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ABSTRACT -

Ll k ’ - ' . »

. L . . : . : : .
The mobilities p of electrons and u, of ions generated

by 1onization of CH4 and deuterated analogues were measu:ed

. as functions of electr1c field E along the vapor-liquid

|
coexlstence curve and in the gas along isochores.v The

‘density’rangebfrom nx~ 1 x 1025 molec/m3 (dllute gas) to
,}n ~ 17 x 1027 molec/m3 (liquid near triple point) was
investigated. _ » |

VIn the‘gas, K was, 1ndependent of electriz field
strength up to -a threshold (E/“)thr ‘ Electron heatlng‘,\}
- either by:fleldé\ebove (E/n)thr~or by-T.caused‘p”to o

- increase because of the energy dependence of the scattering

cross sectlon o Values of om did not ch ngeew1th

m

1sotop1c substltutloh The ratlo of the r1ft velocity at '

the threshold field, vathr, tq the speed of‘souna é

-

'~1 when electrons lose energy predominantly by elastic
scatter;ng.' The ratio is »>1 when 1ne1astic scatterlng'
occurs.“In low den91ty methane gas. at constant n

(v 'thf)/c 1 at low T but 1ncreased to ~14 at 636K. This"
was attrlbuted to the Opening of v1brat10na1 channels at |
hlgh temperatures.‘ In the saturated gas the normaliﬂed
moblllty np at low flelds was ~2 X 1025 molec/Vsm for

n <3 x 1025 molec/m,, ny decreased“to'~1 x 1025,molec/Vsm

_ e ‘ R - 7
- at n «~ 4 'x 1027 molec/m3 and increased on approaching the



‘5}1%1c£1 density, nc = 6.1 x 1027 molec/m3 > The decrease
was due to electron quasilocalization in density
‘flUCtuations ~The temperature coefficient of mobllity E
along ieochpres 1ncreased suQerlinearly with density at.

5 « n(lo26 molec/m3) < 61,-independent of lsotopic

- & : i (
suBstituticn. AT n,, E, was &140 kJ/mol. Heating the gas

W
at constant n lowered ‘the extent of fluctuations 3nd'o
'thereby electron quasilocalization. The increase in np atv

: n > 4 x 1027 molec/m ‘was due to conductlon band §
‘formatlon. In the liquid at n x 10.7 X 1027 molec/m

V‘max1mum gy 1 x 1027 molec/Vsm was reached Values‘of
,npmax were ~50 times larger than npy in the dllute gas The
values of ““max were in the order CH4:CD4: CHD3 CH3D: CH2D2i—
»1 .00:0.73:0. 72 0 66 0 59. Altering the spherellke symmetry‘
- of CHy 1&d4 to enhanced scattering i&-the liquid. The .fi‘eld
'dependenceHOf mobility-dp/dE was poeitive at‘n < 8.5 x 1027
’molec/m3 but it was negative at higner n. | Tne change of
slgn aleo caused a cusp in the value of (vdthr)/c0 at

‘ qﬁg 5 x 1027 moiec/m " In the nognal 11qu1d at n/ng > 2,
(vdthr)/co wa; ~4, which indicated appreéiable inelastic
scattering. 7 ‘ . %» |

Tne ion $bbilitY‘Qas independentﬁof E/n between 0.1

épand 15 Td. In the gas at n ¢ 12 x lO25 molec/m T

increased witﬁ'T due to: (1) declusterlng of the ion and

¥

(2) energy dependence‘of the scattering cross section.



Values of np+ were independent of B in the saturatid vapors
between 1 x 1025 and 6.1 x 1027 molec/m3 (ng). The

temperature coefficients of u+ in tn§ gas at constant n

. were similar to E for electrons. At n > n np+

kincreased, reaching a maximum at ~11 x 1027 molec/m Tnis

was approximately the same density where theNEEectron ““max‘
occurred. In "the liquid at n/n | 2 the product np+ was
'1ndeg§Ldent of viscosity n. At lower densities, np+ »
attained a maximum at 'n g 6 x 10 -5 kg/smrand then decreased :
as the critical region was approached The decrease was
‘attributed to electrostriction increasing the local |

v1scosity around the ion. 'No isotope-effect was,observed

in the ion mobilities. -

N

Lviif
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CHAPTER I

]

INTRQDUCTIQN

"A. General

v t

'High energy radiation causes ionization of - the medium

in which it is absbrbed. The result of this process is an

"ion and an energetic electron. The electron generated in
. i : : ]

this process initially has excess kinetic energy which it

iosgs thréugh interactions with the molecules of the
mediuﬁu When its energy ié high enoughf (z! 10 eV) the
ﬂeleétronvwill cause furthér‘ionization.events. AtAenefgies
below ~ lOJgV‘the eledtron'will«cohtinue to lose energylin
electrQnic-eXCitation of the molecules until its‘kinetic
energy drops beléw the electronici excitation  threshold

(~4 eV). Below this value further losses can occur by

intramolécularb ‘vibrational (~ 0.1 V), rotational
(~0.01 eV) and intefmqiecular vibrational <~: 0.01 ev) -
excitations. o

While théteiectrgﬁ is iosing its énergy it travéls a
distance vy ffom its .parent ion. The magnitude of tﬁe’
distance y,is usualiy small énou@ﬁ that, when the eieCtron

reaches thermal energy, it is .8till subject té an

.appreciable coulombic attraction to its parent ion. This



‘potential tends to draw the ion and electron back ijgether
1,2,3

to undergo gemlnate neutrallzatlon .However o; all
the ion pairs undergo éemlnate neutralizatibn.l Sone of the
ionsfand_electrops diffuse away from eadh-other's eoulembie
rielq.;gThgy'then‘diffuse'at random in ‘the fldidjee free'
ions. Eventually.they Will‘recoﬁbine.with‘other free ions

(random recombination). .These processes can be described

by
o ST o
M ~—~w>[M +e ] ionization . I-1
+ - - 3 . ' ‘r ’ . ' ”

(M +e]l>»M - . geminate neutralization 1-2
~ -+ - : R L '
[M+ + el +M +e - free ion formation - I-3
PR SN a . co
M + e » M k - random neutralization - 1-4

R -

_ v ;
where M is a molecule-and e” is an‘electron. Theesquare'
brackets indicate' the. ex1stence_ of 'an electrostatlc'

potential that is apprec1ab1e compared to thermal energy

For an ion and electron to escape_rthelr mutual

coulombic attraction they must overcome the attractlonu“:'

' energy gz/ey, where f is the charge on the elecﬁron and ¢ -
is the dlelectrlc‘ constant of the medlum between the
ibns.  The probabillty, P, - that ‘a pair of 1ons~ escapeS»

gemlnate recomblnatlon is - glven by the Onsager expre981on.4

“fPe=‘ex§(4r/Y)i,£ L [_,:Q 1-5




¢

where r 15 the distance from an ion at -which the coulomblc-

N

potentlal energy 1s equal to thermal energy: kT

¢ : £2/er = kT 1-6
or ‘\

. r = £2/ekT o 1-7

G o

For aAnonpclar liquid (s‘z 2) this distance is of the order -

of 3 x 108 at room temperature. '

In the presence of an electrlc field E,‘the ions and
electrons w111 be accelerated by the electric force eE and
galn energy 5 In a, flu1d the particles ‘Wlll undergo
colllslons and‘lose energy A constant.average velocity in
the dlrectlon Qf the fleld the drift Velocity, vy is

attained. vThe partlcles are collected at the electrodes.

This methbd_1has been used tca»ﬁeasure the yield' of free

ions. _ These measurements have led, under more or less
strict assumptions, to calculations of thermalization
6-9 !

dlstances.

At not too high‘fields V3. is directly proportionalfto,

- E. The proportlonallty constant between the drift velocity

and the electrlc field strength is called the moblllty b



B. Historical Aspects.

o

l. Early Works.'

It has been‘known‘since the'turn‘of the century that
normally'insufating liquids become conducting when erposed
to high energy radiation;10;13A bThis phenomenon has_r
"attracted'“considerable" eXperimental ~and.v theoretical
attention over thevyears.; However the majorlty of - early
works was concerned w1th the degree of 1onizat10n in the
presence of relatively high electric fields. The first
reported observation_of»radiation induced conductivity‘is
due to"Thomson.10 He found'that not‘oniy gases.but also
‘,1iquids; ahd solids under - exposure. to Xrays showed'-an
' increase ijlconductivity. Townsend11 12 showed that. the
' radiation 1nduced current in air was proportional to the.
”applied field strength at low ;fields, it Vreached a

saturation value at 1ntermediate fields end_ increased

- - sharply at high fields. He suggested that only at ‘the =

saturation valge was,the field high enough to COllectjail
':the ions gener&ted by ‘the radiation and, at evenvhigher
fields, electrical breakdown was occurring. - |
The first Xray 1nduced -conductance eXperiments on.'
dielectrlc liquids - were carried out by Pierre. Curie in
1902.13 He performed an extensive investigation of .the_,!
effects of electric field'stréngths, molecular struCture,’
temperature‘ andv ’phase in  the radiation induced'bf

B



cohductivities ig liquids; '§e is_also‘résponsiblekfor tﬁe'
‘firsﬁ deterhinatioh bf the induced conduétivity in a_
cryééenic fluid since he perfofmed meééu:emehts,in iiqaid
aig; . . : _

In the 1940'8 Xray'induced COhduétance was observed.by '
Gerritéen1 in liguid nitrogen laﬁd ‘iiquid- helium. With
~field_gtre;gths“up to 2 MV/m iqnization currents up tb 40
picoamps were obtained. . The  cﬁrrent_.was' directly”
‘propo#tional to the‘vqltage'iq liquid nitrogen at 77K but
4in ligquid heliﬁﬁf between 1 and 4K tﬁe' curves showed a
tendency towards saturation. |

L ] .
2. Electron-Mobilities

a. Gas Phise Experiments.

 Mﬁch of the wOrkAdonéruntil the 1950's dealt with gas’
phase expériments, mainly because of‘purificétion problems
in the liquid phase.

If a beam of’electfonsvis passed through a gas sample,

the beam will be_attenuated by collisions of the electrons .~ ...

‘with the moléculesg If theISample'is sufficiently thin,
that -isf,an“ electron once scattered from the beam is
unlikely to undergo a second collision that scatters it
.bapk‘inﬁo the beam{ the intensity of the beam is given by

exp (-nox) ' . 1I-8

1= ;o



\

where I is;the’intensity in ‘vacuum, x the distance that

“the beam tra&els through'the sample and ¢ is the scattering ;

cross section of a molecule.v ' . f' ' —

Ramsauer14 developed a method to dlrectly measure the-

electron~molecu1e total scatterlng cross | seotion ‘by o

measurlng the extent of attenuation of the electron beam by

the gas. He found that the ‘cross sectlons depended on the

s

electron energy. Exten31on of thlS work to energles 1owerf.

—

than 1 eV showed that the cross sectlons in the heavy rare-&V

gases -passed through a minimum *and then '1ncreased
15 |

<

again. . The same effect was fOund in methane.lﬁ__;The”rly

AN

N

' determi?

most of Rhese studies could not be extended to near thermal

energieEV

‘overcame the&e problems. In thls tech 1que one measures

e

the fllght time of a pulse °f charged Pa ticles travelllng o

a known dlstance 20 21 From the flight tlme the. drift'h.

&

ve1001ty could be determlned

Using thls method Townsend measured the drift velocityg

/’I‘ B
e

;17'18. It was found that in tﬁe n-alkane

F cross sections at high den51t1es. In addltion,v

of the.mean‘kinetic'energy.of~the'e1ectron to

”,ed to measure electron moblllties in otherl. .

}pllcatlons vbecauseg_;t could not be used- to“"

sThe, 1mp1ementation ’of' pwarm 'experlments““'

[



’ethat‘ of‘fthe gas molecules ‘in a varlety of simple
compounds. 22 26 He found that the mean free path of the
electron in Ar was . ten times larger than that in nitrogen

o

or oxygen at~the same pressure in the low fleld'reglon. ‘At

A

thlgher field the mean free path in. Argon decreased by an
:*order of magnltude. Such - effect was not found ln‘
hydrogen25 or helldm.3° The large mean free path in argon
corresponded to the small scattering cross-sectlon of the
‘ﬁamgauer—type experiments.‘ The 'relative transparency of
the heavy rare gases to electrons of. a certaln energy near”
uI,‘eV. was ,confirmed only si'”‘years 1later by dlrect‘
measurements of the scattering cross sectionsf - -1t is
called_the kamsauer-Tansendbeffect. | ; kvv -

| Another method, originally developed_to nmasure ion
mobllitles, is the 'shuttere:’technique ‘described_b in
references,zo and 21. It involves the'usedof electrical
shutters both to formhthe.groups of charged.pérticles as
Qell as togdetermine thegdrift‘time.' Absolute‘values'of‘
electron:nbhilities were determined in hydrogen27

. - ) ) {i . ‘. - ’..
as oxygen, air;‘nitrousvoxide/and ammonia. 28

as well
Mobilities
were also determlned in nltrogen at .80 kPa, hydrogen at 85
;ﬁba and carbon monoxide at- 96 kPa.29- 31

Wah11n31h found -that, over h the . yoltage' range
0. 45<E<4 8 kVv/m; the ‘mean free path ‘was 1ndependent of E.

Thls was one cf the first determinations 1n the thermal;

| electron region in a gas,. that is, when all the energy



gained from the field by the electrons is: being lost at a

‘A,collision.‘

b, Electron Mobilitiesfin:Hydrocarbon;Vapors.

From about 1940 the number of swarm experiments in the;a5g~~~-

-

-gas phase has increased enormously 19 32- 36; of particular,f77
interest to this work are the measurements performed

hydrocarbon systems, éspec1a11y small alkanes.__ Availdb

1nformation about the systems pertinent to this work witljyg B

be reviewed in this section.

i) Methane -

: Methane can be considered as an extension of thef%;
monoatomic rare gases to spherelike polyatomic moIecule':’
,It is also the simplest alkane beginning the sequence«of;
}'alkane molecules, whidh increase in - complexity with size;&
CH2n+2' "-‘*12 ‘ “ | o
L English and Hanna37 measured electron drift velo;‘
"in the rare. gases, in methane and carbon dioxide and'inc;

mixtures of the rare gases with the molecular gase

-

Davis and Crowe38 investigated methane ‘as part ofﬁthet”

valkane series.» Many more recent works39 45 attempted towt

rextract the electron molecule momentum tr&nsfer “crosi'

~section from measurements of the drift velocity and~o£ thef




ratio of the diff‘usioﬂ VN /fi%i ﬂt ‘:o' the mobility ~(D/u).
In pplte of the scattef h /5Q‘\ ap? Within data sets and of
the high fields used, t}\ 4"“%9 features were the game.
" The measured 4drift ,Vel' \\it}/“Q\‘l‘véé DosseSgsed a maXimum at

E/n ~ 3 x 1072} ‘mzv/t“"{% 8Ny 4¢CTeased to a minimum at

4 x»lO"20 m2V/molec. }.}w QK\Q s Sgctions calculated by

Duncan and, Walker4d ,,n\ U/ &anqe 0.02<e<4 eV Showed a
\

m1n1mum at 0.25 eV with \ %qu f x 10720

All the previous 6\‘?1 zg Ver? Derforlned in the dllute
gas regime (p < 500 tofl‘) ’ANSU{e“\ents have been mgde in

compressed ‘methane as \\,My Dehnihg“ performed drift

: -2 -
velocity measurements a\ﬁ X 10 3 E/n < 2 x 10 21

2V/mc:lec ' He plotted \}\ fa\io of the drift'velocity at
the pressure of. the mea\“ /‘ Yy t©° “the drlft veloclty at

500 torr and he S'hOWea \h 0 \ ratj o 1ncreased Wlt‘n E/n

-21

up to 3 x 10722, decrea%g p”\\v 3 x 10722 and 3 x 10

-and was rqughly consta"’\ aav’h\%@f fjelds, " The Tount of
, , : : iy

Eef’

. increase depended on \}\ P\Sgdrﬁ, " The gre“'hﬁe; the
< . ‘ e . ™
pressure, the larger £hy ,ipél\ag@‘ Above 3 x 10721 the
. rat_}e ‘was -} 1ndependenf/ W /V Q‘ss"re,‘ The mobllity wae
measured ('in niethane \ a fdnCtion of - derisity at

‘temperartures between 19§K % 'A2'§K-47 In all cases the
'e’dzectron H’Dblllty varlgd Q. g at 10\,, densltles, reached a
8
_ 1 3
,mlnimum a:_ tGab‘o,ut 3.6“.]‘.\107 ‘\Qleﬁ/n\ and then inCreased,
: paésiﬁg't};roug’h a maximuhy 'vl'ah%f/ 10 1027 mole‘/m . The
: ‘ 8 ;
‘mobility was higher fof \ h?qn\' vember_ature .



Gee and Freeman%8 conducted an extensive sﬁudy .on

methane in  both vapor and liquid phases along the

coexistence curve. “In the vapor they found that the

density normalized mobility, np, was independent of density
at ~2 x 1025 molec/Vs.m up to ~ 7 x 1026 molec/m3. They

found that"nub decreased to reach . a ‘minimum at about

. D ' -
3 x 1027 molec/m3 and then increased sharply on approaching

the critical region and in the liquid;Q“At densities higher
than 7 X 1026 molec/m (n/n > 0.1) they found that .the
moblllty 1ncreased at constant denslty with increa81ng

temperature and they \calculated actlvatlon energles from

plots of.lg b ovs 1/7. The observed decrease in np with-'
increasing denslty was - attrlbuted to qua81loca11zat10n of
the electrons in clusters of molecules which were regardedv

as density fluctuations.  An dncrease in temperature
A :

decreased the extent 10f quasilocalization *3“5 therefore

raised the mobility. C

ii) Methane-dq.

Measurements of the drlft veloc1ty have been performed ‘

in gas phase CD4 39, 42 At fleld strengths up to E/P = 0.5

10

”v/cm torr (~ 1.5 x 10-21 2v/molec) the CHy and CD4 curVes”"

were the same. At higher fields the CD4ucurve was lower

than that of CH,. ThlS was explalned in terms of inelast1c*"

' losses of the electron to v1brat10na1 dhannels. At low



1

fields the scattering process was elastic. The small

differenceg/ in slzes between CH4 and CD4 did not produce a '
ﬂetectab' dlfference in drlft veloc1t1es.‘-At high flelds
%inelastic' losses were invoked ‘to. explain tne difference
because the yibrationalaquanta in CD4 gre smaller than»in’
CH4.7 | |

Cottrell and ‘Walker43 also. estlmated the fractlonal
ener@‘f loss per collision (x) and the momentum transfer
_cross section (QD);' They found ‘that A was much smaller in ©

CDy than ineCH4 but Qp was found to be the same in the two

compounds .

iii)-Ethane”and{Propane.

\.' - = ) o v o . . o .
Drift velocities in low density ethane and propane

gases ‘have been measured by Cottrell ‘and co—workers39'49 \g

and Chrlstophorou and \co-workers,50 51 Huber52 53

determined drift velocities in ethane;and in propane from
v _ R

low pressures (0.06 ‘MPa) to high pressure"(4{5' MPa for

.

ethane and 1 MPa for propane)a

The drlft Veloc1ty curve as a function of E/n for both
',compounds had the same. shape.' At 298K the propane curve
fell below that of ethane, for all values of E/n up to

52 .measured the

1.2 x 107 -20 2V/n}olec _ Gee and"Freeman
electron moblllty 1n gaseous and 11qu1d ethane along the

coexistence curve.” A plot _of the den51ty‘ normallzed



: mohility; ny, against thevdensityAn in“thejgae displayeqié

minimum at nz 3 x 1027 niolec/m3 that, as in CH4:'\“9

12

. attributed‘to‘quaeiIOcaliZation. The value- of np increaged r

to a maximum in the liquid and then 1t decreased sharply at

> 1 5.

n/ng

t;iv}_ Otherlﬁfhlkanee._&

: 5

measuremente over the past twenty five yearsh of driftf‘

velocities in the dilute gaeesf~ The work prior to 1970 is

collected 1n reference 53. : |

GYUIQY and Freeman54' studied *n-pentane 1along thefv .

xféhristophorou and his collaborators made‘ extensyy,

Aentlre coex1stence curve as well " as along isochores-} %ffm

'plot of the mobility vs n along the coexistence Cubve"*

showed that the mobllity varied as n~l for r1 < 1 x 1026h'

molec/m . A plot of np vs n revealed this as a constant ny

up to 1 x. 1026 molec/m « At higher den31t1es np decreased‘v?

027

reaching a minimum at about 1.7 x 1 molec/m

n—hexanel‘ Measurements were made along the COGXistqueh »";
curve and along isochores. A plot of np vs h Bhowed that77

np was 1ndependent of n for n £ 4 X lozs_molec/m “Agf

1

higher n the np curve decreased to a minimum at n = 1 3 x

1027’molec/m and then 1ncreased as the critiCal regioﬂ “as'f'

- approached. . - .




”V) Branched Alkanes.

Chrlstophorou and co—workers have measured the drift

veloc1ty in 1sobutane' at room temperature56 and in

56

ne0pentane, both at room temperature and as a~function of

temperature at 100 torr and as a function of pressure at
~ 373k,51 "

: Freeman and~ co-workers have measured electron
mobilities in neopentane along the‘coeristence curve and at

fixed den31t1es as functlons of temperature from the dllute
vgas up to the supercritical fluld 54, 55 | T}

Huang made measurements of .electron 'éobilities in
Mneopentane in a cell construoted so»that'the\liquid level

©

rose up to the center of the electrodes as the critical
region was apprOached.57x’As a 'result, two distinct signals

were observed, one correspondlng to each phase. The

Crltlcal p01nt was reached when the two 51gnals merged 1nto

a 81ngle fSlgnal. Huang found that the mobility at the =

i
crltlcal point was hlgher than those at 0.5 < n < n.. which

the 5exper1mental scatter ~in Gyorgy s work could not

conflrm. :'_The smooth transltlon of the moblllty curve

through the crltlcal reglon showed that the large. den91ty
fluctuatlons that characterlze the cr1t1ca1 fluid have

'correlatlon lengths that ‘are too great to hlnder electron

[

motion. The predlctlon58~that such scatterlng would occur

was earlier shown to be untrue for electron mobilities in

.. ecritical xenon. 22

13



v

-More recently many of the data on hydrocarbons have

been reanalyzed.' 60 This work stressed the importance of"

" the effect of the: shape of the molecules on the electron

mob111ty in hydrocarbons. It was known that the shape is

_the domlnant molecular property in 11qu1d hydrocarbons (see

next sectlon) ‘but it appeared to be important in _the low

Qen31ty gas as well. As will be dlscussed later on,_the

14

electron 'mobility in a- liquld composed. of spherelike ,

molecules is orders of magnltude greater than that -in lv‘

liquidsv»composed of rodllke molecules. The Opposite is
true . in the dilute gas. It was p01nted out.’ that ‘the

density normalized moblllty in low density neopentane gas

is a factor of 3 ‘lower than that in n-pentane‘“t A low;u

energy resonance-' 1nvolv1ng a spherical “shape  was

suggestedﬁ To further elucidate this effect, the electronul"'

"mobility was measured in mixtures of neOpentane..&hd

_E_—pentane.6l It was found that in a - 50:50 mixture _the_:'

stronger scatterer dominates in each phase. Neopentane

dominates in the low density gas and_n;pentane domlnategfin

the liquid.

a

. C. Liguid Phase Experiments
Electron mobilities have been"neasured in“liQuified

rare gases since_1951.62 However, because-of purifiction

problems (electrons are readily'scavenged.by Oxygen,'for

Py

Ty



9

\'e
example, even at concentrations of: parts per million),’ the

4

flrst observation of a -signal that could definitely be

15

attrlbuted to electrons was not accomplished in liquid .

hydrocarbons until 1968.63 An inltial sharp peak was found

on the current vs time trace obtained when neohexane or

neopentane Were exposed to a pulse of Xrays. ~Addition of
o&ygen or. SF6'eliminated5thedﬁovershoot" (as the:inltial
spike ;asf'called) and“ deoreased' the free vion‘ yleld.
Although not confirmed. until - ther next “year,64 this
overshoot was the first recorded ‘observation of*aa true
thermal electron‘ 31gna1 in a llqu1d hydrocarbon.  This
finding led to a‘series of'other studies and'measurements

were. made in a wide number ofsyrstems.s'r""71 These studies

were limited in the temperature range over which

measurements could 'be made ‘because the cells used could
_only withstand gas pressures up. to about 0.4 MPa. Deépite

this 11m1tation a great amount ~of data were collected

especially after 1972.72- -89 Higher pressures,had been used

in ‘work K with 1liquified rare gases?0,91

92-96 S

and later, with
;hydrocarbons ‘

Freemanandfcocgorkers developed a glass cell_which
allowed'measurements‘oVef a continuous density range from

the normal llquid to the critical fluid and into the dilute

gas. 48,52,54,55, 57 97-100 The electron mobllltles first

- reported in molecular liquids® immediately- indicated the
great diversity of values which was to be found in later



»

“work. For 11qu1d hydrocarbons at room temperature for
example, mobllity values have been found to range from 70 x -
1074 2/Vs for ne0pentane to as 1ow as 1 3 x 10 6 for trgg‘

decalln.lol_ Large dlfferences have been found even between;‘

geometr1ca1 1somers.“ For example, ‘the values of 1 5 X 10"4

2/Vs and 3 x lO -6 m—/Vs found in- cis~ and trans-butene-z

respect1ve1y.99 Rather than’ belng 'related _to fahy

16

partlcular bulk property ‘of ~the liquids’ studied ‘:the -

electron moblllty has been found to reflect more or less

the shape of the COnstltuent molecules 61, 63 72 98 103_ As

measurements were extended 1nto the cr1t1ca1 reglon, 1t was‘
- found - that all the‘ moblllty curves increased ‘as. the

temperature was ralsed above the b0111ng poxnt of the

compound. Moblllty maxlma were found in. methane 48, 93 94

ethane,52 95( c1s—butene,99 cyclopentane, - neopentane and ,

neohexane,?8 * cyclohexane55 and 2,3-dimethylbutane, 3,3-

dimethyipentane, 2,2,4—trimethylpentane and >2,2,4,4—_>

tetramethylpentane.loo" The size of the maximum decreased

drastically as the molecular shape was'changed from the

spherelike methane ' to rodiike ethane. AIt'was also found

that the existence and the density where the maximum occurs
in methane were independent of temperature.47 Clpollinl

made,measurements-in dense methane gas and found that the

'existence and density of the,maximum were also independent :

of phase since the density'ofvthe maximum agreed with that

found in the liquid.48v93.94

47



3) 1Ion Mobilities

a. Gas Phase

The first extehsive' work on ion mobilities ‘in gas
phase is due to Tyndall.21 He reviewed the work done to

date ,(1938): and concluded that the ions were in  two

',States. They could be.movingvthrough the gas‘unattached to

other.molecules, or they could be in clusters of varylng
sizes. = The measured moblllty depended upon the ratio of
unattaehed to attached ions. He .applled Langev1n S

moblllty equatlon (see section C) to calculate the cluster

sizes. - In the subsequent years all work in ion transport~

o

"involved studies of inorganic systems@- Ion work up to 1973
is summarized in reference 10% ‘
Wada and FreemanlOS' observed droplet . nucleatlon in

“isobutene by observing that under certa1n\cond1t10ns the

ion mobility plunged by one or two orders of magnitude.

The decrease’ in mobility was attributed to drop1e€

formation around the positive ion. They found that the

eritical temperature for droplet formation was lower: than

-

the normal liquid/vapor critical temperature.

' Huang and FreemanlO®

measured cation mobilities' in
gaseous, critical and liquid cyclopentane, cyclohexane and

n-hexane. Gee and Freeman_lo7

measured cation mobilities in

17
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C1-Cq hydrdcarbon'gases at densities up to the critical.

They found that the temperature ~coefficient ~of cation

" mobility, du/dT, at constant‘gas,density B, was p081tlve ”

and increésed with increasgng“density'\n Ar This was
attributed to the clustering»éf‘molecules about the ibn.

In a-'subseqdent‘ work108  the same authors compared the

transition from low tQ_high,density behavidr for ions and -

néﬁtral molecules in Ar, Xe, N, and CH4;’

b. Liquid Phase

Ne

One  of the f£first extensive investigations of ion -

mobilities in liquid Thydrocarbons was performed by

Adambzewski 109,110 - He' heasured ion mobilitiés in the‘,

series n-pentane to n-decane to 1nvestlgate the effect of

the carbon chaln‘length,: Other nblecular-propertles such
‘as bbiling-point;ldensity and viscosity'arebéorrelaﬁed'to
. ' ' L

. the carbon numbe:; Adamczewski found that thé pfoduc£ of
the v1sc081ty, n, and the mobility in the alkane .series

varied as n=3/2, By Stokes' law this product should have .

been constant if the ions were of ﬁhg same*size¢‘~Huang'and

Freemanlll'found that np was constaht in.benzene but'not~in

toiuene. They also found106 that the visc081ty normalized

cation mobilities in 11qu1d cyclopentane, cyclohexane and

‘thexane were not constant. They suggested» that ion

migration in 1iquidswmadéku§§81 non Sphereliké'mbleculés is

18



more closely llnked to solvent molecular rotatlon than to
. shear =v13c081ty. Gee and Freeman
hobiiities in iiqﬁid C1-Cy hydrocdrbonsf They found a
.naximem in e fﬂot of'nmjegainst n'lﬂand concluded that
~ Stokes' law is :iny ‘a_ rough approximation.'Wheh the

molecular radius is assumed to be independent of -density.

C;‘Theery and Models

1. Gas Phase. .
228 Trett :

oé

Electron Mobllltles

J L. Pack and A. V. ‘Phelps used . simple models to

extract electron—molecule scattering cross-sections from

»~
L]

. transport data.l13  one method used obtalned cross- sectlons
by the varlation of the 1ow fleld mob111ty as .a functlon of

temperature..' A more recent method used the variation of

'mobility>and the varlatlon of the ratio of the d%ffu51on'

coefficient to the"mobility,'D/p. as a functidn of electric

field strength. Both‘led to solutions of Ma§we11 equation
L "

of transport, \glven in reference 114 The mobility of

electrons in the low den51ty gas was expressed aszt

v L .
o= — — —d4v o I-9
g .

112 ‘measured catlon

19 .



where e and .:he'~Ach'arge ‘and mass of the electron,
Peection of the molecules fér‘electrons'off

the serifis glansion of the electron velocity dlstribution-

functicn; h?low fields_the,distrlbutlon is~Maxwellian;

i

fo = (2 kT

2KkT

" where k is Witzmann's constant.

fand £, is the spherically symmetric term in

2 T T
)3/2 exp(—mv )y o I-10

- 20

~ The temperature variation of the moblllty could be‘t'

ent. formula-y

Coeri Wldely‘uuéd 40,48,51,52, 54,55,57,97,106,118

b. Ion Mobilities

. Langev1n119

‘ polarizable spheres in the fleld of the ionsww The.mutuelf

o

attractlon force, £, is: o L

. =-2me_e‘ 3v  |  1, : | 'e15i¥-'” .‘

v

3

: molecule by the ion, e is the electronic charge and r the

distance between the 1on and the molecule. The effective,gf‘

fmomentrls glven by '

v V. curves ThlS method and an equival-h

;assumed the 'molecules' to - be ”elastic('

Vlehland and Mason for ions116 117 have]

where M is an average effective' moment induced on the ?};;"



o

3'/

‘Ghere y is the total effective hoiecular polarizability-énd

'~ is given by: B : R

where n is the density of molecules and ¢ is the Tielectric

‘constant. The force of attraction is therefore -

(e-1)e? T A
£ = ie=lie N

2nnr

Assumlng that the random velocities of the ions

.followed a Maxwelllan dlstrlbutlon, Langev1n obtalned
el e mMalf2 e
S

where pis the'mObility, m the mass of the mofecule; M-thei

mass of the jon and A a functlon of a quantlty A which is au

measure of the relatlve 1mportqnce of the size of the

partlcles andﬂ,the polarizatlon forces in determlnlng the

path of the ion'andlls given by

.2

e~-1

éul% s . 'iéiﬁ
- - o

A = %— ( B2 )1/2 EE I-16

r
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'jlwhere o is the sum of the radii of the molecule andfion, f;

and P is the presaure. The final result is

o~

(kk)e 1+m/” 1/2 'U };ﬂ;f*Lr
-—i—— (“gwpn anPn) T

.'. u:

'This formula' was used by Tyndall in his study of ion.

sizes.g¥ff

As  mentloned edflier,v Viehland andu Maso‘

.calculate 1on mobilxtles.. Thelr equatlon 1s
3e /A 2T 5/2 N G
- BMr  n- b‘ﬁxt o ‘ e b e AT

-a varlety of systems 106 108

>:2, LiQUid~Phase’»-5} ;:",‘f§_ ”'”fg f\lfiﬁ;'
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—

-thought to. be localized ing regions of lower potential

Vo

energy in the ‘medium due to preferrential orientation of

,,/——“/t’ﬂ'e mOIecules' N In general' in a 1iquid eXhibiting a

“‘.

mobility 2. 1072 mz/Vs electrons are thought ’to be- quasi
free. 1In this section the two states will be distinguished
according to this criterion. |

v -

a. Quasifree Electrons _ .

.3

n . . -

Cohen and LeknerZ23:126 geveloped a model to calculate
drift velocities in liquid argon. At low fields electrons
. \ 9

were assumed to have a Maxwellian distribution of
velocities and th;t. they could be t‘reated as "scattered
plane waves whose total scattering amplitude at a point in
the hsysten‘\ ‘is the coherent sum of amplitu.des scattered

"singly from - -individfxél scattering centers".128 The

necerssai:'y,. condition for | the validity of the single

scatterer approximatién and the- ‘su‘fficient condition for

the v_alidity' of " the Boltzmann equation was that ‘the mean

! free path A between scattering events be large compared

I3

‘with the De Broglie wavelength of the ‘electron. ' The

solution of the Boltzmann equation led, for low fields, to

the expression

- _ 42e 2 \1/2 : '
P-Q-" (*3—) (m) A ; I-19
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Cohen ‘and Lekner regarded the atoms°or‘moleculgshof,the
iiquids as scattering centers. This ”résqlted 'in the
following equation for4x,in monoatomic liquids:
- 2 -1
A = [4na“ns(0)] 3 1-20

©
7

. N R & v »
Here a is the scattering 1length and S(0) .the iong'
wavelength (low QOentum)'limit’Sf’Zhe structure factor of

the liquid; -

5(0) = nkTyq L 1=21

with xp beihg”the@isothgrmal\cdmpréssibility. The mobilify
_ - ’ N ‘ ' |
was then given by: S

2 2 e
p=a ) _ | 1-22
3 KT a2ns(0) ~

bl

This equation is eqﬁivalent to the.expression Bardeen and
Shockley'developed to ;aiculate electron mobilities in non
bolar cryétals.lzb"ml éalculatéd values agreed well with
~the data of reference 127. - |

Schnyders ‘and  co-workers?? had extended the

measurements in ' liquid argon and krypton to densities

considérably/iower than the normal liquid. Thej;found that

~

- - S . :
the mqbi}ity. decreased with decreasing density, went .

’ . j . .
ot
l

through a minimum and then inCreased. LeknervobServed that

24



the value of the scattering length was ‘negative in gaseous

"argon,’ as. found by Reméauer and' Kollat:h15 and positive in

the 11quid as calculated by him, 125 -H‘e»proposed that the

‘scatterlng. vle,‘ngth goes throu_gh zero at .an intermediate

den's_i"t'y‘ and at that density the mobility goes thr.,qugh a

!
4

maxiﬁiuh.mz .- This ma,ximum was ”found in liquid argbn ‘near?

the critica_l reg:i.“on.91 Equatlon I—%IZ would predlct an
infinite kmebi'li,ty" for a = 0 but density fluctuatlons keep

it a f‘/in,ite' velue.l32 The Cohen-Lekner model has ‘been used

for a 1_10,ng< ~time to celculate the mobility of qua51-—free ”

electrons in, hydtoc‘:arbons . 133‘--135 .

Reeentvly' the energy level of the electron, Vg, was

| determlned by photoemlsslon experlments in- neopentane 136

It’ was found that at approx1mate1y the denslty of maximum

mobllity th‘e energy of the electron in the liquid with‘A

respect to vacuum passed through a minimum. It was
suggested that, in that densn:y regio'n, the moblllty was
beJ.ng controlled by fluctuatlons in the ground state energy

level .of _the electron resultlng from fluctuatlons in the

 density of the medium. -The impedance to electron motlon'

due to such fluctuatlons would then pass through a m1n1mum k

for~dVo/dn = 0. The same conc1u31ons 'have .been drawn from

L'measurements: of dv /dn in xenon, krypton, met\hane and

- propane.137 Equatlons expllcitly contalnlng the energy

‘level fluctuation parameter -have been derlved.138 139

25
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b. Localized Electrons

R

ok

In most liquid hydrocarbons electron.mobilities were

found to be. orders of . magnitude larger than those of the e:

[

those found in"the lqulfled rare gases, egcept “in:

-4 9 e

present work, brief mention will be made of those mode_s‘“

liqu1dsu
: After a series of exoeriments conducted by' Minday,
Schmidt fand Davis,
electron had to exist in two, states, one cofrespopding“to
the quasi free electron and one to a_lslower':mohiliti
state. ' Theridentity of the slow mobility stateimas'not
clear until?they measured the temperature dependence of the

electron mobility in a . mixture of neopentane and

n-~hexane. They found that the temperature coefficient
depended on the mole fraction of n-hexane and concluded

that the electron was trapped by a multimolecular process

-

rather than being localized as on a single molecule as a
negative ion. Later this was further shown to be true by

the detection of an optical absorption signal from

electrons solvated in liquid'hydrocarbonsll4°'145

Several models have been developed. Schiller
. A . . ) . 4 .
developed a two state model in which the localized state of

26

ions. However they were. orders of magnitude smaller than

~methane. Although this is not of direct interest to the R

6971 it became apparent that the .



the electron was a bubble. 138,146,147 Freeman developed a

model from observatlons of electron moblllty and optical

absorption energies ln*ethers79 148 4ngd .he applled it to

liqnid hydrocarbons 54,55,81,98-100 Freeman made no

13

assumptlons “on the nature of- the localized state and
derived an . eqhation' felating  the mobility to the

temperature by an activation energy.
c. Ions

The 'iiquidd phase ion mobility ‘is cérrelatedu to lthe
viscoeity7n173'78ﬂ59'9§'109”112 Accqrding to Stokes' law

the“prodnct’nn;iafa:COhstant if the”effective radius of a

Spheredmoving tniough,a fluid is a cdnstant.149 In gene&al

\

thi‘s 1s valld in the normal liquid but it falls as the

den31ty decreases 109- 112 ‘ ‘ o \

Y
\

The f&gst attempt to connect the 1dea1 gas' and 1dea@
\

'11qu1d 11m1ts of ion transport 1nvolved a modlflcatlon of\
' Stokes' law to:

b= (g )[l+bk(r)] . 1-23

"~whére the 6n’refers te‘Stick conditions, b is a constant

and A is the mean free path between 0011151ons. “In.nermal'
lquldS, 'A‘?< r,.-sd:-StleS_ law is recovered. As the

den51ty decfeases ’A;eWiil inc:ease‘fand ~EVentualiy will

4

150 - S )
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U‘
become similar ih»nagnitude to r. At a given density nu
should increase. In fact this is not true. It was
shown108 that in some simple.liquids nu+at first decreases
" with decreaslng n and den81ty and only gives the expected

increase in the gas at n/ng < 0.7, : E

. D. Present Stddy

I . L]

‘The purpose of this work was to further investigate‘x

the effect of molecular structure OK the eiectrdn and ion

-

‘mobilities in nonpolar fluids. The electron mobllities in

liquid methane, a spherelike molecule, and ,ethane, a

rodlike compound, each at their normalvboiling points, are

different by three orders of vmagnitude{ This enormous

difference,’ is mainly attributable.’ to the. dlfferent
molecular shapes. There was an enormous gap to be explored
between metﬁane and ethane.' This was done by only slightly
percurbing the syﬁmetry of the methane molecule ‘by

progressive deuterium"substitution.

28

The electron 'and ion mobllltles were measured in the o

flu1ds CH4, CH3D, CHZDZ' CHD3 and CD4 ‘Measurements were

performed at a fixed density and temperature as functions

, : 4
of the applied field strength over - a wide density range,

from the low densiﬁy»gae, through the critical region, to

the dense liquid. ~Measurements were also performed at a

fixed density as functions of temperature.



E. Condensed Phase Iéotope Effects

1. Theory

The most thoroughly studied’ of all condehsed phase

).

isotope ‘effects is the Vapor Pressure Isotope Effect

(VPIE). The first quantitative treatment of this effect
151 |

~was given independently by Stern and Lindemann.152f153

They considered the equilibrium between. a Debye solid and
an ideal (gas compbsed of monoatomic molecules and

introduced the following assumptions: ‘a) harmonic
oscillations in the solid 1lattice; b) isotope independent

potential energy; c) existence of a vibratioﬁal zero point
. : Y » .

enerqgy. Under these assumptions they obtained the

. o -;\ )

following expression:

P 3 ,0,2
1n ’I')— = ("‘}6) (,T.‘)

where P' and P are the vapor pressures of a light and heavy

isotope respectively, 6 is the Debye’tEmperature, hV/ky of

" the heavy isotope and 6§ = [(M/M")-1].

AAccording to equatibh- I-24 the difference. in vapoi

pressure of isotopes is a purely quantum mechanical -

phenomenon. The vapor pressure ratio approaches ~ the

classical limit at high temperature, as ™2,

. s

S4.us I-24
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r

Roth and Bigeleisenl54/155 confirmed the T 2 1law

through their iqvestigatiOn-of.the‘vapor'pfessures of the

neon isotopes and showed that the systematic investigation

of the VPIE in simple substances could give new‘informationv'

- .
about the lattice energy, the anharmonic vibrations in

- crystals, the melting process and the mean square force

between molecules in the liquid state whi¢h‘iq related to

- the intermolecular potential and the radial .distribution

o

function. | "Investigations of the vapor pressures"of

‘aggonlss and krypton157 isotopes have” proved this

point . 158,159

A more general form' of equation I-24 was obtained by
Herzfeld and Teller,160 ' They deVeloped the partition 3

function of the liquid in‘terms of the classical partition

function by the use of the Wigner quantum correction to the

‘Boltzmapn distribution:161
| %21 ¥v -
Z =17 {1--————— (f — > } “1-25
U 2aam? i x0T AV

where Z is the partition function, 2,1 1is the classical

partition . function and the expression in parentheseé

30

répresents the mean value of the interaction’potéhtialLin' :

' the condensed phase. The Aaverage is taken 0v¢f- fhe'

classical probability .distribution  in ”configuration’

space. This formhla,'applied to the harmonic oscillator,

yields?lso



The correction always : diminishes the partition
function and its absolute ‘value increases with the mean
square value of the forces and dlmlnlshlng mass of the
partlcle. v Thus the correction will be greater for the
liquid,phase than for the gas phase because of the stronger
forces and tﬁe aifference between gas and liquid is greater

for the lighter isotopes. 'Equation I-25 therefore predicts

that the lighter isotope will always have the higher vapor,
pressure. This qualitative predlctlon ‘has failed in

several systems which show a cross over phenomenon and

- among them is the system of the'deuterated methanes. At

low temperature, in this system, the  vapor pressure of a

1ighter'isbtope is higher than that of a heavier one; at

higher temperatures the vapor pressure curvesvcross_giving
a higher vapor pressure to the heaQier compound (Table I-1
and ref. 162). - o | |

The problem was reinvestigated by Bigeleisenl®3 yho

gave a demonstration of the important connection between

the VPIE and studies of molecular structure in terms of

L

reduced partition function ratios,164 This method will be

described in some detail because it represents the basis

for most of the modern VPIE studies.

31



Consider the equilibrium between the condens_'ed and

'vapor phases. ‘In the ges the freely rotating and

translating molecule. may be considered as a set of 3n-6,

n>3, coupledy oscillators (n is the number of atoms, if the

32

molecules are linear there are 3n-5, n»2, oscillators, if '

they are monoatomic there are no oscillators and rotation

is not defined). Upon condensation intermolecular forces

in the condensed phase will perturb the energy levels of

the oscillators. A given vehergy level may be either raised

or lowered with respect to its gas phase value depending on
the specific natuke of the interm'clecular potential; in

methane, because of the dispersion 1nteractz_on, Btretching'

motions are Shlfted to a lower frequency.l65: 166,167

addition, the six (five . for linear, three for mono‘atomic

‘molecules) external motions of the molecule become hindered

as the molecules .condense. These modes are necessarily

- ghifted to higher frequencies than the gas. phase values.

For both internal .and external modes the reduced masses are

such that the light molecule undergoes the larger. shi:‘.t.
Since the 1ntramolecular motions can shift elther*_to hlgher
or lower frequenc:.es the net 1sotop1c effect can be elther
_positive or negative Jeading therefore to posit1ve (normal)
or negative (i.nverse) VPIE.

These 1deas ‘have bee\ quantified by Blgelelsen

who derived an expression for the VPIE. Following his

1_:rean:ment,16 " the Gibbs free energy in t‘he condensed phase,

Gor 1is given by: -

In

162 163

iy



Go = -kT InQ+ PV .  I-27
| 2

whefe Q . is the partition function for a éystey/ of N

molecules. An aVerage‘partition'function 8 can be defined
as: 2

-

g =ol/N. . 1-28

_and therefore G, can be written as

A

‘ ~ Gg = -RT In/Q + PV 1-29

£

Sy o

The equation of state for the gas can be expressed in terms

of a virial expansion:

3

PV = RT(1 + BP + CP2 + ... ~  'I-30

and therefore the Gibbs free energ§ for the vapor, G, has

the form

I-31

where M is the molecular weight, Qi+ repreSents the
product of rotational and vibrational partition” functions

a
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34

| “and Kgqp is the Sackur-Tetrode ﬁcons'tanﬁ_. - At e@uilibr'ium i

G. =.Gy and therefore 7

AR QinTM3/2v PV 5 | ‘ ' 1 ' .

1InP = 1n ————— + — 4 — InT - (K +BP+ CP)I32 -
Q ~ RT 2 2

For a pair of isotopic- molje_c_ules“ the vapor. pressure (P-and |

P') ratio ;'At the temperature T is -

. o .3/2
P antM Q

—‘ ’ : ‘_1 . g

P Q. Q' S TR S
int : - L oo T 1-330
1 Co4(E 1., 52, R

- (BP+-§CP ) +ﬂ(-.BoP. +'-ZCOP‘)

R

The prlme refers to the lighter 1sotope and V and V' :e.r:e;

the condensed phase molar volumes. At thls poxnt the

author introduces the reduced partition function ratio

defined as:163 o IR PRI E LI FE AT L%r

s rs_ n . m | Q0 Q. | ‘
St n (23 ), 1-34
=1 m, - @ T "

Q
Q i

i

(the product runs over the n atoms in the molecule, mi isv:_
the mass of - the ith atom,‘ qm and cf denote ‘the: quantum

mechamcal and. class:.cal partltion functions) . Comparingf:'»'

'-“};‘ 1//f_il"

the two 1sotop1c systems at the same molal volume equat.:.on R



. i . . B
. \ . . .
. P
o . .
. . o

P’ 8 S ;“' v -1,

in — = (ln — fo - 1n — fg) + (RP) “(P'V'-PV) +
P 8" B - 3 o o ' . S
e G ' ‘ : . I-34
~Bp+Lcp?) + (Bp+icrd) + (RT)-leV P'av
S Con T2 To o 2 o B

For most calculétions’eduaiion I-34 can”be simplified if 1n

P'/P is small, i.e., 1n P /P ~ (P —P)/P. In this-case'B ’

v V'
~ By, V' = 'V and, neglecting (RT) -1 [ ptav and terms of
v o
order C P2 equatlon I- 34‘becomes
£ P’ LV
In —=1n — [1 +P (Bo - ——)] 1-35
fg P : RT: R :

By using a treatment devé10ped by Stern, Van Hook and -

35

WOlfsbergl68'l69,£hevVPIE could be caiculq;ed; Input data

‘such as fdrcé_fields_obtained from spectroscopichata'are
neédea and tﬁe calculaiion is performed.in tﬁerharmonic
‘approximation. In the gas phase the partltlon functions
for translat10n and rotatlon are evaluated in the c1a581cal

approxlmation and no v1brationa1 rotatlonal 1nteractlon is

. 0

- assumed.
é '__v"
— £
s' 9 - ‘
| 1, i2)/(}fjexp(-fui))
$ = v vy ? : - !
i= u} exp(.ui/Z)/(l exp(-u;))

1-36

»




- -where-

8,

g . IR ’
- partition function _/**}H

 correspond1ng to gas phase translations and rotations wereo;

Qibr gm is the éuaritg;g;;. mechanical vibra fonal

Qv —3n-6 »exp(-ui/z) t;iié7r'f
wbrqmv‘il bﬂnﬂﬂk)xnéip,mgiu

nction

Qvibr.cl is'theclese%eat7§ibretiohei:partjtioé;fu

. N . N Lo
{ L . e Ce :

and uy ‘= 'thi/kT; vi fis"the 'ithf.normaletqode“fharmgn c

frequency . e -  't'f o _ff}“tﬁfgg_ii

cell model - whidh assumed en' average condensed phase

molecule with 3n degrees of freedom. The 3n—6 vibra

a

assumed»to‘be harmonlc. Then equatlons I 39 and I-40 applygﬁ_

» s'.." 3D"6 ul
e =
e imLuj expl-u/2)(1-exp(-ui))

exp( ??u i/2)¢ l-exp( '-.'-'u'. f),’})




’

: . - | ! i ‘n_- ' '
fSﬂ= 32 6 ‘ (ui/ui)c exp((uivui)c/2) -
£ internal (u, /u}) _ exp((ul=-u,) /2)

9 frequencies iTtitg 119

(1- exp(-u ). /(1 exp(-u )
x [ ] X
 (1-exp(-ui g/(l-exp(-ui)g

37

et ) 6 .. - u:"’u- l-exp(-u.) t. :
x n —= x [exp’(?l_ 1)L - 13 1-40
ext ui 12 l-exp(-u,) '

therefore, in*ordef ﬁo‘éalculate'VPIE, one needs a complete
set of all frequenc1es in ‘both gas and llquld phase. When
there is not enough 1nput 1nformatlon to deflne the

éompletexproblem, it is advantageous to have aVallable an

,abproximete'g@eletion. The most - common_Vapproximation

"applied to VPIE makes' use of the fact th(,a't/ very often the

3n molecular frequencieé happen to fall neatly into two

.-groups; the flrst group - contalns the highl freqoencies

u; = hcvi/kT > 1, the- second ' conteins the low

‘freguenci_es. The first group may be treated in" the low

temperature (zero point energy) approxlmatlon because the
excitatlon factors of these frequencies all approadh one,

the -gecond is  treated in the hlgh temperature

approxlmation. Another assumptlon is often made that then

low-frequency group contains the’ external gas phase



|

frequencies (assigqed zero  value) together with'

corresponding condensed phoae' values,ﬁﬁwhile the high
frequency group contains only iﬁﬁernol hodés;

With these assumptions equation I1-40 becomes

£ 1  TMc ., ext ' AL

n < = —(~)[2(v2-v§)]+ *
fg 24 kT - |
.~ 17c  int int _ int - int
- —— [z w;-2wv)-(2v, - ®Tv)le
2 kT ig ic' | ig ’ ic
1-41
“tbus
<;’ P £, A B
n—~ln — = — - - 1-42
. P f T T ' :
g \
with o a |
] o \ ; |
‘1 11(! 2 ext : 2 “,,-"‘ 2 \\\:../ t
A= — (——) [ = (,vi - vi”-v ; - I-43
1 fc int/ }a int ) int " int \

R - 0

The A term isValways positive and predicts'a:norﬁal

VPIE. The ﬂ ‘term is the contribution due to the change in‘

zero-point energies of the 1arge internal frequenéios on “;v

/

condensation. _An increase in force constantc of ther
internal degrees of freedom on condensatiOn will lead in-
the direction of a normal isotope $£f°°t' While a decraase

C o owill tend to an inverse isotope effect.. The A and B termsJ

38
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display differént temperature“dependencies. rAtflbw enough

X

temperatufes theA/'I"2 term must predominate and the isotopé

effect will be normal and fall off proportional. to T‘?. At

intermediate temperatures the B term, which may be
positibe, negative or zero can dominate and accounts for a

be

cross over to an inverse isotope effect. o

2. Applications. The Isotopic Methanes.

Bigeleisen, Craag and Jeeyanandam170

used a siABle
Visqtépexindependent'force'field to rationalize their own
and otier162-va§or_pressuré data. In this calculation the
point of prihary ‘interest. was  the rotational
*contribution. ‘They fitted experimeqtal vapor p:esé;re data
to equation I-42 and their results are summarized.in Table
“I-1. The contributions of the internal modgs is’ found

N
primarily in the B term. The lattice contribution (A term)

is from both translational and rotational motions. Data

from ‘a single isotopid‘pai:, such as CHy/CH3D, only fixes

the total lattice contribution, which in turn could be

consistent wiﬂh a large number of ratios of rotational to

/
translational /contributions. The effects may be sorted out

| - :
by censidering the behavior of molecules of the same total
mass but different moments of inertia. In Table I-2 are

summarized‘r¢su1ts fdr isotopic molecules having'the same

K}

mass; Accordﬁng to the authors a comparison between the

!

P :
experimental A's and the same factors calculated assuming

°

39
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Table I-1*

Coefficients for equation I-42

Species? oAb - gb . TeorKS
ey, . 946 10.9540.06
Ldcn, 231810 1.4%0.1 o o
CH3D 292:4 2.99:0.03  97.6
CHyT 50317 4‘83iolb7 1039
CHpb; 53625 5.85:0.05 . 91.5
CHD; 74986 8.69:0.06  79.3
oy 89587 fl‘j11.10§0;06> © 73.6
o | o )
-
Froﬁ’peferénce 170. - 'n‘ | e} ‘f

All isotopic species referred to 12CH4,
Liquid phase, .
, Cross’over temperatures; temperature at which3the.sign.of

'

£he;isotope}effect changes.



Table I-2*

Relative A values for .the isotopic methanes of

. equai total mass. P

41

\ _ "' Species . i " Calculated for ‘ Experimental

. a SR " free rotor? (:A\&
cmgd/3cm, 083 ¢+ 3.12

(cgoy/teny 00 232

cmyt/t4en, o 074 0T 27

*  From reference 170.

a.“Refef to Table II-1 for moments of inertia.
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free, rotation from the moments of inertia (see Table II-1),
nnequivocally shows that rotation must contribute in the

11qu1d and therefore must be hindered. This point has not

'found - definite experimental : proof yet because ' tﬁe

.experiments have been rather contradlctory166 171, 172 186
or lnconclu51ve.173 176 It has been claimed that the Raman

spectruml©® proves free rotation whereas the infrared'

‘_spectra171 176 demonstrate hlndered rotatlon., Other works
deallng w1th scattering of .long wavelength neutronsl73 176

have not solved the problem but-the most recent ones tend

to indicate a hindrance in rotation ‘in both 'liqnid ang

solid (plastic) phases. A theoret1ca1 calculation of the

’ 187

spectral line shapes in ‘the llquid phase shows that

rotation is hindered and this result has been confirmed by
a more recent Molecular Dynamics calculation.l.88

- It is probably instructive, at this point,}to‘compare

the methané'SystemIWith another which has. been proven to be

| highly hindered in rotation in thef'liquid phase. The

isotopic ethylenes belong to the same general class as

methane: non polar, non associated liquids. The VEIE

measurements in ethylene . have .. been -analyzed = in

detail.189,190 mne experimental data were found to follow

the approximate form of eq. I-42 and vapor‘ pressure
Tdifferences' between cis-, trans- and ge -C2H2D2 in

,\ partlcular were shown to be principally due to- hindered

rotatlon in the liqu1d (these molecules have the same mass

but the moments. of inertia are.different).,>1n addition,

42
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superimposed on this effect, there is a zero point energy

effect due to coupling of -the hindered rotation with

certain internal vibrations. In a more refined analysisl9p

ahhermohip’effects were also taken into consideration. The

data werg\corrected for molar volume, nonclassical rotation

and gas imperfection and values of the reduced partition
v : ' '

‘functions which were directly comparable with the theory .

were derivedt‘ The set of derived equations are in good

43

: agreemeht with the experimental data’ and such agreement o

exteﬁds to details of rather subtle rotational -effects
showing coﬁsistency with spectrosc0pie studies within the
experimental precision of the latter; .

Another example is' given by the ~NNO isotopic
‘isomers. The results are old ones by Bigeleisen and
.Ribhikar.lgl The vapor 'preseure difference between the

isomers 15N14N160 (M = 45) and 14ﬁlsto (M = 45) is as

large as that between 14N15N16O (M = 45) and 14N14N160 (M =

44) In the flrst pair the mass ratio is unlty, but there

is an 1sotope effect on the moments of 1nert1a, in the
second therevis3anhisot0pe effect on mass but the moments
of inertia are equal within 7 parts in 105, It was

concluded that a sizable barrier to rotation exists in this

condensed phase. This prediction was confirmed By infrared

lmeasufements 11 years later.
From this information it can be concluded that there

probablyeis-a rotational barrier in liquid methane.



CHAPTER 1II

EXPERIMENTAL

[

A. Materials

Methahe (99.99%) was .suiplpli‘ed by Mathe'so.n of Can&da
Limitved.‘__ - F‘Methahé-—d]‘_. (99%) was obtéined ~from Stghler
Isot,ope Chemiqals’,('lnc.- .Methavne dl; 'dz,b -dy and d4', -all
w:.th a minimum chemical- purity of .-_9§%. Qere supplied by
Me'rck;} Sharp and Dohme of Canada Limited. All of_ihese
bga'sesi were further ,puriwfied with either Molecul_ar Sieves or
succeé_sive treatments with silica gel qnd‘sodium potassium‘
’alloy and, in both cases, a final treatment with potagsiuin

~

mirrors. The procedure is

below. -

 Davison 3A Molecular Sieves M564 were supplied by

Fisher Scientific Company; potassium 'metaas obtaih‘e_d_,

from American Chemicals Limited and from Mathesgon, 'Co;eman'

and Bell; sodium metal from Fisher Scientific Company.

Silica gel .8157 28-200 mesh_‘wasf supplied by ‘Fis_;her,

a,

, oL . L
more extensively described’

Scientific Company, passed thfough a 80 mesh "s:_Lev’e and

caught on a 120 mesh siewve to obtain a f~/100 nesh frfa',ct’i_qn.'

44
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B. Apparatus and Procedure ' ' -

1. The Vacuum SYstem

A typical layqutbbof the main manifold is shown in

Figure II-1. A vacuum of 5f10f4 Pa~waé achieved using a
Welch dugéseal vacuum pump in series with a mercury
diffusion . pump and cold traps at liquid nitrogen
series 260 coupled with an ionization gauge supplied ‘by

Granville-Phillips. .

All the stopcocks on the upstream side of the mercury

pump were greaée‘free metal-teflon valves supplied by Hoke
‘Inc. (model 4251N6Y) or Dby Nupro Company (model
55-513WTSW) . |

Two auxiliary manifolds were attached to the main

\
L}

vacuum line. Traps containing the Molecular Sieves, the

sodium potassium' alloy -and silica gel, 22 bulbs whosge

internal surface had beeri covered with potassium mirror. and

' traps used fn degassing the samples were attadpedAto'the
aﬁxiliary lines. fhe measuring pipette, .two ;mercury
' ‘manometers and the conductivity cells were also attached to
the a;xiliary lines. ' |

A typical configutation showing theléortion of 1line

used to fill the cellé isvshbwn ib‘Figure I1-2.

-

temperature. The pressure was measured with a Controller

45
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2. Sample Purification
|

i ' -

‘The gas cylinders were connected directly to the

vacuum line through'flexible stainless steel tubing,welded~

to a Kovar seal. Two procedures were followed. 1. CHy,

L ' ¢
CH3D and CHyDjy: after»‘the line had been thoréughly

evacuated, the gases*were flowed through Molecularlsieves“

which had been activated at<'53OK - under ‘Va°““m'.'f1ughea ,.’;

twice before use and held at 1sopentane slush temperature

(~110K); the gases were introduced keeping ‘a constant

pressure of ~100 torr measured with a mercury manometer_'

48

(conslstlng of a 3 mm capillary tube imbedded in a pool of’f

mercury' whose surface was exposed to atmosphere) and
.,collected in a trap at quuld nltrogen temperature.‘

*  About 10-.cm3 of llquld sample were collected 'every
F

time, degassed twice by pumping on the &%u@ for about S

- half a mlnute and transferred to a 2 l bulb whose internalh'~'

surface had been covered with freshly generated potassium f“

\

mirror. 2. CHD3 and CD4, thk vapor was passed‘through a

30 x l. 5 cm sllica gel column that had been activated at:'

"500K under vacuum and flushed ‘twice with the gaa inﬁ.

question;’ the column was held at dry ice temperature f

/-

.(~200K) The gas was then bubbled through liquid sodium-f-‘

o

pota351um alloy at room temperature.‘: The aamples were/

£

degassed as. above and transferred to 22 bmlbs Cepntaining

'freshly generated potassium mirrors..-

- e

4

J/

collected in a trap at liquid nxtrogen teg:erature,..
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It was found that for CH4,‘CQ3D and CH,D,. no further
treatment.mas‘required and the samples were used after they
had been kept on the mirrors for at least ten days.f

The CHD; and CD, required a longer perlod (one month)
and more fresh mirrors (at least four). The criterion used

»

to determine the purity of the deuterated samples was a
, o ,

.comparisoﬁ‘of the electron lifetime at low fields with that

3. Conductance Cells ) &

Two typesﬂof'cwlls,were used, one for low pressure
(<4 atm) gas measurements and .one for high pressure and
11qu1d measurements. | |

The low pressure cell is shown in Flgure II-3 and the
high pressure cell for liquid ‘measurements in bFlgure

'1I-4. Cells for high pressure gas phase' measurements were

similar to that in Figure II-4 except that the side arms

pointed‘up instead of down (Figure II-5). A third'type of

" high pressure cell was used whereé the electrodes were

/placed at/ the center therefore allowlng measurements in-

°f

both. /;QUld and gas phases at the same tlme. Thls cell was.

used,for measurements in the v1c1n1ty of the crltlcal p01nt‘

s
/

/fn/Order to monitor the dlsappearance of the liquld phase.

The ’separation ‘between the electrodes was, measured

. v ’ 9

~ . R . *

3.

directly with precision calipers to *0.001 cm.~hThe cell

49
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constantfwas determined by a capacitance measurement. The
cell was connected to an Electro Scientific Industries
Capacitance Bridge model 173 as shown in the schematic of

Figure II-6; an equilibrium condition was obtained. The

cell was replaced by a General Radio Company Precision[f
Capacitor type 1422 and the same aull" in the bridge o

. Ly o _ |
obtained. This procedure was followed, rather than reading

directly from the instrument, in order to incredse the
. . O . //‘
resolution. ’ S ‘ o /

b

53

The ratio betweeh'the cell constant and the separation h

A Y

between the“ electrodes gave the effective area of the

collecting eiectrode ¢

4. Filling the Cell

The celis were heated to 50K above the hlghest

temperature that was ' to be used in the experlment or to
500K whlchever was higher Durlng heating the cell was
'pumped on until a pressure of 10 5 Pa was achleved . The
cell was left in this state for at 1east,two consecutive
nights and cooled slowiy before;filling. |

. : 4 . . . .
The outer surface of the cell was coated with Aqua . Dag

(G.c. Electronlcs T.V. tube coat) whlch was grounded to the

copper ‘brald that shlelded the leads connected to.'poth>

electrodes.
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uring the cell capacitance.
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For densities < 1 x' 10 molec/m> the following

portion (~10 torr) of purified gas from one of the storage
bulbs and evacuated; the cell was surrounded with an
isopentane slush at 110K and the desired amount of gas

giving the pressure needed was introduced. The pressure

" "was measured with a mercury manometer connected to the same

portion ofklihe as shown in Figure 11-2. After closing the
valve connecting the cell to the rack, the isopentane slush

was removed, the lower tip of the cell cooled at liquid
. ~ _

nitrogen temperature and the cell was sealed off with a.

torch.* The density was calculated from the measured

values of the pressure, temperature and the volume of. the

cell plus'the volume of. the valve and cohnecting tubing
which had been previously measured. g

For higher densities, after fluehihg, the necessary

ra

amount of sample was taken from one of the reservoirs and

%tfgneferred to a 10 ml measuring pipette cooled at liquid

nitrogen temperature. The amount to give the needed

denslty was then transferred to the{ cell whlch was then

\

sealed off with a torch. o )

*For some of the: lower densities the cell was filled at room
temperature.

55

: pfoeedﬁre‘was then used. The whole linebwas flushed with a



5. Temperature Control
— C

-, '..:l :
A box made of polystyrene foam was ueed to achieve low

temperatures. A stream of cold nitrogen from a SOL-Dewar

of liquid nitrogen was introduced through a port at the

56

‘bottom of the box.’ The stream passed throuqh channela upf-

the walls of _the box end} entered the ~cell compertment;”‘l

throuéh narrga slits'opening near the,top, The gas exited

through a tube which extendegd, fr'ox‘n' 1 cm above ‘the’ l»floot of .

the chamber up- through the 1id. - The rate of flcu' of

&

1trogen was controlled by -varying. the current passing

. through a 1 kw resistor immersed in the liquid nitrogenn

This resistor was connected to an LFE Corp. model 226-A21

«

temperature controller.

A second set up wae used in't ,'er part of the

work in order to reduce temperature dif 'f

o

chamber, It is illuatrated in Figure II-7. nlt consisted

of a larde silvered Dewar’and a polystyrene-lid. The cell

vwaa fitted to the 1lid and. lowered intO‘the Dewar 8o thet'it

‘hung freely with a space of about 10 cm beneath it.~ In:the )

" bottom 2 em 'of ~ the space the tempe ature changed i

appreciably' with position ’because of gas turbulenc ‘
‘stream of nitrogen gas entered the lid, ‘was deflect
: circular buffer in order_notuto directly hit the»celf}”

ekited through the‘sides; The rate of flow of nitrogen waa

fixed ‘and reguleted by vad Variac connected to a heater

.17‘ .

" . . . . . (S

Tes' inaide the;'

S R
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placed at the bottom of a 50 1 Dewar containing liquid

before entering the cell" compartment. The heater was
connected to a Taylor Micro Scan 1300 Indicating Controller
which had been modified as shown in the diagram of Figure
II-8 to improve,etability and resolution, and to a Soreneen
D.C. Power Supply. (model DCR 150/1813) In Figure Il—9;is

shown a block diagram of the actual controller. " This

Aconfiguration allowed for a reasonably stable temperaturei

“and a maximum difference between the temperature at the top

.of the cell and that at the bottom of 0.5 K.

Three calibrai'd type T fthermocouplee» were used: to |

measure the cell temperature, one placed at the bottom of
the cell, one in the electrode area and one at the top. A

platinum resistance thermometer acted aa monitor for the

temperature controller. The cooling system was surrounded :

.by a polystyrene box and placed in a well grounded aluminum §

Faraday cage.

The set up for heating is shown in Figure 11~ 1o.u The

58

o nitrogen. The nitrogen gas was heated by a Hotwatt heater‘ -

cell was either positioned on asbestos eupporte glued to;t

-

the wall of a clear walled: Dewar or fitted to an aebestos -

o
lid and 1owered in a large silvered Dewar. The heat gun

.(Maeter Appliance Co. model AH0751) was fitted to a giaee=.

: tube. The heating coil of the éun was connected to either

of the temperature co rollers already described. The heag fi

gun fan was powered from a normal 60 cycle outlet.
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- CerUIt television.v Steering and focussing of the ibeam

"

ES

3 ' : ’
6. Van de Graaff Accelerator

62

A 2.0 MeV Van de ‘Graaff accelerator (High Voltage
Engineeri_ng Co.) was used . to produce high .energy

',eléctro‘n‘s.‘ The accelerator was operated at 1.7 MeV for

this work ~and pulse lengths of 10, 30 and 100 ns were
used. The" vacuum inside the accelerator tube was of. the IR
order of 10~ 5 Pa. The beam was focussed with the aid of a ;}

plece of - phosphorescent paper placed at the end of the

accelerator tube. Each pulse of electrons hitting the

' paper produced a visible glow which could be seen on closed

';were achieved by controlling current to electromagnets. o _'

' .A 3.2 mm thick gold target was used to produce Xraya

\:
to irradiate the sample.. The target was placed at the. \end

of the beam pipe and was insulated from the ground so that

\ \\
the beam of l 7 MeV electrons could cause the build up of 'a "

charge for measurement ‘of the - pulse dose. - 'I'he charge /

generated was measured by an ORTEC model 439 current,

'/digitizer. VA TSI model 1535 counter was used to display

- the slgnal as nanocoulombs of charge. i \ :

7. Mobility Mea?surémentsg\ -
7 R

' is shown in Figure II- 11. ) For ion mobility meas rem‘nts ‘-

I

B .\ . e [ i g . Ly ; o R )
. - - - A kR DRI K . e R D a

o ) S g - R S

Q. Y T T o * Lo ot

) “: L . .

The system used to measure current transient lignals
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lbamplifier~P.’{R. mod 113 wag used.) The respona “

‘by Mr..

:,Mr; Larry COulaon. o The aignalel

~graph paper by an incremental plott

‘ time of flrght measuremfntn

P
/ .
s ~ :
. )
‘ S
. - o . " - . L LT
S o T . . P
) . : i R
¢ . / e SRR - L o
. . . : V c
/

o, G-

ample/;r andothe value ofvthe resistor R., For;mos o

<

,WOfk a galn of 5 x 108 was used-ﬁ  fff"‘”"

. .

tlme was about 15 us,,;

Ron Gardngr.;

¢
LR

gainst time, were diaplayed on

1

% e

uniformly [between: tw0'

valocityif’
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vg = /tg o II-1

. . . ¢ o .
 The mobility, p, is defined as the drift velocity per unit
field stréngth |

v 2
p o= - I1-2
E f:dV .
LI

where E is the electric field strength and V is the voltage

applied across the plates.

Measurements were made with .pOSitivéb'and  negative
applied voltages.  The tho: éifferent polarities gave
results agreeing»tofvdthfh*S%f ‘The‘avera§¢s of.resulté
obtained with pbsit#ve and negative:voltageé were_ﬁsed.

More defails on~the‘analysis of the'meésuredﬁsigﬁal.

are given in the following section.

C. The Analysis of the Measured Signal
; ‘ }

In Figure II-14 A is’shown an idealized-schématic Qf»
A‘the_meaSuring apparatus. It‘COnsisﬁs of two platés'of aréa
A, placed at a distance 1;\under'the voltag%nﬁ:generated by
the batféry. If one elegtron (chargebé —e)‘is generéted at
time t = 0 some&here between the two plates, it will be
acceléraﬁéd by the field and gain energy; This;enefgy will

‘be lost by collisions with the molecules of the surrounding
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;e

Figure I1I-14 A: Drift of a charge (=) between two
plates at different times t, and t,. -

B:'Idealized'currént tfanSient'signalw'
The dashed line represents space
charge distortion, o



-

L velocity, Vd' in’ the direction of the field

medium, - _The"electron will achieve, an average drift

v =”u.%=. WE. o 1I-

- » . . . o K o
A - . . : ¥
. . i

‘where is'the mobility.

- Suppose - that atatime t = tl, the electron is in thef

position shown in the diagram on the left of Figure

IT-14A. It will ind\e a charge = ale on the negativeA

"electrode and (1 - ale) on the positive plate. ‘The induced'

charge is inversely proportional to the distance from the

h

.charge.239 At time t2 the electron will have moved clcserr
to the positive terminal -as shown in the diagram on the

right of Figure II—14A. The induced charges',on thei‘

\

-aze) respectively, where a2 < “1 Thus, -when the electron

moves through the space between the electrodes the induced_

‘external Circuit to the positive electrode or, during the,

whole drift 1f the electron travels the whole . distance l, ‘a

~

charge -e nbves in the external circuit. in the Opposite
direction. A current flows in the circuit in the same
direction as that ‘of the electron mov1ng in the drift :

_space.

The electron is moving with a drift velocity

M ks

[T

3

-negative and pOSitive terminals w111 now be aye and a1 -

p051tive charge on the negative electrode moves through the7‘7fi'



ee &n, :e,v - __g; | .|‘ E ) ,i¥.11;4

} - ‘,"i. o .
along a line of force due to the electric f1e1d E

~

: An amount of work aw will be performed .239
o : : & T e e i
rdw‘%_eFdxd ;_s“.‘A: »j : :gx-s

Tn;;denerg;»h%e been'eué?iiég_by tne‘eurtent'i frnmjtne
bat£;rj and‘is given bykf. . . ﬁ
aw =‘v.iu_§ e ‘I’I-6v'
iherefqre‘
e‘ded;%'vidt‘f | AT '-_11-7._
vof-

= —_ — - Y = e—— . II;Bd.

The induced current is proportional to the number of moving
charges. ,~,If nd‘-charges/m are drifting at tlme t the %ﬁL_
‘resulting éurrent/mz,will‘be

@

is= napE L I11-9

G




R : Ly .-
Electrons are being collected?- at thé positive
SEte 1 e

electrode.; Their concentration will decrease according to"

"'zeroth order kinetics‘j If no is the number of Charges of

1,_e1ther : sign{m _ generated _‘by ‘thee Xray pulse, r;the W;

A

'concentration n being neutralized at the electrode per unit

s .

varea w111 be given by

dn n_e

- == —gf ='n6epE . o ' 11;1Q
LI e :
o n(t) =nepst . - II-11

4

iy,

« \

_The_concentration,‘nd(t), of charges centributing to the

current will Dbe

o B | ng(t) = ng-n(t) = noe(l-pEt)~gwd;. Ix12

The current will then be

1(t) = ngepE(1l-pEt) 11413

.._' . ) i

The current decays linearly with time. The solid line

in Figqure II- 14 B shows an. idealized current. decay At_

{

time t =0, «égr an infinitely short Xray pulse. the current'

is directly prOportional to .the concentration of chargee'f

generated, to their mobility and to the applied electric



6

O

4

f1e1d strength The area underneath the 81gna1 is equal to

n.e and is" velocity 1ndependent. A fast 81gna1 w1ll be

o}

higher and proportlonately shorter than a slow one, ”no

being the same in the two cases.

At time t = t4 the current' is zero. This 'ié- the
: | . .
~measured quantity. In this sectlon several 11m1tatlons

producing changes from ideality. in the» observed current

decay traces w111 be dlsCussed.

The three major sources of dlstortlon in the traces

are: (1) f1n1te width _of the Xray pulse, (2) random

d1ffusxon of the swarm, (3) space charge. Their effects

will be dlscussed 1n thls order.

1. Effect of Finite Width of the Xray Pulse

A

. 12

The effect of a non zero duration of the Xray pulse.

has been ‘discuSSed in Reference 192. Briefly, when the

pulse wédﬂu is- not negligible with respect, to the drift

s t ' .
‘time, 'a tail appears at the end of the linear part.of the

w T . L r ' o

'decay._§'Fhis makes it’diffic%}t to determine the real end

'y,
%

of the signal. The problem was minimized«by‘always‘using

'Typlcally the electron drift tlmes were 1in the order of

pulses whlch were much shorter than the drift times.

us. The pulses used were'lO or 30 ns long ~ The ion drlft

times were in the order of ms. The pulses used were 100 ns

long. In those cases (fast’ electron sxgnals, hlgh flelds)

//

12
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2

where the width of the ‘pulse was considered‘ to be an
apprec1ab1e fractlon of the 1Fift time, Equation 2 of
 Reference 192 was used. |

2. Effect of Random Diffusion - \\ . Lo

s

.
At low fields and ‘laifge valuee of tg, the 'cﬁ;rent.
‘iecay Wes_ no iopger fiinear.. “mhis is 'd0e“te'brandom
éiffusien :of',the;'eleetrOAS. dufingv ££e  dfift‘ to ,ehe:f
]¢011éc£ing electrode. Random dfffusion’sﬁreade:the ﬁailbof~
the current decay signal. In genefel ;his‘ﬁreblem was'ndi‘
'i%portant becauseffhe tﬁfesholdﬂfields Qere’sufficiently
hig% (see Resulﬁs section) to'ensure‘that:diffusion'effectée’
were negiigible In those cases where 1t was necessary to
reduce the applled voltage the effect .of dlffusion was

taken into con31derat10n.

The moblllty from Equatlon I11-3 is glven by

Y ' 224 - L
B= R = — e II~;4
v th Co .

If diffusion is'important 2. can be replaced by (2+Ax) where‘v
- Ax is the mean distance bf'diffusiOn'bpposite to the field
' ' | 192

&

direction during ﬁhe_time tg. This quantlty is given by

W

= (2Dt4)1/2 . 11-15



L. 4

>510'V/m‘and3636 K the correction is 15%.

3. Effect of Space Chargf .

.

¢

> v
is assumed to be given“by the Einsteln relatlon’-
N i | , |
) D = (kT/e)p Y 11-16
USing.th;:\gsrrection}Equation II-14 becomes“ o 1.@§

»

pso22[1 0+ (2kT/eV)1/2]/Vta

' where k is Bjltzmann's constant, T the absolute temperature”

and ‘e the _electron_‘charge. For a slgnal measured at.

)
: X,

{

-,
larger than the ion moblllty (p/p+ ~ 104) the electrons are

—~

" cleared out of.the volume between the elect(édes leaving

ki

"the ions essentially unmoved.  Under ‘certain conditions

(hlgh dose, 'low fields ...) this can ‘severeLY- er the

“¥

fleld and lead to distortlon of the current vs time decayf‘

An examﬁle of how the trace could look is shown with a
A . X o

dashed line in Flgure II 14B.

where D is the diffu516n coefficxent of the electrons which

Because the .electron mobility in- methane is much,

74

if a. fleld Eo‘ls applied between two parallel 1nf1n1te~.

plates the charge denslty on each electrode is given by

193'




Y

op = Boee a1

v ‘. -
¥ - .

 where t is the permitivity of free vacuum
g = 8.9 x 10‘12 c2 2 m~2).

LIt can be assumed that the whole charge is on. the negative.

"-‘electrode. o

~and'

S

6, =0 . 1I-19

\Assuku—xhat‘ N "‘-electron—ion p‘ai.rs/m2 -are vgenerated,'b
" between the electrodes,. that the thickness of the zone,

cleared of electrons is x and that the number of iona left’,

v

_=2geq . 11-18

in thlS‘ zone is Nx/,v., where*‘xﬂ i}s“ -the electrode»v:'-

' ‘separatio'n.‘ A layer dx of th).s zone will contaln dn_,, ions','v..',,ﬁ.

" where - o e e R ?
: [ - i o * . ’ R . . ’ r LR i

o

A layer dx. of ions at distance from th'e'-."rnégati,i"_’éf{:f.-l

electrode w1ll 1nduce olnd charges on 1t and o_{“d.,“__on”_ the = -

T
.

positive plate |



’ \lr“.\a ‘:\: :*' {
l{ , . ©
i s (f~x)Nax S
: Ufnd = I1-21
S a o
L N -
and .
. x Ndx ' ’
ind _ 7. _ S

. As ﬁne electrohs,aré cleared out of the space, the net

fiel@, Esc'f

194

: resultéht'charges_induced on the eléctrodes_is .
L - 0 '
o . x Nxdx

42

X Ndx -

R

xiN(ifx)dx

[t ]
- STE S -

I1-23a
0 o SR

4

' N Ix' .
o C= € [ xdx] =~
v e 227 o
°
) \
s 4'0‘ . / ,}
N (Xy2 ol
= 5;; (k)' I1-23c

.. The“net field E, is

or

. ; .VV'.'
generated by thé’' positive ions and the '
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o
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v R ' e “ w ‘g).

'_v,'where N is in units of ion-elgc‘:tron pairs/m

s

The drift velocity is given by equation II¥4.: The
' Lo ‘_f";
. 1me dt for the electrons to dtift in the space dx is ;L;;T:» :

/
v

X

9(1)?‘ Lo

u[E -9x10

t

The tlme t to drift :m the sggce x is

i ,‘_x w0 E *-9':,':10"'%1'1’*3: B
R o TN 42 .

: V\Iht‘e_g_ration' Of -i;his' f_ofmulé _gives

+
"

- 9” —
- 9x%10 NuxZ( g~
, L 9x10 N R o .. '9x10 F g

' This formula can be written as

s




the absence of space charge effects is

2 \
tO = -—-};— . 11-30
B5o
The ratio of these two times is
E
i . 2 o-’9 )1/2 + x
t 1 E 9x10 °N
T X oD (_7_9:§~)1/2 n - - ~ 1I-31
t 2 9x10°°N & 1/2
o 2( 5 ) X
= 9x10 °N

o~ y
The current i, generated by the exposed Ibns and the

X

resultant charges induced on the electrodes is

i = _ X = -
i, = peN(1 X)Ex I1-32a

= neN(1 - %)[EO};/QxLO—gN(%)ZJ

T

The current io in the absence of space charge effects is
i = peNE I1I-33
o o

The ratio of these two currents is

X2 (1-20) [l - —— (9)7] 11-34




This formula shows that the effect will increase with
N and i/Eo and that, at given N and Eg, the effect will be
greater at long times giving rise to a long teil at the end
of the signai. This is shown. with the dashed 1line in

Figure III1-14B.

A plot of i, /i, .wvs. ty/ty in the ‘absence of space

79

charge effects is a. straight 1line with slope of -1. By

3

plotting these quantities at a given N and different values

of E. one can get - information about the minimum field

Q-

strength to use for space charge effects to be ne91191

ible. Alternatlvely, plots of i /1O vs. t /t at a given

E, and different values of N give the maximum concentration

of ions producing a negligible field distortion;
| In Figure III-15, is shown an example at N;ons/Mmolec
~ 1 x lO’lﬂ' the maximum concentration used in gas phase

measurements in this work. The four curves correspond to

values of E/n of 1.7 x 10~3 Ta, 3.3 x 1073 14, .1 x 102 1

and 3.3 x 1072 14 (Td = 1Of21 m2V/molec) respectively. In

the low density gas the threshold field is about 2‘x 1072

.Td near the coexistence curve and 1ncreases with

[

temperature at constant den81ty and with denslty ksee

K}

Results section).
In lidquid phase measurements lower ion concentrations
‘were used and the ratio Njon/Npolec W28 of the. order of

1 x 1016,



\\\\ n

i, / i

0.6} ' ~ ]
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1.0 T ot

0.8F \ -

t, / tg

Figure II-15 Examples of space charge limited

n. / n = 10714
ions molec

l: E/n = 1.7 mTd ; 2: E/n = 3.3 mTd ; 3:E/n=10 mTd

4: E/n = 33 mTd .

signals. ions/molec.



D. Physical Properties

The physical properties of. fhe gases,( liquids and
molecules were taken from References 16?,179~185,l95-199.
Relevant values are listed in Table II-l The critical

temperature, pressure and density were known for CH4195 196

and CD4,197 but not for the other compounds The critical

temperatures were measured in the present work by observing

the sudden appearance of the liquid phase 'signal, thle'

. cooling from the supercritical fluid in the cell that

allowed simultaneous measdrements in both phases. The

calibration of the thermocouples was verified by the»

critica} temperatures obtained for CHy and CD, (Table

¢

11-1).

The liquid density n (molec/m3) of CD4 is 0.8% gfeater

than that of CD, at the same T/T..12%/197 The densities of

the other compounds were interpolated between those of CHy

and CDy ‘at the same T/Tos but the differences .were

negligiblev for the purposes of this work. . The gae‘_;

dens1t1es of CH4 were obtained from Reference 195 and weref

assumed to be the same in all ,the other compounds at the

same T/T.

81
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CHAPTER III R B

RESULTS ‘ )
y ‘ A P
P - e
o ‘ R : !
The electrori and. ion mobilities were measured - in
methane and its deuterium substituted analogues as

functions‘ ofk the applied electric field strength.

Measurements Were made -as a functlon of density along the

e
.

saturated vapor curve in’ tﬁe region from the normal gases

to the lﬁ}tlds near - the triple poxnt,' and -at fixed gas

’»5

densities as a function of. temperature !

' The electron mobilities are glven'first, followed by
the ion mobilities. In each case the order of presentatlon
s CH4 first followed by CH3D CH2D2, CHD3 and CD4

The results are presented in order of 1ncreaslng
dessity begihnisg with the gas,:followed‘by the critical
reglop, then the liquid'pﬁase.

All the _data are given as. plOts of the mobility
| .p(mz/vs)‘aéainst'the density normalized field strength E/n
(Tra = 16;21 ‘m%u;v/molec).‘ for each compound: a table
suhmarizing'the low field'values of'the mobility is also
given; S - . o
- ALl of the:curres of Chapters III and IV were drawn
emplrlcally unless otherw1se spec1f1ed. -

A dlscu531on of errors is glven ln the Appendix.



A. FElectron Mobilities

®

In Figure 1III-1-1 are shown the mobilities as

NS

functions of E/n in the gas at nl= 2;95‘x 102'5 molec/m3

different temperatures. At all- temperatures the nbbillty
¥
is field 1ndependent at low. fields and thén it increases

when the field is greater than‘ a threshold value. The
’ ' o coL S R

‘threshold field increases with temperature. It is ~0.02 Td

at T = 116.5K and ~0.14 Td at T = 636K.

» The low field mob111ty 1ncreases with temperature,
from 0.8 m?/Vs at 116.5K to 1. 48 mz/Vs at 636K. The
mobility curves tend to merge{at‘E/n ~ 0.5 Td. |

Figures ’IIIfl-Z and ’IiI—le3 vshow »the effect of an
increase in density by a factor of:abdut‘z Agaln, betﬁ

~ the threshold fleld ‘and the low - fleld moblllty 1ncrease

with temperature. The rate of change of the threshold

field with temperature has not been altered by the change

85

in den31ty. Also the value of the fleld where the mobllltyvt

curves merge is unchanged.

The - effect of a further fncrease in density to

n=7.5x 1023 molee/m3 is lllustrated in Flgure I1I- l 4.

The absence of-meaeurements between 0.013 Td and 0.027 Td

‘makes it difficult to estimate the threshold fields.

However the slope Qf,the)curvee a5ove 0.013 Td'decreaseeb

P
[

-
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| with:!temperature 1ndicatingi,that ‘the threshold field
,increases; VL'TheA low field mobllity .1ncreases with

‘vtemperature. ;t" Lo T e ' \@Q "

In Flgures III 1- 5 ‘and -6 are reported measurements in

the coexistence gas. The"‘ den31ty anreases w1th‘3'

‘-temperature In thls density reglon the 1ow field mobillty.

“'”decreases by roughly the 1nverse ratio of the denslty. A

change in den51ty by more than an order of magnitude causesj

/

11ttle effect on the threshold fieldn Whlch increases by

-approxxmately a factor of 2 However the _correspondlng '

’change ln temperature is only 46K‘
In Flgure III -1-7 1s shown the effect of ralslng the
-temperature‘ from;~152 0K ' to 292. 3K at n = 5.5 x 1026

'-molec/m f The rate of change of the threshold fleld with

f~den31ty 18 approx1mately the same as that observed at lower

}~\denslt1es The threshold fleld approximately doubles as

jtbe temperature 1s 1ncreased by a factor of about 2. The_

low fleld mobxllty lncreases w1th temperature by a factor

'ff;greater than that observed atf 1ower densltles. It

f

T 1ncreased by about 40% on doubling the temperature from

| g'226K to 5§5K at rx{: 2 95 x 1025 molec/nl whlle at thls
o sb

‘}den51ty the mobllxty at 292 3K 1s 75% larger than that at
. . . B 4' . ‘_ ) . . }
N The effect of a- further increase in denslty by a!

factor of 5. is shown in Figures III- -1-8 and III 1-9. The

low fleld mobllity drops by a factor of 6.5. The thresholdf

e
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~Figubreb I11-1-8. Electron mobilities in saturated CH,
o | 026 L3
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temperatures (x). O, 5.7, 149.0; O, 7.0, 152.8;

A, 7.4, 154.0; + , 11.7, 164.6; Y , 14.2, 169.1.
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field increases by 40% on going from n = 5.7 x 1026

molec/m3>and T = 149.0K to n = 28.5 x 1026 molec/m3 and

T = 184K.
In Figure III-1-10 are shown results obtained at

n =29 i 1026 molec/m3‘at#diffe;ent temperatures. Not much

changé is observéd in threshold field, whichvétays‘cohstant’

at E/n ~ 0.04 Td between 188.7K and 195.2K. At this
denSity an increase of“lesa than 4% in temperature causes
the. 1ow fleld moblllty to increase by about 25%. An

increase in den51ty to values close to ‘the crltlcal point

has v1rtually. no effect on‘*phe threshold field (Figures

III-1-11 and III-1-12). The change in temperature iSYOhly,

4K. The correspondlng change in den51ty is about 50%. The

f;low field moblllty decreases w1th increasing density.

- In Figure III- 1 13 1s shown the effect of field and
. i o
temperature on the'electron mobil;ty~1n_the supercrltlcal
gas. The low field mobility increases by about a factor of
2 on iacreaeinghthe temperature from 190.7K to 194.6K, a
1vchan§e. of . about 2%; T, = 190.6K.‘e11n this tempenature
regiOnriphe :thfeshcid; fielda‘eﬁayg‘vapproximately constaat

fwithfincreaeﬁng temperature at E/n x~ 0.03 Td.

In Figure 11141—14 are shown measurements in . the

J ‘ 1. Y
llquid phase at den81t1es near the critical point. = At -

%,

den51t1es up. to n ~ 8.9 x 1027 molec/m the threshold field
and‘law‘fleld,moblllty increase w1th dehsity, At higher

densities the low field mobility . increages but . the

P
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threshold field decreases.aiﬁt n =9.1 x 1027 molec/m3 the

effect of the field on the electron mobility is the

opbosite of that observed in the gas. In this density

region’théfmobility.decréésés-with increasing field above

the “threshold. The transition between the two effects

occurs ih‘,the ‘liquid at 'n Vz 8.9 x 1027 molec/m3.‘ By.

-increasing the density 6f the liquid the low field mobility
?incrgases Mand the 'thresﬁold field decreases (Figure
III—1:15). A furﬁhéf ihcreése.ih density (Figure III-1-16)
prodﬁces a décreése in low field mobility while‘ﬁhe~£hreq—

' hold field re&@ins approximately constant at E/n ~ 6 mTd.

_This value is smaller than any value observed in the gas.

On approaching the triple- point (Figure III-1-17) the low

field mobility decreases with density up to n z 15 x 1

molec/n@ and then it. increases With increaéing density.’

" The threshold field does not appreciably éhénge in spite of

thé;change in temperature of 50K.
~In Figuré.IiI-i—iS is shoWn the ef%ect of témperature
on fhe threshold field along severél isOchores, In this
‘éénsity range the field_at‘whichfeiectrdn}heating becomés
| n;ticeabié is a_linear‘functionéflfemperaﬁure. The effect
of denéiﬁy along the qoeXistence vCUrvé on the ‘threshold
:figid is.repérted_in Figure III-1-19. The points at low

dénsity correspond to a témperature of approkimately

-_IQOK;  The points in tﬁé gas at high density correspond to

‘a temperature of about 180K. In this region the electron

027
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‘ | ‘ t )
moblity increases above the threshold'.ﬁ " The thresh‘oldﬁ
“field increases by a factor of about 3. At a density of
" approximately 8.9 x 1027 moléc/m3' the field effect changes
sign. Above ’thié value the electron mobility," decréases
above the threshoid.- The thresholtd’.f‘ield» 'decré‘a’ses with
‘;ﬁensiﬁy ué ‘tO., n ‘z. '10_x1027 mo‘lec/m3 to a 'vglué» :Qf.-about
0.08 Td and ét‘higher densities it remains éonétant; | |

The r_efsult{s' in Figures III-1-1 to IIIQi—S were
_t‘)‘btailnued wit}{ low‘ pressure typé 'éo'nductance cells. The
5électrp.dé.separations‘; were 1.002‘ + 0.002 cm. ‘All the other
‘ggs phase _resﬁlt_s were thaixied with high pressure type
cells. The électroae‘_ sepékra»tions were 0,318 + 0,007 cm. .
Liquid -pﬁabée data were obtained in »l‘i'qu‘id‘ type high

pressure  cells. _The electrode separations were
0.316 + 0.004 cnm. .

A listing of the low fie_lii_’,mdbilities and threshold
. \ . . B

- voltages ‘at the different témperatépres‘ and densities is

 given in Table III-1.
A

<k,

los
\

~

J




TABLE III-1

Sﬁmmary ofAElectron‘kesults for'Cﬂf -

T ‘n . w nwo By aqy |
s P . -‘ u/d (E/n)
® (10%%n73) mPvs) (102 (wsmTl] mra)

116.5 0.295 0,80 ° . 2.36 - 20 ¥
163.7 (0,295  0.95 2.80 28 +
226.0 0,295  1.03 3,04 41 *
292.5 0.295  1.13 ©3.33 © 54 +
372.6 0.295  1.24 3.66 . - 71 +
441.2 0.295 = 1.33 3,92 © 92 +
494.0 0.295 1,38 s.08 - 100 ¥
555 © 0.295  1.43 . 4.20 . 1200 4 +
636 0.295  1.48 4.35 140 Y
110.0 0.53 . 0.43 2.28 18+
113.6 0.53 0.46 2.41 18+
293.5 0.53  0.64 3,40 60 ot
124.0 0,58  0.41 . 2.37 20 +
151.8 0.58 0.44 . 2.55 22 +
225.0 0.58 _ 0.51 2,98 .~ 36 +
" '294.0. 0.58  0.58 3.36 58 +
3705 0.58 ~ 0.62  3.62 - 80 +
488.5 0.58  0.70  4%05 7 100 +
152.0 0.75 0.35  2.62 e +
228.8. 0:75 . 0.41 . 3.07 ¥
293.0 0.75  0.45  3.35° S A
100.5 0.265 = 0.78  2.07 4w
105.8 0.43  0.475  2.03 15
108.7 0.54 0.40  2.17 16
123.5 "1.54 - 0.127  1.96 o 20 |
139.0 3.60  0.054 - 1.93 24
140.5 3.90 0.046 ~ © 1.79 24

( continued....
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 Table III-1 continued

142.5 4.36  0.0405 1.96 25 ¥
146.2 5.2 0.0370 1.92 26 +
© 152.0 5.5 0.0348 - 1,91 22 ¥
.172.5 5.5 0.0397 2.18 30 +
201.5 5.5 0.0445 2.45 - 330 4
228.0 5.5 0.051 2.8l 38 +
292.3 5.5 0.061 3.3 - 56 +

149.0 5.7 . 0.0300 1.71 - o 28 + ,
152.8 7.0.  0,0245  1.72 28 ¥
154.0 7.4  0.0220 1.62 30 ¥
164.6 11.7-  0.0142 1.66 32 +
169.1 14.2 0.0110 - 1.56 - 32 4
169.5 14.4  0.0106 . 1.53 35 +
174.8 17.7 0.0085 1.50 L, 36 ¥
175.7 18.9 0.0077 1.46 37 +
177.4 20.5  0.0071. 1.46 38 +
177.6 20.6 .  0.0071 1.46 38 ¥
178.1 21.0  0.0070 -  1.47 - 38 +
183.7 28.0  0.00490 1.37 | 39 +
184.0 28.5 °  0.00465 1.33 39 +
188.7 29.0 0.0060.  1.73 40 4
192.0 29.0 0.0070 2.03 40 +
195.2 29.0 0.0075 2.18 37 "
185.8 32.0  0.0041 1,31 40+

187.1 35.0  0.00370 1.22 | 42 + X
188.5 39.3 0.00310 - ° 1.22 42 ¥
188.7 40.0 0.0032 © 1.28 o +
189.1 41,7  0.00200 1.2l Y ¥
R

189.7 44.5 0.00282 1.25 | 44

.
~—

( continued...




Table III-1 continued

189.9
190.2
190.2
190.7
191.1
-1191;2
191.4
192.4
192.9
193,07
194.6
190.3
190.2
189.9
189.7
189.1
188.7
188.5
188.2
©187.1
186.5
183.7
183.0
178.1
177.6
177.4
173.0
169.5
169.1

45.5

49.2
49.2

AN O Oy v O
PR e o

le %
H
oo s . - S o s

61

~N N g oY
o Ut

80 -
B3
85
86
86
89
91
97
99
107
107
108
113
117
117

¢.00281
0.00290
0.00285
0.0042

0.0051

~0.0053
1 0.0057

0.0066

- 0.0061.

0.0064
0.0085
0.0137.
0.0140
o.oles//
0.0175
0.0230
0.0275
0.0275 .
0.0256
0.0405
0.0535
0.072
0.076
0.097
0.098
0.098

'0.083

0.075
0.071

1.25
1,43

1.40 -

2.56

3.11

3,23

3.45

1 4.00
3.69
3.90
5.19

. 10.3

10.5

12.8

14.0

19.1
23.4

23.7
22.0°

36,0

48,7

70
75
104

105
106

93

88

83

S

44
43 -
43
28
27
29
29
29
30

28

40
40

20
10

10
8

9
7
7
8

-t

( continued,...)
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Table III-1 continued
‘1 .

166.6 120 0.067 80 7 -
164.6 122  0.064 78 6 -
160.0 126  0.051 64 7 -
146.5 137 . 0.0395 54 8 -
143.0 140  0.0398 56 8 -
130.3 147  0.0373 55 8 -
118.5 155  0.0378 59 9 -

104.5 162 0.0425 69 9 -
101.5 164  0.047 77 8 -
8 + -

92.0 170 0.051 86

a. The results appear in this table in the same order
as the figures. They are give in order of increasing
density. »

b. ng = 6.1 x 10°7 molec/n” , T_ = 190.6K
Some of these pocints have been omitted from

Figure III-1-13 to avoia overcrowding.
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2. CH3D. . ~
' o i L/ ﬁ;‘\.\u‘
A=

. In Figure: III-—2 1 is -/us'hown, the variation of the
electron mobility with électric field fstrength mhano
temperature in the: 1ow ”éenslty gas at n = 2. 35-‘x 1025
molec/m . As in the case of CHy, the mobility 18 fieldl
1ndependent at low fields and 1ncreases above a threshold: ‘
" value. ' Thls :ralue is a 11near functlon of temperature. L
The moblllty curves tend to nerge at. E/n ~0.8 Td. VThe |
‘value of the low field mobillty 1ncreases with temperatuvre.- |

Increasmng’ -the density to tl‘=‘ 3,3. x_2025-jmolec/m 3
(F\igure II11-2-2) and n = 4.9 X ‘1025 molec/m?’" -}(F:"Lguvre_r
111-2-3) does hot'change~these'effects; Ih figﬁré IIi-2—4h
is reported the effect of temperature on the threshold
field in this den81ty_reglon. At T =~ lOOK the thresholdp .
value of E/n is about 0.01 Td (Td = 1072! m?V/molec). It"
is about 0.15.Td at T ~ 600K: Increasinglthehdensityiof"
the coexlstent vapor by a factor of 26 (Figures I1I-2- 5 6
_7) causes the low fleld value of the mobility to drop by a
factor of 34. The corresponding change in temperature of
VSOK causes the value of the threshold field to increase by7
a factor of 2. In Flgure I1I-2-8 the effect of ralsing the
temperature from"154f8K,to 294.0K at a fixed gas denslty‘
'n‘= 6.0 x 1025 molec/m;3 is i;lustrated.‘v;fhe' 10Q‘ fieldh

- mobility 1ncreases by 70%. At the lowest (den51ty

n = 2.35x 1025 molec/m3 the same change, in température
. \ P /f e

e

i e S B i e B AT RS e st e e e e
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produced an increase in mobility of only about 30% At
= 6.7 x 1026 molec/m (Figure III-2-9) the low field

ﬁmoblllty increases by 90% between 153 9K and 293 OK At

these two den31t1es the threshold field increases with

temperature from a value of about 0.026 Td at 153.9K to a
‘value of. about 0.05 Td at 294, 0K

A change 1n'ydens;ty of the ‘coexisteng vapor from
:7§5';'1026'>molec/m3 to 10.7 x 1026 moleeym? (Figure
iII—2—10)'caueestthe low field mobility te‘decrease from

2.14 x ;10‘2 2/Vs to 1.41 x 1072 m2/Ve. No effect is

noticeable oh the threshold fleld ~ The corresponding
change in temperature is only ~8K. Heating the gas from
171.0K to 210.0K at n = 15 «x 1026 molec/m3 (Figure

I11-2-11) .produces ~an. increase in low field mobility of

about 60%.. In Figure II1-2-12 are shown the effects of

" density and temperature ‘on approaching the critical
point. The coexisteﬁt vapor density increaSes from 23.6 X

v1026a,'molec/m3 to 55 x 1026 molec/m . The corresponding

change in temperature is 10K. These changee lower the 1owl'

| field value of the mobility from 6.4 x 1073 m2/Vs to 3.25 x
10'3 mz/Vs and increase the threshold field from 0.034 T4
" to 0.040 Td.

The effects'ef»raising the temperature from 186.9K to
}95.2K at n = 27 x 1026 molec/n? ‘and from 191.3K to 193.3K
along ;he critical isochor are shown in Figures II11-2-13

and III-2-14. At the lower density the low field value of

122
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the .mobility increases by about 35% for ‘an increase in

A . &7
temperature of 8.3K. At the crltlcal density (ng

)

o

61 x 1026 molec/m3) an increase in temperature of 2K causes’

- 129

an increase . in low field mobllrty of about 50%._'At the:

lower density the threshold fleld is approxlmately constant

between 186.9K and 195 2K at E/n ~ 0.035 Td. At the

~

Crlthal‘den81ty a sllght decrease is observed by raising
- the temperature by 2K.

In Figure III-2-15 are reported measurements'ingthe

coexistent liquid at dengities near the critical point, As

previously observed in CH4'the field effect on the electron

- mobility' undergoes a change of sign. At n ='7;g,xf1027

molec/m3 the mobility increases with - field above the,

threshold.. At n = 8.6 x 1027. molec/m3 the mob111ty~

decreases above the threshold. The transitlon between the

N

two effects can be set at value 1ntermed1ate between these

two. In 'thlS dens;ty reglon‘,the low field moblllty

increases with density.. A further increase in den51ty in

the liquid. (Flgures IXI- 2 16 and 17) produces an 1ncreaseﬁ'

in low field moblllty up to n = 10 6 X 1027 molec/m

Above this value the low fleld mobility decreases with d.

t

density.” Throughout thls den51ty range the threshold fleld

is constant at E/ny ~ 8 de ThlS value is lower than any .

value chgerved in the gas. The mob;llty curves tend to

merge % £/n ~ 0.1 Td.

X
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The electron mobility decreases with density (Figure
’YIII 2- 18) up to n = 14.8 x 1027 molec/m _Above this value“'
iti 1ncreases‘ with density fonf approaching‘uthe triple‘f.figg
point, The threshold field is constant at E/n ~ - de., R
nFlgure III -2 19 the effect of density and temperature on?;;:f'

the threshold fieldrfrom the dilute gas to the dense liquid_'f-ff

?\‘.

along the‘saturationkcurve is illustrated. The lowest;';
density corresponds to a temperature of 99K.5 The highestjt;,f'
gas den81ty corresponds to a. temperature of 1911(. The";_:;,,
threshold field increases from about 0. 015 Td to about 0 O4f;;;??
,Td. A change of. sign is observed at an approximate density. |

. of 8 X 1027 molec/m . In the liquid ‘the value of the

threshold fleld is approx1mate1y denSity (temperature)V e
1ndependent at E/n ~ 8 x 10-3 Td. . '”-““
“ ['The‘ resultsh in Figures IIIeé-l'éil~;IIf;2¥5dfw¢re
obtained with - lowbpressure type conductance cells.pffThépv

electrode separationsvwere 1.001 .0, 003-cm. ALl the other '

gas phase results were obtained w1th high pressure type,u,

cells. The electrode separations were 0. 314 t 0 004 cm.;d‘n

Liquid data were obtained in liqu1d type ‘high ‘pregsure:;f-"'"

..cells._ The electrode separatlons were 0. 315 + 0. 003 cm.“:aijﬁg
- listing of the low: field mobilities and threshold valtages,ftiﬁf’
at the different temperatures and den81ties is given indf?ﬁi-ﬁ

: o
Table III-2.
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TABLE III-2
Summary of Electron Résulté‘for'CH32a

T Con - ny (E7n) .. anvd(E/n)

26 -3, . , 2 25 -1 thr ‘
(K) (10°°m 7)) © (m“/vs) [10°7(Vsm) "] (mTd)
108.2 0.235  1.00 2.35

146.3 ° 0.235  1.10 2.59 22 +
185.5  0.235  1.18 2.77 34 +
225.7  0.235  1.28 3.01 40 ¥
293.7 0.235  1.42 13,34 52 +
'337.8 0.235  1.48 3.48 65 ¥
385.8 0.235  1.59 3.74 80 +
404.4 0.235  1.60 .. 3.76 80 +

435, 0 0.235  1.62 3.81 90 o
474.0 0.235  1.69 - 3.97 100 +
504.0  0.235 1,72 - 4.04 - 100 +
535.7 0.235 1.77 o 4.16 120 +
589  0.235 1.83 4.30 )/’/ 140 +
637 0.235 . 1.86 14.37 150 +
112.5  0.33 0.71 2,34 22 +
168.8 0.33 0.82 2.71 . 30 +
220.7 0.33 0.91 3,00 40 +
294.0  0.33/ 1.0l 3.33 60 +
359 0.33  1.10 3.63 60 +
407 0.33 1.15. 3.80 80 o+
109.3 0.49 - -0.49 2.40 20 +
110.5 0.49  0.50 2.45 20 +

e R .

159.5 0.49 - 0.53 2,60 30 =
o 216.2 - 0,4f 0.60 2.94 40 +

( continued....)



Table III-2 continued

293.8
1360.5
423.0

99.0 .
104.5

109.3
115.7
119.5

124.0
128.5
130.5
136.5
141,0
142.7
145.5
146.4
149.5

149.8
154.8

170.0

215.8

294.0
153.9

172.5
219.3
293.0
1548

S 155.0

163.0

S 171.0
176.0
190.0

15.0

3.33

3.53

~

3.87
2.53
2.09
2.40

,lf94

o :

N

1.95
1.79

“1.82
\Ifag\\
L1274
TN

1,73

1.78

1.62

1.89
1.43
1.92
1.86
1.98
2.53

3.18

1.65
1.94
2.52
3.17

1,58

-1;65

151
1.68

0.49  0.68
0.49  0.72
0.49  0.79
0.230 1.10°
0.38  0.55
0.49. 0.49
0.89 ~ 0.218
1.16. 0-168
i.56 0.115
2.00  0.091
2.26  0.085
3.11  0.056
3.94  0.044
4.30  0.0414
4.8 0.0337
5.1 0.0370
5.8  0.0247
6.0 0.0320
6.0 0.0310
6.0  0.0330
6.0 0.0422
6.0  0.053
6.7  0.0247
6.7  0.0290
6.7  .0.0376
6.7 © 0.0473
7.5 - 0,0210
© 7.6 0l0218 '
‘10,7 0.0141
15.0  0.0112
15,0  0.0124
0.0148 " -

S

1.86

2,22

45
70

90
15

1 18 .
22
23
23
25 -

24
26
30

- 28
N :
30
30
300
32
30
‘28 -
32
48
26

28

,“33
52

_30. 
© 33
.30

(continued....)
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‘Table III-2 éoﬁlinued

200.2. 15.0 = 0.0165 2.48 36

'
1210.0  15.0 0.0179 ~  2.69 36 4
180.0  22.5 . 0.0060  1.35 R VR

_181.0  23.6  0.0064 .. 1.42 34 +
186.9  27.0.  0,0060 1.62 34 +
190.0  27.0  0.0068  l.84 - ' 35 v
192.0  27.0  0.0074. 2,00 3 +
195.2 . 27.0 . 0.0082 . 2.2l 38 +
184.2  28.0  0.0056 ~  1.57 35 4
187.0 . 33.5  0.00410 ~ 1.37 .37 +
188.7  37.8  0.00361  1.36 . 38 ¥
190.4 46 0.00320  1.47 40 "
191.0 . 55 - 0.00325  1.99 40 +
T 1913 e1P 0.00390  2.38__~ 30 ¥
191,5  61°  0.00431  2.63 30 +
192.5  61° 0.0055  3.36 30 +
193.3 . 61°  0.0060 3.66 27 4
191.0 75 0.0105 7.9 20 +
190.4 79 0.0182 14.4 '
‘188.7 86 10,0290 24.9 45 -
187.0 . 91 0.0405 36.9 20 -
186.9 92 - 0.0505  46.5 15 -
181.9 101 - 0.065 66 w0 -
°181.0 103 . 0.063 65 | 9 -
178.7 106 0.065 69 8 -
177.7 108 = 0.062 67 8 -
©173.0 114 0.0515 59 8 -
7 '“’fmfm*}64;5 123 0.0390 48 9 -

( continued....)
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._fablé II1-2. continued B

150.5 135  0.0293 39,6

9 -

3 L
i31.0 148  0.0270 40 o 9 -
108.5 162  0.0305 49 9 . -
92,5 170  0.0370 63 8 -

B

a. The results éPpear in this table infthe same ofder
as the figures., They are given in order of incréasing

deﬁsity.

| 27 3 ..
b. n_ = 6.1 x 10 | molec/m"~ , Tc»- 191.1K



In Figure III-3-1 are reported measurements of the
electron mobility in the saturated vapor as a function of

fiel® and density (temperature). The behaVior is analogous

to that observed previously. The mobility is field -

independent at low fields and it increases with field above

a threshold value. This value is approximately constant in

this region. The temperature variation is’ only ~10K. -In

this density reglon the value of the mobility at low, fields

-

is proportiOnal“to the inverse density.~ In FLgure,III-3—2

the effect of raising the temperature from 133.0K to 450K

at 'n = 3.7 xv1025 molec/m is illustrated.‘ The low fleld'

mobility ‘increasgs by about 50%. - The value of the
'threshold field increases with temperature. " At this
densxty the moblllty curves tend to merge at E/n ~ 0.5 Td

‘and show a - tendency to saturate above thxs value of

field.‘ The same features are observed at n = 6. 1'x 1025'

moiec/m3 (Figure III—3r3), The threshold‘fleld,follows the

_same temperature dependence observed at the 1ower

aenSity' The low field mobillty increases by about 60% for

~a change in temperature of 295 5K. ' The moblllty curves

merge at about 0 6 Td ‘but no ev1dence of saturation is

fobserved

An® increase in den51ty of the coex1stent vapor 1eads-

to a decrease in low fleld moblllty (Flgure I11-3-4).
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Figure III-3-4. Electron mobilities in saturated

CHZDZ vapor at different densities (lO26 molec/m;)

and temperatures (k). (J, 1.37, 120.8; O, 3.58,
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. Raising the temperature from 155.7K' to 292.0K - at

no=7.3 x 1026 molec/m3 (Figure III-3-5) lead8~'to an

’J
increase of the low fleld nobllity of. 78% The rate of

change of the threshold field w1th temperature is the same
' /

as that observed at lower densltles. .

N L .
In Figure III—3—6 is shown,the.efgect of temperature
on the threshold field in a densityﬁlrange spannihg~'from

3.7 x 102° molec/m3 to 73 x 1025 moIec/n@, . An

approximately 1inearwdependenCe‘is obSerVed. By increasing

the den51ty of the saturated Vapor ‘by a factor of about 3

(Figure III-3- 7) a drop in low field mob111ty by a factor'

of about 4 is observed A 30K change in temperature causes
the threshold field to 1ncrease from 0 038 Td to - 0.045

Td. At n'— 26 x 1026 molec/mg (Flgure III- 3 8) an increase

14?\

in temperature of about 10K abovggég.h%ﬁ coexlstence curve_'

produces an 1ncrease 1n 1ow f1e1d moblllty of about . 50%

At the lowest den31tyfthe same temperature change increased

LY

%;? low field moblllty by less than 10%. The threshold

field is approxrmately constant at E/n ~ O. 04 Td for this

llmlted temperature var1at10n

In Flgures III -3- 9 and III 3 -10.. the effect- of

increasing the density' of the vapor from 2.65 Vx 1027'

:\molec/m3 to nc 6.1 x 1027 molec/m3 is shown. The low‘.-

fleld mobllity decreases with density in the vapor and it

1ncreases in the supercrrtlcal-gas, This change in density I

corresponds to a change in:temperature of about 8K._»The ',‘
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_ Figure III-3-7. Electron mobilities in saturated
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value of the threshold field is approximately eonstant.at
E/n ~ 0.04 Td. A slighg decrease to ~ 0.03 Td is obseryed
at T, = 189.2K. 'An increase in tempefature at the critical
‘density (Figure III-3-10 and iII-3—l1) fremf 189.2K to
193.9K causes the 1ow; fieid' mobility toc increase by a
factor of about 2.5. The thresﬁold field is approxiﬁ;tely

constant at E/n ~ 0.03 Td.

In the liquid (Figure II1I-3-12) at densities near the

cr1tica1 point the effect ‘of the electric field on the

mobility | changes. 1t is positive near zero at

n = 7 5 X 1027 molec/m3 and negative at n = 8.8 x 1027

‘molec/m . The transition can be set at 8 x 1027

molec/m3. In this density region the low f}eld mobillty

‘increases with increasing density. InwFigure III—3—13 the
effect of increasing tipe density of the liquid is shown.
~"I'he low field nbbllity increases up to n = 10 4 x 1027
molec/m3. The threshold field decreases to a value of
aboet 1.0 x 10"2 Td. Again, as observed in. CH4 and CH3D
the value of the threshold field in the liquid far from. the
critical density is lower than any Value observed - in the
gas. A further increa in density (Figures III-3-14 and

JIT-3-15) in the liqui causes the mobility to decrease up

"to n = 14.2 x 1027 molec/m3_ and to increase at higher

densities oq%ggproach}ng the triple\point. Throughout this
density (temperature) range the: threshold field is
approximately céﬁstant at E/n é 1.0 x 10f2 'Td. The

mobility curves tend to merge at E/n =z 0.1 Td.

3
~h
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. In Figure III -3- 16 is reported the variation of the

t'hreshold field in the saturated vapor and liquid from the

.dilute gas to the dense liquid. In’ the gae the mobility

increasee at fielde above the threshold The value of the

threshold incyreasesv'monotonically ‘with density from ‘about
- 0. 015 Td at ;the ’lloureet density »corresponding to ._e-'
teﬁ\perature of 94!( to about 0. 05 Td at densities slightly

lower than that at the critical temperature Te = 189.2K. '

In the liquid ‘the field effect undergoes a change ‘of sign
"at a density of 8 xa1027 molec_/m '. At higher densities the
nxobiiity'-'decreeses”with increasing field above the
threshold.} At n 2 “10° x 1027 molec/m3 the value of the
threshold field is density ‘(temperatu}re‘)_ independentn at

2

" E/n ~ 8 x 10 -3 4. ’

Results in Figures I1I- -3-1 to III-3-3 fwere obtained inﬁ

+

low _~pressure. type conductance cells. The electrode-

- separ;tions were -1 004 + O. 001 cm. All -the other- gase'

phase results were obtained :Ln high pressure gas type
cells. The ‘electrode separations were 0.314 * 0 004 om.
Liquid data were obtained in.high .pre"ssure ',1iquid .type

celIs. The electrode separations were 0.323 * 0. 005 cm. A

listing of:, the low field mobilities and t'hreshold voltages.

13

- at = the different temperature -and dens;.tie‘\s‘ is given in

Table III-3. :

&
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TABLE III-3

Summary of Electron,Results'for”CH293

T - n o ny L (E/n)thr Vdu/d(E/nf
‘ 26 -3, », 2 25, -1y . o A
w0273 m?yvs) (1027 (vsm) TH]  (mTd) }
" 94.0 0.143 ‘;,'1.767 . 2,52 '*/ijfff// Li:»'
94.3 ~ 0.145  1.80  2.61 RN
| 9.0  0.172  1.52 .80 Lo e
.+ 100.0  0.257 0.94 2.2 18 ¥
" 102.0 - 0.312  o0.80 ° ‘2.50. ' 18
102.8  0.330  0.80°  2.64 '8 16- -
'133.0  0.370  0.68 252 18
S0 1708 . 0.370 - 074 4 2.74 - 22
. 1230.3 67370 0.83 - 3.07° . 40
___—793.5 0.370  0.90 . 3.33. . 60
S L7 030 097 3.s9 80 .
t09.6 ~ 0.37¢°  1.02  3.77 . 90
450 . 0.370 1,05 3.89 130
113.0. 0.6l 0,379 2,31 . - 13
151.0 . 0.61  0.42° 2.5 - 22
225.5 © 0.61  0.49  .2.99 . 40
‘2940 0.6 0.54 03.29 7 60
3400  0.61  0.57  3.48 70
o~ 408,5 0.6l . 0.61 . 3.72 . 90
1208 1.37 0.3 2,10 28
i 1377 3.58  o0.058 2,08 26
 139.0,  3.82  0.054  2.06 . 30
147.8 5.9  0.0350  2.05 30
7.3 o0.0275 _ 2,00 . . 28
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as the figures. They are given in order of increasing

‘dens

b. n =
c

ity.

o
6.1 x 10%

S
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N
Table IiI*Bi'continued'
N S
191.7 61 0.0071 .
192.9 -~ 61°  0.0080
193.9 a® 0.0085
189.0 75 . 0,0h21
187.8  82. - 0.0225
186.6 ~ 87  0.0250
186.2 88  0.0310
186.1 88 0.0330 -
185,56 91 0.0350
184.2. 94 ~  0.0430
183.8 95 . 0.0450
182,3 - 97  0.051
180.1 101 0.057
178.5 104 0.058
178.0 105  0.059
175.3 109 0.057
S 172.7 112 . 0.052
163.8 122 0.0395
153.5 131 0.0303
139.0 142 0.0268
124,0 152 0.0267
114.0 158  0.0280
109.0 161 = 0.0291
100.0 ~ 166  0.0310
93.0 169 0.0335
92,0 170 0.0340

2y
-

40.6

BRRTR.
47

51
57
58

‘C:z

39:.7
$38.1

11
10 -
10

o

30
28
27
30

30
21

10

10 -
S 11
1L

1l

Fee
11

10

| 11

_molec/m3 ,‘Té = 189}2K4

EY
a

B R R g

‘a. The results appear §n this table in the same order
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In Figure III-4-1 is réported the variation of the

.mobility, with field. and temperature in the -gas at
n=2.30 x 1025 molec/m3.  The mobility 'is field
-inaepéddent ag low fields and increases above‘a thresholad
value. The value of the threshold field inc;eases with

' temperature. By -raising the temperature from 102.0K to

622K the low field value of the mobility increases from

1.02 m2/Vs to 1.89 m?/Vs. The effect of an increase in’

density by a “factor of almost two 1is shown in Figure
111—4—2.: The raté of change of:the threshold field with
-temperature is the same 4as that observ;p at the lower
dengity. The low field mobility‘increasés by about 70% én
raising‘the temperature~ffom 106.6K to 434K.

In the saturated.vapor (Figure 111-4-3) the low field
mobility is inveféely propbrtiona} "to’ the density. ?n
Figure‘§g1—4-4 the effect of raising the temperature from
121.5k. ﬁo 293.7K. at ‘n = 12.2 x 1025 'molec/m3' is

~illustrated. The low field mobility increases by about 40%

while the threshold field increases'with'temperature. It

is 0.018 Td (1 Td = 1072! n2v/molec) at T = 121.5K and

© 0.06 Td at T = 293.7K. This is consistent with the

\

variation observed at.lower densities. In this temperature -

region}a_changevof{about 20K causes a change in density of

the sa%urated vapor of about a factor of 3 (Figure

|
!
\

\ . s
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;;about‘the same factorw, The threshold field increasee from

J 3 . . - ) ‘}
. ';

inIe4-5). The i crease - in density lowers the mobility
, re

© 0.02 Td to 0.03 Td.

The effect of a change in’ temperature from 155. OK to

III—4-6,- This causes the low field mobility to increase by

'morezthan a factor of72' -The same-change in temperature at

168

';v369 5K at n = 6. 8 x 1026 molec/m3 is shown in Figure v

the lowest density produced an increase in mobility of only B

v-about 40% The rate of change of the threshold field with :

' lower dbasities. 1.~ ' ‘y

-saturated vapor. The small temperature and density changes

n =09, 3-x~1026 ,molec/m (Figure' III-4-9)- raising the

-

temperature at this density is the same as - that observed atff_ﬁh]y

sov

| In Figure iII—4-7 is shown'theieffect Of temperaturenriﬁi

on the threshold field at fpur densities different by a

observed in the range from about 100K to 600K, indepéndentv

of density in this range. . d?f‘}‘

In Figure III 4 8 are reported measurements 'in’ the

show _athew' consistency - of the-v measurements. - At

(e

La

‘factor of: about 2 An approximately linear dependence isa .

n temperature from 161 OK to 293 8K causes the low field/b

%

N
mobility “to increasev by a factor of about 2 and the

“'Athreshold fieid from 0-035'Td to 0.06 Td. The effect of

c‘hang'e'vintnsity of the saturated vapor by a factor of 2.8

is shown in Figures.,III -4-10 _ands‘III-4 1. The

corresponding change inatemperature is 22.8K ;These changes
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— .

cause the low field mobility to dr0p\by a factor of 3.4 and

the threshold field to inc¢rease from 0.035 Td to 0 045
Td, At ‘n = 29.1' x 1026 molec/m3 (Figure _IIl-4-12)

increasing the temperature from 184.0K to 192.8K causes the

mobility to increase by 46%. lndthis limited temperature'

range the threshold field is. constant at E/n = 0. 045 Td.

The effect of approaching the critical density on the',

value of the threshold field does not appreciably.Change
. ) v

for an increase in temperature of only 4.9K. However the .

corresponding change in den51ty is ‘an 1ncrease by a factor

of 1.6. This causes the low field mobility to drop by a

factor of 1.5. At the critical den81ty, n‘ # 6.1 X 1027.

c
noleC/m3, (Figure III-4-14) an increase in tenperature from
189.0K to 193.0K causes‘the_low field mobility to increase
by a factor of 2.3, T = lBéQOK. f,The value ~qf ;the
threshold field is approximately constant atvE/n ~ 0.03 T4.

<

In Figure III—4-15L the effect .of' increasing the

density of the liquid above the"critical Hpoint is

illustrated. - As prev1ously observed the fleld effect on

the mobility undergoes a- change of ‘sign. The mOblllty‘

| increases with _fleld above the threshold in the gas 'at

n=6.1 x 1027 molec/m3 ' The thteshold value is at about

0.03 T4. At n = 8.3 x lO27 molec/m3 the field effect lS

zero up to E/n ~ 0.06 Td. At n = 8.8 x 1027 molec/m3 the

~

mobility decreases with field above E/n ~ .0.030 Td,' The -

vapor‘saturation curve is shown in FigurevIII-4-13. @Thé
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transition between the two effects occurs ak. a density

“interme

iate between 8 3 and 8 8 (1027 molec/m3) In this

181

density reglon the‘ low field omoblllty increases ,with;:
. L .

-

density. A furthei increase in density to n #'lb 3 x 1027

\fﬁ\"

»molec/m 1n the»llquld (Flgure III -4-16). produces a further'

~increase in low fleld }mobillty;, - The. threshold field
fdecreases from 1 19'2 Td to 8 X 10?3:'Td; At
hn » 10.6 x 1026’ molec/nl (Flgure leIf4-l7) a decrease in
vlow_ fleld- moblllty *asf’theh:density is. increased.lis
*ohserv$??i‘The threshold fleld 1s constant at- E/n ~ 9 de
between 158 6K, n =.19,6 ;c_lo27 mole?/m aand T ; 155 3K.
nd,n'= l3 0 x 1027 molec/m3._‘ The'.gobllity'_CUrves tend to

lmerge at about 0.1 Td.

In Flgure III—4 18 is shown the effect of increa51ng_

~ the denslty of the liquld to n = 16.9 x 1027 molec/m3. The

low,.fleld -moblllty - is ~approx1mately constant‘ between'

14.0 x 1027 molec/m3 and 14.8 x 1027 molec/m3 and then it
\ . DR ' AR v

increases With'increasingidensity. 'The threshold field is

constant’atvE/n :‘9rx.10'3'Td.' The mobility curves tend to

merge. at 0.1 Td In Figure III44—19'the effect of density

and temperature on the  threshold field in the saturated

'vvapor and llquld phases is 1llustrated ~In the vapor the

tgreshold fleld increases 1n a temperature range from"

-111 1K at the lowest denslty to '188.5K- at the hlghest from._ .

- a value of o. 018 T4 to a value of O 05 Td. “The field

: (1
"effect undergoes a changev of slgn 1n the 11qu1d at a
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density intermediate between 8 3 and 8 8 (1027 molec/m3)

”In the normal liquld* the threshold field is (E/n)thr

9 x 10'3 T4, 1ndependent of temperature and density and isﬂdu

r

elower than any value observed in the gas.

Data 1n Figures III-4-1 to III-4-4 wefe Obtained with'-

186

f A R S
low pressure type ,conductance cells.rfv The, electrode-

separations were O 999 0. 001 cm. All _the other gas phase

' results were: obtained in high pressure gaé\type cells. The
electrode separations were 0. 315 O 005 cm.‘ Liquidvdata}:
‘were obtained in high pressure liquid type cells.y. The,
;electrodg separations were O 320 0 001 cm ‘A listing of-

Jthe low field mobilities and threshold voltages at thel

Table III-4. o e

<

‘ different '—temperatures ,and.' denslties.:_isu‘ given y'iﬁﬂl,i
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“PABLE III-4

- Summary ‘0of Electron Results for’- CH!_);

T on @ m T @®/m, dwdE/m)
26 -3, ¢ 2 LS ¥
(K) | (lq.; ) (m /Vs)  [10 (Vsm)_,,‘]v | (mTq) S
e T T T
102.0  0.230 1,02 . 2.35 . ¢ 20 |
1350 0.230 1.08 2.48 22
175.2 - 0,230 1.2l 2078 35
" 225.2  0.2300 131 - 3.00 45
204.6 . 0.230 1,45 . 3.34 ., - .60
. 348.6.* 0.230  1.54 3.5 - % g0
 405.7  0.230° - 1.65  3.80- 90
465.6 - 0.230 1,75 .. 4.03 90
v51§{7 '*,o.23o' L_1:78 4009 .\160,
568.7 © 0.230  1.84 - 4.23 - . 1120
. 632 0.230° 1.89, 4.35 . 150
 106.6  .0.43 . 0.54 - 2.32 18
. 135.5  .0.43  0.60 - 2.58 32
. 175.1 - 0.43 .0.63 271 20)
3

m-

23506 0.43° . 0.70  3.01 0
294.6 ©.0.43 0 0.78 - 3.35° 0
337.2  0.43 | '0.82 .3.53 0
384.8 - ©0.43 . 0.86 - 3.70 8¥_

0

R A S N I S R P 2 S S S

434 P 0,430 0 0.9l 0 3091 9
111.1 - 0.70 . 0.325 -  2.28 18
.1;5.8;‘ 1 0.99° :;'0;221.__‘ 2,19 . .?
‘121.5° 1.22  0.200° 2.44 - 1

136.0°  1.22. - 0.205  2.50 22
1s6.0  1.22 - 0.216  2.64 . 25
186.0 1,22 ~ -0.230  2.81 25

o+ o+

- ( continued....)
i1 N N . . . ’
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" Table III-4 continued . -

0.252 - 3.07
S oo.2760 331
0,103 - 1.91.
. 0.072 - 1099 257
©0.067  1.84 27
0.0s1 . 201
0.0382 . 1.77
0.0338  1.86
©.0.0323 - 1.87 -
0.0277 . 1.88 ¢ -
_‘ 0 0.0322 2,19
184.2 0.0342 . 2.33 5
1947 0.0358 © 2.43. . 35 .
235.0 6.8 . 0.0420 2.8 40 -
2505 6.8 0.0443  3.01 40
'7295.0 6.8 0,050 .  +3.,40. &
331.0 . 6.8  0.055 . 3.74 .
369.5 6.8 Oiosgj; E;* 4;01* ; 5_ﬁ.;,
152.0 7.} 0.0255 1.81
155.5 8.4 'o.ozézjvf°!ﬂl:é6;f;;,7*7
161.0 9.3 ° 0,0200 - 1.86 i
186.0 9.3 'vo)025¢J '?[.2§33¥g?i'7ﬁ

1236.3

293.7 1.
125.5 .1
'132.6 . 2.
135;5" <
142,84
146.3

147.5
155.0 -

. 168.5 6

9.3 -0,
.216.0 . 9.3 . 0,03120 - 2,90 40
256.,5 9.3 0.0358.  3,33- . 50 . 4
. 293.8 9.3 - 0.0397° . 3.69 . 60 . 4
.58 0186 - Dot
+
+

162.0 11.3 o.0161  1.82 . 40
B . (continued....)

R



Table III'—4‘ continued

171,77

176.2
176.2

176.8

¥79,0

181.0
181.5
vl§2f3

184.0
187.0

189.0

192.0
193.8
183.6
186.0
187.7
188.5
189.0
189.5

-190.2

192.0

©193.0-

187.7
186.0

183.6
. 182.4

181.5

176.8
195.4

- 171.7

61

16.9
20.7
20.7
21.2
23.7
26.5
27.0
28.3

29.1

29.1

29.1

29.1
29.1

30.3

36.0

42,2

47
61
61
61
61
61

o

v v o U

83
88
94
97
99
103
106
107
114

0.0100

0.0080
0.0077

070077

0.0071
0.0062
0.0058
0.0054
0.0052

10,0058

0.0064
0.0071
0.0076
0.00475
0.00413
0.00352
0,00322
0.00340
0.00427
0.0052
0.0063

0.0068

0.0078
0.0248

10.0383
0.054

0,061

0.066

0.071
0.069

0.067
0.057

1.69

1.66

1.59
1,63
1.68
1.64

1.57

1.53
- 1.51
1.69

1.86"

2.07
2,21
1.44
1,49
1.49
1.51
2,07

'uﬁéﬁ%o

3,17
3.84

4,15

4.76
20.6

33.7

51
59
65
73
73
72
65

( continged....)

40
45
45
45
45
45
45
45
45
45
45
45
45
45
50
50
50
35
30

30

30

28

>60
30
19

w VW ® YW o

T T T T T T S -
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Table III-4 continued ' ‘\\\\_ .

. ? T

169.5 116 ° 0.052 60 9 Lo
168.0 117 0,048 56 9 -
©163,1  123. 0,040 49 9 -
159.5 126  0.0367 46.2 9 -
155.5 130  0.0335 43.6 8 -
155.3 130  0.0333 43,3 -8 -
141.7 140  0.0284  39.8 9 -
130.3 148  0.0276 " 40.8 9 -
119.2 155 0.0291 45.1 9 -
108.9 161 --0.0320 = 52 9 . -
99.8 167 0.0355 59 9 -
9 -

92.1 169  0.0390 66

a. The results appear in this tablé in the same order

190

of appearance as the figures. They are given"in order .

of increasing density.

- b, né = 6.1 x 1027 molec/m3',JTC_= 189,0K;A
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5. CDy4

~

In Figure III-5-1 are reported,measurements of the

mobility in the saturated vapor as a function of field and
v 'density. Thekmobility is independent of field stréngth for

fields lower than a threshold value. Above this value the

14

EFEm&l;pybincreases with increasing field. The value of the

<

\

low field wobility is inversely proportidnal to the

density. The effect\faf\«rgisihg‘bthefftgmperature"at’ two
5 T V

different densities is shgwn'in”fiﬁﬁres,III—5;2 and 3. At

n = 3.20 x 1025 molec/m3 raising the temperature from
‘ L

106.0K to 598K causes the low field mobility to increase

from 0.70 m2/Vs to 1.34 m?/Vs and the threshold field from
0.015 Td to 0.15 Td (Td = 10721 m2v/molec). = At

n =50 x 1025 molec/m3 an increase in temperature from

111.8K to 521K pr¢duces an increase in low field mobilityA

from the Vaiue of 0.47 m?/Vs to that of 0.83 m2/Vs. " The

threshold field is 0.02 T4 at the lowest temperature and

iu0.12 Td at the highest. 'The>mobiiity curves tend to merge

‘at E/n y 0.6 Td.

In Figure III-5-4 are reported measurements in ‘the

- saturated- vapor as the = density is increased from

corresponding change in temperature is from 119.3K/ to

142.0K. 1In this regiondthe low field.mbbility decreases by

a factor of 3.6. A change in temperature'of ‘about 25K

191
N\

" 1.23 x 1026 molec/m3 to 4.46 x '}026 molec/m3.QmeTﬁ; '
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causes the threshold'field to increase fro) about 0.02 Td
‘to 0.03 Td. |

Ra}sing- thebvtemperature from ‘138;4K to 433K at

_»3 7 x 1026 moleC/m3l(Figure III—S-S) has the eftect‘of

‘.increa51ng the low fleld moblllty by a factor of about 2.

‘An*_increasev in ,temperature ‘from 146.5K to 397.0K at '
n = 5.5 x 102° moiec/m3 (Figure III-5-6) increases the low’
field mobility by the * same factor.“HOWever the change in7

moblllty wh1ch is observed by raising" the temperature 15K

above the coex1stence ‘curve 1is about 10% at the lower

den51ty and about 15% at the higher one. In both cases the

rate of change of the threshold fleld wlih temperature 1s

the same as that/observed at lower den51t1es.

196

Flgure III- 5 7 shows the effect of temperature on ‘the

threshold fleld at’ dlfferent densxtles The thresholdf:ﬂv°'

‘i fleld increases with temperature 1ndependent of . den31tyj-'f

‘between 3. 20 and‘35 x 1026 molec/m .
g

An' increase in ‘density Of the saturated vapor from" o

1.24 to 2 83 (1026 molec/m3) LFlgure III 5 8) 1owers the{?”'

.1ow fleld mob111ty by a factor of 2.7, The threshold fields*j"'

~
~

-is “constant' at' E/nv

0.04 T4. . The;vcorresponding_fﬂf

| temperature‘change is-onIyﬁabout,IBK; uIniFiguremIII+5e9_‘-

the effect of raising the temperature from 182.7K to 195.5K

at n = 2.90 x 1027 molec/m? is il‘lustrated“.‘ ‘The low. field

mobllity 1ncreases by about 80%.  The corresponaing

,ilncrease at the lowest density was less than 10%. rIn this7
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' 1im1ted temperature range no effect is observed on the .'

v.threshold field which stays constant at E/n ~ 0. 04 Td. _Int

Figure III- 5 10 are reported measurements in the saturated

vapor at den31t1es approaching that of the <critica1 E

'point. The low field mobility decreases with density. d}

Raising uthe temperature in vthe~_supercritical gas fi-

(Flgure ITI- 5 ll) 1ncreases the value of the low field

2

moblllty- On going from 189 3K to 193 2K the mobility

1ncreases by about 70%. The value of the threshold field

is approximately constant at 0 03 Td.

In Figure III -5-12 .are reported measurements in the}ﬁﬂ7

By

coexistent liguid - at densities near the critical 'pOintwf,i;wui

i The low field ﬂbblllty increases with density The field
effect undergoes a change of sign at a den31ty intermediate

between 8.6 ahd 8. 9 (1027 molec/m3) . The threshold field

1ncreases with increa51ng density up to n o= 8 6 x 1027 _ i{f

molec/m and then ’1t decreases.' A further increase in

density of the 11qu1d to n = 10 5 x 1927 molec/m3 (Figure

III 5 13) produces an 1ncrease in low field mobility and a -

“slight decrease in threshold field 5 In Figures III-5-14

_and III-S 15 the effect of further 1ncreasing the density

of the 11quid is shown The low field mobility decreases 7{;;

~with denszty up. to no= 15 1 x 1027 molec/m and then it

increases on . approaching the triple p01nt. In this rahge

no effect is observed on the threshold field. whiCh stays “

/o R
constant at E/n ~ 9 X 10"'3 Td./ S ;v
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The effect of denslty and temperature on the threshold ,

"fleld 13 shown in Flgure III 5 16. 1In the saturated vapor
S L <.

.the threshold-value of the field inoreases_mOnotonioally_
with denslty (temperature) from a va‘lue of ~ 0.02 Td at
about IOOK to that of ~ O 05 ‘Td at about 180K ~In the'

'liquid it ancreases sharply and at a. denslty between;

8.6 and 8.9 (1627 molec/m3) the field effect on the

‘mobility 'is,’zero; At higher densities» the. mobilityl

' decreases withv'inCreaslngv‘fleld’saboVe‘ the threshold

value. This value'increases withhdensity;»‘At.densitiesp

highé@ than about 10 x 1027 molec/m3 the threshold field is

3
: LN . : - .
density (temperatUre) independent.

Y

Results 1n Flgures III -5~ 1 to III -5-3 were obtalned ln

low pressure type, canductance jcells. ’ The_belectrode,
separationsFWere:0.999¢i OQOO2'cm k ll the other gas phase

results were obtalned in high pressure gas type" cells ‘7The

 electrode separatlons were O 315 * O 005 cm quuld data
. were ohtained in- ‘hlgh pressure lquld type cells. The

.eleotrode separatlons were 0;320,t 0.001 cm. A 1ist1ng of

the low field values of moblllty and threshold voltages at

the different temperatures and den51t1es is glven in Table"’

111-5,
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'TABLE III-5

Summary of Electron Results for”CDi

T . n u o (E/ﬁ)thr du/d (E/n)
) 10%%m™3)  m?vs) (102 (wsm ] (mrd) |

98,3 0.232  1.01 - - 2.34 20

+
99.3  0.256  1.00 ; 2.56 20 +
107.8  0.50 0.48  2.40 20 +
106.0 ©  0.32 0.70 2.24 15 *
130.0  0.32 0,77 2,46 22 +
© 159.2°  0.32  0.87 2.78 30 ¥
. 214,4 © 0.32 0,94 3,01 50 +
C 2932 0.32 1,06 3.39 60 | +
356.0 - 0.32  1.15 3.68 |
414  0.32 1,17 - 3.74 90 +
474 0.32 1.25  4.b0 | 90 +
536 - - 0.32 1.30 4.16 100 +
598 0.32 - 1.34 4.29 150 +
111.8 = 0.50 0,47 2.35. 20 +
131.0  0.50 0.51 2.55 23 +
150.6  0.50 0.54 2.70 30 +
179.9. 0.50  0.56 2.80 30 .
230.5 - 0.50  0.61 . 3,05 40 +
294.5  0.50 . 0.67 - 3.35 60 +
'337.4  0.50  0.70 ~  3.a0 70 +
395 0.50  0.74 3.70 80 +
454.3  0.50 0.79 3.95 100 +
521 0.50  0.83 4.15 120 +
119.3 1.23  0.166  2.04 22 o+
127.0°  2.00  0.100 12,00 20 4

( continued....)




Table III-5 continued

128.2
132.0
135.7

141.,0
142.0

138.4

155.7
175.5

' 195.2

- 235.7

294.0
337

385
433
146.5
160.0
181.5
236.5

293.0 -

- 341
397
151.0

164.8

174.5

175.5
182,5
182.7
185.5
- 188.7

191.2

2.16

2.66
3.23

4.21
4.46

13.70

3.70

3.70

3,70

3.70
3.70

3.70.
13.70

3.70
5.5

0,096

0.078

0.061

10.046

0.046
0.061

0.067

0.078

0.089

0.099

0.106-

0.114

 0.120,

- 0.0280

0.0382 -

0.0433
0.048
0.056

-0.065

0.072
0.078

10.0150

1 0.0084
0.0055

10.0053
0.0062

. 0.0073

0.0090

0.0080

S

LN

2,07
2.07
1.97
1.94.

2,05
2.26

2,48
- 2.59
2,89
3.29
3.66

3,92

4.22

© 4,44

2.10

2.38
2.64
3.08

3.58

3.96

4,29
1.%90

1.86

- 1.76

~ 1.68

1.56
1.54
1.80
2.12

2.32

S continued....)

- 22
30
30
30

- 30

.28

28
s
40
60
70
80
25
20
30
30
50
60__
40_1 "
40
40
40
40
40
40
40
40

o

+ 4+ + + + + +

a
[
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Table IIIJS.>continued’

" 193.9 29.0 - 0.0088°  2.55 40

.
195.5 29.0  0.0094 , 2.73 40 +
186.1 36.0 -, . 0.0042 1,51 50 +
188.7 47 0.0034 _  1.60 45 »+

189.3 . 61° 0.0054 3,29 27 4
~189.5  61P 0.0059 °  3.60 27 ¥
190.5 617 0.0069 4.21 25 s
190.8  61° 0.0071  4.33 30 -
192.1 612 "0.0080 , 4.88 30T 4
1930 61 0.0092 , 4 5.6 30 .
193% @®  o.0090 5.5 28 -+
188.7 76 0.0154  11.7 29 ‘
188.0 79  0.0203 16.0 . 37 ¥
187.5 84  0.0263. 22,1 |
©187.0 - 86 . 0.0295 25.4° >50
186.1 89 0.0380 33.8 25 -
' 184.0. 94 0.055 52 14 -
182.5 97 - 0.064 62 9.6 -
180.0 102 - 0.071 72 “ 8 -
178.0 105 ~  0.071 75 g .
175.5 109 0.068 74 7 .
170.0 116 0.0515 60 g -
160.2 127 0.0363 . 46 9 -
151.0 134 0.0290  38.9 9 -
145.5 138 0.0277 38,2 8 -
136.5 145  0.0268 38.9 9 -
134.0 147 0.0268  39.4 9 -
127.0 151 0.0263 . 39.7 8 -

( coftinued....)
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Je 111-5 continued . -,
156 0.0284 44
161  0.0310 . 50
167 - 0.0340 57
171 0.0390 © 67.

© v v v
t

The:'eSUIéé in.fhis‘tableQappear in»ﬁhefsameibrder
as the figlires. They are given in order of increasing
e

= 6;i\x 1027'moiec/m3 ,‘Tc =g189.2K.[




" B. Cation Mobilities

215

In this section the cation results are presented as

plots of the mobility by against the density' normalized

”fleld strength in Townsends (Td = 10’21 2V/moleC).
Ion mobllitles are typlcally four to f1ve orders of
i .
magnitude smaller_than the electron moblllt;es. The ions

: : L e D : : _
are the’ lewest charge carriers’ in . the system. The

electrons are . swept out of the system before the catlons

k‘have drlfted apprec1ab1y.

The exact ldentlty of the ions 1s not known. -Chemical

reactlons 1nvolv1ng electron 1rrad1ated methane have been'

studled by mass’ spectrometry usually at low gas den51t1es

'“compared to those used 1n thls work 200 203 The 1on1zatlon“

process 1n methane leads malnly\tQmQH4 and CH3 ,h These,‘

1ons react w1th CH4 accordlng to the fast bimolecular

 processes
cHg* + CcHy 3 CH5T + CH3 ©I11-1
T CH3 + CH4 b4 C2H5\ + Hoy g I11-2

"The rate c0nstants of these reactlons .are of the order of

10'15 molec/m at about 7 torr and 2955 204 The llfetlmeso

of CH4 and CH3 at the, lowest ‘density of CH4 in the

- present work would then be approx1mate1y 107 =10 5. Mn this




)

BN

'work the typlcal drift times were . ns to ms._g 'rherefore"-

s
I

these ‘ions' could not be observed. 'I‘he CH5 and C2H5 ions-’_." ST

preduced by reactions I11- 1 and III 2 can cluster with»;

met‘hane. The' position of the clustering equilibria depends:.‘_,,’_%

o

Qdensu.y Data 1n CH4 are given first

' ,glven_;kat“.the -end ,ovfzeach-».sub,selction. '»‘-“

./ 5«'

‘on the temperature and density  The ions in _the present
~study are, thought to ‘be polymeric. E ‘-’_4 |

Measurements were made of the ion mobil:.ties in all

compounds as. a function of - density in the saturated vaporl,._'“,;‘;.,,;_v..,

electrlc field strength In no . case was any fiel,d effect,

’ vand liquid phases and as a. function of temperature in theff
.. gas 310“9 SeleCted isoe‘nores. | except for CH3D where no. LT
vmeasurements in the liquid phase were made._.‘;i» p,;_,.ion':"'wf

'mobilitles were measured as a_function of the applied':'f’f"”‘

found.' It has been found203 that the mobilities of bothv’.:[‘_‘

work the highest fa.eld used for Cl4 was “about 1 'l‘d.» S

i _The results are presented : 1n order ' of 1ncreasing{i.'--‘5""'_ B

5'CH202, CHD3 and CD4. Q table sumnarizgg the results is_f’,:gj"

',;CHS ‘and C2H5 + are fléld independent up to E/n ~ 70 Td, and"_f T

fthey 1ncrease above this threshold value.' In the present:;';




",

~ In Fi gre III-1-20 is shoWn~tﬁe effect of raising the -

temperatur froh' 116.5K to 494K at n = 2.95 } 1023

molec/m3: The mobility increases ‘from 1338}x 104 mZ/Vs.to>

Q

'2.3? X 16;4 m2/Vs.’ ItIWasvimpossible to measure A;value of
”éhe ion mobility at higﬁer temperatures because ;hevvoltage
vs. time traces became nonlinear.' The-electfgy:t:aceé at
the s;me,temperatureé were linear. RN

The ion mobility ‘decreases upon increasing the densit
Yy Yy

14

of the saturated wvapor. Figure III-1-21 shows the effect

@

“of an increase in density by a factor of 2.8, The hobility

décreaaesbe-approximately the same factdr. On raising the

temperature from 152.0 to 292.3K at n = 5.5 x 1026 molec/m3
\::f\hbbility increases from'6.4 x 107® n?/vs to 9.5'x 107©

/Vs'(Figufe I11-1-22). A further increése in density of

.the saturated vapor by a_factdﬁ?of 3.9 (Figure III-1-23)

produces a decréasé in mobility by about the same factor.

Heating. _gds at n = 29.0 x 10%2% mdyec/m? and
‘ng = 61 x,102§'molec/m3_(Figures III-lf24 and 25) causes
thei,mobiiﬁtY"_ﬁo increase. At the lower ;dengity the

'mobility increases by 12% for a 6.5K (3.4%) change in

. . . \\~\ . N K
‘temperature. - At ‘the higher density, n, = 61_ X 1026

©
q

pmolec/m3, the mobility incfegges. by 9% for a 1K (0.5%)

,’féhange ihbtempp}ature.' In the liquid (FigureVIIIfI-26) the

~ mobility decreases monotonically with increasing density.

<

-

. .
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'Figure III 1- 26 Ion mobilities in llquld CH4 at

’,dlfferent den51t1es ( 1027 molec/m3 ) and temperatures (K)1 

0O, 8.6, 1882 O,99 183.0; A 113 1730,+,126,°-» o

© 160.0; ¥ , 13. 7, 146.5; X , 15.5, 118.5; X, 16.2, T04.5;

? ‘1770 92. o



o

R

A
A factor of 2 increase in density causes the mobility to

decrease by a factor of 6.2.

All the gas phaée results were obtained"iﬁ hidh

% o
in Figure III-1-20

pressure Agas type cells except those
‘ ~which'"were obtained in 1low pressure cells. Electrode
separations "were A 0.315 + 0.005 cm and 1.004 cm

respectively. Liquid data ‘were obtained in liquid tYpe

v»high pressure conductance cells. The electrode Separations_

- were 0.320% 0.001 cm. A listing of the mobilities at the

: different  temperatures and densities is given in Table

III-6.

e

225
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TABLE III-6 =

Summary of Ion Results for CH? o

e

‘T n o : P+ ‘.‘_ ', ny .

“1.38° . 4.07
1.68 . 4.96
1.82 - . 5.4
1,99 5,9
2,16 6.4
. 2.32 6.8
0.204 - 3.14
S 0.070 - . 3,05
0.064 3,52
0,073 . 4.02
0.083 . Tsm o
0.089 - . 4.90
0,095 . 5.2
. 0.0393 g 291
0.0159 ¥ 3,01
0.0108 ©o3.08
0.0128 8371
w  0.0134 3.89
0.0143 4,15
- 0.0064 - 3.90
0.0070  4.27
0.0074 6.4
~ 0.0069 . 6.8 .
0.0057 6.4 o




Table III-6 continued

- 160.0

146.5

© 118.5
©104.5°
92,0

a. “The resuits'in this table appear in the same order

of appearance as the figures. They are given in order

126
137
155

162

> 170

0.00415 .~ 5.7
0.00237 - 3.67
0.00176 2.85

0.00120 C2.04

. of increasing density..

o b. n

Se

= 6.1 x 102

7'mol’e'c/m?’v y Tg =

0.0050 6.3

190.6K. -

227




In .Figure’.IIIéz-ZO . are  shown meaSurements. in the

_saturated vapor.{‘ The ‘ion mohility :decreases with

228

densxty ' An increase in density by 70% causes the mobility‘f‘

‘to’ drop by approximately the same factor.f An increase in fopl

temperature at constant density causes the 1on mobility to -

increase. Flgure III-2 21 shows the effect of raiSLng thef‘a?

temperature' from 108 2K “to 53SK at' n‘ '2. 35 X 1025
molec/m | The mobillty 1ncreases from 1. 63 x 10 -4 2/Vs to

j3 00 x. 10 4 2./Vs. ‘As prevrously observed in,CH4 the ion7

Signals became nonlinear at higher temperatures ‘and 1t wastf'

not possrble_ to determine -a. mobility. At the same

temperatures the electron traces were linear. An 1ncreasev'

in densxty of the saturated vapor by a factbr of 6.5

4

.¢(Flgure III 2 22) “has the effect of decreasing the mobility’

"by about the same factor.

| Raising the temperature from 153.9K to .293. OK atfo

n = 6.7_x,1026 ~molec/m (Figure III -2- 23) increases the_7

G

‘mobility by about h70%. = The same.,temperature change7ri

"increased the: mobility by only about 20% at the lowest

A further 1ncrease in. den91ty of the saturated‘

‘%1gure III- -2- 24) causes the mobility to decreasé/asg

e effect of raising the temperature from 171 OK

';ely the 1nverse den81ty. In Figures III-2 25 andf

_at n = 1 50 X 1027 molec/m and from-IQ0,0K_toto
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Figuré I11-2-20. Ton mobilities in saturated CH;D

y 25 '

vapor at differen'tbd_ensit"ie‘s‘ (10 ,mol‘ec/m?’ ) and

‘temperatures (K). O, 1.06, 91.9;00,1.78, 96.7.
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vapor at dlfferint den51t1es ( 102_6‘molec/m3

and temp,e_ratures;(K). 0 ,0.89,. 115.7; [, , 1.56,

L 9

 124.0: &, 2.00,.128.5; + , 3.11, 136.5; Y , 3.94,

141,0; X , 4.30,142,7; X, 4.8, 145.5; T 5.8,100.5.
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‘195 2K at n= 2. 70 x 1027 molec/m3 is illustrated. At the‘
3 lower densxty the mobility increases by 45% for a 39K»
temperature 1ncrease3r At ‘the' higher density the nbbilityCd
;increases by 10% for a 5K temperature 1ncrease.
Al}jthese‘measurements were performed in gas type high

pressure couductance cells except those reported in Figur 3i

CIII- 2- 20 and I11-2- 21 which were obtained in low pressu‘e

'celis. The electrode separations were 0 314 0 004 cm andjv

0'9'99 E o- 001 cm respectively. A listing of the mobility "

- values at the,different temperatures and densities is giveni;‘

- in Table I1I- 7

2
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o TABLE III-7

Summagy’of-Ion Results for CH3gé

* k) @ caomiws)  o*twem Tl

~.91.9  0.106 2,90 g 3,07
96,7  0.178 © - 1.75 3.1
©108.2 - 0.235 1.63 . 3.83
. 1463 0.235  1.95 = 4.58
- .185.5 - 0.235° 2.16 5.1 . .
S 225.7 ¢ 0.235 2,35 - 5.5
293.7  0.235  2.31 5.6
337.8  0.235 2.46 - 5.8
385.8  0.235 2.5 - 6.0
404.4 0.235. 2.5 6.0
435 0,235 2.63° 6.2 .
474 00235 . 2.70 - 6.3 C
504 0.235 -~ 2.85 - 6.1 R
535 p.235  3.00 - 7.1 .
5.7 0.88 0.3l 2,79
124.0 ‘1.5 - 0.172 - . - 2.68
128.5 2,000 - 0.144 - 2.88
 136.5 3.1 0.087 - 2.71
1410 3.94 0,073 . 2.88
S 14207 4030 0.068 2.92
5.5 4.8 . 0.056 2.69
' 149.5 5.8 0.050 2,90 - _
' 153.9 6.7 0.042 2.81 - ¢

:g(vcontinued...;) '



Table IIIjﬁ-contihued

172,58
$219.3
293.0
_155-6
163.0

184, 2

171.0 -
176.0
1190.0
.200}2"
' 210.0

190.0
192.0

195.2

' of appearance as the flgures. They are glven 1n order

6.7
6.7
6.7
7.6
10.7
27.0 .
15.0
- 15.0°
- 15.0
15.0
15,0
o 27.0
'27?0r-!"
‘.‘27.0 r 

8

10.050
©0.063
0.071

0.0383

10.0258
0.0102
- 0.0212
JQ;Q232,

- 0,0274
10,0290
10,0308
0.0102
'f‘Q;Qlog“ »
0.0112

of 1ncrea51ng den51ty

3.35
4,22

4.76
2,91

2.76

2.75
'3.18
3.48
o401
435
4.62.
2,75
L2094
3002

~a. The results appear in thlS table 1n the same order T
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In Figure III—3'17 . the effect of raisiﬁg .the

“temperature from 133 OK to 450K at n = 3 7.x 1025 molec/m

<

."bis reported.f The “ion HDblllty 1ncreases from 1.30 x. 107 -4

2/Vs to 1.78 x 107 -4 2/Vs The rate of lncrease of the'

_moblllty with temperature is greater‘ at -low temperatures

‘than at high temperatures.k

bfThe“»same"effect cah be. noticed by raising ”the

temperature from 113 ox to 408. sx ‘at n = 6.1 x 1025

“.molec/m3 (Flgure III 3 18) The mobllity'increases by 48%

on. 901ng from 113. OK to. 225 5K and at hlgher temperature iti

- tends to level off : ,"_: 1;.,] v

In the saturated vapor (F1gure III 3- 19) the moblllty
_decreases w1th 1ncreasing den81ty An lncrease ‘in den51ty,

‘by a factor of about 20 causes a decrease 1n moblllty by‘

‘about*thefsame factor In Flgures II1- -3~ 20 to III -3- 22 the
effect of temperature' at three dlfferent densltles is

| lllustrated' | At' n-:=~ 7 3 x 1026, molec/m3 the moblllty

239

increases by 65% on ralslng the temperature from 155 7K to_'

s

f'292 OK. At n ;#j'26“.k, 1026 molec/m an'ylncrease ~in

temperature from 184 2K to 195 SK causes the- moblllty to”

llncrease .}by"f27%§ dh Heatlng thef"supercritical gas.il‘

. n, = 61 x 1026. molec/m ', from 190 SK to 193 9K 1ncreases

C -

the mobm&ity by 21% The rate of change of “the mobilltyd

}with temperature increases wlth increaslng density

oy
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Figure I1I-3-18, Ion mobilities in CH.D. gas at
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n = 6.1 x 1025 mole"c/m3 and different temperatures
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'fPigure III-3-19 Ion mObllltleS in saturated CH2D2

26 molec/m =) and

vtemperatures (K) E] 1 37 120 8; C) 3. 58 137 7.. 

-A.’ 3. 32 139. o,,+ , 5.9 147, 85 Y ,»7 7, 154 o-,

EV R

114 6 168 9, X 26 s, 1311 4.
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Figure I1I-3-20. Ion mobilities in CH202 gas.ft'i

‘n =‘?¥8 X 1026kmolec/m3 and different teﬁperatures
). O, 155.7; O, 172.5; A, 195.5; + , 231.8;
Y , 292.0. | |
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f‘viguréwIII—3~2.2. Ion mobiiities 'in4 supercritical
N o 27

CHzDz gas at n, = 6.1 x 10 méle&':\/m3 and

different temper'é‘tﬁfes ). O, 190.5; 0, 191.7;

A, 192.9; '+, 193.9. T, = 189.2.
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In the liquid (Figures 111 -3-23. and  III- 3-24) then'

mobility decreases monotonically with density\ A change in .

Ld |

mobility by a factor of 5. 3...V

density by a factor of about 2 produces ‘a dectease in

. Data in Figures III 3 17 and III-3 18 were obtained in'_>

1ow preseure type -conductance cells. '. The_ lectrode.”

separations were 1. 004 0 001 om. All the other gas phaee: -

results’ were obtained in,high preesure gas type cells. -The_’d‘

" electrode eeperatione were 0. 310 ¥ 0,002 cm. Liquid date’

were obtalned in llquid type high preseure cells. »dThef

o
electrode eeparations were 0. 328 0. 001 cm.

A listing of the mobilities -at, 'the different»..

temperaturee and densities is given in Teble III—B.

K
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Figure III-3-23. Ion mobilities in liquid CHD,
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Sad

TABLE III-8 -

'-.Sumﬁa:¥~of Ibn'Result,for Cﬂzgg

| "T5 :_:,'-n ~ . “Hy R 'U nu+}
ettt aoimivs) (10% (vem) T

¢ .

l]”

133.0 - 037  1.30 . 4.81
170.8 0,37 1,55 5.7
'230.3  0.37 1.8 - 6.2
293.5 © 0.37 . ,1.64 6.1 oo
351.7 0,37 1.72 . 6.4 T
409.6 . 0.37 - 1,75 6.5
450 \, 0.37 - 1.78 6.6
113.0  0.61 0.6l 3.72
1510 0,61 . 0.77 4,70
~225.5  0.61  0.96 N 5.9
294.0 0.61 . 0.95 5.8
"340.0. 0.61 £ 7 0,97 5.9
408.5 . 0.61 1,00 6.1
120.8  1.37 - . 0.220 ~3.01
137,7  3.58 ~ 0.086 3,08
1390 3.82  0.077  2.94
147.8 5.9 . 0.054 3.16
155.7 7.3 . ~0.045  3.29
172.5 . 7.3 ° 0,053 S 3.87
195.5 7.3 - 0.061 4.45
231.8 7.3 0,067 4.89
2920 7.3 0.074 - 5.4
154,00 7.7 0,037 2.85
168.9 14.6 - 0.0200 . 2.92
- - | (continued....)
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4‘Tab1é III-8’:qont;§u¢d 

181.4 ~ 26.5 = - 0,0116 = - 3.07. o

184.2° . 26.0 0,0109 . . 2,83

186.0  26.0 . 0.0117 3.04

. 189.3 - .26.0 0.0126 .  3.28. . ..

19505 26,0 0.0138 3.5 v

-190.5 . 61°  0.0063 . . 3.8¢ .
‘1917 . 61° g o.0069 . a2zt
C192.9 . 61°  o.0074 0 *4 5L e

193.9  61®  o.0076 - 464

1861 88 0.0073 ' 6.4 .,

183.8 95 - . 0,0073 . 6.9

178.0 - 105 0.0066 6.9

172.7 112 0.0060 6.7

 163.8 © 122 0.0052 . = 6.3
153, 131 o, 00445<J 5.8

139.0 142+ 0.00348 %7 ﬁf‘ 94
_l24.0 152 o0.,00280 T 4.26

114.0 158 . 0.00238 - 3.76

100.0 . 166 0.00180 - 2.99 .

93,0 169 - . 0;00139 {", .2,35“

a. The résults appear in thls table 1n the same oréex |

as the flgures They are- given in order of 1nc¢ihslng

.den81ty o ‘,.,

e .

b.  nc = 6,l”x'1027~m¢lec/h3‘. Tc '



4 CHDy

ftemperatures near %he

are noticeablev at

in Figure III-4+20'iis'freperted“rﬁheﬂ'effect' of

251

:increasing the density ;of the 'saturated vapor trom -

1.30 x 1025 molec/m to 1.56 x 1025 molec/m . The mobility |

'decreases. by a faCtor of about 273, BY taising. then

'»temperature from 102 OK to 568 7K at n .;[ 2;30»x'1025,r‘
I”A}r?molec/m (Figure 111-4-21) the mobility- increases from"'

©1.46 x 10‘4 w2 /Ve. to 3.19 x 10‘4 n?/Vs. | The rate of change

of ‘fﬁhe | mobiliti? with temperature ‘is greatest at

existence curve. The same effects

1 ,factor'ef’2-(Figure 11-4—22) ‘The mobility increases from »

" A -

7. 9 x 10'5 ‘2]vs'

1. 50 x 10‘4 m2/Vs on raising the

density higher by approximately a

temperature from 106v6K to 434K‘} Again,_the‘temperature.

change has more effect on the ion mobility at low

temperatures than at hi h ones.

In the saturated vapor (Figure III—4 23) the - mobility:_

ideéreases as the inverse density ' In Figure III—4 ~-24 the:

effect of heating the gas from 136. ox to  293. LK

n = 1. 22 x 1026 molec/"m3 is” illustrated. | The mobility

increases with temperature by 24% between 136 OK and 186 oK.
‘and by only 43 between 236.3K and 293.7K. - 1In Figure’
'.III~4 25 18 shown the effect of increasing the density of

' \the saturated vapor by a factor of &bout 3.; The mobility

deéreases by about the,same factor.-
I U | T

R
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. Figure III-4-25.

¥ ¢ N 3
molec/m-

vapor at dlfferent den51t1es ( 102

‘temperatures (K).
: ‘ “ o )

A, 3.22, 135.5; + , 3;92, 139 4

\'x , 5.8, 147.5.

4 1

o -10

Js oA : ,; o

0, 1. 85 125.5; CD
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Ion mobllltleS’ln saturated CHD3

2. 76 132 6

4.64 142 8

)'and'
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’

N



.  111-4-27) ‘:fexﬂhef" same effect

The mobility decreases aa Ehej nverse dsnsit

,densities.v

temperature effects on‘ the _mobility ‘at5

different by a factor of aboutw §

effect is mere noticeable'.

oexistence curve.; However(at !

A

. mobxlxty by 31%
o vapor to about half the cr'”

causes the mobility t.o decr f‘»

critxcal | density ’;(?1gufe_/ IiI-‘-31).

f;: about 40%y Inereasing the densiﬂy“'

1v-4 32 ‘a 33)
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Figure IT1I-4-27. Ion mobilities in saturated CHD3,
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Data in Figurea III—4<20 to 24 were cbtainad in low
preeeure conductance cells. The ?ﬂectrode eeparations were
'0.998 ¢+ 0'001 ‘em.  All other gas phase results were |
obtained in high pressure gas type cells. The electrode
;separations were 0 315 t 0. 005 cm. f\&iqnid data‘ Were
’_obtained in\high pressure liquid type celle.. The electrode
géparations were O. 320 + 0 00& cm._' A lieting of Ehe
mobilities at the different tempera;ures and deneitiea is

:‘4-'

given in Table III-9
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I »  TABLE III-9
- _ Summary of Ion Results for CHDg"
SR RN n Ye oo onuy
(K) \Xigzﬁﬁ B aotnfs) o smTh
92.6 0.130 2,37 308
94.8  %.156 1.86 C2.90°
102.0 0.230 1.46 3.36 .
135,0 0.230 1.83, - 4.21 :
175.2 , - 0.230 2.14 4.92
225,2 0.230 2,37 . 5.5
294.6 0.230 2.20 e 5.1
348.6 - 0.230 '2‘41.////~’ L
. 405.7 ~ 0.230 ,  2.55/ 5.9 e~
465.6 ¥ 0.230 S 2069 6.2 '
516.7 0.230 2.8 6.9
568.7¢  0.230 3.1 7.3
101.0 0.295 . _ ;,Qg 39
111.1  * 0.70 o 322
115.8 0.99 | 0»3§" - 3.17<:<»
1.06.6 0.43 C0.79 3,40
135.5 0.43 ' . 0/7 - 4271 |
175.1 0.43. A4 - 490 'Jvhf'_
235.6 0.43 1.33 5.7
- 294.6 0.43 1.27 5.5
T 337.2 0.43" 1.36 5.8
384.8 0.43 1.43 6.1
434 0.43 1.50 6.5 - -

( continued....)
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Table III-9 contjnued vv S S '&( k
o Ty | P
136;o:fv61;22 o 0}327: 0 3.99
156.0 0 1,22 . 0.366 - 4,47 0
18650 ~ 1.22 *  0.404  , 4.93
236.3  1.22  0.455 5.6
203.7,  1.22 0.473 5.8
125.5  1.85 0,150 = 2.78
132.6 © 2.76 ~  0.097 - 2,68
135.5 3.22 0.081  %.61
© 139.4  3.94 0.071  2.80

142.8  4.64-  0.057  2.64

147.5 5.8 0.0465 2.70
155,0 6.8 = . ©0,0418  2.84
158,5')- 6.8 . 0.0473 .. 3.22
184.2° ' 6.8 0.051 - 3.47 o
194.7  6.8"_ 0.054" - 3.67 . I

235 6.8 ", 0.061 4.15 v '}
 250.5\__6.8 - 0.061 415 L
1295.0 6.8 "10.060 4.08.

331.0 6.8 04961 4.5
369.5 6.8 o.zémﬁ‘ . 4.15
152,0 7.1 0.0380 .  2.70
152.3 7.3 0.0385 ., - 2.8l
155.5 8.4 0.0323.  Z2J1
156.0 8.7 . 0.0313 ~ . 2.72 e
161.0 9.3 . =w.0312  2.90
186.0 9.3 © 0.0395 '3.67
216,0 9.3 . 0.0450 :
256.5 9.3 . 0.051
293.8 9.3 0,053

¢

o '(%ontinuea....)' :
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-+

1585  9.7._,  0.0282 . 2.74
163.1 '11.8 . 0.0236  2.78

171.7.  16.9 0.0165 . 2.79,

176.8 21.2,  o0.0128 2.71 . - }

181.0  26.5 . 0.0109

. 189.0 29,1  0.0108

v

Table ITI-9  continued -

176.2 20.7 - 0.0140 - - 2.90

179.00 23.7  0.0122 2.89

181.5  27.0 - 0.0101° , 2.73 s

182.3  28.3 ' 0.0094 2.66
184.0  29.1 +.0,0090 2.62

187.0 29.1 . 0.0100. 2.91 0

W
L]
[
o

192.0  29.1 - .0.0115 = 3.35

193.8° 29.1  0.0118 - 3.43 . 4
183.6  30.3  0.0092 - 2.79 - ”‘/,

186.0; .36.0 0.0073  2.63
187.7  42.2  0.0064.  ‘2.70
, 2. | 4.

189.5, 61°  0.0051 3.11
190,261 i |
S 191.2 61
192,00 61
193.0° 61
187.7 83 0.0064- - 5.3

0.0059 ,  3.60

. 0.0064 3.90 |
© o o.0e8 - 45 - T
0.0072  *4.39 B o

oo, o o

186.0 ~ 88. 10.0073 . 6.4
183.6 . 94 0.0070 -~ 6.6

182.4 97  0,0067 . 6.5
181.5 .<§; . 0.0066 ° . 6.5

. ( continued. \{\ g .
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. Table III-9° codtimued = .

178.9 " 103 0.0064° 6.6 . =
176.8. 106 - 0.0062 - : 6.6 . T

175.4 107 0.0060 - 6.4 -
1717 114 0‘0658"-; 6.6
168.0 117  0.0055 = 6.4
1631 123 10:0052° 6.4

1417 140 7 0.00378° T 5.3
Clhes e eleber . aad s
. ~1~19‘_’.»2‘ 155 : 0 00256 : 3.9:]
. 108.9 161 = 0. 00197 w-~,.33;1753;.2,~{;q*,
92,1 169 ': °?°°123.' ';»-27@9i5ifx,f,f."ff

*of 1ncréasxng density.  '““

b. '“é'z'sﬁi-x110271md1ec/m3;;LT
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5. CD4

~In Figure ITI-5-17 is-shown the effect of raisi\mg the c T
e temperatute from -95. 0;( to - 535.5K _at _n.- = 2. 50 X 1024
‘mol_ec/ma.} The momlity ;;creases by a greater factor at
low terﬁperaj:ures than at high temperatures. The ion tracea'
.s>howed a prenounced eurvatur; at. T,Z, 55C.)K. |
| In 'tﬁe coexistentvvap‘gr an 'inc;:rease in denei“ty (Figure
I17-5-187 »’l}eads to a decreese of e mobility. On going
from 1".50 x 1023 mo'lec/’mj to 5.0 x 1625 molec/m3 the
mol_;ility ,decreeses_ from 3,00 x 1074 A' mz/vs to ‘6..1 x 1073 v
m?/vs. \At n =H3‘.2,x 1025 molec/m3 and 5.0 x 1025 molec/m3
'(Figureé, III-’5_J-19 to 21) an increase in,_f.emperature leacis 4
40 an increase’in mobility. Again a marked curvature in
the {voltage \}s . time traces ‘ was‘ observed at -higﬁ '
temperatures; The * corresponding electron current decays.
we‘r_e‘ linear. In Flgure I11-5-22 the effect of 1ncrea31ng
the density | of the ' saturatemor from 1.25 x 1026 VN
_molee/m3 to 3:.2.2 x 1026 moleé/m3 is illustrated. The ion '
mobility decreases by a factor of 2.5. At n = 3.70 x‘1626~
molec/m?l (Figure 1I11-5-23) ra-‘ieing the terﬁperature from
138.4K to 175.$K'proquces an ~increase in mobility of .about
' 30%. {Heating the "‘gés from 385K to | 43::!K A increases t‘neu
wy-' by only 3%. . | |
. In“ Figurev III-’5—24 are reported meésufements ir; the

saturated vapor between 4.21 and 6. 8 (1026 molec/m3) The

mobllity decreases by 658%. ,Heatlng the gas at
" .
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Figure III-5-17. Ion mobilities in CD4 gas.at .

n=2.50 x 1024

moiec/m3 and different temperatures
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Figure III-5-18. Ion mobilities in saturated .CDé
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b

'temperaturej& x). O ,"1.50, 94.0; O, 2.32, 98.3;
A, 2.56, 99.3; + , 3.18, 101,6; Y , 4.8, 106.3;
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Figure III-5-22. Ion mobilities in satu}:ated-CD4
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vapor at different densities ( 10

26 molec/m3 ) and

O, 1.23, 119.3; O, 1.83, 125.5;

A, 2.00; 127.0; + , 2.16, 128.2; Y, 2.66, 132.0;

X', 3.23, 135.7.
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n =5.5x 1026 molec/m3 between 146.5K and 397.0K (Figure *

II1-5-25) has the' effect of increasing the ‘mobility by

85%. However the rate ofvincrease is about 27% between,

146, SK and 181 5K and approximately 1% between 341K and

397K. An increase in density of the saturated vapor to

about half the criticalvdensity (Figure III-5-26) has the

same effect previously observed. The mobility decreases-

with the inverse ratio of the density. Heating the gas atv"

a

n = 29 x'1026‘moleo/m and n, = 61 X 1_026 molec/m3 (Figures

I11-5-27 and 28) has the same eftect'in both casesL, The'

mobility increases w1th temperature. However the increase

at the lower density is 22% on QOing from 182 7 to 188 7K

whereas at the higher density it 18 about 50% as thevv

temperature is re ised from 189.3K to 193 OK.

In the liquid phase LFigures III 5-29 and 30) the -

T

mobility decreases w1th 1ncreasing den81ty. A change in

density by a factor of about 2 produces a drop Ln hobility

B A bl

Data contained\ in Figures I11-5-17 to III- 5~ 21 were

obtained 1n low: pressure »type conductance cells. The

- i

electrode separations were 1. 000 + 0.002 ‘om. - All the other

gas phase results were , obtained in high pressure gas type

. D
cells. -~ The electrode separations'Were 0.315 1'0.005 cm.

Liquid data were .obtained in “high pressure liquid type.
cells. The electrode separations were;0}3l97ziO”OO2ICm. A

' listing of the mobility values (;at the differentv

'temperatures and densities is reported in Table III 10.

G
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Figure II1-5-30, Ion mobilities in-liquid CD, at

4
different densities ( 1027, molec/m3 ) and —
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A, 14.7, 134.0; +, 15.6, 119.5; y , 16.1, 109.7;
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TABLE III-10

a

Summary of.Ion Results for CD,

¢

T \\ ~n N nu,
(K) \<}025m‘3) (10™%m?/vs) (102 (vsm) 71
N |

95,0 0.025 14.4 3.60
120.5 0.025 16.8 4.20
150.0 0.025 18.4 4,60
185, 0 0.025 - 20.3 5.1
235, 5 0.025 . 21.2 5.3
294.0 0.025 \\go.e 5.2
337 - 0.025 20,5 5.1
404 0.025 22,1 5.5
463.5 0.025 22,8 - 5.7 .
535.5 0.025 25.5 6.4

94.0 0.150 2. 00 . 3.00

98. 3 0.232 1.38 N 3.20

99.3 0.256 1.19 ©.3.05
101.6 0.318 0.97 3.08
106.3 0.48 0.67 3.2
107.8 0.50 0.61 3.05
106.0 0.32 0.91 2,91\
130.0 0.32 1,06 3.39
159.2 0.32 1,21 3.87
214, 4 0.32 1.43 4.58
293, 2 0.32 1.34 4.29
'356 0.32 1.52 4.86
414, 0.32/ 1.58 5.1
474 . 0.3% 1.60 5.1
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Table III~10 continued

536 0.32 . 1.81 . 5,8

598 0.32 1.93 - 6.2~
111.8 0.50-  0.61 3,05y .
125.2  0.50 0.69  3.45 e
131.¢ 0.0 0.71 3.55 IR
150.6 0.50 1 0.78 3.90
155.4  ©0.50 ~ .0.79 . 3.95
179.9 . 0.50 ©~  0.87 . 4.35
184.7 - 0.50 °  0.88 4.40
225.0  0.50 °  0.98 4,90
230,5 © 0.50  ° 0.98 - 4,90
293.8  0.50 0,96 4.80
337.4 0.50 . 1.00 5.0

395 0.50 ©  1.07 . 5.4
4543 0.50 1.1 5.6

521 - 0.50 . 1.27 6.4
119.3 °©  1.23 0.214 2.64
125.5  1.83 0.146 - = 2.67
127.0 2,00 0.132. 2,64
128.2  2.16 0.124 - 2,68
132.0  2.66  0.100 - 2.66
135,7 3.23 .. 0.083 2.68
138.4 . 3.70  0.083 3,07
155.7 3.70 . 0.096 - 3.55
175.5  3.70. 0.107 3,96
195.2 - 3.70 - 0.116 4.29
2357 3,70 0.129 ~  4.77
29430  3.70 0.139. 5.1
337 3.70 0.146 5.4
385 ©3.70 . " 0.153 5.7
433 3.70  0.158' 5.8

( continﬁéé;...)'



Table III-10 continued

141.0
142.0
. 151.0

146.5 "
160.0

181.5
1219.7
236.5
293.0
341
397
164.8

175.5.
182.5"

182.7
185.5

188.7
191.2

'193.9
195.5
189.3

- 189.5
190:5
192.1
193.0°

187.5

. 187.0

61
61
o
84
86 .

4.21
4.46

6l
5.
3.

3.

5.

5.

12.

20.
28,

.29l

29.
29,

29.

29.
29.

61

61

8
5

5\
5‘

5

5.5
5.5
5.5

5
4

0
5
VI

0
0
0
0

0 B

v o o

0.064
10.060

0.0387

. 0.052
'0.058
0.066

0.077
0.083

0.095

0.09%
~0.0216
1 0.0130

0.0094
0.0095

0.0107
0.0116
- 0.0122

0.0129
0.0133

- 0,0049°
0.0056

0.0062

0.0064
0.0073 - .
"~ 0.0070

0.0070

2,69
2.68
2.63
2.86
3,19
3.63
4.24
4.57
4.90
5.2

5.3
2.68
2.60
2.66
2.76
3.10
3.36
3.54 7
'3.74
'3.86
2.99
3.42
3.78
3.90
4.45
5.9
6.0

( cbhtinued,...)
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‘Table III-10- continued

184.0 94  °0.0068 6.4

180.0 102 ~  0.0065 6.6
178.0 ~ 105  ° 0.0063 6.6

170.0 116 0.0055 = 6.4

160.2 127 .  0.0048 6.1
145.5 138  0.00379- 5.2 . |
134.0 147 - 0.00314 . 4.62 B S
119.5 156 . 0.00237 3.70 o
109.7 161 0.00196 3.1 .
100.3 167 . 0.00155  2.59°

92.4 171  0.00122 - 2.09

a. The results appear in this table in thé,séhénqrder ’
‘as the figures. They are given in order of increasing

density.

b. n =%6.1x 10%/

3 . -
c ;molec/m ' Tc = 189.2K.



CHAPTER 1V

DISCUSSION

A. Electrons
' ~ o : R |
The effects-of electric field strength and temperature
on the electron mobility were 1nvestigated as functions of
density in the region between the dilute gad and the dense
‘ 11qu1d | ‘

Simple gas theory sngqests~,that the"mobilityibof a
fcharged particle in a medinm at density n band‘ in the
presence ‘of an electric field E. should be inversely
proportional to n.  The mobility is"a measure’.of_ the
maximun velocity attained by the particle ‘under the
acceleratlon by the electrlc field between COlllSlOnS w1th_
‘the molecules. The maximum velocity depends on the length
of time that ‘the particle is accelerated by the field, thati.
is the time between collisions This time is 1nverse1y,
proportional to the density.A It follows that the moblllty
is inversely proportional to n and the density normallzed
 mobility (1ow field‘ limit) ;np_ should be‘ density
_ independent. ‘k - | | |
| In Figure IV-1 is reported the density variation of

thejdensity nornalized mobility (low field) np in‘CH4 in

292




293

p—

o

_FO
|

rTr1ITm]

1
]

10:'-'—

T
| - .. } ’,; 

nuy ( I‘Ozs*mlec/‘ Vsm ) ,*

L1 11 11 I|‘<‘v

el

n ( 1047 molec/m® )

4

Flgure IV-1, Density dependence of the den51ty

normalized electron moblllty {low fleld) in the"”
coexlstent vapor {0) and llqu1d‘(l>) phases
- .  of CH C)represents the slightly supercritlcal

fluid at n, and T + 0 1K,
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the vapor and llquld phases along the coex1stence curve.

The density normalized mobility is indeed density
independent up to n ~ 3 xJ026 molec/m3; At higher
- densities deviations from ideality are observed. |

~ The vdiscussionu of the results will be. divided into

"three sections- accordlng to density. The first section
W1ll ' contaln , results in the low density i‘bas
(n/n k 0.05). The second will contain results 1n the .

dense gas (O 05 ,{n/nc 501);‘-F1nally the behav1o: 1n>the

llquld phase W111 be examlned - In each section the effect

204

.of electrac field w1ll,be examined first in CH4:and then

compared to that in the deuterated compounds. . Then the

ftemperature and den51ty effects will be dlscussed in CH4
'and compared to the other ‘com unds.
< 0.05)

~

1. Low Dehs{ty Gas»(n/nc

3
a. Electric Field Effect -

1) CHy

The ‘electron mobility in CH4 gas at dehsities betWeen

2.95-5.8 '(1025 molec/m3) ‘and temperatures near  the

saturation curve is field independent up to E/n ~ 0.02 Td

(Table ‘IIf—l)., Above. this threshold value the mobility

increases” with increasing @ field. »  The value of the
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threshold field " increases S with gemperatﬁre (Figufe_Ay

111-1-18). The drift veiocityt.at (E/n)¢pe is usually"

.. compared to the speed of . low frequency = sound

co.48'54'55'205f2q9 In.Figure'IV-z are reported data in

CHy gas at n = 5.3 x 10%° molec/m3 and T. = 293.5K as a plot

of the drift ’vélocity va against E/n. In this case

measurements were taken .at  field strengths up to.

"E/n ~ 8 Td. The drift velocity feaches aﬁsaturati¢n value

 of approximately 1 x 105 m/§ at E/n = 4 Td. If elastic

~

collisions Were'the‘dominatihg process in moderating the

electron energy the ratio (vgthTy /e, 'would-_be about

unity11251126) Increased ihelastic~ contributions would

increase thi_s‘ratio.s-4 nDrift'velocities at the threshold

fields were estimated from vgq vs E/n plots. Speeds . of

fsouhd were taken. from Reference 196. The ratios (vd*ﬁhr)/co

at the different -témperatureé in CH4 at two »@ifferent

s

densities are shown in Figure IV-3. ’Thé.ratio is close to -

unity at low temperatures but it increasés with temperaturé

T & . SRS ]
.indicating that inelastic losses are unimportant near the

saturation. curve but appreciably«contribute'in moderating -

the electron enefgy at higher temperatures.

S = : I
In Figure 1IV-4 are shown the Maxwellian- energy

distribution functions

el

F(e) =a(216l/2)/(akT)3/2 exp (-e/xT) -1
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Figure IV-2. Electron drift velocities V3 in CH4
~gas at n = 5.3 x lO25 molec/m3 and T =:293.5K as
functions of E/n. Thévdashed line has a slope of

" unity for reference.
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- Figure IV-4.‘Maxwellién electron energy distributions

vF(E) at llOK and 640K ‘The curve at 110K has been
thr.

‘ kd1v1ded by 10, Values of (v )/c in CH, gas at

4
the dlfferent average electron ene;Z&ES e=1. SkT 3

from Flgure IV-3 are reported for comparlson. The

- arrows 1nd1cate the two lowest v1bratlonal energles

in CH4., : ) . ‘y | ,‘&/

I e




at hthe‘ lowest temperature used, fofz' llOK and at thef

hiéhest,-'r'z 640K. The same points of Figure 1v—3 are}_asm»
"reported for ,comparison. f'The temperatureS"have been;ffhffhﬁi
converted to average energies e = 1'5r kT._h\ Possibleﬁfpff;t

.channels for 1nelastic losses are excitations of rotational?gf;jex'”:

.and,vibratlonal motions.p The dipole moment of methanegis:‘vﬁj;f! g
"Only 5 4 x- 10"6 -*D183 jand} vsince »pthe molecular{t‘
polarizability in gas phase is essentially isOtropicf}”'
exc1tation of . rotations by the electron is improbabl

p .
> v4 = 1306 cm‘l (o 162 eV),

v - 2914 em} (0. 361 ev) and v3 - 302Q cm'} (01374¥ev)*f;

| From Figure IV—4 it can be . seen that at the highestf{
| emperature there is an appreciable fraction of electrons;7
'»w1th energy sufficient to excite at least the first two-‘«
v1brationsy' At the 1owest temperature,,on the other hand,ﬂ'
the distribution has already appreciably dropped before the%i;
first v1brational threshold energy has ‘been reaehed.-»The{fg
~ fraction of »electrons, q,: with a_igiven ‘energy,‘-p;i~atf*5

"S

S temperature T can be- estimated from‘

e S ;'exp(-e/kT) S e e
S ooq= ”“, L IV=2
. 1 - exp(-e/kT) B

,Us;ng e = 0. 162 ev, the lowest methane vibratioaal enerqy,_,
‘ e [ N
the . value of this fraction 13 3 8 x 10 -8 at T = 110K and.w

5.6 x m‘2 at T = 64OK. ._~~‘;fa+:;,;_,;;;w;**
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, .

been found in gaseous ethane52

where at n

molec/m3 the ratio increased from 2.5 at T = 197K to 7.9 at

T = 326K.

ii) Deuterated Methanes

‘?
R

In Figures 111—244};'111=3—6,,111-4—7 and I1I-5-7 are

shown the values of: (E/n)thr as functlons of temperature in

the gases CH3D, CHoD,, CHD3 and CD4 These plots are very'

A similar temperature dependence of (vdthr)/cO has

6.8 x 1022

-300

similar to that for CH4 (Figure 1I1I-1-18). Within

experlmental scatter the values of the drift veloc1t1es at

)

the threshold fields are the same in. all compounds. It was

shown in the prev1ous subsect&on'that in CH4“the excitation

- of vibrational modes 1s reSpon51b1e for the 1ncrease in the

value of (vq thr)/c w1th temperature. Theﬁﬁifference in
v {\: . o

_vibrational energy levels between CHy and CD4“ES equal .to

the square root of the reaucedﬁnasses, ~35%. Vibrational

- levels in‘.CDa are 35% lower than those in{CH4-}'99 The

speed of sound is proportional to the square root of the

. '
molecular mass' M

IV-3

where y is the heat capacity ratio. The speed of sound in’

4CD4Ai§,~12% lower than that “in CHg. The estimated values
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of the drift velocity at the threshold fields are not
reliable to less than about 15%, therefore it is conclﬁded
that the:contributijon. of inelastic losses is about the same
in all compounds

4 . Y

b. Temperature Effect

A plot of the den81ty normallzed low fleld moblllty ny

_vagalnst the temperature at ‘low gas den81t1es is given in

Figure 1IV-5. In this reglon the value of the 1low fleld‘
mobility is inyersely’proportional to the number densityy
and increases with ihcreasing temperature; The.temperature
varlatlon of the low f1e1d moblllty, normallzed by the

density, can be used to extract the energy dependence of

the electron-molecule momentum transfer cross section op. 32

By assuming a Maxwellian dlstributlon of electron
veldeities

(m/2nkT)3/2‘eip(~mv?/2kT) ' IV—4

Equation I-9 can be written as

5/2 »I=_~g_
- O Um

= (82 e/3m)(m/2nkT) eXp(-mv2/2kT)dv: V-5

E > : o . .
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where e, m, and v are, respectively, the electron charge,

303

mass andlwelocity,’k‘isiBoltzmann's constant and T is the-

temperature{

- The . energy dependenCe-of'thenmomentum transrer cross

section»om WaS»obtained by matching the experimental (np,T)

sets to calculated values obtained by numerical 1ntegration

of Equation IvV-5. A trlal cross section as a functlon of ;

energy & or veloc1ty v (e #vaz/z) wasfchosen and adjusted

unt1l the agreement between calculated and experlmentaly

values was cons1dered satlsfactory In Flgure IV-GA the :,

solid llne . represents the ~result of thls procedure."

Earller résults42 45 48 are shown for comparison. The line

1n Flgure IV 5 was calculated by u81ng the - extracted crossh:y

1

sectlon.v*’ The average dev1at10n between calculateﬂ and

"

exper1menta1 values was 1.1% for all den31t1es ranglng from o

0.3% at n = 7 5 X 1025 molec/m to 1,9%’at n = 5 3 X 1025

N

molec/m oo Thé reglon‘ of greatest sen51t1v1ty in theil'“

flttlng procedure is. that ‘near the max1mum of the integrand; '

in Equatlon ”lV—S . The - functlons f(e) in F;gure IV-6B

show the percent of the 1ntegral in the equatlon that has'

been contrlbuted by - electrons in the swarm w1th energles upf

to €. These functlons refer to- the lowest temperature'ﬁ

!

used, T = 110K, and to the hlghest o= 636K. Electrons at*

energles between those corresponding to f(e)~10 and 90 makef’

- the major contribution to transport of the swarm. _MA{“’,

T 110K this ‘energy._range is ~0.009 - 0.05 eV. ﬂ_’At

T

PR

636K it is ~0.05-0.25 ev. .
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Af Momentum transfer cross'section Oh

gas as a functlon of energy €. >

The SOlld llne represents results of the present

'-work produc1ng the solid line in Flgure IvV-5.

- - f,Reference 48,

B: Plots of f(¢) vs

O, Reference 42; O ,Reference 45,

e at 110K and 636K.

f(e) is the

percent of the integral in Equation IV-5 that has

been contributed by electrons with energy‘up“to €.
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5 |
Taking an average cross section (assuming a Maxwellian-
distribution of electron velocities) equivalent to one that.

is independent of velocity leads to

| < _ Cave = {v>/<v/dm> Iv-6
? qii\e - .
' l;‘“, \ o : ) . : %

-The temgerature variation of the average cross section
calculated using the curve of Flgure IV—GA 18 shown 1n : '

Figure IV—7.

ii) Deuterated Methanes .

in' Figures. iV-B and: iV—9’ are shown ﬁhe deneity
normalized‘ldy'field mobilities_in‘the’low'density Qaees
»"CH3D,‘CH2D2, CHD3'and CD4 as functions of temperature. The
lines haQe been calculated using /thebleross section vs.
energy cuf&e shown in Figure‘IV;6A.: The‘agreement between
experimental and calculated values_ is \similar (te that
obtained for CH4. The average deviations, ove; all’
densities were 1.2%, 1.2%, 0.9% and 1.2% for CH3D, CH2D2,
=CHD3 and CDg, respectively. In this density end_ehergy
reglon there is no isotope effect. This is in:agreemeht
w1th ‘what was found in a prev1ous study of the system'
CH4-CD4.39'42' In these den31ty. and energy_ reglons the
scattering ‘process 1is thought to be naiqiy elastie. The

e

small = differences 'in sizes betwéen methane and the
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deuterated compounds are too small to produce a detectable

1

difference in scattering cross section.

2. Dense Gas (0.05 ¢ n/nc‘sl)

a. Electric Field Effect

. _i'..)__gi_A i /) .' ' . R L -
. ‘ i ///'/ R A‘ . - D‘

On the saturation curve, in,the region (n. > 3vx 1026
molec/m3) where the‘den81ty normalized mobility decreases
With density (Figure IV-l),} the value of the ratio
_(v thr)/c increases (Figﬁre iV—lO).v At lower densities
this ratlo is constant at 1 1mp1y1ng predominantly elastic
contrlbutions;‘ The decrease in ny at n 2 3 x 1026 molec/m
is attributed to quaeilocallzation of the electron by
- van def Waals = clusters of moleeules. (see | next
subseetiOn). This is an 1nelas£1c process which leads to
an incfeaee in (vg thr)/c . At T = 190K, the temperature_b
corresponding to -fhe highest gas density used in- Figure
IV- 10 the ‘fraction q of electrons ~with an enefgi '
sufficient to excite isolated vmethanev moleculee to 'fhe'
 lowest excited v1brat10na1 levei Hie ‘5;1 x‘iO'S{ The

thr)/c is therefore a density and not a

R
increase in (vd

temperature effect.
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fterated Methanes

3'n plots of’ (E/n)thr agalnst the number den51ty in
hor is the same as that observed in CH4' (Figure

a maximum at T ~ 145K ‘and n ~ 5 X lO26 molec/m

~

It isﬁﬁeasonable to expect that the same w111 happen in the
deuterated compounds whose experlmental values were not
found Fv
also " Frease \Mlth den81ty in the -isotopic molecules at

lden81t1es ‘higher than ~3 x 1026 molec/m .

»

aturated . vapors CH3D, CHZDz. CHD3 and CD4. ' The

311

¥ Fiqures III-2-19, I11-3-16, I111-4- 19 and 111 5- 16ﬁ'

fl9). "In saturated CH4 vapor the speed of . sound goes'.

'%the literature. The ratlos (thhr)/co yould then o

Plots of np-vs. n (see Flgures IV- 13 to IV—16) also.x‘

show that np decreases with den81ty abOVe n 3 X>1026Vj

molec/m . It is therefore concluded that the ~same

k 1nelastlc process (qua51loca11zatlon) operatlng 1n CH4 in

3

thls den81ty reglon is 1mportant‘uin' the deuterated

analogues as well

b. Temperature and Density Effects
‘ i):CHd o

The effect of density on nptin'thezsaturated vapor and

kliQUid can be seen from Figure IV-1. At low densities,



3 x"iozﬁ molec/m ' the low field nnbility decreases as

the inverse den81ty.ﬁ In this region the denSity normalized

'-mobility is,density independent becauseﬂmulti-body effects.
are not important. The value of np decreases as- the'~

density is further increased and reaches a mrnimum in thei

>

'v101nity-of'the.cr1t1ca1 point.  The sharp increase in np.

/

312

at 1n > 6.1 x 1027 molec/m3 is -due’ to conduction bandv:}

formation. . a

separately. o S ) Lo

Results in this region w111 be discusSed‘

In Figures 1IV-11 and IV-12 (are,/reportedi Arrhenius

piots of the thermal electron mobility (low“fieid strength

limit) in CH4 gas at different densities. At low den51t1es'

the temperature coefflcient of the mobility is related to

the energy variation of the momentum transfer Cross

3'Section. At higher den31tre§_the temperature coeff1c1ent

hof mobility 1ncreases superllnearz;\with density.t‘

The effect -of increa51ng the density above .

~ 3 x. 1026 molec/m in the saturated vapor is to decreasel.

the value,of np (Figure IV-1). In the same density region

_where np decreases with density and the, temperature

e

coefficient increases, tﬁe\yalue of the quasifree electron

mObility,.,po; increaSes.46 At n z"3lx 1026 moiec/m3

quasilocalizationfof the electron in van'derVWaals clusters

of molecules is thought to' occur. 48,207 .

Gee and Freeman48 have shown that. by taking the low

field values of mobility from Reference 46 as a measure of'
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'Figure'iV—IZ.' Arrhenius plot of thermal.electron_
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densities (.10 molec/m3 ).‘MoBilities in the gas

along the vapor-liquid coexistence curve are
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Bor the ratio of (npo)n at density n to. the“&ew«denait;:::>%
limit (npo)ld‘ is (nuo)n/(npo)ld = 1, 05 at n = 3 X 1026

mo;ec/m 1. 25 at n = 11 x 102° molec/m and extrapolatesb»

t0 3 £ 1 at ng = 6.1 x 1027 molec/mS.

C

The density normalized mobility for any values of T

| R

“and n is

np = (npg),f . e -7

s

where f is the frection of electrOne//i:/ the quasifree -

/

r

state. In the dense gas the quasllocallzation sites may be

regarded as denslty fluptuatlons
e medium 3 site o Iv-8

e qf * site 3 eTy ‘ ';" S Iv-9

where e ¢ is the quasifree electron, e q1 the "quasi-

qf

loealized electron“ and "site" represents e density
gfluctuatlon of sufflcient magnitude and breadth )
The concentratlon of sites depends on the free energy

change of procees 1v-8.

= Esite] = exp[-4G0q/RT] = exp[480;/R - AHOG/RT] IV-10 -

where”kg is twg eéuilibrium constant and R-is'éas constant.

\

#



The concentratlon of e~ qf can be wrltten 1n terms of

H the equ1libr1um constant of process IV-9 kg, as

L e ;] Le” 1 [e™..1
R I B Ui i S e
P S d kg[site] kgkq k ' Le o
e AG°§- - asVy  aHOy L
kg = exp[- —=] = expl - ] IV-12

RT "R RT

It follows tﬁen thaf the fraction of"quasifree electrons,

 _f, is
le” 1] le™.,] | ;
£ = ”,Qf_ = {1+ _ql '}"1 = {1 + [sitelx'} .
Lo gl+le q1] ,‘ le ¢ : ’
IV-13
and
(np) . asO'  aH®' |
- -1 =%"' = exp( - ) Iv-14
np o ‘R . RT o
where -
h 0 = 0 0 | : - '— .W
8T T ASTg T ASTy . VIS
F

pHO' = AHO_ 4+ aHO, . IV-16

316



Values of the temperature coefficient .Eﬁ at the

different"dengities Were ;calculated “from‘ Figure Iv-12.:

They were E, = 1.5, 15 and 135 kJ/_:ﬁel{at n = 5.5, 29 and

M

v 61 (1020 molec/m3) respectively The bresent:value at the
crltlcal dens;ty is con51derably hlgher than that reported‘
‘in Reference 48 - The dlfferenceo is attrlbuted to the :

better temperature control that was. achleved 1n the present'

study. ., For comparlson the valaes obtained in the

supercrltlcal gases ar208 and Xe207 were 18 and 130 kJ/moln

respectlvely

ii) Deuterated Methanes - - -'w";'f{:

o

" In Flgures Iv-13 to: IV l6 are reported plots of the

den51ty normalized low - field mob111ty, ny, against the

density, n,; in the saturated vapors and ' liquids CH3D,

CHyD,y, CHD3 and CDy4. The dashed line draWn in each plot iﬁ

the vapor reglon represents values in CH4

In Flgures IV-17 to IV-20 are shown Arrhenius plots at

different vapor densities in the same compounds. The lower

densities have been omitted because the Arrhenius model is

¥

;not‘applicable,
As for CH,, values of the teﬁperature coefficient of
i mobility were. calculated. They are'given, toget r with

3

those found in CH4, in. Table IV-1 and Flgure IV-21.
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"~Pi§preuxv-13 Densxty normallzed electron mOblllty

(low fleld) agalnst n for thermal electrons in

fwcoexlstence vapor ([]) and llqu1d (Z&) CH3D

‘”(), represents the supercrltlcal fluld at n:'and-
. Tc + 0.2K, The dashed line is for CH4

PR

from Flg. IV:1,¢;>
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n ¢ 10% molec/m® )

Figure IV-14. Density nérmalized electron'hohilify

(low field) for thermal electrons in co'existenée-

vapor (D) and llqu:l.d (A) CHZD Orepreséhts the.

IJ_'

supercr1t1cal fluid at n and T_. The dashed l;me L

is for CH4 from Flgure Iv-1.
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( 102° molec/Vsm )

nu

T IJIlil
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101 1

h (1027 molec/m® )

Figure IV 15. Density. normallzed mobllltles agalnst n

(low fleld) for thermal electrons 1n coexxstence
vapor (0)) ana liguid (A) CHD, . O represents the
- supercritical‘fluid at n and Tc. The &ashed line is

[

for CH, from Figure IV-1,
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( 10%° molec/Vsm )

10 :—

nu

n 102_-7. molec/m’ ).

N

Flgure IV 16. Density normallzed mob111t1es (low fleld)
agalnst n for thermal electrons 1n coexlstence o
vapor ([]) and liquid (Z&) cp, () represents the f
supercrltlcal fluld at n, ané T 4 0.1K. The dashed

line is for CH, from Flgure Iv-1. \
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) piéu;g Iy-J?, Arrhehiusvplot of thermal electron

mobility (low field) in CHD gas at different densities

( lO26 molec/m3 ). Mobiliﬁies in the gas along the .

vapor-liquid coexistence curve are represented by a. .

3

0O, 6.6; &, 6.7; +, 15.0; ¥, 27.0; X , n_=61.
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Flgureuav-lB Arrhenius plot of thermal electron,

mObllltleS (low fleld) in CH2D2 gas at dxfferent_;

den51t1es (\8 molec/m ). Mobllltles in the gas-

long the vapor—lmquld coexistence curve are repre-l

P:Hse‘,n.ted by D . O . 7'.3: A, '2,6_‘0? * . nc:=»6-l' ’
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mobllltles (low fleld) in CHD3 gas at dlfferen\g

26 molec/m3 . MObllltles in the gas’
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along the vapor-liquid coex1stence curve are repre—

»se,nted by g. o, 6‘.8,‘A, J3; + ., 29. 1; ¥, n, —-61
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CH2

D, (&), CHD; (Y1) and CD, (+) gases.
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. The energy of the quasilocalization sites ‘has not 'beeng

. I
‘.

" o ' As mentloned earlier the temperature coefﬁicient of.'
'mobllity increasea superllnearly with density.; At a givena

*den91ty the values of Ep are the éame for all componnda.

"appreciabiy altered by the isoﬁopxc aubatitution 7"ﬁ'

At;theicrltlcal density, nc = 6«1 x 1027 molec/m -

i

temperature coefflcient is ~140 kJ/mol.- Consideringdtha a

to the,hlgh density gas, the average localizatian energy

3

'jtaken to be ~aHOg :»AH9*9~sz; 2 kJ/mol. mhe remainingki_ﬁ‘;

attributed td QAHOQ; r'fThus, Ln the critical ga

~ AHOB

ilg{[(nuo)n/np]

'and 1ntercept at T 1

Q

'dresults are; tabulated in Table IV-d?ﬂitLE”ﬁff
Flgures IV-22 and IV—23.
“of AS°' are approximately proportional t;o
factor of the fluid,¢ S(O),‘ Whidh 1: rels
dmagnitude' of the density fluctuations.{;_"

fluctuations are largest in the'
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AH" ( k/mol )

G
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n ( 1026 molec/m )

Flgure IV-22, Den51ty dependence of the enthalpy
/
[ of equ111br1um IV-14, AH°' , in the ‘gases

{
|

;-CHA (ui CH3D (0), cu202 (Z&), CHD
L+ |

, 3 ( Y ) and
,CD4



AS®' ( J/mol K )
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n ( 1026 moxec/m3 )

‘Flgure IV-23 DenSLty dependence of the entropy

of equlllbrlum IV-14 AS°", in the gases
._"'}.CB‘, (D). CH D (O). CH 2 (A), CHD3 ( Y- ) and

1€CD4 ( f )
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‘extent of quasilocalization of the electron is therefore .

. . R o . _(3_“- - . i T
largest near the coexistence curve and decreases as the gas =

"is_heatedlat*conqtant:density;

"Differenbéd:‘bétwéen,'compqqnds in Table 1IV-1 :are

attributed mdiply\to,experiméhtal scatter.

3. Liquid (1 < n/ng ¢ 2.8) .
a. Eleétric.Field‘Effect~ i '
i) CcHy éhd“Deu;et3t9d~Analbgue§f"

ih Figure IV-24 is reported the density variation of

ﬁhe‘xhreghdld field for eieCtron heating in the liquid and

supercritical ﬁethaneé, The density depe:ndence.ofk(E/n)t-hr

is similar in all‘compounds. Beginning at the high density

. .end neaf the‘triplebpbint, n =17 x 1027 molec/m3, (E/n)thr .
N : ‘ 027

femainsvconstant‘a€ 9 mTd as n is decreased to 14 x 1
‘moieé/m3, ~ The thteshold Ehen decréases to  a shéllow

‘minimum of 8 _de at 11 x 1027 molec/m3, then increases

 ‘pfogfessively rapidly as thé'density is'decrqaséd towards
. ; . . B / . N . R

‘”B;S‘x 1027 pmolec/m3, where the field effect changeg sign.
.;,zﬁ{éw‘res}mid, fields in CH4 appear to be ~15% lower, and
those in CHyD; ~15% higher than those quoted (Figure

Iv-24). Aﬁ densities <8.5 x 1027  mo1ec/m3, (E/n)eny

remains relatively cohstant at ~30 de,LeVen,ih the fluid

.ét'nc and tempérétures up_iovTéf+ 4K (Figure 1IV-24).

¢
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In liquid CH4 at 101.5K (T/T, = o. 533) and 16.4 x 1027

mblec/m3'(n/nc.$ 2.70) the electron drift veloc1ty at the

threshold field for electron heatlngw.s V3 thr 6200-m/s

F(Flgures\ III- 1 17 and IV 24) - This, value is 24 times

greajer than “that in the 1ow density gas at. n/n = 0.0049

" and the same teMperature (Flgure III 1 1) The dlfferencej

is consistent w1€h‘the model of SChnyders;27a and Leknerlg6 ‘

. and their co-workers, which is’ suitable: for;'quasifree

electrons jih. the heavier monoatomic 1liquids near their

| trlple points 91 - In this model the scattering» cross

'sectlon of the,nwlecules is reduced by the long wavelength

llmlt of the structure factor S(O). The ratié“‘bf the

threshold drlft velocxtles at the low and hlgh dens1ty '

Ilmlts mlght\therefore be expected to be48 -

(vy ~ s(o)'l. - Iv-17

ld ~

_where21o

S(0) = nkTy, ~ 1IV-18

'wﬁefe k is Beltzhahnfs'constant and XT is the isothermal
_compressibility of the fluid. In liquid CHy at T = 101.5K,
| witﬁ-n = 16.4 x'1027-molec/m3'and XT = 1.68 x'10'9 Pa'l,195
‘one hasls(or-# 0.039. The predicted ratiouef‘threshbld

drift velocities is 26 which agrees with‘the'observed;24}

e
e
{
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The quantity [(vdthr)hd/(vdthr)ld]s(o)”-}s plotted

agalnst T/Tc and n/nc in Figure IV-25. The value is

'approx1mate1y unity,,in agreement w1th Equation IV—17 for
tthe dense liquid at n/nc > 2.2 and T/T < 0.80; This range-

is' similar’ to the ™normal: 1iqu1d“ reéime n/n -f2 0'

.~

. 335

postulated on the basis of electron mobllity as a function‘

- of denslty 60, 208 At lower den81t1es, in. the "low deneity'

liquid" reglme,,-the, above quantitye increases due to the

 rapid . increase of ygq. - The density fluctuations increase .

with yp. In Section I it was mentioned that -in the

Critic\al fl\.lid, where XT T @, it had .been predicted. that | R

. electron localization would occur.sg :However, localiéationpff?

does not occur,59 because the effective electron-molecule""

31nteract10n dlstance is much smaller than the correlatlon}

length\ of the density fluctuatlons in'vthe criticallf

'flu1d.2}l The above quantity therefore 1ncreases rapidly'f

as the critical region is approached (Fr‘.re IV—25)

The theory can reproduce experimental _results‘ iu

supercritical.ethahezlz'and prOpane213 if wp ie replaCed by

the isentropic compressibility”xs.214 so 5(0) in Equation -

"IV-17 was’ replaced by S(K) for the low .density ’liquidf:

R

regime. 132/ 139 =

. - s(x) kT/Mc 2 = mkTyg.  Tvel
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Flgure 1v- 25 Densxty and temperature dependences of the
‘ratio of the threshold drift veloc1t1es in the dense fluids
and low density gas normallzed by S(K); hd refers to the
dcoexlstence liguid and the supercrltlcal gas at n; 14 refers
to n—2 95x1025molec/m and the same temperature as ha {,Open
p01nts CH4, filled poxnts CD4, slashed points K=0.The 1nsert:

is an expan51on of the critical region.




}gﬁ‘

>

where M = molecular mass ard co" = gpeed of sound in the

fluid.
xg = 1/pcg? = xp/y B IV-20

where p = fluid density and y = “heat capacity 'ratio. " The

value of .'S(K) remains - f1n1te 1n the cm.tical fluid 214

.Values of yg for liquid methane were obtalned from,."

Reference 214. Those for the supercritical gas at” ng were
calculated from t‘ne speed of sound 1n the cr;.tlcal fluid,
obtalned by a small interpolat1on between values for the
near critical - gas and ln.qm.d,lg6 and adjusted to 'the

approp_riate T/Tg:f by comparlson‘ w1th me_asurements- in‘

'_critieal and supercrltlcal_; xenon. 215" ~ The ‘value of

[(vgT)ng/ (vg™PT) 1418 (K) is about 0.6 in the normal liquid

~at n/ng > 2.2, ~In the low densit}yiliquid' the q_x’;antity

increases = with' increasing - density, - reaching ~9 - at’

~n/n_ = 1.4 (T/To = 0.99), passes through a mai,cimum-‘and

de\creasesr towards 'unity “in the critical fluid. _bThe -

t,

.quanti'ty' increases again w‘i.th_‘ increasing T‘ in 't'he-
| supercr1t1cal fluid@t n.. The ma ximum comc1des w1th the, ‘

‘ »change of gign of dp/dE (Flgure 1v-24).

. In Flgure 1V-26 is reported the‘fari‘tion of the ratio'f"

v(v thr)/% with denslty 1n all llqulds. Threshold drift"
_velocitles were estlmated from plots of V3 against E/n.d

' Speeds - of sound 1n -the . liquid deuterio compounds were";_:'
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\ 

calculated by reducing the CH4 values196 by the square root

of the mass ratlos. The experimental speeds of aound in

liquid CD4 at 90 llSK are 11% lower than those in CH4,

compared to the above calculated 12%.
A :

In all methane isomers the ratlo (vdthr)/c ‘4)in the

182

dense 11qu1d (Flgure IV-26) : In the monoatomic liquldsv"

n

argon, krypton and xenon ‘nea- their trlple points thegw‘"

20

ratios were - approx1mately ,unity
‘ €

‘208 ; Inelastic_f

_processes were negllglble 1n the mo ;tomlc liquids, but

‘ apprec1able in methane.’ The relevant electron energies are .

&

5”-0.1 ev. No dlfferences were observed between the‘?d4"~

isotopic‘ isomers, Withln the - exper1menta1 uncertainty of“df

th% (Flgure IV-26)  The ratio increases with decreasinng

,denslty below 14 x 1027 molecém\: passes. through *a'~

o7

: cusp B 35 at 8 5 x lO27 molec/m whe,%

ihggflglapdepenqence

of " changes slgn, then decreases aga1n;j, £'equa1s.3»in;»'v

the sllghtly supercritlcal fluids.‘ Near the cusp, electrone

hezggng occurs at field4 < (E/“)thr because e 18 relatively:p'_

\

insensitive to small increases of electron energy in thislfﬁ”

regnon

*

In Reference 48 the values reported for vdthr in CH4L

dwere too hlgh (Flgure IV-26) because the x~ray pulse width; o

vwas not negllglble compared to the dnft times at hig’h

flelds; and no correction (see Experimental section) was.i o

applled- The value of vdthr obtainedv at ]1‘3 17 x 10271.~

molec/m3 from Reference 48 agrees with that in the preeent S



work when the. correction is applied (see the X at n = 17 in

: Figure IV—26) R B oy

The difference in behavior between. methane and the

inelastic processes. The‘.behavioral ,differenCe between

‘electrons in"methane and ~argon - is. aisd: noticeable in

‘(E/")thr (Figure 1v-24).  The threshold field has a

pronounced minimum in argon, but only a shallow mﬁnimum in

' Hmethane.n The minima are related to the increase Ain u w1th

__decreasing n “in thls region. The vdifferences are again -
'i i

attributed to the\ larger contribution - of inelastic

In methane the ratio (vdthr)/co approaches unity in

the low density gas (Flguie Iv- 10) and equals approximately .

N

4 at-n > 14 X 1027 molec/m At intermediate densities the

340

‘noble . liquids ;is"attributedh to the contribution of

.processes to electron-molecule energy exchange in methane. ‘v

ratio rises to a cusp at 8.5 x 1027 molec/m Although the*“

increase of the ratio at 1ntermediate densities probably

contains a contrlbution from inelastic processes, the cusp,

is due simply to the change of sign of du/dE.- Near the

~ ’

‘cusp, electron heating becomes apprec1able at .a field;
strength lower than that indicated by vdthr ' The heating'

‘18 ‘not detected because 1ncreasiﬁg the electron energy €

/

has little effect on u in this region,» dp/de ~ 0,

.




v

T b "'Density’ ’_'Ev:ﬁfet:tﬂ :

C

sections. In this section the reg%n correaponding' 0 th

density of the liquid was 1n¢;:eaaed by dec easinc

. i . - '& : .
vtemperature. N ﬁ"

orb:.tals., This proces @ is not exclusively : cahn

{

‘llquld phase behavior,‘ it k%ggins to be impor,

dgnse gas. It was mentxone

1n the previous

1ncreases 46

v hlndered as- the Vapor denaity i_s "v:increased,

_>saturated '~vapor,- however, the effgc; of quasildcali

aaturated Vapor density.

jmobility goes through ‘a mini.mum
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‘Figure IV-27. Plot of the electon mobility (low field)

- against the density in saturated CH,

13

sents the supercritical fluid at n_ and T, + 0.1K.:

vapor. C)repre-

' The insert is an expansion of the 'critical region. _

- fﬁése points have beeﬁ‘multiplied by 1000. .

|

R



point on the coexistence curve and the first point in the
supercritical  fluid . differ by 0.5K. = The point

, , \ .
- corresponding to the critical fluid is thought to be

‘between these two points but somewhat closer to the value

, , _ ~ .
in.  the supercritical gas since the latter is

o

To +:0.1K £ 190, 7K. Conduction band'formation counterects'

.quasilocalization in the coexistent vapor. This phenomenon
takes place in\ a- very 1imited temperature range which.

however, correeponds to a fairly large Change in density.

It was also monitored by observing the appearance of ‘two
ramps on cooling from the.sepereritiea1~flu£§ in the cell

(see Experimental section) which allowed measurements inr

343

vapor and liquidfphases simultaneously. TheAmeasurements,

~in the eritical region were always pegformed~on cooling to

,minimize the effect of gravity which would induce density

gradients. - For this reason the top part of the cell was

aiéo kept twq,or three tenths of a deqree cooler’than the

bottom.

L

The most important molecular property affecting

electron ; transport. 'in - the 1liquid phaee of: siﬁple
' hydrocarbone ie the degree of sphericity‘72'75 The density

dependence ‘of np in spherellke methene is similar to that

"1n spher1ca1 argon and xenon (Figure IV~28) - On gdoing from1 -

'the near critical fluid to the mobility maximum.  pp‘;

1ncreases 5300 fold in xenon, 40 fold in methane and 10

‘fold in argon. Although 1t ‘would have been more direct to

——
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plot b against n for the liquid phase,vnp was chosen to
'facilitate comparison with gas. ‘phase resulte (aee Figure.

‘Iv-l).'_The data are presented both as functiona'of n and,

345

- of n/nd.z The densities at tbe mobility maxima increase in_ .

the order CH, < Ar x Xe < Kr. However, the value of n/ncn

) at npmax increases ‘on increasing the molechlar size in the

'_order,Ar'S CH4< Xe ¢ Kr. The value of ncp in the near'

eritical gas is 1owest in xenon because xenon has the f“

| largest polarizability (largest scattering oross section in '

}the gas phase) and the lowest Nee The reverse ia true‘for‘

b in argon. . -
C ‘ .~

The increase in nu (Figure 'Iv-28) in methane and in.

lthe noble liquids at densities above the critical is due to

'the establishment of the - conduction band and to the
: decrease in magnitude of density fluctuations connected to
“the . deéfEase in compressibility of the liquids. In Ar and

- CHy - the mean free path between scattering evente of the

9

thermal electrons is ~100 nolecular diameters.' A large

. angle scattering event will randomize the momentum of the;'

‘ electron.- In Ar and CH4 the electron will travel for about'

100 molecular diameters suffering small angle collisions

-during its path before the momentum - is 'randomized.

2

Electrons in " the band are scattereds by potential

- fluctuations produced © vy spacial '~“nd orientatiOnal

disorder. Argon and methane are spherelike species._ of -

"roughls the same size and isotropically=polarizable. ln'

»



o leecule, a potential fluctuation,’can fbe‘ deep and _wide o

e ((“f 2 -

"enough that an electron can becomé locAIized;in it.

"to density fluctuat;oné.

' 7>

these liquids the conduction band is relatively smooth.’

Potential fluctuations hré',small_ compéred to thermal .
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energy, therefore isolated' scattering events will only -

contribute a fraction to the randomigzation of the'electxon

.. momentum. On the other hénd, in liquid éthane{ a rodlike

A maximum in mobiliiyvis“observed in methane and in

’ the_noblé liquidsv(Figure 1vV-28). The density normalized

mobility maximum npp,, occurs at 10.8, 12.0, 12.1 and 137

(1027 molec/m3) in methane, argon, xenon and krypton,
respectively. The maximum is interpreted in terms of the

zero scattering- length. model,'Of' Lekher.132'139 The

) 3 , _ - ,
 scattering length changes from positive at high densities

'to negative at 1low aensities."Xlthough'it’paéses through-
. : - -~ ™ .

{ .

zero at a certain deﬁsity, thjlmobility remains finite due

e change‘ of sign of the

scattering length is confirmed by the»change of sign of the

field dependence of p: ‘dp/dE changes from negative at high -

densities to poéitivérat a density ~20% below that of the

mobility maximum in methane, argon208 and xenon. 207
The Lekner equation for pméxwiél32
o . 2 | |
63eMd 2 a.- :

. 1/2 0 2 o 2,0, '
woo = [— (—) (——)"1 ——7g . MW /vs  1IV-21
max-o 24 nm Roaf,  (kT) |

%,

.

1
t
;
-/Z



, | ) ji~

~where e(C) aod m(kg) are the electron charge rdhd. mass,
| respectively, 5 is the molecular hard core diameter which
is taken as ng” 1/3 for the solid at the triple point, ao is

the Bohr radius, Rg = (3/4nn)1/3 iq the Wigner-Seitz radius

347

for the>liquid atwthe,density»of “max"“ is the molecular ;

polarizability, and fL = [1 + (8/3) nna]’l s the Lorentz

1ocal -field function. f

i

Equation Iv-21 gaJé pmax about 20% larger than the

'experimental values in argon, krypton and xqpon.zoe i'For‘

nmthane ‘the . calculated values of “max are too high hy a
factor . of 2,1 in°CH4 and 2.6 in CD4 (Table 1v—2).' Equation

IV-21 applies less well tO'molecules that arenless perfect

spheres and ‘that have internal d rees of freedom, which

provide greater undulations in t Q», -¢dnduction ‘band lower

7> . )
potential surface and sources of inelaﬁiic acattering. It

was suspected 'then that the -trend would' continue‘ to

neopentane, C(CH3)4, which is a still more distorted sphere

and has more internal degress of freedom than methane. The
1]

» .

ratio calc/expt is 4.7 (Table IV-2) f Mobilitiee inh,_‘?"

neopentane57 98 are included ixx Figure IV-ZBB. Physi&gif

data required in Table IV-2 and not otherwise
obtained from. References 216 220.

"~ The maximum in the mobility curve has been correlated

- with a minimum in the conduction ‘band energy V aedfa'

)

“function of density.' which ndnimiaes the ;potential:

fluctuations.136’l3g In the absencevof accurate electron-
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, ‘value of n

‘moleCule interaction potentials, itvis not yet possible to

calculate from theory the values of n where Vo min and “mai

' occur' All the models require an ad]ustable parameter such

‘as the hard core diameter,221 or input of the_ observed>

132
umax' .

The factors in Equation v-21 that favor a large Pmax~

'lare.v;"a) large molecules with not much space ég‘ move
,Around 67/R = (n x)2/3/(n )7/3° b) large co;

_‘reflects a small compressibm&ity, ¢) large molecular ‘mass

and low temperature, M/T3/2, which gives a’ small molecular

»‘displacement velocity, d) small polarization‘interaction,,v

but it must be large enough to give a negative scattering

vlength at low densities so that a conduction band . can form;

'at high densities“f" Factors a), b) and c) lead to low

' positional disorder,.hence low ‘potential fluctuations, a)

refers to»the nature of the electron-molecule interactions’

and is why the model does not apply to helium and neop,

which have positive scattering lengths in the gas phase 222

If the"molecules are not 'spherical, orientational

disorderv'also ‘contributes to the potential fluctuations

that scatter elettrons in the conduction band. There-is no

;

e gfactor in Equation V- 21 that accouqéf for. orientational'

2 diSOrder, so fbr progressiveky less spherelike molecules

“max falls farther below ~that calculated from the °

equation. When the potential fluctuations are sufficiently

large, quasilocalized48 207 208 223 . and localizedsz,states

‘_6', -]

-~

which

350
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of the electron can form, which further decrease the |
'measured"p.: A possible interpretation of the relative )
insensitivity of (E/“)thr to deuteration of methane (Figure
“IV-24) is that shallow trapped states224 are involved.' The-
same would then be true in- neopentane. although shallow
’trapped* states ‘are 'negligible in argon and xenon at
n o3 u“m,i;,oazzs'@ T B e
Returning now to the discussion of the variation of np
- with n,(Figure dV-28). the shallow minimum at n 14 x 1027
molec/m ~arises from the transition between a region dhere
.decreasing the density loosens the structure and decreases
the magnitude of the positive scattering isngth. and a S
region where increasing the aen31t§ cfeates more order and ,s
decreases the structure factor. ‘,The 1iquids are -under :1_7

© their vapor pressure, 8o increasing density is assoeiated

» ~ S
w1th decreasing temperature.f \\* : Ll

"c. Isotope mﬁect;
- . % ‘ -

In Figure IV-—29 the density normalized mobility in CH4}
is’ compared to that in the deutera*ted analogues. ’I‘he same
comparison is reported in Figure IV-3O as plots of the
mobility against the reduced temperature T/Tc 'I'he reduced
temperature was used to normalize for small differences in frﬁﬁd

critical temperatures (Table II-i) In Fignre IV~31 cj.g N

reported an expansion of. tlre criti(:el region. 5 All of ths
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Flgure Iv-29, Den51ty dependence of low fleld ny 1n the
llquld methanes. Symbols as in Figure IV-24, The arrow .

1nd1cates the critlcal densxty.-
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(1072m2 / ve)

o «si quund ,Gv'aé‘ . <l
S T/T ER

i \ Figure IV-3l Thermal electron mobllltles (low fleld)

V

\in coexlstence llquld and supercrltical methanes as
functxons of the. reduced temperature T/T in- the'et;'fﬁ'“

vicinity of T }. Symbols as in Flgure IV-24.
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derivativesw The‘xafiation of Q,’“
** . z’ :

U

B 'gt 'r/'r ~ 0 94. 'rhe ‘mohility maximum Hecreass:
order cn4 s cn4 % Hnavl
. fv1 oo;o 73:0 72:0 66:0 SQ.oJ?L
";'f(Table II-l) On goingnfrom
fJ.*i"'_moment increéséb a «th

.:5 6 x910'3 n.,-[f

,135%,_and so on.?lfJ
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Figure IV-32, Electron mobilities at the temperature of

the maximum Hnax
~atoms substituted for hydrogen in CH,.
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as functions of the number.of deuterium
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i

within ‘the experimental uncertainty (Figure Iv- 31) he
density fluctuations in thl&“region dominate the electron_
'sqattering, and small differencesAin molecular‘properties

are relatively unimportant at a given' n/nc < 1.4,

T/¢C‘>‘0.9§0. By comparison Hma x occurs  at
n/ng z.1.72 ¢ 0,05, w1th T/Tg = 0.94 % o‘ol.; |
The relative dhanges in mobility caused by deuteration

are displayed by plotting the ratios of p in CHy to that in

the deuterated compounds against n (Figure 1v-33). On

average, electron mobilities in the 1liquids are in the .

order CH4 > CD4 x~ CHD3 > CH3D > CH,D,. ‘The curvés have a
‘ PR ;

shape similar to that of p against n, but the relative

.changes in the ratios are an order of magnitude smaller

than that in the mobilities themselves (Figures IV433 and
29). The factors that govern the mobility are sensitive to
the unbalancing of the molecule'by isotopic substitution.

The ratio uCH4/uD is largest for the mdst unbalanced

molecule, CHyD,, and the next largest. for CH3D. However,

it is not clear why'thé ratio is nearly the same for CDy
and-for CHDj. ?

Inelastic collisions make an important contribution to
electron-molecule energy exchange in liquid methane even at
energies.<0.l eV. The low energy indicates'that phonons226

and molecular rotations ‘are involved. Both motions are

affected by isotopic substitution. The lattice vibrational

energies are related to the van der Waals forces and are

357
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'inversely proportional to the square root of the mass. The
intermolecular forces are nearly the same in CHy and CD4
“The moment of inertla of CD4 is double that of CH4 (Table
11~ 1), the rotational constants ZBo‘are 0.64 and 1. 30 mev,

trespectively. 99' Quasxspherlcal nolecules such as' CHy and

[

CD4 are commonly treated as free rotors, but the vapor

(

pressure isotope effect (see Section I—E) offers evidence
_of hlndered fbtation in the liquld and solid phases in the

temperature range 70~ 120K.‘

LN

It is not clear_‘why the curves‘ of the deuterio'

: compounds come together in:'the vicinlty of 14 X 1027

Lo I

molec/m3 (Flgures v-29, 30 and’33). Qheré’nﬁaht be. two

overlapplng‘mechanlsm;\that are shape sens;tlve, C
..B. Ions .
- \

1. Low,Density Gas -

As in the case of electrons, an ion of mass m in the

presence of an . electric field E will‘ undquo an.““
‘ . ' v %
. S

acceleration eE/m, gaining energy. The energy 1ost by : \ /
/ : ."
COlllSlonS with molecules of mass M is pr0portlona1 to. o
* o
m/M. The aVerage drift veloc1ty in the direction of the

fleld is glven by104 227 ., - o ';' : Co

, 3 Co :
V= —— (=) 1v-22
4 e



)

‘where M, is thevreduced'mass of the ion-molecule system
. o : o ._ o, ;
' ) . . “M ' N ) !
Mr = — _ B ' o IV-23
. m+M :

T

N

v
v is ‘the dverage relative velocity which for a Maxwellian

distribution_is given by

s v = (BkT/nMr)l/z, . Iv-24

&y

e is the electronic charge, k Boltzmann's constant, T the -

absolute temperaturé, n the number dé;sity of thejmogeéules

/ ' v
~and ¢ the scattering cross section.’

‘Equation IV-22 can‘be rewritten as

e

e -

R 1v-25
m )2y

‘where p, is the mobility of the ion.

‘Acéérding to Equation IV;25,2if q Qere indebendéﬁt of .
tempér&ture; - that  is. §glocit§, the density normalizgd
mobility should vary as 1/2 ‘ ‘

- In Figutes IV-34 and 35 are'reported the . temperature

dependencies of the density normalized ioﬁ mobility in

gaseous CHy at' n = 2.95 x 1025_m01eC/m3 and in gaseous CD4}

where meésufemgnts wefe taken in a wider density range, at

n = 0.25, 3.2 and 5.0 (1025'mq1ec/m3). Froﬁfthese data it -
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can be seen that np, does not foilow a 7-1/2 dependence and >'
in CD4 the lowest density gives a higher set of values in

_ the low temperature regionq

Viehland and Mason116 117 developed a model 31m11ar to

that proposed for electrons to caldhlate ion mobilities.
Y

The resulting equation is

14

3e 2kT

np, = — /Y n )5/2 / f vsc;'exp(-Mrv2/2kT)dv 1V-26
8M M o)
r r , :

’ kS
where v is the relative velocity of the ion with respect to

molecule and d$ is the ion-molecule scattering ' cross

section for velocity v.

Equation ly—26 . was ~used to ‘calculate density'

»

normalized mobilities, as functions of temperature in CH4

and CD4‘in'aomanner similar to that used for electrons. A

0; ve. € curve was chosen and adjusted until the calculated

np; values matched the experimental ones. The calculation

was performed in the tempegature region 200- GOOK. Below

200K 1t1 ‘was thought that the variation of np+,“with

N

temperat&re"was dominate clustering effects which

F g
should become more important on approaching the vapor

saturation curve. This argument is supported by the higher

values of np+ obtained in CD4V at a den81ty lower by a

,factor of 20 than the other two densities

The result of this calculation is shown in Figure

IV-36 by line A. It was assumed that the ions wereimainly
. « o . \ :
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Figure IV436. Ion-molecule momentum transfer cross '

sections 0; of CH, molecules as functions of energy .

A : present data, CH; ions. B: obtained from data of

+

Reference 203, CH5 idns. C: obtained 'from data df,"

Reference 203,-C3H; ions.
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CH5+ éor CD5+) The calculated values of nu+ obtained w1th

this cross section ‘are dhown as solid lines iJl Figures’

IV-34 and' Iv-35. . The extracted cross section is

approximately constant up to e ~ 0.05 ev and then. 1t drops

4

sharply at \Qizrer energles. This rapid droP is an
th

indication cl’us’te’ring' is an importa'nt proces@

contributing to the temperature variation. of nu+ even. at

those temperatures (T '> 200K) where ny, is the » same for
4

densities different by a factor of 20 (see Figure IV-35).

Gee and Freeman52 found that the effect of clusters is

"te produce a steep minimum in the calculated scattering

. N . " R X
cross section. . They forced the behavior in dense ethane

gas.into the single-scatterer model for electrone and found

that increasing the density to n/nci= 0.25 had the effect

of greatly raising the apparent cross .sectioqg at low

. ! . . - Y
energies and lowering the cross sections at high energies

‘ £5 3 ‘IHS‘ ‘ ¥ 3
"ithereby giviAg raise to a deep minimum.

Saporoshenko203 measured mobllltles of ions (?entlxled

by mass spectrometry as functions of the applled electrlc

field. strength normalized by density, E/n (Td),-in,e ctron

. . . . “»
irradiated CH; gas as 300 * 5K in the pressure range

0.7. - 1. 3 torr.»«Hq measured.mobllltles for CHS K C2H5+,-
- C3H5 and C3H7 +. The results for CH5 and C3H7 .are shown

o 1N Figure Iv-37. ,They, are given ds- density Anormalfi'zedl

mobilities, nu,, against thé density ‘normalized electric

 field strength, E/n. The density normalized mobility in.

. 365
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both cases 15 fieid independent up to E/n ~ 60 Td. ‘In CHS+
it increases. with increaeing field to a max;mum at’ E/n ~

220 Td. In C3H7 the maximum is located at a lgwer fleld

at,E/n.='160 Td.. Ahgve the maxima the mobillties decrease

with increasing field strength. The vlow field densxty .

normalized. mobllity obtained from these data ‘'at 293K 1s.

7.9 x 1021_mo1ec/Vsm for CHg* and 7. 2 x 1021 molec/vB& for

C3H7 ' the most massive ion observed. Thevvalue obta;ned

‘in this work in CH4 at the samentemperature'ie 5.4 x 102¥

heaviiy clustered. B : ‘ N .
> o . e » O

In order ta-examine the shape of the cross éecticn'
curve that can be obtalnéd' from data not affected by:

-multlbody effects, the fleld dependences of moblllty of

.

CH5+ and c3H7+‘reported by Sapqroshenko were transformed

" into "effective temperatnre"kdependenCES by. use of the two-

\

temperature approximation.zzs' This model is a kinetic

]

. theory in which the trace ions present in a drift chamber

H s e

" are allowed to have a diFferent temperature ,chan‘ &he

e

neutrals, as a‘result of the field E acting on them. In

this model the average kinetic energy of the ions isltaken

{
-y

to be the sum of the average'ncnermal energy pius a

H

" contribution giden by the field.

Mv

DO}

kT

eff = 3 KT +

S PR .

1v-27
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‘mélec/Vsm, -again indicating that the observed ions were
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yhere Tags is an effective temperature of the ions, 4 is

the temperature of the neutrals, k is Boltzmann e consta.‘,—

L

i M is ‘the neutral mass and Vd is the ion drift velocity.,pv .
W L 4 ¢ . .4,: . .‘ :'f‘

| The results of this transformation are shown in. Figure'*f o
1v-38 as plots of the density normalized mobility,' np*,."
‘against the effective temperature,-_effr_ These data were 13:
'used to *extract cross ' sections ' in ithe.-same manner;kf

previously.described;f Curve ﬁ 1n Figute IV~36 representsi;_i;Q L

.the /result of t'his calculation for CH5 and curve c th‘ ‘
scattering cross section extracted from data relative to

'yC3H7." calculated values of np, using these cross sections -

are shown as solid 11nes in Figure IV—38 The scattering

cross sections calculated from data 'not affected by v"'lf ﬁﬁ?
clustering decrease much more gently in the energy region .

N

f(e 2 0,1 eV) where‘curve A drops sharply CurVes B and c

decrease Wlth 1ncrea31ng energy in the region where cirve A,7‘
“is 'constant - From these considerations it is concluded ;y‘jd‘ d\;
that ‘the ions observed in: the present study are ponmericfiJu |

and that the. variation of mobility between 200K and GOGK 1sfl*”‘“i'“

| not .only. accounted for by -the change of the momentum S

'ftransfer cross section with energy

Hiraoka vandi Kebarle202 measured " the . temperature ;y'__ﬁ.

dgpendence of the equilibria

o

CHg*(Clighgy * Clig 2 CHg* (CHg ) _»7’1v4281,-
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R

for m = 1 to 5. Measurements were made with a pulsed

electron beam mass spectrometer in CHy at pressures up to
4 torr and temperatures between 110K and 290K. The

constants of each of the equilibria IV-28 were measured at

~

different temperatures from the observed ion intensities.

and reported as Van't Hoff plots. -The‘ values of these
equilibrium ’ constants Qere extrapolated "at higher
temperatu:es,_up to T = 667K and at lowef'temperatures,
down to T =.100K as shoﬁh in FigurebIV-Séx_ Thg relative
concgntraﬁions of the.various speciés, from Eﬁ; monomer to

the hexamer were calculated using these constants at a

density of CHy corresponding to the experimental conditions

A

in usé, n = 2.95 x 1023 ,mélec/ma giving a pressure of
1.2 atm at T = 300K. The'distribgtion of species as a
function of temperature} is shown 1in Figure IV{40.' In

Figure IV-41" is reported how  the average cluster size

- changes with temperature (curve A). In the temperature

region of interest in this work, between 200K and 600K, the

most abundant ions change from”mainly trimers, (CH5+)(QH4)2

at 200K, to monomers, CH5+, at T 2 500K. Below 200K the

concentration of large clusters increases quickly and this

explains the marked curvature of the experimental np, curve

represented bys:line B in Figure IW-41. These observations

support the previous findings, namely the low value of the.

=

observed np, compared to, that obtaine@ from data not

affected by clustering and the shape of ‘the scatterihg‘

379
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AK ( torr’l )

1000/T(K)

- B .\ +
Flg?:? IV-39, Van't Hoff plots for reactions CqS(CH4)m-l+

P TP L . Dy
“+.CH4 = CH5(CH4)m. T?gﬁnumbers labeling thg lines are

~ values of m. The solid lines xzepresent experimental values

~

from Reference 202. The dotted lines represent the

;extfapolatiOns used in this work.
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cross section ”curve3>'é Within; the‘ framework, of‘ tbe
theory,115'117 the change of mobility with temperatu:e is»
entirely attributed to the enetgy dependence of the
momentum transfer cross section.' Clustering is/tsken‘into'
account by using the apprOpriate reduced mass for the ion-
molecule system. The cross section varies as (M, )"'l/2 -
Con91dering the ions to be unclustered yields M, = M/2 |
whereas heavy clustering yieldsv My £ M. Inclusiong of
cluster effects in the calculation of curve Aiib figure
IV-36 would have simply decreased the cross section without'
altering its shape. What has been found ln the present.
study is that the temperature dependence of the density;
normalized mobility at low emperatures is dominated by
changes in mass.‘ At intermediate temperatures the apparent .
cfoss section “is probably tbe\combination of declustering
and the energy dependence of the;true cross‘section. .
From the experimental mobilities it is possible to
calculate an average cross section, U;ve' by inserting in
formula,IV—25_the‘yalues of reduced mass‘cor:esponding to
the average cluster size at each temperature.l _Afné
variation of °;ve obtained in this way with temperature is
shown in Figure IV-42. The average cCross section decreases
.with increasingutemperature much more steeply in the 1ow“

temperature region because heating the gas has the effect

of reducing the concentration of 1arge clusters.
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. It is concluded that the observed ion mobilities‘are

those of -ions which are clustered. The extent of

v

clusteringk-decreases with‘ increasing ptemperature. Yl At
. temperatures below‘200K cluetering has the\domlnant effect
on‘ the mobility while between"200‘K' and 600K the deneity
normallzed mobillty increases both  because of decreasing
mass of the ions and because of the decrea81ng momentum
transfer cross section with 1ncreasi;d energy as 1nd1cated
by data not affected by Tultlbody effects.

In .Flgures IV-43, 44 and 45 are reported' the

temperature variations of the density normalized mobilities

in CH3D, CHjyDp and CHD3 respectively. The solid lines were

"calculated by uslng curve A in Figure\ IV—36"and the

apprOprlate reduced masses. The cross section used for- CHy

-

and CD, does not reproduce the . exper1menta1 data in the

5 -

partially deuterated compounds. The calculated values are
constantly loWer than the experimental. ones and the

deviation between calculated and experlmental values is

_largest for CHj3D;. If clustering, as . lndicated 'is

-

1mportant in determining the . temperature dependence of the
mobility, dlfferences beﬁﬁeen ‘compounds_ at a given

temperature can be attributed to the same effect. A larger

'moblllty corresponds to a lower reduced mass and therefore

to a smaller extent of clustering. A p0851b1e'reaeon for
the observed differences between the partially deuterated

compounds and uthe isotropic compounds CH, and CD4’th?Ja

¢

376
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different exteht\of clustering. A»cluster of molecules is
stabilized if excess thermal eneréf can vbe distributed.
among ’sevéfalQ vibrational leuels. However, for this to -
happen,‘bthe vibrational tevele' of different mblecules
forming the cluster should match. 'The vibrational energiee
‘of CH and CD bonds arecp;Oportionalbtefthe square-reot of -

the reduced masses. C-D Gibrational ieveis are 35% lewer

- oy ;

than C-H' leVels.A Therefore; in a. cluster composed of

' molecules contalnlng both ‘CH }and CD bonds there is less

matchlng of levels between dlfferent molecules and the
cluster w11fy break apart at a. 1ower temperature. e“This.
should show up in the temperature coeff1c1ent of the
mobility_caiculated near - the coex1stence‘curve where‘the_
effect of clustering is greatest. Houeverf the scatter of

the p01nts does not . allow a prec1se determlnatlon of Eu
tThe values obtalned in CD4, CH,Dy and CHD4 between ~100K
and 200K are all about 1 *.0.2 kJ/mol. For comparisou RT

at 150K is 1 2 kJ/mol

‘Z.iEffect.OE’Density

a. -Dense Gas

- ' §
-/

" Along the saturation 'curve in"the gas the cation
mobility decreases with- increasing density (see- Results
section). The same behavior was observed .for electrons.

This is attributed to a crowding effect.
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In Figure IV-46 are- reported the electron and‘ ion

‘hobilities as functions of temperature in saturated vapor

and liquid CH4,q‘ The ion mobilities are'between,gﬁk and ‘t

threq: orders of; magnitude smaller than the' electron"\

mobilities on decreaSing the density of the liquid from_

that at the triple p01nt to that, aq the critical pOlnt.’.

| _
The curve in Figure IV 46 shows the ' variation of the

—

denSity of the equilibrium liquid and vapor between 90K and

S

T, = 190.6k. S R -
The density normalized electron mobility (Figure v-1)
is density independent at low gas denSities. It decreases
to a minimum in the dense gas and increases to a maximum in
‘ »the liquid at n 10 7 x 1027 molec/m < In Figure IV 47 is
reported the denSity normalized¢ion mobility,'np+, against
' the number denSity of the saturated vapor and liquid phases
in all compounds. 'Wlthln the experimental scatter no
o \ , L o
isotope'_effect is .observed 'The' density normalized
mobiiity is denSitf ’independent begween approx1mate1y

1 x 1025 molec/m "and n, = 6.1 x 1027 molec/m3 at

o

(2.9 ¢ 0 2) X 1021 molec/Vsm for 70 experimental points.
The mobllltle§>0f electrons are four orders of magnitude
<greater than those of the ions in the low denSity vapor
(Figure IV -46). This is more than the difference that

: would”be,caused by the'105 fold difference in masses.'

It Thas been valready mentioned 'that the bions are

iv thought to be clustered even at low gas denSities ‘and at

.7

e,
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temperatures far from the saturation curve. This effect

should be even more important in the saturated vapor. By

increasing the density, the extent of density fluctuations

in the solvent increases. It has been .shown that in the

dense gas, et n > 3 X 102y6 molec/m3, electrons oan become
quasilocalized in transient‘ﬁolecular clusters. The fact
that the ion moblllty normalized by the density does not
change with density. even in the region where the solvent
molecules are clgstered can be, attributed to the

¢

achievement of a relatively stable configuration of
neutrals around the ion and to the small change in reduced
hass produced by clustering of the solvent molecules. If
the ions are heavily clustered M, .z bﬁ and a relatively
small change is produced by further cluster growth.

Heating the gas at constant densxty ralses the

mobilityq Flgures Iv- 48 to 53 report Arrhenius plots of

the ion moblllty in all compounds. The temperature

coefficients of mobility, at the densities indicated, were,

J

caICuiated in a rmanner similar to that used for
elect§0ns. At the critical density the ﬁeasurements in all
~compounds  were élotted against the reduced inverse
tEmperature, T /T as shown in Figure IV-53. The'scatter in
the p01nts is attributed mainly to errors .in density and
uncertainties in temperature. The temperature coefficient

at n, was calculated using the low temperature points’ of

CD4 and CED3. The value obtained, 180 kJ/mol, is assumed

384
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Figure IV-48. Arrhenius plot of cation mobilities in
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O,29.0; A, n_=61.
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Figuré Iv#ﬁ9ﬂ‘Arrhenius plot -of cationimobiliﬁiééviﬁ

CH,D gas at different densities (1026'm61ec7m3 )}
’ “pq"l ; ’ . ) ’ . A ‘ )

Mobilities in the gas-along the vapor~liquid

n'boexistence curve are represented by +. [356;7;‘

""L‘.\,, O'r 15.0; AJ 27.0. : ”}
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" Figure IV-5l1. Arrhenius plot of cation mdbildties

I

in CHDB‘gas at different densities (lOaﬁkmolec/mB).?
Mobifitiés in the gas:along the vapor-liquid. .
coexistence curve are reptesented by +. E],e_a;

- O, 9.3; 8, 2015 v, n_=61.
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Figure IV-52, Arrhenius plot of cation mopilities

26 molec/mB).

in CD, gas at different densities (10
Mobilities in the gas along the vapor-liquid

coexistence curve are represented by Y. O, 3.7;
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O, 5.5; A, 29.0; + , n,=61.
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against the redpced reciprocal température Td/T; '

O, cu, ; A , CHyD, ; + , CHD3 ; Y, CD .



to be ‘the same for the othér“ccompounHS“ where no

measurements near enough the critical temperature were

:taken. The temperature coefficients of ion moblllty are

o
compared to those .obtained for electrons in Table IV—3

The energies of mobility activation for ions are remarkably

similar to those obtained for electrons. For example in
‘CH4 at n = 5.5 x 1026 molec/m3, Eu is 1.5 kJ/mol for
eiectrons and 1.3 kJ/mol for ions. At n‘ = 29 5;1027

molec/m3 the values 'obtalned are 16 and[il‘, kJ /mol

<

| respect{vely. Thls 51m11ar1ty 1nd1cates that the processes

1nvolved are the same in the two cases. The increase in M
for electrons on heatlng the gas at constant den31ty is

attributed to the decrease in the extent of density

fluctuatlons and therefore in the concentratlon of "sites"

for electron qu331loca11zatlon (see Equatlon IV-8 and

B}

'follow1ng)

' b. Liquid Phase

At den91t1e5' greater - than ng, in the coexistence’

llquld ‘the den51ty normallzed cation mob111ty 1ncreases to
a max;mum located at n ~ 10.5 x 1027 molec/m3 (Flgure
IV447);laAt_approximately the same density a maximum was

also found in the densxty normallzed ‘electron mobility

'(Flgures V- 1 and 28). However the value of np; at the

o

0

‘maximum is only a factor of approx1mate1y 2 higher than

391
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TABLE IV-3

3 . ‘d;. ) ‘ B .”.‘.v '
Electron and Ion Mobility Temperature Coefficients

Compound on n/nc' Ez ESY
(1026m73) (kJ/mol)  (kJ/mol)
CH, 5.5 0,09 1.5 1.3
29.0  0.48 16 11
61 . 1.000 130 |
CH,D 6.0 0.10 ‘1.5
6.7 0.11 1.8 2.0
15.0 0.25 ~ 3.9 . 4.4
27.0  0.44 12 . 12 -
61 ‘1,00 150 - '
CH,D,, 7.3 0.12 1.6 2.1
26.0  0.43 11 12
61 1.00 120 |
CHD, 6.8  0.11 1.5 1.6
9.3 0.15 2.3 2.4
29.1  0.48 12 11
o 61 1.00 130
cp, 3.7 0.06 1.1 1.3
5.5 0,09 1.2 1.5
29.0, 0.48 14 12
61 ' 1.00 130 180

~a. Electrons. From Arrhenius plots

b. Idns.'From%Arrhenius plots.

&



that in the low density gas. For electrons an increase by
a factor of approximately 5O was observed (Figure IV-1).

Diffusion of an ion in a 'liquid involves concerted

motions of many molecules. For this reason the ion’

mobility. - is -correlated to the viscosity
n.73'78'79!99'109'110 In Fiéure 1IV-54 are shown the ion

mobility and the viscosity229 in liquid and supercritical

393

CH, as functions of temperature. At high densities, when

thé mean free path between collisions is small compared to

230

the molecular radius, Stokes' law épplies
. | \
! . e . ‘ .
My T e o 1v-29

where r is the ionic radius and cva c@nstant equals 6n.for
ipns (stick conditions). This equation statés that nu,
will be Viscosity independent if r is constant;'

In Figure IV-55 are reported the ion mobilities in the
A degterated }compounds aé functions of‘ the reducéé
temperature T/fc. CH, is included for comparison."within
therexpéfimental scatter there is no isotope effect. In
Figure 1IV-56 the produét of the ion xmobility» and thé
' viscosity 1is piotted as a-fﬁnction of the viscosity. fhe
valueg of n were takén to be the same in ;ll compounds at
thé»samekf/Tc.  fhis'p1ot confirms the validiﬁy of Stokes'

law for n ?

~

0.5 x 10”4 xg/sm corresponding to T/T. & 0.87

and n/nc 2 2,0{ In this region the radius of the ion can
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S,

1
. “,J

&

'be'estimated. The value Ny = 2 4 x 10“11 kgm/Vs2 (Flgure'

IV—SG)'gives'r = 0.35 nm.t The molecular radius can be

use of the Nerst-Elnsteln equatlon 23;f‘

'Deﬁu'

396 -

'Obtalned by values of the self dlffusion coefficient D by}fl

.% | ‘ | a .u - ‘.‘__:‘ 5 R Iv,30hr

kT

m CH4 the quantity nDe/kT is 6 3% 10‘4 kgm/vs2 23};¢f=» :

and gives r # 0.20 nm. ThlS value agrees with estimates of”

14

gas. 233

the den31ty Of the ‘fluid to: explain the breakdown offf"“ -

the rigid sphere -radius of methane in- the low density_ RIS

An attempt to take into account the effect of changlng SRR

Stokes law ~at  low v1scos1t1es is a modlfication of}ffq**

Equatlon IV 29, 150, 234

e b I N :
= (—)(1+ —) S Iv=31
6nr  r I .

a

where b is a constant and A 1s the mean free path betweenTJ

colllslons.~v At high denslties (n/n ”> 2 0). A << r soﬁi PRI

»

-

Equatlon IV 31 1nd1cates that np+ should 1ncrease above thee

value expected from Stokes law.- A maxlmum is np+ has beenm f'

scatter; there seems to be the hlnt of a alight maximum in7;

,the present data (Flgure IV—56) However the major feature

Stokes' law is recovered When bx/r approaches ““1ty"vr1fﬁ':

 observed dina several hydrocarbons112 and,"within thefgf
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of the region at low viscosities is the decrenae’ih-nu+ on

approaching the critical point. The decrease ‘is not

predicted by the model 31nce one would expect A to increase
as the den81ty is further decreased. The decrease is
mainly attrlbutable to enhanced electrostr1ct10n235"237 due
to the increased ,compre531b111ty of the 11qu1d as . it
approaches the critical region. 108 112 |

‘The dip in p+ observed in the crltlcal region (Flgure
IV-55) can be attributed to the same effect. it has been

observed before in cycllc hydrocarbons

0
in other hydrocarbons.111 A small d1p in moblllty on

approaching the critical. reglon “has been recently found.

also in dJ.methyl~ether.23-8 It is now belleved that this is

a general phenomenon "which ‘happens in a very 1imited
2 .

- . temperature region (~5K) and that canf‘be ~obscured by .

temperature inhomogeneities.

106, 107;111 but not.
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APPENDIX

Average Devia&ions

‘The average percent error was calculéted‘fof several
sets of data‘ in Chapter - III, to illustrate their
magnitude. The _sets chosen in a Figure were"those
displaying more scatter. ‘The results are given in Tableé

o

A-1 and A-2. The average pércent error was taken to be

100 . |expected - experimental]| -
n .

average % errors =
) 9 experimental

where n is the number of experimental points. The expected

value was taken to be the aVerage mobility.
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TABLE A-1

Electron Mobility Errors*

_ n - ﬁhvérage
Figure i T(K) \(1026>molec/m3) % error
1-1 163.7 10.295 | 0.5
1-1 : 636 0.295 0.5
1-3 294,0‘ - 0.58 0.8
1-8 149.0 5.7 0.5
1-9 183.7 28.0 1.4
1-13 194.6 61 o 0.4
1-16 146.5 - . 137 0.6
2-3 ‘“: 109.3 0.49 1.0
2-9 219.3 6.7 1.6
2-17 178.7 . 106 = 0.8
3%2 ' 351.7 0.370‘;1 0.3
1 3-10 ; 189.2 61 1.2
c  3-14 1727 ' 112 0.9
“‘~a~,z) 4-4 236.3 1.22 0.3
a1 17900 23.7 1.6
4-15 183.6 o4 1.2
5-5 :  433 - 3.70 S
5-10 ~ 186.1 . 36.0 0.9
5-13 . 175.5 105 0.4

*based on the field independent region only. "a
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TABLE A-2

":"‘,.
Sl

Ion Mobility Errors

. nb '  §verage
Figure | T(K) = (102° molec/m3)'x§% errér
1-20 | 3?2.6»; 0.295 | 1.0
1-22 228.0 | 5.5 0.7
1-25 191.2 e 0.8
1-26 173.0 ‘113 1.4
2-25 171.0 ©15.0 | 0.4
2.26 192,00 " - 27.0 s
3-21 189.3 . 26.0 | 0.3
3-23 183.8 95 - - 0.6
4-20 94.8 . 0.156 0.3
422 434 T 0.43 - 1.1

4-26 . 235.0 6.8 1.2

4-31 193.0 el  ,1'3'

4-32 -"‘, 168.0 . 117 (1.7

5-19 598 ~ 0.320 0.7 ,
5-21 293.8 0.5 0.8

5-24 | 142.0 4.46 0.9

5-28 189.5\ el - 0.6

5-29 184.0 94 0.4




