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1. INTRODUCTION

This report describes work that was undertaken to improve the accuracy of the x-ray
spectra that are measured with the National Radiation Laboratory’s (NRL) high purity
germanium (Ge) x-ray spectroscopy system. NRL has operated a Ge detector x-ray
spectroscopy system since 1982-83, and a report on the system was produced in
19857, Since 1985 the spectroscopy system has been upgraded and the key
components in the system that were used for this work consist of an EG & G Ortec
model GLP-16XXX-HCR-S detector/preamplifier, an Ortec model 572 spectroscopy
amplifier, a Canberra model 8715 analogue to digital converter (ADC), and a
Canberra AccuSpec B multichannel analyser (MCA). The basic operation of the
system is unchanged though, and the 1985 report provides an introduction to the
present work in which the effects of pulse pile-up and the detector response function
have been further investigated.

Pulse pile-up is a distortion that occurs in a measured spectrum because the
spectroscopy system has a finite processing time for each photon detected, and
interference can occur when several photons interact with the detector in a short space
of time. When performing kVp calibrations on NRL’s x-ray generators with the
spectroscopy system the effects of pulse pile-up are undesirable because noise is
added around the region of interest where the kVp determination is being made. This
reduces the accuracy with which the kVp determination can be made.

Pulse pile-up occurs to some extent in all measured spectra, but the problem worsens
as the photon count rate increases. A typical photon flux rate for a diagnostic x-ray
tube with 3 mm Al filtration at 80 kVp is® 3 x 10° photons.mA™.(mm%)".s™ at 0.75 m,
and so a 200 mm” detector positioned 1 m from the x-ray tube will receive ~10"
photons.s'1 for an 80 kV, 100 mA exposure. To reduce this count rate the detector can
be positioned further (~5 m) away from the x-ray tube, and the beam can be
collimated through lead pinhole apertures. For fluoroscopy tube currents these steps
are sufficient to reduce the count rates to ~10° s, however for radiography tube
currents a larger distance or additional copper filtration is required. With a count rate
of 10° s the pulse pile-up contributes about 5% of the total area of the measured
spectrum and in order to obtain an accurate representation of the real x-ray spectrum
some means of correction must be applied to the measured spectrum. In Section 2 the
theory of pulse pile-up is described and a method that has been developed for
removing pulse pile-up is detailed.

The response of the detector to an incident photon depends on the type of interaction
that the photon undergoes in the Ge crystal. A number of cases can occur where not
all of the photon’s energy is transferred to the crystal, resulting in the photon counts
being incorrectly stored by the spectroscopy system. If a measured x-ray spectrum is
required for dosimetry studies then it is important to correct for the detector response
since the proportion of high energy photons is systematically underestimated, while
the lower energy photons are overestimated in the measured spectrum.

To correct for the effects of the detector response, the interactions of the x-ray photons
in the Ge crystal need to be modelled in some way. Monte Carlo simulations provide


















Figure 3.2:  Detector response as a function of incident x-ray energy for a Ge
crystal of 16 mm in diameter and 13 mm deep
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The Compton continua have been modelled by binning the deposited energy of the
Compton escape photons into 20 channels below the Compton edge, and 10 channels
above (ie up to 3/2 of the Compton edge energy) for each of the energies simulated.
For a given energy the continuum is constructed by interpolating between each of the
30 data points. Because the Compton continuum is "discontinuous" at the Compton
edge energy, the values for the two channels either side of the Compton edge are
linearly extrapolated to the Compton edge energy. Figure 3.3 shows the continuum
generated by 150 keV incident x-rays. The area of each continuum is normalised to 1.
To subtract the continuum its area is scaled by the correct number of Compton
fraction counts, and the number of photons to subtract from each of the measured
spectrum channels is calculated from the area of the Compton continuum over that
channel.

The file containing the data for the Compton continua has not been listed in an
appendix because it is prohibitively long.
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Figure 3.3: The normalised Compton continuum generated by 150 keV
incident x-rays
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The response data that has been obtained from GESIM is used to unfold a measured
spectrum in the same way described by Le Heron’ and Chen et al’’. The unfolding is
done from the high energy channels down with a correction for the photopeak fraction
being performed and then the Compton fraction and K escape fraction photons are
subtracted from the appropriate lower energy channels. Figure 3.4 shows the results of
the unfolding procedure performed on a 140 kVp x-ray tube output spectrum
measured with the 10 mm deep detector. The corrected spectrum has more counts in
the higher energy channels where real counts are missed due to no or only partial
interactions, and less counts in the lower energy channels where the anomalous results
of partial x-ray interactions are most likely to be recorded. The remaining counts that
are still present in the channels below about 10 keV are most likely the result of back
scattering effects that have not been included in the correction model.
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Figure 3.4: Example of a measured x-ray spectrum corrected for the effects of
the detector response
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3.3 Details of the EGS4 program EGSIM

The detector response has also been determined using the EGS4 Monte Carlo code
system. An EGS4 user code called EGSIM has been written that simulates the
response of a Ge detector in the same way as GESIM. The primary photons are traced
and interact via coherent or incoherent scattering, or by photoelectric absorption.
Scattered photons and K-fluorescence photons are traced through any subsequent
interactions until their energy drops below 5 keV, or until they leave the detector
volume. The cut off energy for electrons has been set at 300 keV so that scattered
clectrons are not traced, and their energy is deposited locally.

The EGS4 code includes intrinsic routines to calculate interaction type, scattering
angles, and coordinate transformations. The user, in addition to the appropriate
initialisations provides a geometry routine and a scoring routine that are specific to the
problem being modelled. The geometry routine must track a particle through the
various geometric regions, and pass this information back to the EGS4 routines. In the
Ge detector problem the only regions are the Ge cylinder, and the vacuum
surrounding it. The scoring routine for the Ge detector problem records what types of
interactions occur, and whether the particle escapes the detector, or is absorbed inside
the detector so that the outcome can be scored correctly. A listing of the EGS4 user
code EGSIM is given in Appendix D.
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3.4 EGSIM results

The response function of the detector has been calculated by EGSIM using 10
photons per energy for an energy range from 6 keV to 300 keV in 2 keV intervals.
The response results for a Ge crystal 16 mm in diameter and 10 mm deep are listed in
Appendix E, and are shown in figure 3.5. With three exceptions the response
determined by EGSIM is the same as the response determined by GESIM to within
the accuracy of the cross section data used. The three exceptions are not critical and
are discussed in turn below.

Figure 3.5: Detector response as a function of incident x-ray energy for a Ge
crystal 16 mm in diameter and 10 mm deep. Data calculated using
EGS4 code.
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For energies near the K-edge of germanium the EGSIM response calculations differ
from the GESIM calculations. The reason for this is that EGS4 interpolates the Ge
photon cross section data between points across the k-edge. This results in a steep
slope in the cross section between about 10.85 keV and 11.15 keV for the data used
here, rather than a discontinuity at 11.104 keV.

The Compton fraction calculated by the EGSIM code differs from the GESIM
calculations for energies below ~ 30 keV. This is because the EGS4 simulation
reported here does not account for the effects of electron binding when calculating
Compton scattering. The electron binding lowers the cross section for low
energy/momentum transfer collisions with the result that the Compton fraction is
lower at low energies in the GESIM results. Namito ef al.” have included binding
effects in the EGS4 Compton interaction model, but this work was not implemented
here.
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The fraction of K fluorescence x-rays that escape the detector is systematically lower
in the EGSIM results despite the fact that the same relative intensity for the K, and Kg
x-rays is used in GESIM and EGSIM. The difference is caused by the fact that the K,
photons have an energy of 10.983 keV which is close to the k-edge energy where
EGS4 calculates a cross section value that is higher than the value used by GESIM.
This results in a shorter mean path length for the Ky x-rays in the EGSIM simulation,
and hence fewer escape the detector.

3.5 Extensions to the model

The use of EGS4 to code the Ge detector simulation means that a number of
sophistications to the present model can be reasonably easily implemented.

The present code assumes that the Ge electrons are at rest when a Compton interaction
occurs. In reality the bound electrons are in motion and their momentum prior to the
Compton interaction influences the scattered electron’s energy. This detail has been
taken into account by Namito et al”®? for the EGS4 code. For the case of the Ge
detector response, including electron motion changes the calculated Compton
continua from "sharp" triangular shapes to broader, lower amplitude Gaussian
shapes”. This change in shape is likely to improve the results of stripped spectra in
the diagnostic energy range.

In the present model it is assumed that the Ge crystal is isolated in a vacuum when it
is actually mounted on some sort of heat conducting block (presumably copper).
Some of the x-rays that pass through the detector, or scatter through a small angle may
interact with the mounting block, and scatter back into the Ge crystal. With EGS4 the
mounting block could be included in the geometry, and for a given energy the fraction
of incident x-rays that backscatter back into the detector could be counted. The
average energy response could be determined, and a subtraction for this effect
included in the spectrum stripping routine.

At present the backscatter effect is not accounted for because for energies below
~ 100 keV the fraction of photons escaping the back of the detector is low and there
will be only a small backscatter contribution. Above 100 keV more photons will
escape the detector, but the chance of a backscatter back into the crystal is reduced
because the Compton interaction differential cross section is forward biased at these
higher energies. At high energies measured spectra show that there is a substantial
scatter contribution, however, a complete model of the spectroscopy system is
required to account for this since there will be appreciable scatter off the lead pinhole
collimators, as well as scattered radiation from the entire detector/cryostat
construction.

EGS4 includes code to trace the electrons that are scattered in the event of Compton
or photoelectric interactions, and so the detector model could be extended to include
the possibility of electrons escaping the detector volume. As with the backscatter
model, the average energy response for the electron escape effect could be calculated,
and a subtraction for it included in the spectrum stripping routine.
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