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Recombination of HCO* and DCO* ions with electrons was studied in afterglow plasma. The flow-
ing afterglow with Langmuir probe (FALP) apparatus was used to measure the recombination rate
coefficients and their temperature dependencies in the range 150-270K. To obtain a recombination
rate coefficient for a particular ion, the dependencies on partial pressures of gases used in the ion
formation were measured. The variations of aycg+(T) and apcq+(T) seem to obey the power law:
Ao (T)=(2.0£0.6) x 107 (T/300) 3 cm3s~! and opco+(T)=(1.7£0.5) x 10-7 (T/300)~ cm3s~! over
the studied temperature range.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The HCO* molecular ion is one of the key ions in astrophysically
relevant plasmas. In the interstellar medium it is predominantly
formed in ion molecule reactions of CO with Hs*. It is believed
that the major destruction mechanism for these ions is dissocia-
tive recombination. Observations of both HCO* and DCO* ions are
powerful probes of physical conditions in these plasmas [1-3].

The recombination of HCO* ions with low-temperature elec-
trons was studied many times theoretically and also by different
experimental techniques. The values of the thermal recombina-
tion rate coefficient (at 300K) obtained by different techniques,
such as merged beam study [4], storage ring experiments [5], sta-
tionary afterglow [6-8] and flowing afterglow [9-11] are within
the range 1-3 x 107 cm3s~1. The apparent agreement at 300K
turns towards disagreement when temperature dependencies are
measured. For temperatures below 300K, the measured recombi-
nation rate coefficients differ by nearly one order of magnitude.
In some former experiments the possibility of internally excited
HCO* (DCO*)ions, including the presence of higher energy isomers
HOC* (and DOC*), cannot be excluded. The negative temperature
dependencies were observed in many previously reported studies
[5-10], but the character of these dependencies was very differ-
ent. In addition, decrease of recombination rate coefficient with
decreasing temperature was obtained in a recent FALP experiment
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[12]. The mechanism of dissociative recombination of the HCO*
ion is also very controversial. What is clear is that the recombi-
nation of HCO™" is a multi-step indirect process. It was concluded
that the rate-determining step for recombination of HCO* is a
capture into Rydberg states [13,14]. The most recent calculations
[15] have a tendency to decrease the distinctions between the-
ory and experiment. Nevertheless, the calculated thermal value of
the recombination rate coefficient is lower by a factor of 10 [14,15]
than values obtained in numerous experimental studies [12,16]. The
discrepancy is probably caused by the imperfection of theoretical
calculations due to a lack of knowledge about modelling the disso-
ciative recombination processes of triatomic ions. Nevertheless, we
cannot exclude that the problem lay in the experiments. In a recent
study of recombination of H3* it was observed that the measured
recombination rate coefficients in plasmatic experiments can be
enhanced at a higher pressure of ambient gas [17]. The phenom-
ena is connected with mechanism of H3* recombination [18]. We
can expect similar phenomena also for HCO* recombination (see
Refs. [14,15], see also discussion on H3* and HCO* in Ref. [19]);
we considered this during our study. In order to confirm or dis-
prove the unexpected temperature dependence observed in the
recent FALP experiment [12] and to obtain data about recombina-
tion of DCO™*, we carried out well-defined experiments using the
flowing afterglow technique (FALP). Having in mind a recent obser-
vation of ternary recombination in H3* and D3* dominated plasma
[17], we also measured the pressure dependence of recombination
rate coefficients of HCO* and DCO* ions. In addition, attention was
paid to processes of formation of plasma dominated by the stud-
ied ions in order to exclude the influence of high-energy isomers
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Fig. 1. The principle of FALP experiment. The plasma is formed in a microwave dis-
charge and then is driven by the flow of helium along the flow tube (from left to right
in the drawing). The reactant gases (indicated for present experiments) are added
via ports P1 and P2 to form plasma dominated by the desired ions. The plasma
parameters are measured by a Langmuir probe movable along the flow tube from
the position of port P2 to the end of the flow tube. We set the time scale origin at
the position of port P2; tp, =0.

HOC* and DOC" in decaying plasma on measured recombination
rate coefficients.

2. Experiment
2.1. Experimental details

The principle of the flowing afterglow method used in present
FALP experiments is described in Fig. 1; the details are given else-
where [20-23]. In a FALP experiment, helium buffer gas flows
along the flow tube. There is a glass section in the upstream part
of the flow tube where plasma is generated by microwave dis-
charge (~15W). The flowing helium then drives plasma into a
stainless steel section of the flow tube (internal diameter ~5 cm).
The plasma leaving the discharge region contains He* ions, elec-
trons and long-living helium metastables (He(23S) and He(2'S))
[20,24,25]. Because of high-He pressure (1200-2000 Pa), He* ions
are rapidly converted to He,* ions in a three-body association pro-
cess (for description of kinetics in the He afterglow see Ref. [26] and
references therein). Downstream from the discharge region, Ar is
added to the flow tube. After an addition of Ar (via port P1), helium
metastables are removed from the plasma by Penning ionisation
and Ar* ions and electrons are formed. The He,* ions also react with
Ar and Ar”* ions are formed. When the metastables are removed
the Ar* dominated plasma rapidly relaxes. The processes of relax-
ation in the flow tube are clear, well described and documented
[20,22,24,26]. Further reactant gases can be added to the afterglow
plasma via port P2 to form plasma dominated by the desired ion.
To minimise the level of impurities, helium is purified by passing
through a zeolite trap cooled by liquid nitrogen. The obtained impu-
rity level of He in the flow tube is below 0.1 ppm. The flow tube is
cooled to 250K to suppress partial pressure of water vapour. The
parameters of the plasma decaying along the flow tube are moni-
tored by an axially movable Langmuir probe (7 mm long tungsten
wire of diameter 18 pwm). Probe characteristics (current to voltage)
are measured at different positions along the flow tube. The corre-
sponding electron number densities (1) are determined from the
“electron saturated region” of measured probe characteristics. To
obtain absolute values of electron densities, the probe is calibrated
by measuring well-established recombination rate coefficients of
0,* ions [16,26]. In fact, the calibration just confirms the accuracy
of the electron density measurements based on probe theory [27].
Further relevant information connected with application of a Lang-
muir probe in flowing afterglow and justification of used method
is given in Refs. [10,22,24,28,29].

The buffer gas velocity gives the relation between the decay
time and the position. The actual plasma velocity on the axis of
the flow tube is measured by a modulation of the discharge and by
monitoring the propagation of the distortion along the flow tube.

Table 1
The main reactions considered as leading to the formation and destruction of HCO*
ions

No. Reaction Rate coefficient (cm3 s—1) Reference
! Ar:+H2»ArH*++H 8 x 10::3 (33]
Ar* +H; — Ar+H, 1x10
2 H,*+Ar— ArH* +H 23 x107° [34]
3 Hy*+Hy - H3*+H 2.1x107° [34]
4 ArH* +H, — H3* +Ar 1.5x 1072 [34]
s NmIOSHON e
6 Ar* +C0O — CO* +Ar 4x10 1 [36]
7 CO* +H, — HOC* +H (48%) 1.5x 1072
CO* +Hy — HCO* +H (30]
8 H,* +CO— HCO* +H >1x 1079 [6]
o MITOHCHE) g
10 HOC* +H, — HCO* +H, 4.7 x10-10 [30]
11 HOC* +CO — HCO* +CO 6x10-10 [30]
12 HCO* +e~ — products 2.5x10~7 This work
13 CO*+e~—C+0 2x1077 [37]
14 HOC* +e~ — H+CO 1.3x 107 [38]

The rate coefficients are specified for 300 K. The reactions leading to the formation of
Ar* dominated plasma prior to the port P2 are not listed; for corresponding reactions
see, e.g., [26]. The detailed discussion about the reactions leading to the formation
of HCO* dominated plasma is given in Ref. [32].

Under the used experimental conditions, we can monitor plasma
decay over 60 ms. From the decay of the electron density along
the flow tube, the recombination rate coefficient and characteristic
diffusion time are calculated. An advanced data analysis proce-
dure was used to obtain the recombination rate coefficients. The
advanced data analysis method allows us to determine precisely
the formation/mixing region and to calculate the proper value of
the recombination rate coefficient (see discussion below and the
discussion in Refs. [22,26]).

2.2. Formation of plasmas dominated by HCO* and DCO* ions
and their decay

There are several possible reaction routes for creating the stud-
ied ions. Reactions leading to the formation of HCO* are listed in
Table 1. Formation of DCO™ is similar, so it will be not discussed fur-
ther. Note that in some reactions, metastable HOC* isomer ions are
formed as well. Nevertheless, they immediately react with H, or CO
(exothermic catalytic isomerisation; for more detailed information
see [30] and [31]):

HOC* +H; — HCO'* +H,; and HOC'+CO — HCO* +CO

Since the rates of isomerization of HOC* are relatively high, the
HOC* ions will be converted into the lowest energy isomers in a
few milliseconds under our conditions and therefore they cannot
influence the measurement of the recombination rate coefficient
of HCO* ions.

In order to optimise experimental conditions and to understand
details of processes in the afterglow, the evolution of partial densi-
ties of ions along the flow tube were calculated using a numerical
kinetic model. The actual experimental conditions (plasma veloc-
ity, pressure, the partial pressures of reactants, geometry of the flow
tube, temperature, etc.) were used in the model. The ambipolar dif-
fusion, recombination loss processes and ion molecule reactions
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Fig. 2. (Left panel) The calculated ion-formation and plasma decay along the flow
tube at conditions typical for the present HCO* experiments. (Right panel) A detail
of the calculated ion densities near the port P2 where H, and CO are added (low-
decay time). Conditions: T=250K, p=1600 Pa. The partial densities of H, and CO
are written in the figure. The time scale origin is set at the position of port P2, thus
times upstream have negative value.

were taken into account in the model. Quasi-neutrality of the after-
glow plasma is assumed in the model. Results of the calculations
obtained for partial densities of reactants used in our experiments
are given in Fig. 2.

The numerical model of plasma formation for DCO* ions gives
similar results as for HCO*. The data plotted in Fig. 2 indicate that
the plasma decay during the first 5ms after the addition of reac-
tants (see detail in right panel) is influenced by the presence of
several ions (Ar*, HCO*, H3*, HOC", etc.). Therefore, to avoid an erro-
neous estimation of the recombination rate coefficients from the
experimental data we took into account the processes in the for-
mation zone. Furthermore, for low concentration of Hy and higher
concentration of CO the plasma decay is influenced mainly by the
presence of a high amount of CO* ions. We used the kinetic model
to calculate ion composition and electron density decays for dif-
ferent H, and CO densities. The recombination rate coefficient
Apco+(250K)=2.5 x 10-7 cm3s~! was used in these calculations.
From the calculation it is evident that at low-hydrogen (deuterium)
concentrations [Hy]<2 x 1012cm~3 the electron density decays
are obviously affected by the recombination of both HCO* and
CO* ions. We concluded that at buffer gas pressure 1100-1800 Pa,
the appropriate conditions for HCO* study are given by the lim-
its: 2x102cm 3 <[Hy] <1 x 10¥ cm—3, [CO] <5 x 1012 cm~3. The
limitation [H;]<1x 10" cm=3 is required by the necessity to
exclude the formation of cluster/complex ions [39].

3. Results and discussion

The main goal of the present studies was to measure the tem-
perature and pressure dependencies of the recombination rate
coefficients for HCO* and DCO" ions. The measurements were per-
formed at temperatures 150-270K. The total buffer gas pressure
was maintained at 1200 and 1600 Pa. The measurements were car-
ried out over a wide range of CO and H, (D) densities. The electron
density decays were measured along the flow tube over the distance
~30 cm. The corresponding decay time is ~60 ms (see Fig. 2). Exam-
ples of measured electron density decay curves in HCO* and DCO*
dominated afterglow for several densities of H, and D, respectively
are plotted in Figs. 3 and 4.

Together with the HCO* and DCO* studies the measurements
in the He-Ar-H; (or D,) mixture, i.e., without CO, were also per-
formed and the recombination rate coefficients for H3* and D3*
were obtained. Note in Fig. 3 that at given conditions, the rate of
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Fig. 3. The examples of electron density decays measured in HCO* dominated
plasmas at T=250K and at several hydrogen concentration, [H,]. The obtained
recombination rate coefficients are indicated. For the sake of comparison, decay
curves measured in H3* and Ar* dominated plasmas in otherwise identical condi-
tions are also included in the figure.

recombination of H3* ions is comparable with the rate of recom-
bination of HCO* ions; for a comparison see Fig. 2 from Smith
and Spanel in Ref. [10], or Fig. 7.2 from Ref. [19]. The reason is
that the present measurements are at a high pressure (1600 Pa)
and recombination of H3* has a ternary channel, which enhances
recombination at a higher pressure of ambient gas [17]. The rate
coefficients obtained for the recombination of HCO* and DCO* ions
at two different temperatures and two buffer gas pressures are
plotted in Fig. 5.

Within the accuracy of the FALP measurements (+30%), the
dependence of the measured recombination rate coefficient on
helium pressure was not observed. The obtained values of the rate
coefficients of recombination of HCO* and DCO™* ions with electrons
at temperature 250K are: oo+ (250K)=(2.5+£0.7) x 10~7 cm3 s~!
and apeo+(250K)=(1.9+0.6) x 10-7 cm? s~1. The obtained values
of these rate coefficients at temperature 180 K are evidently greater
than at 250K (see Fig. 5): oo+ (180K)=(3.7 £ 1.1) x 10~7 cm3s~!
and opo+(180K)=(2.8£0.8) x 10~7 cm? s~ 1. Hence, the decrease
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Fig. 4. The examples of electron density decays measured in DCO* dominated plas-
mas along the flow tube. The temperature, pressure and corresponding Ar, D, and
CO densities are indicated.
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Fig.5. The recombination rate coefficients measured as a function of H, or D, densi-
ties in HCO* (lower panel) and DCO* (upper panel) dominated plasmas. The pressure
of He and temperatures are indicated. The stars indicate recombination rate coef-
ficients measured in H3* (lower panel) and D3* (upper panel) dominated plasmas
(without addition of CO).

of the rate coefficients at temperatures below 300K reported in
[12] was not observed. The dependence of the recombination rate
coefficient of DCO* on temperature is plotted in Fig. 6. Over the
studied temperature range (150-270K), the variation of opcq+(T)
seems to obey the power law of T-A. Therefore, the experimental
data were fitted using the following equation in order to deter-
mine B: a(T)=a(300K)(T/300K)~#, where «(300K) and S are the
parameters. After fitting the experimental data, the following 8 and
®(300K) were determined for HCO* and DCO* recombination:

HCO* : a0+ (300K) = (2.04+0.3) x 107 cm®s™!  and

B=13+02
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Fig. 6. The temperature dependence of the recombination rate coefficient of DCO*
ions measured in FALP experiment. The corresponding buffer gas pressures are
indicated.
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Fig. 7. The recombination rate coefficients of HCO* and DCO* ions measured in dif-
ferent experiments. Recent theoretical values (Douguet et al. [15]) are also indicated.
For an overview, there are recent experimental values plotted: Amano [7], Rowe et
al.[11], Leuetal. [6], Laube et al.[41], Ganguli et al. [8], Smith and Spanel [ 10], Adams
et al. [9] and Poterya et al. [12]. The values from reference Le Padellec et al. [4] are
corrected in accordance with discussion in Ref. [19].

DCO™ : o+ (300K) = (1.7+£0.3) x 1077 ecm3s~!  and
B=11+£02

It should be noted that such a strong dependence on tempera-
ture is usually found when the dissociative recombination is driven
by the indirect mechanism. The measured recombination rate coef-
ficients for DCO* ions are somewhat lower than for HCO* ions.
The obtained aycq+(T)/opco+(T) ratio for the temperature range
150-270K is about ~1.2, and it is in good agreement with the pre-
viously obtained value by Poterya et al. [12], and with recently
obtained theoretical value by Douguet et al. [15].

We have also studied recombination of HCO* using the sta-
tionary afterglow apparatus AISA (see description in Refs. [26,40]).
The AISA is equipped with mass spectrometer to measure rela-
tive densities of ions during the plasma decay. The pressure of
the ambient helium in AISA is ~360 Pa. The obtained rate coeffi-
cient is oref(260K)=(2.0£0.3) x 10-7 cm3 s~1. The measured time
resolved mass spectra confirmed the data obtained from the kinetic
model. In the AISA experiments high attention was paid to the
suppression of the formation of atomic C* ions.

Because of a large disproportion between the recent experimen-
tal and theoretical values, the present HCO* and DCO* FALP and
AISA values are plotted in Fig. 7, together with data from other pub-
lications. It is easy to see that our results are in a strong agreement
with the majority of the previous experimental results in the region,
where they overlap. Nevertheless our results are in contradiction
with the recent FALP study by Poterya et al. [12] at low tempera-
tures. Additionally, we have not obtained an agreement with recent
theoretical values [14,15], which are lower by a factor of at least 10.

4. Conclusions

The recombination of HCO* and DCO* ions with elec-
trons was studied in cold afterglow plasma in a well-defined
FALP experiment. The recombination rate coefficients and their
temperature dependencies were measured at temperatures
from 150K up to 270K. For both ions, the rate coefficients
increased as temperatures decreased. Over the studied temper-
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ature range the variation of opycq+(T) and opco+(T) seems to
obey the power law: oo+ (T)=2.0 x 107 (T/300)~13 cm? s~ and
opco+(T)=17 x 10-7(T/300)~ ! cm3s—1.

The processes in the afterglow were modelled in order to control
experimental conditions and to minimise the possible influence of
HOC" and DOC" ions. The measurements were carried out at several
buffer gas pressures to check the possibility of a ternary recom-
bination channel; we did not observe a pressure dependence of
measured recombination rate coefficients. The obtained rate coef-
ficients agree with values obtained in several afterglow and beam
experiments. However they are higher by a factor of ~10 than the
recent theoretical values [15]. The measured temperature depen-
dencies are also different from the dependencies observed in the
recent experiment of Poterya et al. [12]. In agreement with theory,
we observed only a very weak isotopic effect.
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