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300 kV Constant Potential X-ray Generator




DEVELOPMENT OF AN X-RAY FACILITY FOR RADIATION DOSIMETRY STUDIES

1. INTRODUCTION

Experimental work in an ionising radiation physics laboratory
requires well-characterised sources of ionising radiation. This report
describes an X-ray test facility, which can be used to provide a radiation
beam of any effective photon energy in the range 5 to 250 keV. It is not
feasible to use radioactive sources for this purpose, as few emit low energy
photons with useful intensity, and those that do are short-lived or
expensive. Radicactive sources are useful for higher photon energies, and
the X-ray facility is supplemented in this laboratory by test facilities of
this type:; for example, by using caesium-137 and cobalt-60 sources, photon
energies of about 0.66 and 1.25 MeV, respectively, may be obtained.

Fig. 1 shows the photon energies of the test facilities compared
with the energy ranges of typical radiation measuring equipment. Whereas
civilian radiation protection instruments may be required to measure photons
with energies from 5 keV upwards, military and civil defence instruments
(called RADIAC instruments) must measure photons in the energy range 80 keV to
several MeV, with the response falling off sharply below 80 keV. It can be
seen that the X-ray facility covers an important part of the photon energy
range and, in conjunction with other facilities, enables the energy response
characteristics of radiation measuring instruments to be tested. This
application of the facility is especially important in connection with
research into new methods of radiation measurement, and the development of
improved instruments. Instruments with a range of sensitivities may be
tested, as a wide range of intensities is available at any effective photon
energy.

The X-ray facility is suitable for many experimental investigations,
including radiation shielding and interactions of radiation with matter. It
may be used for X-ray fluorescence analysis, which requires a test sample of
material to be irradiated with photons of appropriate enerqgy, so that trace
elements or impurities may be detected by the emission of fluorescent
radiation,

The equipment includes a stabilised 300 kV constant potential power
supply, a 300 kV X-ray tube, and a low energy 150 kV X-ray tube fitted with a
beryllium window. The control console has provision for connection of
laboratory quality meters to monitor operational parameters. X-ray beams of




sharply defined photon energy were obtained in the present work by two methods
as follows:

(a) Filter Method in which the primary X-ray beam is
modified by metal filters. Depending upon the
arrangement of the apparatus either a standard
*main beam" or a special "wide beam" may be produced.

(b) Radiator Foil Method in which thin metal foils are
placed in the primary X-ray beam to obtain secondary
beams of fluorescent radiation.

The two methods are described fully in Sections 2, 3 and 4 of this report,
including filter and radiator foil design considerations, operational factors,
and measured beam characteristics.

Particular care mist be taken when using an X-ray generator for
experimental radiation physics, to minimise the effects of both short and
long-term fluctuations of the X-ray output, and to ensure that succe 2 test
exposures are repeatable. The design and use of an X-ray transmis: n
monitor chamber and an electronic ratio device for this purpose are scribed
in Section S.

In some applications of the X-ray facility it is necessary . Xnow
the exposure-rate at the test point in the radiation beam, for example in the
calibration of civilian, military, or civil defence radiation measuring
instruments. Methods for determining the true exposure-rate, and calibrating
such instruments, were therefore considered, and these are described in
Section 6.

A novel operating chart was devised for the "main beam" arrangement,
which correlates the many operational factors in a convenient form. This
chart is reproduced, in reduced size, in Fig. 2, together with explanatory
notes. Development of the chart is described in the relevant sections of the
report (ref. paras. 3.2, 3.5, 3.6, 3.8, 3.9 and 6.7).

Particular attention was given to radiation safety aspects of the
facility. The control console and electronic instrumentation are located in
a room adjacent to the exposure-room. The walls of these rooms are of
gsubstantial concrete and brick construction. A radiation survey was made
with a Victoreen Model 440 Low Energy Survey Meter. This verified that any
radiation dose received by personnel outside the exposure-room would be small,
and well within internationally accepted dose limits, with the X-ray generator
in normal operation. The sliding lead-shielded exposure-room door is fitted
with a Castel interlock of the key X and key Y type. Key X is required to
turn on the high voltage power supply at the console, and is only available
for this purpogse if the door is closed and locked. Key Y enables a person to
ensure, by carrying the key with him, that the door cannot be locked and the
X-ray generator operated, while he is inside the exposure-room. As a further
safequard warning lights, a buzzer, and an emergency stop switch are mounted
in the exposure-room, together with a suitable warning notice. A telephone
extension is also provided inside the exposure room.




2. PRIMARY X-RAY BEAMS : FILTER DESIGN

2.1 Primary X-ray Emission

When high energy electrons are incident on the target of an X-ray
tube (ref. Fig. 3) bremsstrahlung (braking radiation) is produced as a result
of deceleration of the electrons in the electrostatic fields of target nuclei
and electrons. This radiation has a continuous spectrum of photon energies
up to a maximum E_ keV, numerically equal to the tube voltage Vo kV.
According to Playfe [1] the spectrum is given by the equation:

N(E) = KI(Eo - E) (1)
where N(E)

I
and K

number of photons of energy E keV,
tube current,
tube constant.

Fluorescent radiation from the target material is also produced as a result of
the removal of inner shell electrons of target atoms. This radiation appears
as a peak superimposed on the continuous spectrum, and for a tungsten target
has a characteristic photon energy of about 61 keV.

2.2 Filter Design Criteria

Fig. 4 shows the effect of the inherent filtration of the tube on
the X-ray output, and how the energy spectrum may be sharpened by the addition
of a suitable external filter. In determining the optimum conditions,
workers employing this method have used either the intensity or the effective
energy of the photon beam as a criterion, the effective energy E_. keV being
defined by standard half-value-layer (HVL) measurements. Playle, for
example, selected a set of filters and corresponding tube voltages so as to
obtain suitable effective energies. He obtained a useful range of exposure-
rates by varying the tube current and/or test distance. According to Jones
and Benyon (2] about 80% of the exposure-rate in such beams is due to photons
within a "resolution band" + 100 W/Ef % about the median energy, where W keV
is the full width of the photon enerqy spectrum at half the maximum
intensity. They state that E. varies linearly with Vb, and that the
usefulness of a given filter is limited to a total range of about 80 kV.
Outside this range the energy spectrum becomes too broad at the higher
voltages, and the intensity too low at the lower voltages.

2.3 Modal Energy

Jones and Benyon indicate that the effective energy of heavily
filtered X-ray beams corresponds closely to the median energy. In the
present work the modal energy is used to describe the energy of the beam.

The modal enerqgy is easily determined from spectrum measurements, being the
point of maximum intensity. Since the spectra concerned are almost
symmetrical, the three energy parameters "effective energy”, "median enerqy",
and "modal energy" are approximately equal.
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2.4 X-ray Spectral Purity

Jones and Benyon have pointed out that to obtain acceptable spectral
purity in the beam, care must be taken to reduce leakage radiation from the
X-ray tube, especially as the beam intensity itself is substantially reduced
by the heavy filter. In the present work it was found necessary to
supplement the internal lead lining of the tube (ref. Fig. 3) with a layer of
lead sheet 9.5 mm thick, wrapped around the central portion of the tube.

Care must also be taken to reduce scattered radiation in the beam by
collimating it so that it will be clear of side walls, floor, and surrounding
objects. The collimators also reduce the amount of scattered radiation from
the end wall of the exposure-room; for example, Jager [3] obtained a three-
fold reduction in back-scattered radiation by this means. According to
Aitken and Dixon [4] the use of collimators does not introduce a significant
amount of unwanted radiation into the filtered beam.

2.5 Main and Wide Beams

Two holders were designed for attachment to the X-ray tube. The
"main beam"™ holder provides mountings for the filter, two lead collimators,
and the transmission monitor chamber, as shown in Fig. 5. In this
arrangement the port on the side of the holder may be closed by a lead
cover. The two collimators provide a well-defined conical X-ray beam, which
is clear of scattering materials over the full range of test distances. The
same holder is used for the fluorescent beams as shown in Fig. 6 (ref. para.
4.3). The second holder (not shown) is a smaller one with provision for a
single lead collimator which is mounted close to the X~-ray tube window. This
wide aperture collimator provides a "wide beam” arrangement, which allows the
irradiation of relatively large objects close to the X-ray tube. The
transmission monitor chamber may also be used with the "wide beam" holder.
The "wide beam" is not useful for test distances greater than about 2 m, owing
to scattered radiation from surrounding materials.

2.6 Composite Filters

It is not possible to use a single filter material over the entire
range of operating conditions required. Materials of higher atomic number 2
must be used as the tube voltage is increased, and the penetrating power of
the X-rays increases. Materials commonly used are aluminium (Z = 13), copper
(2 = 29), tin (2 = 50), and lead (2 = 82). These are cheap, readily
available, do not deteriorate rapidly by oxidation, and are easily
machined. In the pregsent work the attenuation factor T of a filter for
photons of energy E was related to its thickness x cm by the equation:

- u(E)x - {.‘-(E)px
T = e = e (2)
where u(E) = narrow beam linear attenuation coefficient, cm-1
§1E) = narrow beam mass attenuation coefficient, cmz/g
and p = density of the material, 9/Cm3




Values of W/p(E) were obtained from the compilations of Hubbell [S) and
Veigele et al (6]. To avoid unwanted peaks in the energy spectrum of the
filtered beam due to fluorescent radiation produced in the filter material, it
is necessary to use composite filters with components of successively lower 2
material. The K X-rays of lead (energy about 77 keV) are largely absorbed by
3 mm of tin; those of tin (about 26 keV) by 0.5 mm of copper, and those of
copper (about 8 keV) by 0.5 mm of alumi inm, in each case the reduction factor
being about 1000. The K X-rays of aluminium (energy about 1.5 keV) are
absorbed in a few centimetres of air.

2.7 Transmission Peaks

As shown in Fig. 7 there is a discontinuity in the attenuation
coefficient of a material at the X photon energy, due to the onset of K-
shell photoelectric interactions. For lead and tin the Kab energieg are
about 88 and 29 keV, respectively. If the incident X-ray beam has an
appreciable number of photons in this energy region, the transmitted beam will
have an unwanted peak with a continuous spectrum of energies just below the
K, energy. Lavender et al (7], after Jones [8], have shown that the tube
vo?tage should be more than twice the Kab enerqgy of the first filter component
to avoid such "transmission peaks"”.

2.8 Standard Filter Set

Taking into account the considerations above, a comprehensive set of
thirty composite filters was designed, and these were designated
systematically by a code number ea (ref. Table 1). The first letter e is an
"energy index" which indicates, as a multiple of S50 kV, the high voltage
design centre V_ kV of the filter. The useful range of the filter is
approximately Vc + 40 kV. The second letter a is an attenuation index which
indicates, as a power of ten, the attenuation factor of the filter for photons
of energy numerically equal to V_/2. Thus, for example, filter number 23 is
designed for a high voltage of 180 + 40 kV, and has an attenuation factor of
1000 for 50 keV photons. The greater the value of the attenuation index a,
the sharper is the energy spectrum of the transmitted X-ray beam, but the
intensity is also reduced. The set of filters with a = 3 appears to offer
the best compromise between sharpness of peak and beam intensity, and this was
selected as a standard set. In each of the thirty composite filters, the
fluorescent radiation of each component is reduced by a factor of at least
1000 by the later components (ref. para. 2.6). The full set of 30 filters
can be assembled from the 23 metal discs listed in Table 2.

2.9 Measured Spectra

X-ray spectra measured in the "main beam” are shown in Figs. 8(a) to
(o). These were obtained with a collimated 3 inch long by 3 inch diameter
NaI(Tl) scintillation spectrometer and 400 channel pulse height analyser (ref.
Fig. 9). The energy scale of the analyser was calibrated against standard
spectra from radiocactive sources (ref. Pigs. 8(p) and (q)). Figs. 8(a) to (q)
are pulse height spectra, and do not precisely indicate the X-ray photon
energy spectra because of the limited energy resolution of the scintillation
spectrometer. The effect is clearly shown in Figs. 8(p) and (qg), in which
the line spectra of the radiocactive sources are transformed into gaussian
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pulse height peaks. Despite this smearing effect the modal energies of the
X-ray beams can be determined with acceptable accuracy. For example, with
filter number 43, a tube voltage of 200 kV, and a tube current of 50 uA, the
modal energy is about 170 keV (ref. Fig. 8(h)). The small peak at about 77
keV in some of the spectra (see, for example, Fig. 8(1)) is due to fluorescent
radiation from the lead collimator around the detector, and does not indicate
a lack of spectral purity in the main beam.

3. PRIMARY X-RAY BEAMS : OPERATIONAL FACTORS

3.1 Air Attenuation and Air Density Correction Factors

The air attenuation correction factor A is used to allow for
attenuation of the radiation between the X-ray tube and the test point. It
depends upon the ambient temperature and pressure, and on the energy of the
X-ray beam, and is most significant at the lower energies. To facilitate its
determination the nomograph in Fig. 10 was constructed. This nomograph also
provides the air density correction factor D, which is used to normalise the
response of unsealed ionisation chambers to reference temperature and pressure
conditions of 22°C and 101.3 kPa (1013 mbar) (ref. paras. 6.4 & 6.6).

3.2 Exposure-rate Constant

The exposure-rate X R/h at a point on the X-ray beam axis is
proportional to the tube current I mA, and inversely proportional to the
square of the test gistance d m. Introducing a constant of
proportionality A m .(R/h)/mA and including the air attenuation correction
factor A, gives the equation:

AIA

2
d

X = (3)

The value of A depends upon the particular filter used and on the tube
voltage. It was determined for the "main beam” for each of the filters 23 to
63, using the "standard instrument method"” described in para 6.3. This was
done for the range of modal energies covered by each filter, using a tube
current of 1 mA. The experimental results, giving A as a function of the modal
energy E for each filter, are given in the upper left-hand corner of the
operating chart (ref. Fig. 2).

3.3 Scattered Radiation

The X-ray generator is set up in the exposure-room with the axis of
the "main beam” 92 cm from a solid concrete and brick side wall. To check
the effectiveness of the beam collimation system, the exposure-rate was
measured at several distances from 1! to 6 m, using the standard instrument
method (ref. para. 6.3). The monitor chamber was used to normalise the
measurements against fluctuations in X-ray output (ref., paras. 5.1 and
S$.2). The quantity 4 R/A was found to be independent of d up to 5 m,
veriSying the absence of significant scattered radiation. An increase
in a"%/A with 4 at greater distances was attributed to back-scattered
radiation from the end wall, which is 6.6 m from the X-ray tube target.




3.4 Test Distance

Paragraph 3.3 indicates that the test distance should not exceed 5 m.
The minimum test distance is governed by beam width considerations and the
need for positional accuracy, especially as the beam intensity depends upon the
square of the distance. Thus the minimum test distance is taken as 0.5 m.

3.5 Tube Current

The minimum tube current available with the 300 kV X-ray tube is
about 50 uA at all tube voltages, while the maximum current depends upon the
tube voltage as shown by the "Operating Region" curve given in the lower
right-hand corner of the operating chart (ref. Fig. 2). The current is
limited by the space-charge effects described by Jager [3] at voltages less
than 200 kV, and by the 3 kW dissipation-rating of the X-ray tube at higher
voltages. The maximum tube current is over 10 mA for all tube voltages above
50 kV. Adjustment of the tube current over its wide operating range is made
by a filament current control on the console. A small change in the filament
current causes approximately the same fractional change in the tube current at
all operating points. Thus any value of tube current may be set with good
precision. To obtain accurate readings of the tube current over the entire
operating range, especially at the lower currents, the 0-15 mA panel meter on
the console was supplemented in the present work by an external multi-range
digital current meter.

3.6 Beam Intensity

For a selected filter and high voltage setting, the tube current and
test distance can be varied independently over their respective ranges. The
exposure-rate at the test point can therefore be varied through more than four
orders of magnitude for most filters (ref. equation (3)). Moreover, since
both the tube current and the test distance can be accurately measured, this
wide range of exposure-rates is accurately reproducible. To facilitate
selection of a mutually consistent set of parameters (A, I, d, X) when using
the "main beam”, the nomograph on the left-hand side of the operating chart
(ref. Fig. 2) was constructed. This links the four parameters through an
intermediate parameter J, mA/m“, which is given by the eguation:

J=A3=_13 (4)
d
3.7 High Voltage and Tube Current

The output of the high voltage generator drops by about 2.7 XV per
mA of tube current. A linear compensation circuit causes the reading of the
high voltage meter to decrease at this rate when the tube current is
increased. In the present work the high voltage control was adjusted to allow
for this variation each time the current was altered. Nevertheless the
spectrum measurements indicated that the modal energy of the "main beam™ still
varied with the tube current. This residual effect was investigated for
filters 23, 33, 43, 53, and 63 using tube voltages of 100, 150, 200, 250, and
300 kV, respectively. In each case the tube current was varied over the full
range available; the results are shown in Fig. 11, The "Set kV" and
“Reference kV" are described in para. 3.8 bhelow.
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3.8 Set kV and Reference kV

The "set kV" S is the reading on the high voltage meter during the
test exposure, at the actual tube current used, I mA. The "reference kV" X is
the value of S that would give the same modal energy E, at a "reference
current” of S0 uA. Fig. 11 shows that K (and therefore E) decreases for each
filter with increasing tube current, even when S is kept constant. The
experimental points were fitted by least sguares for each filter to the
equation:

K = bo(s) + b1(S) 10910 (1) (5)
The values of b,(S) and b1(S) so obtained were found to vary linearly with S,

and using the method of least squares again, the following pair of equations
was obtained (for I in uA):

bo(s) = 1.108 8 - 3.45
(6)

by(S) = -0.0642 s + 3,31
This led to an overall result relating K to S and I given by the equation (for
I in pa):

K = (1.108 S - 3.45) - (0.0642 S - 3.31) logqq (I) (7)
The inclined "set kV" scale on the graph in the upper right-hand corner of the
operating chart (ref. Fig. 2) was constructed to agree with this equation.
This result clearly depends on the setting of the linear compensation circuit

in the console (2.7 kV/mA), which should therefore be checked regularly.

3.9 Modal Energy and Reference kV

Spectrum measurements gave the modal energy E of the X-ray beam as
the "reference kV" K was varied over the operating range (Vc + 40 kV) of each
filter. In each case, E was found to be a linear function of K. Linear
regression gave the following equations:

E = 0,627 K + 22,3, Filter 23
= 0,617 K + 36.7, Filter 33
= 0,590 K + 50.6, Filter 43 (8)
= 0,617 K + 59,4, Filter 53
= 0.635 K + 65,0, Filter 63

Checks were made by measuring the modal energy at "set kV" values not used in
deriving the equations, and at various tube currents up to the maximum
available, for all the filters tested. This verified the equations, within
the accuracy of the spectrum measurements of modal energy (1 or 2 keV). The
linear relationship between E and K found in this work agrees with the results
of Jones and Benyon (2] for effective X-ray energies found by half-value-layer
(HVL) measurements. The set of equations (8) was used to construct the
filter lines given in the graph in the upper right-hand quarter of the
operating chart (ref. Fig. 2).




3.10 Beam Profiles

The X-ray irntensity varies across the beam diameter owing to
obliquity effects, especially if a heavy filter is used, and falls off quite
sharply when the beam angle defined by the collimators is reached. Intensity
profiles were obtained using a small ionization chamber detector mounted on a
motor~driven platform as shown in the frontispiece. The scanning speed was
slow enough to prevent distortion by the measurement system's time constant,
and scans were made across the beam in both directions. To minimise the
effect of fluctuations in X-ray output the monitor chamber and electronic
ratio device (described in Section 5) were used. A light projector was used
to define the X-ray beam axis. A typical profile scan is shown in Fig. 12.

3.11 Profile Function and Useful Beam Diameter

Data from the profile scans were used to construct Fig. 13, which
gives the fractional reduction in beam intensity F(r) as a function of the
radial distance r mm from the beam axis, for various X-ray beams and test
distances. By selecting two parameters a and b for each test distance 4 it
was found that the experimental points could be fitted by a profile function
of the form:

F(r) = exp (a{! -/T + (r/da)P }) (9)

The useful beam diameter A may be defined as 2r where r is such that F(r) =
0.95 (ref. Fig. 12). The parameter A determines the minimum test distance
for irradiation of objects of a given size: for example, referring to Fig. 13,
this distance must not be less than about 2 m to irradiate a 200 mm radius
circle in the main beam. To fully irradiate a cylindrical object of length L
mm and diameter D mm, with its axis either parallel or perpendicular to that
of the X-ray beam, 4 must exceed the minimum value Ac mm given by the

equations:

A = D , co-axial case
(10)

2
or A = L +D , perpendicular case

4. FLUORESCENT X-RAY BEAMS

4.1 Fluorescent X-ray Emission

The fluorescent radiation beams are obtained by irradiating metal
foils in the intense primary beam close to the X-ray tube. In the process of
photoelectric absorption, the fluorescent X-rays of the foil material are
produced, the moat important being the K and K, X-rays. The photon energies
depend upon the foil material, and are 18ss thah 100 keV. The higher energy,

less intense KB X-rays may be preferentially attenuated by using a post-filter




with a K energy lying between the highest K energy and the lowest K, enerqgy
of the fluorescent radiation, as shown in Fig? 14, 1In designing post-filters
Storm et al [9] chose an attenuation factor of 50 for the K, X-rays, which
results in an attenuation factor of up to 6 for the Kd X-rays. In the
present work an attenuation factor of 20 for the K, X-rays has been

adopted. This gives a more useful fluorescent X-ray beam, as the

maximum X attenuation factor is only 2.5, this occurring for a lead foil, as
shown to Scale in Fig. 14.

4.2 X-ray Spectral Purity

In principle it appears that a sharply defined energy peak can be
obtained by this method. However, in practice the spectral purity of the
fluorescent beam can be reduced by leakage radiation from the X-ray tube, and
by Compton scattered radiation from the radiator foil and its mounting.

Since the fluorescent beams are of lower intensity than the filtered beams,
the leakage radiation must be reduced further. For this purpose the 9.5 mm
thickness of lead sheet added to the central portion of the X-ray tube housing
(ref. para. 2.4) was increased to 16 mm. In addition the cylindrical end
parts of the tube were covered by 6 mm thick lead sheet, and the high voltage
cable socket sections by 3 mm thick lead sheet. Fluorescent X-rays from the
tungsten target can be Compton scattered in the radiator foil and give an
unwanted peak in the fluorescent beam. For a fluorescent beam taken off at
right-angles to the primary beam, this peak will occur at an energy of about
56 keV. It may be reduced in magnitude by employing a pre-filter of erbium:
this material has a Ka energy just below the energy of the tungsten
fluorescent X-rays, ang operates on the same principle as the post-filters
described in para. 4.1. Bremsstrahlung from the tungsten target can also be
Compton scattered in the radiator foil and this is more difficult to control.
Most workers in this field have generally chosen thin radiator foils to reduce
the intensity of this unwanted radiation in comparison with that of the
fluorescent beam. However, Vyborny et al [10] refer to the use of foils
"thick enough to absorb most of the primary radiation”. The problem of
obtaining the optimum spectral purity is discussed further below, in the
paragraphs dealing with radiator foil thickness, radiator mounting angle, and
tube voltage.

4.3 Fluorescent Beams

The fluorescent beam arrangement uses the same holder as the main
beam arrangement (ref. Fig. 6). The first lead collimator, near the X-ray
tube window, is replaced by one with a smaller aperture to avoid irradiation
of the radiator foil mount and production of unwanted Compton scattered
radiation. The fluorescent X-ray beam emerges from the side-port of the
holder after passing through a post~filter, two further lead collimators, and
the transmission monitor chamber. The lead cover is placed over the main
port in order to attenuate the primary beam. Provision is made for the
radiator foil to be placed at an angle of 45° to the primary beam, in either a
"reflection® or a "transmission" mode. Ebert et al [11) have claimed that
better spectral purity is obtained with the reflection mode for low-Z radiator
foils, and with the transmission mode for high-Z radiator foils. However,
this was not confirmed in the present work, and the reflection mode, which
provides a fluorescent beam of greater intensity, was adopted as the standard
configuration.
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4.4 Radiator Foil Angle

In the photon energy range of interest (about 5 to 100 keV) the
differential Compton scattering cross~section has a minimum at about 90°, and
workers in this field universally agree that the fluorescent beam should be
taken at this angle to the primary beam. Storm et al have shown that the
most uniform fluorescent heam intensity profile is then obtained with the
radiator foil inclined at 45° to each beam, and they report that the useful
beam width increases linearly with the test distance. According to Kathren
et al [12] a beam uniformity of 2% should be attainable in a well constructed
system where the radiator foil and thickness do not vary by more than about 1%
and 2%, respectively.

4.5 Tube Voltage

There is considerable conflict in the literature as to the best tube
voltage to use with a given radiator foil. Kathren et al suggest that the
kilovoltage should be no more than twice the atomic number Z of the radiator,
in order to minimise the scattering of primary radiation. Storm et al
differentiate between photon energy, photon flux, and radiation exposure-rate
as criteria for X-ray spectral purity, and maintain that 300 kV yields the
best spectral purity when radiation exposure-rate is the criterion. Vyborny
et al, using a 150 kV X-ray tube, concluded that the optimum tube voltage
varied with the X_. energy of the radiator material, decreasing from 3 K b for
low~2 materials to 2 Ka for high-Z ones. On this basis their X-ray tube was
limited to radiator fox?s with Z less than about 75, that is, tungsten, which
has a xab energy of about 70 keV.

4.6 Radiator Foils and Post-Filters

A set of twelve radiator foils and matching post-filters was
designed in the present work. These are listed in Table 3 including
materials, thicknesses, average fluorescent radiation energies Exa and EKn'
and the K attenggtion factors of the post-filters. Data are also given in
Table 3 for the Er pre-filter that may be used to reduce scattered radiation
resulting from the tungsten fluorescent radiation. According to Kathren et
al the optimum fluorescent to scattered radiation ratio is obtained with a
radiator foil material of given atomic number Z if the mass thickness ¢ mg/cm2
is given by the equation:

0.0692
e

t - 3.6 (11)

This function is shown in Fig. 15, together with a curve of t versus Z given
by Storm et al, and the actual radiator foil thicknesses used by Ebert et
al. The radiator foil thicknesses used in the present work are given
approximately by the equation:

0.0462
e

t = 13-5 (12)

and this function is alsoc shown in Fig. 15.
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4.7 Measured Spectra

X-ray fluorescent beam spectra obtained using the equipment
described in para. 2.9 are shown in Figs. 16(a) to (1). The enerqgy scale of
the analyser was calibrated against the standard radioactive source spectra
shown in Figs. 16{(m) to (o). Note that the intensity scales are logarithmic,
ingtead of linear as for the earlier main beam spectra. As an example of the
difference Fig. 16(j) (with a linear scale) is included for comparison with
Fig. 16(qg).

4.8 Discussion of Results

These results indicate that useful X-ray beams can be obtained,
although complete evaluation is not possible because of the limited energy
resolution of the scintillation spectrometer, which fails to resolve
the K and K, X-rays of the radiator foils, and does not reveal the effect of
the post-fileets. If the results for each radiator foil are normalised to
the same tube current, they show that the intensity of the Compton scattered
radiation component increases more rapidly than does that of the fluorescent
radiation peak as the tube voltage increases. This Compton scattered
component would limit the usefulness of the beams for radiation instrument
energy response studies. The scattered radiation would mask the response of
such instruments to the fluorescent radiation at the nominal test energy,
especially as the response tends to fall off at the lower energies. It
appears from the present results that the optimum tube voltage is about 2.3
times the K ., enerqgy of the radiator foil, which gives a beam of useful
intensgity without excessive scattered radiation. This conclusion indicates
higher tube voltages than those recommended by Kathren et al (ref. para. 4.5)
for high-2 radiator foils, and much less than those indicated by the same
workers for low-Z ones. Measurements made with an unshielded detector, using
the lead radiator foil and a tube voltage of 300 kV, indicated that about 25%
of the unwanted radiation in the spectrum is Que to leakage radiation from the
X-ray tube, the other 75% being scattered radiation from the foil. For the
tin radiator foil and the same tube voltage these percentages are each about
50%.

4.9 X-ray Tubes

The present work was limited to use of the 300 kV X-ray tube.
FPurther work is required using the low energy 150 kV beryllium-window X-ray
tube with the low-Z radiator foils. This should also improve performance
with the intermediate-Z foils such as niobium (ref. Figs. 16 (k) and (1).
The low inherent filtration of the beryllium-window tube provides a beam with
a significant number of photons having energies just above the K ap eNeragy of
the low~Z radiator foils, giving good production of fluorescent radiat1on.
If the primary beam has few photons in this critical energy region, compared
with the number at higher energies, the fluorescent radiation will be small
compared with the Compton scattered radiation. Ideally, to obtain the best
signal to noise ratio for the wide range of radiator foils given in Table 3,
it appears that two X-ray tubes are required with voltages of about 200 and 75
kV. Also, to obtain fluorescent beams of good intensity, high output X-ray
tubes are required: for example, the 150 kV X-ray tube used by Vyborny et al
{10) was rated at S0 kw.
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5. X-RAY INTENSITY FLUCTUATIONS

5.1 X-ray Output Fluctuations

Line voltage variations, even after requlation, can cause
significant fluctuations in the intensity of X-ray beams. Playle [1] found
that heavily filtered beams were twice as sensitive to such variations as
lightly filtered beams. It is necessary to ensure good requlation of both
the primary voltage of the high voltage transformer, and the filament
current. In the equipment described here the three phase mains supply is
stabilised by a phase-gshift transformer stabiliser, and then by a motor-driven
auto-~transformer controlled by an electronic stabiliser in the console.
Fluctuations in X-ray output also occur because of the statistical nature of
the X-ray production processes described in para. 2.1,

5.2 Monitor Chamber and Electronic Ratio Device

wWhen using the X-ray facility it is necessary to ensure that test
exposures are repeatable, and to minimise the effects of short and long-term
fluctuations in X-ray output. Two devices provided for this purpose are:

(a) Transmission Monitor Chamber. This is an ionization chamber which
may be mounted as shown in Figs. 5 and 6 so as to monitor either the
primary or fluorescent X-ray beam. It enables test exposures to be
normalised to any given reference exposure.

(b) Ratio Device. This device is used in connection with the testing
of radiation measuring instruments. In conjunction with the
monitor chamber it enables certain fluctuations in the response of
the instrument to be eliminated, and the response to be normalised
automatically to reference exposure conditions.

5.3 Monitor Chamber Design

Two transmission ionisation chambers were constructed, with vacuum
deposited electrodes on the inner surfaces of the perspex walls. One was
made with aluminium electrodes, and one with carbon. The saturation
characteristics of the two chambers are similar, each requiring a minimum
polarizing woltage of about 200 V. A small electrode spacing of about 6.4 mm
was used without guard-rings, and there is an appreciable leakage current of
10 to 40 pa. This leakage current was found to vary only slowly with time,
and a picoampere source may be used to approximately balance it out, enabling
short-term measurements to be made with acceptable accuracy down to about 30
pA ionisation current. This limit of sensitivity corresponds to an exposure-
rate of about 7.5 uC/kgh (30 mR/h) at a test distance of 5 m using the main
beam. Thus the monitor chamber described cannot be used at the lower levels
of X-ray output which are available {(down to about 7.5 nC/kgh at 5 m test
distance). Use of gquard-rings to reduce the leakage current would improve
the performance of such a chamber. A greater electrode spacing would also
reduce this leakage current and, in addition, would provide greater
gsensitivity. However, increase of the electrode spacing is limited by the
fact that each doubling of this spacing would require the polarizing voltage
to be increased by a factor of four, if the collection efficiency is not to be
raduced,
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5.4 Ratio Device Operation

The electronic ratio device is based on a design published by
Planskoy [13] which takes three input voltages X, Y, and 2 and produces an
output voltage W given by the equation:

W = XY/z (13)

In the present application X is derived from the instrument under test, either
from an output socket or terminals, or from the terminals of a panel meter.

Z is derived from the monitor chamber output. Y provides a scaling factor
which enables measurements to be normalised to a previous reference

exposure. Thus, in the test exposure, Y may be set to equal Z, the mean
value of the Z voltage obtained in the reference exposure. If, during the
test exposure, both X and Z differ instantaneously from their mean values X
and Z by independent factors a and b, and by common factor c, equation (13)
gives:

W = XY/Z = acXY/(bcZ) = aXy/(bZ) = a¥X/b (14)

Thus the output of the ratio device gives the mean response g of the
instrument under test, normalised to the reference exposure Z. Fluctuations
which affect the instrument and monitor chamber equally (factor c) are
completely cancelled, as shown by the typical recorder traces included in Fig.
17. Fluctuations (such as electrical noise) which occur independently in the
instrument and the monitor chamber (factors a and b) are not cancelled out,
and the W trace shows some small variations as a consequence. To facilitate
the accurate determination of the mean level in the presence of these
variations, a chart recorder is normally used to record the W output signal.

5.5 Measurement System Details

A block diagram of a complete measurement system employing the ratio
device and monitor chamber is given in Fig. 17, Detailed circuit diagrams of
the ratio device are given in Figs. 18 and 19, The cathode ray oscilloscope
included in Fig. 17 is used for adjustment of the ratio device prior to
measurements. This is done according to the procedure specified by the
manufacturer of the integrated circuit used, employing a sine wave oscillator
and a stable dc voltage source incorporated in the ratio device. The
ionisation current from the monitor chamber is measured by a sensitive
electrometer amplifier, the picoampere source being included to balance out
the monitor chamber leakage current. The electrometer output is 30 V full
scale; the gain of the Z input amplifier in the ratio device is therefore set
at 1/3, so as to provide a standard 10 V full scale input. To provide the
same standard input level, the gain of the X input amplifier is set at
10000/£, where f mV is the full scale output of the instrument under test.
This instrument is connected to the ratio device through a buffer amplifier.

14

d




6. EXPOSURE-RATE DETERMINATION AND CALIBRATION OF

RADIATION MEASURING INSTRUMENTS

6.1 Terms of Reference

Not all applications of the X-ray facility require knowledge of the
exposure-rate at the test point; for example in shielding investigations,
only the ratio of the X~ray intensities before and after the shield is
required in order to determine a transmission factor. On the other hand, if
the facility is to be used to test and calibrate radiation measuring
instruments, the exposure rate at the test point must be known accurately.
Three methods for determining the true exposure-rate and calibrating radiation
measuring instruments will now be considered, including a number of correction
factors. The methods are equally applicable to civilian, military and civil
defence kinds of radiation protection instruments, and may easily be adapted
to suit either radiation-rate or integrating types.

6.2 Operating Chart Method

When using the main beam, an estimate of the exposure-rate at the
test point may readily be obtained from the operating chart (ref. Fig. 2).
The accuracy of this method is low, partly because of the small scales on the
chart and graphical limitations, and partly because fluctuations and drifts in
the X-ray output may result in a somewhat different exposure-rate from that
given by the chart. However, the method is useful for establishing operating
conditions, and may be used for preliminary work.

6.3 Standard Instrument Method

The most accurate method of determining the exposure-rate at a test
point in any of the available X-ray beams is to measure it directly with a
calibrated instrument. In the present work a Farmer Secondary Standard
Dosemeter with 0.6 and 30 cm3 ionisation chamber detectors was used for this
purpose. This instrument has a calibration traceable to the National
Physical Laboratory (NPL) in the United Kingdom, and its accuracy was verified
using a reference radioactive source of ““Sr supplied with the instrument.
It is noted that traceability to Australian primary standards could be
effected by calibration of the instrument by the Australian Radiation
Laboratory (ARL). Calibration of a radiation measuring instrument using the
standard instrument method of true exposure-rate determination requires two
consecutive exposures to be made, with the standard and test instruments
placed in turn at the test point. To obtain the best accuracy the monitor
chamber should be used to normalise the two exposures against any fluctuations
or drifts in the X-ray output.

6.4 Correction Factors for the Standard Instrument Method

The air attenuation correction factor A (ref. para. 3.1 and Fig. 10)
is not required when using the standard instrument method, as the exposure-
rate is directly measured at the test point. The air density correction
factor D (ref. para. 3.1 and Fig. 10) is required, if either the standard or
the test instrument (but not both) employs an unsealed ionization chamber
detector. If both instruments employ this type of detector, the correction
factor D is not required.
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If there is any significant difference between the dimensions of the

detectors in the standard and test instruments, allowance should be made for
X-ray beam non-uniformity. Frequently the detectors will be of cvylindrical
form, of length L mm and diameter D mm, exposed either co-axially or
perpendicularly as shown in Fig. 20, and beam profile correction factors
B(L,D) for these important cases will now be derived. If the detector is a
low-pressure gas-filled ionization chamber the beam profile function F(r)
(ref. para. 3.11) should be averaged over the chamber walls, as most of the
secondary electrons giving rise to ionization in such chambers originate in
the walls (ref. Attix [14] and Kondo and Randolph [151). However, there is
little error if the averaging is taken over the chamber volume, and this
simpler procedure will be followed here. Since the variation of F(r) over

! the length of the cylinder will be small, the correction factor for the co- ;

i axial case is given by the integral:

—

D/2 !
8 |
B(L,D) = = r F(r) dr (15)
D o i
For the perpendicular case a double summation is required, and for this

purpose the cylinder was divided into elements as shown in Fig. 21. The
_ volume vi of any element ij, and its distance s, ij from the beam axis, are

given by lhe equations:
, 2
v,., = 62 D /4 - r.2 (16)
ij i

and s,, = r. + 1, (17)
1) 1 ]

Taking advantage of the eight-fold symmetry, the required correction factor is
given by the summation:

32 D/ 26 L/26
B(L,D) = —— v .. F(s,.) (18)
"D 1; +J j; A3

Values of B(L,D) obtained by this method for the main and wide beams
were used to construct the graphs in Fig. 22, in which the correction factor B
is shown as a function of the "equivalent co-axial diameter” ¢ mm. For the
co~axial case $ = D, and B(®) is given by the thick lines. It was found

empirically that by taking ¢ = YIZ + D2/1.3, the thick lines could also be
used for the perpendicular case; for comparison purposes the actual
correction factors for the perpendicular case are indicated by the thin lines.

To facilitate determination of the parameter ¢ and the beam profile
correction factor B, the two nomographs in Figs. 23 and 24 were constructed.
These nomographs also give the smallest useful beam diameter A mm that will
fully irradiate the cylinders (ref. para. 3.11).

6.5 Accuracy of the Standard Instrument Method

Uncertainties in the standard instrument method of calibrating a
radiation measuring instrument are summarised in Table 4, the various
components being assessed as follows:
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(a) Standard Instrument Calibration If the Farmer Dosemeter were
calibrated at ARL, the systematic and random uncertainties would be
about 2% and 1% respectively, and these values are given in Table 4. 4
The uncertainty would be greater than this (about 5%) using the original
NPL calibration supplemented by checks against the reference Sr
source.

b) Distance In the standard instrument method the aim is to locate the
effective centres of the standard and test instruments at the same test
distance, and the actual value of this test distance is irrelevant.

The maximum percentage uncertainty in this procedure occurs at the l
minimum test distance of 0.5 m, and is estimated as a random uncertainty ;
of about 1%, f

(c) Test Instrument Response The uncertainty in this factor will depend '
upon the particular instrument being calibrated. However, for typical ’
civilian, military, and civil defence instruments of both the radiation-
rate and integrating types it is likely to be about 2% (random), and |
this value is given in Table 4. ;

chamber outputs for the standard and test exposures. The greatest
uncertainty will occur when relatively sensitive instruments are being
calibrated, and the monitor chamber output is at a relatively low !
level. The uncertainty in the normalisation factor may then be as high
as 2%, even if a chart recorder is used to enable fluctuations in the
monitor current to be averaged out over each exposure. A random
uncertainty of this magnitude is therefore included in Table 4.

(q) Normalisation The normalisation factor is the ratio of the monitor f
|

Combining the component uncertainties as shown in Table 4 indicates
an overall uncertainty of about 5%.

6.6 Monitor Chamber Method

In this method, the transmission monitor chamber is used as a
tertiary standard of radiation measurement, for which purpose it must be
calibrated against a secondary standard instrument. For any set of operating
conditions, the exposure-rate X on the beam axis at a test distance
4 m, may be found from the monitor current M pA, using the equation:

XM - AC!;M__ {(19)
d

The factor C mz.(mR/h)/pA is the monitor chamber calibration factor, and A and
D are the air attenuation and air density correction factors (ref. para. 3.1
and Fig. 10). The air attenuation correction factor A is always needed in this
method. However, care is required with the air density correction factor D.

It should be used only if the test instrument being calibrated does not itself
require an air density correction (for example, if it employs a sealed
ionisation chamber). If the test instrument employs an unsealed ionisation
chamber, the corrections for the monitor chamber (which is unsealed) and the
test instrument will be equal and will cancel out.
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A factor G is now introduced to provide for periodic checks of the
system. If ¥ is the true exposure-rate as determined by the standard

instrument, theén G is given by the equation:

2
XT =G XM = ACDGM/d (20)

Equation (20) gives the exposure-rate on the beam axis. Using the
beam profile correction factor B, the effective exposure-rate X_ appropriate
to the calibration of a radiation detector of finite size is given by the
equation:

2
kE =B kT = ABCDGM/4 (21)

6.7 Monitor Chamber Calibration Factor

Comparison of equations (3) and (19), shows that the
parameters A and C are related by the equation:

I
c = BE-A (22)

In the present work, C was determined directly from measurements of the true
exposure-rate X using the Farmer Dosemeter. Using & in place of & in
equation (19), and adding the beam non-uniformity correction factor B for the
standard instrument, C is given by the Squation:

d kT

C = ABDM (23)

For the Farmer Dosemeter the beam non~uniformity correction was negligible,
being less than 0.2% at 1 m in the main beam. This calibration was done for
the main beam, over a range of modal energies, for the standard set of
filters. The values of C obtained were plotted against the modal energy, and
the points were fitted by a smooth curve as shown in Fig. 25. Values of C for
use in equations (20) and (21) may be taken from this curve., The results were
found to be independent of exposure-rate, which was varied by using a range of
X~ray tube currents from 500 yA to 9 mA , using filter number 53 at a modal
energy of 223 keV. Corresponding monitor chamber calibration factors were
not determined for the wide and fluorescent beams. Fig. 25 indicates that
the value of C is roughly 33 mz-(mR/h)/pA. This value was used to construct
the F, M and ¥ scales in the lower left-hand corner of the operating chart
(ref. Fig. 2), in order to show the appraximate relationship

between X, M, and d. The parameter F m“R/h is given by the equation:

P = X dz = CM (A,B,D,G = 1) (24)

Although only very approximate, the nomograph can be used to estimate the
magnitude of the monitor current which will be obtained in a proposed
exposure, allowing a suitable electrometer range to be selected.
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6.8 Accuracy of the Monitor Chamber Method

Uncertainties in the monitor chamber method of calibrating a
radiation measuring instrument using equation (21) are summarised in Table 5,
the various components being assessed as follows:

(a) Monitor Chamber Calibration Taking into account the uncertainties
associated with the Farmer Dosemeter quoted in para. 6.5(a), and an
additional systematic uncertainty of about 2% in fitting the calibration
curve to the experimental points in Fig. 25, indicates systematic and
random uncertainties of about 2.8% and 1%, respectively. These values
are given in Table 5.

(b) Monitor Chamber Current The greatest uncertainty in this factor occurs
when relatively sengitive instruments are being calibrated, and the
monitor chamber current is relatively small. The uncertainty in the
current measurement may then be about 1%, even if a chart recorder is
used to average out fluctuations. If several exposures are made using
the electronic ratio device, the Y voltage is normally set to equal the
mean monitor chamber signal Z as described in para. 5.4, and this
involves a further uncertainty of about 0.5%, associated with the
setting of the precision ten turn potentiometer. A total random
uncertainty of about 1.1% is therefore assigned to this factor.

(c) Monitor Chamber Calibration Correction Use of the factor G is an
artifice, the product CG representing an updated calibration of the
monitor chamber. As such CG will have the uncertainty quoced in item
(a) above. Hence no separate uncertainty is attached to G, and it is
excluded from Table 5,

(a) Measuring System Stability Over a period of time between calibration
checks against the standard instrument there may be changes in the
characteristics of the monitor chamber, the electronic ratio device, or
their associated electronics. To allow for this factor a random
uncertainty of 2% is included in Table 5.

(e) Distance Uncertainty in fixing the origin ¢° the distance measuring
scale at the X-ray tube target contributes a systematic uncertainty of
about 2.5 mm in the test distance. There is also a random uncertainty
of about 2.5 mm in the location of the effective centre of the test
ingstrument’s radiation detector. The maximum percentage uncertainties
in @® occur at the minimum test distance of 0.5 m, and are then about 1%
(systematic) and 1% (random).

(£) Air Attenuation Correction Allowing an uncertainty of about 3 keV in
the effective X-ray energy (taken as the modal enerqgy from the operating
chart, ref. Fig. 2), the air attenuation correction factor determined
from the nomograph in Fig. 10, has negligible uncertainty (say 0.1%
random) for energies above about 50 keV. However, the uncertainty
increases significantly below this energy, dvue to the change in slope of
the u/p versus E curve, and is taken as 2.5% (random) at 30 keV, which
is the minimum proposed energy for the main beam. These uncertainties
are given in Table S.
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(g) Beam Profile Correction Uncertainty in this factor is not likely to
exceed 0.2% (random).

(h) Test Instrument Response Assessment of this factor is as given in
para. 6.5(c), and an uncertainty of 2% (random) as included in Table 5.

Combining the component uncertainties as shown in Table 5 indicates
an overall uncertainty of about 7%. As may be expected this uncertainty is
greater than that associated with the standard instrument method.

7. CONCLUSIONS AND RECOMMENDATIONS

An X-ray test facility has been established to provide a radiation
beam of energy between S5 keV and 250 keV, using either composite filters to
modify the primary X-ray spectrum, or radiator foils to produce secondary
fluorescent X-rays. Exposure-rates available range from 7.5 nC/kg
h (30 uR/h) to over 75 mC/kg h (300 R/h).

A range of composite filters has been designed for use with the
300 kV X-ray tube. Several of these (filters 13 to 63) have been selected as
a standard set to provide a range of sharply-defined beam energies from 30 to
250 keV. Results from the detailed evaluation of filters 23 to 63 have been
incorporated in a novel operating chart which combines operational factors
(filter number, tube voltage, tube current, and test distance) to predict
filtered X-ray beam characteristics (beam modal energy and exposure-rate).
Some further work with filter 13 is recommended in order to complete
evaluation of the standard set of filters. Also, to provide a wider choice
of X~ray beam characteristics, it may be useful to evaluate the filters having
ten times and one-~tenth the attenuation factor of the standard set, ie filters
14 to 64 and 12 to 62, respectively.

A range of radiator foils and post-filters has been designed.

Limited evaluation of some of these foils, using a 300 kV X-ray tube and a
scintillation spectrometer, indicates that useful X-ray beams can be obtained
by this method. It is recommended that this work be continued with a low
energy 150 kV beryllium window X-ray tube, to extend the energy range down to
5 kevV. High output X-ray tubes would provide more intense fluorescent X-ray
beams. A 200 kV tube and a 75 kV beryllium-window tube are recommended. An
important factor is the radiator foil thickness, and some research to
egtablish its effect on beam intensity and spectral purity would be useful.

Throughout the work the modal energy has been used as a measure of
the X-ray beam enerqgy. It could be worthwhile carrying out some half-value-
layer (HVL) measurements to verify that this modal energy approximates the
effective energy.

Application of the test facility to the testing and calibration of
radiation measuring instruments, including civilian, military, and civil
defence types, has been considered in detail, and methods of calibration have
been described. These methods include the use of a transmission monitor
chamber and electronic ratio device to automatically correct results for X-ray
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tube output fluctuations, and to normalise measurements to a reference
exposure. The best accuracy that can be achieved in the calibration of an
instrument is about 5%, requiring the use of a secondary standard instrument
calibrated at the Australian Radiation Laboratory (ARL). Finally it is noted
that the present monitor chamber has some limitations, and it is recommended
that this be replaced by one of improved design.
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TABLE 1

COMPOSITE FILTERS

Each composite filter is assembled in the order shown, with the element
in the first row being placed nearest to the X-ray tube

NE:;:ef1) Thickness (mm)
r Material
a 1 2 3(2) 4 5
e
1 0.15 0.30 0.45 0.60 0.75 Copper
5 0.5 0.5 0.5 0.5 Aluminium
2 1.0 2.0 3.0 4.0 5.0 Copper
0.5 0.5 0.5 0.5 0.5 Aluminium
0.5 0.5 0.5 0.5 0.5 Aluminium?
3 1.0 2.0 3.0 4.0 5.0 Tin
0.5 0.5 0.5 0.5 0.5 Copper
0.5 0.5 0.5 0.5 0.5 Aluminium
0.5 0.5 0.5 0.5 0.5 Aluminium®>
- - - 1.0 1.0 Lead
4 2.0 4,0 5.0 3.0 5.0 Tin
0.5 1.0 4.5 0.5 1.0 Copper
0.5 0.5 0.5 0.5 0.5 Aluminium
... (3)
0.5 0.5 0.5 0.5 0.5 Aluminium
- - 1.0 2.0 2.5 Lead
5 3.0 5.0 5.0 4.0 5.0 Tin
2,0 7.0 2,5 0.5 1.0 Copper
0.5 0.5 0.5 0.5 0.5 Aluminium
0.5 0.5 0.5 0.5 0.5 Aluminium'>)
- 1.0 205 3'5 405 Iead
6 5.0 5.0 4.0 4.0 4.0 Tin
2.0 3.0 0.5 1.0 2.0 Copper
0.5 0.5 0.5 0.5 0.5 Aluminium

Notes: (1) e = Energy Index; a = Attenuation Index (see text)
(2) Standard gset (see text)

(3) 0.5 mm aluminium is used to protect the lead and tin
discs from abrasion.




COMPONENTS FOR COMPOSITE FILTERS IN TABLE 1

TABLE 2

Number of Discs

Thickness
(mm)
Aluminium Copper Tin Lead
0015 - 5 - -
0.5 2 1 - -
1.0 - 7 ) 2
205 - - - 1
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TABLE 3

4
RADIATOR FOILS, POST-FILTERS, AND ERBIUM PRE-FILTER @
;
5
Radiator Foil Post Filter(1) '
Element Thickness Exas(z) EKG(3) Element Thickness At::::a:%on
(um) (keV) (keV) (um) Factor
22y (5) 80 4.55 4.51 - - -
25un 60 5.95 5.90 | 24cr 2.7 1.14
29¢y (3) 60 8.13 8.04 | %8s 3.9 1.19
Na%Br 270 12.09 11.91 | 4se 19 1,32
4y (5) 100 16,90 16.59 | 49z, (5) 20 1.28
47g (3) 110 22.58 22.10 | %%mn 26 1.43
505, (5) 175 25.77 25.19 | 48cq (5 50 1.49
580 290 35.5 34.6 | 571a 120 1.67
! 625 320 41.0 39.9 | 6%q 140 1.72
é 3rm 350 51.9 50.4 | S6py 170 1.75
i 78py 240 68.4 66.2 | "4 130 1.89
i 82pp () 500 76.7 74.2 | ®°au 180 2.56
] 74, 68 (4) {
X-ray tube | 60.7 Pre- Er 200 3.45
target filter
)
Notes: (1) Designed for a KB attenuation factor of 20. .
_ (2) EKGB = Mean energy of Kq and KB X~rays. %
£ (3) Exn = Mean energy of Kﬁ X-rays. :

(4) Mean attenuation factor of tungsten Ka and KB X~-rays.

(5) Only these foils obtained in present work.




TABLE 4

UNCERTAINTIES IN CALIBRATION OF A RADIATION MEASURING

INSTRUMENT BY THE STANDARD INSTRUMENT METHOD

Component Uncertainty in exposure-rate, %
Systematic Random

Standard Instrument Calibration 2 1
Distance - 1

Test Instrument Response - 2
Normalisation - 2

Sum in Quadrature 2 3.2
Total (Systematic + Random) 5.2

TABLE 5

UNCERTAINTIES IN CALIBRATION OF A RADIATION MEASURING

INSTRUMENT BY THE MONITOR CHAMBER METHOD

Uncertainty in exposure-rate, %

Component
Systematic Random

Monitor Chamber Calibration 2.8 1
Monitor Chamber Current - 1.1
Measuring System Stability - 2
Distance 1 1

2.5% at 30 keV
Air Attenuation Correction - {0.1‘ above 50 keV
Beam Profile Correction - 0.2
Test Instrument Response - 2

4.2 at 30 keV
Sum in Quadrature 3.0 {3.4 above 50 keV

-

7.2 at 30 keV

Total (Systematic + Random) {6.4 above S0 keV
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FI1G. 2 OPERATING CHART FOR THE MAIN BEAM ARRANGEMENT

Example and Explanatory Notes

Example:

Determination of suitable operating conditions for exposure of a

300 mm diameter radiation detector to a beam with a modal energy of 173 keV
and an exposure-rate of 200 mR/h, and estimation of the monitor chamber
current to enable a suitable instrument range to be selected.

Procedure:

(a)

(b)

(c)

(a)

{e)

Step 1 on the chart indicates filter number 43 for E = 173 keV.

Note 1: Sometimes a choice of filter will be available (eg. if

E = 180 keV): the higher-numbered filter will then provide the sharper

energy peak bhut a lower beam intensity.

Note 2: Step 2 indicates that the maximum exposure-rate available is

approximately 100 R/h.

2
1.6 m .{R/h)/mA and step 4

Step 3 indicates an exposure-~rate constant A =
= 0.13 mA/m".

combines this with X = 0.2 R/h to obtain J

In step S a suitable pair of values of tube current I and test distance 4
must be selected subject to the following constraints:

(i) I must not exceed the maximum rated current Tyuax® To check this
steps 6 and 7 are followed to obtain reference kV X = 207, and the
set kV S is approximated by the value 8y = 1.1 K = 228, Using
the Operating Region curve IMAX is therefore approximately 14 mA.
If required this estimate may be improved in accuracy following
item (d) below.

(ii) Reference to Fig. 24 indicates that 4 must be greater than 1.5 m
if the useful beam diameter A is not to be less than the 300 mm
diameter of the test object.

(iii) 1In general, the maximum value of d should be chosen, as this gives
the maximum monitor chamber current, and therefore the best
measurement precision in both this quantity and the distance
itself.

In the example shown on the chart I = 3,2 mA and 4 = 5.0 m are selected.

Steps 8 and 9 use the last-mentioned values to obtain the actual set

Finally, step 10 uses the values d = 5.0 m and X = 0.2 R/h to obtain the
estimated monitor chamber curren: M = 180 pA.

Conclusion:

The radiation detector should be located with its effective centre

at a test distance of 5.0 m. The monitor chamber electrometer should be set
to a range consistent with an expected current of about 180 pA. Filter
number 43 should be used. During the exposure the tube current and high
voltage controls should be adjusted so that the corresponding console meters
read 3.2 mA and 225 kV, respectively.
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Typical fluorescent X-ray beam measured spectra and radiocactive
source calibration spectra

Part 2: X-ray examples (g) to (1)

Data includes radiator foil, set kV, tube current, and multi-
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r1G. 16 Typical fluorescent X-ray beam measured spectra and radicactive
source calibration spectra

Part 3: Calibration examples (m) to (o)

Data includes radiator foil, set kV, tube current, and multi-
channel analyser sensitivity (eV/ch) and live time (LT).
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FIG, 22 = Bean profile correction factors B (¢) for the main and wide
X-ray beams q
’ The thick and thin lines are respectively for coaxial and y
perpendicular irradiation of a cylindrical radiation detector
of diameter D mm and length L mm. The equivalent coaxial
diameter ¢ is given by ¢ = D, coaxial case, and
¢ = /IT % DZ/1.3, perpendicular case.
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EXAMPLES ILLUSTRATING USE OF THE NOMOGRAPHS

IN FIGS. 23 AND 24

Example 1:

Coaxial irradiation of a 500 mm diameter cylindrical detector at a
test digstance of 3 m in the main X-ray beam.

Joining the points d = 3 m and ¢ = D = 500 mm in Fig. 24 gives B =
0.979 using the main beam scales for 4 and B, The nomograph shows also that
the useful beam diameter A = 600 mm at the given test distance, hence it may
be concluded that the detector will be fully irradiated by the beam.

Example 2:

Perpendicular irradiation of a 230 mm diameter and 290 mm long
cylindrical detector at a test distance of ! m in the wide X-ray beam.

Joining the points d = 1 m and & = /L2 + D2/1.3 = 285 mm in Fig. 24
gives B = 0,982 using the wide beam scales. The useful beam diameter
A = 400 mm. This will be sufficient to fully irradiate the cylinder, as the
nomograph in Fig., 23 shows that the minimum beam diameter required for this
purpose is 4. = 370 mm. Fig. 23 also indicates the value ¢ = 285 mm
calcula“ed above.




All_scaies 1 mm

800
350

700
300

BOTH Land D € 400mm ’ EITHER L or D > 400mm

FIG. 23 - Monograph for determination of the equivalent coaxial diameter
9 of a cylindrical radiation detector irradiated
perpendicularly, and the corresponding minimum beam width Ac.
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factor B(#) for a cylindrical radiation detector irradiated
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