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Introduction
Many currently used refrigerant gases have a great impact on
the environment since they either contribute largely on the
greenhouse gas effect, or because they tear the ozone layer,
or both. In an attempt to protect the environment, regula-
tions preventing the production and use of certain refrigerant
gases has been implemented[1]. Because the gas particle de-
tectors at CERN operate with mixtures containing the regu-
lated refrigerants, actions towards finding new mixtures must
be undertaken. The GEM detectors currently operate with an
argon/CO2/CF4 mixture [2], where CF4 has a Global Warm-
ing Potentian (GWP) of 7390 [3]. Investigations into new
gas mixtures has to be performed in order to keep the mix-
ture properties while complying with the regulations. The
aim of this project is to discuss some the important proper-
ties of gases for particle gas detectors, list and summarize
basic properties of eco-friendly refrigerants from the litera-
ture, and to make a prediction on selected parameters.

Gas properties
For a gas mixture to be appropriate in a gas detector, it first of
all has to apply with the regulations. But its properties must
also be appropriate for the specific type of detectors. For ex-
ample, a gas that is suitable for the RPC detectors may not
be fully optimized for the GEM detectors. To better find the
appropriate gas for a detector, an understanding of the influ-
ence on different parameters is required. This section aims to
clarify the most essential parameters for gases.

Global warmth potential and Ozone depletion potential
"Measure what can be measured, and make
measurable what cannot be measured."
-Galileo Galilei

In order to estimate the impact of a refrigerant on the en-
vironment, the effects has to be quantified. Two important
effects are the contribution to the greenhouse effect and the
depletion of the ozone layer. The first mentioned effect is
measured in Global Warmth Potential (GWP), and is nor-
malized to the effect of CO2 (GWP = 1), and the effect on
the ozone layer is measured in Ozone Depletion Potential
(ODP), normalized to the effect of CCl3F (ODP = 1). The
effect of selected refrigerant candidates are listed in table 3.

Stopping power
When a particle passes through a medium, energy is trans-
ferred from the particle to the surroundings. The energy
lost is typically defined as the stopping power expressed as
1
ρ

〈
dE
dx

〉
, where ρ denotes the density of the medium, E de-

notes energy, and x is length. This expression is itself depen-
dent on the momentum p of the particle. In the next section
we will show that the particle will experience a minimum en-
ergy loss at around p/Mc ≈ 3, where M is the particle mass,
and c is the speed of light. By knowing the average minimum
energy loss, we also know the minimum energy the particle
loses by passing through a detector. The minimum mean ion-
ization energies for the refrigerants under consideration are
summarized in table 2.

Radiation length
The radiation length X0 is a characteristic length of a
medium. It describes both the mean distance required for a
high energy electron to lose all but e−1 of its energy due to
bremsstrahlung, and 7/9 of the mean free path of a e+e− pair
produced by a high-energy photon[4]. These quantities are
also estimated and summarized in table 2.

Ion pair production
When an incoming particle passes through a medium, it will
eventually interact with the medium and transfer some of its
energy to ionize atoms. In this process, a pair consisting of an
ionized atom and a free electrons, is produced. The number
of ionization done by an incoming particle per unit length
is denoted by NP, with units of cm−1. Each produced ion
pair will have an initial kinetic energy and can themselves
produce ion pair, called secondary ion pair production. The
sum of the primary and secondary ion pair production per
unit length is denoted NT , and will mainly depending on the
material and the incoming particle energy and mass. This pa-
rameter is relevant in particle gas detectors as it determines
the amount and sizes of avalanches produced by a single in-
coming particle when the gas is under an amplifying electric
field.

Hazards and flammability
Many refrigerants may constitute danger for the user and its
environment. The greatest dangers involved are the flamma-
bility and toxicity. We have used two standards in categoriz-
ing the refrigerants in table 4 and 5. The Ashrae standard ??



gives each refrigerant a number denoting flammability from
1 (not flammable) to 3 (highly flamable), as well as a letter
A (non-toxic) or B (Toxic). The Health Material Hazardous
Material Information System (HMIS), rates Healt/ Flamabil-
ity/ and Physical hazards from 0 (low) to 4 (high).

Compatibility with materials
Some refrigerants are incompatible with certain materials,
and can either react violently, or have long term effect. Some
refrigerants may even produce toxic decomposition and/or
polymerization. Known incompatibilities and toxic byprod-
ucts are summarized in Table 4 and 5.

Estimation of Gas Parameters
Stopping power
Quantities such as the minimum ionization energy can be
found if the stopping power is known. An approximate ex-
pression for moderately relativistic particles in the momen-
tum region 0.1 ≤ βγ = p/Mc ≤ 1000 can be found using the
Bethe-Bloch equation, given by [5]
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−
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is the mean energy loss per length, ρ is the

density of the medium, I is the mean excitation energy, and
δ(βγ) is the density effect correction function to ionization
energy loss. K is a constant given by 4πNAr2

e mec2, and Tmax

is the maximum energy transfer in a single collision, given
by

Tmax =
2mec2β2γ2

1 + 2γme/M + (me/M)2 , (2)

where M is the mass of the incoming particle.
The mean excitation energy I for a composite medium can be
approximated from the composite atoms by the relation[6].

I = exp


∑

j

w j(Z j/A j) ln I j

 / 〈Z/A〉
 (3)

where w j, Z j, A j and I j is the fraction by weight, atomic
number, atomic weight and mean ionization energy, respec-
tively, of the j’th constituent. The shape of the δ(γδ) function
for non-conducting materials can be approximated by

δ(γδ) =


2(ln 10)X − C̄ if X ≥ X1;
2(ln 10)X − C̄ if X0 ≤ X < X1;
0 if X < X0;

(4)

where X = log10(γδ). For finding an approximate expres-
sion for the parameters C̄, X0 and X1 based on experimental
fits, we refer to [7]. For gasses with momenta below βγ, the
density effect correlation function can safely be neglected. A
plot of the calculated energy loss for different refrigerants is
show in figure 1.

Figure 1: Energy loss function for various refrigerants.

Radiation length
The radiation length of an atom can be found by [4]

X0 = 716.405(cm−2mol)A/
[
Z2(Lrad − f (z)) + ZL′rad

]
(5)

f (z) = z2
∞∑

n=1

1
n(n2 + z2)

≈ 1.202z−1.0369z2 +
1.008z3

1 + z
(6)

where L1 and L2 is given by table , f (z) is the one-photon
exchange approximation, and z = αZ, α being the fine-
structure constant and Z is the atomic number. This formula,
however, only holds for free atoms. When one wants to find
the stopping power for a molecule, one has to take into ac-
count the influence from molecular bindings, crystal struc-
tures and polarization of the medium. By neglecting these
effects, however, one can find an approximate expression by
weighting the radiation length of the single atoms

1
X0

=
1

Amolecule

∑
j

A j

X0 j
, (7)

where j reffers to the j’th atom’s constituent.

Z L1 L2

1 5.31 6.144
2 4.79 5.621
3 4.74 5.805
4 4.71 5.924

5≥ ln(184.15Z−1/3) ln(1994Z−2/3)

Table 1: L1 and L2 expressions for various atom numbers.



Name I −

〈
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〉
min

X0 NP

[eV]
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MeV

g
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] [ g
cm2

] [
cm−1

]
R32 89.3602 1.80973 35.4581 49.2
R7146 127.401 1.67833 28.6027 92.0
R600a 47.848 2.24057 45.2260 81.0
R1234yf 91.9674 1.7734 35.8204 89.5
R152a 78.1889 1.88706 37.0969 67.1
R1234ze 91.9674 1.7734 35.8204 89.5
R115 116.695 1.69178 29.2197 98.4
R1233zd 106.689 1.73915 29.7636 105
R290 47.0151 2.26184 45.3725 65.2
R13|1 271.737 1.42486 11.5399 272
R134a 95.0294 1.76439 35.1542 81.6
R14 107.127 1.69909 33.9905 63.6
R123 125.275 1.69722 25.5416 98.4
R143a 87.8152 1.8126 35.8928 74.8
R744 88.7429 1.81124 36.1954 37.2
HFE7000 95.0748 1.76365 35.2264 131
HFE7100 96.3202 1.75436 35.1492 146
R23 99.9508 1.7402 34.5214 56.9
R116 105.075 1.70566 34.2947 93.3
RC318 101.578 1.71721 34.8435 123
R218 104.13 1.70873 34.439 117

Table 2: Minimum ionization,radiation length and number of
primary ion pair creation for the considered refrigerants, as
well as the approximated mean ionization energy used.

Estimation of ionization pair production
In order to model the number of primary ionization caused
by a single particle, the cross section for all the particle-
atom interaction should be calculated. The number of pri-
mary electrons per unit length would then be the integral over
energy across all the energy transfer cross sections. This is
tedious work since all electron orbital transfers has to be con-
sidered. An easier, but more inaccurate correlation between
primary ionization and atom number has been found based
on experimental data by[8]

NP = 3.996
Zm

Z̄0.4
− 0.025

( Zm

Z̄0.4

)
cm−1, (8)

which holds for normal pressure and temperature (NPT) (1
atm, 20◦C). For different pressure and temperature, the num-
ber scales with the density. This value should only be taken
as a rough estimation though. This formula has proven to
work best for hydrocarbons and worst for molecules consist-
ing mainly of fluorine, differing as much as 30% from the
experimental value for CF4.
The total number of ionization has proven to be more diffi-
cult to estimate. Whereas no general formula has been de-
rived, the most straightforward method will be to use the
cross sections used to calculate the primary ionization elec-
trons, and use Monte Carlo simulations to track the produc-
tion of secondary electrons from primary electrons. The total
number of pair ionization turns out to be dependent on the in-

coming particle energy and mass, and a general expression
can therefore be difficult to find. For an incoming particle,

W =
∆E
N

defines the average energy cost to produce an ion
pair. Luckily, this turns out to be a function slowly varying
with particle energy[9], and can therefore be taken to be a
constant in an energy interval. The total ionization per unit
length can then be found by

NT = ρ
dE
dx

1
W

(9)

If the W values for specific gases are know, the average W
value for a gas mixture can be found by[8]

W̄ =
∑

m

[
f (nm)Z(nm)W(nm)

] /∑
m

[
f (nm)Z(nm)

]
, (10)

where nm denotes the index of the molecule, and f (nm) de-
notes the relative number of molecules of the given sort in
the mixture.
The value of W seems to be very difficult to predict, and
there seems to be no direct way to give a proper estimate
based on experimental data alone. I therefore propose that a
Monte Carlo simulation can be made using the photoabsorp-
tion ionization and relaxation (PAIR) model offered by [8].
This will require some work though.

Conclusion
The scope of the project was to summarize various eco
friendly refrigerants in one paper. Some properties for these
refrigerants have been summarized, either from the literature
or calculated from known theory. The hope is that this infor-
mation can be used in finding new gas mixtures for particle
gas detectors that are more environmental friendly while still
having the desired properties.
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Molecular name Chemical formula CAS[10] Refrigerant identi-
fier

GWP ODP

Chloropentafluoroethane C2ClF5 76-15-3 R115 7370 0.44

Hexafluoroethane C2F6 76-16-4 R116 - -

2,2-Dicloro-1,1,1-trifluoroethane C2HCl2F3 306-83-2 R123 120[11] 0[11]

1-Chloro-3,3,3-Trifluoropropene C3H2ClF4 2730-43-0 R1233zd 4.7-7[12] 0[12]

2,3,3,3-Tetrafluoropropene C3H2F4 754-12-1 R1234yf 4[12] 0[12]

1,3,3,3 Tetrafluoropropene C3H2F4 29118-24-9 R1234ze 6[12] 0[12]

Trifluoroiodomethane CF3I 2314-97-8 R13|1 23900[13] 0[13]

1,1,1,2-Tetrafluoroethane CH2FCF3 811-97-2 R134a 1430[14] 0[14]

Tetrafluoromethane CF4 75-73-0 R14 7390[3] 0

1,1,1-trifluoroethane CH3CF3 420-46-2 R143a 4300[15] -

1,1-Difluoroethane-1,1-Difluoroethane C2H4F2 75-37-6 R152a 124[14] 0[14]

Octafluoropropane C3F8 76-19-7 R218 - -

Trifluoromethane CHF3 75-46-7 - 12000[15] -

Propane C3H8 74-98-6 R290 3[14] 0[14]

Difluoromethane CH2F2 75-10-5 R32 650[16] 0[16]

Isobutane C4H10 75-28-5 R600a 3[15] 0[15]

Sulfur Hexafluoride S F6 2551-62-4 R7146 23000[15] 0.04[15]

Carbon Dioxide CO2 124-38-9 R744 1 0[14]

Octafluorocyclobutane C4F8 115-25-3 RC318 - -

1,1,1,2,2,3,3-Heptafluoro-3-
Methoxypropane

C4H3F7O 375-03-1 HFE7000 575[14] 0[14]

Methoxynonafluorobutane C5H3F9O 163702-07-6 HFE7100 297[14] 0[14]

Table 3: Summary of various refrigerant candidates.



Refrigerant Molecular weight Density Boiling point HMIS Ashare Safety Group
Material incompatibility
Hazardous decomposition products and polymerization

R115 154.4 6.623[17] -39.1[18] 1/0/2[18] A1

Incompatible with polystyrene, natural rubber, alloys containing more than 2% Mg, oxidizing materials, and acids[18, 19, 20].

Thermal decomposition can yield toxic fumes of fluorides such as Hydrogen Fluoride, Hydrogen Chloride, Carbon Monoxide, Carbon Dioxide and Chlorine
[17, 18, 19, 21].

R116 138.0 - -39.1[18] - A1

-

-

R1233zd 130.5 6.10[22] -19[23] 2/0/0[23] -

Incompatible with polyacrylate, VitonR©, natural rubber, silicon rubber and other elastomers[22, 24].

Is considered non-toxic at less than 800 ppm[24]. Hazardous polymerization can occur. If involved in a fire, production under thermal decompose into
pyrolysis products containing Hydrogen Fluoride, Carbon Monoxide, Carbonyl halides, and Hydrogen Chloride can occur [23].

R1234yf 114.0 4.82[25] -29[25] 0/2/2[23] -

Incompatible with alkali metals, Zn, Mg and other light metals [26].

If involved in a fire, production under thermal decompose into pyrolysis products containing Fluorine, Carbon Monoxide, Carbonyl halides, and Hydrogen
halides can occur. No toxic decomposition should happen under normal conditions[25, 26].

R1234ze 114.0 4.82[23] -29[23] 1/0/0[23] -

Incompatible with strongly oxidizing materials and finely divided Mg ans Al [23].

If involved in a fire, production under thermal decompose into pyrolysis products containing Fluorine, Carbon Monoxide, Carbonyl halides, and Hydrogen
halides can occur. Polymerization may also occur [23].

R13|1 195.9 - -22.5[27] - -

Incompatible with active metals, fires of hydrides, and materials containing oxygen [? ].

Can decompose to Iodine, Hydrogen Fluoride, and Hydrogen Iodide[? ].

R134a 102.0 4.320[18] -26.5[18] 1/1/0[28] A1

Chemically reactive with K, Ca, powdered Al, mg, and Zn[21, 29, 30]. Under high temperature/ high pressure, may react with Al surfaces[21].

Under special circumstances (e.g. high temperature) Carbon monoxide, Carbonyl fluoride, Hydrogen fluoride [18, 21, 25] can be produced. Under normal
storage and use, no hazardous decompostion should be produced [25, 28, 29].

R14 88.0 3.65[17] -128[17] 0/0/0[17] A1

Not compatible with aluminium, alloys containing more than 2% magnesium, alkali metals in powdered form and carbon dioxide above 1000 ◦C [17, 18,
28, 31].

If involved in a fire, production under thermal decompose into pyrolysis products containing hydrogen fluorid and carbonyl fluoride[17, 18, 28].

R143a 84.0 - -47.4[28] 1/4/0[28] A2

Incompatible with oxidizing materials [28]

Under normal storage and use, no hazardous decompostion/polymerization should be produced [25, 28, 29].

Table 4: Table containing information on the refrigerants.



Refrigerant Molecular weight Density Boiling point HMIS Ashare Safety Group
Material incompatibility
Hazardous decomposition products and polymerization

R152a 66.1 2.738[28] -25[19] 1/4/2[28] A2

Extremely reactive with oxiding materials [28], such as alkaline, alkaline earth metals, and other reactive chemicals, (i.e. Na, K, Ca, Mg, powdered Al,
Zn), brass, and steel [17, 25]. Incompatible with amines, bases, and halogens [19].

Under normal condition, hazardous decomposition and/or polymerization products should not be produced [28]. If exposed to fire, hazardous products may
be produced [17]

R218 188.0 - - - A1

-

-

R23 70.0 - - - A1

-

-

R290 44.1 1.86[28] -42[32] 1/4/0[33] A3

Incompatible with acids, oxygen, oxidizing materials, copper, some plastics, Clorine Dioxide[25, 28, 32, 33, 34, 35].

Under normal condition, hazardous decomposition and/or polymerization products should not be produced [25, 28]. May produce carbon monoxide and
other toxic gasses under thermal decomposition [32, 33, 35].

R32 52.0 11.4[31] -51.7[31] 1/4/1[28] A2

ncompatible with acids and oxidizing materials as Na, K, Ca, Zn, Mg, powdered Al, and other active metals[28, 31]. Incompatible with air and moisture
[25].

No hazardous decomposition/polymerization should be produced under normal conditions [28, 31].

R600a 58.1 8.93[28] -11.7[28] 1/4/0[28] A3

Incompatible with oxiding materials, halogenated hydrocarbons, halogens, and metal catalysts[28].

No hazardous decomposition/polymerization should be produced under normal conditions [26, 28, 36]. May produce carbon monoxide and other toxic
gasses under thermal decomposition [36].

R7146 146.1 6.17[17] -63.7[17] 1/0/0[28] -

Stable with most chemical, except metals other than aluminium, stainless steel, copper brass, silver, at elevated temperatures (>204◦C). Also reacts violently
with disilane [17, 28].

Decomposes into Sulfur oxides and hydrogen fluorine [17, 28].

Refrigerant Molecular weight Density Boiling point HMIS Ashare Safety Group

Material incompatibility

Hazardous decomposition products and polymerization

Table 5: Table containing information on the refrigerants.


