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Purpose: During the treatments of cancer patients with a linear accelerator (LINAC) using photon
beams with energies 28 MV, the components inside the LINAC head get activated through the
interaction of photonuclear reaction (y, n) and neutron capture (n, y). We used spectroscopy and
measured the dose rate for the LINAC in operation after the treatment ended.

Methods: We performed spectroscopy and dose rate measurements for three units of LINACs
with a portable high-purity Germanium (HPGe) detector and a survey meter. The spectra were
obtained after the beams were turned off. Spectroscopy was conducted for 3,600 seconds, and
the dose rate was measured three times. We identified the radionuclides for each LINAC.

Results: According to gamma spectroscopy results, most of the nuclides were short-lived
radionuclides with half-lives of 100 days, except for °Co, 8%Zn, and '®'W nuclides. The dose rate for
three LINACs obtained immediately in front of the crosshair was in the range of 0.113 to 0.129
uSv/h. The maximum and minimum dose rates measured on weekends were 0.097 uSv/h and
0.092 uSv/h, respectively. Compared with the differences in weekday data, there was no
significant difference between the data measured on Saturday and Sunday.

Conclusions: Most of the detected radionuclides had half-lives <100 days, and the dose rate
decreased rapidly. For equipment that primarily used energies <10 MV, when the equipment was
transferred after at least 10 minutes after shutting it down, it is expected that there will be little
effect on the workers’” exposure.
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Introduction

Radiation therapy devices and techniques have con-
tinued to develop since the 2000s, and linear accelerators
(LINACs) have been used extensively and constitute the
most ubiquitous treatment equipment in Korea. As of 2020,
64% (182 units) of the 285 therapeutic radiation generators
installed in Korea were LINACs [1,2]. The structure and

components’ materials of the LINAC differ depending on

the manufacturer. The equipment and parts gradually be-
come radioactive owing to activation phenomena during
operation.

In the case of cancer treatments using a photon beam
with an energy >8 MV, radiation occurs because of a chain
reaction of the following two reactions [3,4]. With continu-
ous irradiation, neutrons are generated through a photo-
nuclear reaction (y, n) inside the LINAC's head, and these

then interact with the components inside the LINAC head,
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such as the target, primary collimator, flattening filter, and
ion chamber, causing a neutron capture (n, y) reaction that
generates gamma rays [5-7]. The LINAC gradually becomes
radioactive, exposing radiologists and patients receiving
treatment to unintentional radiation [8]. Furthermore, the
radiation exposure to workers in the process of dismantling
a LINAC which is intended to be disposed after the end of
its operation should be considered. According to a disposal
company in the Republic of Korea, when the LINAC is
transferred for disposal or installed in another institution
without dismantling the equipment before its move, the ef-
fect of radiation leakage through the crosshair for the beam
exit (radiation exposure window) cannot be ignored despite
the fact that the LINAC’s head is surrounded by lead or iron
shields to minimize leakage radiation [9,10].

The level of activation and the detected radionuclides
may vary depending on the period of use, energy, workload,
and manufacturer of the equipment, and it is important
to obtain and evaluate this type of information. In Korea,
guidelines and regulations related to the demolition, dis-
posal, and release of equipment are not clear. Therefore,
it is believed that measuring the degree of activation by
LINAC-operated periods or manufacturer can be a good
standard when transferring/disposing LINACs at a similar
level in the future.

In this study, to provide recommendations for the
minimization of the level of exposure to workers who are
responsible for the relocation and moving of LINACs in-
tended for dismantling, we measured the dose rate and
analyzed nuclides using a survey meter and gamma spec-

troscopy at the beam exit of the LINAC during operation.

Table 1. Information of medical linear accelerators evaluated herein

Materials and Methods
1. Medical linear accelerators

We performed radio activation measurements and evalu-
ations on selected LINAC types, including the Clinac iX, In-
finity, and Oncor Impression Plus, which are representative
LINACs from manufacturers, such as Varian (Palo Alto, CA,
USA), Elekta (Stockholm, Sweden), and Siemens (Erlangen,
Germany), installed in the Department of Radiation Oncol-
ogy at the Hospital in Korea. We investigated the models ac-
cording to the manufacturer, period of use, energy, number
of patients treated per day, workload, and intensity modu-
lated radiation therapy (IMRT) ratio (Table 1). The ratio of
energy used was also confirmed. All three LINACs had a
source-to-surface distance of 100 cm. The installation year
and operation period were based on the measurement date.
Varian’s Clinac iX LINAC was installed in 2014 and operated
for eight years. Elekta’s Infinity LINAC was installed in 2021
and operated for approximately six months, and the Oncor
Impression Plus LINAC (Siemens) had been used for ap-
proximately 15 years. All three LINACs used 4 MV and 6 MV
energy beams at relatively high ratios equal to 70% to 80%
compared with the 10 MV energy beam. With the excep-
tion of the Elekta Infinity equipment (20% IMRT ratio), the
IMRT ratio was confirmed to be >80%. The average number
of patients treated with the use of the Varian LINAC was 40
to 50 per day, and the average number of patients treated

using the Elekta and Siemens LINACs was 20 to 30 per day.

Manufacturer
Item
Varian Elekta Siemens
Model Clinac iX Infinity Oncor Impression Plus
Installed year (age) 2014 (8 years) 2021 (6 months) 2007 (15 years)
Energy 6 MV (80%), 10 MV (20%) 6 MV (80%), 10 MV (20%) 4 MV (70%), 10 MV (30%)
IMRT treatment ratio (%) 90% 20% 80%
Workload (Gy/week) 500 300 300
Number of patients per day 40-50 30 20-30

IMRT, intensity modulated radiation therapy.
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Fig. 1. Diagram showing the mea-
surement procedure and evalua-

tion of activation of medical linear
accelerators (LINACs). HPGe, high-

Identification of nuclides

2. In-situ gamma spectroscopy for linear
accelerator in operation

Fig. 1 shows the gamma spectroscopy measurement
and evaluation procedure diagram for the activation of the
medical LINAC. Our study aims to evaluate the activation
of the entire LINAC equipment without pre-processing the
measurement sample/object, and a qualitative methodol-
ogy for the analysis of radionuclides was presented. After
linking the portable high-purity Germanium (HPGe) detec-
tor and software, the high voltage was set to 3,000 V and the
measurement time was set to 3,600 seconds. Measurements
were then conducted. The channel information of the
spectrum was corrected with energy using a '*Eu standard
source, and a peak matching the library nuclide was identi-
fied based on the calibrated energy information. The spec-
trum was acquired after placing the detector on the couch

and in front of the beam’s exit path, and the background

v

Reportin
P ° purity Germanium; CRM, certified

reference material.

spectrum was measured outside the treatment room and
then subtracted during the analysis process.

Following the execution of in-situ spectroscopy procedure
established in this study, nuclide spectral measurements for
nuclide identification were performed on the LINACs used
in the medical institutions. We used a portable HPGe de-
tector (Falcon 5000; Canberra Inc., Meriden, CT, USA), and
the relative efficiency of the instrument was 18% (based on
a 3"x3” Nal[TI] detector). The full-width-at-half-maximum
of the gamma spectroscopy system was 0.15% (2.0 keV) for
gamma rays with energy equal to 1,332 keV and 0.82% (1.0
keV) for 122 keV gamma rays. GENIE-2000 (Canberra Inc.)
software was used for analysis. Channel-energy calibration

’Ey certificated reference material.

was performed with

As shown in Fig. 2, after rotating the gantry of the LINAC
for treatment by 90°, the portable HPGe detector was po-
sitioned in front of the beam exit, and measurements were

recorded for 3,600 seconds. The height and position of the
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Fig. 2. Setup of the in-situ high-purity Germanium detector in front of the linear accelerator crosshair and relevant measurements.

couch were adjusted such that the portable HPGe detector
was located at the center of the crosshair. The background
spectrum was measured outside the treatment room based
on considerations that the activation had already pro-
gressed inside the treatment room. Spectral measurements
were performed immediately after the treatment was fin-
ished, and it was prepared to take less than 10 minutes from
the detector setup for measurement. Measurements were
recorded thrice for each LINAC: the 1st measurement was
obtained on weekdays after the treatment, and the 2nd and
3rd measurements were obtained on weekends (Saturday
and Sunday) to identify long-lived nuclides. Spectral analy-
ses were performed, and nuclides detected owing to activa-

tion for each manufacturer were compared.

3. Measurement of dose rate for linear accelerator
in operation

Immediately after treatment, a survey meter (FH-40
G-L10; Thermo Scientific, Waltham, MA, USA) was used to
measure the dose rate in front of the beam exit. Measure-
ments were performed on weekdays after patient treatment
and on weekends (Saturday and Sunday), and the average
value and standard deviation were calculated after three
measurements. Additionally, after irradiating with a 600
MU dose using a 10 MV Varian LINAC, the dose rate varia-

tion with time was confirmed.

Results
1. Linear accelerator spectroscopy results

Table 2 shows the nuclides detected after gamma spec-
troscopy in the Varian, Elekta, and Siemens LINACs. Nu-
clides marked with “P” and “m” is nuclides with clearly
identified peaks in the spectral analysis, and a minor peak
with low counts per second (CPS) value on the spectrum,
respectively. From the gamma spectroscopy analysis of the
Varian LINAC, peaks of a total of eight nuclides, including
*Na, **Mn, *Co, and *Br, were clearly identified. On week-
ends (Sat/Sun), the same nuclides as those detected on
weekdays were identified, except for **Na and **Mn nuclides
with half-lives of 15.02 and 2.579 hours.

In the case of gamma spectroscopy conducted on the Ele-
kta LINAC, six nuclides were detected, including **Mn, '*Sb,
'"%Re, "W, and "°Au. The **Mn nuclide was not detected
on either Saturday or Sunday, and the *Br nuclide was de-
tected only in the Saturday measurement data.

In the case of gamma spectroscopy conducted on the
Siemens LINAC, 11 nuclides were detected based on data
measured on weekdays. In addition to the nuclides *Na,
“Co, Mo, '*Sb, and '*'W, the **Al nuclide with a half-live
of 2.245 minutes was detected. From the weekend mea-
surements, the same results as the nuclides identified on
weekdays were confirmed, except for **Na, **Al, and **Mn
nuclides which had half-lives equal to 15.02 hours, 2.245

minutes, and 2.579 hours, respectively.
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Table 2. Detected radionuclides of spectroscopy

Varian Elekta Siemens
Radionuclide Half-life Weekend Weekend Weekend
Weekday Weekday Weekday
Sat. Sun. Sun. Sat. Sat. Sun.
*'Na 15.02h P P
Al 2.245 min P
*Mn 2.579h P P P
*Co 70.80 d m m m m P
*Co 5271y P P m P P P
%Zn 243.7d P P P
®Br 35.30h P m m m m P P P
%Mo 66.02 h P P P
128k 2.700d P P P P P P
) 60.21d P P P P P P m m m
W 121.2d P P P P P P P P P
'"Re 38.00d P P p
1w 23.83h P P P P P P p p p
AU 6.183 d P P P P p p
Au 64.80d

Sat., Saturday; Sun., Sunday; P, nuclide with a distinct peak; m, nuclide with minor effect.

[ Varian
0.15 [ Elekta
0429 Il Siemens
0.123 --- Background
.1
S 0104 | | B _____ oo
g 0.097
2
o
[0}
8 0.05 -
a
0.00 T
Working day Saturday Sunday

Measured day

Fig. 3. LINAC dose rate measurement outcomes. LINAC, linear
accelerator.

2. Dose rate measurement outcomes

Fig. 3 shows a graph of the dose rate measurement using
the LINAC equipment, and the average values and errors in
measurements on weekdays and weekends (Saturday/Sun-
day). From the measured dose rated for the three LINACs
evaluated in this study, the value of the dose rate in front of
the beam exit immediately after the end of treatment was

0.113 to 0.129 uSv/h. The maximum and minimum dose

rates measured on weekends were 0.097 and 0.092 uSv/h,
respectively. Compared with weekdays, there was no sig-
nificant difference between the Saturday and Sunday mea-
sured data. The background dose rate was approximately
0.097+0.0031 pSv/h.

The dose rate measurement immediately after irradiation
at 500 MU using 10 MV energy of the Varian equipment was
0.702 uSv/h, and it decreased abruptly to 0.406 uSv/h in 1
minute. Subsequently, the dose rate decreased, as shown
in Fig. 4, and was measured at a level similar to the natural

radiation dose rate within 10 minutes.

Discussions

In this study, gamma spectroscopy was performed on
the Varian, Elekta, and Siemens LINACs, and the dose rates
were measured in front of the beam exit pathways. From
the gamma spectroscopy outcomes, most nuclides with
half-lives <100 days were detected, except for the *Co, *Zn,
and "W nuclides. Differences in nuclides from different
manufacturers were confirmed. This is expected owing to
differences in constituent elements and impurities of parts
by manufacturers.

According to the Varian LINAC’s manufacturer’s blue-
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print, tungsten was suggested as the main material for the
target, collimator, and planarization filter [11]. Based on
the (y, n) and (n, y) reactions, energy peaks of ""'W and "W
nuclides were clearly identified, and **Co and *Co nuclides
generated by materials such as copper, nickel, and iron
were detected.

The target of the Elekta LINAC was composed of tungsten
and rhenium, and the collimator/jaw/multileaf collimator
and flattening filter parts are composed of tungsten and
iron, respectively [12,13]. It is believed that tungsten and
cobalt-nuclides, including "**Re nuclides, were detected ow-
ing to (y, n) and (n, y) interactions.

Based on the manufacturer’s blueprint, Siemens LINAC
components are composed of various elements including
tungsten, iron, copper, krypton, manganese, and gold, and
many nuclides were detected according to the radioactive
process [14]. Among them, the 'Au nuclide yielded a sig-
nificantly low CPS when detected by the Siemens LINAC.
Thus, the peak would only be visible after measurements
for a long time compared with the other measurements.

Other nuclides, such as *Na, *Br, Mo, *’Sb, and '*'Sb
seem to have been generated because of impurities other
than the main material of the part [15,16]. Additionally, the
peak for minor nuclides measured at extremely low CPS
would have been more clearly identified if gamma spectros-
copy was performed for periods >1 hour.

We compared the radionuclides identified in this study
with those suggested by Fisher [17], Fisher et al. [18], and
Fujibuchi et al. [19] according to the LINAC manufacturer.
Compared with the nuclides identified by Fisher et al., SICr,

energy beam.

*Mn, *Co, *Ni, *Fe, and *'Cu were not identified, but the
results for other nuclides were confirmed to be consistent.
The LINACs evaluated by Fisher et al. were equipped with
an energy of 15 MV, and spectroscopy was performed for
2 hours after irradiation at an arbitrarily dose of 400 MU.
Moreover, when comparing the results of this study with
the results of gamma spectroscopy for the Varian LINAC
evaluated by Fujibuchi et al. [19], *Cu, "*"Ag, "*"In, Ay,
and "’Au nuclides were not identified. However, in this
study, spectroscopy was conducted after irradiating with a
5,000 MU dose prior to measurement. The *’Al nuclide was
predicted to be undetectable because the setup time in our
experiment was longer than the half-life (which is equal to
2.245 min). This difference is considered to be due to the
10 MV energy used for the measurement and the measure-
ment time (60 h).

From the measured dose rate, it was confirmed that there
was no significant difference from the background dose
rate at 0.092 to 0.129 uSv/level immediately after treatment
on weekends. The LINACs used for the measurements
conducted in this study employed energy beams at 4 and 6
MYV at a ratio of 70% to 80%. It is considered that most of the
equipment types which use the corresponding energy band
generate very short-lived nuclides, and the dose rate drops
within a short time. Based on this, it is expected that the
level of radiation varies depending on the maximum energy
used, and the effects of the period of use of the equipment,
the number of patients per day, and the operating load are
relatively small. Based on the results from this study, the
LINAC intended to transferred to be installed in another
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institution (with a maximum rated energy of 10 MV), or
transferred for disposal, the radiation effects on the opera-
tor after at least 10 minutes of continuous operation are

expected to be considerably low.

Conclusions

In this study, a radioactivity measurement and evaluation
system using a portable HPGe detector was established,
and spectroscopy and dose rate LINAC measurements were
performed at the beam’s exit pathway. Regarding the equip-
ment which used energies of 4, 6, and 10 MV, the dose rate
decreased to the natural radiation dose level within 10 min-
utes after the termination of treatment. Most of the nuclides
were short-lived radionuclides with half-lives <100 days,
except for *’Co, ®*Zn, and '"*'W. Regarding the LINAC with a
maximum energy of 10 MV intended to be installed at an-
other institution or disposal, it is expected that the effects
on the workers’ exposure will be minor if the equipment is
transferred after at least 10 minutes after it was shut down.
However, because the LINACs used in this study used 10
MV energy beams at a relatively small ratio, additional
research must be conducted on equipment using energy
beams >10 MV. In the future, we intend to conduct a com-
parison and analysis of radionuclides in conjunction with

Monte Carlo simulations for LINACs using equipment.
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