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Abstract
The energy distribution (spectrum) of pulsed photon radiation can hardly be measured using
active devices, therefore, a thermoluminescence detector (TLD)-based few-channel spectrometer is
used in combination with a Bayesian data analysis to help resolve this problem. The spectrometer
consists of 30 TLD layers interspaced by absorbers made of plastics and metals with increasing
atomic numbers and thickness. Thus, the main idea behind the device is the deeper the radiation
penetrates—the higher the radiation’s energy when the radiation impinges perpendicular to the
front of the spectrometer. From the doses measured in the TLD layers and from further prior
available information, the photon spectrum is deduced using a Bayesian data analysis leading to
absolute spectra and doses including their uncertainties and coverage intervals. This spectrometer
was successfully used in two different scenarios, i.e. for the spectrometry of the radiation field two
different industrial type open beam pulsed x-ray generators and secondly in three different
radiation fields of a medical accelerator.

1. Introduction

Pulsed photon radiation is more and more present, in the low energy range up to a few hundred keV, e.g. as
side effect at ultra-short, pulsed laser machines used for materials processing [1], in medical diagnostics [2],
or from small, pulsed x-ray tubes for material testing such as welded seams [3], but also in the MeV range,
e.g. at linear accelerators in tumor therapy [4]; even extreme laser driven radiation is investigated [5].
Depending on the pulse duration, pulse structure (single or repeated, regular or not), dose and dose rate per
pulse, neither spectrometers nor dosemeters function reliably [6]—e.g. due to pile-up or dead time effects.
Therefore, in this work, a spectrometer based on the passive detection method of thermoluminescence
dosimetry is used [7, 8]. From its readings both the spectra as well as the total dose in radiation fields as
described above are measured and analyzed—with the whole process of measurement and data evaluation
being validated in well-known radiation fields beforehand. The spectrometer has recently been used in the
low photon energy range, i.e. up to about 30 keV [9], while it is applied in the medium (up to a few hundred
keV) to high energy range (up to a few MeV), in this work.

2. Measurements and data evaluation

2.1. Measurements
For the measurements a thermoluminescence detector (TLD)-based few-channel spectrometer (FCS) was
used. In this spectrometer, TLD700 detectors, i.e. TLDs made of 7LiF, were used interspaced by ten filters
made of polymethyl methacrylate and 20 filters made of metals with increasing atomic number (from 13 up
to 74) and increasing thickness (from 0.1 up to 19 mm) (see figure 1) [7, 8]. The penetration depth of the
x-ray radiation in the spectrometer depends on the energy resulting in the different TLD layers in increasing
doses per incident fluence (responses) with increasing photon energy but decreasing doses from the front to
the back. By this, the energy-resolved and absolute spectrum of the radiation, including the uncertainties and
coverage intervals of the spectrum as well as their characteristics such as mean energy, Ē, air kerma, Ka,
operational dose quantities like personal dose equivalent at 10 mm depth, Hp (10), and others and the
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Figure 1. Sketch of the TLD-based spectrometer. Basic principle: the deeper the radiation penetrates, the higher its energy.

corresponding conversion coefficients from air kerma to the operational quantities, h, can be determined
from the dose values in the TLD layers by means of Bayesian spectrum deconvolution (i.e. by mathematical
methods).

TLDs, as passive detectors, are unaffected by the time structure of the radiation field, and, therefore,
circumvent all difficulties electronic detectors face when used in pulsed radiation fields.

The experimental setups are shown in figure 2: firstly, two different industrial type open beam
battery-powered pulsed x-ray generators from Golden Engineering, an XR200 (with 150 kV tube voltage)
and an XRS4 (with 370 kV tube voltage) were placed in front of the few-channel spectrometer.

Secondly, the few-channel spectrometer was used for the spectrometry of the radiation field of a medical
accelerator. For this, the spectrometer was placed at 5.5 m distance from a medical accelerator (with 25 MV
accelerating voltage) with a 2 m concrete shielding wall in-between at two different beam cross sections, see
below. This corresponds to the situation of non-optimal shielding in the vicinity of such an accelerator where
medical or operating staff could be located. Therefore, this scenario is to be considered for use in future as a
reference field for testing active personal or area dosemeters.

Furthermore, in another experiment, two more few-channel spectrometer were placed at the reference
position of the radiation field, i.e. at 1 m distance from the accelerator head (isocenter of the accelerator, see
figure 2). The radiation fields at the latter position are well known. Therefore, these two latter spectrometers
as well as two more placed in the radiation fields of well-known x-ray tubes were used for the purpose of
validation of the measurements in the unknown fields and its data evaluation. Details regarding the data
evaluation follow in the section 2.2 while details regarding the validation follow in section 3.

At the medical accelerator, the maximum accelerating voltage was 25 MV possibly resulting in
photoneutrons producing a significant dose reading in the TLDs. Especially thermal neutrons but also those
with larger energies can produce significant readings in the TLDs leading to wrong results as all dose values
were assumed to origin from photons. Therefore, the possible neutron influence on the TLDs was
investigated for the two types of experiment at the 25 MV accelerator, i.e. at the isocenter for the purpose of
validation as well as behind the shielding wall.

(a) For the irradiations at the isocenter of the accelerator (for validation purposes), as a first guess, the corres-
ponding dose readings in the TLDs were assumed to origin from photons only. This assumption turned
out to be correct for two reasons: firstly, the TLDs used were TLD700 material assuming a maximum of
about 0.01 % 6LiF compared to more than 95 % 7LiF in the detectors [10] resulting in a very low sensitiv-
ity to thermal neutrons; secondly, the corresponding spectra obtained via the data evaluation described
below in section 2.2 agree quite well with the correct spectra, even at 25 MV accelerating voltage, see
section 3 and figure 3 in it.

(b) Behind the shielding wall, significantly more thermal neutrons could be present due to the moderation
process in the 2 m concrete wall. Therefore, the neutron contamination was estimated using measure-
ments with Physikalisch-Technische Bundesanstalts (PTB’s) Bonner Sphere spectrometer [11]. From a
neutron spectrum with two dominant contributions, one at thermal energy (around 25 meV) and one
slightly below 1 MeV, the resulting dose reading in the TLDs in the few-channel spectrometer was estim-
ated by multiplication with the corresponding kerma factors for 6Li (for the neutron fluence around
25 meV multiplied by 0.01 % due to the small amount of 6Li in the TLDs) and 7Li (for the neutron
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Figure 2. Experimental setups. Top: an industrial type open beam x-ray generator, XRS4, left, and a few-channel spectrometer,
red (right). Bottom: sketch of the medical accelerator, right, a 2 m concrete shielding wall, middle, and the two alternative
positions of the few-channel spectrometer, red (small rectangles).

fluence around 1 MeV) [12]. From this, the maximum possible dose reading due to neutrons resulted to
be in the order of 0.1 µGy and below during the irradiation times of the two few-channel spectrometer
[13]. The minimum dose values in the TLDs used for the data evaluation were approximately 50 µGy.
Thus, a significant contribution due to neutrons could be excluded.

2.2. Data evaluation
A Bayesian data evaluation was performed using the WinBUGS software [14] which, besides the photon
spectrum, also supplies the corresponding uncertainties and coverage intervals. The following prior
information for the photon spectra was included in the data evaluation: (a) a smooth rise with increasing
energy; (b) an exponential decrease at higher energies (due to the typical spectral shape of Bremsstrahlung
spectra); (c) a peak in the spectrum at the energy of the expected characteristic fluorescence radiation (if any,
like for the measurement at x-ray tubes according its anode material). The method of analysis is outlined in
detail in appendix A.

3. Validation of the data evaluation

To ensure that the evaluation method is reliable, the spectrometer was irradiated in four known reference
radiation fields of PTB at different photon energies, i.e. at an x-ray facility usually used for calibrating and
type testing radiation protection dosemeters and secondary ionization chambers as well at a medical
accelerator usually used for calibrating secondary ionization chambers as used in clinicals. Figure 3 shows the
spectra from the corresponding data evaluations compared to the spectra assumed to be correct. The correct
ones were determined for x-ray spectra using a high-purity germanium spectrometer [15, 16] and for spectra
from a medical accelerator by an optimization process using calculated spectra and measured depth dose
curves [8]. The fluence spectra were converted to air kerma, Ka, and dose equivalent, H, using the

3
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Figure 3. Validation in reference radiation fields at PTB: absolute comparison of the spectra measured with the few-channel
spectrometer (blue and red line with symbols) and the correct ones, black lines. Start describes the a priori information used for
the data evaluation. Top: spectra from conventional x-ray tubes at different high voltages according to ISO 4037-1 [21] (fluence
per 1 Gy air kerma) and bottom: spectra from a medical accelerator at different accelerating voltages (fluence per 1 Gy absorbed
dose to water). The bottom graph has a logarithmic ordinate and an insert with a linear one and a smaller energy range. The main
characteristics of the spectra are given in the legends. The uncertainty bars show the 95 % coverage intervals (k= 2). All
dosimetric data presented are in accordance with ICRU 90 [20], see appendix B.

corresponding conversion coefficients from air kerma to the operational quantities for mono-energetic
photons, hE [17–19]. In those cases, conversion coefficients are only available up to 10 MeV photon energy,
the values above this energy level were extrapolated. The corresponding results are given in the figure’s
legend.
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To note: the air kerma values, the conversion coefficients (from air kerma to the operational quantities
such as ambient dose equivalent) as well as related correction factors stated in this work are valid for total air
kerma according to ICRU 90 [20], for details see appendix B.

The 95 % coverage intervals (k= 2) were determined from the probability distribution for each energy
channel, which is calculated as part of the Bayesian data evaluation. They incorporate the prior information
on the measurements which were used for the data evaluation, i.e. the prior information described in
section 2, as well as different uncertainty contributions, see appendix A.

Although the precise shape of the spectra, especially the fluorescence contribution, is not always perfectly
reproduced, the absolute height of the spectra as well as their main characteristics are quite well determined
using the few-channel spectrometer. Taking into account the limited spectral resolution (low number of
energy bins compared to the much larger number of energy bins from the HPGe-spectrometry), this
demonstrates the spectrometer’s capability for an absolute spectrometry including dose determination at
rather different tube and accelerator voltages, see figure 3 and its legend.

To give an impression of the data evaluation’s capability, the spectra corresponding to the respective start
values for the free parameters are also shown together with their characteristics.

4. Results

Figure 4 shows the absolute photon fluence spectra together with their 95 % coverage intervals and the main
characteristics of the spectra. Top: spectra from two different industrial type x-ray generators and bottom:
spectra from two shielded, pulsed high energy photon fields from a medical accelerator with two different
beam cross sections as well as the spectrum measured in the direct beam. The two x-ray spectra overlap up to
about 50 keV photon energy. This leads to the assumption that the exit windows (filtration) of the two x-ray
tubes are rather similar (unfortunately, information on the windows is not available from the manufacturer).
The legends show the main characteristics of the spectra, while tables 1 and 2 list several more dosimetric
characteristics of the five radiation fields shown in figure 4, top and bottom respectively, together with their
standard deviations (k= 1) and 95 % coverage intervals (k= 2). All values presented were taken directly
from the data evaluation supplied by WinBUGS. Together with the dosimetric characteristics listed in
tables 1 and 2, the spectrum averaged values of kISO2019,ICRU90 and (1− g) are given; all dosimetric data
presented are in accordance with ICRU 90 [20], see appendix B. As can be seen, kISO2019,ICRU90 is the larger the
smaller the photon energy. This results from the difference between unrenormalized and renormalized cross
sections which is increasing with decreasing photon energy. In contrast, (1− g) is rather close to unity for
the x-ray qualities while it decreases with increasing photon energy due to the increasing bremsstrahlung
production in the MeV photon energy region.

It is obvious from the top part of figure 4 that the maximum tube voltages of the x-ray tubes stated by the
manufacturer are reproduced quite well. As expected, the dose per pulse is significantly larger, i.e. roughly
double for the XRS4 with 370 kV compared to the XR200 with 150 kV, while the conversion coefficient from
air kerma, Ka, to ambient dose equivalent, H∗(10), is rather similar. Likewise, the mean energy (fluence
weighted) is significantly larger for the XRS4 than for the XR200. The measurement for the XR200 was
previously performed in 2008 and evaluated at that time using another software [8]. Points to especially note
are the air kerma, Ka, and the conversion coefficient to ambient dose equivalent, h∗K(10), differ to the values
determined using WinBUGS (see table 4 in the former work [8]) in comparison to the legend of the top part
of figure 4 in this work. The reason being the GRAVEL software used in 2008 led to non-zero fluences even at
very small photon energies down to 3 keV. As the air kerma per fluence, Ka/F, strongly increases with
decreasing energy, the air kerma determined at that time was more than 10 % larger compared to the air
kerma determined now with WinBUGS. The larger value of Ka also led to the smaller value of h∗K(10)
compared to the value determined now. For several reasons, the WinBUGS results from this work are
considered to be much more reliable than the GRAVEL results. Firstly, the non-zero fluence at very small
photon energies is not plausible as the XR200 exit window and the air between the XR200 and the
few-channel spectrometer leads to a significant absorption of the low energy photons. Secondly, the spectra
of the XR200 were measured using three different settings: at 27 cm distance with 2× 99 pulses, at 27 cm
distance with 10× 20 pulses and at 82 cm distance with 2× 99 pulses (see table 4 in the former work [8]).
The results for the three settings determined at that time, using GRAVEL, deviated significantly from each
other, especially the values for h∗K(10) which deviated by up to 8 %, while the results for the three settings
determined in this work, using WinBUGS, deviated significantly less from each other, e.g. the values for
h∗K(10) deviate from each other by less than 0.5 %. Thirdly, the results fromWinBUGS are accompanied by
uncertainties, this is not the case for the previous results. In the top part of figure 4 as well as in table 1, the
results of the measurement using the XR200 are shown for the 27 cm distance with 2× 99 pulses setting,
while for the XRS4, the corresponding parameters were 30 cm distance with 10× 10 pulses and 76 cm

5
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Figure 4. Photon fluence spectra together with their 95 % coverage intervals. Top: spectra from two different industrial type
pulsed x-ray generators with tungsten anodes (fluence per pulse of the device) and bottom: spectra from two shielded, pulsed
high energy photon fields from a medical accelerator with two different beam cross sections as well as the spectrum measured in
the direct beam (fluence per 1 Gy absorbed dose to water at the reference distance of 1 m in the direct beam). The latter graph is
reduced by a factor of 1× 106, see legend. The main characteristics of the spectra are given in the legends. The uncertainty bars
show the 95 % coverage intervals (k= 2). All dosimetric data presented are in accordance with ICRU 90 [20], see appendix B.

distance with 60× 10 pulses of which the results of the first one are presented. All results presented are
normalized to a distance of 1 m and one radiation pulse.

In the bottom part of figure 4, the shielded spectra at 5.5 m from the medical accelerator are shown for
two different cross-sectional areas of 40× 40 cm2 and 10× 10 cm2 (the cross sections given are valid for

6
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Table 1. Dosimetric characteristics of the two different industrial type x-ray generators XR200 and XRS4. The most important
characteristics are printed bold. All dosimetric data presented are in accordance with ICRU 90 [20], see appendix B. For kISO2019,ICRU90
and (1−g), only the value itself is given since it does not introduce any additional uncertainty compared to the values of the quantities to
which it is multiplied, see equations in appendix B.

XR200 @ 1.0 m, 150 kV XRS4 @ 1.0 m, 370 kV

Ka,ICRU90/pulse (2.38± 0.15) µGy Gy−1 [2.12; 2.69] µGy Gy−1 (4.7± 0.3) µGy Gy−1 [4.2; 5.3] µGy Gy−1

H∗(10)/pulse (3.11± 0.18) µSv Gy−1 [2.78; 3.50] µSv Gy−1 (6.5± 0.4) µSv Gy−1 [5.9; 7.3] µSv Gy−1

H ′(0.07)/pulse (3.27± 0.20) µSv Gy−1 [2.93; 3.69] µSv Gy−1 (6.6± 0.4) µSv Gy−1 [5.9; 7.4] µSv Gy−1

Ē (54.6± 0.4) keV [53.8; 55.4] keV (88.0± 1.5) keV [85.3; 91.0] keV
h∗K(10)ICRU90 (1.31± 0.02) Sv Gy−1 [1.26; 1.35] Sv Gy−1 (1.40± 0.05) Sv Gy−1 [1.25; 1.46] Sv Gy−1

hpK(10)ICRU90 (1.38± 0.03) Sv Gy−1 [1.32; 1.42] Sv Gy−1 (1.49± 0.05) Sv Gy−1 [1.34; 1.55] Sv Gy−1

h ′
K(3)ICRU90 (1.38± 0.02) Sv Gy−1 [1.34; 1.41] Sv Gy−1 (1.42± 0.04) Sv Gy−1 [1.30; 1.46] Sv Gy−1

hpK(3)cyl,ICRU90 (1.37± 0.02) Sv Gy−1 [1.33; 1.40] Sv Gy−1 (1.41± 0.04) Sv Gy−1 [1.28; 1.45] Sv Gy−1

h ′
K(0.07)ICRU90 (1.38± 0.01) Sv Gy−1 [1.36; 1.40] Sv Gy−1 (1.41± 0.02) Sv Gy−1 [1.35; 1.43] Sv Gy−1

hpK(0.07)rod,ICRU90 (1.11± 0.01) Sv Gy−1 [1.10; 1.11] Sv Gy−1 (1.13± 0.01) Sv Gy−1 [1.10; 1.14] Sv Gy−1

hpK(0.07)slab,ICRU90 (1.43± 0.01) Sv Gy−1 [1.41; 1.45] Sv Gy−1 (1.48± 0.02) Sv Gy−1 [1.42; 1.51] Sv Gy−1

Ka,ICRU90/F (0.48± 0.10) pGy cm2 [0.46; 0.50] pGy cm2 (0.51± 0.10) pGy cm2 [0.48; 0.56] pGy cm2
kISO2019,ICRU90 1.0185 1.0109
(1− g) 0.9996 0.9995

Value± standard
deviation (k= 1)

Coverage interval
(95 %, k= 2)

Value± standard
deviation (k= 1)

Coverage interval
(95 %, k= 2)

Table 2. Dosimetric characteristics of the two shielded, pulsed high energy photon fields from a medical accelerator at two different
beam cross sections. For comparison, the characteristics of the direct beam with 10× 10 cm2 is shown on the left. The most important
characteristics are printed bold. All dosimetric data presented are in accordance with ICRU 90 [20], see appendix B. For kISO2019,ICRU90
and (1−g), only the value itself is given since it does not introduce any additional uncertainty compared to the values of the quantities to
which it is multiplied, see equations in appendix B.

10× 10 cm2; direct
beam; @ 1 m

10× 10 cm2; 2 m
concrete; @ 5.5 m

40× 40 cm2; 2 m
concrete; @ 5.5 m

Ka,ICRU90/Dw,ref (1.32± 0.06)
Gy Gy−1

[1.18; 1.41]
Gy Gy−1

(0.88± 0.04)
µGy Gy−1

[0.81; 0.98]
µGy Gy−1

(1.57± 0.07)
µGy Gy−1

[1.43; 1.72]
µGy Gy−1

H ′(10)/Dw,ref (1.42±0.07)
Sv Gy−1

[1.32; 1.57]
Sv Gy−1

(0.95±0.05)
µSv Gy−1

[0.87; 1.05]
µSv Gy−1

(1.72±0.08)
µSv Gy−1

[1.56; 1.89]
µSv Gy−1

H ′(0.07)/Dw,ref (1.42± 0.07)
Sv Gy−1

[1.32; 1.57]
Sv Gy−1

(0.95± 0.05)
µSv Gy−1

[0.87; 1.05]
µSv Gy−1

(1.72± 0.08)
µSv Gy−1

[1.56; 1.89]
µSv Gy−1

Ē (5.5± 0.2)
MeV

[5.1; 5.7]
MeV

(6.0± 0.2)
MeV

[5.6; 6.4]
MeV

(4.2± 0.1)
MeV

[3.9; 4.5]
MeV

h∗K(10)ICRU90 (1.08±0.01)
Sv Gy−1

[1.11; 1.12]
Sv Gy−1

(1.07±0.01)
Sv Gy−1

[1.07; 1.08]
Sv Gy−1

(1.09±0.01)
Sv Gy−1

[1.09; 1.10]
Sv Gy−1

hpK(10)ICRU90 (1.08± 0.01)
Sv Gy−1

[1.11; 1.12]
Sv Gy−1

(1.07± 0.01)
Sv Gy−1

[1.07; 1.08]
Sv Gy−1

(1.09± 0.01)
Sv Gy−1

[1.09; 1.10]
Sv Gy−1

h ′
K(3)ICRU90 (1.08± 0.01)

Sv Gy−1
[1.11; 1.12]
Sv Gy−1

(1.08± 0.01)
Sv Gy−1

[1.07; 1.08]
Sv Gy−1

(1.09± 0.01)
Sv Gy−1

[1.09; 1.10]
Sv Gy−1

hpK(3)cyl,ICRU90 (1.06± 0.01)
Sv Gy−1

[1.09; 1.10]
Sv Gy−1

(1.05± 0.01)
Sv Gy−1

[1.04; 1.05]
Sv Gy−1

(1.07± 0.01)
Sv Gy−1

[1.07; 1.08]
Sv Gy−1

h ′
K(0.07)ICRU90 (1.08± 0.01)

Sv Gy−1
[1.11; 1.12]
Sv Gy−1

(1.07± 0.01)
Sv Gy−1

[1.07; 1.08]
Sv Gy−1

(1.09± 0.01)
Sv Gy−1

[1.09; 1.10]
Sv Gy−1

hpK(0.07)rod,ICRU90 (1.07± 0.01)
Sv Gy−1

[1.10; 1.11]
Sv Gy−1

(1.07± 0.01)
Sv Gy−1

[1.06; 1.07]
Sv Gy−1

(1.08± 0.01)
Sv Gy−1

[1.08; 1.09]
Sv Gy−1

hpK(0.07)slab,ICRU90 (1.09± 0.01)
Sv Gy−1

[1.12; 1.13]
Sv Gy−1

(1.08± 0.01)
Sv Gy−1

[1.08; 1.09]
Sv Gy−1

(1.10± 0.01)
Sv Gy−1

[1.10; 1.11]
Sv Gy−1

Ka,ICRU90/F (14.8± 0.4)
pGy cm2

[13.6; 14.9]
pGy cm2

(15.9± 0.5)
pGy cm2

[15.1; 16.9]
pGy cm2

(11.9± 0.4)
pGy cm2

[11.4; 12.8]
pGy cm2

kISO2019,ICRU90 0.9997 0.9996 0.9997
(1− g) 0.9691 0.9640 0.9770

Value±
standard
deviation
(k= 1)

Coverage
interval
(95 %,
k= 2)

Value±
standard
deviation
(k= 1)

Coverage
interval
(95 %,
k= 2)

Value±
standard
deviation
(k= 1)

Coverage
interval
(95 %,
k= 2)

1.0 m distance from the accelerator). The beginning of the 2 m shielding wall is located at 3 m from the
accelerator. Thus, the beam cross-sections of the unscattered beams are 120× 120 cm2 and 30× 30 cm2,
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respectively, at the wall’s ‘beam entrance’ and 200× 200 cm2 and 50× 50 cm2 at the wall’s ‘beam exit’ for the
two radiation fields. Apart from the beam area both irradiations are equal, i.e. an accelerating voltage of
25 MV (nominal) and the same absorbed dose to water, Dw, as if the beam area of both fields were
10× 10 cm2 at 1 m. Due to the beam area being 16 times larger, the 40× 40 cm2 field covers a much higher
volume in the shielding wall, resulting in much more photon scattering. Furthermore, the mean scattering
angle at this field is much larger compared to that of the 10× 10 cm2 field. Consequently, much more
photons leave the shielding wall from the large field compared to the small one. This is obvious from figure 4
and results in an almost double ambient dose equivalent, H∗(10), per absorbed dose to water, Dw. Also, due
to the larger scattering contribution, the mean energy of the large field is with 4.2 MeV significantly smaller
than that of the small one, which is 6.0 MeV, as the photons lose energy during the scattering process. Finally,
for comparison, the bottom part also shows the spectrum measured in the direct beam at 1 m distance from
the accelerator (i.e. at the reference distance in the 10× 10 cm2 field). Here the mean energy is slightly
smaller than for the same field at 5.5 m behind the 2 m concrete shielding. This can be explained by the
absorption in the shielding which is more dominant for the low energy contribution of the spectrum than
for its high energy part, i.e. the spectrum is ‘hardened’. Furthermore, the dose is approximately 106 times
larger in the direct beam at 1 m compared to the shielded field at 5.5 m. This is, firstly, due to the 5.5 times
smaller distance resulting in a factor of approximately 30 (due to the quadratic distance law), and secondly,
due to the missing absorption in the 2 m concrete wall resulting in a factor of approximately 3× 104
(approximate value for photons between 1 and 4 MeV photon energy corresponding to the spectrum’s region
with the maximum photon fluence, due to the exponential attenuation law in 2 m concrete). Thus, even this
large range of absolute photon fluences is correctly assessed using the few-channel spectrometer.

5. Conclusions

A TLD-based few-channel spectrometer for pulsed photon radiation fields and its data evaluation method
were presented in detail. Measurements were performed in well-known radiation fields for the purpose of
validation and, with this, to ensure traceability of the results as well as in unknown radiation fields. Its data
evaluation for the application in pure photon radiation fields was improved by using a Bayesian spectrum
deconvolution which enables the spectrometer to be used for the characterization of new pulsed photon
reference radiation fields. It was demonstrated that the spectrometer is able to determine the absolute photon
fluence and corresponding dose values in a large energy region from the keV up to the MeV range as well as
in a large fluence and dose range from the µSv up to the Sv range. Thus, the few-channel spectrometer is a
device reliable for an absolute photon spectrometry even in extremely pulsed radiation fields, i.e. radiation
pulses in the ns range and shorter.
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Appendix A. Details of the Bayesian spectrum deconvolution

As outlined in the introduction, the spectrometer and corresponding data evaluation method has recently
been used in the low photon energy range [9]. Although the process of data evaluation is in principle the
same already used at that time, the appendix of that work [9] is repeated here in order to provide the full
information also in this paper. The mathematical description of the experiment and thus the basic formula
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to be solved to obtain the fluence spectrum from the measured data by the following representation:

D⃗meas ≈ R · Φ⃗= D⃗calc

with measured doses D⃗meas =

 Dmeas,1
...

Dmeas,N

, calculated responses R=

 R1,1 · · · R1,M
...

. . .
...

RN,1 · · · RN,M

 and fluences

Φ⃗=

 Φ1
...

ΦM

. The use of the symbol≈ is meant to indicate that a strict equality is not achievable in practice
due to uncertainties associated with the measurement. The spectrometer consists of N = 30 TLD layers. The
fluence was binned intoM = 60 energy channels (with logarithmically increasing mean energy, as the energy
resolution gets worse as the energy increases, to cover the range from 3 keV to 100 MeV photon energy).

The data, Dmeas, and the response matrix, R, are known (R was calculated using the Monte Carlo
radiation transport simulation package EGS4 [22–24] while the fluences, Φ, are determined from the
Bayesian analysis

Φ(E)x =


0 for E< Erise,start

afluor · δ (E− Efluor)+ aexp · exp(sexp · E) · {1+ cos [(E ·mrise+ brise) ·π]}/2 for Erise,start < E< Erise,end
afluor · δ (E− Efluor)+ aexp · exp(sexp · E) for Erise,end < E

with afluor the amplitude of the fluorescence radiation (if expected, e.g. from x-ray tubes, otherwise zero);
Efluor the energy of the fluorescence radiation (if expected, otherwise not in the model), aexp the amplitude
of the exponential decay, sexp the slope of the exponential decay,mrise = 1/(Erise,end− Erise,start),
brise =−mrise · Erise,end, Erise,start the energy where the rise of the spectrum starts, Erise,end the energy where the
spectrum turns into the exponential decay. In total, these are eight parameters of which two depend on other
parameters (mrise and brise). For x-ray spectra from tubes with a tungsten anode, Efluor was chosen to be
constant with 59 keV corresponding to the rounded energy of the Kα emission line from tungsten leading to
five free parameters. In the energy range above about 600 keV maximum energy, e.g. from medical
accelerators, the amplitude of the fluorescence radiation, afluor, was assumed to be zero leading to four free
parameters. The free parameters were determined from the data using a program written with the Bayesian
software WinBUGS [14]. Appropriate initial values and ranges within which the optimization process was
allowed to vary the parameters were chosen for the evaluation carried out by WinBUGS. The methods to
account for the uncertainty of the TLD’s absolute calibration (3 %), the spectrometer’s distance (0.25 cm up
to 1 cm) depending on the experiment’s geometry) and the response matrix (3 %–6 % increasing with
decreasing energy) are described in the literature [25]. All uncertainties given in brackets are standard
uncertainties (k= 1).

Appendix B. Values for air kerma,Ka, and conversion coefficients for operational
quantities, h: ICRU-90 vs. ISO-4037

As already mentioned in the main text, the air kerma values, the conversion coefficients (from air kerma to
the operational quantities such as ambient dose equivalent) as well as related correction factors stated in this
work are total air kerma according to ICRU 90 [20], Ka,ICRU90, i.e. using renormalized cross sections for the
mass-energy absorption coefficients or air [20], (µen/ρ). However, the values for hE for mono-energetic
photons are related to the collision air kerma, Ka,col, based on unrenormalized cross sections—as was the case
in the outdated but still often used version of ISO4037-3 from 1999 [26] while the current version of
ISO4037-3 [27] is based on the total air kerma, Ka,total, see ISO4037-2 [28], but also based on
unrenormalized cross sections (µen/ρ).

To obtain Ka,ISO2019 and hISO2019, alternative values which are compatible with the values in ISO4037-3
[21], from the values for Ka,ICRU90 and hICRU90 stated in this work the following equations need to be used:

Ka,ISO2019 = Ka,ICRU90 · kISO2019,ICRU90 and hISO2019 =
hICRU90

kISO2019,ICRU90

with

kISO2019,ICRU90 =
Ka,total

Ka,ICRU90
=

(
µen
ϱ

)
not_renormalized(

µen
ϱ

)
renormalized

9
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To obtain corresponding values which are compatible with the values in the outdated ISO4037-3 [26], the
following equations need to be used:

Ka,ISO1999 = {Ka,ICRU90 · kISO2019,ICRU90 · (1− g)} and hISO1999 =
cK,ICRU90

{kISO2019,ICRU90 · (1− g)}

with g being the fraction of the kinetic energy transferred to charged particles that is subsequently lost on
average in radiative processes (bremsstrahlung, in-flight annihilation, and fluorescence radiations) as the
charged particles slow to rest in the material (air) [20].

Thus, of course, the values for the operational quantities, H, are independent of the scheme used, be it
according to ICRU90, ISO1999 or ISO2019 as the corresponding corrections cancel each other out during
the multiplication leading to the operational quantity:

H= Ka · h.
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