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I. Introduction

The instruments for detecting nuclear radiations
which were well known to early workers in the
field of radioactivity were ionization devices. As
new techniques and components have become
available, the range of radiation detectors has
been developed exploiting various basic methods.
By far the most important change in nuclear radia-
tion detectors in recent years is the development
and thus wide-scale use of semiconductor radia-
tion detectors.

Over the past three decades, the demand for
detectors has been increased many fold by the
atomic energy projects. The large-scale industrial
plants and nuclear power plants are requiring in-
struments for the routine assay of radioactive
materials emitting radiations. The increasing supply
of artificial radioisotopes for various purposes to-
day creates a similar and growing demand. The
growing tempo of research in the fields of medical
and reactor health physics calls for the provision
of specialized types of instruments, some of which
are needed on a comparatively small scale, such

as miniaturized ionization chamber, and some of
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which must be designed for a particular experi-
ment. Uranium prospecting and mining, spent fuel
reprocessing, and radioactive waste disposal have
made necessary the provision of detectors in
which the main requirement is for portability and
ruggedness.

In this report, the overall description is confined
to the general review of the pulsed ionization
chamber(PIC) system as a nuclear instrumentation
system which was developed by Ellis[1] who con-
cluded that the PIC technique for plasma diagnos-
tics was an effective and significant tool for the
study of plasmas in high pressure gases.

Il. Summary of Related Theories
fI-1. Gaseous lonization Media

The process of ionization in a gas results in the
production of electrons, positive ions, and mole-
cules in excited states as outlined in Fig. 1, which
illustrates the course of events in a gaseous ioniza-
tion detector, where, the electrons and ions in a
gas experience only short range forces from the
gas molecules and their nutual interactions take
place effectively only during periods of collision.
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emisslon

Fig. 1 Energy Loss Processes of Charged Particle
in a GAS.

The mean free path of a charge carrier for colli-
sion with neutral molecules thus becomes of
dominating importance. When the molecular dia-
meter is taken to be 3X107%cm, the mean free
path in a gas is assumed to be 107 cm at 760 torr
and to vary inversely with the pressure at the
temperature being held constant[2].

When the field energy of gaseous ions is small
compared with the thermal energy, the average
drift velocity in the field direction W may be ex-
pressed as

w=# + (E/p) (2-1)
where E is the electric field strength, p is the gas
pressure and # is known as the mobility. Values
of # have been summarized in a convenient form
by Wilkinson [3].

According to Sharpe[4], positive ions being of
molecules mass M have a mobility

s~ Aoe/(12kTM) 2-2)
where Ao is the mean free path of the ions among
the gas molecules at 760 torr. The mean free path
has the value

A=1/n¢ (2-3)
where n is the density of molecules and ¢ is the
effective collision crosssection., So long as the
energy gained by an ion from the applied electric
field remains small compared with the thermal
energy, (3/2)kT, the mean free path will be con-
stant and thus #+ will be independent of E/p.
For very high electric fields of the order of 4X10°
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V/cm at 760 torr. this condition no longer holds
and the mobility #+oc(E/p)~*[4].

II-2. Distinction between a Plasma and an Ordin-
ary lonized Gas

Plasma is a state of mater composed at least
partly of high densities of mobile charged parti-
cles. Gases, liguids, and solids can exhibit plasma
behavior. The high density and highly mobile
charge in a plasma is responsible for a very impor-
tant electrical property. There is always some
small degree of ionization in any gas. However,
any ionized gas can not be called a plasma, of
course. A useful definition of plasma is as follows
[5] :

“A plasma is a quasineutral gas of charged and

neutral particles which exhibits collective be-
havior.”
By “quasineutral” we mean plasma is neutral
enough so that one can take ni=n.=n where n is
a common density called the plasma density. On
the other hand, by “collective behavior” we mean
motions that depend not only on local conditions
but also on the state of the plasma in remote
regions as well.

According to Chen([5], the criteria for an io-
nized gas to be a plasma are as follows :

(a) It should be dense enough that the Debye
length A« is much smaller than the dimension L of
a system of interest: A« <L.

(b) The collective behavior behavior requires
the number of particles in a Debye sphere, Nq, is
much larger than 1:N«g1.

where Na=n(4/3) 7 A%

{c) For the gas to behave like a plasma rather
than a neutral gas, the relation @ 7 >1 is re-
quired.

where, @ is the frequency of typical plasma
oscillations and 7 is the mean time between colli-
sions with neutral atom.

As indicated abowe, it is convenient to introduce
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the concept of the Debye length in order to dis-
tinguish a true plasma from an ordinary ionized
gas. Now, let us develop a theory for the Debye
length A

The density of classical particles in a force field
in which the potential energy of the particles is U
=U(x) is given by[6]

n(x)=no - exp [ —U{x)/kT) (2-4)
where no is the density density where the particles
have zero potential energy. In an electric force
field, the potential energy of a charged particle is
related to the electric potential function U=qV
where q is the charge of a particle and V=V(x).
Since q=V(x). Since gq=-—e for an electron,
therefore, the electron density in the sheath field is

Ne=ne - exp [eV/kT] (2-5)
In general, positive ion density is
Ne=ne - exp [ —ZeVKT] (2-6)

where Z=1 for singly charged ions, Z=2 for dou-
bly charged ions and so forth. Egs. (2-5) and
(2-6) relate the densities of the charge species to
the electric potential.

The electric potential, on the other hand, is
related to the charge density by Poisson’s equa-
tion, V2 V=—4m P / €0 where €;is the dielec-
tric constant of the electrolyte and £ is the net
charge density,

P =Zen—en. (2-7)
Egs. (2-5) and (2-6) may be inserted into Eq.
(2-7) to obtain a differential equation for the
potential function as follows:

v: V=—4me/ eo[Zne- exp[—ZeV/KT]

—Ne + exp [eV/kT] (2-8)
In principle, this equation can be solved to obtain
the electric potential, V=V(x} from which the
particle densities and the electric field can teo
obtained. In practice, however, Eq. (2-8) is very
difficult to solve without employing a simplifying
assumption. Let us now assume the followings{2]

(a) The ijons are in a Boltzmann distribution at
an equilibrium temperature T.
{b) The potential energy of the charges due to

their seperation is small compared to thieir thermal
energy so that ZeV<KT.

{c) The microscopic variations of potential re-
sulting from the discrete nature of the particles
may be neglected.

Here using the series, exp(f£s)=1%s for s<1,
Eq. (2-8) becomes

V2 V=—4re/ € [Zns{l—2ZeV/kT)

—ne(1+eV/KT)] (2-9)
If we utilize the fundamental charge neutrality of
the plasma interior,
Zno=ne, Eq. (2-9) reduces further to
v V=dV/dx*=4m e/ € kT [Z%nw - eV

+ neo + eV] (2-10)
Hence
dV/dx?=(1/ A3V (2-11)
where
1/ 28 =47 X Z% no/ € kT +neo/ €0 kT)  (2-12)
and thus
A =[47e?/ eokT(Z% no+ne)] (2-13)

Noting that A« has the dimension of length, the
general solution to Eq.(2-9) is

V(x)=A - exp(—x/ Ad} +B - exp{x/ Ad) (2-14)

Applying the boundary condition that V(x}—0
for large distance from the origin of coordinates,
the final solution is

V{x)=Vo - exp(—x/ A4 (2-15)
Eq. (2-15) represents a potential function that de-
cays exponentally into the plasma with the Dybye
length A4 This screened coulomb potential be-
comes quite small at distances much greater than
Ad.

The Debye length is an important parameter of
any plasma because it may be considered to be a
measure of the size of the screening ion cloud
surrounding the given ion. This length is the fun-
damental minimum distance over which collective
plasma effects occur. Hence a fundamental restric-
tion on the de finition of a plasma is that it should
be large in extent compared with its own Debye
length, Aa.

From Eq. (2-13) it is frequently customary to
treat the two terms on the right hand side seper-
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ately, defining one as a screening length for elec-
trons and the other for the positive ions. Thus the
electron screening length A. is

Ac=[co kT/47me? noo) ? (2-17)
Thus a screening length can be determined for
each of the species of particle in the gas. These
lengths are different from the Debye length associ-
ated with the gas as given by Eq. (2-13). In a gas
consisting of singly charged positive ions and elec-
trons at the same temperature, we see that ne=no
=n and the relationship of the various screening
lengths is as follow[7] :

Ae=A=4/2 A4 (2-18)

As indicated so far, the Debye length varies
directly with the square root of the temperature
and inversely with the square root of the density
of the ions. In order that there is the requisite
electrostatic in teraction between particles, the De-
bye length must be considerably less than the
minimum dimensions of ionized medium. If this
condition is not satisfied, the medium only be-
haves like a collection of free charges. The fore-
going derivation assumes that the Debye length is
large compared with the interparticle distances.

II-3. Plasma Kinetics Associated with PIC

The pulsed ionization chamber system was a
new mode of gas filled ionization chambers. In its
initial stages, the PIC system was applied to the
measuring of ionization densities, recombination
parameters, and neutron flux density. Markwell [7]
demonstrated a wide range neutron flux measure-
ment capability for the PIC system and Ellis[8]
indicated that the PIC system provided an altema-
tive to a multichamber wide range neutron detec-
tion instrumentation.

In the PIC associated plasma kinetics, a formula-
tion for the time rate of change for the electron
density with the presence of an ionization source
may be given as the following electron balance
equation:
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dn./dt=S+ a, ? m—-% B n: (2-19)
where a4 is the diffusion coefficient and it is
assumed that the number densities for the elec-
trons and ions are equal. The source term, S=
S(t), represents the rate of production of electron-
ion pairs while the losses are characterized by a
diffusion loss term and a summation over all other
mechanisms which contribute to the loss of the
plasma. f’s are the loss coefficients for the r-th
order mechanism.

In the steady state ionized gas kinetics, however,
a simplified description of the growth of electron
density, or ionization density, can be given by the
following equation :

dne/dt=S+ a¢ V2 n.—(B1n.+ B2nd (2-20)
where B, . are the first and second order loss
coefficient, respectively.

The loss mechanism by free or ambipolar diffu-
sion is quite insignificant with respect to high
pressure gas flow channels. For the high pressures,
the diffusion term in Eq. (2-20) can be dropped
and thus the electron growth equation becomes

dn./dt=S—( B n.+ f:n?) (2-21)

However, if diffusion is the dominant charge
loss mechanism as an approximation, the diffusion
loss term can be replaced by (@s4/4%n. where A
is the characteristic diffusion length for the plasma
(9].

The approximated Eq. (2-21) describes that
over the ionization density range where the PIC
has been applied, only first and second order loss
mechanism exist and also it should be noted that
this equation takes into account three basic loss
mechanism diffusion, recombination and electron
attachment.

For steady state or equilibrium conditions where
ionization is uniformly distributed through ionized
gas volume, dn./dt=0 and Eq. (2-21) reduces to
the quadratic relationship

Bin.t f2ni=S (2-22)
If S=S(t) is time independent, the solution to
Eq.(2-22) is
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ne=—pR/2F:+[(B1/28:2+5/B:]" (2-23)
According to Ellis, for the PIC operation with
collection circuits of which RC time constants are
large as compared to the collection time and the
signal voltage developed across the cylindrical
chamber is
V=—en(v/C)- [1—1/1n (n/1.)2] (2-24)
where v=sensitive volume of the chamber,
C=total circuit capacitance,
r, r.=diameters of the shell and anode,
respectively.
By coupling Eq. (2-23) and (2-24), a direct rela-
tionship between output voltage and source rate is
obtained as follows:
V=(ev/2C B2 [— B:+(B3+48:5)"] -
[1—1/1n(r/r)] (2-25)
This equation can be used to determine the loss
coefficients, 81 and f..

H1-4. Loss Mechanisms for Electrons

There are three basic mechanisms by which
electrons can be lost from the plasma produced in
the PIC: (1) diffusion, (2) recombination and (3)
electron attachment.

(1) Diffusion : Diffusion is a random motions of
the individual particles. An ionized gas incurrs a
loss of the ionization from neutral atoms and
molecules by the diffusion to the walls of the
container. In the absence of any interaction be-
tween the charged species, the particles move
through the volume of the gas or plasma with
velocities dependent on their mass.

(a) Mutual diffusion: The mutual diffusions
occur in a gas with uniform total pressure but with
nonuniform composition. For very low charge de-
nsities less than 10' electrons/cm?® each of the
charged species behaves as a seperate gas and
moves by diffusion through the neutral gas without
an appreciable number of interactions{2]. This
process is sometimes known as free diffusion of

electrons. Hence, the free diffusion is important

only at very low charge densities, n.<10* elec-
trons per unit volume and at pressures of less than
one torr [10]

(b} Ambipolar diffusion: The concept of
ambipolar diffusion was first introduced by Schott-
ky in 1924, Oscam also has proposed a theory to
account for ambipolar diffusion and has performed
its measurements in the plasma volume [11].
Ambipolar diffusion is the simultaneous diffusion
of two types of particles. This diffusion occurs
when both species of the charged particles in an
ionized gas diffuse with the same velocity. It re-
sults when a deviation of charge quality produces
electric forces which tend to restore the charge
balance and to oppose the charge seperation [10]

According to Ellis, it can be shown that the
ambipolar diffusion coefficient, @.-q, is twice the
value for the possitive ion diffusion coefficient if
the electrons and ions are in thermal equilibrium,
and that @ .-4 varies in versely with the pressure of
the gas and is also a function of the absolute
temperature.

In gaseous plasmas, the mobile charge densities,
ne and n, are essentially equal so that for these
cases the ambipolar diffusion coefficient is [6]

Ag=(M-a+t Hia.)/(H-+ Hy) (2—-26)
where @ | a. are the diffusion coefficients of
electrons and ions, respectively. Furthermore, for
particles that can be described by Maxwellian sta-
tistics, the diffusion coefficient is related to the
mobility by Einstein’s relation[6], «.=(kT/e)#.
For this type of particle, the ambipolar diffusion
coefficient reduces to

@, a=k(Te+T) /e[ # K+ /(H-+ #:)] (2-27)

=2kT/e [# - #+/(#-+1.)], T.=T=T.

An interpretation of Eq. (2-27) is that ambipolar
diffusion occurs at a rate characteristic of the sum
of the temperatures of the charge species but with
a mobility dominated by the less mobile of the
two.

(2) Recombination : Recombination implies the
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combination of negative and positive ions present
in a gas volume to result in neutral particles.
According to the manner in which the excess
energy of the electron-ion system is carried away,
the following classification is made:

(a) Radiative recombination

Xt+e —=X*+hy

This reaction was first studied in 1923 by Kram-
ers who was concemed with calculating the in-
tensity of the X-rays emitted from a solid target
bombarded by fast electrons[12]. For radiative re-
combination, the excess energy is carried away in
the form of a photon. This process in the inverse
of photoionization. Radiative recombination pro-
ceeds at a slow rate and is normally of no signifi-
cance except in very tenuous plasmas. However, it
is surely the most important recombination process
in the high atmosphere[2].

(b) Dielectronic recombination

Xi+e
Xte —X*%
€ ’ <Xb+h v

The mechanism of the process, dielectronic re-
combination was discussed by Bates[12] in 1943.
Dielectronic recombination is the process of in-
verse autoionization. In this process the electron is
captured by the ion X into some excited state of
the a complex atom X and the excess energy of
recombination is taken up by a second electron
which then also occupies an excited state.

It may revert to the ionic state, X', by the
process of autoionization in which one electron is
ejected. However, it is possible that the doubly
excited atom X% may undergo a radiative transi-
tion or dissociation and drop to some state, X»
which is not subject to autoionization. If this occur,
dielectronic recombination is said to have taken
place. Fig. 2 illustrates the dielectronic recombina-
tion sequences[13].

(c} Dissociative recombination

XYY +e (XY= X* 4+ y*

Dissociative recombination exists when an elec-

tron collides with a diatomic positive ion. There is
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Fig. 2 Energy Level Diagram for Dielectronic
Recombination Sequences.

Z. hv

Xb

X

a high probability that the system will seperate as
two neutral atoms with the excess energy being
carried away as kinetic energy or the formulation
of excited states of either or both neutral atoms.
This process was first proposed by Bates[14]. Dis-
socitive recombination takes place when a
radiationless transition occurs to some state of the
molecule, XY, in which the atoms recede one
from another and gain kinetic energy under the
action of mutual repulsion. Fig.3 illustrates sche-
matically the dissociative recombination [15].

Potential, V(R)

20
\t

K X+X

Internuciear separation (R)

Fig. 3 Schematic Representation of the Dislsociative

Recombination Process.
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Initially, the system is composed of a molecular
positive ion and an_ electron(State A). If repulsive
curve(B-C) of an excited state of the molecule
crossés the molecular ion-electron curve at the
appropriate point, the system may jump to this
state of the molecule and begin to dissociate.
Once the internuclear seperation has increased
slightly, the system can no longer revert to its
original state by autoionization and the electron is
trapped as the molecule continues to dissociate(S-
tate C)[2].

(d) Three-body recombination

Xt +e +Z—-X*+2Z (A)

X'te +e —X*+e” (B)

The theory for the three-body process was origi-
nally presented by J.J. Thomson. In the three
body recombination, a charged particle loses suffi-
cient kinetic energy by a collision with a neutral
atom enabling the charged particle to recombine
with a nearby ion of opposite sign. The third body
can become an atom, a molecule or an electron.
In three body electron-ion recombination (Process
A), a heavy particle acts as the third body. Reac-
tion A is from early consideration. Recent work,
however, has shown that reaction B, in which the
third body is an electron, may be quite fast at high
electron-ion densities above about 10" ip/cm?[2].

(3) Electron Attachment : Another very impor-
tant source for loss of eletron in gases, particularly
if certain impurities are present, is negative ion
formation by electron attachment. Electron attach-
ment is due to a tendency for the electrons to
attach themselves to the neutral atoms or mole-
cules with which they collide, thus forming nega-
tive ions. Although the charge density remains
unchanged, the process may serve as a precursor
to recombination. The negative ions thus formed
may be recombined by ion-ion type of recombina-
tion mechanism. This process further results in
charge neutralization by charge transfer and subse-
quent dissociative recombination.

The rate of attachment varies increasingly with

pressure. However, the variation of attachment
coefficient which is defined as the probability of at-
tachment per collision of an electron with neutral
molecules or atoms depends on the character of
the attachment method.

If attachment is the dominant loss process of the
electrons in the plasma after the source term goes
to zero, the decrease of electron density for low
energy electrons is given by [16]

[dne/dt].= —f.n.[= — Kin(y)n.— Ken(y)n{x)n.]

(2-28)
where f. represents the attachment frequency for
an individual electron. Ki is the two-body and Kz is
the three-body attachment coefficient. The densi-
ties of the electronegative impurity and third body
atoms or molecules are given by n(y) and n{x),
respectively.

Electrons can be removed from the plasma by a
combination of the above three mechanisms. In
the case of both recombination by two body and
electron attachment, if the negative ions thus
formed can be assumed to recombine very rapidly
with positive ions, the negative charge density can
be represented by the electron density. Thus, the
loss equation is given by

dn./dt=(B1n.+ B2+ B2nd—f.ne (2—-29)
where source term was assumed to be zero like in
Eq.(2-28).

Such an expression indicates the difficulty of
interpretating measurements when several
mechanisms of charge loss are present. In setting
up a lumped parameter model to express the elec-
tron losses, the continuity equation can be written
as a differential equation where the loss coeffi-
cients are aggregate expressions for several pro-
cesses. According to Ellis[8], therefore, a follow-
ing equation represents a combination of all the
effects which are taking place:

dn./dt=5(t)— 2= B nit) (2-30)

In considering the differential equation which
describes the electron density with respect to time,
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the ionization source term, S{t), must be defined.
For instance, neutron induced ionization within the
reactor core is expressed as

Si)=Ss=0N. ¢ n E/W (2-31)
where, ¢ =thermal neutron cross section, 5327 b
for *He[17],

N.=atom density of the filling gas in the PIC,

¢ n=thermal neutron flux density,

E=average energy deposited in the filling gas
by the (n,p) reaction,

W=average energy required to produce an
electron-ion pair.
On the other hand, according to Lamarsh[18], all
thermal neutrons lumped together can be written
as

$0=(2/y/7 ) Vn (2-32)
where, ni=total neutron density in the reactor

core,
vo=(2kT/m.)=1.284 - T X 10" cm/s.

Ill. Experimental Measurements

Ili-1. Average Energy to Form an lon Pair

In order to adequately develop a study involv-
ing ionization in gases by the passage of charged
particles, it must be considered how much energy
loss is required for a given amount of ionization in
a field of ionizing radiation. The mechanism by
which a charged particle loses its kinetic energy or
is deflected from its original path may be catego-
rized into four principle types as follows[19] :

(1) Inelastic collisions with bound atomic elec-
trons are usually the primary means by which an
energetic charged particle loses kinetic energy in
an absorber.

(2) Inelastic collisions with a nucleus have a
high probability of resulting in a quantum of radia-
tion being emitted and the incident particle ex-
periencing a deflection.

(3) An elastic collision with a nucleus causes the
incident particle to be deflected but there is no
radiation or excitation of the nucleus.
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(4) An elastic collision with an atomic electron
results in the deflection of the incident particle
where energy and momentum are conserved and
the energy transfer is usually less than the lowest
excitation potential of the electron.

In general, each incident charged particle in a
stopping media experiences many collisions of
each type mentioned above before it is brought to
rest.

In determination of the energy required to form
one jon pair by measuring the ionization, the rela-
tive saturation must be considered in order to
ascertain the total ionization created by the
charged particle. When an ionization chamber is
used as the device for investigating loss para-
meters of the filling gas, measurement of the
ionization current along with an energy distribution
for the ionizing events leads to unique determina-
tion of W in Eq.{2-31) for the specific gas. Under
the condition of ni=n.=n, the measured ion-
chamber current, I, corrected for the relative
saturation can be expressed as the following rela-
tion utilizing Eq.(2-32) :

I=(0N:- $u-v) (E/We (3-1)
Now the energy required to form one ion pair, W,
can be determined from Eq. (3-1).

W=(oN. $s-v)Ee/1  eV/ip (3-2)
where the quantity, @N. ¢4-v, represents the
reaction rate in the chamber.

[II-2. Diffusion and Recombination Parameters
of the Plasma

The time dependent development of the
charged particle density is described by the in-
homogeneous and non-linear differential equation
shown in Eq. {(2-19). In the absence of an ioniza-
tion source, the decay of plasma is related to the
loss coefficients. However, it must be determined
whether the decay of the plasma is diffusion
dominated or recombination dominated for a suffi-
cient length of time in order to establish the re-
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spective parameter. More concretely, for dominant
diffusion, Eq. {2-19) may be rewritten to describe
the electron densiwy as follow :

dn./dt=— a; 7 n,, (3-3)
while the differential equation for loss of ions by
pure ideal recombination in time is given by

dn./dt=—7n? (3-4)
where positive and negative ions are present in
equal numbers and 7 is recombination coefficient
in cm®/e - s.

Although each mechanism has its own numeric-
al value of the coefficient describing the recom-
bination, the use of lumped coefficients will not
alter the shape of the curve representing the elec-
tron density as a function of time[13].

The solution to Eq. (3—4) can take following
form :

ne(t)=ne(0)/ {1+n.(0)7 t] (3-5)
If n(0) and ne(t) can be measured at respective
known times, 7 can be obtained from the follow-
ing relationship :

Y =1/t [1/n{t)—1/n.(0)] (3-6)
This method of evaluating 7 is known as the
“method of decay.”

If electrons and ions are produced as a constant
rate and a state of equilibrium is reached, the
differential equation for growth of electron is

dn./dt=S— 7 né (3-7)
and the equilibrium electron density at infinite
time will be given by

n()=(S/7)* (3-8)
Accordingly

¥ =8/né() (3-9)
where, if n. (©) and S are known or can be
measured, ¥ may be determined. This is

known as the “equilibrium method.”

If, however, the electron density has not
reached an equilibrium value, Eq. (3-7) may be
solved by integration to yield

nt)=(S/ 7)* [exp(2+/S/ 7 1)-11/

[exp(2+/S/ 7 1)+1] (3-10)

If n(t) is evaluated for two values of t and S, then

Y is evaluated. This is known as the “method of
growth.”

In the presence of a source, diffusion and ideal
recombination are the only processes being consi-
dered for Eq. (2-19). According to Ellis, the mean
particle density, mnit), has the following form:

Io
where, 1. and r are the inner and outer radii of
the coaxial configuration of the PIC.

In view of the linear and non-linear processes
occuring in the space-time development of the
charged particle density, a solution for Eq. (2-19)
is suggested as

n(r,t)=N(t) - n*(r,t) (3-12)
Therefore, substitution of the solution (3-12) into
Eq. (3-11) and then into Eq. (2-19) yields the
following differential equation for the mean parti-
cle density by letting @4=D.

an(t)/ 2t=5—D[p®] — 7 [AM]? (3-13)
With this relationship, the apparent diffusion
coefficient and apparent recombination coefficient
are given by the following expressions, respective-

ly:
a3
= lf:.(l/r) ar (ran*/gr) 2xrdr

D=D T fen*rt) 27 r dr

(3-14)
o SR ]2 27 dr
Y=7rnm (I'bz'_l'azj [g;‘;n*(r,t) Dy dr]z

(3-15)

The mean ionization source is given by the follow-

ing expression :

o
g=tn eI ”S("rgz_"r;)dr (3-16)
Where, D and 7 are the actual diffusion coeffi-
cient and actual recombination coefficient, respec-
tively. Fig. 4 is a graphical description of the ratio

of the apparent diffusion coefficient to the actual
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diffusion coefficient as a function of the geometric-
al parameters of the coaxial PIC system [1].
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Fig. 4 Ratio of Apparent Diffusion Coefficient to
Actual Diffusion Coefficient as a Function
of System Radii.

IlI-3. Electron Density Determination

The electron density can be determined from
voltage signal of the pulsed ionization chamber.
The scheme of this method of investigation is the
observation of the current from the drifting elec-
trons and ions due to the applied potential on the
chamber. Experimentally, the arrangement in
Fig.5 consists of rapidly applied voltage for a re-
latively short period of time to the ion-chamber in
order to impart a drift velocity to the electrons and
jons that are distributed throughout the chamber
volume. The high voltage is applied for a sufficient

length of time to collect the electrons.
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Fig. 5 Signal Qutput Circuit of the PIC System.

The carrier current, Icr, is produced by the mo-
tion of the charged particles in the sensitive
volume of the chamber and is a summation of the
current of the electrons, the positive ions and the
negative ions. That is,

Ter(t) = Le{t) + L(t) + In(t) (3-17)

The total current in the external circuit, I{t), con-
sists of the carrier current in the chamber and the
displacement current for the capacitance of the
chamber.

Thus,

I(t) = Lex(t) + Ic(t)

=le(t}+C dVc/dt

=le(t)—C dVr/dt (3-18)
The observed voltage in the external circuit across
the resistor R is related to the currents as follow :

Vk(t) =Rle(t)+RC dVc/dt (3-19)
Additional capacities in the system, particularly
cable capacitance leading to the amplifier, are in
parallel with R and the amplifier. Thus, Eq. (3-19)
becomes

Vi(t) =Rlcr(t) + RC" dVc/dt

=RIex({t)+RC’ dVr/dt
where C'=C+Cuu

For cylindrical geometry of the ion-chamber and

(3-20)

a homogeneous distribution of the charge within
the chamber, I(t) is a constant and Vc(0)=0.
Thus, the complete soultion to Eq. (3—-20) is given
by

Vr(t)=Rlcx[1—exp(—t/RC)] (3-21)
This equation can be related to the electron densi-
ty since the time required for charge collection is
much less for the electrons than for the ions.

(1) Parallel plate configuration
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For a small RC time constant, the time for elec-
tron collection t.>RC

Ve(t)=[R n.- e v/t] (1—t/t) (3-22)
For a large RC time constant,
Vr(t)=n.-evt/Ct (3-23)

For a small RC time constant, the exponential
term in Eq.(3-21) becomes negligibly small and
the electron density can be given by

Vi(t) =Rlck(t) (3-24)

It means the voltage is proportional to the car-
rier current, les.

(2) Cylindrical coaxial configuration

For rn/r.>10,

Vr(t)=[Rn.- e v/t 2 - In{n/1)]*
[1—exp(—t/RC)]

For a large RC time constant,

Vr)=ne-e v t/C t 2 Infn/r), 0 <t<t(3-26)

Measurement of the voltage signal at the end of

(3-25)

electron collection provides a direct method of
determining the electron density in the sensitive
volume of the chamber. Fig. 6 illustrates the time
dependence for the voltage signal Vk(t) during
electron collection[1].

Cylindricol Porollel  Plate
Ion Chamber 1 Ion Chomber
1
!
VR 1
|
Small RC 1
Time 1
Constant L )
, 1l 3

: ;

S i

b :

[l | :

v, ' 1 Ve 1
Loge RC !
Time !
Conston! f
!
L}
|
|

Fig. 6 Voltage Signal Time Dependence for Large and
Small RC Time Constants, and Parallel Plate
Cylindrical Geometries.

Now utilizing Eq. (3-23) and (3-26) at t=t., the
maximum voltage signal can be readily derived in
each case. That is, with a large RC time constant
for the parallel plate configuration,

Vi(t)=n-e v/C (3-27)
and for the cylindrical coaxial configuration,

Valtd=n.-e v/C-2- In{r/x) (3-28)
In the PIC system which was developed by Ellis
and his coworkers, the relationship for signal vol-
tage was given given by[8]

1 (e
V)= |, It

1-H¥(1—1n H?)

enev ]
1n(1/H)

C [_Hz_

(3-29)

where H=r./n.
When r&>r?, Eq. (3-29) for V(t.) in terms of elec-
tron density n. is reduced to one involving only
constant parameters of the chamber geometry and
output capacitance C as follows :
V(t)=(—e n. v/C} [1—1/1n{r/r.)*] (3-30)
In this equation the factor, 1/1n(r/1), is due to
the unaltered positive ion distribution which is
assumed to be constant. On the other hand, at the
jon collection time t, the voltage is expressed by
Vit)=e n.v/C (3-31)
Thus the voltage is exactly proportional to the
electron density, ne.
In Eq. (3-30). however, n. is given by
ne=—[Vit.) - C/e v]-

(1—-1/1n(n/r)] (3-32)
Consequently measurement of the voltage at the
end of electron collection allows determination of
the electron density in the sensitive volume of the
PIC.

IV. Conclusions

The PIC technique as a tool for detecting and
measuring radiation was evaluated for its possible
application for the measurements of electron de-
nsities in other experiments. The PIC method was
also considered to be applicable for fast-response
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neutron flux measurements in a LMFBR[8].

The PIC system was shown to be an effective
instrument for obtaining the plasma kinetics para-
meters necessary for evaluating the loss character-
istics of an ionized gas system[20]. The gamma
compensated pulsed ionization chamber showed
considerable promise for use as a system for reac-
tor power measurement[22].

An ionization chamber measures the ionization
produced by a particle in passing between elec-
trodes. In particular, the pulse-type ionization
chambers still play an important role in the area of
radiation detection. A newly developed pulsed
mode of operation of ionization chambers had a
wide range capability for neutron flux and reactor
power measurements, independence of high
temperature insulator leakage and ionized gas
kinetics effects, freedom from recombination
effects.
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