Gas gain 1n Xe mixtures

Ionisation cross section
Virial coefficients
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The problem

» The gas gain observed in Xe-CH,, Xe-CO,, Xe-CF, and

other Xe-mixtures 1s consistently higher than calculations
predict.

» Penning transfer does not occur in these mixtures because
CH, (12.65¢eV), CO, (13.77 eV) and CF, (15.90 eV) have

higher 1onisation potentials than Xe (12.13 eV).

» The difference is larger at higher pressure.



ITonisation cross section data

» Key measurements:
» Donald Rapp and Paula
Englander-Golden, J. Chem.
Phys. 43 (1965) 1464-1479:
~ £ 7 9% normalisation

~ + 1 % relative
~ FWHM =0.3¢eV

» R. Rejoub et al., Phys. Rev. .
65 (2002) 042713 1-8:

~ £ 5 9% normalisation
~ £+ 0.5 eV energy scale
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ITonisation cross section fit

» Although the ionisation cross section is in general difficult
to calculate, simple expressions hold in the immediate
vicinity of the threshold, as shown by Gregory Wannier:

oox(e—e. )

10n

» Calculation and data agree on the threshold exponent o

N, ~112689.. =—p—- u:l\/<1OOZ—9>
(4Z-1)

Wannier 0 4 ’ 0
. =1.126x0.057

fit

, Z=1

» Impact on Townsend coefficient noticeable, but insufficient.

[Gregory H. Wannier, Phys. Rev. 90 (1953) 817-825]



Associative 1onisation

» Hornbeck-Molnar or (homonuclear) associative ionisation
creates electrons from excited states:
e +Xe>e + Xe
Xe' + Xe = Xe,

Xe, > Xe,"+e ..
» All 65, all 6p and the lower 7s doublet are below threshold
(11.16 eV). The first states which can take part are 7s'.

» Bonding 1s a 2-body reaction o« p, hence . This 1s 1n

contrast to excimer formation which is a 3-body reaction.



Associative 1onisation

» Threshold: 11.16 eV
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Associative 1onisation

» Associative ionisation should increase with pressure, as is
indeed observed, but the fitted rates are surprisingly large:

» CH,
~ p=1atm r,= 50- 80 %,
~ p=17 atm r, = 200-250 %,
» CO,
~ p=0.5atm r,= 52 %,
~ p=1atm r,= 65- 70 %.

» See Terry's presentation & contributions from higher levels ?



Density ettects

» Like all transport properties, ionisation and excitation
are affected by the density of the gas mixture.

» Magboltz automatically corrects for density effects,
calculating the density N from the pressure p and the
temperature 7" according to the i1deal gas law.

» But ... Xe is not an ideal gas.



Virial expansion

® In an ideal gas:
pV_
RT

1

» In areal gas, pV_/RT 1s expanded in molar volume as:

pV
z="mo B C L
RT v.ov:
» where:
> , compressibility of the mixture;

» B: 2" vyirial coefficient of the mixture;
» (C: 3" virial coefficient of the mixture.



Interaction virial coefficients

» The 2™ and 3" virial coefficients have been compiled for
numerous pure gases as function of temperature.

» In a mixture of 2 gases with molar fractions x, and x.:

B= xB —|—2xxB +x°B

17212 2722

C= xC —|—3xxC —|—3xxC +xC

1772 7122 2 7222

> B12 1s known for most mixtures that concern us, but not C .

and C, .. Where needed, we neglect the excess coefficients:

1C +2C

112 3( 111 222

1
B =—(BH+B22 C

12 )

1
C122:§(2C111+C

222



Virial coefficient tables

» We use values from the Landolt-Bornstein tables:

Landolt-Bémstein

Iumerical Diata and Functional Felationships i Science and Technology
New Serias [ Editor in Chief: W. Martienssen

Group IV: Physical Chenustry
Volume 21

Virial Coetticients of Pure
Gases and Mixtures

Subvolume A
Virial Coefficients of Pure Gases

J. H. Dymond. K. N. Marsh. K. C. Wilhoit, K C. Wong

Edited by M. Frenkel and K N. Marsh

Landolt-Bédrnstein
Numerical Data and Functional Relationships in Science and Technology
New Serfes / Editor in Chief: W. Martienssen

Group IV: Physical Chemistry
Volume 21

Virial Coefficients of Pure
Gases and Mixtures

Subvolume B
Virial Coefficients of Mixtures

J.H. Dymond, K.N. Marsh, R.C. Wilhoit

Edited by M. Frenkel and K.N. Marsh




Carbon dioxide [124-35-9] CO2 MWW =44.01 313
Table 1. Expenimental values wuth uncertainty.
T Cogp = BC Ref T Cop = BC Ref
E 107 cm® mol” E 107 cm" - mol ™
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24000 4968 = 0.500 §7-hol'hal I09.65 4100 = 0.300
25000  5.681 = 0.600 87-hol'hal 31325 4987 = 0.400
E 260.00  5.819 = 0.600 B7-hol'hal 32000 4423 = 0.400
X al I Iple S 26265 4300 = 0.300 4 but'da 32000 4360 = 0.130
270.00  5.883 = 0D.600 32000 4381 = 0.035
i 273.15  5.608 = D.400 32286 4928 = 0.400
Xamon (Fonit } 27315 12040 + 2.400 33315 4390 = 0.087
Table 2. cont) 2000 5363 2 0.600 32315 4208 = 0400
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27315 -1473 = 13 74 29815 -1308 =+ 10 03  [dmicwas|d) 28815 4805 = 0500 14815 3670 = 0350
27320 -1550 = 20 03 29815 -133.0 £ 06 25 |§6-greicon 209815 5668 < 0.100 34815 3948 = 0.100
17600 -1514 =30 03 300.00 -128.0 + 10 10 Eo- ar/sch] " . :
27600 -1570 = 30  -53 300.63 1348 = 20 64 - ' i D n e o
37620 -1469 = 40 25 303.15 -1265 = 10 02 S ; : A T
e e D i Tl T ich . ds 30000 4914 + 0.070 £0-hol wat 35315 3.450 = 0.300
PR T o et g iren e 30000 4968 = 0.070 B0-hol wat 363.15  2.950 = 0.300
s Hiic il aa s LR B 30000 4946 = 0.070 80-hol wa 37292 4134 = 0.400
28980 -1378 = 40 02 31315 1202 = 150 -17  [ieelwhy i e L S bl 1Y el el
290.53 -1433 = 20 6.0 32315 -1106 = 40 0.6 [l beabar-l{m) Ml A E e Snly e A
29315 1392 = 150 43 32315 1110 £ 1.0 03  [dmiciwas{l]) 0N 4733 = 0140 o
29343 -1396 = 20 49 32315 <1112 = 1.0 01  [dmuciwas|l) 30505 5160 = 0400 37315 3134 = 0500
29471 -1368 = 20 33 323.15 -107.8 = 05 34 [5-whaluplQ) 303.13 4230 = 0.043 373.15 2720 = 0.080
29500 -132.5 = 2.0 0.8 330,00 -105.4 = 20 12  80-schzeh 303.15 4350 = 0.043 37315 3320 = 0.166
195.00 -138.0 = 3.0 4.7 130,00 -111.0 = 3.0 A4 | 30419 5.112 + D400 igg.15 3.200 = 0320 82-chg/nak-1
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cant cont.
10
g | Carbon dioxide [124-38-9] CO; MW = 44.01 146
y Xenon [7440-63-3] Xe MW = 131.29
. 6}
=t s e RIS et B Table 2. Experimental By, values with uncertainty.
BORr k T B + 8B Ref. T Bz + 8B, Ref.
B [ K cnr’- mol’! K cm™ mol
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200 300 400 500 600 700 800 300 100/ 290.00 0.500 240 =+ 1.0 [0Z-belbig]




Calculating the compressibility

® p and T should be known and R is a constant.
» B and C for a given T are interpolated from tables.
» V_can formally be solved from:

pV_ B C
=14+ —+—+...

RT V.o v

» This yields up to 3 roots for V. none of which is

necessarily physical, some may be complex.

» The selected V_ solution, if any, 1s substituted in

z=1+2 4+

vV Vv

m m




Example of compressibility

» Pure C3H8 at 7 =300 K:

N
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Compressibilities for common gases

» 7 < 1 for all our gases !

» Corrections at p < 5 bar
are < 0.5 % 1n argon
and < 3 % 1n xenon.
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Implications of Z < 1

» When Z < 1, the true molar volume is smaller by a factor Z
than the 1deal gas law predicts:

p V::lue p Vi;dleal V;ue -
=7<l, =1, L=yt
RT RT VA "

» Equivalently, the number density is N larger by a factor Z:
e el

» Through the scaling law for Townsend coefficients, the
corrected Townsend coetficient is related to the i1deal gas
law values at a scaled electric field E:

Nideal
/

E

N

:O((EZ’Nideal
Z

x(E,N)
N

L,

X




Example

» Xe 90 % CH , 10 %: the corrected
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Vapour pressure

_ .
» Conceivably, some of £ 75 s CO,
P
the measurements can £ |
S o CH,
have been affected by < |
condensation. st eH, - CoHygf-fs- oM
45} 2 E CSHS
. 4T ! ﬂ 1C,Hyg
» Except for Xe-1C H as) - g
5L l |
and Xe-C H,, this can sk S
o 7S
be ruled out. o |
1 =
P Note: vapour pressure curves are i’ _ p=1atm]

approximate (Antoine's law). S k BERE S E 8 8 £ § 2 &
[



What we have learned

» The measured gas gain in Xe mixtures is consistently
higher than calculated, even in non-Penning mixtures.

» The ionisation cross section has been improved at
threshold, but this does not solve the problem.

» Associative ionisation may be part of the reason, but
further work 1s needed on the excitation cross sections.

» Virial corrections make the problem worse.

» Steve Biagi will present further ideas in a forthcoming
meeting.



