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Dissociative electron-ion recombination (DR) is an important ionization loss process and source of neutral
reactive radicals in the interstellar medium (ISM) and many other molecular plasmas. Unfortunately,
neutral products are difficult to identify with only about 40 distributions being reported in the literature.
These have been obtained by spectroscopic techniques integrated with flowing afterglows (FA) and using
storage rings (SR). The data obtained by SR measurements are more extensive than those determined in
the FA. Some data are available where the two techniques overlap, however here there are very significant

"?yw"fdsf R differences. To resolve these contradictions, a new technique to quantitatively detect product neutrals has
Dissociative recombination
CH5+ been developed.

This technique is based on the FA and uses an electron impact (EI) ionizer to ionize the neutral products
prior to detection by a quadrupole mass filter/electron multiplier. Two experimental methodologies, both
using pulsed gas techniques, isolate and quantify the DR products. In one approach, an electron attaching
gas is pulsed into the flow to transiently destroy electrons and thus quench DR. N;H* recombination
has been used as a test case and results from this approach give an upper limit of 5% for the NH+N
product channel, the remainder being N, +H. In the second approach, the reagent gas N; is pulsed. Here
the absolute percentages of products are monitored versus initial N, concentration. Results from this
approach also give an upper limit of 5% for NH + N production. This establishes that N, + H is the dominant
channel, being at least 95%, and that there is no significant NH production. This was contrary to a recent
storage ring measurement which yielded 64% NH + N and 36% N, + H. Note, that these values have changed
due to a recent re-measurement of the DR revealing that the NH channel is not nearly as significant as
originally thought. Additionally, the DR product distribution for CHs* is reported and discussed.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction In spite of the limited data (partly due to the experimental chal-

lenge), there has been a considerable effort to determining the

Dissociative electron-ion recombination (DR) is very important,
sinceitis a dominant loss process in many molecular plasma media,
such as interstellar gas clouds [1], cometary coma [2,3], plane-
tary atmospheres [2,4], combustion flames [5], etc. One important
reason is that DR is generally much more rapid than other recom-
bination processes (radiative, dielectronic, collisional radiative) [6].
Because of this, and to try to understand the DR process, there has
been a body of experimental data gathered (temperature depen-
dencies of the rate coefficients, quantitative determination of the
products, and determination of states of excitation in the products).
These data have contributed to the understanding of the reaction
mechanisms involved. The mechanisms will not be discussed in
detail here and the reader is referred to recent reviews [7-10].
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products of DR. Currently, there are two main techniques used to
determine the product distributions; these are the flowing after-
glow (FA) and the storage ring (SR). Initially, the FA was used
to identify products via vuv absorption spectroscopy and laser
induced fluorescence (LIF) [11-13], where these techniques were
used to obtained the H-atom contribution to the full product dis-
tribution in the recombinations of NyH*, HCO*, HCO,*, N,OH",
OCSH*, H,CN*, H30", H3S*, NH4*, and CHs* [13]. Additionally, the
H-atom, O-atom, and OH products of HCO,*, N,OH*, and H30"
recombination were determined directly and indirectly using laser
induced fluorescence [12,14,15]. Although the FA has the strength
of chemical versatility, there are difficulties associated with this
experimental technique when using spectroscopic detection. In
particular, the need for multiple quantitative spectroscopic tech-
niques for the different products makes a full distribution difficult
to obtain and very time consuming.

However, the storage ring has its own set of difficulties. To obtain
product distributions and rate constants using this technique, a
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Table 1

Listing of previous flowing afterglow spectroscopic measurements and storage ring measurements of the product distributions for H,O* (FA [27,68] and SR [69-71]), H30*
(FA [15] and SR [69,72-74]), and N,H* (FA [13] and SR [24]). Note that a remeasurement by SR shows the NH channel in the N,H* DR to be lower than previously found [9].

FA SR
H,0* +e~ — H+OH+714Kk]/mol (7.4eV) 55% 55% 22% 30% 20%
H,0* +e~ — 0 +H, +733 kJ/mol (7.4 eV) <23% <21% 10% 13% 9%
H,0* +e~ — 0+2H+299k]/mol (3.1 eV) >22% >24% 68% 57% 71%
H;0* +e~ — H,0+H+617 k]/mol (6.4 eV) 5% 33% 18% 25%
H30* +e~ — OH +H, +550 kj/mol (5.7 eV) 36% 18% 1% 14%
H;0* +e~ — OH+2H +125k]/mol (1.3 eV) 29% 48% 67% 60%
H;0* +e — 0 +H+H, +135k]/mol (1.4eV) 30% 1% 4% 1.3%
N,H* +e~ — N, +H+817 kj/mol (8.5eV) ~100% 36%

NaH* +e — NH +N +217 kJ/mol (2.3 eV) ~0% 64%

detailed and involved analysis needs to be employed, including
corrections for collisions with background gases [16-18], iterative
correction for the regions of merging and de-merging of the ion
and electron beams [19], and allowance for anisotropic angular dis-
tribution of reaction products [20]. Also, in the SR, the ability to
distinguish between products 1 amu apart in mass diminishes for
heavier products (e.g., C,;Hp, where n > 2). This is unfortunate since
heavier hydrocarbon chemistry is extremely important, for both the
ions and neutrals in the Titan atmosphere and in the ISM [21,22].
For example for C;H4", the counts versus energy for the various
neutral fragments were not fully resolved in the SR and the over-
lapping peaks needed to be fitted using Gaussian profiles [23]. The
full resolution for this number of carbons was still not obtained
even using deuterated ions, e.g., C;Ds* [24]. For C3Hg*, C4Hs* and
C4Hg", SR experiments have not resolved the H-atom contribution
to the products at all (with only DR products with 1, 2, or 3 car-
bon atoms being distinguished)[25,26]. Also, in most cases, specific
recombination product distributions have only been determined by
asingle SR or FA group. However in a few instances, where measure-
ments have been made by the FA and SR, namely for H,O*, H30%,
and N,H*, there are discrepancies. These product distributions are
given in Table 1, where substantial differences are seen between
the two techniques.

For H,O* DR, see Table 1, the differences between the dis-
tributions have been attributed to vibrational excitation of the
recombining ions in the FA, which could not be relaxed by reso-
nant charge transfer. This was because it has to compete with the
reaction which forms H30%, see Egs. (1) and (2) [27].

H20+*+H20 — H20*+H20+ (1)
H,0** +H,0 — H30" +OH )

Note that the variation between different SR measurements is
smaller but certainly not negligible. In the FA for H30" DR, it was
ensured that the recombining ions were vibrationally relaxed using
resonant proton transfer where there are no competing channels,
ie.,

H30+*+H20 — H20*+H30+ (3)

But even with the H30" vibrationally relaxed, there are still
marked differences between the various measured distributions
using the two techniques, see Table 1. The situation was equally bad
for NoH* recombination. Note that a remeasurement by SR shows
the NH channel in the NoH* DR to be lower than previously found.
Thus, there is an obvious need for a new and independent technique
and this is the subject of the present paper. The technique devised
uses the FA, because of its chemical versatility, in conjunction
with electron impact ionization and mass spectrometric analysis
to detect the DR products with selectivity and sensitivity (achieved
using pulsed counting). Thus, unlike the spectroscopic measure-
ments used previously, this enables multiple product channels to be
monitored with a single measurement technique. Also, with mass

spectrometry 1amu or better resolution can readily be achieved,
giving the ability to study the individual products from DR of larger
hydrocarbons. An additional strength of this approach is that it is
sensitive to small signals in the presence of a large background.
However, note that at the electron energy typically used for ioniza-
tion (70 eV), there is some fragmentation of the sample that is being
ionized, but since there is a wealth of data on the degree of frag-
mentation at this energy, this can be accounted for. The distinction
between the ionization products of DR (signal) and residual back-
ground gases is achieved by pulsed addition of electron attaching
or other gases.

2. Experimental

The generic FA technique has been described in detail previ-
ously [28,29] and will only be briefly discussed here; where features
are different they will be emphasized, see Fig. 1. This new tech-
nique involves two experimental approaches, which both utilize a
FA plasma and these are described using N,H* DR as an example.
A separate experiment to determine the products of DR for CHs*
utilizes only one approach.

The recombining ions are generated using a typical flow tube
pressure of 1.4-1.5Torr with a He flow rate of 16.0slm; at this
pressure the diffusive losses are not very significant and most of
the He* has been converted to He,* by the ternary reaction, Eq.
(4), before the other gases are added to the flow tube. Note that
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Fig. 1. Schematic of the flowing afterglow (FA) with expanded view of the ionization
and ion focusing section of the detection system. The sample orificeis a5 x 10-2 mm
diameter hole that allows passage of either ions or neutrals, depending on the mode
of operation. Also shown are the different positions of gas addition (Ar, Hy, and N,
or CH4) and the pulsed valve positions.
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Fig. 2. Kinetic model of the CHs* plasma as a function of distance down the flow
tube from 0 cm, the microwave discharge source. (a) Is without CCl4 and (b) is with
CCly. The total dissociative recombination products (DRP) and ion-ion products (IIP)
are included in the model. There are three gas additions points for argon, hydrogen,
and methane to generate the recombining ion under study, CHs*. Also shown as a
dotted line is the sampling orifice, where the neutrals are separated from the ions.

both 16.0slm and 31.4 slm were used for the N;H* DR study (see
Section 3.2). The He is 99.997% pure and is further purified with
two liquid N, cooled sieve traps. Argon gas (99.999%) is added
to the flow tube ~22 cm downstream of the microwave discharge
through aring port at a concentration of ~1.6 x 10 molecules/cm?3,
which destroys He™ and He,* (generating Ar*) and has the bonus
of increasing the ionization number density. Further downstream
(~70cm) from the Ar addition, Hy (99.999% purity, further puri-
fied by a liquid N, cooled sieve trap) is added at a concentration
of ~1 x 1013 molecules/cm? to quickly create an Hs*/e~ plasma.
Approximately 17 cm downstream of the H, addition, the reagent
gas of interest is added, in these cases N, (99.999% purity) or CHy
(99.97% purity), at concentrations of ~5 x 1012 molecules/cm3. This
forms the recombining ion of interest, either N;H* or CHs* by pro-
ton transfer. Egs. (4)-(7) summarize the chemical reactions leading
up to Hs*, which readily proton transfers to N, and CHy4, with
respective rates of 1.6 x 1072 cm3s~! and 2.4 x 10-9 cm3 s~1 [30].

Het +He + He — He,t+He k= 2.0x1073"' cm®s! (4)
He,t +Ar - Art +2He k= 2.0x10"10cm3s™! (5)
Art +Hy, > ArHT +H k= 8.6x10"1cm3s! (6)
ArH" +Hy —» Hs3t+H k= 6.3x10"1%cm3s! (7)

Kinetic data in Eqs. (4)—(7) are from literature [30,31]. A kinetic
model showing the variations of the ion signals with distance along
the flow tube for the production and recombination of CHs* (for
both the absence and presence of CCly ) is shown in Fig. 2. The forma-
tions of NoH* and CHs* are monitored using the quadrupole mass
spectrometer to ensure that the ion under study is the dominant
plasma ion. Two experimental approaches are used to determine
the product distributions. Both use a pulsed gas technique to mod-
ulate DR by pulsing (i) the reagent gas (N, or CH,) or (ii) an electron
attaching gas, which quenches DR. Both pulsed gas techniques are
similar to those previously used for detecting spectroscopic emis-
sions from DR [32,33]. In this way, DR products are distinguished
from other neutrals such as unreacted reagent gases which are
unaffected by the modulation. Note that, the DR product neutrals,
which are detected, have been thermalized kinetically by collisions
with the He buffer gas. Vibrational and rotational deexcitation can

also occur by such collisions or by radiative relaxation. Clean puls-
ing of the modulated gas is critical for determining DR products
and is achieved by adjusting He flushes upstream and downstream
of a pulsing valve. A detailed description and a schematic of this
arrangement can be found in Mostefaoui et al. and Williams et al.
[32,33]. The detection of the DR products in this way required some
modifications to the existing FA system.

2.1. Modifications to the flowing afterglow

The quantitative identification of DR products is carried out
using the pulsed gas techniques mentioned above. In order to detect
the products an axial electron impact ionizer (Extrel Axial Molecu-
lar Beam Ionizer with thoriated iridium filaments) was positioned
in front of a downstream quadrupole mass filter to ionize the sam-
pled neutrals (products of DR and background gases); these are
termed monitor ions. Note that, in order to monitor the plasma
ions as described earlier, the potentials on the sample orifice and
top hat lens are near ground or biased negative to allow passage of
these positive ions into the detection system. In addition, the elec-
tron impact ionizer is off and appropriate voltages are applied to an
Einzel lens to focus the plasmaions into the quadrupole. To prevent
plasmaions and electrons from entering the detection system, small
bias voltages are applied to the sample orifice (~+0.5 V) and top hat
lens (~—0.5V) just upstream of the axial ionizer. Neutrals can still
pass into the detection system and the DR products, and other neu-
trals being sampled, are distinguished by pulse modulation (~1 Hz)
of either an electron attaching gas or the reactant gas into the flow
tube, discussed in detail in the next two sections. After ionization,
the monitor ions are focused and injected into the quadrupole by a
series of lenses, see Fig. 1. lons passing through the quadrupole filter
are detected by a discrete dynode electron multiplier (ETP model
AF553H). To prevent interference from radiation coming from the
flow tube, specifically from the upstream microwave source, the
dynodes of the multiplier are off-axis from the quadrupole exit.
The microwave discharge producing the plasma is also off axis from
the flow tube. After the multiplier, the ion pulses are amplified by
an Ortec fast timing preamplifier (VT120C with a gain of 20 and a
10-350 MHz bandwidth), pulse height discriminated, and counted
in a Stanford Research Systems (SR400) gated counter (GC). Since
the background counts are often much larger than the signal counts,
the current output response of the multiplier must increase lin-
early as the count rate increases up to high count rates. The ETP
model has a large dynamic range where the deviation from linear-
ity is near zero for up to 70 p.amps of output current. This output
current (I) when converted to counts per second establishes the
count rate saturation limit for the detector, i.e., for a typical gain of
~1 x 107, which occurs at a voltage of ~1.8 kV applied across the 21
stage dynode stack, the maximum count rate is ~5 x 107 counts/s.
In the experiments, count rates are kept below this value to avoid
errors due to multiplier saturation. The data collection cycles at
twice (~2 Hz) the frequency of the pulsed gas modulation (~1Hz)
with data being collected when the pulsed gas is out (A) and when
the pulsed gas is in (B). A timing circuit was devised to manage
the data collection so that A can be separated from B when both are
passed through a single circuit in the GC (see Fig. 3). This was neces-
sary since, using the dual channel mode in the GC sends the A and B
counts through different circuitry (independent gates and discrim-
inators), thus causing erroneous results due to the slight mismatch
of the channel circuitry used to collect the counts for A and for B.
Therefore, this mode cannot be used and a single channel to collect
both A and B was necessary. The separation of A and B is made using
the odd (B) and even (A) memory bins of the 2000 bin memory in
the GC. The circuit coordinates the data collection so that the A data
and B data are put in the appropriate separate memory bins. When
the circuit is armed, the GC trigger is at TTL low until the first ris-
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Fig. 3. Pulse valve timing diagram used for the accumulation of data in channels A
and B. Note, GC refers to a gated counter (SR400). The red rectangles on the pulse
valve TTL (for triggers 1, 3, etc.) represent the counting for the odd memory bins (B,
Bs,...B1gg9) of the GC and the blue rectangles on the pulse valve TTL (for triggers
2, 4, etc.) are counting for the even memory bins (A, Ag,...A000). Vertical green
arrows indicate GC triggers. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

Table 2

Absolute fractions for the electron impact fragmentation patterns (70 eV) of N, and
NH that were used in the Ny H* studies. Fragmentation for N, is calculated from frag-
mentation patterns [34] and NH from the ratio of relative ionization cross sections
(fragment to parent) [75].

Ny NH

lon Absolute fraction lon Absolute fraction
Ny * 0.85 NH* 0.78

N* 0.15 N* 0.22

ing edge of the pulse valve cycle, from which a GC trigger signal
starts (this operates at twice the frequency of the pulse valve). In
this way, the odd memory bins are always correlated to when the
pulsed gas is in the flow tube (Bq, Bs,. . .B1gg9) and the even mem-
ory bins correspond to when the pulsed gas is out (A, Ag,. . .A2000),
see Fig. 3. Additionally, a delay is used before counting so that data
is not being collected near the pulse valve transitions. Counting is
also stopped early in order to avoid the transition as well. These
non-counting periods are ~10% of the pulse valve period.

Electron impact ionization (Extrel Axial Ionizer) of the neutrals
is made using an electron energy of 70 eV, which takes advantage
of the wealth of experimental data available in the literature for
this electron energy, but mainly of stable species [34]. For radical
species, relative fragmentation patterns are obtained from the ratio
of the fragmention to parention ionization cross sections, which are
readily available [35]. From the relative fragmentation patterns, the
absolute percentages are calculated and given in Tables 2 and 3. Data
for N, and NH are given in Table 2 and those for CH4, CH3, CH;, and
CH are given in Table 3. Note that the two question marks in Table 3
indicate values that are not known. These values are expected to be
small for two reasons. First the fragmentation of CH,4 to C* is only

Table 3

0.02 and it is not unreasonable to assume that the C* fragments
from CH3 and CH, will also be small. Secondly, the experimental
measurement of the ionization cross section for C* channel from
CH; was not made because it was too small [36].

2.2. Electron-attaching gas method

For the electron-attaching gas method, arapidly electron attach-
ing gas (CCly) is pulsed into the flow tube ~10 cm upstream of the
reagent gas port so that 80-90% of the electrons are attached at the
point of introducing the reagent gas. Thus with attaching gas added,
the DR is almost completely quenched at the addition point of N,
or CHy.

CCly+e~ — Cl- +CCly (8a)
CCly +e~ — Cl=+CCly (8b)

Then, the differences between the two pulsed situations are the
signals from products of the DR. Also any impurity in the flow tube
has a constant value and is cancelled out when accumulating signal,
because of the difference between the pulsed gas out (A, +1) versus
in (By) is used so that,

Snt1n=Any1 —Bn; n=1,3,5,... (9)

A statistically significant S is obtained by integrating S from mul-
tiple pulsed periods,

N N
> Swin= Y. (Ana—Bn) (10)
n=1,3,5,... n=1,3,5,...

Since the counts in (A,+1) are determined after the counts in
(Bn), the system needs to be as stable as possible between these two
periods. The concentration of attaching gas is critical; enough needs
to be added to maximize signal contribution from DR between the
two channels (A and B), while keeping any ion-ion recombination
(iir) between the anion (Cl~) and recombining ion of interest at
a minimum. This situation is achieved by monitoring the current
profile (proportional to electron density) to the movable Langmuir
probe, which is at a constant DC voltage (~+3 V with respect to the
flow tube). During this measurement, the probe is at a fixed posi-
tion in the flow tube (i.e., the addition point of N5 or CHy). The
amount of attaching gas added is sufficiently small so that it does
not influence the ion chemistry or change the diffusive loss since
it is ensured that there is still enough electron density remaining
for ambipolar diffusion to be dominated by the electrons [37]. Note
that any products of iir will result in a negative S and, if they occur at
the same mass as a DR product, they will erroneously reduce the DR
contributions at this mass. The rate constants of these particular iir
are not known and therefore cannot be modeled. However, Cl will
be contained in the products (Cl, HCI, NCl, CH3Cl, CH,(Cl, etc.) and
this is probed. In fact, it is shown later that Cl containing products
are very minor (<2% of total products detected), thus showing that

Absolute fractions for the electron impact fragmentation patterns (70 eV) of CH4, CH3, CH;, and CH that were used for the CHs* study. CHy4 is calculated from reference [34]
and CH; and CH from the ratios of relative ionization cross sections (fragment to parent) [36]. CH3 is calculated from measurements made in our laboratory. The question
marks indicate values that are not available but are expected to be small considering that C* is only 0.02 from CHy, see text. Even so, this is taken into account in the error

analysis, see Section 3.6.

CH, CH
Absolute fraction Absolute fraction

Ion CH4 CH3
Absolute fraction Absolute fraction
CHg* 0.44
CH3* 0.40 0.75
CHy* 0.09 0.18
CH* 0.05 0.07
ct 0.02 ?

0.71
0.29 0.79
? 0.21




C.D. Molek et al. / International Journal of Mass Spectrometry 285 (2009) 1-11 5

iir is slow. Even so, this small effect is accounted for in the analy-
sis. Results from previous work and the present work demonstrate
clean pulsing even with sticky gases like H,O. See also the electron
current profile, for pulsing CCl, in Section 3 for further details.

2.3. Pulsed reagent gas (RG) method

In the pulsed reagent gas (RG) method, the main differences
from the electron-attaching gas method are the gas being pulsed
and the flow tube pressure. Also, the addition points of gases are
changed to ensure that the recombining ion of interest is formed
further upstream to maximize signal coming from the products.
Here, the reagent gas is pulsed instead of the electron attach-
ing gas. The flow tube operates at 3.0-4.0 Torr with a He flow
rate of 31.4slm. Ar and H, gases are added ~22 cm downstream
of the microwave discharge at concentrations of ~2 x 10 and
5 x 10! molecules/cm?3, respectively. The amount of H, added is
such that the H3* recombination rate coefficient is kept small
(~4x 108 cm3s~1) [38]. Approximately 24 cm downstream from
the H, addition point, the reagent gas of interest is pulsed into the
flow tube, e.g., N, for NyH* DR.[N;] is varied over a wide range from
~8 x 10° molecules/cm3 to ~1 x 10! molecules/cm3. This concen-
tration range is such that the electron density [e] at the pulse
addition point (~3.0 x 101% molecules/cm?3) is within this range, see
Section 3 for details. To achieve the lowest concentrations of N5, a
0.2% N, in He mix was used. For the higher concentrations, pure N,
is used. Again, Egs. (4)-(7) summarize the chemical reactions lead-
ing up to H3*, which then readily proton transfers to N, forming the
recombining ion of interest, NoH*. Inherent in this method is that at
large N, concentrations ([N3]>[e]) not all of the pulsed gas will be
protonated, and thus the background interferes with the detection
of some of the DR neutral products. Since this interference cannot be
removed by difference (unlike the attaching gas method), the flow
tube conditions are chosen so that the contribution of DR products
to the overall signal is varied. Here, the overall signal for N, is the
combination of DR products and the contribution of the unreacted
reagent gas. For NH and N, the overall signals are a sum of DR prod-
ucts and fragmentation contributions from larger mass neutrals
(both unreacted reagent gas and DR product). The extraction of the
percent DR product contributions from the overall signal requires
modeling of the chemistry. The contributions of DR products to the
overall detected monitor ions are distinguished by modeling the
absolute fraction of each monitor ion as a function of initial N, con-
centration. The product distribution percentages in the model are
adjusted to give a best fit to the experimental data obtained over
the same range of initial N, concentration. This method is more
complicated, yet the advantage is that ion-ion recombination is
eliminated since anions cannot form.

3. Results and discussion
3.1. Experimental checks

In this section, ways of minimizing systematic error and increas-
ing the sensitivity of the technique (i.e., signal to background
sensitivity) are discussed. There are two important conditions that
minimize error. Firstly, the pulsing needs to be clean and consistent.
Secondly, there should be no evidence for signal build up when
there is no difference between the A and B situations (i.e., where
there is intentionally no difference between the pulse valve open
and closed). Such a difference can occur if, for example, there is any
significant drift in the gas flows.

Clean pulsing of very sticky gases can be achieved by varying
the amount of He in the upstream and downstream flushes of the
pulsed gas system [33]. It can be optimized by monitoring the pro-

10-Moy-06

21:48:38

Fig. 4. Oscilloscope trace of the variation, with time, of the electron current mea-
sured with a Langmuir probe in the plasma. The current is measured by placing
a small voltage (+3.0V) on the probe, with it positioned where the reagent gas of
interest is added to the flow tube. The difference observed is created by pulsing in a
rapidly electron attaching gas (e.g., CCls ). This ensures that clean, square modulation
of the electron density occurs where the recombining ion of interest is forming. In
this way, DR is sequentially allowed and quenched.

file of the Langmuir probe current [e~] variation, as a function of
time for pulsing in a 1% mix of CCly in He as is illustrated in Fig. 4.
The optimum profile is a clean reproducible transition (i.e., ~square
wave) between the two pulse valve states (open versus closed).
The second way to minimize error is to ensure that there is no
signal build up when there is no difference between the two pulse
valve states. This is achieved by following monitor ion masses of the
products of the DR of interest while the plasmais off, i.e., with no DR
occurring. By doing this, it is ensured that there are no impurities in
the pulsed electron attaching gas mix that would cause interference
with the monitorion (e.g., 0" from H,O overlapping with CH4* from
CHy). This type of error is avoided by using extremely pure gases (in
the ppm range) in the mixes of the pulsed gas. This small impurity
concentration in the flow tube cannot compete with the reagent gas
for a proton in the proton transfer reaction and thus will not inter-
fere with the formation of the ion under study. For these conditions,
data of the kind illustrated in Fig. 5 is obtained, which is a test for
signal build up when the plasma is off. These data were collected
under the same conditions as used for the CHs* DR study (i.e., Ar,
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Fig. 5. Atest to detect any erroneous signal build-up when no signal is present. The
conditions under which these data were collected are the same gas flow conditions
as in the CHs* DR study, but with no plasma ionization. The CH4* monitor ion signal
is created by electron impact ionization of CHy. It can be seen that the integrated
signal (Z(A—B))just oscillates close to the zero due to the random errors associated
with counting and does not build up.
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12 A A channel, B channel per period

Integrated CH, signal

Counts

Time(sec)

Fig. 6. A sensitivity test to detect a small amount of CH4 pulsed into the flow tube
where there is a large constant background of CHy4 (i.e., S/BG ~10~3). This is done by
monitoring the CH,4 using electron impact ionization to create a CH4* monitor ion.
Channels A (green squares) and B (purple inverted triangles) are individual periods
where the pulsed gas is in and out. There is very little difference between these
counts denoted by signal (S =A-B, red diamonds) and the magnified inset of the fig-
ure shows how close the signal per period is to the zero. However the integrated
signal (blue circles) is clearly seen to build up by exactly the amount expected. Note
that the integrated signal is inverted so that it builds in the positive direction forillus-
trative purposes (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article).

H,, CCl4 and CHy4 added to the flow), but with the plasma off. The
red circles (Channel A, pulse valve closed) and black squares (Chan-
nel B, pulse valve open; squares are under the circles) are plotted as
counts per period, 0.1 s, versus time in seconds. The green triangles
(CH4* counts) represent the integration up to 300 periods of the
CH4* signal. It should be noted that the A and B channels are very
stable. The counts from CH4* do not have any significant build up
and variations in the integrated signal are due to random errors in
the A and B channels, which are associated with counting. Note that
this test cannot be performed when the reagent gas is pulsed, since
even with the plasma off, there is a signal difference between the
two channels.

In both methods, the pulsing rate is critical to the reduction of
error due to any drift in the experiment, since (A) is counted after
(B). If the pulse valve is operated slowly, any drift in the system cre-
ates larger errors in the signal (A-B), because there is a greater time
difference between measurements of A and of B. Thus a faster pulse
rate eliminates some of the effects of instabilities in the plasma.
Studies with small and larger drifts have shown that this is indeed
the case, however, every effort is made to minimize drift by servo
controlling the flows of the gases added to the flow tube.

Finally, the sensitivity of detection (i.e., detection of a small sig-
nal in a large background) was quantified by using a constant large
flow of CH4, which simulates a large background, the small modu-
lated signal being emulated by pulsing in ~0.20% of CH4 in a mix
with He. CH4* was used as the monitor ion. By doing this, it was
found that for a 50s counting period the limit of detection is at
least ~10~3 signal to background, see Fig. 6. In this experiment, the
DR product that typically has the highest background is the one
that is the same as the reagent gas that is used, thus detecting the
other products should be less of a problem since their associated
background is lower. For example, in the case of DR of N,H*, the DR
product N, has the highest background, whereas mass 15, measured
for NH has nearly no background.

3.2. N>H* recombination

The details of the analysis for this DR can be found in Molek
et al. [39] and only the features that illustrate the technique will

be covered here. Note that the He throughput used for the study
of NpH* was 31.4sIm to decrease the residence time in the flow
tube, thus reducing any effects due to diffusion of DR products. The
experiment was repeated at 16.0slm for comparison and it was
found that no change was observed in the product distribution as
expected if the relative diffusive loss is small for both flows. Data
presented in this paper, for the electron attaching gas method, was
collect at a throughput of 16.0 slm.

The two methods have been used in this DR. It should be noted
that there are very small N, impurities in the He buffer gas but
because these are constant in the flow tube they do not contribute
to the signals, see Eq. (9). Here the products Ny, NH, and N have the
respective monitor ions, N,*, NH*, and N*, which are characterized
after electron impact ionization and mass spectrometric detection
and identification. Note that when the attaching gas is pulsed in,
there is the possibility for ion-ion recombination (iir) to take place.
Below are the possible products from the iir reaction between N, H*
and CI—.

NH* +ClI- = NoH + Cl + 511kJ/mol (5.3 eV) (11)
NoH* +Cl™ — Ny +H + Cl + 473k]/mol (4.9eV) (12)
NoH* +ClI- = Ny + HCl + 897 kJ/mol (9.3 eV) (13)
N,H* +ClI- — NH + NCl + 203 kJ/mol (2.1eV) (14)
NoH* +Cl” — NH + N + Cl-135k]/mol(1.4eV) (15)

This can produce a small error in the calculation of the DR prod-
ucts, where a product from iir will make a DR product at the same
mass appear smaller. However, based on the difference in rate coef-
ficients between these processes, in which iir is typically about an
order of magnitude slower [40], and assuming a worst case condi-
tion that only one product channel of iir is generated, say channel
(14), then the maximum error in the NH DR product is less than 10%.
If the NH product from DR were >10% then it would be detectable,
but appear to be smaller than it really is. If the DR product NH were
10% then the DR signal from this product would appear to be zero.
However, here the signal from the NCI product, which would be
produced in parallel with NH (see Eq. (14)), would be detectable
and negative since it can only result from iir. With this in mind, the
possible products unique to iir were followed using the monitor
ions CI*, HCI*, and NCI*, thus covering all possible product chan-
nels, see Fig. 7. From this it can be seen that products from the iir
are almost non-existent, with Cl*, NCI*, and HCI* oscillating near
zero, therefore establishing that the effects of iir are indeed very
small and implying that this is a slow recombination. The study
of this reaction shows that iir is not affecting the DR product dis-
tribution in this case. The results for DR of N;H* show N3 +H to
be very dominant; the observed N*, see Fig. 7a, is from N, frag-
mentation by electron impact and not from NH+N products. This
is very different from the SR data [24]. To further ensure that iir
is not affecting the product distribution and to corroborate these
results, the second method was used. Briefly, the reagent gas, N>,
was pulsed in to form the recombining ion, in this case NyH* where
the difference between N, in (A) versus N out (B) is the signal,
Eq. (9). There are two possible contributors to this signal, one is a
fraction of unreacted reagent gas (f1) and the other is a product of
DR (f). In the experiment, the contribution of f; to the total signal
needs to be minimized while maximizing f, contribution. This is
achieved by reducing the initial concentration of N5, such that the
range between the lowest and highest concentrations encompasses
the electron density ([e]=~3.0 x 1019 molecules/cm?3) just down-
stream of the pulse addition point. This is critical because as [N;]
is reduced, the signal changes from the observed electron impact
fragmentation of N, to a signal that is a mixture of the products of
DR and electron impact fragmentation of N,. Here, the DR product
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Fig. 7. Integrated monitor ion signals for DR of N,H*. Shown is the integrated signal
from all the monitored species, for both DR and iir products. It can be clearly seen (a)
that the biggest signal build up is from the N* monitor ion. The next largest signal
is from N*, which is solely due to the electron impact ionization and fragmentation
of N,. The (b) plot, is an expanded scale (about x35) of counts, around the zero, for
the other products. It shows that the NH* monitor signal of NH is very small (~2%).
The products that can originate only from iir are also very small showing that little
iir is occurring.

contribution to the overall detected signal would be at a maxi-
mum with [NoH*]~[+] ~[e]~ 3.0 x 10'° molecules/cm3. Therefore,
DR products must be <[e~] and this limits the contribution of
DR products (f;) to the total signal. At high [N,] concentrations
(~1 x 10" molecules/cm3), the fraction of unreacted reagent gas
dominates over the DR products by nearly 4 orders of magnitude,
therefore a plot of the absolute percent of each monitor ion, in
this case N,*, NH*, and N*(i.e., monitors for N,, NH, and N), versus
[N2]=1 x 10 molecules/cm3 results in the electron impact frag-
mentation pattern of N,. As the [N, | concentration approaches [e~],
the fraction of unreacted reagent gas decreases and the products
from DR contribute more significantly to the overall signal. This
leads to a deviation from the electron impact fragmentation pat-
tern of N,. The modeling of this situation is shown in Fig. 8. Inherent
in the pulsing technique is that any impurity in the flow tube is a
constant background, which gets subtracted out. This is especially
important in the pulsed reagent gas method, since it enables N,
products to be detected at the low [N;] concentrations needed to
observe the deviation from the fragmentation pattern. It should be
noted that the data point at the lowest [N, ] concentration is diffi-
cult to obtain with an error of <10% in the final product distribution
in a reasonable amount of time. This is because the [N,] is small
and thus the degree of reaction is small. The final DR distributions
from the two methods are shown in Table 4.

An exhaustive effort was made during these experiments to rec-
oncile the difference between the current FA measurements and SR
measurements of Geppert et al. [24]. In particular, possible errors

Table 4
Present values of the products for DR of NyH*. The literature SR value is shown for
comparison. Method 1 uses pulsing of CCl4; and method 2 pulsing of N.

FA [39] SR [24]
Method 1 Method 2
NyH"+e~ — N +H 95-100% 95-100% 36%
NoH*+e~ — NH+N 0-5% 0-5% 64%

—O— Experimental Data
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Fig. 8. Absolute ion percentages of the monitor ions, in both model and experiment,
as a function of initial N, concentration. The solid lines with open circles (black)
represent the experimental data. The blue dashed and pink dotted lines represent
the kinetic model results using two different values for the absolute DR product
percentages. The pink dotted line uses Geppert et al. results [24], N, (36%) and NH
(64%), and the blue dashed lines are the models best fit which uses N, (98%) and NH
(2%). The best fit model agrees with the experimental data far better than the model
using Geppert et al. results. In addition, error bars are included on the experimental
data and estimates of the error on the model; see Section 3.5 for details. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of the article.).

in the FA study have been analyzed in great detail. For the SR, it
is known that there were contamination issues due to *N!5N* in
the ring; this would DR into N+ >N, where the 1N would appear
like a ™NH product. It should be noted that due to our measure-
ments, the SR experiment was repeated and indeed it was shown
that this was the reason for the discrepancy and that the NH chan-
nel was about 10% [9], consistent with the FA result. This illustrates
the importance of measuring DR product distributions with more
than one technique.

Also, the ion source in the SR study is a hot filament ion source
that operates at temperatures over 1000K [41]. N, ionizes 3 times
more efficiently than H, for the experimental conditions [24] and
thus to produce NoH* for injection into the ring it relies on the
reaction,

14N14N++H2—>]4N]4NH++H (16)

It should be noted that Geppert et al. quote a room temper-
ature rate coefficient for reaction (16), but there is experimental
evidence for similar reactions showing that the rate constants tend
to decrease as the temperature increases [76].

3.3. CHs* recombination

This recombination is particularly relevant to the interstellar
medium since CHs* DR was thought to be a source of CHy [42],
until storage ring measurements showed CHsz (~75%) as a dom-
inant product from this recombination [16]. This removed CHs5*
DR as the source of methane in interstellar clouds [42]. In the DR
recombination of CHs*, the energetically accessible pathways are,

CHs" 4+ e~ — CHy+H 4 769k]/mol(8.0eV) (17)
CHs* +e~ — CHs +H, + 766 k]/mol (7.9 V) (18)
CHs™ +e~ — CH3 +2H + 330k]/mol(3.4eV) (19)
CHs* +e~ — CHy+Hy +H + 307Kk]/mol(3.2eV) (20)
CHs* +e~ — CH + 2H, +317k]/mol (3.3 eV) (21)

Since the attaching gas method is an extremely effective way
to determine the products of DR; efforts have been concentrated
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Fig. 9. The integrated signal build-up of all the monitored species, for both DR and
iir products of CHs*recombination is shown. In (a), it can be clearly seen that the
biggest signals are from CH4* and CH3* monitor ions. The majority of the CH3* signal
is from the electron ionization and fragmentation of CHg, see Table 3. The plot in (b)
is an enlarged scale, around the zero, to distinguish the other products. There is a
small negative build up of CI* and possibly HCI*, products of iir, however, these are
very small; see text for further discussion.

on this approach. The experiments show a large build up of the
CH4* signal, a monitor ion for CHy. This signal is due to the DR
product of CH4 and not the unreacted CH,4 reactant gas in the flow
tube. This is reinforced by two experimental examples. The first is
shown in Fig. 5 and was discussed in detail in the text, see Section
3.1. It demonstrates the ability to integrate and show that there is
~0 signal even when there is a large background (3 x 10° counts/s)
of CHy, thus unreacted background is not contributing to signal
build up. The second example is discussed in detail in Molek et al.
[39]. Briefly, two DR systems were studied with recombining ions
HCO* and CO*, while one monitor ion (CO* for CO DR product) was
used. Since the CO* recombining ion can only dissociate upon DR
(i.e., no product CO), the CO* monitor should integrate around the
zero for this recombination. However, in the case of HCO* DR, CO
is a major product (92%) [43] and therefore an integrated signal of
the CO* monitor should be very evident. Fig. 5 in Molek et al. [39]
shows that for HCO* DR, the CO* monitor ion builds up over time
corresponding to a CO product. However in the CO* DR case, the
CO* monitor ion oscillates around the zero with time integrating
out a large background. This is expected since CO is not a product
from this recombination. Therefore, there is no erroneous build up
of signal in the FA experiments and background effects are shown
to be eliminated.

The experimental conditions for DR study of CHs* are those
listed in Section 2.2. The build up of CH4* and CH3* monitor ions
canreadily be seen in Fig. 9a. Note that CH3* is a major ion fragment
of electron impact ionization of CH,4 [34], thus the CH3* integrated
ion signal is nearly all attributable to the fragmentation contribu-
tion of electron impact ionization of the DR product CH4. The plot in
Fig. 9b shows the monitor ions for CH,* and CH* as well as the mon-
itor ions for some of the energetically possible iir products, where
the energetically accessible channels are

CHs* +Cl- — CHy +HCI + 856k]/mol (8.9eV) (22)
CHs" +Cl” — CHs+H + Cl + 424Kk]/mol(4.4eV) (23)
CHs™ +Cl~ — CHs +Hy +Cl + 424KkJ/mol (4.4 eV) (24)
CHs* +Cl~ — CH3Cl + H; +773k]/mol (8.0eV) (25)
CHs™ +Cl~ — CH3+H + HCl + 424Kk]/mol (4.4eV) (26)
CHs* +Cl~ — CH5Cl + 2H + 341kJ/mol(3.5eV) (27)

Table 5
Product distributions for CHs* recombination. Results of the current work are shown
in comparison to SR data.

FA (this work) SR[16]
CHs +e — CHy+H (17) 95% +5% 49+1.3%
48+0.2%

— CH;+H;(18)
—r <8%

— CHz+2H(19) 69.8% =+ 0.8%

— CH,+H+H,(20) <1% 17.2%+ 1.6%
= CH+H;+H;(21) <1% 33£1.1%
CHs* +Cl~ — CH, +H, + HCl + 390k]/mol (4.0 eV) (28)
CHs™ +Cl~ — CH,Cl + Hy +H + 354k]/mol (3.7 eV) (29)
CHs* +Cl~ — CHCI + 2H, + * kJ/mol (30)

It should be noted that it is very difficult to monitor the H,* and
H* ions since they are at a very low mass for the quadrupole mass
filter. This results in difficulties getting quantitative values for these
products. However, there are enough monitor ions to quantify all
possible channels except the two CH3Cl channels and yet this was
not a problem since CH3CI* was not a detectable signal (not shown
in Fig. 9b). Notice that there is a small negative build up of the CI*.
This product is small (<2%) but still indicates that some iir is taken
place. In the case of ClI*, the presence of CCl; may contribute to
some of the negative build up by ionization of the CCls. As far as the
authors are aware the fragmentation pattern of CCls is not available
in the literature, thus the CI* contribution from this source cannot
be assessed in detail. However, in the NoH* recombination, CI* is
not observed and this is for similar experimental conditions, thus
implying that CCl3 does not fragment significantly to CI* on elec-
tron impact. This is an indicator that Cl is a product of iir of CHs™,
which suggests a general way of determining the products of iir.
Here the conditions would then be optimized for iir recombination
rather than DR. Note that electron impact ionization of CCl4 can-
not be a source of CI* since all of this is destroyed in the electron
attachment process. To the author’s knowledge, this is the first data
on the products of iir for CHs* + Cl~. The CHs* DR product distribu-
tion determined in the present study is shown in Table 5 together
with the SR data from Semaniak et al. [ 16]. The dominant product in
the FA measurement, CHy, is in stark contrast to the SR data where
the dominant product is CHs. The reasons for this difference are
not understood at present and need more investigation in both the
FA and SR. Some additional information is available from a study by
Adams et al. [13] in which the total H-atom fraction was determined
for a series of DR including CHs*. Here the fraction was 1.18 and is
equivalent to (17)+2(19)+(20) where the equation numbers for the
individual channels are given in parenthesis, see also in Table 5. The
present FA data for this gives two limits <1.03 and <1.11 depending
on whether Egs. (18) or (19) is dominant and is in good agreement,
whereas the SR value of 1.58 is very different.

3.4. Calculation of the DR product distribution

The determination of the product distribution from the mea-
sured counts in the FA are complex but relatively straightforward.
For example, the DR of an ion, with the formula H3X*, has three
possible DR product channels: H,X, HX, and X,

H3X++e*—> HyX + Hxq (31)
H3X++e*—> HX + Hy(2H)x; (32)
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H3X*" +e~— X + Hy(2H) + Hxs (33)

where each of these product channels contribute a fraction (x1, x3,
and x3 ) to the total number of neutral DR products (N)i.e., the num-
ber of recombinations. Each of the neutral products, when ionized
by 70 eV electrons, may non-dissociatively ionize or dissociatively
ionize where the amount of each ion produced is dictated by the
product of the total cross section (~op, ) and absolute fraction (dmp)
for that particular ionization pathway, e.g.,

e~ (70eV)

HyX(x1N) == HaX*(o72d22) (34)
HX(aN). 5V HX (0r2dan) (35)
HZX(XlN)f@fV)XJr(UTzdzo) (36)

The notation for the absolute fraction is represented as, m being
the number of H’s in the product neutral and n the number of H’s
in the monitor ion produced by electron impact. For example, d is
the fraction of HX* coming from the H, X product neutral. The rest
of the DR products follow the same logic.

HX(6NY. Y2V X (g dy ) (37)
HX(N). 25X H (o71do) (38)
X(xsN)* VX (orodoo) (39)

Note that the total cross sections, oy, correct for the difference
in ionization efficiency for each of the DR products. To calculate the
monitor ion signals that should be detected, the different contribu-
tors to each ion must be summed together. Starting with HyX* (this
is the largest mass so there is only one contributing term)

{H2X" Yetected = X1NOT2022 (40)

where x1N is the fractional contribution of H,X to the DR product
distribution and {H; X"} getecteqd Tepresents the total number of Ho X*
monitor ions detected. The signal from the smaller ions also have
the additional contribution from the larger species represented

below, viz
{HX"}detected = X2Nor1d11 +  X1Noraday (41)
N —

(d21/d22 (H2 X ) detected)

(d1o/dn [(HXJr }detected —d21/d22 (HZXJr Ydetected])
—

{X"}detected = X3Noodoo + xaNoridig
+ X1 NOTzdzo (42)
————

(dao/d22 (HZXJr Ydetected)

The equations can be rearranged to solve for x1, x5, and x3 giving,

{H2X+}detected
X{N= ———— (43)
! or2da

_ ({HX+}detected - d21 /d22{H2X+}detected)

xoN 44

2 or1dy (44)
{X* ) detected — 20/ d22 {HaX " }detected

X3N _ - d]O/dH [{HX+}detected - d21 /d22{H2X+}detected] (45)

orodoo

Note that N is an absolute number of recombinations which we
do not know, but only relative fractions are needed so this is of no
significance. Thus, if the o and d and the monitor ion signals are
known, the product distribution can be determined.

Table 6

Modeled losses of neutral products in the FA relative to a starting distribution using
the Semaniak et al. [16] product distribution. Listed are the products and the dis-
tribution from the model with considerations for diffusion of radicals (CH3, CHa,
and CH) and neutral-neutral reactions (46)-(49). For comparison, the distribution
obtained by Semaniak et al. [16] is included.

Model results using Semaniak et al. [16] data

Distribution (Semaniak) Distribution (Molek)

CHyg 4.9% 7.1%
CHs 74.6% 73.3%
CH, 17.2% 18.6%
CH 3.3% 0.95%

3.5. Sources of error

The possible sources of error in our measurements that need
to be explored are (i) the ion-ion recombination effect, (ii) DR
product loss due to neutral-neutral reactions, and (iii) neutral dif-
fusive loss. These sources of error have been discussed for the N,H*
recombination by Molek et al. [39]. For CHs* recombination, the
iir product channels that would take away from the CH3 DR prod-
uct are channels (24) and (26). Even in the worst case situation with
the observed CI* and HCI* products only coming from channels (24)
and (26) and not the others (i.e., (22), (23), and (28)) then the CH;
product would only increase ~2%, which does not explain the large
discrepancy with the SR. The remaining loss processes are diffusive
loss and neutral-neutral reactive loss of the radical neutrals. Note,
it is assumed in this model that the radical species will diffuse to
the walls of the flow tube and then be 100% lost by reactions with
other available neutrals. Of all the possible neutral-neutral reac-
tions that would deplete the DR products, only four have an effect
on the distribution, these being:

CH3+4CH3 — CoHs+H k= 4.6x10 1 cm3s1[44] (46)
CH3 +CHy > GHs+H k= 2.1x10""%cm3s71[44] (47)
and

CH + Hy— CHy+H k= 23x10""2cm?s 1[45] (48)
CH + CH4 — Products k= 5.4x 10" cm3s~1[46] (49)

The Semaniak et al. [16] distribution is used as a starting point to
gauge how these losses (ii and iii) in the FA experiment would affect
the distribution. It can be seen in Table 6 that the effects of these
losses are only a few percent, even for the worst case conditions.
Even so, these are taken into account in the error figures associated
with the product distribution. This again is not enough to explain
the discrepancy between the current FA measurements and those
in the SR. Every effort has been made to account for any losses in
the product channels for the FA.

3.6. Errors in the product distributions

To evaluate the overall errors in the FA product distributions
considered here, a detailed error analysis has been performed for
each case. The majority of the error in the distributions is associated
with the random error inherent in counting statistics, where errors
in channels A and B are the square roots of the number of counts in
A and B, respectively. The error associated with the signal is then

05— VATE (50)

see reference [47] for details. Additionally but with less significance,
is the error associated with the electron impact fragmentation pat-
terns (dmn) and ionization cross sections (o7, ). Again these have
been evaluated for each DR study. All of these errors were consid-
ered for both the N,H* and CHs* DR systems, thus giving the upper
limit error for the various products, see Tables 4 and 5.
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A further effect has to be considered if any of the recombination
products are produced in excited states (an example of this is the
production of the N, (B3I1g) state in the DR of NoH*). What the FA
determines is the product distribution at the electron impact ion-
izer. Thus any excited state products with a short radiative lifetime
(«than the 5 ms residence time in the flow tube before detection)
will have decayed. This is readily achieved for allowed electronic
transitions for which the radiative lifetimes are ~10~9 s. Note that
collisional relaxation can also occur with gases present in the flow
tube, especially for vibrational deexcitation. Thus, here the total
neutral product distribution will be obtained. This would be directly
comparable with SR data where the neutral products are detected
in high velocity collisions (~MeV) with the energy detector which
would not be sensitive to internal product energy. In the FA, if
metastable states are produced in DR and these reach the detec-
tor then the o, and dp, could be different from those for the
ground state. A case in point is the production of the N, (B3ITg)
as an 19% product of the N;H* DR [48]. This has a radiative lifetime
of 8 s [49], and thus will have decayed before reaching the detec-
tor. However, this decay is to the electronically excited N, (A3 X,*),
state which has a radiative lifetime of 1.3's [49] and would reach
the detector if not collisionally relaxed. If this occurs, then with the
internal energy (up to 6.66 eV), the electron impact fragmentation
would be expected to be different from the ground state. Yet, the
absolute observed fragmentation to N* of 10.3% (see Fig. 7) is con-
sistent with the NIST value (15%) for the ground state [34] and our
value (11.1%) for N, added to the flow tube without a discharge and
thus all ground state. This implies that collisional relaxation does
indeed occur. The presence of excited states in the DR of N,H* was
detected spectroscopically [51].

In the case of CHs* DR, no electronically excited states of CHy
(Eq. (17)) are accessible. Rovibronic excitation is possible but this
would be expected to be rapidly quenched by collisions with CHy
and He in the flow tube before the detection system. However, if
there is a large amount of rovibronic excitation, it is possible that
CH4" — CH3 +H could be accessible and occur on a time scale of
a vibrational period (~10~14s). It is not known how much vibra-
tional excitation remains in the CH4', since the amount of kinetic
energy used in the initial CH4 +H dissociation is not known. But
the time scale of the vibrational period is shorter than both the
He collision time in the FA (~10~7 s) and the time to get from the
recombination region to the detector in the SR (~10-6s) and thus
any predissociation of the CH;" would occur in both the FA and SR.
Thatitdoes not occur in the FAimplies that there is no production of
CH3 by this mechanism and a different solution needs to be sought.
For the CH3 +2H channel (Eq. (19)), no electronically excited states
are again accessible, however, such can be reached in the CHz +H,
channel (Eq.(18)), viz, 3s2A;"and 3p2A,” [52] which could possibly
radiate to the ground X 2A,” state [53], although the 3 s state predis-
sociates CH, +H [54]. None of the emissions were observed in spec-
tral scans from 180 to 800 nm. In addition, if excited CH3 survived to
the detection system, more electron impact ionization to CH,* and
CH* would be expected. Very little CH* (<1%) and CH (<1%) were
observed indicating little production of excited CHjs. Also, since the
CH and CH; contributions to the product distribution are so small,
the fact that they can be produced in electronically excited states is
of no consequence. Note that, the measurements of the CH3 radical
fragmentation pattern, Table 3, were done by electron attachment
of CH31 to form CH3. This electron attachment process has ~0.59 eV
of excess energy, which is not enough to electronically excite CHs;
thus this is not affecting the fragmentation pattern.

4. Conclusions

A new technique has been developed to quantitatively
determine the neutral products of dissociative electron-ion recom-

bination, DR. It has been shown that this technique is immensely
valuable for this purpose. As it stands, there are several discrep-
ancies in the literature between the SR and previous spectroscopic
measurements; this new technique may give a better understand-
ing of the reasons for the differences. As a case in point, for the No,H*
recombination, the SR results have been re-measured showing that
the NH product is not nearly as important as originally thought
[9]. For the CHs* recombination, all possible sources of error have
been evaluated for the new FA technique, yet the discrepancies with
the SR have not been reconciled. It is interesting to note that the
CHg4 +H channel is supported by Bates’ theoretical suggestions for
this DR [55]. In addition, Mann et al. [56] have used dissociative
charge exchange between CHs* and Cs to generate highly excited
CHs. They found that dissociation to form H + CH4 was favored over
H, +CHj3 in a ratio of 14:1 consistent with the value of 12:1 for the
present data and consistent with theory (Bowman, Priv. Com. 2007).
These are at variance with the SR value of 0.03:1. It should also be
noted that the present study gave an H-atom fraction in the range
0.96-1.12 close to the values of 1.16 and 1.19 determined in our ear-
lier FA studies using vuv absorption [13], but substantially smaller
than the SR value of 1.58 [16]. It is critical to resolve the differences
since DR of CHs* forming CH,4 could be a very important source of
methane in the ISM [42].

In the SR, evidence for the possible vibrational excitation in the
recombining CHs* ion has been suggest by Sheehan and St.-Maurice
[57].In a merged beam study, the recombination rate constant was
measure as a function of temperature (k=2.9 x 10-7 cm3 s~! with a
temperature dependence of T-046) and is very consistent with the
SR results (k=2.8 x 10-7 cm3 s~1 with a temperature dependence
of T-0>2) [16]. Note that the room temperature SR rate constant
is a factor of 2.5-5.0 below the FA values [58-61]. In the Sheehan
study, it was known that there was vibrational excitation in the
recombining ions and they suggested, on the basis of the agree-
ment, that the SR results may have vibrational excitation in the ion.
This is consistent with reports from the SR that the ion source used
in the experiment produces vibrationally excited molecular ions
[41]. However, such excitation is reported as being vibrationally
relaxed with multiple passes around the ring [62]. Another possi-
bility may include residual rotational excitation in the recombining
ion where the SR has no mechanism to quench all this excess energy.
It was seen in H3* DR that recombination rate varied as a func-
tion of vibrational/rotational energy [63]. Other important studies
include H30* DR, in which disagreement still exists. Due to their rel-
evance to the ISM and Titan's atmosphere, other ions of particular
interest are NH4*, CH30H,™*, and CH30CH4* [22,64]. In addition to
these room temperature studies, there is the possibility of investi-
gating the temperature dependence of product distributions. Lastly,
experimental conditions in the FA can easily be changed to enhance
ion-ion recombination and providing a means of studying its prod-
ucts. The products formed can give insight into the mechanism
that is occurring, be it a long range charge transfer or an intimate
encounter pathway [65-67]. This will give further experimental
insight into the mechanism of this process, which has been long
considered as a long range electron transfer [40].
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