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ABSTRACT: Avalanches in gas-based detectors operating at atmospheric pressure and using
Ar-CO2 or Ne-CO2 as drift medium produce in a first instance mainly Ar+, Ne+ and CO+

2 ions.
The noble gas ions transfer their charge to CO2 in a few ns. A few ns later, the CO+2 ions have
picked up CO2 molecules, forming cluster ions, in particular CO+

2 · (CO2)n. Since the cluster ions
are slower than the initial ions, the signals induced by ion motion are altered. The effect is shown to
be present in constant-field detectors and TPC readout chambers, and is expected to affect devices
such as Micromegas and drift tubes.
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1 Introduction

1.1 Cluster ions

Cluster ions consist of a core ion and one or more neutral atoms and molecules. They are held
together by the attractive force between the ion charge and the (induced) dipoles. Their binding
energy, typically 0.1 – 1.5eV, is in-between that of chemically bound molecules and van der Waals
molecules. Formation of CO+2 · CO2 clusters has a particularly large rate constant and these clusters
should be abundant in mixtures quenched by CO2.
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1.2 Overview

Although there is a wealth of information in the literature about ion transport and ion chemistry,
some gas-detector simulations simplify the treatment of ions to excess, e.g. by taking only the noble
gas ions into account, neglecting the role of the quencher. Such calculations happen to be in fair
agreement with measurements (section4.3), but the approach is unphysical because Ar+ and Ne+

ions transfer their charge to CO2 in a few ns (section2.2).
Section2 explains how CO+2 ·CO2 becomes the dominant ion species after a few tens of

ns at atmospheric pressure. These clusters grow to become CO+
2 · (CO2)n. The ion core may

change, but clusters dominate for at least a few hundredµs. Section3 reviews the literature on
the mobility of ions and cluster ions. Section4 shows how cluster ions manifest themselves in
detectors, illustrating this with the mobility of signal ions in uniform fields and in TPC readout
chambers.

2 Cluster ion formation

2.1 Avalanche
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Figure 1. Ionisation rates in Ar 90%-CO2 10% (left) and Ne 90%-CO2 10% (right). Calculated using
Magboltz version 10.6 [8, 63].

Avalanches in Ar-CO2 at atmospheric pressure and room temperature initially produce Ar+

ions and a lesser quantity of ions derived from CO2. Ne-CO2 mixtures generate comparatively
fewer Ne+ ions owing to the higher ionisation potential of Ne, see figure1.

Ionisation of the noble gases is straightforward — multipleionisation and ionisation of the
inner shells play no significant role. In contrast, bombarding CO2 with 20 – 100eV electrons pro-
duces, depending on pressure, a range of ions as shown by H.W.Ellis et al. [16]. At 0.013Pa, CO+2
makes up 98% of the ions, but traces of C+, O+ and CO+ are also observed. These are not anymore
seen at 0.13Pa. O+2 ions start to emerge at 0.26Pa and their abundance rises steadily with pressure.

– 2 –
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Their origin has been the subject of much debate since they seems to be more common than can be
accounted for by reaction (2.2) alone [66]. At 8Pa, larger ions, including the first clusters, appear
and at 100Pa the most common ions (98% of the total) are O+

2 and O+
2 ·CO2.

These trace ions are probably also produced at atmospheric pressure, but not observed because
they react rapidly with CO2 (rate constants are weighted averages of values taken from [3, 69]):

O+ +CO2 → O+
2 + CO (k = 1.03±0.10 10−9 cm3/s), (2.1)

O+
2 + CO2 +M → O+

2 ·CO2 +M (k = 0.5±0.1 10−30 cm6/s), (2.2)

C+ +CO2 → CO+ + CO (k = 1.120±0.078 10−9 cm3/s), (2.3)

CO+ + CO2 → CO+
2 +CO (k = 1.020±0.075 10−9 cm3/s). (2.4)

At atmospheric pressure and in a mixture with 10% CO2, the two-body reaction times1 are around
370ps. O+2 ions form clusters with CO2 molecules in a three-body reaction. Excess kinetic and
binding energy is evacuated by a “helper” molecule M. This takes 300ns if only CO2 acts as helper
and is 10 times faster if all gas molecules take part. Only thecluster, and maybe O+2 , will therefore
be detectable at atmospheric pressure.

2.2 Reactions of argon and neon ions

Argon has a higher ionisation potential than CO2 and Ar+ ions transfer their charge to CO2

molecules in∼ 0.85ns assuming 10% CO2 [4]:

Ar+ +CO2 → Ar +CO+
2

(

k = 4.80±0.72 10−10cm3/s
)

. (2.5)

Alternatively, Ar+ ions can form molecular ions, as reported already in 1951 by John Horn-
beck [29]. He attributed this to homonuclear associative ionisation, a two-body process. At higher
pressure, they can also be formed in a three-body interaction:

Ar+ +Ar +M → Ar+ ·Ar +M
(

k = 2.3±0.2 10−31cm6/s
)

(2.6)

where M, either Ar or CO2, ensures energy-momentum is conserved. The rate constant is taken
from Wei-cheng F. Liu and D.C. Conway [43]. A similar valuek = 2.0 10−31cm6/s was published
by K. Hiraoka and T. Mori [26]. B.M. Smirnov [69] recommendsk = 2.2 10−31cm6/s. As pointed
out in [43], only 2Po

3/2 associates at room temperature —2Po
1/2 only does so at lower temperatures.

In a mixture with 90% Ar where only Ar acts as helper, the reaction takes 8.9±0.8ns.
Resonant charge exchange of Ar+ with Ar has a rate constantk = 4.6 10−10cm3/s [44] and

thus a reaction time of 100ps — much faster than molecular ionformation. However, for our
purposes, this reaction is important only in that it dramatically lowers the mobility of Ar+ in Ar.
The same happens to Ne+ in Ne, see section3.4.

In Ne mixtures, charge transfer is a 2-step reaction which takes∼ 8ns assuming 10%CO2:

Ne+ +CO2 → CO+ + O+Ne (k = 0.500±0.050 10−10 cm3/s), (2.7)

CO+ + CO2 → CO+
2 +CO (k = 10.16±0.77 10−10 cm3/s). (2.8)

1Reaction times, writtenτ , are to be understood as the time after which a fraction 1/e of the reactant remains. These
times have been derived from the rate constants assuming a number density at room temperatureN = 2.45 1019/cm3.

– 3 –



2
0
1
5
 
J
I
N
S
T
 
1
0
 
P
0
7
0
0
4

The CO+
2 ions go on to form clusters as described in section2.3. The rate constants cited above are

(weighted averages of) values from the compilation of V.G. Anicich and W.T. Huntress Jr. [3].
Clustering is slower in Ne than in Ar [69]:

Ne+ +Ne+M → Ne+ ·Ne+M
(

k = 0.6 10−31cm6/s
)

. (2.9)

2.3 Reactions of carbon dioxide ions

For our purposes the most important reaction of CO+
2 is three-body association with CO2 resulting

in CO+
2 ·CO2 cluster ions:

CO+
2 +CO2 +M → CO+

2 ·CO2 +M . (2.10)

The compilation of B.M. Smirnov [69] gives a rate constant for this reaction ofk= 2.4 10−28cm6/s,
close to the valuek = 2.1 10−28cm6/s cited by A.B. Rakshit and P. Warneck [58]. P. Coxon and
J.L. Moruzzi have measured a forward rate constantk = 0.8±0.2 10−28cm6/s and an electric field
dependent backward rate constantk = 10−14 – 10−11cm3/s [11].

If only CO2 acts as helper, and assuming there is 10% CO2 in the gas mixture, then the char-
acteristic time for cluster formation is 0.7 – 2.0ns. The reaction is 100 times faster if also Ar acts
as helper. Association, even in mixtures containing littleCO2, is therefore substantially faster than
ion transit in gas-based detectors, which is typically in the range 100ns – 100µs.

CO+
2 is also reported to undergo two-body association with argon, resulting in an excited

intermediate state, after which CO2 is substituted for Ar [35], thus producing the same CO+
2 ·CO2

cluster. The rate constants for this mechanism are not known:

CO+
2 +Ar → CO+

2 ·Ar, (2.11)

CO+
2 ·Ar + CO2 → CO+

2 ·CO2 +Ar. (2.12)

Resonant charge exchange in pure CO2 has a time scale of∼ 110ps [4], considerably longer
than the 7 – 20ps needed for three-body association in pure CO2. The effect on the mobility is
therefore minor compared to the noble gases, see figures4 and5:

CO+
2 +CO2 → CO2 +CO+

2

(

k = 3.70±0.37 10−10cm3/s
)

. (2.13)

2.4 Initial clusters in argon-carbon dioxide mixtures

The documented cluster-forming reactions are shown in red in figure 2 (left). The most likely
outcome is CO+2 ·CO2, even when starting from Ar+. Formation of the Ar+ ·Ar dimer is, except
at high Ar fractions and at pressures far above atmospheric,overshadowed by the charge exchange
reaction (2.5), as shown by figure2 (right).

Of the non-established reactions, only the pathway Ar+ −Ar+ ·CO2−Ar+ ·Ar produces Ar
dimers. The first step, masked by the inter-molecular chargeexchange reaction (2.5), is encouraged
by the higher polarisability of CO2 but hampered by the higher stability of Ar+ ·Ar. The ligand
switch in the second step benefits from the higher binding energy of homonuclear clusters, as
discussed by A. Illies et al. [35], but it is dubious whether this can compete with the intra-cluster
charge exchange from Ar+ ·CO2 to Ar ·CO+

2 . Although no information was found in the literature
regarding this reaction, there is little doubt it is fast dueto the lower ionisation potential of CO2.
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Figure 2. Left: diagram of the formation of clusters in Ar-CO2 mixtures and subsequent transitions. Known
transitions are shown in red. Rate constants in units of cm3/s or cm6/s as appropriate.Right: resulting
evolution of the ion and cluster count. Ar+ make up 90% of the initial ions. Most of these transfer their
charge to CO+2 , especially at lower pressures. The CO+

2 ions go on to form clusters with CO2 molecules.
Gas pressures are 1bar (solid), 0.75bar (dashed) and 0.5bar (dotted). Calculated from the rate constants,
using Mathematica [73].

2.5 Cluster growth and decay

According to van ’t Hoff diagrams for CO+2 · (CO2)n clusters [27, 34], CO+
2 ·CO2 does not grow

further at 300K and low pressure (70 – 400Pa). The same applies to Ar+ · (Ar)n clusters [26, 71].
At higher pressure, the clusters become larger as shown by two experiments at atmospheric

pressure and room temperature. The positive ion mass spectrum of H.W. Ellis et al. [16] can be
interpreted as an HCO+ ion core surrounded bynCO2 wheren = 2 – 8. The hydrogen atom stems
from an air contamination. In an analysis of this data, Z. Berant et al. [7] found that the cluster
size could ben≈ 4.3. Z. Berant et al. have also shown for a set of 18 molecules with a mass in the
range 46 – 522Da thatn ∝ exp(−T0/T) at temperatures in the range 90 – 250◦C. Extrapolating to
room temperature would yield a considerably larger size (n≈ 12).

Y. Ikezoe et al. [33] have observed two families of clusters: CO+
2 · (CO2)n (n = 0 – 4) and

CO+ · (CO2)n (n = 2,3) during the first 200µs. These clusters are formed in the first 100µs and
disappear with a (common) time constant of 190µs. From 200µs onwards, these clusters are no
longer observed. Instead other families of clusters emerge. All of these contain H2O, CO or both.

In line with their rapid formation, CO+2 · CO2 clusters have a large enthalpy of formation
0.68±0.04eV [47] and may therefore be expected to have a long lifetime. The enthalpy for adding
further CO2 molecules progressively decreases [27]. In the light of the findings of Y. Ikezoe et al.
and P.C. Engelking [20], it seems safe to assume that the lifetime of CO+

2 ·CO2 is measured at
least in tens or hundreds ofµs. Cluster dissociation is therefore not a significant source of CO+

2 .
The lifetime of the Ar+ ·Arn molecular ion depends on the cluster size, and is in the rangeof
60 – 75µs [40].

– 5 –
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3 Mobility

3.1 Blanc’s law

Blanc’s law [10] provides a simple method to compute the mobility of an ion ina mixture of gases.
It states that the reciprocal of the mobility in a mixture equals the weighted sum of the reciprocals
in the pure components.

The formula can be found by separating the mixture and makingthe ion successively traverse
each component. The total time needed is∑i di(E/Ki) where thedi are the thicknesses of the gas
layers. Blanc’s law states that this equalsd(E/Kmix) whered = ∑i di andKmix the mobility in the
mixed gases. The law can not be expected to hold if the component gases react between them.
Similarly, when the ion forms clusters with the carrier gas,deviations are to be expected.

T. Holstein has shown [9, 28] that departures from Blanc’s law are otherwise always positive
and of the same magnitude as the higher order corrections on the mobilities of the ingredients.
This is explained in more detail by Stanley I. Sandler and E.A. Mason [64]. These authors list
cases where Blanc’s law is expected to be least accurate, such as a light polar gas mixed with a
heavy gas, for which the error reaches∼ 5%. Our gases have no permanent dipole but the lowest
vibration modes of CO2, the 80meV bending modes, are 4.5% populated at room temperature.
These oscillating dipoles have weak London-like interactions with other gas molecules. Also the
quadrupole moment of CO2 generates only a minor force. Hence, Blanc’s law should for our
purposes be accurate to a few percent.
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few cases.Right: E/N graphs for some of the mobility measurements. Data shown in red and orange was
taken without mass spectrometry. Due to poor image quality,some data points may be missing or shifted.
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3.2 Carbon dioxide ions in their parent gas

Measuring the mobility of CO+2 in CO2 is fraught with difficulties: CO+2 forms clusters with its
parent gas, with contaminants like water and with parasitically produced oxygen [16]. Experiments
without mass spectrometry can not distinguish CO+

2 from clusters and the mobility computed from
the Langevin formula in the polarisation limit (∼ 1.8cm2/V.s) is not accurate, see section3.4.

The mobility was first measured in 1971 by W.T. Huntress Jr. atpressures below 1Pa. He ob-
tained a zero-field mobility of 1.21±0.02cm2/V.s [31]. This was confirmed in 1979 by P.A. Coxon
and J.L. Moruzzi who found 1.26±0.05cm2/V.s at p = 3.5 – 13Pa [12]. This measurement has
been adopted in the compilation of L.A. Viehland and E.A. Mason [72]. Both experiments were
particularly careful with the purity of their gas. M. Saporoschenko [65] has reported data for
E/N > 140Td at 77Pa, but this can not accurately be extrapolated tothe 20Td fields that we need,
see figure3 (right). In addition, this measurement has been criticisedfor its potential oxygen con-
tamination. More recently, E. Basurto et al. [5] have measured the mobility atp= 0.66 – 20Pa and
room temperature. These measurements coverE/N > 85Td and hence require less extrapolation
than the data of M. Saporoschenko.

Even though the mobilities of these four experiments agree to an extent when extrapolated to
low field, theE/N dependencies differ, see figure3 (right).

A publication by A.B. Rakshit and P. Warneck [58], although primarily concerned with rate
coefficients, contains values for the ion and cluster ion mobilities at low pressure. Their values are
puzzling in that they seem to have been interchanged.

3.3 Carbon dioxide cluster ions in carbon dioxide

P.A. Coxon and J.L. Moruzzi identified then = 1 cluster atp = 53 – 67Pa alongside the ion [12].
Their low-field result 1.07±0.04cm2/V.s has been adopted in compilation [72].

Both S. Rokushika et al. [61] and H.W. Ellis et al. [16] have observed that all positive clusters
have approximately the same mobility at atmospheric pressure. CO2 readily forms large clusters
owing to its polarisability, and the precise nature of the ion core plays only a minor role. One may
speculate that the clusters repeatedly pick up and shed CO2 molecules during their transit in the
apparatus. As a result, the mass of a cluster measured in the mass spectrometer is not necessarily the
mass that the cluster had when its mobility was measured. Even though the experiments worked
at the same pressure and temperature, they did not find the same mobility: 0.96±0.02cm2/V.s
respectively 1.06±0.02cm2/V.s. The authors suggest this could be related to contamination.

For lack of mass spectrometry, G. Schultz et al. [68] did not attempt to identify the ions, but
considering that they worked at atmospheric pressure, it isprobable they observed a cluster. The
same goes for the measurements of H. Schlumbohm atp = 1.3 – 130kPa [67].

Also the recent measurements atp = 1kPa by P.M.C.C. Encarnação et al. [19] were per-
formed without mass spectrometry. As we will see in section4.1, this experiment too has probably
measured the mobility of clusters. Intriguingly, their mobility shows a step atE/N ≈ 20Td. At
higher fields,K is close to other measurements of the cluster mobility. Withthe exception of
W.T. Huntress Jr. [31] who found a linear rise at much lower pressures, no other experiment seems
to have measured the mobility below 25Td.

– 7 –
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A PDG-style profile plot [55] of the mobility measurements is shown in figure3 (left). The
values of A.B. Rakshit and P. Warneck are not included (see above) nor are those of G.P. Smith
et al. [70] because they estimated the cluster mobility by scaling themobility of O−

3 . Despite the
difficulty of the measurement, the mobility of CO+

2 is not more dispersed than the mobility of
CO+

2 · (CO2)n. Both for the ion and for the cluster, measurements deemed accurate are outliers.
The error scaling factors areS= 1.3 andS= 2.3.

In the remainder of this paper we use mobilities taken from the compilation [72].

3.4 Carbon dioxide cluster ions in argon and neon
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Figure 4. Reduced mobility of ions in Ar and Ne at, or extrapolated to 10Td. Based on: a compilation,
selecting measurements at or near 300K [15, 17, 18, 72]; measurements of aliphatic and aromatic amines
at 250◦C to avoid clustering, from Zeev Karpas et al. [37]; measurements of methyl esters, at unspecified
higher temperatures, from Souji Rokushika et al. [61]; and measurements of drugs and peptide compounds
at 250◦C, from Laura M. Matz et al. [46]. The ions most relevant for this report are in blue, with error bars.
Blue curves show the polarisation limit (solid) and the elastic limit (dashed) of the Langevin mobility formula
(3.1). The curves for the elastic limit assume the masses of the ion and gas molecules are proportional to
their radius cube. Manually scaled 1/

√µ hard-sphere scattering curves are in green.

The mobility of CO+
2 ·CO2 in Ar has to our knowledge not been measured. We therefore look

for guidance from the 1905 Langevin formula [14, 38]. When the interaction between ion and gas
is dominated by the charge-induced dipole force, the mobility is determined by the polarisability
α . When the gas is not polarisable, or the molecules large, theLangevin formula switches to hard-
sphere elastic scattering. Withµ the reduced mass andd the sum of the ion and gas radii, these
limits are:

K ∝
1

√αµ
. . .

1
d2√µ

. (3.1)

In principle, the Langevin formula gives absolute estimates in the polarisation limit becauseα
is accurately known for our gases. Figure4 shows that the mobility of ions in Ar is well described
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by the polarisation limit, except that Ar+ is slow in its parent gas due to resonant charge exchange.
But the formula systematically overestimates the mobilityin CO2 by 20 – 25%, see figure5. Scat-
tering in CO2 is in part inelastic because of the numerous internal degrees of freedom. This changes
the mobility by 10% only, as pointed out by Edward A. Mason andEarl W. McDaniel [45]. An-
other factor could be the tendency of CO2 to cluster, even though the measurements attempted to
avoid clusters. The polarisation limit is not accurate in Neeither.

In the elastic limit, no absolute estimates can be made with the Langevin formula because
d is not known with precision. The functional dependence on the masses is confirmed however
by measurements of organic molecules. This indicates that the mobility of large clusters may be
expected to be smaller than the polarisation limit would suggest.

3.5 Ions in noble gases

Most of the other mobilities we need have been measured: Ar+ in Ar: 1.51±0.02cm2/V.s and Ar+2
in Ar: 1.83±0.02cm2/V.s as listed in the compilation of H.W. Ellis et al. [17]; CO+

2 in Ar: 2.15±
0.17cm2/V.s according to W. Lindinger and D.L. Albritton [42]; Ne+ in Ne: 3.91±0.04cm2/V.s,
Ne+

2 in Ne: 6.34± 0.12cm2/V.s and CO+2 in Ne: 7.26± 0.15cm2/V.s using the compilation of
H.W. Ellis et al. [15, 17, 72], and taking the more recent of the estimates for Ne+

2 [6, 52]. All
mobilities are quoted forE/N = 20Td, a typical field used for the measurements we will discuss
in section4.
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4 Experimental data

4.1 Coimbra measurement
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Figure 6. Left: ion and cluster count as function of time atp = 1070Pa. Even if 95% of the initial ions
are Ar+ hardly any Ar+ ·Ar is produced because Ar+ prefers to transfer its charge to CO+

2 at low pressure.
Right: Blanc plot for Ar-CO2 mixtures. Blue points are measurements by G. Schultz et al. [68]; the blue line
is a linear fit to this data; green points come from P.M.C.C. Encarnação et al. [19]; the green line is a linear fit
for which the light green point is not taken into account (seetext); the purple point was measured in ALICE
with wet gas (section4.4), and the orange points come from an ALICE prototype chamber(“Praktikum”,
section4.3); red markers and error bars are mobilities for pure gases (section3); the red line is the mobility
expected for a CO+2 ion; the brown error bar is the weighted average from figure3. TPC data reduced from
999hPa and 25◦C.

P.M.C.C. Encarnação et al. [19] have published the reduced mobility of ions in Ar-CO2 mix-
tures with a CO2 fraction ranging from 0.05 to 1. They worked atp = 1.07kPa, room temperature
andE/N = 20Td. The same group performed such measurements in Ne-CO2 mixtures. The ions
were not positively identified for lack of a mass spectrometer.

The electron-impact ionisation cross sections at 25eV of the constituent gases areσCO2 =

98± 3Mb, σAr = 130± 1Mb andσNe = 3.7± 0.3Mb, see figure5. While Ar+ and CO+
2 are

therefore produced in quantity, there will be few Ne+. The Ar+ ions either transfer their charge
to CO+

2 via reaction (2.5), or form molecular ions via reaction (2.6). Charge transfer, a two-body
reaction, is overwhelmingly favoured at 1.07kPa and production of Ar+ ·Ar is insignificant, even
in a mixture with 95% Ar. Charge transfer also dominates in the Ne mixtures, see section2.2.

Converting 99% of the ions to CO+2 ·CO2 clusters takes between∼ 0.3 µs in pure CO2 and
∼ 120 µs in a 5%CO2 mixture (figure6, left). Since the transit times were in the range 350 –
940 µs, the data with the highest Ar percentage may be influenced byresidual CO+2 ions. For
this reason, we exclude the 5% Ar point from the fit. The fit doesinclude the measurement at
E/N = 20Td of what the authors believe to be the mobility of CO+

2 in pure CO2, see section3.3.
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Figure 7. Left: Blanc diagram for Ne-CO2 at E/N = 20Td. The green points were measured in Coimbra,
section4.1. The point at 10% CO2 suffers from lack of statistics. Orange dots (overlapping)mark the
mobility observed in VTPC-1 and VTPC-2 data for the 10% mixture, reduced from 1010hPa and 21◦C.
The red line is the mobility expected for a CO+

2 ion. The blue marker indicates the inverse mobility of a
250Da ion in Ne, according to the polarisation limit in mass-mobility diagram4. Also shown (purple) is the
ALICE measurement in a wet gas, see section4.4. Right: enlarged view.

Figure6 (right) shows the argon Blanc plot. The measured mobility isnot compatible with
CO+

2 ions, but does matchn= 1 clusters. Since cluster growth requires higher pressure (section2.5)
large clusters should be rare here. The mobility of the CO+

2 ·CO2 cluster in pure Ar is not known
from literature. The fit suggestsK = 1.9±0.1cm2/V.s, in agreement with the Langevin formula
in the polarisation limit for a 200Da ion, see figure4 and section3.4. The data tend to deviate from
a straight line towards pure Ar. This is probably in part due to residual CO+2 ions. No such trend is
observed in the atmospheric pressure measurements of G. Schultz et al. discussed next.

Figure7 is the Blanc plot for neon. Similar observations as for argoncan be made, except that
no deviating trend is seen for nearly pure neon.

4.2 G. Schultz et al. measurements

G. Schultz et al. [68] have measured the reduced mobility of ions in several argon-based mixtures
at atmospheric pressure and room temperature. Not having a mass spectrometer, they could not
identify the ions. They derived the mobility from the time anion needs to traverse a 1.95cm wide
gap with a uniform reduced field ofE/N ≤ 20Td, close to the reduced field used in Coimbra.

Under these conditions, formation of single clusters takesonly a few ns, see figure2 (right),
while traversing the gap took∼ 1ms. The CO+2 ·CO2 clusters therefore had ample time to grow
into CO+

2 · (CO2)n. By the time they arrived, they had probably already given way to H2O
and CO clusters, see section2.5. We are not aware of measurements of the mobility of such
contamination-derived clusters, but they are no doubt larger and slower than the clusters seen by
P.M.C.C. Encarnação et al. [19]. This is confirmed by the Blanc diagram in figure6 (right),
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4.3 NA49 TPC readout chambers (dry gas)
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Figure 8. Left: signals induced by ions moving from an anode wire to a field wire in the NA49 VTPC-1.
Orange markers: laser signal shape provided by Rainer Renfordt [60]; red: signal calculated for CO+2 in
the Ne-CO2 mixture, using Blanc’s law (4.3); green: CO+2 in pure Ne, neglecting the CO2 component of
the carrier gas; blue: Ne+ in pure Ne, neglecting in addition charge exchange reactions (2.7) and (2.8).
Right: ion mobility in the ALICE inner and outer readout chambers derived from the measured anode-
cathode transit times [62]. The mobility is assumedE/N independent. The error on the data is mainly due
to difficulty pinpointing the peak. The orange band shows thecalculated low-field mobility for CO2 ions,
see section4.5.

NA49 [1] had four TPCs, now used by NA61: VTPC-1, VTPC-2, MTPC-L and MTPC-R.
Anode wires multiplied the ionisation electrons and pads picked up the signal induced by the
moving ions and electrons. Many of the ions ended up on field wires located between the anode
wires. On approach, the ions accelerated and generated a spike in the pad current. The delay
between the anode and field wire spikes gives information about the ion mobility.

During data taking, the VTPCs contained Ne 90%−CO2 10% but for laser measurements of
the pulse shape also Ar 90%−CO2 10% was used. The gas contained< 20ppm humidity. The
MTPCs were operated with Ar 90%−CO2 5%−CH4 5%. These mixtures fall outside the scope
of the present paper because the CO+

2 ions rapidly transfer their charge to CH+
4 and HCO+

2 [3] and
hence are not responsible for the observed signals:

CO+
2 +CH4 → CH+

4 +CO2 (25%)
(

k = 1.0±0.1 10−9 cm3/s
)

, (4.1)

→ HCO+
2 +CH3 (75%) . (4.2)

The CO+
2 ions should form clusters both in Ne 90%−CO2 10% and in Ar 90%−CO2 10 %,

see section2. That something happens to the CO+
2 ions can be seen in figure8 (left) and table1: the

signal ions arrive 4.3±0.5 µs (VTPC-1) or 4.7±0.5 µs (VTPC-2) later than would be expected
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from Blanc’s law usingE/N-dependent mobilities of CO+2 from literature [15, 72]:

1
KCO+

2 -mix
=

0.9
KCO+

2 -Ne
+

0.1
KCO+

2 -CO2

, K20Td
CO+

2 -mix = 4.91±0.20cm2/V.s. (4.3)

Blanc’s law should be accurate to 5 % for the gases and low fields used here (see section3).
Surprisingly, the mobility of Ne+ in Ne nearly reproduces the timing of the spike. This must

be a coincidence, even if a similar near-agreement exists inthe Ar 90 %−CO2 10 % data.
TheE/N-dependence of the mobility can not be determined from a single time measurement.

However, we can estimate the weak-field mobilityK0
ion-mix given that the field between the anode

and field wires stays in the range 5 – 50Td for 90 % of the way. Themobility of ions generally
changes by< 10 % in this domain.

If the mobility is assumed constant, thenKion-mix ≈ 3.75cm2/V.s. To have an idea of the
systematic error, we repeated the approach using the shapesof Ne+ in Ne, which falls as a function
of E/N, and of CO+

2 in Ne, which has a hump. This yields mobilities at 20Td of∼ 3.65cm2/V.s
and∼ 3.90cm2/V.s.

The ion responsible for the spike is therefore significantlyslower than CO+2 would be accord-
ing to (4.3). Instead, the Blanc diagram (figure7) shows that the signal ion is compatible with
being a cluster ion. Measurements in the “Praktikum” chamber filled with Ar 90 %−CO2 10 %
have been included in the Blanc diagram for argon, figure6 [60].

4.4 ALICE TPC inner readout chamber (wet gas)

ALICE has performed similar measurements as NA49, but usingthe ALICE IROC inner readout
chambers [2]. These chambers have no field wire, but the arrival of the ions on the cathode wires is
visible. Another difference with NA49 is that the ALICE mixture contains 100ppm water. Water,
even in trace quantities, has long been known to lower the ionmobility in some gases [21].

R.J. Munson and co-workers [13, 30, 49–51] have measured the effect of water on the transport
of alkali ions in noble gases. They interpreted their observations as H2O molecules being attracted
by alkali ion charges. They emphasised that H2O is polar and that the attraction force is therefore
∝ 1/r3 instead of∝ 1/r5 as would be the case for an induced dipole. Even though CO+

2 , contrary
to the alkali ions, will exchange charge with H2O, the underlying mechanism should still apply for
the TPC data.

The effect is also known from IMS in air, where it is used to determine the humidity level [22].
Clustering in air is thought to start with ionisation forming N+

2 which transfers its charge to H2O+

which reacts with more H2O to produce H3O+. In our gas mixtures, these steps are replaced by
electron or proton exchange between CO+

2 and H2O:

CO+
2 +H2O→ H2O+ +CO2 (75 %)

(

k = 2.5±0.3 10−9 cm3/s
)

, (4.4)

→ HCO+
2 +OH (25 %). (4.5)

H3O+ results from a reaction with another H2O molecule:

HCO+
2 +H2O→ H3O+ +CO2

(

k = 2.8±0.7 10−9 cm3/s
)

. (4.6)

In the presence of 100ppm water, both reactions have a characteristic time of 0.15 – 0.16 µs [3].
This is three orders of magnitude slower than clustering reaction (2.10). We must therefore assume
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that reaction (4.5) also takes place with CO+2 · (CO2)n clusters in formation. As pointed out by
Kenzo Hiraoka, H3O+ forms strong hydrogen bonds with a very large number of H2O molecules,
resulting in an extended H+ · (H2O)n network [25].

Water clusters with a size around 20 have been reported at 120K, but at room temperature the
most common size isn≈ 5 [39, 41]. We speculate that water molecules, taking advantage of their
polarity, attach themselves to CO2-based clusters, forming mixed (protonated) clusters [24, 36].
Thus, water clusters are arguably larger and slower than CO+

2 ·CO2 clusters produced in dry gas,
but the latter grow with time (section2.5).

Assuming a constant mobility as for the NA49 data, the measured transit time translates to
Kion-mix = 3.40±0.03cm2/V.s in Ne 90 %/CO2 10 %. This is indeed smaller than we found for
dry gas (section4.3). The same trend is observed in Ar 90 %/CO2 10 %, see the Blanc diagrams
figures6 and 7 and table1. The difference of 10 % is perhaps even larger than expected from
literature.Kion-mix is a fortiori smaller than Blanc’s law predicts in the absence of clustering.

Table 1. Measured ion transit timetexp from the anode wires to the field or cathode wires, in the NA49 and
ALICE readout chambers, extracted from signal shapes such as figure8. Also listed aretmix, the time CO+2
ions are expected to take in the gas mixture according to Blanc’s law (4.3) andtfixed, the time needed at con-
stant mobilityK = 1cm2/V.s. The calculated times have a systematic uncertainty of∼ 2 % and a statistical
uncertainty< 1 %. The IROC measurements were done for this paper. The thirdline is based on figure 15
from [1], erroneously labeled MTPC data in the publication. Other data is from Rainer Renfordt [60].

TPC Vanode Drift gas H2O texp tmix tfixed K

[V] [ppm] [µs] [µs] [µs] [cm2/V.s]

VTPC-1 1110 Ne 90 %/CO2 10 % < 20 18.5±0.5 14.2 68.2 3.7±0.1

VTPC-2 970 Ne 90 %/CO2 10 % < 20 22.5±0.5 17.8 84.9 3.8±0.1

VTPC-2 970 Ne 90 %/CO2 10 % < 20 22.3±0.5 17.8 84.9 3.8±0.1

IROC 1263 Ne 90 %/CO2 10 % 100 25.7±0.2 18.2 87.4 3.40±0.03

Praktikum 1250 Ar 90 %/CO2 10 % < 20 63.6±0.5 59.7 119.6 1.88±0.01

IROC 1327 Ar 90 %/CO2 10 % 100 47±1 41.5 83.1 1.77±0.04

Praktikum 1453 Ar 80 %/CO2 20 % < 20 59.6±0.5 54.7 102.9 1.72±0.01

4.5 ALICE TPC readout chambers (nitrogen gas)

S. Rossegger and W. Riegler have measured the anode-cathodetransit time in the ALICE TPC
filled with Ne 85.7 %−CO2 9.5 %−N2 4.8 % [62]. All constituents of the mixture are ionised in
avalanches. Ne+ reacts primarily with CO2 via reactions (2.7) and (2.8) in τ ∼ 8ns. Ne+ can also
form dimers via reaction (2.9) but this is less likely given thatτ = 38ns. Charge transfer to N2 is
insignificant withτ = 7.7µs [3]:

Ne+ +N2 → Ne+N+
2

(

k = 1.1 10−13cm3/s
)

. (4.7)

N+
2 more likely transfers its charge in 0.78ns to CO2 [3]:

N+
2 +CO2 → N2+CO+

2

(

k = 5.5 10−10cm3/s
)

. (4.8)
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Nitrogen dimers are almost not formed sinceτ = 12ns [69]:

N+
2 +2N2 → N+

2 ·N2+N2
(

k = 0.6 10−28cm6/s
)

. (4.9)

Hence, only CO+2 ions remain after 10ns, a delay that is insignificant compared with the transit
time which is of the order of 20µs. CO2 is the component with the lowest ionisation potential and
is expected only to cluster with itself, as in the mixtures discussed earlier.

That clustering indeed occurs can be seen by comparing the calculated mobility of CO+
2 ions

in the mixture:

1
KCO+

2 -mix
=

0.857
KCO+

2 -Ne
+

0.095
KCO+

2 -CO2

+
0.048

KCO+
2 -N2

, K20Td
CO+

2 -mix = 4.64±0.20cm2/V.s (4.10)

with the (constant) mobility that best fits the measurements, Kion-mix = 3.49± 0.03cm2/V.s, see
figure8 (right). The mobility in these chambers is lower than in NA49because of the smaller Ne
fraction and the presence of N2. The cluster-induced reduction of the mobility is 20 – 25 %, similar
to what we found for NA49 in section4.3.

5 Conclusion

According to the literature on ion-molecule reactions, thesignal ions in CO2-quenched mixtures
of Ar and Ne are CO+2 (CO2)n cluster ions, not CO+2 or noble gas ions. Experimental evidence
confirms this. Cluster ions are heavier and slower than CO+

2 ions. Their mobility in Ar-CO2 and
Ne-CO2 mixtures can be calculated from Blanc’s law. Water reduces the ion mobility in these
mixtures. Mass spectrometry is key to a better understanding of the behaviour of ions in detectors.
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