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Neutron and capture gamma ray dose equivalent along the maze and entrance door of a radia-
tion therapy room made of high density concrete was calculated using analytical and Monte
Carlo methods. The room geometry and the 18 MV photon beam of a Varian 2100C/D linac
were simulated using MCNPX MC code. Four analytical methods including Kersey, French,
McCall, and Wu-McGinley methods were used in the current study. Average difference of
13-30% was seen between analytical and MC methods along the maze for photoneutron cal-
culations. The difference between Wu-McGinley and MC methods was about 17% for cap-
ture gamma ray calculations. It was concluded that the analytical methods overestimate both
neutron and capture gamma ray dose equivalents compared to MC. Moreover, it was shown
that the analytical methods can be used as conservative estimators for neutron and capture

gamma calculations.
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INTRODUCTION

Photoneutrons and capture gamma photons are
produced in high energy photon beams as conse-
quences of photoneutron interactions between high en-
ergy photons and linac head components, concrete
walls and patient itself [1, 2]. Several methods have
been proposed and currently being used to calculate the
dose equivalent of these harmful radiations in the maze
inner entrance and at the maze entrance door [3, 6]. The
design and geometry of a radiotherapy room depends
strongly on used photon energy, workload and other in-
stallation site characteristics. Radiotherapy rooms are
normally designed with standard dimensions proposed
by linac manufacturer and are built with normal con-
crete with the density of 2.35 g/cm?. While space is the
first priority and a room cannot be built in its standard
size, high density concrete with different densities can
be employed to create required shielding with lower
thickness in comparison to ordinary concrete. There are
several compositions of high density concrete that are
commercially available in the market [7]. Their compo-
sitions entail some high atomic number materials such
as iron and barium which give higher density to con-
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crete with comparable structural properties. To evaluate
the shielding efficacy against neutrons and capture
gammas, several analytical formulas have been pro-
posed. Recently the report of International Atomic En-
ergy Agency (IAEA) No. 47 has proposed analytical
methods to calculate the neutron fluence in different
points of radiotherapy rooms [8].

Total photoneutron fluence ¢, at the inner maze
entrance per Gy X-ray at the isocenter [n’m= Gy ']
can be calculated by [8-10]

— QN + 54QN + 1'26QN (1)
And?  2nS 2nS

where d [m] is the distance from the isocenter to point
Aininner maze (see fig. 1), S [m’] — the inner surface
area of the treatment room , and Oy — the photoneutron
source strength in terms of n’/Gy. Photoneutron source
strength, Oy, is the number of produced photoneutrons
per 1 Gy photon dose absorption at the isocenter. Ad-
ditionally, Oy for different models of accelerators has
been published in the literature [11, 12].

In all analytical methods, it is considered that
concrete walls of radiotherapy room are made of ordi-
nary concrete with the density of 2.35 g/cm?. The ef-
fect of concrete wall on neutron production, scattering
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Figure 1. Geometry of the bunker used in the current
study; the scoring cells with radius of 10 cm were located
at height of 100 cm from the floor

and absorption can be influenced by its atomic compo-
sition because the cross-section of photoneutron inter-
actions varies with atomic number of concrete ele-
ments [5]. Consequently, a question arises: how well
the neutron dose can be calculated by the proposed
formula if the density and composition of concrete are
different from ordinary concrete?

A radiotherapy bunker was made using high den-
sity concrete composed of hematite in the busy part of a
cosmopolitan city with limitation in required space for
standard linac installations. In order to fulfill the re-
quirements for high energy photons shielding, the
shielding barrier calculations for primary and second-
ary photons, as well as neutrons and neutron capture
gamma ray were performed based on IAEA report No.
47. However, the current Monte Carlo (MC) study was
conducted to verify the photoneutron and capture
gamma ray shielding calculations using the above men-
tioned report. Moreover, the accuracy of some analyti-
cal methods was assessed comparing to the MC results.

MATERIAL AND METHODS

Monte Carlo simulation

In the current study we used the MCNPX MC
code (2.4.0) with LA150U library file to simulate the
18 MV photon beam of Varian 2100 C/D linac and the
treatment room made of a high density concrete (he-
matite) (figs. 1 and 2) [13]. The MCNPX, a general
purpose MC code is capable to simulate the
photoneutron generation from photon interactions as
well as capture gamma from photoneutron interac-
tions within treatment room and maze. Linac head
components including target, primary collimator, flat-
tening filter, and secondary collimator jaws were sim-
ulated using the data provided by linac manufacturer
(fig. 2). The radiation beam direction was downward
for all simulations. The model was validated by com-
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Figure 2. Schematic representation of the simulated head
of Varian 2100 C/D

paring the calculated and measured percent depth dose
and beam profiles. It should be noted that the model
was used in our previous study [14]. The modeling
procedure was in accordance to other published works
on linac MC modeling [15-17].

Application of full MC model of linac to perform
photoneutron calculations requires a long time and the
statistical uncertainty of the results is not acceptable in
most cases. So, to speed up the photoneutron calcula-
tions within the maze, the full model was run and Qy
value and photoneutron spectra around the head were
calculated. The method used for Qy calculation was
identical to our previous study [ 14]. The calculated neu-
tron spectrum is shown in fig. 3. The MC calculated Oy
value was used for other MC calculations. An isotropic
photoneutron source was defined at the target position
and linac head components were deleted from treatment
room geometry. Using this simple photoneutron source,
photoneutron and capture gamma ray doses were tallied
at points along the maze (fig. 1). For photoneutron and
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Figure 3. Photoneutron spectrum calculated by MCNPX
MC code at the distance of 1 m from the target; the spec-
trum was used in our previous study [14]
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capture gammaray dose calculations, spheres with the
diameter of 10 cm were defined along the maze and
were filled with water. The photoneutron and capture
gamma absorbed doses were calculated in terms of
MeV/g per initial neutron and then their values changed
to Gy per initial neutron. By multiplying the MC calcu-
lated dose by Oy value, the absorbed dose from
photoneutrons in different points per 1 Gy X-ray at the
isocenter were calculated.

The statistical uncertainty of MC results was less
than 2% in its worst case for point 3 at the maze en-
trance door.

For photoneutron simulations, the energy cut-off
of 7 MeV was used for both electrons and photons, be-
cause the threshold energy of photoneutron reactions
for main components of linac is higher than 7 MeV.
For photon absorbed dose calculations atd,,, the pho-
ton and electron energy cut-offs were set to be 10 keV
and 500 keV, respectively. The energy cut-off of pho-
tons was not applied for capture gamma dose calcula-
tion to score full energy range of capture gammas.

ANALYTICAL METHODS

For neutron dose calculation we used four ana-
lytical methods including French, McCall, and Kersey
and Wu-McGinley methods. Capture gamma dose was
also calculated in maze using Wu-McGinley method
which was recommended by IAEA report 47.

Neutron dose calculation methods

(1) In Wu-McGinley method which is used for
single-bend mazes, exponential attenuation of
photoneutrons is considered by [18]

-d, —d;

D, =24-10" ¢, /%(1,64-10F +10™  (2)
1

where D, is the photoneutron equivalent dose at the
maze entrance [SvGy '] and 4, and S, are cross-section
areas [m’] of inner maze entrance and the maze, re-
spectively. d, is the distance from point 4, to the en-
trance door of maze (point 3) (fig. 1). In the current cal-
culations, @, derived from formula (1) and the Oy
value of 1.2-10" [neutrons per 1 Gy X-ray] recom-
mended for Varian 2100 linac were used [14].

(2) According to Kersey method [19], the neu-
tron dose equivalent at the entrance door of the maze is
given by - "
H=Hy———-10° (3)

Ty d,

where H, [Sv] is the dose equivalent due to neutrons ,
measured at the isocenter, dy [m] — the distance from
the target to the isocenter, d; [m] — the distance from

the isocenter to a point at the central line of the inner
maze entrance (point 1). d, [m] is the distance from
point 1 to the entrance door of the maze (point 3). 7/7
is the ratio between the smallest and biggest cross-sec-
tional area of the maze. The value of H, is the dose
equivalent at the maze entrance door from neutrons
per absorbed dose of X-rays at the isocenter. It consid-
ers only the contribution of direct neutrons to the dose,
which means that scattered and thermal neutrons are
not considered.

(3) French proposed a method for neutron dose
calculation at the maze entrance door of radiotherapy
room which can be explained by this [20]

n
H :z‘{Ho An%n} (4)
R: R

where 4, [m?] is the area of scattering surface n, H [Sv]
— the neutron dose equivalent at the maze entrance
door , Hy [Sv] — the neutron dose equivalent at 1 m
from the source , R, [m] — the distance from the target
to the mid-wall for surface n (fig. 1), R, [m] — the dis-
tance from the mid-wall to the maze entrance door for
surface n, and a4, [m] —the dose albedo for surfacen .

(4) McCall method [21] in the current study was
explained in the recent previous study of Waller et a/
[22] and the following formula was used

e D o % A'4"
2n RﬁR 3

where H [Sv] is the neutron dose equivalent at the
doorway, @, [ncm 2] — the neutron fluence at 1 m from
the source, A' [m*] — the area of maze illuminated by
the source, 4" [m*] — the cross-sectional area at the end
ofthe maze, C—the fluence to dose equivalent conver-
sion factor, a. — the current albedo, R, [m] — the dis-
tance from the target to point 1, and Ry, [m] — the dis-
tance from point 1 to the entrance door of the maze .

(5)

Capture gamma dose
calculation method

To determine the dose of capture gamma rays,

the proposed method by Wu-McGinley wasused [18]
—dy

H=57-10"%¢, -1062 (6)

where ¢, is the total photoneutron fluence at point A,
d, [m] —the maze length , and H [Gy] is in terms of Gy
per photon dose at the isocenter.

Treatment room simulation

The walls, roof and the maze’s wall were built
from heavy concrete with the density of 4.2 g/cm?
achieved by adding 78% of hematite mineral to ordi-
nary concrete composition. The composition of the
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used concrete was: 0.23% — H, 13.27% — O, 1.54% —
Si, 5.6% —Ca, 0.63% —Mn, 1.03%— Al, 75.67% —Fe,
1.59% — Ti, and 0.64% — Va. This composition was
used in material definition of walls in MC simulations.
The height of the room was 3.65 m and the distance
from X-ray source to the roof was considered 0.75 m.
Dimensions of the simulated geometry are shown in
fig. 1.

The maximum resistance that a concrete struc-
ture will sustain, when loaded axially in compression
in a testing machine, at a specified rate, is measured as
the compressive strength. The compressive strength of
our concrete was provided by the producer and it was
299 kg/m?. Its collapse load was determined to be
55000 kg.

RESULTS AND DISCUSSION

The comparison between MC and four different
analytical methods for neutron dose equivalent calcu-
lations along the maze is shown in fig. 4. In this study,
the MC method was considered to be more accurate
method, as well as the reference for all comparisons.
As canbe seen, there is a close agreement between MC
and Wu-McGinley method in all calculation points
within the maze. However, a noticeable difference ex-
ists near the inner entrance of the maze. Comparing
other methods with MC results shows that the French
method acts better than McCall and Kersey methods.
The results of Kersey method were better than the
other methods near the maze entrance door, but in
other points it overestimated the neutron dose equiva-
lent in comparison to all other methods. To have more
quantitative comparison between studied methods, the
results in three points and the difference of calculated
doses relative to MC method were tabulated in tabs. 1
and 2. Three points were selected for comparison in-
cluding points at inner maze (A), middle maze (2) and
at the maze entrance door (3). It is seen that among the
studied analytical methods, the Wu-McGinley and
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Figure 4. Comparison of calculated neutron dose
equivalents between analytical methods and MC method

Table 1. Calculated neutron dose equivalent [mSva‘ll
in three points including inner maze entrance, middle of
the maze, and entrance door

Method Point A Point 2 Point 3
Kersey 6.75-107° 8.85-107° 1.71-10°
French 6.35-107 8.09-107 1.48:107°
McCall 8.16:1072 9.80-10° | 2.86:107
Wu-McGinley 6.10-107 7.81-107° 1.08-107
MCNPX 5.63-10° 6.5-10% | 94810

+2.9-10 +3.6-10 +1.3-10

Table 2. The difference in calculated neutron dose
equivalent between analytical methods and MC method

Method Difference at the | Average difference
door (Point 3) along the maze
Kersey 44% 30%
MccCall 65% 53%
French 35% 23%
Wu-McGinley 12% 13%

then French methods provide better results comparing
to MC results for neutron dose equivalents at the maze
entrance door. The results were very similar to the re-
sults of Muller-Runkel et al, who showed that the
French method acts better than Kersey and McCall
methods in a radiation therapy room with 20 MeV
photons [23]. Monte Carlo and experimental studies
have shown that analytical methods overestimate the
neutron dose equivalent at the maze entrance door
[14].

Capture gamma dose equivalent was calculated
by MC and Wu-McGinley methods. Figure 5 shows
that Wu-McGinley method overestimates the capture
gamma dose along the maze. The difference remains
constant from the inner maze (point A) toward the en-
trance door and its average difference along the maze
was 17% compared to MC method. Additionally, at
the maze entrance door the difference was also 17%.
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Figure 5. Comparison of MC and IAEA recommended
method (Wu-McGinley Method) for capture gamma
dose calculations along the maze
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Our results were in close agreement with the re-
cent study on application of MC method for calculat-
ing the neutron and gamma doses in different room ge-
ometry [14]. It was shown that the recently
recommended Wu-McGinley method results in more
accurate estimations in comparison to other analytical
methods.

To have a practical application for our calculated
data and evaluate the shielding requirements for maze
entrance door, the total dose equivalent from neutrons
and capture gammas was calculated for the studied
case. It was calculated with assuming a workload of
600 Gy per week. The dose equivalent of 0.57 mSv per
week was obtained at the maze entrance door. If the
dose limit of 0.1 mSv per week is considered for con-
trolled area adjacent to maze entrance door, it will be
needed to take into account the neutron and capture
gamma shielding in the maze entrance door design.

McGinley et al. [24] have tested the Kersey
method in 13 accelerator rooms. Measurements were
done by using both activation detectors and a neutron
rem-meter. The results showed a discrepancy between
measurements and Kersey method. Neutron dose level
calculated for 7 of 13 facilities was within the range of
18 to 20% of the measured value and the calculated
value exceeded the measured value by more than 20%
for the six remaining accelerators.

It can be concluded that all the analytical meth-
ods, in general, provide conservative estimations of
the maximum neutron dose equivalent at the entrance
door of an accelerator maze. However, among the
studied methods the Wu-McGinley method calcula-
tion was very close to the MC method.

CONCLUSIONS

In the current study the accuracy of different
analytical methods in calculating neutron and cap-
ture gamma dose equivalents in a bunker made of
high density concrete with hematite was evaluated
and compared to MC results. The results showed
that the analytical methods overestimate the neutron
and capture gamma dose relative to MC results and
they can be used as conservative estimators in de-
signing maze outer door for radiation therapy with
high density concrete. Finally, the use of
Wu-McGinley for both neutron and capture gamma
dose equivalent calculations is recommended for
bunkers made of hematite.

ACKNOWLEDGEMENTS

The authors would like to thank the research of-
fice of Tabriz University of Medical Sciences for the
financial support of the current study.

REFERENCES

[1]  Allen, P. D., Chaudhri, M. A., The Dose Contribution
Due to Photonuclear Reactions During Radiotherapy,
Med. Phys., 9 (1982), 6, pp. 904-906

[2] Attix, F. H.,, Rank, E. X., August, L. S., Miller, G. E.,
Shapiro, P., A Shielding Maze at a Neutron Radio-
therapy Facility, Health Phys., 31 (1976), 1, pp. 78-80

[3] Carinou, E., Kamenopoulou, V., Stamatelatos, L. E.,
Evaluation of Neutron Dose in the Maze of Medical
Electron Accelerators, Med. Phys., 26 (1999), 12, pp.
2520-2525

[4] Facure, A., da Silva, A. X., Falcao, R. C., Monte
Carlo Simulation of Scattered and Thermal
Photoneutron Fluences Inside a Radiotherapy Room,
Radiat. Prot. Dosimetry., 123 (2007), 1, pp. 56-61

[5] Facure, A., Silva, A. X., The Use of High-Density
Concretes in Radiotherapy Treatment Room Design,
Applied Radiation and Isotopes, 65 (2007), 9, pp.
1023-1028

[6] Falcao, R. C., Facure, A., Silva, A. X., Neutron Dose
Calculation at the Maze Entrance of Medical Linear
Accelerator Rooms, Radiat. Prot. Dosimetry., 123
(2007), 3, pp. 283-287

[7]  Chilton, A. B., Shultis, J. K., Faw, R. E., Principles of
Radiation Shielding, Prentice Hall, Englewood Cliffs,
N.J., USA, 1984

[8] *** IAEA, International Atomic Energy Agency Ra-
diation Protection in the Design of Radiotherapy Fa-
cilities, Safety Reports series No. 47, 2006

[9] *** NCRP, National Council on Radiation Protec-
tion and Measurements, NCRP No. 144. Radiation
Protection for Particle Accelerator Facilities, 2003

[10] *** NCRP, National Council on Radiation Protection
and Measurements, Structural Shielding Design and
Evaluation for Megavoltage X-Ray and Gamma-Ray
Radiotherapy Facilities, NCRP No. 151, Washington,
DC, USA, 2005, pp. 1-246

[11] Followill, D. S., Stovall, M. S., Kry, S. F., Ibbott, G.
S., Neutron Source Strength Measurements for
Varian, Siemens, Elekta, and General Electric Linear
Accelerators, J. Appl. Clin. Med. Phys., 4 (2003), 3,
pp. 189-194

[12] Naseri, A., Mesbahi, A., A Review on Photoneutrons
Characteristics in Radiation Therapy with High-En-
ergy Photon Beams, Reports of Practical Oncology
and Radiotherapy, 15 (2010), 5, pp. 138-144

[13] *** LANL (Los Alamos National Laboratory),
Monte Carlo N-Particle Transport Code System for
Multiparticle and High Energy Applications, version
2.4.0., L. S. Walter, 2002

[14] Mesbahi, A., Ghiasi, H., Mahdavi, S. R., Photoneutron
and Capture Gamma Dose Equivalent for Different
Room and Maze Layouts in Radiation Therapy, Radia-
tion Protection Dosimetry, 140(2010), 3, pp. 242-249

[15] Ghiasi, H., Mesbahi, A., Monte Carlo Characterization
of Photoneutrons in the RadiationTherapy with High
Energy Photons: A Comparison between Simplified
and Full Monte Carlo Models, /ranian Journal of Radi-
ation Research, 8 (2010), 3, pp. 187-193

[16] Mesbahi, A., Seyednejad, F., Gasemi-Jangjoo, A., Es-
timation of Organs Doses and Radiation-Induced Sec-
ondary Cancer Risk from Scattered Photons for Con-
ventional Radiation Therapy of Nasopharynx: A
Monte Carlo Study, Japanese Journal of Radiology, 28
(2010), 5, pp. 398-403

[17] Mohammadzadeh, M., Mesbahi, A., MC Estimation of
Out-of-Field Organ Doses from Scattered Photons,
Photoneutrons, and Capture Gamma Rays in Prostate



152

A. Mesbahi, et al.: Photoneutron and Capture Gamma Dose Calculations for a ...
Nuclear Technology & Radiation Protection: Year 2011, Vol. 26, No. 2, pp. 147-152

(22]

Radiation Therapy, Nuclear Technology and Radiation
Protection, 25 (2010), 2, pp. 78-84

Wu, R. K., McGinley, P. H., Neutron and Capture
Gamma Along the Mazes of Linear Accelerator Vaults,
J. Appl. Clin. Med Phys., 4 (2003), 2, pp. 162-171
Kersey, R. W., Estimation of Neutron and Gamma Ra-
diation Dose in the Entrance Maze of SL 75-20 Linear
Accelerator Treatment Rooms, Medicamundi, 24
(1979), 3, pp. 151-155

French, R. L., Wells, M. B., An Angle-Dependant
Albedo for Fast-Neutron Reflection Calculations,
Nucl. Sci. Eng., 19 (1964), pp. 441-448

McCall, R. C., Jenkins, T. M., Shore, R. A., Transport
of Accelerator Produced Neutrons in a Concrete
room, [EEE Trans. Nucl. Sci., 26 (1979), 1, pp.
1593-1597

Waller, E. J., Jamieson, T. J., Cole, D., Cousins, T.,
Jammal, R. B., Experimental and Computational De-

(23]

[24]

termination of Neutron Dose Equivalent Around Ra-
diotherapy Accelerators, Radiat. Prot. Dosimetry.,
107 (2003), 4, pp. 225-232

Muller-Runkel, R., Park, Y. H., Culbert, H., The Neu-
tron Dose and Energy Spectrum Outside a 20-MV Ac-
celerator Treatment Room, Med. Phys., 13 (1986), 5,
pp. 472-477

McGinley, P. H., Butker, E. K., Evaluation of Neutron
Dose Equivalent Levels at the Maze Entrance of Med-
ical Accelerator Treatment Rooms, Med. Phys., 18
(1991), 2, pp. 279-281

Received on January 10, 2011
Accepted on July 27, 2011

Acrxap MECBAXMU, Xocenn THACH, Cejen PABU MAXJTABU

INPOPAYYH EKBUBAJIIEHTHE JO3E Y PANUOTEPAIINJCKOJ COBMA
HAYMNIBLEHOJ O] TENIKOI' BETOHA

[Tpumenom anamutuukux u MouTe Kapno mMeTopa m3pauyHaTe cy €KBUBAJEHTHE J0O3€ Off
HEyTpoHa 1 mpaTeher rama 3paderha y:K JaBUPHUHTA 1 YIA3HAX BpaTa cobe 3a pafuoTepantjy, HAUnbeHe
ont 6eToHa Benmke ryctune. ['eomerpuja cobe n cHon 18 MeV-ckux (poTOHA U3 TWHEAPHOT aKIeepaTopa
Varian 2100C/D, cumynupanu cy kopuithetrseM MCNPX Monte Kapino nporpama. Yetupu aHaauTHuKe
Mmeropie — Kepcujea, @penuoBa, Mekkosnosa u By-Mekrunnujesa, KopuirtheHe ¢y y oBoj cTyauju. Pasnuke
n3Mmeby ananutnukux 1 Monte Kapio metosa y npopadyHy (pOTOHEYTpPOHA YK JaBUPHUHTA U3HOCHIIA CY
13-30%,y cpeamem. Y mpopauyHny npaTteher rama 3pauema, pazinuka u3meby By-Mexkruunujese metofie u
Moure Kapino cumynanuje 6una je oko 17%. 3akbydeHo je 1a aHanuTU4IKe MeTofie ynopebeHe ca MoHTe
Kapno cumynanujom, npelerwyjy eKBUBAJIGHTHY 03y U HEYTPOHA U IpaTeher rama 3padema, Te a MOry
OouTH ynotpeObeHe y LUbY KOH3EpBAaTUBHE IIPOLIEHE 103a.

Kmwyune peuu: ¢hoitioneyitiponu, Monitie Kapao modenosarse, itiepaiiuja 3paiersem



