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ABSTRACT

Two topics have been carried out in the thesis; a development

of an on-line computing method for the investigation of electrode
reactions and an investigation of the kinetics of zinc deposition from

aqueous chloride solutions at pH 3. The first topic was to assess the
possibility of analysing a current time response to a small amplitude
potential using a Laplace transform and Fourier transform method. The
development work was successful, and the system was experimentally tested
on the lead ion reduction. This is a stringent test for the method as
the reaction is fast compared to diffusion of lead ions in the solution.
The method was then applied to the zinc ion reduction on mercury. Further
measurements were carried out on the zinc ion reduction on Hg and zinc

amalgams by impedance and other electrochemical methods. Finally the

reduction of zinc ions on solid zinc was investigated. A mechanism for

the zinc ion reduction is proposed.
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CHAPTER 1

ELECTRODE KINETICS AND ELECTROCHEMICAL METHODS

”

. S S
I.1. 1i-E curves and the calculation of co_l_p%r_

I.1.1. Rate Equation

The rate of an electrochemical reaction can be expressed, as in

chemical kinetics by an expression of the form

L - 5 _ S
N " lheCo -k Cr) (1.1)
where the rates kf, kb are potential dependent and can be defined by the

relation

]

h‘r = k‘ exp K, E (1.2)

k. = h_ exp -3k | (1.3)

Cathodic current is a pc:sitive quantity. A 1 ﬁl represent experimental

quantities related to the cathodic, a,. and anodic, b, Tafel slopes by

I _ A
_— - (1.4)
a Q2.303 "
\ - /3
— T —— f (1.5)
b 2.203 .

a

¢ increasing. It

is very convenient to use this nomenclature which can also be used for

Potential, E, is considered to be positive going for k

anodic reactions (i positive, E positive going).



At equilibrium

cs k| evp %, Ea = Cg h,, exp -/ Ee

(1.6)
-C-—;- - .._...__‘... e'.‘P [- (O{I“-ﬁl)Ee] (1 7)
CR R | '
which can be compared with the Nernst equation
* -
-(-:-f: - exp -(Ee ”F) exp (" Eo ”r)
Ca -\ RT RT (1.8)
therefore
nF
A, + 3, = (1.9)
RT

'.‘ﬂ

gives the equilibrium condition for any reaction, no matter how many
electrons, n, are involved in the overall reaction.

_J_ nF
b 2303 RT (1.10)

——

LI
a

As kl/k-l can be identified with
li-l - e'x-[-'; -thl‘—
— —‘“""_‘R_r (1.11)
b‘\

then an alternative to the definitions (1.2) and (1.3) is

R{_ = hsn exp [c&\( E - Eo)-]: l\su exp A, ¢

(1.12)

h‘b = kg, exp ['ﬁl (E"Ea)] = kg, exp /3 ¢

(1.13)

s

with kSH a standard rate given by



-, RT Sy RT
},\3“‘: h\(% ht - b\_\ _‘E_!_ nF |
- R.\ (1.14)

It is convenient in many experimental situations to use Ee as

a reference point then if a new rate io is defined, at equilibrium

nF C: b‘l expP X, Ee """. hFC;: h_‘ ﬁ///q_ "/3: Ee = Lo (1.15)

then . - lo %[&_‘(E-Ec)] - La* "//‘-“.'Z

It now follows that as

lo = n ¥ C;;: l’&_‘ M/’* "ﬁ: Ee.

) | (1.18)
and ' "
4y - C'R / [ |
r— = 2, -~ (dl */SI)E ] 1.19
e cx 7* e (1.19)
-'c(lRT/h = T
= R " 5\ RT/nF (1.20)
hsu b.| v = R —L
k -
\ h_‘
then the relation between kSH and io is
L MRT/nF ﬂ);RT/nF‘_
lo = ¥V F hsn (CR) (C: ) - (1.21)

or alternatives derived by writing

n F
RT (1.22)

A+ A3, =



~lfm

Also used in the literature is the form

- R, + /3

i R (1.23)

A,? C: - /Z’?‘ R_\ YR ﬁl '&; Lo (1.26)

I.1.2. Interpretation of a and b

It is usual to interpret the measured O(l, Bl or a and b in

terms of combination of 1 electron reactions. For example if the overall

reaction 1is

O + e T—> R

A ) ' (1.25)
then for
O+ e —_— Ol
(1.26)
O,+ ¢ ——e,-(h‘\“- R
- * (1.27)
LinF (&2), (k « FE/RT
A \ ( l\g_ Mﬂ( ) (]__28)
where & (= %) is a one electron transfer coefficient.
Also
) /L(E-:f‘) A RT) = K (1.29)

and by equating the fluxes in equation (1.26)



S \ (1.30)
It is assumed for simplicity that (Cg)lj = 0
From (1.29) and (1.30)
S Co
- 6
(C2), = (1.31)
Y = °% |
K Do
at low overpotentials n
V4
(Cé’, ), = KG, (1.32)

.:l‘i.. - nF (Iz‘.)lC: %(%E—,) M/?—[.(Eﬂil M/a(o{ FE/RT) (1.33)

...:L = (Cahs',:ant\ _14//;__ !|+ Dﬂ) FE (1.34)
A RT

The Tafel slope, a, is hence 40 mV according to the thermodynamic equation
(1.10) this must be coupled with a 120 mV anodic Tafel slope, b. The
complete i-E relation for the model of equations (1.26), (1.27) could of

course be written down to predict the complete i-E curve for this reaction
l

scheme.

I.1.3. Correction of the i-E curve for diffusion

A useful procedure is to predict part of the wave shape, so

that diffusion can be eliminated. The procedure is based on

. nFACS A, E
L= 7 (1.35)



hFA Do (C: -C:)
Ky (1.36)

L & (1.37)

i‘l. — ;.. - DO Wﬁa' - O(IE
- - (1.38)

L d

and for a metal deposition reaction for a reversible reaction

. n FAD,C _nF
L = P> (\— _&}71 “RT'?Z) (1.39) -
L, /" RT (

These equations allow the two important cases to be distinguished from

-

i-E curves and allow correction of the i-E curve for diffusion so that

oA, or n can be obtained.

S S

I.1.4. Calculation of C _, CR—

It is convenient to express the surface concentrations COS,“CRS

specifically for use in the a.c. theory presented later. This procedure

follows the Sluyters method.

For the reaction

O+ ne

(1.41)

‘the faradaic current i, positive for a cathodic process, is given by
= nFh (Co e (i) - Ca 2 (-ud )3 S

where § = (E - E ) and goes positive for increasing positive cathodic



current.
According to the '"diffusion layer theory"
F D cCr-C.c - hFDe(C*-C2
( = _"J___e__g___q____e__). — - r (Ce =) (1.43)
A o S

According to (1.43) the cathodic limiting current (iL)0 is positive and

the anodic limiting current (iL)R is negative. From (1.43)

NFA Do (1.443)
% ) CrR
CS 2 CY L = (1.44D)
R h nFA Dg

Substitution of i from equation (1.42) into (l.44a) and equation (l.44Db)

gives -

Co-Cl- Se,, &c: e b = Ch oy --Aﬁ}

D, (1.45a)

C:;\ s C;: 4 ..Cl-@_ hSH CZ M/Q C’\,d - Cz Lﬁc-ﬁ,é (1.45b)

Ro

which can be expressed in the equivalent form

(1.46a)
S 74 S ,
An C& = CRQ_R-!- (Cj JZ//?_. D{,ﬁf - C({ .fz/ﬁ, -/3, Ié ) (1.46b)
where by definiéion
D
A, =
(1.47a)
,f Reu &,
D
A = R

1.47b
th IR ( )



-8-

Rearranging equation (l.46a) gives

S S
C; - Co o Y CF{ -ﬁ’f}/l("' ﬂ: %) (1.48)

Go + 2y ok

Substituting equation (1.48) into (l.46b) gives

C?L (QR M M/?'('A: ¢) = _.{_4/7’9_ [(o{' /3 @, J
Ao + j///e_ X, ;j

e (e, )) C

Lo + LR X ¢
which on rearranging yields
C:' A, C%
[a. + (aqu.oc'd)(l-&- v )} R
Co = — =& ds (1.50)

. a
Ao + —— L1 -3 #)+ N7 Aat P
This equation gives the surface concentration CRSin terms of accessible

parameters. To obtain COS a similar procedure is followed. Rearranging

equation (1l.45b) gives

= —_—————— (1.51)

Cb = Co * - - = (1.52)
a, + "c_ei .af,?'z_.-/ﬁ,;é ¥ M/’CLOH?{

Equations (1.50) and (1.52) are equivalent to equations 37a and 37b in

Sluyters et all, where o{l P and -/—”195 are equivalent to -/3? and X 50

'respectively. The only remaining difference of nomenclature, of any

significance, is the reversal of the sign of the current (Sluyters et all

define the cathodic current as negative). Other differences of



nomenclature are trivial.

L

I.2, Impedance at various potentials on an i-E curve

I.2.1. The general Faradaic response for a small amplitude a.c.
potential signal superimposed on d.c. can be derived as follows. Given

a redox reaction where 1 and 2 are electrochemically active species, i.ec.

c
H——
]' Z: (1.53)
then in general
0 Jel28 (D1 5[ oL
$ T 6LE(’DE)C"’ c? N OLC' (ZCf’) s_ AC;‘ - ) (1.54)
Iy ™2 \ EJ.CQ 2(_ E CS ’

for a perturbation dE and its response di. The quantities 'c-ﬁ.-, EE, EEls and

-—S

dC2 are Laplace transforms.

Solution of the Laplace transforms of Ficks second law

>C aQC) *
- =D
>t J X (1.55)
gives B ‘
Y AL S - J-"- '" (1.56)
QLCS — Clnd. JC, T et e )
ol o F \‘S Da. | 2 F-‘} S D'
Hence

&
di | JE J¢b,C3

dE Z(s) y + cL A (ac)
V\FU.:D JEC.s hF'lle DC.S Ec.g

which on substituting 's = jw gives the famlllar Faradaic a.c. impedance

L )
Z(w) = 2Ci 18, G () s
J h]: r““" <:

(35 R G

(1.57)




TABLE 2.1. Fourier coefficients of the exponential transient described

by equation C.2, with R = 0.01, N = 1024, kl = k2 =1
OBTAINED WITH THE OBTAINED % ERROR
FFT SOFTWARE FROM EQ. 6.2
r Ar AT
1 0.0371 0.0890 2.6
2 -0.0956 -0.0965 0.9
3 0.0819 0.0836 2.0
5 0.0575 0.0586 1.9
9 0.0342 0.0348 1.8
17 - 0.0186 0.0186 O
29 0.0109 0.0106 2.9
35 0.00908 0.00883 2.8
51 0.00623 0.00563 9.6
55 0.00578 0.00512 11
71 0.00448 0.00358 20
161 0.000128 0.00198 93.5
301 -0.00128 0.00106 220
OBTAINED WITH THE OBTAINED % ERROR
FFT SOFTWARE FROM EQ. 6.3
r Br Br
1 -0.1477 -0.1419 3.9
2 +0.0814 +0.0779 4.3
3 -0,0485 -0.0445 8.2
5 -0.0223 -0,0187 16.1
7 -0.0133 -0.0100 24,9
9 -0.0095 -0.0062 34.5
19 -0.00473 -0,00143 69.8
41 -0.00346 -0.000308 91
301 -0.00051 =0.0000057 98.9
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and for the diffusion of a single species

\ (aL/Dc ),_. o3

-——-——-————_L_-'

Z(_')w)-

9, " (L.59)
( L/DE)c,f)c;s‘. hFViw D (a(-/a E)C s
1) —2

= 0+ (mwh o jomw ) .

This equation defines the Warburg coefficient g— and charge transfer

resistance 9 .

(01 ( 21)
Specific expressions (5. s) , (DE). s s must now be
o¢..° c,”, C
2 E C1 1 2

given, these are, if

L= nFRg, (C 7% A P - CR”ﬁTﬁ‘¢)

(1.61)

(‘D‘{/}Jcil = nkF hsﬁu—l /> % "'/5' @

S
)< (1.62)

(0c/oc

- C LHR 7
1 >

The insertion of the equation (1l.51), (1.52), (1.62), (1.63) into (1.59)

then gives the final result. The actual equations are compared with the

experimental results in Chapter V, see for example equation (5.3).

I.3. a.c. Impedance for two consecutive le transfers

Similar considerations can be applied to a 2e reaction, which

is more appropriate for the case of anl+ reduction. If

n. G nle
L, La

2 ZM:S

(_.)C ' e o 65(1.65)
J 2 t

)



3)ch§ (1.66)

and the solution of Fick's second law gives

[oo - - —%h
; np\[——— (1.67)

s D,
c]. C;: = ol_ ( L/“\ a i-}/nl)/ F Vo Dy (1.68)

5 d. L
AC; = ———=— F (1.69)
th S D3 '
Hence
i, | ( aL\ I (91. )
y = — e [t O e [ v
) - oA S
OLE C{‘ 0 E C?)Ci \ Z')Cl E)C? (1.70)
Y, = Li, 1 [2 [ 9t
e 1lE o, \ 9F s N o s | (1.71)
) <,cs D\ 9Ca /g ¢
where
R — (DL'
oA, = —
‘ an VD, s DCT e 5 (1.72)
) T

a = |1 x \ (’Bia > . (1.73)
X , B S
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The impedance is then given by

| l I

' - = t —— |
Z () Vo A v (1.75)

Some authors have followed Smith3 and carlier workers in

incorrectly adding the individual admittances for the case where species 2

is an intermediate.

1.4, Electrochemical Methods

L.4.1. Stationary methods

The theory behind the stationary i-E curve and the impedance
Z(jw) at E has been given in the last section. In order to put these
into effect it is necessary to have at the electrode a fixed diffusion
distance & . In general this can be accomplished at Hg by natural
convection or stirring of the solution, by polarography or by the use of
a streaming electrode. For solids this is most satisfactorily accomplished
by means of the rotating disc. It can be shown from a consideration of

the hydrodynamicsz}’5

- (1.76)

where Wh 1s the rotation speed in radians per sec. If this value is

inserted in the equations of the last section then the behaviour of the

rotating disc system is described.

I.4.2. Non-stationary methods

In order to convert the a.c. theory of the last section into

the basis for an electrochemical method it is necessary to take account

of the fact that a double layer capacity is always present at an interface.
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The equivalent electrochemical circuit of an interface is then

_t
» U w /'L..jo-'w_%'

P‘Sa!.

Cat

C

where D and g~ are given by the equations of the last section. At high

frequencies the Warburg impedance, W, is negligible.

. : 6
The linear potential sweep measurement generates an i-E curye

which first of all rises exponentially with E and then falls due to the
onset of diffusion. The peak current ip depends on Vk as the characteristic

diffusion parameter. The equations which determine the behaviour of 1

and Ep for irreversible and reversible electrode reactions coupled to
diffusion are equations (5.28, (5.29), (5.30), (5.31). There are
disadvantages in this method for quantitative analysis as is apparent in
the experimental Chapter V. These are that the ohmic resistance Rﬁﬂ must
(experimenta]) be small and also the Ca1 charging current. This can be
checked by carrying out sweeps in the base electrolyte alone. The

advantage of this method is that reactions of different rates which occur

simultancously can be detected by variation of the sweep rate.




Dia
Gw*
Co

»
3

grammatic representation of (1), (2)9% vs (E-E ) and (3), (4)

VS (E-E ) as a function of X_.. (1), (3) Co* = 0 (2), (4)
= Cy,* ﬁ increases from R %H L d )| f.l
R ° SH t to L, For detalls see ref.l.

\
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CHAPTER 11

METHOD OF IMPEDANCE DETERMINATIOM FROM PULSE ANALYSIS BY ON-LINE COMPUTELR

II.1. Introduction

The availability of mini-computers has introduced a new and

powerful element into the measurement of electrode kinetics. A

comprehensive review of the present situation has been given by Smithl.

The computer can be used to evaluate data from analogue or digital devices
or to process i(t) and E(t) data directly by means of analogue to digital
conversion. In this respect the computer can be compared with other
experimental dedicated methods for example the automatic pulse polarograph
(e.g. the Tacussel and Princeton Applied Research models) and the automatic
frequency bridge (e.g. the Solartron tr;nsfer function analysers). Another
alternative is the a.c. polarograph controlled by on-line computer.

However these systems have significant limitations for the investigation

of electrode kinetics. The pulse polarograph applies a single or double

: i
pulse and produces, from successive pulses i - E or == - E curves as a

E
function of time from the start of the pulse. Analysis of the family of

i = E curves and their display is cumbersome. The ohmic drop must be
compensated or the current limited to low values. However the method has
the advantage of pulsing from a fixed potential, which can eliminate d.c.

time effects. The automatic bridge, developed by Epelboin and co--*w*orkers2

for use in electrochemistry, produces Z(w ) -wcurves as a function of E.

Analysis of the data in terms of electrode kinetics is easier than in the
case of the pulse polarograph but the time to take a Z{(w ) -w set at a
fixed potential is long. The ohmic drop is a lesser problem in this
method. Measurements of this type can easily be falsified, especially

in solid metal electrode systems, by slow changes in the d.c. state. The
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computer controlled a.c. polarograph3 is probably better than the automatic

bridge, but scans the potentials one frequency at a time, so is rather slow,

An ideal electrode kinetic investigation system would be a
combination of these methods taking only the advantages. Fortunately such
a method is possible, that is to calculate the Z(w) - w response of the

system from a pulse measurement.

II.2. Principle of the Method

11,16

The purpose of this method is to use a very small amplitude

potential step or sweep (second pulse), superimposed on a first potential
step, from equilibrium to a particular level, to determine the impedance
sPectrum.Z(w), pertaiﬁing to the potential of that level. By varying

the level of the first pulse, a set of impedance spectra at various
potentiéls (including the equilibrium potential) can be obtained. With
the use of an on-line minicomputer, the time domain measurements are
recorded in a very short time, reducing time effects inherent in the system.
The time domain data is subsequently transformed into the frequency domain
and reduced to an impedance spectrum Z(w) for each potential, as it is well

known, the kinetic parameters characterising an electrochemical reaction

are more easily determined in the frequency domain.

The theory on which the small amplitude potential pulse method

is based is as follows17

For the redox reaction

O+ ne /—= (2.1)

where

S S
L= nF(tho o \:’\bcp\) (2.2)

then after a pulse from a particular potential and expanding the

exponentials

L onFRy, i(wq, AE)C, caﬁf?[‘?‘n(E'Eaﬂ - (1-ADEYC e % \-_-ﬂ,(E-Evi)

(2.3)
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Assuming that at E-E, the surface concentrations in the steady state are
S

(CO)E_EO and (CE)E_EO, then approximately for small t
(E'%’Be-e N - (CSO)E Ee 292
’ S n(:m; (2.4)
(C2) I N Y T
E~E,Y AL S nFJ:—E)—; (2.5)

iniin—

where the quantities Cg and 1i(s) are Laplace Transforms (LT).

If the complete differential of the LT of the current i(s) is

written as

in?):(-?—"——) c}E(57 +('Bi )OICZ - RIS JC';

S S
Cas ¢5, Ca JC, e, CS, CASTY S .
)
(2.6)
then - - '3; >
JZ_(_;) o DE /C2,Cn
— 7 | ' l oL
- Z<5) | + ' ( ; ) - — (*—"")
cl. L nFJ_;—E; ?Cz E/C?{ hF S Dt\ '()C?.\ E)Cg (2'7)
which on substituting s = jw gives the familiar a.c. impedance
L )
I > = C2
Z(:)w):. : A ' DC.?_ t,Co
(3!:'): r\Fahuul)R_ (: d e
S E % 2
IE K, 5. 9 Cwuf:Fk
1 ‘ (Déﬂ)EECZ
oE jc§ Cci (2.8)

and for the diffusion of a single species
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! ‘ dCa E,Cc?
Z(jW) T
B
'DE C-g)C"R DE CgJC;
(2.9)
= 0+ 07 uJ-VZ...jU—; vu-y:'
(2.10)

The analysis of Z(jw) is simpler than a direct analysis of the
i-t transient and has the advantage that it is not limited to a square

wave exciting function.

The principle of the method as used in electrochemistryl’a’s’13’

14,15,16,18 is well known and only a sketch will be given here. For a

linear system the frequency spectrum of the impedance is given by

chj)= E(w) E (w)

M

Z (Re) + j Z(im)
L{w) E" (w)

(2.11)

_T-—

where E (w) is the complex conjugate of E(w) and Z(Re) and Z(Im) are
defined as the real and imaginary parts of Z(w). The functions i(w) and
E(w) can be derived from i(t) and E(t) for example, by the imaginary axis

LT of the current transient

X ,t |
. - - W -
L(jw) * e J « (t) At (2.12)

o

In practice this integral must be numerically evaluated in the

finite interval (0,T). An alternative is to use the Fourier transform,

-

2 [T et
) = = | e i) dt 2,15

in the interval (0,T). This definition allows the integral to be replaced

by a series identity and allows access to the fast Fourier transform (FFT)

(
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methodzo. Another alternative which will not be considered here 1is the

so-called 2 transform.

In principle the applied potential profile E(t) and its transform

#

E(w), can have any form. However it has been found neccessary to select
only suitable functions.  These include various kinds of noise7, a
7 8 7

rectangular pulse and a collection of sine waves . Creason et al and
Smith report that the Fourier transform will not work satisfactorily for

a potentiostatic pulse, Pillaa, using a Laplace transform approach

reports a successful trial using test data and Doblhofer and Pilla18
experimental data. However on this evidence it is not obvious that these
methods can be successfully and simply automated. In addition a cumbersome
method of experimental investigation has been used in which the responses
from two cells are compared in order to eliminate double layer and ohmic
contributions. The method used here is simpler. Only the current
transient needed sampling, since the potential signal generated and input
was close enough to the ideal, as shown in fig. 2.1, and therefore the

height of the potential step was considered a constant in the impedance

spectra determinations.

II.2.1. Laplace and Fourier transform theory

Linear integral transformations are particularly useful to
perform the transformation from the time domain to the frequency domain,

of a function F(t) defined on a finite interval a < t <b.

Let K(t,s) denote some prescribed function of the variable t

and parameter s. A general linear integral transformation of functions

F(t) with respect to the kernel K (t,s) is represented by the equation21

L L

£(s) = 1< (t) s) F(‘t) (:It (2.14)

ao






It represents a function §(s), the image, or transform, of the
function F(t). The class of functions to which F(t) may belong and the

range of the paramecter s, are to be prescribed in each case. In particular,

they must be prescribed so that the integral (2.14) exists.

II.2.1.a. Laplace Transform

st

When a = 0 and b = « and K(t,s) = e the transformation (2.14)

becomes the Laplace transformation (LT)

o _s-t
C.

o

£(s) * g F(t) dt (2.15)

*_#

the transform f£(s) can assume complex values, when s is the complex variable

(2.16)

the LT of the real-valued function F(t),

— > Ciwl
£(s) = C C e " F () dt T (2.17)

can be written in the form

£(s) = T () + ()U‘-’) (2.18)

e i

where £ (o~ ) is the real axis LT

e F(t)dt (2.19)

and f(jw) is the imaginary axis LT

ol

f(jw) = e-3* F(t)at

O

(2.20)
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If the integral in Equation (2.17) exists and converges, Equation (2.19)
or (2.20) can be used to perform the transformation of time domain data
into frequency domain., The imaginary axis LT is preferred as the real

and imaginary parts of the impedance can be calculated directly from it.

The function F(t) can be a suitable potential perturbation E(t),
or its corresponding current response i(t). Both transients should be

experimentally known, although the potential perturbation can somectimes

be represented by a known function of time.

For a digital computer F(t) is known only as a succession of
appropriately spaced experimental points, In order to take the integration
necessary to perform the Laplace transformation, some assumption is made
about the way two or three successive points are joined to each other
analytically. In Appendix A the derivations of integration algorithms
to perform the LT are given for several assumptions for the case of a
potential step perturbation. Essentially, with the assumption of how two
points limiting a segment of the transient are analytically joined, we
are able to calculate inteé}als 2.19 or 2.20 limited to that segment. The
summation of the segment integrals for all segments of the transient will

saiiainresnntnip

be the real f£(o~) or imaginary axis f(jw) Laplace transform at a particular

frequency.

The segment by segment integration and summation need be only
performed upon the time varying portion of the signal since the transform
of the constant portion is known a priori and nced only be added to the
result. The digital computer program utilized to do the LT is JAH

described in Section 5.

In Appendix B an algorithm is calculated for the case of a

potential sweep perturbationm.
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II.2.1.b. Fourier Transform

Another useful case of the linear integral transformation
represented by Equation (2.14) is the Fourier transform. Since substitution
of various kernels k(t,s) in Equation (2.14) give rise to a Fourier Transform,
there is no universally accepted convention as to what is meant by this title.
In order to agree with the commercial computer program DAQUAD (see Section

I1.4) we define the Fourier Transform as

Tt
f(s) = "_2‘:"‘ e F(t)dt (2.21)

O

However, if F(t) consists of a set of N equally spaced time samples

Xgs Xp evees X

0-1 the equivalent discrete Fourier Transform is defined as

L
I Zz kR
S\" o N XRW (2'22)

where W = e 8. eceee S is

0’ 1 N-1
called the frequency spectrum of the data set {xr}. It would seem that

computation of the complete spectrum Sr would require N2 complex multi-

and j = \/ -l. The collection S

plications., But if N is an integer power of 2, then the algorithm

23

devloped, by Cooley and Tukey = called the Fast Fourier Transform (FFT)

enables computation of the spectrum with only N logzN complex multiples,

In essence the algorithm makes use of the fact that

K (K mod N)
W' =W (2.23)

to reduce the number of multiplications necessary for a transformation.

This important development can reduce computation time by as much as 99%.

From Equation (2.11) the frequency spectrum of the impedance in

terms of the current and potential frequency spectra is
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Z(Re) = N -
At‘ 1 Br (2.24)
| P\r r - C'T'
Z(lm):-—( E aBr
Av - By (2.25)

where A_ and B_ are respectively the real and imaginary Fourier coefficients
of the potential. The subscript r refers to the frequency (w) in radians

set by the DAQUAD program and given by w = 2+7 r/T.

II.3. Hardware

I1.3.1. Waveform gencrator and Potentiostat

Fig. 2.2 shows schematically the arrangement of hardware used for
on line measurements. The waveform generator was constructed in these
laboratories By J. Dawson from a design by O.R. Brown and is capable of
pulsing or linearly sweeping the potential ‘at threec consecutive,epochswith
simultaneous triggering at the start of each. A repetition peried can be
set for signal averaging. Controls are provided to set the potential,

duration, sweep féte, polarity etc. for each epoch.

A potentiostat type DT 2101, (HI-TEK INSTRUMENTS, ENGLAND) which
‘has a fast rise time (see Fig. 2.1) and an analogue current output signal

centred about earth, as required by the minicomputer,was used.

II.3.2. LAB-8/E System

The hardware associated with the minicomputer is called LAB-8/E

SYSTEM and comprises:24

a) A PDP-8/E General Purpose, 12 bit Digital Computer with 16K of

memory and l.%/4s cycle time.



Fig. 2.2 Hardware arrangement for on-line measurements.
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b) A Teletype Model ASR 33, 10 bit input/output device with paper-tape

reader and punch.

c) A laboratory mounting panel with precision power supply for use

with LAB-8/E peripherals.

d) A 10 bit Analog to Digital Converter with sample and hold circuitry

and 8 channel analog multiplexer (expandable to 16 channels).

e) A 10 bit Point Plot Display Control for the graphic display of

data on an oscilloscope.

f) A Real-Time Clock with five programmable ranges from 1/s per count

to 10 ms per count, plus three Schmitt triggers.

¢) A 510 3N TEKTRONIX Oscilloscope with D13 Dual Beam storage and
5020N Differential amplifiers was used both as measuring and display unit
of the analog signals, as well as outpuf peripheral to display data,
instructions etc. The board controlling the display of visual data was

specially modified to allow this oscilloscope to interface with the computer.

h) A BRYANS X-Y Recorder 26000 A4 with an adapted null detector.

IT1.3.3. Analogue-to-Digital Converter (ADC) System

The ADC is a 10 bit successive-approximation converter with a
50 Khz maximum convexrsion rate and 0.17% ac;uracy. Its operation is program
controlled with the aid of the programmable Real Time Clock. The ADC system
enables the user to sample analogue data at-specified rates and to store the

equivalent digital value in the memory of the PDP-8/E for subsequent

processing or mass storage.

The input range for the analogue signal from the experiment is
ith differential, which is amplified to*f 5V for input to an analogue buffer
that feeds a sample and hold amplifier (SHA). The SHA permits the sampling

of rapidly changing signals, by holding the voltage at the input constant,
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until the conversion process is complete.

I11.4. Fourier Transform Software

IT.4.1. Introduction

A flow diagram indicating the software used to calculate the

impedance from transient analysis via Fourier Transformation is shown in

Fig. 2.3.

Any one of the three following commercial programs suppliecd by
DECUS for the Lab 8/E Software System, could be used for sampling the

experimental signal:

a) DAQUAN MS for 0S/8 with

DAFFT OVERLAY (DAQUAD) u
b) ADVANCED AVERAGER (AAVG)
¢c) BASIC AVERAGER (BASAV)

The DAQUAD program is used to perform the Fast Fourier Transform-
ation via command FFT:. It also has a section dedicated to sample and
average data on line, but unfortunately some éﬂiting has to be done manually,
as explained later, therefore although the sampling and trapsformation.may

"be done by the same DAQUAD program, the processing is not straightforward
and the use of the ADVANCED or BASIC AVERAGER is more advantageous, even
though it might look more cumbersome in the flow diagram of Fig. 2.2 since

it takes more steps, (but in reality is faster than the manual editing

involved when DAQUAD is used to acquire the data).

The following programs were used to edit the data sampled by any

of the ADVANCED or BASIC AVERAGERS, and to cope with the change of format

and transference necessities.

d) CONVERT (CONVRT. SV)



Fig. 2.3 FT software flov:r diagram. *

DAQUAD BASAV AAVG
PT MT M T

Manual
Editing

PT

CDFILE
PT
MT
DLOAD }
MT
PTP<F1.AS
PT
DAQUAD
MT

[ CONVRT
F4¢DA

MT

PT

COMPLEX PLANE . IMPEDANCE
IMPEDANCE PLOT - SPECTRUM

PRINT OUT



2=

e) DLOAD BA (DLOAD. SV)
f) PERIPHERAL INTERCHANGE

PROGRAM (PIP)

Program d) forms part of the LAB 8/E SYSTEM, it was used to
convert data from AV format (output of programms b) and c) ) into F4, the

format used by BASIC, since the editing program DLOAD was written in that

language.

The output from DLOAD is a magnetic tape (MT) file-in DA (or
ASCII) format. In order to transfer it to paper tape (PT), the 0S/8
Operating System program PIP was used. The pﬁnching and reading of paper
tape is slow and cumbersome, but had to be done in this way since there is
an error in the program a) supplied by DECUS. ' The command MA: of this
program, used to input or output data from or to mass storage (MT), could
only be used once within the DAQUAD program. We preferred, then, to usec
paper tape to input the edited data via the PA: command in order to use the
MA: command only once to output the calculated Fourier coefficients Y

T

onto magnetic tape files.

The BASIC language program
¢) CALC8.BA (or FT8.SV)
was written in order to calculate the real and imaginary components of the
complex impedance, according to Equations (2.24), (2.25) and (2.26) from
the real and imaginary Fourier coefficients AT, Br’ Cr’ Dr of current and
potential, output by DAQUAD, and CONVERTED from DA into F4 format for

adequate input into the CALCS program.

For the case of the potential square pulse, a BASIC language
pfogram
h) CDFILE

was written to calculate the Fourier coefficients Cr and Dr according to

i

Equations (C.18) and (C.19). The resulting double precision values give
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a more accurate impedance spectrum when processed by CALC8 than the single
precision coefficients resulting from the FIFT obtained by DAQUAD on the

experimental or simulated potential step data.

‘The CALC8 program gives a TELETYPE printout of the real and
imaginary components of the complex impedance at frequencies conveniently
distributed to cover the complete transient sampled. It also creates a
MT file used to plot the impedance spectra in the complex plane. The
transference of this file onto an XY recorder adapted as peripheral device
was made with the PIP program, using a "handler" adapted by Alan Cleary of |

the Psychology Department, University of Newcastle upon Tyne.

1II.4.2. ADVANCED AVERAGER MS

The LAB 8/E Advanced Averager MS Program (AAVG), displays and
averages;nalog signals at rates from 175,4s to 4 5/5oint. It is very
versatile, with many features that are not very useful to our purposes, such
as on line computation of 95% confidence limits and trend, some signal
editing etc. It has a conversational compiler for selecting the parameters
of an average and a pre-stimulus (triggering) averaging feature which could
be of some use. However the main reason to consider AAVG as an alternative
program for data sampling is its capacity to digitise and average signals
in two different time intervals at two different sampling rates, i.e. standard
or high resolution. This permits the sampling of long time‘intervals at
the standard rate, simultaneously with high resolution sampling at the

beginning of the signal of interest, i.e. just before the start of the second
perturbation. The epochs corresponding to the high and standard resolutions
are positioned with respect to the triggering pulse by chosing the adequate

delays in the conversational compiler section I.

A magnetic or paper control tape can be created to contain the

average parameters compiled in section I, so that consecutive transient
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recordings can be made more rapidly at various potentials without the neecd

to type in the parameters each time an average is to be taken.

Another advantage derived from the double sampling rate facility
of the AAVG program is the ability to digitise the start of the second
pulse (see Fig. 2.9) at the fastest sample rate available (1754{s/point)
allowing reasonable precision at the high frequency extreme of the
calculated impedance spectra, while sampling the whole of the second pulse
at a slower standard resolution (up to 4 s/point) thus extending the
impedance spectra to very low frequencies as well as keeping the number of
sampled points and the computation time down. Lt has to be noted here
that only the LT program can deal with two or more sampling rates, since it
integrates consecutive points which can be at different distances from each
other, as long as they are defined. The FFT program requires data with

equidistantly sampled points, therefore data sampled at two different rates

has to be interpolated.

I1.4.3. Basic Averager

The LAB 8/E Basic Averager Program, BASAV, digitises, displays
and averages analogue signals at rates from 254 s per.point for one channel

or from,3%fis per point per channel when multiple channels are used.

For our purposes BASAV has two advantages over the AAVG program;
one is its fastest sampling rate, and the other its sampler parameter
compilation section. As in AAVG, a control tape can be formed to speed

up the time taken to record the averages of transients at consecutive

potentials.

This program, as we used it, sampled 1000 points in one channel

only. Nevertheless modification tapes are supplied to sample 2 channels

at 500 points each, 2 channels at 150 points each giving average, confidence

limits, trend and other features irrelevant to our purposes.
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When using the fastest rate available to obtain good accuracy
at the high frequency end of the impedance spectra, the low frequency end
may be insufficiently covered with only 1000 points sampled, for the case
of certain irreversible systems. However it is possible to augment the
number of points sampled to more than a thousand if the computer has more
than 4K of memory. A 16K computer was used but i£‘was not found necessary
to investigate very low frequencies and a thousand poiﬁts*were sufficient.
Even so, a piece of software was written to skip data points at the low
frequency end, (see program JAH) in order to speed up the calculations.
This procedure is equivalent to having two or more sampling rates, therefore

only the LT program can be used, for the FFT program, the whole set of data,

without skipping, has to be used.

I1.4.4. DLOAD

In order to edit the experimental data and LOAD it to DAQUAN, the
program DLOAD has been written in BASIC language. It lists selective parts
of the data, to determine by inspection where the first pﬁint of the second
perturbation is. When the position of this point ;s entered, the program
substitutes the first pulse with a horizontal base line, and positions the

second as required, usually at the centre of the total time interval.

This program accepts any file with data in F4 format. The edited

signal is output onto the magnetic tape files F1.AS in ASCll and F2.DA in

F4 format.

A listing of DLOAD is given on this section. The object of line
330 is to scale the data up in the range O to 1000; the number 1/0.209715 E +
7 corrects a factor left by the CONVRT program and converts back to real

numbers. The minus sign renders cathodic currents positive.

OPERATION - Call and run DLOAD. BA or DLOAD.SV., the program prints:

F. NAME ? Enter the name of the file to be edited.
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DLOAD

100
1 63
2030
210
220
239
243
330
313
320
330
340
350
439
410
420
430
440
559
560
579
639
610
650
6608
730
729
730
740
€33
8108
820
€30
9002
910
G20
930

943-

950
960
978

» piphhiiayr-- i s T gl R R TL T

BA 3.0

REM=-DAQYJAD PTP LOADER

DIM AS(C13)

DIM C(1324)

PRINT "F. NAME"®

INPUT AS -

PRINT “PCINTS"

INPYIT PI

FILEN#1 :AS

FCR I=! TO PI

INPUT#1 sC (1)
C(1)==1330#CC1)/3.239715E+7
NEXT 1 '

CLOSE#]

PRINT "S/F LIST"

INPUT 23,2724 T

FOR 1=23 TO Z4
PRINT"C" sIs" ="
NEXT 1

PR INT *“MCRE"®
INPUT BS

IF B$="Y" THEN 420

PRINT "S. PERTUXIBATION"
INPUT Z8 |

DR INT"F1 POINTS.,ADD. P,BASE
INPYT PJNJAG : )
FILEV#£2 :*"DTAl :F1l .AS" |
FOR I=! TO N

PRINT#2 :A3

NEXT 1

FOR 1=28 TO INT(Z8+P-N+J.3)
PRINT#2:C (1) -

NEXT 1

CLOSE#2
FILEVN#3 :"DTAl :F2.DA"™

FOR I=1 TO N

PRINT#3 :A3

NEXT 1

FOR I1=2Z8 TO INT(Z8+P=-N+2.3)
PRINT#3 :C (1)

NEXT 1

CLOSE#3

G (1)

10280 END

- - .
‘
- - [
READY '
. !t - r - - . P Ay oee 4 .,



CDFILE BA 3.0 . 30-MAY-T7

1% REM- C AND D FCURIER COEFF.
23 DIM C(513),D(1325)

24 PRINT " K="

25 INPUT G

32 FILEVI#1 :"DTAl :D.DD"
4@ FOR K=3 TO 1324 STEP 2
5@ D(K)=0

6@ NEXT K

78 FOR K=1 TO 1323 STEP 2
€3 D(K)=1.273239545%G /K
93 NEXT K

1828 FOR K=3 TO 1324

110 PRINT#1 :D(K)

128 NEXT K

130 CLOSE#!

| 46 F ILEVN#2 :"C .DD"

153 FOR K=0 TO 511

160 PRINT#2 :3

173 NEXT K

1 83 CLOSE#2

1 93 PRINT “HI SAILOR"

2008 END

READY

TESTS8 BA 3 .0 30 -MAY=TT7

19 REM

15 PRINT DATS (XD

2@ DIM.C(1133)

25 PRINT "RATE"

26 INPUT O

30 FOR 1=l TO 389

%% C(l)=-@.l #@ 239715 +7
58 NEXT 1

60 FCR 1=31 TO 1835

FOR SQUARE PULSE

73 C(1)==3.1-0.801 ¥((1=-30.35)%¥0)#%=-3 .5

75 CC1Y=C(1X%*%3.239715E+7
83 MNEXT 1

o FILEVN#] :"DTAl :AlL2 .DA"
138 FCR I=! TO 13435

113 PRINT#1 :C (1)

120 NEXT 1

133 CLOSE #1

140 END

READY

|

I, Tl - vl ol . T L e R pered memmacw o adbmad . . L
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POINTS ? Enter the number of data points of the file to be edited. Less

points than the total could be entered for convenience.,

S/F LIST ? Enter the starting and finishing points of the segment of
data that the user wants to inspect, they will be listed on the teletype.
The main purpose of the inspection is to determine the position of the

first point of the second perturbation.
MORE ? Enter Y if more inspection is desired.

S. PERTURBATION ? Enter the position (number) of the first point of the

second perturbation.

F1 POINTS Enter the total number of points to be contained in the output
file, including base line. This number has to be a power of two, in order

to calculate the FFT.

ADD. POINTS Enter the base line poinfs to be added to the sccond perturb-
ation, replacing the first pulse. With a suitable manipulation of the

last two parameters the second perturbation signal can be positioned anywhere
along the total time interval. 1In order to position it in the centre

ADD. POINTS has to be a half of the number entered in F1 POINTS.

" BASE ? Enter the value to set the level of the base line, usually

determined by the steady state level of the first perturbation.

The program will now execute.

11.4.5. DAQUAD

DAQUAD is the name given to the DAQUAN MS program with DAFFT

overlay, provided by the LAB-8/E Software Systemzs. It can be used to

acquire data by boxcar, multi-sweep time averaging from one instrument at

a time, at a sampling rate from 123 ,.{s/point to 30 s/point, and to display

the results. A wide variety of subsequent processing techniques, such as

smoothing, integration, scaling, deconvolution of fused peaks, Fast Fourier
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transform (FFT), Inversed Fast Fourier Transform (IT), etc. can be used to

reduce the data.

As a program to acquire on-line data, DAQUAD is inferior to both

the AAVG and BASAV programs because of the longer time required to record
consecutive signals at various potentials due to the longer initialising
procedure. The maximum sampling rate of 123/4s/point may not be fast

enough for many applications and its only possible advantage of sampling

and processing (FFT) the data immediately is curtailed by the fact that

th; raw data needs editing (to set a base line and position the signal).
Unfortunately DAQUAD does not provide the facilities to do this automatically,
instead a laborious process of manipulation of output paper tapes has to be
used, employing the skip facility of the PA: command to ¢ut out the first
pulse and then enter the base line points manually via the teletype. This
procedure may be followed when only one impedance spectrum is to be calcul-
ated. The experimental signal is digitised from -1V to +1V by the ADC.

This range is automatically compressed by the averaging section of DAQUAD

into a range from O to 1000. Zero in this case is equivalent to 1V of

cathodic signal, and 1000 is equivalent to 1V of anodic signal.

The main use of DAQUAD is the calculation of the FFT of the real
time domain data F(t) via the command ZT: . The calculations are made by

employing single precision numbers. 1In order to utilize the maximum number

of bits in the transformation, it is sometimes necessary to divide by 2 in
a computation. As a result of this a pseudo~floating point format has
been adopted in which a variable scale FACTOR (or exponent) is imposed on
all the frequency spectra. The value of FACTOR is printed out by DAQUAD
together with the pseudo-Fourier coefficients Yr . The true Fourier

coefficients S are given by

.. Ye x2.049 x & <« AMPL,
EACTDR (2.26)
2 . 1000
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where AMPL is an external scaling factor that can be applied to the time
domain data when it is very small, as is the case of the potential perturbing
signal which departs only a few milivolts from the level of the first pulse.
This level is considered as zero. G is a factor related to the way the
analogue data is digitised. For a range of =1V to +1V of signal digitised
igto O to 1000, G= 2, but 1if O to'f 1V is digitised into O to 1000 then

G = 1. All these scaling factors are intended to avoid rounding off errors
associated with small figures when calculations are made with single

precision numbers. The actual calculation of Sr according to Equation (2.26)

is made in the program CALCS8.BA.

OPERATION

In order to output the real coefficients Ar of the current

signal, the user has to proceed as follows

1) Call and run DAQUAD. SV

2) Use the lPA: command to input the paper tape edited data into
Buffer 1. | It is within this command that the AMPL factor can be applied
to the time domain data by assigning suitable range parameters. The
minimum will be set to zero and the maximum to 1000,

3) Use the ZT: command to perform the FFT on the data (zeroing the

imaginary values since the data is real valued).

4) Use the MA: command to output the real Ar contained in Buffer 1

¢

into a file called A.DD.

5) CONTROL C it is necessary to restart the program again to be able

to use the MA: command.

In order to output the imaginary Fourier coefficient of the

current Br , repeat steps 1) to 3) as before and then
4) Use the SH: command to shift the Br from Buffer 2 to Buffer 1.

5) Use the 1 MA: command to output the Br coefficients in Buffer 1

into the file B.DD.
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6) CONTROL C.,

The Fourier cocfficients of the potential step signal can be
accurately calculated by the CDFILE program and therefore there is no
need to use DAQUAD for that. However if it is desired to transform the
experimental potential signal the procedure outlined for the current can
be used, the real and imaginary Fourier coefficient Cr and Dr , should

be stored in files C.DD and D.DD respectively.

I1.4.6. CALCS8

This program written in BASIC language fetches the files A.DA,
B.DA, D.DA which contain the real and imaginary Fourier coefficients Y.
of the current and potential signals. These files are the F4 CONVERTed

versions of files A.DD, B.DD, C.DD and D.DD.

CALC8 calculates the impedance spectrum according to Equations

(2.24), (2.25) and (2.26).

OPERATION

Call and run CALC8. BA or CALC8. SV, the program will print.

FACTORS C,V ? Enter the FACTORs associated with the Yr of the current

and potential as given by DAQUAD.

V AMPL ? Enter the AMP factor used to scale up the potential time domain

data.

RATE (SEC) ? Enter the sampling rate in sec.

P, Enter the number of Yr to be processed. This number is half of the

time domain data points.

STEP, Enter number 2 for central signal positioning, this will skip

alternate Yr which are equal to zero.

R ? Enter the value of the current measuring resistor in ohms.



CALC8 BA 3 .2 33-MAY-77
2 REM

13 DIM A(513),B(¢513),C(513)

11 ¥2=3.8975

12 Z29=1.845

13 A4=INT (233 #29+3 .5 )

14 Q5=INT (420 %*F¥2+0.5)

DIM D(I13),¢513)3,I(513)

22%
35
36
37
38
39
40
45
46
47
48
SY
52
54
60
70
75
139
135
110
120
139
135
143
153
239
210
220
225
230
243
259
260
2703
275
2 83
2 93
2 94
2 95
2 95

PRINT
INAUT
PR INT
INPUT
PR INT
INPUT
PRINT
INPUT

"FACTORS C,V"”

C,V

"V AMPL.,RATE(SEC)"
L,O

"PLSTEP”

MN,B

ﬂR=H

M

C=(2%%(1 -C))/1883
V=(2#%(1 -V ))/(1333*L)
FILEN#1 :"DTAl :A .DD"

C=C %2
U=V %2

FOR K=3 TO N-l
INAPUT#1 :A (K)
A (K)=C #A (K)

NEXT

K

CLOSE#!]

FILEN#2 :*DTA!l ¢:B.DD"
FCR K=0 TO N-Il
INPUT#2 :3 (K)
3(K)=B(K)*C

NEXT K

CLOSE#2

FILEN#3 :"DTA!l :C .DD"
FOR K=3 TO N=1
INPUT#3 :C (K)

C (K)=VU#C (K)

NEXT

K

CLOSE#3
FILEN#4 ¢:"DTAl :D.DD"

FOR

K=8 TO

N-l

INPUT#4 :D (K)
D (¥)=U#D (K)

NEXT

K -

CLOSE#4

PR INT
PRINT *
PR INT

, 299 R=M
FCR K=1 TO (N-1) STEP B
S=A(K)#%¥2 +B (K) ##2

RC(KI=CA(KY¥C (K)+B (K)#D (K))/S
R(KI=R(KI*M
ICKI)=CACKI®D(K)=B(KY®C (K))/S
I(K)=1(K)*M

333
310
329
325
330

335
335

"FREQ=R/L"

R"," Z(RE)"L"

Z(IM)I™ ,"HZ","

1 /JHZ#%3 5"



336
337
338
339
349
341

342
343
344
345
346
347
348
346
359
351

352
353
354
355
355
357

358
359

361
362
363
364
365

366

3567
368

378
3 83
3 93
400
419
420
4303
440
453
460
4743
4 82
4 93

4 95
500

NEXT K

FOR KX=1 TO 31

STEP B

F=K/@*1)#0)
PRINT KLoRKILI(KILFL1I /SQR(F)

PRINT

"Z(T)H)="3R/(6.2831 9#SQR(F ))

NEXT K

IF MN<32

THEN 361

FOR K=33 TO 63 STEP 4
F=K/((2%*N*0Q)
PRINT KLR(KILICKILF,L1/5AR(F)

PR INT

"Z(TI)="3R/(5.2832%SQAR(F))

MEXT K
IF MN<64 THEN 361

FOR =65 TC 255 STEP 8
F=K/ (2 #1#0)

PRINT

KoR(KIL ICKILF L1 /SAR(F )L™ Z(TI)=" 3R/ (56 .2832*5QAR(F ) )

IF ¥K>MN THEN 361

NEXT K

IF N<256 TEEN 361

FOR K=257 TO (N=1) STEP 12
F=K/7 (2 #N*0)

PRINT KLoR(KI),IC(K)LF

PRINT " Z(T)I)="5R/(6.2832%#SQAR(F))
NEXT K

PRINT

"AMPL.PLCT*

INPUT . Bl
FILEV#]1 :*DTAl :D.DA"
FOR K=1 TO N STEP B

RCKI=INT (R(K)I#K2#3] 43 .5)

ICKI=INT(I(K)#Z2O%3] #~] +0.5)
PRINT#1 :RCKISPNT (44 ) I(K)
NEXT K

FOR X=0 TO 43233 STEP S
PRINT#1 ¢ X2PNT (44 ) 50

NEXT X

FOR Y= TO ©

PRINT#1 :QSS3PNTC44)3Y

NMEXT Y

FOR Y=@8 TO 238 STEP 2
PRINT#1 :3PNTC44)5Y

MEXT Y

FOR X=0 TO 9

PRINT#!1 :X2PNT C44):Q4

NEXT X

CLOSE#1

CHAIN"SYS :PIP.SVU"

END

READY
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The impedance spectrum will be printed out via the teletype.

Enter PLT: D.DA to plot the impedance spectrum on the complex plane

via the X-Y plotter.

ILI.5. Laplace Transform Software

II.5.1. Introduction

A flow diagram indicating the software used to calculate the
impedance spectrum from pulse or sweep analysis via Laplace Transform (LT)
is shown in Fig. 2.4. A choice of two signal samplers and averagers can
be used: BASAV and AAVG, the characteristics of which have been already
described. When sampling at consecutive potentials the files should be
named RUN1. DA, RUN2.DA, RUN3.DA ... and then CONVERTed to RUN1.CO, RUNZ.
CO, RUN3.CO ... up to RUN20.CO since those are the files names accepted

by the JAH program for automatic consecutive processing.

The object of the CONVERT program is to change the format of the
data coming from BASAV or AAVG into F4, the format accepted by BASIC, since
both JAH and 28 are written in that language. When intending to use 28

the CONVERTed file should be called AL2.DA.

The 28 program calculates the impedance spectrum via Laplace

Transformation for single potential step data. The JAH program is the
automated version of Z8 to process transient data for successive pulses to

various potentials under given experimental conditions.

The Z10 program calculates the impedance spectrum from potential

sweeps using Laplace Transformation Analysis,

The LTl program generates artificial data to test the performance

of the Laplace Transformation program,
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I1L.5.2. JAH

This program processes data from consecutive time domain pulses

and calculates the associated impedances spectra via LT. It has an
inspection section and a parameter input section at the beginning. The
idea is to fix the experimental parameters such as second pulse height,
length, sampling rate, measuring resistor and triggering. Then only the
level of the first pulse varies. By inspection of one or two pulses the
position of the relevant second pulse can be determined for all runms.
" Therefore the parameters for all runs can be entered at the beginning,

the computer processing consecutively a series of runs, with no need for

human intervention.

A description and operation of the program follows.

OPERATION .

1) Call and run JAH.BA.or;JAH.SV the program will print on the teletype
the DATE, and then

2) INSPECTION ?  Enter Y if inspection of a file is desired. 1If any
other or no character is entered the program will continue to 6).

3) FILE ? Enter the name of the F4 format file that the user wants to
inspect. It will be fetched from the specified magnetic tape.

4) S/F LIST ? Enter the starting and finishing point delimiting the
segment of data that the user wants to list.

5) MORE ? Enter Y and the program will return to 4), other or no
character will cause the program to continue.

6) S/F RUN ? Enter two numbers specifying the initial and final RUN that

the user wants to process. For example 2, 10 will cause files RUN2.CO to

RUN10.CO to be processed batch wise.

7) Starting with the initial run, the following parameters have to be entered

for each RUN.

E/V second pulse height with respect to the first pulse, in Volts.
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SAMPL.R/S sampling rate in seconds.

MEAS.R/OHMS value of measuring resistor.

S. POINT ? position number of the first point of the second pulse.
LENGTH (UP TO XXX) ? the number of working points that will determine
the real length of the second pulse processed, according to the following

equivalence table

WORKING REAL
POINTS LENGTH
0O to 200 0 to 200
201 to 400 202 to 600
401 to 500 604 to 1000

The number XXX in parenthesis specifies the maximum number of
working points.
PLOT (1=YES) Entering number 1 will cause the program to create a file
DP #- . *AS‘ (where #:. is the RUN number) containing the time domain current
data ready to be plotted via XY recorder and PIP as explained later.
8) AGAIN ? Entering Y will return the program to 7) so that all para-
meters can be re-entered. Any other input will cause the program to
continue.
9) The program is executed: a) the timc domain data file is created, if

so specified. b) The teletype prints RUN to indicate to what RUN the

following listing refers. c¢) Three columns are printed which refer to:

F/HZ The frequency in hertz at which the impedance is calculated. The

frequency spectrum is computed so that it corresponds exactly to

the time domain data considered.
Z(RE) This is the real impedance component of the imaginary axis LT.

Z(1M) This is the imaginary impedance component in ohms of the imaginary

axis LT.

d) The program will crecate a file Z# .AS, (where ## is the run number)
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containing ordered pairs of Z(RE) and Z(1M) ready to be plotted via PIP

and XY recorder. The program then prints as a remainder:
Z7F.AS Y = XX ohms

The number XX gives the value of the scaling mark on the ordinate
of the plot frame approximately 10 c¢m away from the origin. The scaling

- of the data for plotting purposes is done automatically according to the

following criteria

Z (IM)/OHMS Y AXIS SCALING MARK/OHMS
O to 1 1
2.5 to 14 10
14 to 28 20
28 to 70 50
70 to 140 100
140 to 280 ~ 200
280 to 700 500
700 to 2800 - 2000
2800 to 20000 10000

-

10) The procéssing of the particular run is finished, the program now

fetches the next RUN#~.CO file to process and returns to 9) until all

runs are processed. End of program.

11) Call and run PIP.SV., To facilitate the interfacing between the
.25

computer and the pen recorder, a "handler' PLT has been written™~. To

plot the impedance spectrum enter
" PLT: & Z#.AS

When a pair of imaginary (Y axis) and real (X axis) impedance data
is output, the pen of the X-Y recorder moves to the co-ordinate specified,
puts the pen down, raises it and a potential pulse is sent back to the

computer to tell it to output the next pair of coordinates.

To plot the time domain data enter

%
“ PLT: < P#.DA

if desired a frame with the Y axis mark referred to in 9) d) can be plotted
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on the Z/~.AS or P# .DA plots by entering
PLT:FRAME.AS

the X axis mark of this frame corresponds to twice the Y axis mark value.

DescriEtion of the JAH program

The program is listed at the end of this section, and in Fig.2.5
some of the variables used in the program are shown. The control section
is enclosed between lines O to 490, Lines O to 50 define arrays dimeﬁsions
and print out the data. From lines 100 to 320 the program permits access
and inspection of CONVERTed data files. From lines 340 to 490 the para-
meters defining the consecutive runs are compiled interactively and stored

in arrays. Please refer to OPERATION for a definition of these parameters.

A big loop containing all the processing done to a run is enclosed
between lines 700 and 13710. Subsequent runs are subject to the same
processing. In the first part of the loop, from line 720 to 980, the
current transient data corresponding to the given run is retrieved and
stored in the array C(I). The factor -1/0.209715E+7 in lines 207 and 940
is included to compensate for the factor 0.209715E+7 which has been carried
by the data after being sampled by the AAVG or BASAV programs. The CONVRT

program.dées not rescale the data passing through it. The minus sign

ensures that the cathodic currents are positive in sign.

From line 1000 to 1120 a Plot Section has been written to allow
for the plotting of the current transient via the PIP program (if so
specified in the Control Section). The factors K2 and Z9 correct the
sensitivity of the X and Y axis pen recorder precamplifiers, presumably
affected by transmission and connections potential drops. When the
sensitivity of both amplifiers is set at 0.2V/cm, 10 cm of the Y axis is

equivalent to the full 1V signal accepted by the ADC, and 10 cm of the X

axis 1s cquivalent to 500 sampled points. By knowing the current measuring
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resistor and the sampling rate, the plot coordinates can be determined in

terms of current vs time.

Lines 2000 to 3305 form the Array Section. Here, the parameters
entered at the Control Section, which are relevant to the run being
procegsed, are retrieved and assigned to the variables used in the LT
calculation. Also the current and time arrays are formed as described
below. Ql in line 2010 is a delay to skip a number of points at the
beginning of the second pulse to allow for potentiostat rise time. It is
set to zero here, but is kept in thefime array forminé algorithm of line
3010, and in the various algorithqs th;t form current arrays, in order to
make its use possible for the case of very fast sampling rates. The
meaning of parameters Pl, V9, Z2 and Q2 in lines 2015, 2020, 2030 and 2040

is best illustrated by Fig. 2.5.

-

P2 in line 2050, the same as P3 in line 2684 and P4 in line 2710
give the position of the last point considered in the current array.
Correspondingly, Cl, in line 2060, or in lines 2687 and 2688, or in line
2715, represents the level of the current at the end of the segment of
second pulse considered, with respect to the current level Z2 at the end
of the first pulse. The Z2 level is considered as zero by subtracting
22 from the current array (see lines 2060, 2688, 2715, 2720, 3210, 3265

and 3303),

The variable O in line 20/0 is the sampling rate, and the quantity
Tl in line 2080 is just an internal scaling factor used to improve calcul-
ations accuracy.: The plotting factor 29 in line 2170 has a negative sign
in order to plotthe negative imaginar} impedances in the first quadrant
of the complex plane later. The quantity T in lines 2650 and 3235,
determines the highest frequency at which the impedance will be calculated.

Similarly, B in lines 2660, 2680 and 2700 gives the lowest possible

frequency that corresponds to the time domain data considered.
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The number of time domain points in the second pulse, when bigger

than 200, was condensed in order to diminish the array size. 'This

optimizes the use of available core and also reduces computation time.

Between time domain points 200 and 600 only each altcrnative‘point'was
considered and the skipped pBint averaged with it (lines 3260 and 3265).
Between time domain points 600 and 1000, only each fourth point was considered,
althaugh the adjacent skipped points were blended into an average (1ines_3295,
3300 and 3303) to smooth out any noise. The result is a condensed current
array where the firs; 200 points sustain a point to point equivalence;
condensed points 201 to 400 correspond to‘time domain points 202 to 600, and

finally, points 401 to 500 of the condensed array correspond to points 604

to 1000 of the current time domain array.

The current array in all cases was formed by subtracting the level
Cl in order to cause the signal to convérge, (lines 2720, 3210, 3223, 3265,
3303), as seen in Fig. 2.5, where the vertically hatched area represénts the
final current arréy as fed to the LT Calculation Section. The LT of the
area with the oblique hatching is taken into consideration later, as

explained in Section II.Z,

The time array is formed in lines 3010, 3255 and 3290 to match
the current array. For a delay QL = 0 it is assumed that the first sampled
point of the second pulse is C(2) sampled at a time T(2)=0/2, where O is
the sampling rate, see line 3010. The first point C(l) of the second pulse
is extrapolated(@ine 322#) and is assumed to be sampled exactly at the time
T(1)=0, i.e. the time at which the second potential pulse is triggered.
The extrapolation, performed in line 3223 was found by trial and error, to

give better results for artificial data described by Equations C.3l and

C.49.

The Frequency Distribution Section is comprised betwecen lines

3310 and 6310, Its object is to form a frequency spectrum corresponding
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to the time interval of the current transient. 1In lines 4210 to 4410
the maximum frequency W(l) and the minimum frequency W2 are retrieved.
In lines 4510 and 4610 the number of decades of frequency A is determined.
In line 4710, the total number of frequencies N1 is determined, and in

lines 4810 to 6310 a distribution of 20 frequencies per decade is assigned

to the frequency array W(K).

The LT Calculation Section is comprised between lines 6510 and
13710. In this section the impedance spectrum for the run is calculated

and output into a teletype print out and a file for plotting purposes.

For each calculated frequency W(K), the program calculates SIN(WT)
(line 7010) and COS(WT) (line 7110) for each timehpoint used in the transform.
The SIN(WT) and the COS(WT) values corresponding to'all time points T(M)
and one frequency W(K) are stored in arrays S(M) and O(M) respectively. With
these two arrays used in the following calculation, the program enters the
LT subroutine in line 10410. Both the real part of the imaginary axis
transform (calculated in line 11810) and the imaginary part (calculated in
line 11710) are generated over all defined points in the current arrays
according to Equations A.54 (without the steady state transform) and A.55
and then the program returns to form new S(M) and O(M) arrays at another
time point T(M) until the imaginary and real parts of the imagina;y axis LT
are generated over all defined points in the current and time arrays. After
this numerical integration is complete, the values of the real (C5) and
imaginary (C3) coefficients (at the defined‘frequency) are returned to the
main program where the transform (C2), of the last current data point Cl

(assumed to be the steady state current value) is added onto the imaginary

coefficient (lines 7410, 7510).

The imaginary part of the constant potential profile is calculated
in lines 7610 and 7710; the real part, V4 is zero (line 7810). The

constancy of this theoretical profile can be shown to be valid in practicé,



JAHN BA 3.0

@ REM CONTROL SECTICN

19 DIM C(13235)

23 DIM S(5398),T(503)>,0(503)

25 DIM D(@5)

383 DIM W(55)J),R(553,1(55)

35 PRINT DATS (X)

43 DIM E@25)3,B3(25),A(253,J(25),P(23)
S&8 DIM IS 9)

1 30
120
143
160
1 83
200
223
295
2d7

PRINT " INSPECT ION"
INPUT 1%

1F 1%3><"Y" THEN 348
PRINT "FILE"

INPUT IS

FILEN#]1 :1%

FOR I=1 TO 18836
INPUT#1 :CCI)
CCI)=C(1)/=-G+209715E+7

206 NEXT I _
239 CLOSE#!

21@ PRINT "S/F LIST®

2203 INPUT Al ,A2

238 FOR I=Al TO A2

543 PRINT "C*3I1:"="3C (1)
253 NEXT I ~

2 84
384
31d
324
340
363
3 83
403
419
420
430
435
436
437
440
4 89
4 85
4 99
700
720
740
930
020
0403
060
G 83
1000
1235
1 207
1818
1 845
id50
1360
18706

PRINT " MCORE"™

INPUT 18

IF I$="%Y" THEN 2142
GO TO 1002

PRINT "S5/F RUN"
INPUT B1l.,B2

PDRINT "E/V® ,"SAMPL.R./5"

FOR N=Bl TO B2
PR INT “"RUN" N

INPUT E(NI,B(NILAWMNI,J(N)
PRINT"LENGHT (UP TO"3INT(SAl-J(NY/4)337)"

INPUT P (N)

PRINT "PLOT? (1=YES)"®
INPUT D(N)

NEXT N

PRINT “"AGA IN®

INPUT AS

IF AS$="Y" THEN 108
FOR N=Bl TO B2

Is="DTAl sRUN"&STRS {(NI&” .CO"

FILEN#1 :1I%
FCR I=l TO 1336
INCUT#1 sCCI) -
C(I)“C(I)/-G.2ﬂ9715&*7
NEXT 1 .
CLOSE#1

REM PLOT SECTION

K2=0.84%75

29=1 0845

JF D(N)Y<>1 THEN 2010

15="DTAl tDP"&STRS (NI&™ «AS™

FILEV#2:1%
FCR I=7 TO 1346

P=INT(C(I=0)*K2/2+5+]+5)

>"MEAS . R/7OHMS” ," S.POINT"



1375 LI=INT((C(I)*29%#2033+0.5)

1083 PRINT#2 :PPMNT (44 )3L1

1100 NEXT1

1123 CLOSE#2 | -
283 REM 1/E ARRAY SECTION

2313 Ql =0 ~

2315 Pl=P(N)

20208 VI9=E(N)

2030 Z22=(C(J(N)=-1)+C (J(N)~- 2)+C(J(N) 3))/3
2340 Q2=J(N)+Ql

2353 P2=P (N)+Q2

2360 Cl=(C (P2)Y+C(P2=-1)+C(P2+]))/3-22

2373 0=B (N>

2383 T1=1/0

2393 Q2=J(N)+Ql

2170 29=-29

2658 T=6.2832/0

2660 B=6.2832/7(Pl *B(N))

2670 IF Pl=<208 THEN 27283

2687 B=6.2832/7¢(2%P1-203)%0) -

2684 P3=2%P] +Q2~280

2687 Cl=0S5*C (P3)+33.25%(C(P3~1)3+3.25%#C (P3+!1)
2688 Cl1=Cl-22

2693 IF Pl=<4008 THEN 2720

2700 B=6.2832/¢4*P1-13080)%*0) ]
27108 P4=4%P] +Q2-1200

2715 Cl=(C(P4)+C (P4 =1 )+C(P4-2))/3-22

2728 C(l )=C(Q2)~22-C1

2733 Tl )=3

2803 A3=200

2813 IF Pl>A3 THEN 29180 1, .

2 8408 A3=Pl . oo
2910 FOR K=2 TO A3 .

3818 T(K)=Ql *0+0/2+(K=-2)%#(

3110 TCKI=T(K)*T1

3210 C(K)=C (Q2+K~2)=22=(C1

3220 NEXT K

3223 €(1 )=3.333%(C (1 )**2)/0 (2 )

3233 IF Pl <«<=2003 THEN 33108

3235 T= 3-1416/0

3243 A3=4030

3245 IF P1>A3 THEN 3250

3247 A3=Pl

3253 FOR K=20! TO A3

32585 T(K)I=T(@C2C3T I+ (K=203)%2

3260 A4=Q2+2 #K-200

3265 C(K)=B .5%C (A4 )+0 25%C (A4 -] )+(, (A4 +] )*F .25-22-C]
32783 MNEXT K

3280 IF Pl«<=400 THEN 33189
3283 1.25664/0 *

3285 FOR K=481 TO Pl

3298 T(K)=T (430 )+(K-200)*4
3295 A4=22+4*K-1030

3303 C(K)=(CA4)4C CA4~-1)+C (A4+]1))/3
3383 C(K)=C(R)~-Cl =22

3385 NEXT K

3310 REM FREQ. DISTR. SECTION
4210 Wi=T#*! ,8/T]

4413 Wl )=wl ,
45108 A=(LOGCW2/AIC¢1)))/72.303 1



4610
4710
4 810
4 912
5310
5110
5218
S310
S 340
5359
5370
5393
5710
5730
5740
57583
57603
57 83

6310
6510

6515
6520
6610
6710
6 810
6910
7010
7110
7210
7310
7410
7510
7610
7710
7 810
7910
8010
8110
8310
8510
8710
8720
9313
9323
9025
9030
93403
9060
9370
9375
o0 €0
93 85
9393
90 95
93 97
9130
9102
9105
9187
9110
9112

I1=ABS (A)

Nl=]1%20

FS=]

W3=0 o1 *W (1 )

FOR K=2 TO NI

WV (KI)=W (K=] )~J3

FS=F5 +]

IF INT(F543.3)=5 THEN 57108 .:
IF INT(FS+48.3)=11 THEN 57190
IF INT (FO+Jd.3)=]15 THEN 5749
IF INT (F540.3)=20 THEN 5760
GO TO 6312

W3 =0 .5 %3

GO TO 6310
U3=G.8*W3

GO TO 6310
W3=e5*W3

r o=l

NEXT K

PRINT

PRINT "RUN®" N
PRINT ™ F/HZ","
PR INT

FOR K=l TO INT(NI)
FCR M=1 TO INT(Pl1+0.3)
W4=C(IT C(KY*T (M))
SI(MI=SINW4)

O(MI=COS (W4 )

NEXT M ‘

GOSUB 104190
C2==-Cl /W (K)

C3=C3+C2

V2==-Vo/W (K)

V3= 0 +V2

Va=03 .0

Ca=C5*CS5+C3*C3 -
R(KI=(W4 #CS+VU3 #C3) /04
I(K)=(CS*¥U3=-V4#%#(3)/C4
LI=W(K)*TI

L3=R (K)*A (N)
Lag=1I(K)*A(N)

Lo5=L1/6 .2 832

PRINT LS,L3,L4

NEAT K .

L.4=ABS (L4) '

IF L4<2.5 THEN. 9109
IF L4=<14 THEN 9105
IF L4<28 THEN 9110

IF L4=<78 THEN 9115
IF L4=<149 THEN 9120
IF L4=<283 THEN 9125
IF La=<700 THEN 9127
IF L4=<2830 THEN 9129
26 =0 02

GO TO 9130

256 =100

GO TO 91309

Zo =20

GO TO 9130

26=10

GO TO 9130

Z(RED"," Z(IM)"®



Q115 26 =4

9117 GO TO 9134

9120 2z =2

9122 GO TO 9138

9125 2Z26=l

0125 GC TO 9133

0127 26=3 4

9128 GO TO 9139

9129 26=3 .1

9133 PRINT "Z" JN>" AS","Y=",2008/256 5" OHMS™"™
9149 Z26=Z26*A (N)

02008 15="DTA] :tZ"&STRS (N)IX&"” .AS"

9213 FILEV#2:18 |

931€ FOR K=1 TO INT(NI1)

9413 PRINTAZ2 :INT(R(KI*ZH6 K2 +T S IPNTCL44 )3 INTC(ICKI*®Z6*29+.5)
95183 NEXT K ' .
132193 CLOSE#2 .

103183 GO TO 13710 )
134183 HS=0 .0

10513 H6=0 .0

19613 HT7=0 .0

197183 FOR J=2 TO P!

10810 B8=C(J)

109109 BO9=C (J~-1)

11310 X1 = (K)

11110 X2=X1 #Xl}

112103 D6=5(CJ)

113103 D7=5¢J~-1)

11413 D8=0CJ)

11510 D9=0¢J=1)

11610 E1=(B8-B9)/(X2#(T(J)X~-TC(J=1)))
11710 E2=El #D6-B8#D8/ X1 -El #D7 +B9#D 9 /Xl
11818 E3=E]l *DB+BE*D6/X1 -E]l #D9-BO9*D7 /Xl
11918 E2=-E2 ..

128103 HS=HS+E3

121103 HS5=H6 +E2

12210 NEXT J

13318 CS5=HS

13410 C3=H5

135183 RKRETURN

13719 NEXT N

13883 END
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Fig. 2.5 Potential profile (bottom) and current response (top)
as used to calculate the impedance spectrum from a
double pulse. Some variables used in the JAH and

Z8 programmes are indicated.
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3 RE
19 D
20 D
38 D
210
3103
410
518
613
712
720
733
743
750
€13
010
13103
1110
12192
1310
1322
1333
1340
1345
1350
1512
1513
1514
15332
1535
1545

1550
1552

1555
1560
1565
1567
1572
1575
1580
1585
159J
1595
1633
1685
1610
1615
1620
1625
1530
1635
1635
1637

BA 3.3 30-MAY=-T77

M=-IMAG. AXIS LAPLACE TRANSFCiM
IM C(1336)

IM S(552)5,T(553),0(558)

IM W(52),R€62),1(62)

FILEN#] :"DTAl :AL2 .DA"

FOR I=1 TC 1426
INNPUT#1 :C(C1)
C(I)==1#C(1)/3.28397T15E+7
NMEXT 1
CLOSE#1
K2=18975
Zg=l -045
QU=INT (233 *294+J 5 )
QAS=INT (433 #K¥2 +3 .5)
PRINT"ENTER START AND FINAL POINT FOR LISTING”™
INPUT Z3.,24
FOR 1I=23 TO Z4
PRINT "C"21I5"=";C(ClI)
NEXT 1
PRINT "MOIE INSPECTION? (Y FOR YES)*
INPUT 2%
IF 23="Y" THEN 819
PRINT "PLOT PULSE? (Y OR NO*
INPUT FK$
"IF K$="N" THEN 1780
25=207
25 =2 *
REM"” C FACTOR AND POINT DIV.”
Y5 =7
K6 =806 T
FILEV#3:*DTAl :DP"
FOR K=K5 TO Ks.
L1 =C (K)
C(KI=SINT(C (K)H#ZO*¥Z5+0 .5)
P=INT((K=-KS5)*RK2/26 4+ «5)
PRINT#3:P,sPNT (44 ),C (K)
C (K)=LI
NMEXT K
FOR K=0 TO 230 STEP 2
PRINT#3 :35PNTC44 ) K
NEXT K
FOR X=0 TO S
PRINT#3 :t X3PNT (44 )5Q4
NEXT X
FOCR T=3 TO 4083 STEP S
PRINT#3:TPNT (44 )50
NEXT T
FOR Y=@0 TO S
PRINT#3 :QSS,PNT(C44)5Y
NEXT Y
CLOSE#3
PRINT "PLOT P7?*

INPUT BS

1638 IF B$="N" THEN 1783

1643
1645
1650

G5=813
G6=1336
G 8=3 «5



16585
1660
1 662
1670
1675
1 6 82
1682
1685
1699
1695
1700
1785
1710
1715
1720
1725
1730
1735
1740
1 745
17593
1 7 80
1793
1 810
1013
2010
2110
2115
2170
2310
2410
2510
2610
2650
2655
2700
2710
2720
2810
2 850
2 870
2 871
2010
3010
3110
3210
3310
3320
3810
3910
4210
4310
4410

510
4610
4710
4 810
4910

FILEV#4 :"DTAIl :P"
FOR I=G5 TO G6
L1 =G (1)
CCIX=INT(C(I1)®*Z5#¥Z9+0.5)

P=INT(CI-GS5+]1 )#(K2/G8)+0.5)

PRINT#4 :PIPNTC44)5C (1)
C(ly=L1

NEXT 1

FOR Y=00 TO 223 STEP 2
PRINT#4 :0, PNT(aa);Y
NEXT Y

FOR X=0 TO S5
PRINT#4 ¢ X;PNT (44 )5Q4
NEXT X

FOR X=0 TO 4083 STEP 5
PRINTA4 : X3PNT (44 )30
NMEXT X

FOR Y=0 TO 5

PRINT#4 :QSSPNTC44)5Y
NEXT Y
CLOSE#4
PRINT"” S OF
INPUT 28
PRINT "POINTS OF
INPUT Ql

22=(0 (Z28-~1)+0(Z28~-2))>/2
PRINT
INPUT 27
29=-29
PRINT "RATE
INPUT O
PRINT "POINTS"™

INPUT Pl
PRINT"WILUF,JUMP (V)"
INPUT T,B,VG

P2=Pl +Q1] +Z28

Cl=C (P2)

Cl=Cl-22 ¢

Tli=1/0

T (1 )=0

CCl)=C(Z28+Q1 )

C(l)= C(1)»-22-C1

FOR K=2 TO INT(Pl1+3.3)
T(K)= Q] #0+0/2+(K=2 ) *0
T(RI=T (K)#TI
C(K)=C(Z8+Ql +K-2)-22~-C
NEXT K |

CCl)X)=C(l Y&*2/C (2)

C=1

V=]

Wl=T+1.0/TI

‘J’2=B*l -Q/Tl

Wl )=Vl
A=(LOG(W2/W(1)))/2.303
I1=ABS (A)

Ni=1%+20

W=l

1"3"@ o] ¥ (l ),

DELAY"

IN SEC”®

SECOND PULSE®"

"ENTER AMPL.FACTOR"™



5313
5110
5212
5310
53403
5350
5370
53 93
5713
5730
5740
5753
5763
57 83
6310
6410
6510
6510
6710
6 810
6910
7010
7113
7210
7310
7410
7513
7510
7710
7 810
7918
8010
g110
8212
8312
8510
8710
9313
9110
91272
9132
9213
9310
9418
9518
9610
9710
9810
9820
9833
9 843
9910

FOR K=2 TO Il

WKI=V (K-] )~-U3

N=N+l

IF INT(N+2.3)=5 THEN 57139
IF INT(N+3.3)=11 THEN 5719
IF INT(N+3.3)=15 THEN 5740
IF INT(N+3.3)=28 THEN 5763
GO TO 6310

W3=d «5 #J3

GO TO 6318

U3=0 .8#J3

GO TO 6313

W3=.5%#Y3

N=1

MEXT K

PRINT DATS (X)

PRINT "RADIANS" ,"RE(Z))"," IM(Z)","HERZ"
PR INT '
FOR K=l TO INT((NI1)

FOR M=]l TO INT(Pl+3.3)
Ja=W (K)*T (M))
S(MI)=SINVU4L)

O(MI=COS(W4)

NEXT M r
GOSUB 134182

C2=-C1 /W (K)

C3=C3+C2

V2==VoAl (K)

V3=3 .0 +V2

V4a=0 .3

C4=CS*#CS5+C3#(C3
RC(KI)=(V4*CS+U3 *¥C3)/C4
I(K)=(CS5*V3=~-4*¥C3)/C4
F7=08-C2

L]l=W(K)*T]

L3=R (K)*2Z7

La=1(K)*®*ZT ’

PRINT INTC(L1+42.2),L3,L4,INT(L] /6.2832+0.5)
NEXT K

PRINT*"AMPL. FACTOR (PLOT)"
INPUT 26

FILEV#2 :"DTAl :D.DA"

FOR K=l TO INT((NI1)

PRINT#2 sINT(R(K)#ZORK2 +0 « 5)SPNT (44 )3 INTC(ICKIRZE*¥Z9+.5)
NEXT K

FCR X=0 TO 483 STEP 5
PRINT#2 : X3PNT (44 ) ;08

NEXT X

FOR Y=0 TO 6

PRINT#2 :QS SPNT (44)5Y

NMEXT Y

FOR ¥Y=0 TO 20808 STEP 2

13210 PRINT#2:35PNT(44)5Y
180110 NEXT Y
10128 FOR X=0 TO 6




13133 PRINT#2 ¢ X5PNTC44):Q4

10143 NEXT X

13213 CLOSE#2

18310 GC TC 13710

13613 H7=3 .0

13693 Pl=INT(P]l +3.2)

13733 G1=S (P! )

10823 N2=INT(Pl~-]143.2)

13821 G2=S(N2)

13822 G3=0(P1 )

10823 G4=0(N2 )

10824 GS=(C(P1)Y=-C(N2))/ I (KIY¥JI(KI®(T(P1)=-T(N2)))
10825 G6=(GS5#31 )=(C (Pl Y#ZI /WKII=-(GS#T2I+(C(MN2)Y*G4 /W (K))
13826 G7=(GS#¥G3)=-(C(PL1)Y*GLl /W (K))=-(GS5*G4)=-(C(N2)Y*G2 /1 C(K))
13827 G6==(G6

12828 H6=H6 +G6

13829 H5=G7 +H5

11833 FOR J=3 TO Pl STEP 2

11843 X1 =T<(J)

11842 X3=T(J-1)

11844 XS=T(J=-2)

11846 X7=C (J)

11847 X8=C (J~-1)

11848 X9=C (J=2)

11853 DI=(X3=X5)#(X]=-X3)#(X5-X1)
11860 D2=((XB=X9)# (Xl =X3)=-(X7~-XB)*(X3-X5))/DI]
11870 D3=(X8=X9)/(X3=-X5)=-D2#(X3+X5)
11893 DS=S(J)

11923 D5=S(J=-2)

11919 D8B=0(CJ)

11928 D9=0(J=-2)

11933 E1="C¢K)*I(K)

11943 E2=W(K)*E]

11953 Y1 =X7/W(C(K)

11955 Ye=Xo/W (K)

11053 Y3=(D3+2#D2#X!1 )/EI]

11955 Y4=(D3+2 #D2#X5)/El

11970 YS=2#D2 /E2

11983 E3=Yl #D5+Y3 #DE=YS #DS5=Y2 #D6~-Y4 #D G +Y5 #D6
11993 HS=HS5+E3

123808 E7==Y]1 #¥DE+Y3 #DS5 +YS#DE+Y2 ¥DO-Y4 #D5 =YS #D O
12010 E7=-E7

128283 H6=H5+E7

12021 E8=-2 #D2 /E2

12022 E9=EXP (=11 (K)#*Xl1 )

12023 Fl=EXP (=T (K)#X5)

128324 F2==X7/W (K)

12825 F3==A9/W (K)

12926 F4=-(D3+2#D2 #Xl] )/E1

12327 FS5=-~(D3+2 #D2 #X5 ) /EI

120328 F8=E9#(F2 +F4+E8)-F]1 #(F3+FS+E8)
12029 H7=H7+F 8

12210 NEXT J

13313 CS5S=HS

13413 C3=H5

13510 C 8=H7

13613 RETURN -
13718 PRINT "AGAIN? (Y FOR YES)"
13723 INPUT AS

13738 IF A$="Y" THEN 210

13833 END

READY
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see Fig. 2.1, and thus alleviates the necessity of sampling the applied
potential profile. The real, R(K), and imaginary, I(K), components of the
impedancec are then calculated (lines 8010, 8110 respectively) and printed

on the teletype (lines 6515, 6520, and 8310 to 9010).

From lines 9025 to 10210 the imaginary and real parts of the
calculated impedance are scaled and stored in a file Z#.AS to be plotted
via PIP, the PLT: handler and the XY recorder, into a complex impedance
plane plot. The value XXX of the ordinate marker (which has been scaled
to be 10 cm when the 0.2 V/cm sensitivity in the Y preamplifier is used)

is printed out by the teletype as Y=XXX OHMS. The abscissa marker is set

to 20 cm when the X preamplifier has 0.2 V/cm sensitivity and has a value

of 2Y.

After this, the program returns to line 700 to process the next
RUN/.CO file, until all are ﬁrocessed. The plotting procedure under the

PIP program is similar to the outlined for the FT program, so it will not

be repeated here.
IT-5-3
Z8 Program

A version of this program using the quadratic approximation was
named Z29Q, a listing is given in this section. The LT subroutine
calculates the transforms according to EquationéiA.*Se and A‘$S%+ ., The
interactive section gathers information for one run only, including a delay

facility for the case that potentiostat rise time is significant.

II.6. Software Accuracy Test

II.6.1. Introduction

Synthetic and experimental data was used to test the FFT.or LT

software against theoretical results derived in Appendix C. The synthetic
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data was chosen to simulate the range of responses expected to occur in
typical electrochemical systems, namely an exponential and an inverse
square root transient falls. The experiment chosen was the reduction of

lead on the HMDE, a reaction known to be reversible.

II.6.2. Exponential Transient

We will here examine the results obtained when applying the

FFT or LT programs to the transient fall

h,t

| _k, Rn
L({:)=\‘<‘€ ol R|e‘ *

(2.17)

as the response to a square pulse i.e. E(t) is a constant E. VWhere R is

the sampling rate and n=0,1,2,...N-1.

[I.6.2.a. FFT Impedance

Fig. 2.6 shows a schematic diagram of the current and potential

transients as used in the impedance spectrum calculation with the FFT

software.

For the current exponential transient outlined in C3 the real

and imaginary Fourier coefficients are given by

Q;*ll_blFL*Gﬁﬂg T

A, > - ———F—FFT——7T7 '
" R N RS ¢ AT (2.18)
| Qe cos TC
©r = =), %
J \3\‘:‘ N:LP\:\‘\- 4TTQ-FJ— (2.19)

when T=2T=NR and T- T is large, (see Appendix C, Equations Cl2 and Cl13,

for derivation).

In Table 2.1 the accuracy of the FFT performed by the DAQUAD
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TABLE 2.15., Value of deduced from LT impedance determinetions from

experimental graphs 2.20 and 2.21, according to =

2(1m)/(2 £)

AR

f/Hz Z2(Im)/ / smJi
642.8 -8.43 -535
500 -12.7 -711
285.7 4.9 -631
196.4 -18.67 | -656
178.5  -14.67 ‘ -491
100 . -18.84 472
71.42 -21.56 ~456
50 | -28.48 - =504
35.7 -32.63 -488
32,14 _ =359 | -510
o -
21,42 43,65 -507
16.0 -51.27 -513
: 10.7 55,94 | ' -459

518  AVERAGE
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program is evaluated by ccmparison with the theoretical values. The

real and imaginary coefficients Yr outputted by DAQUAD are converted into
the real and imaginary Fourier coefficients A and B_s respectively,
according to Equaticn (2.16), and then compared with the theoretical
results given by Equations (2.18) and (2.19). It can be seen that a good
accuracy is obtained at low frequencies because the values of Yr are high
for both real and imaginary parts. The accuracy decreases as the values
of Yr become smaller, since the rounding off errors of the single pfecision
calculations of the DAQUAD program become significant. However the
imaginary Fourier coefficients Br show an accuracy within 207 up to a value
of r=71. A steeper transient fall (R > 0.0l) will improve'the accuracy in
the high frequency region while in the low frequency region the accuracy

will decrease. A flatter exponential transient fail (R < 0.01) will give

the opposite effect.

The general theoretical impedance spectrum for an exponential

current transient is derived in Appendix C from Equation (2.10). It is

given by - —JlJTr'?LﬁT"
E;1*(tLl~kjflvrrw/1“) e -
'Z(ln‘r/T) —
c-jlﬂr /T c‘k:,(-r“z)

Artificial exponential transients with different values of C/T
gave results which behaved as expected from (2.20). However in most of

this work a value of T/T=1/2 was used, since along with the condition

- - C
e kZ(T —2?0, lead to a simplification of Equation (2.20), which gives

the real and imaginary components of the impedance spectrum as

L]

ZCRQ) — (2_. E \‘L‘
(2.21)

ko, LT F (2.22)
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for r = 1,3,5, ... (N-1)/2 (see Appendix C for derivation).

In order to avoid dependance of the rate of sampling R and
magnitude parameters of the transients, complex plane plots were made
with the equivalent of Equations (2.21) and (2.22) in the non-dimensional

forms

(2.23)

(2.24)

where each point of the plot corresponds to a frequency given by the non-
dimensional group fR in which f is the frequency in hertz given by

!
£ = :—Fi (2.25)
One of these plots is shown in Fig. 2.7 for the data gencrated
according to Equations C.l and C.2 with R=0.01 and N=1024, This data was
converted into the frequency domain with the FFT software and the results
compared with those obtained from Equations (2.23) and (2.24). A reason-
able agrcement is obscrved for frequencies bigger than that given by °
fR=0.0127. For smaller values of R, i.e. as the current transient gets

flatter, the accuracy of the FFT software diminishes in the high frequency

region and augments in the low frequency region.

In Fig. 2.8 a value of R=0.l was used to generate the exponential
current transient. There is an acceptable agrecement with the theoretical
values obtainéd, for frequency values satisfying fR 7 0.036, down to the
minimum frequency value corresponding to fR=0.000976. For R > 0.l values,
the accuracy of the FFT software diminishes in the low frequency region,

although it improves in the high frequency region of the impedance spectra.

These limitations are due to the truncation errors associated with the
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Fig; 2.7 Complex impedance plane plot in non dimensional form for the
- test data -generated according to Eqs. C.1 and C.2 with R = 0.0l and

N = 1024. (®) Results obtained with the FfT software. (+) Theoretical
results given by Eqs. 2.23 and 2.24. Figures indicate corresponding

fR value.
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Fig. 2.8 Compléx impedance plane plat in non dimensional form for the
test data generated according to Eqs. C.l and C.2 with R = 0.1 and

N = 1024. (®) Results obtained from the FFT software. (4) Theoretical
values according to Eqs. 2.23 and 2.24. Figures on graph indicate the

corresponding fR values.
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single precision calculations, as already explained for the Fourier

coefficients calculated by DAQUAD.

Since the potential perturbation is a well known function of
time, (which modern wave generators can approach very closely), we can use
the theoretical coefficients Cr and Dr instead of the less accurate ones
obtained with the FFT software, in order to obtain improved accuracy in
the impedance spectra, for both the experimental and synthetic current
transients. For thg case of the step pulse, the Fourier coefficients

derived in Appendix C (Equations C.18 and C.19) are

Cy =

(2.26)
. E(er(mn - B
De & ) '”“_}r =
(2.27)

II.6.2.b. Imaginary Axis LT Impedance

The theoretical impedance spectrum for the exponential current
transient described by Equation C.33 resulting from the potential step

perturbation at t = 0, as described by Equation C.32, is obtained from

the imaginary axis LT in Appendix C, as

2(jw) = — - )

tl\ kR, w (2.28)

The real and imaginary parts of this impedance spectrum are

expressed in a non-dimensional form as

7(ReY = Z(Re )R, E7 = 1

(2.29)
30 2 (1) Ry Ry E‘"R"“--"D"" f
= m \ M -
Z(lm 2T (2.30)

where the frequency itself is expressed by the non-dimensional group fR.
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(see Appendix C).

In Tables 2.2 to 2.7 the theoretical result given by (2.30) is
compared with the result obtained with the LT software when using the
linear approximation. The real component is compared against unity as
prescribed in Equation (2.29). The synthetic exponential transients used
were prepared according to Equation C.33 giving different values to R.
This means that for a given number of sampled points N, the transient is

flatter for small values of R.

The transient examined in Table 2.2 is quite steep, the rapidly
falling part is covered by too few points and a slight error in the approx-
imation leads to considerable inaccuracy at high frequencies, since as can
be observed from Equations A.54 and A.55, for both the real and imaginary
parts, high frequencies tend to emphasize the contribution of short time
F(t) data to the transfdfm, while at low frequency the short time F(t)
~data contribute relatively less to the transform. That is why an improve-

ment in the accuracy is observed at low fR values in Tables 2.2 to 2.7.

The transient examined in Table 2.4 is a flattcr‘one and improved
accuracy in the high frequency side is observed by comparison with the
results of Table 2.2. However the low frequency accuracy is poor due to
the fact that 200 points is an insufficient length to consider the current
level there as ''steady state' sincg_the variation from one point to the

next is still significant. In Table 2.6 the same transient is examined in
a more appropriate length of N=9/8, the results show a definite improvement
in accuracy. The most accurate results were obtained, howeve;,'with the
transient with R=0.1l, shown in Table 2.3 for N=200 and Table 2.5 for N=968
points., The transien£ is not too steep nor too flat and both lengths are
appropriate, although the longer length (N=968) gives slightly more accuracy
and naturally renders lower frequency results. In Tables 2.3 and 2.5 the

imaginary part has an accuracy of 0.17% and the real part 0.08% at fR=0.2



TABLE 2.2. LT impedance results in non-dimensional form for
the test data defined by Eqs. C.32 and C.33 (exponential response).

Compared with the theoretical Z(Re)® = 1 and 2(Im) given by Eq.2.30.
R=1, N= 200.

FR R= 1 Z(RE )3 ZCIMOO ZCIMIO THEOR.
1 l 272876E-3387 -8.159155
Jd.9 Je.926257 ~J 3455043 -2.176838
3.8 3.639848 -3.139652 -3 198943
3.6999990 J.911624 ~-J.161894 -3 227364
J 569999 3.916183 -J.212325 -3.265258
J 549909 Q.91 8358 - 23954 -J 289372
3499599 0923345 . -A.270758 -8.318339
3+449969 0.9223 88 -0.387114 -3 «353677
J«399990 3.923601 -3.351116 -3 397887 -
0.349999 3924893 -B.4363 94 -3 «45472 8
3.299999 Jd.925979 -3 .47 8879 -0 «35306517
3274999 3.926449 -0 +5245 83 -0 578746
d 249999 Jde.526 873 -J 5791351 - «63562
3.224999 d.927251 ~3.645564 -0.787357
3.199999 D 9275 87 -0 «72 82 83 -Jd «765776
J 179999 J«927 825 -3.818779 -2 8841 97
3159999 0.9283356 -0 .+9136 87 -3 .994722
B.139999 0.928223 -1 34577 -1.13683
J.119996 .92 83 82 -1.22161 -1 .3263

Jd 398999 5-928515 ‘th675 '1159156
0.89999 J.928574 -] 5313 1 « 7684

d 8379999 0.928624 -] « 83596 1 « 98945
3.069999 J.92857 -2 39899 227367
3.959999 0.928707 -2 44958 -2 65262
8-@54999 91928727 -2167264 '2.89377
0.849999 0.928744 -2.94327 -3.18315
00944999 81928757 -3126734 '3-53684
3.339999 3.928773 =3.67616 -3.97896
D.334999 d.9287 89 -4 28172 -84 5474
2.029999 8.928EJ5 -4 493243 -538533
0.327499 2.928818 -5+34833 578765
0.024999 0 .928824 -5.88339 -6 436643
Jd«322469 0.928838 -6¢53738 =7 873 85
3.319999 3.928867 =7 «3549 -7.95812
0017969 3.928897 -8.1725 -8. 8424
3.015999 g «9280934 -9.19435 -9.94777
2.813999 B.928974 -10 .53 84 -11.369
3.011999 e 920456 -12 2604 -1.3 264
333959941 J.9201 81 -14.7145 -15.917

2 .807 99941 0e929554 -18.3968 -19.8968
2 .8036999 J.929736 -21 .9271 -22 7396
J.0085999 3.929778 -24.5348 -26 5301
2 .33549931 B3.929889 -2H .76 86 -2 849424
Q.004999 J«93044 29,4503 31 8372
3.334499 Qe933595 -32.7259 ~353755

ot



M. Impedance results in non-dimensional form obtained with
the LT software. Test data according to Eqs. C.32 and C.33 with R = 0.1,
N = 200. A comparison is made with the theoretical results

FR , R= 0.1 Z(Re)© Z(Im)° Z(Im)O0yy oo
3.99999 Be999987 « 93564 8BE-008 08.8159155
B.899999 3.997045 -0.0171624 0.0176838
0.8 d.998241 -3.81972085 3.8198943
37 0«998655 -0 .3226362 3.0227364
B 6 3 «998852 -J.80264522 B.0265258
B+55 g.998921 -3.82887085 d.0289372
6-5 61998978 '919317718 910318389
.45 0.996019 -3 .03530388 J.3353677
de4 09909055 -3.8397385 B3 .0397886
3.35 3.999383 -Z.8454139 3.0454727
.3 06999398 -3.80529884 B.0538515
0275 J.999109 -8.0357 8287 3.8578743
3.25 g.999121 -0.8635929 Jd.3636518
0 .225 0.999127 -0 8706607 00787353
912 01999135 ‘91979497 019795772
g.18 | J.99914 -J.0883327 3.0884192
Belb 3.999145 «3.0993767 3.0994715
Bel4 0.9991 41 ~3.113574 3.113682
.12 d.9909148 -2.132535 3.132629
de.l 0.999155 -3.1506311 J.159154
0.0930391 J.999156 -3.17668 Z.176838
0.3830341 d.999157 ~0+1 98767 Gel 98943
.87 g.999153 «3.227161 3227363
g.06 0.999157 -3 .2650822 3265257
3855 J.999159 -0.289116 3.289371
B .85 Jd.990161 -J.318331 be318389
.0453331 3.999162 -3353357 J.353676
. 3.0400331 .  ©.999166 -3 .397541 3.397 886
- Be@B35 d.999165 -0 454334 B «454726
P.3323831 J.999168 -3.539051 J.533514
0.0275901 3.99917 -3 .57 8241 3.578742
9-9259551 9.999172 ‘81636957 91636616
2.02250831 8.999174 ~B.706746 0.737351
3.0203081 J.999177 -J.795389 deTI577
0.1 83231 J.9991 84 -3.883438 g.884188
B.016303! g.999189 ~-3.993873 3.994711
Z.01430301 g.999] 92 -1 413586 1.13681
0.01203201 J.9991 89 -1 32517 1.32628
J.01390031 39991 95 -1 «5G021 1.59153
G.32903306 3.999201 ~17669! 176837
J.00833006 3.9995204 -1 98778 1.98941
B .03730037 J0.969212 -227176 227361
g.006808007 Jd.999211 -2 6504 - 265254
C.3055043087" Je.995203 -2+89134 2089368
2 .80500037 Je999227 -3.18351 3.18335
3.008450006 3.995215 -3.5339 - 3.53671
Z(Re)?:heor = 1 and Z(Im)iheor given by Eq. 2.30.



TABLE 2.4 . Non-dimensional impedance spectrum obtained with the

LT software. Test data according tg Eqs. C.32 and C.Bg with R = 0.01,

N = 200. Theoretical results Z(Re)theor = 1 and Z(Im)theor given by

EqS- 2.29 and 2.30 0 | 0
FR , R= 0,0l Z(Re)o Z(Im) Z(Im)theor.
Je.9999G 128137 -2.080083339 J.80159155
0.859999 1.63121 -J.00237339 C.00176838
06999099 J¢993%853 -3 .00365152 0.03227364
0599990 Je.999395 -3.00372753 0.802652358
0.549999 3.998812 -3.28366855 3.23289372
3495999 0 .598635 -J.33361045 J+033318339
Be449999 0998547 -0 843355208 0283353677
3399999 Je998573 -0 «BJ359955 0.30397887
3349999 09985698 -3 .8837 946 302454728
0299999 Je« 998894 -3 .0242172 3.335303517
3274999 de 99931 -J 804558355 B.303578745
0«249999 J.999134 -0 00499112 0.0063662
J.224990 3e999267 -J3.085565C7 B.30T787356
g.199996 0999395 ~-0.88631817 J.03795776
0el79999 999499 -~ «JBT7TI BEOS U«.338841 96
0159999 0999598 -3.80836453 Jed 904722
B.139999 3699969 -0 .08932738 D.0113682
Fe«119999 B.999775 -3.01108113 g.313263-
3.899999 Je999854 ~3.0133632 J.3159156
3.889999 3.+999894 ~3.0149215 3.0176 84
0 «B879999 3e999G35 ~3 «U016 87 .01 98945
J.069999 . Je 999971 -J«3193659 3.0227367
J.859999 {1 J0081 -3.3226764 0265262
0054999 l 30084 -3 .0247 831 0.3289377
0.8349999 1 .0303037 -J.82730846 Jd.83318315
00344999 ligggll "51339381 @06353684
3039999 1 33015 ~2.0342262 U.8397896
3.034999 1 .G63021 -0.8391607 3.045474
B.829999 1 8803 -0 84357333 G.0530532
G .324999 1 .08046 -0 «8549289 0 .0636643
3 .022499 0.999224 -3.0833924 00707384
J.319999 130372 -J 0687382 0.0795812
" BeB17999 0992025 ~0 0973998 B.388424
0 .315990 1 «J1343 009646 BeB9947T77
0013999 J.986012 -0.1874869 G«11369
J.311999 1 38851 -3.148885 B.13264
J.083999%41 1 .8008294 -3.13751 J«15917
3 .008999 0.97 889 ~A.165835 B31768568
B.087999 de 979751 -0 21691} 0.198968
0 .006999 l1.01193 -3.25725 B «227396
3.885999 1.803839 -} «2626 98 3265391
Q.805499 1.83207 -0 262737 J.289424
B.884999 1.01179 -0 274733 B.318372
3 .004499 J.984136 -J 386985 0353755



TABLE 2.5. Non-dimensional impedance spectrum obtained with the
LT software. Test data according to Eqs. C.32 and C.33 (exponential
response) with R = 0.1, N = 968 A comparison is made with Z(Im )©

given by Eq. 2.30 and Z(Re)theor = 1, theox
'R R= 4.1 Z(RE)D ZCIM)OO ZCIMYJ THEOR.
B .2 0«969119 B 8764917 J.0795773
el 8 B.999121 ~d J 883267 J.0884] 92
G.l6 Jde«990]129 -J3.0993718 Je3994716
del4 999112 ~-Jde113563 J.113682
Bel2 de999124 -0.132496 J«132629
0 .099999 J e 999135 -Je1593032 B«159]155
B.38999499 0.999139 -B.176669%9 J«176838
J«@7 999996 0999144 -3 e1 Q8TS57 J.1089043
B .80569996G b« 999125 -3 «227143 B.e227364
00596699 3«999137 -J 265003 B.265258
03549996 0.99014 -~0.289398 289372
.05 (J« 9901 46 -J.318314 J«.318309
J.23449999 0e¢e 999153 -J 353345 06353677
3.34 0.969158 ~-J 397521 €397 887
0.0359990 Pe969016 -J 4416965 03428 96
J.031969% 0.990164 ~J 466912 Beli 97358
0.027 9999 e 969166 -J 56788 B.56 841

0 .8239999 3.999176 -0 «662542 g.663145
3.3199999 Je.9991 84 -3..795364 B.795775
3.0179969 Qe9992038 -3.883412 D884} 94
- B.3159999 Je.990217 -0« 993853 J e« 994719
3.3139999 0e99G224 ~1.13584 1.13682
B.3119999 0e.999227 -1.32516 1 « 32629
031396699 0699623 -1 e 44565 l 446 857
083999994 986236 -1 459322 1 59155
0.03899964 0.999248 -]1.76692 176839
Q337990964 0999255 -1 9878 ] «98944
0.83699994 0e.990278 -2.271 84 227365
9198599994 Gi999275 -2-6505 2#6526
083549994 e 999275 -2 89147 289375 .
Q83499994 J e« 999291 -3.1 8365 3.18313
0.38449994 Be999294 ~3.534039 3.536 81

G .80399994 J«99933 -3« 97592 397892

3 .03359994 06999319 wlfe41771 42103
B.00319994 de 9993 -4 0 96 006 ]« GT367
Q.003279994 e 999337 -5.6 8008 568421
(0.03239994 Je 969372 -6.62694 66316
G081 99994 Je«999394 -7 95276 T 95795
Q83179994 0e«999368 -~8.83543 8. 8422
B3.00159994 Je«9099447 -9.94153 Q.94752
0.00139994 Je 9994 -11 3622 11 .3686
0.00119994 3« 9995032 -13.2573 '13 2635

B 00139994 0«999408 -14 4632 14 4693
333099994 e« 999553 -15.9113 15.9164



W. Non-dimensional impedance spectrum obtained with the
LT software. Test data according to Egqs. C.32 and C.33 (exponential
response) with R = 0.01, N = 978, A comparison is made against

Z(Im)?__heor given by Eq. 2.30 and Z(Re)iheor = 1.

FR , R=0.01 Z(Re)® z(Im)° Z(Im)gheor.
B.2 | 1.08087 -0 33756989 0.383795773
g.18 1. .03296 -3.0391 8935 J.03884192
3,16 1.08133 -0 .00 962266 0.03994716
B.14 1.33875 -3 .011462 d.0113682
ge12 1.88152 -3.3132839 0.3132629
011 1 .031 ~3.0147 847 3.0144686
3.3999999 1.03386 -3 .0156457 J.0159155
2.83899999 l1.00149 “F3.0174167 3.0176838
B.0799999 1.00134 -3 .0202234 3.0198943
283699999 1 G338 ~-3.0227699 J.2227364
B +3599999 1 03124 -3.3261288 J.0265258
3.3549999 1.080153 -3 0287328 B.3289372
@.95 lt59156 ‘9183L9723 015318399
B.0449999 1.03131 -3e3357411 P.0353677
3.34 1.002398 -3.0431059 3.3397886
3.3359999 1 .08022 -Z.045 8526 B.8442096
2.3319999 J.999168 -3 050 8445 0.3497358

* B.3279999 J.998968 -3.05615 81 3.056841
0.8239999 1.0011 -3 eB651787 3.0663145
3.01 99999 l1.00158 -3.37951409 B3.83795775
J.0179999 G.998211 ~-F 3876451 0.28841 94
03159999 | .063332 -3.183451 3.3994719
J.0139999 1.00372 -3.112861 B.113682
F.0119990 d.999467 ~J3+13299 J.132629
?.31039999 1.38826 -3.146315 Be.144687
0.08999994 1.001109 -3.159735 - B.159155
3.00899994 1 30377 3175761 0.176839
3.00799994 d.99838 -J.197283 .198945
d.00699994 1 .300612 -3 .22 8375 0 .227365
0.80599994 d.999471 -0 «266 837 0 .26526
9139549994 lt65196 '91291258 91289375
G .084999%4 | 00383 -3 «318751 J.318313
Q33449994 J.99930}1 ° -3.35243 g.35368l
3.02399994 1.03198. ~-3.396834 3.397892
3 .03359994 1 .0312 - el41325 J.442123
3.30319994 g.999848 -3.493735 Be4497367
3 .0327 9994 de.996989 -3.56 8241 F.568421

 B.823239994 d.998283 -3 .662329 3.66316
3.00199994 1.03187 -0 +799264 0.795795
203179994 1.3338 -0.88134 B.88422
0.00159994 3 .996 845 -3 +.9895 88 B.994751
3.00139994 0.995143 -~1.13797 1.13686
3.03119994 0e.9000924 -1.3262¢4 1.32635
3.00109994 J.998408 -1.44208 1 44693
3.32399994 g.992615 -1.5858 1.59163



TABLE 2.7. Non-dimensional impedance spectrum obtained with the LT

software. Test data according to Eqs. C.32 and C.33 with R = 0.001,
N = 968, 0The results are compared against Z(Im)ih given by Eq.2.30
and Z(Re) = 1, cor
theor
o 0 0

fR Z(Re) Z(Im) z(]:-m)theor
02 0 «959884 J.08752849 B.00079577
D.18 J.97788 -0 48792639 0.000884169
.16 1 «35228 0.871208 J.00299472
Bel4 D.926766 -3.0261453 O.00113682
J.12 l1.2093081 -Je3135227 3.20132629
Bell - 34953577 ~J 3728929 D.001446 86
B.8999999 06934416 08433733 B.88159155
D.0899999 l1.86546 0.3561658 B.30176838
BeB37969999 1 «32873 -A.08226 J.00198943
B 0699999 J.0228209 -3.0138232 0.800227364
3.0599990 De«9908569 B.081948 J.00265258
J.8549999 1.87153 0.3505871 0.08280372
0.3499999 1.08368 -D0.8347 855 A.003183C69
B.3449999 1.81937 -3 .3860374 J.00353677
7.0399999 g.950126 -3 8665485 '2.00397887
B.0359999 Je 985986 -3 .087024 OB048420 97
3.8319999 1.83554 -3.0874956 0.00497359
B.0279999 1.86472 -~-J 03567821 3.80568411
B .0239999 1.09839 -J 8135836 0.00663146
B.0199999 1 .0783 F.335332 B.083785776
B.3179999 B+ 928945 -0 054641 0.00884195
B.8159999 1 .04 -~ 08647493 G.00984721
P.0139999 0974868 - .086921 B.0113682
Jd.0119999 1.81373 3.8715136 0.013263
0.3139999 1.08323 -J.0120112 D.0144687
0 .8399999 1.03418 -2 1088271 J0.8159156 .
0 .0089999 0e«.935957 -3.8374134 3.017684
0 «337 9999 0e«943 844 0.3517629 Gell 98B945
J.0069999 110417 B.0246019 0.0227367
Jd.0059999 ]l 832943 -3103499 B.3265262
B.3054999 1.31307 -J.11 8724 0.0289377
0.0349999 ?.935328 -0.80808734 B.0318315
Q.0044999 0e892415 -0 «0303942 J.803536 84
0.0039999 )« 964548 B.815667 0.3397896
0.8035999 1 09454 -0 .005330424 0.3442108
0 .0831999 1.08317 -J.083252 B.03497373
0.3827999 Be933976 =3.3821789 B.056842 8 .
03023999 1.81665 B.88944831 B«.066317
0.0019999 1.167 8] -J 174685 D37 95 81
Q.30317999 1 .017 81 J.182904 0.0884239
0.0315999 Je 869424 -B3.08561798 B0994775
2 .80313999 ! 03925 -J«1 95862 B.11369
J.0011999 B.981502 ~-J.31751 84 3.132639
0.081390990 O« 8770323 -3 «83737833 B.144698
0.0009999 0.833056 ~0+186525 0.15917

*.‘h
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and at the lower frequency end 0.08% for the imaginary part and 0.07% for
the real part at fR=0.0045 The Table 2.7 shows results of a very flat
transicent, the 968 points are not enough to cover a suitable length,

therefore the results are very inaccurate.

1I1.6.3. 1 J t Transient

The 1/ t transient as the response to a potential step has been
chosen to produce synthetic data more closely resembling experimental
reversible reactions. Naturally the data is truncated at the infinite
jump, affecting the accuracy specially at the high frequency. In practice
this will not be a problem provided that the apparent high frequency
resistance E/i(0) is less than the ohmic resistance between the Luggin probe

and the working electrode.

I1.6.3.a. Imaginary Axis LaEIace Transformation

The theoretical impedance speétrum.for the 1/{ t transient
described by Equation C.49 resulting from the potential step perturbation

described by C.32, is obtained from the imaginary axis LT in Appendix C,
(Equation C.56) as

£ _ . _E

K w KVt w0 (2.41)

Z (jw) =

The non-dimensional expressions of the real and imaginary parts

of the impedance spectrum, given by

Z(Re) = Z(Re) V\E_I R ~ Vin_

ATV

Z(1m)* = ZOmKE'R™ 2 VA
) . 2T (2.43)

(2.462)



A

as a function of the non-dimensional frequency fR=1/n were compared with
the results obtained with the LT software suitably modified to suit the

truncated data and the various integration approximations.

In order to simulate the way in which the averages sample in
practice, the first attempt to form the current and time arrays for the
LT program, was to consider the first point of current sampled at a time
equal to half the sampling rate after the onset of the potential step. No
extrapolation of current to t=0 was done, assuming the current to be zero
until t=R/2. The result of this attempt is shown in Fig. 2.9. It can
be seen that a serious distortion occurs at the high frequency end, this
is due to the fact that the contribution of the missing first segment to
the area under the transient is significant. This area is used in the
calculation of the transform (see Equations A.48, A.52 and A.53 in
Appendix A). Fig. 2.10 shows the resuits of a second attempt where the
first point of the current array is assigned and arbitrary value of C(0) =
2.048, when E(0)=E at a time T(0)=0. A dramatic improvement in the
accuracy 1is obsefved. The real component of the impedance is displaced
by a roughly constant amount determined by the value of the first data
point. The imaginary values are more accurately reproduced. However
it is no good for the experimental data to assign a fixed C(Q) value. An

extrapolation of the first two data points tentatively set as

C (o) = C(')l/ C(r) O (2.44)

was used to obtain the results of Table 2.8 which are slightly less accurate
than those of Fig. 2.10, indicating that a better extrapolation is needed.
By trial and error the extrapolation

C (o) = C(l)lx 3.33 /C(_o_)

(2.45)
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was found to give the best accuracy, the results are shown in Table 2.9

L

and Fig. 2.11.

The former results were obtained with the linear approximation
version of the LT program. At this stage it is convenient to compare
the accuracy of the quadratic approximation version which uses the
algorithms A. 56 and A. 5% derived in Appendix A, The results are
shown in Tables 2.10 to 2.14. In Table 2.10 the extrapolation 2.44 was
used, the results only differ slightly from those obtained with the linear

approximation in Table 2.8.

In Table 2.11 the extrapolation given by Equation 2.45 was used,
there is an improvement in the accuracy comparable with that obtained with

the linear approximation counterpart in Table 2.9.

The formér results were obtained from a transient K/m with
R=1. Keeping the number of points sampled constant we will examine here
the effect of varying R, i.e. the effect of varying degrees of apparent
flatness or steepness of the current transient. In Table 2.12 a value
of R=0.5 and in Table 2.13 a value of R=0.05 gives virtually the same
accuracy in the high frequency region, and a slight improvement in the low
frequency region as the transient gets flatter. The effect of a steep
transient, with R=5, is shown in Table 2.14, as expected, the high frequency
region of the impedance spectrum is less accurate due to significant errors
of the approximation when trying to fit a very rapidly falling transient,

the low frequency region is however accurate. .

Other results not shown here were carried on to examine the
effect of current test data with only three significant figures of precision.
No significant deviation was observed from the normal test data results.
Other test data with random noise showed approximately the same degreec of

noise in the impedance results.

Since the linear approximation takes less computation time than



TABLE 2.8.
software.

Non-dimensional impedance results obtained with the LT

Test data according to Eqs. C.32 and C.49 (t™2 transient)

with R = 1, €(0) = c(1)%/c(2). Theoretical impedance Z(T)* given by

Eq. 2.43.

fR

Q.1
B.,8899999
Be@37 99999
B .87

B.06
B.055

B .05
0.045
Q.04
@.0835
3.d3
B.3275

0.025
3.0225.
g.02

0.018
3.016
3.014
g.312

3 .38999997
3.008899997
0 .037 99997
B.00699997
B .030599997
3 .03549997
3.00499997
0.00449997
0.08399997
@.88349997
3 .62299997
B.02274997
%.008249997
B .03224997
3 .00199997

3.03179997

0.80159997
3.00139997
3.00119997
B .83099997

Z(Re)™

B.735301
G.765747
d.78989!
0.828994
0.874755
0.896653
B.928681
B.972266
1.81933
1 86593
112454
1.18318
l1.2144
l1.26872
134467
1.38524
147443
154335
1.66776
1.7858
1.86138
L-99256
213504
224011
231199
254882
274092
295624
316698
3.12857
3.42104
3.48415
373169

8.24437

/}»13929
43375
5S.88437

493319

Z(Im)™

 =@.43285

“51464298
?@-5@552
“90543146
“5169511
~0.634984
“Bt664844
“ﬂt?@Slll
-0 «768612
‘91824164
'-ﬂ'. 889942
-5.934331
‘909798

-1-04544

""'l -g 9483
“ltl?gl

-1:22627
-1o34195
-1.42189
-1.59782
‘1065764
-1.7284

"1091598
-2.87215
-2¢17512
-2122893
-2 29609
*214758

-2 i67392
'2-85422
-2 97735
'3o256zﬁ'

«3.25763

"3:79145
'3:79878
‘3-73241

“4#35213
“4046385
-4.66394

—2(1T)"

3.5032 91
B.530515

. B«562696

#.601548
B.649746
B.678637
B.711761
B.750262
Be795773
0.850718
Je.91 8879
0.959738

l1 00658
! 06103
1.12539
1 18627
1 25823
1 ..3451

1 .45288
159155
1 .67764
1.7794

1.93226
285468
2.146085
2259379
237254

2.51646

2.69221
290577
383497
3.18311
335529

3 .55883

3.75134
39789

4.25363
4.59445
S.83298

1/SQR(£R)

3.16228
3.33333
353553
377965
4.08248
4.26401
4.47214
4.71405
S
534523
S¢7735
6.83023
6.32456
666667
7.87107
7 «45357
T « 9357
8.45155
9.12872
10
10.5409
11.1804
11.9523
12 .91
13.484
14.1422
14.9372
15.8114
16.9331
18.2575
19.8693
20.0301
21 .882
22.3608
23 «5704
25.08332
26 .7264
28.8679
31.6232



- fR

l

e 9

Q.8

B «699999
B.599909
Je546999
d.4199909
S« 149960
Ae399990G
3 «349990
J 2990869
0 .274999C
3.249999
C.224GG0
Bas.]1999G09
Je1799G0
d.159G699
J«1399GC
J«11699G
3 .0909900G
J.08969G
D «B7 9996
0.86999¢
D .359996
Q.854996
B e349999
J.044999
3.839999
@ .034999
0 «329690
C.827499
J.024900
B.022499
d.81 9999
G.017999
J.015999

J.013999
G.011999

G.20999G31

0.008999

J.007 99901

0.006999
0.005999

0.80549%31

3.884990
Z 1 «AS

EXCELLENT!

TABLE 2.9.

z (RE Y™

Jel 85447
d«193011
B.2027 81
0.212004
Q224391
J 2308468
0.238316
de24622
02559409
3 267971
0283501
Jd«293166
33404567
Be31 8217
0334854
035133
B.373625
0394853
J 425640
Q466172
0491733
d.522264
Bd559493
Je.606117
0634253
Ue666651
Q734475
U674 9367
0.833833
0.871622
3.90867
iJ e 959273
l 03838
107 E66
1.13215
1..20971
1 29575
1 «e39475
1 55416
] 62949
1.72954
1.83152
2el2165
213626
2.2528
Y= 2 O0HMS

Z(IM)*

-3 «B814175

-3.12733
-0.143 882
-J«153671
-J.178338
~3.193749
-d 2514069
-3.268339
""g 128737
-ﬂ -3191 8
-2387337
-0 4246 87
~3535922
-{J+ 836138
*9-995942
-0.94 8029
-0+ 995354
"'l 1651 l 8
""'1 e ] 1592
""'l il7569
“1125563
"'1 13314?
‘lt45332
-} -58481
—116565
-1.76534
""l ® 9! 8@1
-2 138491
'21161 81
-2 .2362

~Z(TOH*

G.159155
Jel167764
Je17794
3193226
3205468
J 214634
J.237254
2251646
J.269321
0293576
J.343495
J.31831
J.335528
34355881
8375132
J.397888
J0.42536
Je459442
¥.583293
J.530518
B.5627
J.601552

d.649751
J«.67 85643

B.711768
Q75027
067957 83
. 8507289
Ue91 8894
0e¢.550755
l B366

1l 3061035
112542
l1.1863

1 258627
1 34515
1445294
l1.56162
1 67773
l 77951
235485
214623
225191

Non-dimensional impedance results obtained with the LT

1 /SQR (HZ

l

1 805409
l1.11843
1.19523
1.29099
1 3484

141421
] 49371

1 586114
1 69431
1 . 82574
1 « 983693
2
210816
223537
2e35733
2500031
267262
2e 88676
3.16229
3433335
353556
377 957
4838252
4264085
4447218
47141
5.003056
S¢3453
57736
6333833
632468
66668l
707124
7 45377
T« 935 GY
B.451 84
09.1290009
10 00835
125415
11.1 8l
11 .9531
12.911
13.4852
14.1435

software., Test data according to Egqs. C.32 and C.49 (t"Ji transient).

R =1, C(0) = 3.33 c(1)2/c(2), n = 200.
with Z(T) given by Eq. 2.43.

Imaginary result compared

b
4



TABLE 2.10.

software (quadratic approximation).
C.49 (tfk response).

2(T) given by Eq. 2.43.

FR

B.99999
B.9
3.8
@ .699999

Be.12
J.0999999
B3.0899999
@3.87 99999
B.0699999
0.3599999
J.8549999
33499999
0.80449999
38399999
B3.8349999
0.0299999
0.3274999
B.8249999
G.0224999
B .02

g.018
B.016
B.014
gd.012
g.011

B .30999999
@.80899999
B.883799999
0.83699999
B.883599999
0.00549999
2.88499999
0.00449999
388399999
@ .08359999
0.8031 9999
G.08279999
3.8023 9999
0031 909GQ0

Z(RE)*

3684817
3.7392
3.775878
3.72176
3.629832
3 +.595895
3.572936
3.556725
3.545417
3.548338
3.542758

G.547292

05544556
B.564735
0.578821
D«5935109
g.612101
0.635751
0.666313
@.706 882
3.732527
0.763148
3.8308443
0.847378
B.875177
J.9375082
@.945207
B.989934
1 84412

1.11161

1.14844

l1.19885

1424737

131467
1 .37451
1.44598
1 .53827
1.63632
1.73602
1.77353
1 .8559

1.96186
228851
2.23871
234118
2430825
254098
271223
285077
2e¢ 99325
3.1541

342363
3.82332

ZCIMOH*®

-0.04139888
-0 .0370 932
0.0385378
3.107243
B.183386
B.0784638
B.0477291
4.8152585
-0 .0215227
'ﬂ1063561
-B4111432
-5-137939
-91166542
-9-197735
‘61232114
‘Gt262665
‘6129675
~-J+.335563
'91388989
"91436186
‘61469889
-9-596959
_gi551516

‘-GG695451

-0.637225

~-B.673246

-31714666
"Gt763129
‘91821955
-gi892234

'31935271
“9#983948
“1034658

“1119548
~1.16726
“1124932
"l 032 866

-1 4391 8"~

-1158695
—1-58297
-1066695
-1-77671
“1.89245
-2.06389
'2014899
"2 124133
-2-38732
-2¢54851
-2 67371
-2-8999

'3#@5752
“3-38719
"'3 69519

-Z(T))*#®

G.159155
B.167764
B.17794

f.193226
0.235468
g.214604
0.225379
0.237254
B.251646
0.26932

0.298575
B.3034956
0.318389
0335527
B.35588

J.375131
B.397886
0.425359
G.45944

B.5032 91
B.530516
0562697
0.601548
0.549746
J.6785638
B.711761

B.750263

3795773 .

0.850718
0.9]1 888
8.959739
1 .00658
l1.06183

1.12539
1 .18627
1 .25823
1 «3451

1 .45287
151748
1 59155
1 67764
1 7794

l « 93226
205468
2¢14694
225079
2372354
2¢51645
265258
2.813460
3083774
3.24874
355881

Non-dimensional impedance results obtained with the LT

Test data given by Eqs. C.32 and
c(0) = c(1)~/Cc(2), R =1, n = 549. Theoretical

1 7SQR(F )

]

1 .05439
1.11833
1.19523
1 29399
1.3484
1.4142]
1.49371
1 58114
1.69331
1 .82574
1 .93593
>
2.18819
2.23607
2.35702
2.5
2,67261
2,88675
3.16228
3.33333
3.53554
3.77 9565
4.08248
4.26482
4.47214
4.71485
5
5.34523
5.77351
6.83024
6 +32457
6.66668

7.87137
7 445356
7 +9357
B.45154
9.12871
9.53463
10

18 .5489
11.1833
11.9523
12.9399
13.484
14.142]
14.9371
15.8114
16 +6667
17 <6777
1 8. 8982
20 .4124
22,3607



TABLE 2.11. Non-dimensional impedance results obtained with the.
LT software (quadratic approximation). Test data given by Egqs. C.32

and C,49 (t'& transient). n = 100, C(0) = 3.33 C(1)2/C(2). Theoretical

impedance Z(T) given by Eq. 2.43.

R= 1
FR Z(RE)* ZCIM) #® -Z(TH)# 1 /SQR(F)
0 e 99999 3.23264 - .8420327 B.159155 l
gig 61236785 '915398655 31167764 '1-95ﬂﬂ9
B.8 0.183349 -0 «3573878 B.17794 1.11833
B.699999 PD.165668 -3« 85852 0.198226 1.19523
Je6 3.153874 -3.12522 0.205468 1.29399
B.55 B.148365 -3 .150486 B.214634 1 .3484
85 B.145266 -3.18141 B.225079 1.41421
3-45 90145426 “@-219945 5-237254 lt49371
Q.4 B.151338 -3 .268389 0.251646 1.58114
B35 g.168262 -3.329729 0.26902 1 .69331
B3 B.236427 -0 +48508 91 0.299575 1 .82574
B.275 J.2382 -@.44538 B «333496 193693
025 0.283984 -2 .4872 87 318399 2
3.225 d.335524 -3.524335 @.335527 2.10819
Q.2 0.483447 -3 553624 @ .35588 223507
.18 @.4573 94 -3.559934 B.375131 235702
B.16 J.51611 -3.583348 0397886 2ed .
0114 Bt57456 -91587335 91425359 2-67261
fe.12 0.63277 -3.59525 J.45944 - 2.88675
3.0999999 3.69279 -Z.613161 0 .503291 3.16228
0.0899999 372525 ~3.622734 0.533516 3.33333
B.8799999 0.76094 -2.643519 B.5626 97 3.53554
085699999 B.831715 -3 665476 B.6015405 377955
B.8599999 3.850461 -0 733432 3649746 4.88248
- B.8549999 B.8791 86 -3.72304 2.678638 4.26402
B.0499999 d.911882 -0 7500859 B.711761 4.47214
3 .0449999 0.949711 -B.78272 B.753263 4.71435
B.0399999 099433 -3. 822601 B.795773 S
3.8349999 1.04822 -3. 872136  B.850718 5.34523
0.3299999 l1.11523 -3 9351084 B.91 888 5S.77351
ﬂ¢9274999 1115162 -91973837 Bi959739 6:33324
B.3249999 1 .2016G -1.01761 1.40658 632457
0.0224999 1.24977 -1.87026 ~ T 1.06103 6.66668
B.0199999 1.31088 -1.13067 1 1254 7.87108
3.0179999 1 «36995 -1.18771 1 .18627 745358
3.8159699 145192 -1.26403 1 .25823 793571
3.8139999 1..530637 -] «¢33466 1.3451 8.45157
3.8119999 l1.63306 -1.451 83 1 ..45288 9.12874
B .083999992 1 79308 -1 57039 1 59155 108 ‘



TABLE 2,12,

w

(quadratic approximation).

(t”

impedance Z(T) given by Eq. 2.43.

response).

R= 0.5

FR

g2
- B.18

B.16
Bel4
B.12
B.1l1
B.0999999
0 .3899999
B .37 99999
@.0699999
D .3599999
@.0549999
0.8499999
B .3449999
B .03399999
B.0359999
0.3319999
B.327 9999
B.3239999
@.83199999
B.8179999
B.8159999
?.0139999
0.8119999
0.0139999
f.08399999
B.08389999
B .3879999
0.0069999
B.0859999
g .03854999
Q.0849999

 0.0044999

B.3039999
g .8335999
3.0031999
g.0027 999

3.0823999.

B.0019999
B.8017999

Non-dimensional impedance obtained with the LT software
Test data given by Eqs. C.32 and C.49

n =549, R= 0.5, C(O) = 3.33 C(1)2/C(2). Theoretical

Z(RE))*®

B.3934085
3.451617
6.511816
B.571822
B.631142
@.651288
d.692011

0.724958
d.763612
0.831658
g.8540238

B.879144 .

B.911551
B.948964
d.9936 92
1.03528
1 .838479
1.14526
1 .22085
1.3168

1 37628
1 « 44637
1 4539071
1 .63604
l « 78496
1.77149
1.85269
1 95621
208329
223083
233328
241845
252641
268921
2834
2« 95232
3.11538
337473
366377
3.85571

ZCIMO*

'91557724
-B 585762
-0 592626
-3 .599982

~-B.614061

-@ «657 945
"ﬂ 17925

-P 751756
-gi823 999
-0 . 862206
-gt966592
-1-33889
-1.13169
-] .1 8981
-1 25742
“1134965
"‘l .ddal7
""l -596@9

' ""l l5746

-‘16594

"l t74847
-] 85221
-1.98842
-2 166212
‘2-13981
'2-23622
-2 -351 82
"2 -44415
-2159367
«2 67377
-2+ 855085
""2:711251
"2 ® 88153

-Z(T))*

@.35588
3.375131
0.397886
B.425359
B.45944
3.479859
g.533291
8.538516
562697
3.601548
B.649746
0.678638
B.711761
3.750263
B.795773
g.838819
g.889703
3.951132
1 .82734
1.1254
1.18627
1.25823
1 .3451
1.45288
1.51749
159155
1 667765
17794l
1.93227
205469
214606
225081
237256
251649
2+65261
2.81352
3.00779
3.2488
3.55889
375141

1 /SQARCF )

1.58114
1.66667
1.76777
1.88982
2.34124
2.,13201
2.,23637
2.35732
2.5
2.67261
2.88675
3.81512
3.16228
3.33334
3.53554
3.72678
3.95285
4.22578
4.56436
S5 .30831
5.27348
55931 9
5.97616
6 +455

- 6742083

7.3711
74536
7 « 93574
8.4516
9.12878
9.53471
13.0001
10 .541
11.1835
11.7853
12 .5882
13.3633
14.434
15.8118
16.6671
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TABLE 2.13,

- + o ]

(quadratic approximation),
n = 549, C(0) = 3.33 C(l)Z/C(Z). Theoretical Z(TT*’g@ven by Eq. 2.43,

R= .85

FR

3 .200231
3.1808201
3.16

3.14

312

3.11

2.1
3.09800203
.3 836082
0.3702002
d.06303002
2 .0550201
3.05023001
3.3450001
3 .0400001
3 .0360001
3.03200301
3.0283301
3.024

3 .02

3.018
3.016
3.014
3.012
3.011

3.01 |
3 .00 899999
3.087 99999
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