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It is well known that medical linear accelerators generate activation products when op-
erated above certain electron (photon) energies. The aim of the present work is to as-
sess the activation behavior of a medium-energy radiotherapy linear accelerator by ap-
plying iz situ gamma-ray spectrometry and dose measurements, and to estimate the
additional dose to radiotherapy staff on the basis of these results. Spectral analysis was
performed parallel to dose rate measurements in the isocenter of the linear accelerator,
immediately after the termination of irradiation. The following radioisotopes were de-
tected by spectral analysis: 28Al, ©2Cu, 5°Mn, 4Cu, 187W, and 57Ni. The short-lived iso-
topes such as 28Al and 62Cu are the most important factors of the clinical routine, while
the contribution to the radiation dose of medium-lived isotopes such as 56Mn, 57Ni,
64Cu, and 137W increases during the working day. Measured dose rates at the isocenter
ranged from 2.2 uSv/h to 10 uSv/h in various measuring points of interest for the
members of the radiotherapy staff. Within the period of 10 minutes, the dose rate de-
creased to values of 0.8 uSv/h. According to actual workloads in radiotherapy depart-
ments, a realistic exposure scenario was set, resulting in a maximal additional annual

whole body dose to the radiotherapy staff of about 3.5 mSv.

Key words: linear accelerator, activation, radioisotopes, photonuclear reaction,

gamma spectroscopy

INTRODUCTION

Linear accelerators have become the megavoltage
treatment units of choice in modern radiotherapy depart-
ments [1, 2]. Due to recent developments, such as
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multi-leaf collimators and intensity modulated radiother-
apy units, many older devices are being substituted by
high-energy accelerators with photon energies over 10
MV [3, 4]. At present, the majority of external radiother-
apy is carried out using high-energy X-rays and electrons
from electron accelerators. When X-ray beams are used
and the photon energy exceeds the binding energy of a
nucleon, which is approximately 8 MeV to 10 MeV, ra-
dioactive isotopes can be produced due to photonuclear
reactions. Depending on the photon energy and on the ir-
radiated material, a number of radionuclides will be cre-
ated in the accelerator itself, in the construction material
and objects present in the room, as well as in the patient’s
body. These activation products may give rise to an in-
creased exposure of the radiotherapy staff [5]. The effect
is more pronounced after prolonged irradiations [6].
Several studies have identified isotopes and mea-
sured or calculated resulting dose rates, and from these
findings it is an accepted fact that resulting doses for the
staff are not negligible [5, 7-9]. The annual dose burden
derived from other studies ranged from 0.5 mSv to S mSv
[6, 10, 11]. Although the problem has been known for de-
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cades, little is known about the spatial distribution of the
induced activity. Whilst it can be easily demonstrated
that the treatment head, the target and flattening filter re-
gions are dominant radiation sources, it has also been
shown that treatment accessories such as wedges or
block trays are activated as well [12]. These studies were
predominantly concentrated on the problem of radioac-
tive waste handling after accelerator decommissioning.
According to the results of previous studies, activation
products have a short half-life [3, 6, 7]. However, de-
pending on the exact composition of the accelerator
head, radionuclides with a longer half-life could also be
found, but no systematic dependence on machine prop-
erties or manufacturer was observed [13]. In addition,
due to the difficulties in performing gamma-ray spec-
trometry in a hospital environment and the relative un-
availability of therapy machines for experiments due to
high patient workload, very little information is available
about the specifics of these radioisotopes which may
contribute to occupational exposure.

In order to obtain additional knowledge on activa-
tion processes and the materials in which they take place,
a study was performed to determine the activation prod-
ucts and resulting dose rates for the linear accelerator of
the Siemens Primus type operating at 18 MV electron en-
ergies and to assess the additional dose to radiotherapy
staff due to activation products.

MATERIALS AND METHODS

Background physics

In a medical linear accelerator operating in a
photon mode, the bremsstrahlung radiation is pro-
duced in the target. The photons have an energy distri-
bution with the maximal energy equivalent to the en-
ergy of the generating electrons. The photons emitted
from the target in the photon mode or as side effect in
the electron mode, interact with the electron shell of at-
oms in their path and with the nuclei when the energy
is high enough. In the energy range of medical linear
accelerators, two major processes are involved in the
generation of activation products. The first process is
the nuclear photo effect, i. e. (y, n) reaction, resulting
in neutron emission. The produced neutron is able to
initiate nuclear reactions itself and give rise to another
process - neutron capture, i. e. (n, y) reaction which is
essentially the absorption of a neutron by a nucleus,
followed by the emission of binding energy in the form
of photons [5].

At sufficiently high energies, neutrons are prin-
cipally produced by means of the giant dipole reso-
nance mechanism (GDR) in the nuclear reaction be-
tween photons and target nuclei. The reaction
threshold energy decreases with the increase in the tar-
get’s atomic number (Z). In the energy region of the

GDR, the (7, n) cross section for high-Z elements is a
factor ten times higher than for low-Z materials [14].

Neutron production in medical linear accelera-
tors arises from photonuclear reactions of high-energy
photons with high-Z material components in the accel-
erator head and greatly depends on its isotope compo-
sition. The absorption cross-sections of the material
present in a linear accelerator are very low for gener-
ated neutrons. Thus, neutrons are not shielded by the
collimators and can be found throughout the treatment
room, contributing to the extra dose to the patients and
radiotherapy staff. In addition, it can be expected that
the activation products created by neutron capture are
distributed over the whole treatment room, whereas
the isotopes produced by nuclear photo-effect events
concentrate in the region of the maximum flux of high
energy photons, i. e. in the primary collimator, target
and jaws [12].

Linear accelerator incorporated
into this study

Allmedical linear accelerators have the same ba-
sic operation principle; however, they may differ con-
siderably in construction details; even when of same
accelerating voltage, the may differ in the electron cur-
rent, which ultimately determines the activation flux
[7]. According to the results of previous studies, in-
duced radioactivity in a high-energy treatment room
arises mainly from the accelerator itself and its compo-
nents, and in a lesser extent, from walls, floor, ceiling
and the patient [3, 12]. In order to obtain additional
knowledge of the impact of the activation process on
the radiation burden of occupationally exposed indi-
viduals in radiotherapy, a study was undertaken to de-
termine the activation products and assess the addi-
tional dose to the operating staft for a particular linear
accelerator.

The linear accelerator model chosen for this exper-
imental study is a Siemens Primus (Siemens Medical So-
lutions, Malvern, Penn., USA) operated ina 18 MV con-
figuration that was installed in 2004. For this particular
accelerator model and photon energy, no activation data
have been reported so far.

Gamma-ray spectroscopy

In situ gamma-ray spectroscopy was performed
using a calibrated gamma-ray spectrometer consisting
of a high purity germanium detector of 25% relative
efficiency and battery driven hardware (InSpector
2000, Canberra, Meriden, Conn., USA). The recorded
data were analyzed using the gamma spectrometry
software Genie 2000 (Canberra, Meriden, Conn.,
USA).
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Although the results of gamma-ray spectrometry
can under certain geometry and absorption assump-
tions be used for quantitative activity assessment [7],
here the peaks were used only for radionuclide identi-
fication.

Dose rate measurements

Dose measurements from induced activity in
terms of the photon equivalent dose rate (H,) were
performed using a calibrated portable scintillation
measuring unit 6150 ADB (Automess, Ladenburg,
Germany), consisting of a scintillation probe 6150
AD-b and a dose rate meter 6150 AD 6. The energy
range of the instrument is 23 keV to 7 MeV, while the
doseraterange is 0.01uSv/ht0 99.9 uSv/h, making it
suitable for measurements of gamma radiation pre-
dominantly in the MeV range [15]. The detector was
placed adjacent to the spectrometer crystal, within a
20 cm x 20 cm field size, as defined by the accelera-
tor light field. Due to the logging capability of the in-
strument, the time dependence of the dose rate was
recorded. Dose rate values were recorded every sec-
ond.

The dose rate distribution was measured around
the therapy couch, at points where the staff is likely to
stand, and in front of the door at the end of the maze.

Measurement set-up

All the measurements in this study were per-
formed for a 20 cm x 20 cm field at the isocenter
(source-to-skin distance 100 cm) at 0° gantry angula-
tions. This geometry corresponds to a reference filed in
most relevant dosimetry protocols and treatments [2].

The measurements were performed at midnight,
at the end of a working day. The linear accelerator
workload is very high, encompassing treatment of more
than 60 patients in 150 fields per working day. Induced
activity at 18 MV was generated and measured with a
20 cm x 20 cm open field, chosen to be representative
of a typical clinical treatment field, having in mind that
around 20% of the patients are treated using 18 MV
photons.

Since the induced dose rate increases with the size
of the field, the selected field size is a reasonable con-
servative choice. The measuring points are selected to
represent the dependence of irradiation modality
(isocenter and front face), since positions behind the
shielding of the treatment head remain unaffected by ir-
radiation modality, due to strong attenuation in the
shielding material [9].

A maximal dose rate of 500 monitor units (MU)
per minute was delivered over a period of 2.20 minutes,
which corresponds to the absorbed dose of 10 Gy at a
normal treatment distance.

The spectrometer and the dosemeter were in-
stalled on a trolley and put in operational mode outside
of the treatment room to avoid radiation damage during
beam on. The sensitive volume of the detector and the
dosemeter were positioned at the isocentre of the accel-
erator, not later then 1 minute after beam termination.
The detectors were positioned in the region of the light

Figure 1. Experimental set-up, showing a
gamma-ray spectrometer and a dose rate me-
ter with accessories

field, allowing a direct view of the target and the flatten-
ing filter. Spectra acquisition and dose measurements
were performed simultaneously over 1000 s. The ex-
perimental set-up is presented in fig. 1.

The measurements were repeated five times for
the same irradiation conditions, in order to follow the
effects of activity build up. Also, both gamma-ray
spectroscopy and dose rate measurements were per-
formed for both the open jaws and the 30° wedge in po-
sition.

RESULTS AND DISCUSSION

Major activation products identified in the room
are listed in tab. 1, along with their basic properties.
The identified radionuclides are consistent with other
studies [6, 7, 9, 11]. Radiologically, the most signifi-
cant isotopes are 28Al, ©2Cu, **Mn, *Cu, '8’W, and
37Ni. Figure 2 shows the obtained spectra as an exam-
ple.

The short-lived isotopes as ®Al and %>Cu are the
most important ones in the clinical routine, while the
contribution to the radiation dose of medium-lived
isotopes as **Mn, 3'Ni, ®*Cu, and '*’W increases dur-
ing the working day. To assess the maximum activity,
the experiment was carried out at the end of the work-
ing day. Other long-lived isotopes contribute to dose
build-up on a weekly or even yearly basis. These iso-
topes are likely to be in equilibrium, since this linear
accelerator has been operating for more than 4 years.
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Table 1. Activation products found in the radiotherapy room of a Siemens Primus
linear accelerator operating at 18 MV photons
Radionuclide| Halflife | Decay mode fof?géi?iggzi};u[iz%] Probable nuclear reaction
Al 2.3 min By 1779 7Al(n, y)**Al
S6Mn 2.6h By 846, 1811, 2114 SMn(n, y)**Mn
24Na 15h By 1369, 1731, 2755 2Na(n, y)**Na
SMn 312d B,y 834 %Fe(n, p)**Mn
SINi 36 h By 1378 3Ni(y, n)*’Ni
82Br 353h By 554,776, 1044, 1318 81Br(n, y)¥Br
187w 24 h By 479, 617, 685 186W(n, 7)'87W
2Cu 9.7 min Bt SCu(y, n)%2Cu
%Cu 12.7h B* %Cu(y, n)**Cu
2V 3.75 min By 1434 SV (n, y)*2V
19%Au 6.2d BBy 355 197Au(n, 2n)'*°Au
é 10000 gdgi = :z ]
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% 8000 :5 351 H
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Figure 2. Gamma-ray spectrum obtained at the linear ac-
celerator's isocenter after irradiation, using 18 MV pho-
tons and a field size of 20 cm x 20 cm

The isotope 28Al is produced by neutron capture
in2’Al, while '¥’W and **Mn are produced in reactions
186W (n, )'87W, **Ni(y, n)*’Ni, and >*Mn(n, 7)**Mn.
>*Mn was identified using the 834 keV line. It should
have been produced in a reaction ** Fe(n, p)**Mn. The
isotope 2*Na probably originates from the activation of
concrete by thermal neutrons. The peak at 511 keV is
due to the annihilation from positron emitters. Accord-
ing to the time evolution of the peak, it was attributed
to the positron emitting radionuclides ®>Cu and *Cu.
However, their contribution to the radiation dose is not
significant. A gamma line of 355 keV was used for
196 Ay detection. It is likely that the activation of stable
gold occurs in the wave-guide of the linear accelerator.
The absence of '*Au speaks of the non-thermal char-
acter of neutrons at points where the gold is activated.
No presence of Co, Fe, Sb, and Cr isotopes, which
were reported by other authors, was found [11, 13].

The linear accelerator itself is subject to consid-
erable activation, particularly the target, flattening fil-

Figure 3. Dose rate time dependence at the linear accel-
erator's isocenter after irradiation using 18 MV photons
and a 20 cm x 20 cm field size

ter, and the collimators. Figure 3 represents the behav-
ior of dose rates in the isocenter at the level of the treat-
ment coach, following irradiation. The curve is a
rather complex sum of several exponential decay
curves. The steep increase in the part of the curve cor-
responds to the movement of the detector through the
maze, while the maximum corresponds to the begin-
ning of measurements in the isocenter. It is likely that
the personnel stand close to the aperture in both verti-
cal and horizontal beam configuration. In that case, the
dose to the staff would be higher, as presented in tab.
2. This is particularly important for operations of posi-
tioning the patient or treatment aids such as wedges,
shielding blocks or electron applicators in the beam.
The dose rate measured at collimator jaws ranges from
2.2 uSv/h to 10 pSv/h and becomes uniform with the
increase in the distance from the accelerator head, as
presented in tab. 2. The dose distribution indicates that
the accelerator head is a major source of induced activ-
ity. The dose from the activation of other accelerator
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Table 2. Results of dose rate measurements, 2 minutes
following the irradiation, using 18 MV photons and a 20 cm x
x 20 cm field size

Photon equivalent| Photon equivalent
Positi dose rate in dose rate 50 cm
osition the center of the | laterally from the
beam [uSv/h] |beam center [uSv/h]

Front face 10 4.0
Under jaws (15 cm) 7.0 2.8
Under jaws (50 cm) 4.0 2.6
Isocenter 2.7 23
Floor 2.3 2.2

components is also of concern to the staff that per-
forms maintenance operations soon after treatments.

In the energy interval commonly used in medical
accelerators (10 MV to 20 MV), the photonuclear
cross-section increases with the atomic number [4].
High-Z materials included in the components of the lin-
ear accelerator produce significantly more neutrons
than the biological tissues of the patients, making the
accelerator itself the dominant source of an additional
dose to the staff.

There was no significant difference in dose rate
and spectra obtained with the wedge in place or without
it. Thus, one can consider the activation of the wedge to
be negligible.

Gamma-ray spectroscopy was used only for
radionuclide identification, since the activity could not
be reliably estimated, due to its dependence on the his-
tory of accelerator use and a very complex geometry of
the accelerator itself, the room, and objects present in
the room.

DOSE ASSESSMENT

Every radiotherapy machine presents a potential
hazard due to the primary radiation transmitted
through the patient, scattered photons from the patient
and surroundings, and leakage radiation through the
accelerator shielding. Also, neutrons produced in
photonuclear reactions require particular attention, as
well as high-energy gamma radiation produced in
eventual neutron capture. The radioactivity induced in
the accelerator, patient, the structure of the room, and
accessories is a significant additional source of radia-
tion dose to the radiotherapy staff.

Clinical practice involving the machine showed
that a typical patient spends 10 minutes in the room, re-
ceiving 18 MV 4-field treatments, with an average of
100 MU delivered per field. The fields are delivered 1
minute apart. [t was assumed that operators do not en-
ter the room between two fields. The maximal dose
rate after the termination of irradiation in the front face
and the isocenter was 10 uSv/h and 4 uSv/h, respec-
tively, for a therapist’s time in the room of 10 minutes

per patient, standing next to the treatment head. For a
realistic dose assessment, the following equation was
used, adopted from Fisher at al. [7]

E=N,N, _ftfHdt (1)

fy

where Nyis the number of working days per year, N, —
the number of patients treated per day, f— the fraction
of high-energy fields, and H — the measured dose rate,
while parameters ¢, and #; define the time interval
which the radiotherapy staff spends in the room be-
tween two treatments.

According to the above presented results of dose
rate measurements (fig. 3 and tab. 2) and the men-
tioned typical workload, the estimated annual whole
body dose is 3.5 mSv, assuming a total of 250 working
days per year and a 20% accelerator operation using 18
MYV photons. The estimated dose to the hands of the
operator is 5 mSv per year, using a similar exposure
scenario. The dose to the skin from both beta and
gamma radiation is significant for wedge and filter po-
sitioning operations. Such dose assessment is based on
“the worst case scenario”, assuming constant and
maximal dose rates for the duration of the exposure.
The maximum annual whole body dose of 3.5 mSv is
slightly higher than suggested by results of other stud-
ies [6, 9], due to a higher workload assumed in this
study. In order to obtain a more realistic dose assess-
ment using eq. (1), taking into account the dose rate
decrease for the same workload pattern, the annual
dose was estimated to be 1.5 mSv. The applied integra-
tion limits take into account the exposure of the indi-
vidual from the moment of entering the maze, as pre-
sented in fig. 3.

Although high-energy fields are not often used
in clinical practice (10-20%), the radiotherapy staff re-
ceives doses from activation almost continuously, fol-
lowing each treatment, as a result of the previous
high-energy activation. The uncertainty of these re-
sults is affected by the presence of the patient, use of
different gantry angles, field sizes and accessories, as
well as by the sharing of responsibilities among opera-
tors. The location of the operator in the treatment room
and number of high-energy fields are another source
of uncertainty.

POTENTIAL FOR DOSE REDUCTION

Transmission measurements of the induced radi-
ation in the vicinity of the accelerator have shown that
the half-value layer is at least 2.5 mm of lead, which
makes the use of personal protective devices unfeasi-
ble [16]. However, it was found that the dose to the
staff could be significantly reduced by closing the jaws
or using suitable filters, since radiations from



E. Ateia, et al.: Additional Dose Assessment from the Activation of High-Energy Linear Accelerators ... 63

radionuclides activated by the copper and nickel used
in the construction inside the head of the accelerator
emanate directly through the open collimator.

In part, dose reduction can be achieved by re-
moving unnecessary objects from the treatment room
and, thus, eliminating sources of activation, particu-
larly aluminum. Also, dose reduction may be achieved
by scheduling high-energy field treatments for the end
of'the working day or delaying entry into the treatment
room after irradiation using high photon energies.

Due to significant variations in working habits,
in order to obtain a more realistic occupational dose
assessment, the use of electronic personal dosimeters
(EPD) for radiotherapy staff is to be considered.

FURTHER EXPERIMENTS

Although all medical linear accelerators have a
similar construction and operating principles, there are
certain construction details that may influence dose
rates differently, due to induced activities. Further in-
vestigations should focus on different accelerator
models and a more detailed assessment of induced ac-
tivity distribution in the radiotherapy treatment room.

CONCLUSIONS

High-energy accelerators expose both patients
and personnel to radionuclides created by neutrons
and gamma-ray activation of material within the treat-
ment room. At photon energies of 18 MV, the principal
radionuclides are produced in (n, ) reactions. Major
dose contributors are 28Al, 3*Mn, and 2*Na. Dose rates
are significant in the first ten minutes after the termina-
tion of irradiation, dominated by the 2.3 minutes
half-life 28Al for short-treatment times. For typical
clinical practice involving this machine, an estimated
maximal annual individual dose for radiotherapy staff
members of 3.5 mSv has been calculated, while the
dose to the hands can be even higher, up to 5 mSv per
year. This dose is well below regulatory limits [17],
however, it is far from negligible and extremely de-
pendent on local practice. Thus, it is of utmost impor-
tance to perform gamma-ray spectroscopy and dose
rate measurements at each particular radiotherapy in-
stallation and to suggest the tools for dose reduction if
we are to keep occupational doses in radiotherapy As
Low As Reasonably Possible in practice.
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Em6apka ATEUA, Omusepa HHUPAJ-BJEJIALL, Munojko KOBAYEBUH,
[erap BEJINYEB, bparuncias HBETKOBWh, Usan AHUYUH

NNPOLEHA NOOJATHE NO3E KAO INOCIEININA AKTUBAIIMJE KO JUHEAPHUX
AKIEJEPATOPA BUCKOX EHEPTNJA Y PAJIUOTEPAIININ

JIuneapHu axuelepaTOpu KOjU Ce KOPUCTE y MEJULMHUA HAa BUCOKMM €HEprujaMa reHepuuly
npoAyKTe akTmBanmje. LIk pama je mpoleHa aKTHBAIMOHOT TTOHAIIama JIMHEApHOT akIejlepaTropa y
paguoTepanuju Ha OCHOBY raMa CIIEKTPOCKOIICKUX W JIO3UMETpHjcKuX Mepema. Kopucrehu pasynrare
Mepema MpoleHkeHa je JAOofaTHAa jo3a 3a Npo(eCHOHATHO H3JIOXKEHA JUIAa Yy pafguoTepanuji.
CIeKTpOCKOIICKa Mepema W Mepeme 03¢ PEeajn30BaHO je MCTOBPEMEHO Yy HM3OIECHTPY JMHEAapHOT
aKIesJepaTopa TPEHYTHO HAKOH INpecTaHKa o3paunBama. Haj3sHauajHUju JeTeKTOBAaHW PajliON30TONHN
6umu cy: 28Al, ©2Cu, 3Mn, %Cu, '¥"W u ¥'Ni. KpaTkoxusehu paguonsoronn (*8Al u >Cu) najznauajuuju cy
YUHUIAL y KIMHUYKO] MPAaKCH ca CTAHOBMINTA TPEHYTHOT MONPHHOCA JO3U, MOK cpefmexkuBehn
paguounsoromu (**Mn, %Cu, '8’W u ¥’Ni) mocrajy 3HauajHuju TOKOM pajIHOT JaHa U PajIHE HEETBE, TOCEGHO Y
cy4ajy BeNnMKuX pagHux ontepehema. I3MepeHna jaunna go3e KpeTtana ce y marepsainy o 2.2 uSv/h o 10
uSv/h, y pa3nmuuuTEM MEpHAM TauyKaMa Off MHTepeca 3a IIPOoLieHy 103e 3a TpoheCHOHAITHO U3II0XKeHa JINIA Y
paguorepanuju. Hakon 10 MmHyTa O mpecTaHKa o3pauMBama jaunHa fo3e u3Hocuina je 0.8 pSv/h.
Kopucrehn nmopatke o THNMYHOM pajHOM onTepehemy mponemeHa je MakcuMaiHa [OfaTHA jo3a 3a
npoecnoHaTHO U3JI0KeHa JIHIa o 3.5 mSv Ha FOANIIHEM HIBOY.

Kmwyune pequ: auneapHu axyeaepaitiop, aKiiusayuja, paouousowioiu, omoHyKieapHa peakyuja, 2ama
CUeKIUpOCKoUuUja




