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Abstract

Saturation characteristics of a current-type ionization chamber are investigated
theoretically and experimentally in the columnar recombination region. The
experiments were performed using a boron-lined cylindrical ionization chamber
filled with nitrogen or helium at pressures of 760 mmHg and 380 mmHg. The
collection efficiency deduced from the analytical method is in good agreement
with the experimental results. This theory makes it possible to predict saturation

characteristics for all ionization intensities with only the design data.
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1. Introduction

A typical saturation curve illustrating the
relation between the current drawn from an
jonization chamber and the applied voltage is
shown in Fig. 1. As the voltage difference
between the electrodes is increased, current
increases rapidly at first and then more
slowly until a region is reached where the
current becomes nearly or completely inde-
pendent of the applied voltage. This region
is known as the ‘plateau’ of the characteristic
curve and the value of the current in this

region the ‘saturation current’ Z;. The plateau
may be defined conveniently by the applied
voltages Vo.p and Vi1 at which the current
is 90% and 110% of the saturation value,
respectively. The operating voltage of a
chamber can be determined by knowing the
voltage Vo.g.

It may be assumed that the saturation
current corresponds to the complete collection
of all the ionization formed between the
electrodes and that at low potential differences
between the electrodes, only a fraction of

the ionization is collected because positive
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Fig. 1. Typical saturation curve

ions and electrons recombine before they can
be collected. Recombination may occur in two
ways: (1) by columnar recombination between
positive ions and electrons in the track of a
single ionizing particle; (2) by general recom-
bination between positive ions and electrons
from different tracks throughout the collecting
volume of the chamber. Columnar recombina~
tion depends on the density of ionization in
the particle track and is not influenced by
ionization intensity. General recombination,
however, is ionization-intensity dependent,

since the ionization intensity controls the
number of tracks per unit volume. Since the
fully quantitative analysis of columnar recom-
ination has not been made, the saturation
characteristics of an ionization chamber can
not be predicted theoretically and the experi-
mental measurement of its characteristics
must be performed after it is manufactured,

For the theory of general recombination,
Thomson!> first set up and solved the problem
of the ionization current flowing through a
gas subjected to a continuous high intensity
Boag and Wilson?> investigated

the saturation characteristics at high ioniza-

ionization.

tion intensity theoretically and experimentally
and postulated a model for practical applica-
tion. By dimensionless analysis they have

shown that the collection efficiency f may be
written in the general form:

f =¢(_d.¥_)

where d is the electrode spacing,

€Y

q the

ionization intensity, and V the applied.
voltage.

For the theory of columnar recombination,
Jaffé® explained the recombination phenome-
non which occurs along the tracks of heavy
ionizing particles in gases when the charge
carriers are positive and negative ions. Later
Clay*> modified Jaffé’s theory for electron-
on recombination. The collection -efficiency

was given by the equation:

1
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where a is the electron-ion recombination
coefficient, N is the initial number of ions per
unit column length, D_ is the diffusion coef-
ficient of electrons, & is the initial column
radius, % and k_ are the mobilities of positive
ions and electrons, £ is the electric field, ¢
is the angle between the track and the electric
field, and H? is the Hankel function of the
first kind of order zero.

In principle both columnar and general
recombinations occur in any ionization chamber
and their relative importance depends on the
density of ionization along the tracks of the
ionizing particles and on the conditions of ion
collection. Unfortunately, the application of
the above theories is limited to a particular
since the theories of
columnar and general recominations may be

ionization intensity,
applied to the regions of low and high ioniza-
tion intensities, respectively. There has been
a real need for a comprehensive theory
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which covers the whole range of ionization
intensities.

A new theory for electron-ion recombination
in ionization chamber has been postulated by
Hyun®> recently. From the results of inves-
tigation carried by Hyun, saturation charac-
teristics of a cylindrical chamber, in  which
recombination is considered in three regions,
can be shown in the form of collection
efficiency as follows:

(1) Region I (general recombination region)

hi= (/7:/7;}1/;; 2 ®
where f1 is the collection efficiency in region
I, ¢ is the ionization intensity, V is the
applied voltage, {=a?j(¢c/a)*—1}*/4, a and ¢
are the radii of inner and outer -electrodes,
respectively, and k. is the mobility of positive
ions.

(2) Region III (columnar recombination
region)

fo= T @
where f; is the collection efficiency in region
III, §=».V"!, 5. is the columnar recombina-
tion constant, and V is the applied voltage.

(3) Region II (transfer region from region
I to region IID

(V2do.s=(Vido.s

[6.9—{5.9tan"'100(fs—0. 9)}tan™!9] )
where (V2Do.g is Vo.e for region II, (Vio.s
is Vo calculated by using the collection
efficiency equation for region I, and f; is the
collection efficiency of region III.

By Hyun’s theory V., for all ionization
intensities can be predicted, provided a single
value of V.o in region II or region III is
known by experiment.

2. Theory

When ionization is produced along the track
of a charged particle in gas, the motion of
the ions is described by the differential
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equation:

on+ _ 2

57 =D+7?n+F kv (n:E)—ann-  (6)
where #, and n_ are the densities of positive

ions and electrons, D, and D_- are the

corresponding diffusion coefficients, k. and
k_ are the mobilities, E is the electric field,
and a is the recombination coefficient. We
can call the three terms on the right hand
of the equation respectively the diffusion
term, the field term, and the recombination
term. Jaffé® has given an approximate
solution neglecting the recombination term
and Kramers® has solved the equation for a
special case of liquefied gases in which the
diffusion term was omitted. Wilhelm? has
solved the equation analytically to get a
general solution of the space and time was
omitted. Wilhelm” has solved the equation
analytically to get a general solution of the
space and time dependence of the electron
and ion density.

When a cylindrical chamber has very small
electrode spacing compared to its radius of
the inner electrode, one can consider it as an
infinite plane-parallel chamber, and Eq. (6)
may be rewritten as:

oms _ Pny | 0'ns
ot =D ( 0x? + oy?

Fk.Esin ¢ %gi —anyn. ¢))

where ¢ is the angle between the track and
the field. The direction perpendicular to the
electrode plate is x-direction,
assuming that E is constant, and neglecting
the diffusion in Z-direction. According to
Wilhelm™, the solution of Eq. (7) can be

taken as

found as: ®
nat= _ [ TR Btsing)by*
Nexp [ 4D,,t+b§ ]
~x Tk, Etsing)?+y?
7(4D,t+b2)+aNtexp [ 4D f1b? }

where N, is the initial number of ions pro~
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duced per unit column length, & is the initial
radius of the column, D, is the ambipolar
diffusion coefficient which is defined by:

D.k.+D_k,

B S — @
and %, represents the mobility of ambipolar
diffusion which has the relation:

_ Dik +D_k.
b=yt 10

D,=

The initial density distribution is assumed a
Gaussian:

2
(”+)t 0= "33 bg eXp(—ﬁy (11)

The recombination rate per unit column
length at time ¢ is:

R(t)=g:~jlan+n_dxdy (12)

Inserting Eq. (8) into Eq. (12), integration of
the latter yields:
aN? 2k2E% sin%p
224D, 1157 P [“ 4D 1152 |
2a*N% 8k2Etsin%p
T ramn Ll B s rad I
The total number of ions recombined per

R =

unit column length is:
Re=| Rt (14

By insertion of Eq. (13) into Eq. (14),
one finds:

SLZD\[i[e (bzk;gzzsmz )

(- EREsiney)

R7'=

__a*N® b*RiE%sin%p
24=D? { ( + 6D? )
bzszzstgo _ b*kiEgintp
exp (= 6D? 6D ~1]

(15)

The second term on the right hand of Eq.

(15) can be omitted, since it is much smaller

than the first term. Exponential integral in
Eq. (15) may be expressed:

—E(—)=—r—imz— - ()

1 onn!

2H2 I 2qin2
b2kEE sin%p <1

where »=0.57721. Since 8D

and the constant 7 is negligibly small, from
Egs. (15) and (16) one may write:
__aN?,  8Da?
Re=—g.p. " pR Ersiniy an
The collection efficiency can be written in
the form:
f=1-Rr (18)
and hence
_ aN 8(D,/k.)?
f=1= 8rD, In b2 E%sin%p (19

Parameters which define the collection effici-
ency by Eq.(19) are to be discussed separa-
tely.

By combining Eqgs. (9) and (10) and taking it
into account that D_>D, aud k_>k,, one
obtains for D,/k,:

D. - D (20)
Here D./k. can be expressed® ®>
D. _2kT _ 7
ke ®.7 2D

where 5, which is known as the Townsend
energy factor, equals the ratio of the mean
agitation energy of the electrons to the mean
molecular energy, % is the Boltzmann cons-
tant, and T is the gas temperature which is
assumed to be room temperature (300°K).
Assuming again k.>k. in Eq.(9), one
obtains ambipolar diffusion coefficient in the

form® 0
D,=D,+k2-=Fa+p @
SR T N A

Using the theory of Frost and Phelps!?
and the experimental results of Warren and
Parker!®, and Crompton and Sutton'®>, Town-
send energy factor at low E/p(1074~10° volt/
cm-mmHg) can bewritten in the form:

7=1+C(4 ) 23

where C; is a constant; 6X10! cm!-2mmHg??°

volt~1-%5 for nitrogen and 1X10* cm!?%
mmHg!2 volt™** for helium.
The electron-ion recombination coef-

ficient!# 1% can be expressed in terms of
electron velocity v and effective recombina-
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tion cross section ¢, by the relation:

a=vo, 4
Since the cross section ¢, is inversely propo-
rtional to »? and » is proportional to (E/p)%
at low E/p*1, accp/(E/P)?, where pis the
recombination coefficient with no electric field
applied which is inversely proportional to p.
Hence the recombination coefficient @ can be
written in the form:

a=C3(—E%’7-r @5
where ao is the electron-ion recombination
coefficient at 760mmHg and C; is a constant;
56.4 volt ®%cm™®5 mmHg °° for nitrogen,
24.0 volt®® e¢cm™"5 mmHg®$ for helium,

Electric field E is assumed to be uniform
as V/d, initial number of ions per unit column
length N is proportional to the gas pressue,
column radius & is inversely proportional to
the gas pressure, and sin ¢ is replaced by its
average value of 2/z since the distribution of
the a-particles from B! (#, a) L, reaction
is isotropic'™. Inserting the equations for the
parameters into Eq.(19) and rearrahging the
latter, one finds:

f= 1_ CaaoNo

k(3g) |2+Cs o) )

elieole) ) (26)
0(57)

where a,=the electron-ion recombination

coefficient without electric fiold (cm3sec™)
N,=the initial number of ions per unit

}‘ - - . 284 Cm -
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column length at 760mmHg (cm™!)
k;=the mobility of positive ion
(em?volt~tsec™)
V'=the applied voltage (volt)
p=the gas pressure (mmHg)
d=the electrode spacing (cm)
b,=the initial radius of the column at 760
mmHg (cm)
C,=2.29X10"! for nitrogen; 9.73x107% for
helium (volt™*% ¢cm™%* mmHg™05)
Ci=6X10! for nitrogen; 1X10*> for helium
(volt~1'% cm!'? mmHg!-25)
C,;=4.53%10"% (volt mmHg™1).

3. Experiment

The ionization chamber used in this experi-
ment is shown in Fig. 2. The electrodes and
the outer case of the chamber are made of
stainless steel and teflon is used for insulators.
The diameter of the inner electrode is 2.99
cm and the electrode spacing is 1.73mm.
Insulation resistance of 10 ohms is obtained.
Guard-ring electrodes are provided to mini-
mize leakage currents and to maintain a
uniform electric field along the length of the
collection volume. Output current from the
chamber is collected at the inner -electrode.
while a positive voltage is applied to the outer
electrode. Two polyethylene-insulated coaxial
cables are used to connect the electrodes
to the picoammeter and the high voltage

/ L

Guard-ring electrode

. /
i Collsctor electrode

Polarizing electrode

£-— Teoflon insulator

Fig. 2. Ionization chamber
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supply.

The outer surface of the inner electrode is
coated with boron of 0.78 mg/cm? thickness
over an area of 141 cm? Boron coatings are
applied to the electrode by painting with
oil-suspended boron (enriched to 92% B!
and in turn the coated item is baked in a
The
repeated

furnace at 400°C to remove the oil
painting and baking steps are
several times.

The vacuum and gas fillng system is shown
in Fig. 8. The chamber was evacuated to a
pressure lower than 10°* mmHg and main-
tained several hours and then the gas was
admitted at the
flushing out with the appropriate gas several

required pressure after

times. The gases used are nitrogen and

helium of research grade.
Chamber

1ontzation

gauge

Thermocouple
gauge

Gaa regulator

Goa cylindor

Prassure
gauge

Rofary pump Ciffusion pump

Fig. 3. Vacuum system for ionization
chamber gas filling

Reactor tank

High voltage supply

——’{—L —

Picoammeter

Core || Chamber

Bulk- shielding fank

Fig. 4. Lay-out for experiment

{ANPS)

Current

(AMPS)

Current

99
The ionization chamber was placed inside
an aluminum guide pipe at the Bulk Shielding
Experimental Tank of the TRIGA Mark II

Reactor and was subjected to irradiation by

a neutron flux'® from 1.8X10® to 2.3X10°
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Fig. 5. Saturation curves with nitrogen
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Fig. 6. Saturation curves with helium

filling
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n/cm?-sec to measure the saturation charac-
The lay-out of apparatus for
experiment is shown in Fig. 4, The satura-
tion curves of the chamber filled with nitrogen
and helium at pressures of 760 mmHg and
380 mmHg are shown in Figs. 5 and 6.

teristics.

4. Discussion and Conclusions

The curves in Figs. 5 and 6 show that the
voltage V,.o's approach constant values when
the neutron flux is low. This is ascribed to
the fact that, when the number of tracks
per unit volume is sufficiently small, the
tracks may be considered as independent of

J. Korean Nuclear Society,
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each other. As a result the electric field
required to separate and collect all the ions
is indepentent of the ionization intensity.
Theoretical curves of collection efficiency
vs. applied voltage are compared with the
7~10. Among

the values of the parameters in Eq.(26),

experimental results in Figs.

N, is obtained from dividing the total numbers
of ions produced by the mean range of a-par-
ticle (N,=5.52X10*
N,=1.19X10%*m™!
assumed to be 1073 cm &1, The value of a,
for nitrogen is assumed to be 1.4X107°
cm?/sec?® and for helium 3X107°

cm™?  for nitrogen;

for helium) and b, is

cm3/sec.

o8 |
o7
06 [
f o5 [ /®
o4
03

02

Q) ( ‘ N l ‘

Thaoretical  curve

0 18Xi0°n/cm?sac
Experiment

A 36X10°n/cmisec

Nz 760 mmHg

1 1 1 1 1

2 4 6 8

Applied

voltage

o] 12 14 16 18 20
(VOLTS)

Fig. 7. Variation of collection efficiency with applied voltage
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03
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ol
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Fig. 8 Variation of collection efficiency with applied voltage
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Fig. 10. Variation of collection efficiency with applied voltage

The ionic mobility %, is constant for low
values of E/p»?, having values of 1.87
cm?/volt-sec for nitrogen?®> and 10. 4cm?/volt-
sec for helium? %

Theoretical curves for collection efficiency
are in good agreement with the experiment,
especially in the region of f greater than
0.85. The voltage Vo.,, which
important factor to determine the operating

is the most

voltage of an ionization chamber, can be
precisely predicted in columnar recombina-
tion region by using Eq. (26). Therefore, by
using Eq. (26) for columnar recombination
region and Hyun’s equations®® for general

recombination and transfer regions, the

operating voltage of a boron-lined ionization

chamber can be predicted for all ionization
intensity ranges without any experimental
measurement.
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