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Purpose: Neutrons are an unavoidable by-product of high-energy radiation therapy treatments that
deliver unwanted nontarget dose to patients. Use of flattening-filter-free (FFF) photon beams has
been shown to significantly reduce photoneutron production per monitor unit (MU) of dose deliv-
ered. The purpose of this investigation was to characterize the photoneutron production of the
10 MV and 10 MV FFF beams of the Varian TrueBeam™™ linear accelerator.

Methods: Neutron fluence spectra were measured using a Nested Neutron Spectrometer ™ (NNS,
Detec Inc., Gatineau, Canada). The ratios of neutron fluence and ambient dose equivalent for the
10 MV FFF beam relative to the 10 MV beam, dubbed FF-ratios (FFF/FF), were used to characterize
the difference between the two beams. FF-ratios were compared under the following three conditions
(a) per MU, at various locations in the treatment room, (b) per MU, with the linac jaws opened and
closed, and (c) per electron striking the bremsstrahlung target, as opposed to per MU, at one location
with the jaws closed.

Results: On average, the neutron fluence for the 10 MV FFF beam was 37% lower per MU than the
10 MV beam (FF-ratio = 0.63). The FF-ratio in neutron fluence and ambient dose equivalent did not
vary by much between different locations within the treatment room. However, the FF-ratio in neu-
tron ambient dose equivalent was reduced significantly when the linac jaws were opened compared
to closed, which implies that the jaws contribute more to the photoneutron spectrum of the 10 MV
FFF beam than to the 10 MV beam. Finally, it was found that the 10 MV FFF beam produces more
photoneutrons per electron striking the bremsstrahlung target than the 10 MV beam (FF-
ratio = 2.56).

Conclusions: The photoneutron fluence per MU produced by the 10 MV FFF beam is 37% lower
than the 10 MV beam of a Varian TrueBeam linac. Accordingly, a reduction in neutron dose received
by patients is achieved through use of the unflattened beam, provided that treatment plans for each
beam require approximately the same number of MU. It was found to be instructive to compare the
photoneutron yield per source electron between the two beams as it helped provide an understanding
of the physics underlying photoneutron production in both beams. © 2018 American Association of
Physicists in Medicine [https://doi.org/10.1002/mp.13148]
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1. INTRODUCTION

During external beam radiation therapy treatments that uti-
lize high-energy photons (2 8 MV), neutrons are produced
via photoneutron reactions between photons and compo-
nents inside the head of the linear accelerator (linac).
Within the treatment room, the production of these
unwanted but unavoidable photoneutrons poses a potential
risk to both patients, in the form of nontarget dose,“3 and
staff due to activation of in-room materials.*’ Compared
to other types of ionizing radiation, neutrons have a high
relative biological effectiveness for carcinogenesis that var-
ies with neutron energy. Thus, treatment techniques that
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offer lower photoneutron yield, and thereby reduce the car-
cinogenic risk posed to patients by photoneutrons, are of
interest to the radiation therapy community.

The primary sources of photoneutrons in a linac are the
primary collimator, bremsstrahlung target, flattening filter,
jaws, and the shielding material surrounding the bending
magnet and head.® ' Flattening-filter-free (FFF) beams have
been recently incorporated into clinical practice because they
offer several advantages compared to conventional, flattened
beams. These include the capability to deliver higher dose
rates, reduce treatment duration, improve dosimetry, reduce
photon leakage from the head, and reduce photoneutron
yield."

© 2018 American Association of Physicists in Medicine 4711
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Measurements and Monte Carlo modeling have demon-
strated that neutron yield per monitor unit (MU) is signifi-
cantly reduced when the flattening filter is removed, but the
overall shape of the neutron energy spectrum is essentially
unchanged.'®'?"'* The first evidence of this was published in
2007 by Kry et al.'?, who measured the photoneutron fluence
around a Varian 21EX Clinac with and without the flattening
filter for an 18 MV beam. They noted that their 18 MV FFF
beam used the same monitor chamber calibration as the 18
MYV beam and delivered 3.65 cGy of photon dose at d,,,,, in
water along the central axis per MU, compared to 1 cGy for
the 18 MV beam. An average reduction of 20% in the neu-
tron fluence per MU was observed, corresponding to a 76%
reduction in the neutron fluence per photon dose at d,,,.
Subsequently, they calculated that a reduction in neutron flu-
ence by 69% could be expected for an IMRT prostate treat-
ment plan delivered with their 18 MV FFF beam instead of
the 18 MV beam.

Since the publication of Kry et al., there has been lim-
ited experimental data published on (a) modern linear
accelerator models, such as the Varian TrueBeam, and on
(b) 10 MV photon beams. Modern linacs are of interest
because they offer the ability to treat patients using cali-
brated unflattened beams. 10 MV beams are of interest
because they are the lowest energy photon beams at which
photoneutron production is typically a concern. This is an
important consideration, for example, when examining the
implications of using 10 MV beams to treat patients with
implanted cardiac devices. Additionally, IMRT treatments
at 10 MV are of interest because of the potential for
improved skin-sparing and deeper penetration than treat-
ments at 6 MV.

Motivated by the above, we undertook an investigation to
compare the relative photoneutron yield of the clinically com-
missioned 10 MV and 10 MV FFF beams of a Varian True-
Beam linear accelerator at our center. We used a Nested
Neutron SpectrometerTM (NNS; Detec Inc., Gatineau Que-
bec)' to measure the photoneutron fluence spectra produced
by each beam. To thoroughly examine the physics underlying
photoneutron production, the following three measurement
objectives were set:

1. Determine if the relative photoneutron yield per MU of
the two beams varies with measurement location in the
treatment room.

2. Evaluate the effect of the linac jaws on the relative pho-
toneutron yield per MU of the two beams via measure-
ments at two field sizes.

3. Determine which beam produces more photoneutrons
per electron striking the linac bremsstrahlung target,
and quantify by how much.

In this paper, we report on the methodology we used to
achieve our three objectives and on the findings of our inves-
tigation. With regard to objective 2, we note that comparisons
of the photoneutron yield of flattened and unflattened photon
beams as a function of treatment field size have previously
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been reported in the literature.'®'*'® Also, it is known that
there is interplay between photoneutron production in the
flattening filter for flattened beams and in the linac jaws for
unflattened beams.'® Our rationale for including a field-size
comparison in this work was that it would facilitate under-
standing of the results of objective 3 given the potentially
unique combination of flattening filter and jaws in the Varian
TrueBeam at 10 MV.

2. MATERIALS AND METHODS
2.A. The nested neutron spectrometer

The NNS is a neutron spectrometer that operates similarly
to a Bonner sphere spectrometer,’’ and was previously vali-
dated by our group for use in radiation therapy facilities.'® Tt
consists of a central He-3 detector and seven cylindrical high-
density polyethylene moderator shells assembled in nesting
Russian doll fashion. A schematic and photograph of the
NNS are shown in Fig. 1. Thermal neutrons are detected by
the He-3 detector through (n,p) reactions with the He-3 gas
(Q-value 764 keV). The ambient neutron spectrum is sam-
pled by surrounding the He-3 detector with moderator shells
such that ambient neutrons of increasing energy are thermal-
ized and become detectable as successive shells are added.

The He-3 detector can be operated in two modes: pulse-
mode and current-mode. Pulse-mode, in which individual
neutron events are counted, can only be reliably used in
environments with count rates less than 1 x 10* counts per
second (cps), and is thus unsuitable for use around radia-
tion therapy linacs where neutron count rates may exceed
1 x 10° cps. For use in radiation therapy environments,
the He-3 detector may be operated in current-mode, as
described in our earlier publication.I8 In this mode, a neu-
tron-insensitive He-4 detector is used to quantify any pho-
ton contribution to the He-3 signal. The resulting photon-
subtracted accumulated charge measurements are converted
to neutron count rates using a calibration coefficient of
7.0 fA/cps that was provided by the NNS vendor and previ-
ously validated by our group.'®

In this paper, the term “measurement” will be used to
describe a complete set of eight He-3 measurements obtained
using all seven moderator configurations and the bare detec-
tor, with leakage and the photon component removed. For a
particular experimental setup, one “measurement” gives rise
to one measured spectrum for that setup after spectral unfold-
ing, as described below.

2.B. Unfolding the neutron counts per second data

The count rates measured by the NNS for a particular
moderator configuration represents a convolution of the
ambient neutron fluence spectrum and the NNS response
function for that configuration. To obtain the ambient neu-
tron spectrum, the response functions must be unfolded
from the cps data. In our research group, unfolding is per-
formed wusing a custom-developed maximum-likelihood
expectation—maximization (MLEM) algorithm that we
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(NNS). (a) Schematic cross section of the cylindrical NNS system that shows the central He-3 detector (red, online
The signal processing pathway for current-mode operation is shown and includes moderator response functions that

were generated by the NNS vendor. (b) Photograph of the NNS on a tripod. The tripod height may be adjusted between measurements to keep the He-3 detector
at the same location for all moderator configurations. [Color figure can be viewed at wileyonlinelibrary.com]

validated in our earlier work using reference neutron
sources and Monte Carlo modeling."® When iterated to
convergence, the MLEM algorithm maximizes the likeli-
hood of obtaining the measured data {m,} given that the
spectrum is {nj}, and is described as follows:

k 1_

' Z% — (1)
Zau = Zazb”’é
i=1 b=1

Here, the index i spans the number of moderator configura-
tions (N), j and b span the number of energy bins (J) over
which the NNS response functions are defined, and k is the
iteration index of the MLEM algorithm. Thus, 7 s the
next estimated spectrum of the MLEM algorithm, n* is
the current estimate, a is the response function of the detec-
tor, and m is the set of measurements in counts per second.
The NNS response functions span thermal to fast neutron
energies as shown in Fig. 1, and thus permit unfolding the
entire neutron spectrum of interest in radiation therapy. A
step function (high at thermal energies and low onward) is
used as the starting spectrum for the unfolding process. Its
appropriateness was determined by reconstructing Monte
Carlo spectra, as outlined in our previous publication.'®

A stopping criterion must be provided to the MLEM algo-
rithm to terminate the unfolding process. To this end, a num-
ber of iterations must be identified that yields completely
unfolded spectra with minimal accumulation of noise. In this
work, in order to ensure fair comparison between the FF and
FFF beams, the same number of iterations was used for all
corresponding 10 MV and 10 MV FFF spectra that were
measured under identical experimental conditions.

In our unfolding algorithm, uncertainties in the unfolded
spectra are estimated using a Poisson random sampling pro-
cess. Each count rate measurement is considered as the mean
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and variance of a Poisson distribution, from which a ran-
domly sampled measurement may be obtained. Fifty ran-
domly sampled measurements are obtained in this way and
each is unfolded to obtain 50 sampled neutron spectra. The
average root mean square difference between the measured
spectrum and the sampled spectra is used as the spectrum
uncertainty.

2.C. Facilities and experimental setup

Two photon beams of a Varian TrueBeam linac were used
in this study; the 10 MV and 10 MV FFF beams. Both beams
were in clinical use, having been commissioned and cali-
brated in accordance with the AAPM TG-51 protocol such
that one MU corresponds to a photon dose delivery of 1 cGy
at d,,, in water on the central axis for a field size of
10 x 10 cm”." All measurements were obtained with gantry
rotation of 0°, collimator rotation of 0°, couch rotation of 0,
and a fully retracted multileaf collimator. The sensitive vol-
ume of the detector within the NNS was placed at the height
of isocenter at for all measurements.

2.C.1. Setup for objective 1

The first measurement objective was to determine if the
relative photoneutron yield per MU between the two beams is
dependent on measurement location within the treatment
room. Thus, neutron spectral measurements were made for
each beam with the NNS placed at three distinct locations:
location A at 100 cm from isocenter along the couch and
away from the gantry, location B at 200 cm from isocenter
also along the couch and away from the gantry, and location
C at the maze-room junction. These locations are shown in
Fig. 2. The linac jaws were closed (field size of
0.5 x 0.5 cm? at isocenter) and a photon dose rate of
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FiG. 2. Schematic of the doorless treatment room in which neutron spectral measurements were made. Measurement locations are shown in red (online version

only). Figure not to scale. [Color figure can be viewed at wileyonlinelibrary.com]

400 MU/min was used to deliver 200 MU for each of the
eight NNS configurations. For simplicity, the same dose rate
was used for the two beams.

2.C.2. Setup for objective 2

The second objective was to evaluate the effect of the linac
jaws on the relative photoneutron yield of the two beams.
Therefore, an additional measurement was made at location
A for both beams with open jaws (field size of 20 x 20 cm?)
to be compared with those acquired at location A with the
jaws closed. The dose rate of 400 MU/min and dose of
200 MU were maintained for this measurement.

2.C.3. Setup for objective 3

The third and final objective was to determine which beam
produces more photoneutrons per electron striking the linac’s
bremsstrahlung target (i.e., per source electron). An oscillo-
scope was used to measure the electron pulse width and pulse
repetition frequency on the target in order to find dose rates
at which the rate of source electrons was the same for both
beams. We found that when operated at their maximum dose
rates with the dose rate servo turned off, the rates of source
electrons were the same. These dose rates were nominally
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600 MU/min for the 10 MV beam and 2400 MU/min for the
10 MV FFF beam but they ran approximately 15% higher
when the dose rate servo was turned off.

To meet our third objective, measurements were made
with the NNS at location A while both beams were operated
at their maximum dose rates with the dose rate servo turned
off and linac jaws closed. We operated them for the same
amount of time (30 s for each NNS configuration) to gener-
ate the same number of source electrons for each beam.

2.D. Measurement quantities

The counts per second data for each measurement were
unfolded to obtain a neutron fluence spectrum. The total flu-
ence (@) for each measurement was calculated by integrating
over the entire unfolded spectrum. For objectives 1 and 2, in
which the same number of MU was used for both the FFF
and FF beams, the neutron fluence was normalized per MU.
For objective 3, since the absolute number of source electrons
for each beam was unknown but equal, the neutron fluence
for each beam was normalized per second.

The neutron ambient dose equivalent (H* (10)) was also
calculated for each measurement. This was achieved by
multiplying the measured fluence in each energy bin of the
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neutron fluence spectrum by the appropriate neutron flu-
ence-to-dose conversion coefficient provided in ICRP-74,%°
and summing over each bin.

To examine the effect of the flattening filter, the ratio in
measured quantities of the FFF to the FF beam, which we
refer to as the FF-ratio (FFF/FF), was calculated for all mea-
surements. Statistical uncertainties in all measurement quanti-
ties were calculated by propagating the uncertainty in the
unfolded spectra using standard error propagation rules.

3. RESULTS

3.A. Results for objective 1: Effect of measurement
location on photoneutron yield per MU

The unfolded neutron fluence spectra per MU for the
10 MV and 10 MV FFF beams that were measured at
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locations A, B, and C are shown in Fig. 3. Statistical
uncertainties are shown as shaded regions around the
spectra. A fast neutron peak and thermal neutron peak
are seen for both beams under all setup conditions. The
total neutron fluence and ambient dose equivalent per
MU, as determined from the spectra, are tabulated in
Tables I and II. The FF-ratios in these parameters are
also provided. It is evident from Fig. 3 and Table I that
the neutron fluence per MU for the 10 MV FFF beam
was consistently lower than the 10 MV beam.

As expected, the total neutron fluence per MU decreased
with increasing distance from the linac for both the flattened
and unflattened beam. A statistically significant decrease in
the FF-ratio at location C compared to locations A and B was
observed. This may be attributed to the almost-complete ther-
malization of the fast neutron peak of the unflattened beam
as seen in Fig. 3(d).
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Fic. 3. Neutron fluence spectra per MU for the 10 MV (black) and 10 MV FFF (red, online version only) beams of a Varian TrueBeam linac. Spectra were mea-
sured at (a) location A, 100 cm from isocenter along the couch and away from the gantry, with closed linac jaws (field size of 0.5 x 0.5 cm?), (b) location A,
with open linac jaws (field size of 20 x 20 cm?), (c) location B, 200 ¢cm from isocenter along the couch and away from the gantry, with closed linac jaws, and
(d) location C, the maze-room junction with closed linac jaws. Statistical uncertainties are shown as shaded regions around each spectrum. [Color figure can be

viewed at wileyonlinelibrary.com]
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TaBLE I. Total neutron fluence per monitor

®@mcm > MU )

unit (®) for the 10 MV and 10 MV FFF beams
of the Varian TrueBeam linac.

Location Field size (cm?) 10 MV 10 MV FFF Oppp/Opp

A 0.5 x 0.5 (3.52 + 0.08) x 10° (2.32 £ 0.07) x 10° 0.66 + 0.02

A 20 x 20 (3.13 £ 0.08) x 10° (1.94 + 0.07) x 10° 0.62 + 0.03

B 0.5 x 0.5 (2.08 £ 0.07) x 10° (1.33 + 0.05) x 10° 0.64 + 0.03

C 0.5 x 0.5 (4.0 £ 0.1) x 10? (2.36 + 0.09) x 10? 0.58 + 0.03
TasLe II.  Neutron ambient dose equivalent

H* (10) (mSv MU ") per monitor unit (H*(10)) for the 10 MV FFF

beams of the Varian TrueBeam linac.

Location Field size (cm?) 10 MV 10 MV FFF H*(10) ppp/ H*(10) g

A 0.5 x 0.5 4.1 +0.1) x 107 (2.86 + 0.09) x 10°* 0.69 + 0.03

A 20 x 20 (3.90 + 0.08) x 10~* (241 +0.07) x 10°* 0.62 + 0.02

B 0.5 x 0.5 (2.05 £ 0.07) x 107* (138 £ 0.06) x 10~* 0.67 £ 0.04

C 0.5 x 0.5 (3.74+02) x 107 (2.0 £ 02) x 107 0.55 £ 0.06

The change in neutron ambient dose equivalent per MU
as a function of location, as tabulated in Table II, was
found to be consistent with the change in fluence for both
beams.

3.B. Results for objective 2: Effect of the linac jaws
on photoneutron yield per MU

Whether the jaws were opened or closed had an observ-
able effect on the measured quantities. As shown in Table I,
the FF-ratio in neutron fluence was lower with open jaws
than closed jaws at location A, although the two values were
within statistical uncertainty. The FF-ratio in neutron ambient
dose equivalent per MU was also lower with open jaws, as
shown in Table II, but the reduction was statistically signifi-
cant in this case.

3.C. Results for objective 3: Photoneutron yield per
source electron

The unfolded neutron fluence rate spectra obtained at
location A for the 10 MV and 10 MV FFF beams with an
equal number of source electrons are shown in Fig. 4. For
comparison, the spectra obtained using 400 MU/min at loca-
tion A with closed linac jaws were renormalized per unit time
and are also plotted in Fig. 4.

The FF-ratios in the fluence rate and ambient dose equiva-
lent rate for the two beams with equal source-electron rates

: Dppr _ (H(10) . _
were determined to be b = 2.56 £+ 0.05 and T, =

2.64 £ 0.05, respectively. We note that these FF-ratios per
source electron are approximately four times larger than the
FF-ratios per MU, for which both beams were operated at
400 MU/min at location A. This was expected given the rela-
tive increase in dose rate from 400 MU/min to the maximum

400MU/min ;.. 2400 MU/min
for each beam (ZGG\7min *© ‘600 MU/min -
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4. DISCUSSION

To evaluate the consistency of our measured photoneutron
yield with existing published data, we compared our neutron
ambient dose equivalent measurement at location A with
closed linac jaws using the 10 MV beam to the data reported
for the 10 MV beam of a Varian Clinac in NCRP 151 at the
same location.”’ Our measured value of 4.1 +£0.1)
x 107 mSv/MU corresponds to (41 £ 1) uSv/Gy, which
agrees with the published value of 40 uSv/Gy.

4.A. Photoneutron yield per MU for the 10 MV and
10 MV FFF beams

In this investigation, it was found that the photoneutron flu-
ence per MU produced by a Varian TrueBeam linac was 34%—
42% lower for the 10 MV FFF beam than the 10 MV beam.
This reduction in neutron fluence per MU for the clinically
commissioned and calibrated unflattened beam is due to the
reduction in upstream photon fluence required to produce an
MU when the attenuating effect of the flattening filter is
removed.'? Qualitatively, this is consistent with previous exper-
imental and Monte Carlo studies at various photon beam ener-
gies for various linac models."”'*'* The closest point of
reference to the present investigation was an abstract published
in 2015 by Sawkey and Svatos who simulated the neutron flu-
ence produced by the 10 MV FFF and 10 MV beams of a Var-
ian TrueBeam over a 70 c¢m radius sphere centered on the linac
head."” They measured an FF-ratio in neutron fluence per MU
of 0.58, which agrees well with our results tabulated in Table 1.

Corresponding to the lower neutron fluence for the 10 MV
FFF beam, a reduction in neutron ambient dose equivalent of
31%-38% was observed at the patient-relevant locations A
and B. To assess the potential reduction in neutron dose
received by patients through use of the 10 MV FFF beam
instead of the 10 MV beam, one must consider the number of
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FiG. 4. Neutron fluence rate spectra for the 10 MV (black) and 10 MV FFF (red, online version only) beams of a Varian TrueBeam linac measured at location
A, 100 cm from isocenter along the couch and away from the gantry with linac jaws closed. The spectra depicted with dashed lines correspond to an equal num-
ber of source electrons and were obtained using the maximum available dose rate of each beam. The spectra depicted with solid lines correspond to an equal
number of MU and were presented in Fig. 3(a). Statistical uncertainties are shown as shaded regions around each spectrum. [Color figure can be viewed at wile

yonlinelibrary.com]

MU required to deliver clinically equivalent treatment plans
for the two beams. Chung et al.>> compared the number of
MU required for equivalent VMAT-SABR (volumetric-modu-
lated arc therapy, stereotactic ablative body radiation therapy)
prostate treatment plans using 10 MV and 10 MV FFF beams.
They found that the 10 MV FFF plans required 10% more
MU than the 10 MV plans on average. Similarly, Stieler
et al.”* found that 8% more MU were required for 6 MV FFF
VMAT plans than 6 MV plans to treat multiple brain metas-
tases. However, they also found that 2%—4% fewer MU were
required for 6 MV FFF IMRT plans than 6 MV plans to treat
single brain metastases. Based on a review of the literature,
they concluded that flattening-filter-free treatment plans for
large volumes or complex plans tend to require more MU than
equivalent plans with flattened beams.

Thus, it seems reasonable to expect that approximately the
same number or slightly more MU (on the order of 10%) are
required for 10 MV FFF treatment plans than 10 MV plans.
This does not offset the 31%—-38% reduction in neutron ambi-
ent dose equivalent per MU for the 10 MV FFF beam at loca-
tions A and B. An important reduction in neutron dose
received by patients treated with the 10 MV FFF beam can
therefore be expected, although consideration must be given
to the size of the treatment volume and plan complexity.
Additionally, the increase in scattered and leakage photon
dose associated with a plan that requires more MU must be
considered in order to fully account for the nontarget dose
received by patients.
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4.B. The effect of measurement location on
photoneutron yield per MU

Changes to both the unflattened and flattened photoneutron
fluence spectra as the NNS was placed further from the linac
were qualitatively similar to previous findings by our group at
18 MV."® The total neutron fluence for each beam decreased
with increasing displacement from isocenter, and the dominant
peak in the spectrum transitioned from the fast peak at location
A, 100 cm from isocenter, to the thermal peak at location C, at
the maze-room junction. This change in the dominant peak of
the spectra for both beams was due to thermalization of fast
neutrons by the treatment room walls and furnishings.”* The
FF-ratios did not change significantly from one location to the
next for all measured quantities. This is consistent with find-
ings in the literature at 10, 15, and 18 MV for measurement
locations outside of the treatment field.'>'*

4.C. The effect of the linac jaws on photoneutron
yield per MU

Neutron fluence and ambient dose equivalent were found
to decrease slightly more for the unflattened beam than the
flattened beam when the linac jaws were opened compared to
when they were closed. Although the reduction observed in
the FF-ratio for the neutron fluence was within statistical
uncertainty, the reduction in the FF-ratio for the neutron
ambient dose equivalent was found to be statistically
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significant. The reduction may be attributed to the fact that
the neutron fluence to ambient dose conversion coefficients
are energy dependent and exhibit a peak around 1 MeV.? As
seen in Figs. 3(a) and 3(b), the fast peak of the flattened spec-
trum shifted closer to 1 MeV (from 0.25 to 0.4 MeV) when
the jaws were opened compared to when the jaws were
closed, while the peak of the unflattened spectrum remained
at the same energy.

Physically, this may be explained by examining the relative
amount of neutrons produced by the various the components
of the linac head. Kry et al.'” demonstrated, using Monte
Carlo modeling, that the linac jaws contribute more to the
neutron yield of the unflattened beam than the flattened beam
at 18 MV for the Varian 21EX Clinac."” This is because with-
out a flattening filter to attenuate the upstream photons, the
full neutron-producing potential of the photon beam, which
would otherwise be reduced by neutron production in the flat-
tening filter, is transported to the jaws. The jaws thus play a
more important role in generating neutrons for the unflattened
beam than the flattened beam. This finding is of particular
relevance when interpreting the photoneutron yield per source
electron.

4.D. Photoneutron production per source electron

The photoneutron fluence per source electron obtained for
the 10 MV FFF beam was 2.56 times greater than for the
10 MV beam. Qualitatively similar findings have been
reported for 18 MV and 18 MV FFF photon beams by other
groups.'”'® When the rate of electrons striking the brems-
strahlung target is the same, the difference in photoneutron
fluence between the flattened and unflattened beam is simply
due to the presence of the flattening filter. Everything else,
including the photon fluence upstream of the flattening filter,
remains the same. This manifests itself as higher photoneu-
tron production per source electron for the unflattened beam
than the flattened beam for two reasons, both of which arise
from the fact that the jaws contribute more to photoneutron
production in the unflattened beam.

First, the jaws are further downstream in the linac head
than the flattening filter. Therefore, neutrons produced in the
jaws are less likely to be absorbed before exiting the linac
than those produced in flattening filter. Second, the material
composition of a flattening filter is typically different than
that of the jaws,'*'* with the jaws having a higher photonu-
clear cross-section. For example, Najem et al." reported that
the 10 MV flattening filter of the Varian Clinac is composed
of copper, while linac jaws are typically composed primarily
of tungsten.'? The photoneutron cross-section of tungsten has
a threshold energy below 10 MeV and is larger than the
cross-section of most intermediate-Z metals like copper,
which have a threshold energy around 10 MeV.>> While the
material compositions of the TrueBeam’s 10 MV flattening
filter and jaws are not disclosed by the vendor, we can use the
observations from other linac models by the same vendor to
postulate that the jaws produce more photoneutrons per pho-
ton than the flattening filter in a 10 MV beam.
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Although it is of no clinical consequence, we believe that
our approach of examining the relative photoneutron produc-
tion per source electron helps elucidate the underlying phy-
sics of photoneutron production in linacs, and allows for
comparison of findings obtained using different linacs and
different MU calibrations.

5. CONCLUSIONS

The photoneutron production of a Varian TrueBeam linear
accelerator was investigated at 10 MV with and without a flat-
tening filter using a Nested Neutron Spectrometer. It was found
that the neutron fluence per MU of the unflattened beam was
349%—42% lower than the flattened beam, with minor variation
as a function of measurement location and jaw setting. Thus,
an important reduction in the neutron dose received by patients
can be achieved through use of the 10 MV FFF beam com-
pared to the 10 MV beam, provided that treatment plans for
each beam require approximately the same number of MU.

When examined from the perspective of the number of
neutrons produced per electron striking the bremsstrahlung
target, it was found that the 10 MV FFF beam actually pro-
duces 2.56 times more neutrons per source electron than the
10 MV beam. This difference may be attributed to the com-
position of the jaws and the higher contribution of the jaws to
the photoneutron fluence of the unflattened beam than the
flattened beam.
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