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Abstract: This work concerns neutron doses associated with the use of a Siemens Primus M5497
electron accelerator, which is operated in the photon mode at 15 MV. The conditions offer a situation
within which a fraction of the bremsstrahlung emission energies exceed the photoneutron threshold.
For different field sizes, an investigation has been made of neutron dose equivalent values at various
measurement locations, including: (i) At the treatment table, at a source-surface distance of 100 cm;
(ii) at the level of the floor directly adjacent to the treatment table; and (iii) in the control room and
patient waiting area. The evaluated neutron dose equivalent was found to range from 0.0001 to
8.6 mSv/h, notably with the greatest value at the level of the floor directly adjacent to the treatment
couch (8.6 mSv/h) exceeding the greatest value on the treatment table (5.5 mSv/h). Low values
ranging from unobservable to between 0.0001 to 0.0002 mSv/h neutron dose were recorded around
the control room and patient waiting area. For measurements on the floor, the study showed the
dose equivalent to be greatest with the jaws closed. These data, most particularly concerning neutron
distribution within the treatment room, are of great importance in making steps towards improving
patient safety via the provision of protective measures.

Keywords: neutron dosimetry; secondary cancer; linear accelerator; radiation therapy

1. Introduction

Worldwide, cancer incidence has been on the rise, presently running at in excess of
19.3 million new cases annually, increasing with population growth and aging. Cancer is a
leading cause of death and a major impediment towards further increase in life expectancy
within the general population [1]. Various treatment options are available, according to
the type and tumor stage, including surgery, chemotherapy, immunotherapy, radiation
therapy, radiofrequency ablation, targeted therapy, and cryoablation [2], some of these are
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conducted in combination. Worldwide, to a greater extent at many of the more substantial
hospitals, radiation therapy techniques are one of a number of approaches on offer towards
treating cancer. Indeed, radiation therapy forms a highly important part of cancer treatment,
with about 50% of cancer patients receiving it at some point during the management of
their disease, also accounting for about 40% of cancer cures [3].

External photon beam radiation therapy is for the most part dominated by the use of
medical electron linear accelerators (LINAC). In this, the accelerated electron beam is made
to impact on a high atomic number target of high melting point, delivering penetrating
X-rays (bremsstrahlung radiation). Although an accelerating potential of 6 MV is popularly
used, LINACS offering potentials of up to 20 MV are also available for treatments, especially
deep-seated tumors. The various energies of X-rays can be harnessed in making use of
several types of techniques, including three-dimensional conformal radiation therapy (3D-
CRT), intensity modulated radiation therapy (IMRT), stereotactic radiosurgery (SRS), and
volumetric modulated arc therapy (VMAT) [4]. X-rays at potentials of greater than 10 MV
can be used for the treatment of deep-seated tumors, as previously mentioned, a situation
within which a fraction of the bremsstrahlung emission energies exceeds the photoneutron
threshold. In use of these high X-ray energies, the generation of secondary neutrons via
photonuclear reactions can be expected, produced in the various materials comprising the
accelerator head and its components, including the target, filter, collimator, and jaws of the
accelerator, all of the items containing heavy isotopes [5]. In exceeding the threshold for
neutron separation in these heavy nuclei, the consequent neutron doses may pose a risk
to patients, also to the others surrounding the radiation area, in particular the workforce.
Indeed, in the treatment of tumors at these elevated MV values, one serious risk that is
worthy of contemplation is second cancer induction, a result of the undesired secondary
neutrons component [6]. The patient’s age, amount of radiation dose, and volume of
normal tissue irradiated are among the main factors that influence second malignancy
risk [7]. The radiobiological effectiveness of a neutron differs depending on its energy.
In these circumstances, fast and thermalized components are both important in spectral
distribution of neutrons around a therapy linear accelerator.

Mitigation of secondary neutrons can improve the treatment efficiency, in part by
reducing the radiocarcinogenic risk of radiation therapy that results from the high-quality
factor of the thermal neutron component. Moreover, in regard to neutron irradiation,
paediatric patients have a greater risk of second cancer incidence. Subsequent to the course
of radiation therapy, a value of up to 19% is estimated at 30 years of age, with longer life
expectancy and sensitive tissues taken into account [8–10]. The photon beams generated at
about 10 MV and the greater neutrons can be expected to contribute at a low fraction to the
patient’s dose, accordingly with the increase in secondary cancer risk. For this reason, it
is not considered in most dosimetric assessments [6]. Additionally, patient tissue can be
activated by neutrons, composed as these tissues are of different stable elements, notably
with C, H, O, N, and Ca accounting for the greatest weight percentage [11]. It is further
well known that short-lived activation products, such as 27Al (half-life 2.3 min), can result,
should care not be taken in choosing the best considered constructional material of the
couch and walls of the bunker. These circumstances require a short cooling off period prior
to the bunker entry post treatment. Previous studies have also shown that the neutron
production in the treatment rooms during patient treatment with photon energies ≥15 MV
are significant and, additional shielding is necessary [12–15]. Given this background, it is
necessary to investigate the equivalent dose arising from these neutrons production, not
least in order to mitigate the risk to the healthy tissues that surround the tumors. This work
investigates the neutron dose equivalent for different field sizes at various measurement
locations in the radiotherapy department, primarily within the bunker.

2. Materials and Methods

A direct measurement of equivalent dose rate produced by neutrons from a Siemens
Primus M5497 electron accelerator was performed at the Department of Nuclear Medicine
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and Radiation Therapy, Dong Nai General Hospital in Vietnam. The particular LINAC
offers six electron energies, 5.0, 7.0, 8.0, 10.0, 12.0, and 14.0 and two photon beam energies
(6 and 15 MV). The LINAC delivers the following monitor units (MU): 200, 400, 600,
800, and 1000. Due to the fixed construction of the other components in this LINAC,
the secondary neutrons investigated herein are mainly due to the LINAC jaw openings.
The equivalent dose rates of neutrons generated via photonuclear reactions (γ, n) in the
component materials of the jaw were quantified at different positions in the therapy room
(Figures 1 and 2), obtained for various jaw opening sizes, including fully closed. Moreover,
the equivalent dose-rate estimation is included at the maze to the LINAC bunker and at
key positions outside of the bunker.
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Figure 1. Measurement setup for secondary neutron dosimetry at a radiotherapy linear accelerator.

2.1. Dose Measurement

The experiment was performed at the following locations: (i) At the treatment table
with a source-surface distance of 100 cm; (ii) on the floor adjacent to the treatment couch;
and (iii) at the control room and patient waiting area. The measurement geometry is
illustrated in Figure 2. To estimate the dependence of the secondary neutron doses on the
energy of photons, measurements were performed at 6 and 10 MV. The photon intensity
was measured in terms of <intensity> photons/s. The various field size measurements
made at each point, each averaged over a period of 5 min. The field sizes of the jaw were:
(i) 0 × 0 (closed jaw), 5 × 5, 10 × 10, 15 × 15, and 20 × 20 cm2 (the widest setting). In
radiotherapy practice, various radiation beams are needed for seeking the adequate cover
of the treatment volume. An advantage in the use of high-energy beams includes the
treatment with higher accuracy to deeper tumors, while sparing the skin from the tissue
reaction effect.

2.2. Detector

The neutron dose equivalent rate measurement was measured using a Meridian
neutron survey meter (Model 5085), as shown in Figure 3. The Meridian instrument
has a wide energy and dose-rate equivalent rate response, the latter ranging from 0.1 to
100 mSv/h, obtained with high accuracy, within 1%. The detector has two operational
modes (rate and integrate) with an audible sound of frequency of 2.4 kHz. The system
is equipped with a boron trifluoride (BF3) gas detector (to provide for 10 B (n, α) 7Li)
with boron used as a rounded moderator to strengthen the detector response to any fast
neutrons. One end of the moderator is rounded to give a better directional response.
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3. Results and Discussion

In the present study, the neutron dose equivalent rate is quoted in mSv/h. During
LINAC delivered external beam photon radiation therapy, the incident electron beam
impinges upon a target of high atomic number (Z) producing bremsstrahlung. Then, the
photons impinge on collimators (primary and secondary) and other high Z media within
the LINAC head generating neutrons (with a conventionally understood threshold of
≥8 MeV). The primary and secondary collimators comprise two arrays of moveable high-Z
material jaws. With a closed collimator and measurements made at floor level, the recorded
neutron dose equivalent ranged from as low as 0.0001 mSv/h outside of the bunker to
8.6 mSv/h at the maze end closest to the LINAC, exceeding the maximum found on the
treatment table at the largest open-jaw settings (5.5 mSv/h). The latter is at a source-surface
distance of 100 cm. In the control room and patient waiting areas, the neutron dose at less
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than the detection limit was typical. The dose equivalent was greatest when the jaws were
closed, with the measurements made on the floor.

The results of radiation dose equivalent are presented in Tables 1 and 2. Table 1 shows
the neutron dose equivalent rate (in mSv/h) at locations A, B, and C, quoted as a function
of field size. The dose-rate equivalent depends on the field size and not on the position
along the y-axis (Figure 4). The equivalent dose-rates (in mSv/h) at different locations in
the treatment room are: A: 5.6, B: 5.5, C: 5.3, D: 8.5, E: 8.6, F: 8.5, G: 0.0002, and H: 0.0001,
I: 0.0001. Table 2 shows the neutron dose equivalent rate (again in mSv/h) at different
locations in the treatment room (D to I), but for a fixed field size of 0 × 0 cm2. At this field
size, the neutron dose equivalent is maximum. The LINAC head was rotated down to the
floor, and measurements were obtained at three locations (D, E, and F). Table 2 shows that
the neutron dose equivalent measured on the floor is greater than the position measured
at the treatment couch. At the other three locations (G, H, and I) outside of the treatment
room, the dose rate equivalent was very low, ranging from 0.0001 to 0.0002 mSv/h.

Table 1. Neutron dose equivalent rate (mSv/h) at locations A, B, and C, as a function of field size.

Source Surface
Distance (SSD, cm)

Point Measurement
(x,y,z)

Field Size
(cm2)

Neutron Dose
Equivalent Rate (mSv/h)

100 A (0, 0, 0)

0 × 0 6.31

10 × 10 5.25

20 × 20 4.56

100

A (0, 0, 0)

10 × 10

5.25

B (0, 50, 0) 5.50

C (0, 100, 0) 5.20

Table 2. Neutron dose equivalent rate (mSv/h) at different locations on the floor 0 × 0.

Field Size
(cm2) Point Measurement (x,y,z) Neutron Dose Equivalent

Rate (mSv/h)

0 × 0

D (170,200, 230) 8.5

E (−170, 200, 230) 8.6

F (170, 0, 230) 8.5

G (190,460, 230) 0.0002

H (650, 460, 230) 0.0001

I (850, 460, 230) 0.0001

Since the production of neutrons is unavoidable, an accurate measurement is necessary
in order to estimate the risk of secondary cancer. As apparent in the literature, accelerators
of various types yield different neutron spectra, a result of the variation in the materials
used, variation in the interaction cross-sections, and beam geometry of the LINAC [12]. As
the probability of secondary cancer is consequential, most particularly for pediatric and
young adult cases, the neutron dose should be considered [12,16]. Figure 4 depicts the
neutron dose rate equivalent distribution. The different values are based on the field size
and location, and the average energies range from 1.0 to 2.0 MeV [12] through to thermal
energies of 0.025 eV. The biological effect of neutrons of higher quality factor results from
neutrons with energies ≤ 2 MeV [17–19].
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The results for the radiation dose equivalent rate from the current study are compa-
rable with the study by Barquero et al. [20]. Moving away from the isocenter, the energy
of neutrons decreases, with the spectrum peak trending closer towards zero at the maze
zone (Figure 4 and Table 2). With this, the current study provides valuable data for neutron
distribution within the treatment room, which is important in improving patient safety
through the provision of protective measures.

4. Conclusions

The current study concerns the neutron dose resulting from the operation of a Siemens
Primus M5497 electron accelerator, which is operated in the photon mode at 15 MV. The
results show that the radiation dose equivalent rate depends on the field size. In practical
terms, this rate is independent of the position along the y-axis. The dose at the ground
level has been found to be markedly greater than the isocenter, most prominently when
the jaws are closed rather than open. The dose rate equivalent outside of the bunker
was found to be very low, ranging from 0.0001 to 0.0002 mSv/h. The neutron dose
equivalent rate in the LINAC treatment room is essential in informing matters concerning
the adequacy of shielding, in improving patient protection, and in seeking to mitigate the
risk of secondary cancer.
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