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Abstract
In this study, the components of the linear accelerator parts discarded to prepare regulations for the disposal of the linear 
accelerator, and based on these data, radionuclide and radioactivity concentrations over time were evaluated using Monte 
Carlo codes, that is, PHITS code and DCHAIN. The Siemens Oncor Expression linear accelerator was simulated using data 
provided by the manufacturer such as target, primary collimator, absorber, flattening filter, ion chamber, mirror, secondary 
collimator (Y-jaw), and MLC(X-jaw). The results of the Monte Carlo simulation confirmed that the major radionuclides for 
each part of the Siemens linear accelerator changed from short-half-life nuclides to long-half-life nuclides over time after 
the shutdown of the equipment, resulting in a decrease in the radioactivity concentration over time. When a Monte Carlo 
simulation was performed considering the measured impurities, it was confirmed that additional nuclides were generated 
such as were 50V, 183mW, 94mNb, 100Mo, and 101Tc in addition to the radionuclides calculated using the data provided by the 
manufacturer. As a result, it was confirmed that radionuclides with a long half-life were produced by impurities, so it is 
considered that the effect of impurities in the parts should be considered when dismantling and discarding.

Keywords PHITS Monte Carlo code · DCHAIN · Radioactivity · Radionuclide · Siemens

1 Introduction

Linear accelerators used for radiation therapy were first 
introduced in Korea in the early 1990, and the number of 
installations has increased rapidly since 2008. In recent 
years, along with demand, the number of replaced and 

discarded linear accelerators has also increased [1]. The life 
span of linear accelerators is approximately 10–15 years, 
and considering the introduction of linear accelerators tim-
ing, their replacement or disposal of linear accelerators is 
expected to increase further. However, since there are no 
regulations and guidelines for disposal of linear accelerators, 
it is difficult for regulatory agencies and medical institutions 
to systematically manage radioactive waste.

As for linear accelerators using a high energy of 8 MV or 
higher, the concentration of radionuclides owing to radiation 
should be considered during replacement and disposal. This 
is because photonuclear reactions occur through materials 
with high atomic numbers in the accelerator during beam 
use, and neutrons emitted by the photonuclear reaction radi-
ate the components of the accelerator and materials on the 
beam path through neutron capture reactions [2–4].

The most common photonuclear reaction occurs when pho-
tons of high-energy interact with the target nucleus (γ, n) and 
emit neutrons, which lose energy through the (n, γ) interaction, 
resulting in secondary activation of the components. This pho-
tonuclear reaction may affect the components of medical linear 
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accelerators, patient support systems, treatment accessories, 
building’s materials, and workers [5]. Studies have shown that 
representative radionuclides produced by photonuclear reac-
tions in high-energy radiotherapy rooms include 56Mn, 62Cu, 
64Cu, 82Br, 99Mo, 122Sb, 124Sb, and 187W [5].

Meanwhile, materials in the linear accelerator are radi-
ated, resulting in various radionuclides that can generally 
cause problems for patients and workers; in particular, upon 
disposal/decommission, workers can be exposed to activation 
from radioactive materials [6–8]. To this end, various studies 
have been conducted to identify and analyze radionuclides [4, 
9, 10]. Consequently, it has been studied that nuclides are pro-
duced mainly from primary collimators, target, jaw, multileaf 
collimator (MLC), flattening filter, and bending magnets by 
high-energy photon beams [11, 12]. Therefore, some studies 
have confirmed various radioisotopes and nuclides generated 
by activation using HPGe (high purity germanium). HPGe 
used for gamma-ray spectroscopy has the advantage of being 
able to accurately measure radionuclides because it has high-
energy resolution and relatively high detection efficiency 
characteristics with its very low impurity content. However, 
they are limited in that the radionuclides were not properly 
evaluated, because the measured data were for the accelerator 
in operation and for the overall part of the equipment, and not 
for each part.

To identify the exact radionuclide of each part using high-
energy photon beams, when dismantling a linear accelerator, 
it is necessary to measure each part using a gamma spectrom-
eter or perform a Monte Carlo simulation, based on the data 
provided by the manufacturer to determine radionuclides for 
each part. Moreover, the Monte Carlo simulation should be 
performed after accurately identifying impurities for each part 
of the linear accelerator to clearly identify the radionuclides 
generated; however, there is a limitation in that, most research-
ers calculated based on data provided by manufacturers [13].

In this study, to evaluate the degree of activation based on 
main components and impurities of each linear accelerator 
part, main components and impurities of each part of Sie-
mens’ linear accelerator were measured using laser induced 
break down spectroscopy (LIBS), and based on this data, the 
Siemens linear accelerator was performed with Monte Carlo 
simulation. Furthermore, the radionuclides generated at each 
part of the linear accelerator immediately before disman-
tling/disposal were studied, and the degree of radioactivity 
over time was investigated.

2  Materials and methods

2.1  Component analysis of linear accelerator parts

For Siemens, materials for each major part were used 
based on the data provided by the manufacturer. However, 

because components other than those of each material were 
not clearly presented, impurity information was required 
for comparative analysis. Impurities for each component 
were identified by utilizing laser induced break down spec-
troscopy (LIBS) in components of the dismantled/disposed 
Siemens equipment used for 14 years, and the equipment 
used at this time was SciAps’ Z-300 GEOChemPro (SciAps 
Inc. Woburn, MA, USA). LIBS is a technology that makes 
micro-plasma using laser pulses on the surface of an analysis 
sample and uses them to perform qualitative and quantita-
tive analysis of elements of an analysis sample. Before using 
the portable LIBS element analyzer, the wavelength calibra-
tion of the Z-300 product was performed using a calibration 
material, and the surface investigation of each component 
was conducted more than three times. Based on the data 
obtained by conducting LIBS for each part, the components 
were compared with the existing components provided by 
the manufacturer, and the radionuclides generated for each 
part were compared through Monte Carlo simulation based 
on the presence or absence of impurities.

2.2  Monte Carlo simulation of the linear accelerator

The code used for the Monte Carlo simulation was PHITS 
(version 3.25) [14], and the linear accelerator used in the 
simulation was Siemens Oncor Expression. The drawings 
and part information of the medical linear accelerator were 
obtained from Siemens, and structural modeling was per-
formed using AutoCAD software (Autodesk Inc. San Fran-
cisco, CA, USA). To focus on parts with good radiation on 
the beam path, target, primary collimator, absorber, flatten-
ing filter, ion chamber, mirror, secondary collimator (Y-jaw), 
and MLC (X-jaw) were modeled through the drawings pro-
vided by the manufacturer, and because bending magnet, 
waveguide, and lead shield were not in the drawings, the 
dimensions of the dismantled Siemens, Oncor expression 
equipment were measured for modeling. To convert the 
modeled data into PHITS code, the file modeled by Auto-
CAD was converted into PHITS code using the Super Monte 
Carlo Simulation Program (SuperMC, FDS team, Hefei, 
China) [15], which converts structural modeling into the 
FORTRAN language. After conversion to a PHITS input 
file, additional information (physics, source, material, and 
tally) to be entered into the code was created for simula-
tion. In physics, the energy of the neutrons in which the 
photonuclear reaction occurs was limited to a minimum 
of  10−9 MeV and a maximum of 20 MeV, and it was set 
to bring up the nuclear data library in the energy band. In 
source, a Gaussian-type electron beam was employed to cre-
ate a 10 MV photon beam in which the components were 
radiated through a photonuclear reaction, and the positions 
of the Y-jaw and X-jaw were fixed such that, photon beams 
were generated as the electron beam was incident on the 
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target, and the beam of 10 × 10  cm2 irradiation surface was 
irradiated at the water phantom at the SSD 100 cm position. 
T-DCHAIN and T-Volume were used for neutron flux deri-
vation and nuclide analysis, and T-Track and T-Deposit were 
used to view the beam tracking, distribution, and weight 
information.

2.3  Analysis of radionuclides

The code used to analyze radionuclides is DCHAIN [16], a 
decay chain analysis code, and the DCHAIN code is a decay 
chain analysis code for simulation of the creation, accumula-
tion, combustion, and decay of radionuclides. By enabling 
time-dependent calculations of radioactivity, the DCHAIN 
code can perform thermal and gamma-ray spectral analy-
ses owing to radioactive decay along with nuclide analysis, 
based on the neutron flux results obtained using the PHITS 
code. For the analysis of nuclides, the region number of the 
part to be viewed was entered into the T-DCHAIN tally, and 
the volume used in each region was received from PHITS. 
Subsequently, the intensity of the source used was set, the 
on/off time of the beam was set, and the time to view the 
result of the nucleation after shutdown was set to analyze the 
radiation concentration of the radiated parts. The DCHAIN 
code was executed with the T-DCHAIN tally result values 
from the PHITS simulation, and radiation analysis was per-
formed only at 10 MV high energy.

3  Results

3.1  Component analysis of linear accelerator parts

For radionuclide analysis using DCHAIN, the element com-
position ratios of the major components are summarized in 
Table 1, based on the data provided by the manufacturer 
and the LIBS measurement data. As for the flattening filter, 
the values provided by the manufacturer were composed of 
SST304 material, whereas the SST304 material obtained 
using LIBS included various types of impurities such as Mo, 
Cu, Al, W, and V. Moreover, as for nickel, the main com-
ponent of the bending magnet, large amounts of impurities, 
such as Co, Cr, Mo, Al, and Mn were identified. Because 
the outer surfaces of the parts that could not be measured 
using LIBS, such as the target, were covered with SST304, 
graphite and gold reported to be present inside based on 
the information provided by the manufacturer could not be 
confirmed, and the absorber could not be confirmed, because 
it was present inside the primary collimator. Bending mag-
nets, wave guides, and lead shields were not shown in the 
drawings provided by the manufacturer, but the element 
composition ratio could be confirmed through LIBS meas-
urements, and various impurities such as Nb, Mo, and Mn 

were identified in the bending magnet, where nickel was the 
main component.

3.2  Monte Carlo simulation of the linear accelerator

The Siemens linear accelerator parts were divided based on 
detailed materials and modeled, and major parts of the head 
along with shields were modeled based on 6 MV and 10 MV 
photon beam. Fig. 1(a) shows the simulation results of the 
target, absorber, and primary collimator, where major radi-
onuclides could be generated based on drawings provided 
by the manufacturer. Fig. 1(b) shows the results of Monte 
Carlo simulation by adding bending magnet, waveguide, and 
lead shield that can occur with reference to dismantled Sie-
mens Oncor expression equipment. Based on the simulation 
results of the 6 MV photon beam, it was confirmed that neu-
tron fluxes were not generated in major parts inside the head 
compared for 10 MV energy, and accordingly, they were 
excluded from nuclide analysis using the DCHAIN code.

3.3  Analysis of radionuclides

As for radioactivity evaluation considering only the data 
provided by the manufacturer (without considering impuri-
ties), the main radionuclides identified on the target made 
of gold immediately after shooting the radiation beam were 
196mAu and 196nAu and those identified on the primary col-
limator made of tungsten were 185mW and 183mW. 51Cr and 
56Mn were identified on a flattening filter made of steel alloy.

For radioactivity evaluation considering LIBS data, the 
main radionuclides were the same in graphite and gold tar-
gets; however, in the SST target, previously unconfirmed 
nuclides such as 55Cr, 94mNb, 101Mo, and 101Tc were iden-
tified rather than the Mn series because of impurities. No 
impurities were identified in the primary collimator, Y-jaw, 
or X-jaw made of tungsten; therefore, the major radionu-
clides remained the same. In the steel alloy flattening filter 
to which large amounts of impurities were added, 94mNb, 
101Mo, and 66Cu nuclides were mainly present, and addi-
tional nuclides such as 52V, 28Al, 183mW, and 64Cu are identi-
fied in Table 2.

4  Discussion

The results of the Monte Carlo simulation confirmed that 
the major radionuclides for each part of the Siemens lin-
ear accelerator changed from short-half-life nuclides to 
long-half-life nuclides over time after the shutdown of the 
equipment, resulting in a decrease in the radioactivity con-
centration over time. Changes in radionuclides and radio-
activity concentrations for each component were investi-
gated immediately after 1 h, 1 d, 1 month, 3 months, and 
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1 year after the 10 MV photon beam irradiation. Here, the 
main nuclides up to one year after shutdown were 28Al, 
51Cr, 54Mn, 58Co, 59Fe, 60Co, 64Cu, 65Zn, 99Mo, 181 W, 
187 W, 110mAg, 196Au, and 198Au, and similar results were 
obtained compared to other studies [4].

Katowice et al. confirmed the presence of 196Au, 28Al, 
187 W, 56Mn, 57Ni, and 57Co in Primus Siemens 15 MV 
equipment [4], and Roig et al. identified 196Au, 57Co, 60Co, 
54Mn, and 58Ni in Siemens KDS 18 MV. Particularly, Span-
ish regulations (IS/05,2003) that 196Au nuclides found in 

Table 1  Atomic composition 
fraction for Materials of 
Siemens linear accelerator used 
in the Monte Carlo simulation

a n.d not determined

Major parts Density (g/cm3) Material Atomic fraction

Manufacturer LIBS

Target 1.7 Graphite B 0.001 n.d
C 99.999

Target 19.32 Gold Au 100 n.d
Target 8.19 SST304 Fe 68.29 Cu 0.296

Cr 21.04 Mn 0.343
Ni 8.521 Al 0.033

Fe 68.45 Mo 0.349 Nb 0.057
Si 0.636 V 0.017

Cr 19 W 0.394 Ti 0.024
Primary collimator Fe 66.725 Cu 0.433

Ni 9.5 Cr 18.983 Mn 0.294
Ni 9.863 Al 0.205

Mn 2 Mo 1.512 Nb 0.112
Si 1.372 V 0.027

Si 1 W 0.454 Ti 0.02
Flattening filter Fe 68.7 Cu 0.274

C 0.05 Cr 21.1 Mn 0.321
Ni 8.19 Al 0.051
Mo 0.432 Nb 0.053
Si 0.653 V 0.017
W 0.203 Ti 0.006

Bending magnet 7.86 Fe – Fe 100
Wave guide 8.96 Cu – Cu 100
Bending magnet 8.902 Ni – Ni 98.934 Nb 0.06

Co 0.246 Si 0.029
Cr 0.232 Fe 0.017
W 0.2 Mn 0.014
Mo 0.128 Cu 0.014
Al 0.122 Ti 0.003

Lead shield 11.4 Pb – Pb 100
Absorber 2.702 Aluminum Al 100 n.d
Ion chamber 3.97 Alumina Al

O
52.925
47.075

Al 98.003 Mn 0.047
Mg 0.576 Cr 0.045
Si 0.309 Zn 0.043
Fe 0.307 V 0.025
Cu 0.288 Sn 0.014
Ag 0.102 Ti 0.011
Bi 0.087 Zr 0.01
Pb 0.079 Li 0.004
Ni 0.049 Be 0.003

Y-jaw, MLC 18.0 Tungsten W 100 W 100
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the target should be stored separately before disposal for at 
least 30 days, resulting in radioactivity below  106 Bq [9]. 
Clearly from the simulation results over time, the radioac-
tivity concentration in the target is much higher than that 
in other parts, indicating the caution required before dis-
posal. Bratislav Cvetkovic et al. identified 28Al and 62Cu 
as short-half-life nuclides, 56Mn, 57Ni, 64Cu, and 187 W as 
mid-half-life nuclides, and 54Mn and 196Au as long-half-life 
nuclides in the Siemens Primus (Siemens Medical Solution, 

Malvern, USA) 18 MV linear accelerator [10]. Similarly, 
in this study, 28Al, a short-half-life nuclide, was identified 
in the ion chamber, 56Mn and 64Cu (mid-half-life nuclides) 
along with 54Mn and 196Au (long-half-life nuclides) were 
identified in the target and flattening filter, and 187 W, a 
mid-half-life nuclide, was identified in the Y-jaw and MLC 
(X-jaw) made of tungsten.

Similar to other researchers [9, 10] who measured radi-
onuclides with HPGe immediately after the shutdown of 

Fig. 1  Siemens equipment modeling and Monte Carlo simulation. a Structural modeling using AutoCAD. b Monte Carlo simulation results 
using PHITS Monte Carlo code

Table 2  Major radionuclides identified for each component according to the presence or absence of impurities (right after shutdown)

Linac components Radionuclide Linac components Radionuclide

Manufacturer LIBS Manufacturer LIBS

Target 14C (> 10y) Bending magnet – 94mNb(6.26 m)
3H (1.23y) 60mCo (10.5 m)
196mAu (8.10 s) 65Ni (2.52 h)
196nAu (9.61 h) 28Al (2.24 m)
196Au (6.17d) 55Fe(2.75y)
198Au (2.69d) 59Fe(44.5d)
55Cr (3.50 m) 51Cr(27.7d)
56Mn (2.58 h) 94mNb (6.26 m) Lead shield – 204Pb(> 10y)
65Ni (2.52 h) 101Mo (14.6 m) 209Pb (3.25 h)
50Cr (> 10y) 101Tc (14.2 m) 205Hg (5.13 m)

Primary collimator 185mW (1.67 m) 203Hg (46.6d)
183mW (5.20 s) Flattening filter 55Cr (3.50 m) 94mNb (6.26 m)
187W (1d) 56Mn(2.58 h) 101Mo (14.6 m)
185W (75.1d) 65Ni(2.52 h) 66Cu (5.12 m)

Absorber 28Al (2.24 m) 50Cr(> 10y) 101Tc (14.2 m)
Ion chamber 28Al (2.24 m) Y-jaw MLC(X-jaw) 185mW(1.67 m)

108Ag (2.38 m) 183mW(5.20 s)
– 110Ag (24.6 s) 187 W(1d)

107mAg(44.3 s) 183 W(> 10y)
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the radiation beam, the main radiated nuclides for each 
component identified through Monte Carlo simulation 
were 196Au-series, 196mAu, and 196nAu through the electro-
nuclear reactions 197Au(e,e’n)196Au and 197Au(γ,nγ’)196Au 
on the gold target, and 187 W-series 185mW and 183mW cre-
ated by the neutron capture reaction 186 W(n,γ)187 W in 
the primary collimator made of tungsten [17]. As listed 
in Table 3, the number of major nuclides found in each 
component was significantly different, depending on the 
presence or absence of impurities. Based on this, it was 
determined that when using only the data provided by the 
manufacturer during the Monte Carlo simulation, there is 
a clear difference from other research results.

In terms of the changes in the major nuclides for each 
part over time, the major radionuclides in the target were 
8Be, 12B, 14C, 3H, 196mAu, 196nAu,196Au, 198Au, 194I, 94mNb, 
101Mo, 101Tc, and 66Cu immediately after the shutdown, 
196Au after 1 week, and 50Cr, 51Cr, and 59Fe after one 
month.

In the ion chamber, where an exceptionally large amount 
of impurities was found, nuclides such as 108Ag, 110Ag, 
107mAg, 66Cu, 52V, 64Cu, 56Mn, and 27Mg, in addition to 
28Al, were identified, and a month later, nuclides such as 
64Cu, 56Mn, 121Sn, 204Pb, 50Cr, and 209Bi were identified. 
Because no impurities other than tungsten were identified 
in the Y-jaw and X-jaw based on the LIBS results, at 187W, 
183W, and 185W, the 181W nuclide, a long-half-life nuclide, 
was found to be the main nuclide.

The radioactivity concentration was investigated for 
major components, such as the target, primary collimator, 
flattening filter, ion chamber, mirror, X-jaw, and Y-jaw, 
using the DCHAIN code. As for the primary collimator, 
Y-jaw, and X-jaw made of tungsten, it was confirmed that the 
radioactivity concentration dropped by 5 ×  102 Bq/g within 
24 h after shutdown by 187 W with a half-life of 23.83 h, 
after which the concentration was maintained constant at 
181 W, a mid-half-life nuclide. As for the ion chamber, the 
radioactivity concentration dropped to the background level 

Table 3  Major radionuclides 
identified for each component 
according to the presence or 
absence of impurities (1 year 
later)

Linac components Radionuclide Linac components Radionuclide

Manufacturer LIBS Manufacturer LIBS

Target 3H(1.23y) Primary collimator 185W(75.1d)
181W(121d)
183 W(> 10y)
180 W(> 10y)
181Hf (42.4d)
187Re(> 10y)

10Be(> 10y)
14C(> 10y)
196Au(6.17d)
50Cr(> 10y)
55Fe (2.75y)
58Co(70.9d)
51Cr(27.7d)
59Fe(44.5d) Ion chamber – 204Pb(> 10y)
54Mn(312d) 50Cr(> 10y)
63Ni(> 10y) 209Bi(> 10y)
59Ni(> 10y) 50V(> 10y)
35S(87.5d) 183W(> 10y) 110mAg(250d)
32P(13.3d) 185W(> 10y) 65Zn(244d)
– 100Mo(> 10y) 55Fe(2.75y)

50V(> 10y) 210Po(138d)
93mNb(> 10y) 95Nb(35d)

Flattening filter 50Cr(> 10y) Bending Magnet – 55Fe(2.75y)
55Fe( 2.75y) 59Fe(44.5d)
58Co(70.9d) 51Cr(27.7d)
51Cr(27.7d) Lead Shield – 204Pb(> 10y)
59Fe(44.5d) 205Pb(> 10y)
63Ni(> 10y) 203Hg(46.6d)
59Ni(> 10y) Y-jaw MLC(X-jaw) 183W(> 10y)
54Mn(312d) 183W(> 10y) 185W(75.1d)
32P(14.3d) 100Mo(> 10y) 181W(121d)
33P(25.3d) 185 W(75.1d) 180W(> 10y)
– 50 V(> 10y) 181Hf(42.4d)

180W(> 10y) 187Re(> 10y)
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within an hour, because only 28Al was identified, as shown in 
Fig. 2(a), because of the difference between the components 
of each material provided by the manufacturer and compo-
nents obtained through LIBS, and in Fig. 2(b), it was con-
firmed that it was maintained at  10−7 Bq/g by 65Zn and 50V. 
Moreover, it was confirmed that the lead shield and bend-
ing magnet were maintained at  10–4 Bq/g and  10–5 Bq/g, 
respectively. Unlike Fig. 2(a), the flattening filter showed 
a tendency for the radioactivity concentration to gradu-
ally decrease until approximately a month later, owing to 
nuclides such as 65Zn and 99Mo generated by impurities. As 
for the target with the highest radioactivity concentration, 
the radioactivity concentration was initially high because of 
196Au with a half-life of 6.2 days; however, it was confirmed 
that after a week, the radioactivity concentration gradually 
dropped until 6 months later, owing to the 54Mn nuclide with 
a half-life of 312.3 days, One year later, when the half-life 
ended, it fell to a level similar to the radioactivity concen-
tration of the ion chamber. Furthermore, it was confirmed 
that radionuclides with long-half-lives were produced by 
impurities. Nuclides with such a long-half-life may cause 
damage to the general public if radiated cargo leaks to the 
outside, and thus, the effect of impurities in parts should be 
considered when disposing linear accelerators.

5  Conclusions

In this study, the components of the linear accelerator parts 
discarded to prepare regulations for the disposal of the lin-
ear accelerator, and based on these data, radionuclide and 
radioactivity concentrations over time were evaluated using 
Monte Carlo codes, that is, PHITS code and DCHAIN. The 
components of each part measured using LIBS were similar 

to the major components provided by the manufacturer; 
however, it was verified that it contained small amounts of 
impurities. Impurities were included during the manufactur-
ing of the parts, and it is not known whether the same impu-
rities would be included in other Siemens linear accelerators. 
When a Monte Carlo simulation was performed considering 
the measured impurities, it was confirmed that additional 
nuclides were generated in addition to the radionuclides 
calculated using the data provided by the manufacturer. We 
expect that these results will be the foundation for establish-
ing clear safety management regulation for the disposal of 
linear accelerators. In the future, we plan to perform gamma 
spectroscopy considering workload of 10MV energy using 
HPGe and compare with Monte Carlo simulation data 
obtained in this paper.
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