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Introduction:

Industrial radiography relies on the examination of objects 

using penetrating electromagnetic radiation. Typically X-ray 

tubes which generate a continuous bremsstrahlung spectrum 

are used. However, for special applications for instance com-

puted tomography of large dense objects or the examination 

of possible threats, such as unattended baggage, at airports or 

other public places, special X-ray sources have been developed. 

With the aim to investigate large dense objects, high energy 

radiation is needed. Therefore, linear accelerators or betatrons 

have been used.

Radiography at public places, which must ensure safety of the 

surroundings, has been established by the use of X-ray flash 
tubes, which deliver a low dose-rate. 

For the qualification of NDT systems and to optimize radiogra-

phic parameters, computer simulation programs for radiogra-

phy such as aRTist (analytical RT inspection simulation tool) [1], 

developed at the Federal Institute for Materials Research and 

Testing BAM/Berlin can be used.

To reach maximum authenticity of these simulations, spectra 

of the used X-ray sources have to be well known. Until now 

measurements of pulsed X-ray sources have not been success-

ful mainly because of the lack of capable detectors and elec-

tronics. The measurements described here were conducted 

by the use of a recently developed CeBr3 scintillation detector 

and standard analog measurement electronics. The goal was to 

commission and verify a measurement setup for spectroscopy 

of pulsed X-ray sources.

Pulsed X-ray sources

The most commonly used pulsed X-ray sources in NDT are li-
near accelerators, betatrons and X-ray flash tubes. X-ray flash 
tubes differ in the production mechanism of X-rays from tubes 
with continuous X-ray radiation. The used X-ray flash tube was 
of type XR200 manufactured by Golden Eng. Inc. (Figure 1) and 

consists of a power supply, capacitor, impulse control, trans-

former, discharge tube and the actual X-ray tube (Figure 2). 

For X-ray production, the capacitor is first fully charged by the 
battery. When discharged the voltage will be transformed to a 

higher voltage using the transformer. The discharge tube deli-

vers the voltage towards the flash tube. The tube features an 
anode made of a pointy tungsten rod which is placed inside an 

evacuated glass cylinder and is surrounded by a ring cathode. 

Due to the high voltage electrons jump from cathode to anode 

creating an electron flux. As a result, bremsstrahlung is emit-

ted at the tip of the anode. A maximum number of 2 x 99 X-ray 

flashes within a 15 min period can be emitted [3].
The betatron is a circular electron accelerator which can be 

used as a source of pulsed X-rays. The operation principle relies 

on electromagnetic induction. It consists of a vacuum chamber 

made of glass, placed inside an outward decreasing magnetic 

Abstract:

Precisely measured spectra of pulsed X-ray sources used for non-destructive testing (NDT) are crucial for radiographic simulations. 

The investigated pulsed X-ray sources were a PXB-7.5 M betatron and a XR200 X-ray flash tube. Until now successful spectroscopy of 
these sources was not reported in literature. In order to measure the spectra three different scintillation detectors were characte-

rized and compared. The detector of choice for the measurements of the pulsed X-ray sources was a 1x1 inch CeBr3 scintillation 

detector which has shown an outstanding performance in terms of time resolution, efficiency and absence of intrinsic background 
radiation. The main problem of spectroscopy using pulsed X-ray sources was shielding of scattered high energy radiation. This was 

solved using lead shielding and additional tungsten detector-shielding.

The successful spectroscopy of the PXB-7.5 M betatron and the XR200 X-ray flash tube was carried out. For the first time betatron 
spectra were measured for 2, 2.5 and 3 MeV and were compared to simulated spectra using aRTist. The spectrum of the XR200 X-ray 

flash tube was also recorded for the first time and the source characterized.

Figure 1: XR200 X-ray flash tube
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field, which is created by a large electromagnet. Inside the va-

cuum chamber electrons are liberated from a heated filament 
and afterwards get accelerated. The magnetic field is increased 
as the particles accelerate, leading to a circular path of constant 

radius. In accordance to the induction law the electric field ari-
ses naturally from the rapidly changing magnetic field and is re-

sponsible for the particle acceleration while the magnetic field 
ensures the circular motion. Because of the alternating induced 

field electrons can only be accelerated if the polarity of the field 
is correct. Therefore, the electrons are only being accelerated 

over a quarter period of the applied alternating current. Radi-

ation pulses are created when the electron bunches are being 

directed onto a transmission target made of tantalum. The ma-

ximum energy of the resulting bremsstrahlung is directly given 

by the maximum energy of the accelerated electrons.

The betatron used for these experiments was of type PXB-7.5 
M manufactured by TPU Tomsk/Russia (Figure 4). The maxi-

mum X-ray energy can be selected between 2 and 7.5 MeV. X-ray 
pulses are emitted with a frequency 200 Hz which is equivalent 

to one pulse every 5 ms. Because of its designated use for NDT 
the dose rate is relatively high, but at least 100 times less than 

of any linear accelerator, (5 cGy/min in 1 m) [4] which makes 
spectroscopy difficult. The most severe problem is the separati-
on of direct and scattered radiation. 

Measurement electronics

For the characterization of the used scintillation detectors and 

for their further use in pulsed sources spectroscopy an analog 

measurement chain was setup. This chain consisted of the re-

spective scintillation crystal mounted onto a photomultiplier 

tube, an Ortec 456 high-voltage power supply, an Ortec 113 pre-
amplifier, an Ortec 471 spectroscopic amplifier and an AmpTek 
multichannel analyzer MCA8000D.

Scintillation detectors:

For radiation detection scintillation detectors are common in 

nuclear physics. Materials classified as scintillators create a 
flash of light corresponding to incident nuclear particles or ra-

diation. [5] This light can be used to gather information of the 
incident radiation. To do so the scintillation light needs to be 

converted into an electronic signal. For this usually a photomul-

tiplier tube (PTM) is used. The scintillation detectors used for 

this work are classified as inorganic scintillators made of thalli-
um doped sodium iodine (NaI(Tl)), cerium doped lanthanum(III) 
bromide (LaBr3(Ce)) and cerium(III) bromide (CeBr3).

Preceding to the investigation of the pulsed X-ray sources the 

best detector for these measurements had to be determined. 

This was done by characterizing the detectors using different 
radio nuclides. 

The most important characteristics of the detectors were their 

efficiency, time resolution and possible intrinsic contamination 
of the crystal with radioactive isotopes. 

In order to determine possible contamination with radioactive 

isotopes, spectra were acquired by self-counting. While the 

background spectra of the NaI(Tl) and CeBr3 detector are al-
most equal, the spectra acquired with the LaBr3(Ce) detector 

showed significant contamination with 227Ac due to chemical 
similarity of La, Ac and Ce, as well as the radioactive isotope 

138La (Figure 5).
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Figure 2: Schematic of the used XR200 X-ray flash tube. [2]

Figure 3: Schematic cross-sectional image of a betatron.

Figure 4: PXB-7.5 M betatron
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Figure 5: Background spectra acquired by self-counting for 3600 s inside a small 
lead box with a wall thickness of 2 cm



Fachbeiträge

ZfP-Zeitung 162   •    Dezember  2018       39

The investigation of the detector efficiency and time resoluti-
on however showed almost no difference between LaBr3(Ce) 
and CeBr3. Due to these superior characteristics compared to 

NaI(Tl), the detector of choice was the newly developed CeBr3 
detector. 

Measurement of pulsed X-ray sources

First attempted measurements of pulsed X-ray sources did 

show severe pulse pile-up as expected. The detectors and elec-

tronics seemed not to be capable for analyzation of the many 

events in one pulse. To reduce the pile-up, the dose-rate was 

reduced until only one event per pulse was analyzed. This was 

achieved by the experimental setup.

 

Betatron spectroscopy:

The betatron radiation is not only emitted in non-forward di-

rections, but also interacts with air as well as surrounding ma-

terial. To suppress these effects the betatron was placed inside 
a lead box with a wall thickness of 10 cm and a total weight of 

3 tons. For spectroscopy of direct betatron radiation a hole was 

drilled inside the forward-facing lead wall, directly in front of 

the emission window. Due to the high dose-rate, the detector 

was placed at the maximum distance possible to the betatron. 

Otherwise severe pulse pile-up was noticed. In order to further 

reduce the dose-rate, the hole-diameter in the lead box could 

be altered using tungsten plugs with collimator diameters 

between 1 and 5 mm. To additionally reduce the detection of 
natural background and scattered radiation, the detector was 

placed inside a cylindrical collimator made from tungsten.  

For alignment of the betatrons focal spot with the collimator 

and possible benefits by additional collimation using tungsten 
plugs a picture of the size of the bremsstrahlung beam was ta-

ken (Figure 7). This measurement was carried out by placing a 

flat field detector in a distance of 4 m from the betatrons focal 
spot. The expected beam diameter in 4 m distance using an ad-

ditional collimator with a diameter or 1 mm was determined to 

be 2.7 cm. The beam spot images showed diameters of 11.1 cm 

without additional collimation and 2.4 cm using additional col-

limation by a tungsten plug with 1 mm in diameter. It was con-

cluded, in order to further reduce scattered radiation additio-

nal collimation was necessary. Due to the proximity of expected 

and measured values of beam diameter (including additional 

collimation) the positioning of the betatron focal spot was the-

refore very accurate.

For spectroscopy the CeBr3 detector was placed in 5.5 m di-
stance and was aligned with the emission window of the be-

tatron by laser. First measurements were conducted using the 

lowest possible electron energy of the PXB-7.5 M which is 2 MeV. 
After 30 minutes, which is the maximum safe running time of 
the betatron, acquisition was terminated, and the energy was 

increased in 0.5 MeV steps. To reduce possible pulse pile-up 
additional 40 mm of Cu was placed in front of the detector. Ho-

wever, at an energy of 3.5 MeV large pulse pile-up was noticed 
which could be explained by the increasing dose rate. In the 

future this problem might get eliminated by additional colli-

mation or increase in source-detector distance. The dose-rate 

is directly dependent on the number of electrons injected into 

the accelerator and is coupled to the filament current. Lowering 
the current would also reduce the pulse pile-up. However, the 

PXB-7.5 M did not feature the possibility to change the current 
independently from the electron energy.

For verification of the measured spectrum and to exclude 
measurement of scattered radiation the collimator inside the 

lead box was closed using 10 cm of lead. Spectra were acquired 

with an open and closed collimator. For further investigation 

the acquired spectra with closed collimator and equal measure-

ment duration were subtracted from the measurements with an 

open collimator.  The differences in spectra between an open 
and closed collimator can be seen in Figure 8.

After subtraction of the spectra acquired with a closed colli-
mator, the resulting spectra were compared to spectrum simu-

lations by aRTist. For these simulations an electron energy of 

the corresponding betatron energy was entered as well as the 

target material (tantalum) with a thickness of 0.5 mm and a fil-
ter of 40 mm Cu. The resulting simulated spectra were scaled 

onto the measured spectra (Figure 9). The aRTist simulations 

only featured interactions in the Ta-target, not any detector re-

sponse or line broadening.

Several differences between measured and simulated spectra 
were noticed. The simulations with a resolution of 10 keV show 
a large peak in the region between 0 and 100 keV. This peak is 
corresponding to the Kα X-ray emission line of tantalum which 

lies at 57.5 keV [6]. This peak was also visible in the measured 
spectrum however its intensity was significantly lower which is 

d2 = 5.5 m

Lead box
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Detector inside tungsten housing

 d1 = 0.29 m

Figure 6: Experimental setup for betatron spectroscopy. The betatron was 
placed inside a lead box and the detector inside a tungsten collimator to 
minimize the detection of scattered radiation. The red dot marks the focal spot 
of the betatron.

Figure 7: Images of the betatron beam after collimation with different collimator 
diameters. The flat field detector has a pixel size of 200 μm. a.) Shows the 
beam spot without additional collimation. The diameter of the exposed area 
in 4 m distance was determined to be 111 mm. b.) Shows the beam spot with 
additional collimation using a tungsten plug with 1 mm diameter. The diameter 
of the exposed area in 4 m distance was determined to be 24 mm.
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most likely an effect of the detector efficiency. The peak also 
appeared to be shifted. This may be a result of the non-linearity 

of the detector at energies below 100 keV. Another significant 
difference between simulation and measurement is the shape 
of the spectra. Directly after the characteristic X-ray peak the 
simulations show a large decrease in counts which is a result 

of simulating a 40 cm Cu filter. This results in hardening the 
produced radiation, meaning low energy photons are absorbed 

by the filter material. This effect can only be observed for the 
2 and 2.5 MeV spectra. Another difference between measure-

ment and simulation was the deviation from the typical trend 

of a bremsstrahlung spectrum. This might have been a result of 

the low count-rate and the resulting bad statistics in the spec-

trum, which results from the limited maximum operation time 

of the betatron. The most important difference however were 
the different end-point energies. Spectra obtained for 2 and 2.5 
MeV electron energy had almost the same end-point energy of 
about 2.3 MeV. The 3 MeV spectrum shows an endpoint energy 
between 3.5 and 4 MeV which corresponds to a difference of up 
to 30 %. It could not be clarified if this large error arises from 
the low statistics due to the limited measuring time or from an 

incorrect energy setting of the betatron. 

In addition to spectroscopy the repetition rate and pulse length 

were investigated using an oscilloscope. The selected 200 Hz 

could be confirmed. For the determination of the pulse length, 
the betatron energy was set to the highest available value resul-

ting in severe pulse pile-up in the detector (Figure 10). The dura-

tion of the piled-up anode signal of the detector was classified 
to be the pulse length of one betatron pulse. The pulse duration 

was estimated to be 1.2(2)μs.

Flash tube spectroscopy:

Due to the low dose-rate of X-ray flash tubes an ultra-low back-

ground environment is crucial for spectroscopy. Therefore, 

the experimental setup was different from the one for beta-

tron spectroscopy. Instead of placing the source inside the box 

made of lead with a wall thickness of 10 cm, the detector was 

placed inside. To ensure an ultra-low background environment, 

spectra were acquired by self-counting for a duration of 2 h in 

and outside the box (Figure 11). 

Figure 8: Measured spectra of the betatron acquired using the CeBr3 detector. 
In order to ensure no pulse pile-up additional 40 mm of Cu was placed in front of 
the detector.

Figure 9: Background subtracted spectra of the betatron. In addition to the 
measurements spectra simulations by aRTist (red) were scaled to fit the 
measured spectra in intensity.

Figure 10: Anode signal of the detector at a betatron energy of 7.5 MeV. The 
duration of the betatron pulse was determined to be the length of the piled-up 
pulse.
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The spectra shows a significant difference in number of recor-

ded events. Since the estimated measurement duration is only 

252 s the rate of the natural background radiation can be neg-

lected. 

For flash tube spectroscopy the detector was placed inside the 
lead box and aligned with the X-ray flash tube by laser. A colli-
mator size of 1 mm was used. Since a maximum of 198 (2x99) 

flashes could be emitted by the flash tube before a longer cool 
down, the acquisition was paused during the cool down phase 

and resumed afterwards. After a total of 3564 flashes the acqui-
sition was stopped in order to save lifetime of the X-ray flash 
tube (20 000 flashes per tube). The resulting spectrum is shown 
in Figure 12.

Despite having limited statistics, the end-point energy and a 

trend of the spectrum could be observed. The end-point energy 

was determined to be between 160 and 180 keV. In the energy 
region between 50 and 80 keV a peak could be observed, which 
results from the characteristic tungsten X-rays at 58 and 67 keV. 
[7]

In addition to spectroscopy the pulse length and rate were de-

termined by the same method as for the betatron. The pulse 

length was measured to be 75(15) ns and the rate 14.1 (14) Hz.

Conclusion:

Spectroscopy of the PXB-7.5 M betatron and the XR200 X-ray 
flash tube were successfully carried out for the first time. Ho-

wever, improvements are needed in order to obtain more pre-

cise results. The limiting factor may be the detectors and elec-

tronics available for the measurements presented. A promising 

candidate to be used for spectroscopy of pulsed X-ray sources 

may be a scintillation crystal mounted onto a silicon photomul-

tiplier. However, the problem of pulse pile-up at high dose-rate 

remains. This could be approached by implementation of a di-

gital measurement chain or by a pile-up rejection circuit.

The basic approach, which lead to reasonable results, was the 

reduction of the source activity by distance and collimation, 

so only one photon is detected and resolved per pulse. There 

was no possibility to resolve several photons in one pulse of the 

pulsed X-ray sources using the available measurement equip-

ment.

The measured spectra of the betatron showed several diffe-

rences to the aRTist spectrum simulations. However, this might 

be a result of the missing detector geometry and response in 

the simulation. Therefore, further investigation is needed to ad-

just the simulation correctly and to verify the measurements.

The investigation of the X-ray flash tube showed the expected 
spectrum. The pulse duration was stated to be 50 ns. This was 
falsified. A duration of 75(15) ns was measured.
To improve spectroscopy of pulsed X-ray sources such as be-

tatrons and flash tubes longer operational times would be of 
great use for an improvement of statistics.
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Figure 11: Comparison of the background spectra inside and outside the 3-ton 
lead box. Duration of measurement: 2 h.

Figure 12: Measured spectrum of a XR200 X-ray flash tube.

Figure 13: Anode signal of the detector. Pulse pile-up can be observed. The 
duration of the piled-up pulse was determined to be the pulse duration of the 
XR200.


