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ABSTRACT

This progress report covers the last 12 months. It reports progress
on experiments aimed at the measurement of the Hall mobility of injected
electrons in classical non polar insulating liquids and the optical absorp-
tion associated with electrons captured by shallow traps in the liquified
rare gases. Theoretical work aimed at a better understanding of
the trapping kinetics of electrons by SF6 and O2 dissolved in rare gas
liquids was also carried out. Its conclusion is that the electric field
dependence of the trapping probability can be explained, basically without
adjustable parameters, by considering the Poole-Frenkel-Schotky ionization
of the excited state of the traps.

From the analysis of published data on the motion of eleclLrvns in
liquid ethane it is tentatively concluded that at low temperatures the
trapping of electrons in the liquid involves a Jahn-Teller like distortion

of a single ethane molecule while at higher temperatures it is necessary to

consider a small molecular cluster, possibly made up of 2 molecules.

PROGRESS REPORT
At the time of the previous progress report we indicated that we had
completed most of the electronics for the Hall experiment. We had designed
and ordered parts for the construction of equipment for the f.i.r. photo-

conductivity experiment.
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. The Fourier spectrometer for the experiment had been constructed but

“had neither been .tested nor interfaced to a minicomputer.

a)  Hall Mobility

DﬁringAthe iasﬁJyéér we tested our technique for the measurement of
the Hall mobility in¢insulators,by-measuringighe Hall mobility of. photo-
Aéleéﬁrons pr6d?é¢d“by X¥rays‘(obtained from a linear accelerator pulse) in
botﬁ CdS_éna“aif.-'The agreéﬁént with other researchers in thevcéée of high
purity insgla;ing CdSJwgs gxgellent,(293 émz/Vs),vwell.within the range of
the‘écatteruofféhe”vaiﬁes_répoftéd in the literature.'™ 1In the case of
lair (atmospheric pressure) u.= 500 cmz/Vs; the deviations from the data of
"pure" dry air5 were ~ 25%1 This is nétural since the laboratory air is
variods gaées;ie.g.,.Fhe'HZO-vapor contgnt is not controlled, there are NOx
ana otbgr oxides, étc.

: Thesé meaéﬁrémenté'wéréJéarfied'out to test our use of the Redfield
technique with known samples, and wifhxﬁﬁe x+r;ys produced by the linac
rather” than lightf'.Thé'pOSsibilitv ofjsﬁurious_signals is increased with
the linac. Ihe signal.ffom CdS is ~ 100 times larger than that expected

ffom Si(CH while that from»Air is about 10 times smaller than what is

3)4 '
expected from the liquid.
In order to carry out these measurements we had to develop a set of

thick metal film plates with resistances between 106 Q and 107

Q (to'be able
to use everyfhing with Batteriés); This was accompiished-with the help of
Prof. Vest in the Materials Enginée?ing Department and Centfalab - Electronics
(Division of Globe Union, Inc.) using the techniqﬁes developed for Cermet

resistors. This technique by which a metal oxide is bonded to saphire

should not introduce any contamination into the liquid.



. Based'qn_qur,expepienge_wiph'cas and Air we designed a glass sample
lﬁolder in-which‘;ﬁe:plat§§ wbu1d #e‘éuéported by Pt'wire, around which glass
was'fused;:'To 6uf.sdrprise,'wé found sufficiéntjleakage resistance bétween
the plates.(é'10;2“9) to:nearly.séturate”oﬁrﬂsensitive amplifier. Modifica-
tions of. the details pf ﬁhe construction were uﬁsuccessful, leading ﬁs‘to
conclude.th;;'édﬁé éaAiéﬁiﬁéﬁé:is,inﬁ?ééuced.iﬁgidé‘ghé s§é¢e 5etwéen the
-ﬁlatéé énd inAthé;glaééiédﬁﬁéihér during the .construction and/or annealing
Adf thé{séhplé'chéAbér.:'Wé‘Eéve thus decided tovconstruct a sample chamber
'similar to what‘was uséd:fdffﬁhéiCdS'ih which the Cermet plates are outside -
a giasé-fﬁbé'ébﬁféiﬁiné”fhéuliquid; 'Tﬁiémislﬁésiééilvahét was used for
de where mylar-substitutea glaés.v This has now been accomplished and
tried with.cds. . |

Wé wére worried that .in the case,oﬁ Si(CHB)4 sample preparation would
be a signifigagt_diffipg}ty.‘ A;firstAtrial in December '80 was successful

in the senSe'thaﬁ‘wé“Wéfelgblejto opservé'therdrif;‘of'injected~e1ectroné.-
_ However, breakage oflthg.g;ags system did not allow us to complete the Hall
‘measurements.

A new t;ial was done in February, '81 following thé rebuilding of the
- glass system; - Possihly due toAchanges‘in.somé.of,the:stepsAonghe sample
preparation no fést carriers were observe@. A new sample is being prepared
andeg‘hope'FO'have ?easurements by mid April '81;

The successful measurements in CdS aﬁd Air, discussed with researchers
at the Gordon Conference on Insulation Phenomena, led to arrangements by
which we shall éttempt to measure the Hall mobility of electrons in poly-
ethylene (PE). According to Y. inuisﬁi thekdrift‘mofion‘of electréns in
this insulator is limited.by the time spent in deep traps. While in the

: 2
conduction band the eléctron mobility should be ~ 10 cm”/Vs, i.e., near the



lower limit of our estimated sensitivity.. Dr. Forster from Exxon sent us , .
. gamples for these trials. Preliminary_ﬁesults_indica;evghapwa measurement
may'be possible)close to the‘limit of the s/n ratio of our apparatus. -Such

measurements are of particular interest to-the electrical utility companies.:

'b) Optical Absorption and Photoébndﬁctivity"df Electrons in Liquid Ar

AWe completed the.cénstrucfioﬁ;:théltesting énd'fhe'interfacing of the
Fourier spectrometer. A detailed drawing for‘the sample chamber was made_
and put in the shop (Fig. 1, for a simplified sketch).

In ordér~t§ increasé either.fhe ma%iﬁuﬁ’aécelérator curféﬁt 6r‘£he
maximum applied field we decided to use a sapphire tube as ‘the side walls of
the sample cell. Unfortuqately this has led to a delay of over 6 months
becauée its delivery wasAshiftéd from April to September.

We abandoned the idea 6f a contemporary photoacoustic measurement
because after simplified simuiatédltrials.it Béééme ob&ioué that the fre-
quency response would bé insufficient to justify thé‘adaitionai effort.

A major'difficulty I had was hirihg'a réséarch aséociate.‘ The assoéiate
from Italy, B. Zambon, turned out not to be a success; I have not succeeded
in findiﬁg a replacement despité a series of letters to coliéagues.and
advertisements in Physics Today in January, March and Septeﬁber 1980. As
a result an offer was made last June toAthe only candidate whp éppeéred |
remotely qualified (R. J. Kehﬁedy). This offér was declined. The search
was reopened with advertising in Physics. Today (December '80, Jénuary '81,
March '81) énd approximately 100 personal letters to investigators in
related fields. The only apparently qualified applicant was;not interested
in taking a positioﬁ, presumably for financial reaéons.

'Ihermechanical construction aspects of this cxperiment héve been

~

essentially completed. The different parts are being tested 'to assure they-



will work as planned. BothAthevvacuum_system and most of the sample cell

" are completed. - The fabrication'of some glass parts is still incomplete.

c) Theoretical Work

1. Electron Trappiqg~‘ : ; - -During/this-last summer, prodded by

the invitation for a seminar at the Gordon Research Conference on Insulating
‘Phenpmeﬁa, and by a cémment by U. So&ada.at the lasthollpque Weyl, I cal-

culated the expectéd'eleqtric‘field dependence of the capture probability of"
‘and 0]

electrons by SF in the liquid rare gases. The measurements were

6

carried out by Bakale gg_gl.é,

2

The calculation is based on the-reélization that the capture process
proceeds through a diffusion among excited statesiof the‘impurity.7_9 At
each step there is a probability that ﬁhe electron can either gain or lose
energy. Like in the cése of éemiconductors, a state whoée binding eneréy.E
is a few kT Bélow fhe Qonducfiohﬂbaﬁ@ canvbe_conéidergd as a boundary: if
the electron reaches a more tightly bound state it is eventually permanently

9,10 The state

' trapped, if noc, it Is re=cuitled in the conduction band.
whose energy is E determines the whole kinetics. The effect of the electric
field is primarily that of decreésing‘the binding energy of this state,
therefore iﬁcreasing the probability of re—emitting the electron'info the
conduction bandp This is the Poole;Frenkel—Schotky effect.ll—13 From a
very.simple calculation ~ one concludes'that the capture rate constant
per unit concentration of impurities (k) has a dependence on the electric
field F such that

k_‘1 = A+ B exp cV/F

This describes very well ﬁhe experimental data. The value of c obtained

experimentally agrees within a factor ~ 2 with what is calculated for a singly

charged hydrdgenic impurity. The value of c is proportional to the



effective charge necessary to .trap. the electron divided by the square root of
4”the local dielectric constaat: - In the hydrogenic apppoximation,‘l took for
. K.thg dielgctric cqnstaﬁt of ;he liquid. - This is certainly an over-estimate
because.shielding of the “charges'" of the impurity by the atoms of the liquid
is clearly over—estimated; The vaiﬁe“of'the’;éhéréé" is not one either since
it depend; on the det;iled wé&efunction of the electron that is trapped to

2 6

It is interesting to notice that the problem must be treated quantum

mechanically.s’9

make an O, or an SF, ion.

The classical. treatment along the lines. of Ref. 7 was
'fecently abﬁiieaaga liéuids by Tachi&a.l4 If predicts a field dependence pro-
ﬁortional to (Cz-+BZF2)%“that is not observéa; C is a constant inveréely pro-
portioﬁal to the»eiéctfbn mébilit& while.B is another constant inversely pro-
: por£ioﬁél ﬁo temperature;  Tachiya's model is valid fbr diffusion limited
trappiﬁg.

The fact that it is unnecessary to invoke hot electrons to understand tﬁe
is.further confirmed if one-:

field dependence of the trapping of O, and SF

2 6

accepts the results of Bakale gg_gl,6 that the trapping involves first order .
kinetics. If the populatiqn”of elgct;ons whose energy is ~ 0.5 eV above the
botrom 6[ the conduction band would be impnrtant, impéct ionization and im-
pact (or Auger) recombination should take place as well (the electron affinity
éf Qé gas is ~ .45 eV) and contrary to observatién‘the trapping kinetics
should notvbe first order. For reasons of space limitations the figures cor-
responding to 0, in Xe and Ar and SF6 in Xe were not included in the paper

2

submitted to the -Journal of Chemical Physics.

5.

2. Trapping of Electrons in Ethane ' Data recently published1
indicate that iu Llie case of cthane electronic transport is thermally acti-

vated. Since C,H, has several weakly bound excited states with A and E

276



Symmétry16 and-the'ground state of CZH6has Ag s_'ymmetry,l6 I speculated that

‘the wave function of the unrelaxed C2H6 has E symmetry that is- expected to
undergo a Jahn-Teller distortion by coupling with an Eg like lattice vibra-
tidn.17 A vibration of the approprlate symmetry ex1sts18 between ~ 1150 cm_
and ~ 1190 cm 1. At low temperature (< 250 K) the activation energy for the
mobility is (1110 % 20)cm 1, Since the polarlzablllty of C2 6 is small this
~ indicates that the electron must be weakly bound in the unrelaxed molecule
and a large fraction of the energy will be used for the Jahn—Teller distortion.
From the'observation that a good Arrhenius plot is cbtained fcr the
electron mobility despite the fact that there are large changes of the dens-
ity of C (> 2) over the range of temperatures studied (~ lll K to ~ 340 K)
it is concluded that the traps cannot be due to large clusters of molecules.
Since in general, the first peak of the radial distribution function of a
dense fluid remains at a censtant position with changes in density (the number
of nearest neighbors changes) I am led to speculate ‘that the traps‘observed
in ethane are associated with very few molecules‘ at the lowest temperatures

(110 K - 250 K) with the single molecule, at hlgher temperatures w1th a very

small cluster.19

3. Controversy over the Importance of Hot Electrons for the Interpre-

tation of-the Field Dependence of the Eiectron Mobility in Ar, Kr, Xe .

G. Freeman and W. Schmidt et al. objected to'my interpretation.of
the field dependence of the time of flight of electrons in rare gas liquias
as limited by shallow traps.20 They also objected to my arguments that the
influence of added impurities (e.g., HZ’ N2, CH4) on the time of flight of
electrons in Ar, Kr, Xe had nothing to do with hot electronms. TheirAcomments,

werc submitted to the Journal of Chemical Physics, and so was my reply.



bne of Schmidt's points is taken~up in the paper'on-trapping.méntiOned above.
Detailed aréu@ents poinéing‘opt_the difficultigs-of.Leknér's'theory have‘been
given by Jahnke g&_gl,,zl and Basak'gg_gl.zz Hot electron effects are exten-
sively exﬁlored in the vast 1iteréture_on hot electfons in semiconductors.23_27
For reasons of space limitations (1200 words) they were not .repeated in the

_ publication, for similar reasons it does not seem appropriate to repeat them
‘here. Lately Gryko ana Popiélanski28 pro§ided further numerical.results .de-

monstrating the inapplicability of the independent scatterer model for the

.description of the motion of electrons in liquified rare gases.
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