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ABSTRACT

Adequate energy dependence calibrations of a Victoreen 
Cavity Chamber were achieved at HASL utilizing filtered 
beams from a 250 KVP, Ox 250 General Electric pulsating 
industrial X-ray machine. Energy correction factors with 
errors under ±^ 5% were obtained for energies of 63, 105, 
150, and 180 KeV. These results compare favorably with NBS 
calibrations. The NBS errors are +_ 3%, using a constant 
potential X-ray machine. A description of the calibration 
facility, the equipment used, and the procedure developed 
is given.
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INTRODUCTION

Much of the dosimetric work conducted in the Radiation 
Physics Division of the Health and Safety Laboratory re 
quires the development and testing of X- and 7-radiation 
detection devices. In measuring doses and dose rates of 
low energy 7-radiations it becomes evident that the energy 
dependence of the instrument is of major importance. 1 
Energy dependence can be determined by using monoenergetic 
radiations of various known energies. The use of radio 
active isotopes in the energy range below.180 KeV is im 
practical because of their short half-life and because they 
usually emit radiations of more than one energy. Our at 
tention was directed, therefore, toward the use of X-rays 
to produce monoenergetic radiations.

The general procedure in calibrating instruments with 
X-radiation to determine energy dependence is to use an 
energy-independent measuring device as a standard. The 
standard instrument measures radiation in terms of the def 
inition of a roentgen. 3 Measurements are taken in the di 
rect beam with the standard, and the instrument to be cali 
brated is substituted. The correction factor for energy 
dependence to be used with the calibrated instrument at a 
given energy, then, is simply the ratio of the measurement 
with the standard, energy-independent instrument to that 
of the instrument being calibrated.

The measurements are made consecutively and, therefore, 
the radiation field should be invariant. Inasmuch as there 
was not a constant potential X-ray machine at HASL, the 
pulsating industrial X-ray machine which was available was 
adapted. Instead of regulating the X-ray machine to achieve 
a constant output, a monitor was used to assure that cor 
rections for variations in the output could be made.

In this way, a practical, though somewhat tedious, pro 
cedure for calibrations with existing equipment was developed, 
Experiments resulted in calibrations having errors below 
5%. The procedure is suitable for radiation instruments 
whose detectors are similar in size to the available beam.
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AVAILABLE EQUIPMENT

The equipment used was a 250 KVP Ox 250 General Elec 
tric Industrial pulsating X-ray machine; an' Applied Physics 
Laboratory Vibrating Reed electrometer; a free air ioniza- 
tion chamber, similar to that described in NBS handbook 
64s , for use as a standard; and an Electronic Instruments 
Limited portable electrometer, Model 37A, suitable for use 
as a monitor. An electrically timed shutter (Fig. 1 and 
Appendix I) was constructed and attached to the open end 
of a lead housing to act as a collimator for the X-ray 
beam. The collimator restricts the emergent beam at the 
nearest wall to a 14 in. diameter.

To assure safe continuous operation, a survey of the 
radiation field produced with the X-ray machine operating 
at peak output, that is 250 KVP and 10 milliamperes, was 
undertaken (Appendix II). The orientation of the useful 
beam was fixed and adequate shielding was provided on the 
wall so that the emergent radiation level was below the rec 
ommended levels. 3

Sliding bolts were installed on the doors of the X-ray 
facility to activate electrical interlocks so that the X- 
ray machine cannot be operated with any bolt unlocked 
(Pig. 2).

CALIBRATION PROCEDURE

A. PRODUCTION OF MONOENERGETIC X-RAY BEAMS 

1. Irradiation of Metallic Foils

An attempt to produce monoenergetic X<-ray beams 
by irradiating metallic foils with the equipment 
available is described in Appendix III. Since the 
standard ionizatign chamber was not suitable for 
use with the low intensity, low energy radiations 
produced in this way, it was decided to employ the 
useful beam with suitable filtration to achieve 
approximately monoenergetic X-rays*
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2. Use of Filters

Four filters to produce monoenergetic beams were 
assembled4 and all subsequent "monoenergetic" mea 
surements reported here were made with them.

B. DETERMINATION OF ENERGY DEPENDENCE 

1. General Method

The dose rate at a given position in front of 
the X-ray machine was determined for different X- 
ray energies with the free air chamber. The instru 
ment to be calibrated was then substituted and the 
ratio of the measurements, which is the desired cor 
rection factor, was obtained. The theory for the 
use of the standard air chambers was the basis for 
determining the radiation fields.

a. Theory for the Use of Free Air Chambers

Taylor5 , using a geometrical analysis of the 
standard air chamber diaphragm system, showed that 
a reliable determination of the roentgen can be 
made with an extended source if the distance is 
arranged so that the focal spot area fills the 
diaphragm aperture uniformly. The inverse square 
law applies when the distance considered is 
between the source and the aperture of the cham 
ber. This was verified experimentally by Taylor, 
and many years later, the same result was obtained 
mathematically by J.H. Aitken. 6

As indicated, the method of measurement used 
with the free air chamber depends on the defini 
tion of the roentgen, the radiation which pro 
duces 1 e   s   u*. in air at standard temperature 
and pressure, or

1. e. s, u.
VT '
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where V is the volume of ionization between the 
plates of the standard air chamber in cm3 (V = AL, 
where A is the area of the aperture to the free 
air ionization chamber and L the length of path 
between the collecting plates) and T is the time 
in seconds.

Since

3 x 109 e.s.u. = 1 coulomb = ! ampere, 
Sec. Sec.

then

3 x 1Q9 x amps 
AL

Hence, an absolute determination of the X-radiation 
field can be made from measurements of the collect 
ing volume, V, and the ionization current.

The vibrating reed electrometer can be used 
to measure the current with great precision. The 
current is determined from the expression:

I (amperes) = C(farads)Ay(volts)
t(seconds)

The total input capacitance of the vibrating reed7 
electrometer was found to be 116.9 x 10"12 farads, 
using a condenser calibrated at the National Bu 
reau of Standards as a reference capacitor (Appen-

R then, is given by:

760 e|jLd cAV 
232.2 P At

where

|j, = linear absorption coefficient of air 
at a specified energy

and

d = 35 cm., for the air chamber used
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b. Compensation for Varying X-Ray Output

The value of the dose rate at a fixed position 
for each filter with the free air chamber (Fig. 3) 
was determined initially from many measurements 
using the charge build-up method. The variation 
in repeated AV/At measurements was considerable. 
Departures of readings from a mean jjt value were 
reduced by using the EIL electrometer monitor to 
obtain corrections (Fig. 4). Linearity of the 
EIL electrometer response was assumed.

To obtain a fixed time of integration with 
the vibrating reed electrometer, an electrically 
operated shutter, controlled by an electric clock, 
was used. At the same time, the monitor was 
used as an integrating device, and the units of 
integrated dose were recorded.

For each monitor reading, the deviation of 
the monitor reading from the mean of all the 
monitor readings was assumed to indicate a change 
in the dose rate used to integrate the same volt 
age (0.9V) on the vibrating reed electrometer.
A determination of arbltrary monitor units was 
made for each of 25 sets of data and their mean 
found. This average value was then multiplied 
by the deviation of each monitor reading from the 
mean of all the monitor readings to determine a 
correction to the volts integrated on the vibra 
ting reed electrometer. After each electrometer 
measurement was corrected, a mean value for j?L 
and the corresponding standard deviation was de 
termined. Twenty five measurements were used for 
each filter except the lowest energy filter, where 
only 15 measurements were taken because of the 
long integration times. The dose rate for the 
filtered beams after correction was as follows:
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ENERGY OF DOSE RATE 
.FILTERED BEAM___________(R/MA MIN)

180
150
105
63

KeV
KeV
KeV
KeV

5.
5.
6.
2.

73
35
01
20

(1 +
(1 +
(1 +
(1 +

.029)

.042)

.027)

.021)

X

X

X

X

10
10
10
10

-3

-3

-3

-3

A similar procedure was followed in correcting 
measurements of the instrument to be calibrated.

It was also found that if the machine was 
turned off and then on with the setting unchanged, 
differences in output up to 15% occurred. How 
ever, the method used for making sets of measure 
ments did not require that the machine be turned 
off during a set of standard and calibrated cham 
ber measurements for each filter. Hence, large 
changes in the radiation field were avoided and 
the monitor could be used successfully to correct 
for small changes in output during operation.

A change in kilovoltage while operating the 
machine with a given filter produced a considerable 
change in the output of the machine. In addition 
to compensating for fluctuations in the output 
of the machine at a given kilovoltage setting, 
corrections had to be made for any changes in the 
kilovoltage during operation. The control panel 
is equipped with a step control for kilovoltage 
and part of the resistance in series with this 
control is used for fine adjustments. It was found 
that after the machine had been in use, the kilo- 
voltage as indicated on the meter often changed 
slightly and the adjustment available was in 
adequate to restore the original condition.

To remove these difficulties, without recourse 
to a monitor and correction factors, would require 
either a major equipment modification, an economi 
cally infeasible project, or the procurement of a 
constant potential X-ray machine.
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C. PLACEMENT OF INSTRUMENTS TO BE CALIBRATED

In order to locate accurately the critical volume of 
the instrument to be calibrated, at the same spot previously 
occupied by the free air chamber aperture, a special ar 
rangement was devised. The free air chamber, which is 
the standard instrument, rests on a table which can be 
raised, lowered or rotated for purposes of alignment 
(Fig. 3). With the free air chamber in place, a refer 
ence point (Fig. 5) in front of it was established by means 
of a rod inserted into its diaphragm and a plumb line,

A projection of the path of the X-ray beam was marked 
on the floor and a wooden table, for the instrument to be 
calibrated, was oriented so that motion was possible along 
the axis of the X-ray beam, perpendicular to it along the 
plumb line, or in a horizontal direction. Thus, all the 
required directions of travel were provided for exact posi 
tioning. The table was attached to a lathe tool rest with 
a screw arrangement so that it could be moved in the three 
required directions. The lathe tool rest was fastened to 
a dolly provided with a vertical adjustment. It then be 
comes a simple adjustment of raising or lowering the table 
top to locate the instrument being calibrated in the X-ray 
beam at the correct height (Fig. 6). The position of 
each instrument to be calibrated was checked photographically 
(Fig 7).

Accurate placement of instruments to be calibrated is 
a very critical aspect of this work, since slight displace 
ment can introduce undetected errors in the calibration.

AN APPLICATION; CALIBRATION OF A 1/4 R 
VICTOREEN CAVITY CHAMBER (Previously Cali 
brated at NBS With a Constant Potential 
X-Ray Machine)

A Victoreen 0.25R Chamber was selected to be calibrated. 
It had been calibrated previously at the National Bureau 
of Standards with a constant potential X-ray machine and 
could serve to check the accuracy of the procedure des 
cribed above.
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To minimize the error in the readings for the 1/4R 
Victoreen chamber, at least half-scale deflections in the 
Victoreen condenser R meter were obtained. The dose 
rates for X-ray machine currents of 10 milliamperes with 
the various filters, as determined by the standard air 
chamber, required exposures of up to 8 minutes with the 
Victoreen chamber.

Measurement corrections were made according to the 
method used for the free air chamber. The position of the 
monitor was fixed, thereby providing the means for compen 
sation for variations in the X-ray beam (Fig. 6). The 
1/4R Victoreen chamber was exposed to the X-ray beam for 
measured times simultaneously with the monitor. Deviations 
from the mean monitor reading were taken to indicate 
changes of the radiation field. These changes were com 
pensated for by additions to or subtractipns from the 
Victoreen values. An average value for
was obtained and this was multiplied by the deviations of 
the monitor values from a mean value. The corrected Vic 
toreen values were then divided by their corresponding 
times to obtain a value for each measurement. These were 
averaged and the standard deviations obtained.

After the usual additional corrections for temperature 
and pressure, the following radiation dose rates were ob 
tained with the 1/4R Victoreen chamber.

ENERGY OF DOSE RATE 
FILTERED BEAM ____________ (R/MA-MIN)

180
150
105
63

KeV
KeV
KeV
KeV

5.
5.
5.
2.

661
455
928
034

(1 +
(1 +
(1 +
(1 +

.0023)

. 0045 )

.002)

.002)

X

X

X

X

10
10
10
10

-3

-3

-3

-3

These values could now be compared to the already known 
values of the dose rate, measured with the standard air cham 
ber, provided compensation was made for changes in dose rate 
due to a change in kilovoltage during the elapsed time be 
tween the measurements with the two instruments.

- 8 -



Since the standard air chamber was used in conjunction 
with a vibrating reed electrometer, greater sensitivity 
was achieved. Hence, the exposure times for the standard 
air chamber were only about one third of those for the 
Victoreen chamber. It was desirable to predict the monitor 
reading which would have been obtained if the standard 
air chamber received the same exposure as the Victoreen 
chamber. Assuming the monitor response to be linear, the 
expected monitor readings were obtained from simple ratios 
of times and actual monitor measurements.

Average Time for Victoreen 
Energy of ___Monitor Readings____ 
Filtered 

Beam
Average Time for Free Air 
Chamber Monitor Readings

Expected Monitor Readings
for Free Air Chamber 

Monitor Readings for Free 
Air Chamber

180 KeV 150,3
46.09

x
43.572

150 KeV 140,0
49,496

x
43.724

105 KeV 140
44.348

x
43.648

63 KeV 400
120.03 38.16

The expected monitor readings for the free air chamber pre 
dicted from the final corrected values for the compensated 
dose rates follow*________ ______ __ __

Extrapolated Monitor Readings 
____for Free Air Chamber____ 

Energy of Actual Measured Monitor Readings 
Filtered Beam____for Victoreen 1/4 R Chamber

x Victoreen Values Compensated Dose Rates From 
Corrected Victoreen Values

180 KeV

150 KeV

105 KeV 

63 KeV

142.1
143.6

123.674 
128.691

137.79 
137.61

127.168
127.238

x 5.661Cl+.0023)xlO-3 -

x 5.455(li.0045)xlO"3 «

x 5. 928(1+. 002) Xl0~a « 

x 2. 034(1+. 002) X1Q-3 =

5.602(1 +

5.242(1 +

5.936(1 + 

2.033(1 +

.0023)

.0023)

.0023) 

.002)

X IO-3

X IO-3

x io-3

X 10"3
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From these values for compensated dose rates, using both the 
Victoreen 1/4 R chamber and the standard free air chamber, 
energy dependence correction factors for the Victoreen 1/4 
R chamber were obtained.

Energy of Energy Dependence Correction 
Filtered Beam _______ Factors for the Victoreen Chamber

180 KeV 5.73 (1+.029) X 1Q-* _

5.602(1 + .023) X 10-3 -

150 KeV 5.35 (1 + .043) x 1Q-3 =
5.242(1 + .0023)X 10'3

105 KeV 6.01 (1 ± .027) x = ^^ l >
5.936(1 + .0023)x 10~3

63KBV 2.20 (1 + .021) X 1Q-* _ ^ Q2
2.033(1 + .002) X 10-3 -

Correction factors were also inferred from those provided 
by the National Bureau of Standards for the 1/4 R chamber in 
question.

Energy of Energy of
Filtered Filtered Energy Dependence Correction Factor (NBS)
Beam (NBS) Beam (HASL) ______ Given __________ Interpolated _____

215 KeV 1.06 (1 + .03)
180 KeV 1.044 (1 ± .03)

170 KeV 1.04 (1 + .03)
150 KeV 1.036 (1 + .03)

120 KeV 1.03 (1 + .03)
105 KeV 1.039 (1 + .03)

70 KeV 1.06 (1 +, .03)
63 KeV 1.079 (1 + .03)

40 KeV 1.14 (1 ^ .03)

CONCLUSION

Energy dependence correction factors obtained for a 1/4 R
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Victoreen chamber have errors under +_ 5 per cent, which 
can be compared with the ± 3 per cent errors reported by 
the National Bureau of Standards, which uses a constant 
potential X-ray machine. The experimental work indicates 
that a practical procedure has been developed for energy 
calibrations in the 60-180 KeV range, using the filtered 
direct beam of an industrial pulsating X-ray machine.

The procedure depends on the use of a radiation monitor, 
to establish correction factors, for the small fluctuations 
in the X-ray beam output while measurements are being made, 
and to compensate for variation in the beam output, due to 
a change in kilovoltage in the time interval between setg 
of measurements. One problem with this machine which re 
mains is that the low output necessitates long exposures 
to obtain doses of 5 R and over. Thus, where time is un 
important, correction factors within ^ 5% adequate, and 
an industrial X-ray machine available, energy calibrations 
of radiation protection instruments can be achieved.
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APPENDIX I 
DESCRIPTION AND OPERATION OF SHUTTER MECHANISM

The sequence of positions of the shutter is shown in 
Figure 1. The filter to produce the approximately mono- 
energetic beam can be seen in the open position. The lead 
discs of the shutter are about 1/2 inch thick and are 
mounted on aluminum plates 1/8 inch thick which slide in 
brass guides. The bottom plate is shifted manually to 
the upper position at the end of each operation. Rapid 
opening and closing of the aperture is accomplished using 
gravity, so that the time of opening and closing is about 
1/10 of a second. The triggering mechanism is operated 
by a solenoid connected to a Precision Scientific Company 
timer which can be read to 1/10 second. The operation is 
trouble free and exposures can be timed accurately utiliz 
ing the timer, which is started on opening the aperture and 
stopped on closing it.
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APPENDIX II 
SURVEY OF RADIATION FIELD

FLOOR PLAN OF X-RAY FACILITY SHOWING SURVEY POSITIONS

where
1 - 36 = Survey Positions

A = Survey Instrument 8' Above Floor 
O = Survey Instrument 3' Above Floor 
X <= Survey Instrument at Floor

The radiation area was surveyed with the X-ray machine set 
for its maximum radiation output of 250 KVP and 10 mA.
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 SURVEY RESULTS

Survey X 
Positions A (mr/hr) O Contact

1 5,0 1.5 6.0
2 5.0 2.0 9.0
3 5.0 3.0 8.0
4 5.0 4.0 3.0
5 5.0
6 10.0 5.0
7 14.0 5.0
8 8.0 6.0
9 10.0 10.0 15.0
10 8.0 5.0 10.0
11 8.0 5.0 10.0
12 5.0 1.0 2.0
13 1.5
14 1.0
15   10
16 30
17 20
18 0.5
19 0.9
20 7. 0
21 0.5
22 0.5
23 0.05

24 1.2 1.0 1.0
25 1.5 0.4 0.7
26 2.0 0.4 1.5
27 0.7
28 2.5
29 BKGD
30 0.1
31 1.00
32 .05
33 .05
34 1.0
35 .75
36 0.25

Dose Rate in Direct Beam: 210 mr/sec/lm = 756.8R/hr/lm 
Dose Rate at Wall: 15 mr/sec = 54R/hr.
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APPENDIX III
IRRADIATION OF METALLIC FOILS TO PRODUCE 

MONOENERGETIC X-RAY BEAMS

An attempt to utilize monoenergetic X-ray beams produced 
by irradiating metallic foils was undertaken in the hope 
that the method of Roesch8 could be used. The useful beam 
was used to irradiate foils of copper, cadmium, lead and 
uranium, respectively, placed at 45  to the beam. The re 
sulting fluorescent radiation was measured at 45  to the 
foil so that the total angle between the useful and second 
ary beam was 90  , keeping the scatter in the direction of 
the chamber to a minimum (See Schematic Diagram, page 17).

The standard free air chamber was not suitable for the 
measurements desired. The results indicated variations 
in the radiation fields of from ten to fifty per cent de 
pending on the foil used. Scattering from the interior 
walls of the free air chamber produced anomalous results. 
To be sure tftat the beam cleared the exit hole, the geo 
metric relations between the size of the beam at the exit 
hole and at the aperture to the air chamber were obtained. 
The size of the aperture of the air chamber is known and 
the size of the exit beam was checked experimentally with 
photographic plates. The analysis follows:

Modification of the Befrnken-Taylor Analysis of an X-Ray Beam 
From a Disk Source Passing Through a Free Air Chamber7

To determine the image size at the exit hole of the 
free air chamber used with an extended source, the geo 
metric relations which follow from the diagram, shown on 
page 17, may be used.

d - D-x a m from which
" B^ ^ } e = a (4)

, D-B = 64.9 cm 
B (2) if

a=b = 0.5 cm

d-e = (3)
B-x B = 2x

and
D = 64.9 + B
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using (1) 

and

d = 32 « 45 + 0.5

x = 32.45

(5)

d-0.5

Using the relations above d-e _= 2d-l

With the maximum allowable radius of the exit hole equal 
to 4 cm, the ratio of the radii of the penumbra and umbra 
of the exit beam is 7 to 1.

KSOURCE

STANDARD 
IR CHAMBER

EXIT

X * DISTANCE FROM APERTURE TO CROSSOVER 
POINT

?•& PENUMBRAL ANGLE
D « DISTANCE FROM DIAPHRAGM TO EXIT WINDOW

RADIUS OF APERTURE * 0 

RADIUS OF DIAPHRAGM » b

DISTANCE FROM DIAPHRAGM TO 
OPENING OF AIR CHAMBER * B

RADIUS OF EXIT BEAM   d

RADIUS OF EXIT BEAM 
LESS PENUMBRA   9

SCHEMATIC DIAGRAM SHOWING 
USEFUL BEAM, FOIL, AND FREE AIR CHAMBER
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RESULTS AND DISCUSSION OF FLUORESCENT 
RADIATION MEASUREMENTS

Although the chamber was placed at the correct position 
for the size of the diaphragm, exit holes, and other parameters, 
satisfactory results were not achieved. A difficulty lay 
in the fact that the free air chamber has an actual volume 
of about 6000 cm3 between the collection plates. When this 
chamber is used to measure radiation which enters through 
an aperture 0.5 cm in radius, the volume in which ions 
are formed and collected due to radiation from the foils 
is only about 8 cm3 . Ions are also formed throughout the 
entire collecting volume between the plates due to the en 
vironmental radiation background and leakage radiations 
from the X-ray machine. These ions are collected along 
with those produced in the 8 cm3 to make up the total col 
lected ionization in the chamber. If the total collection 
were to be twice background, as many ions would have to 
be produced in the 8 cm3 by radiation from the foils as in 
the entire volume by environmental and leakage radiation. 
In addition, there are losses by air attenuation since 
the secondary radiation of interest is of comparatively 
low energy. The output from the foils with a maximum use 
ful beam was not great enough to permit reliable measure 
ments. Often, only about one third of the measured current 
could be attributed to the radiation from the foils while 
the variation in the measurements amounted to half of this. 
Hence, these measurements were discontinued until construc 
tion of a suitable ionization chamber, as described by 
Ritz 9 , is undertaken.

The useful beam with suitable filtration to approximate 
monoenergetic X-rays was then used for the experimental 
dosimetric work.
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APPENDIX IV 

EQUIVALENT SCHEMATIC CIRCUIT FOR DETERMINATION OF (Cc + CA)

Cs - STANDARD
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