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Determination of Total X-Ray Beam Energy With a Calibrated
lonization Chamber*

John S. Pruitt and Steve R. Domen

This report describes the use of an air-filled aluminum-alloy ionization chamber to de 
termine the energy transported by a bremsstrahlung beam with maximum photon energy in 
the range 6 to 170 Mev. The experimental calibrations of this chamber over this energy 
range are given, as well as the results of calibration experiments made with a 250-kv constant- 
potential X-ray tube and with Cs 137 and Co60 gamma-rays. Information is presented about 
the change in calibration when the chamber is used with different experimental conditions, 
and when either its dimensions or its alloy composition are changed slightly. This report 
can be used to construct a replica chamber^and to determine its absolute calibration between 
6 and 170 Mev under a variety of experimental conditions,

1. Introduction
The proper evaluation of most experiments per 

formed with a betatron or synchrotron X-ray 
beam requires knowledge of the absolute number 
of incident photons of each energy. This knowl 
edge can be obtained b}^ calculating the relative 
spectral intensity distribution as a function of 
photon energy, which can be predicted theoreti 
cally with reasonable accuracy [I], 1 and deter 
mining the total beam energy with a calibrated 
monitor. This energ}^ is proportional to the area 
under the spectral distribution curve, and can be 
used to assign absolute values to the distribution 
at each photon energy.

The proper calibration of the beam monitor is an 
important task in most radiation experiments, 
where the accuracy of the results depends upon 
the accuracy with which the incident energy is 
known. Several different techniques for per 
forming this task have been described, relying 
either upon theoretical descriptions of the inter 
action of X-rays with matter, or upon experi 
mental energy measurements [2], The theoretical 
descriptions require knowledge of atomic para 
meters which are not accurately known for high- 
energy bremsstrahlung beams, such as average 
electronic stopping powers, but the experimental 
techniques of beam energy measurement have 
now been developed to the point where a monitor 
can be calibrated experimentally to within a few 
percent.

This report concerns the experimental method 
used in the High Energy Radiation Section of the 
National Bureau of Standards for rapid and 
accurate calibration of X-ray monitors for beams 
with maximum photon energy between Em&x = 6 and 
 E7max=170 Mev. The method is based upon 
results obtained in a series of experiments [3], 
performed with two instruments which determine 
the total beam energy in absolute units, a refined 
version of the lead calorimeter described by 
Laughlin and Seattle [4], and a large scintillation 
crystal [5].

These absolute beam-energy measurements were 
used to calibrate an ionization chamber of a type 
labeled P2, so that a measurement of the ionization 
charge collected during an X-ray exposure deter 
mines the total beam energy incident on the front 
face of the chamber. This chamber has been 
classified as a Standard Instrument, and its cali 
bration is expressed as the energy in joules re 
quired to produce one coulomb of ionization charge 
inside the chamber when it contains dry air at 
20  C and a pressure of 760 mm of mercury. The 
calibrated chamber is used in this laboratory either 
to transfer the absolute calibration to special moni 
tors used in radiation experiments, or as a con 
tinuous-duty monitor in cases where its large 
dimensions are not inconvenient.

2. Description of the P2 Chamber
Detailed shop drawings of the P2 chamber ac 

company this Monograph (figs. 17, 18, 19), but its 
principal features, the thick front wall and the 
multicellular ionization-collection assembly, are 
shown in the schematic cross section of figure 1 
and the photographs of figures 2 and 3. These 
chambers were designed for use in X-ray beams up 
to 20 cm in diameter and with intensities ranging

*This work was supported in part by the Atomic Energy Commission. 
i Figures in brackets indicate the literature references at the end of this 
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from 0.5 to 1,000 jtw/cin2 . The manner in which 
the design was affected by these criteria is de 
scribed below.

The diameter of the chamber was chosen to be 
large both to allow its use with large-diameter 
X-ray beams and to reduce the dependence of the 
calibration on beam diameter. The calibration 
depends on the size of the beam because a part of 
the radiation scattered in the thick front wall 
misses the air cavity, and the fraction escaping 
increases with increasing beam diameter. The



diameter of the internal plates is 29.2 cm, large 
enough so that the calibration decreases by no 
more than 0.1 percent as the beam diameter in 
creases from 0 to 4 cm, and by no more than 3 
percent for an increase to 20 cm.
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FIGUKE 1. Schematic cross section of a P2 chamber.

The front wall is made of 2024 Dural, an alu 
minum alloy whose composition is shown in table 
1. Its thickness was chosen to minimize the 
dependence of the calibration, joules/coulomb, on 
the maximum photon energy of the bremsstrah- 
lung beam. The calibration depends on the 
maximum photon energy because it is a function 
of the spectral distribution of the incident photons, 
which changes with the maximum energy. The 
spectral distribution is also a function of the 
beam filtration, so although it is possible to 
minimize the variation with maximum energy for 
a given filtration, there is no choice which will 
make this variation small for all filters. The 
thickness chosen is 9.4 cm, which reduces this

TABLE 1. Composition of 2024 Dural

Element

Zine^._  ________.___

Other.,..........,-,-,,

Percentage by weight

Nominal

93.4 
4.5 
1.5 
0.6

Limits

90. 9-94. 7 
3. 8- 4. 9 
1.2- 1.8 
0. 3- 0. 9 
0 - .5 
0 - .5 
0 - .25 
0 - .10 
0 - ,15

This alloy was called 24S Dural prior to 1954.

FIGURE 2. External view of a P U2 chamber. FIGURE 3. lonization-collection assembly of a P2 chamber.



variation to 10 percent between 6 and 170 Mev, 
with a filtration of 4.5 g/cm2 of aluminum. 2

The internal plate assembly, where ionization 
is produced and collected, contains dry air at 
atmospheric pressure. It was designed to have 
high sensitivity and low leakage, so that- it could 
be used with low-intensity beams, and a small 
probability for ion recombination, so that it 
could also be used with high-in tensity beams. 
These divergent requirements were met by using 
a thick air cavity (5 cm), divided into 12 segments 
by thin Dural plates. These are alternately 
high-voltage and collector plates, mounted in two 
interleaved stacks. The two outer plates are 
high-voltage plates, and are considerably heavier 
than the inner plates. The plates within each

stack are separated by ground steel spacers, 
which serve to connect them electrically. Each 
stack is mounted on Kel-F insulators, which are 
in turn mounted on the grounded front cover, so 
that there is no direct leakage path between the 
two stacks. This style of construction insures 
that the total thickness of the air cavity remains 
fixed, and that the calibration will not change 
even if the assembly is dismantled and reas 
sembled. These advantages, plus the relative 
compactness of the P2 chamber, are the reasons 
this design was chosen in preference to the design 
of Wilson [6], where ionization is sampled at 
several depths in an absorbing medium of essen- 
tiallv infinite thickness.

3. Use of the P2 Chamber

Figure 4 is a schematic diagram of the experi 
mental arrangement during a typical calibration 
transfer from a P2 chamber to a thin-walled 
monitor used with the 180-Mev synchrotron. 
X-rays incident on the P2 chamber are filtered 
by one wall of the donut (the evacuated electron- 
acceleration tube) and the monitor. The size 
and shape of the direct beam in such an arrange 
ment are determined by the aperture in the 
main lead shield, but radiation scattered in the 
main shield, the monitor walls, and the air adds 
a second, more divergent component to the beam. 
The auxiliary lead shields shown in figure 4 were 
inserted to reduce the spurious effects produced 
by this second component. The one in front of 
the monitor reduced its response to this scattered 
component, a precaution which increased the 
reliability of the monitor calibration, since it has

been found that the secondary to primary inten 
sity ratio is a function of changes in operating 
conditions. 3 The auxiliary shield behind the 
monitor guards against backseattered radiation. 

The auxiliary shield in front of the P2 chamber 
served to limit the fraction of this scattered 
component incident on the chamber. In this 
particular experiment, it was necessary to know 
the amount of radiation energy incident on an 
area 9 cm in diameter and 70 cm behind the 
monitor. The P2 chamber was mounted with 
its front face at this position with a 9-cm-diam 
hole in the lead shield in front of it. The beam 
was only 4.2 cm in diameter at this position, but 
this technique included a 9-em-diani scattered-

2 If the chamber is used with a different filter, or at maximum energies 
outside this range, the variation of the calibration with peak energy may be 
large in the region of interest. It can usually be reduced over a limited 
range by changing the front-wall thickness.

3 For instance, the monitorrespon.se, per unit energy in the direct beam, 
increases by about 3 percent when the synchrotron donut air pressure in 
creases from 6XK)-6 to 35X10-6 mm of mercury. This is caused by an increase 
in the relative number of secondary electrons from the main shielding aper 
ture, which is in turn caused by an increase in the size of the X-ray source. 
A sizable fraction of the monitor response (of the order of 50 percent) is caused 
by these scattered electrons, so it will change when the relative electron- 
intensity changes. The P2 response is much less affected by these electrons, 
although it is affected by scattered photons, as discussed in the text.

P2

CHAMBER
MONITOR

MAIN LEAD 

SHIELD
SYNCHROTRON

AUXILIARY 

LEAD SHIELDS

TARGET

FIGURE 4. Experimental arrangement during a typical monitor calibration.
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FIG r RE 5. Electrical circuit used for ionization-charge 
measurement.

photon beam in the energy determination. The 
need to consider this secondary beam decreases 
as the distance between P2 and the monitor 
increases, but at the small separation shown in 
figure 4 4, the secondary beam may contribute as 
much as 1 percent to the energy incident on the 
P2 chamber. Although this scattered component 
has been slightly degraded in energy, the chamber 
calibration varies too slowly with energy to be 
noticeably changed by this degradation.

The ionization charge collected in the P2 
chamber during an X-ray exposure is measured 
with the modified Townsend balance circuit 
shown in figure* 5. The required components are 
a high-quality polystyrene capacitor, (\ a stable 
source of high voltage, EIy a slide-wire 
potentiometer which is used as a source of com 
pensating voltage, EC, and a vibrating reed 
electrometer. Coaxial cables with a solid poly 
ethylene dielectric are used to connect the P2 
chamber to the power supply and to the elec 
trometer. The electrometer cable is of the low- 
noise variety, with a semiconductor coating on 
the dielectric.

The electrometer used in this laboratory is a 
three-terminal model divided into two com 
ponents, which are mounted in separate rooms 
and connected by a 100-ft cable. The head of the 
electrometer is mounted in the experiment room 
close to the P2 chamber, to reduce the length 
of the input cable. The head contains two 
amplifier tubes and supports a grounded metal 
box covering the external capacitor, C, which 
must be carefully shielded against stray radiation. 
C is mounted between the input and feedback 
terminals of the electrometer, in parallel with a 
small internal capacitor, C' (about 10 pf). The 
amplified signal enters the main body of the 
electrometer through the 100-ft cable. This 
component contains most of the electronic cir 
cuitry, the zeroing controls, range selector, and 
output meter. It is located in the accelerator 
control room, where the calibration data are 
recorded.

The potentiometer is a commercial 1.6-v model, 
constructed so that it can be periodically and

easily calibrated with a self-contained standard 
cell. It is connected in series with the electrom 
eter feedback loop by means of an external con 
nector on the electrometer. It is used as a source 
of accurately known voltage, which can be con 
veniently varied from EC =Q to £^=1.6 v.

The source of high voltage, EIy is a battery power 
supply consisting of 67.5-v dry cells connected in 
series. They are mounted in a temperature- 
regulated box to reduce the electrometer drift 
currents caused by changes in the ambient temper 
ature. A total of 1,200 v is normally used with 
high-intensity X-ray beams in this laboratory. 
This voltage is large enough to reduce the error 
caused by ion recombination to about 0.1 percent 
with a synchrotron beam intensity 4 of 400 
/Ltw/ciii 2 . This was determined by plotting the 
measured ratio E'c/monitor-volt as a function of 
the ratio relative-intensity/JE1/, and making a 
linear extrapolation to zero intensity [7].

Values of Ef as large as 2,200 v have been used 
with no evidence of gas multiplication, but the 
electrometer drift currents were too large for 
convenient operation. With ET = 1,200 v, this 
drift current is normally less than 10~ 13 amp. 
Larger currents signify direct leakage between the 
electrodes, which is usually caused by lint in the 
air cavity. This can often be corrected by re 
moving the plate assembly and blowing it out 
with a high-pressure jet of nitrogen, but on oc 
casion it is necessary to dismantle and clean the 
components to achieve a drift current as small as 
this.

When the P2 chamber is used with low-intensity 
X-ray beams, recombination problems are less 
severe, and EI =8QQ v is usually used. This 
reduces the chamber leakage, and electrometer 
drift currents of the order of 10~ u amp are typical.

The electrometer is always used as a null in 
strument rather than as a deflection instrument, 
so that accurate charge measurements can be 
made without knowing the leakage capacitances 
to ground or the absolute electrometer calibration. 
With the compensating voltage EC ~Q, C is dis 
charged with the shorting switch before an X-ray 
exposure. The electrometer is then zeroed on a 
sensitive scale and the exposure begun. During 
exposure, the electrometer needle may be kept 
on scale either by continuously increasing Ec or 
by switching to a less sensitive scale.

After an exposure has been completed, the nee 
dle is returned to its initial position by adjusting 
Ec . The ionization charge collected in the P2 
chamber during the exposure can be calculated 
from the equation

q (coulomb) = [G (farad) + O f (farad)] XEC (volt),
(1)

where 6y and G f are the capacitances of the external 
and internal capacitors in the electrometer head

4 The synchrotron produces 60 X-ray pulses per &econd, and with this in 
tensity, each pulse produces an ionization density of about 2 X 10~ i2 cou- 
Iombs/cm3.



and EC is the compensating voltage required to 
return the electrometer needle to its initial posi 
tion. EC can be obtained directly from the cali 
brated potentiometer, and (C~\-C f ) can be deter 
mined 1>3T the d-c comparison method described 
below.

Absolute knowledge of (C+Cf) can be obtained 
with the equipment of figure 5, plus a standard air 
capacitor of known capacitance, Cs, and a second 
potentiometer used as a variable source of voltage, 
Es . The comparison circuit is similar to that of 
figure 5, except that the P2 chamber is replaced 
by Cs and the high-voltage supply by Es , to form 
a simple series loop between terminal 7 and ground. 
The polarity of Es must be such that an increase of 
Es will move the electrometer needle in the oppo 
site direction from that caused by an increase of 
Ec. The measurement is made by first zeroing the 
electrometer needle with the condensers dis 
charged and EC =ES=Q, and then determining 
the value of one (say Es) required to return the 
needle to its initial position after the other (Ec) 
has been changed. Then

(2)

and (C~rC f ) is known in terms of Cs .»
The P2 chamber can itself be used as a con 

tinuous-duty exposure monitor, or it can be used 
to calibrate a different monitor, as in the situation 
shown in figure 4. The auxiliary monitors used 
in this laboratoiy are usually transmission-ioniza- 
tion chambers, of the general type shown in 
figure 6. This is a thin-walled chamber for use 
in relatively high-intensity beams. The walls and 
air gaps as shown are thin enough to prevent

BNC CONNECTOR

FUJI-RE 6. Schematic cross section 
chamber monitor.

of an ionization-

aoticeable ion recombination in the X-ray beams 
used in this laboratoiy, but if the charge liberated 
per pulse of X-rays is larger in another laboratory, 
the recombination probability may increase 
enough to make even smaller dimensions manda 
tory. 6 The high voltage normally used with this 
type of monitor is about 150 v.

Monitor voltage measurements are always made 
with the same type of circuit as that shown in 
figure 5 for the P2 chamber, so that the transfer 
of a P2 calibration to a transmission chamber 
requires two electrometers and additional capaci 
tors. The monitor calibration can be expressed 
in joules/monitor-volt, so that there is no need for 
absolute knowledge of the capacitances used with 
the monitor.

4. Calibration of Chamber P2-4
The ioriization charge collected in a P2 chamber 

is related to the incident radiation energy by

Energy (joules) = <jr (coulombs)
XCal (joules/coulomb) (3)

where q (coulombs) is the measured ionization 
charge and Cal (joules/coulomb) is the chamber 
calibration, a number which varies with maximum 
photon energy. One of the NBS chambers, P2-4, 
has been calibrated in bremsstrahlung beams 
between 6 and 170 Mev in a series of four experi 
ments performed with the two NBS circular 
electron accelerators, a 50-Mev betatron, and a 
180-Mev synchrotron. Each experiment con 
sisted of two measurements at a variety of 
maximum energies. The first part was a deter 
mination of the ionization charge collected in a

5 Alternate-current measurement of (C+ C") will not give the proper value 
to use in eq (1) if these capacitors are not air dielectric. For polystyrene 
capacitors, measurements at 1,000 c/s underestimate the capacitance fry as 
much as several tenths of one percent. Alternate-current measurements are 
also more cumbersome because three measurements are required to eliminate 
the effects of capacities to ground.

P2 chamber per unit monitor response, using an 
experimental arrangement similar to that of 
figure 4. The second part was a determination 
of the total incident beam energy per unit monitor 
response, and was performed by replacing the P2 
chamber by an absolute energy-measuring 
instrument.

These four experiments are compared in table 2. 
The first experiment was performed with a scin 
tillating ciystal [5], covering the energy range 
between 20 and 170 Mev. The next two experi 
ments were performed with a calorimeter [3], 
between 18 and 42 Mev and between 20 and 170 
Mev, respectively. Experiment 4 was performed 
with a crystal [3] to investigate energies between 6 
and 19 Mev, a region of great importance to 
nuclear physics, but one where the intensities 
of the NBS accelerators were too small for calo 
rimeter measurements. The data from experiment

6 According to the theory presented in reference [7], the probability of 
recombination is a function of the charge liberated per pulse, which can be 
taken as proportional to the ratio of the time average X-ray intensity to the 
pulse repetition rati*.



TABLE 2. High-energy calibration experiments

Experiment No.

I>ale of experirnpnt. 1957 1958 1959 1959

U. E. Leiss.... J. S. Pruitt-  J. S. Pruitt   E. G. Fuller
Participants..._____________| K. A. Schrack | S. K. Domen__j S. R. Domen__ E. Hay ward

i 1.1. S. /^uitt..-. i i
Aceelerator.... __..___.___^.-.___] synchrotron--. : betatron,,.-..: synchrotron-., j betatron
Targot material.--......._._..., ._..l tungsten ._.____! tungsten. _____ tungsten _.___{ tungsten
Ericrfiy range---._._---_.-..--^V/c/'--' 20-170 i 18-42 ; 2()-170 | 6-19
Apparatus. - _ _ _......__...._.._-_ -.......__. i crystal _-____...; calorimeter.._.; calorimeter.___ | crystal
'Filtration.._-_... ..----___.._._f//cm2 ..; 4.5 j 3.0 i 4.5 \ 7.3
Boani diameter.-___. _ ...___..-cm..i 1.5 ! 4.2 i 4.2 i 5.5

1 yielded a calibration curve with an estimated 
error of  3 percent, that from experiments 2 and 3 
a curve with an estimated error of  2 percent, 
and the data of experiment 4 has been assigned 
an error of  2 percent. These errors are not 
maximum error's, but they are all considerably 
more conservative than probable, errors. In the 
calorimeter experiments, for example, both the 
net systematic error (the square root of the sum 
of the squares of six different systematic errors) 
and the standard deviation of the mean of the 
calorimeter measurements at each energy were 
of the order of 0.5 percent. The quoted  2 
percent error was obtained by adding the former 
to three times the latter.

The calibrations of P2-4 obtained in these four- 
experiments are listed in table 3 and plotted in 
figure 7. They are in good agreement where the. 
energy ranges overlap, except at high energies. 
Even in this region, however, they agree to within 
the stated errors except at 110 Mev. They 
have all been corrected to refer to the beam size 
and filtration used in experiment 3, 4.2 cm diam 
and 4.5 g/cm 2 of aluminum, 7 using data presented 
in section 6. These corrections were larger than 
0.2 percent only for experiment 4, and the maxi 
mum was 1.0 percent at 6 Mev.

The solid curve in figure 7 is considered, a best 
fit to the experimental points (the significance of

7 The filtration in each experiment included a rlonut wall, 4.1 g/cm 2 of 
Pyrex for the synchrotron, and 1.6 g/ein* of ceramic1 for the betatron. Cal 
culations have shown that the filtration corrections are charged by less than 
OJ percent if the donut wall is treated as an equivalent g/cin 2 of aluminum.

_r 3.5

o CALORIMETER, NBS, 1958, 1959 
• SPECTROMETER. NBS, 1957, 1959 
o POHLIT, I960 
A EDWARDS ond KERST, 1953

FIGT-RE 7. P2-4 calibration at 20  C and 760 mrn of 
mercury in a l^.Q-cm-diani bremsstrahinng beam filtered 
by 4-5 g/cm2 of aluminum,

The solid curve is a best fit to the experimental data, and the dashed curves 
are postulated extremes in the shape of the curve.

TABLE 3. Absolute calibrations of chamber P2~4 in a 4-2- 
cm-diam X-ray beam filtered by 4.5 g/cm- of aluminum, at 
%0  (7 arid 760 mm of mercury

Crystal experiments Calorimeter experiments

Maximum Cal (P2-4) Maximum ! Cal (P2-4) 
energy energy i

Experiment 1 Experiment 2

Mev
19. 6
24.6
29. (i
84. G
39. 6
44.7
49.7
59. 7
69. 8
89.8

109. 9
130.0
150. 1
170,2

EX|K

6
8

10
13
16
19

joules/cou-lomh
4.04X105
4.14
4.10
4. 10
4.07
3. 9f>
3.80
3.82
3.73
3.71
3. 60
3. 64
3.69
3.71

riment 4

4. 10X10*
4. 17
3. 99
4.07
4. 09
4.17

Mev joules /coulomb
18,2 | 4.19X105
19.8 ' 4.18
21.7 1 4.17
25. 9 4. 15
31.3 4.13
36.7 4.11
42.1 4.14

Experiment 3

20
25
30

4, 12XK)5
4.08
4.11

35 4. 10
40 | 4. 05
45 4. 02
50
fiO
70
90

110
130
150
170

3.99
3.94
3.86
3, 80
3.84
3.81
3.82
3.87

the other two curves is explained in the following 
section). Above 20 Mev, its shape was obtained 
from a weighted average of calorimeter and crystal 
points, where the weights were inversely propor 
tional to the quoted errors. Below 20 Mev, the 
shape of the curve was influenced by the results 
of additional experimental calibrations made with 
y-rays and X-rays of energy less than 1.5 Mev. 
These extra calibrations were made to help 
determine the sensitivity of P2-4 to moiioenergetic 
photons, as described in the following section.

The 34.5-Mev calibration plotted in figure 7 is 
based on calorimeter measurements made at the 
Max Planck Institut fur Biophysik in Frankfurt 
[8]. They were made to calibrate P2-6, a replica 
chamber belonging to this institute, and were 
transferred to P2-4 by direct comparison of the 
two chambers, as described in section 6. The 
plotted point has been corrected to a beam 
diameter of 4.2 cm and a filtration of 4.5 g/cm2 
of aluminum.

The 146-Mev calibration is based on calorimeter 
measurements made at the Universitv of Illinois



[9]. Thej^ were transferred to P2-4 by construct 
ing a replica of the Illinois chamber and com 
paring it with P2-4 at the NBS. No corrections 
have been made for differences in beam filtration 
and diameter, but these corrections should be 
very small.

The P2-4 calibration was also determined at 
low energies, in experiments using radioactive 
sources and a 250-kv constant potential X-ray 
tube, and the results are listed in tables 4 and 5.

TABLE 4. Absolute calibration of chamber P2-4 in a 4*2- 
cm-diam y-ray beam at 20  C and 760 mm of mercury

Source

Cs'3" 
Co«fl

Photon energy

! A/<r 
: 0.66 
1 1.25

Cal (P2-4)

joules /coulomb 
4.59X10* 
4.14

TABLE 5. Absolute calibration of P2-4 in a 4-2-cm-diam 
low-energy X-ray beam at 20  C and 760 mm of mercury

0.100 0.150
E, Mev

FIGURE 8. Relative spectral-intensity distributions for 
filtered X-ray beams obtained from a 250-Kv constant- 
potential X-ray tube.

The small peak between 0.07 Mev and the K absorption edge of lead at 0.088 
Mev belongs to the lightly filtered 0.250-Mev spectrum.

Kmai

Mer
0 050 

100 
150 
200
250 
250

Filter thickness

Al

mm 
3 
3 
3

i 3 
1 3 
! 6.18

Pb

mm 
0. 125 

.53

0.7 
2.7 
2.7

Sn

mm

1.54 
4.0 
1.0
1.0

Cu

mm

4.15 
0.61 

.59 
11.85

Cal (P2-4)

joules /coulomb
CO

72 X10 f< 
12.4 
8.34 
7.03 
6.91

In each case, the photon-beam intensity was ob 
tained from measurements of the exposure dose in 
roentgens/min, and the calibration was taken to 
be the product of intensity (watts/cm2) and beam 
cross section (cm2), divided by the ionization cur 
rent (amperes). The beam was 6.4 cm in diam 
eter in each experiment, but small corrections 
have been applied to the calibrations listed in 
tables 4 and 5 so that they refer to a 4.2-cm beam. 

In the experiments with radioactive sources, 
measurements of roentgens/min were made with 
a carbon cavity chamber [10], and the beam in 
tensities were calculated using the conversion fac 
tors of 2,959 ergs/cm2/roentgen for Cs 137 [11] and

3,391 ergs/cnr/roentgen for Co60 [12]. In the X-ray 
tube experiments, measurements of roentgens/min 
were made with a free-air ionization chamber [13], 
and the beam intensities w^ere calculated from the 
equation

watts/cm 2
roe nt gen/mi n 6 r,/n R(E)

(4)

w^here I(E,EmtL*) is the differential intensity spec 
trum in units proportional to watts/cm2/Mev, and 
R(E) is the conversion factor ergs/crn2/roentgen for 
photons of energy E. I(E,EmtaL ) was calculated by 
assuming that at these low energies, the unfiltered 
intensity spectra are proportional to (E^^ E) [1], 
and correcting for filtration with published total 
attenuation coefficients [14]. The filtered spectra 
are shown in figure 8. R(E) was taken from the 
literature [15].

5. Sensitivity of P2-4 to Monoenergetic Photons
The calibration of an ionization chamber can 

be calculated from the equation

Cal-

P-
Jo

I •C'-rnn Y

S(E)I(E,Emix)dE
Jo

(5)

where I(E,Em&x) is the differential intensity 
spectrum at the face of the chamber, and S(E) 
is the chamber sensitivity for photons of energy

E, the ionization charge produced by unit incident- 
radiation energy. Knowledge of the sensitivity 
is a prerequisite for calculation of the manner in 
which the calibration depends on the X-ray 
spectrum.

The sensitivity of P2-4 to monoenergetic 
photons is plotted as a function of photon energy 
in figure 9. The solid curve was obtained by 
solving eq (5) for S(E), using the calibrations 
described in the previous section. With the 
data of table 5, I(E,Ems#) was taken from figure 8. 
In this case the solution was obtained by assigning

633570 62   3



3.5x1(5*

3X>

i I 111!

1 Mi
0.1 0.3 1.0 3.0 

E, Mev
30 100 300

FIGIRE 9. Sensitivity of P2-4 to a 4.2-cm-diam beam of 
monoenergctic photons, at 20  C and 760 mm of mercury.

The solid curve is a host fit to the experimental data, and the dashed curves 
postulated extremes in the shape of the curve.

an average photon energy to each of these spectra, 
plotting 1/C/al (P2-4) at this energy, in figure 9, 
drawing a smooth curve through these points, 
and calculating Cal (P2-4) from eq (5). The 
discrepancy between calculated and measured 
calibrations was removed by adjustment of the 
average energies.

The values of S(E) plotted at 0.66 and 1.25 
Mov in figure 9 are simply the inverse of the 
calibrations listed in table 4 for Csm and Co60 , 
respectively, since the spectra are approximately 
delta functions. At higher energies, eq (5) was 
solved for S(E) by the inverse-matrix technique 
described in reference [16]. In this case, the 
calibrations came from the solid curve in figure 
7, and I(E,EmM ) was taken from tabulations of 
Schiff integrated-over-angles differential-intensity 
spectra [17], corrected for a filtration of 4.5 
g/cm2 of aluminum [18]. Examples of the pre 
dicted spectra are shown in figure 10. This 
high-energy solution for S(E) reproduces the 
solid-calibration curve of figure 7 to a few tenths 
of 1 percent.

The estimated uncertainties in the sensitivity 
curve are indicated by vertical lines at low photon 
energies. The radioactive source errors include 
uncertainties of + 3 percent,  1 percent in the 
determination of roentgens/min, 8 and errors in 
the conversion to intensity units of  1.5 percent 
for Cs 137 and  1.2 percent for Co60 . The X-ray 
tube errors include  1 percent for the roentgens/ 
min determinations,  3 percent for the conver 
sion to intensity units, and  1 percent for un 
certainty in the average energies. The plotted 
errors are the sums of these individual errors.

* This asymmetry arises from the presence of scattered radiation, which is 
not completely understood at present but is under study.

FIGURE 10. Relative spectral-intensity distributions for 
bremsstrahlung beams filtered by 4-5 g/cm2 of aluminum.

The estimated errors in S(E) above 2 Mev 
were obtained by making the trial distortions of the 
calibration curve shown by dashed lines in figure 
7. These curves lie within  2 percent of the 
solid best-fit curve, but include changes in curva 
ture which affect the sensitivity curve more 
drastically than a simple change in absolute 
magnitude does. They change the predicted 
sensitivity curve as shown by the dashed lines in 
figure 9. It is possible to predict values of 
S(E) outside of the dashed curves by postulating 
additional oscillations of the calibration curve, 
but this would be difficult to justify because all of 
the physical interactions which determine the 
calibration vary slowly with energy. This analy 
sis of the uncertainty in S(E) shows that the 
precise shape of the sensitivity curve is not very 
well known at high energies, but the presence of 
two maximums appears to be well established, and 
this can be qualitatively explained with the follow 
ing arguments.

At low photon energies, the shape of S(E) is 
determined by the photon-attenuation coefficients 
in Dural, which decrease rapidly with increasing 
E, so that an increasing fraction of the incident 
energy penetrates the thick front wall of the 
chamber. In the neighborhood of a few Mev, 
the product of attenuation coefficient and wall 
thickness is of the order of unity, and the exponen 
tial absorption is less sensitive to changes in 
energy. In this region, the predominant effect 
is a decrease in the efficiency of converting photon 
energy into electron energy, giving rise to the low- 
energy maximum in S(E}.

At higher photon energies, the increasing range 
of the secondary electrons means that the region 
in the Dural where the electrons producing air 
ionization are generated moves toward the front 
of the chamber. This decreases the effective 
wall attenuation and increases S(E). This in 
creased electron range also means that a larger 
volume of Dural is contributing to air ionization, 
but this change does not affect the calibration 
because it is compensated by a decrease in the 
fraction of its energy which each electron deposits 
in the air cavity. At energies where the electron



ranges are comparable with the front-wall thick 
ness (40 Mev electrons), the volume of Dural 
contributing to the ionization no longer increases 
with energy, but the fraction of energy deposited 
by each electron continues to decrease with in 
creasing energy. At the same time, bremsstrah-

lung production increases, and an increasing 
fraction of the secondary electron energy is recon 
verted into photons and becomes unavailable for 
ionization production. These two effects in 
combination cause a drop in S(E) and lead to the 
high-energy maximum.

6. Variations of the P2 Calibration

The P2-4 bremsstralilung calibration curve of 
figure 7 cannot be used directly for an arbitrary 
X-ra}' exposure, because the calibration depends 
upon the value of several experimental parameters, 
which may differ from the values used during the 
calibration experiments. These are

1. The temperature and pressure of the air in 
the chamber.

2. The thickness and atomic number of the 
filters in the X-ray beam.

3. The diameter and intensity distribution of
the incident beam.

The variation with air temperature and pressure 
obeys the ideal gas laws, and the calibration may 
be corrected for this variation by multiplying 
it by the factor

7^=2.592

where t and p are respectively the temperature 
( C) and pressure (mm of mercury) of the air in 
the chamber during an exposure, t can be read 
from the attached thermometer, but p must be 
determined from a measurement made outside the 
chamber. This factor would also include a small 
humidity correction except for the use of drier in 
the chamber air inlet.

The variation with filter thickness and atomic 
number must be calculated with the help of eq 
(5), and with I(E,Ema.x), the Schiff unfiltered spec 
trum [17], corrected for absorption by the materials 
in the beam. These corrections multiply the un 
filtered spectrum by an exponential of the form 

wllerc f. is the thickness of the ith

filter and ji(E) is its attenuation coefficient for 
photons of energy E. The values of S(E) used 
in this calculation may be taken directly from 
figure 9. The correction for filtration multiplies 
the calibration of figure 7 b y a second factor:

Cal (t t ,Zt)
Cal (4.5 g/cm2 of Al)

(7)

These calculations have been performed for the 
special cases of aluminum and copper filters using 
total attenuation coefficients from references [14] 
and [18], which assume that no scattered photons 
from the filter reach the P2 chamber. The values 
of Ff obtained are shown in figures 11 and 12 as a 
function of filter thickness, /(g/cm 2), for a few 
representative values of Em&K . The variation with 
energy in the aluminum curves is quite regular, 
but the copper curves exhibit a maximum near 
100 Mev for large f, related to the minimum in 
S(E) at 14 Mev. These curves are almost inde 
pendent of errors in the assumed spectra and 
absorption coefficients, but they do depend on the 
precise shape of S(E). If S(E) lies within the 
limits shown in figure 9, figures 11 and 12 are 
accurate to within  0.2 percent for t<4.5 g/cm2 
of aluminum and 2 g/crn 2 of copper, respectively. 
The uncertainties for thicker filters increase 
approximately linearly with t and are about  0.8 
percent at 50 g/cm2 , for energies less than 50 Mev. 
They are smaller for high energies, and are only 
about  0.3 percent at 170 Mev, for £=50 g/cm2 .

The variation with beam diameter and intensity 
distribution was investigated by observing the

2 5 10 20
t, g/cm 2 OF ALUMINUM

FIGURE 11. Ratio of P2-4 calibration in a beam filtered 
by t g/cm2 of aluminum to P2~4c alibration in a beam 
altered by 4-5 g/cm 2 of aluminum.

12 5 IO

t, g/cm2 OF COPPER

FIGURE 12. Patio of P2-4 calibration in a beam filtered 
by t (j/crn2 of copper to P2~4 calibration in a beam filtered 
by 4-5 g!cm- of aluminum.



FIGURE 13. Relative dependence of P2-4 calibration on 
radius of beam incidence.

06 —— ——

FIOTRE 14. Energy-dependent multiplier used to calculate 
dependence of P2-4 calibration on radius of beam inci 
dence.

1.04

20

FIGTTRE 15. Patio of P2-4 calibration in an X-ray beam 
of diameter D to that in a 4-2-cm-diam beam, for beams of 
uniform intensity.

change in response when a P2 chamber was 
bombarded at different radii by 1.5-cm-diam 
beams of various Em&^ and of unit total energy. 
This change depended on the Emea used, but it was 
found that the dependence on radius, r (cm), 
could be separated from the dependence on 
^max, and the relative response could be ex 
pressed as

The functions /T (r) and J2 (Em&x ) are plotted in 
figures 13 and 14, respectively. The latter has 
been arbitrarily normalized to unity near 10 Mev.

The beam-size correction multiplies the cali 
bration of figure 7 by the factor

rJo
(? r/(r,£max)rfr

Jo
p 2

Jo

f"
Jo

(9)

where li(r,Emxs) comes from eq (8) and I(r^Em&^) 
is the relative intensity of the incident beam at 
radius r. These calculations have been performed 
for the ideal case where the beam intensity is

  )? and the results are shown 9uniform

as a function of D in figure 15 for several values
Of £max.

The corrections for beam filtration and diameter 
for the calibration experiments came directly from 
figures 11 and 15, respectively. The beam inten 
sity w^as not uniform in these experiments, but the 
corrections for beam diameter were almost negli 
gible, and are quite insensitive to the precise 
shape of I(r,Em&J-

The three factors of eqs (6), (7), and (9) are 
enough to correct the P2-4 calibration for use in 
most experimental situations, but a fourth factor 
is required if a different P2 chamber is used. 
This is

Cal (replica chamber) 
' Cal (P2-4) '

(10)

a factor which is most reliably determined by 
direct experimental comparison of the replica 
chamber with either P2-4 itself or another cham 
ber which has been compared with P2-4. The 
comparisons are made with the experimental ar 
rangement of figure 4, measuring the P2 ionization 
charge collected per unit monitor response for each 
of the chambers in turn. At the present time 
there are eleven P2 chambers which have been 
experimentally intercornpared.

The first four, P2-1 to P2-4, belong to the Na 
tional Bureau of Standards, and the measured

9 These curves are based on measurements with a beam filtered by 4.5 
g/cm2 of aluminum and may change slightly if the nitration is changed/
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values of Fc for these chambers are listed in table 
6 for several maximum photon energies between 6 
and 170 Mev. The remaining seven chambers 
belong in various institutes around the world. 
Their locations are shown in table 7, along with 
the measured values of Fc and the energies at 
which these measurements were made [19]. Their 
labels, P2-n, correspond to the order in which 
thev were calibrated.

TABLE 6. Measured calibration ratios, F c 
chambers

of NBS P2

V
\

Chamber \
\

P2-1
P2-2
P2-3

a P2-4

G Mev 14 Mev

0. 994
.994
.996

1. 000

0. 99(>

32 Mev

0. 990
. 995 . 995
. 999 ! . 998

1.000 1.000

70 Mev

0. 994
. 994
.998

1.000

170 Mev

0. 99S
. 9%
.99S

1. 000

FIGURE 1(>. Fractional decrease in P2-/+ calibration per 
gjcm- increase in front-wall thickness.

Ill using eq (11), it is convenient to define A" 
and T in terms of thicknesses and densities of the 
individual chamber components:

a Equal to unity by definition of Fe . 7T=6[f(14)  7X11)]

(12)

(13)

TABLE 7. Measured calibration ratios of other P2 chambers

Chamber | Institute

P2-5 j Institut National d'Ilyyiene, Paris, j 
! France. :

18 : 0, 994 
22 .994

P2-6 i Max Planck InstUut fur Biophysik. : 20 1.01)1
; Frankfurt-am-Main, (iei-many. 34.5 0,999

P2-7 Kantonsspital Zurich, Zurich,Switzer- : 31 .991
[ land.

J»2-8 | Institut Jo/of Stcfan, Ljubljana, I is to 30 1.028
: Yugoslavia.

P2-9 ! Tohoku University, Sendai, Japan. 
P2-10 !

P2-11 i University of Illinois, Urbuna, Illinois. 
I U.S.A. '

1.000
1.001

The calibrations of these chambers differ for 
several reasons. The calibration is a function of 
X (g/ciii2), the mass thickness of the front wall, 
T (cm), the total thickness of the air cavity in the 
ion collection assembly, and Z, the atomic number 
of the front-wall alloy. It is a simple matter to 
predict the variation with A" and T. For cham 
bers made of the same alloy, where A" and T are 
only slightly different from the X and T for P2-4, 
the change in calibration is a linear function of 
these differences:

(11)

where subscript i refers to the dimensions of cham 
ber P2-i. The coefficient a has been determined 
at several values of Em&x between 6 and 170 Mev 
by measuring the change in the response of P2-4 
when X is changed, and is plotted in figure 16. 
The coefficient 6 = 0.20 cm" 1 , the inverse of the 
nominal value of T.

where the numbers in parentheses refer to the 
corresponding pieces in the chamber plans. p(j) 
and t (j) are respectively the density (g/cm 3 ) and 
thickness (cm) of piece No. j, lQ Note that eq (12) 
includes half the total thickness of the eleven 
inner plates, so that the front-wall thickness is 
measured to the center of the ion-collection assem 
bly. The quantities 7X14) and T(ll) in cq (13) 
are, respectively, the average thicknesses of the 
spacers in the high-voltage stack of plates and of 
the inner plates in the collector stack.

The values of A" and T are known for several 
of the chambers which have been intercoiiipared, 
and these are listed in table 8, along with the 
values of Fc calculated from eq (11). The alloy 
densities listed indicate that the alloy compositions 
of these chambers are approximately the same. 
It can be seen from this table that the predicted 
/ T/s agree with the measured values to within a 
few tenths of one percent, which is within the 
uncertainties inherent in the measurements of Fcy 
X, and T.

TABLE 8. Physical parameters and calibration ratios of 
several P2 chambers

Chamber

P2-1 
P2-2 
P2-3 
P2-4

1*2-9 
P2-10

T _._______________ ft 

Calculated Measured

.\fer 
32 
32 
32
32

q/cm-
30
30 

.43 '.41

cm

3. (M>2 
i. 073 

">. IMV) 
V 052

0. 99H 
.997 
. 999

1.000
0. 99.5 

. 999
1.000

0. 99(1
. 995
. 998

1.000
0. 994
1.01KI
1. 001

g/cm*
. 78ft 
. 780 
. 790 
. 790 
. 787 
. 793 

1 794

ir /(l} t t(4], and £(10) should be measured near the centers of the corre 
sponding pieces .since their faces are seldom flat.
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The abnormally large Fc for P2-8 (table 7) is 
caused by changed dimensions, since the inner 
plates used in this chamber are 1 mm thick instead 
of 0.8 mm, as specified in the chamber plans. 
This change should reduce T by 0.12 cm and 
increase X by 0.3 g/cm2 , which would be expected 
to increase the calibration by about 3 percent, in 
reasonable agreement with the measured increase.

The dependence of the calibrations on Z is more 
difficult to analyze quantitatively, since the 
physical interactions which determine the cali 
bration depend upon 7 in different ways. Per 
atom, the probability of a Compton interaction 
varies as 7, that for pair production varies as 72, 
and the electron stopping power varies as /-. As 
an alternative approach, this effect has been 
investigated at several energies by replacing the 
removable plates of P2-4 (piece No. 4) by plates 
made of two different alloys, 1100 Dural (99% 
pure aluminum; p=2.713 g/crn 3 ) and 7178 Dural 
(2.0% copper, 2.7% magnesium, 6.8% zinc, 0.3% 
chromium; p 2.827 g/cm 3), and observing the 
change in calibration. The plates were machined 
to have the same mass thickness as the plates 
they replaced (19.82 g/cm2) to eliminate the effects 
of changes in A". The measured changes are listed 
in table 9. They indicate that an increase in the 
alloy purity will decrease the chamber calibration 
below about 100 ATev and will increase it at higher 
energies. It must be remembered that pieces 
Nos. 1, 10, and 11 were not changed in these tests, 
so that the effect of using either of these alloys 
throughout the chamber will be even larger. If 
each of the numbers in table 9 is expressed as 
l +  r the proper number to be used for chambers 
constructed completely of these alloys should be 
about 1 + 1.4 e, where 1.4 is the ratio [X(l)-\-X

TABLE 9. Effect of changing the alloy composition of the 
P2-4 front wall

It is tempting to use the alloy density, p} which 
can be relatively easily measured, as a rough 
measure of Z. There is no exact proportionality 
between these quantities, but addition of heavy 
metals usually increases both p and 7. Then an 
empirical term like

c(pi~ PiY (14)

could be added to eq (11) in an attempt to account 
for changed alloy composition. The 32-Mev data 
in table 9 indicates that c = 0.13 and &=0.95, at 
least at this energy. This term would subtract 
0.001 from the calculated Fc listed for P2-1, P2-2, 
and P2-5 in table 8 and add 0.001 to the calculated 
Fc for P2-9 and P2-10. These changes improve 
the agreement between the calculated and meas 
ured Fc in each case, but the improvement is 
fortuitous. It is felt that this empirical correction 
term should only be used as a rough indication of

£max

Met
f)

11
18
32
70
90

120
150
170

Cal (1100)
Cal (2024)

1. 000
0.998

.995

.992

. 996

. 995
1.002
1. 002
1.006

Cal (7178)
Cal (2024)

1. 004

the change resulting from use of a different alloy, 
and should be treated skeptically if it is larger 
than about 0.002. The safest way to predict Fc 
is to use an alloy with approximately the same 
composition and density as 2024 Dural, so that 
this term is negligible.

In summary of the information presented in this 
section, the calibration of an arbitrary P2 chamber 
is related to the P2-4 calibration by

Cal (replica) =FtpFfFDFc X Cal (P2-4). (15)

The factors Ftp , Ff , and FD correct for changes in 
experimental conditions and can be calculated 
from eq (6), (7), and (9), respectively. Fc comes 
from eq (10) and should be measured experi 
mentally, but can be predicted with reasonable 
accuracy from eq (11) if the composition of the 
aluminum allov is close to that of P2-4,
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