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Abstract. Two major techniques have been used to study electron-ion recombination,
afterglows and storage rings. These have differing strengths and limitations for the
determination of recombination rate constants/cross-sections, including those as a function of
temperature/energy, and for the identification and quantification of the neutral products, both
rovibronically excited and ground state. Here, the afterglow techniques will be reviewed (the
storage ring is considered by Larsson) with emphasis on new developments. In this vein, there
will be discussion of (i) rate constants for larger species, (ii) temperature dependencies of rate
constants including those for some isomers, and (iii) electronically excited states; all these
connect with other papers in these proceedings. New developments are discussed; in particular
a means of quantifying the neutral product distributions, and possible new directions are
suggested.

1. Introduction

Two major techniques have been used to study dissociative electron-ion, ei, recombination (DR):
afterglows (stationary and flowing; SA and FA) and merged beams (mainly storage rings, SR). These
techniques have different strengths and their combined use for a given reaction gives data, which is
much more valuable than any individual study. Only the afterglow technique, and recent data obtained
with it, will be discussed here to set the scene for the most recent developments described later in these
proceedings. Storage rings are discussed elsewhere in these proceedings (Larsson) and will not be
considered here.
In the overall recombination process,

XYZ+e — XY*+Z* (1a)
= X*+ YZ* (1b)
— X4 Y 4 7 (1o)

(* indicates the possibility of internal and kinetic excitation) various parameters are amenable to study.
These are: (i) Recombination rate constants/coefficients (these terms are used interchangeably), o, at
a given temperature. Here, the rate constants are for the thermal situation (if the ions are appropriately
internally cooled) with the electron and ion kinetic temperatures being thermalised with the ion
internal temperature. Note that this is not the case in the storage ring, where the ion internal
temperature and the energy widths of the ion and electron velocity distributions, v(E) are essentially
constant and only the ion/electron relative energy is varied. Here, also SR cross-sections, G(E), are
measured as a function of energy, E, yielding more detailed information than an afterglow o.
However, a pseudo o, can be derived from SR data using the expression
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o, = [WE)G(E) f (E)E )
0

where f(E) is the Maxwell-Boltzmann distribution. For the reasons discussed above, this is not the
true thermal value, however, note that information on the effects of ion internal energy can be gleaned
by comparison of the two types of data.
(i1) o, as a function of true thermal temperature, which yields values that can be related to the 6(E) vs.
E of the storage rings.
(iii) Neutral product excitation from emission spectroscopy, which gives information on rovibronically
excitation of the products. This is largely the province of afterglow techniques, with equivalent
information being difficult to obtain in storage rings.
(iv) Quantitative identification of the neutral products distributions. These were initially obtained
spectroscopically in afterglows [1-3], but have recently been more straightforward to obtain in storage
rings [4]. Now, afterglow techniques are being developed to enable neutral product distributions to be
obtained mass spectrometrically (section 4). Developments in all of these areas will be discussed, as
will afterglow techniques.

2. Afterglow techniques

Stationary afterglows were originally used to determine ¢, but were superseded by flowing
afterglows. However recently, Glosik et al. have used an Advanced Integrated Stationary Afterglow
(AISA) to determine o.(H;") [5]. This has dimensions of a 40 cm cube and has ultra high vacuum
construction to maintain high purity. Plasma ionization is achieved by a 0.5 ms pulse of standard
2.45 GHz microwave excitation. The ions are monitored in the wall of the vessel via a pinhole orifice
using a quadrupole/ion multiplier detection system. It operates at 250 K to further minimize
impurities and at a pressure of ~2 Torr. The electron density, [e], is determined by a fixed Langmuir
probe located in the body of the plasma, close to the mass spectrometer. The SA is inherently less
versatile than the FA since all gases are exposed to the ionization source (and may thus be excited) and
are present together so that the ion chemistry is more difficult to control. Since the ions are detected at
the wall, they are monitored after diffusing (this is slow because of the high pressure used to inhibit
diffusive loss) and, because of recombination loss, may not reflect the ion composition in the body of
the plasma. The flowing afterglow is inherently more versatile since the reactant gases can be added
at a series of positions in the flow enabling the chemistry to be more accurately controlled (gases are
also not exposed to the microwave discharge). Details of the technique are in other reviews [6,7].
Here, ions are monitored in the body of the plasma and are not influenced by diffusion. They are,
however, monitored through a sampling orifice by a downstream quadrupole/ion detector and thus in
the late afterglow. To compensate for this, the plasma is modeled chemically using rate constants for
ion-neutral reactions, which are generally known. Such modeling is also necessary in the SA. The FA
has the further advantage that since the time variation is converted to a spatial variation, a given time
in the afterglow can be monitored continuously; this is extremely valuable for detection of
spectroscopic emissions where the photon counting times are long. FA’s are currently used by
Adams* [2,3] in Georgia, Glosik* [8] in Prague, Johnsen* [9] in Pittsburgh, Miller, Rowe* [10] in
Rennes, Smith and their coworkers, where an * indicates active study of DR. All have a microwave
discharge at the upstream end of a flow tube and monitor [e] as a function of distance, z, along the
flow tube axis using a Langmuir probe. Individual FA’s have special features. The Georgia FA is
temperature variable (80-600 K) with reactant gases that can be pulse modulated and that at Pittsburgh
has an optical spectrometer and a reactant gas inlet that can be moved along the flow tube axis. The
Rennes FA has an axially movable mass spectrometer and that at Prague operates at high pressure (6-
8 Torr) and is temperature variable. These different features make the FA’s complimentary and
provide several ways of determining o.
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Figure 1. Variation of 1/[e], with axial position, z, Figure 2. Variation of 1/[e], versus afterglow time, t,
in the flow for the recombination of C,Hs", the only for the recombination of two C;H;" isomers with
ion type present in the plasma [11]. The slope of the electrons [12]. Curvature of the plot, as compared with
linear portion yields o /v, (v, is usually measured by  the linear decay in figure 1, indicates the differing o, for
modulating the plasma upstream and following the the two recombining ion types.

disturbance along the flow tube with the Langmuir

probe).

The conventional means of determining ¢ is when only one ion type is present in the plasma. Then
the decay of [e] can be represented as

die] _, dle] __
=g =l 3)

where [+] represents the ion density and v, is the plasma flow velocity. Since [e] and [+] are equal this
can be integrated giving

———=g,— )
1%

Then a plot of 1/[e], versus z ( = v,r) yields o, see figure 1.
If two ion types are present in the plasma and have a common source, then the decay of [e], = [+] +
[+2], is controlled by the separate, but coupled decays of the two ions, viz

Al el ] 5)

d[+1]__
T o [e]l+] and &

By numerically integrating with time interval dz, the values of 0., O, and the initial [+] and [+,] can
be varied to match the calculated variation of [e], with ¢ to that which can be experimentally
determined. An example of this is shown in figure 2 for the simultaneous recombination of cyclic and
linear (propargyl) C;H;*. It is not possible to determine which ion type has the larger o, without
further information. Fortunately, Milligan et al. [13] have shown that the reaction of H;" with allene
(H,C=C=CH,) gives the cyclic and linear isomers in the ratio 30 to 70 and, using this source reaction,
enabled the fast and slow recombining ions to be identified.

The axially movable mass spectrometer in the Rennes FA enables yet another approach to be taken
[14-16]. Here o, values can be determined for a minority ion, which is also being lost, by ion-
molecule reaction with reactant gas RG (with rate constant k) and diffusion (ambipolar diffusion
coefficient D, and characteristic diffusion length A), with the ion decay being given by
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d[+] D,[+]
e —o[+][e]-k[+][RG]- o (6)
This integrates to yield
[+], ( D,
v, lnﬁz—ae J' [e]dz—(k[RGH 3 j(z—zo) (7)

By varying the upstream electron density while monitoring [+] at a fixed z, a plot of In([+]./[+].0)
versus integrated electron density yields o./v, as the slope. Alternatively, z can be varied in the same
sort of plot, but here the reactive and diffusive loss terms are involved and need to be small for
accurate 0, to be determined.

3. Recent results

A great deal of effort has been devoted to determining o, their temperature dependencies and energy
disposal in the recombination process in terms of excitation of the neutral products. Data in all of
these areas have been the subject of several reviews [2,17-21]. Only data subsequent to these reviews
will be discussed here, unless there is a specific need to mention particular data.

3.1 Room temperature recombination coefficients, o,

The o, that have recently been determined at room temperature can be divided into those for
hydrocarbon and non-hydrocarbon ions. Consideration of the former enables the effects of
hydrogenation and carbon chain length to be investigated. Such data have generally been determined
using a FA in Rennes [14-16,22,23], but with some measurements in Georgia [11], Pittsburgh [24] and
using SR [25-28]. o, from 1993 onwards are compiled in table 1. What appears clear from these data
is that there is no well-defined trend with increasing hydrogenation and number of C-atoms, although
there does seem to be some general increase. Also, no particular technique gives consistently disparate
values. However, what is emphasized by the C;H;" data is that there is little knowledge of the
isomeric forms of the recombining ions; for C3H;" there is a factor of 7 difference between the o, for
the cyclic and linear (propargyl) forms. More effort needs to be devoted to this problem. Equivalent
data for non-hydrocarbon ions is compiled in table 2, from the literature after 1991.

Again, no particular FA or SR technique gives consistently disparate values. The data have behavior
consistent with that observed previously; o, increase slightly with atomicity from ~2.3 x 107 cm’s™
for diatomics, although some values are very small, to ~4 x 107 cm’s™ for polyatomics. Most
noticeable is the much larger o for cluster ions than for the other polyatomic ions (by a factor of ~8),
a manifestation of “Super-Recombination” [50].

3.2 Temperature dependencies of recombination coefficients

Although room temperature values of o, are very useful, much more mechanistic information can be
derived by studying their temperature dependencies. Two very different types of behavior have been
observed as illustrated in figure 3. In (a), there is a dependence of somewhat more than 7 at low
temperatures, 7, changing to somewhat less than 7' at higher 7. This type of temperature behavior
is reminiscent of a change from direct recombination at low T to indirect at high 7, although the
temperature dependencies of these mechanisms are not precisely defined. A series of reactions exhibit
this behavior, as is evident from figure 3(a) and table 3. Comparison of the data with, e.g., MQDT
(Multichannel Quantum Defect Theory) [51] would be very valuable for investigating the
recombination.
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Table 1. Values of o (units of 10~ cm’ s™') at room temperature measured in experimental work since
about 1990, as cited in the text, for a series of hydrocarbon ions as a function of the number of C and H
atoms. A line delimits the species not structurally reasonable.

H atom number

C atom
number 2 3 4 5 6 7 8 9 10 11 13 15 17 20
9
7
1 6.4 3
11
9
2 5 6
12
7 8.3
3 8 19
1.2°
4 8.2
5 9
6 11 11 10 24
7 7 6.5
8 10
3
12 11.5 15
14 17
25
32 100

*for c-C3H;5"
® for 1-C3H;*

It was hoped that all hydrocarbon ion recombinations would show this behavior, so that generic T
dependencies could be used in the modeling of the Titan ionosphere [11], however, this was not the
case, as shown in figure 3(b). For C;Hs", the 0. increase slightly at higher T becoming T independent
at low 7. If the difference between the o for the cyclic and linear forms is maintained at the factor of
~7 from 170 K down to interstellar cloud, isc, temperatures, then this could partly explain the different
abundances of cyclic and linear C;H, observed in isc [52] (a factor of ~30), since the recombination of
C;H;" is believed to be the source of C;H,. Obviously, neutral product distributions need to be
determined for these recombinations to determine the percentages of C;H,.

3.3 Electronically excited products

As mentioned above, information on recombination products is very valuable, both for guiding theory
and in applications. When the products are rovibronically excited, these can often be probed using
emission spectroscopy and this has been done almost exclusively in a series of FA studies (ground
state products are discussed in section 4). In the FA, a series of emissions can occur in parallel from
the discharge source, and from ion-molecule and recombination reactions, and it is thus necessary to
distinguish recombination out of these. This has been done by adding small quantities of a rapidly
electron attaching gas (SFs and CCl, are used) not sufficient to influence the ion-molecule chemistry,
but which removes the electrons thus quenching ei recombination emissions. This can be done by
taking spectra with and without attaching gas addition [55] or more effectively by pulse modulating
the attaching gas at a given photon wavelength and accumulating photon counts for both situations



Table 2. o, (unit 107 cm’ s_l) at room temperature for a series of non-hydrocarbon ions as a

function of atomicity [8,10,24,29-49].

Diatomic ions

Four-atomic ions

CN* 3.4 H,0" 8
co* 1.6 HCNH* 2.8
. 1.85 HCO," 4.6
HD 0.04-0.117 HN,O" 45
HeH" 0.36 HSO," 27
KrH* <0.2 N,*.N, 26
<0.12
N, 1.75-2.6
NO* 4.4 Polyatomic ions
0, 1.9-2.4 CH,CNH" 33
XeH* <0.4 D;0*.D,0 17
0.83 CH,CHOH* 3.9
H*(HCOH), 33
Triatomic ions NH,*.NH; 48
C02+ 3.1 (:21‘15(:1\IH+ 4.7
35 H*(CH,CN), 28
H,0" 2.6 NH,*(NH;), 48
HCN*/HNC? 3.9 14
HCO* 1.532% H*(CH;COH), 14
HCS* 5.8 H*((CH;),CO), 14
7.9 H'(CH;COCHj3),  34°
d
HDO* 1.5 70
N.H* 2.1 ® Obtained at 600 K
%514 ° Obtained at 580 K
NGO 36 ¢ Obtained at 450 K
2 .
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* Amano’s values [41] of o, for HCO* and
N,H*, as determined using infrared
absorption, are larger than average by
factors of 1.6 and 3.

3x 1076

(b) . o
10—6 C-C3H3 s

m; L N,H*

i) 10° 5 W
ST Heot 1-C3H+

Sx 10760 200 300400 500 600 100 200 300 400 500

Temperature (K) Temperature (K)

Figure 3. Temperature dependencies of o, for the ions indicated. (a) shows temperature dependent

behavior [11], whereas in (b), the o for important interstellar ions are quite temperature invariant (C;H;" [12];
N,H" and HCO" [43]).
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Table 3. Temperature dependencies of o, as observed with various methods (FALP: Flowing Afterglow /
Langmuir Probe; MB: Merged Beam; SR: Storage Ring).

ini Temperature range
Recomblnmg E’)liponent n of p g Technique  Reference
ion T" dependence b
T (K) T. (K)

0," —-0.65 300-2000 FALP [38]
-0.7 100-500 FALP [11]
NO* —-0.85 300-2000 FALP [38]
HNC*® —-0.96 100-5000 MB [40]
HCO" -1.2 - MB [53]
~0 100-500 FALP [43]
N,H* ~-02/0°¢ 100 (200) 500 FALP [43]
HCNH? —-0.65 < 1000 SR [54]
CHs" -0.7/-15° FALP [11]
-0.52 100 (300) 500 200-1000 SR [26]
c-C3H;" 0/+0.7° 160 (350) 500 FALP [12]
1-C3H5" 0/+0.2° 160 (350) 500 FALP [12]
C,Hs" -0.8/-1.2° 100 (300) 500 FALP [11]
CeH;" -1.3 300-500 FALP [11]

* vibronically excited
® Subscript e refers to electron temperature
¢ Two values given as n; / n, with transition temperature given in parentheses in next column

until the difference is statistically significant [56]. The effectiveness of this approach has been shown
by determining the photon count rates from specific emission lines versus [e]. A very well defined
dependence of count rate on [e]* has been observed for a series of lines as expected for recombination
emissions from equation (3) [63]. This has enabled vibrational populations of electronically excited
states, and in some cases the percentage contribution of that state to the full product distribution
[44,58-62], to be determined. Recent data are listed in table 4.

4. New developments

In addition to determining excitation in the product states, it is critical to quantitatively identify the
ground state products both for applications and to constrain, test and guide theory. Such studies were
initially made with FA for diatomics, H,O" and H;0" [1,64], but detection was spectroscopic and was
thus time consuming, restricting the rate at which systems could be studied. With the more
straightforward product detection techniques in SR, this rapidly provided a body of data, however,
discrepancies were found with the earlier FA studies. In order to provide alternatives, a new FA
technique is being developed which does not rely on spectroscopic detection and this is illustrated in
figure 4. Ionization is produced in the usual way upstream and reactant gases are added to the flow to
generate recombining ions. At the downstream mass spectrometer, residual ions are prevented from
entering the detection system by application of suitable potentials to the detection lenses. Neutral He,
reactant gases and products of ion-molecule and recombination reactions are unimpeded and pass
directly into the detection system where they are ionized by electron impact and detected. The ionized
neutrals from recombination can often not be distinguished mass spectrometrically from the
background due to other ionized neutrals. However, this can be achieved by pulse modulating an
attaching gas (SF¢ or CCly) into the flow at a point just downstream of where the recombining ions are
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Table 4. Population distributions for vibrational states (relative) and electronic states (%) determined in
the FA using emission spectroscopy. Cases where emission was not seen are marked by “NS”.

Product state Vibrational population (relative)
Ton . Ref.
and population
v=0 v=1 v=2 v=3 v=4 v=5 v=6 v=7 v=8 v=9
HCO" COa 1 0.33 0.17 0.16 0.17 0.03 0.04 [57]
DCO" COa 1 0.33 0.17 0.16 0.17 0.03 0.04 [57]
CO,* COA 0.33% 1 0.58 0.09 [58]
CO d 40% 1 1.54 2 1.94 0.6 0.1 0.09 [59]
COe 0.83% 1 10 [59]
CO a’ 60% 1 2 1.8 0.7 0.18 0.05 0.04 [59]
COa 29% [60]
COa 53% [61]
COd 5.7% [61]
COe ~0.09% [61]
N,H* N, B NS NS 1 031 0.3 0.17 0.07 0.02 0.01 0.007 [57]
NS NS 1 0.8 042 038 041 0.13 009 0.035 [43]
N; B 19% NS 09- 1 0.45- 0.38- 0.26- 0.14— 0.03- [447°
1.0 0.52 045 048 0.17 0.07
N,D* N, B NS NS 1 0.31 03 0.16 0.04 0.02 0.01 0.007 [57]
NS NS 1 036 0.3 0.28 0.07 0.07 0.04 0.03 [431°
H,0* OHA 7.6% 1 0.89 [62]
CS,Y CS A 1 1.08 08 05 0.5 [63]
CS a 1 1.2 1.4 [63]
HCS," CS A 1 126 095 0.64 0.76 [63]
CS a 1 0.9 0.9 [63]

* Range in vibrational product populations due to the range of axial positions monitored.
® Data obtained at 100 K.

generated. Electron attachment is so rapid that the concentrations that have to be added are
insufficient to affect the ion chemistry. The rapidly recombining electron/ion plasma is thus converted
to the more slowly recombining ion/ion plasma and the products of ei recombination are quenched.

By integrating the ion counts over many pulses, with (B Counts) and without (A Counts) the
attaching gas present until the difference (A — B) between these counts is statistically significant,
provides a measure of the contribution of this mass to the recombination products, see figure 5. The
time required for counting depends on the magnitude of the background relative to the signal.

To illustrate the technique, consider the recombination of CHs', which is produced in the reaction
sequence:

2 He Ar H, H, CH,

He* —- He,, - Arfr —»> AH" —> HyY —> CHs (8)
Ar T
He™



46

To
Pulse Gas In Roots
O Puse PUMD  Quadiupole

Microwave
Cavity
/ Discharge

/L [ l Low Pres‘sure

lonization Source‘ |

To | ‘

Pulse Gas Out Roofs |
Pump |‘
|

Electrostatic
Langmuir Probe
With Glass Shielding

@® Electron

© Carrier Gas
0 Pulse Gas
A Reactant Gas Multiplier
e Recombination Products S

Figure 4. Schematic diagram of a new FA technique for quantitatively identifying the neutral products of
recombination. The upper and lower representations of the downstream flow tube show the situations with and
without the attaching pulse gas added.

Thus H, and CH, recombination products, yielding H," and CH4" on electron impact, have large
backgrounds; that for CHj is also large since fragmentation on electron impact ionization of CHy to
give CH;" is large for 70 eV electrons. Backgrounds on H are much smaller, since it is only produced
in the reaction of Ar* with H, and is thus only present in a concentration similar to that of the ions, and
those for CH and CH, are very small. However, as stated above, accumulation of data for sufficient
time on all ions should produce statistically significant results. Preliminary data illustrating this are
given in figures 5 and 6. Analysis of these data shows relative contributions to the product distribution
for CH3, CH,, CH and H (taken as being the contributions of CH;", CH,", CH" and H") of 27, 16, 4, 53
compared with the values 27, 9, 2 and 62 obtained in the SR [26]. Thus, this technique is showing a
great deal of promise. Corrections need to be made for relative diffusion of the recombination
products and differing ionization efficiencies and fragmentations, but these appear small.

5. Future goals

The studies summarized above have suggested new directions and new goals that could profitably be
pursued. (i) Detailed information is needed on recombinations of particular applied or theoretical
interest. (ii) Complimentary techniques need to be developed to compare with previous results and
reveal new features. This is beginning with the development of a new FA technique for obtaining
product distributions to compare with the results of the very productive SR measurements.
Comparison of T dependencies of ¢ obtained with both techniques could be very revealing since the
FA varies the ion internal temperature whereas the SR does not. This requires 0. versus T to be
determined from SR variations of ¢ with E. (iii) Effects of isomeric structure on o, 0.(T), neutral
product distributions and product excitation need to be investigated. This has been started with the
Rennes hydrocarbon ion studies and the C;H;" investigations. Many isomers exist; C3H;" has two
experimentally known and five theoretically (P. Bera and H F Schaefer, priv. com. 2004), and these
need to be separately characterized. (iv) In conjunction with theory, operative reaction mechanisms
need to be identified, both in terms of comprehensive theories and simple mechanisms (direct, indirect,
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show the stability.

tunneling) or a combination of these. (v) Finally, a longer term goal would be to follow the
recombination through the reaction intermediates and explore the competing reaction pathways as is
being done with gas phase neutral reactions [65]. Coulombic explosion, as started with the SR [66],
could perhaps explore some of this and could maybe tell whether three body fragmentation occurs in
one step or is sequential. There are many exciting discoveries waiting to be explored in this
developing area of science.
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