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gas phase a]ong a number of 1sochores.

.all the compounds ~With the except1on offﬁsobutane, the

ABS T“‘RA CT

'

)

A pulse radio]ysis conductance method has been used

7to measure e]ectron mob1lit1es,‘ion mobilities, and free 1on\J

,: yields in. thé C] -C4 alkanes and. alkenes, with the exception

of the butenes Measurements were. made as funct1ons of‘

fe1ectric field strength E, a1ong the covexistence curve from
.w‘the dens1t1es of the normal vapors and 11qu1ds to that of

‘fthe supercr1t1ca1 f]uid Measurements were ‘also made 1n the

The 70w f1e1d dens1ty norma]1zed e]éctron mob1]1ty,

me decreaseHwin the low. dens1ty gas w1th 1ncreas1ng mo]e--

CU]ar s12e, permanent d1po]e moment, or degree of spher1c1ty.

;-At constant dens1ty ‘the - mob111ty had a non negat1ve tempera—

.“Ture coeff%c1ent. At h1gh e]ectr1c f1e1d strengths the
e]ectron mob111ty in. the 1ow dens1ty gases, 1ncreased with

f?E, except 1n ethene, cyc]opropane and n- butane At h1gher-

den51t1es, the mob111ty decreased at h1gh f1e]d strengths 1n;

' u-n 'va1ues decreased at h1gher dens1t1es These va1ue5o
utended to 1ncrease ada1n as the cr1t1ca1 den51ty was app-~:
iroached.: At h1gh 11qu1d phase den51t1es, &he Mo n. values

gdecreased once more.' The electron mob1]1ty was affected more

:iby the temperature than 62 the den51ty ln the 11qu1d phase.""

The ion- mob111ty was 1ndependent of e]ectrlc f1e1d

wstrength up to’ the highest ftelds used, wh1ch was 40 + 10
‘rkV/cm 1n the 11qu1d and 3 + 2 kV/cm 1n the d11ute gas Thej ‘

fag
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ey

.was simi]ar to AH

density norma11zed ifon mob111ty, H,n, was affected in the
d11ute gas 1arge1y by the mo]ecu1ar size. The temperature

coefficient of the fon mobility at constant density was'

"positive in al) cases, and tended to be 1arger than that of
_the electron mob111ty at the same dens}ty. Along the co-
existence curve at temperatures away]from the cr1tica1 region,

.the vapor phase temperature coefficient of the fon mobi]ity

p’ the heat of vaporizat1on of the 11qu1d

at its normal boi11ng po1nt since u+ varied as n ]: The

liqui( phase coef£1c1ent correlated wtth the actlvatlon

F

energy of the viscos1ty

Assumpt1on of a modified gau551an distribution of

,e]ectron thermalfzat1on lengths allowed app11cation of a
- model_based on Onsager s equation to extract electron therm-

;aa11zat10n ranges from the exper1menta1 free ion« y1e1ds In:

the 1ow dens1ty gas, the dens1ty normalized therma11zatlon

'range bd was found to decrease w1th 1ncrea51ng mo]ecu]ar

| size, unsaturat1on of the carbdn carbon bonds and permanent

d1po1e\moment In ‘the 1iqu1d near‘bﬂe crltlcal po1nt the
bd values were strong1y affected by the stab111ty of the
1oca11zed e]ectron state. Addition of SF6 to 1sobutane de- -

creased the bd values and- removed the temperature var1at1on
A ’ -
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é,;format1on) If the ]atter occurs, the e]ectron and;non

!

1 INTRODUCTTION

A. -Genera]

-

«
®

1. The Ion1zat1on Process

H1gh energy rad1at1on)trave]]1ng through a med1um 1nter—‘v

acts w1th the mo]ecu]es in its path. These molecules absorb‘

g
S

energy and d1$soc1ate into a high energy‘e]ectron and an .
~-ion (1 2. In turn, ‘the e]ectron can cause further d1ssoc1a-”
. tions unti] its k1net1c energy 1s reduced below the 1on1za—'
?; tlon potent1a] of the moTecu]es (“10 eV).. The electron w11L
-cont1nue to. lose energy in e]ectron1c exc1tat1on of mo]ecu]esf
_untll 1ts k1net1c energy drops be]ow the e]ectron1c excita-
t1on thresho]d (~ 4 eV) Further Tosses of energy can occur{/

"vby 1ntramo]ecu1ar v1brat1ona1 exc1tat1on ( 0 1 eV) : The

J N

e]ectron loses the f1na] part of 1ts energy (0 > energy >,

N

'therma};energy) by rotat10na1 excffatTOn of the molecules x"

Tfand tovintermoleCUTar hOdes _ When the e]ectron reaches

Jtherma] energy, there can st11] ‘be- apprec1ab1e e]ectrostat1c-

\

w-attract1on towards the ion. The jon= e]ectron pa1r can re—'

-

";icomb1ne (gem1nate neutra]1zat1on) or dr1ft apart - (free 1on

. T

.w111 dIffuse random]y through the f]u1d unt11 eventua]]y

'_ \ recomb1n1ng W1th other “free. 1ons (random neutra11zat1on)

SF

3
4

Tﬁese processes can be represented by
t ' ) R /
¢ L : / r

: 2 M A A , [M + g'} (]) 1omzat10n ! - o
el —em

(2) gem1nate neutra]1zat1on

N

~
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| about 10

\\\\ S (A e”] —M + e (3) free fon formation
o Mt o+ e >44j>»M & (4) -random neutraliza-
| . tion - ‘

~~~~~

Where M is a molecule and e an e]eetron The squiég]y ‘
arrOW'indicates the qbsorption ofﬂenergy. The square‘
brackets‘indicate the existence of electrostatic attraction
that‘ie eppreciah1e cohpared~to.therma1 enerdyt

Free ions are SO named beeause there is 5 negTigdb1e
interaction between them, so they d1ffuse separately in ‘the

B

bulk fluid.. On the other\hand, a~group of ion pairs caq

be created c]ose to each other. The ioniiation probabi]ity

;of a mo]ecu]e by a 10 to 50 eV e]ectron is near 1 As &

"\

. resu]t, if a molecule 1on1zes, eJect1ng a 30 eV electron,

that e]ectron WiT] 1onlze the first molecule 1t encounﬁ%rs,‘

which 1n a 11qu1d or dense gas w1]] ‘be within a mo]ecu]ar

Td1ameter or two of the 1on1zed mo]ecu]e - The second mo]e-

- 14

cu]e will a];o eject an e]ectron and 1ﬁ®]ts energy ig

,+10‘eV will also tonize a nearest neighbodr After their

-

energ1es decrease be]ow the 1on1zat1on gotent1a1 the

A

e]ectrons will move away from the mo]ecu]es an average

therma11zat1on dlstance (1n a hydrocarbon 11qu1d) of-

-6 cm (3) The ions will have moved very 11tt1e,'

| durThg this.time. 'Therevis appreciable eltectrostatic

'_repulsion between the ions and'a&{maction between

o N
3 5 ) i L N
ions and the electrons. - Inany group of ion-elec:
|

pa1rs where ¢h1s is true there is a s1gn1f1cant

N -




ability that they will react with each other before dif-
fusing 1ntd the bulk medium. These groups are said to be
ﬂT; "spur”{ |

If a liquid is irradiated by high energy electrons or
photons about half of 'the ionizations occur as isolated
_events, forming single pair spurs. The other ha1f of the
ionizations occur jn clusters of two or more, forming-
multipair spurs (3). Kinetic treatment of multipair spurs
has only been accomp11shed with gross assumpt1ons Howevery
mud tipair spurs rap1d1y decay to*31ng1e pa1r spurs through
the geminate neutra]1zatton of the innermost e]ectrons As
a resu]t, about t;o th1rds of the 1on1zat1ons in the liquid
can be treated by a sing1e'pair spur model. Almost all -

~estimates of electron thermaltization d1stances reported

to date are based on the s1ng]e pair spur model (4-6). | ﬁ

2.'Termiho]ogy B e - Yy
‘ A charged part1c1e in an e]ectr1c f1e1d E.is acceler-

ated by the electric force eE and ga1ns energy (7). In
a fluid,” the particle will undergo collisions and-]o;e
energ;. A constant aVerage ve]ocity‘ca11ed-the drift
ve]ocity.is reached If the energy gained between co]—
1ls1ons is lost at a co]11s1on, ‘then the dr1ft ‘velocity
depepds 11near1y.on E. The proporttonality constant
between thegdrjft\ve1ocity and the e]ectric_field strength
is called the-hobi]ityc, The max imum ve]ocity attained
between_co}]fsiens (and hence'the‘drtff*ve]OCity) depends -

P

Ve



.on the length of time that the particle 1s accelerated by
the field, that is the time between collisions. The time
between collisions in a low dcns;ty gas is inversely pro-
portional to the numbér of mofecu]eg per unit vo]ume,n.’As
a result, the drift velocity depends ‘on (E/n). This ratio

will be used in discussions of mobilisx in subsequent

sections. \g l
| - If a beam of e]ecﬁfons is passed ‘thr ygh a gas sampie,
the beam will be attenuated by co]]isions\of the electrons

"with the molecules. If the sample is suffiiciently thin,

-

that_is an e]ectron'oncé'scattered from the beam‘is unlikely

to undergo a second collision' that scatters it back into

the beam, the intensity of the beam is given by
o

I é;ﬁoexp(—ndx) | . - o (5)
4 ; : 5 o | , - |
whver‘e‘I0 is the intensity when n = 0, x is the distance
’ thatdthe beam‘iravels through the Sample (8), and o is
.the scattering cross~section of ‘a molecule.

B. Historical '

1. Origins. of Conductivity Studies

The effect of high energy radiation on'the conduct-
ivity of insulators ‘has been known;sfnce-the turn of the
century.  Thomson found_that X-rays increased the con-

ductivity not only of gases (air), but also of liquids

(vaseline oiff and soﬁids,(g]ass) (9). ‘Simi]ar'findﬁngsv'
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in ‘the gas (10-12), 1iquid (13) and solid (14) phases were
ﬂreported during the same pertod Townsend determined that
electrons accelerated by an electric field ¢ can lead to
further ionizations of air (11). Furthermore he found that
at low values of E, the radiation induced current increused
linearly with an‘tncrease in E‘(]Z). At intermediate fields,
the current levelled off to attain a saturation plateau. At
high field strengths,, thelcurrent increased sharply for
fairly small increases in E. \This was understood to mean
that at low values of E, not all the ions being generated
were collected. The sdttrat1on current indicated that the
flelds usedwerelarge enough to co]]ect all the ions. When
the current jincreased sharply once more, the field strength
reached wes.so large that the ions were accelerated enough
"to“céuse further igntzatibns in their collisions with the
mo]ecuies.; - . |
| Curie conducted an extens1ve investigation of the

effects of e]ectr1c f1e]d strength, molecular structure,
temperature and phase onvthe radiation 1nduced conduct1v1-
ties in~]iquf&§ﬁ(13) The 1nduced conduct1v1ty w!s found
to increase with f1e1d strength but to a much -lesser
extent than 1n the air. No 1eve111ng off was observed

The range of field strength used ‘was O < E < 450 V/cm
‘Cur1e also found that the size of the currents was in-
g\dependent of whether the radiation source was radium

salts or a cathode tube. -  Curie found that:the’COnductf




ivity decrecased in the liquids in the order carbon di-
su]fide > petroleum ether > pentene > carbon tetrachloride

7}&\benzene > 1iquid air > vaseline 0il. The high con- *

Saftepd
:\g{};

L uctivity current in carbon disulfide was the first
recorded occurrence of its anomalous behavior towards
electrons (15). tIt is an efficient scavenger of electrons
when present as a dilute solution in water but possesses
a long thermalization distance in the neat liquid. A long
thermalization distance meant that the compound would have
a larger conductivity current,,which was Curiefs obser-
vation. The difference between petroleum ether and vase-
line oil was aitributed to the difference in volatility

'of the two compounds. It is-now attributed mainly to
the "'difference in liquid fluidities. In both petroleum

| ether and in pentene Curie found that the conductivity
current at -17C was iny one tenth OfvltS value at 10 C.
Finh]ly Curie made measurements in liquid air. This was
the first determination of the induced.conductiyit§'of
a cryogenic, fluid. The current was found to poé;eés the
sameché;acterisiics as in the other dielectric liquids.
The current in 11qu1d air was nmore than a hundred times

sma]]er than that in the gas at the’ same field strength.
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2,,..0Gas Phase Experiments

Two types of experiments were done in the gas phase,
There was the direct determination of the collision cross-
sections (Ramsauer type method) and there was the calcula-
tion of the cross-sections from swarn type experiments,

a.__Ramsauer type experiments

The Ramsauer experiment was developed to allow ﬁhe
direct determination of élﬂctron-moleauln total scatter-
ing cross sections (16-23). The method involved passing
photoelectrically p}oduccd electrons through a magnetic
field and collimating slits to select a particular energy.
The fing] chamber contained the sample gas. The scattering

cross-section was obtainable from the extent of attenuation

“of the e]ectron beam by the gas (cquat1on 5).

Ramsauer found that the cross- sect1on depended upon the
electron energy (16). As the electron energy was decreased
towards 1 eV the cross-sections for the heavy rare gases
decreased sharply. Extension of thisawork to energies
lTower than 1 eV led to the discovery that the cross-sections
for these gases passed through a miniﬁum and then increased
once_more'(T7). The samé'sAape of curQe was also found
for %ethane (18). |

MéaSuremeﬁts were ma?e in other mo]écu]ar systems

(18-22). In the n-alkane series, increaSing the carbon

chain length increased the cross-section. The qualitative

.features of the series methane through to n-pentane were

-
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y
the same for electron energfen greater than 1oeV, Hrancht
ing of the hydrocarbon structure yivelded a difference at

low envrgies. The cross-sections of fsobutane and n-

butane (20) and-neopentane and n-pentane (21) <howed no dif-

ference at higher energies, but at }uwlm' values th;..' Cross -
section of the mUrﬂihrdnChcd compound decreased much more
rapidly than the qther paraffin, The cross-sections for
nitrogqen~ or oxyqgen-containing compounds and of unsaturated
carbon bonds formed complex shapes, There was no ﬁimpje
pattern,

This method required pressures <l Pa, so could noighw
used to determine cross-sections at high densities.
Furthermore, most'of these studies could not be extended to
near thermal energies (23). These difficulties could be

circumvented by swarm measurements.

5. Swarm Experiments

i) Description of Methods

Swarm experiments involved the determination of a

flight time or the determination of the amount of diffusion

of a pulse of charged particles travelling a known distance
(24,25). From the flight time, the drift velocity could be
determined. From the diffusion across an electric field

the ratio of the-lateral di}fusion coefficient DL to the

mobi]it§ u, which depended on the characteristic ener%y,

.

could be determined.

,,,,,
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ii ) Townsend's WOrk

Even “in the ear11est swarm. measurements, pressures . %,

[

o

atta1ned were hundreds to thousands t1mes ]arger than'those

. |
© : .

qt a1nab1e 1n Ramsauer type exper1ments-(26 34) ' Townsend‘Lh

[ o .

'Aneasured two quant1t1es, the dr1ft ve]oc1ty and the rat1o
‘of the mgan k1net1c energy of the e]ectrons to that of the
gas mo]ecu]es (26, 30) : Th1s ratwo, wh1ch he-desngnated k
was equa] to the character1st1c energy (eDL/p) d1v1ded by *
k T where e was the e]ectron1c charge and kB Bo]tzmann s

constant ‘and T the temperature Townsend measured theh

T

b

lateral d1ffus1on of the e]ectron swarm across a known ”f-
ﬁs}/

d1stance to gébwkuL Next, by app]y1ng a’ magnet1c f1e1d H

atvthe,same t1me,;perpénd1cu1ar to E, > he obta1ned the B _
udrift?;§1qéity An inherenf prob1em' was that wh11e the :i‘\
ﬁrcalcu1ated dr1ft ve]oc1ty depended proport1ona11y on. E

it depended 1nyerse1y_on H. The size of. the magnet1c f1e1d

| needed tncreaSed with pressure W]th the f1e1ds ava11ab]e .:u
vof a coup]e of thousand oersted Townsend was limited to

" pressures 1ess than 10° Pa (100 torr ) Reso1ut1on.of

the methbd was also poor (24). At the IOWest vaTues.of

E/n used Townsend found that k Was: greater than unity.

This 1ower field WaS«qn the order of 10 17y cm /mo]ec For

_ a(gon-(29), the field was extended to 3 x 107 -18 V cm /mo]ec

To obtain the mean Ve]ocitj:of the e]ectrons,’the mean
ve]oc1ty of the mo]ecu1e5vms mu]t1p11ed by the square
root of k. | The mean free path 2 was: ca]cu]ated from a

_ mod1f1catwon of Langev1n 5 work for 1ons (see Sect1on C)

4 s B
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A]though the va]ues for & were 11ke1y 1ncornéct qualitat-

or obta1ned were - broad rather than the sharper bands of the

i

0.

1Ve1y the features were 1mportant ; A]though the bands l;:;. /4_i

“

Ramsauer method the ca]cu]ated ! s showed as ear]y‘as

1 \

1922 that-the mean free path for argon waSvten t1mes

. \

1arger than that in. n1trogen or oxygen at the same pressure

»in the 1ow fle]d reg1on ‘ At h1gher values of E/n ‘the meanv

- free. path of argon decreased by "an order of magn1tude

3l

Townsend also found that there was no mean free path maxi-

mum in hydrogen (29) or he11um (30)‘\that is, no,%?@sauer_

;‘f*,

, minimum in the scatter1ng cross-section. Furthermore,

&

the mean free paths stayed Tow and relative]y constant.p“

Indeed in He,:the mean‘free"path was, COnstant in the range

7 7

of 5 x 10" < u < 10 X 10 -em/s (0.5 < g < 2 eV) where u -

L4

was themean ag1tat1oh ve]oc1ty of the e]ectrons and € was .g '

\

‘their energy. Over the same energy range, the;mean'freer

'path in argon decreased by a factor of 6. It was not-

Ia o

until s1X'years 1ater that this d1fference 1n behav1or

'was conf1rmed by d1rect measurements of the scatter1ng

cross-sections. The large mean free path in argon cor-

responded to the small scattering cross-section of the Lo

Ramsauer type experiments. The relative transparency of

the heavy -rare gas.s toee]ectrons of'a'certain energy

near 1 eV 15 called -the Ramsauer-Townsend effect. . 5

°
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-,d1st1nct m1n1mum at u =977 x 10

= A |
: 'fU\’ ‘. |
‘ ‘ f
111) App11cat1on of Townsend s Method to Hydrocarbons .

Swarm exper1ments Were a]so used to- determ1ne mean

free paths in ethene,(3]) and pentane (32) "The eurve‘1n

'ethene cTosely para11e1ed that in oxygen though 60% of
size of:the oxygen curve. Both curves reached a max1mum at
u= 4.5 x 107 cm/S (~0.4- ev). | Oxygen,-however; showed a

7

-~

cm/s {~T1. 8 ev) wh11e the.
_ethene curve d1dtnot | The ethene curve appeared to be |
still 1eve1]ing'off In pentane, the mean free path was
measured in the range 2 x. 107 <wu < 10 (0 08 < € <

2. ey) A sharp maxwmum was found at u = 2 46 X‘107

h( ~0.11. eV) Th1s was the f1rst 1nd1cation umat a m1n1mum o
1n the e]ectrbn mo]ecule §tatter1ng cCross- sect1on C0u1d

-

occur in orgam1c mo]ecu]es other tﬁan méthane

The experiments of Schmeider‘(21) were411m1ted to
€ >\1 eV SO. that the va]1d1ty of McGee and Jaegers finding
cou]d not ‘be cénf1rmed with a. d1rect measurement A “
degree of doubt cou]d be attached s1nce the max1mum occuEs = -~
. near the 1ower energy 11m1t of - McGee and Jaegers measure;
ments. Th1s was a c]ear demonstrat1on of, the other q&eat
advantage of swarm techn1ques Values of u near 10Z cm/s
were rout1ne1y avallable, which corresponded to e ~0.02.
Ramsauer measurementﬁgﬁwere at bestdone at ¢ > 0.1 eV,

‘and works on hydrocarbons at e > 1 eV

2
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1v) ETectr1ca1 Shutter Methods : - - B

Townsend s method of determ1n1ng character1st1cvk

sfenerg1es has surv1ved w1th m1nor var1at1ons; to the pre—
T‘sent,day H1s cross f1%@ds method of measur1ng dr1ft |
fve]oc1t1es was soon rep]aced by the more d1rect method of

' e1ectr1ca] shutters (24, 25 33 34) 7 Th1s techn1que emp]oyed

. electr1ca] shutters, both to form the: groups of changed
,part1c1es as weTT as to determ1ne the dr1ft t1mes

| (a) App]1cat1on of. ETectr1caT Shutters to Ion

b A
Stud1es '

N —1:‘*

App11cat1ons of this method to- the determqnat1on

‘ -of don mob1]1t1es are descr1bed 1n references 24 and 25.

vandaTT measured in’ gases the mob111t1es of 1ons of the}l

' {same spec1es as we]ﬂ as the mob111t1es of fore1gn 1ons

" The maJor port1on deaTt with rare gases and 1norgan1c

I

mo]ecu]ar gases A fa1r portlon Q]S stud1es 1nvoTved ‘
t

the appT1cat1on of Langev1n s mob Y, equat1on (see

.-Section C) to stud1es of cTuster s1zeshabout 1ons Tynda]]
pointedbout that ava11ab1e data to date (1938) 1nd1cated
,that the ions Were in two stateS‘ They could be moving
through ‘the gas unattacheﬂ to. other mo]ecu]es, or they

: cou]d be 1n cTusters of vary1ng s1zes The mob1T1ty

measured depended upon the ratio of. unattached to attached

w

ions. Another detaiT‘ noted was that (wP/E) oyer the 1nvest1~

gated range of E/n was constant 1rrespect1ve of the nature of

sssss
-
N -~

o ]
DO
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‘the hressure“ef the gas and E.uas the e1ectrie field
-EStnength). '(WP/E):ref]edted thefion?mo1eeu1e collision
cfoss-seCtiOn h'its.invariance 1nd1cated ‘that the ions:
quickly r%ached the same state no matter what the 1n1t1aT
cond1t1ons s1nce the cross sect1on depended upon the'

. reduced mass of-the co]]1d1ng pa1r, and that the 1?ns
- were. in therma] equ111br1um with the gas Norma1ized to
! 5

18°C and-760;mm of -Hg (1 01:x 10 pa) tie moh@11t1es

. “were in the range of 1 to 10 cm,/Vs;'

In the subsequent‘yeahs nearly all work in ion trans-
port. has ihvo]ved'Studies of inorganic systems, Little

work has been done to date on organ1c vapors Ibn work

- :up'to 1973 1s.summar1zed jn referencev38, The rema1nder_

of this section will deal with electron studies.

(b) App]iCatibn.Qf Electrical'Shuttets to

V E]ectron Studies - v : »;"" 5 5
0 n [

. Bradbury and N1e1son adapted the e]ectr1ca1
'shutter‘method for e]ectron mob111t1e%°(24 33 34, 39)

The wires making- up the shutter WeYe 1nsu1ated from each'
 5other by_m1ca,lg]ass or~ceram1c plates. E]ectrons were,
k"genematedrphotoeﬂectrically. Absotute'va]ues of elect-

~ ron mobi]ities were determined in hydrogend(33)\as uelL

? Lo . : .
as oxygen, a1r, n1trous ox1pe and ammon1a (34) Pressures
up-to_]O Pa and f1e]d strengths up to 6 X 10 ]6 v cm?/

‘molec were,used, The dr1ftzve]oc1ty curye for hydfogenv
rose up steeply at 1dw ehergies; ~Between 0 < E/n <

!
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2.4 x 10”16 V cm /moTec, the curve was concave toWards the

f1e]d strength ax1s As the f1e1d strength increased the

Q

‘ cunve bent upWards, then at -about E/n ~ 4 x 10 ]6, bent

(_towards the.EYn axis once more. Oxygen possessed the
same d1pp1ng shape The drlft veTocwty over the entire
f1e1d strength range‘used was-aTmost twice that'of the

curve in hydrogen There was a bump in the curve at E/n ~

-17 b

6 xJ]O ’,'an upward sh1ft at 1 x.10" ]6 and the curve

bent . towards the E/n ax1s at E/n ~ 3.3 x TO -16° and aga1n

-16

at E/n ~ 5, 6 X TO In a1r/a soTe curve concave - towards.

4 i e

.the E/n ax1s was OLtalned The curve was 1ntermed1ate

gty

between that of oxygen “and that of hydrogen ‘In ammon1a
the curve 1ncreased T1near]y w1th E/n up to 7 x TO ]7 Vﬁ
cm /mo]ec, sToped upwards unt11 E/n_- 2 x 10 ]6, whereh
it sharp]y increased up to E/n‘“ 4 X TO ]6, thenabent ‘//{ T :
towards the E/n curve’ aga1n.- At E/n < 2.4 x ]O T6, the,h - TMj.

K

dr1ft ve]oc1ty in ammon1a was much Tess than 1n the_

-16

' other systens By E/n~~ 5 x 10 » the dr1ft ve]oc1ty

—"

had r1sen abOVe that in air. N1trous ox1de resu]ts wereA

-

'A/given for E/n < 1. 2 X TO }6. The curve was cpncave to- -
wards the E/n axis. Increas1ng the f1e1d led to a’ .
]arge 1ncrease of dr1ft veToc1ty At E/n'~ 6 x ]O ]7;
the drlft veToc1ty was four times that in a1r though at
E/n ~..6 x 10 18, the ve]oc1t1es were nearTy the same

Three other earTy works are 1moortant s1nce they _'\ - T 1~

-

represent an extension of the gas pressure reg1on to near




’vﬁd1atom1c mo]ecu]es to po1yatom1c mo]ecu]es (1 e. meth-~

]05 Pa (35-37). Mobilities were determined in nitrogen '
at 80 kPa\ hydrogen at 85 kPa and carbon monoxide at 96
i kPa. Over the vo]tage range 4.5 < Vo< 48 V/cm, Wahlin
found that the mean free path was 1ndependent(of E.
Th1svms ‘one of the first recorded determinat1ons in the
"therma] electron region,an a gas, that is, where the
energ& gained from the tield by the e]ectron is*being
lost at ‘a collision. | -

3. E]ectron Mobilities in ﬂydrocarbon Vapors

From,abou¢.1940, the' amoint of swarm measurements in
the éas phase has mushroomed (7 39-43). ’ of part1cu1ar
'1nterest to  the present woqk are the measurements perﬂnmed
on hydrocarbon systems espec1a1]y small hydrocarbons .
such as a]kanes from methane thLough to n- butane, and
_-compounds such as ethene, propene, cyc1opropane and
‘1sobutane (2- methy]prOpane) Ava11ab1e 1nformat1on on

\these systems w111 be cons1dered 1n turn

t
P

C.a. Methane T

1) Low Pressure

'} Methane has been stud1ed extens1ve]y (44 60) Early :

stud1es were concerned w1th methane because ‘of its use i

Vo

':in 1on1zat1on chambers Methane was approachegffrom two;‘*'

d1rect1on§ Tt was con51dered to be an e*tens1on of
istud1es progress1ng from the monatom1c rare gases to _'=M

e

'ane),, A]ternat1ve1y, methane was approached as the"

-

o M e S, S T

P P e A i e b
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'simp]est a]kane, as an extens1on from hexane to pentane
and so on down the series to ethane and methane.

English and Hanna (44) exemp]ified the first apprOSCh'
as did Bortner, Hurst and Stone (45), Eng]1sh and Hand?
measured drift ve]ocjties in the rare gases, in methane s
‘and ‘carbon d1ox1de and in mlxtures of twe rare gases with
the mo]ecu]ar gases Between 2 x]p 8. E/n < 2 X 10,17 v
dcm /mo]ec;vthe drlft ve10c1ty was fohnd to 1ncrease super- -
llnear]y with E/n,uw1th a bUmp ge1ng reached fo]]owed by-
- a ]eve1]1ng towards the E/n ax1s Add1t1on of methane to
’the rare’ gases was found to 1ncrease the value of E/n‘
where the super 11near1ty sharp]y 1ncrmmed as.we]1 as

)

1ncreas1ng the sat%yat1on drift velocity’ Bortner, Hurst

e

and Stone measured dr1ft ve]oc1t1es in pure methane as
wel] as m1xtures Addltlon of n1trogen to argon increased

'the saturation dr+ft ve]oc1ty in the same manner as r’l‘_h

o

gEngllsh and Hanna reported for the add1t1on of methane
-to argon Bortner also found that the add1t1on of oxygen‘

or carbon d1ox1de to methane 1OWered the saturat1on dr1ft

< X

've]oc1ty in the methane The saturat1on,dr1ft‘velocity

in the m1xture fell betweEn those of the pure components.
Devins and Crdwe_(46) investigated methane as part-of‘

-the a]kane serhfs Spark1ng potent1als were measured as

funct1ons of pressure and gap separat102§ I waS'found
2

that the spark1ng potent1a1 decreased lTinearly with the

"carbon number, ‘but was a]most Lndependent of branching{

o
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No structure'effect could be noted in the hexane isomers:
This was also true for the pentanes and the butanes at

1ow va1ues of Pd where Pwas the pressure and +d was the

gap separat1on At h]gher values of Pd, the more branched

1somers have 1arger sparklng potentials than the n- alkanes_ "

(branch1ng was beg1nn1ng to increase the e]ectr1c strength)

Attempts were a]so made to detérmine dr1ft ve]oc1t1es
|

at h1gh field sFrengths. Frommhold measuredidrift

ve]ocitiesYand-diffueion coefficfentSvat.fie]ds“of

9 x 10716 < E/n < 1.8 x 10_]5 } emz/moiec~(47). Pressures
- used were in the order of 5 x ]04 Ps (50 < Pd < 1500 cm

‘ torr, d = 2,3, or 6 cm); The current“due _tb the eleEtQ
rons,(number'of electrons)fwaé found te increase ex-
ponentially with time. In the range of 0. 38 < £ < 0.76

IeV (30 < E/P < 60 V/cm torr) the drift ve]oc1ty could be
approx1mated by w=2.36 x ]0 (E/P) - 4 x 105, where

W was the drift ve]oc1ty %n about the same reg1on,

. Tha}l measured dr1ft Veloc]t1es in. pure nitrogen, pure
‘methane and @ mixture of 390>torr of n1trogen (52 kPa)
with 10 torr of methane (1.3 kPa). The meeeuremeufs'
~in nitrogen were}maaeaat 200 and at 400 torr . The

measurements~ih'methaneowere made at 275 and 400 torr

No pressure effect was observed. The methane results

at 30 é’E/P <35 V/em torr (9% 1071 < E/n < 1.1 x 10778

v cmz/molec) could be_f{t%ed tow = 1.6 x ]O (E/P)

{

6 -
1.94 x 107 em/s. The addition of methane to nitrpgen

~
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increased the slope of the curve sharply to 3.44 x«105

5

(compared to 2.56-x 10> in pure nitrogen).. schlumbohm /

YN N - . !
achieved even higher field strengths (49). The drift velo-
city was measured at 120 < E/P < 1000 V/cm ‘tory (3.6 x

-15 -14

v cmz/mo]ec). The electron

10° < E/n < 3.0 x 10

ve]oc1ty was f1tted to the express1on W \ 5.8 x 10 (E/P)O758

Sch]umbohm a]so measured pos1t1ve ion mob111t1es in

methane for 50 < E/P <5000 (1.5 x 10 -15 E/n < 1.5 x

]4).

10 The curve had a fairly clear break at about

E/P = 300, although it wasa]ready bend1ng over at 1ower .

3.

fields. The data was f1tted to w, = 2.1 x 10 (E/P) for

50 < E/P < 200, and w, = 3 2 x 10° (E/P’);2 fdr §00 K/E/P <
.7 5000. - - | o

Most of the more recent works attempted to extract the
e]ectron molecule momentum transfer cross sect1on from
measurements of the drift ve]oc1ty and of/the ratio of
the d1ffus1on coeff1c1ent to the mob111ty (D/u). .An ,
account of some of%the ca]cu]at1onsﬂ1s g)ven,in Settfon
c. _ - o
| Cottre]] and Walker (50), Wagner, Davis and Hurst (51),
Bowman and Gordon (52), and Pollock (53) al] measured
drift ve]oc1t1es. Field strengths were fa1r1y h1gh

-18’ 17V

usua]ly in the range of 3 x 10 < E/n < 9 x 10

cm /mo]ec ' Only the 298K data of ref..ﬁg reached as low

~as 6 x 10 ?9.‘ Even though in the lower portions of these

measurements, the drift ve]bcities,were’roughly;propbn-

tional to E&n, they were increasing with field strength-

P

2 ot bt e 0.



as (E/n)r with r > 1. The electrons werenat in therma]

equilibrium with the gas at these field strengths. The'

pressures used were less than 105 Pa. Although scatter

between and within data sets was appreciable, the

general features were constant. The curve possessed a

maximum at E/n ~ 3 x 10']7

-16

and decreased to a minimum
4 x 10 'At higher fields, the ve]ocity wou]d be
expected to. 1ncrease once more (47-49). '

If the drift ye]ocity depended on (E/n)" with E =1,
ehe crose-section could be extracted by a simple tempera-
ture variation of the low f1e]d mob111ty (see Section C)
Unfortunate]y as noted &bove, th]s cdndition d1d not ho]d

at E/n >.6 x 10717,

Extraction-of the cross-section
.reqUined the separate determinatiop of tne Townsend k
factor:or of the diffusion coefficientj Cettrell and
Walker (54) determined the k factor and Ne]son and Dav1s
\determ1ned ‘the d1ffus1on coeff1c1ent (§5). Duncan and

| Walker determ1ned the ratio of Fhe diffusion coefficient
to the mobility (56). Nelson and Davis did not deter-
m1ne the abso]ute cross- sections but merely the product
of DP, wh1ch var1ed 1nverse1y to the scatter1ng cross-
section. The methane curve rose sharp]y at 0.15 < E/n
< 0.9 which meant in this range the cross-section shouid
be deereasing. The crossfsections’caTeu]ated by Duncan

and walker in the range 0. 02 < € < 4 eV showed a m1n1mum

at 0.25 eV w1th a value of 1 X 10 ]6.cm2:

a2

19.
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_i1)_Migh Pressures

Measurements,have been made in compressed methaue.
Cookson measured the drift velocity at 9 x 10°'6 « E/n <
1.8 x 10715 y cmz/molec and at p = 1.3 MPa (57). The
result was found to be the same as in the dilute gases
More 1nterest1ng high pressure results were found in a
study made by Lehn]ng at 6 x 10 -19 < E/n<2x 0 17 (58).
The quantity measured was the ratio ot the drift velocity
-at the pressure of the measurement td-the drift ve]ocity.
at 500 torr . Lehning labelled this quantity q. Plotting
'q as a function of E/n showed that q increased w1th E/n
up to 3 x 10 ]8, decreased between 3 x 10°'8 ang 3 x 1077

and was roughly constant at higher fields. Furthermore:

the amount of increase from 3 «x ]0-{9 to 3 x 10718 depend-

ed on the pressurel The greater the pressuvre, the larger

was the 1ncrease in q. Above 3 x ]0 ]7, qQ was constant,,
£1ndependent 0f the pressure This explained why Cookson
found no pressure effect. A p]ot of q‘] vs P for a fixed
" E/n, showed a linear dependence with a negative slope. -
The~ s]ope 1ncreased as E/n decreased from 3 x ]O -17 to
3 x 10718,

The mobi1ity Was measured in methane as g func-
‘t1on of density at temperature between 196K and 295K
(59) In all cases, the electron moblllty var1ed as n -1
at low densities, ath1eved a m1n1mum at about 3 6 x 102]
mo]ec/cm3 and then 1ncreased,,pass1ng through a makimumr

at about 10 x;]02] mO]ec/cm3. The.mobility was higher ‘

20.
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for a higher temperature., Although not commented upon,

the mobilities for the 196K curve at n s 8.5 x 10°0 and

at 1.2 x 102] were higher than the line extrapolated from

the higher densities (Figure 1 of ref. 55).

iii) Application

An indication of the general acceptance of drift

velocities in methane can be seen from the recent applica-

tion to drift chambers (60). The methane restlts were
used to caldbrate the chamber for studies on rare gas

mixtures.

b. Methane-d4

Methane is a good starting point for iﬁvestigatiphs
of structural effects on drift Qe]ocities or cross-sections.
The simplest change, thch maintains methane in the same
structural symmetry, would be to rep1ace‘ ;]1 the hydrogen
atoms with deuterium atoms (50,53). |

At field strengths up to E/P =A0.5 V/cm torr
(~1.5 x 10_17 v cm2/molec) the CH4 and CD, curves were
~the same. At higher fields, the CD4 curve was lower than {
that of CH4. These observations were taken to meanﬂthat
at the lower energies the energy loss was elastic and that
the size of CH, and CD4'wére'sufficient1y similar that no
difference could be observed. %ﬁ higher energies, the
vibrational excitation becamé more important. Vibration-
al quanfawere?ﬁg@)]er in the deuterio tompound so that the

fractiona1‘ energy loss to CDy wodld be smaller, and

R




hence ftsg cooling abiiijey towards the electrons was e
than that of QHd.

Measurements of the Townsend factor (54) showed
that at Jow fields, the clegtron enerqgy was the same in

CDq as In CH At higher fields, the electron energy was

4
larger in C04 than in_CHd. At £/P - 2 V/cn torr, the
CD4 curve was 45% higher than that of GHQ.
Cottrell and Walker combined k factors (54) and

drift\vélocities (§0) to estimate the fractiona)l energy
“loss per collision () and the momentum transfer crbss—
section (Qp). X depended on the square of the drift vel-
ocity;'wz, anqilcversely on k. At high fields, electrons in
CD4 pos;esse%_é%fh a smaller drifF velocity, and a larger

S

Townsend coe®

$t. &, 50 that X was much smaller in o,
than in CH4. QD depended inversely on the product of w
and k. The differences were ininverse directions. The
decrease in w was cancelled by the increase in k so that

QD was found to be the same in CD4 as in CH4.

\
¥ .

€. Silane and Si]ane-d4

id

An additibna] comparison could be done by replaciﬁg
the carbon atom of methane With a silicon atom (50,53,54).
The drift velocity attained near the maximum and. the.
general shape of thé drift velocity curve were ;he same
in silane as in methane. The curve for silane Qas

shifted along the E/n curve by a factor of(6. The frac-




[

betWeen CH

- {j‘ “

t1ona1 energy Toss per co]]1s1on Hetween CH4 and S1H4 near
the max1mum was Targer in S1H4 by 137 VQDkwas aTso Targer

1n S1H than 1n CH by a- factor of 6 -The energy of the
.,
QDrm1ﬁ1mum was about ‘the same in both compounds ‘

The deuter1um 1sot0pe effect ‘was the same in sa]ane‘

as 1n methane The k factor rose more qu1ck1y in SWD at

4
h1gh fne]ds than jn S1H4 The X va]ues on the Tow energy

s1de of the max1mum were much more_51m11ar than those

3 2nd CDy-

o 4
1

'd.bin—ATkanesd'l‘,'. . ' xp' _ .

1) Ethane and Propane ”

Methane aTthough an, aTkane has propert1es unT1ke

f those oF h1gher n aTkanes. For exampTe, the 1nverse of

bo1T1ng po1nts of the n- aTkanes can be. re]ated to the
carbon number of the a]kanes raised to the two th1rds'

power ‘A1l the norma] bo111ng po1nts agree w1th this

. correTat1on to w1th1n two degrees, exckpt that of methane

\

(61) The s1mp]est compound wh1ch possesses propert1es
31m11ar to the other n- a]kanes is- ethane. .

‘Drift veToc1t1es 1n Tow densuty ethane and propane |

v'gases have been measured by CotheTT and co- workers;

(50 62) and Chrlstophorou and co6- workers (63, 64). Bowman T

7
and Gordon made measurements in low pressure ethane (52).:
8
Huber determlned dr1ft veToc1t1es in ethane (65 86) and

1n propane (66) from Tow pressures (0.06 gga) to h1gh

pressures (4.5 MPa for ethane and TM$§§for propane). In -
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: ' ' oo
v
.order to obtain e]ectron/scatter1ng cross sect1ons, measure-'

_;;‘f f\ments were made of the Townsend 'S factor 1n the low dens1ty

S
gas (54) of (D/u) where D is the dlffu51on coeff1c1ent

/

and Hois the mob1]1ty (67), and of’the temperature depend—.'.,
ence of the dr1ft ve]oc1ty (52, 64) = k

The drlft ve]oc1ty curve ‘as a funct1on of E/n for both

compounds had the same shape. At pressures 0 1 d P < 102
kPa, wwas 1ndependent of pressure h At 298K the propane

curve Tay beTow that of ethane, for aTT vaTues of E)n up

-16 v cm’ /mo]ec 3 The Towest field strengths

to 1.2 x 10

were. atta1ned by Huber (66) and Chr1stophorou'(64) 'As

the f1e]d strength was 1ncreased the dr1ft veToc1ty rose -
;; ' gradually, then 1ncreased sharp]y, and then curved- over

towards a saturat1on veToc1ty of about 5 X 106 cm/s

L The same was true for propane but the field strength where

‘the dr1ft veToc1ty became superT1near w1th respect to E/n -

was Targer The saturat1on dr1ft veToc1ty was a]so about

5 xv106 cm/s. ' The Tow densxty resu]ts of a11 four research

‘groups where they overTapped agreed to‘w1th1n 15%

Huper had. a]so studled the effect of pressure.on the

By

0’@ .
drlft velocity in these two compounds (65 66). In both <

o~ m

cases, an 1ncrease in pressure led to a decrease in dr1ft
, £

've]oc1ty ©. The rat1o q = w(P)/w(450 torr ) plotted aga1nst L §

E/n. showed a m1n1mum in ethane at 6.5 x TO -18 Vocm /mo]ec.
‘The m1n1mum déepened as the pressure was 1ncreased from

0.6 MPa to/A;S MPa. A pTot,of_q -1 vs .P showed that a-

AU




9 xT10”

11near re]at1onsh1p ex1sted at constant E/n ) Add1t1on of
ﬁ'2, 3 and 57 COZ did not change the shape of the q vs E/n.“"i°
plot (for n e 1.5 X IOZQ mo]ec/cm ). The pos1t1on of N

the m1n1mum was sh1fted to h1gh f1e1d strengths
/

S1m1]ar resu]ts were found in propane . The dr1ft
_ve10c1ty decreased w1th pressure However no mﬁnimum

- was- found in the q vs E/n plot At E/n < 5 x 10']8 v

’cm /mo]ec, the curve was constant. At larger E/n, the
'curve increased. At about 4 x 10 ]6, the pressure d1ffer-et“

‘ence d1sappeared The pressure effect was 1argest at
o ] »
E/n-i'S‘,x.l‘O']8 and decreased as the pressure was increased

£

rS

towards 1 MPa.

The: temperature dependences ofthe dr1ft ve]oc1t1es

‘of the two compounds have been measured. Inp ethane (52,64),
the ]ow f1e1d drlft ve10c1ty 1ncreased between 225K up to.-“'

K}

V3K stayed constant unt11 573K and then decreased ’ The'
- high field resu]ts merged\1nto a s1ngle curve at about

]8 V cm’ /mo]ec In. propaneh the merge occurred

-18° V cm /mo]ec (61) The,dr1ft velocity in-

near 4 x 10
| creased between 297K and 373K Change between 373K and'
473K was s]1ght Further 1ncreases to 573K and 673K led
‘to a decrease in the dr1ft ve]oc1ty The curves at 573
and @73'djd not,. seem to ‘Show a superfanear increase of w
fib@fore 1eve]]1ng off towards the saturat1on drift _
ve]oc1ty Thensaturat1on ve]oc1ty was the same for. a]]

e

~:temperatures and was about 5 x 10
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‘11)}0ther g;AJkanes K

i

Data are'avai1ab1e for all the neaTkanes from“butane

through to octdne. Most resu]ts were measured at room tem-

peratune Pressures used by Chr1stophorou and co- workers-

were not stated Resu]ts were norma]1zed to 1 torr (63)

100 torr (64) or by mu1t1p1y1ng the- measured (wP/E) by | .

the ratio~of (n /n ) where nG is the dens1ty of.the gasi
in mo]ec/cm3 at the spec1f1ed gas temperature and h

the dens1ty of»thEp11qu1d at the same temperature, a]so in
M*“;’ ’ » ~

a mo]ec/cm (68)4auqunersk1 and Gazda used pressures between

A

0.6 < P < 6kPa "(69). Gyergy and Freeman (70) and Huang
and Freeman (7]) made measurements along the co- ex1stence
curve at the vapor pressure of the 11qu1d

v

i Chr1stophorou and h1s co11aborators have made exL N

tensive measurements over the past twenty years of dr 9
, & d."

veTgQ1t1es in the d11ute gases “Work pr1or to ]970 is

co]]ected in ref. 72. Weasurements for the ser1es n-_

butane, n- pentane and n hexane revea]ed that norma11z1ng

‘the (drift ve]oc1ty X pressure) by n /n 1eads to similar

va]ues, but that the va]ues st1]1 decrease ‘in the order

n-butane > n- pentane > n- hexane (68) F1e]d strengths '

up to E/n- ~3 x 10 18 'S cm-/mo]ec were used‘ Subsequent

‘ extens1on of measurements to cover al] the a]kanes from

‘ethane through to n—decane showed that the mob111ty

(morma]ized to 1'torr)'deereased,hbntinuous1y\as the

i e e e




11near1ty was not beyond the exper1menta1 scatter At.x
ture further to 473K d1d not change the 1ow f1e1d drifit
-veloc1ty but it decreased s]1ght]y in the range 2 x, 10
| 473K and the 673K curve was be]ow that of 573K except
the dr1ft veloc1ty seemed to 1ncrease 1inear]y withiE/n

.d1fference between w curves at d1fferent temperatures may

 have been due to scatter, The saturat1on drift veJoc1ty

27,

carbon ndmberéincreased'(GZ) _There appeared to be-a - e
roughly 11near corre]at1on between the momentum transfer

cross §ect1on and the stat1c po]ar1zab111ty o. Chr1sto—

phorou actua]ly used a cubic equation to f1t the data

since the methane cross sect1on ca]cu1ated from a gas

phase mob1]1ty supp]led by Dav1s and Nelson as a private

‘tcommun1cat10n, was s]1ght1y greater than that of ethane.

; vHowever, the uovs o p]ot (F1gure.2 of ref. 3)'a1so showed

\that.methane did not fall on the.same‘Curve;as the other

alkanes.

Chr1stophorou determ1ned the effect of the tempera—

¥
/

_ture on the dr1ft ve]oc1ty in n- butane (64) At 299K,
1’there was a s]1ght super11near1ty to the drift ve]oc1ty

,W1ncrease as. E/n was 1ncreased The extent of the super- o )

373K there was no super11near1ty Increas1ng the tem era-

-17

E/n < 2 x 10 V cm /mo]ec and 1ncreased above the 373

-17

curve at E/n ; 4.5 x 10 The 573K was be]ow that ofﬁ

for the two h1ghest f1e1d strengths For all temperatures,’

-17

-17 V ocm /mo]ec At E/n > 4. 5 x ]O the’

up to 1 x 10

et e s i
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was about 4.2 x 106 cm/s.
Roznerski'and Ga2a=(69) measured the drift velocities

at 296K for n hexane, n- heptane and n -octane. Hexane
18

18

: measurements were made in. the range 1. 8 X 10 < E/n i“

-17

9.2 x 107"V cm /mo]ec Resu]ts at 1.8 x 10 < E/n <

3.8 x 10 -18

were lower than those in ref 67 by 5%. Above
-17

"1 x 10 V cm /mo]ec, the results were up_to.30%.higher.

As the carbon number 1ncreased the initial s]ope of the
drift ve]oc1ty Vs E/n p]ot, and the saturat1on drlft;
ve10c1ty both decreased |
Gyorgy and. Freeman (70) stud1ed n- pentane along the
entjre co-ex1stence curveqas well as-a]ong isochores.
‘Mdhi]tties uere:independent of appliedhfjeld strength up

to E/n = 2 x 1077y cmz/mdlec,‘dlncreasing‘the tempera- -

ture at constant density caused an increase in mobility.
The amount of increase was larger if n'/nC was larger (n

‘was th%-gas density, and n_ was the critical density). At

hhgher temperatures, the mob111ty along the n/n =1,
0.8, 0.6, 0. 4 and 0.15 1sochores tended towards a ]eve]--

ling off. A p]ot of the mob111ty vs n a]ong the co- ‘
.exjstence curve showed that the mobility varied as n:],

zo‘molec/cms. A plot of unfvs n revealed

this'asra constant'un up to 1 x 1020

forvn i‘1~x'10

'molec/cm3, At

higher densities mu]tibody-scattering became more import-'

ant, leading to a decrease in pn, wh1ch reached a m1n1—

mum at about 1.7 x 102] mo]ec/cm3.

|

For the Tow dens1ty

-




‘ .
T

.

ﬂmo]ec/cm

ﬂ'fmum at n.: 1 3 X 10

-

'vapor in the vicinity of 400K, the electron scattering cross-

section varied as the electron ve]ocity»rajsed to”a'p0wer of
1.1, |

\p‘ Huang and Freeman (7]) made s1m11ar measurements”in n-

-] -

, hexane Measurements were. made along the co-existence curve -

for T > 296K and for the- 1sochores where n/n é 1. O 0. 80
0.51, 0. 25 0.10 and 0 021 W1th1n exper1menta] SCatter,.
:the mob111ty was 1ndependent of E/n up to 1 X 10° 17 v cm /-
mo]ec l A temperature 1ncrease 1ncreased the mob111ty for

‘all the 1sochores The temperature coeff1c1ent decreased as

vn/n decreased' A p]ot of un vs n a]ong the co- ex1stence

- curve showed that upn was 1ndependent of 'n for n <- 4 x 10]9

3 f At h1gher n, the un curve decreased to a mini-

2], and then 1ncreased as the . cr1t1ca]

’ ‘po1nt was approached (Th1s was attr1buted to an. 1ncrease

1n mu1t1body effects) “ An average cCross- sect1on of

ol.6 x. 10_]5 cm2 was. est1mated at 500K from the temperature

;var1at1on of the n/n = 0. 021 curve The Cross- sect1on

fwas found to vary as the e]ectron ve]oc1ty ra1sed to a

power of -0 9.

e. Branched A]kanes

Chr1stophorou aRd co- workers have measured the drift
ve10c1ty in 1sobutan at. room temperature (68) and in neo-
pentane, both at room temperature (68) and -as a functlon -
of temperature at 100 torr and as a funct1on of pressure

at 373K (64). ~Freeman and co- workers have measured electf :"
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/

ron mob111t1es in neopentane along the co- ex1stence curve

~and at fixed dens1t1es .as funct1ons of temperature from

the d11ute gas up to the supercritical fluid (70,71).

\
\

Chrtstophorou (68) found that the dr1ft velocity in

‘ isobutane was 1ndependent of fle]d strength up to E/n =

2.5 x- 10 -18 ) cm /mo]ec The mobility, normalized by

G/nL’ was found to be a factor of 2- sma]]er than that

of n- butane ~In neopentane th]s va]ue was about a factor

\of 3 smaller® than that of n pentane Chr1stophorou also

found that from 298K ‘to 673K W, Increased with temperature
Increa51ng the pressure from TO to 100 torr led to no
change. However, when the pressure was raised to. 1000
torr. and then to 8230 torr | the drift ve]oc1ty decreased
ETectron mob111t1es, measured in neopentane increas- -

ed at h1gh f1e]d strengths for aTT dens1t1es from the

'd11ute gas- to the cr1t1ca] fTu1d (70, 71) The thresho]d

”fle]d decreased as the denSIty approached the cr1t1ca1

va]ue A pTot of un vs' n was constant up to’ about

1 x 1020 mo'lec/cm3 Further increases in dens1ty ]ed to
a cont1nuous 1ncrease up_io—the cr1t1ca] pownt

| Increas1ng the temperature along 1sochores led to
a'sharp 1pcrease in mob111ty even at n/n = 0.038. The N

temperature coeff1c1ent of mobility was 0.044 eV at that

'f density. | The n/n = 0, TT curve had a]most the same_

temperature coeff1c1ent but as n{m cont1nued to in-

crease, the temperature coeff1c1ent increased as well,

)
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. . ‘
The cyrves for n/n, = 0.79, 0.86, 0.95 and 1.0 nearly
coincided. At temperatures hbove 446K, all four curves

0.53 curve. Thi's mean£ 

‘merged into that of the n/n.
that the mobility vs n plot would have roughly the shape
measured in Methane (59). This was found to be true. A

minimum ocburréd at about’ 1.7 x 102]{} Little vakiatjon

wés.fouhd betwéeh n/nC‘=-O.7 and n/nc'=:1.0,

Hﬁang,@ade measurement§ of e]ectron-mébi1itie§ in
neopentéﬁe_in'a cell tantructed éd’that the liquid 1evef
rose up to théHCEntér of the electrodes as the critical’
Tegion'waﬁabproached (73)-‘ As é}reéﬂjt,_two distinct
signals wereobéerved, one correspondtng tb each phase.
fﬁe critica]apoin; was reacﬁed when the tw9 signa1s merged
iﬂto‘a siﬁg]e signal.  Huang found that the MOpjTity at
the critical point was ‘higher than those at 0.5 < n'< ngs
which the equr{mentq] $catter in Gyorgy's work-cog]d'hot
ébnfi;ﬁ. 'Théﬁsmobth transitfon.of.thé mobility curve
throﬁgh thé critical'region showed that the large density
fluctuafions that _haractekize the critical fluid have
diameters that are too great to hinder electron m{gfation.
The ﬁrediétion (74) that such sCattéFing would 6ccu? was’
earlier shown to be untrue for e]éctron mobi]jties in
critical xenon (75). ‘Huang also fbund that at 2.42 «x 1q2]
molec/cn®, thé electric field effect changed sign. At

lower densities the mobility at high field strengths ‘

increased”with E/n. At higher densities, thevmobility

o 4
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deckea§ed as E/n 1ncuea5ed. It was §uggested that a «
Ramsauer;Townsend minimum occurred at thermal energy at
that density.

-~ ,

f. Ethene, Propene and Cyclopropane

‘Drift ve]ocitie§ have been measured in ethene (45,50,
51,52362,76); propene (52,67) and cyclopropane (45). Dif-
fusion coefficients were also measured. Data for,eUmne
are in ref.‘55,<77 and 78, for ﬁropene in ref. 67 and for
”‘cyolobropane in ref..77 and 78. | |
.b In ethene and in propene, there wae no superlinear

1ncrease 1n drift ve]oc1ty w1th E/n. The ourves.varied
11near1y with E/n up to about 5 x 10 -18 V cm /molec in
ethene, and up to about 3 x 10 -7 Vo ocm /m;§§c in propene.
From the temperature var1at1on of w, Bowman and Gordon de-
termined that the cross- sect1on in both compounds de-
creased with energy between 0.02 < g < 0.06 eV (52).
However, using the (D/u) as well as the drift velocities,
Duncan and Walker determined that the momentum transfer
cross-section was constant up to 0.05 eV and thereafter
rose in a s- -curve with a bump at about 0.1 eV (78). The
propene cross-section was a]so constant at € < 0.07 but
dipped toia minimum at 0.2 eV before increasing again (67).
" These results placed doubt on the drift velocity measure-
ments.of ref. 52. If the ;esults ofADuncan and Walker
vere correct, the drift velocity should have had a negligible

temperatuue coefficient. As well, the drift velocity in

-a-d.;.a,}.i&is%x;a.}vr'.}-&;»iad—"""" dbrntome
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propene should be seen to increase super]inear]y with
electric field strength at the highen values,

In cyc]qpropane, the drift velocity was not linear
in the low field region (45),. From (D/u) measurements
Duncan and Walker ca]cu]ated that the_cross-sect1on‘was
constant at ¢ < 0.04 eV and 1ncreased at higher énengies
(67). The drift ve]oc1ty “should have no superlinear de-
pendence. The drift‘ve]ocity data of ref. 45 at E/n <

=17

1 x 10 NV cm /molec can be f1tted to a stralght lTine w1th

scatter of less than 15%. -
"The saturation drift ve]ecities in these three com-

pounds decreased 1in the order ethene > propene > cyclo-

propane. The values were (in the same order of'compound)

4.8 x 10°, 4.5 x 10% and 3.6 x 108 cmys.

In ethene -a study had been conducted on the effect
of pressure on the dr1ft ve]oc1ty (76). v As the pressure
at € < 0.05 eV increased from 39 kPa to pressute of 320,
810, and 810 kPa, the drift velocity continued ‘to de-
crease. As the gnergy increased the pressure effect

got smaller. At 0.15 < € < 0. 2 eVs no pressure effect

was observed.

4. Liquid .Phase Mobilities -

a. Ion Mobilitijes

i) Adamczewski .

One of the first extensive investigations of ion
mobilities Tn']iqujd hydrocarbons was conducted by

.

3
'
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Ademczewski in the 1930's (61,79). The series of n-alk-

anes, n-pentane %a'gldecane, was used since properties such

as boiling boint, density and viscosity decreased system-

atically as the carboﬁ numberiincreaséd. r
By Walden's rule, the product of the mobglity afd thewgf

viscosity, N, waSapproximafely constant. A]ternatively, |

by Stoke's rule, the mobility varied as (nr)'], wheré r ;

“is the radius ;f the ion. Adamczewski found that ihe room

temperature mobilities in the alkane series varied as n"3/2.

A possible exb]anation'offered was that r varied as n—]/z.
He also noted that since n depended on exp(c/T) where\b~-
is a constant and T the temperature, the mobility u should |

be related to the temperature by | 3

u ~ exp[-3c/2T] | - (8)

In order to see if the mobility .aiways varied s T

Adamczewski -measured the mobility as a function of tew“;V“

i b W
perature in paraffin oil (80). Walden's rule wasy;found
to hold. The activation energy obtained frém,plotting
the»]ogarithm of the‘mobi1ity'against 1/7 waé equal to
' o o \

the activation energy for the viscosity. It shou]d be
ndted that the viscosity of the paraffin oil was also
“thousands of times larger than that in»the smaller hydro-

~

carbons.

References to earlier ion studies (before 1937) are

Kk
¥

in ref. 79.
v : /
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11) Photo Injection

E]cctrods can be injected into a 11qutd by flashing i
light at a metal electrode. Should the liquid be in-
sufficiently pure, the electrons would quickly be attached
to impurities such as oxygen to form negative ions.

LeBlanc used this method to study charge transport
in liquid n- ~hexane (81). He found that the mob111ty
appeared, to be fitted to %he equat1on,

w o= u exp(-Ae/kT) ~ (1)

where hedefined u as the mobility, u, the mobility at
infinite temperature and Ae as the average trapping
energy. ~The charged partic]e'was‘considered to be either
trapped or untrapped, and the mobility depended upon the
fraction of the time that was spent in each state. 4The
idea of a two state transport mechanfsm had been ear11er

proposed by Tynda]] for ion transport 1n gasesi(ZS)t: . C Y

and by Crowe for liquid hydrocarbons (82)

same t1me as LeBlanc, a def1n1te ion c]uste  :
mechanism in liquid He4 had been reported by Afl}n,‘e?5’.

performed in Po]and using the same met?od_g

-

Ter]eck1 found-that the negatlve ion é%g@%

hexane, n- octane andgn-decane, which eau

7.0 x 10°%, and 3.0 x 107°

all independent of electric field strﬁﬁ:\lf x f - d, S
. i . g A

\ (A



kV/Zem (84). Growski determined fon mobilities in n-hex-
ane, n-heptane, n-octane and n-decane as well as dn mix-

P
tures of n-hexane plus n-octane and n-hexane plus n-decane
at temperatures of ?ﬁl < 7 5‘323K (BS). He found &pat

in all cases, the negative fon mobility varied as n

*

The positive fon mobility an the other hand varied as ”-3/2;

which was what Adamczewski had found in the ]930'SL

In Japa?, Chong and Inuishi also measured the mobility
in n-hexane (86). The mobility of the negative ion -was
found to be independent of electric field strength up to
510 kV/cm. The mobility was 1ndepenqeﬁl of drift dis-
tance. Addit{on of 1% of ethanol decreased the mobility
by a chtor of 2.3.

A1l the above workers had thought that the negative
ion mobility correspanded té.the actual e]ectron‘mobilit}.

Samue]b‘and co-workers found evidence that even at low

field strengths (750 < E < 7500 V/cm), the mean free path
of electrons in 1i¢widggydrocarbgns may be 1a5§er than
fpreviohsly thought (§7i: The method was the same as that
used to detect quasifree. electrons in liquid argon (88).
Conductan;e pulses of 10-5 s dJration were Aetected in
liquid hydrocarbons sﬁbjected to steady-state, low inten-
sity (8 rad/hr) y radiation. Mhile a satisfactory mechaﬁ—
ism for the generation of the pulses has not been proposed,
Sahue4 suggested»at the time that theirpreéence implied

that the electron mobility in n-hexane may be as large




‘1on neutra]1zat1on rate constant and

_the quot1ent of the 1nduced sp/c1f1c conductance d1v1ded

be trapped in ‘cavities in the 11qu1d structure (90)

.'Hummel A11en and Watson found th“% add1t1on of oxygen

Ahty by 20% but d1d not affect that of the nega

_1on (92). It wa's suggested that the 1on mob1]1ty was. e

Ig-or chem1ca1 pur1f1cat10n

\ . - R . e e ) -} o

“as'éb\cmz/Vs ratherfthan'the71043 previously reportedi'

111)7Free Ion Y1e1d Re1ated Measurements ©

I

A ﬁa1r amount of work :Was done on: 1on mob111t1es to‘

deterﬁ%%e free ion y1e]ds, which depend d1rect1y on the' Lo
- o

as the square of

by the: mob111t1es (pos1t1ve ‘plus negat1ve) "Ion mob111t1es 7>'
need to be est1mated (89 90) or measured {(91- 94)

Freeman and Fayadh suggested that the e]ectron may

at 1 atmosphere pressure decreased the pos1t1ve jion .mgb-

ve

the e]ectrdn i

that of an oxygen ion formed by the add1t1on o

to m1nute traces of oxygen not rémoved by the degass1ng

a ‘ ’ ' : 7-“ B

Tewar1 and Freeman noted that the ion mobility and- ,
the free fon y1ek1appearmi to 1ncrease as. the moleculeé: be- o
came more spher1cj1 (93) Pur1f1cat1on procedures haq - ' ”’! {
improved so that an initial Eharp peak was found .on the | ‘
current Vs tlme trace obta1ned when neohexane\or neo- 1df. | ];

pentane was exposed toca pu1se_of X. rays (94). ~Addition

of;okySEn'Or SFe eliminated the "over%hootﬁ (as the

initial spike was' called) .and decreased the free ion

S I _ '




“yield.

in methane (96) and ethane (97)

/

A]though not confirmed until the next year (95),‘

'th1s overshoot was. the f1rst recorded observatlon of a

true therma] e]ectron s1gna1 1n\a311qujd~hydrocarbom

1v) Other’ Res iy

Schm1dt and co- worker‘pw{fe measured ion mob1]1t1es.'

The mob111t1es were of

'

~the same order of magn1tude and were 1ndependent of .

(60 kV/cm for methane and 160

app]1ed e]ectr1c f1e]d up to ‘the h1ghest fields used

kV/cm for ethane) Wa]den's

‘

~ rule held ﬁor both 1fqu1ds at' T < 137K for methane and '

’;,a hard core radius of 0.
_.ethane led to ca]cu]ated mobilities ]arger than those

.:actually observed,

T. < 216K for ethane. " Application of Stoke's: Law using
/9.nm fdr methane and‘0'219 nm for

by a/factor of 1 4 in methane and
3. O in ethane. The exp]anat1on was offered that the

]owervobserved mob111t in methane was due to the po]ar-

‘1zat1on 1nteract1on b#tween the ion and the mo]ecu]es,

/

wh11e that 1n ethane was due to the dragg1ng by the don

'of a so]vat1on she]]lof nearest ne1ghbours.

“Recently, even more extens1ve1y pur1f1ed hydrocar-

!

/

bons such as n- hexane have been exam1ned (98 99).

;Ear11er workers had’ found a 51ngle negat1ve charge carrier

‘but often several pos1t1ve charge carriers.

" The more

recent results conf]rmed that the negat1ve i0NnsS ywere

more mob11e than the p051t1ve, but there was on]y one

. 3 !

maJor charge carrﬁer of each s1gn




b.‘hElectron Mobj11ties dn‘Liquithydrocarbons
e S

b A

) Background

“

E1ectron mob111t1es had b@en measured in 11qu1f1ed
rare gases since 1951%(100) -However, sufficient pur1f1-"
‘fcat1on to a]]ow the observat1ons of a s1gna1 that cou]d J
def1n1te]y be attr1buted tp e]ectrons was not accomp11shed
in 11qu1d hydrocarbons until 1968 (94) Conf1rmat1on by’
severa] research groups fo]]owed qu1ck1y afterwards (95,

- 101-103)-and measurements were made in a w1de number of
systems (104- 106) These‘exper1menters used glass- con-
ductance cells that cou]d only w1thstand gas pressures up
to about 0.4 MPa, wh1ch p]aced a pract1ca1 11m1tat1onvon
the temperature range ‘over which measurements could be
made' ‘ _ o

m Desp1te the 11m1ted temperature range a great amount
}‘of data was co11ected espec1a11y after 1972 (96 97, 107-.
'1122) H1gher pressures had been used in work w1th 11qu1-
fied rare -gases (123, 15%) This. des1gn has recent]y ‘been ‘,
adopted for use w1th hydrocaf&@ns (125 129) Freeman and
. co workers deve]oped a g]ass ce]] w1th wa]]s 1 cm th1ck
(in contrast with prev1ous ce]]s of 0.2 cm) wh1ch could
stand pressures up to 6.5 MPa. Measurements could be
'7made over ac nt1nuous dens1ty range from the dense .
11qu1d ‘to thJ cr1t1ca] f1u1d and into the d11ute gas (70 n, .

73, 130-132) T It should be noted that the pressure that

a cy}indrica_ g}aSs cell could withstand;depended on -the

Vo

d
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ratio“of.the inner diameter of the cell:.to the thickness of

the cell wa]l.‘ftipol1ini‘ande11en used the normal low

RN . / i ", ‘\. . ; y
pressure cell qh]T (~0.2 cm) but decreased the inner dia-
meter td‘O'].cm (133) ’The'ce11 was ab1e‘to withstand the.

cr1t1ca1 pressure of tetramethy1511ane which was 2 8 MPa.

11) Low. Pressure 0bservat1ons

From the Tlow pressure stud1es a number of genera11za=‘
tions were made. The most not1ceab]e change was in the n-
aTkane series as theu1ength of*the carbon chain was in- |
creased'from that of methanevto»that.ot n;butane'(96 97,
"109 120) ) Over the ent1re temperature range from near the
‘triple. point to above the. bo111ng po1nt the mob1]1ty of

=

e]ectrons 1n methane was greater than 300 cm /Vs - The
[

Arrhen1us act1vat1ona1 energy was-negat1ve In ethane, the
mob111ty was more than two orders of magnwtude less, and
the act1vat1ona] energy was about 3 kca]/mo] From ethane_

1

to propane to n- butane, the mob1]1ty, at the same reduced

temperature T = T/T where T ds the cr1t1ca1 temperature, o

wou]d continue to decrease but to a nuch less extent than

for the methane. to éthane trans1t1on ~ The act1vat1onal
, . i .

energy\~cont1nued to 1ncrease : , o IR S
< {7 P .‘

Branch1ng of the carbon ske]eton 1ncreased the
mobi11ty It 'was notedﬂthié the mob111ty increased as the
degree of spher1c1ty i creased (107). For a]kanes th1s

‘;ﬂl . .
appeared to be re]ated to the an1sotropy of the po]ar1z-_




a1,

o b . 0 .
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A ~ability. The mob111ty in 1sobutane was therefore mucm

h1gher than b at of n-butane, and 1ts act1vat1ona1 energy
l .

near'the bov/1ng po1nt lesser (109»114) | Neopentane pos-
| sessed a muéh Tlarger mob111ty than n- pentane or 1sopentane’
(104, 105 107 108). It was also found that the branch1mg
effect on]y extended to about two C- C bonds 1n series (107)
\ ‘ 'J In genera] the 1ntroduct1on of a carbon carbon double
bond decreased the mobility “from that of the correspond1ng
ﬁ a]kane. The mob111ty in ethene was much ]ess than that in

‘ethane,, and the mob111ty in propene much 1es@wthan that in/

‘Q propane (]32) An anoma]y was found in the case of the

3

g buteneg-wh1ch were analogous to n- butane, i.e. cis- and
. x‘{e \{ . / g

trans butene 2. E]ectrons in both trans- butene 2 and butene-
1 (108) had ]ower mob111t1es than in n- butane (109) The
e]ectrons in c1s butene 2 had a mob111ty an. order of

. magn1tude 1arger than that 1n n butane The reason for

\

the d1fference in behav1or between c1s butene 2 and that.

of trans butene 2 has yet to be sat1sfactor11y exp]axned

i Ty

" iii) High Pressure Observations

;y‘ ~ As measurements were extended into the critical

reg1on, 1t was found that- all the mobility curves increased

as the temperature was raised above the bo111ng po1nt of

EX e

wthe compound Mob111ty ‘maxima were found in methane(126

'-§J27), ethane (128), c1s-butene—2v(13]), cyc]opentanerA
neopent%ne'and\neohexane (130), cyc]ohéxane (71),and 2, 3,

deethy]butané; 3 3~ d1methy1pentane, 2 2,4- tr1methy]-u.
- pentane, and 2 2 4 4- tetramethy]pentane‘(132); For‘ .
‘ . . DR

v
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the larger alkanes the size of the maximum andvthe@difL
. ference (T-T.) where T.wasthe'pemperaturé where the maxi-
'mum‘océafred tended to 1n¢réa$é as. the molecules became
more sphére-]fkex " The pkeéencé ofktrihethyi groups‘éeemed
especially fmportant. The size of the maxihum decreased“
Lvdrastf%a]]y aS thé.carboﬁ ?héin increased from that of
methane”to that of ethane. o

A.recent work of.e]ectron.mobilifies p in dense
methane gas deéerveS'spaﬁa] mention at tﬁis’tihe’(5§). o
Measurements Qf’u'as'functions of number déhéity 510ng
visothermsfSthed that the shape‘of the mopi]ity chrve'and\
tﬁe existence of a mobility maximﬁm'wereAindgbendent bf
temperéturéj The position_df the‘maximgm was a]Sofjn—
.depenﬁent of témperaiure. ‘This,Wdrk had shoWn that the
' existencg%gﬁﬁip@sition.of.the_maximuh"ﬁn methane were
independént of bhasé, since the positioﬁ\of'the ma§imum
. agreeﬂ_withlfhat'qund in the liquid (126,127). The
‘.hféh pfeséure ce{]s é]]owéd‘méasurements through the
critical region which §hqwed that the electron did_not
chqnge‘its*behaviorvdfastically.right at the critiﬁa]

~point.

5. Free Ton Yields

The number of ion pairsAthat escape.into the bulk
medium per}]OO eV of absorbed dose can be determined in
three waysL A subsfénce can be added that reacgggyfth

the electrén-to.form a meaSureab]e prdduct:  A1ternativeTy;

Yl

i

i
i
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, be“noted that,Jaffé's theoryxwadeeveloped for columnar

. recombination in the high line®r energy transfer (LET)

or Y rays.

n1trogen and 1E§b1qu1d he]1um I and he11um II (136)

the Specific.conductance ot(the system can be measured.

If the mobi]ities of the ions are‘known,‘the-number of ions
formed can be da1cu1ated Finally; the free ions can be .
swept from the fluid by an e]ectr1c f1e1d cbliected at
e]edﬁrodes, and the1r charge measured. Each method, as well

as some older works, w111 be discussed in turn.'

a. Older Results = . " SR

In1t1a1 workers measured the "ionization currents i

wh1ch were proport1ona1 to the free ion y1e1ds. Moh]er and

Tay]or determ1ned the jonization current created in ]1qu1d

carbon disulfide by X rays at field strengths up to 60 kV/cm

. (135) At higher fields the 1on1zat1on current tended towards

saturation. Using Jaffé‘s theory (see sect1on C), a p]ot

of-i-] Vs E-] was made. Extrapolation of the curve to"

"1nf1n1te f1e1d strength led to a W va]ue for. the 11qu1d

of 26 eV, wh1ch was taken to be the same as the gas phase

.resu]t of 24 eV (w1¢h1n the1r est1mated erraqr). .It shou]d_

tracks of alpha partic]ei; As such application of this

mode] was rea]]y 1nappropr1ate to measurements where the

1on1zat1onwas caused by low LET rad1at1ons such as X rays’

~Gerritsen- and Ko]haas made measurements in 11qu1d

RPN Y N
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irradiated with X rays. The eurve?/here similar but the
tie]d streﬁgth where the’current.vs E plot -bent down- ]
5wards was higher ﬂ'.nitrogen'than in the heliums. At3about
the same time Pao measured ionization currents induced by

Y rays in>oxygen_and in 1so—ootane (]37) Pao a]so made

1

plots of i~ against E"'. He found that for 191 < T < 313K

the curves all have the same va]ue.at E 17, 0 1n 1sooctane.
'ExtensiVe stud&vof the field effect was eonducted by
Ulimaier (138). Measurements were made using soft. X rays.
-and fie]dvstrenoths'dp to 50'kV/cm U]]ma1er noted that
1ncreased branch1ng of the carbon ske]eton led to a’ 1arge

>

v1on1zat1on current Furthermore, the more spher1ca1 the

&

.compound, the sna]1er was the f1e1d strength at wh1ch the
curve bent overf(began to approach saturat1on) ~ The W
va]ues determined from app11cat1on of Jaffé's theory were
higher than those of the;gas. 4For_the ﬂ-alkanes,'W~
increased with chain length. | |

[}
.

b. Conductance

As prev1ous]y noted in the: sect1on on ion mob111t1es,
vthe free ion yield cou]d be ca]cu]ated from the conductance
'of the system if the mob1]1ty ofrthe 1ons were known. The
earliest works us1ng thls method had to est1mate the
_mob111t1es (89 90), but 1n ]ater works, the mobilities
were directly measured (9]-94) »A e
Freeman and Fayadh found that free ion yields in-

‘creased w1th the stat1c d1e1ectr1c constant of the 11qu1d




' ' |
(90). The samples were irradiated with Y rays from a 6000

SOurce. On the basis of their results, it was proposed
‘that the electron may be trapped in. liquid cavities.
Furthermore, the trapping process required that the e]ect-
ron 1ost enerqy to the mo]ecu]es in such a manner that it
' cannot be considered tq be quas1free as proposed in an
earlier model (139). |

Hummel, Allen and Watson found that an Arrhen1ds
plot of the free ion y1e]ds for n-hexane gave a good
stra1ght Tine in agreement w1th the idea that the escape
probab111ty varied as an exponential of 1/T (92). X rays
(1.5 MeV) from an e]ectrostatlc generator were used It
was noted that the ‘range of the e]ectrons was greater in
n- hexane than can be expected from extrapo]at1on of high
energy ranges. It was a]so suqqested that temporary
Vheqative ion formation witn accompahyinq'enerqy'transfer ‘
“to v1brat10na1 modes mag occur, and that this format1on
be more 1mportant for so]vents with e]ectroneqat1ve atoms
than for hydrocarbons. ‘

It was noted that range type calculations refer

S

to the avaraqe distance that the e]ectrons trave]]e to.
be moderated - to the sub- exc1tat1on reqgion, and that a
significant additional distance must be travelled before

‘the electrons are therma]ized g

c. Clearing Field (Charqe C]earu

The clearing f1e1d method 1nvo1w§d'the co]]ectlon

3
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/
of all free ions before appreciable random recembinat1on
could occur (140,141). In order to accomplish thig,.the
total absorbed dose haskept low and the field strength”
h1gh .The 6° i wasobtained by extrapolation-of the high
field yie]ds to zero field strength. The method has been
used to co]]ect a 1arge amount of data on hydrocarbon sys-
tems (107 109 114 118, ™1-149). Radiation was supp]ied
by e]ectrostat1c generators except in r%f 142 which used
a 60Co source. Data were fitted.w1th mpdels‘(3,6,107,

141) based on Onsager's theory, a nd’the‘thermajization

1ength of the e]ectron b, extracted (seesecﬁon c).

Compar1son between d1fferent hydrocarbon systems was usually

/

effected by use of the dens1ty norma11zed thermalization

length bd
\ . ! . i

i) Schmidt and Allen

Schmidt and Allen noted in their works that the
bd shod]d be the most important_ parameter Characterizing
the energy loss process of the electronrto the liquid
med1um (141). The parameter bd was much 1ncreased in
compounds with a quaternary C atom, and decreased by
intrcduction‘of double bonds or thevintrqduct{on of oxy-
gen atems>for a CH2 group in a molecule. ‘Neopentane~was
found to have an,excepticna11y high Gofi in agreement
with the resu1t of Tewari and Freeman 94) Extension
.of the work (143) 1ed to the d1scovery that bd at room

temperature was almost constant for all the n-alkanes

46.
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from n-butane to n—docene Plus n-tetradecane., This indicated
the similarity of the energy]oss process in these compounds-
Comparison of olefins to ethers showed that the oxygen atom
was better at thermalizing the electrons than the double
bond. ” ' e

/

ii) Freeman and Co-workers

The bulk of free ion yield measurements after 1970
have»been don€ by Freeman and co(Corkers (107,109- ]14
144 <149 ), Systems were examined to separate out the
effects caused by increasing the lTength of the carbon
skeleton, by unsaturated carbon carbon bonds, by aromaticity,
by cyclicization, by branching, by replacing a CH2 group
with an oxygen, and by temperature var1at1ons The effect
of the Position of substitution was also examined. For -
.example it was fownd that from propene, the 1ntroduct10n
of a methy] group to form Cis-butene-2 or isobutene led
~to an increase in bd but that if tggﬂg-butene—z was formed
bd decreasedj(149)r It,wéf noted at the time that the
range of the energy 1oss'interaction'on1y extended over
two C-C bonds in series. ”Conjugation of double bondS"did ““““““
not appedar to have a special effect. Oddly enough while

alkyne-1's de- energize electrons much more eff1c1ent]y than

a]kanes, an internal triple bond has a larger bd than the

alkane. Th1s wWas taken to mean that the e]ech@nsnwy inter-

.fere w1th the po]ar C-H in the alkyne-1 rathm‘thm1w1ththe

3
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triple bond. The greater range in cis-alkene-2's compared
to that of the trans-alkene-2's Cas not been satisfactorily
explained. It was suggested that for hydrocarbons the rates
of energy.]oss cozre]ated to the anisotropy of polariz-

abi]ity of the molecules.

d. Scavenging Experimgpt§

A serious problem in the .extraction of the mbjt
probable thermadization length b from charge clearing ex-
periments Qasthat the diglribution of therma]izationldis—
tances must be known., As We]], fitting of the data required
that the total ion yie]d,étot also be known. The total
ion’yield can be assumed to equql‘the gas phase value or it -
. can be used és a fitting parameter. Measurements for a

series of é]kanes'over the entire liquid .range showed that

assumption of an exponential distribution required an .

assumed Gtot of 7.5 + 1 while assdmption of a Gaussian
‘type distribution required an assumed Gtof of 4 + 1 in
. _

order to f%t the data . (6). The fit of the calculated.
éurve was Jjust as good inséach caselto the experimental
points.

Scavenging effects on the Y-radjO]ySiS 8% organic
compounds can yield either the free fonryielg at zero-
electric fie]d,'Gofi, or the total.-ion yield (151). éor
a wide range of.organfc compounds, the‘total jon fie]d

was 4.7 + 0.5 (152-155) which ]eﬁtfsupport‘ to the

usage of. a Gaussian stype distgipuxibn function. The
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free 1on yleld can also be used to check thv ya\u&u obtwfqu

from electrical methods, The free fon yie]d in noopnnt ne‘if‘ »
: ¥ e TUEEEA W
determined by Tewari and Frecman (94) owa,GG was much %« g_ﬁ

larger than that of n-pentane (G°f1 = 0.12): A scavong1nq¥¥ ﬁ\@uhw

experiment detbrmined that Gofi”ﬂ 0.9, a valuv«wtth1n 10%

B! \

of that of the electrical method (153). This'agreemenb\“

.‘!;5
ﬁ%

lent credence to the accuracy of the clearing field method.
Nishikawa and co-workers used scavenging experiments.

to exdminé therma]ization lengths in the supercritical

f]did of C2-C4 alkanes and alkenes (156-159). NHitrogen

yié]ds released by the nitrous oxide electron scavenger

were measufed and p]ott;a against the square root of the

concentratipn of NZO' The nitrogen yie]d.at [NZO] extrapolated

to zero was taken to equal Gofi. It was found that at a

fixed temperature, the value of GOfi in all the compounds

increased as the gas density decreased. Variation of

the density at 0.2 <dc< 0.45 g/cm3 changed the value of

bd by less than 10% (where comparison was possib]e);

Variation of the density at 0.1 < d < 0.2 g/cm3 qan.

increase bd By as much as a factor of 2. The sudden in<

crease in bd at theseflower densities was taken to

indicate that the degeneration of clusters in the fluid

wasAocturring over a fairly narrow density range (157,

158).
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e. Gas Phase Total lon Yields

£ o
Gas phase dosimetrn”using fonization chambers re-

.

quired g knowledge of W, t
formation of an fon pair,
o
applied so that all the {o
energy absorption needed t
be measured, tuen W could
‘The W value was usua
standard. Meisels (160),
and Herman (162) used the
Cooper and Moorfng (163) u

i (A
;Ar and'c ) and Stoneham,

)

'g used nitrogen. Meisels (1

*

g

v\Q

besa systematvc decrease i

1tﬁe alkane and alkene seri
cou]d be made between stru

‘n

noted that w1th1n al “homolo

u*i

/fé»(TGI) LeB]anc and Herman

\e

KE

menta] va]ues Cooper and
\ )

to corre]ate W values to 1on1zat1on currents. The pro- ‘

he averaqe‘energy uipendud in
If a strong enough field was
ns werecollected, and if the total
0 generate these fon pairs could
be calculutudp
1ly determined relative to a
Adler and Bothe (361). Leblanc
ionization current in air,
sed six gases (H 2 He air, Ny
Ethridge and- Me1 sels (164)
60) noted that there appeared to
n Wwith chain length within
es. No clear d1fferent1atwon

ctural isomers. Adler and Bothe

gous series the rates of (W/1)

.wasﬂrough1y constant where I was the jonization potential

presented an empirical formula

\

S based on the number of atoms of. each type in the compound

"«ﬁ(162) Calculated values were w1th1n 5% of the experi-

Mooring (163) also- attemptedﬂ

" duct of (WI*/7) was fitted as a funct1on of ]og I, where

-

"of the material and I was

’ 33 J*,was the ion current per mole, Z was the atomic number

the average ionization potential
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v/of‘EJECtrons 1n'the materia1 . Stoneheim;and co*workers»

/ made measurements at temperatures'of 298K < T.< 473K and
(v 2

at pressures between 53 kPa <P 360 kPa “No var1at1on=
‘f/=g’of w w1th T or P wa's found (164)
,ﬁ;:f B ~$;.,j“ The usua] quantlty used in conduct1v1ty exper1ments

1‘4,~J/7” “is° the don. y1e1d (the number of 1on pa1rs produced Per
C R )
o ]09 eV: of absorbed energy) The re]at1onsh1p between,Gfdt;
the tota] number oF‘1ons produced pef“]OO eV absorbed v
BN ;1} B dose and W is given by \
o e ,5 6ot = 100/W . | R (‘8‘)
;‘}ﬂ" .,3fTotaT 1on y1e1ds 1n hydrocarbons w1th a carbon number of 4
v // o -" . ) ' ‘
ael or ]ess; exc]ud1ng the butenes, are conta1ned i Tab]e(

'vtijﬂ .}'Ifj. A1r and nltrogen va]uis are a]so g1ven (165 166).
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T IABLE I-1 | / |

Total Ion Yields jn7the Dilute Gasésa'

CompoUnd :Gtﬁt.' . Ref..i ‘ 'Compound G | .  }Ref.

ey 3T 160 -Gy 43 160
e | 306 . 161 4.3 162
37 o - o ’ 4.2

160 . CH, . 3.9 160
161 . S e T aw3v8. 161,

C,H 9
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CZH4 1s ethene, C3H6 1s propene and c- C3H6 1s cyclopropgneﬂ‘_.
( ) 1nd1cates the preferred va]ue '7" ‘:v¢-; . -

For B rays ~:Vw,f;i'gfi*fﬂ
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uheory

'mo]ecu]e by the 1on, e was the e]ectron1c charge and r _.[”

'where y was the tota] effect1ve mo]ecu]ar po]ar1zab1]1ty,'

~d1e]ectr1c constant Th1s ]ed tQk\hE force of attract1on

‘-Invth.s sect1on an out]1de w1]1 be g1ven of a number of

mode]s common]y used in the treatment .of exper1menta] datJ o

R

1 Mob1]1tx 1n GasesA‘

‘a. Ion Mob111ty

Langevin had treated the prob]em of d1ffus1on and

‘aﬁp11ed it to the gas phase mob111ty (167) ~ The moTecu]es'
: .were assumed to be e]astlc spheres The :spheres were taken
[vto be po]ar1zab1e in the f1e1d of the 1ons _ The force of

ijattract1on f between the “ion. and the mo]ecu]e wa

sl (g
- r-o o ‘

,

where m was .an average é%fect}ve moment 1nduced on the . - xg/“

R

'was the dlstance between the 1on and the mohecu]e ‘~The‘

effect1ve moment was g1ven by

..o, @ LR (w)
Lo R | SRR .o

e

IT'I =

- .and’ was g1ven by

L 1~;" ;"fli-a‘3<\Y = £x1 T '{“." (11),“ht}

@

e;where n was the number dens1ty of mo]ecu]es and € was the '

Ay

be1no set equa] ‘to fi'
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2 o sy
£ = deml)ed S S (12)
- 2mwnr - '

.'.correspondjng to a potential energy of
W . R . .. ' : ) . ' ’ .2 ; N ‘ ! . l:»""’v' ‘ )
v = ~{e-l)e” - ¢13)
~ 8unr" ' o
Assuming as, well that the random’ thermal ® Tocities

’of the ions . fo]]owed a Maxwe111an d1str1but1on, Langevfni

"obta1ned : . S “ -
S B

N

4% _ where"u was the mob111ty, m- the mass of the mo1ecu1e,'Mf»
,ﬁ:";T / N . B
the mass og the 1on and A a funct1on of a quant1ty.k wh1ch ‘
‘ PR
P
is a measf{q Q& the re]at1ve 1mportance of the s1ze of

L B the part1cles and the.polar1zat1on forces in determ1n1ng'
“ %%e\path 6? ‘the ion. A sma11 A meant that the attrac-."
“ t1ve fdrce due to po]ar1zat1on was much more*nmportant
than d1rect«co]]1s1ons Converse]y, a large A meant that
~_the attract1ve forces were’ weak and that d1rect col]1s1ons
- were mainly. respon31b1e for scatterlng of the 1ons A a
hequal]ed 0.505 when”A f‘b, 1ncreased to a max1mum of 0. 58
g‘at X ﬁ'O; s then decreased as by _1ncreased further _
“The product AA approached 075 whenA was 1arge A Since"
kf;;¥grrk., P / 'g.e.,",t.;' ég%?( S“? )25 1.’ﬂj-",. (15)
m:”'uhere orwas the sum of the rad1us of - the mo]ecu]e.@}’

and 1on,, and P was the pressure,‘,.e]1m]nat1on,of T

.o ) ) oy . ; : R i
o - E g

velp it
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(e-1) from equation (14) Ted to

. L Uy | o
’ N T fxgze (1 tm/M) | (16)
\ . . \ . g 87mPn S
o o ©_ 0.75e (1'+ m/M)*
o R gl 8nPn

which was the formuTa used by TyndaTT and co- workers in .
their 1nvestlgat1ons on 1on s1zes (25) As P dependedupon
4 h; equation (16) aTso indicated that the mob1T1ty should
s _ decrease w1th n, wh1ch was the same conclus1on reached

in sect1on A

el bl*ETectron‘MobTTity‘ | o S,

Cp T | . \ _
| 5 A fa1r amount of work has been done by J. L. Pack and -
A V PheTps‘1n deveTop1ng s1mp1e models " tha%ﬁ%ou]d be
&

used in extract1mg eTectron moTecuTe scatter1ng cross-

sect1ons from transport measurements (168) The earT1er. b p

model obta1ned cross- sect1ons from thegvar1atjon ofvthe .;a'a-g
. G LELy

"f;"" . low f1er mob1]1ty as a function of temperature ‘ The

Al

~Tatter used ‘the var1at1on of mob111ty and the var1at1on o@;

=

(D/u) as-a funct1on of eTectr1c f1er strength Both ”'fsigg"

T

ﬂwere soTut1ons “to the §r1ﬁt veToc1ty equatlon given in

ref. 169. - 1

. N . T ! 1
Pl

AN 1) Temperature Dep_ndence

The dr1ft veToc1ty wof eTectrons 1n a dc eTectr1c

fler E was taken to be'



. M ‘ i : oY v
o ‘ whL i = 5 ‘wf ‘§~‘ 13 dv '(17) |
o 3 o dv g o

rwhere f was the spher1ca11y symmetr1ca1 term of the
‘e]ectron velocity" d]str1but1on, v the electron ve]ocgﬁy
and g the momentum transfer cross-section (170) ¢ For 1ow
E/n, the electrons are in therma1 equ111br1um W1th the gas

1

and the Maxwe111én distribution could be used fd\was;

then given by . o A Sy
(18)
Aiium1ngathat n
oy (19)
cOmbﬁnatiqn'oqu-:';kf‘“ (17), (18) and (19) led to
un = r'_.; e 2(3/2-3/21/b ZKT\ -ire,
B (3/2)'
& —« i” ‘2 . \ : )
> &Ba(—- )
P

f/éf 17'0

_at1on of- the mob1]1ty cou]d be used to obta1n J and B

This is equat1on (BLgo The temperature vari-

%%gﬁhues ) The cross sect1on o was g1ven by

o o) ‘=‘ Te 3/2)r - B.;:v]",'j' T ‘(21)'-
Z (3/2-3/2)| A | ]




oy
- ’!:}n‘,

o

drlft ve10c1ty equat1on w1thout hav1ng to assume a Max-4

vassumed for the various e]ast1c and inelastic scatter1ng‘J

Atd\e faCtOF S(o) 1nt05§he dr1ft ve10c1ty expre551on,'

'assumed to have a Maxwe]11an d1str1but10n of ve10c1t1es”

" »;and the moméntum transfer cross sect1on equa]]ed B gwff

and Mason for fons (171 172) have been widely used (52,64,
70,71,73,173,174), | | L
ii): Field Strength Dependence of Motu*ths o a

- ‘ “and of (D/u) 4-7"d3€g; L

Pack and Phelps also led the way 1n so]ut1on of the

&

'\D

we111an d1str1but1on or the assumption of the power ]aw"* _gﬁf;ﬁf

dependence of o on@v (]75) Va]ues, however, had to. beefigu;_

processes gs we]] as the form of the d1str1but1on funct1on ';’f?

in the energy range used Va]ues of w and of D/u Were .
_.\\ Vm

"‘ calculated and compared w1th the exper1menta] numbers.
,AdJustments were made to tWe crgss sectwons unt11 the
~;ca1cu1ated tran&port coeff1c1ents were 1n agreement w1th

- the exper1menta1 va]ues - This method has been used in a

wide %mber of systems (53 56, 67, 78 ]7%77

2. E]ectron Mobi]ity‘inﬁtiqufds’ B

[

- a. Quas1free Electrons.

o oy ey L o DR
Lekner calculated.quasiﬁree'electron %rift ve]ocities

in. 11qu1d argon uS1ng a model that 1ntroduced the struc-

(178). For the weak f1e1d reg1on the e1ectrons were

Ly~

° PO

[4ma° S(o)], where a was the scatterlng length The_j
.:},‘9 . v."/. :
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‘-dnift'velooity'was then given 5¥«

k]

W= 2/3( 2__y__eE ., (22)

—=—)
T KeT hana®s (o)

where mg was the electronic mass'and kB was Bo1tzmann's.

constant. Ca]cu]ated values had the ‘correct shape and

agreed well w1th the data of ref 179 up to 10 V/cm. The
mode] curve decreased at h1gher f1e1ds wh11e the experi-

menta] po1nts st111 1ncreased The mode] 1ead1ng up to

\Y\ A.

this express1on was actua]]y deve]oped in ref 180 and s

¥ d to as the Cohen Lekner model

argontand krypton,_the mob111ty as a'funct1on of tempera-

. , ‘,

_ture went through§3'm1n1mum and then 1ncredsed (12?)

LeKner noted that”thaﬁscatterlng leng'th was pos1t1ve 1n
11qu1d argon near the triple point and negatlve in the
gas phase ‘He proposed that the scatter1ng length go'

through a zero po1nt at an 1ntermed1ate dens1ty and that

“the mob111ty was increasing towards a max1mum ¢181).

This maximum was subsequent]y found in liquid argon near
the critical reg1on (124). Lekner and B1shop also '
exaﬁined‘the effect of cr1t1ca1 f]uctuat1ons as the tem-'
perature was”ra1sed towards the cr1t1ca1 temperature for
nob]e 11qu1ds (74) It was pred1cted that scatter1ng

of the electrons by long wave]ength dens1ty f]uctuat1ons

would ‘be 1ncreased decreas1ng "the e]ectron mob111ty

“\Neav the cr1t1ca] po1nt, the e]ectrons wou]d be 1oca11zed

L

o
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within the fluctuations and the mob111ty would be de-

creased by about four orders of magnitude. More recent
.experimenta] work had found dlscrepancies between the

pred1cted mobility values and those measured (75, 135

The Cohen- Lekner mode] has been used to calculate the

¥

mob1]1ty of quas1free electrons in hydrocarbons ~(182-184).

b. Localized e]ectrons

li) Nature of Loca]1zed E]ectrons

In ]1qu1d hydrocarbons, electron mob111t1es§yere found

e e 'tgf ;orders of magn1tude 1arger than those of the ions.
fmﬂg:«‘@a ) o “”h
E However, they were orders of magn1tude sma]]er than those
féuhq in the 11qu1f1ed rare gases 1n wh1ch whe electrons:
M;ré'quas1free The 1nc1usnon of the 1ncoherent scatter- 5
'Qng by the polyatom1c mo]ecu]es was 1nsuff1c1ent to-explain
f'.~ ) the d1fference (182) Models were deve]oped which est1mated
the effects of a temporary negat1ve ion be1ng formed “or:
tli of the¢effects of trapp1ng Both types of model had the'
same requ1rement.‘ There had to ‘be two states of the
electron, one correspondlng to the quas1free e]ectron and
. | "~ one to a s]ower mob1]1ty state. The two state 1dea had
;“wza g been proposed by Thomson for e]ectron transport in gases
;,, : (186), by Tyndafl for ion transport in gases (25), and
by‘Crowe,(82) and LeB]anc (81) for e]ectron transport 1n
Fquid hydrocarbons | - o

2

M1nday, Schm1dt and Dav1s conducted a series of

o L e . P
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experiments tn 1971-1972 that led to the acceptance of the
“trapping model of electronic transport in liquid hydro-
carbons (105,106). The most convincing set of measurements
were done on a series of neopentane-n-hexane mixture (106).
Assumpt1on of a short lived negat1ve ion, or some other
form of s1ng]e molecule process, wou]d have required that
che mobtlity of the mixture depended inversely upon the
-, mole fraction of n-hexane (106). The activationenergy
“should have been constant. Instead its was found that the
act1vat1on energy of the m1xture depended upon the mole
fraction of ﬂ—hexane. This required a mu]t1-mo1ecu]ar»,$
trapping process. For the mixture, the‘actipation
energy.was\of the forn
(23)

. @ E = EjX + EpX,

where“E was the activation energy of component i and X
was, the mole fraction. - This equat1on was in accordance

to a statement that the mob111ty depended on the t1me"

Athat the e]ectron spent in the h1gh mob111ty state com-
pared to the t1me in the low mob111ty The problem. then
1a1d in the ca]cu]at1on of the probab111ty that the,
_;electron would be in the free state. The ex1stence of
a 1oca11zed state has been shown by the detection of
absorpt1on s1gna1s from e]ectrons so]vated 1n 11qu1d

hydrocarbons (187-191).




11) Bubble Model

Schiller in analogy to bubble states in liquid He de-
veloped a two state model in which the 1ocglizcd electron

state was a bubble (192-194). The medium was considered

to be divided into a -number of small equal}sized subsystems.

The energy content of the subsystems was described by
the probability distribution

YA = (24)

p(E)dE = (2“02)-3exp[-(E—<E>)2]dE
20

where p(E)dE was the 1iklihood of-finding a cell with

energy HetWé?h‘t and dE, <E> was the aVerage‘energy of the

system'and o was the dispersion parameter fon‘the'aistri~'

7

bution. The dispersion’ parameter Vas given by:

o

‘62 = kTZC +i35> . (!NJ) e (25)

9, LR V%
‘ ' ‘ . AN T,V . @

where<Cleas the heat gapacity at cqnstant volume for-wthe am v

“s&stem, V the volume and N was the number of molecules in

the'cg11 (93). Schiller used the case where N was small
56 tﬁaﬁ equation (24) converged t6 (kTZCV),. Localization
occurrgd:if E-<E> < Vo - E, where E, was the énérgy éf

the localized state and V, was the\ené}gy of the extended
state. Integration 6f p(E)&E bgtween -= and (Vn —Et)-
gave the probabi]ity of 1oca1i§ation. ‘Theerbility in

the liquid depended;solely upon.the fractipn of e]ecfrons

. in the extended state.

o im
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ii1) Ether Model

A similar type of model was developed by Freehan‘from
observatjons of electron mobility and obtica] absorption
energy in ethers (112,195), and applied to ]iqufd hydro-_
carbone (70,71,114,130-132). The medium was taken to be
homogeneous towards charge transpert and a distribution o
for localization probability nas assumed. The final
equations appeared to be similar to those of Shiller's. |
The basis of the model was considerably different. Schiller
had assumed that a bubble could form in 1iquid hydro-
carbons as in helium (]96);pdsitronium studies . (197,198).
or alcohols (]99.200).‘ Freeman's model made no assumption
as to the natqre of the traps but was based on the obser- ~
vation that the pr temperature'ehectron mobiTity was 1> U p
about doub]e those of the anions and that at high‘temper -
tures, it was orders of magn1tude ]arger than that of the
anions, It was also noted that the low temperature (1onw
vlike)'mechannsm was'un]1kely to have involved the migration
of the nearest neidhbour solvation shell along with the, |
electron. The mobi]ity’ue at any,teﬁperature was taken S

to be S S .

= - o - : 0
C(P-x)u”jqexp(-E;{/RT) + xu (26)
Qhefe no 1 was - the pre-exp?nentia1 factor of the'ion-like'

- mobility, Esq the actiVati&n of . the fon-Tike mobi]ity; AR

i

e

0 : s

M the mob111ty in. the extended state and x\the fr agt;on- ”é
3 - "?m’-ﬁ’ﬁ
fooee 8 3
of eh’-‘f:’cr‘ons in the conductlon'band A



iv) Percolation

Freeman and Schiller assumed that the medium was hdmn{
gencous towards charge transport and that the diffurencu in
mobility states :nr due to the cifstonce of twn modcsnnf

charge transport. Kestner and Jortner dvvn]npn i modg&hb

»

which assumed that there Was. only one trancport mech

(201). The proposal was made that since e]ectranfu)ﬁ

depended upon local rotational fluctuations (103,1043,

medium should be described in terms of regions that were
: e

“transparent" or were "almost opaque" towards electrons,
‘The “fraction of transparent regions ¢ determined the mobility.
The relationship between the mobility and the energy of the

extended state was calculated in tenﬁs of c.

f: c. Field Effect

§) Positive Dependence
- ' u

.Bagley developed a model for transport of 10ca]12ed e]ect—

rons (202) The transport 1nvn1ved an activated process of
motion from one site to another across’ an average distance
of X and over an average energy barrier of AG.  _At con_

‘syan; temperature and pressure,.the exchange frequencyvin

-
¥

the absence'bf an e]ectric field E was

o>

|

k = ¥exp (,'k‘; ) (e

-

where Yy was the attempted frequency and kB the Bo]tzmann

. v ﬂ.
" !‘E
’3.1

L constanQ\w1th an: app$1ed fmeld the net Jump frequency

,"'? ',_: .
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A

ot -t =k feap( 2B ) L oagp (Rl
- ST kT A2k

< asim(ME) 28y
<0 ek

‘where fand f_ wers the jump frequencies with and ageinst

the electric field. The mobility was then given by

W= Af/E
<A 2y exp -AG sinh| ACE (29)
E kT 2kT |

Note that at small x, sinh x = x so that at small E a field

indepéndent mobility was recovered. This model 'has been

applied to liquid paraffins. Jump distances 1in etﬁeee
and propane were estimated to be about 30 R which cor-
respond to eight molecu‘af diamefers (120). Allowance -
for variable barrier energies leads to a more Eeasonable
estimate of 7.5 R.in prdpane (203): Application of two
barfier heights to drift ve]ocities-in mixtures of meihéne
and ethane leads to an estimated average jump distance'
of 10 A in pure ethane (204). . /

(ii) N%gative Depeéndence | |

/ - . . B / . ~
In liquid methane, neopentane neohexane/and tetra-

ae el

methylsi]ane, the mob111t1es were found to’ decrease at

' &,0,
tion from a pos1t1ve to a negat1ve f1e]d dependence could
oqcur in the 11qu1d was ev1dent from ]1qu1d ethane \
results (119 129). At T < 216K a posttxve\dependencei.

was observéé At 294K, a - negative ﬁependenceguas'

-~

64,

-

h1gh electrlc fle]dgitrengths (96, 130 205), That, a transv-‘
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?rOBSerVed It has been noted that the decreas1ng threshoﬂd

\

:a1§l»;;i} f1e1d for the f1e1d effect as the temperature was 1n— /, _
Lvaf\fvy creased appeared re;ated to the ratio of Jhe driftveJoc1ty.nfh_
‘4”f§7fj. W to the speed of sound 1n ‘the 11qu1d (130) ’ﬁ;(j. |

0. ﬁ?yu‘fhﬁn‘«h w varwed w1th EX W]th X be1ng 1ess than one and poss1b1y

_”as,]ow as zero There was no' s1mp1e dependence of w w1th E
: ;’Var1;t1on of X from 1 was attr1buted to a heat1ng of the :
PR e]ectton d1str1but1on : ”ﬁ" D mv_;s Ufﬁé* ‘_5 ”fﬁthi'ﬂ»”

7_‘3 Free Ion Y1e1ds e fi,‘“'jf‘f,;;"',“*'f'ts 3Q3ff5fﬂrif

o
/

-~

W}}if;fﬁifgf ated by ahpart1clés (206) The ions were known to be ”;é'}ff?ML
el grouped a]ong the track of the 1on1z1ng rad1at1on rather L

'“s;{‘ than be1ng un1formTy dlstr1buted throughout the ]1qu1d '}75;;
P (207) The\]arger the 11near energy transfer (LET) the (e
"‘izif;éfomore dense b\\ame the group1ng of the 1ons “in the track _
v _An 1mportant part of Jaffe s so]ut1on wasft,at - part1C1e§j?"§'sﬁ

created dense cy11ndr1ca1 tracks . A reTlt1onsh1p between

NG

the measured charge and th”:_aturatlon\chargé was obta1ned d//fj
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va]ues of E a]]owed the detenminat1on' 6f‘f; and~heﬁce‘w

o

'

Use of thjs‘theory to 1nterpret resu]ts where the 1on1za- . L
S ‘ ( . “,' \ . s

txon source was, X rays or'yrays“ws )ncorrect s1nce 1on G
| I e
\\\\columns are. un11ke1y to ex1st A Ca _‘»/.,1j’ o

D N . AN o~ o . Lo ‘ :
' . v N . - . - / i .
- S \\ . . ’ ‘ : \.‘ . . ot \ ’ R P . .}‘ ) “-«f" K ‘ : t
. P - . L : P ..o g . . N . - Lo . . L .
S e i . ; L . - o S . R v S .
, o NEEC TR o » ST ANI
R N v L o ; ;

N Low LET A NI S

k[”"»’Resu1t9 1nvo1v1ng 1ow LET rad1at1on §Ueh as cosm1d’ray§,.
. J W .
e]ectrons or*yrays are current]y 1nterpreted by va*ious’»~

4

,Tmode1s based on Onsager s mode] wh1ch was deve]oped for*1

1)51ng1e pa1r sp (208) In the absence of an e]ectr1c(} 3

j .
of escape depended so]e]y upon the

fe]d the probab1]1lzt

: (31 X

h y1evd F(y) {he 1n1t1a1 »fs ;f:ffﬁ

"f;where Gtot was the'total 12

d\str1but1on of 1on e]ec%ron seiarat1ons and ¢(y E) the
probab111ty that an 1on/ba1r w1th a separat1on of y wou]ddif;;;gk,

A




o form a free’ 1on pair at f1e1d strength E ¢(y E) was

/from'bnsager s so]ut1on.. The exact form pf F(y) cou]‘g at

P

| _/ be obta1ned from exp4r1menta1 data and had to be st1mat‘d
‘57 A gauss1an type d1str1but1on was; often used " Another"

A/ popu]ar cho1ce was an exponent1a1 funct1on It shou]d be
! b

;ffe.noted that the rat1o GEf1/Gtot was the average probab111ty
le;f,of escape for the d1stribut1on F(yd?

: :-:‘fhi werexp1cked 50 as to f1f the data ,e
rlha‘yleld Gf '1f the standard dev1ath§

st

w.for both the exponentlal/and the gauss1an curves, Equally

The d1str4but1ons'

e

; //
r/the same free 1on

o Q

vns were the same :ffu

*ggood f1t of th /ca1cu1ated and exper1mEntaT po1nts cou]d

'”ﬁg;b///btaﬁned/(213) ‘?The dlfference 1n the use of the tyo;? .

.;Qdiffenent d1str1but1ons was that the exponent1a1 form re

el

"'?gqu1red;]a g€ Gtot s to be assumed and resu]ted in smal]erif{

”fthe!ma112atton y1e]ds (130 214) : As ment1oned 1n sectlonﬂfv

/ sc‘veng1ng exper1ments supported the use of s o

T

'&Hf-dgauss1an ty e d1str1but1on fu ct1ons

a.*qa;..,(.4 Correlat1ons

o .)' Lot

T ercommon parameters measured 1g“conducténce exper1-:fi(jnu7
jjments were the mob111ty u: free ion y1e1d G f], and the
: "m]\fﬂextended state energy V 'Hmse parameters appeared to be

rkﬂdrelated to common pVOPert‘eS °f the f]U1d




% Attempts had been made to ré ate the mob11hty and thezfn

became, the}]ar

genera] compounds wlth a 1arge e]ectron mob111ty wou]f

a]so have a large b (107 114 130 and\ref there1n)

frThe den51ty normal1zed therma11zat1on nange was a]so ,réfiﬂfﬁg

quent]y used It has been ‘found that_u and bd seemed e

o

re]ated to each other over the ent1re(1 ey1d rahge for[mif-

the pentanes and that a max1mum i _pn1f 1t ex1sted wou d'a"“'f .

/1tfﬁdion yleld ‘data throug
215) sl e

A T ‘ M,.av-w;niw.;r

Lol

‘;energy 1oss paraqeters (215Ef]

The energy of the extended state for e]ectnon trans-bﬁ}hm

\

port V WaSusual]y measured by a photoem1ss1on method

(217) It waS'noted that U 1ncr ased as V became more

/

negatxve Ittwas understood that a more negat1ve V vfﬁ

| f(]ower energy 1eve1) meant that the eﬂectron trap depths,

R /

iwere correspond1ng1y sma]]er Corre]at1ons between u
v’fand V have been exam1ned (QO] 215 218 219) It has been

noted that p and V appeared corre]ated over the ent1r
]1qu1d range (59 219) and that a m1n1mum”in' occurred
at about the same dens1ty as. the max1mum 1n u.( Th15

By
/ -
S .

corre]at1on has been used to pred1c§,bhe dens1ty at wh1ch mf S
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¥ <

."‘*?‘iMethane (85.99%) was obtained fron

¥

}]s andisod1um meta1 (Cert1f1ed) from F1sher

Sc ent1fjcwCo Dav1son 3A ﬁnd 4A Mo]ecu]ar S1eve§ were
ilfrom F1sher Sc1ent1f1c Co Potass1um hmdrox1de
.‘dere obta1ned from BDH Chem1cals

Apparatus and Procedures =

The Vacuum;§ystem

e

"f?bally in F19 II-1.. Atvacuum_ of <] 4

‘cﬂ]tfPetroWeum Co ? ethane (99 99%).¥ethene (99 97%), propane:

and the L1hde D1v151on of Unlon

)

\/ fl .

Pa (<1O torr) was;,'

'iropene (99 94%) n butane (99 97%) and 1so- Bt

B
\

The maln man1fo]d 1s s1m1]ar to that shown schemat1c;

”;:j&g]_ach1eved us1ng a Welsh duo sea] vacuum pump 1n ser1es w1th;

: ft\ffja'f'oa mercury d1ffus1on pump and co]d traps

’f temperature (traps T} and T2 in- F1gure II 1) ,e;*

ft‘11qu1d n1trogen°”’

‘"pressure was measured w1th a Bend1x Corp GPH 320 Penn1ng .

~

L . S L .-‘ o e R 3

e /
. o
) L
o

vgauge The gauge head was connected to the vacuum man1- o
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/o 1ines. The meas

[

713,

fold by a Kbvan‘seal. A11‘stopcocks on the upstrecam

side of the mercury diffusion pump were grease free,

metal- Tef]on valves supp]1ed by Hoke -Inc.

(mode A251N6Y)

or by ‘Nupro Co. (modeLﬁJS~fBXGSW), or glass-Teflon
/ ‘ ; ‘

valves supplied by Ace Glass Inc. The latter valves used

Viton A 0-rings to effect the vacuum <eal.

Two auxiliary ,

manifolqs were attached to the main vacuum line. -Traps

containing the Molecular Sieves, uhe sodi

‘\\ 1loys, the potassium mirrors, and traps

um- potass1um

used in degass-

amples were attached directly to the auxiliary

ing p1pettes and the conductivity cells

were also d1rect1y attached to the auxiliary lines. A

possible layout is shown in Figure 11-2.

2. Sample Purification

‘The gas cyﬁiﬁders were connected directly to the

vacuum line through f]ex1b]e sta1n1ess steel tubing

N

we]ded to a Kovar seatl, After thorough evacuat1on,

about 50 ml of 11qu1d samp]e was introduced into the

“line, degassed by dgst1]]at1on while pumplng from trap T3

to Té; and then held on‘Mo]ecu]ar Sieve

overnight "The

“exceptions to .this procedure were methane, which was

~only flowed through Dav1son 3A Mo]ecu]ar

S1eve at -78°C,

+.and ethene, wh1ch was held overn1ght on KOH pellets at

"-78°C -instead of onethe Sleve. The next

a.

step. was to

degas the samp]e once more, and then to treat it w1th a

g Ty
. | |



74,

S I (]

%
series of 5 or mo}é freshly ncﬁjvated potassium mirrors.,
Tolbctter effect puﬁification the samples were held as
l1qu1d5 on the mirro%s. using an acetone/Dry Ice slush
bath, For methane, aﬁ\isopentane slush was used instead,

. 7 \
For cyclopropane, n-butane and i{sobutdane, the sa@ple was

stirred on a sod1um-pota;sium alloy instead of the
potassium mirror. Cycloprhpane had to be cooled to ~-5°C"
by a The?mbe]ectrics,Un]imiggd‘lnc. Stir Kool SK-14
refrigerator unit, using Q-héxanol (Aldrich’Chem. Co.)

as the coolant: n-Butane and isobutane were purified at
room temperature, Cyc]opropane\was stirred for 7 days
prior to use; n-butane and isobuﬁ@ne, for 2 days. The

A\

sample was held on the alloy until ‘use.

3. Sample Cells

" There were two‘types of Ee]]s used. one for high
pressures and one for low. The low pressure cell used‘
foévliquid phase measuvements is shown in Figure II-3,

)Qnd the high preSsure cell for Tiquid phase measdrements,
in Figure II-4. Cel]séfof gas’bhase measurements were
similar except that thé'side arms }oint ﬁp instead of
down (Figure I1-5). The electrode areas were measured
directly. The cell constant for the cell was determined

by a c0ndUC£ande method involving Standardlpotassium' - ’
chloride so]ugions. The conductance bridge Qsed is

vshownschematical]y in Figufe 11-6. The circuit maintained

.
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' b ' ’ . .I ( .
5 »,the/guard and coTTector eTectrodes at the same & Poten-

et1a] | The ceTT constant was. 1ndependent of frequency overh
B the range of ] t 3K Hz", The product of the ceTT constant’*
ﬂ'and the area of Fhe coT]ect1ng eTectrode gaue the separaw
o fhmt10n between the high voTtage eTectrode‘and the coTTect1ng'§T“3
vi'qelectrode ]];"h;t,f; B Th ;_,:j'g*d;fb:' A
-~ﬁ:'uf; e f;;-4% F1111Jg the CeTT

‘The ceTTs were heated to. TOO°Kabove the h1ghest tem-j j

nrzperature that was to be used 1n the exper1ment /orsto 150 C
ff”"hTCheVeP was h1gher . The outer surface of Vhe ceTT waj

fwcovered w1th Aqua Dag (G E]ectron1cs T V tube coat)

SRR 9 K
v;,ewh1ch was grouyded to the copper bra1d that sh1e1ded the \\\

to the coTTect1ng,eTectrode W1th the - D
: N :/. ’ °

'wafp7i{ffilead connected
R /// :/ -
mzmﬁgexcept1ons of methane and thene, a wwndow was 1

\coat1ng at. the\front and back so that the d1sappearance of ,]57"

ERE N NN

/ . B 3 \
the T1qu1d/COuﬂ€ be observed The w1ndows were aTso I_T S

vu./ BN

o", . ,,, -v‘

N \’ IR T
_.he styrofoam coollng box._ The glass s1de arm 6ver the
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a pressure of 10 -5 “ Pa was ach1eved kThe,bl
.

necessary amount of samp]e was taken

\

s degassed three t1mes A first 'hhfhrf‘

port1mn was then pumpep away and the m1dd1e port1on was

o transferred to the measur1hg p1pet . The amount to g1ve B

v o

. .v.v‘ "b‘ ,, . ‘K‘ . . B

R S o the needed dens ty was then transferred\to the ce]l, whjch
AT ].; was then sea]ed‘off W1th a torch Sy r*;;‘,f‘ng‘-, S
/» LN s, he o . ‘ T ‘-”‘v:{_\- L /

' Sf Temperature ControT Mf giﬂ ir’~Tf:‘ o

‘Tj”vf . A box made of poTystyrene foam was used to'

'h“'t°h’_u Tow temperatures A stream of co]d/n*il

X =
IS l N

the bottom of the box The stream- f through channe]

up the wa]] of the box and enter" ~the ceTT compartment g4
‘ RE z o
through narrow sT1t open1ngs near the top The gas ex1ted

from the chamber through a tube wh1chJextended from 3 cm;\‘w

5f3ﬂgdji above the fl%gr of the chamber,'up through the Tld The

rate Qf fTow of‘the n1trogen gas was contro]]ed‘bijary1ngjﬁ‘:V
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The set -up. for heating measurements 1s shown 1n R
Ao
1? \\ F1gure 11-7. The ceT] was positioned on asbestos supports L

R glued to the waT] of the cléar wa]Ted Dewar.‘ The heat o

LA

gun (Master App]1ance Corp mode] AHO?ST) was fltted to
a g]ass tube. The heat1ng co1] in the gun was connected

> \ to an LFE Corp mode] 226 AZT temperat%he contro]]er and

gy
the heat gun fan was poweredéfrom a horma] 60 cyc]e out]et

\

| » The heated a1r entered the Dewar at about 1/3 df the way
’"_’é:\ down the ceT] body The Fadeay cage was constructed of
| aTum1num or. brass.; Copper screens 1n ho]es /n the front
and back waT]s a]dowed the observat1on of the d1sappearance

/

°f the ]1QU1d as the temperature was ra1sed  TT; vad: ;;;LJ,Q;

1"6 Van de Graaff Acce]erator ~?7tf:ﬁf&f}; g 1;ﬁfﬂ7y* fff;

A 2 0 MeV van de Graaff acce]erator (H1gh VoTtage

Eng1neer1ng Corpn):was the source of the h1gh energy

cThe acce]erator was operated at 1 7 MeV for fj_i;m‘

v el

i; th1s work and\p%Tse Tengths of 30 ns, ]00 ns, and 1 O us"
i?were used ‘The vacuum 1nSTde thefacce]erator tube was off;ff7

' ’f’the order of TO 7 torr,]7
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S | 7. Go]d Targetf _ |
W - " . -4\ ,:/‘ i . i , PR . ¢
SRS - ﬁhe go]d target was used to produce X rays to 1rrad1—

1??fate the sample. The target was p1aced at the end of the1

e beam p1pe and was 1nsu1ated from ground S0, that the beam
. ; 7

:‘ﬁbﬂ of 1 7 NeV e]ectrons cou]d cause ‘the bu11ﬁ up Of 3, charge':‘

quﬁfor meashrement of the pu1se dose ’ The charge created was

':ffhdtumeasured by an Or'ec{mode1 439 current d1g1tTZeC-. A TSI”JJ

N

’

was used tb d1sp1ay the s1gnaT“as

\ " B . '.s‘.. T g .
E * o cy . ) : o oo Y
. . . . ,

fﬂfubmodel ]535 counte‘

jfplcocbu1ombs:ofechdrge’

}:>;é; Charge C ear1ng Measurement ‘C"Hf""n T,P”ﬂf‘%?:

i;‘dgrgjﬁwag?the échm1dt adapta” onfof the Hudson met od (140 14])
o ‘;The 1ons generated between two para11e1 p]ates were co]-v

dvused for the charge c]ear1ngzexper1ment

(

a’&'jlected by app11cat1on of an e]ectr1c f1e1d The trans1&nt
T current produced was 1ntegrated and the co]]ected charge,:
'5§t7;measured ‘ The layout 1s shown “in F1gure II 8 mThef;ﬂiv”

2

‘fP A R. amp]nf1er had an adJustab]e ga1n wh1ch was set to B
n appropr1ate va]ue depend1ng on the s1ze of the s1gna1
'{ef,The s1gna1 was mon1tored on the scope»at the same t1me

:}fhat ‘\ w%s fed 1nt0\a Fabr1tek S1gna} aVerager : For a_;u

- I

';'Lfno1sy s1gna1 ‘a greatd& number of s1gna1s<was averaged

The free 1on y1e]d 1s ca]culated from the charge>d

5 <r

sco]]ected after the rad1at1on pulse amd w1th the dose:f C

G ,ﬁf*mﬂabsorbed from the pu]se. The ca]cu]at1on can be wr1tten
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Pl

E, Q is the charge co]]ected in cou]ombs, V is the. col]ec-

-;g, ' .
%
e S 85,
v

: « 20 |
E . /Qx 6.24 x 10 3
Gf1 /

- - /l“ .oV

where Gg 1s the. free ton yie]d per 100 eV at fie]d strength

(1)

N
\ \'
tion volume in cm3 D is the ‘absorbed dose: in eV/cm3 by

" the sample between the e1ectrodes from the pulse, and

6.24 x 1020 is the product of the e]ectron.charge in cou]-.

ombs per e]ectron and 100 because of the def1n1t1on of

4

fol 7hermo]um1nescence dos1metry, using L1F crystals ca11b-

£

f rated with a standard 60Co source, was used to obtain the dose.

‘i

-

Mob111ty Weasurements

The c1rcu1t used to measure ion conductance 51gnals

[ .

is shown 1n F1gure II- 9 The signal was carr1ed from the

,target room to the-contro] room on a low noise cab]e

fThe response t1me and gain of the c1rcu1t were var1ed by

the gain ett1ng on the P.A. R amp11f1er, and the re51stor

.

b‘value “For\electron swgna1§, the amp11f1er (109) was

el moved to the cell end- of the Tow noise cable. }Fof

11qu1d phase measurements on n butane, 1—butane, propane e

:pand ethane the amp11f1er had ‘a gain of )00 k- and a
»response t1me om about 150 ns. » For the rest of the work

lvamp11f1er #8 F1gure II 10,,wh1ch ‘has a ga1n of 50 k fu‘g
;and a response t1me of’about 50 ns, was usedi The low

,Tno1se cab]e was rep]aced by 1 meter offHe11ax cab]e

\ . R
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The electron mobilities were obtained by a time of
flight measurement for all the gas phase results, for all
tbe l1iquid phase results in mnthane. and at the high tem-
peratures of the other 1iquids. In this method, all ;he
electrons are eol]ected before théy can bgyspavenged*
rand converted into negative fons. Electrons are fdrmed
uniformly between two electrodes of separaﬁion L. The
electrons closest to the collecting electrodes are cole
lected first, and the farthest, last. The time of col-
lection is the time t needed for the e]ectrons to drift
across the separation. The average drift veloc1ty is K
then o . _ |

veslie )

wnere V4 1s‘tbe drif& ve]ocity 1n‘cm/sec":fThe”alectron
mobi]1ty, which is defined as the drift ve]oc1ty per un1t
field strength is then

(4]

| , 2 X . : “
TE TV :
-where E is the eTectric field strengfh in,vblte/cm;and Vo
_ R S
is the voltage applied across the,plates.} MeaSurements_

3

’

were made with’boSitive and negative voltages. The two
different. po]arltles gave results agree1ng to w1th1n 15%
The average of the- pos1t1ve and . negat1ve resu]ts were used
| Nhen on]y a fraction of the e]ectrons was co]1ected

§

before scaveng1ng by 1mpurit1es occurred, an - e]ectron
- o
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Y
s e

cond\‘:ctance method was used (107). The main disadvanidge of
the latter method {s that {ndependent dat&rminaiions pf
the free fon yield and the total dose absorbed during the
pulse Are nceded, The measurement of the free fon yields
¥s described in section (h)'. When electron loss during'w
the pulse is negligible, the current at the end of the
pulse {is given by | ‘ A

U - V4AC, , | (4)‘_'

where id is the current in amps, C0 is the concentration

“of electrons at the end of the pulse (in coulombs/;m3).

and A is the area of the collecting electrode 1n.cm2.
Normally, 'the cuﬁrent was corrected for decay during the
pu]Sé. Corrections were usually 10-15%. The elecfron

concéntration at the end of the pulse can be related to

the free ion yield and the dose absorbed.from the pulse

-2.-E
¢ ]0 DG :
_.../'“\." . : //, f.l

46.24. x 10'8

where;GEi is the number of ion pairs-generated per 100 eV

' of absorbed dose, D is the absorbed dose in eV/cm3, and

B

.n18

. 6.24 x 10 ~ is the number of electrons per-coulumb. Com-

" bining (4) and (5) gives

i 'DGE v A

o s fi ' d
oL i 10 =T }
% 6.24 x 10

20 - ' ' % ié)'
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Gd,
or i x 6.24 x 1070
ﬂGf‘A
and finally, to get u, :
f, x 6.24 x 10°°

:
DG AE

For the ion mobilities, the time of f]fght measure-
ment was used in all cases. For 1ons; 1 is taken to be
the time nceded to collect all the slow charge-carriers,
In all cases except 11qu1d n-butane, r was obtained from
the charge clearing measurement. For n-butane, an inde-

pendent measurement of the time of flight was made.

C. Physical Properties

-«

The compounds™in the present study are the Cy to

C4 alkanes and alkenes, excluding the butenes. The

¥
r H

densf{ies of the liquids were obtaiped from reference;i j
~ 222. Gas densities were obtained from-reference 223 4
except for cyclopropane. The density of gaseous cyclo-
propane was calculated from the Van der Waal equation

(224) up to 0.03 g/cm3 and from the rectilinear dia-
3

’W

meters for >0.11 g/cm (using the low density gas and

the critical fluid-as anchor points). Densities

N
)

between 0.03 and 0.’H~g/cm3 were obtained by smooth

interpolation. Extensive tables are available for
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methane (225) and for athane (226),
- The dielectric constants {except for liquid pro-
pene). were calculated from the Onsager equation (227)
using refractive indices from reference 274 and dipole
moments from 228, The refractive index for methane
was unavailableg. It was éalcu)ated from the liquid
phase dielectric constant at *ix different temperatyres
(??9); and uﬁed in the Onsaqger equatiOn to calgulate
other dielactric constants, fh%;dtclactric constants
of propene over most of the liquid range were obtafned
from reference 230, The value at the lowest temporature
230K was estimated from ihe Onsager equatian, Valyes
between 230K and 293K were pbtafned by linear f{nterpola-
tion between the measured (293K) and the caicu?at&d
(ZBbK) values,

_ Critical temperaturés,ﬁpressures and densities
were obtained from references 222, 223, 225, 226 and 231,
Reference 223 has no data on cx;lopropane. reference
225 has data on just methane aﬁd 226 on just ethane.
Agreement between the different sources is within a degrceg
for the cr1tical temperatures and within 5% for the *
critical pressures and dens1txes. The preferred critical |

parameters are listed in Table I]-1.

g o e g 5 5
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R e o R ES LT s

';f;‘v » Measurements havetbeen made of the e]ectron mob111t1es, '
oT the 1on mob111t1es and of the free 1on y1e1ds as func-tth-I‘*

5‘[f t1ons of the eIectr1c f1e1d strength for methane, ethane,';

N

propane, n butane 1sobutane,

propene and cyc]opropane over a temperature range spann1ng 'V%Jh>‘~

i B
o

Pl

from the norma] vapors and 11qu1ds to the supercr§t1ca1 #

f]u1d ISect1on A w111 conta1d the eIectron mob111t1es,:‘

QJVI”W.ﬁ:*‘ sect1on B the 1on mob1]1¢1es and sect1on C thagfree 1on
S T 4& N ”'*”?“3
y1e]ds In each sect1on the order of presentat1on w11] be xind

)\-f_’

the same as above, that 1s, the resuIts for methane w1II __ffﬁ“ ;‘féf

'appear f1rst, de]owed by ethane and the rest CYCIOPVQIQ'* f{faii i[

pane w11] be the Iast Jh»ﬂff;}wiix*iftjfff7”ff¥tifff R

[

AII of the curves 1n the flgures of Chapters III and IV

\

were drawn emp1r1ca11y unIess otherw1se spec1f1ed

;For each compound the 11qu1d phase resu]ts w11hﬁ‘*””

g1ven f1rst The gas phase resu]ts w111”be;g1ven 1n order

h?,; of decreas1ng dens1ty'jr}f'f
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independent up to a vaIue of E/n > I X IO -19. ch /moIec

The sT1ght pos1t1ve sTope at Tow erId strengths 1s due

\

'~to d1ffus1ve broaden1ng of the eIectron swarm dur1ng the:}f”

.\

xh*]dr1f t1me i Correct1on for the brbadenlng wouId ra1se the'i,

LN

2r‘

’square at E/n = I x IO Vem: /moIec by 10% and that at s

'I x IO ]9

,;tDecreas1ng the denswty Teads to ‘an 1ncrease 1n the thres-f‘

by I% At h1gher f1ers, the mob111ty decreases.'v

]hoId f1eId strengt 0ver th1s same range, decreas1ng'the;{f“I

”p'to decrease, but the threshon f1eIds sI1ghtIy 1ncrease

fmob111t1'

\;.Ig{dens1ty aTso Teads to a decrease of the Tow f1eId mob111ty§

{ \

' “ﬁ[F1gure III 2 shows resuIts at sT1ght1y higher dens1t1es

™ .These have been pIottéd separate]y from F1gure III I to,l¥55

R

avoid bvercrowdyng '"{“*y7u 3‘:'ﬂf ;I‘Lmtf
L l

4».7

d1fferent from those for I8IK 1n Frgure III 1 The

thresho]d f1e1ds for the two are both about E/n : I 3 X IO ]9
"Iy-ﬁ;ch /moIec"'As the dens1ty lncreases from IO 7 x 102]
’uffjmolek/cm at I78K to II 5 X 1021 moIec/cmB“at TTZK, the:

'}rb?threshold f1er and the 10w f1e]d mob111t1es decrease J,«F'”

‘yt(F1gure III 2) F1gure III 3 shows the effect of a further

O;\’

"‘~f1ncrease 1n dens1ty The Tow f1eId mob111t1es cont1nue 'b7*t

a

*sfjfu5EIectron mob1I1t1es near the tr1p1e po1nt (QIK) and at a

}fffew temperatures near the mob1]1ty hax1mum awe g1Ven 1n

‘i”fFlgure III 4 The 1ncrease 1n dens1ty fromeS 5 X 102]

e

ﬂ[}gmolec/cm% 1n F1gure III 3 to 17 0 x 1021 moIec/cm35in;f‘,s3,

lfdf;F1gure 1 1 4 causes an 1ncrease 1n the Iow f1eId

s '“'T
s,, though the threshold f1e]d seems the same

e Uy

\The po1nts for I78K 1n F1gure III 2 are onIy sI1ght1y°f>I
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‘ Figure III«S shows the effect of field and tempera-,
'}ture on the e]ectron mobi]ity in the supercr1t1ca1 “fluid.
rlAn 1ncrease 1n temperature Ieads to an increaSe Iq the low
‘7f1eId mob1I1ty, and to a decrease in the threshold f1e1d
A reversaI in the direction’ of the f1eId effect 6150
OCCUTS ,, Unlike the I1qu1d phase, high eIectrlc field -

‘strengths Iead to an tqcrease of the mob1I1ty The Iow
f1eId mob1I1ty 1s an order of magn1tude Iower than 1n the
I1qu1d phase The threshoId f1e]d is aIso Iarger than in
the nearest I1qu1d phase dens1ty (8 26 X 102] moIec/cm o i
in Flgure ITI-1). The SO]Td symbols 1n F:;u\h III 5 repre- |
sent resuIt5aobta1ned in- I1qu1d ype . conductance‘ceIIs ]

ent resuIts’

(F1gure II -4). The st1ck symbo]s repl

.......

s [N

B \obta1ned using gas. type ceIIs tf - - -,\\;

In FJgure III 6 the den51ty decreases from that of

A~

the cr1t1ca1 qu1d The decrease of den31ty 1ncreases !
the Iow f1eId mob111ty and decreases the threshoId fleId
_ The same tendenc1es are observab?e in F1gure III 7 |
The effect of 1ncrea51ng the temperature at n.= 3. 09 X
“TIQZT mo]ec/cm3 is shown in. Flgure ITI-8. A Iower tem--
perature at. the sameydens1ty is g1ven in F1gure IT1-7.
The temperature 1ncrease (\\ses the mob1I1ty at all f1e]d
‘strengths, but to'a Iesser>extent at the h1ghe$§f1e1ds
'The dlfferent mob1I1ty curves: approach each other as the

o~ o

f1eId strength lncreases
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) The effect of a further decrease in density {s shown
in Figure IT1-9. The low field mobility increases by ai~
most the inverse ratio of the density change, Variation
in the size of the threshold‘fiuld;Aiﬁ slight, The same
trends can be seen in Figure 111-10; Qherc the temperature

21 molec/cm3

effect at n = I.S‘x 10 fs shown. At high
fields, the mobility curves approach each other.

Figure I11-11 sths a difference of density of an
order of magnitude ffom that of Figure 111-7, whileﬁthc
low field mobilities increase roughly as the inverse4ratio
of the densities, the threshold %ie]d varies by less than
a factor of 2. The effect of teTperature at n = 6.57 x 1020
molec/cm3 is shown in Figure I11-12. As for Figure 111-

8 and I111-10, the mobility differences at the various ‘tem-
peratures decrease as the field strength increases.
Variation of the threshold field is slight (abéut 15%).
Further decreases in density lead, to a fu;thér increase

in low field mobility and little variation in threshold
fie]d‘(Figure I1I-13). At 1.58 x Iozo'molec/cmB, measure-
ments ektend to a h%gh enough field to observe a bending of

the mobility curve. Temperature increase at {(Figure III1-14) at

20

n = 3.28 x 10 mo]ec/cm3 c]eaqu shows the merging of

the mobility curves at‘high field strengths. “The tempera-
ture increase leads again to an increase of the low field
mobilities and little variation in the threshold fields.

19 3

Increases in temperature at'n =7.13 x 10 molec/cm
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'ceIIs ‘were,. used (Flgure II 5) The eIectrode separat1ons/x~

R

~appeans '1n TabIe 111 1

N

Ieads td\the same . effects (F1gure I11- 15) Variation'of‘
denshtwes 1ﬁ ngures 111- 16 and I11- 17 Ieads to. the same
1ncrease 1n Iow f1eId mob111t1es and fa1r1y constant

threshold f1e1ds Atn o= 1. 99 X" 1019 and S 57 x 1019

'»moIec/cmB, measurements cou]d not be made at the Iower

f1eIds to f1x the 10w f1e1d mob1I1ty ,“. ,”.‘1 ‘}5” .

21

Except for the curves 3.09° X 10 moIec/cm3 at ]85K

(F1gure III 7) and 6 57 X IO po]ec/cm at 153K and those

o spec1f1ed as be1ng at a constant dens1ty wh1ch were an

temperatures above the/co ex1stence curve, hl] the resu]ts

s

-'nwere measured anng the co- ex1stence curve o Q,-J:‘J-’

Y,

B For aI] the,gas phase resuIts except those 1n F1gures' -

ERES

‘ '.III 15 and III 16,‘gas type h1gh pressure conductance

.o

were about 0 32 cm For the measurements 1n F1gures III/

!

15 and III 16, a Iow pressure gas type conduetance ce]]"

y was used The eIectrode separat1on Wﬁs 1. 00 cm I Th1s

'” HaI1owed the measurement of more ]OW’thtage po1nts and a

better determ1nat1on of Iow f1e1d mob1]1ty at the Iow m” ?fj
den51t1es I. , ) A. ‘ }7. , . SR
Tifii A summary of the Iow f1e]d mob111t1es and the thres-"cr'

hoId voItages at the d1fferent temperatureSIand dens1t1es

B

-
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TABLE I11-1 .

115.

T Summary of Methahe Results® |
N
|
T 21 nq Fg ’ (uogg (E/")threshold dlog
(K) 10 molgc cm” 10™ molec 10719 Vcnrz d log E/n
‘ . cm” Vs Vs cm molec
181 10.2 938 95.7 S - minus
183 9.87 848 _ 83.7 i 1.3 minus
187 8.93 57 51.0 1.5 minus
189 8.26 446 36.8 - -
172 - 11.5 746 86.0 1.1 minus
178 10.7 938 100 1.2 minus
176 1.0 964 106 1.2 -0.66
173 1.4 " 946 108 1.2 -0.66
153 13.4 482 64.6 1.3° -/ -0.46
122 15.5 396 61.4 C s o
91 17.0 536 91.1 1.6 -0.50
170 11.8 826 . 97.2 1.2 - -0.61
179 - 0.5 1040 109 12 “=0.61
180  10.4 982 102 . - 1.2 -0.61
%20 6% 67 2.85 3.9 '0.45
195 61%  .60.7  .3.70 C o2, 0.36
196 6.1° 616 3.7 B I A 0.29
B VA R O R 1.86 2.4 0.33
184 2.87  63.4 1.82 3.2 0.35 .
188 3.66 - 54.8 2.01 3.8 0.44
190 4.47 482 215 3.9 0: 45
s P s 1.69 21 0.3
172 163 . 105 1.71 2.3 ¢ g3
178 2.15 g5 .83 24 . . 0.39
185 3.09 7.8 222 . 2.5 0.43
188 3.09 76.6 237 16 0.36
191 3.09 82.4 255 3 " 0.31
194 3.09 93.5 2.89 1.2 0.3
' . ﬁﬂ; (EOhfinuéd:.;.J;,)‘ .

¢ e it s b i e
-

T~

e el
v .

i
&)



116.

TABLE I11-1 (continued)

196 3.09 . 97.2 3.00 1.2 0.3
154 0.73 280 " 2.04 L2 0.32
157 0.826 252 2.8 ' 1.3 0.32
161 0.987 186 - 1.84 1.4 o 0.32
163 .07 168 1.80 L5 0.33
169 Ly 1.93 2.0 ' 0.33
174 1.48 141 2.09 1.4 0.29
180 1.48° - 54 2.28 ' 1.3 o 0.27
187 1.8 168 249 " 13 oz
145 0.488 415 - 2.03 | 1.2 0.17
49° 0.578 33 . 205 e 0.17
151 0.638 312 2199 . 13 0.18
153 0.657° “288  1.89 CL3 10.20
159 0.657 306. 2.01 ° 1.2 0,17
Y66 0.657 320 290 R 0.6
187 0.657 388 . 235 1 ©0.15
208 0.857. 3810 250 © - 1.0 - 0.14.
120 0.722  1830° 2.23 1.2 0.24
124 0.158 1500 . 2.37 S W - 0.24
131 0.240 1080 2.59 1.3 0.26
134 . 0.285 750 AU K 0.28
297~ 0.328 1030 3.3 Co1a ©0.19
220 "-0.328 911 2.99 o1 0.21
18 0328 784 a5 1.1 0.23
297 . 0.0M13 4800 - 3.42 1.8 0.12
243 -~ 0.0713 4330 . - 3.09 1.6 0.19 -
163 0.0713 3700 2.6 1.4 0.22 /
11213 y’0.07]3"3]50 : f2;25f B ‘].4-‘ 0.24 . _ ?’\s :
N2 ° o.0676 3150 2.13 1.5 0.27 SN
108 . 0.0526 4500 237 0 . . 1.3 0.27 :
97 0.9 Tiroo? - 233 - 0.32
“103  0.0357 6500 . 232 .. T 1.2 10.32
‘ ‘1 g L ) - (continued...;.f' - _
- N,
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TABLE 111-1 (continued )

- N7 0.099 2030 2.01 o 1.2 0.27

./
The numbers appear in this table in the same order of appearance as

the figures. The results for Figure I1I11-] appear first, followed by
111-2 and so forth, on to F1gure III- 17.

b Est1mated at E/n = 4(5/")threshold

¢ = 6.1 x 102] mo]ecu]e/cm . T = 191K

d Est1mated -




1y,

2. Ethane

LR

Electron mobi!iticslplottvd as functions of the
density normalized electric field strength, E/n appear
~in Figures 111-18 to 111-27. Figures 111-18 and 111-19
do not show‘any field effect in the Viquid phase., However,
this is becausc the field strengths used were insufficient
to show the transition. Previous workorg (119) show that
at about 1 X 105-V/cm, a positive dependence of the
mobi]i;y on the field strength occurs over the range of
temperatures of .111K to 216K. Further, at 294K, a nega-
tive d%pendence oc;urs at 8000 V/cm (129). These field
strengths correspond to E/n = 9 x 10718 y cm?/molec at
155K and 1.1 x 107'8 v cn?/molec at 294K.. Variation of
the température and density along the coexisténte.curve
towards the critical pointiincreases the low field
mobility smoothl; from about 0.08 at 148K to 54 at the
criticai point. | |

However, a small maximum is attained at 304K jusf‘
below the-criticé] point.  In terms of density, this cor-

responds to a variation from 1.18 x 1022 mé]ec/cm3 at

21 mo]ec/cm3 at the critical point; Data

148K to 4.06 x 10
?for these two figuris were. obtained using a liquid type .
high pressure_cbnductance cell. -In Figure I1I11-20
méasurgments are shown for the gas phase near the t%@tica]
point. Gas type h%ghaprésSure conductance cells were

used. The acceséib]g fie1d strength- range has been

P
v



-~
T

o,

[ 5

et

10

119,

- -z x x L*xm;mw*L.lnw.w
x .
- B _x X X e
X ¥ x ox X
—— =
:__,__z - 7 z * z___,z__z.;_rz-z;

i
1

i
|

I
1

no

E/n(10" "9 chz/molcc)

[11-18 Electron mobilities Mo plotted as

FIGURE

1

functions of E/n in liquid ethane. Densities

are in mo]ec/cm3: (n/IOZ}, T): X (11.8, 148K),
Z (10.9, 188K), X (10.1, 224k), R (9,-56, |

241K).
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"»:l1ncreases at E/n >(E/n)thresho]d rather than decreas-:,"h

m‘fcouId not be observed , Th1s 1s in. agreement to the data“tgg‘sh

.'71n the mob111ty curves for dens1t1es hetween I 36 x ]02]\ e

}7?Ito 2 02 x IOZT mofe\«cm

‘féialready 1ncreas1n% s]1ght]y, though the 1ncrease fsg

y weI] w1th1n ‘the. scatter of the po1nts As,fhéftéwpé@afl“f{*}

:"tan__

”extended by an order of magn1tude, and, the negat1ve

L%

moblllty dependence on the f1e]d strength 1s seen to ho]d

‘1n the gas near the cr1t1ca1 po1nt though the thresho]d

‘vf1e]d of 3. 5 x10 ]8 V cm /moIec is cons1derab]y Iarger,«

’than that in the ]1qu1d at/294K (]29

F1gure I1I- 20 aIso shows the effect of temperature"

ﬁgon a gas of the cr1t1caI den51ty Wh1]e the Iow f1e1d R

»mob111ty 1ncreases, the thresho]d f1e]d decreases At
h1gher f1e1d strengths the three mob111ty curves merge
As the dens1ty decreases from that of the cr1t1caI

qufd the mob111ty and the thresho]d fle]d both 1ncrease

“fAt 1. 95 X 102] moIec/cm (296K),k the thresho]d f1e]d

‘ “:shown 1n F1gure III 21 No cIear f]eld effect appears

o
3 The mob1]1ty 1ncreases as

l.the dens1ty decreases Increas1ng the temperature at

e

2. 02 x 102] mo]ec/cm a]so Ieads to an lncrease 1n thed S

_mob1]1ty } When the dens1ty 1n the coex1stence gas-

\‘rdecreases down to 1. 02 x ]021 ma]ec/cm (F1gure 11* 22)’. SRR

! a f1e1d effect reappears sHowever, the mob1]1ty now

-----

zt:1ng as 1n the denser fluad B It 15 poss1b]e that the

AN ,;"y o

gf;curve for I 36 X Ioélﬁhﬂec/cm3 1n F1gure III 21 . gthg-\:;;'
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-FIGURE'II'IT-ZZ E]ectron mob111t1es as functm s {of »
A ‘ . D ey '”*_"' . / \ -__A,‘ A g v\ - ;
R e T E/n in gaseous ethane n= 1. 02 X 161,_ . N A
% R , | mo]ec/cm3 Temperatur‘ns D(309K) >N R ‘
(297 K), A (/283K), (276K) )
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N

ture1ncreases at T 02 x 10

‘.wThe-curyeffor-n‘% 6. 21 X 10

].mOTec/cmB, the threshold.

!
\

!
Y
RN

fler decreases, the Iow f1e]d mob111ty 1ncreases, and

the 1ncrease of the mob111ty at the h1gher fje]ds becomes

more pronounced

F1gures III 23 and III 24 show the effect of

‘v. o

further decreases 1n the dens1ty of the coex1stence curve

gas K The threshoId f1e1d decreases sI1ght]y though the

\ S

_ Iow f1e1d mob111ty is 1ncreas1ng rough]y in. 1nverse

: proport1on to- the dens1ty change At dens1t1es Tower

20" 3 I

than 5 31 X IO mo]ec/cm ;'the mob111ty curves beg1n

to round off at the h1gh f1e1d strengths.' F1gure III 25
420

' shows the effect of temperature at 5. 31 x 107" mo]ec/cm?.

The Iow f1e1d mob1]1ty 1ncreases as the temperature'

1ncreases The thresho]d f1e1d aIso appears to 1ncrease"

s]1ght1y. The mob1I1ty curves merge at h1gh.f1e1dsQ

Hhen the - dens1ty decreases down . t076.77 xfTO]g .

"mOIec/cm3 the comp]ete mob111ty max1mum can'be'seen‘”~

/

(F1gures III 26,,111 27). j‘if o ‘-',\
| As the f1e1d strength 1ncreases “From therIOW*'

f1eId reglon, the mob111ty stays constant up‘toi;u Q;,

- E7n ~.2.5 x* 10 19 V. cm /mo]ec At h1gher f1e1ds,.jhe_

mob111ty 1ncreases unt11 a: max1mum 1s atta1ned at E/Q ~

4 5 X 10 ]B\V cm /mo]ec Further 1ncreases 1n f1eId

strength Iead to a monoton1c decrease in’ the mob111ty

. \
21 moIec/cm3 has the same
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features as the curve for n = 6.77 x 102]'m01ec/cm3_

21 3

Heat1ng the gas at n = 6 77 X 10 ‘molec/cm

(Figure I11- 27) does not;vary the mob1l?¢y at the mobility -

maximum or at higher values of E/n.  Ir the Tow field

region, the mobility increases with the temperature.

'However, the~threshold»fie1ds a]so increase. From the

scatter of the pownts, the poss1b111ty ex1$ts that the

mob111ty curves for the gases above the coex1stence
curves po not increase until they intersect the hump of

the mob111ty curve of the coex1stence gas of that

density.
| As prev1oust ment1oned data fbr Figures 1I11-20
to III 25 were obta1ned 1n high pressure gas type con-

ductance ce]]s. The data for Figures_III-26 and II1I1-27

““were obtained using a low pressure gas type conductancé%

cell. Data for the ethane figures are summarized in

Table ITI-2. Data for 148K, ]88K 224K and 241K 1n the‘

11qu1d phase were obta1ned by the conductance method des-

cr1bed in. Chapter II : AI] other data were obta1ned by

.the t1me of f11ght measurement

Electron mobility data for ethane are summarized

in Table III-2.

e T b s e S



TABLE T11-2

Summary of Ethane Results?®

256

522

T n Wg Ho" (E/")thresho]d
K g2l molec en’ 423 molec 1519 ven?
cm Vs Vs cm molec
148 11.8°  0.0779 0.00752
188 10.9 0.69 0.0919
224  10.1 1.84. 0.186 £
241 * 9.56  3.03 0.290
281  8.04  14.9 1.19
298  6.70 37.1 - 2.49
304 5.56 56.2 - 3.12
306 4.06° 53.6 °  2.18
307 4.06° 57.1 2.32
310 4.06° 67.6 2.74
296  1.90 134 2.55 :
302 2.46 8.6 2.01 45 .
306  4.06° 54.1 - 2.20 35
307 4.06° 55.6 2.26 29
308 4.06° 59.7 - - 2.42 19
286 1.36 221 3.01 -
289  1.50 188 2.82 ' -
292 - 1.62 168 2.72 -
298 2.02° 120 2.44 -
303  2.02 134 2.7 L
308 2.02 148 2.99 o -
309 - 1.02 354 3.61 L 3.7
297 1.02 335 3.42 N
283 1.02 317 3.23 s 4.8
276  1.02 307 313 . -8 -
274 0.970 312 13.03 3.8
272 g.910 337 3.06 ‘3.8
0.571 2.98 2.6

%

132.
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254
251
236
325
313
296
270
259
255
197
193
326
294
221
. 203

Resu]ts appear in the order of appearance in the preced1ng flgures

b Estlmated at £/n = 4(E/n)

TABLE 111-2 (continued)

133,

659

0.531

0.48% 707
0.310 991
0.531 822
0.531 822
0.531 778
0.531 722
0.531' 687
0.531 661
0.0677 4600
0.0621 5100
0.0677 6300
0.0677 5800
0.0677 5000
0.0677 4700

[

%

)

3.50 | 2.2, 0.14

3.43 2.2 -~ o

3.07 2.7 0.14

4.36 : 3.5 0.070

4.36 3 -~ 0.070

4.13 2.7 0.092

3.83 2.4 0.1

3.65 2.2 _0.14

3.5 2.2 0.15

3.1 2.6 0.16

3.17 v 2.4 0.16

a.27 15 plus {
3.93 : 5.5 | plus ?
3.38 - a1 0.20

318, 2.4, T 0.20

.

Pos1tive if the mobilities

thresho]d }
&y 1ncrease at the threshold; negat1ve, if decreases\ . " ’
g 1":?'_& ’ ‘ : NS li}
“ “"f%%% © 4,06 x 102! molec/cm R Tc = 306K. S &
R <}‘é§'

“Ax E/nu; Z(E/n)
At E/n‘~»3§£/n)

thresho]d
thresho]d

~




R T Propane e '35\'; Sfee e LT '»"';'ﬂu'lf g

E]ectron mob1]1t1es 1n propane p]otted aga1nst the

""dens1 y norma11zed e]ectrac f1e1d strength E/n are. g1ven*

in F1gures III 28 to III 34 Un1ts for the mob111t1es
B S

' gare in cm2/Vs, the dens1t1es mo]ec/cm3, and the dens1ty

'norma11zed fleId strengths, ch /moIec

,,/

F1gure III 28 shows/the mob1]1t1es 1n I1qu1d propane

| i.ln the dens1ty range of 8 96 X 1021 to 6 dO x 102] -‘Nbfy‘

’lf1e1d dep£ndence appears A prekus WO"k 020‘ 5h°W5 that

I»‘jthe m:b111ty shouId have a pos1t1ve dependence on thef{x'”

e n e i O e,y ey T 0

~I'f1e1d‘strength at E > I x 10 V/om Th1s correspondhfatff}pn

195K to E/n > I x IO ]7 Var1at1on of the mob1I1 “;as SRR

the Ilqu1d is. hgated along the coex1stence curv".up to -,?-'_i-f:fﬁ

the supercr1t1f

'I'f1u1? is g1ven 1n F1gure II“-29 Decreas-ff-““

i g tPe dens1ty 1h‘reases the mob111ty N: c]ear f1eId i,{”f/;ﬂfiﬂ

_effect can be observea\\ The mob111ty 1n'reases w1th

temperatureb1n the 3upercr1t1ca] f1u1‘,»ﬁ”fE"“g‘ﬁ : h _
» Mob111t1es 1n the supercrlt}eal f]u1d:and 1n the.f;.,aﬂ

coex1stence gas at a dens1ty Ju?& beIow the cr1t1caI |

\den51ty are shown 1n F]gure III/3O H1gh f1e1ds are seen
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1.50 x 10
'have sh1fted ‘to E/n > - TO

peratUre.v Both curVeshfor”n‘= 1.5 x 10

‘;vary much At n : 4 50 X 10

w1th temperature at constant dens1ty. For n } 3.41 x IO

'-gAt-nv= 6. 69 x 10!

139,

o o z'
y -

21 and 5. 93 K 1020 show that the threshold fields

]7. The mob1T1ty varles 1nverse]y

"
21

as %he dens1ty The two curves for n,= 1. 50 x 10 ‘show

o that the mobility at’constant n Is increasing with tem-

21 are off the co-

\

ex1stence curve . -
‘ F1gure 111-32 showsthat at n = 7.50 x 10°0 the same-

trends ex1st ' The 1ncreas1ng temperature aTso 1ncreases

the Tow f1er mob1]1ty though ‘the thresho]d f1er does not

Zovthough the f1e1d effect

cannot be ‘seen aga1nst the scatter of the data
. o

F1gure III 33 shdws that the d1sappearance of the

f1er effect at'n = 4 50 X 1020

’ ; 20

may'represent a turn1ng

‘?'f po1nt. For n = 3 4T X 10 . the threshon f1er has

O—

decreased by an order of magn1tude, and the s1gn of the.
f1er effect has 1nverted Common features to the other

f]gures 1nc1ude the 1nverse dependence of the mob111ty

\

\on the dens1ty, ahd the monoton1c 1ncrease of. the mob1]1ty

20

the three mob1I1ty curves merge together at h1gh f1e1ds

Lot

'fwfj - F1na]1y,vF1gure III 34 g1ves data for more d11ute

fgases "The features are s1m1Tar to those in F1gure I11- 33,‘

]9 heat1ng the gas above the coex1stence‘

= curve not onIy 1ncreases the mob111ty, but 1ncreases the

13

',thres on fwe]d The mob1T1ty curves at the h1gher tem—

peratures merge 1nto those of the Tower temperaturi? The

an i
T
v
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'

‘mobility maximum at E/n ¥ 8 x 107'® agrees guite well with

“those of the higher densities (Figure 111-33)”

»

| Measurements for Figure 111-28 and 111-29 were done

L3

in a 11qufd type high pressure conductance ce11 A1l other
measurements were done 1n gas type conductance cells. A~
1ow pressure ce11 was used for the data in F1QUre 111-34.

A11 other gas resu]ts were obtained in a h1gh pressure ce]l

-

Data for propane are summar1zed qn Tab]e SMII- 3 Data for

5 the liquid phase at 276K and lower: temperatures were

obtalned by the electron conductance method. descr1bed
‘y

Chapter.II._ A1l other results were obta1ned by time of.

'flight measurements. L R 3 e

ey

oy
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TABLE III-3

Summary of Propane Reéu]tsa

144,

346

0.750

~ (continued..... )

n My ugn “':/'")threshold)c b,c
L 1 molec m® 1,23 molec 1018 vem? dlogy
“ cm Vs Vscm . molec dlogE/n
328 6.00 6.05 0.363 -
315 6.35 4.21 0.267
298 6.76 2.63 - 0.178
276 718 1.65 0.118 ;
252 7.59 0.821 '0.0623
243 7.73 0.616 0.0476 )
224 . 8.05 0.306 0.0246 |/
197 8.48 0.0861 0.00730 |
169 8.96 0.016 0.00143
300 5.57 9.16 0.510
353 4.99 14,2 0.709
365 4.17 22.6 - 0.942
370 3.54 29.9 1.06
sn - 3.00° 31.5 0.945
373 3.009 34.3- - .03«
383 3.00° 45.5 1.36
369  2.45 40.6 0.995 |
370 . 3.009 33.9 1:02 - 8.0 minus
374 3.009 40.2 .21 3.3 -0.21
377 - 3.009 43,7 1.31 2.7 -0.27
328 0.593° 241 .43 ° 15 minus
3/ 116 M 1.29 .12 minus
360 1.39° 87.0 1.21 8.8 minus
372 1.50 84.6 1.27 0.6 minus
385 1.50 95.4 - 1.43 10,6 minus
317 0.450 335 1.51 - -
338 0.750 192 1.44 8.4 -0.20
202 1.52 8.6 - -0.26




383

297 .

303
306
358
436
394
345

- 296
257

253

245

0.750
0.269
0.311
0,341

0.341 -

0.34]

0.0669

0.0669
0.0669
0.0669
0.0669

0.0567

237
508
446
412
472
518

2830

2740
2490
2320
2320

2720

1.78°
1.37
1.39

1.40

1.61

1.77

1.89

1.81

.67
1,55
1.55

1.54 °

8.7
0.62
0.97

. 0.88
' 0.88
0.89

1.7
1.5
1.0
1.

N
0477

O——-.O

O 0O 0O 0 oo oo o o

.065
.073
.083
.093
.093
13

a Ofder of appearance of results in this table is the same as in the

. figures.

b

Estimated atvE/n = 4(E/")tﬁkesh0{d

Resu]ts were not obtained at high enough f1e1ds in the ]1Qu1d phase

to a]]ow ca]cu]at1on of these quant1t1es

d

3 00 x 102] ‘molec/cm™.

*

370K
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AL n-Butane

E]ectran'mobitities in n-butanc are plotted again
the density norma]ized electric,field strength E/n in 4>\'
! Figures I111-35 to 111-45 The densities are in.units of
. . mo]ec/cmB,:the moba]1t1es 1n units of cm /V and the norm- 4

a]1zed field strengths, in units of Vem™ /mo]ec
‘Data for the 11qu1d;mase appear in Figures IIl- 33
to 111-38. “No field effect is observed. The mobility
increases monotonica11y<asvthe density, decreases Data
for 356K and be]ow were’ obta1ned by the electron conduct-
ance method described in Chapter 11, AN other liquid
phase add all the ga;;phase'hesults were obtained by the-‘
time pf fTﬁght method. As the temperature increases‘in
the upercritical fluid (Figure 111-38), the mobility
contin es to increase. ' |
Mqre data in the supercritical fluid appear in
"Figure II}—QQ. No f1e1d effect-is observed for fields
=17

up to E/n =1 x 107 As the density decreases from the

cr1t1ca1 density, the ]ow field mobility increases. At
Tn= .74 x 102", 5.18 x 102) and 3.42 x 102!, sufficient

field strength 1s atta1ned to observe a decrease in

L
mob1]1ty. The threshold field is E/n =17 x 1017 for all

three dens1t1es.

The temperature effect on the n=1.18 x 102J'gas

s, 3 b SRS T Ao e :

is shown in F1gure 111-40. The thresho]d f1e1d rema1ns

drough]y constant.’ The low f1e]d mob111ty, ‘however, .in-

Ay

- hcreases with the temperature.. The four mobility curVes‘
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| cIoser together The tEmperavhre ef‘

‘n. = 6. 09 x 10

{

~

merge together at h1gh f1e1ds ‘SimiIar'effects are observed

for n ? 5.99 x ]0 (F1gure III 41)’, A d1fference'ﬁs that -

i

there appears to be a sI1ght decrease in the thresho]d f1e]d

as the temperature 1ncreases Th1s decrease may be due to
}}; | ? u} '

the scatter in the data

F1gure III 41 shows the resuht of further decrease

S in the dens1ty as well. as. the temperSture effect for n =

20

2.42 x 1020 Var1at1on of dens1ty from 2 42 x 10 to P

1.64 x'102°

*‘versely w1th the dens1§¥ : Tbe h1gh f1e1ds}br1ng thelb ;,‘

ey

thresho]d f1e]d 1s observed i varY]ngﬁj‘t>temperaturecfromzaw

~o

430K to 4 on]w causes a sI]ght 1ncrease of Iess than

»]%., A s1ng]e curve 1s drawn on F1gure III 42 to 1nc1ude':

-1

V fcboth temperatures T ‘_ _.;‘. L v.' gﬁﬁ#,I.

F1gures III 43 and III 44 g1ve resu]ts un the d1-'

*.Iute gases No f1e1d effect ‘can be cIeaQQy seen for

| 19

‘or 6.84 x 10'%.

19

Eor 7. 56 x: 107 ‘in. Figuref

':III-43 comparu&gn ww@@ the temperature effects on n

““7 56 X 1019 ]eads to an est1mate of thresho]d at E/n,zft
_"% .
10 17 F1gure 11T- 44 shows that var1at10n Of the tempera-

k’ture has I1tt]e effect on the mo@wﬂ1ty Slngle curves

were drawn for 308K and 31%; 333K and 370K,\and a‘

:f separate curve drawn for 424K The threshold fleld appears“tf”f
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s

appears in Table I11-4,. For‘T > 298K, a high‘pressure
11qu1d‘thelconJuctance cell was used. For Tfi 298K, a low
,pressure'1i§u1d'type conductance cell ‘was used. All gas

phaée“re§y1ts except data%fqr Figures 111-43 and I1I-44
were obtéined in highkpreSSQfe gasntype conductéhcé cells.
Data of Figures I11-43 ‘and I11-44 were obtained in low
pressure gas type conductance ;e11s. '

o e

- i
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to be about 9 x 10;]8.

A summary of the electron mobility data for ﬂ—bytane

3



Summary of Results for n-Butane

TABLE 111-4

ad

159,

09

v .

ot

i

;oo Mo Mon (E/M%hreshord b e
ok q02) molec T cm, 1022 molec” 018 Vem? ' dlogy™
cm s Vscm - molec dlogE/n
. i : |
203 6.89 “0;60864 0.00595
177 7.14 0.00262 0.00187 -
154" 7,35 0.00147 0.00108
298 5.98 0.308 0.184
268 6.28 0.121 0.0760-
222 6.72 10.0210 0.0141
305 5.90 . 0.440 0.260
330 5.58" 10.880 0.491
356 5:15 2.0 1.04 :
400 4.17 9.24 ~3.85 L
914 3.66 14.0 .52 \»
421 3.20.  21.0 6.72 . =
a5 238 2.9 5,40 \ "
430 2.38%  25.5 . 6.02 Do
430 2.369  26.3 6.21 v
wsist 2.3 2200 5.19 L
4248 2,07 29.3 6.07 @
428.4 .87 32.4 . 6.06 R
424 1.68 . 37.5 ' 6.30 R
49  0.974 . 77.7 4 7.57 10 minus.
384 0.518 174 '\ 9.01 10 -0.48
365 - 0.382 295 o .10 -0.49
118 65.2 | . |7.69 8 -0.20
428  1.18 69.6 \\ LI %3 LR R W . =021
4357 18 a1\ s 86 o -0.28
440 . 118 7.7 b 9.17 8.4 ., - -0.98
391 0.599 148 8.7 ¢ v o -0.27°
| o T 2 ‘('éontk'ihu,ed‘.;”}'.. .‘. ) R
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Yoy §
e Lol |

A ' ' 160.

R

407 0.599 157 ©9.40 10 ~0.30

* 431 . 0.599 67+ 10,0 N 8.8 ©-0.30

444 0.599 181 0.8 - 1.5 -0.30
, - 333 0.164 632 ~10.4 I [ ~o.sov\

: 355  0.242 207 . 9.85 10 - -0.24 !
' 367 0.242 ny 10.1 10 S -0.250
430 0.242 454 1.0 9.9 , -0.38
458 :  0.242 458 Sona 9.9 -0.39
296 " 0.0609 1850 N2 ~10 minus °
300 0.068 1650 1.3 -
304 0.0756 . 1480 .. n.2 ~1 minus
308~ 0.0756 1500 1.3 T ~10 | minus
312 0.0756 1500 1.3 ~9 minus
333 0.0756 . 1570 © L9 9 , -minus
370 0.0756 . 1580 11.9 ~9 . .minus
ﬂ 4207 0076 lede 2. -9 minus
‘7{’:‘ - \ Q
- -
.2 Order of appearance as in f1gures

Estimated at 4(E/n)threshold Negat1ve values 1nd1cates that the
mobility decreases at E/n > (E/n) '

threshold’
- cyF1e]d strengths atta1ned were too low to allow observat1on of
: these effects in 11qu1d phase n-butane g
Y -2 36 x JOZ] = 425K, |
N a es) “w T : *




“effect on the n = 2. 30 x. 102 ahd the " gle15 x 108

61,
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hH I (Jblltdilo (2 ~nu~tI1yI;)r0;>aru‘) S <

T S b e ST T A5 S, e e W

"
@ -

Elcectron mohilitief as functton* of the dcn.ityw

'normalized clectlric field gtvength E/n arg .hown‘ih F\Qures

K]

I11-45% LQ III~J? DenJItlor qre in units of moIer/(ma.

di;;MOhIIItie“ in unltﬁ of cm /Vs, and the ”UImdllaﬁd field

strengthrr1n units of Vem®/molec

Data obtaIned in the 1iquid phase are shown in

Figures 111-45, 111-46 and 111-47. Between the density

A

range of 7.69 x 102] to 6.07 x IOZl.Ithe mability Increares

as the density decreasecs (F1gure III 46) As the density

‘decreases towards the critical p01nt a mobility maximum

21

s reached (Figure T11-47) at n = 2.92 X 10°', followed

by e decrease in mobility (Figure Il11-48) as the liquid
approaches the critical point' In the critical fluid, the
mob111ty increases a; the temperature increases (Figure o
I11-48 and III -49) .. No fweId effect is observed either

for the I]qu1d or fgr the cr1t1caI qu1d at E/n up-to about
E/n = 1 x 10“17 for the liquid, and up to E/n ~ 2 x 10° 77
for the supercr1t1ca1 gap i '/

F1gures III 48 and IﬁI 49 show the mob1I1ty in ‘the

V1c1n1ty of the critical ‘point as well as the temperature
21

-

2

”1$ochores The mobility 1ncreases as the den51ty of the’

4

gas decreases anng the c0ex15tente CUrve As the, tems

& ,‘,- / . v, “

EWE S

”ﬂperéture ﬂs reﬁ%ed aﬁeng an lsochore, the moblllty

lncreases as weII A fleId effect cannot be dtstenctly

‘f
A
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III 47 EIectron mob111t1es in’ 11qu1d andﬁ/yper-:ff

B GURE
- ’ | pr1t1cq] 1sobutane as Tunct1ons of E/n Dens1t1e7

JQI /and te/peratures (n/102§a TO + (2 80 407 4K)s;~“;;;

D(z'ao 408 4K) (,2,\.30 414|<), A(Z 30 423'<)
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el

'Tr curve from the top was drawn through the p01mts for both

”dThe h1gh f1e1d end of the n = T 11 x 10 curve appears to

'”$1e1d effect stands out for the n 1 62 x 10

9pe dr1ft1ng upwards Compar1son w1th the nv . 15 X 10

mentaI scatter

W

k‘gffseen for the n = 2 30 X 102] 1sochore (Figure III 48)

. *v-‘-m\“

2] curve elther

N SRR

21
21

’gfcurves (Flgure III 49) wouId 1nd1cate that the upward

\ .
dr1ft on the n 1 II x 1021 curve can be taken as a reaI

f?éﬂd effect In F1gure III 49 the dens1ty and tempera—~l o

ture effects are the same as those drawn in the prev1ous';g’w X

f1gure The fie]d effect is more pronounced The second

415K of the 1sochore and 391K of the coexlstence curve,

s1nce the s for the two curves are w1th1n the exper1-:f‘l"v

In F1gung III 50, the dens1tx\1s haIf of that 1n

S ~\_ B

' F1gure III 49 The f1e1d effect 1s cIear enough to show

o ac roundlng of the mob111ty\hurve | Ra1s1ng the temperature

PV

'f‘1ncreases the mob111ty at Iow f1e1ds more than at the

- h1gher fIEIdS.‘ The mob1I1ty curves of the h1gher tem-ifﬁdﬁ

: go over the mob1I1ty max1mum Lo ;-.ﬂ k‘;;i,i},

/

F1gure III 52(shows the'temperature effect on the kﬁfk'

N

peratures approach the curve near the coex1stencg stateo. 17

o -

w7

The same tendenc1es are-shown un the more d1Iute

.t the amount of 1ncrdase

gases F1gure III 51 shows tﬁ_

of the mob111ty w1th dens1ty 1s~wsprev1ous]y noted

[T

{
N of [‘ N ‘]67:’

] on a: fIat traJectOry that 1ncreases onIy sI1ghtIy as they :?affﬁif7

1n the max1mum 1s more 1n the more leute gas Var1at1on
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e | .
n* 2.59 x 10%% and the 5.91 «x 10’9 4sochores. To avold
excess c;bwdiﬁg. the line f6r1398K on thcq2.59 X 1029 iso-
chore was hpt drawn. The temperature effect on these -
constant;dexiity curves 15 the same as noted for Figure
I11-50. As'cén be secen from the upper curves, the flat
trajectory of fhe low field mobilities scems to increase
slightly Before %ntersecting the lower temperature curve.
Figure 111-53 givés results a]ohg the coexistence curve.
The features of the curves are as previously noted. As
well, the densi;yéeéfect where the mobility varies inver-
sely to the densify fékthe same. The threshold field does

\

not vary much with dené“ty.

i

‘%ifa for iSobut§§e are summarized in Table III-5.
ereﬁmeasured in a low pressure

Mobilities for T < 270K
liquid type conductance 6511.  For T < 214K, the conduct-
ance method was used. High pfessure-]iquid type conduct-
ance cells were used to cb]lect the liquid phase data
(Figures III-45, 111-46, and I11-47). Low pressure gas’
type conductance cells were used to collect the data
where i < 6 x 1019 in Figures 111-51 and 111-52. A1l
other gas phase results werngbtained usfng high pressure

gas type conductance cells.

14
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JABLE 111-5

Sunmary of Rf;sults‘far l&cbutam‘?a

c

! n Vo Wol (E/n)thres?mld) b
oy 1020 no 1 ec cm? 1022 molec t()"mm;yﬁ;’??i .dlogy
om Vs Vs cm molec dlogfE/n

140 ¢ 76.9 0.0486 0.0373

155 74.9 0.208 0.155

173 72.6 0.581 0.108

181 n.7 0.868 0.408

214 67.3 2.14 1.44

239 64.2 3.84 2.47

270 60.7 5.3 3.22

298 57.3 7.22 4.14

318 54,5 8,77 4.77

330 52.8 10.5 5.53

347 50.0  14.0 7.01

359 47.9 17.5 8.39

n 45.4 21.4 9.7

382 42.6 28.8 12.3

392 39.2 36.4 14.3

403 ©  32.6 42.5 13,9

406.7 29,2 44.3 13.0

407.4 28.0 41.6 11.6 - -

a0s.4 23.09 3.8 7.31 - -

a4 23.0%  38.5 8.86 - -
a2z 23.09 453 10.4 - -

a8 23.08 3.2 Y - -

a5 23.08  40.3. 9.27 - -

421 23.6? 43.4 9.98 - -
406 16.2 36.1 5.79 - -

398 1.1 50.1 5.56 3 _0.082

400 1.5 - 51.4 5.91 2.0 0.083

(continued........ )



2 Order of appearance of data as in figures.

¢ Insufficient field strength to determine these quantities in

d

A I
oo .

“

-
m.{ P IS T

L' I
ot o (P

)

5.9
0.922
3.63
5.65

- 2.59

2.59
2.59
0.59

- 0.591

0.591
0.591
+0.487
0.399
2.59

2,18

5. 91

|

1
i
1
i
1

TABLE 111-5 (continued)

53.6
60
67.2
60
107
1.
132
140.
617
167
105
296
278
276 -
390
250
050
020
220
450

- 289

250

b pstimated at 4(E/n) 4 preshold

liquid phase ispbutane.

n_=2.30x 10

C

21

mo}ec/cm3.

6.16
6,90
7.73
5,53
6.32
6.9

7.80

8.27
5.69

6.06

5.93

7.67

7.20 .
7.15
8.21
7.39
6.21
6.02
5.94
5.79
6.30

6.47 -

N

Ic = 408K.

R

1.4

1,6

2.3
3.3

4.8
4 5'2

2.6
3.5
3.5
3.0
2.8
2.8

3.0

2.4
2.1
2.0
2.0

2«0

3.0
3.0

0.077
0.07%

0,056

0.077
o

0.090
0.062
0.054

0.21

0.1
0.12
0.16
0.15
0.15
0.077
0.15
0.20
0.21

0.21
0.21 -

0.20
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'gff‘g”"_”l'”?;‘ EIectron mob111t1es determ1ned 1n ethene are pIotted
gj"as funct1ons of the denshty norma]1zed eIectr1c f1e1d

f RO :
‘ "strength E/n 1n Fmgures III 54 to III 58 Unwts of n are

| “mnmoIec/cmBI m0b1I1t1es,\cm /Vs and E/n, ch /moIec '{f(;mfggfi

F1gure III 54 g1ves 11q01d phase and supercr1t1ca]

resuIts The Iowest three curves, wh1ch represent from

l

~*th6"10w;§t curve upwards, 225K"235K 266K ‘Were determ1ned o
«f;fﬁf»if_by the eIectron conductance tranSIent method : AII other"}ﬁ'“

fffjethene resu]ts wene obta1ned by the t1me of f11ght method

'vf;fThere 15 no max1mum oP the eIectron mob111ty at a dens1ty

“7ff*g?fjfﬁjegreater than that of the cr1t1caI qu1d

uxfThe momeﬁty

thﬁncreafh»:smooth]y as the I1qu1d dens1ty decreases

*wfg&yar1at1on‘of thetammraﬂne by I K at the cr1t1ca1 po1nt

f”ijfhoes not notxfeany change the mOb‘]‘ty Var1at10n Of*

;the temperature to I 3 K be]ow the cr1t1caI temperature

”ecreases the mob1I1tyvby aImost 50% (22 3 at 283K to 12 0

&1{Fqgure LII“55 d‘sp ays resuIts at'ﬁens1t1es beIow

’“mthat of the cr1tﬂca]lpo1nt Var1at10nf§fhm0b1]1ty w1th f:”te‘

vdens1ty 1s as observed 1n thT prev1ou§rj"‘

.‘At 2 ]9 x-ﬂ ]:02] moIec/ ‘
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\ to a decnease in the mob111ty

,\ Figure III 56 shows mob111t1es at st11] Tower ‘
dens1t1es as weT] as ‘the temperature effect on the n = o o

\
1. 64 X 102] 1sochore Var1at1on of, dens1ty sh1fts the-
‘ mob1T1ty curves as before Var1at1on of temperature leads )

to very sT1ght var1at1ons of the mob1]1t1es The two
\

\"‘Tower curves are grawn through the 294K and the 268K

fff between the u s of the three curves,‘obta1ned by an

.°*fdens1ty The f1e1d strengths atta1ned were 1nsuff1c1ent

”ﬁtﬁto show the f1e1d effect. At nu? 1 39 X ]0

opo1nts and represent a d1fference f 8% The threshold

&

'af1e1ds are about constant' _ | |
o F1gure III 57 g1ves resu]ts after a furthe ﬁ crease
751n dens1ty Decreas1ng the dens1ty Teads to an 1ncrease of -f
hlthe mob111ty approx1mate1y 1n proport1on f The 10west _‘I 'T;‘
.-tf°curves are drawn through the 296K 254K and 245K mob111ty ,th}
Acurves of the n ? 7 95 X 10 1sochore v The d1fference o
@

ar1thmet1c average of the Tow f1e1d mob111t1es, d1ffer by
fless than 5% ,Thjshas»w1th1n the exper1menta1 scatter of;
";hthe po1nts .“f” fﬂ-{f/?ﬁf:tffh p}[fﬂ*,‘.i;‘tgg”,aj;?J“i,_?
T*f\* The Tast f1gure of th1s set, Flgure III 58 shows’7‘

”'1that the mob1]1ty cont1nues to 1ncrease w1th decrea51ng

20 the 296K,

1*}236K 207K,.and 203K super1mpose -u;%;,f

ATT measurements were made 1n h1gh pressure con—-'”

"fductance ce]]s ResuTts 1n F1gure III 54 were made 1n a T,fth"

"5]j11qu1d type ceTT ATT other sets were made 1n gas type

,\__
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cells. Data from Figures I11-54/to I11-58 are summarized

n

in Table I11I1-6.
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TABLE I11-6

]

Summary of Results for Ethene® ‘

n

+ H

. 256

0
T2 mlec cn?
°K L cm Vs
284.1  4.669 55 3
283.0, 4.660 223
282.7 5.22'  18.3
281.7 5.80 .  T12.0
278.7 = 6.57 7.97
266 8.11 137
23§ - 9.70 - 0.165
225  10.3 0.0305
- 281.6  3.37 32.6
280.7 ° 3.05 38.1
287.7 - 2.62 50.8.
"274.4 2,19 69.1
1.20 210
265 1.59 144
294 1.64 146
274 " 1.64 138
268 ‘1.6 . 135
227  0.472 686
241 0773 410
245 0.795 358
254 . 0.795 365
296 0.795 - 374
196 .0.157  2160%
203,  0.189 1710
207°  '0.189 . 1720
236.  0.189. - 1710

183.

Ho" ‘(E/")threshoﬁdc. b,c
1023 molec . eV en®  dlogy
Vs cm molec d]og(E/p); z
1.04
1.04,
0.955
0.696
 0.500
'0.11
0.0160
0.00314
1.10
1.16
1.33 6////
1.52 R m%nus
2.49 - ;//////72.1 : -0.24
S 2.29 — . 2.5 -0.24
2.39 2.5 -0.21
2.26 2.5 -0.23
2.21 2.5 -0.24
3.24 3.6 -0.36
3.17 2.8 -0.22
2.85 ' 2.6 -0.17
2.90 - 2.6 -0.17
2,97 - 2.6 -0.17
S 3.39 - -
3.23 - -
A3.25 : - -
3.23 . -
" (continued...... D
€ R




o

Vs

. ‘\
296 0.186 1710

166 0.0376 7940 2,99’ - -

TABLE 111-6 (corlti nued)

‘a'Order of appearance of data as in f}gures
b

Estimated at E/n 3 4(E/N)preshold

C 1fsufficient fie'ldhfftrength in liquid or dense gas".ne'a'i;:"
critical point for determination. '

oo ,
fi Ne & 4.66 x 102! molecule/cmB. T, = 283K.

3023 | - . -

184,

. t e
i 55 .




b

.,u'crntlcal.
. 1

‘the density

‘away from_t‘e cr}tical density increases the: mob1]1ty No

~field effec is observed over the field range ‘covered.

. l,,n‘ T e

Propene

S

Duta’ohtaiucd in prouuhe are displayed in Fi@urea
IT1-59 to"111-66, Densities are in"units of molec/cmi -

’ ‘\
mobilities, of cmz/v » and density normdlizcd electric |

fichs, of ch /wolc Plots are all of mobilities, “eh\

shown aga1n9t the dens1ty normalized electric field

-strength E/n.

Liquid phase results are given in Figures I11- -59

_and I11-60. The second and third sets from the top 1n
" Figures 111-59 are both at 296K. The h]ghcr po1nts were

obta1ned by the timg of fllght method The lower points .
were obtained by the conductance method, The difference o o
is less than 20%. The curves for 231K and 255k were also

determlned by the#ccnductance method ATT other propeqe

- ,n\ <

resu]ts were obtained by the t1me of f]]ght method’ The——"

'h1ghes three curveswén“Figure III- 60 are for the super-

1as. Throughout the 1iquid range, decreasing
by 1ncrea51ng the temperature Teads to an

increaseii the mob1T1ty

© F1gure ITI-61 shows mob1T1t1es in gaseous propene
at dens1t1es near the cr1t1ca1 po1nt From Flgures I11--

60 and I11- 61, 1ncreas1ng the temperature at the critical

po1nt 1ncreases the mob1]1ty «.Decreasnng the den§ity

e

i

p ~‘A , Y . . ) . ‘
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Q

‘ A'WQQ {(hj’gff The temPerature effect on the n'? T 66 x- §%21f 1%0- TR

o

chore,ls shown 1n F1gure III 62 No f1e1d effect 1s obser-.ei

fAWT”f*f‘;,i ved at th1s denswty ]Increasﬁng the temperature Q\ads to R

*ag:fé ,ncrease 1n the mob111ty @vggagli_:gy -‘;f--,* L S e

e " o - : " R

When the\dens1ty“decreases a b1t more to the n;if;ﬁ

20”

8 23 x 10 1soch0re,L a f1e1d effect 1s observed (thure hgﬁ;fc,ﬂh

III 63) Upon exceedtng (E/n)threshold’ the m0b1]1ty 1n,r ;4‘

creases w1th funther 1ncrease 1n eTectr1c fler,/and
: s . . PR SR 17 Te

» x 10 ch /mo]ec Increas-ri'-f;rfr;:

ﬁlhrjeffect on (E/n)threshold 1s s]1ght

The same f1e1d effect carr1es pver when the dens1ty

the mob111t1es

‘y”f_other systems,

1ncrease »

TS,xfIO 1sochore,

UnTtke F1gure III 63 the temperature aIso has I]tt]e @ﬁff:;

,,effect on the mob1]1t1es at;htgher f1elds As a resuTg

Dee

f the four d1fferent curves are"seen to merge

fresuIts for the ;fTﬁ

The Tast two f1gures gJ

6. eu x 10109

1sochore as weTI as two curves at Iower
: \ Tl : AR

:densat]es on the coex1stence CUrve The trends on the

”sochore are as>noted for thure IIh564_ The h1gher

'”Zi_a’better p1cture;of

]f1e1ds attaaned 1n thIS

ty max1mum

F]gu e’III_66;sh0fsfthat further




S ST ,Qomc v “(%z9¢) ,@._,.,..C_wmm_y_._u_._..WSSE&_Eﬁ
SRR A,y,.__\m, 08 mcoSuEC _mm mcmao.:_ m:,ommmmv_f‘ mm:rv_,..w.m,ws cobom_m
e num—os\ suic\m,




P I!ixt{)wxdr:u\n»u i e T T Sy . T "

*(¥68E) + .,C__mom__y v i.x,mv& ,o_,..,,c_,_mw_my,@ “\..mSSSngS. ~
| ..:\u mo m:oppu::m mm.m:maoga msommmm ur mme Fpnoe :o;uuw_m uﬁow

o_ X mm w

s

HH umszm

4

p.m.ﬁ&wmnoswmsu>¢:\mmwﬁmym

._mWH.mO.ﬁu

LTI




92.

1

L soe

¥

.w.,mu_wm, ‘ | - m ‘uxﬁxmwm

o

‘gl 3 + C_.\.

Axmmmp.xm.m,.*f”hh, 02!

H,m_fvv_u.k
.:\m‘mo m:oppucsm se m:mao;n m:owmmmch
RO + B . : o \

Vz

mmmm._wi‘

: qu~¥wem

w FpnoE co;uuw_m

P

g1 01 L1 S .S._,S 51- 01
.L__:m du_u, Ad_ﬁdd T d _d_ddd LA _:__ ﬂd .d

B

|

Jen T RSN

a

L

N [T ST HITTBEM NS

[\
.v

" o s
I o .
- PR - \Vm
. - . . i <o

mp vv O

O&\cv mwgzumxmasmu v:m mmFuFm:mo

3
i b .
o -

¢m,HHH

mm:me




”,

Axmmwv

.:\u mo mcopuuczm mc m:mao;a msommmm :

ey

,Ax¢mmv4

&ﬂm.

/\. B

.Axmmmv o

1:

e onnda

i e

AxmmmVHu .mmxzumgwasm»

. \,. A\

cw%. ﬂ Au H

m—

mm_“_ﬁvaoe :ogpum_m

RIS 197 m ..,w_e,

mm HHH mm:wmu

a..fm dﬂd T

_

P

Bl

WLLL L

! ._:m_; Py

r____; 11




94.

i

.

wﬁx~¢m

B u\rlw

10" 9) o ,QSN ‘19°9) o (L ¢

2-

6L

- e

-
- - ST

. ; [ L N

1:

o_\cv

-

..C\u J0 m:opuucsm se. mcmao;a mzommmm ut

3205535 S |

nm_ _pnos :o;pumrm

‘Axwmw‘ _@ ¢v<

mm;:um;qasmu v:m mw_uﬁm:mo

mm HHH

1:

°

- o [T _.f

_:ad_ _d

_:_._ T f.u.

I
-

l.. N
!
A

B S [T WU S0 MMER 1 1 U M VU W

umauﬁuw

m:)?n“

(547,

-




h v ' \

#

ity.' The Iowest two densit1es do nft c1ear1y show the

%

posit1on of the max1mum Tpe eIectr1c f1e1d strength
pos1t1on of the~mob111ty maximum does not clear]y {hange
S LA

with the var1at1on 1n temperature

EIectron mdb111ty data for propene are summar1zed

]
/

in Tab]e III 7 AT ceIIs used except for the data of
Figdres III 65 and III 66 were the: h1gh pressure conduct-
1v1ty,ceIIs¢ Data of . F1gures III 59 and. III 60 were

u obta1ned w1th I1qu1d type ceIIs AII other\results were

obta1ned w1th gas type ceIIs Data of F1gures III 65

‘.‘and III 66 were obta1ned W1th Tow pressure gas type ceIIs

g
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decreases 1n density Iead to further increases 1n MOb1I- f"




T
°K 1021 mo]ec

n’,

cm

]960

TABLE 11-7

Sunmar'_y 'of Results for Pr‘op‘ene

Yo o Mh (B pechod SN

cm” i022_3110'1ec 1018 vem? ~dlogu,

349

296
305,
318
357
382
- 393 .

318 6.76

296 7.33
255 - 8.27
231 8.66
35  5.44

363.6 . 3.86
365.7  3.32
.367.5. . 3.32°
370 3.32
368 . 3.32
365.4 © 3.32
364 2.86
362°  2.26 .
358 . 1.66

=N

|
362 1.66

366 1.66

368
333

368
389

ac

o o A~

56 521 67

130 - 5,394 7.2

96 6.25 47

Vs ‘Vsem molec ‘d]ng/n

1 0.006 . 0.00608 o

0.049 0256
0.39 0.323 =«
0.927 |  o0.803 = I
345 s | |
721 239
8.42 2.80 | ,
9.09 - 302 -
9.73 3.2 SR
7.92 . 2.63 ,
7470 2.8
9.38 - 268 . ..

a8 3 |
- 22.8 3.7 . ¢

23.5 390 S
244 . 405 7 ., |

26,9 . o 4.3
558 a5 7.5

o .
-
[5,}

.13
13

60.5 498 . 7.3
61.3 - 5.04 6.8
62.2 U502 6.2
| | .16
.18k
.13
1
a1
.064

[ 4

1217 - U500 N 7.2

13 569 7.2
138 573 7.2

‘o o o

‘ "(contmued. ceeeed)

T i e e
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TABLE 111-7 (continued)

355 0.0661 928 613 . 4.7 .  0.084

294 0.0661 - 865 5.72 4.5 0.14
252 0.0661 808 5.3 4.5 0.17
247 0.066] 808 5.3 4.7 0.14 °
241 0.0601 ° 912 548 3.9 0.15

231 0.046] 1160 5.35 . 4.4 ©0.15

'
t : .
t [

, 2 Data appears in the same order as in the figures,

b Estimated at E/n = 4(E/")thr;shold‘ Positive value if mobilities
ey

increase at E/n > (E/n) 4> and hegative if mobilities
_decrease .

threshol

c‘May be s]ightlincrease at highest fie]ds; Bdt can not detérmine .
,against the scatter. - \ \

d 21

o

. = 3.32x 10 molec/cms. T_ = 365K
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8. Cyclopropane

Electron mobilitics obtaihed in cyclopropanc appear
in Figures T11-67 to 111-7]. Densities:are infmolec/cm3,
mobilities ho are in units of cmz/Vs and the density
nohma]izod clectric field strengths £/n, are in units of
chz/moIeo.

Figures I11-67 and III~§8 show the quoid phase
results. Data in Figore FII«67 were all collected by the
electron conductance method except the top curve. For

the top curve, the leftmost three points were obtained by
the. conductance method. The rest of the curve,.and the
rest of the cyc]opropane results were obtained by the
time of flight-method. 1In the I1qu1d phase, heating the.
liquid anng the coex1stence ucurve towards the critical
‘point Ieads to an 1ncrease in the eIeetron mobi]ity'
F]gure III 68 shows the mob111t1es within 5K of the cr1t1;

21 4o 3. 58 x 102!

~cal po1nt From 4.97 x 10 » the mobility
"’changes by a factor of about 2 8 wthe the dens1ty has
only changed by -a factor of 1 4, No var1at10n of the
-mob1T1ty w1th f1e]d strength was observed \

The next Figure, III 69 shows resu]ts 1n,gaseods'
cyc]opropane near and atfthe crltlcal po1nt The nobilit?
1es at. 397 8K and at 398. 4k are tod scattered to d1sp1ay

a s1gn1f1cant d1fference The d1screpancy of ~II between

the vaIues obta1ned in the ga% type ce]] and those obta1ned"

. from the I1qu1d type cell may be due to the dens1ty grad1-(

)
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FIGURE 111-67. Electron mobilities u‘ in 11qu1d

#

cyc]opropane plotted aga1nst the dens1ty

normalized e]ectr1c f1e1d strength E/n.

21

Dens1t1es and temperatures (n/10 ; T):

0 (9. 39, 254K) O (8.62, 297K), a(7.79,

332K) 6 73 367K)
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supercritical

E/n. Densities and temperatures (n/]OzlfT);

398.7K).

~

PN

// ‘ . 10—17.

E[ﬁ(VcﬁZ/moleé)‘
4 A

Cn

. : 4 ' ~ B
Electron mobilities in 1iquid and

cyc]bpropane as functions of

O (4.97, 393K), O (3.55, 397.8K), A (3.55,
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FIGURE 111-69. Electron mobilities in supercritical

and gaseous cyclopropane as functions of E/n.
Densities.and temperatures (n/‘O?],T): § (3.55,
(398.4K), Y !3.55, 397:8K), & (3.01, 397K), X
'(2.65, 395Ky, O (1.57, 385K), + (1.64, 387K},

O (1.64, 394K), & (1.64, 399K).
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§
ent at the ¢ritical point, A< previouysly noted, decreass

tng the density away from the critical density, tncreases

the mobility, Figure 111-69 also shows the temperature .
I o R | Co
ettect along the n o= 1.64 2 10 tsochore, An increase

of temperatyre leads to an increa “e inomobility., AU high
ficlds, the ecurves merge, The threshald field appears
to decreane o bit as the temperature increases,

Flgure 111-70 gives wobilities aeanured 1o cyclo-

- f‘ 3
propane along the n = 8,74 'x 10’0 tsochore and at n =
- ‘ . i
8.30 x !020. The higher curve is drawn for n = 5,30 x IDRQ._

Only a single curve is drawn for the isochore, Maximum

spread in W along the isochore is less than §%.
Figure 111-71 shows the effoect of decreasing Lhe

density from n = 3,51 «x 1020 ton = 1.76 x 102Q as well

as the effect of temperature along the n = 3.5 x 1020
isochore. From the left, the 2nd, 3rd, 4th, 6th, 7th,
and eighth points contain a point from each of the four

temperatures. The temperature effect is negligible. N

Further decrease of -the density continues tosincrease

the mobility.The mobility still has a negatjvn
dependence.0f thé other seven s}ﬁtews Stgdied,eth*ne
is the;only.other aqas in which. the mobility decreases
at high fields,in the lower density fﬂuids.

-

A1l the cyclopropanc data were gathered using
high pressure conductance cells. Data for Fiqgures 111I-

67 and 111-68 requifed liquid type cells. The rest of

st L b S

FE
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L Summary

TABLE III 8
of Resu]ts for ijoprogane

RS S s |
) a? . 20 molec ]O—]8ch - d]ogu

(E/n)thresho]d b

10

.. 0.
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;‘»g
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i Footnotes to Table 11I-8 -
Data appear in the samelcrder as 1n the f1gures ™

Est1mated at E/n = 4(E/")threshold
-_‘|z .\r l\“

Too 1ow f1e1d strength to al]ow determ1nat1on in the 11qu1d

phase or in the dense gas near the cr1t1ca1 p01nt ¢

*éﬂ- 3. 55 3 102‘ mo]ec/cm T 398K R

- \
N . .



B Ion Mobilities .

f”ch /mo]ec The absence of/a field dependence 1s,not

Tf_ﬁtota]]y unexpected Recent work on aTka11 1on mob111ty

o in excess of 10

208,

v

. M( _ . .
Ih this sect1on 1on mob111t1es of the e1ght compounds
JA%

are’ p]otted aga1nst the den51ty normaT1zed f1e1d strength
"'/E/n The 1ons are the s]owest charge cart1ers in. the sys-“

1 tems and correspond to. the pos1t1ve 1ons The exapt 1dent—

2’

T A1ty of the 1ons 1s not known; though they are ]1ke1y
~ﬁfpolymer1c | Each compound is presented n a separate

:subsectTOn A tab]e summar121ng the resu]ts is. 1nc]uded'

at the end of each subsect1on

‘\

In a]] the ton p]ots,cno f1e1d effect was found The

ffh1ghest f1e]d strength used was typwcaTTy 10 ?8 to 107 ]7 ‘5'l

I
I8

\

‘~n1" rare gases and in s1mp]e moTecu]ar gases (e g. CO ),, ~\f/*f

as: we11 as known ions’ in the parent f1u1d (e g, NO2 in
e h

,‘tNO )\1nd1cate that thg f1e1d dependence occurs at f1e1ds_‘

]F ch /mo]ec , In aTT these cases, the

fﬁf1on mob111ty 1ncreases at E/n) > (Efnf’”/ R thCh .t
L hresho]d _

/ ‘:ﬁ§h1s character1st1c of a heat1n9 EffeCt (38 ]7]172)

‘hthreshold for hydrocarbons is T1ke]y 1ntermed1ate between

PR 4\4( ,‘,.. 3 ‘v\v,

that in: the rare gases and that i the po]ar mo]ecular
16

.,f1u1ds,/that 1s,;~5 X 10 ,;f ‘1"‘y;5w,'{j~ﬂﬂ\ ’fht:‘_}_ﬁ

(‘T Throughout thTS sectlon,;the mob111t1es u w111 be

"g1ven in cm /Vs, the densﬁt1es n,:1n mo]ec/cm3- and the

"v_'dens1ty norma11zed f1e1d strengths E/n, in ch /moTec }'

g . . <

T e

T Lt o b 0

Tt
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1. Methane

Data for methanefare cdntainedvin‘Figures I11- -72 to

(

111-77. Measurements were made a]ong the coex1stence
‘curve 1n both the liquid and gas phases. Measurements e

were a]so made of the varwat1on of mob111ty with temperature

| at the critical density and in. the d11ute‘gas (I 2% of the

o cr1t1ca] dens1ty) 3 -

From F1gures III 72 and III 73 1on mob1]1t1es‘in

.

'

o 11qu1d methane are seen to 1ncrease monoton1ca11y w1th

the dens1ty The Iow f1e1d mob111ty 1ncreases by a factor

Qf!6. wbéﬁ the dens1ty and temperature are varled ’ flf

Gt F
pi g .
;

‘ F1gure III 74 g1ves ion mfmillt1es at densvt1es at\
and near the cr1t1ca] po1nt Increas1ng the temperature
"at the cr1t1caI dens1ty Ieads to an 1ncrease in the f

"_mob111ty.; Decreas1ng the dens1ty anng the coex1stence'
;ICUrve a]so Ieads to an 1ncrease 1h mob111ty ’ The mob111ty
din this range 1ncreases by a factor of 2 7 wh11e the it;

| den51ty has: decreased by a factor of 3 6. li o | Ir

» Flgure III 75 shows the effect of a further decrease

s,ln dens1ty In thts range, the mob111ty 1ncréhses in in-

verse. proportlon to the dens1ty decrease _ e d k

In Flgure III 76 the effect of temperature on the'

\7 ]3 X 1019\1sochore 1s seen. o Increas1ng the temperatureh '

r:along the constant den51ty I1ne Ieads to an 1ncrease 1n'

_rathe mob1]1ty At the h1gh temperature end of the curve,q"

R
> 0

~ e N )
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FIGURE I111-74. Ion mobilities {h gaSEOUS and super-

cr1t1ca] methane as funct1ons of E/n ‘ Dens1t1es

and temoeratures (n/]O?j mo-]ec/cm3 T): (6 1, 195K)
-0 (5.1;,192K);- &(4.47, 190K),+v(2i87,h]84k),
(1.71, WI3K). -~ o -
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" the mobilities appear tn be levelling off.

In Figure 111-77, the effect of a further varfation
of density alonn the coexistence curve is shown, . The
trends observed in Figure 111-75 are continued. The
mobi]ity varies inversely with the density.

Measuvements of the ion mobilities were all made in
high pressure conductance cells except data contained in
Figures I11- 76 and III 77 for which low pressure cells
"~ were used. - For data in Figures 111-72 and III 73 liquid
| type cells wére used For all other data gas type cells

were used. The results for methane are summarlzed in

Table 111-9.

~
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? e
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0

‘“*,,, BREE 8/ R A8 ”. - 5.68 B
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e 2. }E'thané. o / ETER - \x |
';'fftf7ithgfb heasurements h ave been made anng the I1qu1d gas co-aiI"
) A er1stente curve ‘”/P h the ]1qu1d and the gas phases.li |
géfv;fu;ﬂ._“ Measurements we;e/also made of thEJmQ9111t1es as funttlons
hkuh L of temperature Iong ‘the cr1t1ca1 nka 4. 06 X 102] 1so-:‘
ol - chore and”a]ong the nbé 6.77 x 10]9 tsochore. The resu]ts
for ethane are conta1ned 1n F1gures III 78 to III 83 ‘af‘?bnn -
E f:i"e'p Data in ]1qu1d @hase ethane are conta1ned ﬁ‘d";li;*f
"ffii F1gures III 78 and III 79 A h1gh pressure, 11qu1d %ype B
- conductance ce]] was used for the measurements.1 As the;
- system moves from the co]d {1qudd towards the cr1t1ca]
}d , po1nt the mob1]1ty 1ncreases Above the cr1t1ca] po1nt {f
i%‘ﬁf.i;}hwh” 1ncreasang the temperature Ieads to a further 1ncrease I-?t:‘ h
5dh’ ,.:. :dt'mob111ty :djy~;f¥77;”tﬁ£d5. : o o Tb

,j:[ff;“vifﬁiv;; F1gure III 80 shows the mob111t1es about the

ffvcr1t1ca1 reg1on 1n the gas phase Once more, the tempera-ﬂ“,e.-»

“urefeffect on the cr1t1ca] 1sochore can be seen. As f“"

the s‘me”tvends as observed for the 1ons 1n methane (as
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gas type conductance cells,

N

In F1gure I111-82, the temperature effect on, the L

dllute gas is. seen ‘ Increasing the. temperature from

.L'ﬂ

' 203K to 326K leads to a“cont1nuous increase in the ijon
'mob111ty Flgure III 83 conta1ns the Iowest temperature
exam1ned a]ong the 1sochore (197K) Decreas1ng the ‘

dens1ty to 6.21 x 10]9 g1ves another increase in mob1I1ty

. Data for these two f1gures were obta1ned in Iow pressure

’ L ’ v

gas type conductance cel]s
' Av‘ ResuIts of these flgures of the 1on mob111t1es 1n

| ethane are summar1zed ~in Tab]e III 10 o
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TABLE I11-10

V‘Summqry of lon Results for Ethane® o o
T A o

. n | u+ 2,~ Hn \
\ | - l020 mo]gc .]0—3 cm ]019 mo]eci
°K o, cm " - Vs x Vscm

166 . 114
242 957
', 281 . 80.9
(228 101"
298 .. 67.7
~ 306 - .40.6
309 L 4o.6
'308 -~ 40.6
306° 40.6 ..
296 -+ 19.0
286. . . 13.6
276 w2
Coo212 9.10 20, 1.87.
o oes T sa1 3. . '1.82
'S326 o -0:677 . 478 L 3.4
o204 . 0.677. - - 444 3.01
o221 0.677 0 - 399 R 2,70
203 .. Co0.677_ . 383 . 239
o197 .. 0.677_ . _ 328 R 2.22

.943 1.08
| 20
2.60
. 2.10
2.65.
2.08
2.39
2.53
2.14
~1:88
~1.94
1.91

|

.
(%]
/‘—‘

DO N
SN

o -
o N

;?

OO W N W RO
...l.l -
Ve
——

o o o T

~

[t o]
—
¢

— a—
B e < TN -
.
O TN WO N

~

s 7 et e S

193 . 0.621. .. 360 - . 224 -

. i iwv'a:: e S S _

a Order, of appearance-of data is the same, as order of appearance of
figures. o . N .
:gyrhi‘ »2 S oA

.= 406 x 0% T =306k L - L

Vo
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3. . Propanc

Measurements have been made in propane in both the
gas and the liquid phases along the gas-IIquid coexistence
curve, and asvfunctﬁons of temperature'for a-series of
densjties in the gas phase. lon mobiIities for propane
are contained in Figures 111-84 to 111-93f, - //,

| hIon mobIIIties in Ilquld propane are shown in

F1gures III 84 and III 85, The measurements wWere made in -

o

/wh1gh pressure I1qu1d type conductance ceIIs The mobi]ity
increases smootth as the system moves from the cold liquid
ktowardS'the critjcal p01nt. kDecreas1ng‘the dens1ty~by a
tactor of 3.0‘Ieads to an increaSe of mohiIIty by a factor
of 2. I‘Unlite the gas,“in the liquid phase, a'consider—
able portion of the effect seems reIated to the change 1n.
vtemperature. At the critical reg1on, 1ncreas1hg the tem-
perature Teads t0'an increase 1n'mob111ty \ ‘

F1gure III 86 d1mﬂay% mob111t1es in the cr1t1ca1
Eid

~

reg1on and in the g*s phase just below the cr1t1caI den- .
: s1ty.' These resu]fz were obtalned in high pressure gas
type ceIIs as was the da‘ta for the remaining port1on of
'th1s sect1onf\ The except1ons are ‘Figures "111-92 and I11-

“93 for wh1ch Iow pressure gas type ceIIs wer.e used The

~two effects, that of density and that of temperature’are
‘the same as prev1oust noted for methane and for ethane
As- the system moves away from the cr1t1caI reg1on

\ (

Flanng'the.goex1stencegcurve,, the,mpb111ty 1ncreases.as -

. 3 . - - N .
B . - .- - 4
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FIGURE III1-84. Ion mobilities n in 1iquid and super-

critical propane plotted against the density

normalized electric field strerqin E/n. Den-
2} 3

1

'sities and temperatures (n/10 molec/cm~, T):

A (8.96, 169K), + (8.48, 197K), O (8.05, 224K), =
‘O (7.735 243K), Y (6.35, 315K), X (3700, 371K).
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,:“124 ‘ the dens1ty decreases Th1s is shown by F1gures III 86 S En
S 111 87, 111 39 111 91 and 111 93 h-when the system moves. 'fJ,'

- from the cr1t1ca] reg1on (FlgUre III 86) to T é 36OK
N FIQUY"III 87) ,' the: dens1ty changes by a —factor of 2 2

H

wh11e the temperature onIy changes bx about 3% The'ﬂlr;x-' o

¥

sharp 1ncrease 1n m0b111ty reﬂects the dens1ty var1at1on {'_'VQL:

K

E‘.

“‘:yﬁvfp,;' 0ver the ent1re dens1ty range outs1de the or1t1caI reg1on”;7
( e the mob111ty var1es 1nverse1y to the dens1ty

The other f1gures g1ve the effect of temperature
*{lf ':';Ih on f1xed dens1ty I1nes ' The 1sochores are of O 50 nc;ﬁi‘VR‘f‘f“”

;ffrg, (F1gure III 83) 0 25 n (F1gure III 89),AO II n .(F1gur e

~

f;' III 90), and of 0 022 n (F1gure III 92) In aII theje

’%I eases,ithe effect o%‘1ncreas1ng the temperature a]oig'an ey ;

55‘ ‘w,lsochore ié to 1ncreafe the mob111ty The 1ncref$e how—fﬂ"\ U%;
XI' ever depende oh the temperature d1fference awaj from the;}{_isulIffév
Ja?fv coex1stence furve ; Th1s is most cIear in t}e'most dlIutefﬁtu;fioﬂ}?;hf
Qﬁt (0 022 n; ) 1sochore Ihe‘ton mob1I1ty rt;s‘sharply nearf?;t;tpr{t
ht‘/ the coex1stence curve, but thén Ieve FEIE - S s

var1at1on 1n 1on mob111ty as the 4f,

from 345K to 394K
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TABLE I1I-11 - ' :

a

Summary of lon Results for Propane

T : : n. | | v“+ o HD
T ]021.mo]ec . 10-3 cm 1019 mo]ecw

cm”~ - ' Vs Vscm

169 . 8.96 ., 0.408 0.366
197 8.48 .0.682 . . 0.578
224 8.05 -~ . “1.00. -~ 0.805
243 7.73 SRR A 1.06
315 . 6.35 33 1,99
371 © 3.00 . '5.83 1,66
2986 - 6.76 . - 2.64 . 1.78.
340 © - 5.57 | .04 > 2,25
365 |, 4071 . 5,40 . . 2.25
373 300 ., elor o 1.2

- 369 2.45 0 s.21 0 1.28
370 . 3.00° - 5.04° 151
374 3,00 s oan
377 - 300 - 2 Bl9o o 177
360 - 1.3 9.9] . .1:38
384 . 16 1200 T .40
3286 1 0.593 T 21.6 - 1.28
372 1,50 . . _.10.3 1.54
385 - 1.50 Sl 170

317 0 0450 2709 26, ewd
338 . - 0.75] o187 .80
346 0,751 - 19.6 . 1.47
383 0.751 2504 1091
306 | 10.341 34,7 f%1.18
. 358 0.341 45,0« . .53
426 0.341 52,20
e R e (continde@??f...f

el
R ) .




240,

TABLE 111-11 (continued)

297 0.269 | 45.9 . 1.23 C 8
305 0.311 37.7 v
-394 , 0.0669 - . - 319 203 B ?
345 0.0669 319 a3

296 0 . 0.0669 | ¢ 272 .82

- 257 4 0.0669 . - 229 .53

- 253 . 0.0669 . - 213 42

245. . - 0.0567 i 246 . 40

g DN

—t, ed oed

b}

a Da£§~,apéear in same order as in‘figures;"
n. = 3.00 x 1077, T := 370K. R N

T

t 1
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4. Q-Butane

Measurementshwere made in n-butane in both the
liquid and gas phases a]ong the coexistence curve as well
as at different temperatures on a number of isochores.

~Data are contained in Figures 111-94 to 111-102. Low
pressure conductance cells were used for collecting the
data in Figures 111-94, 111-95, I11-10] and 111-102. For
the other flgures h1gh pressure conductance ce]]s were
'used . For F1gures ITI-94, I11-95 and IJI—9§ 11qu1d
htype cells were used. For the rest, gas tyde cells were,
used. | N /o Q

In 11qu1d phase n- butane, two components were
found for the iom mobility at 208K, 266K and 298K. The
faster component is shown in Figure I1I1-94 and the
slower 1n Figure III-95 The faster species is the .

’negat1ve ion wh1le the s]ower is the more usually observed
pos1t1ve 1on. For 208K and 266K, u /u is 1.9 and 2.1

respectively, in agreement ﬁ1th the observation in"

‘I-other hydrocarbon systems (195) that u /u ~2 in the

norma] 11qu1ds. i

] For 298K, th1s ratio has 1hcreasedlto 3.1. When
,the 11qu1d is heated to 365K the fast component d1s~
'appears Throughout the 11qu1d range, "the mob1]1ty
1ncreases as the temperature increases. When the criti-
'ca] region is reached 1ncreas1ng the temperature con-

,t1nues tb 1ncrease the mob1]1ty

b st N e SRk S

SPIETON

Y S s b T D A

e, ot e G e
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E{ In the 9as phase (F1gures II1= 97 to III 102) the\

;_,‘/.,,
!/t m

ob1]1ty var1es 1n the same way as the other systems pre-'

3

ﬂ“v1musly d1SCussed when the dens1ty,or temperature (at con—‘fheﬁf
:kstant dens1ty) 1s changed The dens1ty effect along the__f

fﬁd?f5ﬂcoex1§tence curve can be extracted from F19ures III 97 Lf“")
s T ‘) .pv,a_l
52.} ;III -99.: and III 102 The\/ensity range covered is n/n f:]io

u (F%gure 111/97) to, o 026 (Figure m 102) Imtla]]y the \

‘jaikaldﬁji’m6b111ty 1ncreases by a factor Iess than that of the‘*

' decrease 1n density When the dens1ty dr ps be]ow about'

I;;<t;}jf*g%\n/n ~ 0 5 the mob111ty var1es 1nverse1y w1th the dens1ty
o i . o ; . B A

: Pow . R B
e é' e B i L =

\
Y

ent tempera-:ﬂ-iwgf"

%
tmres a]ong f1ve 1sochores w ere n/n 1 0 6F1gure III 97)

;¢:@% The mob1]1ty was a]so mfasured at d1ffer

0 50 (F1gure III 98), 0 25‘(F1gure III 99), 0 IO (F1gure

/In aII cases, thehlfﬁa;}fl‘

mob1]1ty 1ncreases w1th the;temperature The 1n1t1a1 rate 75*'

" decreases as n/n decreases For the

; vh1gher temperatures are 1eve1]1ng off In order to avo1d

e AT e
[ LR X . ‘» as

}{;,e*;& N Towd1ng, some of the curves were not drawn Gn F1gure
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_that-df 424K and 312K. °It is 6% abovd that of 312K. The
  curve for 308K lies between ‘that of 304K and that of 312K
'It is 4% above that of 304K. -
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TABLE x11f127

Summary of Ion Results for n-Butane

253,

n

]020 molec

cm

Wy
'1042 QEE‘

Vs.

0.435
0.205
0.100

0.0524
0.0983

- 0.142
0.466
- -0.289

0.501
0.552
© 0.593
0.619
'0.529

1.12
o181
o2

T ‘.-50,\5

1,13
1.23

.28
CBL71

1.63

1.69

- 1.85
2.08
o .3.64

£

l

N

%,u+n

10

19 molec
Vscm .

IR W
:&1%~f (cqntqued}f;.)

. ‘
o o o — nr

61t
297
.686°
.359"
). 620
0vB51 -
1.68

S 1.44
S 1:.18
S 1.30 :
.40 s

1.46

V.25
1.16
1.09
0.938
0.927

2.4

13.3 Y
14.5
15.1 -
9.36

©9.76

2 r

10.u
1.1
12.5
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TABLE I111-12
367 2.42
430 2.42

458 2.42
304 0.756
308 0.756
] 312 0.756
333 0.756
370 0.756
424 . T 0.756 -
300  0.684
296 0.606

Data appears in the same

. b . .9 ’
. TCAf 425K, ne = 23.6 x 10

~ 1 Fast component .
’ .

20

(continued)

3.90
4,35
4.56

13.9

14.5

15.0

16.0

17.9

18.0

14.9

18.9

order as in the figures.
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!
4
9,44 |
10.5 \
11.0 ?
10.5 :
11.0
11.3
121 |
13.5 f
" 13.6 2
10;22
11.5
. %
g
" ’ .
SR
. R
. . i
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IOB III ]04 and 111~ 105
- ol

. ,‘_

~in mobility. (F1gures III—IOS III 106) . Increas1ng

.creases by a factor of 50 for a densit ase of a ‘: o
factor of 3 Yarying the temperature’: 140K and ‘ i
27dK (F1gure 111-103) Ieadséto a cont1nuous 1ncrease o . ;
1n mob111ty However, between 298K and« 330K, (F1guﬁem 'Méﬂmmf oot
ITT- 104), the mob1I1ty var1es on]y sI1ghtIy

5. _iso-Butane (2-mothy1proggngl : f

Ion mobilities in iSo-butano-aro cdntained“

Figures ITI-103 to ITI-111. Low pressure conductance

ce]]s were used to collect the data in F1gures 111-103,

III IIO, and ITT-111. High pressure cells were used for

all the rest; *As well, cells used to gather the data in

'thures ITI-103, II1-104, and II1-105 were liquid type

whereas al) the rest were gas type cells. ’aQ

The Ilqu1d phase results -are. shown .in Figures III-

N

Much more var1at1on w1th den—

s1ty 1s shown than in n butane (preceding sect1on). As.

the system moves, from 140K to 408K, the mob111ty 1n—

5 ke ¢ S
e a9 T A Y s SRERIAADE T

There A's”

R S Y P

.no mob1I1ty max1mum “in front of the cr1t1ca] po1nt
(Flgures I1]- 104 III 105). Abowve 359K, the mob111ty

?

.rises contlnuous]y towards the cn1t1ca] reg1on

In the gas phase, upon atta1n1ng the critical

point - 1ncreas1ng the temperature leads- to an- 1ncrease

the temperature anng the’ other 1sochores where n/n =

0 50 (F1gure 111~ 108) O 26 . (Flgure III 109), 0. 026

(Flgure III-IIQ) Ieads in each case to an lncrease in ..

‘e -

o
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EIGURE 111-103. Ion“mobilities'u in liquid iso-butane a%

functions of E/n. Densities’and tempeéatures ,ﬁ

‘ : N 3 . . ‘
(n/10%] molec/cm™,T): O (7.69, 140K), O (7.49, 154K),

A (7.26, 173K), + (7.17, 181K), Y (6.74, 214K),
X (6.41, 239K), X (6.07, 270K).
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3
- Y vy
. '“""“Y"Y" Y-
! & V'WY":“"'——T'”* V+
i A V] . L » b
073 | R 40
[ 111111‘ L 11;_111‘ g
‘ 2
, E/n(VS/molec)
‘ FIGURE 111-104. Ion’mbbi]ities in liquid iso-butane as
. funct1ons of: E/n Den51taes and temperatures
* o (n/.T'O mo]eC/Cm T) 0 (5.73, 298K) O (5:45, 318K),
a (5.28, 330K), «1 (4.79, 359K), (4.54, 371K}Y
. X (3.26, 403K) . '
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anng the n/n = 0. 03\ 1sochore Ieve]s off at h1gher tem-"

peratures - This 1@ aIso the case for propane and ethane

- ‘However, In.the same‘mahner as methane, the d1]ute gas
isochdre in iso-butane does not IeVelvoff-at the‘higher o

~temperatures even though the curVe 15 beg1nn1ng to bend

-

towards a plateau f ' 'f' |
- 'T'» From F1gures 111-107, 111;11i and from the 391K5
:  curve on F1gure III ]08 it is seen that mov1ng the system
41 away from the cr1t1cal reg1on anng the coex1stence I,T‘
:‘;curve towards the d11ute gas leads to the same trends :
| observed in’ the other hydrocarbons -*The mob111ty 1n1t1-
'a]]y 1ncreases at a rate gess than the dens1ty is de—
QD creas1ng, but then at n/n < 0. 5 the mob111ty var1es
N\

'\;1nverse1y proport1ona] to the J%ns1ty change II.:_f

Data for,1sq-butane‘are summqrjzed in TabIe III 13

. [

-
.
-,

~mobility. In the case of n-butane, the mobiI{ty'CUrve{: o



265,

.
y
. ;
k ~
a4 ‘ 2 ot |
‘ . =y ~ B
e - ° ) 4‘
LA
~ T~ - E -
a ~ : * ’
- ~
&
z * A
.
3 - .u
. .
/ s
- : ’ ’
-
—
X ¢
. .
| ‘ .

| - : IR o . C_Emfmm.mv v .QSN
.hw.< 3 K . Y
) O AMNmN Nm.mv_u .Aﬁ mpoﬁ\CV m;:ﬁm;masmu pue’ mm_ppwcmd ‘wx .

‘u/3 io m:oppucsm se m:mu:a 0s1 msowmmm ug mmpu Litqow uoj eﬁfanHH mm:wmu

. R . ~u
. .- o . . .
o ~ -
: \

e Auuﬁos\msu>vc\u. DR e S o

) ® © g | ’ -
) -0 @ 0

—y— v v v ¥ - Ve - -8
- . Zw

= o~

. NA

- - T s

] S

SIRN A R TR | H

. a

- P -

. -

, ] .
P X
. ¢ . ’
|" \ t LA
A |
* Q
.



T ‘ 266.

TABLE I111-13

Summary of -Ion Results for.iso-Butane 2

n

1020 mo]ec

cm3

76.9
74.9
- 72.6
71.7
67.4
64.1
60.7
57.3
54.5
52.8 -
47.9
45.4
32.6
39.2
23.0
23.00"
23.0°
23.0P
23.0°
23.0P
16.2
11
5,65
3.63
1.5
1.5
11.5

b

-

u+ . ' u+n -
Y072 e’ 1019 molec
Vs , . Vs.gm
0.00734  0.0564
0.0130 +0.0974
0.0222 u 0.161
" 0.0312° (0.224
0.0502 o 0.342 <%y
0.0723 0.463 =~
' 0.0863 .+ 0.524
0.110 ~ - h 0.630
©0.110 ‘ . D.600
0.116 . 0.612
0.150 . 0.762
0.184 - 0.835
0.318 ' . v0.841
0.258 - “1.25
0.366 - 0.842
0.465 ‘ 1.07 .
0.500 1.15
0.494 - 1.14
. 0.582 S 1.34
. 0.623 143
0.664 - 1.08
0.902 1.00
1.69 - 0.955
2.62 - _ 0.951
0.851 | ©0.979
= 0.929 ° » 0 1.07
B ],05- B - 1.22
. '(Continyéd....;) -
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. : I”‘I_\:«[Ll:rj;mlwlwl -13 (continued) i
425 1.5 .13 1.30 :
391 9,22 1.21 1.12
377 5.91 21,92 1.13
388 5.91 “2.00 1.21
409 5.91 2.26 "1.34
430 5.91 | 2.32 1.37
283 0.591 19.7 1.16
295 0.591 22.2 1.3
364 0.591 28.0 1.65
" 435 0.591 30.7 1.81
I 297 0.922 12.0 ARL
1 . 276 0.487 24.2 1.18 :
270 0.399 32.4 1.29 oo
3 pata appear in the same order as in the figures. '
b n, = 2.30 x 1081, T = s08K.
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6, Ethene

\Data for vtﬁené\gru contained in Figﬁruz Itr-ne

jto ITT-116.  The ion mobilities were all measured in high
pressure conductance col]x}\ ALl the results were obtained
using gas type cells except }pr the results of Figurd 111-
1X2 for which a Tiquid type cell was used.

Liquid phase results apbgar in Figure 111-112.
Raising'the temperature %rom 173é1a10ng the coexistence
curve towards the critical region leads to an increase in
mobility by a factor of J.1 for a dénsity decrease in the
same rangé of a factor of 2.6, Therexis no mobility
maximum below the critical region,

In the gas bhase, measurements wére made aiong the
n/nc = 1.0 (Figures 111-112, ITI-113), 0.35 (Figure 'IIl-
114), 0.17 (Figure 111-115), and‘0.04]'(Figure 111-116)
isochores. In each case, the mbbi]ity increases with tem-
Perature. At the higher temperatures of the isochores
(except n/nC = 1) the mobilities dq not increa§e at as
great a rate as near the coexistence curve.

Figures I111-113, ITT1-115, and I1I-116 show curves
for temperatures along the coesttence curve Decreasing
the dens1ty a]ong the coexistence avay from the cr1t1ca1
fluid towards that of the dilute gas ]eads to an increase
in the mob1]1ty The mobility increases at a rate less

" than the density decrease at n/nc> 0.6, and at the same

rate as the density decrease at‘n/nci 0.6.
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| //Not all. the curves were . drawn through the fxgures
in oréer to avo1d excess crowding ﬂ On F1gure III 112 the
éurVe second from the tOp is for 282K The ar1thmet1c
- averages of the 283K and of the 279K curves ‘are respect-~ S
| ively 3% above and 2% beIow that of the 282K curve IOn |
F1gure I11- 1]3, the IdWest curve 1& drawn for 283K The!“
;r/ ‘. curve for 285K based on the ar1thmet1c average of: thev
:>< f;ﬁf-po1nts wouIdibe 4% above the curve for 285K.‘ On F1gure
/

’)f- i ‘III 116 the bottom curve 1s drawn for 203K, the second’”

_for 236K, and the th1rd for4196K The curves (based on’f

',the ar1thmet1c averages) wouId be for\298K 7% above thatf”"
"_of 236K, and. for 207K,44% above that of 203K
"'II - Data for ethene are summar1zed 1n Tab]e III 14
' S “
. : “v“'. " -
g - ':e‘f ‘ |
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173
238

279
282

283
284

285

voE

283

281 -~
o275
g6
27

.,{227

‘va;e241“ e
’“;ﬁ255'5j3,

268
o296
©o254
245

196

5;5166

l7b

236
""?Q73.,:
203,

. n .‘

TN -.""7\' -

TABLE I1I-14

Summary: of Ion ResQlts fOr‘Ethene_a

,YA n "\\\

j02] molec

cm?

12.2 %
9,70
6.48
5.97

. 4.66

. 4.66

4,66

~ 4.66
 3.05
2,25

1 64

‘o, 795

“jaef0}95

9.472;

“1.20

”7gfo;189 e
’0‘189 }‘

- 0.189 ¢

. 0.189-

S 0.157
”[g_o 0376

4 66 x| 102]

b - .

1.64
S1.64
0. 795’7

:,01773';'?T"“1

/

u.+

Vs

2
1073 em_

'1 76 .
3.12

5,13

5.23

5,79

6.99

2.2

23,5

S 24.8

R IS Y

"102‘[Q'

A

283K

92,0 -
88, 4

-.1]7

5] 0

B 1N 59 gs
-13 9

/

5.62

AT
\'j27.3jv"’
©o24.8

5.59 ¢ "

_\

R RN
S

3
]

-275.

a Data appear 1n the same order as 1n the figures
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;7.T‘ pPropene

Ion mob1I1t1es Ain propene are conta1ned in F]gures

III 117 to I11-122. Data for F1gures III 121 and III 122
were. obtawned 1n Tow pressure gas type coheuctancewceIIS
Data for F1gure III 117 were obta1ned in h\gh pressure»'
'a11qu1d type conductance ceIIs The rest of the resuIts

-were. obta1ned 1n high pressure gas type conductance ceIIs

h1qu1d phase resuIts appear 1n F1gure III 117 As “_

the samp]e 1s heated anng the coex1stence curve fromn

_ 23]K towards the'cr1t1ca1 reg1on the mob111ty 1h€reases -
by a factor of 5.4.° In th1s same reg1on, the dens1ty de-‘

i creases by a factor of 2 6 Increas1ng the temperature

- Ieads to a: smooth 1ncreas' in the mob1I1ty There 1s no

I

_ mob111ty max1mum beIow the cht1caI reg1on

P On reach1ng the cr1t1caI\\e~10n (F1gures III 117

a and III 118), the mob1I1ty 1ncreases w1_ temperature at

Cetal Iarger rate than dn the I1qu1d phase Just bd,_h‘
‘v'cr1t1caI reg1on e '

In F1gure III 117 the second curve from the top

a
S

"1s drawn through the po1nts for 365 7K The po1nts for SR

A :365K (qugad phase) are negI1g1HIy d1fferent Other 1so-e'

_:rchores ex m1ned 1ncIude those where n/n O 50 (F1gure IIIQ‘I'

”f-f'4119) 0. 25 (F1gure 111 120) "0, 13 (Flgure III 121) “and-

: TO 020 (F19ure III 122) In aII these cases 1ncreas1ng the ‘T,ﬂ

: temperature anng the fsochore ]eads to an 1ncrease,in

’*f;;mob111ty w1th the rate’ of 1ncrease becom1ng Iess at the :

‘usrhigher tempefatures,~-a
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1o1e 10\18

E/n(Vem?/motec)

A FIGURE III 117 4 Ion mob111t1es in. I1Qu1d propene as

funct1ons of E/n | Dens1t1es and temperatures

' ._(n/lo 21 mo]ec/cm ST E](B 66 2316), o (s. 27

‘255K), A (7. 33, 296K), + (7. 33 | 296K), ¥ (6. 76
1318K), X (5.44, 350K), % (3. 86, 364;6K), IIEV
(3.32, 365.7K), x (3. 32, 357.5K)1Iz (3.32, 370K).
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The effect of decreasing the density along the co-

existence curve can be obtained from Figures T11-118, 111~

121 and 111-123, Below n/nC ~ 0.8, the mobility increases

inversely proportionally with the decrease in density,

Between n/nc = 1 and n/hC = 0.8, the mobility increcases at

a slower rate than the decrease in  density,

Thréc curves weré not drawn, They are the curves
for 362K and 366K (both on Figure 111-119) and the curve
for 358K (Figure I11-121). On'Figurc [1T1-119, the curve
for 362K is 9% above that of the curve for 358K. The

curve for 366K is 3% below that of the curve for 368K.

On Figure I1I-121, the curve for 358K is only 2% higher

than that of 296K (based on arithmetic average). On the

scale of figure the two curves would coincide.

-
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summary of lon Besults for Fropene

10

2

fi
molec
cm’

.

66
27
33
.46
.44
.86
3?0
3P
32b
32"
.32°
.86
.26
.66
.66
.66
.66
.823
.823
.823
415
415
.415
.415
.337
L0661
.0661
0661

TABLE 111-14

0,

0.

)

SR T

0849
24

S03

0.264

0
0
0
0
0
0
0
2
2
!
4
3
3
2

3.
29.

27.
24.

(continued

L3712
461
67
475
+ 526
557
462
.485
.607 -
.973
. 946
.865
.787
.16
.03
79
.24
.85
.23
.92

78
5
6
7

1o!

oooooo

— —— — - o—ct —r — —— — L — — L
.
[
-
—

TR
{l'f
9 molec

Vs em

0.744
.07
1.49
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TABLE III 15 (cont1nued)

’ 0 0661

"70 Q661

a;Data appear

~

SRR ; ‘]9 5
B

IC; 365K.

l’:

’_] 29 L c\/‘

1¢44 _?‘

i

286,

-

i i -

o




S DA ["-:’ i A: ‘xdﬂﬁw?%{ o Ve e
RSN o o ‘ - e o \ . k |
=8. CycIopropane B IR, T
N » pnl T e TR

Resu]ts for cyc]opropane\are conta1ned in Flguresf-

"III 124 to III—129 AII measurements weh

made in h1gh.l'
.“ Y‘ﬁ
,pressure conductance ceIIs - CeIIs used to codIect data :

‘1n F1gures III 124 and III 125 were Ilqu1d tybe The
5 R

L »

;-“,other resu]ts were obta1ned 1n gas type ceIIs
e e
SR L1qu1d phase resuIts are shown 1n F1gure T11- 124

~,Increas1ng the temperature anng the coex1stence curve~fw

o,

jﬁzaIeads to a steady 1ncrease 1n mob111ty between 254K and

'ture (Flgure III 125),‘the mob111ty 1ncreases ,h;.';

further 1ncrease 1n temperature Ieads to another 1ncreasei
L in mob111ty

) \

: . e
= j}ﬂﬂn the gas phase as the samp]e 1s coo]ed from the super-

vmfjgcr1t1ca1 f1u1d The mob1I1ty f1rst decreases, passes:;"‘
Iethrough the cr1t1caI po1nt then 1ncreases aga1n at beIow"f.
jj;the cr1t1ca1 po1nt | L ‘,' 1‘ : o
e : Measurements anng other 1sochoresbwhere n/n
LO 46~ (F1gure II) 127) 0. 25 (F1gure III 128) and O 099
ﬂ(F1gure III 129) show that over the temperature range .
1exam1ned the mob1I1ty cont1nues to r1se w0th temperature:ﬁ
hFrom thures III 126 to III 129 the gas'ohase 1on mob—/5~” |

~

‘A1I1t1es 1n cycIopropane are seen to 1ncrease as the

'1393K When the sampIe d's heated to the cr1t1ca1 tempera-‘;'fm :

Flgure III 126 shows the var1at1on in. tme mob1I1ty;ytTf::

'ﬁdens1ty 1s decreased anng the coex1sten¢e curve i the";f,_ﬂLf;*

“}Lsame manner as 1n the other seven compounds BeIow "gfi;j”*i-;
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n/nc ~ 0.4, the dobility varies inversely proportionally
with the density. Between 1 > n/nC > 0.4 the mobf]fty 1s
increasing at a lesser rate than the decrease in deﬁsity.
On Figure IIIe327, the curve for 387K and that

for 394K were omitféd The curve for 387K is 2% lower than
that of 385K, The curve for 394K is 4% h1gher than that

of ,385K. On F1gure ITT-128, the curves for 358K and 372K
-aré within 2% of éach other. Tﬁe curv% for 372 was drawn.
On Figure III1-129, curves for 396K and 406K are within 2%

of each other. On the sca]e of the figure, they super-

impose. The curve drawn is for 406K

Data for cyc]opropane are 5ummar]zed 1n Tab]e I11-

16.
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. . TABLE 111-16 ;
Sdmmary of lTon Results for Cyclopropane®
\\ n ' s My Mn ‘
T 102! mo1§c - 10°3 gmz A 1019 molec
°K cm Vs ‘ Vs cm
254 '9.39 : 1.30 1.22
297" 8.62 1.81 1.56 |
332 7.79 2.35 1.83 ;
367 6.73 3.45 2.32 §
393 . 4.97 4.66 2.32 . o
397.8 . 3.55° 4.35 " T.54 IR
©398.7 3.s5P 4.70 - 1.67 !
398.4 3.550 v 4,63 1.64 ) f
397.8 .3.55P 4.34 1.54 S
397 3.0 ) 5.20 1.57- | | *
395 2.65 5.78 . 1.53 oo
385 - 1.57 +9.55 o 1.s0 o
387 1.64 9.38 1.5 N
. 394 ~ 1.64 10.2 = 1.67 v
0399 . 1.64 1.0~ - 1.80 | .
358 ©.0.830, 17.1 1.42 - P
360 0.874 16.0 1.40 “ ]
372 0.874 -, 17.5 1.53
395 | 0.874 | 20.2 1.77
405 . °0.874 213 1.86
296 - 0.126 . 76.0 1.34
322 ©0.351 40.4 1.42
348 0.351 44.3. 1.55 |
396 ., 0.351 . 52.9 1.86 - e
406 0.351° - . 53.8 1.89 f

—

. % Data appear in‘the 6ﬁdpr‘of_§ppqarance as in the figures.
. b s 2ee o 1421 | | |
R LS ’,3'55-X 10 . TC

b o s

= 397.8K.
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C. Free lon Yields

Free ion yields were measured in the eight hydrocarbon
systems along the vn?of—]iqdid co-existence curve”in both
phases as well as in the supercritical fluid., With the
exceptions of methane and ethanc, measurements were also
made along a number of isochores where n/nC <"1, Thegdffcct
ofvan electron scavenger, SFé; on the free ion yields in.
isobutane (2-methylpropane) was also examined.

The experimental free ion yields were calculated in
the manner described in Chapter I11. The soiid curves drawn
through the figures o; this section were calculated with a
Amodel that will be described in,Chapter 1IV. Bylthis
model, the most probabié distance b that the epithermal
e]éctroﬁs travéi dﬁriné thermalization cén be extracted.

y The free ionvyie]ds are pTotted‘against tﬁe electric
rfield stréngth since that is the keleyant parameter in
the model. Furthér; common practiée involves a comparison

of bd, where d is the density in g/cml, so all the

0

£ and

dehsities in this section are cited in g/cm3. G

tot are f]ttnng parameters. .

A
!

7

.Data will be preésented in tHe same manner as the

(

mobilities. Tables summarizing;ghe results will be given

/

after each subsection. ‘ o <




1. Methane

ey A A T

Frée fon yields in liquid methane appear in Figures
I11-130 to 111-133. In al@Ethc fiquresy thg free ion yields
1ncreaac sharply with (ﬂ%%?iric field up to about 10 KV /em ‘
and then tend towards levelling off, There is a differ-
ence between the results obtained with a positive applied
etectric field and that obtained u;ing a negative voltage
supply. The positive voltage results are consistently above
those of the negative voltage supply. This diffcrunéu has
bcén previously noted in other high mobility liquids (150). 1 ?
Also in agreement with the earlier work, the difference ‘ %
between the two segg af_;eSu]ts increases with incrpasing
voltage. The differencg'has been attributed to positive
field peneiration'into the region between the collector
and guard e]ectéodés that rrmoves some of the highly . %

i .
mobile electrons from that dead volume, which permits the

NPT

pdéitive ions fhen to drift towards the collector. A
negative apb]ied f%e]d would push extra e1ectroh§‘§nto i
the dead volume, but there would not be additional posi-
tive ions to neutralize. The extra electrons would
eventually diffuse to the collector and guard,.re1étive1y
unaffected by entry into the dead volume. As corroborat-
ing evidence, it was p&inted out that this difference is :
not observed for liquids where the electron mobilities !

are Yow, and that the difference is also smaller when the

cell volume is smaller. The same.observations about the

R
ER
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FIGURE I1I-130. Free ion yiers Ggi as functions of elect-

ric field strenqgth E£.in liquid methane. [0 is {+)

applied voltage. O is (-) applied voltage.
: {

A: 91K and 0.453 .g/cc.
B: 118K and 0.412 g/cm>
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111-131. Free ion yields Gey 3s function of electric

field strength £ in liquid methane.(Qis (+) applied

voltagé. O is (-) applied voltage.

A: 153K and 0.357 g/cm”.
B: 170K and 0.314 g/cm>
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ﬂ;kvo]tage. C)is (-

JIJK"Nand’O 303 g/cm
‘-‘5-79|< and 0280 g/cm3_.*'

o 30
E (KV/CMJ

) a%p11ed vo]tage.

J

4o

y1e]ds aa funct1ons ef e]ectr1c

f1e d strength in 11qu1d methane []15 (+) aop11ed

“

'
.
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'7§FIGURE III 133. Free jon y1e1ds as- functlons of E 1n 11qu1d

e

methane E]IS (+) aDleed vo]tage O 1s ( )'apo]1%d
voItage ‘ RS '
.A: ]80K and 0 276 g/cm
N 188K and 0.220 g/cn’
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o .

sign d1fference were aﬁso noted by another worker (1375 fy;‘

5, "
! [
N o R

: ",,l»-

The free 1on y1e1ds 1n methane change very 11tt1e over

- ?'

h eht1re I1qu1d range In th1s behavfbr it is much more,.

)

o

11ke the 11qu1f1ed rare gases than the other hydrocarbon

o compmunds In the other seven systems the free 1on y1e1d

1s heated a]ong the co ex1stence curve

N

COON

w111 be seen to change much more dra;t1ca]1y as the I1qu1d

From sect1onIII A, the e]ectron mob111ty can be seen*f
to drop an order of magn1tude over a few degrees‘(F1gures

III&T and III 5) y As the I1qu1d 1s heated into the cr1t1ca1

7‘.reg1on,'the voItage s1gn effect d1sappears (F1gure III 134)

AR '0

Increas1ng the temperature from 192K to 194K Teadsto 11tt1e

1ncrease 1n the free 1on;y1e1d Later sectlons w111 show
/

that 1n aT] the e1ght compounds, 1ncrea51ng the temperature ‘ﬁ'

‘?ﬁa]ong an 1sochore Teads to 11tt1e var1at1on of the free

qon y1e1d fé;

@ TR hw.'
LR .
ety

F1gures III 135 and III 136 show the effect of coo]1ng

the gas aTong the co ex1stence curve f1rst to O 119 g/cm35:

”“; near the cr1t1caT reg1on, and then down to 0. 023 g/ém

(d/d VO 14) For the h1gher dens1t1es there is no. voIt- a

age s1gn effect For the 0 023 g/cm ; a voItage s1gn

‘effect may be appear1ng though the d1fferehce is not Iarge

B The curves ‘are aIso arch1ng more The h1gh vo]tage free

'1on y1e1ds are 1ncreas1ng as the dens1ty decreases

/

- f1gure III 137 shows free 1on y1e1ds 1n much moresc‘
MRS R :

"fdjlute_gases,f The voItage d1fference between pos1t1ve and

s
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' cr1t1ca] methane d = 0. 162 g/cm
A D ( ) apphed voItages,

O (+) apohed voItage
v 194K v

B D (+) apphed vo]tage,

,o ( ) appTled vo]tage ; B
Tozk. P RN

Free 1on y1e1ds as functlons of E 1n super—_ 3
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'FIGURE“',‘II‘I—'];‘JB?S.1“ Free ion: y1e]ds as funct1on of E in gaseous'

. methane D .1SA ('+‘)' apphed vo]tage O1s (- ) apphed
EOUARA SRR vo]tage:_: ‘_ ' | » ‘ %
A 190K and 0. 119 g/cm3

f «'B:* 183K and 0. 0755 g/cm
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FIGURE I11-136. Free ion-yields,as functﬁvqs*df’Erin gaseous

A R |

hethahe.[] is (-) appTiéd volpagé,-O is (+)'app1ied o

vqlgaée,'b | _ | . .b. : R | .
‘”QJA;,'{ij.aﬁd;010455 g/cm3j
B _.,1_581{ a‘n‘d_lov.4021_3‘ g/cm?. o
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FIGURf'III-]37 Free 1on y1e}ds 1nrgaseous methane as

funct1ons of E D is (- ),app]1ed yo]tage C>1s (+)

) :app]1ed vo]tage | ',“v . "_ -
A: 144K and 0. 0124 g/em’.
B: 133Kand 0. 0071g/an,  :  e
’-fbf 123K and 0.0039 g/cm o S
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/
negqtive applied voltage results can once more be .seen.
The cOne]usion of (15Q) appears to be suppohted, that is
the negat1ve vo1tage in sugh a situation is more correct.

Assum1ng that saturation has occurred at the highest

;f1e1ds, the tota] free ion y1e1d Giot at the;10we5t den-

gs1t1es are 3 ¥, 3.6 and}4 0 for O. 0124 0. 0071 and 0. 0039

\
g/cm3, respectlve1y, for the negat1ve app11ed vo1tage re-

Csults. Though the G, t may st111 be changﬁng, they are

. within 10% of the low density gas phase Gtot = 3.6

S

fobtalned for methane by other methods (see Tab]e I 1))

‘ these 1ow dens1t1es,,the model f1tt1ng is 1nappropr1ate

Var]at1on of b w1th G /Gt f is too , drast1c to a]]ow unique

;‘determ1nat1on of b

\ -
\

' ‘\\ Data for methane is summahized in'Tab1evIII—17,

%

e T R ik



122 .

153

170
173

179

180

vy
194
Tf§2< 1
1900

183

173

158

 //

T e

TABLE III-17

°.

Summary of Free Ion Results for Methane 2

308,

4, e Ggi‘ Gyot _8b° P
g/cm . 10 ° cm 10 g/cm
0.453 .72 0.59 3.0 560 250
| | "(0.61)- (3.0) (570)  (260)
0.412 | 1.65  0.70 2.8 540 - 220
- i ©(0.70) . (3.1) (500) (200)
0.357 ' 1.54  0.97 2.9 590 210°
o | (1.0) (3.1) (570) (200
0.314 .47 1.2 3.0 690 220
| (3 (3.2) - (es0)  (210)
0.303 - 1.45 . 1.3 2.9 780 240
AR (1.4) (3.2)  (780) .(240)
10.280 - .42 1.3 3.0 750 - 210°
| o (1.3) (3.4) (660) (180)
0.276° 1.41 1.4 3.0 80 240
‘ (1.E) (3.1)  (870) (240)
0.220 131 1.4 2.8 930 . 200
B : (1,§) (2.5) (1300) - . (280)
0.1627 1.2z o.%s 2.4 . 540 g8
| (0.75) (2.4)  (550) ( 88)
0.6 1.22 ogo 2.4 510 83
- ~ (0.70) (2.4) (520) ¢ a4)
0.119 1.16 $.85 2.7 © 590 0
- (0.86) (2.7) - (590) (71)
1 0.0765 .09 ‘1.7 2.8 860 66
| (1.1) (2.9) (800) (61) "
0-0855 1.5 1.3 3.1 1200 55
. o (1.5) (3.0) - (1300) (59)
0.023 1.03 2.3 3.5 2300 54
(2.5) (3.7) (2500)

(chtinded.:..)

(58)

v"




TABLE 111-17 (continued)

144 .0.0124 1.02 2.8 3.3
133 0.0071 1.01 3.6 3.6
| (A1) (a6

123 0.0039 1.01 3.9 4.0
. (5.0)  (5.1)

. Q'.’

2 positive app]iéd'voltage‘fesu1ts in brackets.

b static dielectric constant

€ Most probab]é thermalization. distance
d« " 1a o 3

| Tc = 191K, dc = 0.162 g(cm :

g N 4~r

309.
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ii) Ethane

Free ion yield results for ethane are contained in
Figures I11-138 to III-142. Data in Figures I11-138 and

111-139 (except 306K) were obtained using a high pressure

Tiquid type cell. The rest or the data was obtained in
a_high pressure gas type cell.
-The Tiquid phase results are shown in- Figure III-138,

At 1pw temperatures the free ion yields G vary .linearly

fi
with the electfic‘field‘strength; As the lTiquid is heated
a]qnglthe co;existence curve from ]66K, the free idn yields
betome‘$ub1iné$r1y dependent onn the electric fie]ﬁ
stréngth. There i3 élso mucﬁ more variation in'the'1iquid

/

phase;Gfg values than in methane. From Table III-18, it

cah'be seen that G?i[G for methane is always greater

tot
than 0.1. In ethane at 166K, this ratio is 0.02. In the
subsequent sections, théAother hydrocarbon systems will
be seen to resemb1e ethane in this‘regérdvrather‘thanf
hefﬁane. This ratio fncreases withothe temperature ‘and
the .extent of curvature. ‘
In Figure I11-139, frge ion yie]ds in,supercritical
'ethané are shown. The fop curVes'(A) andgthe higher
curve of B (307K) were obtained in a liquid type cell
'usfng_pbsiti;e_épplied Vo1tages; More recent résults
usfng a. ga$ type Celi and'%<neéative applied voltage are

given in B for comparison. Possible reasons for the .

discrepancy have already ‘been gﬁvéh in the discussion
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0 10 20 ° 3 40 50 . 60
. | E(KV/CM)

FIGURE III—138t.Free'ion yields in ]1quid1ethane plotted
against the e]ectrfé,fie]d strengfh. Temperatures
and densities (K, d): O (166, 0.571), O (224, 0.503),

A (242, 0.476),.0 (281, 0.430), + (298, 0.338).
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FIGURE I11-139. Free.ion yields in supercritical ethane °

as functions of E. d = 0.203 g/cm3. Temperatures:

A: O (307K), O (310K). — | o
B: O (307K), O (306K).

A
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for methane (Lectian Hrr c (1)), The aac t};gbc‘ cilbl o Shows
no difference betveen positive and negative applicd voltage
(Figure 111-140 () and (€)Y in the supercritical fluid,
It may be that the dead space in the Hf;uitl» cell i ‘mu(h
targer than that of the qan o cedlbe The revulte from the Ga%
cell ure preferred for the criticagl dvnﬂity‘

The top curves in Figdru ITL-140 50 the A bos arﬁ-nl
a density less than that of the supercritical fluid, The
free ion yields at th.hiqhux\fivldﬁ have increaved to a
lesser e{ipa{ than those at lower fields. The overall
effect is a more pronounced hénding of thu”%rve ion chvu‘
Further decreases in density appear in Figures 111-141 and

IT1-142. The threshold field at which froc dion yields

level off appears to shift fromu aDOUK*%5$g$/cm at 0.099
SBwd 0020 g/en’
This value remains the same when the dcnéity decreases.to
0.051 and 0.046 g/cn’. The high field free ion yields for
the three lowest densities arec all Qithin about 10 of each
other. The difference between the (+) and (-) applied
voltages are likely due to expgr{méntal'&catter. The‘
fitting parameter Gtot for these densities is 4.0 + 5¢.
This agrees with the total ionization yield obtained in

low density gases by other methods;of 4.1 (see Table 1-1).

Data for etﬁ%ne arc summarized in Table J11-18.
, s
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TABLE 111- 18 :

Freg Ion Resu]ts for Ethane a

" Summary of.

e G0

b _
f1'

166 .
e
242 -
281
298

1307

310 -
306 .

Pos1t1ve vo]tage resu1ts 1n brackets

0.571

- 0.203

| (9/cm3)f

,

0. 503

0.476
10.430 -
" 0:338
0.203

.
0.203%.

d
0.203%

N

0095 ¥

dor =306k, do

'ﬂ‘e Assumed equa1 to 1ow dens1ty gas phase va1ue

.82
1700
1.65

. -\ -
e d et d = :
.

| (6.o81)
(0.25)
.44 (0.78)

.25 ;'(1-2)-
25 1.
25 (1.1)
.25 1-2 o
- (.2)

102 2.2 |
(2

 ,1‘2€0f,
(2.0)

, 2.3
o (2.3)

105 230
‘.(2;4)”

_ b Stat1c d1e1ectr1c constant )

€ Most probab]e therma]1zat1on d1stance

= 0. 203 g/cm

(0.207
'(0.44);'“

25 (1.2)

2.9
(3.0)

(4 0)
(4.0)°
(4.0)°

(4.0)%
,(3.5).

NCES AR
(5 G@fv‘f“

3.5

s

3.5

©(3.5)
4.3
(4.2

3.9

(3.9)
- (4.2)

3.9

" (4.0) .

38
)

be

-8

“jp cm

317,

(93)
'K]05)
~(M0)
'”(140)\-g
~ (230)
.(250);'4%
(52)

(geo)tm

350
(350)
370

(360)

710

© (703)
790
- (810)
2100
- (1900)

V§]040 ,
(980) *
12000
~(1250)

(53)

- (83)

_(54541”,
(58)

(76)

(B2

72

Sy

75

- (74)

67

'“’(67)vv‘

(55)

54

58 .
. (53) Qa

53 .

C(50)--
55
1 (57) “f
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3. Propane B ; Z*ﬂt~

Free ion y1eIds determ1ned 1n propane appear 1n F1gure

111-143 to- 111 151, Data in Figures 111 ™43 to 1!1 145 ex-

f'cIud1ng the negat1ve voItage results in III 145 were obta1ned

in. 3 11qu1d type h1gh pressure conductance ce]] The re-

’ma1nder' of the resuIts were obta1ned in a gas type h1gh

}pressure conductance ceII

L1qu1d phase dat%\wn F1gures III 143 to III 145 show

xthe same generaI features as the free jon y1e1ds 1n ‘ethane.

‘kHowever, 10w enough temperatures were atta1ned to show an.

1

seffect that wWas not apparent in the ethane set The 10west

| "ween resuIts obta1ned us1ng d1fferent pd]ar1t1es The. (+

"type ceI] whereas the (-) resu]ts were obta1ned in a gas

Af1ons. Th1s trend cont1nues into the cr1t1caI reg1on'

,'(Flgure III 145) ‘ There 1s novnot1ceab1e d1fference,be'€

'voltage resuIts in III 144 (B) were obtanned in a 11qu1d

o

\.,-

‘r‘three curves 149, 169 and 197K in. F1gure I11- 143 are‘ine

L o

' ‘ ‘ 7
creas1ng super11near1y w1th eIectr1c f1e1d At 252K the

D
R

. free 1on y1e1d curve is I1near w1th respect to E and at .,

'276K, the free 1on y1e1ds are beg1nn1ng to bend sub11near1y

L

F1gure III 144 shows that the extent of bend1ng 1n—

o creases with the temperature ‘The eIectron f1e1d reached

,(60 kV/cm) was not suff1c1ent to totaIIy coIIect aII the

A0S
AR

- type cell. No d1fference can be noted up. to about 36 kV/cm.ﬁ

&

fWh1ch uas ‘the. max1mum f1e]d attalned in the gas type ceI]

T

~Further resu]ts 1n the supercr1t1ca1 f]u1d appear in




"' Figure 111-146. A seven degree var1at10n Teads to T1tt1e
change in the free ion y1e1ds | | .

. N Decreas1ng the dens1ty a]ong the co- ex1stence curve\
(Figure 1'11 147 (A), I11- 148 “I"I"TSO( A), 111 151) raises
the hlgh f1e1d vo]tages but increases the Tow f1e1d voTt—
age resuTts more The field where the free jon y1e1d seems -
t0*16V61 Off ShTftS “downwards a’ the denstty decreases p

'in a\s1m11ar manner to .the behav1or in ethane
The temperature effect aTong 1sochores can be seen
| {n Flgures III-I47(B),.IIIf142—;and III 150( ); The tem—A_‘v
. perature has been increased 13, 50 andeBQK for the_1so-v‘
wchoresfn/n T=.0.5, 0'25eand O‘TS’ respectTVeTy:v!The‘Varia-a,
~tion in free fon y1er is sI1ght There may.be?a‘sligthf
;1ncrease ‘The apparent voTtage s1gn effect is T1ke1y due:vl
‘ to scatter ) ,’ e -;‘ S b ‘q o g {hév-?

{ o - ' I

o, . The f1tt1ng parameter G (TabIe III 19) for d <

'tot.
0 0557 g/cm3 is fa1r1y constant and'EquaTs 4.0. This agrees
we]] w1th the 10w dens1ty gas phase total 1on1zat1on o
y1e]d of 4.1 (see TabTe I-1). |

Data for propane are summar1zed in TabTe 111-19.
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FIGURE 1II-143. Free ion yields_in liquid propane as .

“'fpnctiqqs‘of E."Tempetafure~énd‘dénsity'(T;d)§-*:

+ (149 ,0.680), O (169, 0.656), & (197, 0.621),

v O (252, 0.556), O (276, 0.526). .
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FIGURE I1I-144. Free ion yields in liquid propane

,Vas functidns of E. Températqﬁes'and‘HEnsities -

 (T.d): O(297, 0.495), O (314, 0.465), 8
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0 e f : \'l | | S 1 . 1 :
l(f 50 30 40 § 50 ° 60 70
g E (KV/CM) S
* FIGURE Lli-145; Free ion yﬁeids in'supersritical pDro-

pane as funct1ons of E. d = 0.220. : Températures
and polarities of the app11ed vo]tages |

A, O (370K, +), O (371K, ).

B, D(,3'-7'o,_»-')_, 0 (370, \+). 
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FIGURE iII-]46. Free ion yields in éhpercrititai

propane as 'functions of E. d ='0.220fg/cm3f

Temperatures and polarities of the applied
vo]tagés: Y'(377, -),“4.(377, +), 0(374, +),
- 4 (374, -), O (370, ->,£:1 (370, +). .
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FIGURE I1I-147:

b

polarities of the apqlied Vo]tagés (T, d, V):

A: O (369K, 0.180, -), O (369K, .0.180, +).

0.110, -), © (385K, 0.110, +).

¥ T '  L !
.
1 L 1 1 1
10. 20 30 ’ 40
E(KV/CM) .

Free ion yields in gaseous propane as

functions of E. Temperatures , densities—and -

B: O (372K, 0.710, +), O (372K, 0.110, -), A (385K
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FIGURE‘&II-148; Free jon yields in gaseous propane as

-functions of E. Temperatures, densitieé and
pp]arifﬁes of the applied voltages (T, d, V)£~,
A:O - (354K, 0.085, _-v)\,o (354K, 0.085, +), A& (360K,

0.102, -) B: O (328K, 0.0435, -), O (328, 0.0435,+).
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FIGURE II1I1-149. Free ion yields in gaseous propane as

func‘tions of E. d = 0.0557 g/cm3. .Temperatures and
polarities of the applied voltages (T,V): 0O (338K, +),

O (338K, -), A (346K, -), O (346K, +), + (383K, +), "
Y (383K, -). :
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;fiGﬁRt lli-lso.“ Free ian yields in gaseous propane as

L. o functions of E. A: d = 0.033 g/cn’, T = 317k,

N .U Ois f-) and O s (+) applied voltage.

__‘:f'“ ‘i B: d = 0.025 g/cm3u Temperatyre and polarities of
: '152'.' ' - applied voltages: X (436K,-), Y (436K,+), + (358K,+),

SR O (358K,-), A (306K, -), O (306K, +). |




——

;0_..’_..

P 24




g

o 385\ 1 0.

9

TABLE I11-19
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149
169, -
197
o252
276
297"
314
340
365
370 .
37
377

e

370

360

‘  §ﬁ354

fo,zzo

| (gen),
0.680
0.656-
0.621
. 0.556
0.526
°0.495
0.465 .

0.408

0. 305'

0.220"
0.220

0.220° -

o.2207
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Q.O.Q.
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2.00°

1.95

1.88 -

'1}767

172

S 1.65
162
453

S .38

1.26
’-_51L26-

1.26

(0 061)
(0 085)

(0. 17)
S (0.25) ©
(0.33)
(0.41):

(0 63)
(1 05)
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(1.3)
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328
'ﬂé4él 
338>" gfdési :
1 éif 1"0,033 ﬂ
'.;)1358;

‘?§06  f 0;6é§ ‘

297

e

Stat1c d1e1ectr1c constant

0.0435  1.05.° 2.
(2.
0.0557 . ' 1.06 2.
et (2.
0.0557  1.06 2.
1.06 2.
(.
1.047 3.
0 0.025 . 1.03 3.
 ‘ .;E ; - ‘f. (3;
0,025 . 1.030 3,
(e
1.03 3.
N &
103, - 3,
S 6.
0.0197  1.02 3,
o A

6

6) -

6

TABLE I11-19 (continued) -

ERE
(3.9) .

4.0

- (4.0)
40
(3. 9)_

4.0
- (3.9)

4.4

(4.4).

4.1

(4.2)
a0 L
(4.1) .
" 4.0
.- (8.0)

4.0

o) g
L3900
(3.9

P051t1ve app]wed vo]tage resu]ts 1n brackets 1

-

e ]

SR

E-' Most probable therma]1zat1on diﬁféhce'

3?OK 0 220 g/cm

© 1200
(1200)

990

(890)

930

© (os0y

1940 *

(930)
]700 e

(1400)
2020

- (2010)
1980
{(2080)
21000
(2100)
2200' | B
(2300)
2500
(2700)
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4, n-butane i o !

" Il e . B » oy » i , e

Free. IOn y1e]ds for n- butane are glven in Flgures IIP'

152 to III 161 Data in Figure III 152 were obta1ned infa

Tow pressure T1qu1d type ceTT Resu]ts in F1gures III 153

and III 154 (except the negat1ve voTtage set in F1gure IIIQd

\

154(8)) were obta1ned in a\h1gh pressure T1qu1d type ceTT

In the con T1qu1d (F]gure III 152), the free ion

y1e1ds can be seen to cT1mb superllnearTy w1th the eTectr1c§

ﬁneld strength at the Towest temperatures The d1fferencesvf‘

between the 203K and 222K resuTts at the Towest eTectr1c
f1ersQ“T

‘ fhe curves stra1ghten out Above 299K (F1gure III -153), -

, the free 1on curves: beg1n bendwng\over 1n the same manner

as. the free 1on curves in propane; The extent of the

' -8
. \curvature appears Iess than 1n propane

N ResuTts in: the supercr1t1ca1 fTu1d are shown 1n
F1gures III T54 and III 155 The d]fﬁerence between the
(+), and ( ) appT1ed voTtages are kaeTy due to scatter
The temperature 1ncrease of\I4K (F]gure III 154( ))

changes the free 1on y1ers by Tess than 7%, The 5K 1n-

1Y

: crease does not vary the free 1on y1er to any not1ceabTe

F1gures III 156 III 159 and III 16] show the effect

M | .
'ng the dens1ty aTong the co ex1ste%§e ﬁﬁrve, .
L £ -

\1gh f1e1d f ee 1on ywers Ieve] off The,electrrc‘ﬁleld\

o i

L ”H"-, SRR S,
.}’ S BRI = s % éy

DL T R

ay be Just dUe to scatter in the data Above 203thf

S A B

SRR oy

;
g
B
S
¥
i
5
§
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FIGURE III 152 Frge 1on y1e1ds in 11qu1d n- butane as

funct1ons of E.. Temperatures and dens1t1es (T,d):

0. 710) AR (I76K 0. 690), (203K 0.866), ' . |
A (268K, 0.607), O (298K,°0.578). °

e s

IX~(154K
0 (222K o 549)‘
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FIGURE'LII-153. Free ion yields in liquid Q?butane,és

functions of E.’nTémperatures and densities (T,d):

(421K, 0.309).

C/(299K, 0.576), A (352K, 0.443), O
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0 1 . | R L 1 ) LA ,
0 10 20 - 30 ° 4o S0 - 60
~ = E(KV/CM) & »

.FIG,VUR'E_ I:II'—‘].ES"Q»." " Free ion ,'yie]'d_s; in sup»er‘c‘rﬁitica] ﬁ-buta_n’e o

as functions .o_f E. d = 0;'228 g/cvm3. 'Temperétures_
afnd'po]bariltie's of ah'ppliéd”v;cﬂtages: (T,V): AD(4§7,+),
A(434, +), .?Q(z}.;éuK, +). .B: D (425K, -), L

T
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B iIFIGURE1III-155;'>Free,ioh-yie1ds in supercritical n-butane

> .as functions of E. d = 0.228 g/cm3.  Temperaturesm_ﬂ
and polarities of the applied voltages (T,v): +

| (430K,-), O (430K, +), & (425, -), O (425, +). =~
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FIGURE'III-156.-'Free ion y1e1ds 1n gaseous n- butane as
"
funct1ons of E/n. Temperatures, dens1t1es and

‘,npolar1t1es of the applied vo]tages (T, d, V):
i (423K, 0.168, -)s Y (423K, 0.168, +), + (409,
o 034, =), Q (409K, o‘.o94,~~+"3"',; & (384K, 0.050, -),
0 (384K, 0.050, +). - |
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FIGURE IIT-]57, Free ion yields in gaseous n-butane as

r

functions of E. d = 0.1714 g/cm3{ Temperatures and

poiariiiés‘of thé_applied>vo]tages‘(T,V) are: _
A: + (441K, +), O (441K,~). & (436K, -) 0O (436K,+).

B: + (428K, +), O (428K,-), & (420K, -),0 (420K,+).
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FIGURE I11-158. Free ion yields ﬁnvgaseoﬁs ﬂ-butane“asv

functions of E. dJ= 0.0575 g/cm3. Temperatures and

polarities of the applied voltages (T,V): X (444K, +)
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FIGURE'III§L§9.Q Free ion yields in gaseous n-butane as
functiogs of E. Tgmperatures, dens1t1es and polardities’
of the aop]1ed voltages (T, D, ,V) are A + (39]K, 0.0575_
-), o (391K, 0.0575, +), A (333K, 0. 0158, +), D (333K,
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FIGURE II1I-160. Free ion yields in gaseous ﬁ-bhtqne as

”

functions ofit. d = 0.0234 g/cm3.‘ Température and

polarities (T,V): X (458K, +), 4 (458K, -), X (430K,-),

Y (430K, +), + (366K, +), O (366K, -), & (354K, =),

0O

(354K, +).
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Lo strength“”where this occurs: decreases as the density de-

o The effect of temperature a]ong 1sochores iS'ishdnn‘k
L O,

ff%‘ihtﬁ@h1n F1gures III -157, III 158 and 111- 160 _respect1ve1y

RV R ;The shape of the curves 15 11ke thos'n the co EXIStencew':‘"’
Sl ~'_'-‘t°”‘”"e-:, Temper\ure changes of 21, 37 and ]04K for the -
ansochores where n/n = 0. 50 0 25 and 0 IO\hespectﬁver, o

: vI.3‘ﬂf¢'d1d not vary the free ion y1e1ds beyond the scatter of

~r5themdata set

tot equa]s 4 3 1n good

agreement w1th the Iow dens1ty gas phase va]ue (see TabIe

@::??_;t:' The fytt1ng parameter G

¥y
.*",,

o . C e ,jt', L 1

,2wf'f:f“ Data for n butaneoare summar1zed 1n\TabIe III 20

&
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| Summary of Free Ion Results for n-Butane®
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TABLE 111-20 (continued)

412 S2.2 ‘4&3 500 57
R T (z.2) . (44)  (480) (55)
a4 0.0579  1.06 2.7 - . 40 - 880 51
Lt R (2. 7) (4.2) . (880) (49)
427+ 0.0579 w106 2.6 41 8l0 4T
o R i o (2.7) - (4.7) - (860) - (50) -
407 .+ 0.0579 . 1.06 2.5 4.0 880 . 51
L C@ie) (@) (gso)y . (s1)
3o o0.0s79  1.06 2.6 43 770 s
e (2ee) 0 (A3) Cog70), (88) -
Cu.o 333 o005 0 102 A1 4.8 3500 56
RSV EE EPEE ' (4.3) - (4:9) - (3800) (59)
@65 0.033 L, 1.04° 3.2 &3 ' 1500 | 50 o
T e @ @) (1o
458 00234 . 1.03 - 3.7 .. 4.3 2600. 60
S e (a3 (300 (7_9?)
430 0.0234 . 1.03 3.7 .»4.3 ,,'\2400 R 7
R T (3.8) (4.3)  (3300) - -"‘(76)' ;
Tl 366 0.0234 - 1.03° . 3.6 45 2100 50,
e (Ee) - (a6) @o00) - (46)
354 '0;0234°'f¢;\1.03r’.'j,;3.6 45 2000 4T L
A .52§$ﬁa . (3.6) Afz(Als);;w(z1oo)‘,,¢ (50)
205 70.0059 . 1.0l “a2 7 azooi7000 100 R
o ,’f'\ A (3.8)““, @.3) (s000) | (29) . e
e et e ST e
Pos1t1ve po1ar1ty resu]ts 1n brackets 2

420

-
¥

*4”{‘~ o b Stat1c d1e]ectr1c constant ' j” , ik;;; ;.;~

”yﬂif”; 5 C Most probab]e therma11zat1on d1stance | .
S d‘T\‘-'425K, "4 = 0. 228 g/cm 300 | R
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-;9the free 1on y1e1d curve more d1st1nct1y

5.~Isobutane

Free ion y1eIds in isobutane appear in ‘Figures III-ISZ.'

to III 172. Liquid type high pressurepcells were used fo, -

’

“obtain the data in thetfirst\fourlfigures except the negaQ‘

: i a » ]
tive voltage set in Figure III—I65( B). Gas type hlgh pres-

sure ceIIs wer'e used for the rest of thIS data set

\

L1mﬂd phase results are conta1ned in F1gures III 162

‘1o III-164 L1ke propane and n- butane, the free- 1on y1e1d5«

at the. 10west temperatures 1ncrease w1th e]ectr1c f1eId

e'strength to a much greater extent than the h]gher tempera-

,.»u

"g.tures (F1qure III 162) . The Iowest temperature I4OK 1n-
'creases super11near1y w1th e]ectr1c f1e1d then appeam to

a,bend over once more A s1m1Iar r'@gﬂf occurs for 154K, bu

A %' &

I
-

to. a Iesser degree f At 173K, th 'er11near 1n1t1a1

__crease no Iongér/o::u?s~m\Ihe free/ﬁon y1e1ds for I73K
/“

-‘4’

181K, 214K, and 239K~are very $1m11ar (F1gures III 162 and

'IIIFIG3) '.Increas1ng the temperature to 270K separates

"

In F1gure 111~ 164 free 10n yleIds between 298K to

~Just beIow the cr1t1caI po1nt are shown Thé 298K does_3

*7plnot show a IeveIIlng of the free 1on curve even at 93 kV/

o

';cml The exte nt of the bend]ng seems more pronOunced as -
the tempera\x

res 1ncre€ses

vi‘ Data 1n the supercr1t1ca1 qu1d appear 1n F]gures III-j'

: -”165 and III 166 , The ear]1er, I1qu1d type ceII resu]ts hf

S v ti.e
show a: sI]ght 1ncrease°foﬁ a. ]JK TISG 1n temperature
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L FIGURE III 162 Free ion y1e]ds in I1qu1d 150butane as

f%nctlons I
‘vof E Temperatures and den51t1es (T, d) _ 3 (146K O 742) :

C) (]54K 0 723) £>(173K 0 70]), (181K 0. 692)
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'FfGURE’III—163 Free ion yields in liqUid«ﬁEOBUﬁqhe‘as

~ functions of E. 'Temperaturesaand'densipies (T,d):
O (214K,'O.650),"A~ (239K,‘ 0.620), O (270K, 0.586).
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(Figure I114165(A)),‘ The d1screpancy in F1gure III IGS( )

3

'between the . quu1d and gas' ce]] resu]ts “js likely as noted
in methane and ethane. ~The difference between the two sets

v‘of‘resu1t511s‘about 20%. The.gaS"ceTT results (ngure‘III-

166) also show an increase with the temperature'rf?e ~No-

d@fference can be noted between the (+) and (- ) appT1ed

ﬁvoTtages The shapes of the curves between the two. sets are

o’

gy

Tﬁ%;effect of decreas1ng the dens1ty 1s as for the othe”%

_ LA
§1m11aru;,, “, | : “

-L§‘7 y 1112 169, 111 171 and 111- 172.

¥ .4';‘

systems. The high field resu]ts approach a‘pTateau @nd ﬁgffi“"ﬁf

the f1e1d where this bend1ng occurs goes to a Tower value.
@# ) ‘
The 1n1t1a1 ,zero field. va]ue 1ncreases

o,

‘-F1gures ITI-168 and III 172 show, the usual m1nor

'1mportance of the temperature effect on the free 1on y1e1d

,compared to that of the densuty ‘ Increases‘of 20 and 52:

_degrees cause111tt1e varlation in the free jon

yjelds.

El

" There 15“ aTso no poTaruty effect on the isochore

r

iresnlts In F1gure III 169, themlower two curves also

“;'HQ be]ong to the n/n = O 5 isochbre Superpos1tLpn1ng
h

'th1s curve WTth flgure I11- 168 would have all the resuTts

faThng between the (+) and (=) resu]ts of the 399K curve.,

¥

The poTar1ty effect in F1gure III ]71 can be due to

4

scatter The pos1t1ve voItage resuTts may I1e a b1t h1gher'

.

) . ) w
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~as functions of'E},d‘=-O.222 g/cm3. A:vall.(+)_polarity_
i¢xfésu1ﬁs. ﬂTémpératures:[](AOBK),AAx(414K), O (423K). .

E B:fT = 408K. ‘PoiarityVOf_abplied‘vo]fage [J(f); &

.:(‘+)‘
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. FIGURE III-165.ijee ion.yields in.éupercribicaT isobuta@e,
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FIGURE III-166. F_ree_ .i'bh yields in supercritica]_. jsobutane
- ‘as functions of E. d = 9;2.22 Q/Cm3. Temperatures and

polarities: [J (408K, -), 2 (408K, +), O (414K, -), +
(418K, +), Y (420K, =), X (420K, +).
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FIGURE’III-167. Free ion yields in gaseous isobutane as functions
of E. E]fs:(—) and Ads (+) applied voT;age. Teﬁperatﬁres‘
and densities: A- (406K, 0.156), & (398K, 0.107).
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FIGURE I11-168. Free jon yields in gaseous isobutane as
fungtions of E. d = 0.111 g/cm3..Temperatures and ./
polarities of applied voltage: X (424K, +), ¥ (424K, -), @
+ (414K, +), O (414K, -), A (404K, +), O (404, ). ,
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FIGURE .111-169. Fred ion yields in,gaseo‘us isobutane as |
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- FIGURE II1-170.

functions of E.
poldrities of the applied vo]tagesﬁ X (hzsg, +),Y
809K, =), + (387K, +

g
Lok
1 Fiy
3
-
.
’ 1

376K, -).

d = 0.0565 g/cm3. Temquatures and

I
20

E (KV/CM]

30

“Free jon yields in gaseous isobutane as

R

), Q (387K, =), 4 (376K, +).07
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FIGURE III 171 _ Free 1on _y1e1ds in. gaseoue 1sobutane as

"‘,vo]tage A T 37IK d o 0545 g/cm .*‘

functwns of E. Ehs ( ) and Ads (+) apphed

“d;;B T = 352K d = 0 0350 g/cm
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Free 1on y1e]ds ln gaseous 1sobutane as .

“vFIGURE 111 17?

functlons of E 'T -/297K d =0. 0089 g/cm 3 _ el

1s ( ) and Asxs (+) app11ed vo]tage  ;; R
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"',.than that of the negat1ve voTtage Tn bbth-the‘391K curve
, 5 ) ‘

| .(F1gure 111- 169) and the 297;1( curve (Figure 111- 172) there

is an, apparent d1fference between the resu]ts of about 12%.

‘However, i the 391K, the pos1t1ve appTﬂed VOTtage resuTt

"-1s greater than, the negat1ve, and 1n the 297K the reverse
o \

s truew The negat1ve voTtage curve is: greater than the

T

"'_pos1t1ve The dlfference, once more may be due “to scattert'

/

The f1¢t1ng parameter Gt £ from TabTe III 21 equaTs

-4 7 (uslng aTT va]ues where d </O 089 g/cm ) Prev1ous

"fTvaTues of the Tow densat//totaT 1on1zat1on y1er g1ve 4. 3

g (see'TaEle/J/ﬂ .;J

s

k;meﬁt/can be pdns1dered to ‘be fa1r

Data for 1sobutane are summarlzed 1n TabTe III 21

; U - - . . . K . AR

% 388,

The present resuTt 1s 9% h1gher Agree-._;ft
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OTABLE I11-21

e P R
~ Summary of Free lon Yield Resu1t§‘f0r'ISObutanea

N

. L3 Sf “tot . - -
o o782 o202 (0.091) (3\ o) ~ (100) | (74) ‘.f

154 0.723 - 2,07 7 (0.100) (4.4 )'i‘Fv_(‘SZ):[, L 66).

173 o701, -2.02 0 (0.12) ¢ (42) . (92) - | (64)

1810692 201 o (0.13)  (4.2) o (92) \’

214 0650 1.92 ) (0.18) - (4.0)0  ( 9) S A

239 0.620  1.86 . (0.21)  (4.0) o (94) [ (58)

270" 0.586  .1.80 . (0,30)  (4.2) ™ (99) « ‘(58)~5/.‘

v oaee oS Tz (0.8) o (43) (o) (62)
318 . D.526 N.68 (0.57) - (4.4)  (120)  (65) \\

) 330 0.510 = 1.65  “(0.65)  (4.4) (130) o (6T)
. 359 0.462 *  1.59 (0.83)  (4.2) ' (150) . ()

o 438 14 (0.99) C(.2) (170) (76)
0393 . 0.378. 1.8 (1.4) . (4:3) . ‘523Q)f’  (8.

408, 0.222
ERY AV 0,222

403 . 0.315 ¢ 1.37 0 (1.6) © (4.5) . (280) . (B8) . -
1.5 (7). (A) - (302) (7).
= s (1.85) - (4:8) \_;'4310);; (69)
e - o022z 125 (1.86)  (48) . (310)  (69)
© a0 0222 1 25{ _j1;44' LAz 20 6

o o.Aa.¢;

o bizzz?ff1«:1:251 .47 . S B

(1 47) - (4.2) - °_(g§o) : *t(GZ)ff: ;

a0 - 0.222 -J;zs .38 AT 270 T

a2 o) o b

(1 35) (4 .2) ~(260) - (58)" ,Z’,,L;"\')A

L. 406 04155 Q%ﬁi‘1%Ta he a2 tam sl
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N AL a2 o as a0 ow
R S o2 ) N (11 R R (AT DR
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297

‘a6 o a0 -

0. 0555 |
- 0:0565 " .1.06
1 .0.565 - 1.06 .

Tab]e III 21

‘
.
i
f

(continued)

o L1z

E -O.TIwihg*fﬂ,12yil
(e

ot a2

2y

11.0.0565  1.06

VRS
N

Te = 408K vdc

4

oA

L0.089 111

“0.0089 - 1.01

 2

2

(2.
2
2
3.
(2.
6 (2.
g
L
(2
,viZ;
T T (2
©0.0545 ° 1.06 2.9
o e
5
u(4

;4‘». 
a) .
A
3)“;
o
.2)

0

6)
9) -
9.,
9
;8)_‘

8
8)

9
0
4‘x;i

5)

3
.8);_

. Statlc d1e1ectr1c constant ‘

4.7

4 6
(4.9)
a2
.(446)“

U (5.2)"
(4.3)

4.3
(4 3)
4.3
(4 3)
4.8
(4 8)
4.6
(4 8)
5.4
(5 0)

7Pos1t1ve vo?tage results 1n brackets

 qut probable therma11zat1on range.
= 0.222 g/cm37':",”

5{{4{ Ll

 '(4 g)f"

4.'3-‘ L |

520
- (470).
__}'55on;jq_.
©_(470)

490

(a%0)
630
© (530)
“(940)
fggq" ’;

\\990”' *
,._; (990) , ,
RRCIN
s A

 (1500). 7

360,

58 -
s2)

61 O

(52)

(s5)

56
(46)-
(53)

P T



"“are start1ng to bend Note that the free 1on y1eId has

t7f\over the two degree}range from 281K to 283K

6. Ethene

Data for ethene appear \1n F1gurec III I73 to III 181‘
] :

‘ﬁNo poIar1ty effect beyond the scatter of the data (~IO )

erx1sts ResuIbs in, FIQUFGS III ]73 and III 174( ) were

¥ l

/‘hobta1ned w1th a-high pressure I1qu1d type conductapce ceII

, "\
-*The rest were obta1ned w1th a h1gh pressure gas type ceII

Liquvd phase resuIts appear 1n Flgure III 173 _ The‘

f:iIowest two curves are vary1ng superI1nearIy w1th eIectr1c

’Q;fleld strength The upper two are’ varylng I1near1y w1th E.

ﬁAt 2 degrees beIow the cr1 1caI po1nt the free “ion y1eIds
7'ﬁtbare st]II smaII compared to the Iow dens1ty gas Gtot’i
"‘wh1ch equaIs 3 9 (see TabIc I I) Th1s is true even at

u"ﬂg30 kV/cm _ In the prev1ous f1ve aIkane systems,vthe free

on erId an the I1qu1d Just’before the cr1t1caI po1nt was\.

&.

~ much h1gher The Iow vaIucs reerct the greater ab111ty 3

N

A

-I_of the aIkene to capture the 1on pa1rs before they qan if

's'escape the gem1nate cage than the a]kanes ‘II b~b, _'\\”,lh

F1gure III I74 shows the free 1on x1eIds 1n the superQ

o Jcr1t1caI f1u1d At h1gh f1eIds (>30 kV/cm), theocurves °

s

: changed a fa1r amount in the I1qu1d from 2%9K to 281K and

The effect of decreas1ng the dens1 ';along the co-;

'aex1stence curve can be seen from flgures III 175 III 177

:III 179 and 111 18] The dens1ty attafned s, Iow

‘7.enough that a. fa1r1y fIat pﬂateau Can be seen (f13ures ;o

ey .
L R x-,5aﬂ\f

DR SR e
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FIGURE III 173 Free don y1e1ds as functfons of E in ]1qu1d

: ethene

app11ed voItages (T d V) (I73K 0 566

. ) : 362.
. N .
1 T T T T i ! LR
_ - . o (.
N .
= '.'."_' E[KV/CM)

AJ

Temperature, dens1t1es and. po]ar1t1es of the

-) A (]73K

0. 566 +), C)(239K 0. 452 '-), + (239K O 452 +)

> Y

. -

Y

-

@

(279K 0. 368 »-) X (279K, 0. 368, +), 4>(zsn<k;,‘ 0.278, -),
"X (281K, 0.278, +). I
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FIGURE'III—174;_Free ion yields as functions of E in super-

j\criticalléthehe; d = O:é2ig/c63. Temperatuke§ and-
polarities‘ﬁ% the applied voltages (T, V): -
B o Voo o -
A: .0 (283K, ) & (283K, +) O (288K, -) + (284K, +)
, ~Liquid type cell results : -

B. O (284K, -) A (284K, +), O (285K, -) + (285K, +)

. .Gas type cell results,

5 g

40

N
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~ FIGURE T1I-175. Free ion yields in gaseous ethene as functions
of E. Temperatures, densities and ‘po1arities of the
applied voltages (T,d,V): + (282K, 0.157, +), O

(282K, 0.157, -), 4 (275K, 0.105, +), O (275{K, 0.105, -)

s .
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FIGURE 11I1-176. “Free ion yields in gaseous ethene as functions
of E. d = 0.0762 g/cm3.\ Temperatures and polarities of
the applied voltages (T,v): x (294K, +)s Y (294K, -),

+ (274K, +), O (274, -), A (268K, +), 0 (268K, -).
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FIGURE I1I-177. Free jon yields in gaseous ethene as functions

of E. Temperatures, densities and voltages (T,d,V):

+ (265K, 0.074, +), O (265K, 0.074, -) A (256K,

0.056, +), OJ (256K, 0:056), -).
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FIGURE I11-178.  Free ion yields in gaseous cthene as functions

of E. d = 0.037 g/cm3. Temperatures and polarities of
the applied voltages (T,V): X (295K, +), Y (295K, -),
+ (254%, +), O (254K, -), & (244K, +), O (244x, -).
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FIGURE 111-179. Free ion yields in gaseous ethene as functions

¥
: of E..01s {-) and & is {+) applied voltage. ‘
ot A T = 281K, d = 0.036 g/cmz.
B: T = 226v, d =

0.022 g/cm3
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*75FIGURE III 180 Free 1on y1eIds in- gasebus ethene as.‘iﬁ":
3 \

,l;funct1ons of Ef_ d O 0088 g/cm 2 Temperatures and?”'

‘o

:f;prIar1t1es of the app]1ed vBItages T V) Y (297K +)

+ (2351< +) 'o (236K ,-) A (206K +), (206K )‘»
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FIGURE III 181

SR A T 203K

TR B.Q T = 1/95K d =0, 0073 g/cm 5

Free 1on y1e1ds 1n gaseous ethene as

1370.




r// ‘ . . ’ . ‘ 4 . | -l - L . . E o “.
A ] T N Vi
III 180 and III 181) otherw1se, the curves have qua11ta-

/

)/t1ve features as the aTkahes Decreas1ng dens1ty Teads to
A/Z‘an 1ncrease of the h1gh f1e1d free jon y1e1ds up to a max1-:,
| .hUm. The f]er at wh1ch th1s maximum. 1s atta1ned ShTftS to

T a Tower vaIue as the dens1ty decreases. q .

F1gures 111 176 I11- TLS aﬂdmIII 180 show the tempera-‘g‘

.ture effect aTong 1sochores where n/n 0 35, O 17 and- |

'0;04g_respect1ve1y ; There may be an 1ncrease for n/n =

';0\35 bat the other two show no cIear var1at1on greaferf

‘;than the scatter 1n the data sets lf.'_ 4' 41 wa' L »'\s;h.

The free iom yfers 1n the Iast two f1guhes seem'th+

'.dependent of, the f1e1d strength at h1gh f1ers The

‘_'eexper1menfa1 pe1nts are cTustered about 4 0 _ Th1s a@rees'_”ﬁ

. I

_T{weTT w1th the totaI 1on1zat1on y1e1d obta1ned in the Io
"dens1ty gas of 3 9 (see TabTe I- I) ‘ | |

g ‘_‘ Data for ethene are summar1zed 1n TabTe III 22 :iﬁ*h“hfFﬁf
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Table 111-22

a“

_ \Sﬁmmary'bf Free Ion Results for Ethene
S - S S R .
T4 e By By P b R
K : Q/C\m3 _ ' 108 v10’8 g/em® s

173 0.566  1.82 0.0l 2.0 - 53 . 30 ,
L e (2.0 (52) 30 S
239 o0.452, 1.62 o0.040( 20 . 71 32
o (0me) (2.0 (e (32)
279 ¢ 0.302.0) MA9 014 3.0 - 95,9
S e TGy (98 fee)
281, 0278 1135 020 .35 10 31 o
o v - e \\ : ""_(0‘.].9) o (3,,,5-),, .4-(,”0) ) . (“31)’, L  *'
- 127 029 - 3.0 160 3 o -
o (m28) (30) (155 (34
286 022! o3 34 1s0t o 33
LT T ke (3.8), (150) L (33)
285 0.2 vz o35 20 20 ag .
Lol (038) L (2,00 (2200 (48) -
T t.27 033 25 8 a1
T e e (0.38) L (2.0)  (220) o (48)
282 0577 1.9 .0.51 2.5 20 42

i

o283 022

Coos 0.2t

S es) L (2.5) L (2m0) o (42) o
275 .. 0005, 11005 3.0 .30 36
o294 - 0.07%62 - 1.08 1.35- ‘3.5 . sl 39 -
S (1es) 0 (3.6) 0 (540) T (a1)
2747 v.0762. 1.08 1.2 3.4 500 38 0
| }Z}j:  “~ri;{: " vff”_f/;f,;(1;3)r w;[’ (3p5)-if “(SZQ) . ,.”(40)‘: _
. 268. 0.0762 . 1.08.41.2 . 3.58° - 40 37/ o
e @) (s20) 0 (a0) Y
. 265 © - 0.074 . 1.08°-1.3° 35 - 540 ' 40/

o an . (3e) (s o) L
| e e ) (3.9) ) (790)° o (44)
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.'3Stat1c d1e1ectr1c constant
; ?Most probab]e therma11zat1on length
C T |

0.22 g/cm3

1040'
'(1020)

1020

1(1020)
1010
. (1050 _*
1300
(Moo
12400
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"vii) Propene .

| Data for propene appear 'tn~Figures III~182 to III-TBQ.
',ResuTts in FIgures III-182 III 183 and 111- 184(A) were a
‘ obta1ned w1th a h1gh pressure T1qu1d type ceIT The rest

 were obta1ned w1th a high pressure gas type ceTT No polarg "
B ) “-Q e

«

1ty effect exxsts | _ o “_ B \nx - o .

1

~ The’ trends in the ]1qu1d phase resemb]e those in ethene u
Throughout the T1qu1d range,‘the free 1on y1e1ds remain 10w'ﬂ
In the Towest two temperatures, 231K and 254K (F1gure III—,
182) the free‘1on,y1e1d curve 1s increasing super11near1y

w1th'the eTectric fier LAt 296K (F1gures III 182 and. III-

- f183); the curve 1s a]most 11near though there may be as

isT1ght upward bend. The curve for 318K 1s jlnear,'wh11e
Ky FON

.)\

vbthat of 350K maywhave a s@1ght downwards bend (F1gure III-
‘183) : The curve at 364 5K 1s deffh1te1y bend1ng downwards

9 (V

= £
The free ion: y1e1d has 1ncreased smooth]y as the temperature

.‘ . /
¢

was 1ncreased EEURE ,fd,” e

Above the critical po1nt there is 11tt1e d1fferencecr_:;:w N

6 . 4

-enbetween resuTts obta1ned 1n a I1qu1d type céIT or a. gas

h typelﬁell (F1gure BII 184) Increas1ng the temperature»_
‘ 5

from 365K to 368K to(870K does not not1ceab1y ra1se the‘
‘f free ion. y1e1d The bend in: the curve 1s s]1ght e |
The temperature effect on 1sochores where n/nC

(42

‘ 0’5 O 25 and 0. 13 can be seen from F1gures III 186 III-_

‘w*r187 and III 188 respect1ye1y There may be a sT1ght

'Tj1ncrease,_but most I1ke1y any d1fference is due to scatter
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o FIGURE III ]8§\\Free ion y1eIds in I1qu1d

[ vo]tages E](296K O 512 +)

- EaN— 4l
'30 - 4o

'/

"‘A_ (296K, -0, 512

1 0.472, - )3 (3]8K O 472 +), Y (350K 0. 380

- .0.380, 2), 4 (364_.5K,40.27O,.7

-) o (318K,
+), X (350K,
), & (36A.5K», 0.‘270_},(“',4).4

60

:1‘»of‘E. Temperatures, dens1ﬁ1es and poIar1t1es of thé appI1ed

gropene as funct1ons s

\
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FIGU3£ 111-184. Freelioh'yi¢1ds'in supercritical propene as
fUnct{éns;ofvE,'a = 0.232 g/cm3. vTemperatures and Qo]a?ities
‘of the applied voTLag@s”(Tzv)gr |

(A: [3.(365K;'+),v£$(365k; -}, O (368K, e),+i(368K, +), Y

_:‘(37OK* +), X (37OK;-5) Liquid'ce]]kresults. -

B: - ¥ (368K, =) O (368K, +), A (365K, =), O (365, +) .

. Gas cell results. | ’ ‘ R

-
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FIGURE TI1I-185. Free ion yields in gaseous propene as functions

> 0of E. Ois (+) and A s (-) applied voltage,

3

AT = 360K ¢ 4

i
{]

0.200 g/cm’
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-Al

361K d < 0.158 g/em’
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" FIGURE 111-186. Free jon yields in géseous propene as functions

of E. d = 0.116 g/cm3.~Temberature and polarities of applied
voltages (T,V): | |
. O (366K, +), A (366K, ), O (368K, +), + (368K, =)

B: (358K, +), & (358K, =), O (362K, +), + (362K, -).
' o K . - {
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FIGURE 111-187. Free ion yie]ds in gaseous propene as functions
of E. d = 0.0575.g/cm3. "Temperature and polarities of the

applied voltages (T,V):-X (388K, -), Y (388K, +), + (367K, -)
O (367K, +), & (348K, =), O (348K, +)...
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”fl‘(}y&uw_@ Free don yields in gascous propene as functions
of [ d = 0,029 g'/cm3. Temperatures and polaritics of the :
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Ao (381K, ), O (3011,4), & (3571, -), O (359, 1)
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Examination uf the qas phase results {(Figures TI-181 to
111-189) <hoaws <imilar trends to those noted in the pther

hydrocarbon <ystems, BDecveasing the gqas depsity fFeom Uhe

! s H
supercritical fluid to 0,000 g/, theo b, Y oglonm

(Figure 1IT-185) leads to a gefinite bending utf the frec
jon yield curve, At lower dencities, the free ion yields

are bending over towards a masimyi byt tnsyfricient fiedd
o i i “g ’ '
ctrength did not allow the value toibe actuyally reached,

; . \ - ! L. 3
as in ethene (Figure T11-18V), Even at d = U.23% glenm
£ o= 16 kV/em wat not gquite enough (o attain the masinum

plateau (Figure Ili»lﬁﬁ),

The value of the fitling paranetler Gl cqualy 41

ot

for‘éurves whﬁré d - 0.029 jfcm3 or 3.6 for d - 0.116

g/cma. The low density gas phase total fonization yield

is 4.0 (see Table I-1). Agreement is within about 107,
Data for propene is ahmnAfizgdﬁin Table 111-23.

-

v
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= TABLE I11-23-.
‘ ' I R i;1'7m54¥> N , ‘ ‘ .
. Summary of Free Ton Yield Results ‘fOY:i:P’t*'op'enéa‘ ok e

; .

T . . N N d " o B Ebu R "_G? . ..: (/ /‘
BT 3 1
Sk g/em o T
231 0:605  2.05 . 0.037

B R IR (5 T _"
- jj254  '1';‘0;578|j;1;82 u i0gO47:. ”°J'3.85f"5

e S

3

LR 0any (38 T
-5(23"1‘87' ; 0;095“ﬂ:v>,318‘;\

N T

) .i“-°;;f(0.995) ‘.f‘(§,8}j?,?; (28)

.. 0,083 7 1380
S (ooBe) o (3.8)
318 . 0472 1.80 0 02 38
e e (38
3500 . 0.380 1.61 C0.22 .38 - 76
JE "(0;22)‘,'7 ‘(3;8)% :l.f“(76)

'”i’.364f5.,,:;0:270j'~1234f . 0.38 EEEER J- 1gqf~;»jl‘]»32.”
Coo S (0.39) 0 (3.8) (1200 (32)
365 ., . 0.232% 1.33 . 046 3.6 G w1
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o ey 3e) a0 L (32)
7 364 S 0200 1.-2‘4?_,_.,"0.54‘2- » ' 35 : © ve0 32
S oy (ae) (16 (32)
U6 G048 1.3 0.68 . 3.5 2l 3
) (38 (@) (@)
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»a\TABLE 111-23 (continued). .

366.% - 0416 ;‘TEib ;'3oﬁ93LL'('-},3.5 P71 .3}  e
T e @usy (270)Y -~ (31) -

362 10.116 1.12° 0,98 3.6 . 0 32 e
T 099 (e (a0) o (32).
358 ‘“ro.]is‘ 209t 3 0 o 3
L S G Y1) R € 00O R (310) . (36)
388 0.0875. 1lb7 13 28 a9 2
B I R P R TS S I
367 h'f_fﬂ*°575,,1-07- Sl2- o2 2000 30
e () (520) . (30)
348 0.0575 .07 ~ V.20 . 2.7 o580 e

02y (2.8) fi;"**(49o)'* Co(eey

”f38ff f-1“j0.b29’“ 1.03. 2.8 a4 1090° :*,jj32_4jf'5~
o B TR €25 BT 5 D I (1040) | |

?
~~—
A
O
N

Cem 0029 .03 27 41 L jgs0e 32

.

4

3057 0029 103 2.6 . 4 S _*;;.;fézr“

R ”.(2-4f7 .if'k410)’_*'1 (1100) CodEe)

Pos1t1ve vo]tage resu]ts in brackets

1§
Stat1c d1e1ectr1c constant _
. Most 11ke1y therma112at1on d1stance;

.;<T = 3p5K" g.d 2 0. 232 g/cm

d'ﬁgm

Cc

R 2 N C P B o (890) ;-_f'(fé);if S

Cze) oy L (12009 s
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-1\ “;..8, CycIopropane s T

o Free 1on y]e]ds for cycIopropane appear 1n F1gures III—

»I90"to 111- 197 )Data 1n Flgures III 190 and 111- 191 were

‘1coIIected by a I1qu1d type h1gh pressure conductance ceII

\\\

‘;The other resuItsvmre obta1ned with a gas type h1gh pressure'

cell. No d1fference between resuIts obta1ned w1th pos1t1ve

/

or negat1ve voItaqn is apparent for d > 0. 058 g/cm3 ' The\

3d1fference betweer ne resuIts at Iower dens1t1es is I1ke1y

1

tfdue to scatter  ~'»" ?'f,ﬂ-.j f{ E I-d;d’ f" 3?9‘

In the I1qu1d (F1gures III 190 and III 191) the tree

>1’1onxy1eId curves are I1Pe tho&e of the aIkenes The vaIues
e \

>-;of the free 10n y1e1ds are. Iop up %o the cr1t1cal point,

\though :-/near the cr1t1ca1 reg1on (393K) and at the. cr4t1cal1

a? R 4

' 7~_reg1on, the vaIue is greater than in propene Th1s 1nter—

~

"med1ate behav1or between that of the_aIkanes and that of the

<\ -

‘aIkenes 15 enother exampIe of the duaI nature of cycIoproQ‘

ujpane [At 254K (Flgure III 190) the free 1on V1eId is not1ce—v;'

I*—any super11near w1th respect to E At 296K th1s 1s st1LI

'ttrueobut 1s Iess not1ceab1e it At 332K the free 1on y1e1d is w
;I1near1y dependent upon E Further heat1ng of the I]qu1d
-pto 367K then to 393K (F]gureIIII 191) Ieads to the onset of"

'bend1ng of the free 1on y1e1d curwe. In the cr1t1ca1 regnonﬁ_v\d“i

A . b

'j_(398h) the bend1ng 15 fa1r1y not1ceab1e ﬁ@creas1ng the

B eavay Fatter the conductance ceII

o

Itemperaturevlh Ieads to no separat1on » H1gher temperatures

. Y. . ©

were not attempted s1nce the h1gh cr1t1ca] pressure can
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FIGURE III 190 Free 1on y1e1ds 1n I1qu1d cyc]opropane as.

funct1ons of E
the app11ed vo]téges (T, d V)
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.FIGURE:III-191 Free jon y1e1d

/cyclopropane as funct1ons of E V
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Results obta1ned in. the gas ceII for the supercr1t1ca1

f1u1d appear in F1gure III 192. The 10%~difference cmmmrmito

the 11qu1d cell results s due to the grav1ty effect,

Y

o In the gas phase: the behavior para]le]s that‘1n ethene

No temperature efﬁﬁgtgoccurs anng isechores where n/n =

o, 46 (Figure 111-194(A)), O. 25 (F1gure I111-395), or 0. 099

fﬂ(F1gure I111- 197) .. For n/nC = 0\099 the apparent d1fference .

,

\

creas1ng the den91ty anng the co ex1stence curve Ieads to/
'the appearance of a free jon yield p]ateau at h1gh f1e1d
-Vvstrengths AS before the threshOId f1e1d sh1fts to a
HIOWe;D va]ue as the dens1ty decreases ' A un1que vaIde for:
the thresho]d f1e1d cannot be determ1ned due to the gent]e—
,'"ness of the bend At 297.7K (Figure 111 193), the ‘bend s
ia 11tt1e more thanv il the supercr1t1ca1 f1u1d At 396K the
jbend is a b]t more.not1ceab1e At 385K (F1gure III 194)
t“ithe h?gher f1e1d port1on of the curve is f]atten1ng off
I_At 358K th1s Ts a bit more not1ceab1e (Flgure III 196) The“
bzero f1e1d free 1on y1e1d has been 1ncreas1ng aII the wh11e
Ab 296K the pIateau dom1nates /The pfateau seems to have
a]ready dom1nated the curve by 321K (F1gure-III-197) |
The h1gh f1e1d free don y1e1ds at the Iower two - ';
vdens1t1es appear‘ cattered about 5. 0 U Th1s is aIso the k
.'nneeded va]ue of the f]ttlng parameter Gt : for d $’0/II-
g/cm (TabIe IT1- 24) Th1s vaIue' 5 19% hlgher than the
T]ow dens1ty totaI 1oh12at10n y1e1d of 4 2 (see TabIe I- 1)
' Data for cycIopropane\are summar1zed in. Tab]e III 24
. s : - .

.
. P

R o

v S o A

1s due to, the h1gh degree of- scatter at that dens1ty .De -

9
PR

(%)
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FIGURE.IIIL192;K Free ion yields in supercritical cyclopropan

as fUHCtiOHS of E..d = 0.248 g/cmg.‘ Tempefatures and polarities

.of the app1iéd‘v6]tages (T,v): O (398K, -), A& (398K, +)," |
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FIGURE I1D 193. Free ion yields in gaseous cyclopropane as
- functions Jof E. ,i‘s (=) and A is (+) app]‘iedf_vol_tage.’
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B: T=39%6K ~ d=0.185 5/cn°
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FIGURE III-194. Free ion yields in*éhssou§ cyc]opropane as

functions of E. Temperatures and po]aritiés of the applied

-voltages: A: X (398K, +), Y (398K, ), + (384K, +), O

(394K, =), & (387K, +), O (387K, -) d = 0.115 g/cm’

© B: O-(385K, =), A7(385K, +) d = 0.11 g/em]
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FIGURE I111-197. Free ionyie]ds' in gaseous cyclopropane as functions
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¥
264
296
332

"367
393
398

399

399
398

397.

396
- 398
394

387

JARLE 111-4

Summary ot free lon Yields in Cyp{nprﬁpanud

d
q/cmd

0.656
0,602
0.544
0.470

0.347

0.248
0.248

0. 2489

0.185
0.115
0.115

0.115

b

1

1.8%

0

Oy

0.3
(0.075)

0.12
(0.12)
0.21
(0.21)
0.33
(0.33)
0.60
(0.59)
0.93
(0.93)
0.93
(0.93)
1.1
(1.1)

.0

(r.m
1.3
(1.3)
1.5
(1.5)
2.0
(1.9)
1.9
(1.9)
2.0
(1.9)

T tot

(120)
180

- {180)

180
(180)
200
(200)
200
(200)
240
(240)
280
(280)

400

(390)
410

(410)

420
(410)

396,
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xi‘1n TabIe III 2J }'S1nce the squb1I1t1es in cycIohexane o

6)

9. IsobutaneAWith Squur'HeXaquoride (SF

S

)\

densed 1nto a’ h1gh pressure ceII _ Isobutane was added SO

"

that the totaI number of moIes emmIIed .. for pure 1soPutane
\n'

'"The totaI amount of SF6 added equaIIed 0 15 Ip?ﬁ 4.9 and
-1]9 5 mOI % when the ent1re sampIe\ws 1n the gas phase AII;

_:dthe resuIts 1n F1gures III I98 to ZOI were oétaxned w1th

"ments for the I 2 and the 4 9 % sampIes agree w1than 2
dfto the poswt1ve vo]tage resuIts at aII temperatures measured
'_MFree 1on yleIds were determ1ned 1n “the quu1d phase at a

“-.number of temperatures between room temperature and the

supercr1t1ca1 reg1on The requts are summar1zed 1n TabIe

The exact squb1I1ty of the SF6 tn 1sobutane 1s not* '

6

'~knoyn ' A prev1ous caIcuIat1on (Q32) for measurement of_
“”free ion- y1e1ds 1n neopentane w1th SF6 (142) assumed that
v,fthe squb1I1ty will: be the same as cycIohexane The squ- -

tb1I1ty in cyclohexane about room temperature 1s about 0. 054
P

.

"moI % for a. part1aI pressure of I atmosphere 1 Assum1ng

2. /

. .no 1sobutane is .in the ceII the pressure correspond1ng

0

to the number of moles of SF6 added af the measured tem-‘.
“perature can’ be caIcuIated from the- f]guresy 1n Chapter 3

”;and the append1x in. ref (23]) These vaIues are tabuIated

‘;\

Known vqumes of SF6 at. atmospher1c pressure were con- -

decrease/u1th temperature, and room temperature ts d.h19hér?,

ﬁ dfpos1t1ve apPI1ed voItage SampIe:negatIve voItage measure'bdt

'z
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1% from that observed

i ~ ' . . _"0 : . y \»ﬁ
reduced tcmperature (T/T ) for 1sobutane (TCVE'SEOK'for.’

B

‘cyc1ohexane compared to 408K for 1sqbutane) the so1ub111ty

'_ of SF

'W1th more SF6 are 1Tke1y»to 1ncrease the so]ub111ty of then

-

ol

1s ]1ke1y less(for a part1a1 pressure of R atmos-

L3

6
phere)‘ On the other hand the h1gh pressures for the samp1es

4

{

SFG i A]so ‘the so1ub111ty curve is known t00r1se as the f

cr1t1ca1 po1nt is- approached '“If the amount of SF6 d1s— -
so]ved does not exceed about 50% of the tota1 number of

mo]es of SF6, thxs representsno more than 5% of the tota]

number of moles of SF6'1n the sampte For the ca]cu]at1onsi'

of the fr@e 1on y1e1ds tne bu]k denslty was assumed to be

about the same as the pure 1sobutane at that temperature

4"

: Even about the cr1t1ca1 po1nt 1n the 9. 5% samp]e,_th1s

fto have decreased the free 1on y1e]ds 1n comparwson to pf

o -

wou]d 1ntroducejan error of no more than about 20% ifhen

L

m1nor ro]e of the SF6 on the P V T propert1es of the m1Xie S

tures can be seen from the temperature where the samp1e AT{
wentlgaseousz: The: apparent cr1t1ca1 po1nts were 408+1K
fOr'the'O‘15 fle, and the 2 5 samp]es, and 406 + 1lk»
for the other two ' Ca]cu]at1ng the expected cr1t1ca1

po1nt by’ the method of C. C Li'c1ted on p. 140 of ref

(231) ]eads to a va1ue of 40]V wh1ch is a d1fference of .

row

Exam1n1ng the curves, the add1t1od§§f SF ts_seen

those of pure 1sobutqne over the same temperature 1ange

(thures ILI 164 and 111- 165) The hapesof the curves,

s IR I TR

399, °

§
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[

‘-}fhave also changed“ For the 0 15% sampIe aII the curves are

3st11] sub]%near]y dependent on-E (F1gures III 198) L1tt1ef:”

'change 1s noted as. the amount - of SF6 added goes to 1 %_

(F1gure 111- 199) ’ For the 4.9%‘m1xture‘the:freebion

i . . & . o . R . vv v,,
' y1e1ds decreases yet more (ébbure 111~ 200) SR

There 1s.another decrease thouéh Iess when the amount'
‘ ‘

' ,eof SF6 is 1ncreased to 9, 5% (F1gure III 201) LAt the 10wer “:

;temperatures of the 9. 5% the free 1on y1e1ds are super—

"I1near1y 1nCreas1ng w1th E. }‘n"‘ﬁ jf kR A;J'?‘
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. FIGURE 111-199. Free ion yi’e\]bds in hqu1d isobutane + SFe.
/_ | .[SFB] = 1“2:'"0] ‘7 Whén.;'T > Tc (408K),. .Temperature's are: B

O (363k), &

(392k), O (408K), + (411K).
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FIGURE I11-200. 'Frijo'n yields inTiquid isobutane +SF g

[SF6]A=“4.9 mol % aboye the critical point;i Temperatures
are: D_(338K),_‘*Av;(3ag<), O (408K), + (411K),
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FIGURE ITI-201.Free ion yields in jiquid isobutane + SFe.
L - N . . S ] . o [ ¢ . N . A
‘_:[SFél = 9.6 mol '% above the critical point. Temperatures are:
o \ N Lot ar L . : A . N .

O (298K), & (335K), O(376K), + (409K), Y (412K).
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TABLE 111-25

Summarx:of Free Jon Yields in lsobutane + SFé

Aa 0 ; C
T . d c 60 Gyor b bd P
K g/cm3 108 ecn 108 g/cm2 atm
(1) 0.15 mol% SF
298 0.553 1.74  0.32° 4.2 95 52 0.49
366. 0.443 1,57 - 0.55 4.2 120 52 0.60 -
395 0.371 1.46  0.79 4.2 150 54 0.65
408 0.22° 1.26 1.1 1.3 200 44 0.67
412 0.22°> 1.26 1.4 4.3 220 48 0.68
(2) 1.2 mol% SF, ,
363 0.459 1.59 - 0.43 4.2 100 46 5.0
392 0.378 1,47 - 0.57 4.2 120 45 5.4
a08 0.23° 1.26 0092 420 - 180 L 5.6 -
an 023 ‘126 091 42 180 a 5.7
(3) 4.9 moly SF6
338 0.497 1.65 0.22 4.2 74 37 18

380 0.416 1.52  0.31 4.2 85 35 20
408 0.25° 1.26 0.60 42  lao . 35 22
M1 0.25° 1.26  0.59 4.2° aa 34 " 22

~ (4) 9.5 mo]%‘SF6.

298 0.553 1.74° 0.096 4.2 56 n .2
335 0.520 1.69 0.15 4.2 o 62 32 33
376 0.425 1.54 - 0.23 ° 4.2 73 3N 38

409 0.27° 1,26 0.48 4.2 - 20 32 42
a12 0.27° 1.26° 0.48 4.2 © 120 32 42
a. Used va]ues from pure jsobutane
' b. Ca]cu]ated by a linear mole fraction 1nterpo]at1on



IV DI SCUSSTON

~ ’

A. Electron Mobility

1. Methane

The two variables investigated were the electric field
strength and the temperature Each will be dispussed first
for the low dens1ty‘gas The var1at1on of the effects will

then be examined as a funct1on of f1u1d density.

a. Electric Field Effect

i).devDensity

20

The electron mObiIity fn methane at 6 'x 10 moIe_c/cm3

is fie]d dependent at E/n > O(ﬂ2 Td (Table II1I-1). The |

/

dr1ft ve]oc1ty at. (E/n)threshold is usually compared to

the low frequency ve]oc1ty of sound c in the saturated

0
]9,< n.< 100 x 10]9 c, s .

280 + IO m/s (225) A number of methane mob1I1ty curves

vapor (70,71,233,234). At 2 x 10

ifrom Chapter III are p]otted as dr1ft veIoc1t1es in
~F1gure IvV-1. The curves furthest to the r1ght a]ong the '
E/n axis are for the Iowest dens1t1es . At the low den- |
s1t1es,,the dr1ftuye10c1ty becomes superIinear uith_E/n,

that ts electron heating hecomes'notiteab]e, at a threshold

veIoci.f.of'270 + 30 m/s. "The ratio (V)i reshoid’ o
equals 1.0 + 0.1, ﬁmpIyTng that the dominant process
moderating the eIectronreherby in this density range is
‘eIastfc co]Iisipns (178,180)5‘ Increased inelastic cpnr

tributions would increase tht§‘ratio(70){dA third

406
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FIGURE 1V-1 E]ectrdhfdrift velocity plotted against (E/n)

. in liquid and gaseous methane (1 Td = 10;17 v cmz/mo]ec);
Densities .and temperatures (n/iOZ], T): & , 17.~(;:)‘m01’ec/
cm>, 91k; & | 15.5, 122k5 v , 10,7, 178k; O ) 8.3,
189K; O , 6.1, 193k;0 6.1, 196K; v, 2,2, 198K; a | 0.73,
154K; ¢, 0.16, 124K, S :
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quantity that is constant at low densities 1is pn alOng'the
coexistence curve.

ii) Effect of Density

Plots of (E£/n) d)thresho1dx’(vd)thresh—

threshold and (v

o]d/cO » and un as functions of density are shown in

Figures IV-2 to IV-4; Increasing n above 8 «x 1020 leads

te a change in all four quantities. The decrease in un
is attributed to quaSiloca]iza}ion of the electrons by
Van der Waals clusters of molecules (233). This is.an
inelastic -process which causes an inchease in the other

2 . :
! a sharper increase to

three quantities. At n > 6 x 10
a cusp af ~8 x 102] occurs for the/threshold curves. Only
the un curve 1ncreases smoothly through this dens1ty, by
more than an order of magnitude, to reach a maximum at

21 mo]ec/cm3. This large 1ncrease is caused by

11 x 10
conduction band formation. These features are s1m1 ar to

those of the Xe un curve (also shown in F1gure 1v-4) ,

The cusp in (E/")thheshold and (Vd)threshold occurs

because du/dE chahges sign at 8 x ]02] mo]ec/cﬁB_(see
"~ Table ITT-1). At B x 102] increases in electron energy
cause little effect on the mobiVity. On the high density -

‘side of the cusp, the (E/n) retUrhs to a value :

thresho]d
- near that of the ]ow density gas, cons1stent with, the
single scatterer approthat1on of the Cohen—Lekner mode]
of electron transport in liquids of sphere like molecu]es
u(178 ]80) It should be noted that the scale of the

E(Vd)thfeshold curve on the high density side of}the cusp
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pTo* of. un How f1e1d strength hm1t) agalnst n for therma]
e]ectrons 1n the coex1stant hqu1d and gas %hases of methane

- (O) and xenon (A,,ref 233) The arrows mark.n’ e Some

of the methane po1nts are averages of . two sets of resu]ts

b “at the same’ dens1ty ’ . methane at T + 3 = 194K : 2@
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'gﬂfactor -

v S .
0 : e :

.1s 1/]0 of the sca]e on the 1ow dens1ty s1de (FigUregiVQZ)'

T

1There 1s a 40 fo]d 1ncreaseioalso can be seen from Flgure'

V- 1) i Th1S d1fference 1s,once more cons1stent w1th the R
5Cohen Lekner mode]l wh1ch has worked wel4for s1mp1e 11qu1dsd‘
;Jnear the1r'tr1p1e pov ts‘(185 234) f The scatter1ng cross-;j\

vvsect1on of the mo]ecu]es is assumed to be reduced by the'5

;1ong wave]ength 11m1t of the structure factor, S( ) so

that the e]ectron mob111ty at h1gh dens1t1es “hd is reducedjif!u

i

:[from the ]ow dens1ty mob111ty u]d by the 1ncrease °f th1sj;f‘

1]

's;'(b)'

r

where k 15 the Bo]tzmann s constant and XT is. the 1so—5?\e

€

N ”therma1 compress1b111ty at n and T (235)» At 1ow den—‘?~‘

"S1t1es S(o) ,é Accord1ng to th1s mode] C ' ”,#“

(vd)thresho1d (Vd)threshold/s(o) d- (3)
' ”h:dens1t1es j ‘at. 10w dens1t1es .g '

22

~methane.at'95K,‘n%- 1. 67 x 10 and S(o)

nkaT ? : f.rtc“wihf'h(Z)f&_‘sh?‘ii{fgi;_ij
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in moderating the electron energies even at e < 0.1 eV.
A o oo SRR ¢ L,

r)

v o b, Temgerature Effect'_

\i) Low Dens1ty Gas:

o

An Arrhen1us p]ot of the gas phase mob111ty from

Tab1e/III—1 1s g1ven 1n F1gure IV- 5 v The varijation of the S

!

1ow f1e1d mob111ty w1th temperature can be used to get the

fenergy var1at1on of the electron mo]ecu]e scatter1ng cross-f

;;sect1on ov g Values of oy ¢ @st1mated from the curve 1abe1]edf} \

0 71 1n F1gure IV 5 are shown 1n F1gure IV 6 Ear11er re-
"su1ts (17,18, 52 53,56) are rehab]e at €> 0.1 eV but not
“’at lower Wa1ues s1nce exper1menta1 measurements were made

._.at E/n >0,2 Td (above therma] energ1es) on]y The Max—_
| we111an d1str1but1on for 200K 1nd1cates that the energy

'range that affects the transgort of the therma] e}ectrons

vﬁﬁf ';t-ws ~0 002 <e < 0 2 eV@ Use of equat1ons_(19) to (21):of-ﬂ
» ) - ov = ,0’_.‘0'102' v.v-]’88cr_n2- | (\4)
\over the temperature range 117 < T < 297K, where V’iS  a2
4 59, 3'x 106 €” Tak1ng an average cross sect]on (assumqngia
: Maxwe111an d1str1but1on ) Jeads to | | '
| an'='5vi/iv/0 > A
o '*"""k"pﬁﬁ? “ J)/2/5"’(5/2 /2) sy
"‘,‘1’ , . I‘ J . )
et \eer) L]
L where e Vs the e]éctron1c mass,‘k Bo]tzmann s constant, »
_ ?ﬁ;jﬂf‘r(5/2~*uJ/2)‘a gamma funetjon' and J and b are f1tt1ng R

; g [y N
.
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L4

. FIGURE-:IV'—S Arrhemus p]ot of therma] e]ectron mobﬂ1t1es ,(]ow f1e]d
strength hm1ts) in methane gas at d1fferent dens1t1es (O) - The
;numbers 1abe]hng the ]1nes are the dens1t1es in umts of 1020

' .vmo]ecu]e/cm3 Mob1ht1es in the gas a1ong the. vapor/hqmd coexist-
ence curve are: represented by A, The hne through the data fo/ ‘
7 1 x ]O mo]ecu]es/cm3 was ca]cu]ated from equatwn (20) of Chapter I.
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minimum, and ihen anqther 1ncrease.- The sharp rise“tn’

~mobility at n > 6.1 x 10

6.’

parameters def1ned a's for equat1ons (19) to (21) of Chapter

1. For methane at 300K_4.L,o'.v = 4, 0 X 10 -16. cmzi

i

i ) Effect of Dens1ty

, The effect of dens1ty on un can be- seen from'Figure'

/

Iv-4 and'has/been’br1ef1y discussed above. The varfation,.

L ( 5 21 oL ' " i
of mobility at n > 6.1 x-10 5 is more clearly shown in
| \ : . .

Y

FigureLIV-7.\ The mobility drops as the'density is*in-

.ereased a]ongxthe co—exfstence uap6r (open;ctrc1es) A'.
lgm1n1mum is reached in the v1c1n1ty of the cr1t1ca1 reg1on
LFurther 1ncreases in dens1ty (dark c1rc]es) lead to an
.1ncrease of more than an order of magn1tude A naximum

h1s,atta1ned;, Further 1ncreases in dens1ty ]ead to a v' ﬁ h

21 is due -to the conductfonvband

formatiOan Phe max1mum 1nd1cates the pos1t1on where the

u;]ong range attract1ve forces and the short range repu]s1ve '

: Fbrces best ba]ance each other d At h1gher dens1t1es the

decreaserns due‘to the_dom1nant short*range repu]slons,
LiqUid phaée measurenentsfot’earliermwbnkersfare shown .
for compar1son | | o

Through the range 0.6 <n < 6.1 x 102] nio]ec/cm3 .; the
quas1free e1ectron nob1]1ty u is 1ncreas1ng’(58) al-
though un 1s decreas1ng at 0. 6 <'n< 2 X 102.l (Figure IVQ
4) ,If the 10w f1e]d (E/n < 0 06 Td) mob111ty at 293K °

is used as a measure of J (58), the ratlo of (m n) /
. . B \ . .
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FIGURE 1v-7. Ar‘rhemus p]ot of ther‘ma] electron mobi'liti.es '(10\4! field . '

‘strength limits) in the coexistant liquid (O) end gas ('O)'phéses
- Values 1n the superheated gas at the cr1t1ca] de-sity are’ 1ng1cated |
Resu]ts from references ]27 (V, 5.1 MP), 96 (0O) and

1‘1097( ) are 1nc]uded for compamson o | ‘

]
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is 1.05, 1.25 and 3 + 1 (extrapolated) for

o . .
(u n)qu density
20 20

n=2x 1029, 11 x 10

and 61 x 1077, respéctive]y. The
un at any ve]ue\of n-and T depends on the fraction of
»e]ectrons in the quas1free state. ‘In the dense gas, the

loca11zat1on occurs on sites. which may be regarded as

dens1ty fluctuations. oo , | N
. ‘ ' medium —— site : (6)
el f *osite T ey | - (7)

where E~qf\]s\}he quasifree e]ectron and e loc the Jocal-
ized electron. The concentrat1on of the site depends on

K3

the free energy change of equat1on 6, that is

1 . \

kg = [site] =7expt-AG6/RT] | (8)
wher:e'k6 is the equ111br1um constant-sand”R is the gas

constant. The equ1]1br1um constant for eqUat1on 7 is

EERPIN

k7.;‘-_ 1oc : ‘ (9)
[e qf][s1te ] -
‘and "since thekfoac%ipn bf’qUasifree}elecfrdns f'is v
L f = fe qf/[e'qf].+:Le ]OC]}-
= {1+ [e_ ]/[eh f]}
- S 1 - /
= {1+ [s1te]k b :
[ . ’ : 2 Y
} _ _ : vé‘f'

and since un = (uon)f



[

. F1gure IV 5 to get (u n);

319,

then : : - : \
f :{[(pon?n/un]'- 1}= [sitelk, ‘ (10)

and by using equation 8

T , -(AG, + AG,)
109{[(u°n)n/un] }= 6 77
RT
S =AS U MM S | oy
| R :
“where 45 = as%¢ % 2%, and s = aK®g + aH®,. A plot of .
1og {[(pQH) /un] -]}-versus T-] gives a line with a slope of .

(AH/ R) and an 1ntercept at T~ gL D of (AS/R); "The (uon)

at a g1ven n and T was’ est1mated using the 0.71 curve of

low density and multiplying it by

o n) /(u n)

1ow density from referencg, 58 Values are.

: tabu]ated in Table IV-1. At each density AH :‘TAS, or

AG = O as expected near the co ex1stence curve: AS/S(O)

approx1mate1y -]9 J/mo] K AS s approx1mate]y proport1ona1

to S(0)~wh1ch~1s re]ated to the magnitude of the density

f]uctuations;‘ The denSIty fluctuagions .and hence the

[s1te] and extent of quAs110ca11zat1on are ]argest in ‘the
co-existence vapor and decrease ‘as the gas is heated at
consté%t.dens1ty. The blac&)dpts tn Figure'IV54 show uh
at T ?tT o . ;_ There is no noticeabTe difference

co-existence
27

between un at n =‘1-x'1o compared to 7 X 1019 The decrease

1n quas11oca11zat1on upon heat1ng is-also reflected 1n a

,decrease in threshold E/n va]ues as the temperature is

/ increased a]ong an isochore (see for example the decrease
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¢

21

at n=6.1x10" "when the temperature was changed from 192K to

196K in Table III-1). The decreasing threshold field is a

refleptionlof the decreasing threshold drift velocity.
v ’ £

i
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2. n-Alkanes

Data for ethane, propane and n-butane are taken from
Tables 111-2, 111-3 and 111-4, reSpectively.
a. Electric Field Effect

i) Low Field Strengths

The mobility is constant at low field strengths. In
Figure IV-8 the low field values of un are plotted against
n for the coexisténce fluids. The arrows indicate the
critical points. "The curves for the different systems do
not cross Increas1ng the length of the carbon cha1n in-
creases the average Cross- sect1on at all dens1t1es At
Sall densjties the curve for ethane is above that for'prb—
pane, which is above that for n-butane. (

There are similarities between the different syste=: .
At low densities un is independent qf n. "In this region
‘the e]ectron;mo]ecule scattering éross-seption is deter-
mined by single'body interactions. At higher densities
_quas11oca]1zat1on occurs, leading to a-decreaée in un.
Th1s.happens at n/n 10.37 ‘(ethane), 0. 25 (propank) and
0.13 (n—butane) As n 1is increased further,coﬁduction
band format1on causes pn to 1ncrease once mbre The -
curves pass smoothly through the critical reg1on,:atta1n
a maximum and then drop steeply. “The sharp decrease is

caused by é]ectron localization.

111 Threshold Field Strengths ) yVa

F1gure IV- 9 shows the threshold fields (E[n)threshold

20

At n< 6 x 10°° the threshold field in ethane is about
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‘- ;un is 3/2 x 1023 no]ec/chs j so that

!reflectlnggthe greater 1mportance of- 1ne1ast1c processes_‘-' - VV”'
~”1n ethane compared to methane As for methane,_du/dE on}.f

‘dff‘the low den51ty s1de of the gusp ‘s pos1t1ve, and on theﬁl
S {

‘Townsend m1n1mume1s at therma] energy. In-11qu1d ethaned_diH
_ f'at 294K, du/dE is: st111 negat1ve and (E/n)thresho]d is
SR T Td(lzg) Between 4.1x102

'7,from the locaﬂ1zed states( 120 129 202 204) Th1s,thresho]d o

'poccurs at f1e1ds near 102 kV/cm
- 0. 08 Td a . factor of 3 ]arger than 1n etha e. A cusp occurs at a .

j".1t1Ve on. the 1ow dens1ty s1de of the
a'denSIty s1de; and zero at the cusp

by an—prden of magn1tude across the cusp At T<218K a pos1t1yeh'f:§
- fle]d effect due to f1e1d ass15 SR ‘
rh?pe]ectron traps 1s observed V

’ia temperature between '18K and the cri1ca1temperature(37OK) éf;7isai

e

| SR 3 P oL o
PR IR f Ja e ﬂ%i_v S 425,
' 0 24 Td a factor of 2 1ad§er than in methane (0 012/f;3 “"»- [ﬁft

(vd)threshold ]S

yff 770 cmVs”" S1nce the 10w frequency soumd ve]oc1ty C i$=

~]250 + 5. m/s (225)’.(Vd5thresho1d/ ¢, eguals 3. 1 ?f_'t G

h1gh dens1ty s1de of the CUSp,negat1ve‘ At the cusp,-

‘?‘dp/dE ~ 0 wh1ch can’ be taken to mean that the Ramsauer—_ ﬁf"_ | -é‘/

o

21 (306K) < n < 7. 1x1o (294K) ,

* d.the thresho]d decreases from' 0 35 to 0 ] Td At n > ] o"jo22
".[and T < 216K du/dE 1s pos1t1ve aga1n The pos1t1ve figlld..

I,

?‘effect at h1gh den51t1es‘1s re]ated to f1e1d ass1st'd escape !

S B R
"'\ .

U . ; ;o

e In 1ow dens1ty propane gas, the thres o]d E/n 1s about’

@

dens1ty near 4. 5x1020 (a]so see Table IId 3) The du/dE 1s pos-

iusp negative on. the h1gh
{ .

/The thresho]d f1e]d changes

SRR R s 2T N

ted re]ease from the_‘fff

20) In analogy to ethane, a’

tran51t1on to a negat1ve fqe]d dependence shou]d occur atf




In n- butane, du/dE is Dosﬂnve for tﬁg ent1re dens1ty‘

’range No cusp is observed ‘ Measurements coqu not be

l

extended to dens1t1es ‘near the cr1t1ca] region. Noallquid“i

- |
ﬁphase thresho]d f1e1ds have been reported

;suTt reported at n, é 3. 5 X TO y a]so showed

2‘fa1r agreement to the present est1mate of 1 Td | Even at

~Tow dens1t1es, the pos1t1on of the Ramsauer Townsend mmn1mum

has e1ther-fno Y sh1fted tO\thermaT energy, or e]se the

s

| "d1p may be. too smaTT to aT]ow determ1nation from the

';-exper1menta1 data From the temperature dependence of

B
’ th7/low fler dr1ft ve]oc1ty the energy of the m1n1mum had

jbeen/est1mated to occur at ‘€

0.13 eV and to be of a sharp

paraboT1c shape (64) The pos1t1oniof the m1n1mum 1sv"

Te

about the same as that of et}ane - The sharp m1n1mum can— )

;‘not°be correct eTse the f1e]d effect would be much more

)

pronounced The temperatur u varaat1ons of the ]ow f1e1d

-mob111ty 1n both the prev1o s (64) and present (thure
Iv- 12) works are too sma]T;to 1nd1cate a drast1c :
change Fn Cross- sect1on over the‘rangegof the MaxweTTian

rd1str1butron,(ebf-032 ev)%‘

- Coa

b, Temperature Effect’

i)*Gas'ﬁhase'

Gas phase therma] electron mob1T1t1es aTong the CO~
‘ex1stence curve are p]otted in F1gures IV TO to IV 12 as

'funct1ohs of T ], From the 1sochores,.the mob111ty

e - - aze.



' EIGURE‘IV”]OF E]eqtron mobility in gaseous ethane a]ong the co-;;v

g
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) and above it (@) plotted aga1nst T
dashed 11ne was ca cu1ated us1ng equat1on 20 of- Chapter I
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\ : i

can be seen to increase at all densities with temperature.

The decrease for the co—existende’cbnditions reflects the
SN IR

increase in n-withfthe‘increase in T.
The 1ow density mob1]1ty as a funct1on of . T can be
' used to extract the average cross- sect1ons fbr ‘the three

a]kanes 1n the same manner as foramethane The var1at1on

i
|

.of the’ momentum transfer cross sect1ons w1th e]ectron

velocity v can be expressed as - ) f

ethane o = 1.72 v "2:200 = (qp
,pr%pangfa§’= 4.08 x 1072 vy ~1-92 T (13)
g}bﬂtane'ov ='2570 X 10'5 v —1%45, ' 0 (14).

.'.'1

s I

which, when integrated,by equation 5, g1ve average cross-
. L ; -1
sections (in un1ts of 10 6. cm ) of 3. 9 (ethane)

pane) and 13 (n- butane), all at 300K.

Increas1ng the dens1ty 1ncreases the temperaturee
coeff1c1ent a]ong the 1sochores._ The;va]ues are given in
Tab]e.IVhZ. pApp]1eatJon of the quaSi]ocalization.model
(equations 6'to’1i) can on]y'beuappiied to ethane. #(upn);
can be obtanned or extrapo]ated from the 1ow f1e1d data

'-rh reference 66. For propaneg the e]ectronsrat the ]ower

‘

rf]ﬁ]ds are st111 Toca11zed. " No data‘for.n-butanetex1st
For’ ethane, appﬂ1cat1on of equatlon 11 a]]ows the calcu—
viat1on of - AH anq AS. As before AH ~ TAS ’ The rat1o‘

".of AS/S(O) is about 20 nearly the same va]ue as 1n T

- methane. Va]ues of the activation. energ1es and the other

? 11 (pro- )

MR S T B e R IR
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parameters are given in Table IV—2.~'.

]
/

ii) Liquid Phase

In the liquid phase,where electron localization dom-
| :

inates the mobi]ity,the-temperature is a more important

parameter than the density. Arrhen1us p]ots of the ther-

ma] e]ectron mob111t1es are g1ven 1n Figure 1IV- ]3 A

]0ca112at10n mode] deve]oped from work on ethers (Chapter 1

bsubsect1on C: The ether mpde]) works qulte well over the

entlre 11qu1d range ‘away -from the cr1t1ca1 reg1on (131,195).

o

The electrons are assumed to be in two states - an 1on ]1ke- o

state or an extended (h1gh mob1]1ty) state ‘ In the 1on-‘
llke state the mob11$ty is of the/order of 10 -3 cm /Vs.
In the extended state the mob111ty is 104 to 105 times

s1arger The rélevant equat1ons of the model are

c (1 -x)u%; expl-E, ]/kT] + Xu v (18)
(equat1on 26 of Chapter 1) .

!
G« -]

X i/.‘N_(E)[];' exbl(E/hT)],_,]dE ‘,(l1'6)-
CN(E) - w_%d;]exp[ (E -’Eo)z(gfg"‘ )
,aEO 3 E(O) : aT | ‘~.,_ 1 A ‘ “H(jg):
A b o = g(0) + bT R ' L ‘(19).7.;1
uéh ? ref(dref /dT) (T ref /T) | ,h. : (20)%3{'

X 1s the fract1on of e]ectrons in the extended mob1]1ty;gz

state w1th a mob1]1ty of£ Oh | The i i]'and Ei]“are

T L e i s v, i

FESSIRTNTEERAPLP S
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respectively the pre-exponential factor and activation
energy of the localized (1on 11ke) state. N(E)dE is the
re]at1ve number of ]oca11zed electrons that requlre ener-
gies between E and E + dE to be excited into the conduction
band. /The distribution of exeitation.energies is‘assuned
to be Gaussian Eentered about E with a dispersion 0.

Both E and o are assumed to vary- 11near]y w1th temperature.

'-The quas1free electron mob111ty u h is assumed to vary

-,0 60 eV and 1°

~The apparent act1vat1on energy a]ong the ]1qu1d curve 1s

4]arger if the mob1]1ty is sma]]er Th1s Js cons1stentj§;f

inversely witQ\the temperature and as the square of the

. a o} . .0 - ‘ .
density. u raf 1S M hvat temperature Tref and oene1ty

B - . . . R - °
d .. . R o

ref”

!

Unique values of_the parameterﬁ could not be obtained
by fitt%ng the experimental data. To reduce the amount
of flexibility in the calculation, E(0) is anchored at .,

atﬂ30‘cm2/Vs at 295K " For ethane, 1 =

ref refr

F
74 at- 185K (the bo111ng po1nt for ethane) s )

"The, ca]cu]ated curves (so]1d 11nes) are g1ven in

F1gure IV 13. The ‘parameters used are in Tab]e IvV- 3

There. does not 'seem to be a s1mp]e pattern to the a

_va]ues a/E(O)«ls calculated since the ana]ogous quant1ty

for the opttcal absorpt1on energles in ethers 1s constant
3

at 1.7 x 1‘0_»f The n-alkane va]ues are ‘about 25% h1gher “3]);

" Two other po1nts can be noted from F1gure IV- 13 ‘ég;"

w1th the above p1cture A largér apparent activation®
Las i

energy means a deeper trap andpfewer‘electrons in the’
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1000/T

2

FIGURE IV 13. Electron mobilities plotted against T -1 for ethare

(O), propane (O), and n- butane (A), both in the liquid phase (open

symbols) and the supercr1t1ca] fluid (solid symbols). Symbo]s with
a hor1zonta] bar through. them are taken from ref. ]20 and 129,
Symbols w1th .a vert1ca] bar are from ref. 109.
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extended state, Secondly, the mobility at the critika]

point decreases with tﬁe‘]ength of the carbon skelcton.

\



3. Ethene, Propenc_and Cyclopropane .~ S

tData are taken from Tables IiI-G(ethene).Ill-? {pro-

pene and ITI-8(cyclopropane). - Ly

a. Electric Field Effect , a
Available thfesho]q field strengths normalized by n
are plotted in Figure IV-14. Over the density range
.shown, du/dE is‘negatiye‘for ethene and cyclopropane,
and positive for propene. This means at (E/n) > ' |
(E/"ythreshoyd’ the mobility decrg§5es withJE/n in é
ethene and cyclopropane,and increases in propene. This
is in agfeement withvp}eviOUS cross-sections for the
Tow density ga%es 'pub]ished by Duncan and Wa]ker,(67,;
78). They reported that increasing the electron energy
from 0.02 eV led to an increase in cross-sections in
ethene and cyclopropane. For propene, the cross-section
decreases and has a minimum at 0.2 eV. The effect of
high e}ectrié field strengths is to increase the energy
of the electrons. | \
The values of the low density threshold field
strengths aré 0.27 Td (ethene), 0.44 Td (propene) and
-~0.22 Td (cyclopropane) (Figure IV-4). The gthene _ \\
threshold had been previously reported as 0.3 Td in %he ‘

4 19

low density gas at 4 x 10/ <n <'1.9 x 10'%, invirient

e o A b B A R

with density (785. These values,compared to the values
‘for ethane (0.024 Td) and propane ( 0.08 Td) from

Figure 1V-9 , indicate the greater ability of the double

»r
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’onded compounds to therma11ze hot e]ectrons The cyc]o--

) ‘ prppane bodds are not so]e]yustngle or doub1e bond 1nja'"
jh_:vecharaqter, hence the 1ntermed1ate va]ue Of the thPESh01d
,tii/fd ?/fleld (between that of propane and that of propene) |
.//?;‘h,;:;p;:hl;ﬂ~jbiT Dens1ty norma11zed ﬁob111ty :
//5'f;1'dgj_f'~ Va]ues of: pn are p]otted/aga1nst n 1n F1gures IV 15 I
; .';ﬂi*fﬂ5b and IV ]6.: The propane data are‘breproduced 1n F1gure’r~“

j? ng@:a.ﬁ IV 15 to aTlow compar1son between the C3 hydrocanbons

~

At Tow vaTues of n, un 1s constant W1th va]ues in_"

L L S .

o ﬂ i4” ““‘ts °f ]0 mo]ec/cm VS,'of 3 3 (ethene) (cyc10—'

i propane), ] 5 (propane) and 0 54 (propede) In cyc]o- ?
;jlﬂ‘;;gs propane and propene, un decreasps gent]x w1th n @t
7],f7f315*7 n > 4°X ]D (F1gure IV 15) IL ethene the decrease

ffglq/f_dgf occurs at n ES 5 x }0 (F1gure IV ]6% The decrease

$ﬂfﬁ cont1nues untﬂ the cr1t1ca1 denshty 15 réached Tn"the g
. '.‘ /.’ " ‘ -
s / ki X \i
S , I :
o j” an 1nf1ect1on po1nt 1n the v1c1n1ty of the cr1t1ca1
o i i D
d dens1ty n At n > 1 3 nc,un drops sharpTyinth 1n—. .
”:creaSIng n o ;’ v_\__f e k':VA : :hhr :
iy The 1n1t1a1 decrease 1n un at né \5 X\JOZO in. the 7tﬁ3ﬁ
Hfﬁoccurs at a dens1ty where the average
] ’enter d1stance bedween the:molecules 15 about o
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TABLE 1v- i | '. e

Mo]ecu]ar Propert1es for the C Hydrocarbons and Ethqu .

KA AL
em?)  (pm) = (10_24 ¢m3)

‘?V a » b
. 9” . (9av) 300k
(nm) (]Of]s

‘C2H4ﬂ 0.36 . . 4.4 B ; 0.]2‘ ; j 231

C3H8 0.40 114 \f ’ »"\Q,]Q : o 0.9.

CiHe-1 0,40 'ez",fv . 0.32 B "“ 2.1,
c-C,H 0;4' 6 . 0.5, . 1.45

376

0.2 x (0 ogbb)]” nm.
/ .

b. Ca1cu1ated by Equat1on 5.7
/“)%

L. ? = (°av)300K . »
d. An1sotropy of po]ar1zab111ty reference 238

e



(3. 3 x 10° ) w1th that of ethanef(3 2% 10

pane (2 4 x 1023) ‘to propane (T 5 X TO

"‘The extent of moTecuTar cTuster1ng shoqu be s1m11ar in’

The decrease tn un cannot, therefore, be attribnted to-the. -

r

simultaneous interaction of several uncorreTatedhmoTeches,
;The e]ectrons have to be sTowed by some’ process such as
-~ those represented by equat1ons 6 and 7. The mobility is

-reduced because the eTectrdns undergo'a quasiTocaTization

process w1th dens1ty fTuctuat1ons ° The"prevﬁous sections
for methane and ethane have shown that AS/S(O) is about

constant, 1nd1cat1ng that the. entropy change 1s mostTy

*assoc1ated w1th the format1on of the Toca11zat1on s1tes
'eThe extent of quas1TocaT1zat1on is an 1nd1cat1d§§of the
ab1T1ty of t&f]md# to form fTuctuatwns of the Corr‘ect

size to Toca #e the eTéctron

The Tack of 1mportance of the,doubTe bond at. Tow

4

v oy B

‘dens1t1es can be observed by compar1ﬁg un for egpene

23 : "‘“r"i"

F

fThe ethene structure is sT1ght1y more compact 50’ that

the cross sect1on can: be sT1ght1y smaTTer, g1v1ng r1se Lo a

/'

: Targer un The same is observed 1n compar1ng cyc]opro—

23). ThepTower “"1

__for propene compared to propane can be attr1buted to

the presence of the d1p01e moment (237)}rathervthan to...

; )

 the double bond T

: 'As the dens1ty 1s 1ncreased the differences between

' ’the»cycTopropane and the oropane un curves 1ncrease

[4

\“_ the tWO'yapors-at_the same ya%ue of:n/nc The greater O

-

443,

moTec/V cm s)
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‘decrease “in cyclopropane indicates that the trap/depths

. . N , " ' . . . .

. N o R ) N . . o
are deeper in cyclopropane than in propane for density
,fTuctuations of the same magnitude;,‘The cross—overﬁof pme

21

vatues occurs at n = 1.3 x 10 mb1ec/cm3'(n/n = 0. 4).

In the 11qu1d phase the traps cont1nue to be deeper ﬁn
‘cyc]opropane than in propane. However,‘1n ]1qu1ds well

D ? i
be]ow the cr1t1ca1 po1nt the e]ectron mobilities are

& curve crosses that of cyc]o%rqpana

mo]ec/cm3, indicating stronger e;”%ﬁ,

. : Py . B
11qu1d cﬁc]opropane than. 1n propené *#The various‘cross-

21

.. -ings‘at;;; hﬁgh dens1ty end of the pn curves (n > 7 X 10
ztgF . Amo]ec/cm ) are caused ma1n1y by the temperature differ-
S ~ences. s' - "1 - . o o *.{‘Qﬁﬁr’ |
| The ethenﬁ and ethane curves a]so divergd” as the
}zdens1ty is 1ncreased The ethene curv&rdrops/te1ow that{d
| *of ethane at n ~ 6 5 'x 1020 mo]ec/cm (n/n 0. ]4) The
*sa ﬁrat1o of un‘%% tﬁéﬁﬁow Q@ns1t1es to “that at the cr1t1ca]
hfdens1ty,n§wtw1ce as 1arge 1n ethene as in, ethane ’ These,'
. ."resu]ts 1nd1cate the greater 1mportance of the doub}etf'
‘ 7pond in 1oca]1z1ng e]ectrons a? the h1gher den51t1es ‘;'i’::fa{tf

Superpos1t1on of - ﬂg@ure IV—JS and IV 16 wou]d show that‘.;;ﬁ

"the ethene curve 11es above those of the C3 hydrocarbons “



B gg&"},‘x%
,", g .M:"'I

but the temperature coeff1c1ent of 0. 6 kJ/mo]

1v417 to IV-19,

fat al]tdensities For the 11qu1d phase dens1t1es 1t has

a]ready been noted above that the temperature effect domd

e

'1nates At a glven dens1ty the temperature decreases 1n S

the order cyc]opropane > propene > _propane > ethene Theumaf

Arrhen1us p]ot for the 11qu1d phase mob1]1t1es 1s d1s—

~cussed in the f0110w1ng section. ~ : coT fle:
’i,c. Temperature Effect v | ‘

| 9
i) Gas Phase g

The Arrhenius plots of gas phase e]ectron'mobi1ities

a °

in ethene, propene and cyc]opropane are given ﬁn Figures

‘respective]y For both ethehﬁ‘hnd cyc]o-*

propane,‘tﬁe temperature coeff1c1ents at. the fowest den—

s1ty 1sochores are-about 0. Propene has a s]1ght 1ncrease

i

¥

is on]y

=1

Hard

half of that 1n propan®£,1 2 kJ/mo1) at the same dens1t’

vThese curves were used .to obta1n the ve]oc1ty dependence
" of the momentum transfer Cross- sect1on as for the gﬁ,ﬂ'__' o
“a1kapes. "The f}ttjng_equat1ons are: | :
ethene‘ Uv,=.2 59'x']'0-.9 v 035 (21)
" propene - K.,CQ:% 3. 97 X 107 v»-]"72 ;(22)
et e o = 550 x/1029.,-0 98
. cyclopropane ov,? 5.54 x( 10~ : (23)
v‘,wh1ch g1ve average cross sect1ons at 300K,_in.un1ts of

~e

]6 2

10 ,of 4.4 32 and 6.

5 respect1ve1y (Table IV 4)
At h1gher dens1t1es the temperature coeff1c1ent seems

fto 1ncrease s11ght1y, but the extent 1s much less thanhjn .

*
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the n-alkanes (Table IV-2). Even in propenc the tempera-
ture coefficient appears much less than in Propane (Fig- <
ure IV-11). The cross-sections determined by Duncan and
Walker (67,78) can be used to'explain these results as
foilows. |

The e]ectron‘mobilttynis.determined by an integral
over (v3/ov) exp(-mvz/ZkT)dv where v is the electron

velocity, m the electron masSs, o the scattering Cross-

v

section at ve]ocity v .and k Boltzmann's constant. _In-

creas1ng the:temperature sh1&}s the Maxwellian d1str1but1on

to h1gher energ1es so that o, at 1arge ve10c1t1es becomes‘

v

important. For 3OOK, the relevant range of energies is
IS

about 0. 005 < e\\\O .15 eV. There is a minimum in »
\
“at e ~ 0.1 eV«and in propene'at e ~ 0.2 eV The m: N

n

1s both deeper and w1der in propane Th§ same re]at1ve

'temperature increase can be expected to increase (v /o )

to a greater extent, for therma] e]ectron ve]oc1t1es,

for the’ propane d1str1but1on than for the propene.
\

Heating a]ong the 1sochore then ‘gives a greater 1ncrease
~.

1\‘

in mob111ty in propane.

In ethene and cyc]opropane there is no pronounced

| m1n1mum in the scatter1ng cro;;;wctions(67,68). At higher

energies, the cross sectxon ificreases 'This wouid'lead
to the expectat10n that heat1ng the gas a]ong an’ iso-
chore wou]d lead to a decrease 1n e]ectron mob1]1ty ‘
This is not observed (F1gures 1vV- ]7 and Iv- ]9) ThlS |

1ndmcates the presence of a compet1t1ve process wh1c

)



is increasing the mobi ity and counterbdlancing the heating

effect, or which 15 coo 1ng the electron distribution,

ii) Liquid Phase

Arrhenius'plots of the Tiquid phase e]ecoron mobilities

are given in Figures IV-20 and IV-21. The solid curves
are calculated by the model discussed earlier (equations
15-20). The parameters used are given in Table IV-3.

Unlike the densityiplot (Figure IV-15), the Cy tem-

perature plot curves do not cross ZFigune IV-20). The
ethene curvelis p]otted separétely‘to avoid conjestion
(Figure 1V-21). P]ottjng ethene onxfigure IV-20 would ‘
have if cut aerosg all the C3 hydrocarbon curves. o \

Comparison ofkthe‘C3 hydrocarbons shows an odd behav— _ H
ior on the part of cyc]opropane. It does not have a |
qd1po1e moment., Even W1th the n-1ike electron behavior '
of 1ts bonds it 1s not expected to capture electrons

' more eff1c1ent]y than propene In the liquid phase,‘-

the mobilities are dependent upon a? »the anisotropy oF

mﬂar1zahﬂ1ty (107) From the values of o? (Table IV-4),

o the mobilities at a den51ty away from the critical region
would be expected to fa]l in the\order propane > cyc]o- . eef-
propgne > propene ' HOWever, the observed order is pro-'

. pane > propene 5 cyc]opropane The cycTopropane va]ue | {'::‘ A

is anoma]ous]y Tow, 1nd1cat1ng an exceptlonally stab]e ;5
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u51ng the . parameter values in Table IV 3.
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'fﬁtélf | 10cal1zed state The 1mportance of the 1\h 11ke state fan

& bé seen from t e sharp drop of the mob111ty as the cycTo-' .
o "~‘ propane ]1qu1d 1s coo]ed from the cr1t1ca1 reg1on Q/?;\f\"" E
_— [ AN ' . l ¢
S [ \ ! L s C e SRR '

.3§53”Tf"»f ”Q The cycTopropane type behav1or a]so ex1sts 1n ethene
Indeed the decrease is. more rap1d in ethene Decreas1ng T/Tc .

l»

from T to 0 8 decreases thf mob111ty 1n ethene by 800 fo]d .

;gﬁn'f;’ compared to a factor of 150 in cycTopropane and 9. in- 'Ef,\fd\
l/vfahﬂ propane Wh1ﬂe both ethene and\cyc]opropane have n—'75h<,vpif”“

'“g'fﬁ,fsl e]ectron character, ne1ther has\a permanent d1po]e moment

fﬁﬁ,ﬂf1h”\ Propene dbes In the gas phase, the mob111ty var1es 1n~f s
B S g / B
e

A verse}w as the d1poTe moment (236) That the reverse AR
[T ,v~ i O
\ app11es 1n the T1qu1d shows that another process must be »_f°f3 o

e'-.‘ .

overcom1ng the effect of the permanent d1po]e Th1s 1s
':i'r s1m1]ar to the\fqndlng in the butenes (108 131) eV-i
mob111ty of electrons 1n ]1qu1d Cis- butene 2;‘wh1ch has

\
a d1po]e moment\bf 0 3 debyes, 1s Targer t n that 1n

]1qu1d trans butene 2 (TabTeoJV 5) Compar1son betweenyfei?ﬁvjf,ﬁ

S \,
behav1or 1nﬂn butane and the butenes 1s even more \‘

- results 1n a h1gher mob111ty 1n c1s butene 2 and 1so— 5;5f?ff“”’f

o

butene and 1n aizower mdbiTtty 1n trans butene 2 and

butene T The d1po e;moment 1s about the Same 1n5c1sjf*”7

//\0 : WU

butene 2 and 1n butene 1 yet the mob1]1ty in ciss butene-arf*f” X

v.\_vf

ﬁzhhﬁiﬂﬁﬁ’ 2 ‘5 ]arger than 1n the aTkane;‘wnd smaTTeF, ‘+ butene T R

Th1s can be 1nc1uded 1n the framework of the other hydro—ihg'“lﬁa'"“
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"propane 1s a

"lfcarbO"S by not1ng that the doub]e bond fixes the carbon

’;hcyclopropane and propene resu]t;,//Cyclopropane and

4v1n molec/cm3 at a g1ven reduced temperaturé 1s greater

'fformat1on

i < 3. 5 x 102 ,q was about 500 t1mes that of the rat1o

”;?fof 1on dr1ft ve]oc1ty at pressure P tO the e]ectron

' - - . L 455,

skeleton, 1n the case of c1s butene 2 and 1sobutene, 1nto

}tmore sphere 11Ke moTecu]es than n- butane A h1gher degree

-’of spher1c1ty tends to resu]t in a h1gher mob111ty (107

&

108) The trans butene and butene T are f1xed 1nto rod-

;11ke shapes wh1ch wou]d tend towards. ]ower mob111t1es

//.,

‘ Spher1c1ty by 1tse1f cannot exp]aln/the ethene,

{

-

C
ethene are. more spher1ca1/compounds Both are sma]T

Afmolecu1es wh1ch,areyt1ght1y packed together 1n the 11qu1d

'he;Away ;rom the cr1t1ca1 f1u1d the number dens1ty of etheneu

/ |;‘.

1ﬁ¢han that 1n’cyc]opropane wh1ch 1n turn 1s greater than

,_that 1n propene J The t1ghter pack1ng 1n ethene and cycTo- ""
> l o . R/ AR
ngropaPe in the T1qu1d may enhance temporary negat1ve 1o/

T ST . 'S . e , =, v ’,
o i . . . . . R R
A . . A S S v s
PN h v e . . .
ST . EEE N o R

i =

20

:fd1oﬁhde at. 293K (239)” At n > 3.5 10 the ratwo ofﬁ”‘

_thelelectron dr1ft ve]oc1ty at\a pressure p to that at:“TT o

\

?g66 kPa,wh1ch w1]] be TabeTTed q, sharp]y decreased Att”fl

KT /-

L

21

ft ve10c1ty at §5 kP At n ~»1 x ]0 vd(eTectron)'

R T

s 3 4 Carbon d1q<<de ]1ke ethene and cyc]o-'}f}r~f"

’f"mmetr1ca1 moTecu]e w1th T character,<,‘“i_”

J'ifelectrons The enh nced trapp1ng is a funct1on of

T \ - ';' Can
~ R A
: s £ Ty
ST s e e )
Y BT S T e : S
RO LRl N A s S

/The b haV1or may be reTated to that in: carbon ,/¢l~v"'"
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-dens1ty, not of temperature It was suggested that the CO2

'formed a negat1ve 1on whfch ‘was stab111zed\by so]vat1on at

B Vo

h1gher dens1t1es 'Negat1ve ion format1on 1n the 11qu1d

- phase has a]so been postu1ated for trans butene 2 (131) and

|

-
;benzene (110 g It éwy ﬁektha

-

'"andaeytlopropane &re due to temporary negat1ve 1on forma-

5 R S
. ‘Is;kutane S '-'“; <‘ff ,*\'

v_Z'.- Data for 1sobutane are taken from Tab]e I\d 5 'Flly

E]ectr1c F]eld‘ Effect “';ﬂ ‘\\g=. o
L

4

ic]uded 1n F1gure IV-

7

The va]ue appears to be O 24 Td,
21

4“

for n o< 1 5 x 10

Lo oy
' nnvar1ant of dens1t Th1s va]ue 1s

*1n agreement to a preV1ous va]ue of O 25 Td reported at

t;]OO torr (68) The 1ow f1e]d un is a]so 1nvar1ant of

ludens1ty for the range, and has a vaLue of 5 9 x 1022

\‘Hhm°]ec/v cm: S (thure IV 16) ) Th]S g1ves a thresho]d 1,$Ti:

//'D

: dr1ft ve]oc1ty of 1. 4 km/s No sound ve]oc1ty' ijfﬁf'

e

v e s
¥_ gas, the low frequency ve]oc1ty of sound 15 g]Ven
n/uu’

B by
N . \‘ L . K B Y 0

'Vucf - (yP/D)O 5

o where y -'C /C/ 1s the heat capac1ty rat1o, P(dyne/cm )

\ )

'L,_;the pressure and U(gm/cm ) the dens1tyf Assum1ng y 1 \

'7_(70 71) g1ves c 7’210 m/s at 283K and 297K for 1sobutane

\
o [ N SR

e 1ow mob111t1es 1n ethene

°

- as6.

-

s

/ ‘: oy

o 'values are ava11ab1e for 1sobutane. In the 1ow dens]ty ;3¥*1i' ;

. -~ -~
R L L Al A T e
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weod
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Sy

e

H ance of 1ne1ast1c processes '.From the valueS°above, it'»“

457 o

The rat1o vd/c 19 hence abput 7 twice the va]ue 1n -

#r,ethane,‘and a b1t ]arger than that 1n neopentane whlche~

.Was reported as 5 (70) Vaiues for 1sopentane and n—d:

€

nnpropane and n butane from equat1on (24) are 240 and-‘v’

220 m/s (at T < 297K) Uswng data of sectlon 2 g1ves rat1os N

of 5 and 50 respect1ve1y As’ noted 1n the methane sect]on,

©

‘an” 1ncrease 1n (Vd)thresholdlc ref]ects a greater 1mp0rt__p

. ~

£

./can be noted that the ]ess r1g1d the carbon‘ ske}eton,i.]f

the 1arger the rat1o This can be attr1buted to the

%

poss1b111ty of greater rotat1ona1\modes of energy 1oss
\

1; and héﬁce a greater €b1]1ty to coo] the e]ectron d1str1—-

°

but1on PR f T Vf;,hz,ﬂ'

wi b. Densfly norma11zed E]ectron Mob111ty

Va]ues of un are 1nc1uded in F1gure IV 16 There 1s'f

no quas1]oca]1zat30n dip as 1n\the n-hlkanes The low f*

' n—pentane‘vh'b ?'?;”;ﬁ:#' R

22

dens1ty 9a?ue of 5 9 x- 10 mo]ec/cm Vs 15 less than

that in propane (1 5 x 10 ) though 1sobutane is a 1arger,

i mo]ecule The ‘same: curlous effect has been noted 1n ‘j{fag

%

the pentane series (70) ,»Isopentane and n pentane both a
have 1ar9er Hun values than neopentanea As we]] .neo—':a
pentane d1sp1ays no m1n1mum (70 73) 'ft was noted that
1ncreas1ng E/n at 1ow dens1t1es 1eads to the un 1n

both 1sopentane and neopentane approachlng the va]ue 1n;u

penta#e were a]so reported as ]5 "‘and 100 Va]ues Pf c ,in;‘

. . .'.‘-”.‘ \\‘( ‘ B

t-/
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|

. +lncreasing:n 1ead§to the same effects as in the other

compounds Forhation‘of the condutthon band Qecreasesfthe

’

.scatter1ng cross sect1on and 1ncreases un. There‘is‘a

;are 37, 15 8. 3

(J

’-pronounced maximum. At h1gher dens1t1es un decreases as

P

‘the short range repu1s1ve forces gavn 1n 1mportance

| | . / 0. - |
'-i c. Temperature Effect'

The Arrhen1us'p10t of- the gas phase mob111t1es is

“fshown in F1gure 1vq22. Thevtemperature coeff1c1ent for

7:the 1sochores with/ n/n # L. 6 10226, 0.11 and 0. 026

a and 262 kJ/mo] ‘respect1ve]y The

.va1ues for the n/n ) 0 1 1sochores are s1m1]ar to that
%hof the other a]kanes”(Tab]e IV- 2) | Isobutane however has

’la much ]aréer va]ue for the n[n '0 026 curve Th1sv
;wou]d support the not1on of a therma]]y act1vated 1oca]— f
"t.1zat1on process even at 1ow dens1t1es In a s1m11ar |

.;fash1on the‘act1vat1oq\energy 1n 1ow dens\fy neopentane

0

-fstays ’at a.. much ]arger va]ue than 1n 1sbpentane or h-
ﬂpentane (70) The' contro]11ng factor appeams re]ated,}“

'_to the shapé of the carbon skeleton h“' B “ﬁiuv'

. o

‘*ﬁxej The 1ow densaty 1sdchore (dashe& 11ne) 1n~f1guref

T,

T A

‘IV 22 was~ana1yzed for the cross sect1on as 1n the other

\

-fcompounds dhe appropr1 e cross sect10n 15,”

2 -2. 47 -

- fa?j B ov' 8 96 X 10

: g1v1ng an average cross sect1on of 25 x ]0 16_cm2 at'3OOK.

e . ; ;
s

(25) .
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FIGURE 1v-22 Electron mobility in gaseous isobutane, along the co-
exj'sténce-’cqryg (O) and above it (O), plotted aga‘in_st'T'_]-.' ;
" The dashed line was calculated using equation 20 of Chapter 1.
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~ The Arrhenius plot for liquid phase mobilitics in iso-
butane is shown in Figure 1V-21. Mobilities in the 11qu1d
greater than 1 ¢cm /V s are usually EOns1dered large . Iso-‘
“butane,with a value ncar its boj]ing podnt,of~4.9 resembtesé
othgr sphere-like hydrocarbons in that .the mdbi]itysjn the
regidn ot the,bdi]ing point is~]arge (107,114). Another ;
trait ..Shared by these- hydrocarbons is that the electron

‘%‘
emobw]ltfes possess a max1mum below the cr1t1ca1 temperature*

(130 132) The greater degree of spﬁ@&%g'
vide a' smoother potent1a1 surface for the’eTectrons As
. a resu]t,&they are less readily 1oca11zed At 1ower tem-
peratures there appears to be a- tran31t1on‘1n the 1so-
~butane curve. As a result the mob1]1ty drops fa1r1y:

_ sharp1y7‘ ‘

«:The'so1id line through‘tﬁe isobutane mobi]ities»is

- calculated as for the other.eembpuhds[ The paraméters
are.inCIUded in_TabTe'IV-3" Due to the large value of
‘the mObi]ityhnear its'boﬁling”eoint, a reference mobi]it&
of ITO sz/v's at the lowest temperature, 140K, was used.

This corresponds to a reference mobility of 83 at the

. boiling point.

5.- L1qu1d Phase Model Parameters

N Due to the degree of flex1b111ty in the cho1ce of
the 11qu1d phase mob111ty model parameters (Table IV—3),
it is. d1ff1cu1t to draw Jfirm c0nc1us1ons To attempt'

reduction of this f]ex1bi]ity,ui1.and ei] are-fixed to

seems to pro-
F




Ty

4

- calculated at the boiling point. Theyratio is larger \
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valuésﬁﬁyar the average in the hydrocarbons. In ethane
and ethenc the values are sufficiently different that values
from the experimental curves (ddta in ﬁext’sectinn - lon
Mobﬁ#ities){are useds As well, while “g is.usually taken as
30 cmz/VS at 295K, lTarger values are used for -ethane and
ethene s{nce their critical points are golow 295K. The
]qrge "experimental values of the electron mobility in
isobutane near 295K also imp]y a larger uﬁ'-
The ratio a/E(0) has no s%mp]e value. in'ethers,
the corresponding ratio is about 1.7 «x 10'3‘K‘] (131).
E(0) is held to 0.6 eV for all the 1iquids.f The ratio
reflects the effect of the temperature on the mean trap
depth. In previous @orks the yq]ue of (Eo/o) at 300K
was used (71,132) since 300K was in the region of the-

boiling points. Since the boiling points for the present

systems can be far from 300K, the ratio in Table 1V-3 is

when the mobi]ity at that temperature is smaller. A larger

i
|
ratio indicates a deeper trap(71). : o .a
|

B
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B. lon Mnh(lity

VL)L Flectric !lo)d atranth~

%Or all the systems invaftiqatod the ion mobilfty is
indgptndnnt of npplivd electric field strength up to
nluea ot\L/n.of 0.% 7d 11 Td =~ 10 -17 ng?/mplc ) in the
normal 1iquid§ and 2 + 1 Td in the normal vapors. The
mobi]1ty Vs (/n plots chave been given in Chapter Itr,
Section B. The ion mobl]lty res ults are summariécd in

Tables I11-9 to II1-16.

2. Deasity—normalizcd Mobility
The dansity:ﬁarmalized ion mability nyn is plotted
against n in Figurésvlv—23 and 1V-24. The liquid and gas
cell va]ués in the supercritical fluid are averaged'and'
that average used to adgust mobilities about the critical
region -so that tha 11qu1d and gas phase curves merge
smoothly. Typical adjustments are in the order of 10%

.or less. In isobutane, thé gas phase results are con-

s1dered more re11ab1e at the critical point. Liquid

21 21

phase results at 2.3 x 109" < n< 5.5 x 10 mo]ec/cm3 are o«

increased by 28%, bringing them in line with the gas phase
~resu]ts and liquid phase resu]ts at n'> 5.5 x 102'l

a. Low Dens1ty

‘In contrast to the low density values of un for

electrons, which vary over an order of magnitude between

the different systems, the u,n values vary over a factor
of 4 (Figure IV-23 and IV-24). The presence of dipole
moments and the shape of the molecules have Tittle effect.. .

-
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The main fagtor <eems 1o be the physical vize of the siole-
|2
. X ) . A . , e 1y -
cules, Methatie has a i, h value of 3“? » Y0 7. Ethane
which 14 abaul twice the size of smethane has a value of
N 149 - : L.
.0 x 10 7. Propane and n-butane have CHPTeESEGRATRG Ly
smaltler values. The lacy af tapartance of falbbars <ygych
« [ A : .- . . y i - . _
a5 unaa?ura%xﬁn af carbot-carhon hmﬁﬁﬁr gdiunle moments
-
and branching {dn be deeh fron cosparing The Coaspoubd
curves in Figure IV-23 1o the cofrespbonding n-albane i6
Flgure 1¥-23, tthane and ethene have sintlar values at
low densities a5 do propane and propene, and n-bulane
and i-butane., The slightly larger value of e oin cyclo-
; ' .
propene compared tu that in propane ¢af be attribyled to

the more compact “tructyrye of the ¢yclic molecule,

b. Fffect of Jensity

As the density 14 increased from diJutt gaa leuwﬁ,
the value of u n does not change until the c¢ritical
region is approached. HNear the critical region s hein-
creases in value,'passes thrﬁhgh 4 maximum at a nen. ,and
then decreasgs. The initial increase has been attributed
tordestructive interference of attrdcéive clectrostatic
interactions when the ion is near to more than one mole-
Cule at a time,and the subsequent decrease at hi?h den-
sity,to obstruction_cf translational motion of the ion

by the now closely spaced fepulsive cores (174).

a
H
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E o S ‘3}%,1"‘(2k7-)(“ ‘)/2

‘/‘.“‘ ;ﬁv'? a. . L&w Dens1ty f,"

' 7ffor the dens1ty norma11zed mob1]1ty of V1eh1and and Mason.

:"VT(T7T 172) ‘has been reduced by gamma funct1ons (174)

B R R ST U PR s R B ; - >
dfj?where gt{swthe e]ectron1c charge,uM the reduced massh:F“‘\ :
,‘ffth 1on mo]ecu]e system,»k Bothmann s constant
bif?;fEmperature,~A5 and o constants and P (P( );=(X 1)')
?tfja gamma funct1on4 It has a]so been assumed that
::ﬁgiv
7H0f1on and tHe moTecuTe From the Teast squares f1tt1ng of

;ffﬂTog U+-vsflbg T A 1s obta1ned from

;”fa109 T = 0 and o from the s]ope i

\ PR ol = <V>/<V/0 >

. : S . !
[ ERANRE e . . o

o .s‘\3.“lTemperature Debendénce\‘"

Arrhen1us pTots of the ion mob111ty vs- T 1 for the

,emght hydrocarbon systems are g1ven ‘in F1gures IV‘25 to h
.?dIV 31 The temperature dependences of the 1on mob111ty ti 'fzf,
'aTong 1sochores at Tow dens1t1es are used to obta1n aVer—
'"'age‘cross sect1ons The dependences are obta1ned by Teast—':
‘i'm,isquares f1t of the Togar1thm of the mob1l1ty aga1nst the ijf.s.

:;t,Togar1thm of the temperature : These curves are shown by

\

dashed T1nes 1n F1gures 1v125 to. IV 3] gThe expre551on

I Y

LT VAR T(3-a/2) MoK e

T the\\\“,f o

/

L

A v'g where v 1s the reTat1ve ve10c1ty between the
F RN

'she 1ntercept at '[*’"
dag R T
[he' arerageacnpsstsect1on_t17

‘./
\:._.\,

PR

_ (MW/ZkT)“’Z/r(z *a /2)A;, C(27)

T
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"“{*chores 1n the gas «3)
'equat1on 26 N

”MfFIGURE IV 25 Arrhen1us p]ot of the fon. mob111tyesw1n methane éopen g
':symbo]s) and ethane (so11d symbo]s) Data represent va]ues An the co- .
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FIGURE IV 28 Arrhen1us p]ot of the ion mob111ty 1n ethene. The data

are for the co ex1stence curve gas (E]), co ex1stence curve 11q¢1d ( ),
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'.fFIGURE IV 29 Arrhen1us p]ot of the 1on m0b111ty in propene The data h
are “for the cé ex1stence curve gas ([]), co- ex1stence curve- ]1qu1d ( )

‘fas we}4 as’ a]ong 1sochores 1n the gas phase «DT\ The dashed ]1ne ;
lwas ca]cu]ated us1ng equat1on 26. R \} _ :
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FIGURE 1v-371. Arrhenius plot of'the'fon mdbi]ity in’isobutane.- Datd
; aré~fok.the‘co?existence Curve vapor (), the Co-existence curve

"~ liquid (Z§).aé well as along isochores in the gas_«D).! The dashed
]ine_was calculated using equation 26. ' '
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The fitting parameters and .Lhe cr0§s~dcctions are
tabulated in Table IV-6., Since the pen values are siMi]hr'
for the‘a]keﬁes and their corrosponding‘a1kands. it might be
expected that the average scatterlng cross-scctions alsﬁ be
similar. This is not the case at 300K , which indicates that
faéths other than the crossnséction affect wyn. These |
factors can be obtained by noting that cqmbinapiOn of

equations’ (26) and (27) gives, for 300K , .

Al

(4 500k (ay ) 300k MpT(3-072)T(2+4/2) = constant

r
(28)
rather than

(H+n)3OQK(Oav)300K = constant | (29)

[

Introduction of the ﬁeducedtmass and the gamma functions

gives a constant term, as expected from equation 28.

b. Effect of Density

As the density increases, the temperature coefficient

along the isochores increases. These coefficients are not

‘the same as those of the g]ectr&n curves (section A).

. For example, the low density ion mobility curves for -ethene

and cyclopropane (Figures 1V-28 and LV—30).show a clear

increase with temperature whereas the electron mobility curves

A}

do  not (Figure® 1V-17 and 1V-19).

Along the co-existence curve, the variation of Togu, R

Mys T is:approximate]y linear in both phases except near

the critical region. The temperature coefficients are

<

p gt At e e

v o
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1.75

2.86
2.54
2.08
2.71

3.54

2.99

i
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2,31

;
35

V-6

o e

Qa

(1)

1.1 x 1078
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-sections

10y 100k
(10714 cm?)

(M (2)
1.6 - 1.4
2.2 19
2.5 2.2
4.1 3.5
3.5 3.0
3.1 2.7
2.3 2.0
3.4 2.8 2.4

Assumed mass of "ion egualled mass of‘mo]ecu]e (monomeric ion) -

/ L)
n/lO]9
(molec/em
_CH4 7.1
C?”G 6.8
C3H8 ’ 6.2\
n—(ldH]O 7.6
| C2H4 .19
CBH6-1 " 6.6
c—C3H6 35
ijhH]O 5.9
(1)
(2)

Assumed mass of ion equalled twice the mass ‘of the molecule

(diMEric).

-
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given in Table [V-7, In the n-alkane series, b&@h the tem-
perature cqufficients for the gas phase E“(qnﬁ)‘ﬁnd tho
liquid phase lm()iquid) increase as the length of ﬁﬁm .
carbon chain increcases. The gas phase valdes are.abput

the same jn the alkenec and the corresponding Q—Kikanév,‘
Along the co-existence curve, increasing the temperature
leads to an increase both in the vapor pressure and‘in&

the gas density. AQay from the critical p&int the‘prdgn
suTe and density changé at about the same rate. An
Arrhenius plot‘of the vapor precsure ys T—]\g}ves'anf

"activation energy" of AHVMf-the heat of vaporizatlon at,f

2

‘the normal boiling point (241). ance the den51ty is ”\
varying approximately as -the pre§sure, and the ion mobi]—
ity varies inversely with the dehsity,’E (gas) . sh?u]d

be about the same as AHvap Values of the rat1o E (gas)/

AH vap (Table 1V-7) are not exact]y 1,0 but are c]ose

enough that variation of E (gas) between the-different.

systems can be taken to ref]ect var1at10ns in AHvap

The ]1qu1d phase ion mob1]1ty is most often corre]-
ated to the viscosity n (61,79,80, 96 97, 112 130) Stoke's

Law applies for the motion of an oquct through a fluid jf

1

the object is large compared to the mean free béth'(242).

If the effective radius of the sphere is constant, then

a

~the product un is constant (this is Na]den's ruie ,

ré?¢ 243). 1t has been found in a number of ethers and
-1.2 + 0.1

i

alkanes that - u+ var1es as
{

(112,130). In
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generval for a qiven compound the ifan mobility should vary
as the viscosity rafsed to a power of (wEH(liq)/L“). This
ratio 1s given in column 6 of Table IV-7 for the tight
hydrocarbon systems. The values for the n-alkanes arge
sfmilar to thuue reporked earlier. The much larqger
C“(liquid) for 150butan¢{¢0mpared to n-butane can be
attributed to the mych ,ngﬁP £, for isebutane, The
larger “ratios in propéﬁe and CyC]OpropJnQ.'whfch fmply
that another process is nearly as fmportant a5 fhn
variation in visocity, may be duecto the EU(quuid)

being measured too close to the éritical region.

Y
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?grff*"'lﬁﬁwtlﬁl4
1. fGenera)

The free i;m yleld Gy 15 defined as the number of ion

Palrs that escape tUhe spur thto the bull medium for f:‘veér’y

100 eV of abcorbed dose, .:-%pp?i;ia{im'; of an elegtriv field

Can enhance the yield, The free jos yield at fiela [,

fo'ﬁ Lan be related to the total ien yield {:"{H by eguation

IV of Chaptenad® which was

roy . ;
C Gy G{"E/r sy B (y )y

[
where F(y) i< the distribution of initial vlectron-ton
separation distances y at thermalisation and w{y. b)) iu'zhu
Viklihood that an ion pair sepdrated by a distance of gy
will form a frcvnion pair. The curves in Chapter (11,
Section C are calculated using the form of dly E) developed
by Terlecki and Fiutak (209) and g modificd gausaian

: *

function for F(y) {(6). This form of w{y. E) has takeni!nto

~

account the dngle of the ion pair with respect to £ and is

.\ n-1 : J*l 9~
i o {n-J)(r_7y) )
o(y,E) = exp(r./y)f1 + exp(-gy) {By) :E:: (30)
; ney ot EJ’EO (j+1) 1
where 0l
e °© ”“’“;:; . {31)
€ R
and g~ & | | (32)
300kT

witg e being the 'electronic charge (esu), ¢ the dielectric
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Do T e e e .- 480.
o ’ Lo v ' ' Do ‘." oo N . : N i ) i ° s R

'”;FConstant K BoItzmann s constant andfT'theJtemperature{

{IJhe form of F(y) used 1s Ja};r &;_,, R Lw‘?yhrﬁ“'F

F(y)
F(y)

o 196 6o Cey<zap, T 33y
o 96[}6 + o 5(b /y )] y > 2 4b o34y

. -%—— exp( -y’ /b ) - s

'?fThe 0. 96 TS a norma]1za;1on factor and b the adJustabIegi?bff

¢

’?fh;bd1sper54°" parameter The vaIue of b 1s aIso the most

.ﬁi*?*probab1e~va1ue of y and 1s caITed the therma11zat1on range aq“ -

.ulTh1s vaIue 1s an: 1nverse funct1on of the eIectron energy o R
' 4éToss‘cross sectlon of the moIecuIes ‘ The ﬁarameter usuaIIy
F”HTTused to approx1mate the ab111ty of I1qu1ds to 1nteract;
f'fand sTow down ep1therma] (e > 0 ]) e]ectrons 15 the o
"ifﬂqlr;denslty norma11zed therma11zat1on range bd where d 1s 1n:n;;T

bﬂLfftg/cm (IO7 ]41 143 149) The average of. the p051t1ve and
¥ 5

If*?negatgve VOItage values of bd from TabIes III I7 to III-J

jf7"25 is pIotted i F1gures IV 32 to 1v-35.
P j2?2 Low Den51ty | o

For the I1qu1d phase 1t has been suggested that the

:1'”maJor port10n of the therma]1zat1on Iength occurs when‘
dlfl;the eIectron has but a few tenths of an eV of energy (2).
5;f¢Corre$at1on of bd curves w1th mob111ty curves over the o

ek Y/
nt1re Ilqu1d range, 1ncIud1ng tﬂe occurrence of max1ma

’1n,bd vs T p]ots oﬁﬁy when such max1ma occur 1n U ﬁvs T -

}pTots led to the suggest1on that a“maJorgpartcaf thef'




N v,‘ra@ge b is atta1ned 1? the conduct1on band (3 130 132)

In the Tow dens1ty gas there 1s no conduct1on band

‘",The d1fferences in bd vaTues~ as. the carbon cha)n 1s 1n_n\""'"

. N
ﬂ}creased from that of

.x‘

]IV;32‘to IV;35) are onTy 12% ;-D1fferences between the'fu

7 Al ) L

uother a]kanes are . even Tess The d1ffarence between n—fb
j :

"tbutane ‘and 1sobutane thure V- 33) can be attr1buted to:f

ethe greater fTex1b1T1ty of@the n= butane moTecu}e wh1ch
. - o
*‘aTTows a greater degree of rotat1ona] exc1tat1on

%~?1efﬁf‘f The Tesser vaTue of bd 1n cycTopropane compared to

v

J*“jfﬁthat 1n propane (F1gure IV 34) 1s due to the part1aT n

¥ R

:electron nature of the cyc]opropane b0f. Ethene (F1g-,n
tygure IV 33) though a smaTTer moTecuTe Toan JcTopropane

i

'Tfhas fuTT T eTectron character and has a: smaTTer bd Va]ue"

-E",ron character but a permanent d1poTe moment, has a yet }
_ i -

' 1_ftsma1]er bd vaTue These resuTts conform to the not1on
p of n eTectrons be1ng better de engrg1zers of ep1therma]
}-f~e1ectrons than oF e]ectrons (149) . : 4

.;32 Effect of Dens1ty

e

< As: noted 1n Sect1on A 1ncreas1ng the dens1ty from
d1]ute gas va]ues Teads to conduct1on band format1on at

el dens1ty beTow nol The ab111ty 0f a fTUTd t° 5“pp°rt a

c”
1_‘conduct1on band that 1s smoothness of the potent1a1 at

*f”fh1gher den51t1es, can‘enhance the vaTue of bd ‘In;;f:c

' thane to that of n- butane (F1gures »

'*',than cyc]opropane Propene, whtch not onTy has n eTect-:r”V"‘°
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= FIGURE Iv- 32. Dens1ty normahzed ther‘mahzatiOh‘-rahg'é 'ih‘me’t‘h'a'néi_" 1.

L RN h\_ . - K e N . N |
. (O) anq in ethane (D) p]otted against n. e " -y
. 4'1 v Co .‘ . @ : R =Y : ‘ ' .‘
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«methane (F1gure IV 32) the greater ‘freedbm of'notion offfj‘ o :

-~

the eTectrons Teads to a sharp separat1on of the bd curve o

from that of ethane 1n whwch the eTectrons are qurck]y

TocaT1zed Pr'

ane (F1gure IV 34) and nJ%utane (F1g re IV— L ,:Fdig

33) have resu ts s1m1Tar to those in ethane There 1suno
\’rw‘ez‘ N\ ) ‘
‘ »:ur1se to a skarp max1mum ’ The curves decrease sT1ghtTy 1n

o

v

the order ethane > propane > - butane S

. . ‘
! L

Isobutane, a Sphere T1ke'v moTeque,wis usuaTTychassfF:f

,'3 .
>

f1ed as a h1gh mob1T1ty fTu1d (TT4) 'JTt"has a'cTearmaXfmum‘

1n a pTot of u vs ~J The bdﬁcurve r1ses to-a cTear max1mum

away from the n butane curve,,1nd1cat1ng the greater smooth—. N »Jf
\qu B S v L ,"J -

ness ofthe 1sobutame potent1a1 (F1gure IV 33) : Lo ‘

7L/_f Of the rema1n1ng three compounds, onTy cycTopropane
T CTae St 3
‘Tishows any 1ncT1nat1on to 1ncrease in the bd curve near the ' :

cr1t1ca1 reg1on The . bond compounds show a decrease in

the cr1t1caT reg1on and have Tower vaTues in’ the T1qu1d

:,4. Effect of bcavengev

~A

Free 1on ylers were maasured 1n m1xtures of 1sobut-.'

ane and squur hexaf]uor1de, an eTectroh scavenger vf The
m1xtures have 0.15, 1:2, 4.9 and 9 5 mol % of SF at the

5g‘-cr1t1ca1 po1nts The|bd s are pTotted aga1nst T 1n

o
-

. S TN B
”FiQUre Iv-35. The effect of the SF6 is to decrease:the

B

o jtherma11zat1on range"j_t has been noted that 1f SF6 e:if I *b

scavenges the eTectronj.after therma]1zat1on, the free”

LB
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ion yields and hoheenbd values woqu nat change (232). That

s

a change occurs 1nd1cates pre- thermaT1zat1on scavenq1nq

“The disappearance of the bd maximum as the mol % oof SF%
‘ ¥

1ncreases may show that the amount of SF6.1s enoudh to b]ock

‘- escape of the e]ectrons through the conduct1on band .

“ .
L ¢ *
@
i a

"D, Summary L : e
‘ "N .

A number of bbservations can be madé about the inter-
action of electrohs and ions with organic fluids. )
- —~ | ) _
1. E]ectron Mobi]ity : - .

The e]ectron mo1ecu1e scattering cross- sectlon in the
Tow dens1ty gases depends upoh the mo]ecu]ar structure
- Properties that correlate with 'an 1ncreas1ng crossfsect1dnu
are an increasing size, permanent‘dtpp]e momént and degree.\\f

'of sphericity. The<density-norma1tzed electron mobi]ity b
pen? which is ihversety proportiona1rto the“scattering
cross-section,decreases at n = 1.0 + 0.4 x 10 mo]ec/cm3,

except in the.case of jsobutane. As n approaches nc,‘the

‘uen'yatues tend to increase | ‘
| In the“]iduid the mob111ty is more a funct1on of the
temperature than of the dens1ty ‘ Away from the critin=1
reg1on, Pe electron mob111ty s 1arger and the teps
coeff1c1ent sma1]er if the 10ca112ed state is. 1ess

 Th1s stab111ty depends upon factors such as the mo: s
symmetry and the packing of the_mqlecu]es 1h the_quu

\

C_ip st sy
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Heating the liquid towards thc critical region increases
the mobility and the temperature coefficient. High mobility
liquids tend to have an electron mobility maximum at a
temperature less than TC

The electron mobility shows a dependence on field strength

R

at E/n > 10 In the gas, the regioh where the mob-

A ~

ility would increase is at a;]ower density than the region
where the‘mobility wquld decrease. The transition between
these two,fie1d;dependences'nged net occur in the gas phase.
The ratio of the threshold drift veihcity to the velocity of
sound indicates the relative contribution of inelastic

scattering processes compared to elastic processes.

N

"2. 1lon Mobility

The ion mobility is independent of applied field strength‘

" up to E/n = 0.5 Td in the ]iquid and ‘E/n = 2 + 1 Td in the

gas," A]ohg the 1sochores, the ion me1]1ty has a pos1t1ve
tehperature coeff1c1ent wh1ch tends to be 1arger than that
ofvihe,e]ectron mob111ty at the same dens1ty, The values of
'u+n.at-1ow gas dehsities depend oh the moiecu]ar size,'.The
ﬁemperature coefficient a]dng the co—existehte ch%ve at low .

3 déhsities is simi]ar to AHvap $1nce u+'var1es as n ].;At .

!

h1gher den51t1es the u n valuesyincrease, pa551ng through
}

the cr1t1ca1 dens1ty to reach a maximum at n > ncf_tHTQher
dens1t1es 1ead to a. decrease in u+n va]ues

"In the liquid phase, the ion mob1J1ty varies 1nverse]y

<

| w1th the ]1qu1d v1scos1ty a]though Walden s Ru]e does. not

e s P

BAEENTIR S 4
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v \
.3. Electron Thermalization Range

The low field electron and ion mobilities reflect
scattering cross-sections within a Maxwellian energy dis-
tribution:® for thé temperature of the measurement. 2Therma]

activation effects can be important. By contrast,‘the

4

density normalized ranges bd are determined by the behavior,
of epithermal electrons which are affected by cross-sections
at € > 0.3 eV.. Thermal activapion'e?fects'gre small.

ﬂ,. The bd values in the low density das are decreased by
, ) ‘

increasing size, degree of unsaturation of carbon-carbon

¢

bonds and flexibility of the carbon-carbon ske1eton. If.
X .

a conduction .band exists, the epithermal electrons can

| - - {

enter it. _Int?easfngithe as gensity todeds'nc*1eads to

a large increase in bd in high mobiJity Tiquids. “Therg can -
be .a bd-maximum in thé'same_temper ture range as the elect-

ron maximum. Addition of SF¢ to a high mobility liquid
. | , ' o ,
decreases the bd values.and removes their temperature de-

'-pendence% Thése observations-are in accord with the idea
that a major part of the thermaliza%ibnv}ange is attained

by ebitherma] é1eqtrons moving along.in the'cOnduction

et/
~

_ band. - Ji

) X -

i e
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APPENDILX - -

Average Deviations

The average % error was calculated for a number of
sets of data in Chapter I1I1, to {llustrate their magni-
tudes. The results are given in Tables A-1 and A-2.

The average % error was taken to be (114);

average % error = 1OOLlexpected-experimenta}l
' L experimental

+

-

For the mobiligges, the exhected value was ‘taken to be
bl ty. For the frec ion yields, the

T .
{taken to be the calculated value.

the average YY)

expected valuog
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