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ABSTRACT

It was the pur»gaé of this atudy (1)
to develop & vacuum tudbe eleotrometer for rapid
déterminations of rolative éha#ﬁat&ri#ﬁxe& ot
eléotretas (2) to estadlish thé'atfﬂat&tﬁaaaa
of this instrument by vaxirying*am"aamkxén.
oléin that the tinme ?a@uira&trer‘tha.r«reznai
ot charge on an electret incereasred with the
tedperature of the molten mi&iura‘a@mpaneutw.
~ HElestrets were made from Garsaubda'wex
rosia miztures snd the effestive a#rraaq sharge
on the electrets messured by means of #*vaannm
tube elecirometer. Thé method used was' the
diseharge of a cepecitor across @ high
resistance (10} onms) in the grid eireuit.,
Curves waere plotted of proportionsl
values of effeotive oharge versus time and the
decay sharscteristios studiaa;"néria&tii\
reversal times were obtained for some electreda.
The reversal times for other eleotrets could not
" be obtained because of the malfusetioning of
| ﬁhia type of instrument ia relative high humle
d1tlies. Howaever, by taking the ava#age values
for the data and construeting s smooth eurve

through these points, . . an indicstion of the



i1
reversal times inoreasing with inoreasing
temperatures was‘abts&nadg

" Bleotrets yielding homocherges were made
with electrie fields of 7-8 kv/em, whiech

................
qqqqq

............

‘The slectrometer was calibrated with =

known eondenser, and an spproximate value of

........

fase dharge density‘é:‘thn‘éiuatratg This is
in egreement with the velue of from 0,4+10
nau/éﬁ3 rép9rted in the literature.

’ " 1% 48 oconcluded that with proper atmose
pheric¢ moisture control, that the vacuum tubde
electrometer is capable of rapidly indieating
substances which make elootrets (yielding

8 homocharge). Yery possibly, through ingenious
methods, the weter oould be salidrated quite
aéenrataly to re#& valuss of the effective

surfage charge densities,
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CHAPTER I

THE PROBLEM AND DEFPINITIONS
OF THLRMS USED

Thqra heve been vesry few papers
published on the electret, the eerliest of
which was written in 1985, shortly after the
disoovaery of the electret., An electret is a
éialaétriﬁ exhiblting anomalous effects, the
explaenation of whioh has not yet besen satis~
factorily expounded. In reviewing the scant
literature ¢n the a#bjaet many diverss
opinions about the electret in general were

'onaeuntereda
19 THZ PROBLEM

Statement of the problem. It was the
purpose of this study (1) to develop & vaocuum

tube electrometer for rapid determinations of
reletive charscteristios of elesstrets; and
{8) to esteblish the effectiveness of this
instrument by réfirying en earlier claim that
the time required for tﬁa reverssl of oharge

on an eleotret ineressed with inorecssed
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temperature of the molten mixbture components,t
Importance of the study.

A number of commercial and seclentifioe
researchers have followed in the footsteps
of Lguohl and Gemant, and at this writing a
variety of eleoctret production projeoits are
rumored and reported to be underway
throughout the United States. It is im~
possible to dssess the value of these
rumors and reports, probaebly due to the
need for trade seeresy in most ocsses; dut
it 1ls @ rather wellw-known faet that
eleotret experimentation has recently been
acoelerated in numercus ¢olleges, univere
sitieg, and goveranmaental raaeareﬁ organiza=
tions, Therefore, 1% would seem at bdest
that the debut of electrets as ceommercial

~ produocts will not be long delayed.2

Considering the need of the vast amount
of research and experimental investigations of
materiels from whisch Yo fabricate electrets,
there appears %o bs & definite advantage to
- have a measns of rapldly determining whether or
" not an eleatret has been prepared successfully,
and whethoer or not the substance being cone
sidered will yield a homechsrge. In the study

iw, ¥, Good and J, D, Stranathan, "An
Improved Method of Making Permanent Electrets
and Factors Which aAffect Their Behavior,"

Physice)l Review, 56181013, October, 1939,

2rhomas 4. Dickinson, "CGeramic Lleotrets,"

Ceramic Industry, 52164, May, 1949,



&
ef charge recovery curves (e, g« irrediation
of the elestret with xerays) it is advantaw
goeous %0 hesve a mﬁasurina‘iaatruwana-with a
rapld responsge.

The experimental results of the
invastigatiaha'aa the eleciret obtajined dy
esrlier investigaetors will have %o be
‘dupliaatea h# others before belng generaslly
socepted} thus in the attenpt to develop a
measuring device a verificetion of earlier
results should be of value,

2. DEPINITIONS OF TERKS USED

6+ The term “electret™ was

¢oined by Oliver Heaviside to denote s
permanently slectrified substence exhidbiting
‘elootrical charges at i%e extremities. 4%

the ordinery meeting of the ?hy:iee*ﬂéghe*
matiocal Boeiety of Japan, in the year 1930,
the neme "Permanent electret™ or simply
"slectret” was given to the special dlelestric
whieb retained e ﬁot electric moment after

the exterrnally ay&&ieé polerizing field was
removed, This speciel dielectric was pre~
pared by Eguah; fr¢m & molten hixtugn of egual
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parts by weight of Cernsuba wax and resin.
Ten per cent beeswax was added to some mixs
turas,x 4n electret in many respects is the
exaot eleotrioc counterpart of a permanent

megnet o2

Carnauba Wax. "Waxes are usually mixe
tures of higher alocochols of the methyl
sloohol series {(C_H, . 0H) with esters of thess
same alcohols and the fatty acids; in scme
waxes higher paraffin hydrocerbons are also
present.”® Carnauba wax i1s extracted from
the leaves of a Brazilian palm. It has an
axeeptionally high melting point {83°C to 86°C)
and 1s largely CygHzyC00CaqHgy ‘
‘Hetrocherge., Using the termincloegy
originated by Gement and app@arigg in numerocus
 papers on electrets, & charge on the ¢lectret

surfaces of the opposite slgn $to that of

1%, Eguohi, "On the FPermanent Elsctret,”
Philosophical Magszine, 49:178-92, January, 1925,

24, Gemant, "Blectrets,” P T
Physies Todey
218, Magren, 1949, o ' et

Chomi Srames %i,czzung, Albez; %& Blgtt, The
shemistry & Gompa {bhew Tork!
The Hecmillan éempany, 194%%, Pe217,
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the adjacent polarizing electrode is eallaﬁ a
hetercecharge. The heterocharge which |
initially appeers on the electret is not
strenge and 1aﬂa1mply explained in terms of

the orientation of dipoles in an eleotrio
| field wherein charges of opposite sign attraot
sach other.

Homochargas, A4 oharge on the slectret
surfaseoes of the seme sign as that of the
edjacent polarizing electrode is called s
bomoeharge, In a number of meterials, the
initial heterocoharge declines, a reversal of
polerity takes place, and a homocharge dullds
upe The sexplenetion of the phencnomenon of
the subsequent eppearences of the homocharge

on the eleetret hes yet to be esteblished.*

‘?; Gutmann, "The Kleoctret,™ Reviews
of Modern Physics, 203467~70, July, v




CHAPTER XX

REVIZW OF THE LITERATURE

Eguechl, a ?hysiaa Frofessor et the

- Higher Naval College, Tokoyo, Japan published
the first paper on en eslestret in the year
1925, Since the yublieaﬂian of Eguehits
paper, there have heen rslatively few

papers on sleoctrets, Most of these papers
established experimental faots, with approxie
mately only four presenting theories. Howe
eyer, as yet, none of the theories have deen

universally aaeaptea.i

The literature aeaeaina aumerous
wariations in opinions and many dlssgree~
ments of the methods of preparing electrets
aa well ss the faetors which sffect thelr
behavior, Conseguently the present
ionvestigetor has alahméqtea many peoints in
detail to emphesize the importance and need

.1F¢ ﬂntmsnn“*@hd Bleoctret Revievws ~£

Modern Physics, 201467-70, July, 1945°
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of much further research on the electret.,

Epown Substanceg cepable of ylelding
slectiretes Hydrocarben compounds heving a
tinlte géipole moment tend to develoep homow
ghargad but, nomne-poler hydrocerbons, which
have been iavestigated, mﬁeh 88 paraffin wex,
will not develop permanent charges snd thus,
will not yield electrets. The electrification
of an electret is not merely a surface effect
but. also a4 volume effeots The homocharge
appears in compounds cconteining esters snd/or
alookols; however, im many substanges there is
ne sign of any decey of the primary heterocharge.

Figure 1 shows the oharscteristics of
various substances., OCutmenn has dividad thesse
substances into two classes! those capable of
permanent volume polarization and those glving
surface eharges anlyaa |

Mikolas subdivided elsectrets into two
classes!

1.'Thase substances of comparatively high

conductivity yieléigg heterocharges only.

“Inid., D468,
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2, Those substences of & much lower
conductlivity capeble of developing hameeharaasia

Cemant stated that dipolar ceconstituents
with a high degree of hardness at room tem~

persture ere necessary for the prepsration of

| electrets; however, he was not certain as to
whether these two conditions, orientability
and hardness, were suffiolent. 4s other
possible materials from which %0 preparse
electrets, he suggested synthetio plaaﬁics;
thermo-plastics,; thermosetting plastics
and glesses « especially high electrical
resitivity glasees, esuch as are used in the
manufacture of fiber glass for electriocal
purposes. Hore recently, Gutmann says,” It was
thought that only hard and brittle substanoces
are suiteble to become eleotrets, but 1t has
been found that some very soft and low melting
carnsuba waxes slso form eleotrets,"d

Padgett® 1s of the opinion that the

SLoca oi%.
4Ib1d., pe459,

PRaward Padgett

"Improved Elsotrets,"”
Radio Xlestronics, aaa%eaaa, April, 1949,
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preparation ef electrets from the mixtures as
used by early workers 1s unsatisfectory, bee
cause boeswax is relativeiy s0ft and so complex,
physicelly and chemically, thaet 1t is unstable,
is subjeot to decomposition by light, and pre=
seipitates out of the wax mixture, He used
egual parts of carmauba wax and Hercules
Hydrogenated rosin (8taybelite resinl.
"Hydrogenation of rosin eliminates the diffi-
oulties mentioned adove, Splendid esemi«plastio
electrets oan be made from 45% carnaudba wax, 45%
hydrogenated rosin, and 16% ethyl vellulose,"®
Pgdgott found that the dangity of surfage chaerge
varied from 0,85 %o 4.00 statooulombds per square
centimeter, He then states that Eguochi end
Genant working under ideal laboratory eonditions
found the reletive density of surface charge to
be approximately 6 statcculombe per sgusre
centimeter; yet, he c¢claims, "NHew compounds
produce electrets with better stability and

higher surface ehargai"? In conmidering the

61 » Pello
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relatively small magnitudes of the surfaoce
charge densities ma&gﬁred_by Padgett as ocomw
pared to the results of other workers, the !
present investigator i4s not of the opinion thst
the implication of a higher surface oharge
density in the above guotation ia wholly
Justified,

From Diokinson's® resesroh on aleetrots;
he claims that unsaturated polyesters appear’
to have the most desirable featuree for' the
manufacture of eleotrets, He states that 1t
is alleged that.&amant, working with the Déttatt
Edison Compeny, has done some work on ceramioe
electrets. ‘
| In & more reeent paper Dickinson states
that gleaes is considered pertioulsarly well
adapted to the fabrication of electrets and

glves & number of reasons.?

Acﬁuallthhera are no indications in the

8
Thomas A, Dickson %ggggg 4lh
cslirarntas Plazéi&a Heseby ompé%y, 1%4awhra,

gThomaa i. niakinsen "@eramze BEleotrets,”
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paper thet he prepared electrets from glass.
Footnotes in this repubdlished paper, resulting
from rebuttals by the readers, state!

Experts assert that there is a considere
able gap between wax and glass that should
be supported with experimental evidence
relating t0 ceramic materials.

Organic electrets mentioned here are
non conduetors of electricity at both room
temperature and in the range at whioh
orientation of the particles take place.
Ingofar as commercial glass and other ine
organic ceramic materials become good
confuctors at high temperaturas% the small
residual charge that is "frozen" in 1s of
‘relatively afgrt duration, and of little
conseguence.,

Dickinson further states?

It 18 guite possible that meny electret
materials ocan be compounded with ferrous
oxides or assembled as a series of none
ferrous parts so that they can dupliocate
the fundamental manifestations of permanent
ferromagnets; further, it is a welleknown
faot that they can be ¢ompounded oy L
assembled 80 as to exert magnetiec influenees L
as many non~ferrous substances. o

In the manufacture of glass electrets, it
seems rather evident that quartz materiaia
{suech as the soda lime combinations) should
play a leading role. However, 1t is

entirely possible that other glaaaea whioh
are more compatible with metallic oxifas will
meet the majority of specelfications,

101b1d., D463,
11’.&});&3, paﬁ&.
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Diokinson lists other ceramics which he
clalms mey find uses in the fabrication of
electrets:

(1) Fireclays - whéere ultra-high teme
perature resistosnce is essentisl, |

{2) Clays with "nenemetal? ferrous gome
ponents such as iron oxide « where Ioﬁldb&t
snbétituﬁaa for alloy ferromagnets are‘desirod;
Baterlials in this ocetegory, Lickinson alaimn;
may in some lnstences, be molded like pottery
and charged after firing #y insertion Iin an
olwatromégnetia ¢oil rather than by the cone
ventional elesctret oharging method,

(3) Porselain « where the natural transe
parenecy of glags 1is noneessential, or where
 maximum chemlcal inertness is deeired.

Gementd® also mentioned plastiecs of high
softening point, glass, ceremics - especlally
bariun«~titeanate cereamiocs -« ag promising
-meterisls from whish to prepare ecleoctirets.

However, no indications in the literaturs were

12, L e e
- ""4, Gemant, "Electrets,™ Fhysies
Today, 21813, March, 1949, p.l3.,
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found of any of the above suggested materialas
having been suoccessfully used to make elactrets,

Ihe charge on sle
surface charge density reported to have bsep

¢ts+ The average

sttained on ﬁhe surface of the slectret was

from 5-10 esu/om®, without any sign of decay of

tbe homogharge over a period of years. The
time required for the reversal of polarity \
eppsars to have bsen from one to fourteen days.
Eguohil observed no evidence of decay of the
homocharge aftsr three years when the electret
waé kept in a dry etmosphere and the surfaces
short-circuited with 8 keeper {(i.e. wrapped in a
metal foills 4n electret whioch has lost its
charge by sdsorption of moisture on its surface
will regain tha eharge by drying in a desiccaw
tor. Cemsnt made electrets whioh showed no sign
of decday over a.period of twelve yaarsgls.
~Hguohl made the following obdservations on

the eleatrah‘l* The mesnner of growth of the

I35, Cemant, Ehyeiss Today, ».S.
14y, Egueochi, "On the Permanent Zlectret,™
Ehilosophical lMaegazine, 491187, 1925,
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charges on both surfaces and their velues do
not vary mush when the method of preparation 1is
modified in certain waysi e+ g., when bath
electrodes are ecompletely insulated from the
earth, or when either one of the slectrodes 1is
aampiataly»marthea and the other insulated,
Using & bunsen flame, he melted mome of the sure
face of an aleetret'whieh; after eooling end dry-
ing, regeined lte original c¢harge. The surface
echsrge disappeared when washed with various
reagents such as water, aclids, alkallis, absolute
alootol, ether and benzenej buif the electret
always recovered sometime attﬁr the dielectrics
wore oompletely dry. If the surfasce layer were
,remévea by plening or cutting, the remeinder
was sfill an'elaeﬁrat* When the carnaudbe wax
and rosin mixture was solidifled first and then
put under 2a electric fleld, the surfaces dis»
played some weak resi&ﬁal charge, "s.sthelr
intenesity snd durasbility were of vary small order
guite incomparable with those of the electret,"td

¥hen an alectxat was placed in an oppositely

I0L00. oits
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direoted electric field for thirty minutes, the
surfaces obtained moaerate;y large surface
sharge densitles of signs respectively opposite
to the signs of the initie)l ocharges, This rew
versed charge decayed rapidly end the sleoctret
regained 1ts original charge.

~Gutmann found that the decay of the homoe
eharge is not s continuous process, but takes
place in discontinuoue jJjumps, He claimed thet
the process of decay i%self, as well as the
magnitnda and frequenoy of these discontinuities,
were consideradly gpaaﬁea up by irrediesting the
electret in a supersoniec sound field of spproxie
mately 700 ke and of rather apyrociable intensity.

Bffects of mixing the somponents on the
behavior of the electrets« The eleciret behavior
depends markedly upon the detalls of prepsration
¢f the carnaubs wax-roein mixture, &Etranathan
ané Doddsl® investigated the effeots of varying
the method of mixing the electret components and
the effeots of éigterant molten mixture temperas
tures on the resulting charge density. They used

"ileot 1EW*£E. Dga&n gnédJ& D &trana&h;n,
lectrets from Dry-mizxe omponents hyslical
Review, 601360, August, 1941, !
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"Seleoted Flora® carnauba wax snd e special
grade rosin, pulverized with a mortar and pestle
and sifted through siavee,'whioh yielded strong,
smooth, physically uniform eleotrets having
echarecteristics more easily reproducible than
‘sould be ab@aidﬂnaing the usual methods,

Equel perts of the pulverized rosin and
carnaube wax were mixed in e mechanically driven
mixer, the time of mixing being the seme in all
cages. The desired amount of dry mix was
weighed out in s tinned pan and placed in an
alecetrode and tank system immersed 4in an oil
baths, The melting and cooling times for the
electrets were carefully controlled, aend e unie
form procedure adopted for all electrets,s They
stated that stratification into twoe component
layers ococured during melting 1f the particles
were too large, and small dbubbles, probadly of
alir, eppeared on the surfece of the eleoctret
when the particles were too small., "Preliminary
work indicates a slight particle~gize effect on

nl?

the shepe of the révaraal CUrvVe., Stranathan
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and Dodds steted that the reversal-times of
electrets prepared in this manner were oone
sideradbly shorter than man} of those reported
in. the literature for eleoctrets of similar
composition, They concluded that the shorter
" revereal time was due to the grade of carnauba
wex ﬁnﬁ rosin used rather than to the method
of manufascture, |

ITenparature consideretions in meking
electrets., The temperature Bbove the melting

point of the carnsubs wax and rosin mixture)is

a factor in the behavior of the electret, though
the final surface charge density is independent
of the excess temperature &nd attaing approxie
mately the same final vsluagla Thus, 1n;tha
process of melting the mixture, it is suffioclent
to reaise the temperature to the melting point,
Podd end Btranathan claimed that the time re~
quired for reversal of charge on the electret

inoreases with increasing temperatures sbove the

18y, M, Good and ¥, D, Stranathan, "An
Improved Yethod of Making FPermansent Kloc%ratn and
Faotors Whieh Affeet Thelr Behavior," Physiocsl
Reyiew, 561810+13, October, 1939, ‘
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melting point, snd thet the reversal time
approaches 8 lower limit whiceh is thet time
characteristie of an eleotret of pure carneauda
wax, They also report that there is evidenoe
vthat prolonged heating or vigorous stirring of
the wax mixture et %ewéf temperatures asccome
plishes to s lessor degree what is sccomplished
by higher temperatures during the initiasl
melting.

|  The o¢coling time of the electred under
the eppllied charging field was investigated by
Good and Straenathan, Using a cathode container
{iron oylinder) in oil deth, the hot oil was
drawn off at 75°C end the electret further

900led by the addition of eold oil. The
repidly cooled electrets reversed the sigan of
the charge snd els¢ atteined the ssme final |
charge in 8 shorter time than when waiting for
the hot oil to cool. However, when water was
used, instead of cold oil, end, the electret
cooled to room temperature in thirty minutes
the rapid cooling 414 not yield an eleotret,
Eleotrets coocled in the air were full of ocracks
and esslly brokeny whareas,'theaa cooled within



19
the 4iron oylinder ware uniform and smooth, 4s
an explanation, the investigators say,

"+.se the phenonmena are no doubt oconnsoted with
tha’t&mperatuxe gradient within the cooling

wl®

electret. ‘Extending the cooling time in the

'aleotria ti»;& beyond a day produced little
" effeot. Below this there existed a range of
eooling times vital to the behavior of the
electret,

Cutmann obtained his best results when
the substenoce was thyoughly fluld st the melting
point and the polarizing field removed once the
wax had thoroughly aoliaitiéé but atill re=
mained at an elevated temperature.

Johnson and Carr2® conduoted & series of

experiments in whiob the electrie field was

applied to theiwax mixture et different tempera=~
tures and allowed to remain until the wax cooled
to room temperature., 4nother series of experi-

ments wes made in whieh &he electric f1le6ld was

1¥Ivid,, peBLS.

200; Js Johnson aaﬁ ¥, H, Garr, "Some

Experiments on klectrets,"” Fhysics Review,
421912, December, 1932,

=4
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appliaﬂ when the wax wa# melten, but was removed
from each succeseive sample when {t hed cooled
to a tempersture lower than thet at which the
field was removed from the preceding sas ple.

The strengths of these electrets were measured
and the investigators concluded, "Results
indicste that the moleocules of the wax mixture
besome fixed in their polarized positions, so
thet rendom reorientation 1s negligible at a
temperature definitely lower than the temperaw
ture 8t which solidirflication tgkea plaoe."gl
Importensce of the elestrodes in making
gleoctretn. The electrode materiel used in
making electrets was reported by Cutmenn as being

an importent faoctor.®® Niokel eleetrodes yilelded

a8 emall ohsarge which devayed to zero in a2 few
monthe, Using tin electrodes without applying
a polerlizing fleld, electrets woere obtained
having @ chsrge of two thirds the magnitude of
those similarly prepered when using en applied
electric fleld, and with no decay of charge

over a period of six months., He stated that

10, ol
22cutmann, 0D, Sit., D459,
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there is an inportant difference between
electrified bodiew prepared by the letter
methods and the true eleotret prepared with an
slectric field at an elevated temperature. "The
eleotrification of the true electret ie a vYolume
effeot, extending through the whole of its
mass while the charge aprearing without either
the thermal or electricsl part of the praﬁaration

sre purely surface charges."®3

-

Most workers used tin~foll electrodes
because they strlp easily from the wax mixture.
Good and Stransthan reported that tin seemed to
be the mas£ satisfactory electrode materiel, and
that 1t showed less svidence of elesctro~-chomical
aetivity than any otﬁsx materials ueed, They
used a tinned pan for the bottom electrode and
a #0144 tin aisk turned on & lathe, polished
with carbon tetrachloride and rovge, for the
top eleetrofe, A new pan was used anﬁvthe'tep
repolished in preparing easch electret., The tem~
perature of the oll bath was kept below 90%C, for

at temperatures greater than this the tin showed

azgg | ﬂ!&}'
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evidence of chemical aeotion.

Franklin cleims that he hes produced
electrets having & heterocherge without the
hdwbcharge by 4neulating the electret meterial
from the eleoctrodes with sulfur disks during

polariaatiaa‘3*

Strength of the polorizing slectric field

hged Apn preparing electrets. Cutmann eclaimed
that electrats prepared with electric flelds

lesg than ten kilovolts per centimeter produced
hetrocharges only, whioh decayed slowly to a
permanent value within tén to twenty duys.

"First Iinvestigators all applied fielde in excess
of 10 kv/em, bdut Thiessen and co-workere found

" that electrets can also be prepared with lower

rielda‘"as
eleoctrets - after the manner of Eguchl - using

Johneon and Carr state thet they made

sarnaube wax and roesin in eleoctrio fields ss
small es a few hundred volts per centimeter,
However, CGutmann ssid thet the important differ.
enge is that eleetrets prepsred with an electrie

345& D, Franklin, "The Heterosharge of
a

Carnauba % Lleotrets,” Physiocsl Review, 781342,
Hﬂy’ 19ﬁ0 [ ]

3$Gutmann,w02, 0its, Pp+460,
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field less than 10 kv/om gives a heterocharge
enly¢a$ , ";.

It the filgures gilven in Padgett's paper

his electris fleld to have Veen around ¥ to 8
| k%/om, yet hias publiehed twelve~woek curve spewa
a éetinita reversal of oharge., OGemant states,
"To make an eloctret the éalﬁan wax is put In a
noderately acfnng direct current fleld, perhaps
f£ive thousand volts p&r eontimeter,."?! Beering
&# mind thet Padgett used slightly different
gomponents, there appears $o0 bde a laok of
definite knowledge of the question ef polare
1zing field strength seffeots.
| Diokinson®® gtated that he used either
slternating or direct current in the polarizing
process that, se & rule, the dlrect ourrent wes
preferable beocause it formed distinguishable
positive and negetive oharges, whereas the
alternating eurrent produced charges of the

20400, o1t

ﬁ’ﬂemantg FPhysies Today, Ops e1ts, Pe®
28piexinson, Cersmie Industry, Op. eit., pé2.
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asme sign on eecdh surface, one stronger than
the other., "This statement 1is ahallengaé|?g‘
wu#rant is aﬁplxﬁab;gg”g“ The latter ateé%%&nt
is the editor's note on a republication of
Lickinson's paper.
The eleetric Tield intensity near the surfase
of the electret was reported ae high as 20 kv/enm,
' Qegantaﬁ stteapted t0 snalyze methematiocally
the effeets of the free ions present in the
atmosphere on the electrie fialélet the electret,
The results of his derivetions, based upon
" simple consideretioans, werse .in ﬁpparent\aonw
~traaiatwn to the experimental fiandings.
Phenomens along these lines would be encounters
¢d in the consideration of the possibdility eof
~the use of alaetrata in vaouum discharge tudes.
The aa#umptiou of Gemant's prodlem « a |

mathematiocal analysis of the fieléd of ah

29100, o1t
$°&. Cemant, "Field of Electrets in the
Proseonce of Geseous Ions,™ Physice) Review,

61179, January, 1942,

e "
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slectret in a spacs of finite ion concentration =
was that "The Csloulation is based on the type
of doudble~layer as first eoncerned bj’Gouy for
alectrolytiec solutions., It can be applied to
this case as well "3l The basiec idea is that
"~ {ons of & charge opposite $0 a given charged
surfesce will accumulate in the neighborhood,
while 4ons of the ssnme ehérga will be repelled,
When eguilibdbrium is raaehad;\#he ions are aoted
upon by slectrical eand 4iffusion foreces of equel
ﬁ&g&itude and opposite direction. Thus, for a
positive electret surface negative ione will
- sagcumulate nesr the surface, shielding the
fi8l1d outaide the 4double leyer formed by the
positive electret charge and the negative ionle
. eharge.

However, from experimental findings, the
fi8ld of electrets L8 appreciable even in the
presence of geseous ionse. Gemant stated that
1t 18 quite likely thet the field will diminish
with inereasing ccecncentration of the ions and

that "Exgerimenté will have to establish the

Slr.00, sits
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relation, field versus ion aanaentration."sa
With this releationship known, &n electret
combined with & measuring device maey be usable
as a guantitative indicetor for the ion concenw

tration of the etmosphere or any olosed space,

8%1vid., D82,



CHAPTER I1X
MEASURING INITRUMENT THLORY

4n esbsolute dstermination of the effeative
charge on the surface of an electret cen be
- obtained by means of a guadrant electrometery
and, thus the effective surface aharg# density,
the ratio of the tgtal effeotive charge on one
surface of an eleatret to the area of that
surfece, oan be calouleted for purposes of
oomparison, However, for many investigations
on the eleotret, it 1s suffliolent to messure
relative changes in the effective surface
charge density. A4n 1nstrumaét satisfying the
requirements for the letter type of measurements
was used in the present investigation, rar‘thia
purpose an eleotron tube electrometer was used.

An electrometer utilizing an electron tube
18 identiocal in utility with a guadrent electros
- meter or a goldeleal eleotrosoope with an .
indicating seale, for they are all constant
potential maagurfng devioces which are no$
supposed to take aur;an;rrrem tng source of
potential being messured, An electron tube, in

prineiple, is an electrostatic device becsuse

Lr
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the operation of the tube depends only upon
the grid potentisl.t
By the simplest ﬁatinitina, a three
eloment electron tube is & devioce in whieh
the current flowing from cathode to ancde
is vontrolled by the potential of a grid
to whieh no ocurrent flowas. Under this
definition, an operating triode would
show no chsnge of plate ourrent if the
grid lead were disconnected; for, if no
gcurrent flows %o or from the grid itse
potentisl will not change, Tnhas whioh

can do _this are celled electrometer.
tubes .

Speecial tubes cen be obitained which are
essentially electrostatic in charaeter after
special considerations have been gi&an to the
prevention of electrons from leaking at the
tube base, to internel lonization, and a
number of other extremely important points in
‘the manufeoture of suoh tubes, Ordinery vacuunm
tubes fail even to approash the reguirements of
an electrometer, "The word "elsctrometer® is
properly applied only where it refers to a tube

or eirouit in whioh the control element may

ixohn A Viatoraan. ”Eleetr@mater Tubes
for the Haasuramant er Small Curreants,
Proee of the 1, R, &y Vol. 37, g '8 4,
April, 1 49. Pe 4336

%100, oit.
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have an input leakage resisteance of the order

of 1018 onus or grid currens of 10-19 amperes."™
Currents es smell as 10« 7 amperes may bve

measured with vaouum tube eleotrometers,?

4 number of methods are aveiladble for
the measurement of smell currents by the use
of an electron tube. One method, and the
method used in the present investigation is
to measure the potential difference produced
when there 412 a gourrent through s very high
resistance, The size of the resistor that can
be used, and the resulting sensitivity obtaine
able, are limited by the leskage resistance
of the grid. é‘lﬂll ohn resistor was used
ap shown in the oireuilt diegrem of Figure 4.,
Thus for an input signal of 10-1} amperes the
gorresponding potentlal difference would be
1 volt., This potentieal difference across the
high resistance in series with the grid vleas

can be indiceted on the plete ceurrent.

5Logs oi%s

dHervert J. Relch, Eﬁgggz}a%g Applications
Eggggggn'Tghggf (New York and Londont Moelbraw-
ﬁ%z ook Gompany, Ine., 1944), p. 613,
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microsmmeter when a vacuum tube with e high
transoconductance - the raetio of the echange in
plate current to the ochange in grid voltage =
is used,

" An electrometer triode, number VI.5803,
manufactured dy the Vietoreen Instrument
Company, was used in the modified Soller®
¢ircuit of Figure 4, The use of this ocirouit,
and the theory upen which the method was based,
was an outgrowth of an earlier unsuccessful
attempt t0 obtain data using the circult of

Figure 3, teken from Victoreen's®

paper with an
added veriable measuring capascitor C, and a
d'irsonval gelvanometer arrangement with a
belencing eircuits The latter sirouit, with
the exception ol th$‘galvanoﬁater; was mounted
in & grounded metal case made from surplus
egquipment -~ with a few small holes in the gides
and a cover which 414 not permit ocomplete

light ~ shielding within the case. "Photow

By, Barton Hoa Eggqg v%gg Huge
%gxgi%g '(Toronte ang’ 6w org% » Van Nostrand
QQ’ anw, 1.943 s yP& 4*34%35&
6v1etareon, ODpe. cits., D438
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elacerib currents may be prohivitlve when even

a small amount of light strikes the tuhﬂ\"?

These amall oracks very convinocingly verified
the above statement, ILxtrenme éara was not
exercised in the selection of naterials for
the fnput eirecuit, the results of whioh was a
vory unstedle plete current,

V¥hen leakage currents of the proper order
are not obtained with good electrometer
tubes, it is almost ocertain that external
causes are responsidble., A fingerprint on
the treated surface of the gless mey ocsuse
"endless troudble until removed with abrolute
éthyl or methyl alcohol end the surface -
carefully dried:s Small pleces of lint give
sonsiderable diffieulty. The surface of
the grid resisztor used alwaye should be
sufgaat. Resietors having velues up to
10 ohms are availadble for this type of
gervices and, because thelr surfaces have
been nimilnriy prepared, they should be
handled with great respect, 41l other
insulation which mag be uesed in oonnection
with the grid eircult s equaslly lmportant.,
T4 48 recommended with emphasis that only
pure polystyrene be used and that its
surfece be opticelly polished and clesned
only with absolute methyl or ethyl aleohol,
B8ome grades of polystyrene contalin other
materials and these are unsultadvle for
this service, Capacitors suiltadle for use
in the grid olreuit may be made from thin,
pure polystyrene, s

’Vintorcan. Ops 2its, pPo 437,
®Iv14., p. 438,
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Many of the eonnections,; ineluding the

ground wire conteot to the metal aaae; wvere

mechanical c¢onnec¢tions on the first attempted

eireuit. This proved to be far from satise

| rn&téry; for the slightest motlon of a human
body standing near the instrument ocaused
large errasie éritt of the plate-current
meter needle due %o the stray‘riaids-aa# up
by the difference in body potential wlith
 respeet to ground, OCsrefully seldered cone
tacts elimineted this difficulty,

The a#nnitivtty of this $ype of cxréuit
is limited in pert by fluoctuations of battery
voltages and by axtriaultimu in balanaing the
‘steady oomponent of plete current.? The
stabiiity of a &, 0. eircult cen be no better
than the stadbility of its power source, Vhen
cathode, grid, and plate are supplied by dry
sells, a&anamy reguires that & potentiasl
GGQraaaa of at least 20 per cent be permitted
during the life ar‘%hq;batseriaa‘iﬁ ¢ld ary

“ﬁmmiah, Ops cita, P+ 614,
10viotoreen, Op, oit., pe 436,
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oells were uged at first, the results of whieh
were a stable metey on soums dayes and then on
other days a very troublesome drift of the
pz#ta eurrent rendering measurements imposaible,
‘ ?hé d'irsonvel galvanometer was far to0 sensi=-
tive and the damping too slow %o de used in
this arraégemanﬁa The outeome wans & series of
thirioan elestrets, prepared under different
conditions, whieh ¢ould not be utilized in the
investigation,

Using the sireuild of Figure 4 bduilt with
due eonsideration to all of the aforementioned
sourves of trouble, the data were inmproved.
These esrlier d4iffioculiies aided in clarify-
ing the theory upon which the present data were
based, ¥With the messuring capacitor C, shorte
oircuited, an slectret was plaeeé between the
bress plates and the upper plate was lowersd
$0 the contact position with the elsctret.
Charges, aqnal in masuitnﬂa and opposite in
sign, were induced upon the platesthrough the
short~oiroult path, grounded to the lnstrumenst
¢ages When the short was broken end the plstes
soparated & small distence, work had been done

in overcoming the electrostatio force of
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attrection between the charge on the upper
plate and the chaerge on the surfsce of the
eleotret feoclng the upper plate, Thus, the
difrerence in potential between the surfaces
hee increased.

The oharged condenser would now discharge
completely woere 1% not for the permanent
effective sharge on the surface of the eleotret
whieh eontinues to exert its foree of attrace
tion on the charge of the upper plate.

For relatively smsll diztances and small
plete separations, the eleosrioc field between
the plates would be uniform. However, 1t was
assumed thut the separstions were largse
enough %0 disrupt the uniform field sueh that
some 0of the lines of force no longer snded on
the upper plate; oonsecuently, a fraction of
the charge on the upper plate dlscharged
through the high resistors, The corresponding
change in the difference of potentiasl of the
grid with respeot to the fllament and the
resulting change in plete current wes indle
cated on the plate current microemmeter. From

the deflection of the smmeter, whose cirouils
wse previously calibrated with a potentiometer,
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the potentisl difference seross the resistor
could be read from the éurvaa. The relation
¢ = /v = a/4nd {for eir) was used, where C is
the capscitance of the parallalipla%a measuring
condenser » other input capsclitances were
‘neglected, suoch ss the interelectrode cspaci~
ianaaa, sBince thelr oconsideration would merely
epange'fha relative maaau}ea by & constant
fector - a is the ares of the plate (same as
that of th§ eleotrets), 4 is the distance
aapa}atiaa‘botwaen upper electret surface and
upper plate, V 18 the difference in potential
measured from the ocurves. Since the aotusl
difference in potential betwsen the plates
¥ would be XV »« V, where K isa a'aanatgnt‘~ for
only a fraotion of ¢ is disecharged ~ the adbove

expression cen be solved for G« Thus

$ -8 Eqe 1

or where h = a/4, & constant since a2 is u

constant ares.,
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Therefore W/k, whioh is a proportionsl
value of the effeotive charge on the electret,
can be plotted against ¢time and the decay
characoteristics studied,



CHAPTER IV

PROCEDURE .

|

The electrets wore made in a mannef
following Padgett. The dlock-diagrem of the
‘ ippa:aﬁnania shown in Pigure 2, the details
of which are répartaé by A Oy Clausget in his
masterb thesis, Univaxs&é: of Houston, 1952,

The vacuunm éube élaetraﬁe%er, the theory
of whioh is reported in Chapter III, was used
to obtain the y/k data., The detsils of
making the'maasuramunta are given bdelow,
Throughout the disoussion -the symbols referred
to are those of F%gura 4.

The plate current emmeter Mg was cali-
‘brated in terms of the observed defleetion of
the indicating needle for the qarréup@nding
known applied voltage as determined by a Leeds
and Norturoup potentiometer. The calibrating
difference of potential was applied scross the
condenser leads, with the plates sufficliently
separated to eliminate the gapacitor effectsn,.
Three deflectionse-va-voltage curves (Figures
7.9) were then constructed for the three

sensltivity ranges of the emmeter., My was
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calibrated from left to right, for each of the
three ranges, unsing the balancing-oircuilt
resistors Ry end Rg to abﬁgin the zero points
for the different ranges.

Before the filament switch 8; was turned
on, care was taken to have plate ecurrent switoh
82 off B0 thaet there would be no positive
elements within the tude before the’/filament
hed reached emission temperature., TTha tilament
current of 10 milliamperes wus adjusted by Rg
anadmaintainea at this value throughout the
measuremonts., | ;

After the filament had warmed up for
approximately thirty minutes, the plate
ecurrent switeh B, was turned on, A4fter the’
proper range - range C « 0180 miorcamperes
was seleoted, the zero~signal operating plate
surrent of 100 miorocemperes was obtained by
edjusiment of R, with the two balance potentio-
meters Ry and Ry a% meximum resistence end the
shorting switeh 83 shorted.

An aleatraw.waa then pleced bYetween the
plates of the measuring cepacitor C,. The top
plate was sorewed down t0 the contset §aait1@n

with the upper surface of the electret, and the



39
separation d, read on the veraier, The balanoce
oireuit was used to obtein, a m»ro-ﬁain% on the
plate ammeter for the sensitivity range used,
as determined by the magditude end direetion
of the deflections ¢f the ammeter caused by
¢ plate separation of sbout 1 to 1.6 mm. The
upper plate was then separeted from the upper
surface of the electret, after the shorting
¢ireuit hsd been broken, to a distanoce d,, 88
read from the vernier, The sorresponding
meximum defleectlon wes read on M,,

The deflection was due t0 the pertial
discharge of the measuring capacitor through
the high resistor Ry giving & ochenge in grid
potential. The messurement was taken for
saoh surfece of sn electret and ourves eon-
structed of value of cherge ¥vs time,

The data on the slectrets were taken
approximstely every twenty-four hours, end
caleulations made using the following method,
The reading m, of the metar My was read with the
eleotret in C,, in coantact with bdoth plates end
the shorting switoh 8, open. The reading mg
was read ms the maximum de¢fleetion when the

plates were then seperated e distance d, where
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d = dgedy, For the observed deflections, the
corresponding potential difference was read
from the calidbration curves of Figures 710,
depending upon the sensitivity renge used
{Table no, 10 was used for all caloulations
| after April 23, 1982, at whioch time a rsplace~
ment tube was installed]).

Thus, by g+ 1 ,

Y
% = % (dg~d, 1(300]

% = 8ot

. 2.23x10°% Y
.% - . Tﬁ“‘"‘ e*&U

Where the area of the pletes a = a¢6aama-



CHAPTER V¥
ANALYSIE OF THE DATA

The ¢urves of Figures 11-17 show the
results of at%nmpta to oompare electrels made
- under similar eonditicns except for the molten
mixture temperctures, The published curves of
other investigators show a decresase of the
heterocharge to the oross over point, end then
é steady build up ef the homooharge with time,
The methods of the present study 414 not yield
smooth ourvess These fluetustions appesar to
have been ceused by veriations in humidity.

No messurements could be obtained for
the four deys from April 19 to April 22. The
weather was rainy during the greater part of
this time, The instrument would not roaﬁand
to electrets; it had lost its sensitivity, and
was extremely unstable. Many hours of efforts
to attempt to restore the instrument to
operating oondition failed, The installation
of a new vaguum tube did not alter the operaw
tion of the meter, With time (after a period
of four days) the instrument finally resumed

its funetioning, seemingly of its own accord,
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Duringitkié period, a number of eleotrets
reversed signs, with the result$ that these
writiaal ﬁaiats for the curves were missed,
This period fe " indicated on the curves for
eleotrets (Figures 11, 14, 15, 16 end 17)
" which were being measured a#riag this tinme
by the symbol H, .,

Further evidence pointing toward
humidity conditions es the souree of trouble
wag shown again et a later dste, May 16 to
»May/lﬁ, during a less severeo rain spell, The
fastrument would indicete the presence of \
charges, but of a very diminished magnitude.
Many eleotrets appesred to have lost thelyry
ocharge. The desiccant in the desiccator was
goods and the electrets would pick up seraps
of paper, indiceting that they were still
charged, A smell)l flood light was directed into
the opened instrument, from ten to fifteen
minutes, to heat the siroult, After the parts
were dried in thie menner, the instrument
responded niaelyz.givlag a meter deflection of
the order of magnitude of from 20 to 29
deflections for electrets whieh had shortly
before given from 1 to 2 deflections. Thie
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sensitive responge of the meter persisted for
about thirty minutes at thﬁ méat, at whieh
time it had sgain resumed 1te sluggish condle
tion., This periocd is indlicated on the curve
for the eleootret of ?1gura € by the symbol Hgp,

These d4iffieculties led to a further
investigetion of the eleoctrometers The humidity
was veried by spraying water arcund the labora=
tory and messurements taken on a givg# 6lectret
stored in a desjocstor, Figure 18 ghows the
meméuxaa value of Q/k versus relative humidity.
Por the ahaago in relative humidity from 61 %
to %é-%. the value of G/k deoreased by approxie
mately 80 .%, ;

 Table VIII @btalna6 }ram the Weather
Bﬁreau, gives the hum&ﬂit? data for the months
of Aprild aﬁa May as measured at the Houston,
Texag Airport Btatlion., The doeys of previously
mentiocned 4i1ffioulties enrkespan& ¢x¢ellently
with the high reletive humidity days, thus
indicating %the a;trame' sensitivity of the
electrometer $to atmospherioc oconditions, This
accounts for the varietions from a smooth curve
obtained in the present investigation,

Figures 12 and 13 show oross-oveyr at some



44
time between eight and ten days. This reveals
that for s chaenge in temperature from 13509C to
33506, the reverssl times 4iffer by an emount
less than two days and that the reversal does
not take place before eight days. In considere
ing the inistial Q/k values at time % = 0 for
these two elaatrata,.ﬂumbar 2, made on April
28 when the relative humidity was 41% indicates
a slightly larger sffective charge on doth
gurfsces than does number 3 « made on April %0
when the relative humiaiﬁy wag 51%, SBince ~
thore was littie difference in the electric
field strengths used, this aﬁpaars to be an
effect of humldity or possidly in part due %0
the higher molten mixtuée temperaturesy These
two elsctrets indicate 2 net positive sharge
after the reversal point.

Blectrots number 1, 4, end § of Figures
10, 14, and 15 reversed signs during the high
humidity days when the instrument would no¥
measure, Therefore, all that has been indicet.
ed with respect to the time of reversal is that
all three elaotre%a reversed signs before ¢
daye, that Number 1 reversed before 8 deys, and

that Number & reversed dbefore & days. Number §
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wes made from & molten mixture of 100°C ana

Numbers 1 and 4 were made &t 1&G°G¢ By conw
structing the curves through the average points,
one finds that the shapes of the curves - withw
cut substantiating points « appear to indiecete
that the electret mede with the low temperature
ercssed over first, This oconolusion is only
indilcated, not p?avaﬁ‘

The initiel 4/k values of numbers 4, 1,
and 5 decrease in the order listed. The
respective relative humidity for these days
(April 14, 18, and 17) were 38%, B7%, and 63%
respoctively. Zlectret number 4 has the
highest initial effeotive chuarge and was made
with the lowest eleoctrie field strength of
these three electrets. Thus 4% appesars that
the ohief fuctor affecting the initial charge
is the effects of bumldity on the instrument
and the electret rather than the polarizing
electrioc field used. This does not indicate
thet the electrie¢ field strength is not a
faoctor.

Eleotret Numbers 6 end 7 of Figures 16
and 17 444 not give & reversal of sign. Numbder
6 waz made with an al&nt#ia field of 5,33 kv/em
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and numder 7 was made at 7,14 kv/em. This
failure to reverse sign was probadly due to
the low sleoctrie fleld. However, sleotriec
fields below 10 kv/om d4id yield reversals,
whieh was oontrery to Gutmann's elaim, bdbut in
' good agreement with Fadgett and Cemant.

Eleotrets 1 to § gave reversals of sign
and a homocharge 1in secordence with the definie
tions But electret €& snd 7 4448 not give e
reversal of sign, However, the sign of the
effective charge indicated on these two
eleotrets were in contradicetion to all previous
reports on electrets. They were made by the
usual mathaﬁs; e¢xcept the electrodes were
sluminum., 4 violation of normal polarizetion
effects was indicated.

The bottom surface of the eslestretd
golldifled in oontact with the anode should
show an initial negative charge, but these two
indicated positive charges: The electrie fleld
strengthe were low, QGutmann claims that e
homoeharge is not obtained with less then
10 kv/em, The literature reviewed contains no
reports of reversals before one Jay. Yet, these

two eleoctrets had the sign of & homocharge.
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It 18 poassible that the reversal occured
lomediately after removal ‘0of the electrio field,
for the measurements were taeken ag soon as
yﬁaaible efter the electrie fleld was removed,

| 4n attempt was made ﬁa determine the
magnitude of the effective surfece charge
densities obtaineds, 4n electret wss placed in
the instrument and the data of Table IVX obtaine
eds The upper plete wae lowered to the contaet
position with the electret and the usual measurew
ment taeken, The pletes were separated 1.3 mm
.and the corresponding deflection noted, Next
the upper plete was‘braugnt down to & position
of 0,2 mm sbove the upper surface of the electret
while the shorting switoch was in contact, After
removing the short, $he upper plate was eranked
back to the same height abeve the slectret sure
fage as before, with a resulting decreased
deflection. This wss c¢ontinued in inorements of
0¢2 mm up %o 1.0 mm separations., It was found
that when the upper plate was separated from an
initisl position 1.0 mm above the eleotret that
the meter defleoction was éaly 15% of the initial
deflection resulting from the contact positi on,
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Thus 1t eppesrs that the effective field of the
electret falle extromely raepidly with distanoce
and 12 slmost ineffective at 1.0«1,.,5 mm from the
snitaes of the electrat, |

| The meter was then calibdbreted with an 88

mioromiocrofarad condenser charged with various
known potentiel differences and discharged
seross the high resistor (101 ohms). The
plates were separated approxzimetely 8 om during
this calibretion, Figure 19 shows the meter
deflectlion versuvues kKnown charge. U was obtained

aa follows!

glesu) = C{em) Y(valé&) 1 st
Sitvelt,
C = 68310“13 f x 9:16112%-?9.3ag

s Glosu) = gggﬁg Vivolts)

glesu) = 0,264V

Vhere V i@ known.

Considering Tabdle I, om April 30, electret
Numbey 1 gava & defleotion of 80 divisions for
a plete peparation of 1.8 mm, ZFrom Figure 19,
20 deflections 18 csused by approximately 11.8

gtatcoulombse,., 8ince 1.8 mm 48 greater than
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1.0 mm, thus separation was beyond the distance
for 85% decrease in induction. Therefore for
the eleotret areas of 2,68 em®
| 11.5{esu) x 0,85 « 9,78({esu)

and ‘
g-@‘? “'3;54
@ ﬂqagiﬂﬁ%; ' em%

The effective surface sharge density
on the slectret is of the order of magnitude
of 3,8 esu/amg, which 48 in egreement with the

values reported in the literatyre ¢f from
0,4~10 esu/en®,



CHAPTER VI

CONCLUSIONS AND
RECOMMENDATIONS

Loneclusions. The effectiveness of this
instrument in studying the c¢haracteristios of
electrets has been sonsiderably obscured by
stmoepheric moisture conditions. Definite
reversel times were dstermined on some eleotrets,
however, at most 4% can only be sald that the
1nvb£tigatioa indicated an increase in reversal
time with increased molten mixture tamperaturoa.\
Rélativg humidisy umpaéra to be one of the chief
factors affecting the eaccurascy of the instrument.,

' Electrets exhibiting reversals of
effective charge were obteined using an slectric
field from 7-9 kv/em., For electrioc fields
glightly below these velues, & reversal sign was
not observed. Tho sign of the effective oharge
on these latter electrets, as indicated by the
instrument, wes in contradietion to the
reporss of the litereture., Illowever, for those
electrets ylelding a homocharge, the signs of
the effeoctive oharge on the surfaces were ‘in

egreement with sleciret theory.
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The magnitude of the sffective surfasde
charge density was of %the .order of 3 esu/on®
whiech agrees with previocusly reported velues,.
' 3.0 1dations Is is aatiraly | |
possible that tnraagh ingenious methede an

sleatron tube electrometer could be salibrated
to yleld fairly acourate abenlute valuss of
effective surface charge densities., The eleode
tromeder sould aahihva this only under stmnose
pherio molsture vontirolled sconditions. With
these ocontrols the elecirsmeter sould be used
to obtain date rapldly to study gquantities of
substancees being tgstaé for the eleoctret
effect, Further investigations scould possibly
reveal thet electrets made with low field
fntensitiss, or due t0 the other aonéxtiona.
have a reversal point immedlately after belng

made,
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FIGURE 1%

© by

' CHARACTERISTICS OF VARIOUS SUBSTANCES

[ T S B )

Substanoces capable

" of permaenent volume SBubstendes glving
pexariaaﬁxan b , S
“Iiolding Yielding Burface Ne
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dcidle Carnaubae Ga#,l Paraffin
. groups wax : : sohol wax
Gless Beoswax aevyz Palmitio
' Palmiw - aetld
Resin Polar tate
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IGURE 2
T OVEN ARRANGMENT
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FIGURE 3
"FIRST ATTEMPTED VACUUM TUBL LLECTROMITER CIRCUIT
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FIGURE 4
VACUUM TUBE ELECTROMITER CIRCUIT USED TG GBTAIN
|  DATA |
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FIGURE §

KEY TO SYMBOLS FOR YACUUM TUBE ELECTROMETER

Ba -
“m it

CIRCUIT OF FIGURE 1V

2500 ohm wire~wound potentiometer,
100 ohums.,

1300 ohms.
1000 ohm wire«wound potentiometer
_ {normally set at 750 ohms),

3850 ohm wire-wound potentiometer
{normally set &% 250 ohmsl.

. 250 ohm wireewound sdjustable resistor

{normally set at 170 eohms),

6rid resistor, 1011 ohms,

S8hunt for 0100 pa range, approximately
1300 ohms. *

Shunt for 0.1%50 pa range, 285 ohms.
Dry eells, 12 volts.

Dry cella, 1.5 volts.

Weasuring ospaciter

VIBS803 » Victoreen electrometer triode

3l -
$g -
S =
By =
8 =~
H; "
Ma -

Be Pe 84 Ty toggle switohs
s Pe 8+ T4 %0ggle switoh,

Shorting switoh

Plete current sensitivit¢y selector switoh,
range a, 0«80 pa.

Flate ourrent sensitivity selector switeh,
range b, 0-100 pa.

Filement oirouit ammeter, O~10 ma,

Plate current miorcammeter.
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Electret No,
Hade 4~15-08
Polarizing Voltage 2.7 kv

 TABLE I

71

1 80% Carnsuba wax - 50% Rogin:

- Polarizing Bleotrie rield 9;3 kv/am

Thiokness 0,294 c¢nm

. Range ©

4-18 . B 8.285 809 15,0 47 .8 1l 4L
418 B 8,88 8,086 16.0 46,0 -1.13
415 T B8.21 B8.,07 o . 22,0 +]1 .28
415 T 8,22 8,07 o ., R2,0 *1.19
416 B 8,288 8,18 16,0 43.00 »0,99
416 B 8.88 8,09 16,0 43,0 «0,98
4-16 T S B.22 . 8,07 O B4 ,0 +] .28
4«17 B 8,20 B,04 16,0 ~ 37.0 «w0,01
4«17 B 8420 8,08 1640 35,0 0,74
é&=-17 T 8,82 8,07 0 20,0 %1 .09
4-17 T B.28 8,086 3 22,0 +]1 .08
4~18 B B429 B418 15,0 19,0 »1.128
4«18 B 8,89 B,18 . 18,0 lﬁgﬁ% el W15
4«18 T 8.10 8,08 16,0 280,587 +1%81
4-18 T 8,19 8,04 14,0 20,0 41,09
4wl B B,10 7,93 18,0 16.0 +0,48
423 T Bel2  BL.GB8  18,0 24,0 w177
4«24 B 84,11 7.988 1.0 17.0 0,87
‘“"'24 '1' acll 1196 1’;@ 2Q¢0 N0194
4-28 B 81161 8,02 81 .0 1,0 +] + 51
4«25 T 8419 7488 15,0 35,0 -l .09
4~26 B 8,10 7498 4.0 23,0 +1 .33
4426 T 8,18 8,08 14.0 29.0 -l+22
427 B B.15 8,08 o £5.0 +8,03
427 T 8418 8,02 13,0 36,0 “]l 58
428 B 8.10 7.93 = 5,0 28.0 +1 .24
428 T Enl?, 3&@3 lang‘ 5309 '1033
4-29 B Bl 3 T.83 8.0 20,0 +Q ,63
‘”3” T 3;@9 9¢93 lﬁua 33;@ *0.33
430 B a;lﬁ .95 2.0 23.0 +1 417
4'3“ . T tl’ 8034 1400 lauﬁ ~9g35
Symbolgt S5 - Surfece B_- Botton I - T



Eleaﬁret Bo. 2
Holten

TABLE IX

Polarizing Voltage 3kvy
Polarizing Lleotrie Field 9,73 kv/em

Thiockness 0.30B onm

2t% Carnaubas - 754 Rosin
biyture Tempereture 335“3

72

Range ©

Date __B 8t deem _mg me . 8/x(10-2)
4=~28 B 8418 8,02 17.0 4540  «)1,88
428 T B.18 B.02 1.0 £85,0 +] +58
429 B 8,16 8,08 18,0 39,0 «( 4,08
428 T 8,15 8,02 Q.0 20,0 +1 .62
4 w30 B B410 - B.03 15,0 44,0 w2468
430 T 8418 8.03 040 2540 41476
Swl B B8ilé 8402 17,0 3.0 -0 60
Bwl T 8416 8401 0.¢C 18.0 #1406
Bl B 8,18 8402 16,0 1940 -1l .88
Swl T 8,18 By04 6.0 11,0 +0 436
g#g 'y B.15 8400 %ﬁga 15,0 +0 449
‘Bed : - : © ‘ .
Bab B B.15 ?+99 17 .0 21 .0 -0 426
BB T 8y19 8,08 4.0 17.0 +0 .81
5*6 ) B aglﬁ ?'99 1’;@ 21m0 *0d37
Bwb T 8419 8,02 L LY 17,0 +0 ,81
Bw? B 8.18 8,02 1340 13,0 0,0
5?7 7 8418 B.02 N 8,0 40;37
8~8 ) 8,17 BL03B 18.0 18,0 0.0
-8 T 8,10 8.01 M Y 4 il @ Qqﬁ'
$.9 s ' .o Co
ﬁ,@ . " . \ R
5*’1& B 8‘}.? & gal 6 ¢‘° EDG "G Qx‘
S«10 7 8,17 8.0} 0.0 Q.82 +0,03
5«11 B 8.18 8,08 8 o 16,0 +U 483
=11 by 8 13,0 +0,67




T4BLE 11X

73

Electret No. 3 25% cataauba wax - 75% Kasin

Holten Eixture Temperature 150°Q

Polarizing Voltage 3xv

Polardzing Electriec Fleld 9.28kv/em

Thiaknaaa¢>aoecm

- Bange €
2 PP d 0 " m . 2
~ Date .8 0 8 0 ®.. 8/k{10.%)
430 B 8,08 T.92 18,0 42,0 -1 .78
430 T 8;14 7,98 2.0 28,0 *1l 44
Sel B 8,08 Y2l 17.0 27,0 0,62
TS § T Bsll 7.92 5.0 20,0 40,95
B3 B B.13 7:98 14.0 18,0 ~Q,23
5-2 T 8,15 7.07 6.0 13.0 +0,41
5*3 ‘ E 84@& ’Mﬁﬁ x& ta 314;@ ”0&‘0
Bel T . 84+11 7498 6.0 16.0 +0 .59
Ded B :
Bed T
5«9 B 8.08 7480 17,0 28.0 -l .48
Eal T 8413 7.92 - 4.0 22.0 +0,98
Bwb B B0 V.92 14.0 £3,0 «0,68
Bt i if - Bel2 - T.03 8,0 21 .0 +0,72
Bw? B Bi1l3 7.93 20,0 28.0 «C 86
Sl T 8,182 7492 3.0 7.0 +0,2)
68 B 8:13 T.92 17.0 16.5 «0,038
5«8 T 8.13 7.92 2.9 2.8 +0,02
Hwd B
B9 T
5-10 B 8,10 7953 4.0 7.0 +0,18
10 . T B.13 7.92 19.0 1?7.0 +0,10
11 B . B4l B 7.98 2.0 20,0 +0,9¢0
H«11 T B.,13 7,92 2,0 18,0 +0,83
BelZ B 210 7T.90 2.9 22.0 +1 ,06
=132 T +15 7.93 240 2140 +0,87




| 74
TABLE IV

Eleotret No, 4 850% Gatn&nb& WEK = sag Rosin
Bada 4+14+58 o

Holten Mlxture Temperature 180Y(

Folarizing Voltage 2.7 kv

Folarizing Blectric Field 8,45 kv/em
Thiekness = @aﬁxﬁ om

fiange © '
Date .8 Qo _Sam By B Slk{1072)
4deld B 8,86  8,1¢ 16,0 léa’ -1 428
4*14 ﬁ aazﬁ agaﬁ l&g@ 4?*9 *1;14
4dw14 T B.23 8,08 Q. £3.0 +1l .24
4=14 b 4 8,838 8,08 ¢ 22,0 41419
4-15 . B B.28. B8sl3 16,0 46,0 =1 425
415 B 8,28 8,13 16,8 46,0 -1 430
4e15 T B.28 B.17 Q. 23,0 4] .69
4415 o B«28 B.19 4] 24,0 +2.14
4416 B B.28 8,18 16,0 40,0 »1.08
4l b B8 B.28 i1l 15.0 40,0 - ,09
4wl b T B,19 B,a07 o 25.9 +} .54
416 T Bil® 8,03 0 19.0 +1.02
4e17 B 8,30 8.16 16,0 30,0 -0 W70
417 B 8430 B,16 16,0 £28.0 w61
o) . T B8.31 8418 L 3 21 .0 *l,32
&=1Y b o 8,81 B«15 9 £2,0 - 4] 4 37
4nl8 B « 31 B.l2 L 14,5 +0,66
4-18 T 8.31 8,16 L+ 19.0 +],085
B3 B 8,81 8,08 ¢ 1040 +0 .74
4e28 7 8421 8,04 Ze0 &,0 +0 .28
dn2d B Eﬁll 7491 L £0 .0 +1,08
420 B 8.11 Y92 1.0 20.0 41,06
425 T 8.11 8,01 2.0 11.0 +0,98
4»26 B &;23 Eﬁﬁﬁ ?tﬁ ﬁﬁmg *1&37
4«26 7 8,18 8.04 4,0  14.0 +1.,06
&wp? B 8,20 8,07 L4 85.@ +2,08
427 T B410 8.02 0 1630 »1.18
4*33 B 3133 3»9& ‘@ 3&*9 *1 75
4-28 T 8,18 7T:98 16,0 10.0 0 .57
4-89 B 8.21 8,08 4] L 95,0 +0,9¢
o029 T 8,80 B,08 . 4.0 5.0 040}
450 B B.18 Y .96 4,0 27 .0 +*1 .88
4«30 T 8,17 8,01 4.0 17.0 +«0 .76
Ewl B 8.1% 8,08 2,0 17,0 +]1.13
Be «1 8 a,08 4 o 740 *4) 48
- n*g 7+85 2& gag + ¢f$
=2 - 8l Ba93 20 8 0,




| e
TABLE V

Elaotret ﬁ@ﬁ B ﬁﬁﬁ Carnasuba wax - B85 ﬂaaia
Hade 4-17-52

Molten Mixture Temperature 100°¢

Polerizing voltage 2.5 kv

Polarizing electric Fleld 8,65 kv/em

Range ¢
Da%e B B0t cleew mo o Be  g/xf1072)
'*@lf B 824 8,08 lé}ﬁ 4? o rlhla
4«17 B 8,83 ﬁy@ﬁ, 16,0 46, 5 «1 409
4wl ? T 8,82 ﬁ}@ﬁ Q 3;}0 +1,01
4=-17 T 8,482 8,08 L) 24,0 41,13
418 B Bi08 7.90 16,0 B2.0 =063
é4~18 B 8,08 790 188  31.0 0,60
4-18. T B.35 8,05 16.0 30,0 40149
4=~18 T Bi28 84086 1549 29,0 40,49
4-23 B 8.14 7.99 a' 8.0 qﬂuﬁg
423 T 8.14 8,08 16,0 24.0 ~0¢31
4-24 - B - B.l2 7,86 O - 13,0 +0,91
4-24 T 8B rise 17,0 398 0,70
425 B. 8.16 B8.0L - 8.0 20,0 *le 3@
Y3 T 8,18 8,00 16,0 7.0 *xmﬁﬁ
426 B 8417 7«98 . 5.0 24,5 +1,20
420 T 8.18 8,03 15,0 39.0 «2.11
_4*37 B 8,03 7«84 1.0 £24.0 +7.84
427 T 8,03 7.88 17,0 35.0 “1}37
4&-28 B 3}&4 ﬁ 00 L 18,0 +1.34
A-28 T 8,08 288 9,0 24,0 =106
429 B 8,18 8*60 8.0 27,0 +1 83
4«29 T 8415 7498 186.0 27,0 -0 8L .
4*33 g 8.128 7294 240 28,0 +1,36
43

Bil4é 8,00 15.0 35,0  +1.52




Elestret No.
Uande 4£-15.82 °
Kolten Mixture ?amp»ratmra 1060%0 -

Polarizing Voltage 2.7 kv .

TABLE VI

vé

6 ?5% ﬂarn#ﬁba wamlm 25% Rosin

Polarizing Bleetrie Fleld 5;53 kv/am
- Thiekness @m51§ am

Eaags ¢ 4

Date ...8 . 8o fAgem Zo Mo . 8/xf10"2)
4~15% B B,18 .0 B0 . O . 15,0 40,99
415 . B . BI18. 8.06 . O . 14.0 1,02
4=-15 b s Bel® 5&@5 . 34,0 . 47,0 «]l .86
$wl8 T - 8418 . ByO4 . 10.0 . 46,0 =178
4-16 B 8,19 8,6 . © s B9 .0 +1 .78
4*137 B B,18. 8,085 . 0 . , B8 ,0 +]1.08 G
ﬁflﬁl B o B.16  7.88 «‘1$*Q,J 47,0 ~1a13 '
4@&&. T B416 . 8,00 . 16,0 Y 46.0 =1 258
417 B 8,18 a.,02 . O . 32,0 +) .56
417 B 8.,18. 8,04 . 0O . 310 *1.473
&wlf: T B:18. 7499 . 11.0 . 48,0 -1 y87
417 T 818 i Bx05 1140 . 41.0 -1.87
4l B B B,19 8,06 . O - 8840 +1 59
**13 T @dlae &,Qg . x&;u o 3§¢ﬁ w@.@ﬁ
428 . B . 8.00. T+08 . 40 . 14,0  +0,66
4283, T T BL09 . 7,98 . 16,0 ~3¢.a w0¢49
4~84 B 8,090 7,90 1.0 26,0 +1,38
4eBd T 8,00 7498 16,0 31 .0 w98
4%235 B 8,06 T8l 0 X258 +1.79
4w85 T 8,10 7498 17.0 33.0 w0 94
4uRE B 8,09 7.93 0 B9.0 1.0}
4w26 T B8.08 7494 18.0 35.0 w] 466
4»37 B B,08 7«91 a . 30,0 4] (67
4ni? T B,09 T+904 lﬁsﬁ 4&&9 w] 483

C 4~28 g gqgﬁ ;ngg 1% 29,0 +2.,18-
428 " rae w1l +18
4890 B $:Qg ?:Ql a.g 3%,8 : *%~ig
**39 ? ﬂgﬂa 7&9% 1306 &3.0 *QQVS'

4 w30 "B 8,086 7.928 B.O 87 .0 4] .68
4*39 T 8,07 7.92 13.8 37,0 wl v68

G-y - B 8,06 T«9) 4.0 22,0 *1 36

Bl T 8,09 792 12.0 19,0 0446
Hwd . B 8,08 793 14 12,0 +1 .06
w8 T 8,10 7.84 12,0 14.0 w0413
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{TABLE VI, EBleotret No, 6}

m 3. d,gcmw ﬁch‘ By "mﬁ | Qﬂgi;@*ﬁ)

m*a K ‘ 65 _ ’¢96 5.0 Xﬁuﬁ *Qoa“ .
53 T 8,10 7.90 15,0 16,0 0,04
ﬁmﬁ v B . a'ﬁa E ’gﬁﬁ“ ﬁ*ﬂ ‘glﬁﬂ ‘lﬂaﬁ
55 P Bl09 7,90 17,0 28,0 ~0.61
5*5 B g.08 9991‘_ ‘3.3‘ 3@;0 ¢1g06
5*6 T @aga ?'ﬁa ',14&5 ﬁﬁﬁo . #0065
Bo? B B.08 .00 . 3.0 13.0 40,89
Be? T 8,09 V.08 18,0 2240 »0.25
-8 B B8.08. V.91 440 7.0 #0419
T 4 B.08 7280 18,0 14,0 0,06
L B . B.04 ? 490 4.9 640 *0.15
ﬁ*9 T 8,10 ¥ 81 5,0 4.0 w516
5-10 B - 8,00 8,01 O 7,0 40,93
B«10 7 84,00 7i08 l&» 28,0 -0 .53
Ball = B B.08 7,90 2.5 24,0 41,26
Hw1l1 T ' 8,09 .50 648 10,0 3,19
Bwld B B,09 24800 2.0 20,0 41»&5
S~128 T 8,10 7:92 13.0 86,0 wl s &8
5416 B 813 .96 2.0 24,0 1,87
5.16 T B.12 7495 17,0 38,0 1,01
Bl B B.138 7+95 16,0 1&4@ *Qaﬂﬁ
Bel? T T - -
$-18 B 8,12  Y.92 15.0 28,0 40:59
B-18 ~ T 813 Y,98 18,0 17,0 0,20




Eleotret No.
Hade 4~L1~52

Holten Hixture ?emparaenra 1?5“@

TABLE - VII

ve

v 18% aaraaaba wax = 25% Resin

Polarizing Voltage 1.7 ky
Polarising Electrie Filsld ?$1$ kv/em

Thickness 9;23& om

| Range ¢

{

426

Py

8419

3

8.8

Date .2 dg 8etM mp | ma . u/k{10+2)
4-11 B Bi26 8i08 . O 12,0 40,88
4-11 B 8,28 8,08 . - ﬁ' 1@15 *0 94
4~11 T 8+21 8,04 . 16,0 30,0 mﬁ 58
4«11 T  B.32 8,05 . 16,0 29,0 0,54
4wl 3 . B B8.26 8,09 Q. 23,0 QI‘GQ
412 B B286, 8,29 @ © 23,0 +1,09
4-12 T 3&35 aPQQ 1&0“ 33§ﬁ nO,Bk
4~18 T B.25 8,10 16,0 31 .0 -0,78
414 B B.27 8,08 O 8740 +1 419
4eld B 8.288 8,09 0. 29,0 41’$1
414 T  B.25 8400 16,0 44,0  ~Ls17
4-14 T 8.28 .3;99 16,0 44.90 wlal? .
41l B B 8427 8,090 o 37QG *1*19 k4
- 4=1B B Be287. 8,08 - O 33.@ claedB
4«15 . T  B8.22 8,07 . 14.0 28030  -1.19
4-158 7 B.22 . 8,07 . 14,0 4@:0 wlsl®
4w} B B.27 8,11 Q. 2870 +1 433
4~16 ; o B.27 8,0¢ 14,0 40,0 »0 .90
417 B BL28 E,@& v 28,0 +1,1¢
dv1B B 8,88 &;03 ,ﬂ 20,8 0,99
4-18 T 8387 8,07 16,0 23,0 0,25
4085 B 8,186 8,00 4,0 17,0 +0 4,81
4win ko Ba.17 8,08 L 20 20 »~0 .88
424 B .14 7,96 o 20,0 +0,10
424 T ﬁ.i& 8.00 16,5 '&@.0 wl,10
425 B 8415 8400 0. 1040 +1.17
4-20 T 6,18 8,03 17,8 25,0 »0,88
$-26 - B 816 8,04 0. 20,0 +1.76

? _1?;@ a&;@ b0u35
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(TABLE VII, Elsotret No, 7)

4-30°

8
&2T - By 8,18 8,02 4,0 3Qyﬂ 41,782
w27 T B.,18 8,01 16,0 21,0 -0, 31
4-28 - B 8,18 ' 8,02 ' 7,0 ' 35,0 +1 .,0)
%15 T  B.18 8,03 14,0 19,0 w0,55
T AwRW B 8,17 © B,02 ' 4,0 16,0 +0.885"
ETT 3N T 8,17 B:s04 18,0 14,0 +0 , 30
4«30 B Balb ° BL,00 - 2,0 21,0 +1 .19
? 8.16 B.02 © 2.0 '12.0 +0 .59




Relative Humidity Deata, U

L}

dirport Stetien,
Houston, Texas:

TABLE VIIX

+ 8, Weather Bursasn,

i
|

: *& £’ "m : b eoairtreve — ied
1 59 18 59
3 55 17 63
8 94 18 78
4. 35 19 90
B 31 20 g0
6" 51 21 g6
7 62 282 98
8" 68 23 58
9 79 24 43
10 69 25 55
11 9 26 27
12 68 27 41
18 49 28 4l
14 38 29 ‘58
e e DAY 1882 "

Day.. (Humsdisy(%) ... _Day. Humiddsy(%®)
1 &0 ig 41 :
3 49 18 42
3 ¢35 14 54
4, 51 15 68
5 38 16 75
6 43 17 85
7. iR 18 97 :
8 65 19 74
9 72 20 51
10 55 21 66

24 22 89,

F
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TABLE IVX

‘Deorsase of Ellective Field of Elsotres
With Distence From Surface

L8 oo g , 85,8 , m , mg T
RUN #2 o i ~ :
B.19 8.06 13 8 18 18

817 8,05 12 3 14 11

8,18 8,08 10 K 15 9

- 818 8,08 . B8 19 . 16 &
8il1, 8,05 .8 12 16 4
8,09 8,08 L il 15 2 -
8.07 8,05 B 9 11 2
RUN #2 | | P ;
8419 8,06 13 11 23 12
Bal?, 8405 12 10 22 12
8415 8,08 10 .8 16 8
8413 808 8 .7 14 v
8411, 8,08 & . 7 12 B
8400 B.OB 4 R 16 3
8.07 8,08 2 8.9 S - 2
BUN #3 | |
B:19 8,06 13 v 20 13




Data ¥or Calidration of Instrument

TABLE X

Ba

With B8wu® Qondenser
o e Ma | . Me » Mg, vg&xg".umglagalw
0 25,865 28459 67,8
' & . 'gﬁ«q‘n’ 35&“ ﬁ?aﬁ
) Riaﬁ 84,0 67 .85 _
o AV 242 17.9
Y ‘800 80..0 480
0 RO - 20,6 45.0
"AYG 20,28 119
0 1440 14.0 82,5
0 16,0 16,0 22.5
< 0 ~14d.0 1440 82,8 ‘
’ -AYG L : .90
- g * “Q@ gaﬂ . ﬁg@
A + 8,0 8.0 6,0 :
o 0B85 . BaB a0 '
CAVO 8.8 1.6%:

rl
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