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The measurement of neutron dose equivalent was made in four dual energy linear accelerator
rooms. Two of the rooms were reconstructed after decommissioning of °°Co units, so the
main limitation was the space. The measurements were performed by a nuclear track etched
detectors LR-115 associated with the converter (radiator) that consist of 1B and with the ac-
tive neutron detector Thermo BIOREM FHT 742. The detectors were set at several locations
to evaluate the neutron ambient dose equivalent and/or neutron dose rate to which medical
personr(liel could be exposed. Also, the neutron dose dependence on collimator aperture was
analyzed.

They(fbtained neutron dose rates outside the accelerator rooms were several times smaller
than the neutron dose rates inside the accelerator rooms. Nevertheless, the measured neutron
dose equivalent was not negligible from the aspect of the personal dosimetry with almost
2 mSv a year per person in the areas occupied by staff (conservative estimation). In rooms
with 15 MV accelerators, the neutron exposure to the personnel was significantly lower than
in the rooms having 18 MV accelerators installed. It was even more pronounced in the room
reconstructed after the 9°Co decommissioning. This study confirms that shielding from the
neutron radiation should be considered when building vaults for high energy linear accelera-
tors, especially when the space constraints exist.
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INTRODUCTION

Atpresent, a high energy electron linear accelera-
tors producing photons of energies higher than 10 MeV
have a wide use in radiation therapy. However, in those
beams, fast neutrons could be generated which results
in the undesired contamination of the therapeutic
beams. The high energy photons can interact with the
atomic nucleus of a high-Z material, of which the target
and the head of the accelerator consist, and lead to the
neutron ejection. The neutrons are produced in a giant
dipole resonance reaction between the photon beam
and the accelerator's head material (led, tungsten) [ 1-3].
In this reaction, an isotropic flux of neutrons is pro-
duced, dominated by the neutrons with energies be-
tween 700 keV and 1 MeV. This effect becomes more
pronounced when high numbers of monitor units (MU)
are used, as in the intensity modulated radiotherapy
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(IMRT) [4]. Herein, it is important to determine the full
radiation field correctly, in order to evaluate the expo-
sure of patients and medical personnel.

In Croatia, 9 linear accelerators were installed
during the last 5 years. Thus, the units for three linear
accelerator buildings of decommissioned *°Co were
reconstructed. Due to the differences in size of those
machines and its auxiliary systems the main limitation
of the reconstruction was space. The objective of this
work was to assess the neutron dose in the vicinity of 4
accelerators, 2 of which are installed in the place of de-
commissioned ®°Co units. The measurements of neu-
tron doses during this study showed a possible rise of
neutron doses when neutron flux is not considered in
shielding calculations. This led to the afterward recon-
struction of one of the vaults. The measurement results
during all stages of the reconstruction are also pre-
sented in this work. The second objective of this work
was to assess the impact of collimation to the neutron
dose.
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MATERIALS AND METHODS

In this work a passive neutron dosimeter was
used for measuring the neutron dose equivalent
around high energy medical electron linear accelera-
tors. It consists of a solid state nuclear track-etched de-
tector (SSNTD) LR 115 and a boron foil that contains
9B isotope (both manufactured by Kodak Pathe,
France) used as a converter. The converter is necessary
in order to create the secondary, charged particle that
can be detected on the detector surface. So, the neu-
trons are detected indirectly, through '°B(n, ) "Li re-
action. The working principle and calibration of the
detector is explained in detail elsewhere [2]. At cali-
bration, the response of the neutron dosimeter for ther-
mal neutrons was calculated as ratio of counted net
track density of detector, D,, and known neutron
fluence, £, to which the detector was exposed

D
r, =—4(7930£0071)1 0~*track per neutron (1)
f

Considering the energy dependence of total
cross-section for neutrons on boron, o(£) [5], one can
determine the respective mean cross-section o, =1000
barn for the energy region of the thermal neutrons used
at calibration. To resolve the energy dependence of our
dosimeters we have used the neutron spectra measured
for the same accelerators and beams [3]. We supposed
the similar, softened neutron spectrum in all measur-
ing locations.

The total cross-section for the region of interest
marked as o was determined by the integration of the
curveo(E) inthe energy region: 103 <E,<10eV. The
result of this integration gave us a total cross section of
o, =4671.1 barn.

Following the described procedure, it is possible
to determine the neutron detector response for any
other interesting energy class of neutrons (if the spec-
trum is known) as follows

ﬁ — i - — rto-l

= r=
o N O
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where r; is the thermal neutron detector response de-
termined during the calibration (1). In our calculation
ry is the detector response for the neutron energy re-
gion E|.

For the measured detector density D), the respec-
tive neutron fluence from eq. (1) was f; = D,/r;.

When the neutron fluence is known, a conver-
sion coefficient k& from neutron fluence to dose equiva-
lent, in dependence of the neutron energy, gives an am-
bient dose equivalent as follows: H, = k, f;. Having
considered a great energy dependence of the conver-
sion coefficient for the neutron radiation, k(E), [5], we
calculated the effective conversion coefficient &, for
the same energy region described as above. As a result
of that integration a value k; = 137.74 pSv cm? was ob-
tained.

The results are presented as neutron dose equiv-
alent per accelerator photon dose at isocenter,
[uSvGy'].

To check the measurements done by a passive
dosimeter as described above, we used a Thermo Sci-
entific FHT 752 BIOREM. The Thermo Scientific
FHT 752 BIOREM is a commercial neutron dose rate
meter for stationary and portable use, especially suited
for environmental measurements. It employs a BF;
proportional counter placed in a cylindrical moderator
containing polyethylene and boron carbide. The de-
tector has strong energy dependence and it is already
described in the literature [6, 7].

The neutron dose measurements produced by
high energy photon beams were performed for four
Siemens linear accelerators — the Mevatron MD2 (15
MYV, accelerator I) and the Oncor Expression (18 MV,
accelerator II) — at the University Hospital Osijek as
well as the Oncor Impression (15 MV, accelerator I1I)
and the Oncor Expression (18 MV, accelerator I'V) in-
stalled at the radiotherapy department of the Univer-
sity Hospital Rijeka. All machines are dual energy
photon beam linear accelerators. Nevertheless, due to
the negligible cross-sections for neutron productions
in low energy photon beam (specified as the 6 MV
beam with mean energy approx. 2 MeV), the neutron
doses were measured only in high energy beams (spec-
ified as the 15 MV and 18 MV beams with mean ener-
gies approx. 5 MeV and 6 MeV, respectively). The
neutron source strengths (Q) determined as neutron
fluence per photon Gy is 3 to 5 times larger for the
18 MV accelerators than the 15 MV [8].

The design of accelerator vaults includes a main
treatment room with a maze leading to the room en-
trance. The maze length allows the usage of a much
lighter entrance door [9]. Both hospitals have one
15 MV and one 18 MV beam accelerator, but there are
large differences in the construction of the buildings,
in which the accelerators are placed. Namely, in both
hospitals, only one accelerator vault was built for the
linear accelerator, the other vault was rebuilt due to the
exchange of decommissioned cobalt unit with acceler-
ator. The lack of space was characteristic for both re-
built vaults. Therefore, the mazes are very short and
the plates of steel in combination with the concrete
were used for shielding, making the neutron flux more
pronounced. It is important to notice that at the Uni-
versity hospital Osijek, the ®*Co unit was replaced by
the accelerator with high energy beam of 18 MV, and
at the University hospital Rijeka by accelerator with
the 15 MV beam. Figures 1 and 2 show the accelerator
vaults built at the University hospital Osijek and
Rijeka, respectively.

The measurements were performed at four posi-
tions: at the operator's console (A), on both sides of the
vault door approximately 150 cm above the floor (B —
outside the vault, C — inside the vault) and on the out-
side wall of the accelerators' vaults at the central axis
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of the beam (D). For a better understanding of the ob-
tained results, we estimated the neutron dose using
models based on vault geometry [9].

For the accelerator II, the first reconstruction
was done from the °°Co vault to accelerator vault, buta
too high photon dose was discovered in point D. Then
additional 12 cm of steel was inbuilt. This gave an ad-
ditional boost to the neutron fluence at the point D, so
finally 30 cm of concrete was added, together with the
additional vault door shielding, making the neutron
equivalent dose per Gy of photon at isocenter much
lower.

To analyze the collimator opening dependence,
the measurements were performed at all four measur-
ing points for field sizes 0 cm x 0 cm, 10 cm x 10 cm,
20 cm x 20 cm, and 40 cm x 40 cm, respectively, and
for gantry angles 0° (“vertical” beam) and 90° (“lat-
eral” beam), respectively.

RESULTS

The neutron dose equivalents produced per 1 Gy
of the photon dose at isocenter are presented for four
accelerators, measuring positions and beam orienta-
tions (tab. 1). The measurements are presented only
for the 40 cm x 40 cm collimator opening. The vault of
the accelerator II was reconstructed twice, but the pre-
sented measurements in tab. 1 are after the final recon-

struction. Since the active detector Thermo BIOREM
FHT 752 was available only in one centre, those mea-
surements were made only for the accelerators I and I1.

The values calculated using the models based on
the vault geometry [10, 11] are presented in tab. 2 for
comparison with measured values in point C for all ac-
celerators.

Since the accelerator II vault was reconstructed
twice after installing the accelerator we presented the
measurements during all stages of accelerator II room
reconstruction in tab. 3. The measurements were done
only in points A and D, because points B and C were
not of interest at that moment. The collimator opening
was always 40 cm x 40 cm and the gantry was aiming
toward point D (gantry angle = 90 degrees). The first
reconstruction was done from the ®°Co vault to accel-
erator vault, but a too high photon dose was discovered
in point D. Then additional 12 cm of steel was inbuilt.
This gave an additional boost to the neutron fluence at
point D, so finally 30 cm of concrete was added, to-
gether with the additional vault door shielding, mak-
ing the neutron equivalent dose per Gy of photon at
isocenter much lower.

The measured neutron dose equivalents per 1 Gy
ofthe photon dose at the isocenter at positions A, B, C,
and D vs. field size reflect the neutron scattering prop-
erties and depend on the photon beam energy, point of
measurement and beam orientation. Some of the re-
sults are plotted in fig. 3.
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Table 1. The neutron dose equivalents produced per 1 Gy of the photon dose at the isocenter are presented for all
accelerators, measuring positions and beam orientations. Measurements are presented for the 40 cm x 40 cm collimator

opening
Gantry angle = 0° Gantry angle = 90°
A B C D A B C D
[uSvGy '] | [uSvGy ]| [uSvGy '] |[uSvGy ]| [uSvGy ]| [uSvGy '] |[uSvGy ]| [uSvGy ']
Solid state nuclear
[_Mevatron | tracketched detectors 0.036 0.087 1.7 0.036 0.085 0.049 2 0.085
I5SMV | Active detector thermo
BIOREM FHT 752 0.01 0.083 2.6 0.01
Solid state nuclear
[LOncor | tracketched detectors 0.042 0.08 10 0.04 0.1 0.17 20 0.13
18 MV | Active detector thermo
BIOREM FHT 752 0.052 0.1 14.3 0.052
III-Oncor .
Tmpression |  Sold state nuclear | 5 0.023 1.4 002 | 0019 | 0019 2.1 0.019
tracketched detectors
15 MV
IV-Oncor Solid state nuclear
Expression tracketched d 0.08 0.083 8 0.093 0.069 0.059 10 0.075
18 MV racketched detectors

Table 2. Comparison of values measured in the point C and model based calculated neutron dose equivalents produced per
1 Gy of the photon dose at the isocenter for all accelerators

Accelerator [ Accelerator 11 Accelerator 111 Accelerator IV
Measured [uSvGy '] 1.7 10 1.4 8
Kersey [uSvGy '] [10] 0.47 12.7 0.86 5.85
Wu and McGinley [uSvGy '] [11] 0.26 42 0.4 1.8

Table 3. Neutron dose equivalents per photon Gy at the isocenter at positions A and D measured at accelerator II during
three stages of reconstruction. The collimator opening was 40 cm x 40 cm and the beam aimed toward measuring point D,

with gantry 90 degrees

A, G=90° D, G =90°

[uSvGy 'l | [uSvGy]
1I-Oncor 18 MV 1 m concrete + 19 cm of steel 0.1 0.24
1I-Oncor 18 MV 1 m concrete + 19 cm of steel + 12 cm of steel 0.093 0.29
II-Oncor 18 MV| 1 m concrete + 19 cm of steel + 12 cm of steel + 30 cm concrete + door shielding 0.042 0.13
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Figure 3. Neutron dose equivalents produced per 1 Gy
of the photon dose at the isocenter for all accelerators
measured at point C with gantry angle = 0. Collimator
openings (photon field sizes at 100 cm from the source)
are presented as area in cm’

DISCUSSION AND CONCLUSIONS

The neutron equivalent doses measured around
the four radiotherapy linear accelerators are presented
in tab. 1. The measured values are comparable to the
published values [12, 13]. As expected, the largest
doses were measured in mazes (measuring location
C), especially for accelerators with the 18 MV photon
beams. When the beam was pointed toward the mea-
suring point D, the measured values in point C for all
accelerators rose. This was expected for accelerators I,
III, and IV because the neutrons produced leave the
head in all directions as the high-Z head shielding ma-
terial has little effect in stopping them. It is not unusual
to see a difference in factor of 2 in dose between two
gantry angles [9]. Surprisingly, it was also true for ac-
celerator 11 where the head is at the largest distance
from the inner maze entrance when pointing to the
point D. It was the expected result in point D due to the
production of neutron in metal walls; however, this
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was also true for all measuring points. We assume that
this can be the result of the transparency through the
maze wall since the maze wall is only 70 cm thick,
made of concrete with unknown density (left from the
old ®°Co building). Also, it could be that the treatment
room wall, strengthened with steel, becomes a
photoneutron source that adds to the neutron compo-
nent in all points when the beam is pointed there. We
will do more measurements to confirm this assump-
tion in the near future. Though the accelerator III is
also built in the place of ®*Co unit, this is not so pro-
nounced due to the lower photon energy (15 MV).
This leads to the conclusion that if the accelerator has
to be put into the limited space, then a lower energy ac-
celerator should be used.

The inconsistency was found in measured values
for accelerator I, point B. Though measured neutron
dose equivalent in point C was higher than 90° geome-
try when the accelerator head was closer to the inner
maze entrance, in point B (behind the vault door) it
was opposite. This inconsistency will be explored in
more details in the near future.

The comparison of measured values, using pas-
sive and active detectors comply well (tab. 1), though
the main limitation of both measurements was that the
calculation was done by using the spectrum which is
not calculated especially for every measuring location.
The neutron spectrum can vary depending on the wall
construction [3, 14] and it certainly introduces a large
uncertainty in dose estimation with our detectors
which will be analyzed further. Since both detectors
use the !B isotope as converter, they have similar en-
ergy dependence that explains similar results in all
measured places.

We compared the measured values in point C
with values calculated using empirical models based
on vault geometry [4], also in point C. The parameters
used for model based estimation of neutron dose
equivalent in point C explain high dose measurements
for the accelerator II since this is the smallest vault
with very short maze (d, = 3.75 m). Even though the
model given by Kersey [10] has conservative nature,
the measurements overestimation exists. This will be
analyzed further.

The measured neutron dose equivalents varia-
tions with field size in measuring point C (a maze door
inside the accelerator room) are showed in fig. 3. It can
be seen that the neutron dose equivalents are lower for
closed than for fully opened jaws, that was already
confirmed before [9].

Although, the obtained neutron dose rate in con-
trol rooms (point A) of the accelerators was always
less than 0.05 uSv/Gy of photon beam at isocenter,
meaning 15 uSv/h, this is not negligible from the as-
pect of personal dosimetry. By using the conservative
approach (900 Gy per week, all high beam), we calcu-
lated that the neutron dose equivalent per year per per-
son can approach 2 mSv in control room (point A) for
the accelerator I1 after reconstruction. The reconstruc-
tions of the accelerator I vault show that if the neutron

shielding is not considered it can reach twice this value
(tab. 3). Also, the reconstruction using the high-Z ma-
terials can make neutron flux more pronounced behind
and around such barrier, and more attention should be
given to the neutron dose equivalent measurements,
especially if the occupancy of those areas is high.

This study confirms that shielding from the neu-
tron radiation should be considered when building the
vaults for high energy linear accelerators, especially if
there are space constraints.
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Mapuna IIOJE, Ana UBKOBWUh, Cnasen JYPKOBHWh, lNopnana 2KAYXAP,
Bbpanko BYKOBUR, Bama PAJOJINh, Urop MUKJTABYHN'h, 3opan KAJIMUMAH,
Jocun INTAHUHWh, XpBoje BPKWh, Mapuo ®AJ

HEYTPOHCKHM 10O3HU EKBUBAJIIEHT ¥ OKOJIWUHU MEIUIUHCKOT
EJEKTPOHCKOT TJUHEAPHOI' AKHHEJIEPATOPA BUCOKUX EHEPTUJA

Mepewa HEYyTPOHCKOI [AO3HOT €KBHMBAJIEHTA U3BPILIEHA Cy YHyTap U OKO 4YeTupu OyHKepa

MEMIMHCKUX JIMHEPAHMX aKleepaTopa. [IBa OyHKepa peKoHcTpyucaHa cy HakoH 3amene Co, Te cy
IIPOCTOPHO OWjla orpaHuYeHa. Mepewa Cy U3BpIIEHA JETeKTOpuMa HykjeapHux Tparosa LR 115 ¢
kouBepTopoM ''B u akTuBHUM HeyTpoHcKHM feTekTopoM Thermo BIOREM FHT 742. [letexTopu cy
[IOCTaB/bEHU HA BHUIIE MecTa pajil IPOLEHE HEYTPOHCKOI JOIpPHHOCA O3pademy ocobiba. Y3 TO,
aHaJU3MpaHa je ¥ 3aBUCHOCT HEYTPOHCKE JI03€ O OTBOPY KOJIUMATOpa.
M3MepeHu 03HN €KBUBAJIICHTH U3BaH OYHKEpa HEKOJIMKO IIyTa Cy MabU Off OHUX MEPEHUX y OyHKepy. Y3
TO, U3BMEPEHHN T03HU EKBUBAJIEHTH OKO 15 MV nmHeapaHOr akieinepaTopa 3HauajHO Cy MalkU HETO OKO
18 MV akuenepaTtopa, IITO HOceOHO Bpey 3a MEPEHA Y IPOCTOPUjaMa PEKOHCTPYUCAHUM HAaKOH 3aMeHe
%0Co ca Bpo KpaTKuM TaBUPHMHTOM. MebhyTnM, M3MepeHHt 103H1 EKBUBAJIEHTH BaH OYHKEPa CBEjEJHO HACY
3aHEMAapUBH C aclleKTa JU4He fo3uMeTpuje. KonzepBaTuBHa pauyHuIa 3a OyHKep KOjH je PeKOHCTPYUCAH
nakon 3amene °°Co, Te mMa BpPJIO KpaTak JIaBUPHMHT, OKa3yje a OM HEYTPOHCKM JIO3HU €KBUBAIIEHT y
KOHTPOJHO] cobm Morao goctuhum 2 mSv mo ropmau. Pe3ymratn oBOT mcTpaXkmBama MOKa3yjy jfia je
NPWINKOM M3Tpajmbe OyHKepa U IMPOCTOpHja 3a JIMHEAPHU aKlelepaTop NOTpeGHO BOAUTH padyyHa U O
HEYTPOHCKOM JIO3HOM €KBHUBAJIEHTY IOCEOHO Kajia je MPOCTOp 3a U3TPajilby OrpaHUUCH.

Kwyune peuu: paouoitiepaiiuja, eaekiipOHCKU AUHEAPHU AKUeAepaitiop,
HeYIPOHCKU 003HU eK8UBANEHIl



