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ABSTRACT

Methods to derive activation energy, relaxatlion times
and static dielectric constant from thermally stimulated currents
(TSD) have been developed. Several peak separating/cleaning
techniques are described. Expefimental limits and avenues
of improvement have been defined. Two HP-97 calculator
programs to determine 1000/T(°K), °K,°C,,AT, €s and T have
been written.

The TSD technique Was applied to pure ice and to ice
samples‘doped with NaHCO3 and HCL. Thé results for pure and

NaHCO3~doped ice are not conclusive since they were obtained

before the TSD technique was perfected. At least four peaks

were observed, the second one dischdrgéd beihg the principal
range @. Consistent results were obtained for the HC1l doped
sample. Three peaks were found, the ? peak at the lowest
temperature. A‘shifting of Tm with consecutive runs at the
same heating rate is apparent for all sampies and may be
explained by the presence of space charge, extrinsic protons
or dislocations within the crystal lattice. Further avenues

of research and refinement of technique are suggested.



1. INTRODUCTION

The TSD method consists of polarizing a dielectric at a
fixed temperature under an electric field. By lowering the
tempefature the dipoles are then frozen ih allignment with the
electric field. The electric field is removed and the sample
is warmed at a constant heating rate. As the dipoles relax
becoming randomly oriented an electric current is observed.
This electric current, the result'of depolarization, is measured
as a function of temperature.

It is hoped that the information geined by this technique
will supplement as well as confirm daﬁa obtained from the more
typical method of electrical bridge measurements which were
made earlier on pure and doped semples Qf ice by this author's
faculty advisor, Dr. Gerardo W. Gross, and his assistants. T&SD
may serve as an independent means of determining.the relaxation
time, T, activation energy, A, and polarization strength, €, of
each individual spectrum. |

One advantage inherent to the TSD method is the generation
of a continuous set of measurements or spectrum, enabling the
-.immedlate determination of the number of spectral ranges, theilr
relative positlon and strength, where it 1s assumed that the
spectra exhibiting the largest current discharge represents the
priﬁcipal Debye range. This should ald the téchnique of straight
line fitting to the spectral ranges now being utilized in
electrical bridge measurements. Not now obtainable with bridge
measurements, the TSD method will also serve to expand the low

temperature, i.e. low frequency end of the relaxation time and



and polarization strength curves.

As of now the_major difficulties in the TSD method lie
in the uncertalnty of peak separation and in the only fair
COntfol that is exercised over the 1inearyheating rate. These
two problems are related 1n as much as a slower heating rate
tends to shift peaks to lower temperatures. If this be a
differential effect, one peak may be shifted further than
another thus aiding separation. Also since it has proved better
to sandwich an ice sample between teflon fecils, bridge measure-
ments are still necessary to determine the ilce to teflon thickness

ratio, Q, which is used in correcting for the foils.



2. EXPERIMENTAL APPARATUS AND METHOD

The apparatus 1s schematically shown In Figure 1.

The sample cell design is essentlally that of Gross(1977)
except that a new sample holder was designed and bullt which
makes the insertion of the I1lce sample easier and the electrical
connections more réliable, The\holder consists of a fixed top
electrode and a spring-loaded bottom electrode. Attached to a
thick.aluminumvlid, the holder 1s placed inside a thick walled
cylindrical aluminum well which sits on an aluminum cold finger.
The whole system 1is contalned 1n a stalnless-steel Dewar and 1s
cooled with liquid nitrogen.

The heating mechanism consists of a heater coll (see Gross
197?) wound around the aluminum caviﬁy whiéh is controlled by a
chromel—cénstantan thermocouple running from the cavity wéll to
a Love Model 52 ?roportional triac controlier and Model 105 cam
programmer. The cam iIs cut to.provide linear heating and cooling
rates. |

A zero to 2000v d-c power supply 1is Qsed to produce the
polarizing field. A 100k ohm resistor installed at the front
output connector serves to protect the dewar against shorts, the
voltage dropping across the reslistor instead of the dewar. Dis-
charge current 1s measured with an ammeter bullt around a Keithley
Model 301 operational amplifier electrometer capable of measuring
currents from lO'14 to 1077 amps. .

Sample temperéture 1s monitored by an independent copper-
constantan thefmocouple threaded through'the holder 1id and fitted

into the upper electrode. Thermocouple output as well as discharge
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current are then recorded on a two-channel Honeywell recorder
(Model Electronik 195) with vqltage ranges from 0.0lmv to 300
volts.

-Ice samples are prepared as follows{ (l) An ice column 1is
grown and sliced into disks. (2) The disk's dlameter is altered
to fit the sanding tools and then (3) polished to a smooth plane
surface using fine grained sandpaper. To reduce the ice sample
diameter, an aluminum mold was cdt to the proper disk-shaped
dimensions (see Figure 2 below). The mold which is at room
temperature is moved towards and around the ice sample melting
off its edges. Care in proceeding sléwly protects the ice
sample against thermal shock and shattering. A 3.5cm diameter

'by 0.7-1.7cm thickness are typical dimensions.

Figure 2: Mold to melt ice sémple
to proper diameter.

Several types of measurements are made on the ice sample--
full run, determine Es_run, electrical bridge measurements. The
full run consists of polarizing the ice sample whlle its tem-
perature is being lowered from -12°C to ~194° ¢ under a constant

rate. An extraneous charge is produced often obscuring the



initial rise of the TSD curve but which can be reduced by
grounding the sample cell for_a period of time. This shorting
time seems to depend on doping since it was found that a pure
ice éample required a longer shorting pefiod than did a HC1
doped sample.

A determine &; measurement is made by charging at a fixed
temperature, Tp. The ice sample is brought to the desired
temperature and the electric fieid is applied for a time greater
than the relaxation time, T(Tp). The author has followed
Johari(l975) in this regard by charging for a period flve times
that of the relaxation time expected ét any particular tempera-
ture. At the completion of charging, the sample is cooled under
the field to a temperature Tf such that;t(Tf):$Vt($p) to freeze
in the charge. At T=Tp the electric field is turned off, the
cell is grounded and the temperature further lowered. The
latter 1s necessary as a curve may discharge at a temperature
~ lower than where it charged. Then here as in the full run, the
temperature is 1inearly raised; the relaxation time gets shorter
and as the dipoles lose their preferred orientation a discharge
current is recorded. -

To interpret the resultant TSD curveé, electrical bridge
measurements are needed. The sample cell was so designed that
its output connector cables can be transferred directly to the
bridge without removing the dewar cover. Measurements are made
at a couple of temperatures typically around -80°C and -50°C
which are fed -into the computer program DIEL'which outputs a

semicircular Cole plot. From the right abscissa intersection,



Esx May be found and thus Q (from Eg.(2), Gross, 1977, p.98).

The main heater ground runs from the sampleAcell 1id to
an external switch which reads "Electrometer/Bridge".  The
"Electrometer" position is for the Full and Determine s runs,
the "Bridge" position for the electrical bridge measurements.
The electrical noise generated by the pulsing of the heater
is eliminated by this ground connection..

There are_primarily three sources of additional nolse
affecting the current discharge curve. The spring-loaded screw
cap which holds the wire connection to the bottom electrode may
loosen after repeated thermal cycling; Sublimation of the sample
occurs causing the formation of small 1lce crystals on the sample
" surface, foils and/or electrodes. ‘These progressively cause
roughness. in the discharge curve as weli as random spikes. If
the noise gets bad, the sampie may be repolished, the folls and
electrodes cleaned. A sample cracking will produee a nolsy
signal but this can sometimes be remedied by repositioning the
sample in the holder.. At times the sample wlll even heal itself
by annealing at higher temperatures'during a run. Barlier it
was found that the heater cable upon getting wet would produce
a great deal of noise. This problem has for the time being been
eliminated by drying the cable, applying RTV and wrapping it in
electrical tape, but it could reoccur. There have also been
intermittent fallures in ooaxiel cables and thermocouples when
oonnections'break after frequent use.

The new sample holder was constructed énd is used instead

of the old sample holder of Gross(1977) for a number of reasons.



First 1t was found that electrical noise would be generated
when the tether-like electrical connectlon to the top electrode
was pinched by the spring through which it is threaded. .It was
thought this elusive source of noise was.due to the fofmation

of microcracks in the ice sample; it was only after a couple

‘of measures were taken to repalr the sample that the real cause

was discovered. The two methods employed to rid the sample of

the supposed microfractures were to pressurize or anneal the

sample before using. A chamber was buillt which could supply

several hundred pounds of pressure, ny No gas was used.

Sample holder and chamber were both kept at -30°C for about

éO hours. Another ice sample was maintained in a silicone oil

bath at -1°C for over a month. However the annealing and

pressurizing of samples were abandoned when conslistently smooth

discharge curves were obtained after repalring the sample holder.
In addition to the above, greater ease in placing folls

and sample in holder were desired and realized in the design of

the new holder. Teflon rings fitted to both electrodes provide

a small 1lip which prevents the sample from sliding out. Holes

are drilled in the electrodes that thermoéouples may be Iinserted

to monitor the sample temperature. These were used at one time

to measure the temperature gradient across the sample. A differ-

ence of 1°C was measured for a 6bhr/full cam éycle heating rate.

Since the two holders apply different stresses to the sample,

the effect of small pressures on the discharge curve could be

examined. No significant difference was found in the curves for

a sample run in both holders under similar conditlions.
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To insure that teflon did not exhlbit a depolarization
current, teflon folls and a teflon disk were placed in both
holders and a full charging/discharging run made on them.

The result was zero current discharge thus the ice sample alone
is the source of the TSD response.

Instead of teflon folls, some runs were made wlth porous
metal "disks". Theée consist of sintered pélladium spherales
and are melted onto the Iice surfaces. Before placing the ice/
disk system into the sample hdlder, it was always allowed to

reach thermal equilibrium.



3. INTERPRETATION OF RESULTS

3.1 Identification of Peaks

. The peaks in a multiple spectrum are tentatively labeled
by their relaxation times, those with the fastest times appear-
ing at the lowest temperatures. Spectral\ranges with succes-
sively slower reléxation times will discharge at progressively
higher temperatures. This means. the peak assoclated wilth space
charge should éppear at the end of a discharging run since it
has a large relaxation‘time.

The principal dispersion range 1s implicitly equated with
the peak exhibiting the largest current discharge. Tnis peak
~may be identified following a full run. The remaining peaks
can be labeled with the assistance of exlsting bridge measure-
ments made on ice samples with the same doping impurity and
concentration. Knowing the relative order of relaxation times,
the spectral ranges from the TSD and electrical bridge methods
mignt be correlated. Cautlon should be taken in thils procedure
as tue bridge technique may not have sensed all peaks. On the
other hand, the TSD apparatus at present can only control the
discharge process at a linear rate up to -50°C for a Ohr/full
cycle rate. This could mean the loss of the space charge and
possibly otuer peaks.

For every sample, a full charging run, the cooling rate
linearly controlled, shiould be made to first determine the
number and relative size (T,) of the peaks from which the prin-
cipal range is identified. This may also suggest initial

polarizing temperatures, Tp, for tue detérmine,es runs to follow.



Trial determine €5 runs are then made at temperatures Tp
spaced initially 5° above and below the peak temperature (Ty)
of each peak and the interval 1s progressively narrowed on
successive runs.

A tentative polarization time t D>Z(Tp) can be deduced from
the HSVuS.VlOOO/T.CurveS of electrical brildge measnrements if
they are available for similar sample dopings. A curve 1s
linearly extended into the desired temperature range. In
addit;on, the curve indlcates the temperature range over which
the TSD system can physically respond. For relaxation times
on the order of a few minutes, the dipoles relax before they
can be frozen in since tie large thermal mass of the TSD apparatus
cannot be cooled sufficiently fast.i On the other hand it may
be impractical to charge for a perilod greater than a few days.

3.2 Actlvation Energy, A

The literature presents three ways to determine the éctiva—
tion energy: (1} initiél rise méthed, (2) graphical integration
of whole TSD curve (Buccli and Fieschi, 1956), (3) half-width
temperatures of a current graph (Turnhout 1975). The initial
~rise.method.consists of measuring A from‘the low temperature tall
of the current graph according to the equétion

In i(T) = const. - A/KT , T< T, (3.1)
where k (=1.98 cal/°K-mole) is Boltzman's constant, T(°K), the
temperature, i (amps), the current and A (cal/mole), the acti-
vation energy. T, is the temperature at which i=3ipax. A
straight line results when 1ni is plotted as a function of 1/KT

the slope of which is A. Three problems may arise which could

prevent the use of the method or make the results gestionable.
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(1) Residual charge occurs at the start of dischérge curve,
(2) the peak in question discharges amid other péaks and (3)
the range was not fully charéed Initially.
The second method is based on the relation that
O TtD = ATo + AKT = tn[ o, LeNdd] — dn i) (3.2)
or -
Tm = [ L7 L(-ﬁ’)o/tj/[iﬁ')j (3-20)
Another straignt line results from a plot of ln<we as a function
of 1/kT for which the slope is A. The success of this method
depends on how well the different peaks can be separated.
Turnhout (1975) has devised a third method utilizing the
half-width temperatures 1,2Th , L.e. the temperatures at which
the current dischiarge is half 1its méximum‘value. He derived the
following equations from the implicit expression
Jr(l,gTh) = i,
where the subscripts stand for released and maximum current

density, respectively:

kTp/A = 0.69117‘n_l + O.90887h12 + 2.1414h13 (3.3)
KT /A = 1.0151hp + 0.18182n,° (3.4)
KT,/A = 0.40SU3H + 0.24099H° - (3.5)

where hy = 1 - lTh/jm, hy = oTp/Tn - 1 and # = hp - hy.

With T in °K, 1T, and pT, represent the low and high half-

h
width temperatures, respectively. iquations (3.3) to (3.5) are
said to be accurate to within better than 0.5% for OgkT, §0.2.

The degree of certainty in the values of Ty, lTh and 5Ty depends

‘again on how well the peaks are separated.
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3.3 Relaxation time,T

The relaxation time,ZT, can either be_calcuiated from the
graphlcal integration method described in the pfevious section,
or from the relation cited by Bucci and Fieschi (1966) and used
by Johari (1975) in his work

T, = (a2 A Z(Tw) / X ) (3.6)

Different heating rates, g, vary T_ thus Eg. (3.6) can be solved
: m .

W[

for,z as a function of temperatufe, Tm. A determine &g type run
is used to collect such data and since the equation is indepen-

values

dent of forming temperature, Tp, and applied voltage, V.,

of Tp should be chosen which produce é clearly defined peak.

‘The author mistakenly used full runs to collect this data l
- on pure ice samﬁles believing this ﬁo be the method used by .
Johari (1975). But as he does not cleérly state the type of run
used in his article, the author now folloWs the method of Buccl
and Fleschi (1966) and uses a determine € type run.

A final method attributable to Dr. G.w. Gross follows.
Independent of A, the relation

3 Taon = Tn n=2,3,4 ... (3.6b)
%n 'Tm'z AC)

is derived from Eg. (3.6). A run at a heating rate of dq is

chosen as the reference against which all other runs are compared.
The values of gy and T q held fixed, the values of q, and T, are
determined from succeedlng runs. Setting'fi: 1 sec, Eq. (3.6b)
is solved for Tp. T1 and'th are then plotted against 1OOO/Tml

and 1000/T,, respectively. A least squares line is fltted to

mn
the n points, the slope of which is A/k. Thus A(kcal/mole) is

found.
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3.4 Dielectric Constant, €g

To calculate the static dielectric constant, &, a determine

€s run is made and the discharge current as a function of

température integrated according to the équation

€ -

where

4]

o

r

H 2 O M
joN

nnn

<

£

®

I " T .
‘. = T [ (3.7)

T4

applied electric field, (volts/cmﬁ |
permittivity of free space = 8.854 x 10-1% F/cm
heating rate, (®K/sec)

current discharge, (amps)

= surface area of ice sample, (cmz)
temperature at which TSD starts

temperature at which current drops to zero

3.0

- which combines Equatlons 3.6 and 3.10 from Turnhout (1975). It

should be remembered that any one &g value 1is the sum of all

succeeding peaks,

2
Eén = COQ + ; AE:S#‘Q

which can graphically be displayed as 1s Fig. 3.1 below.

Figure 3.1: Peaks contributing to a
' particular value of the
static dilelectric constant.
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3.5 Foil Corrections

Relaxation times and values of the dielectric constant
must be corrected for the presence of the foils. Equations
for fhis purpose have been worked out by'Gross (1977). The
value of Q, the ratio of ice to teflon thickness 1s determined
from the right intercept called &g, of a Cole plot. Bridge
measurements which generate the data for the Cole plot should
be taken for every ice sample and repeated for a sample which
has undergone extensive repolishing between runs.

Once Ego is known, Q is found from

Esee = (1 +IQ ) €
where &,% 2.1 1s the dielectric constant of the teflon folls.
" The dielectric constant for the priﬁcipal range, o, ls then
found from

:_(1+Q.)EIE"2_
QE, + &5 '

€S€

The subscripts @, < etc. deﬁote the uncérrected values of the
dielectric constant computed by the method in Section 3.4 as well
as the uncorrected values for the relaxation time T found by
the methods of Section 3.3.

& o> known, the corrected relaxation time of the principal

range, o, can be found from

- QE :
e wETE &

The .equations above may be generaliied for all high-frequency

ranges according to Equations (L4a) and (5a) of Gross (1977).



3.6 Separation of Peaks

From the discusslon so far it should be clear how important
well separated peaks are to ehe proper interpretation of A, T
andiag . Unfortunately there 1s at present no single method of
subdividing peaks, only a combination of techniques. It is
-known that‘decreasing/increasing the heating rate shifts a
peak to lower/highef temperatures. At times this could provide
a partial separation. Changing the thickhess of the teflon
folls might also produce the desired effect (Gross, 1977).

So far the discharge curves have been such that separating
the peaks simply by eye has proven effective. A slight asymmetry
in the curve shape (Bucci and Fieschi, 1966) is kept in mind
- when constructing a single peak andiof-course the separate peaks
must superpose to produce the origiﬁal multi-spectral curve.

If first order kinetics 1s assumed to apply, then the curve
shape should be symmetrical and 1t would be poseible to construct
the whole curve from a single side portion.

Another technique to subdivide a eo&plex curve 1nto
individual peaks 1s peak-cleaning. There are two variations,
one worked out by Bucci and Fieschi (1966) and the other by
Creswell and Perlman (1970) and Perlman (1971). The method of
Buccl and Fieschl 1s to polarize the dielectric at Tp such that
Tml< Tp< Tpp where Tpy o are the maxima temperatures of the
superposed peaks. Then charge at Tp for an interval of time
tp ™ T (Tp) << T,(Tp). The dipoles of range 1 will be polarized
at saturation while those of range 2 are for the most part

randomly oriented. The TSD curve will then show only peak 1.



To obtain peak 2, both ranges are polarized to séturation and
the lower temperature range 1is partially discharged first, fhe
sample cooled, then dischargéd agaln to obtaln the pure or
nearly pure second peak.

The method of Creswell and Perlman differs slightly from
the above. Assume three bands polarized at saturation. The
temperature is ralsed to Tpyl to record curve (a), lowered to
ambient (liguid nitrogen), raised to Tpyp to record curve (b),
lowered again, then raised to record peak (c) és shown in
Fig. 3.2. To subtract the contribution of peak (3) to curve
(b) the data is first normalized to obtain curve () (see below).

Curve (4) subtracted from curve (b) gilves curve (2) and curve (2)

" from curve (a) gives curve (1). It is assumed Tpyp was high

enough to remove all lower temperature peaks. The data of curve.
(3) are normalized to.account for charge lost during the first.
heating. This is done as follows. To obtain cﬁrve (4), points
aloﬁg curve (3) up to Tpyo are multiplied'by the correctlon factor
1/1-F where F is the area under (c) up to Tpp2 divided by the
total area under (c). From Fig. 3.2 the value of F is X/X+Y.
Finally, a clean peak (3) 1s the difference between the complex

curve and the sum of cleaned peaks (1) and (2).

Current

Figure 3.2: Peak-cleaning--discharge current v.s. temperature.
%ébﬁc’ are observed currents. 1,2,3 are the 1solated
aks.
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Application of these peak cleaning methods was difficult
in practice because heating/cooling couldlnot be stopped within
one or two degrees of a desired temperature. The reasons for
this deficlency were: (a) large temperature gradlents between
cell wall and sample holder due to the heating arrangement;

(b) the large thermal inertia of the system causing thermal
overshoot,

3.7 Additional Assumptilons

A background current level exists on many TSD curves which
does not seem to be a part of the proper dlscharge current. To
subtract 1ts contribution a run is contlnued until a static

level 1s reached which is then taken to be the zero current

" level.

Discrete polarization ranges rather than a continuous
distributioﬁ of polarizations is also assumed. According to
Turnhout (1975) a dlstrilbuted polarization exists when the T
v.s. 1000/T curve exhibits a deviation from a straight line
plot for T(°K)>T,(°K). Such a deviation has been observed, but
the author believes this may only be due to poor Separation of
peaks which introduces error in the graphical integration of -T
values.

It cannot be assumed that all peaks are present and fully
charged unless the total area under all peaks gives the value

of &g, determined from bridge measurements.
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L. RESULTS

Scope of Work

" Full and determine £¢ runs as well as bridge measurements
were made on samples of pure Iice and NaHCO3 and HCl doped ice.
Some runs were made with metal disks but most were made with

thin teflon folls. A description of the samples used and the

number and types of runs made to produce the results of this

paper are contained in Table 4.1 below.

Sample # | Solute | Run # |Type Runy Disks/ | Bridge
Foils | Measurements
308/7 Pure 75 Full Foils -
#4B 79-82 I " ———
85 iy y -
88-—90 i (B} -
101 e ; b -
308/7 Pure 109 fo Disks ——
#HA 123 Det Es X ---
308/35 NaHCO_ | 129 Full ) -
#10 31130 t X -
- 132-134 o I -
308/35 Ncho3 137-141 Foils
#7 144 Det &g H
146 f1 1y B
148-149  n ) €..,=25.8
152-153 ¢ Y
155_156 i % i
None Pure 169-171 Full ; I : -
302435 NaHCO5 | 184-189 v Lo  E5=25.08
302/85 Lx1072 | 201 Det €5
E37 M HC1 | 203-205 ' :
208-210 RRY ;5&X=35,24
214-229 " S N sl
Mother solutions: 1x1072 M NaHCOj
1x10-2 M HC1

Table 4.1: List of runs.

4,2 gSpectral Ranges

Dielectric relaxation is best described by a small number

of discrete polarization ranges as opposed to a continuous
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polarization distribution. The ranges correspond to the
individual peaks of TSD curves. For the HCl sample studied
two overlapping ranges were dlscovered only.after a very slow

heating rate was used. It may be that not all ranges for the

pure,'NaHCO3 and HC1 samples studled have been uncovered. At
present the author has found 3 bands in the HCl discharge curve

and at least 4 in the pure and NaHCO, discharge curves.

3

Unfortunately many of the TSD curves were produced from
full runs rather than determine &€s runs. Since the gquestion
of whether a full run can be used to supply the activation
energy from initial rise and T from graphical Integration
still remains, few conclusions from those runs can be made.
In addition it was not until after many runs had been made that
the temperature difference between cell wall and sample holder
was discovered as a major source of error. This makes it
difficult to ascertain the true sample temperatﬁre from_the cell
wall temperature which was monitored. For these reasons only a
few of the full run results will be presented here, most of which
have not been corrected for the temperature recording error.

The results that follow pertain to the principal range
unless otherwise stated.
4,3 Pure Ice

The initial runs were done using teflon foils. Four peaks
were observed; the one at the iowest temperature being the
strongest ls labeled the principal range,@%. Since fast heating
rates were used, i.e. 3 and 6 hr/full cycle; it is not known

whether the main peak could have been separated into multiple



peaks. It was also observed that the fourth peak shifted
toward higher temperatures after each successive.run until
it merged with the large purfent rise at the end of a run.
After the sample was allowed to rest a number of days the
fourth peak appeared again. The reason for this behavior
is wunknown however it 1s suggested the peak may be due to
an extrinsic phendmenon. The large current discharge at
the end of these runs-could hide another peak. Much slower
heating rates are needed to resolve this Question.

The shifting also appears in the value of‘t? calculated
from Eq. (3.6) with A=11.3 kcal/mole. Repeated runs made
with.the same heating rates of 3 and 6 hr/full cycle produced
a shift in 2% to higher tem@eratureé.‘ However on reversing
the polarity of the electric field,;té appeared to shift back
towards lower temperatures. .This would Sﬁggest the presence
of extrinsic protons which migrate out of the iée sample when
subjected to an electric field over a pefiod of time. The
initial shift in Ty is shown in Fig. h.2(a).

The initial rise results shown in Fig. 4.1 give values
of A which range from 6.75-8.5 kcal/mole. The low value as
compared tb 11,3 kcal/mole determined by johari (1975) could
be a result of usiné a full run, of peak superposition, or of
the preseﬁce of ilmpurities.

Samples were then run with porous palladium disk electrodes
frozen onto the sample. The curves bear a resemblance to
‘Johari's curves (1975) for non-aged ice samples. Instead of
the current dropping nearly to zero aftér peaks in runs using

teflon foils, the curves continue to rise after each successive
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peak. This makes interpretation difficult and prbmpted the
subsequent return to foils. Activation energles of 7.06 and
7.68 kcal/mole were derived from the slope of the lines shown
in Fig. 4.2(b). They were determined from fhe graphical
intergration of a full and determine &s run respectively.

The determine E£g curve does not give true values of ‘Cé
since the temperatures have not been corrected.

‘The values of €5€ derived from the runs using disks are
extremely low. They range from 11 to 58 whereas values near
200 are to be expected. The discrepancy may be due to poor
disk/ice contacts or to impurities. |

A pure Iice sample taken from a newly grown column and
" run with blocking electrodes finallj produced a T(T) curve
which lies close to that>found by Joharil (1975) when the value
A=11.3 kcal/mole is used with Eq. (3.6). The results are shown
in Fig. 4.2(c) and the temperatures have been corrected to that
of the sample holder. R

The value of Azll.s kcal/mole used in this sectlon was
derived from the initial rise method using the 1/VCg v.s. T(°K)

curve at q=2.28x10"3 ®K/sec of Fig. 2 in the Johari (1975) paper.

L.L4  Pure Ice + NaHCO3

All results in this and succeeding sections corresgpond to
true sample cell temperatures.

Pure ice was doped with NéHOO3 to suppress the effects of
extrinsic protons suspected in causing the shifting phenomenon
‘described in Section 4.3. The results for the principal range

(6) are shown in Fig. 4.3. A number of full runs were made with
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foils. Relaxation times were computed from Eg. (3.6) using
A=11.4 kcal/mole (see below). The curve produced from the
same sample after a slight répolishing is shifted to higher
temperatures. The shift may be due to the “small thickness
change or perhaps to the eliMination of impurities which
migrated to the sample surface.

The points from another set of full runs made with disks
fall along the line produced from the runs made with folls.
This indicates the ice/disk system acted like an ice/foil
system. Since the latter must still be corrected for the pre-
sence of the teflon folls this might.éxplain the poor &, values
gotten earlier witﬁ disks.

The'tF curve produced from a détermine Es run and from
| which the value A=11.4 kcal/mole was found 1s shown plotted in
Fig. 4.3 (Run 153). The calculated value of €, 1s 99 which
again differs from an expected value of around éOO. Errors in
the integrated area of the discharge cur&e, the estimated area
of the sample surface, and the averaged value of the heating
rate may be responsible. The data of thls &5 run (Ea range and
B range) coincide with the above mentioned full runs made with
folls Eiﬁgi repolishing the sample. On the contrary, one might
have expected a Cloéer correspondence with the data before
repolishing (Runs 137-141, etc.). An overestimate in the area
of a peak will always shift a i?v.s. 1000/T curvé upwards. Since
the author's first approximation for the high temperature portion
of the ﬁ peak was overestimated and because'a well superposed %’

peak on the low temperature slde of the e peak could be present,
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the upward shift of the determine &g line away frém the first
data set 1s understandable.

Fig. 4.3 shows the resuits for two other spectral ranges
tentatively labeled @u and é'. Both curVeé (determined from
full runs) exhibit the shift due to sample repolishing. In
this case the WC@d line produced from the determine &€s curve
falls correctly amidst the first data set. The slope gave A
as 7,6 kcal/mo;e. Because no isolated e’ peak appeared an
A value of 9.3 kcal/mole taken from bridge measurements was
used to calculate'téz with Eq. (3.6). Activation energiles of
5.62 and 6.66 kcal/mole were derived from the initial rise
method on full runs using disks. Results are plotted in Fig.4.4.

As another reference the Worz and Cole (1969) 1line for

pure ice is plotted in Fig. 4.3.

4.5 HCl - 4.12x1072 M (Foils) .

Three spectral ranges appeared after slow heating rates
were introduced. The peaks are labeled ?, @d and o and dis-
charge from low to high temperatures respeétively. Results
are shown in Figs. 4.5-4.8.

Fig. 4.5 shows the initial rise plots which give values
for A whicﬁ vary from 6.25-7.37 kcal/mole; Both the 12 and
20 hr/full cycle heating rates gilve the more reliable value
of 6.25 kcal/mole from a least squares fit of the curves.

The method of Eq. (3.6b) éave an activationvenergy of
5.6 kecal/mole after the points Wére fitted with a least squares
line. Thé average of this and the preceediﬁg two values of
6.25 kcal/mole gave the value A=6.03 kcal/mole which is used

in all succeeding calculations.
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Values of T computed graphically from Eq. (3.2) are
plotted on Fig. 4.6kfor different heating rates. The'z@
line from electrical bridge measurements is plotted as a
reference. The bend in the 6 hr/cycle curves is a reéult
of adding to the area of the €> peak that of the initially
hidden intermedlate peak, @X. The bending 1s not as apparent
on the other curves where the influence of @a has been
accounted for. 1fcurves for the slow heatiﬁg rates mutually
agree and give‘the activation energy as 6.03 kcal/mole. They
lie close tO the‘t€ curve extrapolated from brldge measurements
having an activation energy of 6.1 kcal/mole.

"Relaxatlion times computed from Eqg. (3.6) are plotted in
. Fig. 4.7 for A=6.03 kcal/mole. The points fit the curves of
Fig. 4.6 except for the two gotten from faster heating rates
which lie at the highest temperaturesf Tm of the ﬁ peak was
shifted due to the presence of the (& peak.

Fig. 4.8 gives the values of Ez. The problem of detection
at fast relaxation times makes suspect those values of &, at
the higher temperatures. |

The study ié not yet complete, a few more points will be
taken at 1bwer temperatures to extend the 2% and €, curves.
Results on the @“ aﬁd<x curves are yet to be complled.

L,6 Methods of determining

The graphical method of détermining <z genefates much more
of a T v.s. 1000/T curve than does Eq. (3.6). It also reveals
whether one has fully isolated a peak as a.poor separation will

subsequently appear as a hump or bend ‘in the plotted curve.

.
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However this is not responsible for the sharp risé at the

low temperature end of the curve. The bend theré is a conse-
quence of describing the iniﬁial rise as an exponential func-
tion. This means that in the graphilcal integration method, =
tends to Infinity as 13 goes to zero.

Since a curve rather than a single point 1s produced from
the graphical method, the superposition of curves from different
runs on the same graph will indicate something of the repro-
duclbility of fesults.

4.7 Reproducibility of Tpa
A

Successive runs made with the same heating rate (6 hr/cycle)

and field polarity on a sample of NaHCO3 doped and on a sample
- of HCl1 doped ice reveal a shifting ﬁrend in Tm€> toward higher

temperatures.

Determine € runs 144, 146, 148, 149 and 152 shows Tmé for
a NaHCO3 doped sample shifting from 155.2?K to i?S.@OK. Aithough
the T's have not 1n thils case been corrected to the true sample
temperature, all of these runs were begun at nearly the same
temperature (~2° variance) and so corrections should not
eliminate the shift occurring in Tm@ with time.

The 4*10‘5 M HC1 doped sample in runs 205, 208-210 showed
a shift in Tmé }froﬁ 100.26°K to 104.9°K. After the sample
sat for 12 hours or so without charging, the next run (214) gave
Ty =100.6°K. The sample sat again for 30 hours before run 215

¢

gave T, .=101.75°K. Runs 216-219 were then made on successive

mg
‘days and showed a shift in 'I‘mP from lO3.M°K to 107.0°K.
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5. AVENUES OF FURTHER INVESTIGATION

5.1 Experimental Apparatus

Modification of the temperature control system is still
needed. At present a change of 10% or more in the linearity
of heating rates faster than 6 hr/full cam cycle is not
unusual, yet much of the TSD interpretation is baéed upon this
premise. Finer control of the temperature 1s needed to make
peak-cleaning a reliable method of peak separation. To obtailn
values of Z(T,) according to Eq. (3.6) at higher temperatures
heating rates faster than 6 hr/full cyéle are a necessity.
Work to improve the situatlion has begun. Small heaters placed
inside an aluminum cylinder which fits snugly around thé new
sample holder will be used to bpetter control the heating rate.
The cylindrical insert also reduced the alr space through which
heat convection currents had to pass. Nolse problems due to
these heaters have yet to be solved.

It would also be desirable to devise a method which would
freeze in polarization charge at temperatures corresponding to
fast relaxation times.' Presently the system cannot be cooled
to a temperature T where T(T)3»7(Tp) before the dipoles have
relaxed. |

The differential heater of Gross (1977) or its equivalent
should be reintroduced to minimize the vertiéal temperature
gradient across the ice; This was measured only once with the
new sample holder at a heating rate of 6 hr/full cam cycle.

Thermocouples fall to register the true sample temperature
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because of their length and since they pass through a large
temperature gradient from inside to outside the dewar. Since
determine €s runs require a strict control of the temperature
within the sample cell, both control and'sample thermocouples
should be compensated for fluctuations 1n room temperature.

Because of the heating arrangement and large thermal mass
of the system, 1t has proved difficult to set the sample
temperature at desired values of.Tp for the determine Eg runs.
At present one first makes gross adjustments on the cam which
controls the temperature of the cell wall. After wailting an
hour or more for cell wall and sample.helder to reach thermal
equilibrium, the sample temperature monitored with a separate
- thermocouple 1s then read off the cﬁart recorder scale. If
this millivolt reading is not that of the desired value T, the
cam is readjusted and the process above is repeated however
many times it takes to set the sample temperature at Tp. It
is suggested-thefefore that a separate controller be installed
which 1s easlly set to fractlonal values of Tp and then main-
tains that temperature setting within the sample holder.

Special copper backed teflon folls Have been purchased
in an attempt to reduce the alr gap between electrodes and sample.
It is not known yet what 1f any effect this will cause.

It was hoped this author wouldkwrite a computer program
to analyze the data. However experimental setbacks and
interpretative difficulties prevented this. The major problem
in writing a program lies in isolating peaks in a way that data

can be easily digitized. To at least simplify the process of
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digitizing the total current discharge and tempefature as

a function of'time a printer 1s being bullt to monitor these
quantities. Programs have béen written and recorded for use
on a HP-97 calculator to do the following: (1) Convert micro-
volts to degrees Celsius and Kelvin and (2) to calculate
1000/T(°K).and (3) the temperature interval,AT. A separate
program calculates the values of (4)7Z and (5) Eg.

5.2 _Experimentaeresults

The shifting of the maxima temperature, Tm’ with time for
pure and doped ice samples needs further investigation as it
‘may show whether extrinsic protons cause different positions

and slopes (actlivation energies) of the T v.s. 1000/T curves
~ found by various investigators, such as Auty and Cole (1952),
Worz and Cole (1969), and Johari (1975). The study of HC1
doped samples should be continued and ekpanded to those doping
impurities which have been studied using electrical bridge
measurements. |

Improved methods of peak separatlon are desired, and the
effect of increasing teflon thickness to this end are yet to
be looked into. In addition the question of ilnsufficlent peak
separation‘v.s. continuous distribution of relaxation times still
remains. |

There 1is also the questlon as to whether the change of
slope of the T v.s. 1000/T cur&e for pure ice coﬁld be due
to dislocations assuming the sample to be free of impuritlies.
‘Annealing of pure Ilce samples should be triéd in an attehpt

to eliminate these dislocations and thus possibly extend the
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linear portion of Auty-Cole curve to lower temperétures.
The problem of why &, values were so much ldwer than
those found by other investigators needs to be studied.
" The questlon of whether full runs may be used in con-
junction with Eq. (3.6) still remains but might be answered
with a closer look at the.time-temperature superposition

theory of Gross (1968) referred to by Johari (1975).
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6.  CONCLUSIONS

The TSD method appears to be a viable method to supplement
and substantiate results obtained from electrical bridge meas-
uremenﬁs. It is an independent‘means of determining activation
energy, relaxation time and dielectric constant or alternativeiy
the polarization étrength once @ is found by the electrical
bridge method. TSD extends T and & curves to the low tempera-
ture range.

The variable results found for pure and NahCO3 doped ice
are thought to be due to trace impuriﬁies and poor electrical
contact between disks and ilce. However because full rather-
thanldetermine &s runs were used and cell wall rather than
sample temperature were monitored oniy guarded conclusions can
be drawn; |

The problem of peak separation was sblved in the HCl study
by decreasing the heating raté. .

The relaxatlion time curves for the HCL sample are in good
agreement with a curve obtained from bridge measurements.

Consistent values of the activation energy and relaxation
times were obtained when slower heating rates were used.

In spite of the scatter, a trend in the g€, data can be

discerned.
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8. CAPTIONS FOR FIGURES v

Initial rise curves for pure ice principal range.
Thin foils, 6 hr/full cycle.
Principal relaxatiqn times for pure ice.
(a) Shift of 7%;(calculated from Eq. 3.6) with

successive runs.

@ 3 hr/cycle (runs 75, 79-82)

‘A 6 hr/cycle (runs 85, 88-90)
(b)'C? determined from  graphlcal integration of

TSD curve (Eq. 3.2b);

® full run, foils (#101)

A full run, disks (#109)

X determine eg run, disks (#123)

(c) @ ©(Ty(a)), foils, A=11.3 kcal/mole; from

e
bottom to top, runs:
169 (5 hr/éy 5
170 (7 hr/cy)s
171 (9 hr/cy).

Relaxation times for ice containing lxlO—5 M KaHCO

3"
Ranges ﬁ*’€>’ and §'.
Full runs made with teflon folls.

o‘éxrange runs 137-141)

) é range

(

(runs 137-141, det £s runs 153,155,156)
A @' range (runs 137-141) |

(

(

(

e exrange runs 184-189)

After

runs 184-189) repolishing

m @ range
runs 184-187, 189)

A @' range
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Full runs made with sintered palladium disks
X @ range (runs 129,130,132—134).
Determine & run with teflon foils (before
repolishing)
\v4 @x range
4 @ range
Initlal rise curves for pure 1ice +.NaHCOS foi
_g'range. -Disks.

5

Tnitlal rise curves for 4.12x107- M HCl + Foils,

princlipal range.

& b: Principal relaxation times for 4.12x10
M HCl + Foils.

Principal relaxation times for 4.12x1072 M HCL

+ Foils. Determined from Eg. (3.6).

5

Principal dielectric constant for L4.12x10

M HC1l + Foils.
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9. APPENDIX

9.1 Digitizing data by hand-

~To digitize TSD curves by hand a zero current level on
the record trace 1s first chosep. Separation of peaks is
next done by eye and penciled in with due attention paild to
curve shape (slightly asymmetric with a sharper current drop
on high temperature side) and to the fact that the isolated
peaks must add to reproduce the original complex curve. The-
curves are extrapolated at both ends to reach the zero current
level. | |

A resultant curve 1is dividedvinto straight line segments
| denoﬁing intervals of time,A&t,.and;temperature,ZXT. The area
under each'section 1s to be integraﬁedvand sﬁmmed successively
from the-high to low temperature end of the curve. This 1is
done by HP-97 calculator and the program iisted'in Appendix
9.3. To integrate the areas fhe rule of trapezoids 1s used,
namely |

trapezoidal area = %(iDj + iDj+1)Aﬁt ,  J=0,1,2,...
where At 1s either a time or temperature_interval.(At:secs and
- AT=°K) depending on whether T or &5 is being calculated.

The length of each line segment is chosen to follow
closely that of the TSD curve, therefore the length varies over
different portions éf a curve. When the initial rise method
is to be used the low temperature end 1s more finely divided.
The number of divislons made was also dictated by the density

of points desired for a Tv.s. 1000/T plot and to keep the time
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required for such multiple calculations at a reaéonable
level. Segments of equal length were chosen only when 1t
appeared they fit a curve weil.

- The discharge current, 14, and its corresponding tem-
perature are noted at each division. The two pens recording
id and T are offset by 13 small divisions on the recording
chart and must be corrected for when reading off T values.
The temperature is normally recorded on the more sensitive
channel of the-chart recorder with the zero set off scale to
accomodate a lmv full span. The mv readings are entered as
negative pv values into the calculator program listed in
Appendix 9.2 which computes 1000/T(°K), °K, °C and AT for each
- data point. AT for each line segment is then used in the
graphical integration of &5 done within the program of Appendix
9.3. Since the chart speed ig known, Af(secs) is found directly
from'thé chart record and 1s also entered‘as daﬁa into the
program of Appendixz 9.3 to determine T from graphical integra-
tion.

The programs are.written such that after they compute each
1000/T(°K), °K, °C, AT, €s and = value they stop to allow one
to print the results. From this printed data, the final value
of & namely AgLs Which is the total area under any particular
peak is found. It corresponds to the integral in Eg. (3.7).
Substitution of A€ into Eq. (3.7) gives &g which is then

corrected for the presence of the teflon folls.
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9.2 Temperature program

Enter program from magnetic card. To use do following:

Instructions Press Display

0, 0.00 00
Data input -pv(J)

R/S lOOO/TJ(°K)

Print 1000/T R/S °K 3 ‘
Print °X R/S °C 5
Print °C R/S [AT| = [°C3-°C3_1}
Print AT R/S °C5

(go to data input)

The equation used to determine °C from microvolts (pv) was

taken from NBS Monograph 125 (1974, see Ref.). A listing of

the program follows:

1

Rl B IS ]

a hge Lad TR0
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9.3 Integration program (&; andT)

Enter program from magnetic card. To use do following:

Instructions ‘ Press Display
o, [fll] 0.00 00
iq.
Enter idj+l QJ+1 )
R/S - j+1
Enter 1. 1gj 14
J. ) 93 .1
R/S (Tdj+1 + ig3)2
Enter AT AT n  AT= Tsy7-Ts
e o 2 J
: _ R/S = ZE'A‘H* LlOT 2
Print €s R/S (id3+l Tigs)2
R/S i
Print T, R/S

(g0 to data input)
The program successively adds the areas under each line segment
from_high to low temperaturé end. €sis only an intermediate
sum, with the final/value being Aégithe tbtal area under a peak.
The values of Tﬁ+l to be plotted versus 1OOO/TJ+1 are generated
in the program according to Eq. (3.2b). A listing of the program

follows:




