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Photoneutron contamination produced during high-energy, external beam 

radiotherapy can contribute to total patient dose. This aspect of unwanted dose is not 

currently evaluated for patients undergoing radiation therapy. While multiple studies 

have examined the neutron dose from beams with energies above 10 MeV, research 

assessing neutron dose from a 10 MV beams is sparse. Additionally, no studies have 

assessed the neutron dose from volume modulated arc therapy (VMAT) or compared 

to that of intensity modulated radiation therapy (IMRT). A series of physical 

measurements were performed using neutron bubble dosimeters to determine neutron 

dose per Gy photon dose for field sizes 0x0 cm2, 5x5 cm2, and 10x10 cm2 on a Varian 

Trilogy linac operating at 10 MV. These measurements were compared to 

photoneutron production simulated with a simplified model of the linac head using 

MCNP5. The simulations predicted within 6% of the measured dose for the 5x5 field 

and within 3% for the 10x10 field, however over predicted over 600% for the closed 

field.  This indicates that the simplified model is not appropriate for small field 

neutron dose calculations but may be a good starting point for more complete models. 



 

 

Additional measurements were collected for clinically representative IMRT and 

VMAT plans designed to treat the same prostate tumor. Total neutron dose was higher 

14.6% for the IMRT plan, which was less than expected based on the total delivered 

monitoring units and may be related to different average field sizes for the two 

treatments. This under-prediction of neutron dose suggests that neutron dose estimates 

should be independently assessed for the different modalities.   
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1 Introduction 

The goal of radiation therapy is to deliver a therapeutic dose to an identified 

target within the patient’s body, while keeping the dose to the rest of the body as low 

as possible. Two current modalities of radiation therapy (intensity modulated radiation 

therapy and volume modulated arc therapy) use an external beam of photons to deliver 

this dose, but at high photon energies, neutrons contamination within the beam occurs. 

These neutrons contribute to the overall patient dose while providing no therapeutic 

benefit. 

1.1 Background 

1.1.1 Photoneutron Production 

Photoneutrons are produced when photons interact with the nucleus of an 

atom. For this reason they are classified as photonuclear reactions rather than 

photoatomic reactions. The photon is initially absorbed by the nucleus and, in the 

energy range we are concerned with, can produce neutrons mainly by the mechanisms 

of giant dipole resonance (GDR). The GDR mechanism of absorption causes the 

photon to interact with the nucleus as a whole, feeling the effect of the dipole resulting 

from all the nucleus’s neutrons and protons. Once the photon has been absorbed, the 

now excited nucleus emits one or more particles. Theoretically the nucleus can emit 
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any combination of neutrons, protons, deuterons, tritons, helium-3, or alphas (White 

2000). However, the greater the separation energy is of the particle, the higher the 

photonuclear threshold for a specific particle. GDR has a high cross-section when the 

photon wavelength is of a similar size as the nucleus. This means that the energy 

required to produce a GDR tends to decrease with increasing Z, as the radius of the 

nucleus increases. The effect of this relationship is that high-Z materials have lower 

photonuclear thresholds. (National Council on Radiation Protection and Measurements 

1984) 

1.1.2 Neutron Dosimetry 

This research focuses on fast neutrons in the energy range under 10 MeV, 

which contribute dose to tissue via elastic collisions with light elements such as H, O, 

C, N, Na, and Cl. The absorbed dose from neutron interactions in tissue is based on 

the energy of the neutrons and is determined by summing the contribution from each 

of the major elements present in tissue. (Martin 2006) 

Thermal neutrons (~0.0253 eV) primarily deposit dose in tissue by either a 

(n,p) reaction with nitrogen or a (n, γ) reaction with hydrogen. Therefore, the total 

dose deposited in tissue exposed to a thermal neutron fluence is simply the sum of the 

dose due to these two reactions.  (Martin 2006) 

The quantity ambient dose equivalent has been introduced to provide a 

measurable quantity that can be used in practice to estimate the dose due to external 

radiation. This quantity, represented as H*(d) is measured at a point in the radiation 
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field and is the dose equivalent that would be produced if the point were surrounded 

by a sphere of radius d and the field were idealized to be uniform in fluence and 

direction (International Committee on Radiological Protection 1996).  

For neutrons and other strongly penetrating radiation, the reference depth used 

is 10 mm, so the symbol is H*(10). Based on the factors affecting tissue dose in a 

neutron field, discussed above, the ICRP has developed conversion factors between 

neutron fluence for a given energy and H*(10). The conversion factors found in ICRP-

74 will be the used to convert the simulated neutron fluence to dose for comparison 

with measurements.  

1.1.3 Medical Linear Accelerators 

The medical linear accelerator (linac) is used in radiation therapy to produce 

and collimate beams of electron or photons at target volumes within the human body. 

Most often these targets are tumors. In this research the linac being investigated 

operates in x-ray therapy mode and so the treatment beams are primarily composed of 

photons.  Figure 1 depicts the linac treatment head when operating in x-ray therapy 

mode. Electrons are accelerated to high energies prior to striking the x-ray target, 

producing a bremsstrahlung spectrum of photons. This target is composed of some 

combination of high-Z material and intermediate-Z material. The efficiency for x-ray 

production is proportional to the atomic number of the material, so lower-Z materials 

would not be appropriate. In order to produce the 10 MV photon beam, the incident 

electron will be monoenergetic beams of 10 MeV. The spectrum exiting the bottom of 
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the x-ray target is forward peaked, so the flattening filter (also often partially made of 

high-Z material) is required to provide a more uniform intensity across the treatment 

field. The beam passes through a series of collimators to adjust its shape for treatment 

purposes (more on this in section 1.1.4 on IMRT and VMAT). These collimators are 

again generally composed of high-Z materials in order to adequately block the 

radiation. (Khan 2003; Podgorsak 2005). 

 

 

Figure 1: Linac Head Components 
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Many of the components in the linac head are made of materials with low 

photonuclear thresholds and significant photonuclear cross-sections. Specifically 

tungsten has isotopes with thresholds below 10 MeV. This is discussed in more detail 

in section 2.2.1. Consequently, when the machine is operating above 10 MV these 

linac components can be a source of radiation dose that is not accounted for in the 

treatment plan and is non-therapeutic. The neutrons are not accounted for in the whole 

body and organ at risk (OAR) dose predictions because both the treatment planning 

systems and the quality assurance (QA) measurements consider dose from photons 

and electrons. When performing QA measurements, physicists use a variety of 

detectors (ion chambers, diodes) but all of these are virtually insensitive to neutrons. 

The treatment planning systems do not model photoneutron production and so do not 

account for unwanted neutron dose.  While original linacs did not produce photons 

energetic enough to create photoneutrons, energies have gradually increased and, 

while calculations have been modified to improve accuracy, neutron dose is not 

routinely included in these calculations.  

1.1.4 IMRT and VMAT 

The goal of radiation therapy is to deliver the prescribed dose to the target 

volume while sparing the nearby organs at risk. Various methods of shaping external 

beams have been developed over the past decades, all with the goal of blocking the 

parts of the field that deliver dose to the OARs while still maintaining adequate dose 
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coverage to the target volume. Intensity modulated radiation therapy (IMRT) and 

volume modulated arc therapy (VMAT) are two modalities that are often used in 

modern treatments. IMRT commonly refers to treatments that are composed of fields 

modulated by multi-leaf collimators (MLCs) in order to produce a complex fluence 

map for the field. An MLC is a collimation component of the linac. It is made up of 

two banks of thin fingers of metal that are moved into the field. These leaves block 

small portions of the field, which results in fields that are composed of beamlets with 

various fluences. Various dose constraints such as target coverage and dose-volume 

limits for OARs are used to optimize the weights and modulation of the fields (Khan 

2003; Khan 2006) 

VMAT is also backwards planned, but has two major differences from classic 

IMRT. The first is that rather than emitting radiation from fixed gantry angles, the 

beam is constantly on over a range of angles—the arc. The second difference is that 

the dose rate is variable and is optimized by the treatment planning system (TPS) 

along with MLC shape to deliver conformal dose. In this study, RapidArc, Varian’s 

implementation of VMAT, was used. Studies have indicated that VMAT plans tend to 

use fewer MUs for similar dose coverage. Specifically VMAT prostate plans use 

around 29% fewer MU than similar IMRT prostate treatment plans (Wolff, Stieler et 

al. 2009). The fact that IMRT uses more MU to deliver the same prescription indicates 

that these fields are more modulated (blocked) and thus, on average, smaller. 
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Additional tissue sparing can be accomplished by using high energy beams to 

deliver the radiation. Higher energy photons deliver a lower percentage of the total 

delivered dose to shallow depths. This is due to an effect called skin-sparing. For all 

energies of beam there is a buildup region in the shallow depths due to the production 

of high-speed electrons which do not deposit their dose locally (Khan 2003). At a 

certain depth, electronic equilibrium is reached, where the influx and outflux of these 

electrons is equal and dose reaches its maximum. Beyond this point, dose decreases 

with depth, due to the shielding of the tissue upstream and the distance from the 

source. For deep-seated tumors, medical physicists take advantage of this sparing 

effect by using higher energy beams. For 5x5 field, a 4 MV beam has a maximum 

dose at 1 cm, a 6 MV beam at 1.5 cm, a 10 MV beam at 2.5 cm, an 18 MV beam at 3.5 

cm, and a 25 MV beam at 5 cm (Podgorsak 2005). Beams of these energies can be 

used to treat tumors to higher doses without reaching prohibitively high doses to 

normal tissue. Recently, the use of higher energy beams (greater than 10 MV) has 

been increasing as the prevalence of high energy linacs has become the norm in 

treatment facilities. There is also concern that increased use of high energy beams may 

result from increasing obesity, as the same tumor location may be located at a greater 

depth in an obese patient.  

The calculated doses to the organs at risk from these high-energy treatments 

are no higher to those from lower-energy treatments, or they would not be used. 

However, the treatment planning software does not calculate the dose due to neutrons. 
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In lower-energy treatments this is not an issue, but high energy photons can produce 

photoneutrons in certain materials. Above about 7 MeV photons are capable of 

ejecting neutrons from certain materials.  

Previous studies have looked at the dose produced by medical accelerators at 

various energies. In 1984 the NCRP published report number 79 titled “Neutron 

Contamination from Medical Electron Accelerators.” This report includes a summary 

of the research done to that point and the doses measured from various linac models at 

various energies. The results for 10 MV beams are summarized in Table 1. Since the 

1984 report, more studies have been performed incorporating Monte Carlo modeling 

of the linac head for higher energy beams. From the table the expected off-axis 

neutron dose per photon Gy for 10 MV beams is on the order of 0.1 to 1.0 mSv. These 

values were used in designing the delivery of the beams in the physical experiment. 

Table 1: Results from selected studies of photoneutrons in medical accelerators 

rem per photon Gy rad per photon Gy
McGinley, 1976 6.03E-05
Oliver, 1976 6.30E-05
Rogers and VanDyk, 1981 4.00E-05

10 MV

Energy Study
Neutron measurement per photon rad at isocenter

 

Previous research has indicated that neutron dose increases proportionally with 

the number of MU in a treatment. Where the photon dose of conventional and IMRT 

treatments may be equal, the number of MU for IMRT is greater and the neutron dose 

for this increase is likewise greater (Howell, Ferenci et al. 2005). VMAT generally 

uses fewer MU, but studies have yet to determine if the neutron dose will vary with 

the same proportion as for IMRT. Differences in average field size between the 
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modalities could result in increased neutron dose per MU due to more photoneutron 

source material in the field. Previous studies have indicated that, neutron dose per 

photon dose increases with decreasing field size (Howell 2005). 

1.1.5 Aim of Research 

The goal of this investigation is to determine the secondary neutron dose to the 

patient during the delivery of high energy IMRT from the Novalis TX linac model as 

well as to compare the neutron dose from conventional 10 MV IMRT to 10 MV arc 

therapy on the same equipment. This will primarily be achieved by modeling the 

accelerator head, gantry and other relevant structures in the treatment room using 

MCNP (a Monte Carlo N-Particle code), and collecting measurements for IMRT and 

VMAT plans and representative field sizes to validate the MCNP model. Previous 

studies have considered secondary neutron dose from higher energy IMRT (15 MV, 

18 MV), but a literature review resulted in only one recent study (Kry, Salehpour et al. 

2005) which considered the neutron dose from a 10 MV beam. Studies preformed in 

the 1970’s and 80’s also included some on accelerators with 10 MV energies (National 

Council on Radiation Protection and Measurements 1984). There are also no studies of 

neutron dose specifically from arc therapy. Due to the generally shorter delivery times 

of arc therapy (Yu, Dong-Jun et al. 2000), it is probable that the neutron doses would 

be likewise reduced, but to date no studies on this have specifically been performed.  
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2 Materials and Methods 

2.1 Physical Experiment 

2.1.1 Neutron Detection 

One of the challenges in measuring the neutron dose is the fact that it will be in 

a mixed gamma-neutron field, with a very high gamma component. Neutron detectors 

often take advantage of reactions such as the 10B(n, alpha) or 6Li(n, alpha) reactions 

integrated into a charged particle/gamma detector such as a proportional tube, 

ionization chamber, or scintillator. The problem with these detectors in mixed fields is 

they also respond to gamma radiation. Often amplitude discrimination can be used to 

exclude the effect of these gammas, but in a high gamma flux (such as is found during 

IMRT), multiple electrons induced by the gammas may be detected simultaneously 

and result in a single higher amplitude pulse. High gamma flux can also degrade the 

materials of the detector leading to inaccurate counts and discrimination and also 

shortened lifespan. 

In similar studies, activation foils (Kry, Howell et al. 2008) and TLDs  

(Howell, Ferenci et al. 2005) were used to determine neutron flux and spectra. 

However, because these detectors do not have integrated dose or energy response, they 

needed to be placed in a series of Bonner Spheres to first determine the neutron 

spectrum and then the dose from that spectrum. Bonner Spheres moderate the fast 

neutron flux into a thermal neutron flux. Spheres are produced in multiple diameters, 



11 

 

each with a known moderation curve for incoming neutron energies. When the whole 

Bonner set is used, the data can be unfolded to produce the neutron spectrum. The 

issues with detectors that rely on this method are that the process can be time 

consuming and the large spheres cannot be used for in-phantom dosimetry (Knoll 

2000).  

Some studies of neutron dose due to high energy IMRT have used bubble 

detectors. While these detectors have been produced to respond to various specific 

neutron energy ranges, they all work by the same basic mechanism. The detector is 

composed of a polymer matrix embedded with tens of thousands to hundreds of 

thousands of droplets of superheated liquid (usually a chlorofluorocarbon such as 

Freon) all encased in a clear glass tube. The pressure in the tube when it is in the 

“detector” mode is such that the Freon remains as a superheated liquid (a material 

above its normal boiling temperature but kept in liquid state through applied pressure). 

When the polymer is struck by a particle with a high linear energy transfer (LET) the 

energy is deposited within a small volume in the polymer. If the energy is deposited 

within a droplet, it will vaporize a portion of the droplet. If the vapor bubble exceeds a 

certain critical radius, it will overcome the inward pressure and vaporize the entire 

droplet. This expands the droplet from an invisible 20 micron diameter to a visible 

size. These droplets can then be counted by eye and multiplied by a calibration factor 

to give the neutron energy deposited in the polymer (Ing, Noulty et al. 1997; Knoll 

2000) 
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Bubble detectors made by Bubble Technology Industries, have been used in 

multiple studies investigating neutrons produced from the use of high energy medical 

linear accelerators (d'Errico, Nath et al. 1998; Vanhavere, Loos et al. 1998; Verellen 

and Vanhavere 1999; Vanhavere, Huyskens et al. 2004). These detectors provide a 

tissue equivalent neutron dose, good dose sensitivity over a broad energy range, and 

are small, reusable, and suited for personal dosimetry as well as monitoring and 

detection. Previous studies have also examined the response and sensitivity of these 

detectors both with and without phantoms meaning that this information is available 

from sources other than the manufacturer (Vanhavere, Loos et al. 1998 (Vanhavere, 

Loos et al. 1998). 

2.1.2 Experimental Setup 

 The Novalis TX was used to deliver the beams for the model validation. These 

beams were delivered with four MLC settings, as indicated in Table 3. Two settings 

were for closed leaves, one with the leaves meeting in the center of the field, the other 

with the leaves meeting off center. The settings for the secondary collimators (x- and 

y-jaws) set a 10x10 field for all MLC settings. Field 1 effectively represents a smaller 

field size than Field 2 because of the gap between the leaf tips, as well the fact that the 

rounded leaf tip means that the leaf is thinner along the line where the A bank meets 

the B bank. Figure 2 through Figure 5 show the leaf orientation as presented from the 

TPS. The detector was oriented between two stacks of solid water as shown in Figure 

6. Table 2 shows the materials the linac is composed of. 
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Table 2: Linac Component Materials 
Component Name Component Material
Target copper
Primary Collimator tungsten
Flattening Filter copper
X- and Y-Jaws tungsten
Multileaf Collimator tungsten  

Table 3: Field names and dimensions for model validation 
Field Name MLC Setting
Field 1 closed leaves, centered
Field 2 closed leaves, off center
Field 3 5x5 field
Field 4 10x10 field  

 

 

Figure 2: Field 1 
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Figure 3: Field 2 

 

Figure 4: Field 3 
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Figure 5: Field 4 

 

Figure 6: Setup for model validation data collection 
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The same linac was used in the comparison of neutron doses between IMRT 

and arc therapy. The delivered plans were based on the plan that was actually 

delivered to a prostate cancer patient. As the physicists and physicians were beginning 

to implement the use of arc therapy at this facility, plans for both IMRT and arc 

therapy treatments were created for potential arc therapy patients. This was to allow 

the teams to get a better idea of which patients would benefit from the new treatment 

modality. In the case of the plans used in this paper, the arc therapy plan was the 

chosen one, but before the implementation of arc therapy this patient would have 

received the IMRT. While only the RA plan was delivered, a few weeks earlier the 

IMRT plan would have been chosen. Both plans were created by experience 

dosimetrists trained in the respective treatment modalities.  

The similarities of the plans can be seen in a comparison of the dose-volume 

histograms (DVHs) found in Figure 7 and Figure 8. In general, a DVH shows the 

percent volume of a specific structure that is receiving a given dose or higher. These 

plots are used to compare the 3D dose coverage of multiple plans. The important 

comparison in the DVHs below is that in general the lines are similar between the two 

plots. The target coverage (noted as “GTV” on the plots) is adequate on both plots, 

with the volume coverage (y-axis) remaining near 100% up to the prescribed dose 

(100% on the relative dose scale) then falling off steeply to avoid hot spots in the 

target. The coverage for the other organs is also adequate, with the main difference 

between the plans being the coverage of the femoral heads. The sparing of both the 
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left and right femoral heads (salmon and dark blue lines, respectively) is better for the 

RapidArc plan than for the IMRT plan. This can be seen in the smaller volume 

percentage that receives a specific dose. The slightly better DVH was the reason the 

VMAT plan was the one delivered, but in general the plans are comparable. 

 

Figure 7: 9-Beam IMRT DVH 
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Figure 8: RapidArc DVH 
 

The RapidArc plan requires 1161 MU for coverage of the target volume 

compared to 1752 MUs for the IMRT. This represents a 33.7% decrease in the number 

of MUs from the IMRT plan to the RapidArc plan, and is consistent with the claims of 

generally reduced MUs described in section 1.1.4. Also consistent with expectations, 

the average field size for the IMRT plan was smaller than that for the VMAT plan. A 

weighted average by number of MU per field for the average leaf pair openings 

(ALPOs) for the VMAT field was 2.58 cm and for the IMRT plans was 1.69 cm. 

ALPO describes the distance between complementary leaves that have a non-zero 

separation, so the difference indicates that the IMRT plan on average had smaller field 

sizes. 
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Scaled versions of the two plans were delivered to a phantom containing the 

bubble detector at isocenter. The Octavius phantom was used for this portion of the 

physical experiment, because it is a more realistic representation of a human when the 

gantry angle changes throughout treatment.  In both IMRT and VMAT delivery, the 

gantry is rotated about the patient.  For quality assurance and physics measurements, 

the gantry angle can be overridden in the delivery of IMRT fields, however, this is not 

an option for VMAT. Because of the rotational nature of the gantry angle, simple slabs 

of solid water would not replicate the clinical situation of tissue surrounding the target 

volume. In order to better model this situation and to make a reproducible set-up, the 

Octavius phantom was used with a customized sheet of bolus filling the slot in the 

phantom (Figure 9). The bolus was customized to place the center of the active 

volume of the detector at the center of the Octavius phantom (as indicated by the 

guides along the outside of the Octavius). During treatment delivery, the Octavius was 

aligned using the laser guides (Figure 10). 
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Figure 9: Octavius phantom with customized bolus and detector.  
VMAT-IMRT comparison setup. 

 

Figure 10: Octavius phantom. VMAT-IMRT comparison setup. 
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When the detectors are in a high dose field, many bubbles are created within 

the detector. When the total dose delivered to the detector is high enough, the bubbles 

take up so much volume in the detector that the polymer matrix is distorted beyond 

recovery. In this case, bubbles merge and large gaps are formed within the tube. This 

renders the detector permanently useless. In order to prevent the bubble detectors from 

becoming saturated, the treatments were scaled smaller, or the treatments were divided 

into multiple parts. For the IMRT treatment, the plan was scaled so that each field still 

delivered the same proportion of MU, but the overall number of MU was 56. Similar 

adjustments were made to the RapidArc plan, and to prevent damage to the detectors 

during the arc therapy delivery, the detector was switched out part of the way through 

each arc. This means that one detector measured the neutron dose for the first part of 

the arc and another for the second part of the arc. 

After the treatment was delivered, the detectors were photographed to be 

counted at a later time, then the detectors were repressurized to be reused for 

additional data collection. The detectors were photographed in the same location under 

the same lighting. Visual counts of the detectors themselves were done and compared 

favorably with the counts performed on the photographs. 

2.2 MCNP 

The computer model used in this experiment was made using Monte Carlo N-

Particle Version 5 (MCNP5). The MCNP code has been in continuous development 
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since 1977 and MCNP5 is the latest version of the code to be released. Being a Monte 

Carlo code, MCNP5 produces results based on the statistics of certain interactions 

rather than deterministically solving problems. This means that given the probabilities 

of certain interactions occurring based on the particle and material and the 

probabilities of the results of those interactions such as resultant particle energy and 

direction, the code simulates the behavior of many particles when the user describes 

the source and geometry of the particular problem. To determine the values that are 

used for a specific particle’s track, MCNP generates a random number and uses that 

number as a “roll of the die” to pick a value from the tabular statistical probabilities. 

The final results are requested by the user in the form of a tally. The tally specifies 

where MCNP should include particles in the tally, what quantity should be measured 

(i.e. energy, flux), and which type particles should be included (X-5 Monte Carlo 

Team 2003) 

2.2.1 MCNP Linac Model 

The linac was modeled in MCNP according the geometry specifications 

provided by the Varian Monte Carlo Data package. This package describes the 

geometry of the important components of the linear accelerator head and their 

corresponding materials.  
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Figure 11: Full MCNP model geometry (MLC set to 10x10) 

 

Figure 12: MCNP model of MLCs, Field 1  
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Figure 13: MCNP model of MLCs, Field 2 

 

Figure 14: MCNP model of MLCs, Field 3 
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Figure 15: MCNP model of MLCs, Field 4 
 

The simulations were separated into two parts for the sake of simplicity and 

calculational efficiency. The first part considers only the geometry from the 

bremsstahlung target and incident electron beam and was used to generate the photon 

source produced by the linac. This MCNP input file specifies an F1 tally at the bottom 

of the target, which is divided into six angular bins and 50 energy bins over the range 

of 0 to 10 MeV. The resultant probability distribution was used to create the source for 

part two of the simulation.  

The second portion of the problem defines the linac geometry beyond the 

target in order to transport the photons for photoneutron production. Four MLC 

positions were modeled to mimic the settings used in the physical experiment. In 
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addition to the geometry of the linac head, the solid water was also simulated with 

corresponding tallies to compare the model results to the physical experiment. Two 

tallies were acquired for each simulation: 

 

1. An F4 neutron tally at isocenter (between solid water slabs) to model the 

isocenter neutron dose 

2. An F5 photon tally to determine the photon dose at the isocenter 

 

The photon tally will be used to put the final results in terms of “neutron dose 

per photon Gy at isocenter”. This is a useful value clinically as the dose at the 

isocenter is often calculated in treatment planning. Having results in this form also 

make it possible to compare against results in other papers. 

To model the production of photoneutrons, photonuclear physics must be 

turned on in MCNP with the inclusion of the phys:p card and the ISPN variable set to 

1 (biased photonuclear sampling).  The default in MCNP is to have photonuclear 

physics turned off due to the dearth of available data. When the function is turned on, 

the user must also include MPNn card (photonuclear material cards) for each material. 

This card is known as the photonuclear nuclide selector, and it informs the code which 

photonuclear probability table to use for each nuclide. For many of the nuclides used 

in this model the photonuclear data was not available, but for many of them it was also 

unnecessary. For these materials the MPn card simply listed 0 as the table to use for 
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photonuclear physics, meaning that no photonuclear collisions will occur within that 

material. The m cards for the tungsten components included all the naturally occurring 

isotopes except W-180 for which there is no MCNP data. This isotope was simply 

excluded from the m card, which is reasonable because of its small abundance. On the 

MPNn cards for the tungsten components, 182W, 183W, and 186W were represented by 

184W, the only tungsten isotope for which there is photonuclear data available in 

MCNP. From Table 4 and Figure 16 it can be seen that the (γ, n) thresholds and cross-

sections for these nuclides are fairly similar to those of 184W and so this replacement is 

reasonable. 

Because of the low frequency of photoneutron production, the associated 

statistical error for the neutron tally was high. Integrated variance reduction techniques 

can be used to reduce the error, but this problem allowed for an additional way to 

improve the error. For the important materials in this problem, the photoneutron 

threshold was 7.14 MeV, so a second source could be created, which only produced 

photoneutrons at or above 7 MeV.  

Table 4: (γ, n) thresholds for the naturally occurring isotopes of tungsten 
Nuclide Abundance (γ, n) Threshold (MeV)
W-180 0.12% 8.14
W-182 26.50% 8.07
W-183 14.31% 6.19
W-184 30.64% 7.14
W-186 28.43% 7.19  
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Figure 16: (γ, n) cross-sections for the naturally occurring isotopes of tungsten. 
(Chadwick and et. al. 2006) 

3 Results 

3.1 Physical Experiment 

ImageJ, a java-based scientific image processing program (Rasband 2010) was 

used to count the bubbles from the photographs. The Cell Counter plug-in assisted in 

marking counted bubbles to reduce human error. Figure 17 shows an example 

photograph of an exposed detector prior to and following the image being counted 

with ImageJ.  
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Figure 17: Exposed bubble dosimeter (left); counted (right) 
 

Table 5 and Table 6 summarize the results for the IMRT and VMAT data. As 

explained in section 2.1.2, the each of the two arcs required more than one detector, so 

each trial is the compilation of multiple counts. Table 7 summarizes the results of the 

validation data. 
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Table 5: IMRT results Field 4, BDT

Trial Counts
Dose
mSv

Standard deviation of dose
mSv

1 142 0.592 0.050
2 162 0.704 0.055
3 143 0.596 0.050
4 108 0.470 0.045  

Table 6: VMAT Results Field 4, BDT

Trial Description Counts
Dose
mrem

Dose for full fraction
mSv

Standard deviation of 
dose for full fraction
mSv

Arc1 Part 1 232 10.1
Arc1 Part 2 282 12.3
Arc2 Part 1 140 6.1
Arc2 Part 2 202 8.8
Arc1 Part 1 273 11.4
Arc1 Part 2 304 13.2
Arc2 Part 1 144 6.3
Arc2 Part 2 166 6.9
Arc1 Part 1 254 11.0
Arc1 Part 2 322 13.4
Arc2 Part 1 148 6.4
Arc2 Part 2 194 8.4
Arc1 Part 1 257 11.2
Arc1 Part 2 302 12.6
Arc2 Part 1 125 5.2
Arc2 Part 2 221 9.6
Arc1 Part 1 162 7.0
Arc1 Part 2 133 5.5
Arc1 Part 3 263 11.4
Arc2 Part 1 89 3.7
Arc2 Part 2 139 6.0
Arc2 Part 3 105 4.6

5 0.383 0.013

3 0.393 0.013

4 0.386 0.013

1 0.372 0.013

2 0.378 0.013
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Table 7: 10 MV Dosimeter Counts and Doses, validation set-up Field 1, non BDT, iso

Field Trial Counts
Dose
mSv

St. Dev. of Dose
mSv

1 86 0.37 0.040
2 98 0.43 0.043
3 86 0.36 0.039
1 35 0.15 0.025
2 41 0.17 0.027
3 36 0.16 0.026
1 474 2.06 0.095
2 67 0.29 0.036
3 50 0.22 0.031
4 57 0.25 0.033
1 62 0.26 0.033
2 52 0.22 0.030
3 51 0.22 0.031
4 53 0.22 0.030
5 59 0.26 0.033

1
(0x0 centered)

2
(0x0 off-center)

3
(5x5)

4
(10x10)

 

3.2 MCNP Model and Validation Data 

MCNP output presents the results of the requested tallies in the form of requested 

value per incident particle. The tally results are shown in Table 8 and Table 9. In the 

case of the photon dose rate and neutron dose rate tallies, these results are in the form 

rem/hr per source particle, where the source referred to is the bremsstrahlung photons 

emitted from the target. The photon dose rate makes use of the whole bremsstrahlung 

spectrum (0 to 10 MeV photons), while the neutron dose rate makes use of only the 

higher energy portion of this spectrum (7 MeV to 10 MeV photons). This means the 

two have different sources. The higher energy spectrum represents 20.90% of the 

entire bremsstrahlung spectrum. That is for every 100 particles emitted from the full 

spectrum source, about 21 of them are in the high energy source. Therefore, the 
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neutron dose-rate tally must be multiplied by 0.2090 to normalize the results for 

proper comparison. MCNP also presents the relative error of the tally (one estimated 

standard deviation). This data is also included in the tables. 

Table 8: Photon dose tally at isocenter Field 1, non BDT, iso

Field
Photon Dose Tally
(rem/hr) per incident photon Relative Error

1 (0x0 on center) 9.55E-12 0.02090
2 (0x0 off center) 1.14E-12 0.03960
3 (5x5) 8.02E-11 0.00350
4 (10x10) 8.36E-11 0.00630  

Table 9: Neutron dose tally at isocenter Field 1, non BDT, iso

Field

Neutron Dose Tally
(rem/hr) per incident photon 
(>7MeV) Relative Error

1 (0x0 on center) 1.18E-13 0.17
2 (0x0 off center) 1.00E-13 0.18
3 (5x5) 1.92E-13 0.20
4 (10x10) 1.95E-13 0.14  

 

4 Analysis and Discussion 

4.1 Physical Experiment 

For the model validation data, results were calculated as neutron dose per 

photon Gy at the isocenter. These values were calculated using Equation 1 below. The 

calibration was given by the dosimeter manufacturer, the monitor units per delivery 

were displayed by the linac interface upon delivery, and the photon dose at isocenter 
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per MU was calculated by the TPS. The standard deviation of the individual 

measurements is similarly calculated using Equation 2. 
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The measurements indicate that the neutron dose at isocenter (per photon Gy) 

at isocenter decreases with increasing field size. As the field size increases, more of 

the photon beam reaches isocenter, so while the total neutron dose from a certain 

beam-on time may increase from closed MLCs to a 5x5 field, the ratio of neutron dose 

to photon dose actually decreases. This is important to note because neutron doses do 

not necessarily scale with photon doses when MLCs are used to modulate the field.  

Table 10: Average Doses at Isocenter 
Field Measured 

Neutron Dose 
per photon dose 
(mSv/Gy) 

MCNP Simulated 
Neutron Dose per 
photon dose 
(mSv/Gy) 

Percent Error of 
Simulated Dose 
(as estimated by 
MCNP) 

Percent Error of 
Simulated Dose 
compared to 
measured 

1 (0x0 on center) 0.75 2.594 21.2% 243.9% 
2 (0x0 off center) 2.46 18.339 19.9% 644.1% 
3 (5x5) 0.53 0.499 23.6% 5.9% 
4 (10x10) 0.51 0.487 16.6% 3.8% 

 

For the IMRT and VMAT data, results were calculated as total neutron dose 

per fraction and total neutron dose for the entire prescribed treatment (all fractions), in 

addition to being calculated per photon Gy. The same equations were used to calculate 

these results and Table 11 summarizes these findings.  

From Table 11, it can be seen that the total neutron dose from the IMRT 

treatment is 14.6% greater than that from the VMAT treatment. Both plans had the 

same fractionation schedule, so the ratio between the fraction doses and the total 

prescription doses from the two modalities are the same. The higher dose is probably 

partially due to the use of more MU in the IMRT plan, but the IMRT plan used 50.9% 
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more MU than the VMAT, so this would not completely explain the phenomenon. The 

fact that the VMAT fields are generally larger would also tend to push the VMAT 

neutron dose lower than that of the IMRT plan. A previous study indicates that for 18 

MV photons there is a potentially complicated relationship between total neutron 

fluence and average neutron energy that determines the neutron dose per Gy for a 

given field size (Howell, Ferenci et al. 2005). For increasing field size (0x0, 5x5, 

10x10) neutron fluence in this study actually has its maximum for the 5x5 field, while 

average neutron energy increases with field size. The relationship between these two 

factors leads the neutron dose per photon Gy to decrease with increasing field size, but 

the granularity of the measured field sizes means there are not data points between the 

0x0 and 5x5 fields. Most of the control points in both the IMRT and VMAT plans 

have field sizes that fall between the 0x0 and 5x5 so perhaps there is some dose-field 

size relationship in this range that does not follow the same pattern as larger fields.  

  

Table 11: Summarized IMRT and VMAT Comparison 

IMRT VMAT
Neutron mSv per Gy photon at isocenter 0.739 0.644

group standard deviation 0.031 0.010
Neutron mSv per fraction 1.85 1.61

group standard deviation 0.08 0.02
Neutron mSv for entire prescription 36.9 32.2

group standard deviation 1.55 0.48

Modality
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4.2 MCNP 

The model appears to match fairly well for the larger fields giving an error of 

under 6% for both the 5x5 and 10x10 fields. The error estimated by MCNP is actually 

greater than the difference between the measured and simulated values, so perhaps the 

model would predict a dose even closer to the measured one if it were allowed to run 

longer.  

The off-center and centered closed fields overestimate the neutron dose per 

photon Gy by a factor of 6.4 and 2.4 respectively. This is probably mostly due to the 

under-estimation of the photon dose for these fields. When the photon dose is 

normalized to the 10x10 field, the general trend of the photon dose per source particle 

match those of photon dose per MU from the TPS. This is expected as the number of 

MU is proportional to beam on time which is proportional to the number of source 

particles. However, the normalized value for Field 1 is nearly half what would be 

expected. Because this photon dose is used to calculate the neutron dose per Gy, a low 

value here would cause the neutron dose per Gy to be artificially inflated. One 

possible reason for the low photon dose in Field 1 is the fact that leaf-gaps in the 

MLCs were not included in the model as they should have little effect on the neutron 

dose. The omission of this feature would lead to a lower photon dose, which would be 

especially apparent in smaller fields that have little dose due to the uncollided beam. If 

this is the cause, the ratio of neutron dose to photon dose for Field 2 is probably 
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slightly inflated due to the same problem with the photon dose calculation, as it is also 

a small, mostly blocked field. 

The neutron doses per Gy at isocenter for the two larger fields are within an 

order of magnitude of the measured values. The underestimation is likely at least 

partly due to an incomplete model. The absence of the concrete vault walls would 

result in a reduced neutron flux at isocenter, which would likewise reduce the dose.  
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Figure 18: Neutron dose at isocenter per cGy photon field size comparison 

 

5 Conclusion 

The total neutron dose from classic sliding window IMRT was 14.6% greater 

than that of the VMAT prostate treatment. This indicates that VMAT plans in general 
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may have reduced neutron doses as well as the general lower photon doses, but more 

studies should be done to determine if this holds true for other prostate plans, as well 

as plans for tumors at different sites. A conservative estimate of the whole body 

neutron dose can be made by assuming the neutron fluence at isocenter extends to 

cover the whole body. A whole body dose of 1.61 mSv for the entire VMAT 

prescription would be 2.5% of the whole body photon dose of 70 mSv. According to 

Hall, this magnitude of incremental increase in the whole body dose is associated with 

a 0.16% increase in the risk of secondary malignancies, which would likely not 

significantly impact the decision to use this treatment modality, but should not be 

ignored in the assessment of a treatment plan (Hall 2006). The neutron dose at 

isocenter measured in this experiment is also about 0.5% of the 300 mSv/Gy that was 

measured in a study of 18 MV beams (Howell, Ferenci et al. 2005). This supports the 

claim that neutron doses for 10 MV beams are significantly less than those of higher 

energy beams. 

An interesting finding is that the neutron dose for the two treatments did not 

scale directly with the number of MU. Again, further research should be done to 

confirm this for other treatment plans, but this does indicate that a simple estimate of 

neutron dose based on the number of MU in a plan may not hold across modalities. 

The average field size between the two modalities is different and may be the cause of 

the differing neutron dose, but investigations on neutron dose for smaller field sizes 

would be needed to confirm this. 
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The MCNP model of the 10 MV linac head proved to be less complete than is 

necessary for calculating dose within the 20% error required in medical physics 

calculations, but did provide reasonable estimates (within 6%) for field sizes at or 

above 5x5 cm2. Currently neutron dose from high energy external beam therapy is not 

tracked for patients, so estimations from a similar model may provide some additional 

information when physicists and physicians are evaluating a possible treatment plan. 

As a direction for future research, a more complete model with vault walls and leaf-

gaps may produce better estimates.  
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