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1. Introduction

1.1 Background

An understanding of the phenomencn of transient electrical conductivity
induced in dielectric materials by ionizing radiation is important in the
design of electrical components and systems which must operate in a radia-
tion environment and in the analysis of component and system operation in
such an enviromment. In particular, an understanding of radiation-induced
transient electrical conductivity in common insulators such as polyethylene
is important in the analysis of the behavior of compoments such as coaxial
cables which are subjected to a radiation environment.

Much work has been done in the investigation of radiation-induced con-
ductivity in crganic insulators subjected to X and gamma radiation. Faw
and Robinson (1) provide an excellent review of selected literature concerning
the effects of ¥ and gamma radiation on dielectrics, as well as a comparison
of the wvarious theoretical models which are currently used to describe the
phenomenon of radiation-induced electrical conductivity.

In contrast, very few studies of neutron-induced electrical conductivity
in dinsulators have been done. A seafch of the literature revealed only two
reports of investigations in this area. Harrisorn et al. (2) studied the
conductivity of several dielectric materials exposed to pulses of neutron
and gamma radiation from the Sandia Pulsed Reactor and the TRIGA Mk-F Reactor.
Frankovsky and Shatzkes (3) investigated the radiation-induced currents in
several capacitors with different dielectrics exposed to radiation pulses
from the Sandia Pulsed Reactor. Although Harrison et al. (2) studied the

conductivity during "transient equilibrium" with the pulsed-irradiation



sources, it appears that no work has been done on steady-state neutron-

induced electrical conductivity in dielectrics.

1.2 Purpose of the Investigation

During the work of Faw and Robinson (1) currents were observed during
and after irradiation of polyethylene at zero applied voltage which had
nearly the-same magnitude as the currents observed with several hundred
volts constant applied voltage. It was found that post-irradiation recovery
under constant applied voltage could not be interpreted unless the "short-
circuit” current was subtracted from the currents observed with an applied
voltage across the specimen. This short-circuit current has also been
observed by Fellers (4) and by Yahagi and Danno (5) during gamma-irradiation
studies. In addition, Mizutani et al. (6) observed transient currents in
pelyethylene under short-circuit conditions during irradiation wich ultra-
violet light, |

The first purpcse of this work was to investigate the nature of this
short-circuit current, to propose a plausible explanation of its origin,
and to determine, if possible, whether the corrections made by Faw and
Robinson (1) to the post-irradiation data with an applied voltage have a
sound theoretical basis.

The second purpose of this work was to study neutron-induced conduc-
tivity in polyethylene, since the presence of the 24 Ci KSU 2520f Facility

(7) provided an excellent opportunity to investigate this phenomenon.



2. Theory

2,1 Radiation-Induced Currents Considering Charge Injection and
Space-Charge Effects

A survey of the literature indicated that short-circuit currents might
be the result of charge injection and non-uniform spatial distribution of
trapped charge, but no comprehensive discussion of the equations governing
these processes was found. Since a knowledge of these equations is essential
to an understanding of the possible origins of the short-circuit currents, =2

detailed develcpment of the equations will be presented here.

2,1,1 Basic Governing Equations

Several researchers (8-11) have presented some of the equations des-
cribing the space-charge-induced fields and currents produced in dielectrics
subjected to charge-carrier injection. Lindmayer (&) intuitively relates
the current in a short-circuited dielectric sandwiched between two conductors
to the motion of the zero-field plane present in the dielectric. Gross and
Perlman (9) derive the equations for short-—circuit currents in charged insula-
tors from first principles. Monteith and Hauser (10) present numerical
solutions to the equations governing the space charge distribution and the
electric field in electron-irradiated polyethylene terephthalate. Murphy
and Gross (11) discuss the buildup and decay of space charge in a dielectric
exposed to a beam of 6080 gamma rays. The common denominator in these
investigations is that a spatially non-uniform space charge or non-uniform
charge injection can give rise to externally-measurable currents, even under
short-circuit conditions. However, one feature absent from all the investi-
gations is consideration of recombination, since only electrons were assumed

to be trapped in the insulators.



The equations describing the space—charge distribution, the electric
field, and the induced currents will be devel&ped for the specimen and
coaxial cable geometries used in this work, which are shown in Fig. 2.1.

The equations relating the electric field and the charge distribution
within the dielectric are Poisson's equation and the continuity equations
for free and trapped charge carriers. A cylindrical coordinate system is
employed, and azimuthal symmetry is assumed.

The charge density p(x,r,t) {C m-3} is given by

p(x,r,t) = elp(x,r,t) - p (x,7) + p (x,r,t) - p  (x,r)]
-e[n(x,r,t) - no(x,r) + nt(x,r,t) - nto(x,r)] (2.1)

where
. -19
e = charge per carrier {1.6 x 10 c}
p(x,r,t) = density of free holes n~3}

po(x,r) = density of free holes at equilibrium {mHB}

pt(x,r,t) = density of trapped holes {me}

pto(x,r) density of trapped holes at equilibrium {m_3}

density of free electrons a)

[

n{x,r,t)
no(x,r} = density of free electrons at equilibrium {mEB}
nt(x,r,t) = density of trapped electrons {m—3}
nto(x,r) = density of trapped electrons at equilibrium {m-s}.

Charge neutrality at equilibrium requires that

JV [po(x,r) + pto(x,r)]dv = fv [no(x,r) + nto(x,r)]dV (2.2)

where the integration is carried out over the volume of the insulator.

Poisson's equation governs the electric field within the insulator:
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¥ - Exyr,e) = 200 (2.3)

where
> -1
E(x,r,t) = electric field vector {Vm "}

permittivity of the insulator {C2 N_l m_z}.

€

The electric field is related to the potential ¢(x,r,t) {V} by

E(x,r,t) = - ¥ ¢(x,r,t) (2.4)
so that
Volx,r,t) = - £ZDE (2.5)

The boundary conditions for the experiments carried out during this investi-
gation are

(1) Geometry 1:

¢(0,r,t) =V ‘constant applied voltage) , © <r <R

¢(Lsr:t) =

|
o
-
(o]
A
R
A
o)
-

(2) Geometry 2:

¢$(0,r,t) =

I
P
o
| A
"
A
-

|
o

¢(L,r,t) = » 0s<r=<R and R, <r <R.

(3) Geometry 3:

¢(x,R,t) = ¢(x,R ,t) =0 , 0<x<L

To write the continuity equations for free and trapped charge carriers, it
is assumed that the insulator may be described in terms of energy bands.
Electron and hole traps are assumed to have a2 continwous encrgy distribution
throughout the forbidden energy gap, and are assumed to have a uniform
spatial distribution in the insulator. For convenience, the energy of

electron traps is measured downward from the conduction band, while the

energy of hole traps is measured upward from the valence band.



The continuity equation for electrons trapped at energy E is

Bnt(x,r,t,E)
at

= an(E)n(x,r,t)[nT(E) - nt(x,r,t,E)]
- up(E)p(x,r,t)nt(x,r,t,E) - un(E)nt(x,r,t,E)exp(-E/kT)

(2.6)

where

electron trap density per unit energy_{m_3 ev 1}

'_F
~
(5]
~

n

nt(x,r,t,E) = trapped electron density per unit energy {m—3 thl}
a_(E) = electron capture coefficient for traps at energy E
3 -1
{m” sec "}
, 3 -1
a_(E) = hole capture coefficient for traps at energy E {m~ sec "}
v_(E) = "attempt to escape'" frequency for electrons trapped at
-1
energy E {sec "}
k = Boltzmann constant [B.617 x 107> €7 °K '}
T = absolute temperature {°K}.
Integrated over the energy gap, Eq. (2.6) becomes
ant(x,r,t) g
e nlx,r,t) Jo [nT(E) - nt(x,r,t,E)}dE
Eg ‘ Eg
- T
- <a_> p(x,r,t) J nt(x,r,t,E)dE - <y > J nt(x,r,t,E)e E/K
£ 0 "o
(2.7)

where <o >s <ap>, and <v > are energy-averaged values, and Eg is the width
of the forbidden energy gap {eV}.
Similarly, the continuity equation for trapped holes, integrated over

the energy gap, is

dE



E

g
= <QP> P(X,r,t) fo [PT(E) = pt(x,r,t,E)]

Bpt(x,r,t)
ot

E E

g
~-E/kT
pt(x,r,t,E)dE - <up> f pt(x,r,t,E)e /

0

- <o > n{x,rt) J dE

0

N (2.8)

where

hole trap density per unit energy {m—3 v 1}

pT(E)

trapped hole density per unit energy {m_3 eV_l}

Pt(x,r:t:E)

"attempt to escape" frequency for trapped holes averaged

<v,>
over the forbidden energy gap {sec_l}.

The capture coefficients <an> and <up> are the products of the carrier
thermal velccities and their capture cross sections. It is usually assumed
that identical cross sections govern trapping and recombination. The
attempt to escape frequencies <vn> and <vp> may be thought of as the pro-
babilities that aun electron or hole energetically exeited to the conduction
or valence band will actually pass into the band. Rose (12) has shown that
L o <un>NC and <UP> = <ap>NV, where NC and NV are the effective densities
of states in the conduction and valence bands, respectively.

The continuity equations for free electrons and free holes are

3nt(x,r,t)

en(x,r,t)
Lo, r,b) _ . -
gn(h’r’t) ot

g
7 = Ry n{x,r,t) JO pt(x,r,t,E)dE

+7 . [un(i:’) n(x,r,t) E(x,r,t)] , (2.9)

and



E
op, (x,r,t)
EBLE;ELEl = g (x,r,t) - i <a_> p(x,r,t) n_(x,r,t,E)dE
t p ot P o ¢
> > -
+ Vv - [up(E) p(x,r,t) E(x,r,t)] (2.10)
where
gn(x,r,t) = generation rate of free electrons per unit volume {m—3 sec-l}
(x,T,t) = generation rate of free holes per unit volume {m—3 sec—l}
Sp > g
un(i) = mobility of free electrons {mz Vhl sec-l}
up(f) = mobility of free holes {m2 Vhl sechl}.

In this work, gn(x,r,t) and gp(x,r,t) are the result of gamma irradiation
of the insulator, electrode system, and coaxial lead components. In general,
gn(x,r,t) # g (x,T,t) since Compton electrons are scattered from the electrodes
into the insulator, and Compton electrons produced near the edges of the
insulator may scatter from the insulator. The carrier generation rates also
include the electrons and holes produced by secondary ionization from the
Compton electrens.

The total current demnsity E(t) {A mﬁz} at any point in the insulator

is the sum of the displacement and conduction current densities:

F) = 39553%151 + 3 (x,1,0) (2.11)

where

- -—_
Jc(x,r,t) = conduction current density {A m 2}

> -—
D(x,r,t) = electric displacement {C m 2}.
The electric displacement is given by
-
D(x,r,t) = ey E(x,r,t) + g(x,r,t) (2.12a)

e B(x,r,t) (2.12b)
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where
=12 2 ~1 =2
€, = permittivity of free space {8.854 x 10 C"N " m "}
F(x,r,t) = polarization {C mﬁz} (dipole moment per unit volume),.

That J(t) is a function of time only follows from Maxwell's relation that

3D (x,r,t) i jc(x,r.t) (2.13)

V x ﬁ(x,r,t) = 51

vhere ﬁ(x,r;t) is the magnetic field strength., If the divergence 1is taken

of both sides of Eq. (2.13),

+
7. [i’l%b—tl+ J_Gr,0)] = 0 (2.14)

and j(t) will not vary with position. The conduction current deunsity
jc(x,r,t) contains a component due to the drift of charge carriers in the
interual electric field, a component due to diffusion of carriers, and a
component due to movement of injected and radiation-scattered charges
particles. In most solids, the diffusion component is small enough to be

neglected (2). Then,

jc(x,r,t) = EE(x,r,t) + jg(x.r.t) (2.15)
where
EE(x,r,t) = field-induced current density
jg(x,r,t) = injecticn current density.

2.1.2 Reduced Equations

To carry the development any further, it is necessary to make some
assumptions about the energy distributions of traps and trapped charge
carriers., It is assumed that holes are trapped Iimmediately, i.e., the
concentration of free holes is negligibly small. As in the work of Monteith

and Hauser (10), it is assumed that all hole traps below the electron Fermi
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level Efn are filled, while all traps between the conduction band and the

Fermi level are vacant. Then, the continuity equation for trapped electrons

is
_ E E
ant(x,r,t) fn g —E/KT
e & <e_> n(x,r,t) n_(E)dE - <v > n_ (E)e dE . (2.16)
t n 0 T n E T
fn

The dependent variables are assumed to have no radial dependence for
geometry 1, and no x dependence for geometry 3, These éssumptions will
hold if the irradiation is uniform and if edge effects are not great.
Finally, the electron trap distribution is assumed to vary exponentially

with energy (10):

nT(E) e exp(~E/kT_) (2.17)

B

kT
c

where B and Tc are constants governing the energy distribution. If Eg >> kTC,

as is usually the case, then B = n,_, where n_ is the tetal trap density.

T T

Then, for geometry 1, the governing equations become

BE(x,t) _ p(x,t)
. ” 5 (2.18a)
L
j E(x,t)dx = V (or 0) , (2.18b)
0
Bnt(x,t)
g # <an> n(x,t)[nT - nt(x,t)]
- <> 1+ | n G0 10T /1) (2.18¢)
n T A
9p,. (x,t) . : .
S gp(x,t) - <an> n(x,t) pt(x,t) (2.184)
an_(x,t)
and 258 g o0) - —ET - <o nlx,t) p (6, 0)

+ -g; [un n{x,t) E(x,t)] (2.18e)
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where E(x,t) is the magnitude of the electric field strength.

For geometry 3, the governing equations are

13 . _ p(r,t)
= 3y Lt E(r,0)] = ' (2.1%a)
R
o
J E(r,t)dr = 0 , . (2.19b)
Ry
Bnt(r,t)
—e = <e > n(r,t) [n; - n (r,0)]
[ T.]-1 [n, (r,©)(+T_/T)
- < > l1 . e “ , (2.19¢)
n L 1 nT
Bpt(r,t)
e gp(r,t) - < > n(xr,t) p (r,t) , (2.19d)
on_(r,t)
d £’ ;
and —EigtEL = gn(r,t) - 5T T e n{r,t) Pttr,t)
+ l-g—-[r p o(r,t) E(r,t)] (2.15¢)
r or n ’ # ' o

2,1.3 Currents and the Movement of Zero-Field Surfaces

In many cases, the externally applied field will be small enocugh to allow
the existence of one or more zero-field surfaces within the insulator. The
number and location of surfaces depends on the charge distribution p(x,r,t).

In the case of only one independent spatial variable, it 1s possible to
relate the current density to the motion of the zero-field planes or cylinders.
For geometry 1, Gross and Perlman (9) have showa that under short—circuit
conditions

dx

i

J(t) = —plx; (), t] 5

+3 Ix (0),¢] (2.20)

where xi(t) is the coordinate of any zero-field plane. TFor the case of no

irradiation (no injection current),
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dxi
J(t) = -D[Xi(t),t] 7l (2.21)
dxl dx2
and plx; (1), ] g0 = Pl O),t] 7= .. (2.22)

which shows that multiple zero-field planes cannot move independently of each
other. It should be noted that if p(x,t)} is separable into a product of
functions of time only, and space only, i.e., p(x,t) = £(x) h{t), then

dxi/dt is zero and the total current density is zero in the absence of ainy
injection current. The same equations are valid in the case of a constant
applied voltage, provided the zero-field planes exist.

For geometry 3, it can be shown that (see Appendix 9.2)

ri(t)ln(R /RE) dri
I = S {up[rim,t} i+ Jg[ri(w,t]} (2.23)
0 I

where ri(t} ig the coordinate of any zero-field cylinder. If there is no

¥
injection current, multiple zero-field cylinders cannot move independently.

2.2 Steady-State Neutron-Induced Conductivity

2.2,1 Basic Principles (1)

\ - ; ; 2
Consider a sheet specimen of insulating material of area Alcm”} and
thickness L{cm}. Suppose that a potential difference V{V} is applied across
the specimen, resulting in a current flow I{A}. The electrical conductivity ¢

-1

{2 cm_l} is then given by

o Ay o i
g = Eo = e (2.24)

vhere J{A cn %} is the magnitude of the current density, EO{V cm 1) is the
magnitude of the electric field strength, and R{Q} is the resistance of the

specimen.
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Suppose that the current I is a result of secondary ionization from
. , 3
neutron irradiation which induces g charge carriers per cm per sec. The
current in the specimen is then given by

I = gALet/Tr (2.25)

~19 . .
where e {1.6 x 10 C} is the charge per carrier, t {secl is the charge
carrier lifetime, and Tr {sec} is the charge carrier transit time from

electrode to electrode. The transit time is just
T === —=— (2.76)

-1, | ; ; p % ; ;
where v {cm sec '} is the charge carrier drift velocity, and p is the

mobility {cm2 vl sec-l}. Then
I = gAleutV/L (2:27)
or 0 = gepT . (2.28)

The dependence of charge carrier genmeration rate on neutron flux may
be deduced frem the folilowing argument.

Neglecting nuclear transmutations, such as the (n,y) reaction, the
primary event of neutron interaction with solids is displacement. Ionization
occurs secondarily. The primary knock-on (recoil) atoms can cause further
displacements and ionization if they have sufficient energy. Displacement

occurs if the target atom receives an energy Ep in excess of E defined as

d?
the displacement energy. Ed is of the order of 25 eV for most solids.

In the case of the primary knock-on atom, ionization can occur if the
speed of the primary, as it recoils, is greater than the speed of its
outermost electrons in their orbits.

When the primary knock-on atom is the projectile, a convenient

approximation is the use of an "ionization energy" E; (13). Tf the primary
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knock-on has energy Ep > Ei, the most probable interaction is ionization.
If Ep < Ei’ the most probable interaction is displacement. Ei’ within a

factor of two, is given by

E, = A X 103 ey (2.29)

where A is the atomic mass number of the tarpet atom.
: , 3
The number c¢f primary knock-on atoms per cm per sec capable of
causing further ionization is

Ep(max)

K. =N dE J ¢ (E) k(L,E )dE (2.30)
Py P

E,
i

where NA is the number of target atoms per cm3, $(E) is the neutron flux
per unit energy, k(E,Ep) dEp is the probability that a collision between
a neutron of energy E and a target atom results in a primary knock-on
energy in dEp about Ep’ and the subscript i on the innermost integral

indicates that only those values of E capable of causing Ep i_Ei are

considered.

Rearranging,

Ep(max) ¢ (E) k(E,Ep) dE
N.=N J dE [ 6 (E) dE L (2.31)
pL Al B4y J $(E) dE
1
i
Ep(max)
or Npi = NA ¢l . dEp ki(Ep) (2.32)
i

where ki(Ep) is the displacement cross section averaged over the neutron

energy distribution in the range where Ep > Ei’ and ¢, is now the neutron
— i

fast flux.
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Since the charge carrier gereration rate will be proportional to Npi’

it can be given as
{2.3%)
or g=2=C E (2.34)

where & is the absorbed dose rate, C1 and C2 are appropriate preportionality

constants, and the subcript f specifically denotes the fast neutron flux.

The conductivity during steady-state irradiation may now be expressed as

0 = gley = Cl¢frep = Czﬁreu « (2.35)

2.2.2 The Rose Model

Probably the most successful model which can explain the dose-rate
dependence of radiation-induced conductivity is that of Albert Rose (12,14,
15). His model predicts that o = 56, where 0.5 < 6 < 1.

The model assumes that insulators may be described in terms of energy
bands. A continuous distribution of states is postulated in the forbidden
energy band. States close to the conduction band behave as traps for
electrons and recombination centers for holes. States close to the valence
band behave as traps for holes and recombination centers for electrons.
States in the middle of the forbidden gap behave as recombination centers
for both carriers. Demarcation levels defining these regions can be given
in terms of Fermi levels. The demarcation and Fermi levels are shown in
Fig. 2.2. Again, for convenicnce, the energy of electron traps is measured
dewnward from the conduction band, while the energy of hole traps is
measured upward from the valence band. Now, let n be the density of re-
combination states cccupied by electrons, and 18 the density of recombination

states not eccupied by electrons. Other notatien is the same as in



17

CONDUCTION BAND
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for holes.
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for electrons.

1 VALENCE BAND
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Fig. 2.2 Illustration of demarcation and Fermi levels (15).
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Section 2.1, 1t 1ls assumed that the cenceutrations of free ¢lectrons and

free holes are small in comparison to n and p_. Then, under steady-state

conditions,

n=-6_ and B = 8 (2.36)

p o n_o

rn rp

&npr )
so that Ee BE (2.37)
n oomn
pr
The steady-state electron and hole Fermi levels Efn and Efp are defined by
-E_. [T -E_ /kT
%— = e fn and g— = @ fp i (2.38)
c v

The electron and hole demarcation levels Dn and Dp are defined ag those
levels at which there is equal probability of reexcitation or hole (electron)
capture, i.c.,

=D_/KT
a N, e = pu (2.39a)}

=D /kT
p/

and apNv e =na . (2.39b)

Then, from equations (2.37) and (2.38),

D E ot kT Rn(nr/pr) (2.40)

n f

and D E_. - kT ln(ur/pr) ; (2.41)

P fp
Now, in Fig. 2.2, if an electron is trapped in Regicn 1, reexcitation
is more likely than hole capture. If a hole is trapped in Region 3, re-
excitation to the valence band is more likely than electron capture, States
in Region 2 are the principal sites for recombination. Rose makes three
assumptions: (1) in the absence of radiation, P, 1s negligibly small,
=-ak

(2) in Region 1, the electron traps have an energy distribution nT(E) =Be ",

where a < 1, and (3) ap >> . These assumptions mean that only one type of
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recombination center exists, electron traps have an expeonentially decreasing
energy distribution, and hole conduction is negligible,

Now, during irradiaticen,

0 -akE a
o = amag-B. fo_B[n (2.42)
r JE T a a NC
fn
But n_ = (Bdr = 2 (2.43)
? T 0 nT 2 a -
n )2
Thus, p_=n P—J § (2.44)
r T~NC
However, b g/nun, so that
1
gﬂg 1+a
el e (2.45)
n T

Since a < 1, the exponent ¢ must lie in the range 0.5 < § < 1.0 But,

n=gt, so that

r=Ba gl gt (2.46)

Substitution of these results in Eq. (2.35) gives the expression of Rose

for steady-state radiation-induced electrical conductivity:
8
o=A 8 0.5<8 <1 (2.47)

where Ae is a new proportionality constant.
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3. Experimental Werk

3.1 Current Measurements

The required measurement is that of the current I flowing through the
polyethylene specimen as a function of applied voltage, dose, and dose rate.
The technique used in this work is that followed by Faw and Robinson (1).
The method is illustrated in Fig. 3.1. A stable, high gain, high input-
impedance electrometer operational amplifier with precision feedback resis-

9 13 . s : ’ .
tors from 10° to 107~ ohms is used. The amplifier input is at virtual

ground potential, The ocutput signal from the amplifier is fed simultaneocusly

to a strip chart recorder and a cigital voltmeter.

3.1.1 Apparatus Used during Gamma Irradiztion

The current measurement apparatus used in this work is illustrated in
block diagram form in Fig. 3.2. Table 3.1 lists the items of equipment,
manufacturers, and model numbers. The Model 300 electrometer was calibrated
using the Keithley Model 261 Picoampere Source, and was found to measure
correctly tc within 0.1 pA.

The gamma ray source was an Atomic Energy of Canada Limited Model 220
Gammacell with a nominal source strength of 3963 Ci as of March 15, 1965,
This source censists of several stainless steel pencils containing metallic
60 , . : . :

Co slugs which are arranged in a symmetrical array around the outer radius
of an 8 in. high by 6 in. diameter cylindrical chamber. The chamber, which
is normally in a raised position outside the gammacell, is mechanically

sy R 60 ; e
lowered to a position within the Co source array for irradiation of the

specimen. A cross-ascctional view of the AECL Model 220 Gammacell is shown

in Fig. 3.3.



HIGH
VOLTAGE

R¢
SPECIMEN t
— R
/A\ ﬂ
‘e
I y. OUTPUT
© VOLTAGE
_|_ e}
I==-v5/ R

Fig. 3.1 Current measurement technique.
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Table 2.1 Current Measurement Equipment

High Voltage Power Supply: John Fluke Model 4153B

Shielded Switch: Keithley Model 3011

Feedback Resistors: FKeithiey Precision Resistors——log, 1010, 1011, 1012,
and 1013 ohm

Electrometer: Keithley Model 300

Electrometer DC Power Supply: Keithley Model 3012

Digital Voltmeters: Electronics Asscciates Inc. Model TDVM 5001
Eldorado Model 1820

Strip Chart Recorder: Leeds and Northrup Model Speedomax X/L 680

Picoampere Source: Keithley Model 261
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25

Four circular polyethylene specimens, cut from 0.1524 cm polyethylene
sheet stock, were used during the gamma-irradiation work. The specimens have
a nominal density of 0.953 g per cm3 (16).

Plexiglass specimen holders of the type designed by Fellers (4) were
used, Fellers' design was modified to give greater mechanical strength at
the attachment points for the coaxial leads. Two specimens were designed
for use with a guard ring, as in the work previously don? by Fellers (4)
and by Faw and Robinson (1). Two additional specimens were designed for
use without a guard ring, since n¢ fringing effects should occur under
short-circuit conditions., One specimen of each type consisted of a single
thickness of polyethylene, and the other specimen of each type consisted of
a double thickness of polyethylene.

Machining problems during preparation of the copper electrodes resulted
in a different electrode diameter for each specimen.

The two types of specimens and specimen holders are shown in Fig. 3.4
and Fig. 3.5, respectively. The specimen dimensions are given in Table 3.2,

Two coaxial leads 1 ft in length were connected to the electrodes by
screws which penetrated the plexiglass specimen holders, The leads were
Amphenol RG-58A/U cable with polyethylene insulatioz. The guard ring was
connected to the braided shield of the low voltage lead.

An aluminun box designed by Fellers (4) provided electrical shielding
of the specimens during the current measurements, The braided shields of
both coaxial leads were connected to each other through the shield box.

Coaxial cables approximately 6 ft in length ceanected the specimen
leads to the power supply and operational amplifier. The high voltage cable

was Amphenol RG-62/U, while the signal cable was Amphenol RG-58A/U.
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Fig. 3.4 Polyethylene specimens showing electrode positions.
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Table 3.2 Specimen Dimensions

Dimensions (sece Fig. 3.4): Dl{cm} Dz{cm] DB{cm}

Specimens with Guard Ring
Single Thickness 2.86 3.33 4.60

Double Thickness 2.86 3.25 4.76

Specimens w/o Guard Ring
Single Thickness 4,37

Double Thickness 4,60

3.1.2 Experimental Procedure during Gamma Irradiation

Specimen preparation and cleaning are described in detail by Fellers (4)
and followed ASTM standards (17). After cleaning with isopropyl alcohol znd
water, the specimens were dried at 50 (*2) °C for 4 hours, followesd by con-
ditioning at a relative humidity éf 37 (£1)7% for 40 hours. The specimens
were then painted with silver conducting paint (E-KOTE, type 3030) at all
points of contact with the electrodes and with each other in the case of
double thickness specimens. Finally, the specimens were placed in the
specimen holders between the electrodes, and potted with paraffin.

The current measuring equipment was allowed to warm up for at least 2
hours prior to taking any measurements to insure thermal stability of the
measuring circuits. After the warmup period, the operational amplifier and
strip chart recorder were zeroed and the recorder scales were checked using

the high-voltage power supply and the digital voltmeter.
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Following the cquipment checkout, the specimen to be tested was placed
in the pgammacell irradiation chamber, connected to the measuring equipment,
and allowed to rest under short~circuit conditions (zero applied voltage)
for one~half hour to allow the decay of any residual space charge from
ﬁrevious tests, .

Preliminary current measurements were taken on all 4 specimens both
during and after irradiation for irradiation times of 30, 100, 500, and 1000
sec, Post-irradiatien data were taken for 1020 sec in each case. During
these preliminary tests, the low-voltage electrode of each specimen was
connected to the operational amplifier, Two measurements during and after
100 sec irradiations were also taken on one specimen, using a coaxial cable
shorting cap in place of the high=voltage power supply. The results of
these tests confirmed that the high=veltage power supply, when set to 0 V,
acted as a short circuit.

In addition, two tests during and after 1000 sec irradiations were run
with a 5.1 M2 resistor in series with the low-voltage lead. As the input
impedance of the operational amplifier is approximately 5 MR, the test re-
sults should have been noticeably different if the amplifier input impedance
affected the measurements. The test results using the additional resistance
showed no significant deviation from the test results with neo additional
resistance, confirming that the amplifier input impedance had little or mo
effect on the current measurements (see Appendix 9.3).

Following the preliminary measurements, the currents flowing from the
high-voltage electrodes and guard rings of all specimens were measured both
during and after 1000 sec irradiations. Measurements were taken for two

positions of each specimen within the gammacell chamber to determine the
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effect of specimen orientation on the observed currents. In the "normal"
position the high-voltage electrode faced the left side of the chamber when
viewed from the front of the gammacell. In the "reversed" position the
high-voltage electrode faced the right side of the chamber.

The test results for both specimens without guard rings seemed to yield
no information; thus, testing of these specimens was é%andoned.

Further tests for both specimens with guard rings were carried out
using 1000 sec irradiations. The currents flowing from the high- and low-
voltage electrodes and guard rings of each remaining specimen were measured
at least three times in both the normal and reversed configurations. Post-
irradiation currents were monitored for 1020 sec.

Finally, three measurements of the currents flowing from the low-voltage
electrodes of both remaining specimens were taken during and after 1000 sec

irradiations at 500 V in the normal configuration to check against the

results of Faw and Robinson (1).

3.1.3 Apparztus Used during Neutron Irradiation

The current measurement apparatus used during neutron irradiation was
the same as that used during gamma irradiation.

The neutron source was the KSU Multi-Milligram zssz Source (7), on
loan from the U.S. Atomic Energy Comnmission. This source consisted of
four SR-CF-100-Z sources containing sz(C204)3 encapsulated in zircaloy or
stainless steel, with a nominal source strength of 6.0 curies each. A

cross-sectional view of the KSU 252Cf Facility is shown im Fig. 3.6. The

; " 252
four sources, totaling 34.9 mg of Cf, were positicned in a source holder

at the bottom of the well as shown in Fig. 3.6. The source holder is shown

in Fig. 3.7, with the source positions as indicated.
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The plexiglass specimen holder is shown in Fig. 3.8. Aluminum electrodes
were used during neuatron irradiation since aluminum has a lower activation
cross section than copper.

A watertight container, designed by Bailey and Villareal (18), surrounded
the specimen holder to prevent water from contacting the specimen. This
container is shown in Fig. 3.9. Attached to the top of this watertight
container was 15 ft of ABS pipe through which the electrical connections
were passed, A threaded section of plexiglass on the bottom of the container
allowed connection of various lengths of ABS pipe to fix the different irradi-
ation positions. A nipple which screwed on the bottom section of pipe rested
in the central opening of the source holder.

The coaxial leads used during neutron irradiation were the same types
used during gamma irradiation. A flexible steel sheath, connected to ground,
was placed over both leads in an attempt to cut down the noise signal from the

coaxial leads.

3.1.4 Experimental Procedure during Neutron Irradiation

Two specimens were dried at 50 (#2)°C for 4 hours and conditioned at a
constant relative humidity of 37 (%1)% for 40 hours. The specimens were
then painted with silver conducting paint (E-KOTE, type 3030), placed in
the specimen holder between the electrodes, and potted in paraffin.

The specimen active dimensions, corrected for fringing effects (17),
are 3.80 em diameter by 0.305 cm thick. A specimen is shown in Fig. 3.10.
Both specimens were double thicknesses of polyethylene sheet stock.

One specimen was inadvertently ruined by exposure to water when the
specimen container was improperly sealed. All work reported here was

carried out using the remaining specimen.,
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The specimen was irradiated at four different positions near the source
and current measurements were conducted at each poéition. Current measure-
ments for use in the calculation of dark conductivity were taken prior to
any irradiation,

The specimen, inside its watertight container, was lowered into position
and allowed to rest for one-half hour before any curr;nt neasuremnents were
taken. Previocus experience with gamma irradiation indicated this would be
sufficient time for the specimen to reach a steady-state condition,

A common industrial technique (19) was used to measure the current as
a function of applied voltage. A fixed increment of voltage AV was applied
to the specimen, At a time interval At later the current I was measured,
followed by an additional voltage increment, another current measurement
At later, etc. Since the dielectric charging curroent depands on changes in
voltage (1), the resictance of the specimen, after a few steps, is just
AV/AT,

The beginning voltage for current measurements with no irradiation was
0 V, The voltage increment AV was 100 V. The time increment At was 5 min.
The voltage was incremented to a maximum of -F1000 V, decremented to a minimum
of ~1000 V, and incremented back to the initial voltage of 0 V. Examination
of the data showed that this complete cycle of voltage was not necessary.
Consequently, the initial voltage for all measurements during irradiation
was chosen to be +1000 V, The voltage was then decremented to a final value
of ~1000 V using the same AV and At as before.

An attempt was made to study the buildup and decay of neutron-induced
currents at voltages of 1500 V and during short-circuit conditions. The
movement of the long coaxial cables Induced a sizeable noise current which

prevented study of current buildup, Further, the noise current present when



38

the leads were not shielded by the well wall of the 2520f tank prevented

study of the decay currents, The only useable observation was that no
current was induced during and after irradiation for 1000 sec under short-

circuit conditions.

3.2 HNeutron Flux Measurements

It was-necessary to measure the neutron flux in order to establish the
relaticnship between ccnductivity and dose rate (or flux)., Ideally, the
absolute fast neutron flux should have been measured.

However, the lack of suitable equipment and the length of time required
for this type of measurement dictated that a simple measurement of the
thermal neutron flux be used instead, as the time period of the 252Cf loan
agreement had almcst expired. The approximation was then made that the ratia
of fast flux to thermal flux was the same at each specimen location. The

technique selected was activation of gold foils, which is described in

detail by Price (20).

3.2.1 Apparatus

Thin gold foils on aluminum backing were used. The 252Cf source and
associated equipment are described in Section 3.1.3.

The foils were counted using two sets of counting equipment. A block
diagram of equipment used for coincidence counting is shown in Fig. 3.11.
A list of equipment, manufacturers, and model numbers is given in Table
3.3. The block diagram of equipment used for single detector counting is
shown in Fig. 3.12, and the list of equipment is given in Table 3.4. A

gamma spectroscepy reference source set, Model GSD.1, was used to determine

the efficiency of the 3 in. by 3 in. Nal detector.
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Fig. 3.11 Block diagram of coincidence counting equipment.
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Fig. 3.12 Block diagram of single detector counting equipment.
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Table 3.3 Equipment for Coincidence Counting

High voltage Power Supplies: John Fluke Mcdel 4124
John Fluke Model 412B

Nal Detector for Gammas: Technical Measurements Corporation Model DS-12
Plastic B Detector: Constructed by Department of Nuclear Engineering Staff
Linear Amplifiers: 2 Ortec Model 410

Timing SCA's: Ortec Model 455
Ortec Model 420A

Differential Discriminators: 2 EG&G Model TD1O1/N

Continuous Variable Delay Passive Network: Ad-Yu Electronics Type 2011
Gate Generators: 2 EG&GC Model GG200/N

Linear Gate: Canberra Model 1451

Coincidence Circuits: 2 EG&G Model Cl04A/N

Scalers: 2 Nuclear Scaler Medel 2005, Hamner Model NS-300

Timer: Hamner Model NT-300

Table 3.4 Equipment for Single Detector Counting

High Voltage Power Supply: John Fluke Model 412B

Nal Gamma Detector: 3 in. by 3 in. Harshaw Model 12812

Pulse Height Analyzer: Technical Measurements Corporation Model 402
Type-Punch-Read Control Unit: Technical Measurements Corporation Model 520

Typewriter: Technical Measurements Corporation IBM Model
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3.2.2 Experimental Procedure

One bare and one cadmium-covered gold foil wefe activated at each
position at which the current measurements were taken., The foils were
placed inside a spare specimen holder so they would receive the same
neutron flux as the specimen at each location. Since sealing the water-
tight container required a period of 24 hours drying time, the container
was not sealed for the flux measurements as only one watertight container
was available, and the time available for flux measurements was short,
Irradiation times ranged from 4 min at the position nearest the source to
48 hours at the position farthest from the source.

After irradiation, the foils were removed from the specimen hdlder and
allowed to decay for at least one-half day to eliminate measurement of gamma
rays from the aluminum backings, which had been activated to a small extent.

The foils were then counted, using both a coincidence counting tech-
nique and a single 3 in. by 3 in. Nal detector. Two counts of each foil

were made on each detector, except for the foils at the farthest position,

which registered zero coincidence counts during the first run.
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4, Analysis and Discussion of Experimental Data

4,1 Gamma-Irradiation Data

As described in Section 3.1.2, three current measurements were taken
from each configuration of leads and specimen, Data points were read from
the strip charts at intervals selected to match the time divisions on the
charts, All data were then normalized to a base dose rate of 27.23 rad
(HZO) per sec, using the assumption of a linear dependence on dose rate:

-a .6
Inorm h Imeas (ebaseleact

) . d=1.0. (4.1)
Numerical calculaticns showed that use of § = 0.66 as determined by Fellers
(4) gave, in the worst case, a normalized current only 1.5% lower than the
current calculated for § = 1.0. Thus, the assumption of linear dependence
on dose rate should not significantly affect the analysis. The dose rate
"seen" by the specimen was estimated from the isodose curves shown in Fig.
4.1 to be 90% of the dose rate at the central position of the gammacell
chamber. The centrzl position doée rate was measured with a Fricke dosi-
meter on March 16, 1965 and was found to be 90.83 rad (HZO) per sec. The
dose rate on any subsequent day is easily calculated from the radiocactive
decay law.

The normalized data were then averaged using a simple computer code.
The averaged raw data under short-circuit conditions are presented in
graphical form in Figs. 4.2 through 4.5, and in tabular form in Appendix 9.4.
Averaged raw data with 2500 V applied voltage are given in Figs. 4.6 through
4.9 and in Appendix 9.5.

Three measurements of the current from the high-voltage electrode of

the single-thickness specimen were thrown out because the post-irradiation
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currents had the opposite sign of the currents which were normally observed
in that configuration. Examination of the specimen holder revealed that
the high-voltage lead was broken, and it is believed that the broken lead
was responsible for the strange behavior of the measured currents., Thus,
the data for the currents from the high-voltage electrode of the single-
thickness specimen consisted of two measurements in the normal specimen
position, and only one measurement in the reversed specimen position.

An attempt was made to medel the externally observed currents in terms
of fictitious current generators located within the specimen and coaxial
leads. Circuit diagrems of the model used are shown in Figs. 4.10 through

4,12, The notation for the model is as follows:

ILH = current generated between low— and high-voltage electrodes

IGH = current generated between guard ring and high-voltage electrode
Ic = current generated in coaxial cable

IL = measured current from low-voltage electrode

= measured current from high-voltage electrode

—
o
1!

measured current from guard ring
= output resistance of power supply

input resistance of measuring circuit

S

GPU
1]

shunt resistance of coaxial cable

resistance between high-voltage electrode and central plane of
double-thickness specimen

S &

= resistance between low-voltage electrode and central plane of
double-thickness specimen

RLH = resistance between low- and high-voltage electrodes of single-
thickness specimen

R, = resistance between guard ring and high-voltage electrode of
single-thickness specimen.
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Only direct currents are considered, so there 1s no need to show the capaci-
tance between components. When the power supply is set to 0 V, the output
resistance RV is essentially a short circuit. Using the results of Fellers
investigation (4), the resistances within the specimens and cables were

: . 10 12 .
calculated to lie in the range 10 @ to 10 2. Since the input resistance
of the operational amplifier is ~5 MQ the measured currents may be described
solely in terms of the currents from the current generators, as the currents

flowing in the various shunt resistances will be negligible, The equations

for the measured currents in either specimen are

Io - Ly =1 (4.2)
et Iyt Igg=Ty» (4.3)
and IC - IGH = IG . (4.4)

The solution to this set of linear equations is easily shown to be

Ly = (IL L %+ IG)/B y (4.5)
Lg=s (21, + 1, +1.)/3, (4.6)
and IGH = (IL + IH - 2IG)/3 ¥ (4.7)

The values of the currents produced by the current generators were calcu-
lated both during and after irradiation using the equations shown above.
The results are shown in Figs. 4.13 through 4.16 and are aiso given in
tabular form in Appendix 9.6.

To compare results from the present investigation with those of Faw
and Robinson (1), the short-circuit currents during post-irradiation recovery

were subtracted from the post-irradiation currents at 500 V. Faw and
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Robinson found that when this was done, the absolute values of the corrected
currents became the same. The corrected values of the currents are shown
in Figs. 4.17 and 4.18.

To determine if the absolute values of the corrected currents were
really the same, a t-test for the difference between two means was performed
on each pair of corrected current values. The null hy%othesis of the t-tast
was that the absolute values of the two currents at any specified time were
the same. The currents and t-values are found in Appendix 9.7. The results
of the tests indicated no significant difference between the values of the
currents in the case of the double-thickness specimen. However, in the
case of the single-thickness specimen, the difference between the currents
was found to be significant. The null hypothesis could be rejected at the

95% confidence level for the majority of the current values tested,

4,2 Neutron-Irradiation Data

The current data as a functicn of applied voltage are presented in
Figs. 4.19 through 4.23 and in Appendix 9.8. The specimen resistance at
each irradiation position was calculated using a non-weighted linear least
squares fit to the I-V data. Once the resistances were known, the con-
ductivity at each position was calculated from the formula

g = le-R— (4.8)

where L is the specimen thickness, A is the effective speccimen area, and

R is the specimen resistance. The effective specimen area, corrected for

fringing effects, was calculated using ASTM procedures (17), and was found
252

2
to be 11.32 cm . The conductivity as a function of distance from the Ci

source is presented in Table 4.1.
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I-V characteristics for dark conductivity calculation.
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The reference source spectra necessary to calculate the efficiency of
the 3 in. by 3 in. Nal detector can be found in an earlier report by this
author (21). Reference source data are presented in Appéndix 9.9. Gamma
ray data for the reference sources and gold foils are from references (22)
and (23).

Calculation of efficiency as a function of gamma energy for the 3 in,
by 3 in. Nal detector is presented in Appendix 9.10. The efficiency for the
0.4118 McV garma from 198Au was estimated to be 21,7 percent.

The gold foil irradiation and counting dzta are given in Appendices
9.11 and 9.12, respectively. The gold foil spectra may be found in reference
(21).

Calculations of foil activities and thermal neutreon flux levels are
presented in Appendices 9.13 through 9.15. The calculated values of thermal
neutron flux, using data from each counting technique, are presented in
Table 4.2. The ratio of the calculated flux values should be the same at
every position. It is seen, however, that this ratio is not a constant.
Evaluation of the two counting technicues emploved leads to the conclusien
that there is a greater chance for error in the coincidence technique, since
the circuitry is more complex, and the gate widths, etec. must be set very
precisely. Therefore, it is believed that the flux calculations using the
data from the single Nal detector are the better of the two. Further
calculations are carried out, however, using both sets of flux data, for
comparison.

The ratio of fast flux to thermal flux is assumed to be the same at
each position, so that the calculated values of conductivity should bear

the following relationship to the measured values of themmal flux:



Table 4.1 Conductivity vs. Distance from Source

o] Position Distance
{Q—l cm_l} {cm}
5.97 x 1071 1 7.45
1.37 x 10717 2 42.20
6.75 x 10717 3 73.00
1.36 x 107Y 4 102.45
3.20 x 10—17 (Dark Conductivity) ©

Table 4.2 Thermal Flux vs. Distance from Source

-2 -1

éth ’(t‘.‘mm2 sec—l} ¢th {em © sec 7} Position
(Single Detector) (Coincidence Detector)
1.35 x 10° 1.93 x 10° 1
2,50 x 105 3.73 x 105 2
4.76 x 10° 3.44 x 10 3

0 0 4
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(o - 00) = K ¢ih | (4.9)

where ¢ 1s the conductivity during irradiation, 9, is the dark conductivity,
K is a proportionality constant, ¢th is the thermal neutron flux, and
0.5 <8 < 1.0.

The values of (o - Uo) and ¢th are summarized in Table 4.3. It is seen
that (o - Go) is negative for position 4. This may be due to the fact that

I-V data for Go were taken with much shorter leads than those used for the

measurements during irradiation.

Table 4.3 Thermal Flux vs. (o - Uo)

¢th {c:m-2 sec_l} ¢th {t:m_2 sec—l} (o - oo) Position
{(€ingle Detector) (Coincidence Detector) {9_1 cm_l}
1.35 x 10° 1.93 x 10° 5.97 x 10714 1
2.50 x 10° 3.73 x 10° 1.34 x 10717 2
4,76 x 10% 3.44 x 10° 3.56 x 1077 3
~0 n0 -1.87 x 1077 4

If the logarithms are taken of both sides of Eq. (4.9), the result is

n{c - co) = ¢tn K+ &8 ¢n ¢th . {4.10)

The values of (v - Uo) vs. ¢ h for positions 1 through 3 were fitted to

L
Eq. (4.10) using a linear least squares technique. The resulting slope

of the line is the value of §. Using the single detector data,

§ = 0.71 £ 0.03 , (4.11)

Using the coincidence detector data,

§ = 0.81 * 0.05 . (4.12)
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D Conclusions

5.1 Gamma-Irradiation Study

It may be noted from Figs. 4.1 through 4.8 that the short-circuit
currents represent a reproducible phenomenon. Further, it is seen that
the reproducibility is much better, in general, during post-irradiation
recovery. It is believed that the larger standard deviations of current
values observed during irradiation are due to variations in coaxial cable
position from measurement to measurement. The coaxial cables ran through
slots in the electrical shielding box, and then up the walls of the gammacell
chamber and out the top. It may be seen from the isodose curves of Fig. 4.1
that the dose rate varies rapidly with position near the walls of the chamber.
Hence, a relatively small change in cable position could result in a notice-
ably different value of Compton injection current in the cable.

It is also obvious from the averaged raw data that there is no signifi-
cant difference in currents due to specimen orientation within the gammacell
chamber.

Thercurrent generator model seems to give consistent results during
irradiation of the specimens. The current generator strengths calculated
for the coaxial cables of both the double- and single-thickness specimens have
the same behavior with time and have nearly the same magnitude at any speci-
fied time. The calculated strengths of the current generators within the
specimens have the same sign in each of the two specimens, but different
magnitudes. The difference in magnitudes is not surprising, since the
specimens have neither the same thickness nor cross-sectional area.

The calculated strengths of the current generators during post-

irradiation recovery are not consistent at all, however. The current
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generators in the cables have oppésite signs in the two specimens., Since
the coaxial cables are the same for bothrspecimens, and since there 1s no
interaction between the cable insilator and the specimen, the behavior
should be the same for both cablez.

A possible explanation for this discrepancy is as follows. During
irradiation, the injection cur;eﬁffis probably the larger component of the

total current. Considering igﬁﬁétion current only, the two current generators

postulated in the specimen ar&‘gﬁﬁ only ones necessary because of the electrode
geometry. No electrons can béqﬁzaécted into the specimen from the guard ring
towards the low-voltage electrode, or vice versa. During post-irradiation
recovery, however, the space-cliarge controlled current is the only component
of the current. This current may well have a radial component which would
require the addition of a current generator between the guard ring and low-
voltage electrode. The addition of another unknown to the model would
obviously change the calculated values of the current generators. Since
there are only three measured currents, a current generator model with four
unknowns would not have a unique solution., There appears to be no way to
experimentally measure any other current, so that the use of a model with
four current generators is inconsistent with the present experimental setup.
As indicated in the discussion of the current generator model, the
short-circuit currents are believed to have two components. One compoenent
present only during irradiation would be an injection current due to scattered
Compton electrons. The second component is a conduction current controlled
by a time-dependent spatially non-uniform charge distribution within the
specimen. This belief is supported by the fact that no short—circuit currents
were observed during neutron irradiation. Neutron bombardment would cause

relatively little charge injection, and should give rise to a spatially



uniform charge distribution. Ionization occurs as a result of the dis-
placement and movement of primary knock-on atoms. Since the displacement
of these atoms will occur uniformly throughcut a thin specimen, and since
their path lengths are relatively short, the resulting charge distribution
éhould be uniform. .

The space—charge;controlled current density is described by the governing
equations cf Section 2.1. No attempt was made to obtain numerical solutions
to the governing equations or to correlate solutions to the experimentally
measured currents. The source functicons for electron and hole generation
are unknown, as are the injection current densities. Solution of a com—
bined gamma ray and electron transport probler would be necessary to find
these source functions and injection current densities. Also, the pertinent
material properties of polyethyvlen=, such as trapping coefficients and
energy distribution of traps, are known only approximately. Monteith and
Hauser (10) solved the governing equations in one dimension for polyethylene
terephthalate, in the absence of recombination, and for monodirectional
electron irradiation. They found correlation of calculated results to
experimental data to be impractical because of the large number of material
parameters invelved. Thus, it appears that more investigation of material
properties is needed before correlation of theoretical and experimental
results may be successfully attempted.

The behavior of post-irradiation current in the double-thickness specimern
with an applied voltage is consistent with that obsersad by Faw and Robinson
(1), who also used a double-thickness specimen. Subtrection of the short-
circuit current from those observed at #500 V gives corrected current values
which show no statistically significant difference in magnitude. The post-

irradiation curreuts in the single-thickness specimen do not show this
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behavior. It is possible that the layer of conductive paint in the middle
of the double-thickness specimen may have an effect on the post-irradiation
current behavior, since this layer can carry an induced charge.

At present, there is no way to predict the post-irradiation behavicr
of short-circuit currents for either specimen, since the governing equations
are nonlinear, and no analytical solutions have been found.

In summary, the following conclusions seem justifieq. First, the
short-circuit currents observed during and after irradiation of organic
insulators represent a reproduczible physical phenomenon. The basic mechanisms
for the production of these currents are probably a Compton electron injec—
tion current and a space-charge“controllgd conduction current. These
current components can be described by a mathematical model as presented
in Section 2.1. Finally, in the case of the double-thickness specimen,
subtraction of the post-irradiation short-circuit currents from the post-
irradiation currents observed at *500 V results in corrected currents which

have the same behavior as those observed by Faw and Robinson (1).

5.2 Neutron-Irradiation Study

The calculated values of & (0.71 and 0.81) lie within the range pre-
dicted by Rose (12): 0.5 < § < 1.0. The only value available for com—
parison is that found by Harrison et al. (2) for polystyrene. They found
6 to be 0.97 during the "transient equilibrium" period of a combined gamma
ray and neutron pulse from the Sandia Pulsed Reactor. The investigation of
neutron-induced conductivity by Frankovsky and Shatzkes (3) did not use the

Rose model.
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It should be noted that the dose rate due to gamma irradiation from

2520f has been neglected in the calculations. Other work done with the

KSU 252Cf source (24) indicates that the gamma contribution to the total
dose rate is less than 10% at locations close to the source.

The effect of total neutron dose received by the specimen is negligi-
bie. Pcrggncnt damage to organic solids such as polyethylene generally
requires a total integrated flux in excess of 1016 to 1018 neutrons per
cmz. The total exposure time of the specimen was approximately 4 hours.
Multiplication of this time by the flux at each position gives a total
integrated flux of approximately 3 x 1012 neutrons per cmz, well below the
threshold cf measureable permanent damage.

In conclusion, the experimentally determined relationship of steady-
state neutrom-induced conductivity to meutron {lux level was found to agree

with that predicted by the Rose model (15).
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6. Suggestions for Future Work

Further study, both theoretical and experimental, of radiation—-induced
short-circuit currents is needed. First, the experimental determination of
trap energy distributions and trapping kinetics parameters for polyethylene
should be done. When these parameters are kncwn, numerical solutions of the
governing equations may be obtained. Additional measurements of short-
circuit currents should be conducted using specimens with a different type
of signal lead, to eliminate the current contribution from the coaxial cable.
Then, correlation of the theoretical and experimental results should be
attempted.

There is a great deal of work yet to be done in the investigation of
neutron-induced conductivity. More correlations of steady-state conductivity
to neutron dose rate nezd to be dene. In particular, the absolute fast
neutron flux should be measured in order to caleculate the total dose rate
seen by the specimen. A wider range of dose rates and the effect of total
dose need to be studied.

Data are needed for the study of buildup and decay of conductivity during
and after irradiation in a neutron environment.

Other possible studies include the variation of specimen geometry and
the effects of temperature and humidity.

In short, the possibilities fer further study of neutron-induced con-

ductivity are many and challenging.
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It is assumed that all hole traps below the electron Fermi level Efn
are filled, and that all traps between the conduction band and the Fermi

level are vacant, i.e.,

1l
(=]

nt{XQr!t!E) 3
and {(9.1.1)
nt(x,r,t,E) nT(E) , Ec, < E<E .

With the additional assumption that the free hole concentration is negligible,

the continuity equation for trapped electrons reduces to’

on_(x,r,t) Efn Eg
—t 0 T <> nlxur,t) (E)AE - <v > o (Bye FKT4E . (9.1.2)
T o et | oy S
fn

The electron trap distribution is assumed to vary exponentially with energy:
—E/ch
nT(E) =7 © (9.1.3)
c
where B and T. are empirical constants governing the energy distribution.

The total trap demsity is just

E
g8 3 -E/kT

E)dE = —_ e dE
0 o1 0 ch

]

P

-E /kT
B(l-e & %, (9.1.4)

Since Eg >> kTC for most insulators, o = B. The first integral of Eq.
(9.1.2) is
E

fn —Ef JkT
Jg nT(E)dE = nT[l -g o0 cj ® By nt(x,r,t) ‘ (9.1.5)

The second integral of Eq. (9.1.2) is
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E
B Ty Ef1,1)
J Fap[‘E[TJdeE
E c c’
fn
( Tt [ Efn f Tc B Tc
- ot + 1 {“P'ET—cl“T—J B 1))
= 'l + EE - ex —-EEE 1+ EE} (9.1.6)
T E PI7 kT, T | " T

From Eq. (9.1.53), it follows that

n_(x,r,t) -E_ /KT
L= T oC, (9.1.7)
T
Then,
Eg _E/KT Tc -1 nt(x,r,t) (1+TC/T)
]E nT(E)e dE = nT[l + T_} —'I-]-T-—*— ’ (9.1.8)

and the reduced form of the continuity equation is

Bnt(}{,r,t)
-—_—— = <an> n(x,r,.t) {n.T - nt(X,r’t)]

Tc -1 nt(x,r,t) (1+Tc/T)
-y Rl v T omy

ot

. (9.1.9)
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Relation of Currents to Zero-Field Surfaces
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9.2.1 Case of Plane-Parallel Geometry

Poisson's equation for plane-parallel geometry is

¢ ﬁ§§§L51-= p(x,t) , (9.2.1)
with the boundary condition
L
J E(x,t)dx = V = constant . (9.2.2)
0

Integration of Egq. (9.2.1) gives

e E(x,t) - € E(0,t)

X
J p(x',t)dx' . (9.2.3)
0

Integration again from x = 0 to x = L, and rearrangement results in

E(0,t) = %E--

™

L K
J dx j p(x',t)dx"' (9.2.4)
0 0

i ]

so that

X L L
e E{x,t) = f p(x',t)dx"' + eV _1 { plx® e )dx' f dx

0 L L jO X
X v L 1

= f p(x',t)dx" + %— J p(x',t){l - %L]dx' . (9.2.5)
0 0

where the order of integration has been interchanged in the second integral.

If one or more zero-field planes exist, their locations are defined by

E(xi,t) =0 |, i=1,2,... {9.2.6)
Then, at any X
X4 L . .
fo plxt t)dx' = [ p(x',t)[l - %—}dx' - %* 5 (9.2.7)
0

Differentiation of Eq. (9.2.7) with respect to time gives



xi(t)

dx L
i dp(x,t) _ ap(x.,t) _x
p[xi(t),t] '—dt + JO -—EE"’“——dx = JO -—L—at 1 L dx .
Continuity requires that
3p (x, £) L BJc(x,t)
ot dx -
Then,
ax, % 88 37 (x,t) t 37 _(x,t) -
plxg (0),e] o - e Bt | T (l-f]dx
0 0
and
ary a1 f"
Jc{xi(t),t] = p[xi(t),t] EE—-+ i-JO Jc(x,t)dx :

The total current density J(t) at any point is just

{
3 = e Y 45 ey

Integration of Egq. (9.2.12) yields

J(t) =

ll

L
JO Jc(x,t)dx :

Then, from Eq. (9.2.11),

dxi
J(t) = —p[xi(t).t] T Jg[xi(t),t]

85

(9.2.8)

(9.2.9}

(9.2.10)

(9.2.11)

(9.2.12)

(9.2.13)

(9.2,14)

since the conduction current density at any zero-field plane consists only

of the injection current density Jg[xi(t),t].

9.2.2 Case of Cylindrical Geometry

Poisson's equation for cylindrical geometry is

f*-g-r— [r E(r,t)] = o(_r,t) R

(9+2:15)
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with the boundary condition

o
J E(r,t)dr = V = constant . {(9.2.16)
R'I

Integration of Eq. (9.2.15) gives

T "
J r' (', E)de" . (9.2.17)

-

er E(r,t) - ERI E(RI,t)

Division of Eq. (9.2.17) by r, integration from r = R, tor = Ro’ and

rearrangement yields

1 %o dr {*
= | e ——— 1 1 1
ERI E(RI,t) eV Ta(R 75 | = f r'o{r',t)dr (9.2.18)
o 1 R R
I I
so that
r Ro Ro
= !‘. T 1 1 .E_Y - .___!'_.—._-_.-_ -1 ! 1 g.!:—
eE(r,t) = - [ rioilnt e)dr? - W) e'p(r',t)dr =
R o 1 R. r
I 1
R
T o tn(R /")
-1 ' 1 L EV 1 ' S WSS * NS W
= f r'p(r',t)dr' + = = r'o(r',t) (R /R dr
RI RI o I

(9:2.19)
where the order of integration has been interchanged in the second integral.

If one or more zero-field cylinders exist, their locations are defined

by
E(ri,t) =0 5 1 & 1,240 (9.2.20)
Then, at any Tis
Ty R gy /r')
' ' ' = ' 1 '
JR ot ,e)de" # eV J r'p(r',t) Tafd JRL) dr' . (9.2.21)
R oI

I I
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Differentiation of Eq. (9.2.21) with respect to time gives

ri(t) R

dr o " en(R /")
i dp(r't) dp(x',t) 0 '
ri(t)p[ri(tl,t]'gg* + T dr' = J T in(R_/R.) 8" =
RI RI o1
(9.2.22)
Continuity requires that ~
13 _ 3D(r;t) (9.2.23)
g S LN PL I e <
Then,
dri ri(t) 5 Ro 3 ln(RO/r)
i el (e e = = e e = ,( ar (T30 m 7ry 9 -
RI RI o I

(9.2.24)

Integration by parts of Eg. (9.2.24) and rearrangement gives

dry 1
plry (8),t] 5= = J [r;(®),e] - r () in(R /K]

I

The total current density J(t) at any point is given by

J(t) = ¢ 32%%*51 + Jc(r,t) .

Integration of Eq. (9.2.26) yields

R

0

(Ro - RI)J(t) = J Jc(r,t)dr .

R

I

Then, from Eq. (9.2.25),
ri(t) En(RO/RI) dri
J(t) = ® -’ {—P[ri(t),t] = F Jgiri

o
J F ;88 » (9:2:29)
R ©

(9.2.26)

(9.2.27)

(t),tl} (9.2,28)

since the conduction current density at any zero—field cylinder consists

only of the injection component.
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~35.} T
-40 1L 1 1 1 r o s G 1 L 1
v. 100. 200. 3o0. 400, >00. E0C. 700. 800. 500. 1000.
TIME (SEQ)
Fig. 9.3.1 Short-circeit curvents during Irradjation with and without 5.1 Ml series resistor.
{Currents from L.V. electrode of double-thickness specimen with guard ring.)
0.20 — T T =T T T T T T T
-
0.10+ 4
4
~-0.00+ -
[
— . | o r -
o 0.101 %
a |
P 7 T I {
— . ([T r J
2 .20 [T 7] T} . T +
¢ appts T
2 i s
5 -0.30f |1 ]1] N |11 -
O 1 ReY |
-0. 40} 14311 ! ©- With Series Resistor
- ! A~ Without Series Resistor 7]
1
llL—L‘
i
~0.50} l’ -
-0.6 i ¢ 1 L 1 1] 1 1 1 1 1
%. 10G. 2040. 300. R0Q. SG0. 600. 700. B00. 300. 1000. 1100.

Fip. 9.3.2 thert-clircult currents arser ircradiation with and withour 5.1 M.! series resistor.
(Currents from L.V. electrode of Jdouble-thickness specimen with goard ring.)
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Appendix 9.4

Averaged Short-Circuit Current Data

90



VABLE 9.4.1

1RRADIATION CURRENTS FOR OCUBLE-THICKNESS SPECTMEM IN NORMAL POSITION

91

FROM LOW-VOLTAGE ELECTRODE FROM HIGH-VOLTAGE ELECTYRUDE FROM GUARD RING
TIME CURRENT STO DEV TIME CURAENT STD DEY TIME CURRENT 5TD OEv
{SECH is) 12]) I5EC) {a) ia) £5SEC) 1a) la}

3. -2.abt-11 3.52E-12 3. =1.37E-11 3.22E-11 3. 4.T0E~-12 B.&5%=12
15. =2+55F-11 3.87E-12 15, “l.06FE~11 J.26E-11 15. ~&.23t-13 6.05%F=12
3jo. =2. 371E-11 4. 32E-12 30, ~3.%5E-12 3.27E~1t 30. TaTaF-13 S5.45%E-12
4%, ~2a22E-11 4.25E-12 4% l.L0E-12 3.23E-11 45a 2.09E-12 5.28F-12
604 ~2a09E-11 4.34E-12 60, 5.52E~12 3.23z-11 6. 3.38F-12 S.23E-12
15. -1.99¢-11 4.53E-12 75 f.01E-12 3.27E-1LE 15, %o 90E-12 S.23E-12
$0. =1.89€-11 4.55E~-12 90. l.22E-11 3.23e~11 90. SabasE-12 S5.33E-12

103, =~i.51E-11 4.460E-12 105, 1.496-11 3.21E-11 1C5. E.31E-L2 5.35E=12
120, - 72:-11 GathhE~12 129 l.75F-11 3.17e-11 120. T.D3E-12 S.&lE~12
150. —-l.81F-11 4,.73F-12 1£0. 2.15E-11 3.l12e-11 150. B.51F-12 S.536-12
1804 =l. 51E-11 4.TIE~-12 132, Za%9E-11 3.086-11 130. | 70812 5.63E-12
240, =L.35E-11 &,405-12 240, 2.99:-11 2.94F-11 240, L.lTF-11 5.93=12
360. =l.22F-11 4aubE-12 3030. 3.397-11 2.91c-11 300. 1.3532-11 B.34E=-12
380, =l d2(-11 Re52E-12 360, 3.696-11 2.86E-11 3604 l.e3E-11 6.23%E~-12
420. =1.05E~11 4.54E-12 4208. Ja93E-11 2.815-11 420. 1.81E-11 6.18E=12
430, ~%.558-12 4w55E~12 4330, 4. 12E-11 2.705~11 +83. L. 72E-11 6.158=12
540. -8, 2812 Lo 4RE-12 540, 4.26E-11 2.T2E-1LL 540. l.83F-11 6.02E~12
600, =-8§.93E-12 hohTE-12 600, bateDE-11 2,639 -11 &G0 1.53F-11 S.85E~12
660, —8.558-12 9.35E-12 560, 4.50E-11 2. 65-11 650. 2-01E-11 S.8ilF=12
120 =G 13512 8.23E-12 720. 4,00E-11 2,63E~-L1L T20. 2.08E-11 S.63E-12
180. 4.20F-12 730, 4.5EE- L1 2.602-11 733 2. 15E-11 5.50¢5=-12
B40a =-Ta 73012 4. 15E-12 84d. heT4I-11 2.95E~11 540 2.21E-11 S.42E-12
900. -T-55E~12 4.,01E-12 S3Ja 2.50E~11 900 2.27E-11 5.39%-12
960. =T.43E=12 L£.04F=~12 969, 2.58E=11 940. 2-31E-11 5.32E-12
1000. —T.2BE-12 3. 9%E-12 1633. 2.54E=11 10503 2.34E~11 5.2TE=12

TABLE 9.4.2

IRRAQIATION CURRENTS

FOR DOUSLE-THICKNESS SPECIMEN IN REV

EASED PCSITIDN

FRON LOW-¥OLTAGE SLECTAGOE

FROM HIGH-YOLTAGE ELECTRODE

FROM GUARD RING

VImE CURRENT ST0 OEV TIHE CURRENT STD 2EV TIME CURRENT S5fD DEV
1SEC) 1&) tal {SEC) Al [al {SEQ) {a) ta}

3. =laT6E-11 9,30E-12 3. =1.57E~11 4.56E~11 3. =1.2TE-11 3.91F-12
15. =2.23E-11 1-15E-11 15. —l.61lE-11 4.6%t-11 15. =lat2E~L1 3.81E-12
30. -2-160-11 1.21E-11 33. -B8.33E-12 4.11E-11 0. =1.45E6=~11 4ahaE-12
45. =2.07e11 1.27e-11 45. ~3.51E-12 “.07E-1L 45 =1,31E~-11 5.07E~-12
&D. —1.97E~11 1.21E~11 60 l.45E-13 4.030-11 60w ~1.15F=-11 5.26E~12
T5a =1.85£~11 1.326-11 5. 3.40L=12 4,05E=11 75« =9.97E-12 5.568-12
0. —3a83E-11 1.358-11 90. b.536-12 4.02E-11 90. -B.47E-12 5.60F-12
105. =1.77E-11 1.36E-11 105. B.99E-12 4.008-11 105« -T.34F-12 S5.TSE-E2
120. =l.T1E-11 1.375-11 120. l.13E=11 4.04E=11 120« -6.2%E-12 5.48E-12
L50. =1.61E-11 1.43€-11 150. 1.57e-11 4.0%E-11 150. -4.50E-12 S5.9HE-12
180, =1.%37-11 L« 42FE-11 180. 1.99F=~11 4.05%E=11 IED- -2,908-12 5.9RE~-12

250, =1.40£-11 1.498-11 240, 2e40E-11 4.1/0-11 240, =4, 73F-13 6.210-12
300. —1.326-11 1.49E-11 3oQ. 2«80E-11 “y190-11 300. 1.455-12 6.48E-12
360. —1.24E-11 1.4%E-11 360, 3.0E-11 4.237-11 350. 3.035-12 ba64E-12
420, ~Ll.l87-11 l.51E-11 423 3.30E-11 4. 290-11 420, 4. 16E-12 G.4GE=12
480, =1l.125-11 1.52E-11 480, 3.478-11 4,33F-11 490 . 5.4GE~-12 b.16E~-12
540, -1.03F-11 1.53E~11 540, 3.62E-11 4o 3dc-11 540. 4.32E-12 6.87L-12
600. =L 03E-11 1.53E-11 600, . PR B H.43E~11 aco. T-11F-12 6.8ATE=12
840, -F.94£~12 1.52E-11 660, 3.93E-11 GadaE-11 660, T.S5E-12 b.92E~12
120, ~8.695-12 l.53t~-11 120, J.OlE-11 hoali-1l1 1204 8.62F-12 &.05F-12
T40. ~9.4%E-12 l.53E-01L 130. 3.vdE-11 HobRE=-11 TH0. GallF=12 6.94E-12
840. —9.136-12 l-512-11 B4, q.03E-11 H.w5r-11 d4l. F.62E-12 6.37E=L2
900, —B8,30E-12 1.5CE-11 409, 4.07e-11 “aB3E-11 F00. 1.GlE-11 6.93E-12
5560, ~B.73E-12 L.5GE~-11 960. e,12E-11 4.50E-11 960. l.05F~11 b.99E~12
1000, —8.,64E-12 l.%CE-1l 1¢C0. 4Q.l4E=-11 4.51E-11 1000, 1.09E-11 &.STE=-12




TABLE %.4.3

POST-[RAADIATICN CURRENTS

FOR DCUBLE-THICKNESS SPECIMEN [N

NORMAL POSITION

FROM LOW-YOLVAGE ELECTRCDE

FROM HEGA-VOLYAGL ELECIPDIE

FRCM GUARD RING

TInE CURRENT $ip oevy TIME CURRENT STD Dev TimE CURAENT SID DEV
{SEC) ta) ia] 1SEC) ta} {a) (SEC) ia) fay
15. =2.36E-14% 1.38€=-113 15. 1.97E~12 2.445=11 15. =~1.87E-12 G.59E8-14
18. =1l.21E-13 La34E=13 18« l-76E-12 2+3356-11 ia. ~laR4E~; 2 S.155-14
il. -1.925-13 Leb=F-113 2i. l.63E-12 2.327-13 21. -1.895-12 s liz-14
24. =-2.35€-13 1.6-F=13 24. 1.5490-12 2.06F=13 24. —ta7SF=1i2 A.lYE-L 4
éla =2.655-11 1.%9E=13 27 La33£=-12 2.076-113 2l ~ilaTOE-L2 2LRTE-14&
30. ~2.84E-13 laoE=13 30. 1.406-12 l.407-113 30. -l.66%-12 9 207~ 4
3b. =3 05C-11 l.eTE-13 6. lalsf~12 «SEE=] g 36. =leS0F~12 SaTCF~Lw
£2. —3.246-113 loawE-13 42, L.GPE-12 L.57i-13 42, -l.=7E-12 $.30F-14
48. =-3.26E~14 LuaZE-L3 43. 9.936-13 1.53E-13 48. =1.%08=12 5.05F-1%
84, -3 31E-13 1.3786-13 54, 9.152-13 1.342-13 S4a -1.33E-12 5.64F-14%
60. =3.325-13 1.335-13 STa B.S54E-13 1.15:-113 50. ~l.26E~12 5.71<-14
(138 =3.28E~13 1302-13 - L] B.llE-113 9.53C-14% 56. ~1.20E~-12 &.627-L4
T2a ~3.285-1) t.256-13 T2. T.TIE-13 §.255-14 12, —l.14E-12 5.205-1%
18- -3.20£-13 1.22E-13 78. 7.38E-13 8. =1.11E-12 BasTE-L4
B4. -3 2065-13 1. 12E-13 84. T7.0TE-13 LT ~1.06E-12 4.735-14
90. -3,225~13 9. b.T6E- 13 20, ~1.02E~12 SetoF-14
S5, =3.255-13 S5, 6.515-13 3. =9.85-11 S.olE-l14
102. -3,128:-13 1.24E=-13 102. 6.278-12 inz. -%,43-113 5.3CF-14
103, =3,17%¢-11 [.J3E~11 103, 6.06F-123 108, -Q.205-113 S«S5DE=-L4
Ll4. -3.158:-13 1,0%=13 L. i, -8.93-13 babTE=V Y
120. =3.15%~13 1022123 120. 129 =S.558-112 S.76E-14
135. -3, 065-13 135, 135. -T.338-13 S.23F-14
150. =-2.%55~13 150. 15d. -T.45E-13
165, ~2.90E-13 1e5. 165. ~6.99F-13
180. -2.31E-13 1al, 150, -£.595-13
2104 -2.83E-13 210. J.a4F=113 210. =5.83E~13 PRl
240. -2.49E-13 243. 3.03F-113 250. ~S.192-13 5.00%-i4
270. =-2.37E-113 270. 2.T6E-13 270. =4 .5FE~113 S250E=14%
ioD. -2.215-13 300. 2.528-13 396. ~4.21E-13 ScalE-La
310. =2. 14E~13 3130. 2.31E-13 2.245=14 330. -3,.757-13 L.35E-14
ds0. =2.035-13 360. 2.13€=-13 l.ls5=14 350. -3.41E-13 S5.158-14
420. -1.78E-113 5.406-14 420. 1.845=13 1.27E-i% 420, =2.84E=13 4.550-14
480. ~l.6¢F-13 4.9%E=14% 482, LashE~-LD 4A0. =-2.385-13 “.29F-14
540. -1.49E-13 4.51E-1L4 S4d. L.52F-113 540. -2.03E-11 1.609E-14
600, —la&3E-L) 3.95%-1¢4 401, lendE-13 &0Q. =1.72E=123 l.l2F-Ll4
480, -1.25€=-112 1,400~ 14 663 1.23E-13 660. ~1.48£-113 2.82E-14
720. =1.23e-13 3,44F-14 Tila lel9E-13 720. =1.30€-13 J.42E~-[ %
780. =1.11E-13 &.U0E~14 780. 1.10F-13 3.51E~15% 780. =l.107=13 2.72E-14
B840, ~l.03E-i3 2.dlE=14 840 9.33E~ 14 1.25E-14 340, =9,43F-1& 2.56%-14
[00. =S.863E-14 2.77E~14 R00. L.0l1E-13 9,22-15 930 =0.33F~14 2.5TE~14
9560 =Q.53E-14 2.75F-14 960, ?.33E-14 1.39E~-L4 9&60. ~7.68E~14% 2.81E-14
1020. ~8453E-14 2.6BF-14% 10204 g.1lE-14% 1.11E-14 1023. -b.lIE=14 2.50E-14
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TADLE 9.4.4 POST=IRAACIATION CURAENTS FCR OOUBLE-THICKNESS SPECIMEN TN REVERSED POSETION

FAC™ LOW-YOLT 2GE ELECTRGDE FROM HIGH=¥ILTAGE ELECTRODE FRCK GUARD RING
TiME CURRENT ITD Lev TIME CURRENT STD DEV TiME CURRENT SYD DEV
I1SEQ) (A5 La) tSECH (a) 14 {SEC) 1Al ta)
15. ~2.316-13 2.595-13 15. 2.32E-12 S.48E-113 154 =~L.99c=-12 5.535=~14
18, =2.91E-11) 2.215~13 19. 2.09E-12 S.67F=-11 18. —1.934E=-12 SebTE—14
21. =3.2671-12 - 25E-13 2l. 1.93E-12 S5.515-13 21l. =1.89E~-12 4.01lF-14
24, =3.635-13 2.257-13 24 1.TBE-12 4.H2E-13 2%, —-1.3%c-12 2.67E-14
27 =3.9lz=13 2.23--13 27. l.&7E-12 4.36E=113 27. =1.735-12 Z.815-14
30. =4.12=-1i3 Ja258-13 30, 1.57e=12 s.b63E-13 30. -l.72E-12 2.35E-14
3o, =4.33E-1) Z2a37E~113 3b. lak2r-12 bLbHE=-1Y 36. =1la&6E-12 J.4GF-14
42, -4,53E-13 PR ELENS 42a l-318-12 L LleE-11 42. =1.555=12 1.4%E-14%
48. =4.51E-13 2a322-13 48, 1-21E-12 3.515-13 hda —l.489E-12 LaSJdt-1m
54 =4.5zE-13 2. 12E-1) 54. 1.13E-12 FaB1E=12 EL TS —Lka®lF-12 S.652-1%
40, —&.445-1) 2.25F-13 £Q, l.06z-12 3.3CE-13 60. =Ll.3¢E=12 2.35F~14
66, =4,43E-13 2.195-13 65. 1.GOoF=12 J.lsE-13 b6a —l.25:-12 1.00F-14%
2. =-4,356-13 2.20°-113 1z, G.55¢E-13 3.0E5E-13 12. =L.25E~-12 5.3%5=15
T8 4. 2TF-13 callE-113 T84 9.02:-13 2.93=-13 ra. ~i.228-12 FaFIE-1H
84%. =4, 23F-13 2.T2£-13 ga. 8.6TE~-13 2.8JE=113 4. -1.15F-12 laStE-14
0. —4.18€-13 . 90. 8.19e-11 2,T5E=-112 90. =l.l1E-12 lad2E-14
Sb. =4.13c-13 9% T.72E~13 24455~113 b —1.08E=-12 2.51E-14
2, -4,.08F-13 132, T.35e~-13 2.3i=-13 102 —l.Ctz—12 2.52F~14
108, <3 99811 1308, T.065-13 Zadse=13 104. ~1.015-12 Za51f-14
Ll4. =3,63:-13 1l4. 6.75c-13 2.115~-13 1l4. =5, %4F=13 1.8902-14
120. =3.83E-13 120. 6.55r=13 1.35E=13 12C. =-9.31E-13 1.325- 14
135. =3.742-14 13va G.2LE-13 1.BTE-112 135. —R.B4E-13 2.05€E~14
150. =3.530-13 152, 5.53F~-113 L.53E=13 150. =8.1lT75=-13 2.108-14%
16%. -3.485-1) L.65E~13 165, 5.05e-13 1+532-13 165 =7.753£-13 2.1%E-14
180. =3. 44212 1.70<=-13 1ag. L. B2E-113 L.~3E~13 180, =T.342-13 2.03%6-14
210. =3.17z-11 LebZE~-12 212« ho26E-113 l.d2e-13 210. =6.52E=-13 2.945=14
240, =-3.01E-13 le3=2-13 240, 3.670-13 t.22:-13 240. -5.69€~-13 J.i9E=1ls
270. ~2. 17E-13 lelsE=13 213, 3.2%E-13 1.015-113 270. =5.295~13 3.34E- 14
300. =2.62E-13 l.12E-13 300. 2.7CE~113 T.83E-14& 300. 4, THE-L3 2.90E-14
330. ~2.432-12 L.252-13 330. 2.59E-13 GeISE~1ls 330. —-4,35~13 3.D2F-14%
360, ~2.27E-12 G.91z-14 350, Za2dE-L3 Ba5SE-L& 3604 =-3.89C~13 d.3eF-14
420. =l.98E=1} BaldE=le 420. l.80==113 4., 37E-16 470. -3.20E-13 2.59E~14%
480. =1.74F-13 Tanti-la 430. 1.62E-11 3. 05E~L4 480, -2.567E-13 2.849E~14%
$40. =1.59E-13 5.93E=14 540. l.39E-13 2.61E~14% 540. -2.26E-13 2.T1E=14%
&00. ~l.%3E-1) 5.12E-14% 600. 1.17E-13 2a24E-14% 60G. =1.872~-13 2.86E-16
$60. =1.25~13 LoS1E-1% 650, 1.03E-113 3. L5E=14 560. -1.5%€-113 2.74E-14
T20. -l.128~13 4.53E~L4a 7120 Ge3TE-14 2.53F=14 720, =ls232E-113 2.90F~-14
TE0. =l 12E-113 J.l3E-14 T&0. Ted&E=14 2l 2€=14 780. =t. 10713 2.83E-1%
B40. =G.11E-14 J.3af-Ll= 840. To242-14 Z.3dE-14 820, ~9.4TE~146 2alat-14
S00. ~S.51E~1w 2.15E-14 GUD. 6.T5E~ 14 2.4%lE-1% 900. -3.21E-1% 2. 17E-1~
960. -B.725-14 2a02i-i% 26d. 5.98£-14 2a0UF=14% KL -6.006=14% 2.2 - L4

1020, ~T.2BE~1w 2.UsE-L14 1020. b.CBE-14 2.125-14% 10290. =4 .8JE=14% 2.62E-14
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TABLE 9.4.5 IRRADIAT[AIN CURAENTS FOR SINGLF-THICKNESS SPECIMEM IN NORMAL PCSITION

FROM LOMW-VOLTAGE ELECTRUIE FROM HICH-VOLTAGE ELECTRCDE FROM GUARD RING
TINE CURRENT STD DEY TIRE CUARENT STD DEV TIRHE CURRENT STD DEv
{5ECt 14} 1A} ({SEC) {4) (Al (SEC] tal [a})

3. =1.21E-11 4. TCE-12 3. -T.4CE-11 2.26E-11 3. 6. TTE-11 1.28E-11
15. =1.51fF-11 SenfE~-12 15« -1.20E~-11 lio2F=-11 15. 6455611 le%6F-}1
30. =l.54E-11 S.A9E=i2 30. -6 dTE-LL l.23E~11 30. B.55%E~11 L.45E-11
45. =l.51E-11 5.50E=12 45, 6. 5TE-11 l.G2e~-11 45. 6.62E-11 1.5%E~11
80. =l.47E-11 5.52E~12 40. -6.32E-11 8,10E=-12 604 b.69E~11 1.5TE-11
5. =1l.44E-11 S.7RE~1L2 15 ~6.10E-11 S.33E-12 15 6.T5E-11 1.58E-11
90. =f.408-11 S TuE=-12 S0. -5.92E-11 S.27€-12 0. 6.82E-11 L.60E-11
105, =1.3&E-11 S.01E-12 105. -5.72E-11 J.E5F-12 105. 6.89E-11 l.61E-11}
120. =l.33E-11 Se5%€~12 L1290, -5.57F-11 3.15€E-12 120. &.96E-11 lL.62E-11
150. =j. 27611 5.37E~-12 150. =5.35E~11 2406812 150, T.07E-11 1.64E-11]

180. =1.20E-11 5.1%E=12 180. =5.15E-11 6.3DE-13 180« Tal7E-1L l.64E-11
240, =1.10E-11 4.9LE~12 240, -4, T6E-11 Fa44E-13 240. T.34E-11 Leo5E-11
300. =1.02E~11 4.565E-12 ing. =3.4BE=11 l.?38-42 300. T.49E=11 La65FE~11
350, -9.39E-12 4.37%E~12 360, -6,27E~11 2.57€E-12 la0. T.41E=11 L.66E-11
420. =R.TLE=LZ @.26E-12 %20 -4.37E-11 3. 2CE-12 4204 T.71E-11 l.66E=11
480. =8.17E=12 4.0%-12 430. =3,90l&-11 J.77E-L2 480. T«T9E-L1L L.&5E=11
$40. =T.62E-12 3.845F-12 5440. -3, 17E-11 . l2E-12 540. 7T.88E-11 1.63E-11
400. =T.22E=12 3.73£-12 600, =3.564E-11 4.33%&-12 $00. Te94E-11 L.60F=11
450, ~6.BEL~12 J.063E-12 560, -3.%26-11 4.61E-12 5604 B.OlE-11 L.57E=11
T20. -6.58E-12 3.649€-12 T30 -3.44F-11 4.82E-12 120« 8.03E-11 1.54E-11
780, -b. 29E-12 I.51E-12 TH0. -3.35%E-11 &.597E-12 780. 8.13E-11 l.54E-11
840. —5.99E-12 3.65F-12 840. =3.25t-11 5.06E=12 840, B.20€-11 L.5LE-1L1
%00, =5, 7CE-12 Ja3et-i2 9Q0. -3.17e-11 5.32E-12 900 8.23E-11 Lo 4SE-11
840, =5.46E-12 3.23E-12 940, =3.012s-11 3a.395-12 50 8.3DE-11 1.576=1]
1000. =5.3%4E-12 3.23E-12 1000. -3.07E-11 Se4bE~-12 1000. B.31E-11 lanbE-11

TABLE 9.4.46 [RRACIATICN CURRENTS FCA SINGLE-THICKNESS SPECIMEN (N REVERSED POSITION

-—— -—

FRCM LOW-YOLTAGE ELECTROOCE FROM HIGH-VOLTAGE ELECTRLDE FROM GUARD RING
TIME CURRENT STO DEV TIHE CURRENT 5TC Oev TIME CURRENT STD DEY
(SEC) tal LAl (5eC) (a) {4) (5EC) (al {a)

3. =T.9%E=-12 T.02E-12 3. -5.40F-11 0.0 3. T 9.34E-11 1.11E~-1L1
15. =la 0411 3.55E-12 154 =5.806-11 0.0 15. 9.03E~-11 9.43E-12
30. -1.,03£-11 3.30:5-12 30. =5.7CE-11 g.¢ 30, 9.02E-11 P O
45, -9, 975 -12 Julab=12 45. =5.40E-11 0.0 45. 9.05%-11 9. 21F=~12
60. ~9.801-12 3.01E-L12 43a =5.5CF-11 0.0 60. .08F-11 B.94E=12
15. =9.25E-12 2.d9E-12 75 =5.45E-11 0.4 75 9.126-11 ButTE~L2
g4. -8.B0-12 2.39E-12 ?0. =5.35E~11 0.0 90. 9,206~11 4.72E=12

105, =8.53(-12 2.656~12 105. -5.25E-11 0.¢C 105. F.27E-11 9.00E-L2
120. -B.18E-12 2+54E-12 1290, =5.13E-11 2.0 120. 9.306-11 8.72E=12
150. =T.45E-12 2e0dF-12 150, ~5.30E£~11 0.0 150. Qu.tab-]1 9.27E=-12
180, =T.03E-12 2.03E-12 1a0. -4.35F- 11 G.2 120. 9.52E-11 Q.34F-12
240. =b.205-12 1.73€~-12 2504 =4.552-11 0.0 240. Y.82¢-11 8.37E~-12
30. =5.436-12 la4si-12 300Q. -4,35C-11 2.0 300. 9.726-11 B.37E-12
360. =-4.82E-1L2 Le35F-12 36da ~4.15E=11 a.9 360. 9.82F-11 B.376-12
423. =4, 220-12 E.25%E-12 “20. -3.94F6-11 0.0 4290. 9.99E-11 8.65E-12
480. =3.7e0~12 t.23e-12 48C. -3.33-11 0.0 480. 9.96E-11 de93F-12
540. =3.29t~12 l.26F-12 54 -3.0G7-11 9.0 540. 1.005-10n G.02E-12
600 =2.917-1¢ l.ovg=-12 8790, =345 TE=11] 2.9 600. 1.01E-10 B.T4aE-12
1.1+ =2.565-12 La27k-12 660 -3.anE-11 9.0 &60. l.0lE-17 8.95€-82
720. -2.26F~12 1.30F-12 720. -3.37E-11 0.4 120. 1.CLlE~10Q B.2£42-172
T80, -l.93t-12 1.326-12 130. =3.28%-11 0.0 T60. 1.02E-11 8.40F-12
B840, ~l.TLE-12 L.3SE-L2 B40a =3.20E-11 0.0 B840. 1.02F-10 Gy94F-12
S00. -l.47F-12 la34E-14 930. -3.14E-11 U.0 900. L.03E-1D g.TsE-12
950, -l.25E-12 1.3¥6-12 960. ~3.07E-11 0.0 960, L.G3E~L0 B.47E-12
1002, =le L1E-R2 l.33E-12 1Coo. -31.04E-11 0.0 1000. 1.G3-10 B. 30E-12

——— JR— - - ———— ——



TABLE 9.4.7

POST-IRAAD[ATION (URRENTS FOR SINGLE-THICKANSESS SPECIMEN [N KORMAL POSITION

95

FROM LOW-VOLTACE ELECTROCE

FROM HIGH-VUOLTAGE ELECTRODE

FROM GUARD RING

FINE CURRENT STD DEV TIME CURRENT STD OEv TIKE CURRENT STD DEV
{3EC) 1al iad (SEC} (aj (4} {SEC? 1a] fa)
L5. 1.305-12 4. TIE-L13 15, B.BOE-11 SehIE~] 4 15. 1.51E-13 1a33F-11
[ L. l82-12 4,05E-13 12. $,356-113 4.92F~14 18, la14E-113 1-.15F-13
2l. 1.06E-12 JasdE=-1) Zla 4, 72£-13 J.13E~14 21, 8.21€-1% 1.02E=113
24, 9.89E-13 3-2JE-13 24, 4,20:-113 S.48E~14 244 5.70F-14 8.80E-14
27. e 43E=13 2.9af-13 27. 3.45¢€-13 d.48F=14 27 3.BSE-L4 g,06E=14%
ic. B.9hE-13 2eT1F-11 30. 3.4%E~13 T.To0F~-14 30. 3.08E-14% 4,17€E-14
3ba TeBEE-13 2.32E-13 3o. 2.95E-12 T12E=14 3b. 2.01E~14 T.S4E-14
42. Fa2%E-11 2.0%E-113 42 2.57:-13 6. TUE=14 42, 8.3FE-15 b.9%E-14
45, $.765-13 1.36E-13 44, 2,26E-13 £.21E~1 4 48. 2.00E-L5 hoZ26E=1x
S4ha 6. 431513 1. 73E-13 5% . 2.08E~13 6.0TE=1 4 S54. =-5.,33E-15 S5.89F=14%
&0, 6. 10E-11 1.632-13 60, la9ai=13 S.57E-14 60. -9 .04E-15% SabaE-14
&6a S.RLE-12 1l.53E-13 b6 1.748-13 5,695~ 14 bba ~l.64E-1% %eSLC=0n
12. 5. 56E-13 1.353F=11 T2. l1.605-13 5.01E~14 12, =2.15C~ 14 haLiE-16
T8. S.336-11 4 & 3. le#S7~13 4, 5%E-14 78, -2.65E-14 3.82E-14
LIS SallE-12 L.158-13 4, la.435-13 4. 45F-1% B4. ~-2.68F-14 4uDIE=14
$0. 4.8%2-13 ToElE-13 0. 1.35E-13 J.23c=14% S0. =3.02E8~1% J.alE-14
95, 4.65E-13 9.1 b . 1.312-13 3.91E-14 R =-3.59I-14% 2.62E=14
i02. 4. 5F-13 3.7 102. lad3E=~L3 3.bF-14 102. =3.62E-14 2.57E-14%
103, 4.327-13 3.1 HES kDa. 1.2%9=13 Zs 795 =15 103, -3.69E-14 aGlE-L4
114, 4a265-113 T.06E=1% il4. tea2iE-1L2 2.255=14 114. ~3.92F~ta laTAF=14
120, “4.102-13 Ta313E-14 r2e. l.07E-13 l.TobE=1a 129, =4.328-1% lobaE=14
135. 3.808-113 135. 1.05%E-13 [35. ~4.p38-14 lad3f=14%
150. J.4HE-} 152 1.01E-13 150. —h,96E~14% 1.45E-14
165, 1.26%-13 145, Q. u5i~1% 4 AVE-1S [E-1-98 =%.63E=14 8.25E~1%5
18d. 3.i26-13 120. Gul2%E-1% 6. J1E=-15 180. -4 98E~ 14 d.80C-15
219, 2. T5E-13 l.32C-14 213. d.35%E-14 F,24E~15 210. ~5.06E-14 F.65E~13
240, 2,53E-113 8.33F-15 240, B.CCz~-14 TollZ-15 240. =4 95E-4 5.15%E-15
270. 2.31E-13 1.376-14% 279. 8.25E-14% 2.9EF-14 270. —4e49C- 14 B4 34E-15
300. 2.06:-13 l.27e-1% 333 B.555-14 2a20E=14% 330. ~3.42E- L4 6a125-15
330, 1.92£-13 l.23E~1% 330. d.89E-14 2.90E~14 330. =3.12F-15 6e5%E-15
360. l.82c-13 led4i-14 A6 J.15F-14% 3.32E=14 3&0. =2.71lc-1% 5.232-15%
420. l.51E-13 1.51E-i4& 420, B.ICE=14 d.d2f-1% 420. -2.41E-14% 1.32¢-i%
480. l.%4F-13 2.72E-14 %BN. Bes02-14 J.bof=14 4B 0. =-2.355-14 1l.STE=14%
5404 l.130-13 l.b0E-14 560, 9.05E-14% 4.135-1% 5640, -2.01E-14% l.SlE-14
600. L.15E-11 2.99E-14 600 F.65F— L& by 32515 &00. =l.54F-1% Led4F-t &
660. 1.038-13 2.315=14 660 F.30E=14 453614 &60. -8.715-15% 1. 10E-14
120, 9.39E-14% 2.15E-i4 120, 9. %wSE-L4 5. 31F-14 720. =8 .04E-|5% L.DBE-14
T60. BaS9E-14 2.62E-14 180. 9,3CF-14 4. 67F-14a 780, ~-5.358F8-15 l.61lE-14
B40. T.986F-14 ZahlE-1l4 Beds 8.90E-14 S« 09E=L4 840, -3.01E-15 laadt=14
9400, T.43IE-14 2.55%E-14 900. 9.35E=14 4.033-14 400. 3.38F-16 La35F-14
960, Te29F-1% 2.33F-15 980, 2.000-14 4. 25E=14 960, 3.37E-16 1.2CE~-L&
1020. &.4FE-1% 204514 102¢. F. LOF=14 4.39%C-14 1020. 2.68E-15 l.3lE-14
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TRBLE 9.4.3 PCST-[RRAD[ATICN CURRENTS FDR SINGLE-THICKNESS SPECIMEN IN REVERSED POSITION

FRCM LOW-VOLTAGE ELECTRNNE FROM HIGH-VCLTAGE ELECTRCODE FROM GUARD RING
TInc CURRENT STD DEV TINE CURAENT STD DEV TIHME CURRENT STO DEY
(SECH {A] (A} 1SEC) ita} ta) {SEC) (A (a)
15. 1.33E-i2 3.52E-13 15. lag9E-12 c.0 15. 1.11E-113 9.05e8-14
13. l.21E~-12 3.16%-13 i3. 9.138-13 C.0 18. T.58E-14 4.30E~14
2l. L.12:-12 Z.31E=13 2la T.808=13 0.Q 21. 5.83E-14% h.42E-14
2%, L.23E-12 de31E-13 24. b.55E-113 0.a 2%a 4.96E-14% bol2t-1%
27T 3. 92E-13 242011 27. 6.20E-13 €.0 27. A.T6E-L4 JTTE-14
0. 9.42E~13 l.5B8E=13 0. 5. 70E-13 C.0 10. hol&6E-L1A J.b9E-1%
3b. B.460E-13 l.o3c-13 36. 4.9CGE-13 0.0 34, J.b62E-14 3. 75E-1
42. 8,03E-13 1e56E-13 a2, 4.405-13 2.0 472 2.8BE-1% J.b2e-14
43. 7.57€-13 laolZ~13 43. 3.492E-13 0.0 48. 2.21F-1% J.22E-1e
34, Ta17E-13 1.31F-13 54. 3.598-13 2.0 54, 1. 9BE-14 « JGE=14
60. 6.80C-13 ledoE-13 50. 3.32E-13 Q.3 40. lablE-14 2.94E~14
6. 8. 50E~-13 lalal-13 -1 3.05€E-13 g.o bb. 9.3HKE-LS 2.339FE~1%
T2a 6. IBC-13 L. O2E—}3 T2. 2.83%-13 0.0 T2. L.6TE=LS 2.6TF—-14%
8. 5.918-113 1-23e-13 18, 2. 46513 9. ¢ 168, -3.33E-1é 2.35C-14
a4, 5.738-13 FllF-le EE 2.558-13 0.0 B85, =1l.68E~1% 2.125-14
90. 5.488~13 8.71E~14 90. 2.41E-13 G.4Q 90. =3.463E-15 i.1lE-14
6. 5.22¢-13 T.ALlE-14 . 2.335-13 ¢. 9 35 -5. T0E~15 l.736-1%
w2, 5.05E~-13 T.H5E=L5 102. 2.20E-13 Jad 162. -8.,03E-1% latTE-14
108, ¢.46E~-13 Ta500-1% lo8. 2.0C05-13 Jad 103. -L.04F-l4 lay3f=14
114, L.6L6E-13 T.94E-1% lias l.54E-13 S.0 4. =l 315=1% 2.05F-14
120. 4.526~13 T.51=-14 120. l.22z-13 2.0 120. =l.blE-14 laGGE=-14
135. folbf-113 B.532-14 135. 1.81=13 2.0 135, =l.27E~14 1.7T3E=14
150, 3.92e-13 Ss0di-1% L50. L-%4F-13 0.9 150. =1.275-14% 2.13z-14
1e5. 3.032-13 494514 1o65. la55E-113 2.0 1585, —la.GLlE-14& 2.52E~14
180, 3.37E-11 3.N2E-1% 130. i.4CE-13 0.0 LED. ~1.GlE=146 2. 04af-14%
210, 2. 58E-13 2. 27E- LS 21Q. 1.27£-13 0.0 210. =laTIE-1% 2.0CE-14
240. 2.69E-13 1.87F-14 240. 1.316-13 d.0 240, =1l.318-14 l.ang~-14
270. 2.50£-13 1. 6% -14 270 l.2lE~-13 0.3 270. =1.54E-14 l.93E-14
300. 2.26E-113 l.alE~-14 300, l.225-13 J.0 300. —T.0=E-15 1.575-14
330. 2.05E-13 8.688-15% 330. lallE-13 0.0 330. =Y. 35E~15 Lo lLE=]1 4
360, 1-91E-13 8.59F-15 1560. L.20€E-13 U0 360. =1.0lE-15 Bua%9F=-1%
420. 1.59e~13 L.0SE-14 420. la l3E-113 0.4 420, L-14E-1& 1.37F-14&
480, l.4RE-13 T-A2E-15 4530 1.13E-113 0.2 480. laG4E-14 [«43:—1n
340. 1.29€-13 la&3f-14 543Je lel5e-1L3 Q.0 540. L.&3E-14 1.37E-1%
400, 1. 19E-13 Lao3E-14 600. 1.12e-113 0.0 600. l.44E-l% L.22E-14%
660, 1. 10E-13 t.51E-14 6630, 1.0%E-1] 0.0 460, 1.94E-14 l.C9E~-14%
720. 9.575~14 1.71E~14% 720. L. 03E-11 2.4d 1204 2.2dE~14 l.21E-14%
T680. 9.53C-14 2.91E-L4 780 1.01F-13 0.4 780. 2.51E-14 1.31F-14&
830, B, T3E-14 2.00E~14% B840. l.0JE-13 0.0 840, 2.31E-1s 6. 596-15
930, TaTli~lin 1.94E=14 900. 1.00F-13 0.3 900. 2.95E~-1+% lallE-L4
960. To376-14 1.51E-1% 940. l.03E-13 2.0 950, 2.5%E-14s Se712F-15
1820, £.5TE~14 2.13E-1% 1020. l.05E~13 0.0 1020. 2.85E-14 d.l2E-15




Appendix 9.5

Averaged Current Data at 500V

97



TABLE 9.5.1

IRRADIATICN CURRENTS FCR POUSLE-THICKNESS SPECIMEN AT #5C0 V

98

—— e — . . ——— 2 T T S —————— T ——— ———

TIME
(SEC)

+5C0 V

CURRENT
(Al

STD DEV
{A)

=500 V

CURRENT
{a)

STO DEYV
(Al

3.
15.
30.
45.
60.
75.
90‘

105.
120.
150.
180.
240,
300.
360.
420.
480.
540.
600.
660.
720.
780,
840.
908.
960,
1000.

1.49E-10
l.442-10
Le4nE-10
1.49E-10
1:506=130
1-555-10
1.5%€-10
1.556=10
l.55E-10
l.6CE-10D
la62E-10
1.64E-10
l.67F-10
1.53E~10
1.68E-10
l.68E-10
1.73E-10Q
1.71E-190
l.7iE-10
1.72E-10
1.726-10
i.TEE-IO
1.73€E-10
L.73€E-10

1.23E-10
1.15=-10
l.11E-1D
1.10F-1C
1.105-10
1.09€-10
l.10E~10
1.11F-10
lei0E-10
lI.LIE-10
l.11E-10
la125-10
1.13E~-10
lel4E-1C
l.14E-1C
Lek 3E=40
l.14E-10
i.1aF-i0
l.158-10
l.14E-10
1.145-10
le14C-10
1,14€-10
l.14E-10

3.
15.
30.
45,
60.
T5.
go-

105.
120.
150C.
130.
240,
300,
360.
420
430.
540‘
€00Ca
660
7204
T80.
£40.
300.
S60a
1G00.

-7.51€-11
-7.BlE-11
-B.01E-11
-8.08E-11
-8.06E-11
—-8.03E-11
-T.99E-11
=T.92E-11
-7.84E-11
-T«T4E-11
~-7.60£-11
'70‘!05_11
=T.18E~11
-6.94E-11
-6.8GE-11
-6.63E-11
-5.55E-11
—B.48E-11
~6.41E-11
=6eISE-TY
-6.29E-11
-6.25E-11
-6.21E-11
-6.14E-11
-6,11E-11

2484E-11
2.732-11
2.TLE-11
2. 7T5%F-11
2.7TTE-11
2.77E-11
2.75E-11
2.75£-11
2.30E-11
2.73E-11
2.80E-11
2.55F-11
2.93F~11
2.’!‘4‘;5"‘11
2445F-11
2.42E-11
2.39E-11
2.40E-11
2,358 =11
2.32F-11
2431F=11
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TABLE 9.5.2 POST-IRRADIATION CURRENTS FCR DDUBLE-THICKMNESS SPECIMEN AT #500 V
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A ——— —— T T — T —— e T i T —— T — T —

+500 V
TIME CURRENT
(SEC) (A)
15. 5.,20F-12
18, 4.96E-12
21. 4. 79E-12
2{'. 4-6‘&[5"[2
21. 4e5ZF-12
30. 4.40E-12
36. 4,20E-12
42. 4.03E-12
48- BOQOE_IZ
54. 3077E"‘12
60. 3.66E-12
66¢ 3157‘5‘12
72. 3.49E-12
?8' 3.406"12
84, 3.32E-12
90. 3.26E-12
96. 3.19E-12
102. 3.145—12
102. 3.08E-12
1l4. 3.03F-12
120. 2.-98E-12
135. 2.BTE-12
ISDQ 2077E""'12
165. 2.6TE-12
180. 2.62FE-12
210. 2.4TE-12
240. 2.36E-12
270. 2.25E-12
300. 2.13E-12
330. 2.11E-12
360. 2.04E-12
4200 1-925—12
480. 1.83E-12
540. LoT4E-12
600. ].665“12
660. 1.60E-12
720! IQSQE"IZ
780. la49E-12
840. l.4l1E~-12
900. 1.38E-12
960. l.34E-12
1020. 1.31E-12

STD DEV
(A}

2.88E-12
2.73E-12
2.62E-12
2.53€6-12
2.42E-12
2.36E-12
20225_12
2.11FE=-12
2-055_12
l.35E-12
1.87E-12
l.826-12
lL.76E-12
1.71E-12
1-655"12
le6lE-12
l.5%E-12
1.55E-12
l.51E-12
L. 46E-12
le43E~12
l.36E-12
l.. 29[’)‘12
le2li-12
le16E-12
1-04E“12
9.58E-13
8.70E-13
8.18E-13
T.7T4E-13
Te24E-13
6.11F-13
5.57E-13
4.69FE-13
4. 37E-13
3.71E-13
3.31€-13
3.225-13
2.75F-13
2.735-13
2.38E-13
2.53E-13

-500 V

TIME CURRENT

{ 5EC) (A}

15. -6.35E-12
18. -6.12E-12
21. ~6.03E-12
29 -5.95E-12
27. ~5.83E-12
30. ~5.76E-12
36. -5.59E-12
42. -5%.45E-12
48. =5.30E-12
544 -5.15E-12
60. -5.08E-12
66 -4 ,38E-12
72 -4.87E-12
78. -4.80E-12
B4. ~4,T0E-12
G0. ~4.62E-12
96. ~4,56E-12
102. ~4,4BE-12
108. -4.42E-12
1l4%. -4 .35E-12
120. -4.29E-12
135. -4,.,15€-12
150. ~4.0lE-12
165. -3.,89E-12
180. -3.77E-12
210. -3.58€E-12
240. -3.40E-12
270. -3.25E-12
300. =3.11E-12
330. ~2.98E-12
360. -2.87E-12
420, -2.68BE-12
4380. = 2u52E~12
540. =-2.36E-12
500. -2.23E-12
660, —2.14E-12
720, -2.02E-12
730, -1.94E-12
B840, -l.86E-12
300 =L THE=12
346 0. =l.72E-12
1020. ~1l.64E-12

STD DEV
{A)

—— . e e e e

3.08E-12
2.76E-12
2.66E-12
2.360-12
2.3GE-12
2.23E-12
2.13E-12
2.01E-12
l.93€6-12
1l.85E-12
l1.77E~-12
1.69E-12
l.66E-12
1-57E"‘12
la52E-12
l.48E-12
l.43E-12
1.356-12
1.36E~-12
la32E-12
1.23E-12
l.13E-12
1.07E-12
9.95E-13
9.06E-13
B.15E-13
T.40E-13
6.82C=13
6.23F-13
5.7T4E-13
5.028-13
4,.,30E-13
4.046-13
3.73E-113
3.34E-13
3.0G9E-13
2.93t-13
2.54F-13
2.55t—-13
2.30E-13
2e l€§f'13



TABLE 9.5.3

TIME
{SEC)

3.
15.
30-
45.
60,
T5.
30,

105.
120.
150,
180.
240.
300.
3580,
420.
430.
540.
600,
£60.
720.
T80.
B40.
500.
950,
1000.

100

TRIUADIATION CURRENTS FOR SINGLE-THICKNESS SPECIMEN AT #500 V

-

+5C0 ¥ ~-500 V¥
CURAENT STD DEV TIME CURRENT STD DEV
(a) {a) { SEC) (al {a)
2.4CF-10 4.14E-11 3. =5.64F-11 l.930-11
2+235-190 4.06E-11 15. =5.39E-11 l.248-11
2.25E-10 4.17E-11 30. -5.6BE-11 l1.79E-11
2.278-10 4a2TE-11 45, =5.81E-11 1.52E-11
2.255-10 4.30e-11 60. =5.90E-11 l.856—11
2.30E-10 4.3CE-11 15 =5.94E-11 l.37E-11
2.33E-10 4.27F-11 90. —5.976-11 1.9CF-11
2.32F-10 4,27TE-11 105. —6.C0E-11 1.94E-11
2.33E-10 4e27E~11 120. -6.00E-11 1. 95E-11
2.35F-10 4.36E-11 150, -5.9588~-11 lL.98z=11
2.3%E-10 4.36E-11 18C. =5.98E-1! 2.00E-11
2.3%E-1D 4.4%43E-11 250, -5.898-11 2.07E-11
2.30E-10 4.462E-11 33C. -5.84€E-11 2.11E-11
2.37TE-10 4.4GE-11 260. -5.80E-11 2.13E-11
2.385-10 4,316-11 £20. =5.75E-11 2.13E-11
2.38E-10 4434E~-11 450. -5.6GE-11 2al1E-11
2.33E-10 4.345-11 540. =5.68E-11 2.12E-11
2,3%E-10 4, 40E-11 600. -5 ,.,65E8-11 2.12E-11
2439E-10 Ge 3GE~-11 660, =5.4B0E= 11 2.116-11
2.39E-10 4.34F~11 7204 —5.,600-11 2. 12F-11
2.42E-10 4.,22F=11 780, =5..585=L] 2.12E-11
240E-13 4.31FE-11 84 3. —5.53E-11 2.11F-11
2.415-10 4.28E-11 500. —5.55E-11 2.126-11
2.41F-10 4,28E~11 360. =5.55E-11 2,12E-11
2.41E-10 4.31€-11 10G0. 2.11E-11

=5.53E=11
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TABLE 9.5.4 POST-IRRADIATION CURRENTS FOR SINGLE-THICKNESS SPECIMEN AT #500 V

—— o ————

—— T — T — o T — —— T Y

+500 V =500 V
TIME CURRENT STD DEY TIME CURRENT STD DEV
{5EC) tal (a} { 5EC) LAl (A}
15. lal72-11 4.49E-13 15. -1.30E-11 1.21E-12
18. 1.15E-11 9.52E-13 8. -1.2%9E-11 1.26E-12
?_l. 1.125-11 4.23E“13 21- -1-26E"'11 1-2{1'5"12
24. I.10E-11L 3.6TE-113 24 -1.24E-11 lelig-—-12
27, 1.03E-11 3. T1E-13 27. -1 .23E-11L 106E-12
30. 1.06E-11 4.,06E-13 30. -1l.21E-11 1.05E-12
42, l.C1E-11 2. TGE-13 42. -l.15E-11 1.11E-12
48. 9. 86E-12 2.82E-13 48, =1.13E-11 9.93E-13
5%. 9,72E-12 3.14F-13 54. =l.10E~-11 G.46E-13
60, 9.50E~12 2.48E-13 60. -1.09E-11 T-+1E-13
66, 9.36E-12 2.79E~-13 66, -1.07e-11 T45%E-13
T2, 9.19E-12 2.53c-13 12. -1.05E-11 T«63E-13
78. 9.06C-12 2.65E-13 78. -1.03E-11 Ta66E-13
B4« 8.93E-12 2.56E-13 84, -1.01E-11 T.08E-13
90. 8.79t-12 2.35E-13 90. -9.,97E-12 bhe 3BE-13
96. B.65FE-12 2.328-13 S6e —9.B85E~12 T.156-13
102. 8.53E~12 2. 04E-13 102. -9,75E-12 T.13£-13
108B. B.43E-12 2.08F-13 108. -9.66E-12 Te24E-13
114, Bs32E-12 2.07E-13 114, -9.54E-12 T.75€6-13
120. 8.22E-12 2.C3E-13 120, —9.42E-12 T«73F-12
135. T.G8E-12 1.56E-13 135. -9.11lE~-12 7658513
150. T T4FE-12 l.5TE-13 150. -8.87E-12 T«63E-13
165. T.55E-1)2 1.3%E~13 165, —-8.61€E-12 T«35E-13
180. Ta34E-12 1.33€E-13 180. -8.3BE-12 T.086-13
210. 6.99E-12 9.03E-14 210, =T%35E=~12 6.T8BE~-13
240, 6.68E-12 S.41E-14 240. -T+59E-12 6. T3E-13
270. b.44C=-12 1. 03E-13 270, =T.21E-12 5«93E-13
300. 6.17E-12 B8.93E-14 300. —-6.55E—-12 6.10E—-13
330. S5.96E~12 9.07E-14 330. —6.62E-12 5.81lC-13
360. 5. 79E-12 Bel5E-14% 360. -6.40E-12 5545-13
420. 5.41FE-12 T.98E-14 420a ~5.95E-12 5.20E-11
480. 5.08E-12 B.24E-14 480. -5.53E-12 4,63E-132
540. 4.828-12 8, 05E-14% 540Q. -5.19E-12 4.83E—-13
600. 4e58E-12 0s9E-14 600. -4,90E~12 4,07%-13
660. 4.36F-12 B8a52E-14 6604 -4 .64E-12 3.94E-113
720, 4.14E-12 8.1CF-14% 720, -4,405-12 3.54F-13
780. 3.99E~12 1.06E-13 780. -%4.20E-12 3.590¢-13
840. 3.82e-12 1.C58-13 840. ~-4.01E-12 3.326~-113
900. 3.6TE-12 1.018-13 G00. -3.33E-12 3,38E-13
960. 3.55FE-12 1.00E-13 950 -3.64E-12 3.11F-13
1020. 3.42E-12 1.20£-13 1020. -3.52¢€-12 3J.1LE-13

s . e S B e i i B " S— . - e . Y T T 5. . s o e e e g o . i e o e e Y T T i, o 2 S il Bk S . . o
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Appendix 9.6

Current Generator Strengths




TABLE 9.6.1

19RADIATICH CURRENTS FOR DOURLE-THICKNESS SPECIMEN IN mMURMAL POSITION

103

L.¥. TO H, ¥, ELECTRODE GUARD RING TO H.V., ELECTRCDE COAXTAL CABLE
TIRE CurRRENY 57D OV TIME CURAENT STO DEv TIME CUARENT $TO DEV
{SEC) (&} (&) (SEC) taj) A [SEC} La} (A}

3. 1.35€-11 1.14€E-11 J. =-1.5%€~-11 1.23E~-11 3. =-1.12E-11 1.12E-11
15. 1.33F-11 1.138-11¢ 15 =-l.17E-11 la17E-11 15. =-1.228-11 l.L1E-1L
30. l.a7e=11 lalai-11l 30. —9.73F-17 loleE-11 30a -8.96E-12 fallf-11
45. 1.59E~-1L1 1.14F-11 45a =8.43E~12 ladoS-11 %5. ~bedoE~-12 Lat2E-iL
&0. la 85F~11 [elwb-11 6. =T.415-12 lalo=-11 60, -&,03-12 1.12F=11
15. l1.785-11 lol%E-11 T5a —&.60E-12 lalsE-11l T5. ~2.14E-12 1.11F-11
$0. L. 455=11 1.032-11 30 =5.3LE~-12 20. =4.20E-13 1l.127-11

105. 1.91E-1: l.13z-11 105. ~5.2TE~12 105, l.04E~-12 l.iCe-iL
12a. 1a9TE-11 lal12F=11 12a. —4.62F-12 latiE~-11 L20. 2.44E-12 l.CRE-11
150. 2.07E-L1L 1.107F=-11 152, =3.87C~12 1.215E~11 150. b,64E=12 [.07E-L1
180. 2.16E-11 1.05E-11 18Ca =3.208~-12 1.11E=-11 LB80. 6.53E=12 1.056-11
240, 2.28:-11 l.08E-11 240a =Z.30E-12 1.39E-11 240. 9.40F-12 1.93C-11
300. 2. 35E-11 lalaE-11 300. =1.77e-12 la05E-L1 3oa. 1.17E=11 l.30F=-11
3s0. 2.4TE-11 1.32E~11 3&d. =1.33E-12 leC2F=11 360, 1.35E-11 9.R3E-12
420. 2.55%E-11 F.QLE-11} 470 ~l.313E-12 [.03¥-11 420, 1.50-11 9. TLE-12
480. 2.60E-11 F.90L~12 4n0. =1.02E~12 102611 450. Lets2E=11 9.55E-12
$40. 2.65E-11 FeT3E-12 543 ~i1.09E-12 1.00(-11 5450, 1.72E8-11 FaalE-12
400. 2.71F-11 Q.usr-2 600 =l.13E-12 £ 600, 1.ElE-11 9.3CE-12
860, 2. T4E-11 9.50E~12 850, =1.2535-12 s60, 1.89F-11 FabbE-12
120, 2. 77E-11 FerlE-l2 120. -l.28E-12 120. L.95E-11 S.0RF=12
780. 2.808-11 S.29E-12 T30. =1.37E-12 780. 2.01E-11 B.497E~12
840. 2.63E-11 9.25E-12 840. =1.50e~-12 840. 2.06E-L1 8.93E-12
800. 2.8%-11 Y.126-12 500. =la725-12 900 2.10e-1tL f.820-12
S50, 2.REE-11 9. 12E-12 96 0. ~iaT4E-12 350, 2.14E-11 -228-12
1000. 2o BRE-11 9.05E=-12 10C0. =~laBoE~]12 Y. 28i-12 1003 2418E~11 8, 15e-12
TABLE 9.5-2 13RADIATION CUARENTS FOR DOUBLE-THICKNESS SPECIMEN IN REVERSED POSITION
La¥. TC H,V, ELELTRCCE GUARD RING TO H.v, ELECTRACE COaxiAL CAELE

TIME CURRENT S1D QEY TiHE CURRENT 1Y0 DpEV TIME CURRENY STD D:v
ISEC) (&) (&) (SEC) taA] fa}) 15EQ) tal {4)

3. 2.27E-12 1.65E-11 3. -2.43E-12 L.57€~11 3. -1.53E=11 1.560E-11
15. 4.106-12 l.T73E=11 15. ~2.00E~12 L.olt~-11 15. =1l.B82E-11 L.502-11
30. G.b66E-12 leb9E-11 30 —4.33E- 14 1L 30. =l.49%f-11 leoaF=11
45, B.160-12 La6LE-11 45. 5.63E-13 leams-11 454 -=1.25E-11 Lo®3F~11
60. 9. 35E-12 lablE-11 60, 115612 leanE-L1 60. =1.04E-11 Laa28-11
75. 1. 04E~11 l.t2E~-L1 5. le&El-12 L.47E-11 15. -8,4GE~12 loa3f-11
90. l. 16E-11 let2:-11 90. l.T2E~12 lasbf~11 90. ~6.T5E-12 le&dc=11
105. 1.23E-11 lageb-11 105, b.959E-12 lessz-11 105, =5.35r=12 1.46E=1]
120. t. 31E-11 laci€-11 120. 2432612 Laddr—~L1 120. =3.95r-12 latac~il
150. L.455-11 le£SE-]1 150. 2.8TC~-12 L.asz~11 150. ~1.63E-12 ledat-11l
180. 1.55€6-11 l.6aE-11 1804 Jel3e-12 lew3-i1 1BQ. 2.33E~13 l.adE-1t1
240. 1. 728-11 LabvE-11 240« Jub9E-12 lasle-1L 240. 3.18F-12 laa?i~11
300. 1.86E-11 l.12E-11 300. Jag72-12 baSaf-11 Joc. 5.42F"12 L.30E-11
360, 1.95E=11 l.7%E~11 360. %.03E-12 laSag-11L in0. T-L1F=12 f5tF-11
420, 2.03F-11 [.75F-11 420. 4.29E=12 1-547-11 420a 8.45F=12 L.S3z-11}
480, 2.08E-11 l.T3E=-11 4RO, 4.23E-12 la59c-11 %40, 9.43F=-12 1.595F=-11
540. 2. lac -1 L. BIE~-11 540. &.25E-12 l-61¢-11 5S4, L.06E=11 l.Ss6E=-1L1L
500, 2.1TE-L1 l.ile-11 &00. 4.29t-12 leb2E-11 600, LalaF-11
860, 2.2GF~11 l.81=~11 650, 4.156~12 l.631-11 &6Ca .218-11 Le 9KT=1)
723. 2.24=-11 LaA2e=1l 720. 4.07E-12 labar—-L1 720. 1.27e-11 L.559¢-11
780. 2.28E-11 1.82E-11 759, Gad47-t2 lobar-11 780, 1.32F-11 L.59F-11
840. 2:272-11 1.A2e-11 Asd. 3 G8E~12 legdr -1 840, 1-32E-11 LaslE-11

900. 2.29C-11 l.s2c—-11 FC0a Jenie-1L2 Leoui=-11 200. l.a2E~11 l.suE=-11
. 2.316-11 L.B2E-11 960 J.T78E-1¢ leait=~1l1 60, LoesE~LL 1.62E-11
L1000 2. 32E-11 1.92€-11 16049, 3.656-12 le&si-11 1000. La48E-11 1.6CE-L1
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POST=IRRADIATICH CURRENTS FOR DOULE-THICKNISS

-

SPECIHEN IN NOR

MAL POSITION
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LaVe TO Hov. ELECTRODE GUARD RIMG TC H.V. ELECTROGE COAXIAL CABLE
TIME CURREMNT STD DEY TImME CURRENT STD DNEY TIrE CUARENT STO OEV
LSEC) (Al a1 {SEC) a) (a) {SEC} 14] 1a)
15. 4.91-14 1.25¢-113 15, 1.9C€-12 15. 2.55E-14 9.60E-14
18, 5.40%~-14 1.32€-13 18. L.T7E-12 16. -6 T0E-14 9.590=14
21. T.13E-14 1.35€-13 Zle 1.64E-12 21. =le21E=11 9.5TE-14
24, T.00E-14 1.3CF-13 24a 1.54E-12 Z4. ~1.65F-13 B.3BE=14
27. b.535-14% L.26E-13 2T. 1.51le-12 27. =1.95C=11 B.T¥F=14
30. 6.935~14 Lo2lE-1L) 3%. 1.45E-12 0. ~2.155-113 2.29C-14
36, T27E-10 1.528-13 36 1.328~12 H.3TE~14 3e. ~2.36E-13 T-iTE=L4
42. 8.27E=14 l.1lE=-113 42. 1.23E-12 T.555-1% w2, =2.41E=-1) T.315-14
A%, B.LTC-14 L.09E=-12 48. lelss-12 T 74F-14 48. =2.44E=13 T-ILE~14
54, 8.733:-14% 1.93E-13 54 1.0AE-12 T. 33~ 14 54, =2.4%k=11] a.tsE-1l4
60, B.60%-14 9.925-14 50, l.dlE-12 <2TE-14 &0, —2.45E-13 6.2TE~-14
E6. B.90E~14 5.506-14 b, 9.612-13 A6, =2.395-13 S.82E-1%
T2, S.5TE-l4 S.O1E=14 72. §.08E~13 T2 -2.326-13 5.325-14
18. 9.33C-14 g.T3E-14 T8. 8,17E-13 78. -2.33E-13 WJ4E-L4
4. f.08E-13 8.35E-1+4 8%, A.20E-13 54 5~E 24, -2.20E-11 4d3E-14
80. 1.09E-12 B.l4E=14 90. 7.93:-11 5.85E-14% 0. -2.227-13 “.RTE-12
9. 1.C2E=12 2.1CE-14 e T.566-13 S.79E-1% 9. -2.19E-13 4.80E=14
102. L-uss-13 TaTLE-L4 102. 7.3465-13 b.C5=14% 102, -2.13-113 4. 550-14
108. 1.C065~-13 T.49E-14 103s. T.09€-13 SewTE=14 103, ~2.11E-12 s.hes- 14
Ll4. l.GoE-13 7.53€-1% lia. b.83E-13 5.9 =14 114. -2.15E-11 4.50E-16
120. 1+ 357-13 T.39E=1% t29. 6.52%i-13 S.56r-1% 120. -2.00E-13 b aSE=14
135, L.03E~-11% 6.TTE-L4 135, 5.57E-13 «2TE=L4 £35. =1.98E=13 4.0%:—14
150. 1.G6E~13 b.aTE-14 150. 5.53E-13 P 150. ~1.91E~113 3.93F~14
165. £ T26-14 la5. 5.146-13 Se0iE-l& 145. =L1.85E-13 1.935-14
180. 5.57E-14 180. 4. 79E-13 i 139, -1.805~13 I.RTE-14%
210. 5.TLE-L4 210. 4felsE-11 214, -1.4EE-113 1.44%5-14
240, 9.63E-14 S.650-14 240, 3.836-13 240, -1.552=13 3.31E-14
2710, 9.435-14 5.247-14 2104 3.246-13 270, —1.43E-13 3.185-14
300. 9. 107 =14 5.79E- 1% 300. 2.91E-12 4.4 1E-14 300. -1.30E=13 Ju17C=14
330. 8.4T7E-14 4.56E~L4 330. 2.56E=13 330, -1.198=-13 2 11714
360. 9.21E-14 4 4dE-L4 160. 2.31E-13 4. 02F-14 3e0. -1.10F-13 Z.71F-14
420. B.40F- L4 3.93E-14 420. 1.92¢=13 3.55E=La %20, ~5.20E-14 2.39E~-1 4
480. B.67E-14q J.645-14 480. 1.5%E-13 3.3 -1 440. -T.93E-14 2.228-14
540, B, -1+ 3. 25E~-14 540, 1.356-13 2.54F-14 543, ~6.67F—14 L.94S~1¢
460, B.4T7e~14 2.BLE-14 630. lalef-13 2.w9E-14 &a0C. =5.A3E=14 Lal2F=in
650, T.5CE-14 2.98E=14% 680. 9.805-14 2.128-14 6604 -5.00E~14 1.4RF=14%
T29. ToB3E-14 2.50E-16 123, 8.53E-14 2.59E=14% 120. —4.4TE-14 L.tTE-14
Tas. T.aSF-1% 2.330=14 780. T.3CF- 14 2.21E-14 150, -3.T0E-14 lobai-lw
840, T 50714 2.09E-14 840. b.E3i-14 1.54i-1% B4Q. -3.30E-14 l.32E~-1%
590G, T.LE-L4 2.07F-14 900, 5.71F~14 1.97E~1ls 500. -2.62€-14 1.10F- 14
260, GodeE=l4 2.11E8=14 540. S.G4E-14 2.145-14 950. -2.59E~14 129614
1020. 6. &55—14 2.015-14 1020. 4.23F-14a 1.93E~15% 1020. ~1.85€=1% 1.28E8-14%

—————— - e
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POST-1RRaC[ATION CURRENTS FOA DOUBLE-THICKMN §S SPECIMEN [N REVERSED PCSITION
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Le¥e TO Hovw. ELECTRCOEL GUARD RING TC H.¥. ELECTRODE COAXTAL CABLE
TI®E CURRENT $TD Dey TIME CURRENT $TO DEV TIME CURRENT 313 Gev
(SEC) &) 1a) {SEC) ta) (ar {SEC) 1al) (¥ Y]
15. 2.88F =13 2.52E-13 15, 2.02E-12 2.07E-13 15. 3.10E-14 2.03t-13
18, 2.37€-13 2.&40E-11 184 1.90E~12 2.06E=13 18, ~5.3TE-L& 2.04E-13
21l. 2.21€~13 2.355-11 Zl. l.75E-12 1l.S7E-113 2le ~5.33E-14 l.55E£=13
26, 2.22¢e-13 2.19E-13 25, 1.70E-12 1.T3&~13 Z&. ~le41E~-13 1.776-13
7. 2.24E-13 2.27E=11 27. la6lE-12 1.80E-11 27. ~1-6TE-11 LaT6E-L3
0. 2. 25E-13 2.17E-12 30. 1.53E-12 l.74E=-11 30. =1-8TE-12 L T2E=12
36, 2. 156-13 2.1TE-13 3. la42E-12 l.6%E-13 Ib. -2.18E~-13 l.6dR=13
42. 2.20e-13 2.11E-13 w2 1.32E-12 le6lE-113 42a ~2.30E-13 l.66F=13
48. 2.i1E-13 2-20%-112 48, l.24E-L2 La45F-13 48. —2.40E-113 1.4S€=-13
54, 2.08e-13 1.93F~13 54. la178-12 lL.4CE-13 54. =2a44E-13 lew2E~-13
6%, 1.96E~13 1og?f-13 60. latlE-12 1.35E-13 60. -2.485-11 1.346-13
86, 1.9%c—-13 1.31E-13 Sha 1.05E~-12 66 —2+44%E-13 L.29€-13
2. 1.92E~-13 1.78€E-13 12. 1.01€-12 2. =2.43E-13 1.25&-13
8. 1. 8%E-13 t.72E-13 T, 9.56E-13 TB. —~2.R7E-13 [.21E=-13
B4, l.288-13 l.t4E=13 B4, 9. 1%E=~13 B4, =2.35E-11 1.156-112
90. 1.826=-13 l.61E-13 90 B.T4E-13 la138-13 90. —2.35E-13 la136-13
Gb. J.T3E-13 l.Set-11 96. B.50E~13 1.07E-13 EL T —2.40F-13 1.06F=12
102. latsf-13 la%2E-11 132. BalbE-13 L.215-13 1r02. =2.%4E-13 1.20&-11
108. 1.5Te-13 1l.45E-13 1¢3. T.d38E-13 S.556-1% 108. —2.42E-13 F.T5E-1 4
1l%. L.&7E-13 l.43E~13 114, T.38E-13 GebAE=ih ila. ~Z2+26E~13 FGae25=14
120. I.6TE-13 L.slE-[3 120. Tel10E-13 9. LLE-14 120. -2.21£-13 9.05k-14&
135, 1.62E-13 1.335=-13 i35. 6.52E~-13 8.BS5t=14 135, —-2+12E=13 B.T7E~14
150. l.50E~13 1.308-11 150. 6.10e-13 B.GEE-|% 150. =l .07E-112 T.9E-1 4
155. L.43E-13 l.25%=13 165. 5.T0E-13 T.35E-14 1654 -2.05%€-13 T.T5%-14
180. la45ce—13 1.23E-13 100. %.356-13 T.&7E-14 180. =1.6%E-113 Tad?E-14
210. L. 36F=13 1.03C-113 210. 4.TLE-L3 be54E—14 210, -1.31E-13 £.32E-16
240. L.27E-13 9.3TE=1% 260, 4.15E+13 6. 10E~L% 240. =1.74E-13 5.226-14
2704 la16E=13 B.&7E-14 210. 3.bEE-13 5.56E-14 270a =l.561F-13 S.32E-15
30¢. 1. 12E-13 T.9E~14 30Q. 3.20E-13 4. 65-14 300. -1.508-13 bab7E-15
330. 1.02E-13 T.45E~14 330. 2.93E-13 ha06E=14 330, =1.+%0E~13 4.32F-14
369, G, 11E=14 T.05E~14 360a 2.60E-13 4y S3E-14 340. =1.29¢-13 bal2E-L%
420, 8,875-14% S.9TF~14 “20. 2.10E-13 J.uaE-l4 4£20. =f.[05-13 3. 32F=14
480. 8.10E~-14 S«1TE-14% #30a I. 74643 3.31E-1% 480. =9.30E-1% 2.86E-14%
540, TobdE-14 4.19F~14 540. l.45E-13 2.34E-14 5404 —B.07E-14 7.16E-14
e0a. T.20E-14 J.6lE~ 14 &00. 1.16F-13 Z.ote-1a 600, -T.10E-14 £.0%E-14
€60, 6.605-14 3.25E6~1% 60 F.43E-14 2.5TE-L4 66C. =5.9CE-14 2.03F =14
T20. b 17E-1% 3.31E~14 120, B.17E-L% 2.860E-1% T20. -5.03F~1% L.99F - 1%
780. b.IE-f & 2e3TE~L% T50. & 15E~14 2.leE-14 180. =4 RS5E=1% 1.54€~1%
B40. S.T3E-14 2.496~14 86da H.49E-12 1.79F-14% 840. =3.9EE~-14% l.550-1%
Sto. S.85-14 1.60E~14 940. 4.55E- 14 la3ns=1% 500. ~3.hEE-14 L.30E-14
9460, S.8lE-14 2.0)8~ 14 960 3,09%-14 9560, =2.91F-1% 1.33E-15
1020. S 28E-14 l.77E~14 1020, 2.8CE-L4 1D20. -2.0CE-1% ta2ik-14
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TABLE 9.6.% [RRAOIATION CURRENTS FOR STAGLE-THICKNESS SPECIMEN IN NCRMAL PCSITION

- -

L.V, FTO m.V, €LECTRCD GUARD RING VO H.¥. ELECTRODE CCaxlAL CaBALE

Timr CURRENT STD DEV TIME CURRENT $1D DEV TINE CURRENT STD DEV

LSEC]) 1Al t4) (SEC] (A} (a) (SEC) ta) 2 1A}

~

3. 5.%7e~12 9.21E~-12 3. =T7.3EE~-11 l1.15E~-11 3. -6.13E-12 e.80E-12
15. Ta30C-12 4.13e-12 15. =t.27E-11 Lal3E~-11 15. =T7.20E~12 T.43E-12
30. ®.20¢-12 TeuTE~12 30. =T LTE-)1 L.09c~11 30. -6.20E=12 6.71E-12
45. L.02L-11 T.33t-12 43a =T.klE-L1 LellE-11 45. ~4.8Tk=12 6.49E-12
&0. 1.10L-11 T.08€E-12 60. =7.0%E-11 L-lCE~11 60, =3.67c~12 6. 21F-12
75. B 1BE-11 6.3256E-12 5. -T.0lE-11 1.39€~11 154 =2.63E-12 5.59F-12
90. E-23E-11 6.31E~12 90. -8.797~11 1.1CE~11 Q0. =l.67i-12 5.94E-12
105. L. 37E~-11 LabdAE-12 105. -6.595E-11 l.1dr=11 105. -6.336-13 S.83e-12
120. B.356-11 b, 85512 120. =85.94F-11 LollE-LL L20. 2.00F=-13 - 5.83F=12
159. 1.%2E-11 6.5TE~12 150. -6.97t-11 LeB1E=11 15Q. 1.50E-12 5,79E~12
180. 1.&T7F-11 S.57E~12 153. =6.92E-11 L.11F-11 1&0. 2.T3E-12 S5.74E-12
240. 1.5%E-11 b.41E-12 240. -6,85E~11 L.11E-11 240. 4.93E-12 5.7T9E-12
300. 1.688E~11 b.34E-12 300. =6.33F-11 lallEi=-t1 30C. 6.E3F—12 5.15E=-12
350. LaThE-11 6.172E-12 3u0. -6.81E-11 La12E-11 350. B.00F-12 5.T9E-12
420. Fo®DE-11] 6.31E-12 420. ~6.T%E~11 lal20-11 420, 9.21E-12 5.8LE-12
450. 1. 84E-11 b.2GE=12 480. =&, TTE~11 1.12E-11 480. L.02E-11 5.c05=-12
540. l-88z~11 0.17F~12 540. —6.TEZ-11 Lal3E-11 540. 1.12E-11 S.75E=12
&00. L.%1E-11 b.07E~-12 600. =6.7%5=11 l.038E-11 600. 1. 19F-11 S5.6TE=L2
660, L.%5E-11 5.65€=12 bbUa =b.T4E-1L1 l.0sE~11 860, La27E~11 5.59F=12
120. 1.3%9E-11 5.91:2=12 120G, =b.T5E6-11 L.05-11 1204 1.33E-11 S.52E-1C
780. Z.QAE-11 S.E3T-12 180. ~beTwE-11 1.,056-11 7BC. 1.39E-11 5.52e-12
B50. Z-055-11 S.73E-12 84 Q. ~6.752-11 1.03E-11 843. l.45E-11 5.43-12
9G0. 227511 5. T3E-12 900, —8.73E-11 le02F-11 200 l.50E-11 S.39E-12
860. 2. 9911 S.65E-12 95Q. ~6.76E-11L 1.0JE-11 950. 1.54E-11 S5.33E-12
L060. 2.E0E-11 5.48E-12 1000. ~te THE-11 laQiE-LL LO0C0. L.57TE-11 S437E-12

TABLE 9.5.6 [RAADIATION CUSRRENTS FOR SINGLE-THICANESS SPECIMEN [N REVERSED POSITICN

—— - ———— -

L.¥. TD M.V, ELECTAODE GUARD RING TO H.V. ELECTRODE CCAXIAL CABLE
TINE CURRENT STD DEV TI1ME CUARENT STD DEV TIKE CURRENT STD DEV
LSEC) qa) La} [5EC) (a) (&) (SEC) [a) ta)

3. P.B4F-11 5.9TE-12 3. -8.25F~11 TaToE-12 3. 1.056-11 4,39€-12
15. E. ¥PE-11 3.93F-12 15. -8.30E~11 6.40E-12 15. T.30F=12 3,36F-12
30. B TSE-]L 3.855-12 30. ~d.26E~11 6.420-12 30. 7.63F-12 3.356-12
£5. L.8lE-11 3.725-12 4S5, -8.23E-11 G.230-12 45, R.18E~12 3, 26E-12
&0. 1.83-11 3.595-12 60. -B.21E-11 5.04E~-12 60. 8.736-12 J.las—12
754 LoB4E-IL 1,47TE-12 7S. -8.20£-11 S.BuE~-12 5. 9,15F-12 3.05F-12
20. 2.8TE-11 1.45E-12 90. -d.21¢-11 S.EAF-17? S0. 5.BBE-12 1.058=12

105. r.91t-11 J.anE=12 105, -R.210-11 S5.07E-12 105. 1.06E~11 3.13E-12
120. 1-93F-1I1 3.38E-12 1z0. -8.167-11 5.37k-17 120. lal1E-T] 3.03E=12
159. L.95F-11 1.435-12 150. -A.21E-11 621712 L50. 1.236-11 JLLSE=12
180. Z2.03E~-11 3.33C-12 180, -8.,205~11 6. 26E-12 180. l.320-11 3. 19F-12
240, 2.097~11 1.037-12 240. ~8.055=-11 5.61M—12 240, 1.470~-11 2.R5E=-12
300. 2.155-11 2.665-12 3040, ~8.115-11 S.hUF-17 3ca. 1.61E-11 2.93F=12
340. . a2iE~-11 2.937=12 360, ~H.C3F- L1 S.onf-12 360, 1.737-11 2.43F-12
420. 2.256-11 3.G0F-12 420. —H.06F=11 SaluE-12 4230, t.e3c-11 2.918-12
480. 2.29F~-11 1.097-42 480. -8.04F-11 5.57E-12 480. 1.92F-11 1.02F-12
540. 2.3?26-11 31212 S40. -A.01E-11 b.LIF-1? 540 .95 =11 1.030-12
600, 2.37E-11 3.03F-12 &6UD. -B.02E-11 Sedni-12 400, 2.03E-11 2.94E~12
660. 2.38€-11 2.93E=~12 660, -1.315-11 S.128=12 660, 2.135-11 WRAE-12
120. 2.365-11 Z.89E=12 129. =7.935~11 3.526-12 720. 2.176-11 2.796-12
TE80. Z.54i-11 J.0lE-12 780, ~7.98E~-11 S.THE-L 2 T4G. 2.240-11 2.ME-LL
B40. 2455 =11 3.01F=12 a44d. -7.92[~-11 5.94L-12 340. 2.28E-11 M.oLE-12
$00. 2.5ar-11 31.05E-12 903, =T.98E-11 5.86F=12 900. 2.34F=11 2.55E=12
950. 2.492-11 2.596c-12 940, =1.93F-11 S.06E=12 960. 2.37%-11 2.B6E=12

1000. 2.49E-11 2.91E-12 1000. = T.92E-11 S5.55E-12 1Q30. 2.330-11 2.808=]17




TABLE 9.5.7

POST- RRADIATION CURRENTS FLOR SINGLE-THICKRANESS SPECIMEN IN NORMAL POSITICN
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b e e S L
LuVe TO H.V. ELECYRCDE GUERD RING TD H.¥. ELECTRODE . COAX[AL CaABLE
TiME CamgENT STD Oev TIME CURRENT STD DEY TIME CURRENT STO DEY
(SECH {a) i) (SEC) Al 1a) LSEC) (a) (£}
i5. -5.308-13 3,226-13 15, 5.5%E£-13 1.,53%-13 15, T.106-11 l.66E-13
18. -5.57F-113 2.73E-13 13. 4,B9E-113 E.57E~13 158, s.03E-13 1.42E=13
21 =-5.22E~113 Z.a4I-13 21. 4.5¢E-1L13 lawlE-13 21, 5.3BE-113 L. 28E-11
4o =5.00z-13 2.1TE-12 24. 4.32¢-13 1.25E=13 2&, 4.8%9E-13 1.1%E=13
27. =4.33E-11 2eJLlE~1] 2T. 4el5E-L3 lals5=-11 27 %.564E-13 1.0%E-13
30. -k 12F-113 1.35E~12 30. 3.93=—13 leC%=13 3d. 4.24E-113 9. TEE~-1%
b, -4.19F=13 1.556-13 36, 3.4TE~-13 9.67E-La 6. 3.67E-13 R.S1E-14
$2. -3.956-13 1.%35-13 42, 3.225-113 B.52E-14 2. 3.30E-13 T.52E~14
48. =3. 15F-13 1.27€=13 48. Z.9 13 T.Tat-14 43. J.ALE~-13 f.8nE-14&
L1 -3.61°-113 1.17E-i3 S5h.a 2.87E-13% Tel2bE—Lla 54. 2.,82%-13 baalf-l4
80 =3.4LE-LD i.l2E=-13 [ 2.73E-13 6.T1E-1% 60, 2.64E-13 5.93E=1%
db. -3.356-13 «21E-13 &b, 2.63E-13 6.32E=L4 bh, 2.46E-13 5.43F-14
12« =3.245-13 9.26E-14 Tz. 253113 §.52=1w 12. 2.31F-13 4.99F~14
Td. =Y. 1laf=13 B.63E-1% T8. 2.45€-13 S 1%E-1% T3 «1BE=12 F.6%-14
B4, =-3.G2:-13 7T.925-1% 84, 2.30E-13 4.91E-19 Baa 2.09E-13 4.32F-1%
90. “2.91E-13 T.edE=14 90. 2.28E-113 4.55%~-14 90. 1.98E~113 L GSE-1A
L I =2.827-13 6y TIE-14 95, 2.24E-13 3.9iE~L4 96, 1.88E-13 J.blE-1w
iez. =2.705-11] H.25E-14 102, 2.1TE=13 J.blE-1~ ic2. I.81€-13 3,295-1%
103. =2.81E-13 Se50F-14 tos. 2e12—13 3. I80-149 ica. L. 75F-13 deS3E—14
11%. =-2.5TE-13 “ LCE-14 Ils. Z.CAE-13 2aleE—ia Ll4. F.69E=-13 2.54E=14%
120. -2.6%2-11 4.33E-14 120. 2.0%2-113 2akvE~14 120, l.6lE-13 255214
135. =2s34E-13 3.T3c-14 135. 1.93£-13 2. 10E-1% 135, fa46E-13 1.935-14
150, -Z=15E-11 3.528-1% i150. 1.81E-13 2.05F=1% 150. 1.335-13 t.3nE-l4
165, =2.0GF~{3 fe95E-14 165, 1.72E-12 laS7E-14% 185, L.26E-113 lands-14
180, -1.947-113 2.085-14 130. 1.6AE-13 L.2CE=14 130, 1.18e-13 1.09E=-1+%
210. =1.72E-11 1.36E=1~ 213. L.S3E-13 9.535-1% 2La, 1.d3E-13 T.30F-15
240, ~1.59E-13 6,23E-1% 240, le442-13 5.01E-15 2404 F.45E-14% 4.CIE-15%
270. =l.41E-11 l.26E=L=% 27a. 1.34E-123 LakCF-14 270. B.95E-14 S.20E-1%
300, -1.226-13 LelaE~-1% 3C0. 1.23£-113 QuwIE=15 3Qa. B.44E-14% 8. FLE-1S
332. ~1.092-113 1.27E-14 33a. lel4E-13 Leb3IE-14 330. B.1lE-14 1.807E~L4
360. -1.03£-11 1.435-14 360. 1.36E-13 1.25c-1% 380, T+80E-1 & L.22E-14%
420. =TaG7i-1% leBA35-1% 420. F.545-1% l.63-14% 4204 Tel3E-1a led4E-l%
480. =T.5%E-14 2.36E14 430. Q.17c-14 Le3Zc—-1> 480, b.B2E-LS l.e3af-14
540, ~5.%26-14 L.85E-L4& 540. §.29E— 14 1.92F-14& 5440, BsZRE-1% 1+61E-L4
£00., -4.531E-14 2+33E~14 639, 8.0le~14 1.93c-14 620. 6.57E~-14% 1.79E~-14&
650, -3.39¢-14 2.23E-14 660, T.2PE-L% 1.550-14 a60. 6.4lE=L4a LoT4E-L4
120. -3 1PF =14 2.30F-14 720, 6.A2E~14 2.04%-14 120, &,01€E-1% L.54F-1%
780. —2.815-1% 2acdE-l& Tdd. 6.32E- 14 1l.95E~=14 T80. 5.7BE-14 L.32F=14%
8404 =2 44E=14 2a33E-1% 850, S.82E=~14 2+.12E=1~ A40. 5.52E~=14% 1.946=1%
[00. -1.83t-14% 2.21F-14 a0qa. 5.57E-14 L.33E~14% 900, 5.60E=15% 1.65F-14
940. =1.35%E-14 2uslE-1l% 960. S.4lE-14 l.89E-14% 96, SebdaE=~l% 1.TaE=14
ig20. -1.2CE~-14 2+33F~-1s 1c20. 5.02E-14% 1l.926=k4 1023, S.295-14 L. 7T6E-L%



TABLE 9.4.8

POST—[RAADIATICN CLARENTS FOR SINGLE-THICKASSS SPECTIMEN IN REVERSED POSITIDN

Le¥e TC HaV. ELECTRIGE

GUARD RING TA Hav,.

ELECTRONE

CCaxlaL CaBLE

TIME CURRENT §TD NEV TIME CURRENT 5T0 DEY TIME CURRENT STD DEY
(5€C) [E¥] Lta} {5ECY 1a) ia} {SEC) 4] . CAd
15. -4.B80F-13 2 ITE-(3 t5. F.23E-13 1.,32fF=112 15. B.44F-11 1.21E-17
18. -&.7ar-13 K La. b6.58E=13 l.03E-112 18. T.32E-13 L+UbE-13
2L. =L.6TE-113 21. S.9%E-13 9. 32E=-14 21. 6.535-13 G.4RE-14
2%, -&4.526-113 26, S.49E-13 S.31F-1% 24 5.58r=13 8.53E-14
2T. -4 ,395-11% l.~9E-11 z27. S.¢8E-13 T.35c-1a 27, 54.535-11 T.54E~14
30. =h.2aE=112 la3}e=13 304 4. JRE=11 T.042-14% 3Q. 5.13F-13 6. TEE-14
119 -3,92E-13 1-G5e=13 36, 4.26E-11 S.GdE-14 36. 4.b2E=13 5.548E-14
42, -3,735-13 1.052-13 &2, 3.95E-13 S5.73E-14 42. w.24E-13 5.3%E-14
&4, ~3.877-13 9.a4F-14 48, 3.6B8:-13 5.175-14 45, 3.5JE=13 4 A2E=14
54. ~2.52E-13 3.8GE-i4 S4. 3.455-11 4.A7E-14 Sha 3,65E-13 hab0E-14
&0, ~3.37E~1} Eatuf=l% 6Q. 3.27E=11 404 3.43E-L3 4.31E-1a
[ 178 =3.297-13 T.T7E~1% -1 3.12¢-13 b6 3,2Le-113 3.955-14
T2, -3.855-13 Talie-l4 72. 3.0kE-13 12. 3.03F=13 J.TLE-14
18. =-3.07F~13 6.915=14 13. 2.67Z-13 T8, 2.FiF-173 31.52E-14
B4 ~2.98c-113 B4 2.17E-13 84, 2.75£-13 3.15E=1~
90. ~2.36E-13 90. 2.63E-113 9C. 2e628-113 2.59E=14
S6. ~2. 1211 94, S5 . 2.50E=13 de6VE-1%
102, ~2.56€-11 122, 2.RYE-1 4 toz, Z2.398-13 2.69E-14
108. -2.555=11% 108. 2.40f-13 2.82E-Le 108, 2.295=13 2.53F-1%
114, -2.5CE-11) 114, 2429E-13 2499E-14& 114, 2.18F-113 2.748-14
120. ~2a%TE-13 120, 2.215-113 2eBifmla L2C. 2.055-113 2.59F~14
135, ~2.217-13 135, 2.01E-13 ZeniE~14% 133. 1.9%5E=1) 2.27E-14
152, -2.11=-13 1sg. L.G%E-13 2.3be—18 152. L.alf=13 2.018-14
165. =1l.96E=13 165. 1.25%=13 ot (o et 145, 1.87E~13 1.32€E-L=
18a. -l.845-)3 3 180. 1.72E-13 l./2E—1% 1e0. i.%35-113 lo225-14
219, ~la6t=z-13 L.a5=14% 2104 te52e~11 la 53=14 210, {.35€6-13 L+ TlE-1%
240, -1.4CE-113 1.34F=14% 243, lasZE-LD lal7E-14% 240, 1-295-13 7.558=15
270, -l.3LE-113 LedsE~-14 273 1.345-13 Fa53E=14% 270. L.19E-13% H.T5E=-15
300. ~1.12F~13 laddx-1% 3090. l.2iE-113 LaIS7 =14 3L0. l1.lsE~13 T.031F=15
330. -1.312-13 b.35E~15 33G. 1.06F-13 B.2¢0~195 330. 1.C4E-13 4.B3E-15%
3e0. -B.TTE-14 160. EaOnE-13 ba4 s 360, L.03E-13 4.,058-15
420, -1.225-14 w23, Baedaf-lv 9. 75F-15 420, S.69E-14 5.756-15
%30, =5.725-1= 480, Tebskb-1% 9.%5:-1% "30G. 9,.385-14% S.46E-15§
540, ~&.21E-L4 L.0AE-L4 5404 T.0L0~14 l.23F=14 540. B.655-14% 5.60F=15
$00. =3.T2E=14 lal1E-1% 8004 B.TaE-LlA 9.375-15 600. E.18E=1% BaSIE-LS
650, -3.22E-1% lei2E=L% 660, S.84f-14 4.93F-15 660. TT3E=-14 b.4b6E=15
122, -2.15F-14 l1.21E-14 T29. S5.13E5= L& 9,9%€E=15 120. T«3AF-L& T.026~-L5
180. -2.3FE~-14 1.37 Ta0. & 94E=]4 1.31E-1% 783. T.45E=14% 1.07E-1%
B40. ~l.128-14 1.3 B4, b, TOE-14 7.93E—15 8473 7.01E-14 T.02F=15
900. ~8.43E-LS 1.3%E=1% S0n., 3.96F- L& FG.43E-15 433. 6. 9lE~- 14 Tat5f=15
S50, ~4.30E-135 ) 60, 4.l9E=]4 8.31€-15 983, S T4F-14% 5-36E-15
tdz0. 8.U0E-1% 1u455-14 1020, 3.77E-14% 2.53E-15 1020. bab5E-1% le6JE-LS
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Appendix 9.7

T-Test for Corrected Post-Irradiation
Currents at 500V
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The t-value for the difference between two means may be found from

the following formula (25)

[%, - %,
t == L 2 73 (9.7.1)
s{x)(1/n, + 1/n.)
1 2
where
;1’ §2 = the two means being compared
n), 0, = the number of samples of which El and §2 afe, respectively,
the means
s(x) = the pocled estimate of the standard deviation from both sets

of data.

The value of s(x) is defined by

(nl—l)sz(xl) + (n2—1)52(:{2}

(nl—l) + (nz-l) (9.7.2)

3 =

where s(xl) and s(xz) are the standard deviations associated with El and §2,

respectively.

The null hypothesis is that the true means u. and Hos of which x, and ;2

1 1

are the estimators, are equal.

Then, t is calculated from Eq. (9.7.1) and is compared to tabulated.
values for the degrees of freedom equal to ny *+ n, = 2, i.e., the total
degrees of freedom available for calculating the pooled estimate of the
standard deviation. If the calculated t is larger than the tabulated t at
a preselected probability or significance level a, then it is concluded that
the null hypothesis is fazise, i.e., the population mean estimated by ;l is

significantly different from the population mean estimated by ;2, with the
o chance of being wrong.

The calculated t-values for the corrected post—irradiation currents at

500V are given in Tables 9.7.1 and 9.7.2.



Table 9.7.1 T-Values for Double-Thickness Specimen

Time Lis500 ~L_s00 £
{sec} {pA} {pA}
15 5.22 + 2,88 6.33 + 3.08 452
18 5.08 + 2,73 6.00 £ 2,76 .409
21 4,98 * 2,63 5.84 = 2,67 . 396
24 4,87 * 2.54 5.71 + 2.57 403
27 4,78 * 2,43 5.57 £ 2,46 .392
30 4,68 = 2.37 5.48 £ 2,39 .408
36 4,51 = 2,22 5.28 ¢ 2.23 524
42 4.35 £ 2,11 5.13 + 2.13 445
48 4,23 £ 2,05 4,98 = 2.02 . 450
54 4,10 = 1,95 4,86 * 1.93 477
60 3.99 * 1,87 4,75 * 1,85 487
66 3.90 * 1,82 4,65 * 1.77 .513
72 3.82 1,76 4,54 # 1,69 513
78 3.73 + 1,71 4,47 = 1,66 «542
84 3.65 t 1.65 4,37 = 1.57 .552
90 3.58 + 1.61 4,30 + 1.52 559
96 3.51 # 1.55 4,24 2 1,48 . 588
102 3.46 * 1,55 4,16 * 1.43 .577
108 3.40 = 1,51 4,10 + 1.39 .594
114 3.35 * 1,46 4.03 * 1.36 596
120 3.29 * 1.43 3,97 + 1.32 . 604
135 3.18 £ 1,36 3.84 + 1,23 .629
150 3.06 * 1,29 3.71 £ 1.13 .655
165 2.96 * 1,21 3.60 = 1.07 . 684
180 2,90 £ 1,16 3.49 = 1,00 .664
210 2.73 = 1.04 3.32 * 0,91 .731
240 2.61 * 0,96 3.15 £ 0.82 . 743
270 2.49 * 0,97 3.01 =+ 0,74 . 794
300 2.40 * 0,82 2.89 * 0.69 . 790
330 2.32 + 0.78 2.77 £ 0.63 . 767
360 2.24 * 0,73 2.67 * 0.58 .791
420 2,10 + 0.61 2.50 + 0,51 . 890
480 2.00 + 0,56 2.35 + 0,43 .877
540 1.89 * 0.47 2.21 + 0.41 . 896
600 1.80 * 0.44 2.09 * 0.38 .852
660 1.72 = 0.37 2,01 = 0,34 1.000
720 1.66 + 0,33 1.90 £ 0.31 . 890
780 1.60 * 0,32 1.83 * 0.30 . 900
840 1.51 + 0,28 1.76 * 0,26 1420
900 1.48 = 0,27 1.68 = 0.26 .956
960 1.43 + 0.24 1.63 £ 0,23 .995
1020 1.40 = 0.25 1.55 % 0,22 . 825

111
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Table 9.7.2 T-Values for Single-Thickness Specimen

Time I+500 -—I__500 t
{sec} {pA} {pAl
15 10.40 * 0,66 14,30 + 1,30 4.64
18 10.30 * 0.61 14,10 * 1.32 4,43
21 10.10 = 0,56 13.70 £ 1,29 -~ 4,34
24 10.00 + 0.49 13.40 * 1,16 : 4.67
27 9.86 + 0.48 13.20 = 1.10 4,89
30 9.70 + 0.49 13.00 = 1,08 4.79
36 9.51 * 0.41 12.60 = 1.03 4.82
42 9,37 £ 0.35 12.20 = 1.13 4,18
48 9.18 £ 0.34 12,00 = 1.01 4.54
54 9.08 £ 0,36 11.60 = 0.96 4.33
60 8.89 x 0.30 11.50 * 0,76 5.58
66 8.78 + 0.32 11.30 + 0.76 5.27
72 8.63 * 0.29 11.10 = 0.78 5.04
78 8.53 = 0.29 10.80 = 0,78 4,81
84 8,42 + 0.28 10.60 £ 0.72 4,93
90 8.30 * 0,26 10.50 = 0,70 5.02
96 8.18 £ 0.25 10.306 = 0,72 4,84
162 8.08 £ 0,22 10.20 £ 0,72 4.89
108 7.99 £ 0,22 10.10 * 0. 74 4,72
114 7.89 + 0,22 9.97 = 0.78 b 42
120 7.81 + 0.22 9.83 £ 0.78 4,33
135 7.60 £ 0.17 9.49 + 0.77 4.15
150 7.39 £ 0.17 9.22 = (0,77 4,01
165 7.22 £ 0.14 8.94 + 0,74 3.95
180 7.03 £ 0.14 8.69 + 0,71 3.99
210 6.71 = 0.09 8.22 + 0,68 3.82
240 6.43 * 0,09 7.84 * 0,67 3.61
270 6.21 = 0.10 7.44 £ 0,59 3.54
300 5.96 + 0.09 7.16 * 0,61 3.35
330 5.77 + 0.09 6.81 + 0.58 3.07
360 5.61 * 0.08 6.58 £ 0.55 3.01
420 5.26 * 0.08 6.10 + 0,52 2.77
480 4,94 = 0.08 5.67 = 0.46 2.71
540 4,70 = 0.08 5.31 = 0.48 2.14
600 4,46 + 0,07 5.01 = 0.41 2.30
660 4,26 = 0,09 4.74 + 0.40 2.08
720 4.05 = 0.08 4.49 + 0,36 2,13
780 3.89 = 0,11 4.29 + 0.35 1.85
840 3.74 = 0.11 4,09 + 0.33 1.72
900 3.60 * 0.10 3.90 = 0.34 1.51
960 3.48 £ 0.10 3.75 £ 0.31 1.45
1020 3.36 x 0.12 3.58 £ 0,31 1.19
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Appendix 9.8

Experimental I-V Data During Weutron Irradiation
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Table 9.8.1 I-V Data for Dark Conductivity

Applied Voltage Ix 1013 Applied Voltage Ix 1013
{v} {al {v} {al
0 + 0.30

+ 100 + 1.90 ~ 100 - 2,90
+ 200 + 2,90 - 200 - 3.90
+ 300 + 3.95 - 300 - 4,85
+ 400 + 5.25 - 400 - 6.15
+ 500 + 6.35 - 500 - 7.45
+ 600 + 7.25 - 600 - 8.65
+ 700 + 8.65 - 700 - 9,40
+ 800 +10.00 -~ 800 ~-10.50
+ 900 +10.90 - 900 -12.00
+1000 +12,60 -1000 -13.30
+ 900 + 9.70 - 900 -10.00
+ 800 + 7.50 ~ 800 - 8.70
+ 700 + 5.95 - 700 - 6.70
+ 600 + 4,60 - 600 - 5.15
+ 500 + 3.60 ' - 500 - 3.70
+ 400 + 2.55 - 400 - 2.45
+ 300 + 1.50 - 300 - 1.40
+ 200 + 0.30 - 200 - 0.35
+ 100 - 0.70 - 100 + 0,70
0 - 1.85 0 + 1.90
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Table 9.8.2 I-V Data for Position 1

Applied Voltage Ix 109
{v} {a}
+1000 $2.22
+ 900 +2,06
+ 800 - +1.87
+ 700 +1.68
+ 600 +1.47
+ 500 +1.25
+ 400 +1.03
+ 300 +0.81
+ 200 +0.56
+ 100 +0.30

0 7 +0.03
- 100 -0.22
- 200 -0.48
- 300 -0,68
- 400 ~0,90
- 500 -1.10
- 600 -1.30
~ 700 =~1.47
- 800 -1.65
- 900 -1.82

-1000 ~-1.96




Table 9.8.3 1I-V Data for Position 2

Applied Voltage I x 10ll
{v} {A}
+1000 +4.05
+ 900 +3.92
+ 800 +3.78
+ 700 +3.62
+ 600 +3,42
+ 500 +3.20
+ 400 +2.91
+ 300 +2.52
+ 200 +1.98
+ 100 +1.19

0 -0.06
- 100 -1.09
- 200 -1.75
- 300 -2.28
- 400 -2.69
~ 500 | <500
- 600 ~3.25
- 700 -3.43
- 800 -3.58
- 900 -3.69

-1000 -3.78
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Table 9.8.4 1I-V Data for Position 3

Applied Voltage I X‘1012
{v} {A}
+1000 +1.90
+ 900 +1.45
+ 800 +1.16
+ 700 +0.94
+ 600 +0.65
+ 500 +0. 29
+ 400 -0.10
+ 300 -0.40
+ 200 -0.62
+ 100 ~ -1.00

0 -1.30
- 100 -1.55
- 200 -1.80
- 300 -1.99
- 400 -2.16
- 500 -2.31
- 600 -2.45
- 700 -2.56
- 800 -2.64
- 900 -2.67

-1000 -2.73
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Table 9.8.5 I-V Data for Position 4

Applied Voltage I x 1013
{v} {A}
+1000 +3, 62
+ 900 +3.36
+ 800 +3..19
+ 700 +2,31
+ 600 +1.40
+ 500 +0.47
+ 400 -0.32
+ 300 -0.99
+ 200 : -1.64
+ 100 -2.33

0 ; =3,02
- 100 ~3.40
- 200 -3.75
- 300 -3.91
- 400 ~-4,07
- 500 -4,13
- 600 -4.15
- 700 -4.15
- 800 -4,15
- 900 -4,18

-1000 -4.18
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Appendix 9.9

Reference Source Data
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Table 9.9.1 Reference Source Activity Data

Source Half-Life Initial Activity Date
{ucil

1334, 7.5 y 1.24 8 July 1969
o 270 d 2.16 * 8 July 1969
B 5.27 v 1,25 8 July 1969
A 2.60 y 1.80 8 July 1969
109¢4 470 d 3.564 8 July 1969
l37Cs 30 y 1.58 8 July 1969
S4n 14 4 3.29 8 July 1969

Table 9.9.2 Reference Source

Gamma Data

Source Gamma Energy # Occurrence
{MeV}

133y, 0.356 71.0
0,382 7.56
(0.360 avg.)

L 0.122 88. 8
0.136 10.98
(0.124 avg.)

6000 1.173 99.0
1.332 99.13

224 1.275 100.

10904 0.088 100.

Ve 0.6616 93.5

SAMn 0.8353 169,
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Appendix 9,10

Calculation of Nal Detector Efficiency
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Present activity is given by

-At

A(t) = A e (9.10.1)

where AO is the measured activity at some time, A is the decay constant, and
t is the elasped time since the activity was measured.
The decay constant is given by

&n 2

A=
t/2

(9.10.2)

where t is the half-life.

12

The number of gammas appearing per second is just the present activity
times the fracticnal occurrence of that particular gamma,

The measured count rate for a particular gamma is the total number of
counts under its photopeak in the reference spectrum divided by the counting
live time, and multiplied by two, since only one-half the gammas are counted
in a 27 gecmetry.

The efficiency for that particular zsmma energy is then

measured count rate
£ = " 9.10.3
calculated count rate ( )
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Table 9.10 Nal Detector Efficiency vs. Gamma

Energy

EY {MeV} e {7}
0.088 40,7

0.124 69.8

0.360 23.8

0.662 25.4

0.835 18.5

1.173 13.4

1.996 9.26

1,332 11.5




Appendix 9,11

Gold Foil Irradiation Data
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Table 9.11 Foil Weights and Irradiation Times
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Position Bare Covered wt {g} Time In Time Qut

1 X 0.5007 1538 14 Dec 72 1542 14 Dec 72
X 0.4989

2 X 0.4784 1458 16 Dec 72 1658 16 Dec 72
X 0.4782

3 X 0.4940 1712 16 Dec 72 0816 17 Dec 72
X 0.4883

4 X 0.4794 0840 17 Dec 72 0910 19 Dec 72
X 0,4792
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Appendix 9.12

Gold Foil Counting Data




Table 9.12.1 Single Detector Foil Counting Data
Foil Wt Time Counting Counts—-Background
{g} Begun Time for .412 MeV Photopeak
0.5007 1516 15 Dec 72 4 min 609420
1523 15 Dec 72 4 min 609090
0.4989 1530 15 Dec 72 10 min 205551
1542 15 Dec 72 10 min 207011
0.4784 1642 18 Dec 72 10 min 58388
1655 18 Dec 72 10 min 57659
0.4782 1720 18 Dec 72 10 Min 5095
1733 18 Dec 72 10 min 4933
0.4940 1115 18 Dec 72 10 min 9271
1154 18 Dec 72 10 min 8966
0.4883 1309 18 Dec 72 10 min 0
1321 18 Dec 72 10 min 0
0.4794 1417 19 Dec 72 10 min 0
1429 19 Dec 72 10 min 0
0.4792 1504 19 Dec 72 10 min 0
1517 19 Dec 72 10 min 0
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Table 9.12.2 Coincidence Counting Data
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Foil Wt Time Counting N NB NB‘
{g} Begun Time ¥ J
0.5007 1351 15 Dec 72 350.44 sec 37847 836366 5115

1400 15 Dec 72 350.22 sec 37690 831618 5114
0.4989 1408 15 Dec 72 1340.42 sec 23637 486057 3001
1432 15 Dec 72 1340.22 sec 23474 483533 2951
0.4784 1424 18 Dec 72 2000.25 sec 13081 186766 1244
1458 18 Dec 72 2000.20 sec 13135 185677 11:1
0.4782 1533 18 Dec 72 2025.29 sec 5245 20633 122
1611 18 Dec 72 2001.06 sec 5043 20387 128
0.4940 0924 18 Dec 72 3000.23 sec 9310 47547 266
1016 18 Dec 72 3000.00 sec 9196 47586 308
0.4883 1347 18 Dec 72 1000.60 sec 2405 3333 14
1404 18 Dec 72 1000.14 sec 2319 3381 15
0.4974 1540 19 Dec 72 100,00 sec 252 408 0
0.4972 1542 19 Dec 72 100.00 sec 244 234 0
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Appendix 9.13

Calculation of Foil Activity Using Single Detector Data
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If Nr(t) is the number of radioactive atoms present at time t, R(t)
is the rate of production of the radiocactive species, and X is the decay
constant for that species, then the equation governing Nr(t) is

dN

'r _ .
a-t*:—' = R(t) - ANr(t) . (9.13.1)

R{t) is givea by

R(t) = J dav J Np(x,y,z,t) oa(E) ¢(x,y,2,E,t) dE

foil
volume
where Np is the pumber of parent atoms per cmB, Oy is the activation cross
section of the parent atom, and ¢ is the neutron flux.

If the flux is constant in time, and the small decrease in Np is

neglected, then R is constant in time., Equation (9.13.1) then becomes

dN
dt

L4 AN_(£) = R . (9.13.2)

The solution to this differential equation is

N_(t) = %—(1 -y (9.13.3)

The activity A(t) is defined by

A(E) 2 AN_(t) = R(L - eF) . (9.13.4)
As t = =, the saturation activity is given by
= 2 -At
A = A(®) = 1im R(1 -~ e ) =R, (9.13.5)
s Eov
Thus,
-t .
A(t) = ANr(t) = AS(I - e ) (9.13.6)

For single detector counting the number of counts measured between time ty

and time t2 (measured from the end of irradiation) is
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t2 eA -t -t
_ =At 0 1 2
C=c¢ Ao e dt + B = - (e — -&¢ ) + B (9.13.7)
“1
where £ is the detector efficiency, AD is the activity at the end of
irradiation, and B is the number of background counts from time tl to
time t2. -~

Then, from Eqs. (9.13.6) and (9.13.7), the saturation activity is
given by
A = A(C - B)

s YIS _AEE* (9.13.8)
e(l - e d(e - e )

where to is the time of irradiatiom.

The mean szturation activity for each foil is determined by averaging

the saturation activities for the two different counts of each foil.



Table 9,13 Mean Saturation Activity for Each Foil Using
Single Detector Data

Foil Wt {g} Saturation Activity {sec™}

0. 5007 2,12 x 107
0.4989 2,88 x 10°
0.4764 3,52 x 10"
0.4782 3,06 x 10°
0.4940 6.32 x 10°
0.4883 "0

0.4974 ~0

0.4972 ' )
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Appendix 9.14

Calculation of Foil Activitv Using Coincidence Data
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Define: N = number decays

NB = EBN = number of B detector counts
NY = ayN = number of y detector counts
NBY = ESEYN = number of coincident counts
where Eg and EY are the absolute efficiencies for the B and the y detectors.
Then,
NB NY NBN
NBT = *ﬁ"‘ X -N—‘- x N = —"-lN (9.14.1)
or
NBN
N = —ﬁl s (9.14.2)
By
N is also given by
) A=At “At
N = J A et at = 3-‘1 & T-8 5 (9.14.3)
1

where all symbols are defined as in Appendix 9.13.
Then, from Egs. (9.13.6) and (9.14.3), the saturation activity is given

as

A = " (9.14.4)
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Table 9.14 Mean Saturation Activity for Each Foil Using
Coincidence Data

Foil Wt {g} Saturation Activity {sec-l}

0.5007 : 3,13 x 107

0.4989 5.31 x 10°

0.4784 8.09 x 10*

0.4782 3.31 x 10"

0.4940 4,56 x 10°

0.4883 4.98 x 10°%

0.4974 "0

0.4972 A0

*This data point was thrown out in later calculations.
Insufficient counts were measured for reasonable counting
statistics to apply.
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Appendix 9.15

Calculation of Thermal Flux from Foil Activities
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Let NT be the number of target atoms in a foil given by

Wt NO
N_ =

where Wt is the foil weight {g}, NO is Avagandro's number, and W is the
atomic weight of the foil {g/gram atom}.

The saturation activity of the foil can be expressed as

a v
A_= NTU va(v) === dv + J va(v) o_(v) dv} (9.15.2)
thermal epithermal

if 1/v cross sections are assumed in the thermal energy range, where v is
the neutron speed, v is the speed of 0.025 eV neutrons, s is the activa-
tioan cross section of the parent atom for 0.025 eV neutroms, Ua(v) is the
activation cross section for neutrons having speed v, and n(v) is the

density of neutrons having speed v. Then,

+ A (9.15.3)

= + = J T
A A Ase IS'T nth ‘ouoa se

] st
vhere Ast is the saturation activity due to thermal meutrons, Ase is the

saturation activity due to epithermal neutrons, and n is the density of

th

thermal neutrons.
Cadmium cevers may be used to absorb all neutrens with energies below
0.4 eV, Then Ase is given by

Ase = ch AS(Cd) (9.15.4)

where AS(Cd) is the saturation activity of the cadmium covered foil, and

ch is a correction factor to account for epithermal neutron absorption in

the cadmium cover. For gold foils with thin cadmium covers, = 1, so

Fed
that

A, = A - AS(Cd) % (9.15.5)

Note that flux depression is the foil itself is also neglected.
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From Eq. (9.15.3)

= .15.6)
Ast NT eh Yo%a (9.15
so that
AS - AS(Cd)
nth = —I_\IT_— . (9.15.7)
T "o oa

To obtain the thermal neutron flux, multiply no by ;, the average neutron

velocity, where
- 1
v == va(v) dv . (9.15.8)
n
0
If the neutron spectrum can be approximated by a Maxwellian distribution,
v is given by

7= (BRT/ﬁmn)l/Z (9.15.9)

where k is the Boltzmann constant, T is the absolute temperature of the
medium, and ™ is the rest mass of the neutron. For T = 293.16°K,

7 = 2,48 x 10° ca sec T, |

Then

o v[AS - AS(Cd)]

®h th v N.o ’
o T oa

{9.15.10)

Since the bare and the covered foils are not the same weight, Eq. (9.15.10)

must be corrected. Let NTb be the number of atoms in the bare foil and NTc

be the number of atoms in the covered foil. Consider the activity per atom:

st AS AS (Cd)
. - 5 - = . (9.15.11)
T Thb Te
Use N as a basis: N_, = N Then

Tb T Tb*
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As As(Cd)
A =N_.I - 1 . (9.15.12)
st Tb NTb NTc
or
N
_ Tb
Ast = AS E;Z AS(Cd) i (9.15.13)

But NTb/NTC is just the ratio of the foil weights. Define the weight ratio

wW_as
r

. _wt of bare foil
r = wt of covered foil ° (9.15.14)

The corrected equation for the thermal flux then becomes

viA - w A (cd)]
= vs . rds . (9.15.15)
o Tb oa

¢th

The calculated thermal flux at each position is given in Table 4,2.
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ABSTRACT

An dnvestigation was undertaken of the radiation-induced currents in
both single- and double-thickness polyethylene sheet specimens under short-
circuit conditions. It is believed the basic mechanisns are an electron
injection current and a conduction current centrolled & a time-dependent
spatially non-uniform charge distribution within the spocimen. The short-
circuit currents were found to represent a reproducibleiphysical phenomenon.
An attempt to model the short-circuit currents in terms of fictitious
current generators within the specimen was successful during irradiation,
but failed during post-irradiation recovery.

For the double-thickness specimen, subtraction of the post-irradiation
short—-circuit currents from the recovery currents choerved at *500Y re-
sulted in corrected currents which may be analyzed in terms of standard
post—-irradiation recovery models.

In addition, a'polyethylene specimen was cxposad to neutron and gamma
radiation using the Kansas State ﬁniversity 252Cf facility. The steady-
state electrical conductivity was measured at four different fast-neutron
flux levels. It was found that the steady-state conductivity, corrected
for dark conductivity, was preportional to the 0.77 % 0.0% power of the

fast-neutron flux.





