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THE DESIGN, CONSTRUCTION AND CALIBRATION
OF A LOW-ENERGY, LOW - EXPOSURE- RATE

IONIZATION CHAMBER

INTRODUCTION

Objectives

The objectives of this project were to 1) design, 2) construct,

and 3) calibrate an economically feasible ionization chamber system

capable of measuring low-energy x rays over the range of 10 to 40

keV, and sufficiently sensitive to measure exposure rates as low as

0.5 mR/h. This of course implied that the chamber response over

the intended energy range would be linear (7) and that leakage (back-

ground) current would be sufficiently low and the chamber volume

sufficiently large so that, by using a superlative charge (current)

collecting system, exposure rates as low as 0.5 mR/h (z-5 x 10
-17

amp/cm3) could be measured in a reasonable collection time. It

was hoped that the instrument, when calibrated, would be sufficiently

accurate to be useful as a laboratory standard.

Fundamental Concepts

As x or Y radiation passes through matter (such as air), ioni-

zations occur as the photons are scattered or attenuated. Exposure
1,

1 "The special unit of exposure [X] is the roentgen (R). "
1 R = 1 esu /0. 001293 gm of air. (15, p. 6)
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X, is defined as follows:

... the quotient of LQ by Am [A indicates an average
(15, p. 4) j, where LQ is the sum of the electrical
charges on all the ions of one sign produced in . .

a volume element of air whose mass is dm . . .

X = EQ /Lm (15, p. 6).

An ionization chamber is an instrument which is designed to

collect the charge associated with the ionization produced by radia-

tion within a defined volume of air (1p. 225; 20, p. 164; 34, p. 5).

Since, by definition, the collected charge is proportional to the ex-

posure, in theory the ionization chamber actually measures exposure.

In practice, however, a given ionization chamber is linear (propor-

tional to a specified accuracy) only over a limited range of photon

energies.

As shown schematically in Figure 1, an ionization chamber sys-

tem consists of three major components: 1) the chamber proper

which contains the sensitive volume of air (or other gas) defined by

two electrodes, 2) a d. c. chamber-voltage source, and 3) a current

(charge) measuring device.

In operation, the electrodes of the chamber are connected in

series with the voltage source and the metering device. The electric

field thus induced between the electrodes sweeps any ions formed to

the appropriate electrodes. The metering system indicates the quan-

tity of charge which flows through the external circuit during a unit

exposure time (1, p. 225).
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x ray
0I C

H. V.

Figure 1. Schematic plan of an ionization chamber system.
The electrodes of the chamber C are connected
in series with a high-voltage source HV and a
metering system M. Any ions formed within the
sensitive volume of the chamber are acted upon
by the electric field. Positive ions are attracted
to the negative electrode and negative ions migrate
toward the positive electrode.
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Each of these components must be mutually compatable and

capable of fulfilling it s respective function at the proposed ex-

posure rate.

Scope

Beginning with the charge measuring system, the design of each

component is discussed. A total of three chambers were constructed.

Because of their similarity, the assembly process of one will be

covered in detail. Minor differences in the design and construction

of the other two will be only briefly discussed. The low-energy,

low-exposure-rate chamber was calibrated (by means of an inter-

mediate volume, transfer chamber) against a standard. A description

of the calibration technique and the resulting data are presented in

detail.
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DESIGN

By definition, exposure rate (LX/Lt) is equivalent to the ion

current per unit air volume (I/Vol).

I/Vol = k(LX/At)

where k is a units conversion factor. By rearranging terms, one

obtains chamber volume in terms of the ion current and the exposure

rate.

1 IVol = k (AX/At)
(1)

Hence, at a given exposure rate, the ionization chamber volume de-

pends upon the capabilities of the current measuring device.

Since the high-voltage requirements, chamber geometry, and

to some extent, the beam-entrant window depend upon the chamber

volume, and the chamber volume depends upon the ion-current meas-

uring capability (for a given exposure rate), the logical sequence in

designing an ionization chamber system would be to first design the

current measuring device, then compute the chamber volume required

to yield a measurable current, after which geometry, chamber volt-

age, and beam-entrant window could be considered.

Current Measurement

For precise measurement of small currents such as are
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produced in an ionization chamber, a form of the Townsend balance

system is extensively used (3, p. 48). A simplified schematic of a

Townsend balance is shown in Figure 2 and consists of a grounding

switch, a precision capacitor, a null-indicating electrometer, and

an adjustable nulling voltage.

In this method . . . the electrometer and collecting elec-
trode of the chamber are connected to one plate of a small
condenser . . . The other plate of the condenser is con-
nected to a potentiometer so that its potential may be both
varied and measured. As the ionisation [sic. ] current
charges up one plate, the potential applied to the other is
increased so that the electrometer needle remains unde-
flected. If the potential applied to the condenser plate by
the potentiometer system after a time t is V, then the
ionisation [I] is CV/t where C is the capacity of the
condenser (38, p. 151_152).

Thus we obtain the relation

I = CV/t (2)

Chamber Volume

By substituting equation (2) into equation (1) we get

1 CV 1Vol = () (EX/ptt AX/At

Thus, at an exposure rate of 0.5 mR/h, using an available 100 pF
1-

standard air capacitor (General Radio Company, C = 10
0 F), a

nulling voltage V of 30 mV (obtainable with a mercury battery and

a precision ten-turn potentiometer) at a reasonable collection time

t of one minute, the required chamber volume is approximately



To Ion
Chamber
Electrode

C

E

T.1

P

Figure 2. Townsend balance schematic.
C - Condenser (capacitor)
P Nulling-voltage potentiometer
E Null-indicating electrometer
S - Grounding switch

7
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1,000 cm 3.

Vol
(3.3x10 10 coul/esu)(1 min.)(0.5x10-3R/h)(esu/cm3)

(10- 10 F)(3x 102 V)[60 min/h] R

Vol 1,000 cm3

By either increasing the nulling voltage or by increasing the

collecting time, higher or lower exposure rates, respetively, can be

measured without decreasing the inherent accuracy of the system.

Chamber Configuration

In an effort to duplicate the response of a free-air chamber, a

design patterned after Kemp's chamber (18) utilizing a cylindrical

body, plane-parallel plates, and a guarded field was chosen. The

design features are illustrated in Figure 3.

The plane- surface electrodes and the guard strips produce a

symetric and highly uniform electric field in the chamber. The

symetry simplifies the task of locating the effective
2 and geometric

centers of the chamber. The uniform field minimizes ion recombi-

nation and allows one to calculate with certainty the ion collection

2 The effective center of the chamber is defined as the point
on the chamber axis where the ionization density is equal to the
average ionization density integrated over the entire chamber
volume.



Guard
Strips

Guard

Window

ensitive,,
Volt_ame

1

,Collector -1 Plate

Conducting

V

Signal

Shield

Potential
Divider

9

Figure 3. Line diagram of a low-energy chamber. A longitudinal
cross section is shown of a cylindrical chamber
utilizing plane-parallel plates and a guarded field. The
circular collector is separated from the guard plate by
an insulating gap scribed in the conducting surface
[adapted from Kemp (18)].
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efficiency3. In addition, the plane-parallel plates minimize polarity

effects4
(18).

The sensitive' volume is accurately defined by the length of

the chamber and the radius of the collector plate plus one-half of the

width of the insulating g a p separating the collector from the guard

electrode. By constructing the body of the chamber from annular

rings, the volume can be varied by simply adjusting the number of

rings (18; 19).

Electrodes and the Electric Field

In this particular design there are really four separate electrode

systems: 1) the high voltage, 2) the collector, 3) the guard plate,

and 4) the field-shaping guard strips.

The high-voltage electrode (also serving as the beam-entrant

window) is a plane surface and is, as the name implies, maintained

at high voltage (either positive or negative with respect to ground).

The collector is also a plane surface, parallel to the high-voltage

3 Collection efficiency f is defined as the ratio of ions collected
to ions produced (3, p. 13).

4Any effect which causes a change in the magnitude of the ion
current when the polarity of the collecting voltage is reversed is
said to be a polarity effect (3, p. 39).

5 The sensitive volume is that volume of air defined by the elec-
trode system which contributes to the measured ion current.
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electrode. The collector is held at the same potential
6 as the guard

plate by the Townsend balance system. This is essential to prevent

field distortion (3, p. 36-37). The charges reaching the collector

surface are manifest as the measured current in the external circuit.

The guard plate is maintained at ground potential. It completely

surrounds the collector and thus prevents "leakage current from the

high-voltage electrode from reaching the collector" (3, p. 9). The

guard plate also serves in conjuntion with the guard strips to reduce

distortion and give the desired shape to the electric-field lines de-

fining the sensitive volume (3, p. 36-37).

In shaping the field and preventing distortion, guard strips are

at least five times more effective than the conventional g u a r d

wires . The potentials of the field-shaping guard strips are "fixed

by a voltage divider to give a linear gradient between the . . " high-

voltage electrode and the guard plate (37, p. 5).

Optimum Geometry

Since the chamber dimensions are finite, the location of the

effective center of the chamber may be influenced by both the air

6 As noted by Kemp and Barber (19), even though the null-
indicating electrometer registers zero, a potential drop in excess
of 1 volt may exist between the guard plate and the collector due to
unequal resistances in the two electrical circuits.
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attenuation within the chamber and by the inverse square law. The

exponential decrease in the ionization density, Ls , across the length

of the chamber due to air absorption (assuming narrow beam geome-

try) is given by the formula

DI = 1 -

where [I is the linear attenuation coefficient of the absorbing medium

of thickness x. The computed percentage decrease in the ionization

density for four different photon energies is listed in Table 1.

Table 1. Decrease in Ionization Density Due to Air
Attenuation over the Length of a 10 cm
Chamber (Independent of Source-Chamber
Distance)

Photon a/
Energy ( cm

2 /g)

8 keV 9.96 12

10 4.97 6.2
15 1.59 2.0
20 0.764 1.0

a/ With coherent scattering (22, p. 10)

However, it can be shown that for 8 keV photons, at a source-

chamber distance of 100 cm, the decrease in the ionization density

over the length of a 10 cm chamber is approximately linear. The

discrepancy between effective and geometric centers is less than

0.3%.
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The calculated variations in the ionization density over the

length of the chamber due to the inverse square law for a chamber

10 cm long at various source-chamber distances are given in Table

2. This effect is, of course, independent of photon energy.

Table 2. Inverse Square Effect on Ionization Density over the Length
of a 10 cm Chamber (Independent of Energy)

Source- Chamber AI
Distance d

1
/d

2
(d

1
/d

2
)2

( %)

50 cm 45/55 81/121 33.1
100 95/105 361/441 18.2
150 145/155 841/961 12.5
200 195/205 1521/1681 9.6

As illustrated in Figure 4, the effective center of "a pencil-like

chamber . . . " (5, p. 28-29) will be closer to the source because the

excess ionization where "dx is less than d is greater than the ioniza-

tion deficiency . . . [where] . . dx is greater than d. Conversely,

a shallow pill-box chamber . . . has most of the ionized volume at

distance d greater than d; hence . . . " it will read low, or in
x

effect, the source-chamber distance will be increased (5, p. 28-29).

By carefully choosing the ratio c of chamber length h to

diameter 2r, at a given source-chamber distance, the effective and

the geometric chamber centers can be made to coincide. Clark and

Brar (5) have shown that for source-chamber distances greater than

1.5r, the optimum value for c is 0.75.
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Figure 4. Two extremes in chamber geometry. The geometric
centers, C and C', of the two chambers shown above
are equidistant from the source S. Due to the inverse
square law, the effective center X' of the pencil-like
chamber (on the left) is nearer the source than is C',
causing the chamber to read high. The effective center
x of the pillbox-like chamber (on the right) is farther
from S than is C, causing this chamber to read low
[adapted from Clark and Brar (5)].
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c = h/2r = 0.75

For an optimum geometry chamber at a source-chamber

distance of 10r, no correction for inverse square effect is neces-

sary.

For a 1,000 cm3 volume cylindrical chamber (c = 0.75), the

required chamber length h (plate separation) and chamber radius r

can be calculated as shown below:

c = h/2r = 0.75

h = 1.5r

Vol = .Trr
2h = 1.57rr 3 = 1000 cm

3

3 1000 cm3

r = 1.57

r 6 cm

h 1.5r 7-"- 9 cm

High- Voltage Requirements

The chamber voltage required to obtain any desired ion collec-

tion efficiency can be estimated by substituting the plate separation
7

distance h into the empirical formula (modified) ) from Johns

7The factor "3" appears under the radical to compensate for
the increased exposure rate during the voltage peak of a half-wave
rectified x-ray generator (16, p. 233).



(16, p. 233)

V =
Uc

15.9 h2 N/3q,

16

(3)

where V is the chamber voltage, Uc is a factor obtained from

the graph (adapted from Johns) shown in Figure 5, and q is the expo-

sure rate in esu per sec per cm3.

Substituting into equation (3) the values h = 9 cm. Uc = O. 1

(corresponding to r-,100% efficiency) and a maximum expected value

for q of 1.4 x 10-5 esu per cm 3 per sec (equivalent to 50 mR/h)

yields the following:

.
V - (81)(42 x 10-6)1/2

.151

9
0

V = 84 volts

Beam-Entrant Window

At low energies, photon interaction is predominantly by photo-

electric effect, the probability of which varies directly with the cube

of the atomic number, Z, of the absorbing material (16, p. 210; 24).

At 10 keV, the maximum range of the secondary electrons in air is

approximately 0.13 cm (9, p. 106-107). This, of course, is much

less than the chamber dimension. Hence, the ion current is due

primarily to photon interaction with air inside the chamber; and the

atomic number of the window material is not important. However,
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Pulsed
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Cylindrical
Kcyl
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Figure 5. Graph showing the collection efficiency as a function of U
for both continuous and pulsed radiation. For continuous

15.9radiation Uc Nrq and for pulsed radiation
1000 2

V
U =

V
h q. In these expressions, V is the potential dif-

ference between the parallel plates in volts, h their separa-
tion in cm. For yntinuous radiation q is the charge liber-
ated (esu) per cm per second. For pulsed radiation q is
the charge liberated (esu) per cm3 per pulse. For cylindri-
cal electrodes h =Kcyi(a-b) (adapted from Johns, 16, p.234).
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window absorption may be considerable depending on its thickness

(24).

At 50 keV the maximum range of secondary electrons in air is

approximately 3.1 cm (9, p. 106-107). Consequently, the contribu-

tion from ionization within the chamber due to the secondary electrons

ejected from the window could be significant. Hence, at higher ener-

gies, the atomic number of the window material becomes increasingly

important (24).

In view of these facts, the ideal window material would have an

effective atomic number, Z, equivalent to that of air (Z = 7. 64)

(16, p. 210; 21) and would be of negligible thickness. As a solution

Glasser suggests "goldbeater's skin or nylon, with a thickness of the

order of 0.05 mm. . . " (12, p. 195). Quimby, in studying back-

scatter at small distances, obtained good results with a chamber

utilizing windows and a collector of silk mesh coated with India ink

to render it conducting (26; 27). According to Boag, carbon-coated

nylon thread, 50pin diameter, 1 mm apart, has been used success-

fully (3, p. 38, 63). Taylor has expressed the opinion that a "thin

nylon wall . . . [is] . . . probably the least energy dependent.

(31, p. 68).

The disadvantages of mesh windows are that the field is not

sharply defined in the vicinity of the netting. Also, the ion current
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may be affected by air currents or vapors drifting through the open-

ings in the mesh (17). However, these effects would be significant

only in a thin, pill-box chamber (30).

Calibration

By defining the cylindrical portion of the active volume by the

electrical-field lines, by utilizing an air-equivalent, negligibly thin

window, and by coating the collector and guard plates and the cham-

ber wall with colloidal graphite to decrease their effective atomic

numbers (and render them conducting) and thus minimize the effect

from tertiary radiations from these surfaces (12, p. 190), the cham-

ber response, when corrected for atmospheric conditions, should be

very nearly absolute.

However, based on the experience of specialists (3, p. 63-64;

16, p. 212-213; 31), to insure accuracy, chambers of this type should

be calibrated against a standard (such as the Victoreen 415A Inter-

comparison Standard). Since the volume of the 415A is ,--2cm 3, its

sensitivity is 1/500 of the calculated sensitivity of the 1,000 cm3

chamber. To eliminate the necessity of unreasonably long collection

times, and still effect a calibration at or near normal operating

exposure rates (while using the same current collection system) it

was suggested that a transfer chamber of similar design with an



20

intermediate volume of 50 cm3 be constructed (32). The transfer

chamber could be calibrated against the 415A and then the 1, 000 cm3

chamber could be calibrated against the transfer chamber.
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CHAMBER CONSTRUCTION

In all, three guarded-field chambers were built. The first was

constructed out of Styrofoam and served primarily as a pilot model.

After experimentally determining the suitability of various materials,

and after perfecting construction and calibration techniques, a low-

energy, low-exposure-rate chamber of 1040 cm3 volume and a trans-

fer chamber of 60 cm3 volume were constructed. Assembly of the

transfer chamber will be described in detail. Minor differences in

the design and construction of the 1040 cm3 chamber will be pointed

out later. To aid the reader in understanding the construction details,

cross-sectional diagrams and a photograph are included. For

practical reasons, two systems of linear units are used. Dimensions

which determine the sensitive volume of the chamber are given in

centimeters. Other dimensions are given in inches.

Transfer Chamber

The 60 cm3 volume, transfer chamber was constructed pri-

marily of Plexiglas acrylic plastic. Physically, it consisted of

three major assemblies: the cylindrical chamber body which con-

tained the field-shaping guard strips and the potential divider, an

entrant-window assembly which also served as the high-voltage

electrode, and an end-plate assembly which included the collector
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and guard ring (with terminals) and a base by which the chamber

was positioned in the radiation beam.

Chamber Body

The cylindrical body of the chamber was constructed using

three annular rings of 1/4 inch wall, extruded acrylic. Their outside

diameters were 4.0 inches and each had a height of approximately

1.2 cm for a total inside chamber length of 3.6 cm (see Figure 6).

Prior to assembly, a strip of graphing tape, 3/32 inch wide,

was applied circumferentially to the center, inside surface of each

annular ring. A generous coating of graphite 8 was then applied to

the inner surface after which the tape was removed, leaving an

insulating gap, free from graphite, 3/32 inch wide (see Figures 6

and 7).

Acetate washers (0. 008 cm) which also had been coated on both

sides with graphite were inserted between the annular wall sections.

These washers were cut such that the inside circumferential edge

intruded 1/4 inch into the chamber.

The annular rings and washers were clamped to the end plate

(to be described later) by two threaded, brass tie rods, 1/8 inch in

8 'Dag' Dispersion No. 154, a colloidal suspension of graphite
in alcohol, made by Acheson Colloids Company, Port Huron,
Michigan.



Figure 6. Cross sectional of 60 cm 3 volume, transfer chamber.

(a) T-shaped guard strips
(b) Insulating gaps between guard strips
(c) BNC connector
(d) Copper wire extension of BNC
(e) Base plate
(f) Chamber mount (spray-can lid)
(g) Insulating scribe line in "Dagged" surface which

defines the area of the collector from the guard
plate.

Note: For the location of tie rods, screws, terminals, potential
divider, etc., see Figure 7.
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Figure 7. Photograph of the 1040 cm3 Volume, Low-Energy, Low-
Exposure-Rate Ionization Chamber and the 60 cm3
Transfer Chamber.

The "bagged" nylon hosiery windows are identical
but appear to be of different texture due to a difference
in lighting angle. The tie rod with the high-voltage
terminal can be clearly seen in the near wall of the large
chamber. The outline of the other tie rod (1040 cm3
chamber) is visible through the clear insulating gaps at
the far side of the chamber. One tie rod is faintly
visible at the right front of the small chamber. The
staggered rows of resistors, making up the potential
dividers, are clearly visible in both chambers. If one
looks closely, the scribed, circular scratch separating
the collector from the guard plate is discernable through
the window of the large chamber.
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diameter, which were inserted through holes drilled longitudinally

through the walls of the annular rings (see Figure7 ).

The tie-rod nuts on the window end of the chamber were ground

down and inset in the wall so as to allow the window frame to fit snuggly

against the cylindrical shell. On the other end of the chamber, the

tie rods extended through the end plate to accommodate washers and

nuts. One tie rod was extended beyond the end plate and was used

as the high-voltage terminal.

The combination of the ndagged" acetate washers and the

"dagged" inner surfaces of the adjoining annular rings formed T-

shaped strips which, when connected to the steps of a potential

divider, effectively shaped and shielded the field within the sensitive

volume (13; 19; 37, p. 5).

The potential divider consisted of three one-megohm resistors

inserted into offset holes drilled, longitudinally, through the annular

rings (visible in Figure 7). Contact between resistor leads and the

graphited surfaces of the acetate washers was maintained by pressure

exerted by the tie rods.

Window Assembly

The washer-like, entrant-window frame was cut from a 1/4

inch thick Plexiglas plate with an outside diameter of 4.13 inches

and an inside diameter of 2.50 inches. The nylon hosiery window
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was attached, under slight tension, to the underneath side of the

frame with rubber cement. Then both the window and the under sur-

face of the frame were "dagged" to render them conducting. The

window assembly was then attached to the cylindrical body by four,

4-40 screws, threaded into the chamber body. The ndagged" under

surface of the window frame in physical contact with the tie-rod

nuts effected electrical continuity.

To apply the graphite, the window assembly was laid, window

down, on a paper ink blotter; and with a dabbing motion, using a

cotton swab as an applicator (30), the nylon was literally soaked with

Dag. The blotter absorbed the excess, leaving a uniform coat of

colloidal graphite on the surfaces of the nylon threads.

Thus coated, the area of the openings in the netting were ap-

proximately 0.25 mm2. It was estimated that about 1/5 of the total

area was covered by thread. Since the average density thickness of

the material was 1.4 p.g/cm2, the average density of the thread

would be about 7 I.J.g/cm2. The graphite-coated nylon was assumed

to be air equivalent. Using a mass attenuation coefficient for 8 keV

photons in air (22, p. 10) of 9.96 cm2/g, the absorption by the thread

was calculated to be about 0.01%.

I = I e-(p./p)x

-10 ,4
I I e = 0.0001

0
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End-Plate Assembly

The end-plate assembly was formed by gluing together (with

centers concentric) a 1/4 inch thick Plexiglas base plate, 2.5 inches

in diameter, and a 1/8 inch thick Plexiglas disk, 4.13 inches in

diameter. The surface of the larger disk was Hdagged" and served

as the collector plate and guard electrode.

A short piece of 16-gauge copper wire was soldered to the

bayonet of a BNC panel jack (male). The jack was then mounted in

the center of the base plate such that the wire extended through and

was flush with, and contacting, the ndagged" surface of the collector.

The collector was defined and insulated from the guard plate

by scribing a shallow, circular scratch (with the wire end as center

and a radius of 2. 3 cm) through the Dag, into the surface of the

Plexiglas (3, p. 9).

The end-plate assembly was attached to the chamber body by

means of the tie-rod nuts and two screws which were threaded

through the plate into the wall of the chamber body. One of these

screws also served as a terminal for gounding the guard plate.

The outer surface of the base plate, from the grounded shield

of the BNC panel jack to the perimeter of the base plate, was coated

with graphite to shield the collector from extraneous electric fields.
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A metal cylinder9 located concentrically over the BNC jack, and

attached with four screws to the base plate, proved to be an effective

base on which to mount the chamber in the radiation beam.

1040 cm 3 Volume Chamber

A low-energy, low-exposure-rate ionization chamber with an

optimized (ratio of chamber length to diameter was 75) cylindrical

volume of 1040 cm 3 was constructed. Its design differed from that

of the transfer chamber in that its body was made up of seven rather

than three annular rings. Also, the larger chamber had a narrower

air cushion (defined by the width of the guard plate) between the

chamber wall and the sensitive volume.

It was reasoned that minimizing of cost and weight at the ex-

pense of the air cushion was justified by the fact that the ratio of

surface to sensitive volume was much smaller (,-.1 /3) for the larger

chamber. Consequently the effects of scatter from the walls and

window frame were also smaller.

For actual dimensions and details, see Figures 7 and 8.

9 The metal cylinder was nothing more than the lid from a
paint spray-can with a hole, to accommodate the BNC jack, punched
through its top.



Figure 8. Cross Sectional of 1040 cm3 Volume, Low-Energy, Low -
Exposure -Rate Ionization Chamber

(a) T-shaped guard strips
(b) Insulating gap between guard strips
(c) BNC panel jack
(d) Copper wire extension of BNC
(e) Base Plate
(f) Chamber mount (spray-can lid)
(g) Insulating scribe line in "dagged" surface

which defines the area of the collector from
the guard plate.

Note: For the location of tie rods, screws, terminals,
potential divider, etc. , see Figure 7.
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INSTRUMENTATION

The supplementary instrumentation and equipment consisted of

a timer to determine exposure time, a chamber high-voltage supply,

a Townsend balance system, the necessary cable and connectors, and,

of course, an x-ray generator.

Description

For exposure-time measurements, a Lab-Chron 1401 timer

made by Lab-Line Instruments, Incorporated was used and had a

reading accuracy of 0.005 minute.

The chamber voltage was supplied by a combination of mercury

Duracells (Mallory) connected in series such that voltages from zero

to 172 volts could be selected in 1.4 volt steps.

The Townsend balance system consisted of a null-indicating

electrometer, an accurately known capacitor, and a nulling-voltage

supply.

A Victoreen 474 Picometer Dynamic Capacitor Electrometer

was used as the null indicator. It was operated as an integrator with

an open internal feedback loop. The full scale sensitivity was about

10 mV.

The capacitor used was a General Radio Company standard air

capacitor, type 1403-D, serial number 3721, with a capacitance
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determined by the National Bureau of Standards of 100.008 pF±

0.012% (33).

A 1.4 volt mercury Duracell, type 401, made by Mallory, was

used as the nulling-voltage supply (23, p. 80). It was connected in

parallel with a Precision Potentiometer, Model T-10, made by

Helipot Corporation. The potentiometer had a total resistance of

10,000 ohms ± 1%. Its 1,000 division scale had a linearity tolerance

of ±0.1%.

Double-shielded, low-noise cable (35, p. 5) with shielded BNC

connectors was used between the chamber, electrometer, and capaci-

tor. The inner braid was used as a common ground, the outer braid

served as the high-voltage lead from the power supply to the chamber.

Instrument Operation

With equipment set up as shown in Figure 9, and the chamber

located in a radiation field, the normal operational sequence in

making a measurement was as follows:

(1) The grounding switch on the electrometer was

shorted to remove any residual charge from the

system; the electrometer was adjusted to read zero;

and the nulling voltage was set to zero volts.

(2) Then, simultaneously, the grounding switch was opened;

and the timer was actuated.
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1

H

Figure 9. Diagram of Instrumentation.
C

1
- Chambe r

C2 Capacitor
H - Chamber high voltage
P - Potentiomete r
E - Electrometer
S - Grounding switch

P
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(3) Then, as the ionization current charged one plate

of the capacitor, the voltage applied to the other

plate by the potentiometer was varied such that

the null-detecting electrometer remained at zero.

(4) At the end of a predetermined time interval (or after

a predetermined charge had been collected) the timer

was stopped and the adjustment of the potentiometer

halted.

(5) The grounding switch was then closed to prevent damage

to the electrometer.

(6) The ionization current, I, was then computed by the

relation

I = CLV /at

where C is the capacitance of the condenser and L V

is the nulling voltage applied in the time interval Lt.
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PRE-CALIBRATION CHECKS

Before the chambers could be calibrated their leakage rates

and the chamber voltages required for saturation current were

experimentally determined.

Leakage

The leakage current is the current which is observed when the

chamber is not exposed to any penetrating radiations other than

natural background. Excessive leakage may result from dirt or from

mechanical (35, p. 5) or thermal (33) stresses on the insulators or

cable, or by an excessive potential drop between guard plate and

collector.

To determine the leakage current, measurements were made

with each chamber and also with an open cable (no chamber connected).

Measurements were taken with both positive and negative, maximum,

intermediate and zero chamber voltages. Selected leakage-rate

observations are tabulated in Table 3.

The columns headed Ec and En are the magnitude and

polarity of the chamber and nulling-voltage supplies respectively.

The collection rate was obtained by dividing the nulling voltage AV

(converted from the potentiometer scale reading) by the collection

time At. Note that the plus or minus sign on AV indicates that

the potential was increased or decreased, respectively, and that the
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Table 3. Determination of Leakage Rate,

Date Chamber
Ec

(volts)

En

(volts)

AV

(mV)

A t

(min)

Collection
Rate

(mV /min)

Sum
Net Rate
(Average)
(mV/min)

5 Apr

6 Apr

7 Apr

13 Apr

18 Apr

18 Apr

2 May

25 Jun

26 Jun

26 Jun

27 Jun

21 Jun

Styrofoam

Styrofoam

415 A

415 A

415A

415A

415A

60 c3m

60 cm
3

1040 cm
3

1040 cm
3

Open Cable

- 22, 4
+ 22. 4

- 22. 4
+ 22. 4

+169.4
-315. 0

-154
+154

-154
+154

+154
-154

+154
-154

-154
+154

+154
-154

-154
-154
+154
+154

-154
+154

-154
+154

+1. 4
-1. 4

+1. 4
-1.4

-1. 4
+1.4

+1. 4
-1. 4

+1,4
-1.4

-1,4
+1. 4

-1,4
+1. 4

+1. 4
-1. 4

-1. 4
+1. 4

+1. 4
+1,4
-1. 4
-1.4

+1. 4
-1. 4

+1. 4
-1. 4

+ 2. 1
+23.8

+14. 7
-24. 5

- 4.9
+ 5.6

+14. 0
+ 5.6

+ 9.8
- 2. 8

+ 1,4
- 5.6

- 4,2
+ 3.5

+19.6
-11. 2

+18.2
-18. 2

- 2. 8
- 8.4
+20. 3
+21. 7

+ 3. 5
+23. 1

+21.0
-14.0

14. 0
15.0

18.0
24.0

10. 0
10. 0

5. 2

5.0

13. 15
8. 49

4,0
9. 12

7.39
8. 46

10.05
6.36

13.69
10. 00

9. 13
10,40

6. 16
4. 87

16. 39
5. 98

10.00
6. 18

+0. 15
+1. 59

-FO. 82

-1.02

-0. 49
+0.56

+2. 7
+1. 12

+0,75
-0.33

+0,35
-0,614

-0.57
+0. 41

+1.95
-1.76

+1.33
-1. 82

-0. 31
-0,81
+3. 3
+4. 5

+0.21
+3. 86

+2. 10
-2. 26

+1. 74

-0.2

+O. 07

+3. 82

+0.42

-0. 26

-0. 16

+0,19

-0.49

+6.68

+4. 07

-O. 16

+O. 87

-0. 1

+0.04

+1.91

+O. 21

-0. 13

-0.08

+O. 10

-0. 25

+1. 67

+2. 04

-0.08
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sign of the collection rate is always the same as the sign on AV.

The net leakage current was obtained by averaging the collection

rates at both the positive and negative polarities. It was observed

that 1) the net leakage rate varied from day to day, 2) high leakage

rates (such as were observed on April 13) usually indicated a faulty

insulator, and 3) the net leakage was about 1 mV/min (,0. 0167 mR/h

using the 1040 cm3 chamber).

It was also observed that, after reversing the polarity, several

minutes were required for the leakage rate to stabilize (17). A

series of readings were taken at each polarity to determine the rate

of leakage decay. These data are listed in Table 4.

The data listed in Table 5 were taken to determine if the leak-

age rate was effected by the magnitude of the chamber voltage. No

obvious relationship was noted.

Voltage at Saturation Current

Saturation current is "the current that would be measured if

all the ions formed in the chamber by the radiation were able to

reach the electrodes. The curve of . . . [ion current plotted as a

function of chamber voltage] . . . is called the saturation curve"

(3, p. 11).

The voltage required to obtain saturation current for each

chamber (at the anticipated exposure rates) was first computed
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Table 4. Leakage-rate Decay in Consecutive Readings. (Data taken on May 10, 1969 with
Styrofoam Chamber)

Time TimeEc En
AV t At

(Volts) (Volts) (mV) (min) (min)

Collection
Rate

AV/At
(mV/min)

+154 -1.4 -2. 8 2.0 2.0 -1.4
+154 -1.4 -3.5 5.0 3.0 -1.17
+154 -1.4 -2.1 7.39 2.39 -0.88

-154 +1.4 +9. 8 5. 18 5. 18 +1.89
-154 +1.4 +7.7 12.29 7. 11 +1.08
- 154 +1.4 +3.64 16. 56 4.27 +0.85
- 154 +1.4 +2.8 21.99 5.43 +O. 51

Table 5. Effect of Chamber Voltage on Leakage Rate. (Data taken consecutively as shown)

Chamber
Ec En

bV At Rate
(Volt ) (Volts) (mV) (min) (mV /min)

415 A +154 -1.4 + 2.8 6. 84 +0.41
+154 -1.4 + 3. 5 6.42 +0.55
+ 12.6 -1.4 + 7.0 6.69 +1.05
+ 12.6 -1.4 + 2.0 5. 57 +O. 50

O -1.4 + 4.9 8.47 +0.58
+154 -1.4 + 5.6 6.11 +0.92

Styrofoam

-154 +1.4 - 3.5 5.4 -0.65

+154 -1.4 +11.9 10.04 +1.18
+ 12.6 -1.4 + 7.0 11.43 +0.61

O -1. 4 + 9. 8 12. 54 +0.78

-154 +1.4 - 8.4 35.2 -0.24
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(refer to Figure 5) and then determined experimentally by plotting

the saturation curves shown in Figures 10, 11, and 12.

During calibration the anticipated exposure rates were exceeded.

In Table 6 the recomputed chamber voltages as well as the experi-

mentally determined voltages from Figures 10, 11, and 12 are com-

pared with the chamber voltages actually used in calibration.
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Figure 10. Saturation curve for Victoreen 415A Intercomparison Standard.
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Figure 11. Saturation curve for transfer chamber (Plexiglas, 60 cm3).
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12. Saturation curve for the low-energy,low-exposure-rate chamber (Plexiglas, 1040 cm 3).
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Table 6. Summary of Determination of Chamber-Voltage Requirements

Chamber
Chamber-Voltage Required to

Collection Obtains t, 99.8% Saturation Current
Rate Graphically Computed Actually Used

Determined in Calibration
(mV/min) (Volts) (Volts) (Voltsl

415 A 31 ^,80 6.4

90 7 154

3
60 cm 221 14 42

1700 42.6

2305 48 154

1040 cm
3

3350 110 89

3663 91 154



CALIBRATION

Procedure
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The substitution technique was used to calibrate the chambers.

The 60 cm3 transfer chamber was calibrated against the Victoreen

model 415A (low energy) Intercomparison Standard, serial number

122, calibrated against a free-air chamber (<± 1.0%) at the Victoreen

Instrument Division, Cleveland, Ohio. The 1040 cm3 low-energy,

low-exposure-rate chamber was then calibrated against the transfer

chamber.

Calibration consisted of measuring the exposure rate in an

x-ray beam of known energy 10 with the standard. Then the standard

was removed from the x-ray beam and replaced by the chamber

being calibrated. The geometrical centers of the chambers were

positioned in the center of the x-ray beam and at the same distance

from the x-ray source.

Chamber centering in the x-ray beam was accomplished with

the aid of a fluoroscopic screen. To minimize scatter, the beam

diameter was reduced to the outside diameter of the larger of the

two chambers being compared. To minimize error due to inverse

10The effective photon beam energies were calculated from the
experimental half-value layers. For more detail, see the Appendix.
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square effect, calibration measurements were made at source-

chamber distances of at least 100 cm (12, p. 197). To eliminate

and minimize, respectively, the effects of polarity (3, p. 39-41) and

leakage, two readings were taken at each polarity. Then the mean

of the four readings was taken as the true response. To simplify

calculations, all measurements were made at sufficiently high ex-

posure rates so that leakage could be ignored (less than 1%).

Results

Ion-current measurements obtained with the Victoreen 415A

Intercomparison Standard at various x-ray techniques are recorded

in Table 7. Four observations at each technique were averaged to

obtain the net Standard chamber current, Is, in mV/min.

A net current, It, (also in mV/min) was then obtained with

the 60 cm 3 transfer chamber using identical techniques. These

data are listed in Table 8. The ion-current results for both cham-

bers were then transferred to the appropriate columns of Table 9.

The calibration factors, Fs, in R/sec-amp, for the Victoreen

415A Intercomparison Standard (for the particular photon energies)

were then read from the graph in Figure 13 (Victoreen calibration

data). These calibration factors were then converted to (mR/h) /

(mV/min) by multiplying by a units conversion factor k.
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Fk = F'
s s

By multiplying this converted factor, F', by the current, Is,

of the Standard, the exposure rate, .6X/tt, in mR/h was obtained.

I F' AX/At
s s

Then, by dividing exposure rate by the 60 cm3 transfer chamber

current, It, a series of calibration factors, F', in (mR/h) /

(mV/min) for the transfer chamber were obtained.

ax/At = F1
It

These, in turn, were converted to exposure rate per ampere by

dividing by the units conversion factor k.

F

The 60 cm 3 transfer chamber calibration factors, F

in Figure 14.
t' are plotted

Then at lower exposure rates, the entire process was repeated

using the 60 cm3 transfer chamber as the standard against which to

calibrate the 1040 cm3 chamber. The data for these two chambers

are listed in Tables 10 and 11. The final data, consisting of the

calibration factors for the 1040 cm3 chamber, are given in Table

12 and are plotted as a function of photon energy in Figure 15.



Table 7. Victoreen 415 A Data. (For 60 cm
3

Transfer Chamber Calibration)

Ec

(Volts)

SCD

(cm) )

Tube
Current

(mA )

Primary
Volts
(Volts)

Tube
Voltage
ikVp)

Added
Filter
(mm)

Eff.
Energy
(keV)

At

(min)

AV

(PU)a

Observed
Rate

(inV /min y

Is

(mV/min)
(Low Energy Unit)

+154 125 0.4 22.5 10 0.0232 Al 7.5 1.32 73.5 78.0
1.44 81.0 78.7

-154 1.47 80.5 76.7
1.54 82.0 74.6 77.0

(KX- 10 )

+154 100 3.0 15 17 0 12.7 1.99 100.0 70.3
1. 77 90.0 71.2
1. 88 90.0 67. 1

-154 1. 52 73.0 67.2 68. 9

+154 100 0. 12 20 24 0 16 1. 26 56, 0 62, 2
1.62 72.0 62.2

-154 1. 51 62. 5 57, 9
1. 85 77.0 58.3 60. 2

+154 150 0. 12 30 38 0, 5 Al 22 1. 50 70.0 65. 3
1.40 65.5 65.5

-154 1.48 64.5 61.0
1.41 62.0 61. 5 63. 3

+154 150 0. 12 45 58 2.02 Al 29 1. 14 69. 5 85.3
1.24 77.0 86.9
1.30 76.4 82.3

-154 1. 11 65.0 82.0 84. 1



Table 7. (continued)

Ec SCD Tube Primary Tube Added Eff. t AV Observed Is
Current Volts Voltage Filter Energy Rate

(Volts) (cm) ) (mA ) (Volts) (kVp) (mm) (ke V_) (min)
(pu)a

Li/IV/min) (mV/min)

-154 150 0. 12 60 80 0.25 Cu 41 1. 73 66.0 53, 4
1, 35 51. 5 53.4

+154 1. 43 58. 5 57.3
1. 54 64, 0 58.2 55.6

-154 150 0. 12 75 102 r.O. 25 Cu? 50 1.25 77.0 86.2
(.2. 02 Al.) 1.44 90. 5 87.9

+154 1.49 98.0 92, 0
1, 27 82. 5 91, 0 89. 3

a
PU = Potentiometer units which convert to millivolts by multiplying by 1.4,



Table 8. 60 cm3 Transfer Chamber Data (For 60 cm3 Transfer Chamber Calibration).

Ec SCD Tube Primary Tube Added Eff. A t A V Observed It
Current Volts Voltage Filter Energy Rate

(Volts) (cm) (mA ) (Volts) (kVp) (mml (keV1 (min) (PU)a (mV/min) (mV/min)

(Low Energy Unit)

-154 125 0.4 22.5 10 0.0232 Al 7. 5 0.65 1000 2155
0.68 1000 2060

+154 0.67 1000 2090
0.67 1000 2090 2098.8

(KX- 10)

-154 100 3.0 15 17 0 12.7 0.78 1000 1795
-154 0.77 1000 1819
+154 0.76 1000 1844
+154 0.76 1000 1844
+154 0.76 1000 1844
-154 0.77 1000 1819 1827.5

-154 100 0. 12 20 24 0 16 0. 83 1000 1688
0. 83 1000 1688

+154 0. 83 1000 1688
0. 83 1000 1688 1688

-154 150 0. 12 30 38 O. 5 Al 22 0.79 1000 1773
0.79 1000 1773

+154 0,79 1000 1773
0.79 1000 1773 1773

-154 150 0.12 45 58 2.02 Al 29 0.61 1000 2296
0.61 1000 2296

+154 0.61 1000 2296
0. 60 1000 2334 2305. 5 4=.

co



Table 8. (continued)

Ec S CD Tube
Current

Primary
Volts

Tube
Voltage

Added
Filter

Eff.
Energy

A t A V Observed
Rate

It

(Volts) (cm y (mA) (volts) (kVp_) (nm) (ke V) (min) (PU)a (mV /min) (mV/min)

-154 150 0.12 60 80 0.25 Cu 41 0.98 1000 1429
0.99 1000 1414

+154 0.97 1000 1443

0.97 1000 1443 1432.3

-154 150 0.12 75 102 Cu 3. 50 0.63 1000 2225
(2.02 Al) 0.63 1000 2225

+154 0.63 1000 2225
0.63 1000 2225 2225

a PU = Potentiometer units which convert to millivolts by multiplying by 1.4.



Table 9. 60 cm
3

Transfer Chamber Calibration Factors

Effective
Energy
(keV)

Victoreen 415 A
Exposure

Rate
(mR /h)

60 cm3 Transfer Chamber

I
s

(mV/min)

Calibration Factors It

(mV/min)

Calibration Factors

Fs N
(R /(sec)(amp) (mR /h) /fmV /min)

(x 109)

q
(mR/h)/(mV/min)

Ft
R/(sec)(amp)

(x 107)

7.5 77.0 1.276 7.656 589.5 2098.8 0.2809 4.68

12.7 68.9 1.274 7.644 526.7 1830.0 0.2878 4.80

16.0 60.2 1.273 7.638 459.8 1688.0 0.2724 4.54

22 63.3 1.272 7.632 483.1 1773.0 0.2725 4,54

29 84.1 1.270 7.620 640. 8 2305. 5 0. 2779 4. 63

41 55,6 1,268 7. 608 423. 0 1432,3 0,2953 4,92

50 89.3 1.266 7.596 678. 3 2225. 0 0. 3049 5, 08
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Figure 13. Calibration factors for the Victoreen 415 A. Results of the calibration of the
Victoreen 415 A low-energy Intercomparison Standard ionization chamber,
serial number 122, calibrated at the National Bureau of Standards, Washington,
D. C., and by the Victoreen Instrument Division, Cleveland, Ohio. (Inter-
comparison chamber is presently located at the X-Ray Science and Engineering

criLaboratory, Oregon State University. )
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Table 1Q. 60 cm
3

Transfer Chamber Data (For Calibration of 1040 cm
3

Chamber)

Ec

(Volts

SCD

(cm

Tube
Current

n-LA.

Primary
Volts
Volts

Tube
Voltage

(kV

Added
Filter
mm

Eff,
Energy

ReV

At

min

A V

a
PU

Observed
Rate

mV/min

It

mV/min
(Low Energy Unit)

+42 150 0.1 22. 5 10 0, 0464 Al 7. 5 1.48 213.0 201.0
1.21 176.0 201. 9

-42 1. 08 152.0 197.0
1. 12 160.0 200.0 199.98(KX-10)

-42 200 0.28 15 17 0 14 1.275 62.0 68, 1
1.21 59, 5 68. 8

+42 1. 585 76.0 67.2
1, 28 63.0 68. 8 68. 22

+42 200 O. 12 20 24 0. 25 Al 16 1, 255 198.0 221.0
1. 34 212.0 221. 5

-42 1. 10 174, 0 221, 5
1.21 191.0 221. 0 221.2

-42 200 0. 12 30 38 3.03 Al 25. 5 1.25 166.0 186.0
1, 51 201, 0 186.0

+42 1. 225 165. 5 189, 0
1. 185 160.0 189.0 187. 5

-42 200 0. 12 45 58 0. 5 Cu 40 1.084 51.0 65. 8
1. 17 60, 0 71. 8

+42 1. 415 75, 0 74.2
1, 35 71.5 74, 2 71. 5

a
PU = Potentiometer units which convert to millivolts by multiplying by 1. 4.



Table 11. 1040 cm
3

Chamber Data, (For Calibration of 1040 cm
3

Chamber)

Ec SCD Tube Primary Tube Added Eff. P t AV Observed I
Current Volts Voltage Filter Energy Rate

(Volts) (cm) (mA) (Volts) (kVp) (mm) (keV) (min) (PU)a (mV /min) (mV /min)
(Low Energy Unit)

- 42 150 0.1 22.5 10 0.0464 Al 7.5 0.42 1000 3335
-154 0.42 1000 3335
+154 0,42 1000 3335
+154 0.41 1000 3420 3356.3

(KX- 10 )

+154 200 0.28 15 17 0 14 1.19 1000 1176
1.18 1000 1186

-154 1.205 1000 1161
1.19 1000 1175 1179.5

+154 200 0.12 20 24 0.25 Al 16 0.38 1000 3690
0.38 1000 3690

-154 0.386 1000 3630
0.385 1000 3640 3662, S

+154 200 0.12 30 38 3.03 Al 25.5 0.45 1000 3110
0.45 1000 3110

-154 0.445 1000 3150
0.445 1000 3150 3130

+154 200 0.12 45 58 0.5 Cu 40 1.095 1000 1279
1.10 1000 1272

-154 1.11 1000 1262
1.11 1000 1262 1268.5

a
PU = Potentiometer units which convert to millivolts by multiplying by 1.4.



Table 12. 1040 cm
3

Chamber Calibration Factors

60 crri5 Transfer Chamber 1040 crriJ Chamber

Effective I Calibration Factor Exposure I Calibration Factors
t

Energy Ft Ft Rate F' F

(,IceV) (mV /min) R/(sec)(amp) (in R/h)/(YriV/mini (mR /h) (mV /min) (mR/h)/(mV/min) RAsecKarnp)

(x 107) (x 106)

7. 5 199.98 4.68 0.2808 56. 15 3356. 3 0. 01672 2. 79

14 68.22 4.69 0.2814 19. 197 1179. 5 0.01627 2.71

16 221.2 4. 54 0.2724 60.254 3662.5 0.01645 2.74

25.5 187.5 4.59 0.2754 51.637 3130.0 0.01649 2.75

40 71.5 4.89 0.2934 20.978 1268.5 0.01653 2.76

68 170.7 5.40 0.3240 55,306 2927.0 0.01889 3.15
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"One can estimate the accuracy with which a measurement

with . . [an ionization] . . . chamber can be made by estimating

the accuracy of each of the factors involved" (37, p. 15). Table 13

summarizes what was considered to be the more important factors

contributing to the overall error.

The error of calibration (by the Victoreen Instrument Division)

of the Victoreen 415A Intercomparison Standard was ±1.0%.

For errors due to leakage current, measurement of source-

chamber distance, and inaccuracy in reading the values of the nulling

voltage, LV, and the collection time, Lt (scale); the estimated

error, d, was obtained by dividing the estimated maximum possible

discrepancy by the minimum value for that quantity used in the cali-

bration (obtained from Tables 7 through 12).

The error resulting from manually operating the timer switch,

Lt (switch), was estimated to be of about the same magnitude as

At (scale).

The estimated error due to changes in temperature, pressure

and humidity during a sequence of measurements were obtained from

the work of Wyckoff and Attix (37, p. 15).



Table 13. Summary of Error

Experimental
Factor

Estimated Maximum Error

Calibration of 60 cm3 Chamber Calibration of 1040 cm3 Chamber

415A 60 cm3 60 cm3 1040 cm
3

d d% d2 d% d
2

d% d
2

d%

Calibration

Leakage Current

Source-Chamber Distance

OV

At (Scale)

At (Switch)

Temp. & Pressure

Humidity

Saturation Current

X Ray Source

Potentiometer Linearity

0. 5
1.0

0.9

0.4

0.9

0.45

0. 1

0. 1

0.2

1.0

0. 1

1.0

0. 81

0. 16

0. 81

200.20

0.20

0.01

0.01

0.04

1.0

0.01

0. 5 0. 5
0. 74

0. 26

0. 98

O. 46

0. 1

0. 1

0. 2

1.0

0. 1

0. 5476

0. 0675

0. 9604

0.2116

0.2116

0.01

0.01

0.04

1.0

0.01

1 0 0.085

0. 26

0.05

1. 3

0. 1

0. 1

0. 2

1.0

0. 1

0.007

0. 0675

0.0025

1.69

1.69

0.01

0,01

0.04

1.0

0.01

56

(2)2

001630. 035 0.00163
1432

2
(2)

68

(2)2

1180

(2 )2

1000

0. 5

0. 4 0. 16
1000

0. 5

1500

0. 5

1500

0. 5
52

0.005

0.05 0.00250025
1000

0.005

51

.005

1000

0.005
1. 11

0. 83 0.6896890.60

0.689

0. 1 0.01

0. 1 0.01

0. 2 0.04

1.0 1.0

0. 1 0.01

1 08. 0 38.

d
2

==1"- 14. 41, Estimated Error = d
2

< 14%



59

Although chamber voltages greater than that calculated for

a 99.8% saturation current were used in all cases, an error of 0.2%

was included in the analysis.

The 1.0% error in the x-ray source is based on information

provided by Mr. John P. Kelley (33).

The linearity tolerance (± 0.1%) of the potentiometer is supplied

by the manufacturer (Helipot Corporation).

Since the chambers were calibrated against a standard which

had been calibrated at zero degrees Celsius and 760 mmHg, it was

not necessary to correct the experimental chamber responses to

standard temperature and pressure conditions (19).

Since the same instrumentation was used throughout the calibra-

tion, it was not necessary to check the calibration of or make cor-

rections for the timer, potentiometer nor capacitor systematic errors.

The estimated overall maximum limit of error (obtained by

taking the square root of the sum of the squares of the individual

errors) was <± 4% (2, p. 35).

Exposure Rate Range

From the data in Table 12 it is evident that the 1040 cm3

chamber is capable of measuring exposure rates greater than

50 mR/h mV/min) with ease. Since the chamber response

in mV/min is proportional to the exposure rate in mR/h, an exposure
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rate of 0.5 mR/h would correspond to about 30 mV/min. This

reading would be well above the leakage rate ("-1 mV/min).

One could extend the upper limit of the range by either using

a larger nulling-voltage supply or preferably, by increasing the

capacitance.

Linearity-- Energy Dependence

Energy dependence is defined as "the characteristic response

of a radiation detector to a given range of radiation energies . .

as compared with the response of a standard free-air chamber"

(34, p. 11). The curves in Figures 14 and 15 are the graphical

representation of the energy dependence of the 60 cm3 transfer cham-

ber and the 1040 cm3 chamber, respectively, as compared (via the

415A Intercomparison) to a free-air chamber at the Victoreen Instru-

ment Division.

The percentage deviations from the ideal straight line (over

the energy range of 7.5 to 50 keV) for the two experimental chambers

are listed in Table 14. If the 50 keV point is excluded, the response

of the 60 cm3 transfer chamber is linear to within ± 4.22%. The

linearity of the 1040 cm 3 chamber is within ± 1.45%.

Suggested Future Study

The volume of the 1040 cm3 chamber could be varied by simply
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Table 14. Linearity- Energy Dependence of Experimental Chambers

Energy

(IceV)

3
60 cm 1040 cm3

Calibration
Factor*

(R/sec-amp) d %

Calibration
Factor**

(R /sec-amp) d

7.5 4.68 -.06 -1.26 2.79 +.04 +1.45

12.7 4.80 +.06 +1.26

14 2.71 -.04 -1.45

16 4.54 -.20 -4.22 2.74 -.01 -0.36

22 4.54 -.20 -4.22

25.5 2.75 0 0

29 4.63 -.11 -2.32

40 2.76 +.01 +0.36

41 4.92 +.18 +3.80

50 5.08 +.34 +7.17

*Mean = 4.74
**Mean = 2.75
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removing one or more of the annular rings from its cylindrical body.

By using the extrapolation chamber technique of holding the exposure

rate constant while varying chamber volume, one could obtain cham-

ber response extrapolated to zero chamber volume (19). By alge-

braically adding this value to the calculated chamber volume, one

would obtain the "true" chamber volume. With this information the

chamber could be used directly as an absolute standard (not requiring

calibration). Its accuracy would depend only upon its linearity (which

is within ± 2%).
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CONC LUSIONS

The 1040 cm3 volume, low-energy, low-exposure-rate ioniza-

tion chamber is capable of accurately measuring exposure rates as

low as 0.5 mR/h without difficulty. Its response over the x-ray

energy range from 7.5 to 40 keV is linear to within a ± 1.5%. Its

calibrated response over the above mentioned energy range is esti-

mated to be accurate to ± 4%.
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IONIZATION CHAMBERS: A HISTORICAL REVIEW

In December of 1895, Dr. Wilhelm Conrad Röntgen announced

the discovery of x rays. In his paper published in March of 1896 he

stated:

At the time of my first publication I knew that x-rays
are able to discharge electrified bodies. . . . How-
ever, I waited until I could present incontestable re-
sults before publishing my experiments (10, p. 68).

Although the discharge of an electrified body by cathode rays had

been observed earlier by Lenard, it was Röntgen who observed that

the rate of discharge was proportional to the intensity of the radiation

(the key to the usefulness of ionization chambers) as is evidenced by

his statement:

Now I observed the following: (a) Positively or negatively
electrified bodies set up in air are discharged if they are
irradiated with x-rays; the more intense the rays, the
more rapid the discharge (10, p. 69).

Röntgen made these observations using an electroscope (6,

p. 636). An electroscope is an ionization chamber within whose

sensitive volume a voltage indication element is mounted." Early

models used a gold leaf as a voltage indicating device (8, p. 644).

In November of 1896 A. Henri Becquerel discovered radio-

activity (4, p. 472). Although the initial discovery involved the

blackening of encased photographic plates, "he also found that they

[the emitted rays] discharged a charged electroscope. . . ."
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(11, p. 16).

Madame Marie Curie in her investigation of Becquerel's radia-

tion "soon realized that the ionization method of. . . detection would

. .lend itself very well . . ." (11, p. 18) to the determination of

relative intensities. To do this "she would have to measure ex-

ceedingly delicate currents, but she had an excellent instrument for

just such work, an improved electrometer, which Pierre Curie and

his brother Jacques had designed. . ." (29, p. 31) for their in-

vestigation of the piezo electric properties of crystals. A suitable

ionization chamber as a detector, equipped with this electrometer

as the current measuring device, "proved very satisfactory. . ."

(11, p. 18).

About this same time several other experimenters were using

various forms of ionization chambers in their investigations of roent-

gen rays and radioactivity. Romer reports that, "Early in

February, 1896, Professor J. J. Thomson, the Director of the

Cavendish Laboratory, discovered that x-rays could turn the air

through which they passed into a conductor of electricity" (29,

p. 40).

Ernest Rutherford, working with J. J. Thomson (1896-1898)

using an electrometer to detect the ion current between two charged

11 Rontgen's second paper explaining this same phenomenon,
was not published until March of the same year (10, p. 68).
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plates, established that the ions produced by x rays and by the radia-

tion emitted from uranium oxide behave identically (29, p. 40-44).

At about the same time (November of 1896) J. Perrin (4,

p. 472) and J. J. Thomson independently distinguished "between the

ionization produced in the gas surrounding the charged body and the

photoelectric effect due to the impinging of the radiation on the body

itself" (14, p. 125). Perrin designed a chamber utilizing "a plurality

of metal plates. . . [to capitalize on the ions]. . . produced by photo-

electrons emitted from the metal. . . " (36, p. 1379). To reduce leak-

age, he fitted a grounded guard plate around the collector electrode (19).

The increased ionization current he obtained from this intensitometer,

as it was called, was sufficient to be measured by a microammeter

connected in series with the ionization chamber and a battery (36,

p. 1379).

The early uses of ionization chambers which have been mentioned

thus far were strictly "to measure relative intensities of roentgen

[and Becquerel] rays, but the application to dosage measurements

appears to have been proposed first by P. Vil lard. . ." (14, p. 125;

4, p. 473).

In 1908, Villard defined his unit of quantity as "that which

liberates by ionization one electrostatic unit of electricity per cubic

centimeter of air under normal conditions of temperature and pressure

. . ." (14, p. 125-126). Although at that time, his concept did not meet
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with much approval, it later became "the embryo of the roentgen unit

that was.not born until twenty years later" (25, p. 1102).

The reason that so much difficulty was encountered (during

which some thirty years elapsed before an acceptable unit of radia-

tion and a reproducible means of measuring it could be agreed upon)

was partially because radiation cannot be measured directly. Only

the effects of the radiation upon the transducer can be detected and

measured.

The early workers compared the amounts of radiation
in different exposures by observing one or more ther-
mal effects, fluorescence, photographic film, ionizations,
etc. IoniZation chambers became the favorite means of
comparison because of their convenience, sensitivity,
stability, and reproducibility (28, p. 18).

Since the effective atomic numbers of air, water and tissue are very

nearly the same, the response of the ionization chamber is, in fact,

more nearly proportional to the effect of radiation on living tissue

than are other known transducers (12, p. 288).

However, the proportionality of the chamber response to the

effect on tissue was not immediately apparent.

It was found. . . that two chambers that were identical
except for the material of the chamber walls could
give very different ionizations in the same beam of x
rays. To avoid this problem, it was necessary for
everyone to use the same material. . .Several pro-
posals for ionization measurements led to the idea of
measurement in free air (28, p. 18).

The free-air chamber, first conceived by W. Duane in 1914
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(14, p. 126), became "the prototype of ionization chambers in the

national laboratories of many countries. . ." (12, p. 187). By

1927, primarily through the efforts of H. Behnken of Germany and

L. S. Taylor in the United States, free-air chambers and the

methods of measurement were standardized (21, p. 344; 4, p. 474).

Due to the necessary large and awkward design of the free-air

chamber, it is useful only as a primary standard. Measurements

of a practical nature must be made using secondary chambers which

have been calibrated to a standard free-air chamber (12, p. 193).


