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1 Ionisations through excitation

1.1 Penning effect

Electron multiplication in gas-based detectors sometimesfar exceeds the gain calculated using
Townsend coefficients alone. This is most notably the case ifa gas with a low ionisation potential
is added to a gas with higher-energy excited states.

The additional gain is accounted for by the transformation of excitation energy into ionisations.
Although the ionisation cross section is often higher than the excitation cross section, excitations
are abundantly produced because of their lower energy threshold (figure1). The gain enhance-
ment is named “Penning effect” after Frans Michel Penning who worked from 1924 at the Philips

– 1 –



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

4 5 6 7 8 9
10

2 3 4 5 6 7 8 9
10

2

10
-4

10
-3

10
-2

10
-1

E [kV/cm]

F
re

qu
en

cy
 [T

H
z]

Ar
+

CO 2
+

(A
r

*  3
p

5 4s
)

(A
r
*  3p

5 4p)

Ar
*  3p

5 3d

Ar
*  3p

5 5s
Hig

he
r A

r*

R
el

ev
an

t A
r*

4 5 6 7 8 9
10

2 3 4 5 6 7 8 9
10

2

10
-4

10
-3

10
-2

10
-1

E [kV/cm]
F

re
qu

en
cy

 [T
H

z]

Ar
+

C 2
H 2
+

Ar
*  3

p
5 4s

Ar
*  3p

5 4p

Ar
*  3p

5 3d

Ar
*  3p

5 5s
Higher A

r*

All A
r
*

Figure 1. Left: Excitation (solid lines) and ionisation frequencies (dashed lines) in Ar 90% CO2 10%,
which has a moderate Penning effect (left), and Ar 99.5% C2H2 0.5%, which has one of the strongest known
Penning effects (right). Intransferable excitations are dotted and are not included in the total excitation
frequency. These mixtures are discussed in sections4.2and4.3. Calculated using Magboltz 8.6 [14].

research laboratories (Eindhoven) on gas discharges, and noted that the discharge potential in mix-
tures of neon, argon and mercury is lower than in pure noble gases [74, 75]. He attributed the effect
to metastables. For a detailed account, see [30].

Penning transfers have significant repercussions: the Jesse effect, the reduced work function
in Penning mixtures [46], is the result of energy transfers and the Penning effect also modifies the
Fano factor in such mixtures [7, 59].

In the following, we first develop a model for the concentration and pressure dependence of
ionising energy transfer. Comparing the model with transfer probabilities extracted from experi-
mental data, we try and identify the mechanisms that are at play in the various gas mixtures. We
consider only binary mixtures of a noble gasA (argon) and a quenching admixtureB. The admix-
ture can be an organic gas, CO2 or another noble gas. Transfer probabilities have been measured
before [9, 13] but a study with a view to producing a microscopic model of the transfers, is in as
far as we know still lacking.

1.2 Excitation dissipation mechanisms

Excited noble gas atoms, as opposed to noble gas atoms in their ground state, are highly reactive.
On account of their single electron in an outer shell, they have chemical properties similar to those
of the alkali metals. They also have the low ionisation potential typical of alkali metals [81]. Thus,
in most cases, it is excited noble gas that ionises the admixture.

Penning transfer is a balance between a range of transfer reactions and non-ionising decay of
excited states. The most common transfer mechanism is the two-body collision of an excited atom
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A∗ with an admixture moleculeB resulting in the ionisation ofB:

A∗ +B → (AB)+ +e− (1.1)

A∗ +B → A+B+ +e− (1.2)

Two processes have been proposed for the details of the ionisation. In the exchange reaction, an
electron tunnels fromB into A∗ to fill the hole, after which an excited electron is ejected from A∗:

A∗(e−A )+B(e−B ) → A∗−(e−A e−B ) +B+ (1.3)

A∗−(e−A e−B ) → A(e−B )+e−A (1.4)

This mechanism, akin to Auger emission, can occur when radiative decay is quantum-mechanically
forbidden. It was proposed by H. Hotop and A. Niehaus [41] to explain the similarity of transfer
rates for excited states with vastly different radiative lifetimes. The process requires close proximity
of the excited and non-excited molecules.

Direct transfer consists of a pair of optical transitions:A∗ returns to its ground state while an
electron fromB is ejected [49]:

A∗(e−A ) → A(e−A ) (1.5)

B(e−B ) → B+ +e−B (1.6)

This process works over distances that are large compared with the molecular dimensions, but
owing to the 1/r3 dependence of dipole-dipole couplings, it more easily occurs between nearby
molecules [83].

One speaks of (heteronuclear) associative ionisation ifA∗ andB bind to form a molecular ion.
In Hornbeck-Molnar ionisation, or homonuclear associative ionisation (h.a.i.),A andB are of the
same species. Both types of associative ionisation occur inparticular with highly excited noble
gas atoms: the reaction thresholds are noticeably lower than the individual ionisation potentials
(section2.5). Homonuclear associative ionisation is understood to be atwo-step process: first an
excited atom is formed which later binds with a ground state atom. Measurements are consistent
with each stage being proportional with pressure [40], which suggests that the binding step which
concerns us, is a two-body process. Although it was originally believed that only metastableA∗

contribute, the process is in fact dominated by higher, non-metastable excitations.
A bound state of an excited noble gas atom and one in the groundstate is known as “excimer”.

Initially formed in a two- or three-body collision, the quantum state can be changed by further
collisions. In argon at atmospheric pressure, the three-body nature of the process is accepted. See
e.g. [90] for a discussion of the two-body contribution. Excimers decay under VUV emission,
which can in general not ionise. They can also excite and ionise certain admixture molecules:

A∗ +2A→ A∗
2 +A (1.7)

A∗
2 +B→ 2A+B∗ (1.8)

A∗
2 +B→ 2A+B+ +e− (1.9)

Energy transfer can further occur following the radiative decay of excited states. Photons
with an energy above the ionisation potential of the admixture have a mean free path measured in
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Figure 2. Left: Dissipation of excited states in a hypothetical gas with 10% admixture through ionising
collisions (fB+ = 0.5, τA∗B = 2 ns, fA+ = 0, ), inelastic collisions (fB̄ = 0.1, fĀ = 0), radiative decay (τA∗ =

9 ns, frad= 0.9) and excimers (fA2 = 0.1, τA∗A = 0.64 ns,τA2 = 4.2 ns, fexc= 0.3). Shown are the cumulative
numbers of collisions, radiative decays and decayed excimers, and the residual numbers of excimers and
excited states. The number of electrons is the cumulative sum of collision transfers, photoelectric effect
and excimer-related ionisations. Photo-ionisation and excimer-induced ionisation are not shown. Right:
Dissipation in Ar 90% CH4 10% at p = 12 atm calculated using parameters extracted from gain curves
(section4.4), a mean lifetimeτA∗ = 40 ns (section2.2) and the collision timesτA∗A andτA∗B (table1).

µm (section2.6) and ionise the gas in or near the avalanche via the photoelectric effect. Photo-
ionisation tends to be suppressed if the decay proceeds in two or more steps. This is e.g. the
case for the 3p54p argon levels (section2.2) for which radiative decay directly to the ground state
is forbidden. Low-energy photons have a substantial range and can generate photo-electrons on
metal cathodes provided the energy is larger than the work function. This can lead to secondary
avalanches (section3.3).

Energy can be dissipated through inelastic collisions thatexcite the vibration, rotation and
polyad modes of the admixture. Noble gases do not have inelastic cross section terms, but xenon
readily picks up excess energy from excited argon atoms (section 4.1).

1.3 Transfer probability model

Some energy transfer and energy loss mechanisms are, as shown above, dominated by three-body
interactions, others rely on two-body collisions or at least on close proximity, and still others are
decay processes independent of the environment. Such differences in mechanism translate to dif-
ferences in scaling with partial pressure, and we will use the latter to study the transfer process.

To construct a model for the partial pressure dependence of the transfer probability, we follow
an excited atomA∗ through a series of small time steps of duration dt. At each step, the excitedA∗

atom can lose its energy through the following processes (the notation is summarised at the end of
this section):
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• pc fB+dt/τA∗B: collision with ionising energy transfer (A∗ +B→ A+B+ +e−);

• p(1−c) fA+dt/τA∗A: homonuclear associative ionisation (A∗+A→ A+
2 +e−);

• p2(1−c)2 fA2dt/τAAA: excimer formation (A∗ +2A→ A∗
2 +A);

• pc fB̄dt/τA∗B: loss of excitation energy by collision with aB molecule;

• p(1−c) fĀdt/τA∗A: loss of excitation energy by collision with anA molecule;

• dt/τA∗ : decay, e.g. radiative (A∗ → A+γ).

Ionising collisions, including homonuclear associative ionisation, produce ionisation electrons di-
rectly while radiative decay photons and excimers can do so in a second stage. The probabilities
frad (discussed below) respectivelyfexc for these processes depend on the pressurep, on the mixing
proportionc and on photo cross sections. The number of ionisation electrons resulting from this
step can therefore be writted askdt where

k = pc
fB+

τA∗B
+ p(1−c)

fA+

τA∗A
+ p2(1−c)2 fA2 fexc

τAAA
+

frad

τA∗
(1.10)

The probability that the excited state survives the step, and thus remains available for the production
of electrons in the next step, is 1−dt/τP, whereτP is given by

1
τP

= pc
fB+ + fB̄

τA∗B
+ p(1−c)

fA+ + fĀ
τA∗A

+ p2(1−c)2 fA2

τAAA
+

1
τA∗

(1.11)

Summing the number of electrons produced in successive timesteps, under the condition that
the excited atom has survived all previous steps, the total number of electrons produced by an
excited atom turns out to be:

r(p,c) = kdt +kdt(1−dt/τP)+kdt(1−dt/τP)2 + · · · (1.12)

= kτP (1.13)

Assuming that decay photons do not reach the cathode, the probability thatA∗ radiates a photon
which ionises, is formally given by:

frad = fγ
cσB

pi(γ)+ (1−c)σA
pi(γ)

cσB
pa(γ)+ (1−c)σA

pa(γ)
(1.14)

In practice, we should setσA
pi = σA

pa = 0 because absorption of the photon by anA atom merely
creates, at some distance from the originalA∗, a newA∗ which starts its own dissipation cycle. As
a result,frad is independent ofc and proportional to the photo-ionisation yieldη B:

frad = fγσB
pi(γ)/σB

pa(γ) = fγη B(γ) (1.15)

Similarly, frad is independent of pressure: pressure modifies the mean free path of photons, but not
the photo-ionisation cross section. The expression ceasesto be valid whenc→ 0 where frad→ 0
for lack of B molecules on the way to the cathode. The range of applicability can be estimated
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from exp(−dNcσB
pa) ≪ 1 and is e.g.c ≫ 0.3% for a distanced = 0.5 cm to the cathode and a

photo-absorption cross section of 25 Mb.
The life cycle of excimers resembles that of the excited states and is not discussed in detail.
The time dependence of the process is illustrated in figure2. One notes the exponential dis-

sipation of excited states with a time constantτP. Electrons emerge with the same time constant
throughA∗-B transfer collisions and through the photoelectric effect.Electron production via ex-
cimers, a two-step process, starts later and has a non-exponential time-dependence.

Notation:c (0≤ c < 1): number fraction of admixture moleculesB present in the mixture;p:
dimensionless pressure related to the gas pressurepgasby pgas= p×1 atm;Tgas: temperature of the
gas in K;N = pgas/kBTgas: number of gas molecules per unit volume;τA∗A, τA∗B, τAAA etc.: mean
time betweenA∗-A, A∗-B, A∗-A-A collisions; fĀ, fB̄: probability thatA∗ loses its energy in a colli-
sion withA or B; fA+ , fB+ , f exc

A+ , f exc
B+ : probability thatA or B is ionised by colliding withA∗ or A∗

2;
fA2: probability that anA∗-A collision results in excimer formation;fexc: probability that an exc-
imer eventually produces an electron contributing to the avalanche;σA

pa(γ), σB
pa(γ), σA

pi(γ), σB
pi(γ):

photo-absorption (photo-ionisation included) and photo-ionisation cross sections;τA∗ , τA∗
2
: lifetime

of the excited state and of an excimer;fγ: probability that a state undergoes radiative decay;frad:
fγ multiplied with the probability that the photon subsequently ionises aB molecule, producing an
electron which contributes to the avalanche, see eq. (1.14).

2 Properties of the gas mixtures

2.1 Collision frequency

The relation between partial pressure and collision frequency can be calculated starting from the
mean ¯v of the Maxwell velocity distribution for gas molecules of massm:

v̄ =

√

8kBTgas

πm
(2.1)

At room temperature, argon atoms e.g. have a mean velocity of400 m/s. The mean free pathλ is
determined by the diameterd of the molecules involved:

λ =
1√

2Nπd2
(2.2)

The factor
√

2 corrects for the mean relative velocity being larger than the mean velocity by that
factor. Combining the mean free path and the velocity, the mean time between collisions is:

τ =

√

mkBTgas

4πd2pgas
(2.3)

For heterogeneous mixtures, we substitute the partial pressure of the admixture forpgas, the mean
diameter(d1 +d2)/2 for d and the reduced mass 1/m1 +1/m2 for 2/m.

Collision timesτ relevant for this paper, calculated using eq. (2.3), are listed in table1. The
diameters are the most problematic ingredient. Numerous definitions are in use, each has its domain
of applicability. For associative ionisation we take the covalent diameter, i.e. the length a covalent
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Table 1. Covalent diametersc [93], diameters calculated from bond lengths and anglesb [12, 20, 44, 45],
Dirac-Fock outer orbital maximam [28], kinetic diametersk [6, 25, 34, 42, 73, 84, 96], Deutsch-Märk di-
ameters of excited Ar [29], Hartree-Fock outer orbital maxima of excited Xe [60], molecular weights and
mean timeτA∗B until an excitedA∗ meets aB molecule. Values for atmospheric pressure andc = 1. Not all
publications cited are primary references.

Collision DiameterA∗ DiameterB MassB τA∗B

[pm] [pm] [g/mol] [ps]

Ar∗-Ar 5p : 1630 138m,194−212c,340k 39.948 28
Ar∗-Xe 4p : 680, 3d : 872 206m,260−280c,396k 131.293 130, 88
Ar∗-CO2 3d : 872 365×150b,330k 44.01 77
Ar∗-CH4 4p : 680, 3d : 872 250b,380k 16.04 81, 56
Ar∗-C2H6 4s : 498 400×290b,380−400k 30.07 130
Ar∗-C3H8 4s : 498 500×290b,430k 44.096 130
Ar∗-iC4H10 4s : 498 445×555b,500−550k 58.123 100
Ar∗-C2H2 4s : 498 400×150b,330k 26.04 150

Xe∗-Xe 4 f : 1850 206m,260−280c,396k 131.293 37

bond would have, or the dimensions computed from the bond lengths and bond angles of the
molecule to be ionised. This type of diameter is also plausible for exchange processes in which
overlap of the electron clouds is required. Kinetic diameters are the smallest separations molecules
free to rotate can reach without force. They can be seen as thediameter of the smallest pores
that let the molecules pass. Such definitions would e.g. be appropriate for dipole-dipole coupling.
Other common definitions, such as the collision and van der Waals diameters are derived from
macroscopic measurements and are not used in this report.

Excited atoms are larger than atoms in their ground state. The Deutsch-Märk electron-impact
ionisation diameters for Ar 3p54s, 4p and 3d are 3.6, 4.9 and 6.3 times the equivalent ground
state, which coincides with the diameter of the maximum of the Dirac-Fock outer orbital. Lennard-
Jones calculations [86] (not for the potential minimum) put the Ar 3p54s and Ar 3p54p diameters
at 1180 pm and 1900 pm, 2.2 and 3.5 times larger than the equivalent ground state. For want of a
better measure, we use the Deutsch-Märk and Hartree-Fock diameters of the excited states.

An incorrect choice of diameter biases collision-ionisation probabilities likefB+ . However,
the time-scale of the process, which is determined relativeto the decay times of the excited states,
would not be affected. Similarly, the net Penning transfer is not correlated with the diameters.

2.2 Argon spectroscopy

The principal argon excited states are (figure3):

3p54s: The 4 lowest argon levels are located at 11.55 eV, 11.62 eV, 11.72 eV and 11.83 eV
above the ground state. The lowest and third-lowest, Ar∗(3P0) and Ar∗(3P2) (J = 0,2), are
metastable with a lifetime of seconds. TheJ = 1 levels, Ar∗(3P1) and Ar∗(1P1) mix. The
lower level decays after 8.6±0.4 ns [56] under emission of a VUV photon. This is in agree-
ment with calculations [33] but contradicts an earlier measurement giving 21± 2 ns [68].
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Figure 3. Left: excitation (thin) and ionisation (thick) levels of the admixtures studied in this paper. Not all
levels are shown. Right: levels and transitions for the lowest excited states in neutral argon. Energy levels
have been taken from [71]. Transitions in the VUV are shown in purple, visible lines are shown with their
approximate colour while IR lines are brown. The width of thearrows is proportional to the line-intensity
in discharges [70]. The grey-shading of the excimer spectrum is schematic because the intensity depends on
the pressure and excitation source. The third continuum falls below the energy scale of the diagram.

Such discrepancies are common among the early publications, presumably as a result of
“radiation trapping” whereby the energy emitted is re-absorbed [37, 38], and of collisional
transfer with the nearby metastable states [5]. These effects depend on the pressure and
increase the apparent lifetime. The higherJ = 1 level has a lifetime of 2.2±0.2 ns [56].

3p54p: These 10 levels, about 13 eV above the ground state, predominantly decay into 3p54s
states by emitting red or infrared light (697−912 nm). The lifetime is in the range 21.7−
40.5 ns [91]. A non-resonant radiation trapping mechanism that affects the lifetimes of
these levels has been reported [32]. Also observed in neon mixtures [27, 67], the impact is
considerably smaller than for 3p54s.

3p53d: In the mixtures we study here, these states are produced in amounts comparable to 3p54p.
They have a threshold at 13.85 eV and their lifetimes cluster around 50 ns, with the exception
of the J = 1 levels which have an estimated lifetime of≈ 3.5 ns [33] because transition to
the ground state is allowed.

higher levels: These levels, less frequently excited in avalanches, have lifetimes of 200−360 ns
for 3p54d, 100− 210 ns for 3p55p [51], ≈ 75 ns for 3p56s [16] and 250− 300 ns for
3p56p [4].
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The width of the arrows is proportional to the line-intensity in discharges [70]. The grey-shading of the
excimer spectrum is schematic because the intensity depends on the pressure [95].

2.3 Xenon spectroscopy

Xenon, like argon, has two metastable states amongst its four 5p56s states. These have a lifetime
of several seconds [89]. The twoJ = 1 states mix, like in argon, butτ (3P1) = 3.79±0.12 ns and
τ (1P1) = 3.17± 0.19 ns have been reported [8]. Various 5p56p levels have been found to have
lifetimes in the range 36−47 ns [79]. The 5p54 f level, like 5p56p near the associative ionisation
threshold, has a lifetime of 55 ns [26]. The 5p57p states have a lifetime of 100−120 ns [39].

2.4 Argon excimers

Excimer radiation has a rich structure (figure3):

110 nm(11.3 eV): The “first continuum”, a peak located just below the argon excited levels, is
thought to correspond to transitions from high vibrationallevels onto a geometrically well-
separated dissociative ground state [66]. At high pressure, the vibrational levels lose their
energy rapidly.

120−140 nm(8.9−10.3 eV): Peaking at 126 nm(9.8 eV), the “second continuum” is a domi-
nant feature of excimer spectra. It is attributed to decays from lower vibrational levels.

155 nm(8.0 eV): The “left-turn point” is a narrow cusp resulting, like the first continuum, from
the decay of high vibrational levels, but into a dissociative ground state where the argon
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atoms are near each other [92]. This feature, like the first continuum, disappears with in-
creasing pressure.

180−230 nm(5.4−6.9 eV)): This “third continuum” has been observed over a broad range of
pressures and with various excitation sources. Its mechanism has been the subject of much
debate. One explanation is that this involves the dissociation of a bound state of a doubly-
ionised argon atom and a neutral argon atom:(Ar++Ar) → Ar+ +Ar+ [54].

Excimer radiation is not expected to ionise the admixtures we study here: the photons with the
highest energy come from the first continuum at 11.3 eV, above the ionisation potentials of C3H8

and iC4H10, but this source is pressure-suppressed. Radiation from the (dominant) second contin-
uum at 9.8 eV can ionise admixtures that have a particularly low ionisation potential (e.g. DME,
dimethoxy-methane and cyclo-propane), but none of the admixtures we consider here. Xenon and
the alkanes, but not argon and CO2, absorb such photons efficiently, with a mean free path at
1 atm ofλ ≤ 15 µm (section2.6). In the unlikely case that these photons reach a cathode, photon
feedback can occur (section3.3). The remainder of the excimer spectrum is even lower in energy.

For similar reasons, the excimers are not likely to ionise admixtures through collisions. The
most noticeable effect of excimers that remains is the removal of excited states.

2.5 Associative ionisation

Homonuclear associative ionisation in argon can occur for the highly excited states since the energy
threshold for this process is 14.710± 0.009 eV [17, 43], well below the ionisation energy and
approximately at the level of argon 3p55p excitations. Contributions from the 3p53d and 3p55s
states seem improbable because the mean kinetic energy of Armolecules (32kBTgas= 0.04 eV) is
an order of magnitude smaller than the energy gap (0.5−1 eV).

The process also exists in xenon [55] where it has a threshold of 11.162±0.005 eV [43]. Xe
has close to this threshold numerous excitation levels which can contribute to the process.

Heteronuclear associative ionisation has been observed for nearly all pairs of noble gases.
ArXe+ has a production threshold of 13.5±0.1 eV [69].

2.6 UV absorption

Argon is virtually transparent to UV photons below≈ 10.5 eV. It has a series of discrete UV
absorption lines between 11 eV and the ionisation potential. In this region, the cross section rapidly
oscillates, reaching a maximum of 580 Mb at the energy of the higher 3p54s J= 1 level. The gas
is transparent in-between peaks. The continuum photo-absorption cross section is 25−40 Mb for
photon energies between the ionisation potential and 30 eV [22].

Xenon has a significantly higher photo-absorption cross section than argon and in addition
absorbs photons in discrete lines down to lower energies (≈ 8 eV).

Methane [11] is transparent below≈ 8.5 eV and the photo-absorption cross section rises via a
number of absorption lines to 50 Mb at the ionisation potential. Heavier alkanes follow the same
pattern with progressively higher photo-absorption crosssections. The energy at which maximum
absorption occurs increases, while the lowest ionisation potentials fall. Virtually no data for isobu-
tane was found in the literature, but there is unconfirmed evidence [63] that isobutane is a better
absorber still than n-butane for which data is available.
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Figure 5. Photo-absorption cross section for argon and the admixtures considered in this paper. Compiled
from the review of J. Berkowitz [11] and references therein, J.W. Au et al. [10], W.F. Chan et al. [22, 23],
Y. Hatano et al. [35], K. Kameta et al. [48] and B.A. Lombos et al. [61–63]. In the discrete part of the
argon and xenon spectra, dotted lines show the averaged cross sections and solid lines the scaled-down
high-resolution data from W.F. Chan [21].

Although CO2 absorbs photons from≈ 7.5 eV onwards, the cross section becomes significant
only at≈ 10 eV. The gas has a rich structure of narrow absorption bands, not shown in detail in
figure5, up to≈ 19 eV [53, 82].

3 Transfer probability measurement

3.1 Townsend coefficient adjustment

Limiting ourselves to pressures that are sufficiently high for equilibrium transport equations to be
applicable, we can measure the transfer probabilitiesr i by fitting gas gain curves with a Townsend
coefficient corrected for excitation-induced ionisation:

G = exp
∫ anode

tube
drα (E(r))

∑ν ion
i (E(r))+∑ r iνexc

i (E(r))

∑ν ion
i (E(r))

(3.1)

The sum of the ionisation frequenciesν ion
i is assumed proportional to the unadjusted Townsend

coefficientα . Only the excitation frequenciesνexc
i of states eligible for transfer are considered.

Both frequencies can be computed by the Magboltz program [14]. The transfer ratesr i are expected
to depend on the gas pressurep and the mixing proportionsc as discussed in section1.3.

Various adjustments of the gain and the Townsend coefficientneed to be considered:

3.2 Gain calibration

G := gG (3.2)
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Some measurements [24, 94] are subject to considerable uncertainty (up to a factor of 10) in the
absolute gain — the relative gain is generally known with more accuracy. Reasons advanced for
this include uncertainty in the work function and calibration of the equipment.

The gain scaling factorg is correlated with the transfer ratesr i in that bothg andr i increase
the measured gain. Fortunately, the electric field dependence of the excitation and the ionisation
frequencies differs and the gain curves contain sufficient information to disentangleg andr i .

We always use a commong for all anode voltages, and whenever possible also for all pressures
and mixtures of a set of measurements. We first do a joint fit ofr i andg and then redo the fits fixing
g at the weighted average, leaving onlyr i free. The errors onr i are corrected using the correlation
coefficient withg, or by determining theg-interval over whichχ2 of the r i-fit changes by 1 unit,
and translating thisg-interval into anr i-interval.

3.3 Photon feedback

G := G/(1−βG) (3.3)

Avalanches produce photons which are, depending on the transparency of the gas, absorbed within
the avalanche, in the gas outside the avalanche or at the cathode. In the first case, the photon
contributes to the avalanche via thefrad term. In the two latter cases, the photon can cause a
secondary avalanche, called feedback. If an avalanche ofn electrons produces on averageβn
secondary avalanches, then the combined size will ben+ βn2 + β2n3 + · · · = n/(1− βn), see
also [18]. The statistical fluctuations of feedback have been calculated by Werner Legler [57, 58].

Continuous current gain measurements do not distinguish secondary from primary avalanches.
Photon feedback is unmistakable however in the gain curves:the gain enhancement is negligible
for low anode voltages and thus low gain, but increases with the gain as the anode voltage rises,
until breakdown occurs whenβn = 1.

Sinceβ is not strongly correlated with the main parameter we wish todetermine, the transfer
ratesr i , we do not constrainβ in fits. We will report onβ in a forthcoming publication.

3.4 Other effects

It has been conjectured that the ionisation cross sections used by Magboltz for a few pure gases
(Xe in particular) would be too high. Although one can attempt to correct for this by scaling
the Townsend coefficient, such an approach is unsatisfactory since it is unlikely that the ionisation
cross section would be uniformly too high. Calculating a differential scaling requires more detailed
experimental data than we have access to.

Temperature variations change the densityN and hence the gain. The effect increases with the
gain and gases at high pressure are most affected. For the experimental configurations considered
in this paper, andG < 104:

δG
G

< 14
δN
N

(3.4)

A temperature variation ofδTgas= 5 K would e.g. lead to a gain variationδG/G < 23%, which is
smaller than the gain scaling which we will generally need.
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Figure 6. Left: Measured gain curves for Ar-Xe mixtures from P.C. Agrawal et al. [3] (red dots) and fits to
obtain the transfer rates (black lines). For comparison, dashed purple lines show the calculated gain curves
without transfer. Right: Transfer rates. The green circlesshow the rates obtained when leaving the gain
scaling and photon feedback free. For the red triangles, thegain scaling has been constrained to a common
value of 0.39. The red curve shows the fit allowing for three-body reactions according to eq. (4.2). It is
dashed to indicate that the fit parameters are unphysical. Such reactions are excluded for the blue fit. The
blue error band shows the statistical uncertainty of the parametrisation.

4 Experimental data

4.1 Argon-xenon mixtures

P.C. Agrawal et al. [3] have measured the gain of argon with 2%, 5%, 10%, 20% and 30% xenon
at pgas= 1 atm in a square 1×1 cm2 tube with a 25µm diameter wire in the centre. In the vicinity
of the wire, where multiplication occurs, the field is an excellent approximation of that found in a
round tube with radiusr = 0.54 cm.

Photon feedback is small but visible whenG > 103, except for the 30% Xe mixture where
the feedback parameterβ is not measurably different from zero (figure6). Sinceβ is only weakly
correlated with the transfer rates, we leaveβ free in the fits. Gain rescaling is required withg≈ 0.4,
varying by 4% between the mixtures (figure7).

None of the xenon excited states comes close to the argon ionisation threshold. The argon
3p54s levels are below the xenon ionisation threshold and are not considered when fitting the trans-
fer rates, but we will discuss an indirect associative ionisation channel at the end of this section. All
other argon excitations are eligible for direct transfer (figure3). The most abundant of these states
are, according to Magboltz 8.6, 3p54p and 3p53d which are produced in almost equal amounts,
with almost identical electric field dependence (figure7). We can not separate these two contribu-
tions by fitting the gain curves and we assume equal transfer probabilities for these and all higher
levels. Furthermore, the quality of the data and the difference in lifetime are insufficient to separate
the contributions in the model fit ofr(c). We therefore use an average value ofτA∗ .
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Figure 7. Left: Gain scaling factors that give the best transfer ratefits. The weighted average is shown by
the orange line. Right: Production rates of argon excited states in argon with 20% xenon, the other mixtures
are qualitatively similar.

Argon excimers are unlikely to ionise xenon (section2.4), but they can contribute to the loss
of excited argon states.

Radiation from the decay of 3p54s states is not sufficiently energetic to ionise xenon and the
3p54p states decay first to 3p54s. Remain the 3p53d → 3p6 transitions at 13.86 eV, 14.15 eV
and 14.31 eV, and the 3p55s→ 3p6 transitions at 14.09 eV and 14.26 eV. At these energies,
σXe

pa ≈ 65 Mb. Photons can be re-absorbed in the discrete argon linesbut this merely increases the
apparent lifetime. As a result, the probabilityfrad that a photon ionises should be approximately
independent ofc, see eq. (1.15), so that eq. (1.13) can be expanded inc as:

r(c) =
c
[

fB+

τA∗B
− fA+

τA∗A

]

+
[

fA+

τA∗A
+ frad

pτA∗

]

(1−c)2
[

p
fA2

τAAA

]

+c
[

fB++ fB̄
τA∗B

− fA++ fĀ
τA∗A

]

+
[

fA++ fĀ
τA∗A

+ 1
pτA∗

] (4.1)

This prompts the use of a rational function to fit the transferfraction:

r(c) =
a1c+a3

a4(1−c)2 +c+a2
(4.2)

which, as shown in figure6, describes the data albeit with strongly correlated parameters, large
error bars and values that are unphysical, e.g.a2 would be negative. This is the result of having
too few data points and too large uncertainties for the number of parameters. As a simplifying
assumption, we exclude the loss of excited states through excimer formation:

a1 = 1.248±0.086, a2 = 0.039±0.022, a3 = 0.008±0.012, a4
.
= 0 (4.3)

Homonuclear associative ionisation can be presumed to be suppressed here because the data was
taken at atmospheric pressure and because xenon in concentrations as small as 0.1% destroys
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the argon excited states (and argon excimers) by excitationenergy transfer to xenon atoms [19].
The concentration-independent terms therefore give information on photo-ionisation. The photo-
ionisation yield of xenon is thought to beη Xe ≈ 1 from the ionisation threshold onwards [65]. Ac-
cording to Magboltz 8.6, the fraction of excited argon states that can undergo radiative decay ranges
(depending onc) from fγ = 0.27−0.29 atE = 100 kV/cm to fγ = 0.37−0.40 atE = 200 kV/cm.
The resultingfrad is within error bars compatible witha3/a2 = 0.22±0.19 (a2 anda3 are strongly
correlated).

From the value ofa2, the average lifetime of the excited statesτA∗ = 30 ns(4p), 50 ns(3d)

and the mean Ar∗-Xe collision timeτA∗B = 130 ps(4p), 88 ps(3d), we find the efficiency of
collisional energy transfer:

fB+ =
1
a2

τA∗B

τA∗
= 0.11±0.06 (4p), 0.06±0.03 (3d) (4.4)

There are no constraints in the fitting procedure to limit therate to 100% and the transfer
rate actually exceeds 100% beyond 15% xenon. A transfer rateof 100% indicates that all excited
argon atoms which do not undergo radiative decay, will eventually ionise a xenon atom through
collisions. Losses through inelastic collisions are apparently not significant, which should come as
no surprise since there are only noble gases in this mixture.

Transfer rates in excess of 100% can be the result of photo-ionisation occurring on average at
a larger distance from the anode than the emission point, butthe partial mean free path in xenon
of the photons is onlyλ = 20 µm for c = 0.3. An error in the density can be ruled out since the
equivalent ofpgas= 950 mbar would be needed to finda1 = 1. Conceivably also, the ionisation
cross section could be too small. The Magboltz xenon cross sections are at the time of writing in
the process of being updated and the possibility will be revisited once the update is complete.

Remains the transfer from Ar 3p54s excited states, which would lead to a transfer probability
in excess of 1 since we have normalised to the production rateof only those argon levels that are
above the xenon ionisation threshold, i.e. Ar 3p54p and higher. Given that Ar 3p54s overlaps with
Xe 5p54 f and 5p55d, which are located above the homonuclear associative ionisation threshold of
xenon (sections2.3and2.5), such transfers can produce ionisation electrons:

Ar∗ +Xe→ Ar+ Xe∗ (4.5)

Xe∗ +Xe→ Xe+
2 +e− (4.6)

This process requires two collisions with xenon atoms. The first has to compete against the slow
decay of Ar 3p54s (section4.3), the second against the decay of xenon levels above the homo-
nuclear associative ionisation threshold. Since R.H. Lipson et al. found that homonuclear associa-
tive ionisation in xenon is more likely forf than ford states [60], the relevant lifetime is that of Xe
5p54 f , i.e. 55 ns. One therefore does not expect this process to have a concentration dependence
that is substantially steeper than collision and radiationtransfer of Ar 3p54p and higher. Since
at E = 150− 250 kV/cm Ar 3p54s excitations make up≈ 40% of the total, the 10% excess ob-
served in the 30% Xe mixture corresponds to a≈ 15% transfer probability for this process. ArXe+

associative ionisation could play a role too [72, 76], but this process has a threshold of 13.5 eV
(section2.5), above the Xe ionisation level, and is therefore already accounted for.
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Figure 8. Left: Measured gain curves for Ar-CO2 mixtures from T.Z. Kowalski et al. [52] (red dots) with
fits of the transfer rates black lines). For comparison, dashed purple lines show the calculated gain curves
without transfer. Right: Transfer rates fitted with(a1c+ a3)/(c+ a2) (blue curve) and the uncertainty on
this parametrisation (blue error band). Thea3 parameter is outside the physical range (by 1.2σ). The larger
error bars are obtained leaving gain scalings and transfer fractions free, while the broader and smaller error
bars correspond to fits with fixed gain scalings. The triangles indicate the transfer rates found when using
the weighted average of the gain scaling factor in all fits.

4.2 Argon-carbon dioxide mixtures

T.Z. Kowalski et al. [52] have measured the gain in argon with 5%, 10%, 15% and 20% CO2 using
a rectangular 1.1×1.6 cm2 tube with a 50µm diameter wire. The data has been taken at a precisely
controlled pressurep = 1070 hPa and temperatureTgas= 20 ◦C. In the vicinity of the wire, where
multiplication occurs, the field is an excellent approximation of that found in a round tube with
radiusr = 0.67 cm.

CO2 as a quencher is a good match for argon: CO2 has a cross section of≈ 30 Mb to stop
radiation from the 3p54s excitations, the 3p54p states decay to 3p54s under emission of (infra)red
light, and the cross section is≈ 60 Mb at the 3p53d level (figure5). Decay photons will therefore
be absorbed within the avalanche. Argon excimers could be a source of cathode feedback because
photons from their radiative decay would not be absorbed in Ar-CO2 mixtures: CO2 is transparent
to UV photons below 10 eV. But there is no evidence for photon feedback in the gain curves,
despite gainsG > 105 (figure8), and we have not included feedback in the fits. The gain scaling
factor is small, on averageg = 1.06, but it varies by more than 1σ between mixtures. We leaveg
free in the fits.

CO2, with its ionisation potential of 13.77 eV, opens a window on the higher argon excitations
since only the states from 3p53d upwards (lowest level at 13.85 eV) are eligible for transfer to CO2,
through collisions and through absorption of decay photons. Fast radiative decay to the ground
state of a few 3p53d levels is allowed, the other levels have a lifetime in the range 40− 90 ns
(section2.2). The excitation rates are virtually identical to those in Ar-Xe (figure7).
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There is no indication that argon excited states are lost to excimer formation because the
transfer rate shows no tendency to diminish at large CO2 concentrations, as discussed for Ar-Xe
mixtures (section4.1). Excluding excimer terms, eq. (1.13) reduces to

r(c) =
c
[

fB+

τA∗B
− fA+

τA∗A

]

+
[

fA+

τA∗A
+ frad

pτA∗

]

c
[

fB++ fB̄
τA∗B

− fA++ fĀ
τA∗A

]

+
[

fA++ fĀ
τA∗A

+ 1
pτA∗

] =
a1c+a3

c+a2
(4.7)

The ratioa3/a2 = −1.3±6.4 which in principle contains information regarding photo-ionisation
and ionisation through Ar∗-Ar collisions, can for lack of transfer rates at low CO2 concentrations
not be exploited (figure8). Photo-ionisation should be present because radiative decay of many
of the higher excited states of argon is allowed and because the photo-ionisation yieldη CO2 rises
from ≈ 40% at the lowest 3p53d levels to≈ 80% at the highest levels [82, 87]. Homonuclear
associative ionisation, which may matter in high-pressureAr-CH4 mixtures (section4.4), should
have less impact in this atmospheric pressure data.

The asymptotic transfer ratea1 = 0.620±0.057 is significantly smaller than 100%, i.e. excited
states are lost, e.g. through inelastic collisions. CO2, as opposed to xenon, indeed has vibrational,
rotational and polyad inelastic cross section terms. Further comparing with xenon (figure6), one
notes that the transfer probability levels off at a higher concentration of CO2. This is mainly the
result of the longer lifetime of the excited states involvedand of the smaller collision time. Using
the average lifetime ofτA∗ = 50 ns (section2.2) and the mean collision timeτA∗B = 77 ps of the
3p53d states (table1), and constraininga3 ≥ 0 to find the lower limita2 > 0.042, we see that in
addition the collisional ionisation and loss probabilities are lower:

fB+ + fB̄ =
1
a2

τA∗B

τA∗
< 0.04 (84% CL) (4.8)

4.3 Argon-ethyne mixtures

Ar-C2H2 has one of the largest known Penning effects with a gain enhancement exceeding a factor
of 100 for the optimal mixing proportion of≈ 0.1% C2H2 [36]. For this reason, these mixtures
have been studied extensively, even though they do not have sufficient spark resistance for use in
gas-based detectors. Historically, the strong Penning effect has been attributed to the proximity of
the ionisation potential of C2H2 at 11.42 eV and the energy of the argon 3p54s states at 11.55 eV.
These mixtures also owe part of their large Penning effects to the abundant production of excited
states at low electric field strengths which results from thehigh electron energies typical for pure
and nearly pure noble gases (figure1). The Penning effect is largest in parallel plate chambers,
where theE fields are uniformly low, and is much reduced at the higher quencher concentrations
used in gas-based detectors (figure9).

Gain curves for argon with 0.5%, 2%, 5% and 10% C2H2 at atmospheric pressure have been
measured by P.C. Agrawal et al. [3] using a cylindrical chamber described in section4.1. In
addition, they have studied the 1%, 2% and 5% mixtures in a parallel plate detector made of a
pair of 7 cm diameter stainless steel grids separated by a 1.07 mm gas gap [77]. J.P. Sephton
et al. [80] have published a gain curve for 0.5% C2H2 at 1.1 atm using a cylindrical chamber
(rtube= 11.7 mm, ranode= 12.7 µm).
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Figure 9. Measured gain curves for Ar-C2H2 mixtures from P.C. Agrawal et al. [3] (red dots) and fits of the
transfer rates. For comparison, dashed purple lines show the calculated gain curves without transfer. Black
lines are fits assuming equal transfer rates for all excited states and leaving the gain scaling free. Cylindrical
chamber data on the left, parallel plate chamber data on the right.

All gain curves for cylindrical chambers are affected by feedback. In contrast, the parallel
plate chamber gain curves, even for 1% C2H2 and G > 104 are exponential (figure9). This is
discussed in [3]. P.C. Agrawal et al. caution that their gain may be overestimated by 20% due to
uncertainty in the work function, but the parallel plate curves are best fitted withg= 0.21 while we
find g = 0.39 for their cylindrical chamber data andg = 0.23 for the J.P. Sephton et al. curve.

In Ar-C2H2 mixtures, all excited states of argon are eligible for transfer. The parallel plate
chamber data contains hints that the higher levels have a higher transfer rate, but since this evidence
is at the limit of statistical significance, we assume all transfer rates are equal.

A striking feature of Ar-C2H2 is that the transfer probabilities (figure10) are approximately
constant. Two factors may explain this: a high photo-ionisation probability and a long lifetime of
the excited statesτA∗. The photo-ionisation probability in C2H2 is not higher than in the other gases
we have studied, and the concentration is lower. But the excited states do have an unusually long
lifetime. The most abundantly produced excitations are thetwo non-metastable 3p54s levels and
their average lifetime≈ 5.4 ns is not compatible with the observed transfer rates. As pointed out
in section2.2, τA∗ is substantially larger than the natural lifetime because radiation from the non-
metastable states is trapped in the long-lived metastable states, both of which are located slightly
below the non-metastable states. Most higher states have longer lifetimes.

The ionisation branching fraction of C2H2 in collisions with metastable excited argon, accord-
ing to two different techniques, has been found to beΓQ+ = kQ+/kQ = 0.61±0.14, 0.74±0.07 [47].
These values are to be compared with the asymptotic valuea1 of the transfer probability, equal to
fB+/( fB+ + fB̄) if excimers and the radiative term are neglected, which is justified as seen above.
In the cylindrical chambera1 = 0.72±0.02, while in the parallel plate chambera1 = 0.67±0.02
with a systematic uncertainty of± 0.1.
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Figure 10. Transfer rates for Ar-C2H2 in cylindrical chambers (left) and a parallel plate chamber(right).
Orange lines: hypothetical excited states with a lifetime as indicated,frad = 0.3 andτA∗B = 150 ps, the
collision time for Ar-C2H2. The non-metastable 3p54s argon excited states have an average lifetime of
5.4 ns. Green points: equal transfer rates for all excited states and unconstrained gain scaling, data from
P.C. Agrawal et al. [3, 77]. Brown point: the same using the gain curve from J.P. Sephton et al. [80]. Green
horizontal lines: average transfer rates. Red triangles: gain scaling fixed at the weighted average of all
points. Blue down-pointing triangles: 3p54p and higher states are fully transferred and gain scaling is fixed
at the weighted average of the two highest concentrations. Error bands on the right: two measurements of
the ionisation branching fraction, as discussed in the text.

4.4 Argon-methane mixtures

Z. Ye et al. [94] have measured gain curves in Ar 90% CH4 10% for pgas = 1− 21 atm and
Ar 98% CH4 2% for pgas = 1− 28 atm using a cylindrical counter (rtube = 1.5 cm, ranode=

12.5 µm). Earlier, the same group [64], using a similar setup (rtube = 1.25 cm), had performed
measurements in Ar 95% CH4 5% and Ar 98% CH4 2% for pgas= 350−2750 kPa. Further data at
atmospheric pressure that we have used has been published byM.W. Charles [24] for 10% CH4 us-
ing 10−100µm diameter anode wires inside a stainless steel tube (rtube= 2.845 cm); by P.C. Agra-
wal et al. [1] for 2,5,10% CH4 using the same equipment described in section4.1; by S. Kishi-
moto et al. [50] for 2,10% CH4 using a cylindrical chamber (rtube = 2.5 cm, ranode= 25 µm);
by F. Tokanai et al. [85] for 10% CH4 using a square 1× 1 cm2 counter and 5,10,20 µm di-
ameter anode wires; and by A.H. Walenta et al. [88] for 10% CH4 using a cylindrical counter
(rtube= 3 mm, ranode= 15 µm).

The authors of [94] have gone to great lengths to normalise the gain correctly,investigating
potential biases of several measurement techniques. The importance of this study becomes apparent
when comparing the gain curve for Ar 98% CH4 2% with earlier data [64] from the same group,
for the same gas and the same pressure, which is a factor≈ 3 lower. We use the newer data with
a common scaling factorg = 1.25. For the other data, common scaling factorsg = 0.26−0.724
have been used. There is no evidence of photon feedback, except in the 1 atm data of Z. Ye et al.
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Figure 11. Left: Gas gain in Ar 90% CH4 10% measured by Z. Ye et al. [94], fitted with eq. (3.1) to
obtain the Penning transfer probabilities. Red circles show the data, dashed purple lines show the gas gain
computed from uncorrected Townsend coefficients and solid black lines show the fit with adjusted Townsend
coefficients. Right: Compilation of transfer probability measurements in Ar 90% CH4 10% at atmospheric
pressure. The spread of the transfer fraction measurementsin 10% CH4 at atmospheric pressure isS= 2.6
with S2 = χ2/(ndf−1). No excessive spread is seen in the 2% CH4 atmospheric pressure data. In model
fits, the weighted average and the error bar shown are used instead of the individual measurements.

The lowest argon excitation energetically eligible for transfer to CH4 (ionisation potential:
12.65 eV) is 3p54p. As for the xenon mixtures, 3p54p and 3p53d are produced in almost equal
amounts and with a similar electric field dependence. Since we can not separate them in the fits, we
assume these states have the same transfer probability. Except at high fields, the higher excitations
are produced in smaller quantities. The data we have access to is not sufficient to identify their
impact. Penning fits are shown in figure11, the effect increases clearly with pressure.

We first look at the pressure dependence of the individual mixtures. As with the other mix-
tures considered here, argon excimers can not ionise CH4, but photons from radiative decays can.
Expanded inp, eq. (1.13) reduces to:

r(p) =
p
[

c fB+

τA∗B
+(1−c) fA+

τA∗A

]

+
[

frad
τA∗

]

p2
[

(1−c)2 fA2
τAAA

]

+ p
[

c fB++ fB̄
τA∗B

+(1−c) fA++ fĀ
τA∗A

]

+
[

1
τA∗

] (4.9)

The data is insufficient to determine all parameters for eachof the mixtures separately. In par-
ticular, fits that includefA2 as free parameter are instable and the pressure dependence of the
Ar 90% CH4 10% data can be described without this term. We therefore make the simplifying
assumption thatfA2

.
= 0, i.e. that excited states are not lost through excimer formation:

r(p) =
a1p+a3

p+a2
(4.10)
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Figure 12. Transfer rates for Ar 90% CH4 10% (green dots), Ar 95% CH4 5% (brown dots) and
Ar 98% CH4 2% (red dots). Left: In orange, a combined fit of all concentrations to eq. (4.12), under
the constraint that Ar∗-Ar collisions neither lead to losses nor to ionisation. Thephoto-ionisation efficiency
frad has an unconstrained linear dependence on the CH4 concentration. The blue lines are extrapolations of
the eq. (4.10) fit of the 10% mixture to the 5% and 2% mixtures, assuming homonuclear associative ionisa-
tion does not occur and using a best-fit linear photo-ionisation efficiency. Right: The orange lines show a
combined fit of all concentrations using eq. (4.12), which allows for homonuclear associative ionisation. The
photo-ionisation efficiencyfrad has in this fit an unconstrained linear dependence on the CH4 concentration.

The ratioa3/a2 = frad measures the ionisation of CH4 by photons from Ar∗ radiative decays
such as 3p53d → 3p6 and 3p55s→ 3p6. The energy of these photons ranges from 13.86 eV almost
to the ionisation potential. They can ionise since the photo-ionisation yieldη CH4 = σCH4

pi /σCH4
pa

rises fromη = 0 at a photon energy of 13 eV toη = 1 at 16 eV [48]. In this energy region,
σCH4

pa ≈ 50 Mb [11], i.e. the partial mean free path at atmospheric pressure in2–10% CH4 is
375−75 µm and proportionally less at higher pressure. These photonswill therefore not reach the
cathode. Absorption of photons in the discrete lines of argon should not lead to loss of excitation
energy (section1.3), hencefrad should in first approximation be independent of the concentration
c, see eq. (1.15). Gain curves at higherc have been measured at higherE fields where the higher
excited states are more populated. This implies that bothfγ and the ionisation yieldη CH4 increase
with c, and one therefore expects a slight increase offrad with c, which is observed. Loss of the
excitation energy by photo-absorption in argon, is ruled out by the data (figure13).

The a1 parameter reflects the efficiency with which excited argon atoms ionise other argon
atoms and CH4 molecules through collisions:

a1 =
c fB+/τA∗B +(1−c) fA+/τA∗A

c( fB+ + fB̄)/τA∗B +(1−c)( fA+ + fĀ)/τA∗A
(4.11)

The fit value for the Ar 90% CH4 10% mixture,a1 = 0.43± 0.05, indicates that loss collisions
are nearly as frequent as ionising collisions. The asymptotic rates area1 = 0.26±0.04 for the 2%
mixture anda1 = 0.27±0.04 for the 5% mixture.
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Figure 13. Left: frad as measured for individual concentrations (blue error bars) and in a joint fit (blue
error band), compared with eq. (1.14) for a weighted average of radiative states computed by Magboltz 8.6
atE = 100,150,200 kV/cm, the UV absorption cross sections shown in section2.6and full ionisation yield
(red error band), and with eq. (1.15) using the same weighted average of radiative states and theionisation
yield of K. Kameta et al. [48] (yellow band). Right: Contributions to the transfer ratesin the 10% mixture.

Ionisation through Ar∗-Ar collisions can not be distinguished from ionisation through Ar∗-CH4

collisions by studying the pressure dependence of the transfer probability at a single concentration,
but this can be done by comparing several concentrations. Ifonly Ar∗-CH4 collisions, thought to be
dominant, were to matter, then the high-pressure transfer rate should be the same for all mixtures.
But, as seen above,a1 is lower in the 2% and 5% mixtures than in the 10% mixture. Another hint
of Ar∗-Ar ionisation emerges when scaling the fit of the Ar 90% CH4 10% data to the other con-
centrations, settingfA+

.
= fĀ

.
= 0, or equivalently, when fitting with a 2-dimensional(p,c) model

based on eq. (1.13) without excimer and Ar∗-Ar terms. Both procedures describe the data less well
than a model in which Ar∗-Ar collisions are allowed to ionise (figure12). It should be noted that
these observations depend to a large extent on a single set ofhigh-pressure 5% data. Confirmation
of these measurements would be welcome.

The Ar∗-Ar contribution can be estimated with a model that allows both for ionisation through
Ar∗-CH4 collisions, which scales withc, and through Ar∗-Ar collisions, which scales with 1−c:

r(p,c) =
b4pc+b1p(1−c)+b2c+b5

b6pc+ p(1−c)+b3
(4.12)

The parametersb4 andb6 are not sufficiently constrained for lack of data at high CH4 concentra-
tions. Limiting them to the physical range 0≤ b4 ≤ b6, we find thatb4 = b6, i.e. Ar∗-CH4 collisions
are either elastic or ionising, but not inelastic. The fit is shown in figure12.

The efficiency of Ar∗-Ar ionisation fA+/( fA+ + fĀ) = b1 = 0.20±0.01 is stable under a variety
of conditions, such as variations in the datasets considered and in the gain scaling. As illustrated
in figure13 for the 10% mixture, homonuclear associative ionisation ofargon contributes at atmo-
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Figure 14. Left: Measured gain curves for Ar-C3H8 mixtures from P.C. Agrawal et al. [3] (red dots) with
fits of the transfer rates (black lines). For comparison, dashed purple lines show the calculated gain curves
without transfer. Right: Transfer rates for argon with 10% C3H8 at pgas= 1 atm fitted with(a1c+a3)/(c+

a2), blue curve. Red triangles: gain scaling fixed at the weighted average. Data for other linear alkanes at
the same pressure is shown for comparison. The CH4 curve is eq. (4.12) for p = 1 with the parameters of
the fit shown in figure12. This parametrisation is not valid at small CH4 fractions because of the underlying
assumption of a nearly constant photo-ionisation efficiency.

spheric pressure approximately 1% to the transfer probability. This is compatible with the upper
limit of 3.6% derived by E. Eggarter [31]. Revisiting this estimate, taking more recent cross sec-
tions into account, S.F. Biagi [15] finds an upper limit of 1.5-2%, which is still compatible. The
contribution is small because of the high energy threshold.

A scenario emerges in which energy transfer in Ar∗-CH4 collisions is the dominant Penning
process at high pressure and high CH4 concentrations. Ar∗-Ar homonuclear associative ionisation
surprisingly plays a role at high pressure. Photo-ionisation is the only available process at low
pressures. The process also contributes, albeit at a lower level, at high pressures and high CH4

concentrations. There is no evidence for loss of excited argon atoms through processes quadratic
in pressure and argon concentration, like excimer formation. These would lead to a drop of the
transfer probability at higher pressure and such a drop is not observed.

The time dependence of excitation transfer is entirely determined by the model parameters of
eq. (4.12), the lifetimes of the excited states and the time between collisions (figure2).

4.5 Argon-ethane, argon-propane and argon-isobutane mixtures

P.C. Agrawal et al. [1–3] have published gain curves for argon with a range of admixtures, including
the alkanes C2H6 (10%), C3H8 (several concentrations) and iC4H10 (10%). They used the same
equipment as for their Ar-Xe data (section4.1).

Argon excimers can not ionise these admixtures, except C3H8 and iC4H10 at low pressure
when the first continuum at 11.3 eV is not suppressed (section2.4). Since the photo-absorption
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Table 2. Transfer probabilities in argon with 10% alkane at 1 atm.

Alkane Ionisation potential Molecular weight Transfer probability
[eV] [g/mol]

CH4 12.65 16.04 0.212±0.002
C2H6 11.52 30.07 0.31±0.01
C3H8 10.95 44.096 0.43±0.01
iC4H10 10.67 58.123 0.40±0.01

cross sections (section2.6) are substantially higher than in methane, the mean free path of photons
from radiative decay is even smaller. Photon feedback is detectable, though, for low admixture
concentrations (figure14). A common gain scaling ofg = 0.31 is compatible with all C3H8 gain
curves. No gain scaling has been imposed for the other admixtures.

A notable difference with CH4 is that the ionisation potentials (11.52 eV for C2H6, 10.95 eV
for C3H8 and 10.67 eV for iC4H10) are located below the argon 3p54s excitation levels. This
results in a larger pool of excited argon atoms which can potentially transfer their energy. Indeed,
comparing the 1 atm gain curves of argon mixed with 10% CH4 (figure11) and with 10% heavier
alkanes (figure14), the gain is noticeably more enhanced with the heavier alkanes.

As seen for the Ar-C2H2 mixtures (section4.3), the 3p54sstates have a long effective lifetime
because of radiation trapping. This results in a reduced concentration dependence of their transfer
probability. Since C3H8 is more efficient than C2H2 in limiting photon feedback, the C3H8 data
has, for equal gain and equal admixture percentages, been taken at a≈ 30% higher field. The role
of the 3p54sstates is therefore less prominent than in Ar-C2H2 while the 3p54p, 3p53d and higher
states should show a concentration dependence similar to that of e.g. Ar-CH4.

The C3H8 data does not extend to sufficiently low quencher concentrations (or pressures) to
give accurate information on photo-ionisation and homonuclear associative ionisation via the ratio
a3/a2 = −0.1±2.2, see eq. (4.7) and figure14. Inspection of theχ2 curve reveals an asymmetric
error bar of which the positive side can be used to derive the upper limit a2 < 0.012. Combined
with the collision time for this mixtureτA∗B = 130 ps (table1) and assuming full collision transfer
efficiency, the lower limit on the average lifetime of the excited states is:

1
a2

τA∗B

τA∗
= fB+ + fB̄ < 1, τA∗ > 11 ns (84% CL) (4.13)

This is indeed larger than the natural lifetime of non-metastable 3p54sand compatible with 3p54p.
We note thatfB+ + fB̄ is likely to be smaller than unity.

The transfer probabilities at 1 atm in argon mixed with 10% alkane, increase with molecular
weight, at least for the linear alkanes (table2). Isobutane probably falls out of this trend because it
is compact and hence has a smaller collision time. At this pressure, as in the case of CH4, radiative
and heteronuclear associative ionisation are dominant andof comparable importance (figure13).
With reference to eq. (1.13), two arguments can be put forward to explain the observed trend.
First, the UV absorption cross section of alkanes, and therefore frad, increases with the molecular
weight (figure5). Second, it may be thatfB+/( fB+ + fB̄) increases with the molecular weight. No
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measurements of the ionisation branching fraction have been found for these gases to support or
contradict this hypothesis.

5 Conclusion

Gas gain measurements for Penning mixtures are notoriouslyhard to reconcile with Townsend
coefficients. In the mixtures and at the pressures that we have investigated, they can however be
understood in terms of established molecular processes.

In this report, we use the variation of gain curves with gas pressure and admixture concentra-
tion to identify the mechanisms that contribute to gas multiplication. The main processes, other
than direct ionisation, responsible for the gas gain are found to be photo-ionisation and energy
transfer in collisions between excited argon atoms and admixture molecules. There are hints of
homonuclear associative ionisation — these are to be confirmed. Loss of excited states through
excimer formation is not observed. The relative importanceof these processes can be described
with a simple model of which the main ingredients are:

• excitation and ionisation frequencies, which can be calculated by the Magboltz program;

• photo-absorption and -ionisation cross sections, which have been measured for many gases;

• lifetimes of excited states, which are known for most statesand which can be strongly af-
fected by radiation trapping;

• the time interval between collisions, which scales with thepressure and the concentrations,
and which can be estimated from the molecular weights and diameters;

• probabilitiesfA+ , fB+ , . . . that excited molecules ionise ground-state molecules in collisions,
probabilities which can be extracted from gain curves and which do not depend on the gas
pressure and the admixture concentration.

The collisional ionisation probabilities are subject to a potential systematic bias as a result of ambi-
guity in the choice of molecular diameters. This introducesuncertainty in the number of molecular
collisions before transfer occurs, but not in time evolution of Penning transfers, nor in the net
transfer rates.
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