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ABSTRACT. Penning transfers, a group of processes by which exaitatieergy is used to ionise
the gas, increase the gas gain in some detectors. Both thalglity that such transfers occur
and the mechanism by which the transfer takes place, vahythét gas composition and pressure.
With a view to developing a microscopic electron transportiel that takes Penning transfers into
account, we use this dependence to identify the transfehamégms at play. We do this for a
number of argon-based gas mixtures, using gain curves fiertitérature.
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1 lonisations through excitation

1.1 Penning effect

Electron multiplication in gas-based detectors sometifaeexceeds the gain calculated using
Townsend coefficients alone. This is most notably the caaegé#s with a low ionisation potential
is added to a gas with higher-energy excited states.

The additional gain is accounted for by the transformatioexoitation energy into ionisations.
Although the ionisation cross section is often higher tHandxcitation cross section, excitations
are abundantly produced because of their lower energyhbiegfigure1l). The gain enhance-
ment is named “Penning effect” after Frans Michel Penning wiorked from 1924 at the Philips
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Figure 1. Left: Excitation (solid lines) and ionisation frequergiglashed lines) in Ar 90% CGOL0%,
which has a moderate Penning effect (left), and AB3® GH, 0.5%, which has one of the strongest known
Penning effects (right). Intransferable excitations aofetl and are not included in the total excitation
frequency. These mixtures are discussed in secidhand4.3. Calculated using Magboltz 8.64].

research laboratories (Eindhoven) on gas discharges,aied that the discharge potential in mix-
tures of neon, argon and mercury is lower than in pure noldeg@4, 75]. He attributed the effect
to metastables. For a detailed account, 86k [

Penning transfers have significant repercussions: the &dfext, the reduced work function

in Penning mixtures4g], is the result of energy transfers and the Penning effect mlodifies the
Fano factor in such mixtureg [59].

In the following, we first develop a model for the concentatand pressure dependence of
ionising energy transfer. Comparing the model with tranpfebabilities extracted from experi-
mental data, we try and identify the mechanisms that areagtiplthe various gas mixtures. We
consider only binary mixtures of a noble gagargon) and a quenching admixtuBe The admix-
ture can be an organic gas, €@ another noble gas. Transfer probabilities have beenuregs

before P, 13] but a study with a view to producing a microscopic model @& transfers, is in as
far as we know still lacking.

1.2 Excitation dissipation mechanisms

Excited noble gas atoms, as opposed to noble gas atomsiimgtband state, are highly reactive.
On account of their single electron in an outer shell, thexeledhemical properties similar to those
of the alkali metals. They also have the low ionisation ptiééitypical of alkali metals$1]. Thus,

in most cases, it is excited noble gas that ionises the adraixt

Penning transfer is a balance between a range of transfdiams and non-ionising decay of
excited states. The most common transfer mechanism is th@ddy collision of an excited atom



A* with an admixture moleculB resulting in the ionisation dB:

A"+B — (AB)" +e (1.1)
A"+B - A+Bt+e (1.2)

Two processes have been proposed for the details of thetmris In the exchange reaction, an
electron tunnels fromB into A* to fill the hole, after which an excited electron is ejectemhfiA*:

A'(en) +B(eg) = A (eae5) +B” (1.3)
A" (eags) —Aleg) + e, (1.4)

This mechanism, akin to Auger emission, can occur whentigelidecay is quantum-mechanically
forbidden. It was proposed by H. Hotop and A. Niehad fo explain the similarity of transfer
rates for excited states with vastly different radiatifetimes. The process requires close proximity
of the excited and non-excited molecules.

Direct transfer consists of a pair of optical transitioA8:returns to its ground state while an
electron fromB is ejected 49]:

A'(ey) — Aey) (1.5)
B(eg) — B++eg (1.6)

This process works over distances that are large compardting molecular dimensions, but
owing to the ¥r3® dependence of dipole-dipole couplings, it more easily cctetween nearby
molecules 83].

One speaks of (heteronuclear) associative ionisatié #ndB bind to form a molecular ion.
In Hornbeck-Molnar ionisation, or homonuclear assoc@tonisation (h.a.i.)A andB are of the
same species. Both types of associative ionisation occpaiiticular with highly excited noble
gas atoms: the reaction thresholds are noticeably lowaer ttia individual ionisation potentials
(section2.5). Homonuclear associative ionisation is understood to tveoastep process: first an
excited atom is formed which later binds with a ground stébena Measurements are consistent
with each stage being proportional with press4@,[which suggests that the binding step which
concerns us, is a two-body process. Although it was oriyirta¢lieved that only metastabk
contribute, the process is in fact dominated by higher, metastable excitations.

A bound state of an excited noble gas atom and one in the gistatelis known as “excimer”.
Initially formed in a two- or three-body collision, the quam state can be changed by further
collisions. In argon at atmospheric pressure, the threly-bature of the process is accepted. See
e.g. PQ] for a discussion of the two-body contribution. Excimersale under VUV emission,
which can in general not ionise. They can also excite and@aoertain admixture molecules:

AL 2A — A5 +A (1.7)
A5 +B— 2A+B* (1.8)
A, +B—2A+B" +e (1.9)

Energy transfer can further occur following the radiativexay of excited states. Photons
with an energy above the ionisation potential of the admé&have a mean free path measured in
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Figure 2. Left: Dissipation of excited states in a hypothetical gaghwi0% admixture through ionising
collisions (fg+ = 0.5, Taxg = 2 ns, fa+ =0, ), inelastic collisionsfg = 0.1, f5 = 0), radiative decayty- =

9 ns, frag= 0.9) and excimersfl, = 0.1, Ta:ao = 0.64 ns,Tp, = 4.2 NS, fexc = 0.3). Shown are the cumulative
numbers of collisions, radiative decays and decayed exsinaad the residual numbers of excimers and
excited states. The number of electrons is the cumulative alucollision transfers, photoelectric effect
and excimer-related ionisations. Photo-ionisation andnegr-induced ionisation are not shown. Right:
Dissipation in Ar 90% CH 10% atp = 12 atm calculated using parameters extracted from gainesurv
(sectiond.4), a mean lifetimea- = 40 ns (sectior2.2) and the collision timesa:a andta-g (tablel).

pm (section2.6) and ionise the gas in or near the avalanche via the photdeleffect. Photo-
ionisation tends to be suppressed if the decay proceedsoirotwnore steps. This is e.g. the
case for the B°4p argon levels (sectioB.2) for which radiative decay directly to the ground state
is forbidden. Low-energy photons have a substantial ramgecan generate photo-electrons on
metal cathodes provided the energy is larger than the warktifun. This can lead to secondary
avalanches (sectioh3).

Energy can be dissipated through inelastic collisions éxaite the vibration, rotation and
polyad modes of the admixture. Noble gases do not have tietasss section terms, but xenon
readily picks up excess energy from excited argon atomsigset.1).

1.3 Transfer probability model

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

To construct a model for the partial pressure dependendedfansfer probability, we follow
an excited ator\* through a series of small time steps of durationAt each step, the excitel
atom can lose its energy through the following processesr(titation is summarised at the end of
this section):



pcfg-dt/Ta-: collision with ionising energy transfeA{ +B — A+B" +¢e7);

p(1—c)fardt/Ta-a: homonuclear associative ionisatioh (+ A — AJ +e");

p?(1— c)2fa, 0t/ Tana: €Xcimer formation & + 2A — A5 + A);

pcfzdt/Ta-g: loss of excitation energy by collision withBamolecule;

p(1—c)fadt/Ta-a: loSs of excitation energy by collision with @molecule;
e dt/1a-: decay, e.g. radiatived( — A+ y).

lonising collisions, including homonuclear associatiggisation, produce ionisation electrons di-
rectly while radiative decay photons and excimers can dm sodecond stage. The probabilities
fraq (discussed below) respectively,. for these processes depend on the pregsusa the mixing
proportionc and on photo cross sections. The number of ionisation elestresulting from this
step can therefore be writted kdt where

f +p(1-0) far +pA(1— C)szexc + frad (1.10)

k=pc
TaB TaA TaAAA T

The probability that the excited state survives the steg tlaurs remains available for the production
of electrons in the next step, is-1dt/1p, wheretp is given by

1 f fg f fa f 1
- pcm+p(1_c)m+p2(l_c)2i+_ (1.11)
p AB TAA TanA A

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

r(p,c) = kdt +kdt(1—dt/1p) + kdt(1—dt/1p)%+ - -- (1.12)
= ktp (1.13)

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

con(y)+ (1 —c)gp(y)

YeaB(y) + (- c)oi(y) (1.19)

frad =f

In practice, we should seig = ar’ja: 0 because absorption of the photon byAaatom merely
creates, at some distance from the origifvgla newA* which starts its own dissipation cycle. As
a result, f,aq is independent of and proportional to the photo-ionisation yiej&:

fraa = fyOm(¥)/Tpa(y) = f,n°(y) (1.15)

Similarly, f.5qis independent of pressure: pressure modifies the meandte@pphotons, but not
the photo-ionisation cross section. The expression caadesvalid wherc — 0 wherefag — 0
for lack of B molecules on the way to the cathode. The range of applibaloiéin be estimated



from exp(—dNooEa) < 1 and is e.gc > 0.3% for a distancel = 0.5 cm to the cathode and a
photo-absorption cross section of 25 Mb.

The life cycle of excimers resembles that of the excitedestand is not discussed in detail.

The time dependence of the process is illustrated in figur@ne notes the exponential dis-
sipation of excited states with a time constaat Electrons emerge with the same time constant
throughA*-B transfer collisions and through the photoelectric effédectron production via ex-
cimers, a two-step process, starts later and has a non-exiartime-dependence.

Notation:c (0 < ¢ < 1): number fraction of admixture molecul&spresent in the mixturep:
dimensionless pressure related to the gas preggrby pgas= p x 1 atm;Tyas temperature of the
gas in K;N = pgas/ke Tgas Number of gas molecules per unit volumg;a, Tag, Taaa €tC.: mean
time betweerA*-A, A*-B, A*-A-A collisions; f5, fg: probability thatA* loses its energy in a colli-
sion withAorB; fa+, fg+, T3¢, fgX% probability thatA or B is ionised by colliding withA* or A3;
fa,: probability that anA*-A collision results in excimer formatiorfexe: probability that an exc-
imer eventually produces an electron contributing to treanche;ofi(y), apa(y), a5 (y), Og(y):
photo-absorption (photo-ionisation included) and pHotusation cross sectionsj:, Ta;: lifetime
of the excited state and of an excimdy; probability that a state undergoes radiative deday;

f, multiplied with the probability that the photon subseqleitnises aB molecule, producing an
electron which contributes to the avalanche, seeld4).

2 Properties of the gas mixtures

2.1 Caollision frequency

The relation between partial pressure and collision fraquean be calculated starting from the
meanv of the Maxwell velocity distribution for gas molecules of ssan:

_ [BKaTgas

At room temperature, argon atoms e.g. have a mean veloc#9®frys. The mean free path is
determined by the diametdrof the molecules involved:

1

The factory/2 corrects for the mean relative velocity being larger tHanrean velocity by that
factor. Combining the mean free path and the velocity, thamtigne between collisions is:

/e Tges (2.3)

=Y - 9%
Artd? Pgas

For heterogeneous mixtures, we substitute the partiabpresf the admixture fopgas the mean
diameter(d; + dy)/2 for d and the reduced masgriy + 1/my for 2/m.

Collision timest relevant for this paper, calculated using 23], are listed in table. The
diameters are the most problematic ingredient. Numerdiiigitiens are in use, each has its domain
of applicability. For associative ionisation we take thealent diameter, i.e. the length a covalent



Table 1. Covalent diametefd93], diameters calculated from bond lengths and arfgl&g, 20, 44, 45),
Dirac-Fock outer orbital maxinfa[28], kinetic diameter§[6, 25, 34, 42, 73, 84, 96], Deutsch-Mark di-
ameters of excited ArZ9], Hartree-Fock outer orbital maxima of excited X&0], molecular weights and
mean timera:g until an excitedA* meets 8B molecule. Values for atmospheric pressure andl. Not all
publications cited are primary references.

Collision DiameterA* DiameterB | MassB AR

[pm] [pm] | [g/mol] [ps]
Ar*-Ar 5p: 1630 | 138" 194— 21X 340 | 39.948 28
Ar*-Xe 4p: 680 3d: 872 | 208",260— 28(F,396¢ | 131293 | 130, 88
Ar*-CO, 3d: 872 365x 150°,330¢ | 44.01 77
Ar‘-CH, | 4p: 680 3d: 872 250°, 380° 16.04 | 81, 56
Ar*-CyHg 4s: 498 | 400x 29(P,380— 400¢ 30.07 130
Ar*-CgHg 4s: 498 500x 290,430 | 44.096 130
Ar*-iCsH1g 4s: 498 | 445x 558, 500—550¢ | 58123 100
Ar*-CyH> 4s: 498 400x% 150, 330¢ 26.04 150
Xe*-Xe 4f : 1850 | 208", 260— 28CF,396¢ | 131293 37

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

Excited atoms are larger than atoms in their ground state.Ddutsch-Mark electron-impact
ionisation diameters for Ar(#4s, 4p and 31 are 36, 4.9 and 63 times the equivalent ground
state, which coincides with the diameter of the maximum eflffirac-Fock outer orbital. Lennard-
Jones calculations3p] (not for the potential minimum) put the Ar84s and Ar 30°4p diameters
at 1180 pm and 1900 pm,2and 35 times larger than the equivalent ground state. For want of a
better measure, we use the Deutsch-Mark and Hartree-Ragieters of the excited states.

An incorrect choice of diameter biases collision-ionisatprobabilities likefg+. However,
the time-scale of the process, which is determined rel&atithe decay times of the excited states,
would not be affected. Similarly, the net Penning transfarat correlated with the diameters.

2.2 Argon spectroscopy

The principal argon excited states are (fig8ye

3p®4s: The 4 lowest argon levels are located at5BELeV, 1162 eV, 1172 eV and 1183 eV
above the ground state. The lowest and third-lowest(3#%) and Ar(3P;) (J =0,2), are
metastable with a lifetime of seconds. The- 1 levels, Af(3P;) and Ar(*P;) mix. The
lower level decays after.8+ 0.4 ns p6] under emission of a VUV photon. This is in agree-
ment with calculations33] but contradicts an earlier measurement givingt24 ns [68g].
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Figure 3. Left: excitation (thin) and ionisation (thick) levels d¢fe admixtures studied in this paper. Not all
levels are shown. Right: levels and transitions for the kivexcited states in neutral argon. Energy levels
have been taken fronY]]. Transitions in the VUV are shown in purple, visible lineg ahown with their
approximate colour while IR lines are brown. The width of #reows is proportional to the line-intensity
in dischargesq(]. The grey-shading of the excimer spectrum is schematiaumzthe intensity depends on
the pressure and excitation source. The third continuulsti@low the energy scale of the diagram.

Such discrepancies are common among the early publicatmesumably as a result of
“radiation trapping” whereby the energy emitted is re-abed B7, 38|, and of collisional
transfer with the nearby metastable statgls [These effects depend on the pressure and
increase the apparent lifetime. The higliet 1 level has a lifetime of 24+ 0.2 ns ).

3p°4p: These 10 levels, about 13 eV above the ground state, predathindecay into p>4s
states by emitting red or infrared light (69212 nm). The lifetime is in the range Z1-
405 ns P1]. A non-resonant radiation trapping mechanism that affékae lifetimes of
these levels has been report@@][ Also observed in neon mixture&T, 67], the impact is
considerably smaller than foip34s.

3p°3d: In the mixtures we study here, these states are produceddarasrcomparable toB4p.
They have a threshold at B5 eV and their lifetimes cluster around 50 ns, with the elioep
of theJ = 1 levels which have an estimated lifetime=f3.5 ns B3] because transition to
the ground state is allowed.

higher levels: These levels, less frequently excited in avalanches, hfetarles of 200- 360 ns
for 3p®4d, 100— 210 ns for $°5p [51], ~ 75 ns for $°6s [16] and 250— 300 ns for
3p°6p [4].
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2.3 Xenon spectroscopy

Xenon, like argon, has two metastable states amongst itSfo6s states. These have a lifetime
of several second$9]. The twoJ = 1 states mix, like in argon, but(3P;) = 3.79+0.12 ns and
1(1P1) = 3.17+0.19 ns have been reported][ Various 5°6p levels have been found to have
lifetimes in the range 36 47 ns [79]. The 5p°4f level, like 50°6p near the associative ionisation
threshold, has a lifetime of 55 n&q]. The 5p°7p states have a lifetime of 160120 ns B9].

2.4 Argon excimers

Excimer radiation has a rich structure (figde

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

120— 140 nm(8.9—10.3 eV): Peaking at 126 nnf9.8 eV), the “second continuum” is a domi-
nant feature of excimer spectra. It is attributed to deceys flower vibrational levels.

155 nm (8.0 eV): The “left-turn point” is a narrow cusp resulting, like thesficontinuum, from
the decay of high vibrational levels, but into a dissocatground state where the argon



atoms are near each oth&2]. 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 rarige o
pressures and with various excitation sources. Its mestmahas been the subject of much
debate. One explanation is that this involves the dissoaiaif a bound state of a doubly-
ionised argon atom and a neutral argon atoAr " Ar) — Art + Ar™ [54].

Excimer radiation is not expected to ionise the admixturestudy here: the photons with the
highest energy come from the first continuum at314V, above the ionisation potentials ofg
and iGHjg, but this source is pressure-suppressed. Radiation frerdtiminant) second contin-
uum at 98 eV can ionise admixtures that have a particularly low iatiis potential (e.g. DME,
dimethoxy-methane and cyclo-propane), but none of theddneis we consider here. Xenon and
the alkanes, but not argon and &@bsorb such photons efficiently, with a mean free path at
1 atm of A < 15 um (section2.6). In the unlikely case that these photons reach a cathoadepmph
feedback can occur (secti@id). The remainder of the excimer spectrum is even lower inggner

For similar reasons, the excimers are not likely to ionismiatlres through collisions. The
most noticeable effect of excimers that remains is the refmafexcited states.

2.5 Associative ionisation

Homonuclear associative ionisation in argon can occuh®highly excited states since the energy
threshold for this process is 7404 0.009 eV [L7, 43], well below the ionisation energy and
approximately at the level of argorp®bp excitations. Contributions from thep33d and 3°5s
states seem improbable because the mean kinetic energyrmblécules ngTgas: 0.04 eV) is
an order of magnitude smaller than the energy gap-(d eV).
The process also exists in xend®d] where it has a threshold of 11162+ 0.005 eV §3]. Xe
has close to this threshold numerous excitation levelshwtdén contribute to the process.
Heteronuclear associative ionisation has been observedefarly all pairs of noble gases.
ArXe™ has a production threshold of 53 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 potentidhis region, the cross section rapidly
oscillates, reaching a maximum of 580 Mb at the energy of thkeen 3p°4s J=1 level. The gas
is transparent in-between peaks. The continuum photoratii@o cross section is 2540 Mb for
photon energies between the ionisation potential and 3@2)V [

Xenon has a significantly higher photo-absorption crossigethan argon and in addition
absorbs photons in discrete lines down to lower energie V).

Methane 1] is transparent belowt 8.5 eV and the photo-absorption cross section rises via a
number of absorption lines to 50 Mb at the ionisation poténtHeavier alkanes follow the same
pattern with progressively higher photo-absorption ceegions. The energy at which maximum
absorption occurs increases, while the lowest ionisataargials fall. Virtually no data for isobu-
tane was found in the literature, but there is unconfirmedesnde §3] that isobutane is a better
absorber still than n-butane for which data is available.
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argon and xenon spectra, dotted lines show the averages sections and solid lines the scaled-down
high-resolution data from W.F. Chag1].

Although CQ absorbs photons frons 7.5 eV onwards, the cross section becomes significant
only at~ 10 eV. The gas has a rich structure of narrow absorption haradshown in detail in
figure5, up to~ 19 eV [B3, 82].

3 Transfer probability measurement

3.1 Townsend coefficient adjustment

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

anode 3 VNE(r)) + 3 rivE(E(r))

G=exp " dra(E(r)) S VIO(E(r))

(3.1)

The sum of the ionisation frequenci«a'-'S’n is assumed proportional to the unadjusted Townsend
coefficienta. Only the excitation frequencieg™° of states eligible for transfer are considered.
Both frequencies can be computed by the Magboltz progiain The transfer rates are expected
to depend on the gas pressyrand the mixing proportions as discussed in sectidn3.

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

3.2 Gain calibration

G:=gG (3.2)
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Some measurement24, 94] are subject to considerable uncertainty (up to a factor@fid the
absolute gain — the relative gain is generally known with enaccuracy. Reasons advanced for
this include uncertainty in the work function and caliboatiof the equipment.

The gain scaling factog is correlated with the transfer ratgsin that bothg andr; increase
the measured gain. Fortunately, the electric field depeselefthe excitation and the ionisation
frequencies differs and the gain curves contain sufficigiorimation to disentanglg andr;.

We always use a commayfor all anode voltages, and whenever possible also for efiqures
and mixtures of a set of measurements. We first do a joint fitaidg and then redo the fits fixing
g at the weighted average, leaving onjyfree. The errors on, are corrected using the correlation
coefficient withg, or by determining the-interval over whichy? of ther;-fit changes by 1 unit,
and translating thig-interval into anrj-interval.

3.3 Photon feedback
G:=G/(1-BG) (3.3)

Avalanches produce photons which are, depending on thepaaency of the gas, absorbed within
the avalanche, in the gas outside the avalanche or at thedeathin the first case, the photon
contributes to the avalanche via ttigqg term. In the two latter cases, the photon can cause a
secondary avalanche, called feedback. If an avalancheedéctrons produces on averafje
secondary avalanches, then the combined size wilh beBn? + 32n3+ ... = n/(1— Bn), see
also [L8]. The statistical fluctuations of feedback have been cated| by Werner Leglei5[7, 58].

Continuous current gain measurements do not distinguisdnskary from primary avalanches.
Photon feedback is unmistakable however in the gain cumresgain enhancement is negligible
for low anode voltages and thus low gain, but increases Wwighgain as the anode voltage rises,
until breakdown occurs whefin = 1.

Sincef is not strongly correlated with the main parameter we wistieiermine, the transfer
ratesr;, we do not constrai in fits. We will report ong in a forthcoming publication.

3.4 Other effects

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

Temperature variations change the denhlitgnd hence the gain. The effect increases with the
gain and gases at high pressure are most affected. For teeragptal configurations considered
in this paper, an® < 10*:

oG ON

< <14 N (3.4)
A temperature variation @ Tgas= 5 K would e.g. lead to a gain variatiadG/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. &gal et al. B] (red dots) and fits to
obtain the transfer rates (black lines). For comparisoshed purple lines show the calculated gain curves
without transfer. Right: Transfer rates. The green circlesw the rates obtained when leaving the gain
scaling and photon feedback free. For the red trianglegjairescaling has been constrained to a common
value of 039. The red curve shows the fit allowing for three-body remgtiaccording to eq4(2. It is
dashed to indicate that the fit parameters are unphysicah factions are excluded for the blue fit. The
blue error band shows the statistical uncertainty of tharpatrisation.

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 3%
at pgas= 1 atm in a square % 1 cn? tube with a 25um diameter wire in the centre. In the vicinity
of the wire, where multiplication occurs, the field is an dbeg@ approximation of that found in a
round tube with radius = 0.54 cm.

Photon feedback is small but visible whén> 10, except for the 30% Xe mixture where
the feedback parametgris not measurably different from zero (figuse Sincef is only weakly
correlated with the transfer rates, we le@/iee in the fits. Gain rescaling is required wigh- 0.4,
varying by 4% between the mixtures (figufe

None of the xenon excited states comes close to the argosatem threshold. The argon
3p°4slevels are below the xenon ionisation threshold and arearatidered when fitting the trans-
fer rates, but we will discuss an indirect associative iainis channel at the end of this section. All
other argon excitations are eligible for direct transfegufe3). The most abundant of these states
are, according to Magboltz 8.6p%p and 3°3d which are produced in almost equal amounts,
with almost identical electric field dependence (figdreWe can not separate these two contribu-
tions by fitting the gain curves and we assume equal transtdrapilities for these and all higher
levels. Furthermore, the quality of the data and the diffeean lifetime are insufficient to separate
the contributions in the model fit ofc). We therefore use an average valugof
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Figure 7. Left: Gain scaling factors that give the best transfer fitsge The weighted average is shown by
the orange line. Right: Production rates of argon excitatkstin argon with 20% xenon, the other mixtures
are qualitatively similar.

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

Radiation from the decay off84s states is not sufficiently energetic to ionise xenon and the
3p°4p states decay first tof84s. Remain the B°3d — 3p° transitions at 186 eV, 1415 eV
and 1431 eV, and the p°5s — 3pP transitions at 109 eV and 146 eV. At these energies,
aé‘ae ~ 65 Mb. Photons can be re-absorbed in the discrete argontirtgkis merely increases the
apparent lifetime. As a result, the probabilifyg that a photon ionises should be approximately
independent of, see eq.1.15), so that eq.1.13 can be expanded inas:

C[fB_+_f/\_+]_|_|:fA+ +ﬁ}

Ta*B TaxA TaxA PTax
r(c)= 4.1
p TAAA Ta*B Ta*A Ta*A PTax

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

a;C+ag

r(c) = as(l—c)?2+c+ap

(4.2)

which, as shown in figuré, describes the data albeit with strongly correlated patarselarge
error bars and values that are unphysical, a;gvould be negative. This is the result of having
too few data points and too large uncertainties for the nurob@arameters. As a simplifying
assumption, we exclude the loss of excited states througjmex formation:

a1 = 1.248+ 0.086 a, = 0.039+0.022 ag = 0.008-+0.012 a4 =0 (4.3)

Homonuclear associative ionisation can be presumed to@essed here because the data was
taken at atmospheric pressure and because xenon in caimmerdgras small as 0.1% destroys
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the argon excited states (and argon excimers) by excitatengy transfer to xenon atomsd].
The concentration-independent terms therefore give rimfdion on photo-ionisation. The photo-
ionisation yield of xenon is thought to bg® ~ 1 from the ionisation threshold onwards]. Ac-
cording to Magboltz 8.6, the fraction of excited argon stalet can undergo radiative decay ranges
(depending om) from f, = 0.27—0.29 atE = 100 kV/cm to f, = 0.37—0.40 atE = 200 kV/cm.
The resultingf;aq is within error bars compatible withs /a; = 0.22+ 0.19 (a; andag are strongly
correlated).

From the value ofy, the average lifetime of the excited statgs = 30 ns(4p), 50 ns(3d)
and the mean ArXe collision time1a-g = 130 ps(4p), 88 ps(3d), we find the efficiency of
collisional energy transfer:

1 TaA*B

fgr = —
. a Tax

= 0.11+0.06 (4p), 0.06+0.03 (3d) (4.4)

There are no constraints in the fitting procedure to limit thake to 100% and the transfer
rate actually exceeds 100% beyond 15% xenon. A transfeofdt80% indicates that all excited
argon atoms which do not undergo radiative decay, will ayaht ionise a xenon atom through
collisions. Losses through inelastic collisions are appty 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 phaoisation occurring on average at
a larger distance from the anode than the emission pointhleupartial mean free path in xenon
of the photons is onl\ = 20 um for c = 0.3. An error in the density can be ruled out since the
equivalent ofpgas= 950 mbar would be needed to fied = 1. Conceivably also, the ionisation
cross section could be too small. The Magboltz xenon cradfoss are at the time of writing in
the process of being updated and the possibility will besitad once the update is complete.

Remains the transfer from Ar4s excited states, which would lead to a transfer probability
in excess of 1 since we have normalised to the productionofataly those argon levels that are
above the xenon ionisation threshold, i.e. A°8p and higher. Given that Ar#4s overlaps with
Xe 5p°4f and 5°5d, which are located above the homonuclear associativesitimisthreshold of
xenon (section®.3and2.5), such transfers can produce ionisation electrons:

Arf+Xe — Ar+ Xe* (4.5)
Xe* +Xe — Xej +e (4.6)

This process requires two collisions with xenon atoms. Tifst ffias to compete against the slow
decay of Ar 3°4s (section4.3), the second against the decay of xenon levels above the-homo
nuclear associative ionisation threshold. Since R.H.dripst al. found that homonuclear associa-
tive ionisation in xenon is more likely for than ford states 0], the relevant lifetime is that of Xe
5p°4f, i.e. 55 ns. One therefore does not expect this process aavncentration dependence
that is substantially steeper than collision and radiatiansfer of Ar 3°4p and higher. Since

at E = 150— 250 kV/cm Ar 3p°4s excitations make up- 40% of the total, the 10% excess ob-
served in the 30% Xe mixture corresponds te 45% transfer probability for this process. ArXe
associative ionisation could play a role to&2] 76], but this process has a threshold of3.8V
(section2.5), above the Xe ionisation level, and is therefore alreadyaited for.
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Figure 8. Left: Measured gain curves for Ar-GOnixtures from T.Z. Kowalski et al.2] (red dots) with
fits of the transfer rates black lines). For comparison, ddgiurple lines show the calculated gain curves
without transfer. Right: Transfer rates fitted wittyc+ az)/(c+ ap) (blue curve) and the uncertainty on
this parametrisation (blue error band). Tdagparameter is outside the physical range (I8o). The larger
error bars are obtained leaving gain scalings and transfetiéns free, while the broader and smaller error
bars correspond to fits with fixed gain scalings. The triasgielicate 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. 2] have measured the gain in argon with 5%, 10%, 15% and 20%usSi0g
arectangular 1 x 1.6 cn? tube with a 5qum diameter wire. The data has been taken at a precisely
controlled pressure = 1070 hPa and temperatufgas= 20 °C. In the vicinity of the wire, where
multiplication occurs, the field is an excellent approximatof that found in a round tube with
radiusr = 0.67 cm.

CO, as a quencher is a good match for argon:,@@s a cross section ef 30 Mb to stop
radiation from the B°4s excitations, the B>4p states decay tofB4s under emission of (infra)red
light, and the cross section4s 60 Mb at the $°3d level (figure5). Decay photons will therefore
be absorbed within the avalanche. Argon excimers could loeies of cathode feedback because
photons from their radiative decay would not be absorbedri€@, mixtures: CQ is transparent
to UV photons below 10 eV. But there is no evidence for photwedback in the gain curves,
despite gaing > 10° (figure 8), and we have not included feedback in the fits. The gainrsgali
factor is small, on averagg= 1.06, but it varies by more thanolbetween mixtures. We leage
free in the fits.

CO,, with its ionisation potential of 137 eV, opens a window on the higher argon excitations
since only the states fronp83d upwards (lowest level at 185 eV) are eligible for transfer to GO
through collisions and through absorption of decay photdrest radiative decay to the ground
state of a few p>3d levels is allowed, the other levels have a lifetime in thegead0— 90 ns
(section2.2). The excitation rates are virtually identical to those iRxe (figure7).
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There is no indication that argon excited states are losixtimeer formation because the
transfer rate shows no tendency to diminish at large €@ncentrations, as discussed for Ar-Xe
mixtures (sectiort.1). Excluding excimer terms, edlL.(L3 reduces to

{fs_+ _ f/a_+} [fA_+ | _fraa }
r(c) . Ta*B Taxpa Taxa PTax o a1C+ a3 (4 7)
C[fB++f§_ fA++f,§} [fA++f,§ 1 ] C+ap )
TA*B TAxA TaxA PTax

The ratioag/a; = —1.3+ 6.4 which in principle contains information regarding phaoisation
and ionisation through ArAr collisions, can for lack of transfer rates at low €@boncentrations
not be exploited (figurd). Photo-ionisation should be present because radiativaydef many
of the higher excited states of argon is allowed and becdgsphoto-ionisation yield) ¢z rises
from ~ 40% at the lowest B°3d levels to~ 80% at the highest level82, 87]. Homonuclear
associative ionisation, which may matter in high-preswr&€H, mixtures (sectiors.4), should
have less impact in this atmospheric pressure data.

The asymptotic transfer ragg = 0.620+ 0.057 is significantly smaller than 100%, i.e. excited
states are lost, e.g. through inelastic collisions.,C43 opposed to xenon, indeed has vibrational,
rotational and polyad inelastic cross section terms. eurtomparing with xenon (figuré), one
notes that the transfer probability levels off at a highemaamtration of C@. This is mainly the
result of the longer lifetime of the excited states invoheetl of the smaller collision time. Using
the average lifetime ofa- = 50 ns (sectior.2) and the mean collision timea:g = 77 ps of the
3p°3d states (tabldl), and constrainingz > 0 to find the lower limita, > 0.042, we see that in
addition the collisional ionisation and loss probabiitere lower:

1 1A

for +fg= -7 = <004 (84%CL) (4.8)

4.3 Argon-ethyne mixtures

Ar-C,H; has one of the largest known Penning effects with a gain ex@maent exceeding a factor
of 100 for the optimal mixing proportion of 0.1% GH, [36]. For this reason, these mixtures
have been studied extensively, even though they do not hdfieient spark resistance for use in
gas-based detectors. Historically, the strong Penniragelfas been attributed to the proximity of
the ionisation potential of £, at 1142 eV and the energy of the argop3s states at 155 eV.
These mixtures also owe part of their large Penning effected abundant production of excited
states at low electric field strengths which results fromhigi electron energies typical for pure
and nearly pure noble gases (figue The Penning effect is largest in parallel plate chambers,
where thek fields are uniformly low, and is much reduced at the highemgber concentrations
used in gas-based detectors (figQye

Gain curves for argon with.B%, 2%, 5% and 10% £H, at atmospheric pressure have been
measured by P.C. Agrawal et aB][using a cylindrical chamber described in sectibd. In
addition, they have studied the 1%, 2% and 5% mixtures in allpéiplate detector made of a
pair of 7 cm diameter stainless steel grids separated barhm gas gap7/]. J.P. Sephton
et al. [BO] have published a gain curve for3% GH», at 11 atm using a cylindrical chamber
(Mube= 117 MM ranode= 12.7 um).
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Figure 9. Measured gain curves for Ars8, mixtures from P.C. Agrawal et al3] (red dots) and fits of the
transfer rates. For comparison, dashed purple lines shewalculated gain curves without transfer. Black
lines are fits assuming equal transfer rates for all excitzes and leaving the gain scaling free. Cylindrical
chamber data on the left, parallel plate chamber data orighe r

All gain curves for cylindrical chambers are affected bydiesck. In contrast, the parallel
plate chamber gain curves, even for 1%Hz and G > 10* are exponential (figur®). This is
discussed in3]. P.C. Agrawal et al. caution that their gain may be ovenested by 20% due to
uncertainty in the work function, but the parallel platevas are best fitted with= 0.21 while we
find g = 0.39 for their cylindrical chamber data agd= 0.23 for the J.P. Sephton et al. curve.

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

A striking feature of Ar-GH, is that the transfer probabilities (figuld) are approximately
constant. Two factors may explain this: a high photo-idiosaprobability and a long lifetime of
the excited states-. The photo-ionisation probability in£El, is not higher than in the other gases
we have studied, and the concentration is lower. But thaexkatates do have an unusually long
lifetime. The most abundantly produced excitations arettfienon-metastable $4s levels and
their average lifetime= 5.4 ns is not compatible with the observed transfer rates. Ast¢b out
in section2.2, 1a- is substantially larger than the natural lifetime becawaskation from the non-
metastable states is trapped in the long-lived metast#diess both of which are located slightly
below the non-metastable states. Most higher states hagerdifetimes.

The ionisation branching fraction of,8> in collisions with metastable excited argon, accord-
ing to two different techniques, has been found td §e = kg+ /kg = 0.614-0.14, 0.74+0.07 [47].
These values are to be compared with the asymptotic \mloé the transfer probability, equal to
fg+ /(fg+ + fg) if excimers and the radiative term are neglected, whichstfjad as seen above.
In the cylindrical chambea; = 0.72+0.02, while in the parallel plate chambar = 0.67+ 0.02
with a systematic uncertainty af 0.1.
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Figure 10. Transfer rates for Ar-gH, in cylindrical chambers (left) and a parallel plate cham{pigit).
Orange lines: hypothetical excited states with a lifetileralicated,foq = 0.3 and7a-g = 150 ps, the
collision time for Ar-GH,. The non-metastablepB4s argon excited states have an average lifetime of
5.4 ns. Green points: equal transfer rates for all exciteééstahd unconstrained gain scaling, data from
P.C. Agrawal et al.3, 77]. Brown point: the same using the gain curve from J.P. Sepétal. B0]. Green
horizontal lines: average transfer rates. Red triangleén gcaling fixed at the weighted average of all
points. Blue down-pointing trianglesp34p and higher states are fully transferred and gain scalingesfi

at the weighted average of the two highest concentrationrar 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. P4] have measured gain curves in Ar 90% £H0% for pgas = 1 —21 atm and
Ar 98% CH; 2% for pgas = 1 — 28 atm using a cylindrical counteryfe = 1.5 CM, I'anode =
125 um). Earlier, the same grou4], using a similar setupr{,pe = 1.25 cm), had performed
measurements in Ar 95% GH% and Ar 98% Clj 2% for pgas= 350— 2750 kPa. Further data at
atmospheric pressure that we have used has been publishéi\byharles 4] for 10% CH, us-
ing 10— 100um diameter anode wires inside a stainless steel tyhg £ 2.845 cm); by P.C. Agra-
wal et al. [l] for 2,5,10% CH, using the same equipment described in seclidn by S. Kishi-
moto et al. p0] for 2,10% CH, using a cylindrical chamberr(pe = 2.5 CM, ranode= 25 UM);
by F. Tokanai et al.§5] for 10% CH, using a square % 1 cn? counter and 510,20 um di-
ameter anode wires; and by A.H. Walenta et 8B][for 10% CH, using a cylindrical counter
(Nube = 3 MM, I'anoge= 15 um).

The authors of94] have gone to great lengths to normalise the gain correiathgstigating
potential biases of several measurement techniques. Twetamce of this study becomes apparent
when comparing the gain curve for Ar 98% ¢BR% with earlier datag4] from the same group,
for the same gas and the same pressure, which is a facddower. We use the newer data with
a common scaling factay = 1.25. For the other data, common scaling factpes 0.26— 0.724
have been used. There is no evidence of photon feedbaclptérdbe 1 atm data of Z. Ye et al.

—19 —



latm 3.5atm 7 atm 14 atm 21 atm ]

Gain
=

0.9

08 Mean 0.212+ 0.002, S = 2.6

10°
o7 i F. Tokanai et al. 2am (1994)
[ F. Tokanai et al. 1im (1994)
— AH. Walenta et al. 3qm (2003) |
—— A.H. Walenta et al. 1im (2003) |
—i Z.Ye etal. (1993)
H M.W. Charles 10Qum (1972)
— M.W. Charles 75um (1972)
— M.W. Charles 5um (1972)
— M.W. Charles 25um (1972)
— M.W. Charles 1qum (1972)
H
H

0.6

Likelihood [arbitrary scalp
=

0.5

0.4

107

0.3

0.2
P.C. Agrawal et al. (1988)

S. Kishimoto et al. (1986)

0.1

10

?‘\\\\‘\\\\‘\\\\‘\\\"\‘\\\\‘? —t
1000 2000 3000 4000 5000 60 (O S

I

Anode potential [V] Transfer probability

e 2o o o o o o o o o ¢ I
NN RN RN W W W W W A
N & o ® N B O ®

Figure 11. Left: Gas gain in Ar 90% Cil 10% measured by Z. Ye et a4, fitted with eq. @.1) to
obtain the Penning transfer probabilities. Red circlesstie data, dashed purple lines show the gas gain
computed from uncorrected Townsend coefficients and stditkines show the fit with adjusted Townsend
coefficients. Right: Compilation of transfer probabilityeasurements in Ar 90% GH.0% at atmospheric
pressure. The spread of the transfer fraction measurenmeb®%6 CH, at atmospheric pressure3s= 2.6

with & = x?/(ndf—1). No excessive spread is seen in the 2%@knospheric pressure data. In model
fits, the weighted average and the error bar shown are usegdhef the individual measurements.

The lowest argon excitation energetically eligible fomster to CH, (ionisation potential:
12.65 eV) is P°4p. As for the xenon mixtures, B4p and P°3d are produced in almost equal
amounts and with a similar electric field dependence. Sireeam not separate them in the fits, we
assume these states have the same transfer probabiligptEatchigh fields, the higher excitations
are produced in smaller quantities. The data we have acaassbt sufficient to identify their
impact. Penning fits are shown in figuk&, the effect increases clearly with pressure.

We first look at the pressure dependence of the individuatures. As with the other mix-
tures considered here, argon excimers can not ionisg Qi photons from radiative decays can.
Expanded imp, eq. (L.13 reduces to:

p [c or 4 (1-c)da ] + [ﬁ‘}

Ta*B Taxa Tax

P2 [(1- 02| + plelet i (1) th] 4 [2]

Taxg Taxa Tax

(4.9)

r(p) =

The data is insufficient to determine all parameters for eddine mixtures separately. In par-
ticular, fits that includefa, as free parameter are instable and the pressure dependetiee o
Ar 90% CH,; 10% data can be described without this term. We thereforesrttak simplifying
assumption thata, = 0, i.e. that excited states are not lost through excimer dtion:

_ aip+as

a (4.10)

r(p)
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Figure 12. Transfer rates for Ar 90% CH10% (green dots), Ar 95% CH5% (brown dots) and
Ar 98% CH; 2% (red dots). Left: In orange, a combined fit of all concetidgres to eq. 4.12, under
the constraint that ArAr collisions neither lead to losses nor to ionisation. Ppheto-ionisation efficiency
frag has an unconstrained linear dependence on thedoHcentration. The blue lines are extrapolations of
the eq. 4.10 fit of the 10% mixture to the 5% and 2% mixtures, assuming hwntear associative ionisa-
tion does not occur and using a best-fit linear photo-ioiteafficiency. Right: The orange lines show a
combined fit of all concentrations using e4.12), which allows for homonuclear associative ionisatione Th
photo-ionisation efficiency;ag has in this fit an unconstrained linear dependence on thedBhcentration.

The ratioag/a; = frag measures the ionisation of GHy photons from At radiative decays
such as °3d — 3p® and 3°5s — 3p°. The energy of these photons ranges fron8&2V almost
to the ionisation potential. They can ionise since the phatgsation yieldn©Hs = I;fH“/ol[SaH‘*
rises fromn = 0 at a photon energy of 13 eV tp = 1 at 16 eV §8]. In this energy region,
a&“‘* ~ 50 Mb [11], i.e. the partial mean free path at atmospheric pressu-i0% CH is
375— 75 um and proportionally less at higher pressure. These phetdhherefore not reach the
cathode. Absorption of photons in the discrete lines of migfuould not lead to loss of excitation
energy (sectiorl.3), hencef4q should in first approximation be independent of the conediotn
c, see eg.1.15. Gain curves at higher have been measured at higtiefields where the higher
excited states are more populated. This implies that fio#md the ionisation yield)©H increase
with ¢, and one therefore expects a slight increasé.Qfwith ¢, which is observed. Loss of the
excitation energy by photo-absorption in argon, is rulethytthe data (figurd.3).

The ay parameter reflects the efficiency with which excited argamationise other argon
atoms and Chimolecules through collisions:

2 — CfB+/TA*B+(1—C) fA+/TA*A
LT C(fa + f3) /Tas + (1—C)(Tar + T2)/Tara
The fit value for the Ar 90% Ci10% mixture,a; = 0.43+ 0.05, indicates that loss collisions

are nearly as frequent as ionising collisions. The asyntptates are; = 0.2640.04 for the 2%
mixture anday; = 0.274 0.04 for the 5% mixture.

(4.11)
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Figure 13. Left: fag as measured for individual concentrations (blue error)bamnd in a joint fit (blue
error band), compared with edL.( 4 for a weighted average of radiative states computed by MitgB.6
atE = 100,150,200 kV/cm, the UV absorption cross sections shown in se@iéand full ionisation yield
(red error band), and with eql.(L5 using the same weighted average of radiative states aridritsation
yield of K. Kameta et al.48] (yellow band). Right: Contributions to the transfer raite¢he 10% mixture.

lonisation through Aft-Ar collisions can not be distinguished from ionisatiorotingh Ar-CHg,
collisions by studying the pressure dependence of theferapsobability at a single concentration,
but this can be done by comparing several concentrationsi\fAr*-CHj, collisions, thought to be
dominant, were to matter, then the high-pressure tranatershould be the same for all mixtures.
But, as seen above; is lower in the 2% and 5% mixtures than in the 10% mixture. Aprothint
of Ar*-Ar ionisation emerges when scaling the fit of the Ar 90%,4Cl8% data to the other con-
centrations, settinda- = f5 = 0, or equivalently, when fitting with a 2-dimension(gd, c) model
based on eql1(13 without excimer and ArAr terms. Both procedures describe the data less well
than a model in which ArAr collisions are allowed to ionise (figurE). It should be noted that
these observations depend to a large extent on a single sigfhepressure 5% data. Confirmation
of these measurements would be welcome.

The Ar‘-Ar contribution can be estimated with a model that allowthifor ionisation through
Ar*-CHjy collisions, which scales with, and through Af-Ar collisions, which scales with 4 c:

(D) = bapc+bip(1—c)+byc+bs
e = bspc+ p(1—c)+bs

(4.12)

The parameterb, andbg are not sufficiently constrained for lack of data at high,Gidncentra-
tions. Limiting them to the physical rangeOb, < bg, we find thath, = bg, i.e. Ar"-CHj, collisions
are either elastic or ionising, but not inelastic. The fitiewsn in figurel2.

The efficiency of Af-Ar ionisation fa+ /( fa+ + fz) = b1 = 0.20£0.01 is stable under a variety
of conditions, such as variations in the datasets considamnd in the gain scaling. As illustrated
in figure 13 for the 10% mixture, homonuclear associative ionisatioargbn contributes at atmo-
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Figure 14. Left: Measured gain curves for ArsBlg mixtures from P.C. Agrawal et al3] (red dots) with

fits of the transfer rates (black lines). For comparisonhddgurple lines show the calculated gain curves
without transfer. Right: Transfer rates for argon with 10%ig at pgas= 1 atm fitted with(ayc+ az)/(c+

ap), blue curve. Red triangles: gain scaling fixed at the weijlateerage. Data for other linear alkanes at
the same pressure is shown for comparison. Theg €Hve is eq.4.12 for p = 1 with the parameters of
the fit shown in figurel2. This parametrisation is not valid at small gfiactions because of the underlying
assumption of a nearly constant photo-ionisation effigienc

spheric pressure approximately 1% to the transfer prababihis is compatible with the upper
limit of 3.6% derived by E. EggarteB]]. Reuvisiting this estimate, taking more recent cross sec-
tions into account, S.F. Biaglf] finds an upper limit of 1.5-2%, which is still compatible. &h
contribution is small because of the high energy threshold.

A scenario emerges in which energy transfer iri-8H, collisions is the dominant Penning
process at high pressure and highQigncentrations. ArAr homonuclear associative ionisation
surprisingly plays a role at high pressure. Photo-iorigats the only available process at low
pressures. The process also contributes, albeit at a l@wel, lat high pressures and high £H
concentrations. There is no evidence for loss of excitedraegoms through processes quadratic
in pressure and argon concentration, like excimer formatibhese would lead to a drop of the
transfer probability at higher pressure and such a droptisimgerved.

The time dependence of excitation transfer is entirelyrdateed by the model parameters of
eg. @.12), the lifetimes of the excited states and the time betwedisioms (figure2).

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

P.C. Agrawal et al.J-3] have published gain curves for argon with a range of adméstuincluding
the alkanes gHg (10%), GHg (several concentrations) andi€;o (10%). They used the same
equipment as for their Ar-Xe data (sectidri).

Argon excimers can not ionise these admixtures, excgpig@nd iGH1o at low pressure
when the first continuum at 13 eV is not suppressed (secti@). Since the photo-absorption
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Table 2. Transfer probabilities in argon with 10% alkane at 1 atm.

Alkane | lonisation potentiall Molecular weight| Transfer probability
[eV] [g/mol]

CHg, 12.65 16.04 0.2124+0.002

CoHg 1152 30.07 0.31+0.01

CsHsg 10.95 44.096 0.43+0.01

iC4H;0 10.67 58123 0.40+0.01

cross sections (sectidh6) are substantially higher than in methane, the mean fréeqgigthotons
from radiative decay is even smaller. Photon feedback isctgble, though, for low admixture
concentrations (figur&4). A common gain scaling of = 0.31 is compatible with all gHg gain
curves. No gain scaling has been imposed for the other adrast

A notable difference with CHlis that the ionisation potentials (BR eV for GHg, 10.95 eV
for CsHg and 1067 eV for iC4H10) are located below the argorp®s excitation levels. This
results in a larger pool of excited argon atoms which canmiatiéy transfer their energy. Indeed,
comparing the 1 atm gain curves of argon mixed with 10%, Cftgure 11) and with 10% heavier
alkanes (figurel4), the gain is noticeably more enhanced with the heaviemakka

As seen for the Ar-gH, mixtures (sectior.3), the 3p°4s states have a long effective lifetime
because of radiation trapping. This results in a reducedartration dependence of their transfer
probability. Since @Hg is more efficient than g, in limiting photon feedback, the {Elg data
has, for equal gain and equal admixture percentages, bleem &ha~ 30% higher field. The role
of the 3p°4s states is therefore less prominent than in AHgwhile the 3°4p, 3p°3d and higher
states should show a concentration dependence similaattoftie.g. Ar-CH,.

The GHg data does not extend to sufficiently low quencher conceotrat{or pressures) to
give accurate information on photo-ionisation and homtearcassociative ionisation via the ratio
ag/ap, = —0.1+2.2, see eq.4.7) and figurel4. Inspection of the(? curve reveals an asymmetric
error bar of which the positive side can be used to derive ipeulimita, < 0.012. Combined
with the collision time for this mixturea-g = 130 ps (tablel) and assuming full collision transfer
efficiency, the lower limit on the average lifetime of the ibxd states is:

= fg+ + fg< 1, Ta- >11ns(84% CL) (4.13)

This is indeed larger than the natural lifetime of non-migtisle 3°4s and compatible with g°4p.
We note thatfg+ + fg is likely to be smaller than unity.

The transfer probabilities at 1 atm in argon mixed with 10&aak, increase with molecular
weight, at least for the linear alkanes (taB)e Isobutane probably falls out of this trend because it
is compact and hence has a smaller collision time. At thisqunes, as in the case of GHadiative
and heteronuclear associative ionisation are dominanbandmparable importance (figues).
With reference to eq.1(13), two arguments can be put forward to explain the observeadtr
First, the UV absorption cross section of alkanes, and thexd,,q, increases with the molecular
weight (figure5). Second, it may be thdg- /(fg+ + fg) increases with the molecular weight. No
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measurements of the ionisation branching fraction have bmend for these gases to support or
contradict this hypothesis.

5 Conclusion

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

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

e excitation and ionisation frequencies, which can be cated by the Magboltz program;
e photo-absorption and -ionisation cross sections, whiele lh@en measured for many gases;

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

e the time interval between collisions, which scales withphessure and the concentrations,
and which can be estimated from the molecular weights andetixs;

e probabilitiesfa+, fg+, ... that excited molecules ionise ground-state moleculesliisicms,
probabilities which can be extracted from gain curves angtkvbdo not depend on the gas
pressure and the admixture concentration.

The collisional ionisation probabilities are subject toodgmtial systematic bias as a result of ambi-
guity in the choice of molecular diameters. This introdugesertainty in the number of molecular

collisions before transfer occurs, but not in time evolutimf Penning transfers, nor in the net
transfer rates.
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