addressed. Electroniment of the kinetic energy of the neutral fragments following

In many regions which contain such molecular species
ere is a high degree of ionization and, as such, there is a

address: rdt@physto.se the DR of molecular iongsee, e.g., Ref$20-25).
TPresent address: Department of Physics, University of Nijmegen, The apparent simplicity of the DR process belies the dif-
6525 ED Nijmegen, The Netherlands. ficulty in developing a general theory which is able to predict
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product branching fractions for polyatomic ions. There have TABLE I. List of relevant dissociation channels for collisions of
been relatively few attempts at a theoretical approach to urNH; and CH, with 0 eV electrons. The available kinetic energy is
derstanding such mechanisms. The oldest models, developéiyen for each channel assuming that any molecular products are
by Bates[26,27 argue that the most favored dissociative formed in their electronic and rovibrational ground states. For the
channel is that which involves the least re-arrangement ofree body channels,(@-3(c), and 4a) and 4b), the e"“thrO“jC
valence bonds in the molecule. This theory then predicts thatt@te of the heavy atom is also indicated. The energetics fof NH
for ions of the typeXHg(H2X+), the most favored dissocia- Were calculated using the Iates_t ionization energy _forzmép_orted

tion channel is likely to involve the loss of a single hydrogen by pyke[35], while the energetics for Ciwere obtained using the
atom. However, to date all storage ring studies on the DR o?va"able data on the NIST webbog&6].

XH;-type ions show a propensity for three-body breakup. In
collisions of zero eV electrons with the ions} 28], CH;

lon Neutral channel  State and energy  Channel number

[29], NH; [30], and HO" [31] the three-body DR channel NH3 NH+H 6.97 eV 1
constitutes 60-80 % of the reaction products. N+H, 8.24 eV 2
This observation of the dominance of the three-body frag- N+H+H N(*S), 3.72 eV 3a)
mentation channel from the DR of these species has, in the N(ZD)’ 1.34 eV 3b)

last two years, led to more detailed investigations, discussed ,
N(“P), 0.14 eV 3o)

in a recent review articlg32]. Up to now, experimental data
and theoretical descriptions have been reported for two spew+ 3

cies in particular, HO* and H;. The initial observations for o CrieH g((lg))’ i'jz Z\\/, :Z;
H,O", reported by Datzt al.[24], were investigated using a i
model developed by Dixoert al, see, e.g., Ref.33]. The
results from this analysis and its comparison with the experi
mental observations were reported by Thoneasal. [25].
They concluded that multiple fragmentation was, indeed, th
dominant channel and a natural outcome of the model, ang . CH;, together with the twa2S) H atoms, there is suffi-
not due to any unphysical constraint or assumptions of t.h%ient energy to form either grour@P) or first excited(!D)
model. For H, Strasser and co-workers developed a CONCISE, . ¢ atoms denoteda and 4b), respectively. Both
statistical mode]34] in an attempt to explain the experimen- h s h ’ fficient kineti ’ ; pb d ty.t d
tal observations reported by Daral.[28]. The results from channels have sulicient kinetic energy to be detected.
their model were in excellent agreement with the experimen-
tal observations up to collision energies of several eV.

In the work reported here, we have extended investiga-
tions of H,O" to studies of DR of NH and CH,. In the main The experiments have been performed at the heavy-ion
focus of this work, we report data on the competition amongstorage ring CRYRING at the Manne Siegbahn Laboratory,
the available three-body fragmentation channels and, usingtockholm University. The facility and experimental proce-
the experience obtained from the earlier analysis @H  dures have been described in detail elsewHé®&19,25,
try to understand the dynamic processes occurring. Finallyand are summarized only briefly here. Figure 1 illustrates the
due to a difference in the branching pattern reported from amyout of the CRYRING apparatus. The ions were produced
earlier experiment at CRYRING on NH[30], compared in a hot filament Penning discharge source, Ntbm am-
with the patterns for other ions of the typ@13, an improved monia, and CH from methane. After extraction of the ions
experimental setup was used to re-investigate the fragmentérom the source at 40 keV, they were mass selected, injected
tion for NH3. into the ring, and accelerated to the required storage energy.

For the chemical-branching experiment the Nbkam en-
Il. EXPERIMENTAL SYSTEMS ergy was 6.0 MeV. For the imaging experiments a beam
energy of 250 keV/amu was used, i.e., 4.0 and 3.5 MeV for

For collisions between 0 eV electrons and Nahd CH, NH; and CH respectively. The reason for using
Table | lists the available dissociation channels, together wittp50 keV/amu is discussed in detail in REZ5]. The stored
their respective kinetic release energies and, for the thregon beam was merged with a monoenergetic electron beam in
body product channels, the possible electronic excitationhe electron cooler, the interaction length bei@.85 m.
states of the heavy fragment, i.e., N and C, are also giverburing the first 4 s after acceleration the electron and ion
The quoted NH reaction energies were calculated using thebeams were kept at the same average velocity, to allow heat
latest measurement of the Nkbnization energy35] while  transfer from the ions to the electrons, in order to reduce the
those for CH were calculated from data in the NIST data- translational temperature of the ions which results in an in-
base[36]. crease of their phase-space density. Furthermore, such stor-

The DR of NH; at 0 eV has three available reaction chan-age times also enable radiative vibrational cooling of the
nels, producing NHH,N+H,, and N+2H, respectively, and ions. The electron beam also served as a source of electrons
are denoted as channéls—(3). The latter of these reactions for the DR process.
creates twa(’S) H atoms together with either grour(@s), Neutral products created in the cooler region were sepa-
first (°D), or second®P) excited state N atoms, denoted as rated from the ion beam as they passed through the first ring

channels 89)-3(c), respectively. It is noted that the low ki-
netic energy(0.14 e\j available to the fragments in channel
(c) might preclude their detection in the current experiment.

Ill. EXPERIMENT
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transmissionT=0.297+0.015 (3¢ uncertainty [37]. The
probability of a particle passing through the gridligand for

it stopping in the grid i1-T). The number of counts in the
different mass/energy peaks when the grid is removed versus
when it is present is only related to the transmission of the
grid and the relative populations of the available reaction
channels. The branching among the available channels can
then be solved numerically from the measured intensities of
the different mass peaks.

The contribution to the detected counts arising from
non-DR processes in the “electron cooler,” for example,
electron-capture reactions with rest d& molecules, typi-
cally H, and CH,, must be determined, e.g.,

g,
Imaging Detector

4 SBD and Grid

NH;+R— N+H+H"+R+E(eV). (1)

Scintillator

FIG. 1. Layout of the storage ring facility CRYRING. lons are At the end of one of the straight sections before the electron
created in a hot filament ion source, MINIS, with a 90° separatorcooler a scintillation detector, connected to a multichannel
magnet used for mass selection. The mass selected ions are thesaler(MCS), is used to monitor the neutral products arising
injected in the ring at 40 keV and accelerated further to the requirefrom such interactions, the count rate being related to the
beam energy, either 6.00 MeV for the Slrexperiment involving number of ions in the stored beam.
the surface barrier detect@®BD) and grid, or to 250 keV/amu for Data from thg DR + backgroungiand[backgroundi pro-
the NH; and CH, experiments with the imaging detector. In the cesses in the electron cooler cannot be obtained at the same
electron cooler section the ions interact with electrons, the neutraime. To account for the contribution of theHeackgroundl
products er!ter tr_le 0° arm and are_detected. Monitoring of the NUMprocesses, the electron energy is tuned away from 0 to 1 eV.
ber of NH; ions in the beam, required for the work with the SBD, The cross section for DR at this energy is sufficiently small
is as:hleved using a scintillation detector positioned at the end of @5+ the measured signal is mainly due to background pro-
straight section before the electron cooler. cesses. For each of these two situations, MCA data are ac-

quired over a period of time corresponding to several hun-
dipole magnet following the cooler. A surface barrier detec-dred injection cycles until the statistical error in the data is
tor (SBD), located~4.0 m from the center of the interaction acceptable. Simultaneously, the number of ions in the ring is
region, was used to investigate the chemical branching ofmonitored as described earlier. Combining these data sets,
NH3, a technique discussed in detail elsewhésee, e.g., the[background contribution to thd DR + backgroundisig-
Refs.[28-31,37). Located a further 2.3 m downstream of nal can be obtained and accounted for.
the interaction region is the position-sensitive multihit detec- The relationship between the observed peaks and the in-

tor array used to investigate the three-body fragmentationtensities of the available reaction channels is given by
This technique is also discussed in some detail in the litera-

ture [20-25. It was not possible to use both detection sys- N T2 T2 T3
tems simultaneously, and the SBD was retracted from the[ = *2Hbkg
detection region for the three-body dynamics measurementy. NN+H-bkg 0 T(1-T) 2T1-T) |[N;
Nn-bkg | =| T(@-T) 0 TL-T)? |IN, |,
A. Investigating the branching fractions NoH-bkg T(1-T) 0 T2(1-T) N3
The neutral particles from the DR event are monitored by \ Ny_pg 0 T(1-T) 2T1-T)7?
a SBD, the output of which, read by a multichannel analyzer (2)

(MCA) card, is proportional to the energy dissipated in the
active region of the detector. Each fragment carries an energy

proportional tp its mass. Detecting all 9f the fragments .fromrected counts in each of the peaks in the spectra. The branch-
a DR event gives a maximum output signal corresponding t?ng fractions into channel§l)—(3), as listed in Table I, are

the full-beam energy of the stored molecular lon. A IOWerobtained by normalizing the solutions fdg, N,, andNs. For
signal thus corresponds to the detection of fewer fragmentse.Xam le
Since the fragments from a single DR event arrive within the pie.

integration time of the detector, the signal arising from an

here Ny.2n-pkg €tC., corresponds to the background cor-

NH fragment will be indistinguishable from separated N and _ N
; . - n=—, (3
H fragments. Using a technique successfully utilized by
Berkneret al.[38] and applied to studies at storage rings by 2N
Datz et al. [28], a stainless steel grid, 50n thick and con- i=1

taining holes of 84um diameter{39] is situated in front of
the SBD. The grid has a known, independently measuredyheren; corresponds to the fraction going into chanhel
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FIG. 2. Schematic of the detector and data acquisition system. Light emitted from the phosphor is split and focused onto a photo
multiplier tube(PMT, Hamamatsuand image intensifig(ll, Proxitronic). Light from the output phosphor of the Il is focused onto the CCD
chip in the camera. The output from the PMT is shaped by a CFD and used as a trigger for the Il and the EBAFTaw Inc.)
frame-grabbing card which then reads the information on the CCD chip in the camera. The data acquisition computer controls the internal
frame-grabbing card via local bus.

B. Investigating the dynamics in three-body fragmentation ) 5 My o 1/2
TD= dHl+dH2+ m—dx (4)

A schematic of the position-sensitive imaging detection H

system[23,25,4Q used in this experiment is shown in Fig. 2. \\hare dHn and dy are the distances of the hydrogen atoms

The neutral fragments from a DR event hit a stack of thre<=and the heavier atom from the c.m., respectively, andnd
microchannel plategVICPs followed by a phosphor screen. my are the masses of the hydrogén and heaviér atom frag-
Light from the phosphor screen is split and imaged onto Anents respectively

photomultiplier tubgPMT) and, via an image intensifiéh ),
onto a charge-coupled devi€ECD) camera. The PMT trig- Xo=24(H-c.m.-H), (5)
gers the Il and the CCD camera, the CCD recording an im- i )
age of the phosphor screen. A software based spot-findingneréxo is the H-c.m.-H angle measured in the plane of the
routine provides information about the positions of the de-detector with respect to the c.m., and
tected flashes in the CCD frame. The interasting “neutral- P(c.m.-H) (6)
atom tagging” foil technique developed to differentiate be-
tween the heavier atomic fragment and hydrogen atom hitavhich is the frequency distribution of H atom distandes
on the MCP425] was also used here, and so the spots found-1, 2) from the c.m., used to determine the partitioning of
in the CCD frame can then be identified as to their fragmenthe available kinetic energy between the H-atom fragments.
source. In previous experiments, mostly on diatomic mol- The displacements of the fragments from the c.m. in the
ecules, a position- and time-sensitive detector has been sulaboratory frame reflect directly the projected momenta of
cessfully used22,23. However, when used in the DR of the fragments in the molecular frame. “Total displace-
H,O", it was clear that this arrangement did not have suffi-men then represents the energy measured in the plane of the
cient time resolution to allow such a clear selection to bedetector, and this varies according to the extent of the motion
made for multiple particle fragmentatid@25]. As such, for  out of the detector plane. The energy available in the process
the experiments reported here, data sets consisting only aihd the internal energy of the fragment atoms determines the
particle positions were recorded. kinetic energy release in the DR process, which is therefore
DR event selection is based on the following criteria: thatdirectly related to the maximum possible TD. Production of
each CCD image contained three spots, and that one of then excited atomic fragment therefore means less available
spots corresponds to the heavy atom fragment, i.e., it appeakinetic energy than for ground-state fragments and a smaller
in the frame where the foil would be. Events fulfilling these maximum TD. Increasing the energy available, either by
criteria are then fully characterized and, for each event, thehanging the collision energy or the internal state of the par-
distances of the heavy and two H atoms from the center oént ion, increases the maximum possible TD. It is noted that
mass(c.m) were determined. Accepted events were analyzedince TD is roughly linear in the total displacement of, in
for the following experimental parameters: particular, the hydrogen atoms, the uncertainty is approxi-
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FIG. 3. Composite MCA spectra showing results for the chemi- FIG. 4. Background-corrected MCA spectra obtained for the
cal branching observed for the reaction )&, Plotted are those case where the grid is in and the electron beam i$@nThe best
raw MCA spectra obtained when the grid is out and where thdit to the curve is obtained using the branching ratio given in the
electron beam is set to coolir(golid line) and tuned to 1 e\(®), main text, and the inset figure gives an indication of the goodness of
respectively. The masses of the fragments contributing to each pedRe fit to these data, with theX2H peak taken as an example.
are indicated.

tribution to the uncertainty is the transmission factor of the

mately independent of its magnitude, and determined by thgrid [37].
quality of the imaging system. Finally, the demagnification These data correlate well with the earlier dg&@] which
factor between the phosphor screen and the CCD camera weaported no evidence of the N+Hhannel. The current
determined for all of the imaging experiments reported herestudy finds only a 4% population of this channel, even after
very careful analysis and without the partial detection diffi-
culties encountered in the earlier study. Irrespective of the
experimental uncertainties, this product channel is clearly

The chemical branching from the DR of NHand the unfavored and its weakness clearly indicates that, Nig-
competition between the three-body fragmentation channelaves differently from both $0 and CH, which fragment
open to NH and CH are discussed here. In each of thesewith an appreciable probability into their respective O/C
studies, data were taken at 0 eV relative collision energy. *+H, channel. Explanation of this observation may be related
to the dynamics involved in the available reaction channels.
The ground state of NHis triplet in character meaning that
the formation of H in the singlet bound state is perfectly

The data sets used to determine the populations of thallowed. That H is not observed to the same degree as it is
three available channels listed in Table | are plotted in Figsin H,O and CH may indicate that the doublet states play a
3 and 4. Figure 3 plots data obtained with the grid out. Withmore prominent role in the initial capture step. Doublet states
the electrons at 0 e\solid line), the DR peak is defined and are highly unfavored for the production of singlet,Hand
the energy scale calibrated. Those data obtained at@ety  this would manifest itself in a decreased production of N
ted ling, corresponding to background processes, are clearlyH,, and an increased production of NH+H over that of N
different from those arising from the DR process. Figure 4+H+H.
plots the DR dat&O), obtained with the partial transmission
grid in and corrected for the background processes. The ob- ; ;
tained best-fit solution to these data is also plottsadlid B. Electronic branching
line) in Fig. 4, with the inset in Fig. 4 illustrating the accu-  The TD distributions obtained for NHare plotted in Fig.

racy of the fit. These data are then used to solve the matriz- The quoted error bars are purely statistical. The vertical
given in Eq.(2) for the N; values, and the branching frac- dashed lines indicate the calculated maximum TD for each of

tions, obtained from Eq.3), are calculated to ben; the available channels. The two observed maxima correlate
=0.395),n,=0.043), andn;=0.578). with the channels producing (RD) and N*S). It is con-

It is noted that the system of equations represented in Egluded with certainty that both of these channels are popu-
(2) is overdetermined since there are five peaks but onljated in the experiment. The lack of a local maxima in the
three reaction channels. Furthermore, as the total branchingP distribution corresponding to the production of’R)
must sum to 1.00 only two of the three channels need to beould indicate either a small probability for the production of
solved. Different combinations of data were used to checlN(?P) or a low detection efficiency for this channel, due to
the reliability of the results and to obtain the quoted uncerthe low kinetic energy available to the fragments. These pos-
tainties, typically at the 15% levételative). The largest con-  sibilities are discussed later.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Chemical branching
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FIG. 5. The measured TD distribution of all the three-body frag-  FIG. 7. The measured H-c.m.-H angular distribution of frag-
ments from the DR of NEL Indicated on the figure are the limits for ments from the DR of N%| (solid line) and CI—E (dashed ling for
the three available channels leading t¢*8),N(*D), and N°P),  selected events which have dissociated preferentially parallel to the
respectively. detector.

Similar to Fig. 5, the TD data from the DR of GHare
plotted in Fig. 6. The observed maxima in the TD distribu-
tion correspond to those expected for the two available rea
tion channels producing @P) and QD). It is straightfor-
ward to conclude that both of these channels are significantl
populated in the experiment. As for NHthe quoted error
bars are statistical.

As was observed in our earlier,@* study[25], the indi- It is again noted that O eV collisions are isotropic and that
vidual TD distributions arising from individual reaction the molecular frame is randomly oriented with respect to the
channels overlap. To obtain consistent values for these pop@éetector plane at dissociation. For each DR event the mea-
lations a Monte Carlo simulation modeling the asymptoticsured angle between the two hydrogen atoms and the center
momentum of the fragments was developed. A similar apof mass is a projection of the dissociation opening angle in
proach was undertaken for the TD distributions obtainedhe molecular frame of reference. The approach employed
here. here is to select and analyze only those events which have

It is worth noting that all of the measured TD distributions the greatest TD, since the majority of these molecules frag-
indicate that the molecule dissociates isotropically. In the DRnented parallel to the detector plane, and the effect of the

of diatomic molecules with 0 eV electrons, for which ana-projection is a minimum. Several different cuts of the experi-
mental data were made to investigate trends in the data. In

2500 using this approach, only those events producing ground
state fragments, i.e., 8) and G°P), are analyzed as these
2000 - :1! e data are uncontaminated by contributions from the excited
CCP) limit states N°P),N(°D), and G'D).
s Figure 7 plots data for NKi(solid line) and CH, (dashed
line) representing data with TDs greater than 21.0 and 17.5
= mm, respectively. There are significant differences between
the distributions. The data for GHshow a much broader
. preference for an open angle geometry than those foj NH
. which has a much sharper distribution and a preference for
both an open and closed geometry. The error bars given in
the figure are entirely statistical.
. — 000008 Both experimental and theoretical values for the equilib-
0 5 10 15 20 25 rium ground-state geometry of the triatomic dihydride ions
CHj3,NH3, and HO" ions have been recently reported in the
literature [41,42. Table | in Ref.[41] presents a detailed
FIG. 6. The measured TD distribution of all the three-body frag-OVerview of previous theoretical and experimental values of
ments from the DR of CH Indicated on the figure are the maxi- the standard parameters. Of relevance, the ground state
mum TD limits for the two available channels leading t6@) and  (X®By) geometry of NH has a minimum at
c(®P), respectively. ~157+79cod xp)=-0.92+0.03 and the ground state

lytical descriptions of the measured distance distributions ex-
ist, all experiments show an isotropic fragmentation. Impor-

C[I’;mtly, this is not necessarily the case in collisions at energies
9reater than O eV.

C. Angular distribution

c('D)limit ®
1500 -

Counts

1000

500

TD (mm)
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16 tained for CH is similar to that of HO", it is not as broad.

14 A Clearly, the available reaction energy is distributed differ-
ently in each case. As in the earlier figures, the selected error

12 A bars given in the figure are entirely statistical.

10 1
V. MONTE CARLO SIMULATION

To obtain some quantitative understanding of these impor-

(H-c.m.)/Distance
o

6 1 tant reaction parameters, a Monte Carlo simulation was em-
ployed. A description and discussion of the simulation can be

41 found in Ref.[25]. Since the publication of this method,

2 additional experimental effects have been included in the
simulation. Two sources of additional reaction energy avail-

0 able to the fragments, arising from the rotational energy of

0 5 10 15 20 25 the parent molecule as well as the higher energy collisions in

the toroidal regions of the electron cooler, have now been

considered. The effects were included in a recent imaging-
FIG. 8. Energy distribution for the two hydrogen atoms for based study on the DR of NQwhere they played a signifi-

events which preferentially dissociate parallel to the detector. Dat§ant role in understanding the experimental observations

from the current ions, NK(solid line), and CH, (dashed ling are  [43].

plotted with those data for §0* (dotted ling from our earlier work

[25]. Data have been scaled in both axes to facilitate comparison. A. Rotational energy

Distance (mm)

" . Whilst there is sufficient evidence to conclude that a few
(X*Ay) of CH, has a minimum at=140+57coSxp)=  seconds storage is sufficient to allow vibrationally excited
—0.77+0.03. Although both these ions are bent, the barrieryqjecylar jons with a permanent dipole moment to decay to
to linear geometry is small in both cases, 0.12 and 0.03 €¥heir yiprational ground state, the same cannot be said for
for CH; and NH, reipecnvely. This compares to almost 1 yqtationally excited molecules. Such conclusions were based
eV in the case of HO". The present data for Grsuggest a oy DR studies of H [2,44). In the experiments presented
preferred open geometry on dissociation, indicating thahere it is assumed that the rotational temperalyggis de-
there is little change in.structure in moving from the ion to g¢riped by the filament temperature in the ion source, i.e.,
the neutral after capturing the electron. In the case 0 NHT — 1000 K. Including the effects of the rotational tempera-
the feature at highly bent geometries suggests that there afgre js not as straightforward as for diatomic molecules.
instances in which the structure does change, though the daigywever, since our interest is in the general effect, several
at more open angles suggest that there are also dissociatiggnp"fying assumptions have been made which will not mir-
states which have a similar geometry to that of the ionic.g, reality but which will make calculation easier.
ground state. Similar observations to those obtained foj NH For NH;, the low-lying barrier~200 cni(=0.025 eV to
were also observed for J" [25], where subsequent inves- |ihearity means that af,,,~ 1000 K there is sufficient rota-
tigation showed the possible involvement of bent and Supefgona) energy for the majority of the molecules to be linear. A
bent electronically excited neutral states in the DR procesgyiational constant of 8.022 966 chnhas been reported for
[25]. A+nalogous states might similarly play a role in the DR |inaar NH; [45].
of NHa. For CH,, the energy required to linearitf0.12 eV is
larger than could be expected from the rotational distribution
D. Energy distribution in the source. The complexity involved in accurately deter-
. . — ) mining the energy stored in the rotational levels of a nonlin-
It is also possible to study the kinetic energy sharing be'ear asymmetric top molecule is beyond the model’'s simple
tween the two hyd.rog(.an atoms fr_om the imaging da%]. requirement. However, a simplified and accepted approach
As with the investigation of the intermolecular angle only 14 yreats the energy in each rotational level as the same as
those events which have the greatest TD were used, ar{ at of a linear molecule with an average of the three indi-
analyzed according to E¢6). As noted in our earlier paper, iy o) rotational constants. Using data given in Grakteal,

these data are difficult to interpret in themselves, and only, 1} yhe three rotational constants are found to be 67.8649
when combined with the Monte Carlo simulations can mean8_0é24 and 7.2063 cth respectively, giving a value of '

ingful conclusions be drawf25]. However, comparison be- 27.7112 crit which is used in the calculation
tween CH, NH3, and the previously reported,B* data ' '
[25] is enlightening. Figure 8 plots all these data. It is noted

that the data have been scaled, in both axes, to facilitate
comparison. There are some similarities and differences In addition to the 85 cm length of the electron cooler

among the distributions. For NH(solid line), the distribu-  where the velocity vector of the ions and electrons are par-
tion is more clearly peaked than for GHdashed lingand  allel, there are two short sections where the electrons are
H,O" (dotted ling. Furthermore, though the distribution ob- bent in to and out from the cooler. As the angle between the

B. Toroidal sections
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two beams increases, the relative collision energy also in- 1200 ° ———
creases. This so-called “toroidal effect,” though well charac- ||  § /| §.  ———=— Sim. data: N( *P)
terized and considered in all measurements of DR cross sec 1000 - e e
tions (see Ref.[47] for a thorough discussignwas only Sum of sim. data
recently included in the analysis of imaging data in studying 800

the DR of NO [43]. The same approach was used in the e
simulations carried out here, with one notable difference. For3 600 - fo
both CH, and NH; branching data at nonzero collision en- :
ergies are not available. An equal branching between the 400 | &/ I
available channels was considered and the sensitivity of thig a4
assumption was tested by using different values. The magni 200 - ' 4
tude of the contribution in each part of the toroidal region :
depends on the DR cross section, and the data reported L 0 ¢ ol :
Vikor et al.[30] for NH; and by Larsoret al.[29] for CH; 0 5 10 15 20 25 30
were used in the calculation.

ounts

C
|

TD (mm)

VI. MONTE CARLO SIMULATION RESULTS FIG. 9. The experimentally determined T®) of all the three-

. . .___body fragments from the DR of NH Also plotted are the indi-
The results obtained from the Monte Carlo S'mUIat'onsvidual TD calculated by the Monte Carlo simulation for the three

are presented here and, to simplify the discussion, the maig 4ijaple channels, (P) (dot-dash ling, N(2D) (dotted liné and

experimental parameters are considered separately. N(*S) (dashed ling The individual distributions have been inde-
pendently scaled such that their to{agbolid line) gives the best
A. Branching ratio approximation to the experimentally measured data. The inset

. . . . . shows an expanded view of data at low values of TD.
To obtain the electronic branching the simulation was run

for each of the available kinc_etic energ_ies. of.the possible, it it is unfavored. The fit to the data is not perfect, and it is
branches and states. The obtained TD distributions were thel) <cip|e that there are effects in the case of,Nich have
independently scaleq until the sum of thes_e _data} sets b:g%t been sufficiently considered in the simulation, e.g., we
matched the experimentally measured distributions. The,\e oyerestimated the resolution. However, it is noted that
branchmg ratlo.between the p_opulated channels was thetlﬂe data obtained from both GHand HO* [25] are fit much
given by the ratio of these scaling factors. better.

It was initially aSS!Jme(% from the NHdata that the reac- ", oy the situation is more straightforward. Figure 10
tion channel producing NP) was not populated, and the plots the experimentally determined TD dd®) together

simulation allows us to investigate this in more detail. Figure,yit the results from the simulation. TD data calculated for
9 plots the experimentally determined TD dé@) together C('D) (dotted lind and G°P) (dashed ling are plotted to-
with the simulation. TD data for the three available channels,

N(?P) (dot-dashed line N(°D) (dotted ling, and N“S) 2500

(dashed lingare plotted with the sum of these scaled distri- | . ,,,,,,, sgt';tc( D)
butions(solid ling). The inset in Fig. 9 shows an expanded | ———  Sim data: C(°P)
view of data at low values of TD. Since there is no obvious Sim. data: Sum

peak corresponding to the channel leading t8RY, the am-
plitude of this channel has been scaled such that the summe_ 1500 1
TD curve best fits the experimental data. g

The effect of the foil has been included in this simulation. S
The foil actively discriminates against fragments with a low
transverse kinetic energy, since the hydrogen atoms strike th
foil and are stopped. From the simulation, 4% af's), 9% 500
of N(°D), and 45% of N°P) events are lost due to the foil,
respectively. Including other sources of uncertainty, i.e., 0
mostly due to the fitting procedure, the final percentage frac-
tions for N(*S):N(°D):N(?P) are 0.584):0.455):0.022).

From the fit, only 2% of DR events producegR). The TD (mm)
low kinetic energy release CO“P'ed Wi_th t_he _fO" complicatgs FIG. 10. The experimentally determined T®) of the three-
detection of this channel. The simulation indicates that a sigpoqy fragments from the DR of Ciitogether with the distributions
nificant population of this channel, i.510%, would almost  cajculated by the Monte Carlo simulation for the two available
certainly have been observed in the TD distribution. It iSchannels leading to the production of*0) (dashed ling and
concluded that the majority of DR events lead to the producc(®p) (dotted line. These distributions have been independently
tion of N(*S) and N?D), with almost equal probability, and scaled such that their totéolid line) gives the best approximation
though the production of 4P) cannot be completely ruled to the experimentally measured data.
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0.0 T T T 0 T T T
-1.0 0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
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FIG. 11. The ratio of the distribution observed in the experi- FIG. 12. Suggested initial; angular distributions for CH

ment (Fig. 7) to that obtained from the simulation where the (dashed lingand NHE (solid line) obtained from the isotropic dis-
H-c.m.-H angle is unconstrained. Such data are plotted for bothribution (dotted ling and theyp ratios given in Fig. 11.
CH, (dashed lingand NH; (solid line). . .

=1,p=0.1, andp=r, respectively[25]. The first of these

. o - cases describes equal energy sharing. The second is where
gether with the sum of these distributiofs®lid line) scaled one atom gets 90% of the available energy. The last case

to yield the best approximation to thel experimentally meayenresents a flat distribution of values between 0 and 1. Re-
sured data. 5% of CP), and 10% of D) events are lost  gjits for each of these cases are plotted in Fig. 13. Experi-
due to the foil. Using the obtained fitted scaling factors givesmental dat«-®-) for NH} and CH are displayed in the top
a final branching fraction to the channels(®®):C(*D), of  and bottom panel, respectively, together with the results for
0.51(4):0.495). p=1 (solid line), p=0.1(dashed ling andp=r (dotted line.
None of these cases proves a perfect fit to the experimen-
tal data. However, the results do provide some interesting
insights. The case=0.1 is by far the worst description of
In our previous paper on }@* a good interpretation of both the CH and NH; experimental data. The significant
the geometry of the dissociating states was obtained by conmaxima in the NH data are well described by=1, rather
paring the measured angular distributigp with that pre-  than the case wherg=r, though some broadening is neces-
dicted from a purely random initial distributiog; in the  sary to completely describe the data. The case=df would
molecular frameg(see Fig. 11 in Ref[25]). Figure 11 plots be highly indicative of a strictly simultaneous breakup,
the comparison data obtained for CHlashed lintand NH,  where both the H-N bonds are synchronously stretched to the
(solid line). point of dissociation. Though the peak is a good match, the
To investigate the fragmentation ofb,8" an initial distri-  broadening, together with the large wings, indicates that the
bution x; was created via trial and error for which the simu- dissociation might not be strictly simultaneous. Since the
lated and experimentak, were in acceptable agreement. The peak in the distribution is so well defined, it is interesting to
ratio of these distributions compared well with the ratio of investigate what function g is mainly responsible for it.
the trial and isotropigy; distributions(see the bottom panel The top panela) in Fig. 14 displays the experimental data
of Fig. 12 in Ref[25]). for NH; (-@-) together with the results obtained from the
Since this approach worked well, an initjgl distribution  simulation for the case where=0.4+r X 0.6 and the inset
was obtained from the isotropic distribution and thegraph in this panel plots the distribution pf This function
experimental/isotropigp, ratio. Figure 12 plots the isotropic of p predicts the maximum difference in the energy between
(dotted ling x; distribution, together with the calculated GH  the hydrogen atoms is 2.5, i.ej; /vf; =0.4.vf =2.50f, .
(dashed lingand NH; (solid ling) x; distributions. The ear-  From the CH data, the distribution is very much broader
lier conclusions are borne out. The initial Nldngular dis-  than the case whep=1, and is more similar to the case
tribution shows a preferencénigher than expected from a \yherep=r. This is similar to that of HO*. Thus it is even
random distributiop for bent and linear geometries, whilst mgre clear for CH than it was for NH that fragmentation
that of CH, shows a preference for open geometries. does not proceed via a strictly simultaneous mechanism and
that the dissociation is best described by an asynchronous
concerted mechanism. As implemented for \tte function
of p which best described the experimental data was inves-
In the simulation the distribution of energy is param-tigated. The bottom pandb) in Fig. 14 displays both the
etrized bYP(:UﬁZ/ vﬁl)- As in our earlier study, three expres- experimental data for CH(-®-) together with the results
sions for p were used to investigate our observatiops, obtained from the simulation for the case where0.2+r

B. Angular distribution

C. H atom energy distribution
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FIG. 13. Energy distributions for the two hydrogen atoms for ~ FIG- 14. Energy distributions for the two hydrogen atoms for
events which preferentially dissociate parallel to the detector. Ex€Vents which preferentially dissociate parallel to the detector. Ex-
perimental data for NEiare given in the upper pané) and for ~ Perimental datd-@-) for NH; and for CH are given in the upper
CH; in the lower panelb). Experimental data for each ca&®-) (a) and Iower(b) panels, 'respectlvelly. These data are pIottgd and
are plotted and compared with three different simulated cases fdfompared with a “best fit” simulation for the parameter(solid
the p parameterp being the ratio of the H atom energies. The three iN€), p=0.4+41 X 0.6 andp=0.2+r % 0.8 for NH, and CH, respec-
cases ar@=1.0 (solid line), p=0.1 (dashed ling andp=r (dotted tively, and wherer is a random number from_ a flat distribution of
line). The first case corresponds to the situation where the energy ¥§3lueés between 0 and 1. The inset graph in each panel plots the
always equally shared. The second case is where one atom alwa§fitribution of p used in that particular simulation.
gets 90%. The last case represents a flat distribution of values b

ween 0 and 1. fions, are given in columns 3-5, with the data for dg9),

NH; (present data and OH [31], respectively. Columns

6-10 detail the information obtained from the investigations

X 0.8, with the inset graph showing the distribution @f into the three-body fragmentation channels, with data for

obtained. The maximum difference in the energy between th€H; and NH, reported here and for J0* from Ref. [25].

hydrogen atoms is 5, i.ev? /vZ =0.2 p3 =507 . The branching fractions given in column 8 have been pre-
o 2 Hi 1 2 e . . .

No comprehensive interpretation of the observed behavioflicted from two models, the first described in R&5] and,
can be made. However, it is worth noting that for the tri-in brackets, from that used in R¢#3]. The data for NH
atomic systems studied so far, as the ion ground state mov@d CH are plotted in columns 9 and 10, and fop®f as
away from a linear geometry the product H atom energyeported in Ref[25].

distribution becomes more randoifp=r). We have no Two simple methods have been recently used to predict
mechanistic exp]anaﬁon for this observation. the branChing in DR. One was developed to model the DR of
diatomic molecule$48] and used in the recent investigation
VIl. DISCUSSION into the DR of NO [43]. The second was used to study the

three-body fragmentation of J@* [25]. Both models involve
To provide a clear basis for discussion, Table Il collectsconsidering the electronic degeneracy of the reaction prod-
together all of the results obtained from our DR studies ofucts, with the latter model also considering the available ki-
CH3, NH3, and OH. For each ion, the initial state data are netic energy to account for the translational degrees of free-
listed, i.e., the ionization energflE) the minimum angle dom, and both represent purely statistical approaches to the
geometry®,, and the character of the state. The results foIDR reaction, and absolutely do not consider any underlying
the chemical branching, following DR with zero-eV elec- dynamical processes.
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TABLE Il. Table of DR results for CH,NH3, and HO". For each ion, column 2 lists the initial state data, i.e., the ionization energy IE,
the minimum angle geomet®,, and the character of the state. Columns 3 and 4, respectively, list the available fragmentation channels with
their kinetic energies assuming ground-state fragments, following DR with 0-eV electrons. Column 5 gives the results for the DR reaction
as measured at CRYRING. Columns 6-10 list those data associated with the investigations into the competition between the available
three-body fragmentation channels. Column 6 lists the available channels, giving the excitation state of the heavy atom as well as the kinetic
energy associated with that channel. Column 7 lists the obtained experimental branching results while column 8 shows the predictions
obtained from models used in Rd25] and in (Ref. [43]). Finally, columns 9 and 10 show a graphical representation of the angular
distribution and kinetic-energy distribution between the H-atom fragments, respectively, for selected reactions leading to the production of
the ground-state heavy fragments only. For the plots in column 9, open linear geometry is to the left and small-angle geometry to the right.

Chemical Branching Three-body Competition
Ton Initial Neutral [ Ground |Branching|| Three-body Branching Ground state
state data Channels | state | fraction Channels fraction Angular H-Energy
Energies Expt.| Models? |Distribution |Distribution
CH{ |IE(CH,):10.396 eV?|| C + H: |6.80eV| 0.12¢ e e
B, = 138°" CH+H |580eV 0.25 C(®P),2.45 eV |0.51° [0.72 (0.64)
State:*A; C+H+H|{245eV| 063 L’ /L
Radical species C('D),1.19 eV| 0.49 |0.28 (0.36)
NHJ |IE(NH2):11.163 eV°|| N+ H, |824eV| 0.04° € ¢
0. = 150°° NH+H [697eV 0.39 N(*S),3.72 eV | 0.53¢{0.36 (0.20)
State:*B; N+ H+H{372eV 0.57 N(*D),1.34 eV| 0.45 |0.54 (0.50)

Closed shell species

N(2P),0.14 eV | 0.02 |0.10 (0.30)

OHY |IE(H20):12.296 V|| O+ Hy |6.97eV| 0.09

O, :~ 108°° OH+H [696eV| 020 | OFP)3.04¢V]|0.78"]0.75 (0.64) h h

State:?B; O+H+H|3.04eV 0.71

Open shell species 0('D),1.07 eV 0.22 [0.25 (0.36)

#Data taken from the NIST webbodR6].

b\alues for®, taken from the data reported in Table | of Graleeml. [41].

“Data for IE (NH,) taken from Dyke[35].

dBranching data from the DR of CHaken from Larsoret al.[29].

°Data reported here.

'Branching data from the DR of 40" taken from Roséet al. [31].

9Vvalues obtained from models used in our earlier Wi@%] and, in brackets, from Hellberet al. [43].
"Data reported in our earlier work on,B"* [25].

The results from these models generally compare weltespectively. The KS):N(°D):N(?P) branching fractions
with experimental observations, for the diatori8,48 and  predicted by the diatomic and three-body models are
three-body DR processé€&5], and the data presented here 0.20:0.50:0.30, and 0.36:0.54:0.10, respectively. Both meth-
represent another test of these models, especially the latt@rds predict N°D) to be the dominant product at50%.

In both models the degeneracies due to the product hydrogdtowever, they differ regarding the second-most dominant
atoms were ignored as they occur in all channels. channel. The diatomic model predict$?R) to be more fa-

For NH,, the degeneracies of the three possible excitatiovored than N*S) while the three-body model predicts the
states of nitrogen, ¥S),N(?D), and N?P), are 4, 10, and 6, opposite. While there is a disagreement, both clearly predict
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1200 vt ot calculated potential functions. Even with such limited data,
g' - trajectory calculations showed that three-body fragmentation
1000 - N(ZP)‘“ was a natural outcome of the dynamics on those surfaces
NED) =05 [25]. Most states produced ground stat€®) oxygen, with
800 - N(*s) =02 only the highest state leading to an appreciable amount of
w Sum O(*D). Unfortunately, this surface is almost 3 eV below the
g 600 ionization energy of KO, and the contribution of those states
3 within this region could not be determined. Interestingly, it is
400 reported that photodissociation of ,&@l at wavelengths
shorter than Lyman, i.e., from surfaces closer to the ion-
200 ization limit, gave higher @D) production[49]. The calcu-
lations performed indicated a significant degree of mixing of
0 triplet and singlet surfaces, via conical intersections, and also

of importance, that these surfaces showed a large range in
geometries, e.g., from a superbent 15° to a linear 186F.
TD (mm) All of these observations and calculations supported the ex-
perimental observations in DR of,8".

FIG. 15. Data plotted as for Fig. 9 using the branching ratios A similar situation exists for Ngland CH,. There are few
predicted using the model suggested by Hellbetrgl. [43]. data available for high-lying surfaces which could play a
large role in the DR process, especially with respect to the
three-body breakup of the molecule. More readily available
O{:formation on lower-lying surfaces are available, which

ight provide indications of potential changes in geometry
that may also be reflected in higher-lying states.

For CH,, the degeneracy of the two possible excitation _The NH, ground statexB, has a minimum geometry at
states of carbon, @P) and G'D), are 9 and 5, respectively, 103 [12,50-53, and the minimum geometry of the first
These values are identical to those of thé®) and Q'D) ~ A*A; (=1.38 eV abovex’B,) and secon®’B, (~4.34 eV
products in the DR of BO* and, with similar kinetic ener- above X°B,) excited states are reported to be al45°
gies, the three-body model predicts the similar result that thg51-53, and=95° [50,52, respectively.
production of G3P) is preferred by a factor of 3. The di- In addition, Biehlet al, from vacuum ultravioletvuv)
atomic model predicts the same result. This is in clear disstudies, report the geometry for two much higher-lying
agreement with the experimental observation that both charstates, namely 22;(A’) (=7.8 eV above 3(251) and

nels are almost equally populated. 12A,/32B 2 ° °
! . . o 1 (=9.4 eV aboveXB,), to be~103° and=180°,
Thlésbeth r?jodefls f?'l to pr.?ﬁ'% the experimentally Ob]:respectively[lz]. Furthermore, geometries of the lowest-
SHegf F :ancoinig[] Wrac Ic')tﬁls er1 lud N d ??nrwne tﬁucgesrs as f cI’;r/ing electronic states of NHmay be also relevant, as Ryd-
207 For H, as still concluded 1o € degree o berg states that converge to these ions may also be accessible

dynamics (_)bsen/ed o be oceurnng Fhat it was unlikely thf’iﬁn the current experiment. For the two lowest excited states,
the branching would be purely statistical and agreement with

. . . 1 el ;
the model prediction was fortuito§ig5]. This is most clearly &A1 andbBy, Stephoenset al. [501] report geometries that
demonstrated when comparing,® and CH,. The three- have minima at=108° and~180°, respectively. _
body fragmentation model predicts the same branching frac- 1here is a broad range in the geometry of the excited

tions in both of these cases, and yet the measurements giviAtes in NH, certainly in the higher-lying Rydberg levels
vastly different branching behavior. converging to the excited ionic states. If, on attaching an

Itis difficult to reconcile the generally good agreement of €l€ctron, the ion moves from the linear groufxfA,) state _
the diatomic model for diatomic DR reactions and the poorf© @ny of the states having bent or superbent geometry, this
agreement of both models with respect to the three-bod§nust involve a high degree in change in torque of the mol-
results reported here. The conclusion that dynamics plays @cule, coupled with a large change in the bending potentials
large role in the DR process, and that the reaction cannot b@f the molecular system. Furthermore, moving to dissocia-
described by a simple statistical model, cannot then be igiive surfaces with the same geometry as the ground state
nored. would involve no such radical changes.

Consideration of the dynamics involved in the three-body Conl_cal intersections allow the system to move between
fragmentation process is nontrivial. The earlier study onsuch different surfaces. The effect of these was calculated
H,O* highlighted the chronic lack of available information @nd used to describe the observations by Digbal. in their
on those states which might play a role in the process. FrorRhotodissociation study of J [33] and also in our interpre-
an experimental perspective, information on these states fation of the DR study of BO" [25]. From detailed calcula-
usually obtained from photodissociation studies and, from 4ons, Brandiet al. [50] report two low-lying conical inter-
theoretical point of view, the complexity of such statesS€ctions which they conclude are of importance to the
makes calculation extremely complicated. For example, oPhotodissociation dynamics of NHOne such intersection,
the 50 states predicted for ,B only 9 have known/ between theA’A; and B®B, states, occurs aR~2.08 A0

a significant production of 4P). Using the prediction from
the diatomic model of a 0.30 branching to°R), results
from the Monte Carlo simulation indicate the channel shoul
be clearly visible in the TD distribution data. This is illus-
trated in Fig. 15.
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~68°, and about 4.76 eV above the groJ(ﬁBl state mini- +tH+H ataround 10 eV. These calculations show that the
mum. The second intersection, between tRE and 25~  Production of both ground and first excited state carbon at-
states, occurs at CH bond lengthso1.027 A and=1.65 A OMS is possible from states which are accessible from the DR

: = . reaction.
and is about 5.11 eV above the grouxtB, state minimum. Completely relevant calculations reported in the literature

The experimental observation that the Niolecule has  ¢o the three-body dissociation channel are almost nonexist-
a preference to dissociate from a combination of both opeRnt, However, with the multiconfiguration self-consistent
and bent geometries indicates that there are several statgg|q (MCSCP method in a complete active spag@AS) as
involved in the reaction process, and that the dynamics ina general basis, Minaev and Larsson using the linear re-
volved are significant. spons€LR) approach have calculated ten excited triplet and
Many impressive calculations, one-dimensiofidd), 2D,  singlet states of Ckito investigate the three-body dissocia-
and 3D, have been reported by the group of van Hemertion channel[64]. To achieve a suitable degree of consis-
[54-60 in investigating the photodissaciation of GHSpe-  tency in the results and interpretation of the calculations,
cial consideration is given to triplet surfaces as well as théVlinaev and Larsson reproduced earlier results of van Hemert
influence of coupled states/conical intersections, the latteand co-workerg54] with respect to the two-body dissocia-
aspect being driven by the work of Yarkony and co-workerstion channels. Though qualitatively good agreement was
[61-63. Conical intersections play vital roles in such nona-reached with a simple geometry optimization, the MCSCF
diabatic processes as photodissociation of,GHg., method severely underestimated the adiabatic ionization en-
ergy, 9.65 eV rather than 10.4 eV. However, LR calculations
CHy(X 3By) + hv — CH,(2,33A") — CH,(2°A”)  (7)  on the excited methylene states gave extremely good agree-
ment with the results of van Hemert and co-workers and so
— CH(X 2IT) + H(ZS), (8) the d_efect in the MCSCF calculatiqn Was+corrected by incor-
porating the LR technique and using tfﬁg state as a ref-
as they occur in the Franck-Condon region of the grouncerence(see Table 3 in Ref64]). Minaev and Larsson con-
state[63]. However, arriving at the necessary couplings iscluded that the £ state was the sole candidate state for
nontrivial [60,61. Conical intersections and surface cross-the DR process. The potential-energy curve for this state
ings play a large role in the dissociation dynamics, leading te&rosses the ionic ground state close to the vibrational ground
a mixing of singlet and triplet products, and such data arestate, and is also bound to the asymptote leading to the pro-
vital if a complete understanding of the dissociation dynam-duction of G®P)+2H(?S). They note that this channel is not
ics, even for small systems, is to be reached. accessible by optical means from the ground state, since al-
The main aim of the calculations on the photodissociatiorthough the electric dipole transitidﬁ?E;H 1325 is allowed
dynamics of CH have been geared to understanding theby selection rules, the transition moment is close to zero. It is
two-product photodissociation channels, CH+H and G#+H therefore not surprising that this channel has not been ob-
with the asymptotes for the calculated surfaces just indicatserved in high-energy, i.e., vuy, studies. They also comment
ing which of the bimolecular products are bound with respecthat the same state correlates with tié3state, known to
to that surface. The same level of understanding existed fdrave an equilibrium angle of 172°. They further concluded
the surfaces in KD, before these data were extended in anthat most of the other triplet states have large barriers to the
attempt to probe the experimental DR res(i#4] by includ-  three-body DR process, as is also the case for the singlet
ing the possibility of three-body products. Relating thesestates they calculated, and so these states were not studied
same asymptotes to the character of the three separate atoriwther.
as well as to the bimolecular channels, the higher-lying states For the 3A, state, correlation between tfi&,, and C,,
predominantly followed the channels leading to three-point groups indicates that the state dissociates to the
particle fragmentatioksee Table V in Ref.25]) Even for the  C(*P)+2H(*S) limit at linear structure, but dissociates to the
two lowest surfaces, complete fragmentation is still pre-C(*D)+2H(%S) limit when the bond angle is 132°. Their in-
dicted, though only at a few percent. Knowledge of theterpretation that only this state fits the requirements of the
three-particle asymptotes is necessary for a more comple®R process was supported by direct MCSCF calculations
picture of the relevant dynamics. To some extent, vanwith a much larger complete active spaces and basis set. The
Hemert and co-workers do make reference to the three-bodynportance of the’A, states to the three-body dissociation
asymptotes in their investigation of the dynamics of the highchannels was also observed in other calculat[&a3.
triplet A” and A’ states in CH [58]. For the second excited In their detailed investigation of the ionic ground state
triplet state 22A” they note a conical intersection, resulting Minaev and Larsson noted that one guantum of symmetric
from a crossing of the A, and 2°B, states. For large val- stretch would almost bring the state into resonance with the
ues of the symmetric stretch co-ordinate the state assAmes 3°A, state(see Fig. 5 in their papgrThey concluded that
character, and increasing this co-ordinate the asymptote @fasily excited bending vibrations would greatly assist the
CCP)+H+H at 7.99 eV is reached. On the higher-lying electron capture step, as well as enhance the three-body frag-
5 3A" state they note many adiabatic surface crossings, anthentation process. The theoretical conclusion that this state
that the symmetric stretch motion is bound with the asympis tied to Q3P) production with a linear configuration is
tote of Q'D)+H+H at 9.42 eV. For high-lyingA’ states, matched by the experimental observation that events produc-
they report that for large values of the symmetric stretching C(°P) predominantly dissociate from an open angle ge-
motion, the 4A” state couples to the asymptote of'D) ometry.
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Finally, comment is made regarding the observed distriof NH is triplet in character, and spin conservation allows
bution of available kinetic energy. The case where the energshe formation of a bound singletHAs such, it might be the
is always shared equally would best be described as a strictyase that doublet states play the largest role in the initial
simultaneous  mechanism, involving the simultaneousapture step. Furthermore, the dynamics of the initial capture
stretching of bothX-H bonds beyond the point of dissocia- plays a large role in the reaction and the process cannot be
tion. Data for the two different ions reported here Showe‘ﬁonsidered to be entirely statistical in nature.
that there was a larger degree of equality in energy distribu-  comparison of the three-body fragmentation dynamics of
tion, more so for NH than for Ch, than was observed for the o systems studied here with those of water also show
H>O. The role of the stretching modes on these surface§ o i these molecules behave very differently. ,Cisl ob-

?hegcomes ilmdpodrtgntMv_vhen cor:jsli_dering the dynalllmic?, SOM&erved to dissociate with an open-angle geometry, much like
ing concluded by Minaev and LarssgB¥], as well as from the geometry of the ionic and neutral ground states, Bt

the work of van Hemert's grou[b8], in their studies of Chl H,0 dissociate from both open- and closed-angle geom-

Their conclusions would then suggest a more equal energy~. e . A
distribution than is observed. However, the theoretical calcu-gmes' differing ff‘?m _the geometries of the lonic and ground
tates. The partitioning of the available kinetic energy be-

lations also showed for these surfaces that angular motion he hvd ¢ h 5o b 4 .
between bent and linear geometries is practically barrierlesé‘,’veen the hydrogen atom iragments has also been investi-

so that bending modes of the molecule will play a role in thedated, and the systems also show significant differences.
dynamics. A combination of bend and stretch motion couldVHz is observed to fragment with a more equal sharing of
introduce radical differences in the length of the C-H bonds!he reaction energy, while GHand HO show a greater de-
as the torque on the molecule becomes important. These, af#ee of randomization of the reaction energy, with the energy
similar, effects could explain the experimental observationsdistribution observed for O being completely random. It is
Relevant theoretical data are available for NH is im- ~ worth noting that as the ion ground state moves away from a
portant to note that, unlike 40 and CH, the production of linear geometry, the product H atom energy distribution be-
H, in the DR reaction is almost nonexistent. There are a&omes more random. The competition between the available
significant number of events which dissociate from stateshree-body fragmentation channels also shows differences,
having a small angle geometry, somehow preferring clossith CH, and NH, observed to populate equally the chan-
H-H emission, and this could indicate that additional effectsnels producing the ground stat€(*P),N(*S)] and first ex-
need to be considered. The ground state of,Ngriplet in  cited statd C(*D),N(°D)] heavy atoms, while kD showed a
character and spin conservation strictly does not forbiddH  factor of 3 preference to populate the channel producing the
be formed in the Singlet bound state. This leads to the pOSground state GP) rather than first excited Sta‘[e(h))) at-
S|b|l|ty that doublet states are more prominent in the initialoms_ S|mp|e models based on the electronic degeneracy Of
capture step. If the system then finds itself on a bent doublghe available products have been suggested to predict such
surface the formation of a bound,kholecule is highly un- populations of DR product channels, i.e., purely statistical
likely and the production of NH+H and N+2H is more fa- models. The first was used to predict the three-body popula-
vored. When compared to 8 and CH, the channel which  tion channels for HO [25] and the second to predict the
benefits from the lack of a favorable N+Hlissociative fragmentation of NO [43]. The model for HO correctly
pathway is that leading to NH+H rather than N+2H. It predicted the factor of 3 preference for ground-state oxygen
could then be the case that in a bent configuration, the repultoms and the model used for NO also gave a good agree-
sion between the hydrogen atoms leads to a difference in thent with the experimental data. However, both models fail
stretching modes, with one bond stretched more than thg predict the observed branching for €ldnd NH,. This
other. This would have the consequence that the productiogads to the conclusion that the prediction foiOHwas prob-
of NH+H would be more favored but may also lead, in the gply fortuitous. As with HO, there is a general lack of in-
three-body channel, to a spread in the H atom kinetic enefformation related to the three-body dynamics on the
gies. For both Chland NH, it is clear that the reaction is not potential-energy surface®ES$ involved in the DR reac-
a symmetric mechanism but, like,8, is best described by tjon, especially those in the high-energy region close to the

an asynchronous concerted mechanism. ionization region. However, the observations made from the
modeling on HO with known PESs indicated that the dy-
VIIl. CONCLUSIONS namics occurring on these surfaces played a significant role

in the DR process, especially in the regions of avoided
The fragmentation of the amidogéNH,) and methylene crossings/conical intersections.

(CH,) radicals has been studied via the process of dissocia- All of the observations made from the DR experiments,
tive recombination (DR). In particular, the three-body both the general and the detailed three-body breakup, to-
breakup of these molecules, the most dominant DR reactiogether with what we learned from the modeling ofCHand
channel, has been investigated. Data on the chemical brancivhat is known about the potential-energy surfaces for all of
ing of NH, indicate that this molecule behaves differently these molecules leads to the conclusion that even though
than CH, as well as HO and other small polyatomi¥H,  such systems are very similar in nature, they display very
molecules. This is shown in the almost nonexistent N+H dissimilar DR reaction dynamics. This suggests that finding a
product channel, the similar channel being populated asimple, system-independent theory to describe all of the as-
~10% in the DR of otheXH, molecules. The ground state pects of the DR reaction may not be so simple after all.
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