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Theory of Thermally Stimulated Discharge (TSD) ' is present-
ed. TSD currents from first order dipolar relaxétion mechanism
and space charge drift are discussed. Methods of experimentahion
and anylitical determination of trapping parameters E, To ¢ Po ’

and dielectric constant e s are outlined.

Results from puré ice show three to four peaks in the tem-
- perature range from 100° X to 200° K. Generalized eigenvalue-
eigenvector fitting of these curves yields activation energies
7.24 kcal/mole, 8.23 kcal/mole, and 9.83 kcal/mole for peaks at
128° K, 135° X and 145° x respectively. Anomalous results ob-

° K and

tained from a single sample show only two peaks at 125
145° x with activation energies 7.03 kcal/mole and 10.4 kcal/mole
respectively. Interpretation_of discrepancies indicate strong
shifting of the 135° x peak in anomalous results. Possible

mechanisms are discussed.



Thermally Stimulated Dischargé (TSD) currents have been
utilized as a means of investigating charge transpért and
stoiage properties of polymers since the creation and study of
the first "electret" by Eguchi (1925). The time temperature sﬁ-
perposition theéry applied, by Gross (1968), to the well known
Debye equation yields solutions which describe TSD response of
dielectric mechanisms in terms of the characteristic trapping
parameters Tt E, and €g° These parameters may be determined from
a single TSD test as opposed to the repeated isothermal electri-

cal bridge measurements required for the same determination.

TSD is particularly.useful in studying the dielectric pro-
perties of ice at very low temperatures (90K-250K). At these tem-
peratures charge storage mechanisms such as dipolar orientation
and space charge migration combine ﬁo give ice a large dielectric
constant . Data taken from pure ice exhibits 3 to 4 discrete re-

laxation mechanisms showing high repeatability. Relaxation fre-
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quencies in this temperature rénge however are very low , on the
order of .01 Hz and lower. Electrical bridge measurements may not
‘be performed reliably at these frequencies. In addition, the TSD
response curves from these mechanisms overlap sﬁrongly in most
samples tested. Such overlapping makes routine analysis of TSD
curves by standard methods impossible. These data require special
tests and analytical methods for accurate trapping parameter

determination.

In this paper, methods of experimentation and analysis of
TSD currents are reviewed; The theory of first order dipole re—
laxation is presented as well as graphiéal and analytical methods
of detetmining trapping parameters from TSD curves. Linear in-
verse fitting has been applied to data from pure ice using

methods discussed by Jackson (1972).



"2-1 Dielectric Polarization

" Persistent charge may be frozen into an electret'as the
result of more than a single mechanism. The most prominent
mechanisms are dipolar orientation ahd space charge migration.
Thése two mechaﬁisms differ markedly from each other ; in the
‘case of dipolar orientation phe individual molecules in the ma-
.terial act as miniature electric dipoles, while space charge po-
larization is due to actual migration of free charge carriers ac-—
companied by subsequent build-up at sample boundaries. The latter
presents complications to the study of both orientation and mi-

gration mechanisms.

Before beginning a discussion of TSD it is instructive to
outline a few basic properties of a capacitor filled with a
dielectric and to note some of the dynamical properties pertinent

to the creation of electrets.

Figure 1 illustratés the distribution of charge induced on
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the plates of a capacitor under an electrical potential, and the
effect of introducing a dielectric material between the plates.

The surface charge density on the capacitor in vacuum is

Q
]
IO

where

o, = surface charge denéity
.0 = charge on plates

A‘= surface area of one plate

When the dielectric medium is ;ntroduced between the plates
and the applied voltage held constant, the surface charge density

increases to

o = €0
8

wvhere

e8= static dielectric constant

The charge on the plates of the capacitor therefore has com-
ponents caused by the external field Ep and the internal polari-
zation (P). With the introduction of two more relations in elec-

trostatics



Ep- 4nao
and
D = 4rno
where
o D = displacement[?urrent density

!
-

_polarization can be defined as
00+P8 = O

where

Ps= polarization induced on the plates of the

capacitor due to a dielectric medium

It follows that

Ep+4n? =D
D = esEp
then
(4ﬂPs)
DI (2-1),
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Here the dielectric constant is defined in teims of the induced

polarization.

It must be pointed out that pola:izatibn,-as défined above,
represents the total charge induced on the plates as the result
of a variety of mechanisms. Some polarization mechanisms.react
to changes of an applied field virtually instantaneously while
the mechanisms to be presented here react at a hindered rate due

to kinetic effects.

From equation 2-1 it can be seen that changes in applied
field must be accompanied by a qhange in polarization in order to
maintain equilibrium. One simple assumption which has been made
concerning the rate of change of polarization as it approaches
~equilibrium is that the speed of approach is proportional to the

displacement from equilibrium.

- Fﬂ‘}’”

P /<P(L)
arP(t) _ °s -
ac T T 7 (2-2)
where

-7 = relaxation time

This expression was originally derived for constant tempera-
tures, however it has been assumed, with great success, that the
- temperature dependence of T may -be introduced and the equation

solved for non isothermal systems (van Turnhout[1975], p. 27).
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é;?' As stated above, a portion of the polarization adjusts in—
stantaneously to changes in applied field and cannot be con-

sidered in equation 2-2. A modification of equation 2-1 yields

4”(Pd—PQ‘
€ -1 =
’ 8 E
‘ P o )
(j"g(p—;_ Lf'ﬁ ‘:FJ’?’GD
where ’ 5?

Pd = static polarization

P_= optical (high frequency) polarization

and .

477P

where

€= high frequency limit of dielectric constant

- Now equation 2-2 transforms to

aP (t) E_(t)
T—3g—+P (t) = (e-¢)-E— (2-3)

This is the most useful form of the Debye équation for applica-

'tion to TSD.

2-2 Mechanisms of Polarization
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Polarization in a dielectric can be attributed to four
processes: electronic and_atomic.displacement polarization,
orientational displacement of dipoles, and space chargé
migration(Haering énd Adams{[1960])). Of the four, only the latter

two contrlbute to persxstent charge storage in electrets. Both p@&&“

electronlc and atomic polarization are due to small-scale dlstor—@ﬂ&?
" tions and displacements in the molecular structure. Although they
may contribute to the bulk polarization, their rates of decay are

very high and independent of temperature.

Space-Charge Polarization

Most dielectrics exhibit a low level conductivity even

though the number of electrons in the conductibn band is negligi-
ble. Migration of electrons in response to an applied field is
called space charge drift, or space charge limited (SCL) drift.
Figure 2 shows a simplistic representation of the bulk effect of
space charge migration. This figure should be compared with Fig-
ure 1 in which the distribution is more representative of dipole
orientation. An important aspect of space charge is illustrated
here. Since excess charge accumulates at the boundaries of the
dielectric, the local field is altered with respect to the charge
- carriers. The proximity of like charges in this region becomes,
in itself, a driving potential active in the process of accumula-

tion and relaxation of space charge (van Turnhout[1975]). Motion

of this excess charge is therefore both time and space dependent.
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"It is for this reason that the analysis of space charge polariza-

- tion is somewhat more complex than that of orientational polari-

zation. .

Dipole Orientation

In general, the most stringent requirement for a molecule

to possess a dipole moment is that it must be charge-

-assymetrical. If a molecule (or complex polymer chain) presents a
‘high degree of symmetry it will not have a significant dipole mo-

{ment. This distinction is important in light of the fact that

some non-polar molecules, under the influence of a very high
electric field, may distort in shape and show electron and atomic

polarizability which- do ndt contribute to the electret effect.

Figure 3 shows a water molecule and its simplification as
-an electric dipole. The simplification of the molecule‘to an ele-
mentary dipole has pioven to be valid given certaih accompanying
-assumptions, the most important of which is that dipoles in an
electric field do not interact with each other. This is to say
that the local electric field is not altered by orientation of
the surrounding dipoles. Further, when displaced from equilibrium
with respect to an applied field, the dipole will approach
equilibrium aﬁra characteristic rate. The relaxation time for a

#lipole displaced from equilibrium is

7
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E
T(T) = 7,0xp(37)
where

E = activation enexrgy of rotation

2=3 Theory

‘Equation 2-3 will now be discussed under the conditions
-describing the usual TSD experiment (short circuit and linear

temperature increase).

-Assume that a dielectric material has been exposed to an
-external high voltage (on the order of 1 KV/cm) for a time that

is much longer than the estimated 7 at the temperature of forma-

tion. It can then be‘assumed that all dipoles have reached ﬁ%
‘equilibrium orientation. The dipoles are frozen in and the vol- (e 1

A5
. A
tage is removed. i

Setting Ep(t) = 0 , equation 2-3 becomes

dP(t)
dt

= —-g(T)P(t)
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-Rearranging

de(ts

—I-;-(E)— = “S(T)dt | (2-4)
--and integrating both sides
t
AntP(e) 1% = -5 [expEyat.
o
, aT
et B = -&E
BCE) _ 9 -E
I = expi—g2fexp(gDraT)
,-o °
rand
o -E
P(t) = Po-exp{TIexp(—ﬁ)dT} (2-5)
o |

20 is also defined by the relation

2
N.. pE
p « _4ip~ p -
B —3pr—  (275a)
P
~where
N = number of dipoles

dip
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Pp = average dipole moment

,Ep = forming field

Tb = forming temperature

‘The static dielectric constant can also be determined from

the relation

+e€ (2-5b)
o

-where

€ = permittivity of free space = 8.854xl(‘1-14 F/cm

o

EP = forming field

The discharge current density is equal to the rate of change
” of polarization.

NORE-10

where
j(t) = discharge current density

“Then from equations 2-4 and 2-5
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¢

Gprmenni e
3(t) = (P s(T)expl—52[exp(zE)ar)  (2-6)
o |

Some important characteristics of this function have been

summarized by Garlick and Gibson (1948). R |

(i) For given so’Po and B, Tm is proportional to E where Tm

is the temperature at which j(T) reaches a maximum

e
e
=

(ii) For given E and Po,’Tm varies with 8, and B

(iii) The area under the discharge curve is proportional to

Po

'(iv) The initial rise portion of the curve can be approxi-

mated by
. E
Inf{i] = Constant - X7 (2-7)

Property (iv) is used commonly in routine TSD analysis.

Figures 4-7 illustrate the dependency of this function on

B, To ’Po' and B.

Another useful relation can be derived which utilizes the
dependence of Tm on B. To obtain an expression for the condition
~at Th first take the derivative of equation 2-6 with respect to

temperature

Lh . e
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di(T - - -
5L = 2 s, tlexp (2 expGE)am) S3)expigg)

/

-E,, % __-E “8o -E
-+ BXPGET)[—g“exP(ET)exP(—g“fexP(ET)§T)]}
éimplifying and setting equal to 0 for the condition at Tm

di(T) _ E -%o -E : -
Tar T 2PEexe(Er) = 0 =
: m

“‘then

From this result, with E given by the initial rise approxi-

mation, the pre-exponential factor Sg can be calculated.

BEexp(E%—)

8 = 3 n (2-7a)

kTm

Once s, is known Po may be calculated from the intercept of

the initial rise graph using equation 2-5b.

Additional formulation for the relaxation time can be

derived in the following way. From equation 2-6
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T .
-8
( —Poexp(—ﬁgfeprig)dT)
- P t)= 0
(T = 5y —T S
“P 8 (T)exp(—5=[exp(zR)dT)
4]
Then
In[7(T)] = In[P(t)]-1In[i(t)] . (2-8)
.Since
P(t) = Q%;l
-
oce} = [ictrae
o
- -
ficerae
4 ° * _
P°= '———A—-——— (2 8a)
_ vhere
Q0(t) = instantaneous charge held on the capacitor
: plates by induction
and

() = L)
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In[7(T)] - ln[fi(t)dt]—ln[i(t)] (2-9)
. :

Again, the relation

7(T) = Toexp(£%)

e

"when‘apélied.to equation 2-9 will yield a étraight line of slope
E. This relation providés a ﬁseful means of verifying results ob-
tained from initial rise and heating rate methods. Equation 2-9
also produces a continuous set of values for 7 (T) over the en-

tire temperature range covered by the discharge curve.

For purposes of calculating theoretical discharge curves
the approximation formulated by Hastings(1955) and applied by van’

Turnhout (1975) was.used-where

3 (4)= 3™ = PexpDrexp (T (2-10)
_ o (EB\ '
| Xy

where : 2N

2 (E

7T = Erexp (g H ()

n

where ‘

i) = {bl-al+(b2—a2)kT/E}(l+b1kT/E+b2k2T2/E2)-l

a,= 2.334733



a,= .250621

bl- 3.330657

b,= 1.681534

2
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3-1 Sample Preparation

Sa@ples used in this research were disks of pure ice ap-
proximately 1/2 "™ in thickness'andrl 1/2 " in diameter grown and
cut using methods described by Gross et. al. (1975),and Gross et.
al. (1978). Saﬁple surfaces were polished carefully to assure
that they were smooth and parallel. Sample thickness was measured
to the nearest .001 ", most showing less than .005 " deviation
in thickness over the entire surface. Of-course all sample
preparation was performed at temperatpres weil below freezing and
care was taken to avoid contamination.The samples discussed in
the main body of this work were all taken from frqm one nearly
single crystal ice column growh from pure (distilled and subse-

quently de-ionized) water.
3-2 Sample Cell-Heating Circuit

The ice sample is placed between two copper electrodes in

the aluminum sample holder shown in Figure 8. The sample holder
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--is then placed into a larger aluminum block (Figure 8) and this
entire apparatus enclosed in a stainless steel cryogenic chamber

where it is cooled with liquid nitrogen.

Heating of the sample during TSD is accomplished by three
feedback-controlled heating elements. It was discovered that, in
orxrder to maintain control of sample temperature without oscilla-
tion of thé temperature about the controller setpoint, the sample
must be enclosed in sufficient mass to provide inertia to the
" heating process. Given this large mass, a heating element distri-
bution was chosen that gave the most uniform radial heat distri-
bution and tﬁe highest degree of sensitivity to the.control sys-—
tem. Two of these eleménts are cartridge heaters located in the
sample holder on either side of the sample. The third is a heater
coil wrapped around the larger aluminum block. These heating ele-
ments are all connected in paxallel. Control is maintained by a
Love Model 52 propﬁrtionalrcontroller. Heating rates may be pro-
grammed .044 Deg/seé and lower. Early problems of é severe tem-
perature gradient across the sample were solved through minor
modification of the electrodes. Pre—existing plastic eleétrode
~ holders were replaced with nearly identical ones made of alumi-
num. The result was an increased, and more balanced flow of heat
from the sample cell walls to the electrodes. The maximuﬁ tem—
perature measured across the sample using this new design is
about 4° during a 0.044°/sec heating rate test. This gradient de-

creases with lower heating rates.
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In addition to uniform heating, it is often also necessary
to be able to cool the sample verytrapidly. This is made very
difficult by the large mass of the system as required for tem-
perature control. Cooling of the massive aluminum block external-
1y with liquid nitrogen could only provide maximum cooling rates
of a few degrees per hour. This problem was remedied by aiming at
the wall of the sample cell a.direct flow of liquid nitrogen
under pressure . Cooling rates of lO-lSo/sec have been made pos-
sible through addition of this flow. TSD test procedures using

~this modified apparatus are outlined in Appendix I.

" - Charging-Discharging System

The charging system consists of a high voltage D.C. power
supply providiné voltages from 500 to 2000 volts. Blocking elec-
trodes are used even though the conductivity of pure ice is
negligible. For this study all tests were run using blockihg
electrodes made frqm»Teflon coated with copper on one side. The
sample is sandwiched between two such discs and placed in the
sample cell between the copper electrodes. High voltage coaxial
cables connect to electrodes on top of the sample cell

and extend out of the cooling vessel to the charging system.

For measuring discharge, the electrode circuit is switched

ovexr to a Keithly Model 173 picoammeter capable of measuring

 currents as low as 1.0 x 10"13 A. Peak currents measured in this

study are on the order of 5.0 x 10'9 A. Minimum currents meas-

Ve



-22-

ured of about 1.0 x 10 12

A lie‘very close to the noise level.of
the system. Coaxial leads connecting the electrodes to the elec-
trometer must be grounded carefully ahd secured from movement so
.that spurious currents will not be induced in the measur ing cir—

-cuit due to capacitive coupling between leads.
3-4 Data Acquisition

Sample temperature is measured for recording by two type T
(Copperw constantan) thermocouples located in small holes in the
#lectrodes. The controller uses a tfpe E (cromel-constantan)
‘thermocoﬁple- Both electrode temperatures and discharge current
-are digitized and recorded by means of a Burr Brown SDM-853 ana-
dog to digital converter, a Gulton ANP-9 thermal printer and a
‘Honeywell strip chart recorder. As a safety precaﬁtion, for both
nequipment and personnel, electrode thermocouples are isclated

from the recording equipment through buffer amplifiers.With this

' -sapparatus digital current vs. temperature data may be recorded at

a rate of 6 readings per minute simultaneously with continuous

graphical output. f
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In this chapter the theory of the generlized least sguares

.inversion will be developed. The stastical parameters used to

evaluate the uniqueness and closeness of the final model to the
data will be discussed. Programs used in this study, and pro-

cedures for their use are outlined in Appendix II.
4-1 Classical Least Squates Method
The basic approach of the least squares method is to 1)

guess at an initial model rand 2) minimize differences between

this model and data by calculating appropriate adjustments to the

initial model parameters. Given a function of one independent

variable, T, also containing m model parameters, X; such that

2 - 3(T) = f(T,xl,xz,x3,....xm)
The function may be expanded in a Taylor series about some point
m 3j m m

: 1 33 a3 o o
J(T) = 3 (TI+ T o5o(X XD +5 T L mod (X, ~X0) (X,-X) +. .. ..
i | o i k=laxk k Tk 2j=lk=laxk axj k 7k b B |
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1f the function is assumed to be linear Qith respect to the

parameters ,higher order terms may be neglected and

. m 33(T,) .
T = (T T Oxemxp)

where

xko = intial estimation of the k th parameter
Xy = true k th parameter

Rearranging

8J = AAX + € (4-1)

where

AJ = an n component vector containing all Aji

s obs . ,
where Aj; = j(T;) 3o(T5)-
A = anm x n matrix containing the derivatives.
Ax = an m component vector containing all (xk—x;).

€ = vector containing higher order terms and errors.

In this case
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A3T))  a3(Ty)  ai(T))

3E 3
A g 3P _

33(T,)  34(T,)  a3(T,)

GEA aTo apo

] ()

N
1

33(T,)  3i(T,)  3i(T)

If m=n (i.e., there are as many data points as model
‘ paiameters) the new parameters may be found from direct inversion

of equation 4-1.

v.ce Ax = A 1aJ

if a1 exists
and

-1
xnew A AT + xo

However,if m # n, the problem must first be "squared up". In

other words, an operator must be found such that
Ax = HAJ

This is accomplished-by applying the classical least squares
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approéch to equation 4-1. The set of error residuals is given by

€ = AJ-AAX

The square of the residuals is

~

R2 = ete=(AJ—AAx)t(AJ—AAx).
Expanding this expression and simplifying in matrix form

ax = atay 1atas (4-1b)

if (ATA)-l exists.
It is easily shown that for the case where n=m

1l -1

atay 1 - a7 lah

and thus

Ax = A TAJ

as before.

Parameters derived to evaluate the inversion are the R ma-

trix and the scalar Rf. The R matrix

R = HA = (ata) 1ata (4-2)

is used to examine the uniqueness of the solution [Jack-
son(1972)]. The mth row of the n x m matrix contains information

concerning the uniqueness of the mth parameter. Inspection of
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"fequation 4-2 shows that the R matrix is the identity matrix,
which shows that the least squares solution is a unique solution.

The rows of the R matrix are called resolving kernels.
The scalear Rf (fitting parameter) is defined by

|
.1 h Aj,
Re = [ T =212 (4-3)

i=1 i

and is a statistical measure of the resulting fit
where
o;= data point uncertainty.

N

It is desirable to have Rf =~ 1 which implies that the aver-
age deviation of the new model from the data is approximately
equal to the uncertainty in the data.

Problems arise in the least squares process in the event
that the matrix AtA cannot be inverted. Singularity of the

t .
A"A matrix may occur for two reasons;

1) The matrix is analytically singular.

2) The matrix is numerically singular with respect to the

computing algorithm.

Matrices which are nearly singular cause instability in the
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inversion process in that calculated adjustments applied to the
initial parameters may bepome disproportionately large. For prob-
lems of this nature the generalized eigenvalue-eigenvector decom-

position is a useful method of stabilizing the inversion.

4-2 Generalized Eigenvalue-Eigenvector Decomposition

In cases where the matrix AtA cannot be inverted, the
eigehvalue—eigenvector decompositidn method allows one to remedy
problems of ill conditioning by using a—ériori information. Com-
p&nents of the problem may be deleted from consideration result-

ing in more reasonable adjustments to the initial parameters.

A natural inverse is formed and the problem is reformulated

in terms of the eigehvalues and eigenvectors of AtA

ax = va~lutaz=Bas (4-4)

where

V= mx m matrix containing the eigenvectors of

ata

A = anm x m diagonal matrix containing the eigen-

values of AtA

u=ava 1
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B is therefore analogous to the H matrix in the least
squares method.Instability in the inversion may be studied and
corrected through proper use of the eigen—-components. It can be
seen in equation 4-4 that the magnitude of the correction of *i
will be inversely proportional to the maénitude of the m th
eigen&alue. If the eigenvalues vary by several orders of magni-
tude the corrections applied by the smaller eigenvalues will be
very large and the inversion therefore unstableOVSmall eigen-

values and their associated vectors may be dropped from con-

sideration and equation 4-4 becomes

Ax VpA U_AJ BAJ q %l
where

p = number of eigen-components used

It is often convenient to determine stability of the problem

in terms of the maximum acceptable ratio of eigenvalues used. In

A
max

Y = 100 is a reasonable estimate for initial

many cases

min
modeling attempts. However, this exact criterion may also be
dependent on both the machine, and the algorithm used to perform

" the matrix decomposition.

ln‘terms of the eigen-components, the resolving matrix



-30-

R = Ba=vA luta.

Resulting parameter standard deviations are computed from

the relation

otx,) = I (K32,
, =1 73
‘The effect of dropping eigencomponents from consideration
<can be seen through inspection of the eigenvalues. The jth column
icontains the m components of the vector associated with the jth
-eigenvalue. The ith component of each vector corresponds to the
ith model parameter. The relative magnitudes of these components

reveal the relative contribution of the eigenvalue to the

.determination of the new model parameters. If an eigenvalue-
vector is omittéd from consideration a certain amount of informa-
tion about all paramé;ers pfovided by the data is lost. It can be
easily shown that if p=m (all eigencomponents kept) the solution
to equation 4-4 is the same as the ieast squares solution. If p=0
{no eigen-components used) the initial parameters aie unaffected.
It must be stressed that in dropping eigen-components, added con-

~ fidence is given to the initial model. When eigen-components are
deleted, a trade-off is made between the relative contribﬁtions
of the data and initial model to the final parameters. Parame-

ters derived to evaluate this trade-off are formulated
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—bki) . | (4-5)

An Iy of 1 indicates total data dependence in the final

value of the kth parameter. Inversely, rk=0 indicates that the
resulting parameter is totally dependent on the initial model and
the inversion has no effect on that parameter. Equation 4-5 shows
that as data dependence is lost (i.e eigen-components deleted)

-new parameter standard deviation is lowered.
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BEEHLIS
5-1 .Explanation of Results

The typical TSD of pure ice consists of 3 to 4 overlapping
peaks, of the form of equation 2-10, with apparent maxima at ap-
proximately 125% K, 140° K, 155° X, and 190° K. These maxima are
each shifted to some degree from their true position by the su-
perposition. Of these 4 peaks the 3 largest, occuring in the tem-
perature range from 100° X to 170° K, were focused on for
analysis. For convenience these peaks will be referred to as A,
B, and C from.coldest to warmest, respectively. The strong over-
lapping of these peaks has made it very difficult to apply any of
the routine methods of analysis such as the initial rise approxi-
mation (equation 2-7), or equation 2-9. An attempt was made to
conduct a series of partial heating tests as discussed by Perl-
man(1970). However,‘these tests failed due to inability to change

the sample temperature rapidly enough.

For this study two types of tests werefused_to ‘l) deter—
mine the relative magnitudes and approximate positiohs of all
peaks, and 2) selectively charge individual peaks. The first of
these objectives is accomplished by applying the charging poten-
- tial during slow cooling from 200° X to 106° K. This is called a
full charge test and results in charging all polarization mechan-

isms to saturation at the temperature at which the charging'field
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:fis removed (equations 2-5a).

The sample may also be charged at a fixed temperature and
rapidly cooled to freeze in the polarization. This is called a
part%al charging test and can be used as a means of isolating

overlapping peaks if Tl(Tch)<<tch<<12(T However, attempts to

ch)°
isolate the overlapping peaks in the spectrum of pure ice failed,
again, due to the slow response of sample témperature and the

proximity of the peak maxima.

All data analyzed in this study are contained in Appendix

Iv. -

5-2 Partial Charging Tests

The partial charging tests listed in Tﬁble I were ali per-—
formed on a'single sample (# 308/7-3) showing an anomalous spec-—
trum in which peak B is absent or shifted. This sample waé used
for extensive study beéause the two ‘existing peaks are consistent
in position with the corresponding peaks A and C of the normal
' dischafge spectrum. In addition, these peaks are almost totally
. separate, showing only minor overlapbing in full charge tests

V&Figures 29-31). A serieé of partial charging tests was performed
on this sample to determine the activation energies and relaxa-
8

tion times, aé well as the temperature dependence of €_ for the

polarization mechanisms.

Figures 9 and 10 illustrate the data used for initial rise
\
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approximation of E for these tests. To and Po were determined:us—
ing equatibné 2-7a and 2-8a. Theée parameters were then used as
initial estimates for modeling with the generalized eigenvalue-
vector method. These modeling results are listed in Tables Il and
I111. Figures 11-19 illustrate these results. The temperature

dependence of € for these mechanisms is shown in figure 32.

It must be pointed out that , due to the use of blocking
electrodes (Teflon-on-copper disk), the actual forming field is
only a small fraction of the applied field (Vch/ls)° See Appendix
111 for a discussion of the effects of blocking electrodes and

TSD curves obtained without blocking layers.
5-3 Full Charging Tests

Having, for tﬁe first time, reasonable estimates of trap-
ping parameters for two of the three overlapping peaks, an at-
tempt was made to apply these parameters td a typical full charge
best. The function used to model the usual fully charged TSD
spectrum was simply the summation of three functions of the form

of equation 2-10 such that
I(P)pop = 31 (TI+3,(TI+34(T)
where

j(T)TOT= Total current

jl(T) = j(TlEl’ TOl'POl)
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3010 = 3By 7050%))
‘:,3(T) = j(T0E3oT°31P°3)

These results are listed in Table IV and illustrated in
figures 20-28. All full charge data were modeled using a three
peak model. Tests FlS-FZi are full charging tests on the sample
showing the anomalous discharge spectrum. The results of this
modeling are listed in Table IV and illustrated in Figures 29-
31.Total static dielectric constant for these peaks are plotted
in Figure 32 aiong with total statié dielectric constant from

partiai charge tests.

Table V contains a summary of average results from full
charge tests on normal fully charged samples at'B=0.044o/sec ’
and 0.0loo/sec. Table VI contains a summary of results of 3 peak
modeling of the fully charged spectrum of sample #308/7-3 at

B=0.044%/sec.
5-4 Interpretation of Results - Peak Separation
ACtivation energy (E)

The normal TSD spectrum from fully charged samples using
B=0.044°/sec shows three peaks with activation energies of 7.21
‘kcal/mole, 8.24 kcal/mole , and 9.89 kcal/mole for peaks A,B, and
Cc respectively.v Tests on similarly prepared samples using
B-0.0loo/sec (see Figures 27 and 28 ) yield activation energies

7.23 kcal/mole, 8.21 kcal/mole, and 9.99 kcal/mole . Results from
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the anomalous spectra indicate two peaks corresponding in posi-
tion with peaks A and C of the normal spectium with activation
energies of 7.03 kcal/mole and 10.4 kcal/mole. The first of these
values is somewhat lower than that obtaihed for the A peak of the
normal fully charged spectra, and the second, significantly .
higher than that of the normal C peak.This effect could bé the
result of the shifting of the B peak to warmer temperatures in
the anomalous spectrum .However such an assumption would iequire
further support since the anomalous spectra could actually be the

result of only two isolated responses.
Pre—exponential factor (To)

Comparison of 7 from normal and anomalous spectra shows

that To differs very little for the A peaks, being only slightly
~ higher in the anomalous spectrum. Unfortqnately, in order to
achieve stability of the inversion of normal spectra, To for peak
C was strongly'constrained to the initial model value. It is for
this reason that To for normal and anomalouslc peaks are nearly
gqual. To for peak B in normal spectra was also strongly con-

strained to the initial model "guesstimate" of S.DxlO—lz.

Static dielectric constant (es)

Total € determined from 0.044°/sec and 0.010°/sec tests
- yield approximately equal values of 68(78.0, 73.8). This result

is in agreement with the principle of charge invariance of Gross

(1968) .Full charge tests on the anomalous spectra yield a
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 “slight1y higher value (8#.5). 1f peak A is subtracted from the

" normal spectrum the resulting €5 is approximately equal to that
of peak C of the anomalous spectrum (~ 40). This further supports
the assumption that peak B is present in the anomalous spectra

and shifted strongly to higher temperatures.
Comments

In light of the apparent shifting of the B peak in the
~anomalous spectrum it may be assumed that the A peak of the
‘anomalous spectrum represents an isolated response . It is also
believed that this A peak results from the same polarization
mechanism and is consistent with that of the normal spectrum.
However trapping parameters from‘peak C of thelanomalous spectrum
shéuld not be accepted aslrepresenting a single isolated mechan-
ism. Resqlté suggest that this peak is caused by total overlap-
ping of peaks B and C which appear consistently in: the normal
épectrum but are usually separate. Therefore, fitting results for

peaks B and C from normal spectra should be accepted.
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Table II
~‘§3 S | . Results of Inversion - Peak A
- Sample 308/7-3 °
Peak A

' Vch = 1500V, B = 0.044 De%/éec

Test T E T P £
ch o

o
(ok) (Caymole) (xlO—nSec) (xlO-S%mZ)

.012 7.14 .173 61.0

D73A 108.2 7050. * 8.4 3.58 +
' D72A 113.2 7061. + 8.34 3.56 + .012 6.87 + .171 58.8
- D71A 118.2 7014. *+ 8.42 3.57 + .012 6.94 + .172 59.4
DCZA 123.2 7010. + 11.2 3.56 + .008 5.1 % .173 41.4
D68A 128.2 6997. £ 13.3 3.56 + .008 4.28 £ .171 37.8
D69A 133.2 7059 * 27.5 3.57 £ .004 2.05 + ,172 19.6
Table IIT
Sample 3U8/7-3
Results of Inversion - Peak C
Peak C
Vch = 1500V, B = 0.044 Deg/Sec
Test T E T P - €
ch o o s
' o -13 -8/ 2
(k) (cal mole) - (x10 ~“Sec) <x10 cm)
D77B 144.0 10420. = 90 .957 + .38 2.75 + .099 25.3
D76B 148.0 10350. * 118.0 1.42 + .48 2.27 £ .11 21.4
D758 153.0 10420. + 87.4 1.01 £ .37 1.78 £ .10 17.5



Test

F3

F5

Fé

F7

F9

F10

F11

De
g Sec

0.043

0.043

0.043

10.042

0.043

0.043

0.043

Table 1V

Summary of Inversion Results of Full Charge Tests

Tests F3 - Fl1

Peak E

(Fa%/%odg)
A 7260 = 5.78
8240 + 13.3

9860 + 14.6

7130 £ 4.5

8190 + 12.4

9900 + 19.9

7160 £ 4.1

8290 + 10.4

C 10000 + 14.8
A 7230 £+ 3.92
B 8300 + 11.3
C. 10100 + 12.9
A 7280 £ :5.75
B 8310 + 11.35
C 10100 £ 10.9
A 7320 =+ 6.14
8280 =+ 7.1

C 9930 + 9.5
A 7190 + 8.9
8070 + 22.7

9360 + 87.2

(x10~

34.5
4.97
.113

35.2
4.9
.113

35.5
5.05
.113

36.1
4.9
.113

T 34.2

4.84
.113

31.6
5.04
-113

35.0
5.0
.113

o

4+

+ I+

4

4+ I+

1+

o+

1+

14+

I+

I+

-+

I+

4

I+

H

sanple 3U8/7-1

T
o

12

.31 3.99
.05 2.71
4.6x10 18 1.78
.15 4.55
.03 2.4
4.x10 18 1.76
.13 4.85
.03 2.62
1.x10° 18 1.46
.22 5.02
.022 2.38
1.2x10" 18 1.61
.22 4.0
.035 2.63
5x10” 18 2.0
.17 4.03
.05 3.82
6.2x10" 18 2.34
.38 4.43
.017 2.55
5.5x10 18 1.5

{(continued)

e

I+

I+ I+

I+

+ I+

t+-

+ 1+

4+

i+ 1+

I+

+ I+

I+

+ I+

1+

: P
o
Sec) é{lO_SGAmZ)

.08
.08
.07

.06
.06
.06

.057
.06
.057

.063
.062
.051

.073
.69
.053

.065
.063
.06

.189
.022
.013

34
24
16

38
21
16

40
23
11

42
21
15

34
23
18

34
32
21

37
22
14



continuation

‘Test

De§/éec

F16 0.010

F17 ©0.011

F18 0.044

F19 0.044

F21 0.044

Table IV

(continued)

Summary of Inversion Results of Full Charge Tests

Tests F16 - F17 sample 3U8/7-2

lests F1§ - F21 sample 3u8/7-3

Peak

E

' (Ea}/aodg>

7240
8160
9880

7220
8290
10100

7120
7870

10400

7110
7870
10400

7090
7800
10400

S

I+

H+ I+

I+

+ M

-+

+ 1+

4

+ 4+

I+

17.4
42.8
75.4

14.8
92.3
182.

3.7
30.4
7.95

2.88
31.4
6.52

11.6
26.3
11.7

(x10

37.7
5.0
.113

39.9
4.95
<113

32.8
4.83
.113

34.3

4.69
.113

29.7
5.
.113

+ I+

i+

+ I+

I+

H+ I+

+

M4+

I+

W

1+

T
(o]

12Sec)

.48
.084
4.x10 18
.97

.05
1.7x10°

.99
034
3.7x10°

.85
002
2.5x10

.19
.046
3.16x10

17

18

17

18

P
o
6{10—867(:m2)

5.24
1.81
<542

- 5.6

1.2
<478

4.7

1.58
3.04

5.23
1.28
3.04

5.76
1.19
1.68

+

H

+ I+

I+

+ I+

i+

+ I+

i+

+ I+

S

.26
.026
214

.28
.27
.228

.12

.115

.054

.093

.09

. 045

.09
.085
.043

49.7
19.1
7.8

49.9
13.7
7.3

41,2
15.8
27.7

45.5
13.4
27.7

49.8
12.7
16.6



Table V
Average Parameter Summary

Full charge tests

— 8 = 0.044 °/sec —

Peak E T €g
(Eaa/&olg> (x10 ?sec)

A 7211 & 49 34.58 + .51  37.4 = 1.15

| 8240 * 30 4.96 > .03 24.2 % 1.35

c 9892 I 88 113 * % 16.4 * 1.08

€g (Total) = 78.0

— 8 = 0.010 °/Sec —

38.8

A 7230 £ 5 t .08 49.8 + .1
8225 + 46 4.97 r .02 16.4 £ 1.9

C 9990 * 78 1.13 & * 7.6 £ .17
| | e, (Total) = 73.8

* Standard deviation very small due to strong model dependence
in inversion . ‘




Peak

Table VI

Average Parameter Summary
Full charge tests
Sample # 308/7-3

— 8 = 0.044 °/Sec —

E ' T e

o s

(éa¥/%ole) B (xlO-lZSec)
7107 = 7.2 32.27 = .11 45.5 + 2,02
7846 * 19.0 4.84 + .05 13.97 =+ .77
10400 + * L113 £ % 24.0 * 2.9

gg (Total) = 83.5

* Standard deviation very small due to strong model dependence
in inversion
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" 6-D]ISCUSSION
6-1 Possible Polarization Mechanisms
~Space:- Charge

Space charge polarization can ocurr in ice of very high pur-
ity when impurity ions build up at sample-electrode surfaces
[Gross (1977) p. 4)]. Small fractures within the ice sample may
also serve as regions for possible 5pace charge accumulation,

-significantly increasing its effects in pure ice.

Peaks resulting from space charge drift have at least two
characteristics which enable them to be distinguished from dipo-
lar orientation peaks. The first of these characteristics is a
strong dependence on sample—electrode suiface conditioné [Gross
(1977)]. This characteristic may be noted in the consistency of
peaks in position aﬁd magnitude between samplés tested. Regard-
less of the care taken in preparation of samples there will un-
doubtedly be variations in smoothhess and parallelisﬁ of sample
surfaces. O0f the 3 peaks presented'in this study, the intermedi-
. ate peak (B) shows the greatest variation. However, no systematic

trend may be seen in this variation between samples.

The second distinguishing feature of space charge peaks is
the non-linearity of €y with respect to Vch contrary to dipolai

polarization (equétion 2-1).This effect was investigated in a
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éeries of pgrtial charging tests using charging potentials of
1000 v, 1250 v, 1500 v, 1750 VvV, and 2000 V. Reéults of these:
tests were inconclusive due to Ehe strong superposition of peaks.
Total polarization did increase with increasing field strength in
a.highly non-linear manner. Howéver, discussion of the linearity
of an? oﬁe of the three overlapping peaks would require decompo-
sition of these cuives into the appropriate 2 or 3 peak spectra
and possible modification of modeling proceedures (see SUGGES-

TIONS).

As stated previously, a fourth peak does appear at approxi-
mately 190°K. This peak is variable in position and magnitude.
The discharge current of this peak is often weak, appearing to
die out erratically after reaching its maximum. Unfortunately the

dependence of this peak on Vc

h Was not investigated.

Dipole Orientation

Dipolar orient#tion may occur in ice with more than a single
relaxétion time [Gross (1977)]. Mechanisms with shoxrter relaxa-
tion times may be caused by lattice defects introduced by impuri-
ties. Chamberlain and Fletcher (1971) report a shift of the dipo-
lar orientation peak to higher temperatures with decreasing HF
concentration. This result illustrates the interdependence of
free charge and dipolar relaxation mechanisms through lattice de-
fects caused by such impurities. Lattice defects may also iesult

from rapid growth of the ice crystal [Gross (1977)].
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Another possible mechanism for dipolar relaxation in pure
ice is suggested by Grossweiner and Matheson (1954) in which an
impurity ion influences the orientation of surrounding dipoles.
Their work on thermoluminescence in ice indicates thét impurity
ions may be surrounded by a dipole sheath and that the response

of the dipolar mechanism may be influenced by this relationship.
6-2 Summary of Other Works in TSD of Ice

Previous works conducted in this laboratory [Huppunen
(1978)]{ focused on the coldest peak, yielded a range of activa-
tion energies for this peak of 6.75 kcal/mole to 8.5 kcal/mole
determined by‘the.initial rise method, and maximum total €g of
58. This activation energy is consistent with the value of 7.0
: kcal/mole obtaiﬁed in current studies using the same apparatus.
However, the activation energy determined for peak B in current
work (8.2 kcal/mole) also lies within these limits. The
discrepandy in €, may be due to the different methods used to
determine Po‘ Huppunen determined €s by graphical integration of
TSD curves. In current work Po has been obtained from curve fit-
ting results. The discrepancy noted abbve is small compared to
the discrepancy between these results and the expected value of

>200.

Johari and Jones(1975) report activation energy of 11l.4
| kcal/mole for the coldest peak and total € of >250 at 100° k. It

can be seen from TSD curves presented by the above that severe
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_‘overlapping exists. No comment is offered regarding the effect of
- this overlapping on calculation of éctivation energy. Further,
Figure_z of Johari and Jones (1975) shows that the current
discharge does not drop to zero at the end of the heating cycle.
No mention is made regarding the effect of this current offset in

determination of es.

'Chambeflain and Fletcher (1971) report two peaks in pure
ice, one occuring at 100° K, and the other, randomly occuring
'between 125° X and 135° K. The first of these peaks is believed
»to bg associated with the release of L defects and dipole relaxa-

tion.

Grossweiner and Matheson (1954), in a study of luminescence
ih ice,report alprincipal'trap depth of approximately 7.4
kcal/mole with pre-exponential factor of 5.0 x 10_9. It is in-
teresting to note that this activation energy corresponds fairly
well with the value 7.0 kcal/mole dgtermined for the principal
relaxation peak (A) in this study.It is also interesting to note
that their principal luminescent peak coincides in position with
peak C of the TSD spectrum obtained in this study. These findings
‘-may be significant in light of Grossweiner and Matheson‘s.postu—
lation of a complex relationship between an impurity center and
éurrounding sheath of oriented dipoles. Future investiéation

into the proposed interaction between dipole and luminescent

processés may yield interesting results.
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I-CONCLUSIONS

Peaks A and C of the TSD spectrum of pure ice appear to be
due to first order relaxation mechanisms. Peak A may be the
result of the dipole orientation reported by Chamberlain and
Fletcher (1971), being consistently stronger than all other
peaks. Peak C , a smaller peak appearing with great consistency,
 may be the result of small impurity concentration on the dipolar
relaxation process. This peak coincides with an impurity center
related luminescent peak of Grossweiner and Mathesoﬁ (1954) with

much higher energy of activation than reported by these authors.

Peak B of this study, as well as the peak at 190° K, are
generally felt to be the results of extrinsic effects. Both of
these peaks show significant irregularity. Of these two, peak B
appears with greater consistency and may be the result of space
charge effects at surfaces of small fractures in the sample. A
. possible explanation for the shift of this peak in the anomalous
cur#es is the existence of a large fracture in the éample. Unfor-
.'tunately this sample was accidentally melted before it'qould be
inspected following TSD testing . The peak at 190° K, peing
highly erratic and often masked by noise at the end of the heat-
ing cycle, is believed to be due to space charge effects at

sample-electrode surfaces.
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8- Suggestions for Further Work

There are many avenues 6pen for further work in the TSD la-
_boratory at New Mexico Tech.. Modifications to existing experi-
‘mental apparatus as well as extension of currently used modeling
proceedures will greatly improve powers of data resolution and

interpretation.
8-1 Cooling System

The major shortcoming of the TSD apparatus, at this time, is.
the degree of difficulty involved in cooling the sample rapidly.
| This problem may be solved by extending the circulation of liquid
nitrogen throughout the aluminum.block, possibly in coils around

the cavity containing the sample holder.

A
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This mcdification may be made without changing the sample
holder. If this does not give adequate results a similafcoil may
be introduced somewhere closer to the sample (within the sample
holder itself). This, of course, would require complete replace-

ment of the currently used sample holder and containing block.
8—-2 Guard Electrodes

Guard electrodes may be used to reduce edge effects of the
sample and electrodes on the forming field (see diagrém below).
Deviation of the forming electric field Qectors from the uniform,
parallel distribution will lower the effective forming field

perpendicular to the interfacies.
(§§§é>
+ —_ + -
+ - + -
4 - + -
+ -

©

() ' ) - ()

7

Fig. 63. The electric field of a charged parallel-plate capacitor with
and without guard rings; also, an idealized map of this field.

Srom 'Ro;\a,nsky (HH) » P qeé

Addition of this type of assembly to the currently used ap-
paratus would require total change in the set-up.However, 1 feel

that this change should be made.
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. '8-3 Programming Modifications

Currently used modeling programs may easily be modified to
facilitate more thorough investigations of possibie solutions. At
this time, two programs are used to model TSD data with one OR
three peak spectra. A single program should be developed which
. fits up to four peak spectra. Each TSD curve should be modeled

using'all feasible numbers of peaks.

Parameter, and data uncertainties need much further con-
‘sideration than was given in this study. More reliable estimates
of trapping parameter uncertainties may be obtained through
further experimentation and application of other methods of
analytical determination of trapping parameters from TSD data
(éome "whole curve" and "half width" methods are discussed by

Chen (1969)).
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List of Commonly Used Symbols

A - Area of one capacitor plate
B - Heating rate (OK/sec)

E - Activation energy

Ep - Polarization forming field

€ - Static dielectric constant

€, - Optical (high frequency) dielectric constant
i - Discharge current

j - Discharge current Qensity

k -‘Boltzmaﬂ% constant

18 - Sample thickness

Ndip — Number of dipoles

P -~ Polarization (Coulomb/cmz)
p - Dipole moment of ice
Q - Charge on capacitor plate

8, - Attempt to escape frequency factor (sec-l)
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o - Surface charge density

T - Temperature (kelvin)

Tm - Temperatdre of TSD maximum
tch - Isothermal charging time
7 - Relaxation time (sec)

To = Pre-exponential factor (sec)
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FIGURE LEGENDS

Fig. 1- a) Chuarge distribution on plates of capacitor in
vacuum under potential V.
b) Charge distribution on plates of capacitor under

potential V with dielectric medium.
.Fig. 2- Space charge drift in dielectric medium

Pig. 3- a) Water molecule

b) Electrical dipole analogy of water molecule

Fig. 4- Change of TSD curve with activation energy

Fig. 5- Change of TSD curve with To

Ifig° 6—- Change of TSD curve with initial polarization (Po)
Fig. 7- Change of‘TSD curve with heating rate

Fig. 8- Apparatus for measuring TSD in ice

. Fig. 9- Plot of 1In[i(T)] vs. 1000/T for variable temperat-
e ure partial charging tests on peak A of sample 308/7-3.
Activation energy (E) is determined from the initial

"rise (low temp.) portion (See Table II).

Fig. 10- Plot of 1In[i(T)] vs. 1000/T for variable temperat-

ure partial charging tests on peak A of sample 308/7—3.
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Activation energy (E) is determined from the initial

rise (low temp.) portionr(See Table III).

Figs. 11-19 Partial heating series on sample 308/7-3.

V), =1500 V, B=0.044%/sec

x-0bserved TSD, — — —— -=initial estimate,
—fittihg result

11) D73 A - T, =108.2° X

12) D72 A - T =113.2° X

13) D71 A - Tch=118.2° X

14) D62 A - T h=123.2° X

15) D68 A - T_ =128.2° K

16) D69 A - T, =133.2° K

17) D77 B - T =144. .0° x

18) D76 B - T, =148.0° K

19) D75 B - T, =153.0° K

Figs. 20-31 Full charée runs , V_ =1500V , g —observed TSD,
- = ——fitting result

20) F3 - B=0.043 ®/sec (sample 308/7-1)

21) FS - " "

22) F6 - " .

23) F7 - B=0.042 9/sec "

24) F9 - B=0.043 %°/sec "
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25) F10 - " "

26) Fll1 - " | »

27) F16 - B=0.010 ®/sec (sample 308/7-2)
28) F17 - B=0.011 ®/sec n

29) F18 - B=0.044 samp/e 308/7-3)

30) F19 - B=0.044 %/sec (sample 308/7-3)
31) F21 - " n

Fig. 32 - €, V8. Tch
X - Sample 308/7-3, peak A
¢ - Sample 308/7-3, peak B _
- Average typical full charge, total €g (B=0.044°/sec)
- . . " v B=0. séc
$ " " " (B=0.010%/sec)
DO - sample 308/7-3 full charge, total €, (B=0.044%sec)

Figs. 33-35 Partial charge runs on sample 308/09-2 without foils,

= = o
Tch=123. K, Vch lSOO»V, B 0.044 7 /sec,
X -observed TSD,— — —-fitting result
33) D8O - tch = 2 hr.
34) D81 - tch = 3 hr.

35) D85 - tc = 6 hr. 30 min.

h

Figs. 36—38 Partial chargé runs on sample 308/7, with foils,
; o .
T'h = 123. K, Vch = 1500 V, 8 = 0.044" /sec,

c
X - observed TSD, — —— - fitting result
.36) D36 - tch = 4 hr.
37) D39 - tch = 4 hr.
38) D41 - ¢t = 4 hr.

ch
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APPENDIX 1



I- Modified Experimental Proceedures

Proce&ned used for partial chaiging and full charging
tests reported in this study are similar to those used by Hup-
punen (1977) on this apparatus. Revision of proceedures were made
upon introduction of a direct line of LN2 flow to the wall of the
sample cell. This flow line consists of two main segments of 5/16
" copper tubing connecting the sample cell to a tank of LNZ' The
- first segment runs from the tank to the cryogenic vessel. The
second segment continues into the cryogenic vessel to the sample
cell and is encased in an 3" diameter aluminum cylinder which is
closed at the bottom around the copper tube. In order to achieve
maximum cooling rates, this line must be purged and pre-cooled

just prior to coollng of the sample.
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The'three valves located in thlg coollng line and the alumi-

num cylinder allow nearly the entire length of the line to be



purged in the following way :
i) Close valve #3, open valve #2, open valve #1. When LNi
comes out of the opening at valve #2 -CLOSE VALVE #2 (cools

segment from tank to valve #2).

ii) With a dewar, fill the aluminum cooling cylinder (cools

segmént from valve #2 to sample cell).

* Test should proceed immediately so system is as cold as possi-

ble.

Test Procedures

Pértial Charge Tests- Rapid Cooling

l) Warm sample to 250° K.
2) Set contrbller at deéired charging temperature (Tch).
3)' Cool sample with LN2 until the temperature is stable at Tch‘
4) TURN ON HIGH VOLTAGE D.C. potential (Vch) for time tch‘
*%x%xx* (PURGE COOLING SYSTEM)**xxx*

5) At the end of tc OPEN VALVE #3 and watch sample tempera-

hl
ture.

6) When T is low enough, TURN OFF Vch'




Charging potential should be turned off immediately at tempera-
ture To such that T(Tch) << T(To) but continue cooling until the

temperature reaches approximately liquid nitrogen temperature.
7) CLOSE VALVES #1 and #3

8) Set heater controller at the beginning of the heating cycle

and select a heating rate.TURN ON HEATER CONTROLLER

9) Switch electiode cables from charging circuit to electrometer

ciruit - TURN ON ELECTROMETER AND RECORDER

10) At the end of the heating cycle, TURN OFF HEATER, TURN OFF

ELECTROMETER, TURN OFF RECORDER.

Full Chargng Test - Slow Cooling

1) Warm sample to 250° K

2) Set controller at beginning of the cooling cycle, choose a

cooling rate, and turn on controller.

3) TURN ON Vch.

4) Allow sample to cool to liquid nitrogen temperature at the

controlled rate adding ligiud nitrogen as needed to continue

cooling.

5) TURN OFF V_, and note sample temperature.




-6) Set controller at beginning of the heating cycle and select a

heating rate - TURN ON HEATER CONTROLLER.

7) Switch electrode cables from the charging circuit to the

electrometer circuit TURN ON ELECTROMETER- TURN ON RECORDER.

8) At the end of the heating cycle TURN OFF THE HEATER, TURN OFF

ELECTROMETER, TURN OFF THE RECORDER.
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1I- Inversion Procedures

Programming of the data inversion process may be broken down
into four main steps ;

1) Input of data points

2) Creation of the AJ vectox

3) Calculation of the A matrix

4) Calculation of Ax from either. equation 4-1b or 4-4
I1I1-1 Input

The most convenient way to input TSD data to the DEC-20 at
this time is creation of a disc data file containing test parame-
ters and data. Temperatures are recorded in digital form as out-
put voltage from thermocouples and calculated using the polynomi-
al reported by the National Bureau of Standards (1974) for type T
thermocouples. Data files used to store TSD data in this lab are
in the following format. More specific documentation of the pro-

grams used in this study may be found in the TSD laboratory. .

The first three lines of each file contdin descriptive in-
formation concerning the test such as the test number, date, sam-
ple etc.. These lines are in a general format so that informa-

tion can be written in any form.



The fourth liﬁe of each data file contains specific informa-
tion about the test such as the number of data pairs, sampling
interval, and heating rate.This line is in specific format be-
cause these are test parameters to be read and used in calcula-

tions.

The remaining lines contain the electrometer current vs.
thermbcouple voltage data pairs. Appendix IV contains a complete

"listing of all data files used in this study.

1I1-2 The AJ Vector

The AJ vector is formed by, first, calculating thebini—

tial estimated value of discharge current

3o(T) = J(TE T 0 P0)

where
Eo = ‘initial estimate of E

T = Initial estimate of T
00 o

P = Initial estimate of P
o0 . o

and then calculating the difference from observed TSD at that

temperature.
83 = 3(T{)-3,(T,)

Not mentioned in the earlier discussion was the effect of




..data point weighting on the inversion. Elements of the AJ vector
must be weighted with regard to the uncertainty on the data point

such that

83; weightea = 23;/9;

where

o; = "i th" data point uncertainty.

In this study all data points are weighted equally with
‘values depending on the current intensity of the particular test.
In general, data points are weighted with about 10% of the peak

maximum of the test.

I1-3 The A Matrix

The A matrix (equation 4-la) is formed by taking numerical
derivatives of equation 2-10 with respect to each parameter and
evaluating these derivatives at each data point temperature (Ti)'

33 (T A3 (T))

Aij= ox._ - Ax

J

Then,

0rPo) 3o (Ty)]

.3
. [3, (T E +AE, T
117~ AE

and



oo’ 'POO) —j

(T)H1

o
) (3,(T3 E .7 +AT oy

Aj, Ve

(e o]

A matrix element must also be weighted with regard to the

data point uncertqhﬁy and parameter uncertainty such that

Bij weighted = Pij X 7'3/9;
In this study, parameters for the pa;tially charged TSD
~curves (peaks A and C) were weighted using uncertainties calcu-
lated from initial rise results at varying charging temperatures.
Parameter uncertainties for fully charged curves were set at +/-
5% of their initial values. Parameter and data point weighting
are discussed in the documentation supplied with inversion pro-

grams.
1I1-4 Calculation of Ax-

Calculation of Ax using either equation 4-1b or 4-4a is
easily accomplished through the use of International Mathemalical
.Scientific Library (IMSL) subroutimes such as that for matrix
inversion (LGINF) or eigenvalue-vector decomposition (EIGRS).
Once the A matrix and AJ vector have been formed the inyersion
program involves numerous subroutine calls to form the desired
result. Given the Ax vector, the new x's may be found and the
resulting j(Ti)‘calculated. Details of these calculations and of
calculating fitting parameters are discussed in program documen-

Eation.
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I1I1I1-Foil Effects

Determination of the effect of current blocking Teflon foils
on TSD is vital for correct interpretation of trapping parame-
ters. In this section, results of TSD test on pure ice samples
without current blocking foils are reviewed. These tests were
performed on a sample cut from a 'different column (308/09) of
pure ice grown under identicai conditions to column 308/7 used

for the main body of this work.

Various mechanisms may)act at the sample-electrode inter-

face, at one time, resulting in a very strong complex effect on

the TSD spectrum. Imperfections in the sample surface may result
in air gaps between the sample and electrodes. Townsend Break-

down of the air in these gaps may cause charge to be injected

into the surfaces of the sample (see diagram below).

e ——

.~ eelectrode

AN
- electrode

c— S

In‘)c.du\ C»\Mﬂ)fs @0 ~ Dipeles @ - Ilons 3,13
;’ro»\ Van Tu»,\kov"'(lQ’)f))f,S
Further, when blocking foils are used, the Maxwell-Wagner

effect acting between materials of differing conductivities

(Teflon/ice) causes a buildup of charge at the interface (van



Turnhout (1975), p. 138). In the absence of blocking foils, a

narrow air gap between the electrode and sample may also act as a

(poor) conductor due to Townsend Breakdown.

Townsend Breakdown results in injection of positive and

negative charge at the positive and negative electrodes respec-

tively. When blocking electrodes are used, the injected charges

are not able to recombine with image charges on the electrodes.

If these injected charges are not neutralized through recombina-

tion with space charge within the dielectric, a current

- may result upon heating as these excess charges diffuse

ﬁhroughout the sample. When blocking electrodes are not

jected charges are free to recombine with image charges

electrodes and the reversal effect is neutralized.

with yand

reversal

used,

at the

in-

Results of similar partial charging tests¥without foils

are listed on the next page and illustrated in Figures 33-38.
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These discharge spectra show a consistent reversal at 148°
in tests conducted without foils. Data from tests with, and

without foils are compared and generally summarized as follows ;
1) Activation energy is lower with no foils by < 4%.

2) To is lower for A and B peaks with no foils by approxi-
mately 10 %, equal for C peaks but still strongly model

dependent in inversion (ie. dependent on iwidial P4P4M¢+if5)-

3) € with no foils is higher for peaks A and C and lower

— — —_—

for peak B.
o ‘
&3 2 3 o
5"
4
X2 A = = =
)
[y
WA a
2
>
-_—

120 . 130 _ T(R) 190 /56

TSD s/o(c‘frun\ of test DES -
: Va= 7500V, &z0.0% Y

The appearance of a current reversal without foils is con-
tradictory to the above discussion on foil effects. Howgver,
the condition at sample-electrode interfaces may not be
considered ideal in eithexr the case of blocking foils or no
blocking foils. The intexrplay of surface effects may result

in a very complex TSD response. For example, removal of

foils may alter the thickness of the air gap at interfaces



and possibly have the effect of increasing Townsend break-
down while the air gap may still effectively block recombi-
nation. This would result in a diffusion current (reversal)
without foils. By ﬁhe same token, the presence of foils may
alter both the electrical field distribution and charac-
teristics of the air gap and diminish breakdown and charge
injection causing the absence of current reversals with

foils.

The effect of blocking foils on the results presented here
may not be interpreted accurately until  more is known about
the condition at the sample-foil-electrode interfaces .
Given the theoretical treatment of van Turnhout (1975) a
‘variety of conditions may be modeled and compared with
results, possibly resulting in a clearer picture of the sam-
ple surface conditions énd the effect of foils on TSD. It is
unfortunate that an insulating material may not be evaporat-
ed on to the sémple as is done with metalic electrodes. This
would result in a nearly ideal case of a layered dielectric

which may be modeled with much greater confidence.
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$308/7 (5/28/80) D=62=A 6/17/80
2 hr, ¢chg, at =150, ¢ 3 hr, heating rate
Only coldest peak Tp==150.5
36 200,044
" 3,0e=12 5050,
4,0e=12 5030,
6,0e=12 5010,
6,0e=12 4990,
8.,0e«12 49370,
9,0e=12 4950,
1.,3e=11 4940,
1.6e=11 4915,
2.1e«~11 4895,
2.8e=11 48R0,
3.6e=11 4860,
4.,7e=11 4840,
6.1e~11 4820,
7.6e=11 4800,
9,5e=11 4780,
1.16e~=10 4760
1.,38e=10 4740
1.59e=10 4720
1.78e~=10 4700
1.93e~10 4680
1.996'10 4660
1,98e=10 4640
1.88e~=10 4620
1.71e~10 4600
1,47e~10 4580
1,2e=-10 4560,
9,5e=11 4540,
T.ie=11 4520,
5.2e=11 4500,
3.,7e=11 4480, . /
2.,7e=11 4460,
1,9E=11 4435,
1.4e~11 4415,
t.1e=11 4400,
1,0e=11 4380,
8.0e~11 4350,

L] L . . L] - L] L ] » L]




308/7=3 D6R=A 7/1/80
.% hr, 15 min, chg, at =145, C Vch=1500 V
3 HR, HEATING CYCLE

30 200,044
8,E~12 4960,
1.E=11 4945,
‘.4[‘:"11 49?00
1.9E=-11 4910,
2,3E=11 4890,
2,9E~11 4870,
3,7E=11 4850,
6.1E=11 4810,
705E-11 47000
gniE'll 4775'
1,09E=10 4750,
1,26E-10 4735,
1.,43E~10 4715,
1,56E=10 4695,
1.65E=10 4680,
1.,68F =10 4355,
1.,64E=10 4635,
1.53E=10 4620,
1,36E=~10 4595,
1.,16E=-10 4575,
9.4E=11 4560,
7.4E=11 4540,
5.4E=11 4520,
3.,9E=11 4500,
2.7E=11 4475,
2,E=11 4455,
1.4E~11 4435,
1.1E~11 4410,
8,E=11 4390,




308/7=3 _ N69=A T1/7/80
2 HR, 10 MIN CHG, AT =140,5 C  Vch=1500 V
3 HR, HEATING CYCLE
27 200,044

9,E~12 4880,

1,2E~11 4860,
1,6F=11 4840,
2,E~11 4820,

2.5E~11 4800,
3,2E-11 4780,
3.8E=11 4760,
4,6E=11 4740,
5.5FE=11 4720,
6,3F~11 4700,
7.E=-11 4685,

7.5E=11 4665,
7.8E=11 4645,
7.8E=11 4625,
7.5E=11 4605,
7.E=11 4585,

6.2E=11 4565,
5.2E=11 4545,
4,4E~11 4525,
3,56=-11 4505,
2.6E=~11 4485,
2.,E~11 4465,

1.6E=11 4445,
1'3E-11 4420,
IQIE-II 4400'
1.1E=11 4380,
8,E=12 4360,




308/7=3 DT71=A 71/10/80

6 HR, 45 MIN CHG AT =155, C Veh= 1500 V
3 HR, HEATING CYCLE
34 200,044

" T.E=12 4990,

T 94E~12 4980,
1.,1F=11 4960,
1.5E=11 4940,
1.8E=-11 4920,
2.4E«11 4900,
3.,1E=11 4880,
4,2E=11 4860,
S.,5E=11 4840,
7.1E=11 4820,
9,1E=11 4805,
1.15E=10 4790,
1.41E=10 4770,
1,7E=10 4750,
1.998'10 4730-
2,28E~10 4710,
2.51E~=10 4690,
2.,67E=10 4670,
2.,73E~10 4650,
2.68E=10 4630,
2,49E-10 4610,
2.21E=10 4590,
1.87E=10 4570,

1.53'10 4550.

1,15E=10 4530,

8.4E=11 4510,

6,E=11 4490,

4,1E=11 4470,

2.9E=11 4450,

2.,E=11 4425,

1.5E-11 4405.

1.1E=11 4390,

9.E=12 43640,

B,E=12 4340,




308/7=3 D72 A ' 71/13/890

17 HR, CHG AT =160 C Veh=1500 V
3 HR, HEATING CYCLE
35 200,044 '

6.E=12 4965,

l.E'll 4960.

1.2F=11 4940,
1.6E=11 4920,
2,1E=11 4900,
2,5E=11 4880,
3,3E-11 4860,
4,4E~11 4R45,
5.7E~11 4825,
7'45‘11 48050
9.,4E~11 4785,
1,18BE=10 4765,
1.,44E=10 4745,
1,72E=-10 4725,
2.015:"10 47100
2,27E=10 4690,
2.49E~10 4670,
2,63E=10 4650,
2Q68E"10 46300
2.61E=10 4610,
2.443-10 45900
2,18E~10 4570,
1.85E=10 4550,
1,5E=10 4530,
1,17E=10 4510,
B,7E=11 4490,
6.,4E=11 4470,
4,6E=11 4450,

3,3E=11 4420,
2.,3E=~11 4405,
1,7E«11 4380,

1.4E=~11 4360,
1.2E=11 4340.
1.E=11 4320,

90&'12 4300,




308/7/7=13 D73=A 7/18/80
24 HR, CHG, AT =165, C Veh=1500 V

3,HR, HEATIMG CYCLE

33 200,044 :
7.E=12 4970,
1,E~11 4950,
1.2E=-11 4930,
1,7E=11 4910,
2,2E=11 4895,
2.,8E«11 4875,
3,7E=11 4855,
5.E~=11 48135,
6,6E=11 4820,
8,5E~11 47935,
1.11E=10 4775,
1,37E=10 4755,
1.683'10 47350
1,99E=10 4715,
2,31E=10 4700,

2,56E=10 4680
2,76E=10 4655
2,83E=10 4635
2,77E-10 4620
2,59E=10 4595
2.35-10 45750.
1Q93E-10 45550
1.54E=10 4540,
1.,18E~10 4515,
"B.6E=11 4495,
6,1E=11 4475,
4,3E~11 4455,
3,1E=11 4435,
2.2E~11 4410,
1.6E=11 4390,
1.2E-11 4370,
1.E'11 4350,
8.E-12 4325,




¥ 308/7
3
3
28 200
4,0e~-12
7.0e=12
B.0e=12
9.09-12
1.1e=11
1.,4e~11
1,8e=11
2.29-11
2,7e=11
J.1e=11
3'78'11
4,5e=11
5.2e~11
5.96'11
6,7e~11
7.2e-11
7.3e‘11
7'09-11
6'3E'11
5.2e~11
3.9e=11
2.78'11
1'99-11
1.36.11
1.0e~=11
9.,0e=12
8.,0e~12
7.,0e~12

D=75 B
5 min chg, at =120 ¢
hr. heating cycle
'046-135.0
4300,
4280,
4260,
4240,
4220,
4205,
4170,

4150,

4130,
4105,
4080,
4060,
4030,
4010,
3990,
3960,
3940,
3910,
3890,
3870,
3840,
3815,
3790,
3760,
3740.
3710,
3690,
3660,

7722/80



308/7=3 D76=R
1 hr, 20 min chg at =125,
.3 hr, heating cycle

26 200,044

T 7.e=12 4260,

9.e=12 4240,

1.3e~11 4220,
1059-11 4200.
i.,9e~11 4175,
2Q3e-11 41500
2.,9e=11 4130,
3'5e-11 4105.,
4.38-11 4080.
S.2e~11 4060,
6.3e~-11 4030,
7.58-11 40100
B.5e«~11 3990,
9.3e-11 3960,
9'7e-11 3940.
9.,4e=11 3910,
B.5e=~11 3890,
7.2e~11 3860,
5.5e~=11 3840,
4.06'11 38100
2,7e=~11 3790,
2,e~11 3760,

1.58-11 3740.
1.2e=11 3710,
tole=11 36906,
1,e=11 3660,

2/23/80
vch=1500 V



$#308/7

12 HR,
3 HR HEATING CYCLE

28 200,044
7.,E=12 4330,
1.,E~11 4310,
1.1E=-11 4285,
1,3E=11 4265,
1.,6E=11 4240,
2,E-11 4220,
2.3E=11 4200,
2,7E=11 4180,
3|3E'11 4155.
4,E~11 4130,
4,8E~11 4110,
5.6E=11 4085,
6,7E=~11 4065,
8,E~11 4040,
3,1E=11 4015,
1,03E=10 3995,
1,12E-10 3965,
1.155'10 3945,
1,1E=10 3915,
9,8F=11 3895,
BCE-II 3865,
6,E~11 3845,
4.1E‘11 3820.
2.7E=~11 3795,
1.9E=11 3765,
1.4E.11 3745-
1.2E=11 3715,
1.1E=11 3695,
1,E=11 3665,

D778
CHG, AT =129 C

1/25/80

Vch=1500V



$ 30877
FULL

52 20

4,E-12 4935,
503‘12 49100
6'E'12 4895'
B,E~12 4875,
1,E=11 4865, -

CHG,

1,3E=11 4845,

1.6E=11 4825,
‘ogsfli 4805,
2.,4E=11 4785,
2.9E=11 4775,
© J46E=L1 4755,
4,4E~11 4735,
5.32-11 4715&
6.,4E=~11 4700,
T.,6E=11 4680,
9.,1E-11 4665,
1.06E~10 4645
1.23E=10 4625
1,40E=10 4610
1.56E~=10 4590
1,7E=10 4570,
{,8E=10 4550,
1.,86E=10 4535
1,87E=10 4515
1.83E=10 4495
1,75E=10 4475
1.65E=10 4460
1,55E=10 4440
1,47E~10 4420
1,41E~10 4400
1,35E-10 4380
1.,3E=-1Q 4360,
1.24E~10 4340
1.17E=10 4320
1.09E=10 4300
‘$.02E-10 4275
9.,4E~11 4250,
8.,8E«11 4230,
8,3E=-11 4210,
7.4E~11 4170,
7.1E=11 4150,
6,7E-11 4130,
6.,2E~11 4110,
5,5E-11 4085,
4.,8E-11 4060,
3.,9E=«1{1 4040,
3.,0E=11 4020,
2.2E=11 3995,
1.5E=-11 3970,
1,0E=~11 3950,
6.,E~12 3930,

4,E~12 3905,

e & o »

® @ & & B » & a2 »

»- @ = @

F3
3 HR HEATING RATE

8/26/78



- + 308/7 (6/16/79) F=5 9/14/179
= FULL CHARGE 64 HR, CYCLE

66 200,043
3,E~12 5005,
3,E~12 4985,
4,E~12 4975,
6,E=12 4965,
T.E=12 4945,
9,E=12 4925,
1,2E=-11 49505,
1,5E«11 4885,
1,9E~11 4875,
2.,4FE~=11 4855,
2,9E~-11 4835,
3,6E~11 4820,
4.4E=11 4805,
5.,3E«11 4785,
6.3E~11 4765,
7.6E=11 41750,
9.E~11 4730,
1'05E-10 4710,
1,21E=10 4695,
1,38E=10 4675,
1.,54E=10 4655,
1.6BE=10 4640,
1.8E=10 4620,
1.88E~10 4600,
1,9E~10 4580,
1,88E~10 4560,
1,81E=10 4540,
1.,70E=-10 4520,
1,56E=10 4500,
-1+43E~-10 4480,
1.31E~-10 4460,
142E=10 4440,
" 1.12E=10 4420,
1.06E=10 4400,
1,03E~-10 4380,
9,8E=11 4360,
9,5E=11 4340,
9,1E=11 4320,
8,7E~11 4300,
8,2E=~11 4270,
T.8E=11 4250,

- To3E=11 4230,
7.E=11 4210,
6.8E~11 4185,
6,6E~-11 4165,
6,5E~11 4140,
6.3E~11 4120,
6,2E-11 4100,
5,9E«11 4080,
5S.,6E=11 4050,
5.1E=11 4030,
4,5E=-11 4010,
3,9E=-11 3980,
3.,3E~11 3960,
2,8E=1{1 3935,
2,4E~11 3910,




2,E~11 3890,
1,7E=11 3870,
1,5E=11 3840,
1.,3E=11 3820,
1,1E=11 3790,
9.,E=12 3770,
B.E=12 3740,
7.E=12 3720,
5S,E=12 3700,
4,E=12 3670,

J
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308717 Fé 9/17/79
FULL CHG, 3 HR, HEATING CYCLE

58 200,044
6,E~12 4940,
8,E=12 4920,
1,E=11 4900,
1,2E~11 4885,
1,6E=11 4870,
2.,E=11 4850,
2.5E-11 4835,
3,1E=11 4820,
3,8E=11 4800,
4,6E=11 4785,
5,6E=11 4765,
6.8E=11 4745,
8.,1E=11 4725,
9,6E=11 4705,
1,13E=10 4690,
1,30E-10 4670,
1,49E=10 4655,
1.66E=10 4635,
1.81E=10 4615,
1,92E=10 4595,
1,97E=10 4575,
1,96E=10 4555,
1,89E~10 4535,
1.77E=10 4515,

*
*

1,62E~10 4495
1,46E=10 4475
1.32E=10 4460
1,21E=10 4440
1.,14E=10 4415
1,09E=10 4395
1,04E=10 4355
1,06E=10 4375
1,02E=-10 41335
9,9E~11 4315,
9.65"11 4295.
9.,3E=11 4275,
8,9E~11 4255,
8,5E=11 4235,
T.9E=11 4210,
7.2E=~11 4185

6,5E=11 4165,
6,1E~11 4145,
S.7E=11 4125,
5.,4E=11 4095,
S.1E=11 4075,
¢,7E=11 4055,
4.38“11 40350
3,8E=11 4005,
3.1E-11 3985,
2,7E=11 3965,
2,3E=11 3935,
1,9E=11 3915,
107E'11 3895.
1,4E=11 3865,
1.1E=11 3845,
9.E=12 3825,




r - e (¢ MT"#U-((//

7.E=12 3795,
6.,E=12 3175,




30877 F7 9/19/179
FULL CHG 3 HR, HEATING CYCLE

60 200,044
5'8-12 4940.
6.,E=12 4925,
B.E=12 4910,
1.1E=11 4890,
1.3E~11 4875,
1, 7E=~11 4860,
2,1E=11 4845,
2.65'11 4825.
3.,1E=-11 4810,
3,8E~11 4795,
4,6E=-11 4775,
5.6E=11 4765,
6,7E=11 4745,
8,0E~11 4730,
9,5E=11 4605,
1.12E=10 4685,
1.,31E=~10 4670,
1.50E-10 4650,
1,69E~=10 4635,
1.88&‘-.10 4615.‘
2.,02E=10 4595,
2,12E=10 4575,
2,15E+-10 4555,
2.,11E=10 4535,

’

2.00E=10 4515
1,84E=10 4495
1,65E=10 4475
1,47E=10 4460
1,32E-10 4435
1,20E=10 4415
1,12E-10 4395
1,04E=-10 4375
9,9E~11 4355,
9,3E~11 4335,
8,7E=11 4315,
8.,2E«11 4290,
T.6E=11 4270,
702E"11 4250.
6,8E=11 4230,
6,5E=11 4210,
6,3E~11 4185,
6,3E~11 4160,
6,2E=11 4140,
6,0E~11 4120,
5,9E=11 4095,
5.5E«{1 4070,
5.1E~11 4050,
4,6E=11 4030,
4,1E=11 4000,
3,5E~11 3980,
3,0E=11 3960,
2.,5E=11 3930,
202E'11 3910.
1.,9E<«11 3890,
1.7E=~11 3860,
1.4E.11 3840.




1,1E=11 3820,
9,E=12 3790,
7.E=12 3770,
6,E=12 3740,

4

(tomtinveq )



# 308/7 F=~9 10/1/79
'3 HR, HEATING RATE FULL CHARGE

56 20
5.,E~12 4910,
6,E=-12 4890,
7.E=12 4880,
9,E~12 4860,
1.2E~11 4840,
1.,6E«11 4825,
1,9E=-131 4810,
2.4&:‘11 4790.
2,9F=«11 4770,
3|5E'11 4755-
4,3E=11 4735,
5,2E=11 4720,
6,2E~11 4700,
7.5E«1{1 4680,
8.,8E=11 4665,
1,04E=10 4645,
1,2E-10 4625,
1,36E=10 4605
1.52E=-10 4585
1.,64E~10 4565
1,74E~10 4550
1.79E-10 4530
1,79E=10 4510
1,75E=10 4490
1,66E=10 4470
1.,87E=10 4450
1.,47E=~10 4430
1,38E=10 4410
1,31E=10 4390
1,24E~10 4370
1,1BE=10 4345
1,13E=10 4325
1,07E=10 4305
1,0E=10 4285,
9.5E.11 42653
8,9E=11 4245,
8,5E=11 4220,
B.,2E=11 4200,
BoE‘ll 4175.
B.E"ll 4155,
8,1E=11 4135,
8.,E~11 4110,
7.8E=11 4085,
7.,3E«11 4065,
6,7E=11 4045,
5.9E.11 4020'
5.35-11 3995.
4,6F=11 3975,
‘éﬁ - 4308.11 39450
CE 3.3E=11 3925,
Z.,6E=11 3900,
2,2E«11 3875,
1,6FE«11 3855,
1.3E~11 3830,
1¢E'11 380%,
9,E~12 3785,

» © & & # & & 5 % 2 S 5 5 9 2 =



308/7 | Fel0 11/2/79
FULL CHG 3HR, HEATING CYCLE

59 200,044
6.!‘;'12 4910,
7.,E=12 4890,
9,E~12 4870,
1.1E=11 4860,
1,3E-11 4840,
1.7E~11 4820,
2,0E=~11 4800,
2,6E=11 4790, g
3,1FE=11 4770,
3,8FE=11 4750,
4.6F=11 4730,
S.6E~11 4710,
607E-11 46900
8,0F=11 4675,
9,5E-11 4660,
1,11E=10 4640,
1.28E~10 4620,
1,46E-10 4600,
1.,64FE~10 4580,
1,79E=10 4560,
1,92E-10 4540,
2,00E=10 4520,
2005E'10 4500,
2.06E~10 4480,
2,03E=10 4460,
1.97E=10 4440,
1,91E=-10 4420,
1.85E~10 4400,
1.,79E~=10 4380,
1,73E=10 4360,
1.67E=10 4335,
1,60E=10 4315,
1.52E-10 4295n_
1.458-10 4275;
1,37E=10 4250,
1.,29E~10 4230,
1.20E-10 4210.
1,12E~10 4185,
1.05E'10 4165-
9'95-11 4140,
9,5E~11 4120,
8.,9E=11 4100,
8.,1E=11 4075,
7.0E=11 4050,

5,8E=11 4030,
4.,8E-11 4005,
3,8E~11 3985,
3,1E=11 3960,
2,5E~11 3940,
2,1E-11 3910,
1.,6E-11 3890,
1,2F=11 3870,
9,E~12 3840,
8QE'12 3820|
6.,E=12 3795,




308/7

FULL CHG,

57 200
S.E-lz 4
6,E=12 4
T.E=12 4
9.E=12 4
1.E~11 4
1.3E=11
1,6E=11
2.1E'11
2,5E=11
3.1E~11
3,9E~11
4,7E=11
4.9E"11
5.7E=11
7.E=-11 4
8.3E=~11
9.8E=11
1.175'10
10365"10
1.57E=10
1.78E"10
10965'10
2,11E~10
2'225'10
2,26E=10
2.24E=10
2,16E=10
2.04E=10
1,91E=10
1.77E=10
1,65E~10
1,55E=10
1.45E-10
1.,37E=10
1|295'10
1.145:‘10
1.07E~10
1.,01E=10
9.6E=11
9'15:"11
8.,9E=11
8.,5E=11
8.2E~11
7,9E=~11
7.5E=11
7.0E-11
6,3E=11
5.,5E=11
4,7E=11
3,7E~]11
3,E-11 3
2,2E«11
1.,6E~1}
1.2E=11
B,E=12 3
6,E~12 3

«044
955,
945,
925,
905,
895,
48175,
4855,
4835,
4825,
4805,
4785,
4765,
4755,
4745,
725,
4710,
4695,
4675,
4655,
4635,
4615,
4595,
4575,
4555,

4535,

4515,
4495,
4475,
4455,
4435,
4415,
4395,
4375,
4355,
43135,
4295,
4270,
4245,
4225,
4205,
4185,
4160,
4135,
4115,
4095,
4075,
4045,
4025,
4005,
3985,
955.
3935,
3905,
3885,
865,
835,

F=11

12/730/79

3 HR. HEATIMG CYCLE



1T ((ontinved)
4.,E-12 3815,




308/7

FULL CHG,

36120
8,E=13 5105,
1.3E-12 5080.
1.7E=12 5055,
9.,E~13 5030,
2,7E=12 5025,
3,9E=12 5000,
5.3E=12 4970,
7.7E=12 4950,
1.02E~11 4920,
1.,35E=114890,
1.79E-11 4855,
2,29E=11 4830,
2-85’11 4805,
3.,5E=~11 4775,
4.285’11 47400
S.09E=~i1 4710,
S.ng-11 4680,
6,24E=~11 4650,
5.6E«11 4620,
4,02E=11 4590
2,63E=11 4565
1.96E~11 4535
1,59E=11 4505
1.31E~11 4475
1.1E«11 4445,
9,2E~12 4415,
8.,E=12 4385,

6,9E=~12 4355,
5.,1E=«12 41325,
5.9E=12 41325,
S5.E=12 4295,

4,4E=~12 4255,
1.,2E~12 4255,
4,E~12 4225,

3.,6E=~12 4195,
.3.3E=~12 4155,

. ® & 9 @

F=16

12 HR,

HEATIMG CYCLE

5/714/80



#308/7 Fe=17 5/17/80
FULL CHG, 12 HR, HEATING CYCLE

421200,044
S.E=13 5205,
7.!:'13 51850
8,E=13 5160,
8.,E~13 5135,
1,1E«12 5110,
1'7E-12 5085.
293E'12 50605
3,2E=12 5030,
4,E-12 5010,
5.,4E~12 4980,
7.2F=12 4955,
9,9E=12 4930,
10295'11 4900.
1,72E=11 4870,
2,24E=11 4840,
2.,77E=11 4810,
3.84E~11 4780,
4,25E=11 4745,
5.1E«11 4715,
5.92E~11 4680
b26E=11 4650
5,63E~11 4620
4,22E~11 4595
2.,68E=11 4570
1,97E=11 4535
1.62E=11 4510
1.,36E~11 4480
1,17E=11 4450
1.0E=11 4420,
8,8E=12 4390,
7.3E=12 4360,
6,3E~12 4330,
S5.4E=12 4295,
4,7E=12 4265,
4,4E-12 4235,
3.,8E=12 4200,
3,5E=12 4165,
3,2E=12 4130,
3.2E=12 4095,
2,9E=12 4065,
2,7E=12 4025,
2.,7E=-12 3995,




‘ $308/7
FULL

40 30
6,E=12 4
1,E-11 4
1.4E‘11
i.9E«11
2.8E-11
3.9E=~11
5.3E.11
7.3E-11
9‘68.11
1 .23E-10
1051E'10
1.78E~10
2,01F=10
2,14E-10
2.14E-10
2.,01E=10
1,73E=10
1,38E=10
9.8E=11
6'35‘11
3.8E'11
292E'11
1.4E=11
1,1E=11
1.,1E=11
1'45‘11
1.,7E=11
2.4E-11
3.35“11
4.88‘11
6|8E'11
9.3E‘11

.CHG,

980,
935,
4910,
4885,
4855,
4835,
4805,
4775,
4745,
4720
4690
4665
4635
4605
4580
4550
4520
4490
4455,
4420,
4390,
4360,
4330,
4300,
4260,
4230,
4195,
4165,
4130,
4095,
4060,
4025,

[
L]
.
.
]
L]
*
*

1.16E=10 3990,
1.,30E-10 3955,
1,25E~10 3920,

1,E=-10 3
6'45'11
3,1E~11
1.2E=-11
505.12 3

880,
3845,
3gio,
3770,
730,

F=18
3 HR, HEATING CYCLE

6/3/80



# 308/7 (5/28/80) Fe19 6/5/80
Full chg, 3 hr, heating rate 32 hr, cooling rate

62 200,044=166,5
4,0e=12 5000,
5.0e~12 4985,
6.,0e=12 4970,
7.0e=12 4950,
9,0e«12 4935,
1,2e=11 4915,
t.5e~11 4500,
2.1e=-11 4885,
3,1e=11 4850,
4,1e-11 4830,
5.2e=11 4810,
6.4e=11 4790,
7.9e=11 4775,
9,6e=11 4750,
1.,16e=10 4735,
1.36e~10 4710,
1.56e~10 4695,
1.,77e=10 4680,
1.96e=10 4660,
2.12e=10 4640,
2,23e~=10 4620,
2.,28e~10 4600,
2.,26e-10 4580,
2|17e-10 45600
2,00e=10 4540,
1,78e~=10 4520,
1,50e=10 4500,
1,23e=10 4480,
9,6e=~11 4460,
7.2e=11 4440,
5.1e=11 4420,
3.6e=11 4395,
2.,5e=11 4375,
1,8e~11 4355,
1.3e~=11 4335,
1.,1e~11 4310,
1.1e~=11 4290,
1.2e~11 4270,
1.2e~11 4245,
1.5e=11 4225,
1,8e=11 4200,
2.2e=11 4180,
2079-11 4160,
3.4e=11 4135,
4,3e~-11 4120,
5.5e=11 4090,
6.8e~11 4070,
8,3e~11 4040,
9.98-11 4020.
1.15e=10 4000,
1,26e=10 3970,
1,29e=10 3950,
1.25e=10 3930,
i.lle'lo 3900.
9,0e~11 3880,




6.,6e=11
4,3e~11
2.5e-11
1,3e-11
6.09-12
3.06-12

3850,
3830,
3800,
3780,
3750,
3730,



30877
FULL -CHG,

61 200,044
6.,E~12 4990,
T.E=12 4970,
9.E=-12 4950,
1.,1E=11 4940,
1,4E~-11 4920,
1,9E~11 4900,
2.,4E~11 4890,
3.1E=11 4870,
4.,E~11 4850,
5.2E=11 4830,
6,6E=11 4810,
8,2E~-11 4790,
1,02E=10 4775,
1.24E~10 4755,
1,5E=10 4735,
1.76E=10 4715,
2,02E=10 4695,
225E=10 4675,
2:44E=10 4655,
2,55E=10 4635,
2,57E=10 4615,
2.49E=10 4595,
2.31E'10.4575-
2.04E=10 4555,
_ 1.72E‘10 45350

1.37E~10 4515,
1;04E'10 4500,
T.6E=11 4475,
5.2E~11 4460,
3,5E=11 4435,
2,3E=11 4415,
1,5E=11 4395,
9.E'12 43750
6,E~12 4355,
4,E-12 4330,
3.,E=12 4310,
2.E=12 4290,
3.E=12 4265,
4,E-12 4245,
4,E~12 4225,
5,E=-12 4200,
6.,E~12 4180,
9,E=12 4155,
1.2E~11 4135,
1,7E-11 4110,
2.3E"11 4009.
3.,E~11 4065,
‘3,9E=11 4045,
4.9E'11 4020-
6,1E~-11 3995,
7.E=11 3975,
7.5E=11 3945,
7.6E=11 3925,
7.1E-11 3895Q
6.,1E~=11 3875,
4,8E-11 3850,

F=21
3 HR,

HEATING RATE

6/13/80



F-21

3.45.11 3825.
2,2E=11 3800,
. 1+3E=11 3775,
8.,E~12 3750,
4,E=12 3725,

((/6'\'\ lav td)



#307/09=slice S De81 - 10/11/89
3 hr, charge at =150,5 deg c¢
NO FOILS 3 hr, heating rate
44 200,044

t.1e=11 4940,
1,0e=11 4920,
t,9e=11 4900,
2.5e=11 4890,
3.2e=11 4870,
4,4e=11 4850,
S.3e=~11 48304
6.,9e=11 4810,
8.,2e=11 4790,
1,01e=10 4770
1,1Be=~10 4750
1,39%9e=10 4730
1,57e=10 4710
1.,75e=10 4690
1,91e=10 4670
2,02e~-10 4650
2.1e=10 4630,
2,1e=10 4610,
2.06e~10 4590,
1.97e=10 4570,
1,84e~10 4550,
1,69e~=10 4530,
1,52e~10 4510,

1.36e=10 4490
1.,21e~10 4470
1.08e=10 4450
9.8e~11 4430,
9.09"11 4410.
8.4e~11 4390,
7.8E=-11 4370,
7.4E~11 4350,
7.7E°11 4320,
6.,7E«11 4300,
6,3E=11 4280,
5.,5E=11 4260,
S.,4E=11 4240,
4.,3E=11 4210,
4,7E-11 4190,
3,6E=-11 4170,
2,6E=-11 4150,
2.0E~11 4120,
1,5E=11 4100,
- 1,1E-11 4080,
8.,E~12 4050,




$# 308/09-SLICE 5 D=80 10/9/80
2 HR, CHARGE AT =150 C
NO FOILS 3 HR, CHARGK
47 200,044

8.,E=12 5000,

1,1E=-11 4980,

1.0E=11 4960,

1.5E=11 4950,

2,0E-11 4930,

2.6E~11 4910,

3,4E=~11 4890,

4,3E=11 4870,

5.,4E=11 4850,

6,8E~11 4830,
- 84,2E=11 4820,

1,01E~10 4800,

1.2E=10 4780,

1.33E.10 4760,

1,53E=10 4740,

1,76E=~10 4720,

1.,91E=10 4700,
2.03E-10 4680,

2,12E-10 4660
- 2«14E~10 4640
2,10E~=10 4620
1,94E=10 4600
1,90E=10 4580
1,7E=30 4560,
1'575-10 4540,
1.48-10 4520.
1,21E=10 4500,
1,12E~10 4480,
1,03E=10 4460,
9,2E~11 4430,
8,4E-11 4410,
7,8E-11 4390,
T.5E=11 4370,
7.2E=-11 4350,
T.1E=11 4330,
"643E=11 4310,
6.5E=11 4290,
6.,3E~11 4260,
5.,8E=11 4240,
5.,2E=11 4220,
Se2E-{1 4200,
4,3E~11 4180,
3,8E=-11 4150,
3.,E~11 4130,
2,E~11 4110,
9,2E=12 4080,
4,6E=12 4060,




$ 308/09~-SLICE S D=85 10/31/80
: 6 1/2 HR, CHARGE AT =149, C
"NO FOILS : 3 HR HEATING RATE
49 200,044 :

1.,E~11 5010,
1.3E-11 4990,
1.6E=11 4970,
2,2E=-11 4960,
2,6E=-11 4940,
3.2E'11 4920.
4.,1E-11 4900,
5.,1E=11 4880,
6,4E=11 4870,
7.9E=11 4850,
9,7F=11 4830,
1,16E=10 4810
1.38E-10 4790
1,60E=10 4770
1.,84E~10 4750
2,06E=10 4730
2,27E=10 4710
2.46E=10 4690
2.59E=~10 4670
2.68E=10 4650
2,71E=10 4630
2.66E=10 4610
2.55E=10 4590
2,41E=10 4570
2,21E=10 4550
1,99E=10 4530
1,79E~10 4510
1.58E=10 4490
1.,39E=~10 4470
1.23E=10 4450
1,10E=10 4430
1.,0E=10 4410,
9.2E=11 4390,
8,6E=11 4370,
8,2E-11 4350,
7.8E=11 4330,
7.4E=11 4310,
7.1E=11 4280,
6.7E=-11 4260, -
6,3E=11 4240,
5,9E=11 4220,

. 5.6E=11 4200,
4.,9E~11 4180,
4,3E-11 4150,
3.7E~11 4130,
3,E=11 4110,
2o2€'11 4080.
$1.4E=11 4060,
5.E~12 4040,

2 & # & & % & 5 B S5 8 ¢ 6 8 B & O B




$ 308/7 =i D=36 11715779
‘ . 4 HR, CHARGE AT =150 C 3 HR HEATING CYCLE
COPPER/TEFLON FOILS
e 46 200,044
i.3E-11 4855,
1.6E=11 4835,
2,1E-11 4815,
2.5E=11 4800,
3,1E=11 4785,
3,8E«11 4765,
4,6E=11 4745,
5.4E~11 4725,
6,3E=11 4705,
7.4E=11 4695,
8,6E=11 4675,
1,E=10 4655,
1,12E~-10 4635,
1.27E=10 4615,
1.39E=10 4595,
1.,5E=10 4575,
1.,59E=10 4555,
1.,65E=10 4535,
1.68E~-10 4520,
1,69E~10 4500,
1.67E~10 4485,
1,63E~-10 4465,
1.59E=10 4445,
1,55E=10 4420,
1.515'10 4400.
1.46E=10 4385,
1,41E-10 4360,
1,34E~10 4335,
1.25E‘10 4320.
1.,16E~-10 4295,
1,05E=10 4275,
9,5E=1{1 4255,
8,5E~11 4235,
T+6E=11 4215,
6,8E~11 4190,
6.,1E=11 4170,
5.5E~11 4145,
5.E=11 4125,
4,4E=11 4105,
3.,8E=11 4080,
3,2E=11 4055,
2.6E~11 4035,
- 2,E=11 4015,
1.5E=1{1 3990,
1.,1E~11 3970,
8.,E=12 3945,




$ 308/7-%

D=39

"4 HR, CHARGE AT «~150 C
3 HR, HEATING CYCLE

4S5 200,044
8,E~12 4875,
1,E~11 4855,
1.3E=-11 4835,
1.7E~11 4820,
2.,1E-11 4805,
2.,4E~11 4785,
3.E=11 4765,
3.,5E~11 4745,
4.,2E=-11 4725,
5.E=11 4710,
6.,E=11 4695,
7.E=11 4675,
8,1E=11 4655,
9,3E=11 4635,
1.06E-10 4615,
1.,19E=10 4595,
1,31E=10 4575,
1.42E=~10 4555,
1,5E«10 4535,
1,56E~10 4520
1,58E=10 4500
1,59E=10 4480
1.55E=10 4460
1.,52E=10 4440
1.47E~10 4420
1.42E~10 4390
1,37E=~10 4375
1.32E=10 41355
1,26E=10 4335
1,18E=10 4315
1,§E=10 4295,
1.01E=-10 4275,
9,1E~11 4250,
B.OE=11 4225,
7+1E=11 4205,
6.E.11 4185.
5.2E~11 4165,
4,4E=11 4140,
3,7E«11 4120,
3.1E~11 4100,
2.63"11 4075g
2,1E~11 4050,
1.7E-11 4030.
1,2E=11 4005,
9.,E=12 3980,

- ## & % & & & & & o

11/19/79
TEFLON/COPPER FOILS



# 30877 =1 D=4} 11730779
4 HR, HHARGE AT =150 C TEFLON/CUPPER FOILS
3 HR HEATING CYCLE

46 200,044
9'5‘12 4880.
1,2E=11 4860,
1,5E=11 4845,
1.9E~11 4825,
2.,4E=11 4810,
2.8E=11 4790,
3.4E=11 4770,
4,1E~11 4750,
5.1E=11 4730,
5.,9E=11 4710,
6.9E=~11 4695,
8.08'11 4675o
9,2E=11 4655,
1,04E=10 4635,
1,18E=10 4620,
1.,3E=10 4600,
1.,41E=10 4580,
1,49E=10 4560,
1.,55E=10 4540,
1.57E=10 4520,
1.57E=10 4500,
1.55E=10 4480,
1,51E=10 4460,
1.,46E=-10 4440,
1.43E=10 4420,
1,39E-10 4400,
1.36E=10 4380,
1,31E=~10 4360,
1.,26E=10 4340,
1.212'10 43200
1,14E=10 4290,
1,07E=10 4275,
9,9E=11 4250,
9,E~11 4230,
7.9E=11 4210,
6.,9E=11 4190,
6,0E=-11 4165,
S.1E=11 4145,
4.3E‘11 4120-
3.,6E~11 4100,
3,E~11 4075,
2,4E~11 4055,
1,8E«11 4030,
1,4E~11 4010,
1.1E=11 3985,
8,E=12 3965,




******* Sy Py
 UDes-A 8V
U)o A I e

VDT A R L S

DAy v

R N S



e'all

@ 09l

@' 8S|

g oyl

[ d “l o e

@ 2gl g ezl

B 8l

!

Ty

! l

| —
S ux®
b4

/%"

¥

\x

[

@ eal

R
sz2'@
8S '@
SL°®
" |
sz |
S |
SL° )
00°2
S2°2
2s 2
SL°2

Qg°'¢

OHVNOI<CIXEOW ODDEXWZ



