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Abstract

This chapter provides a discussion of radiation safety aspects of operation of electron
linear accelerators equipped with bremsstrahlung converters. Electron accelerators with
3, 6,9 and 15 MeV electron beams are discussed. High-energy photon and photoneutron
production during linac operation was analyzed using Monte Carlo methods. Radiation
dose rates for different configurations of linacs were evaluated and compared with exper-
imental results.
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1. Introduction

A linear accelerator (linac) is a system that increases kinetic energy of charged particles using
oscillating electric potentials along the line of a beam of the particles (e.g., electrons, protons,
ions). Within a few meters, it is possible for 10 keV electrons to be accelerated by the RF linac
to up to 20 MeV [1]. Accelerators including linacs have found use in a variety of applications
including radiotherapy [2, 3], physics [4, 5], isotope production [6], cargo inspection [7, 8], and
non-destructive assay [9, 10].

In inspection systems and non-destructive assay applications, electron linacs are used to gen-
erate high energy photons that can penetrate objects under scrutiny. The accelerated elec-
trons are bombarded onto a target composed of high-Z material. The incident electrons are
deflected by electric field of the electron cloud of atomic nuclei of the target material, losing
kinetic energy that is converted into the bremsstrahlung (or braking radiation). The bremsstrah-
lung photons produced by a linac are characterized by their energy distribution (the quan-
tity of photons produced at specific energies). Linacs generate photons which have endpoint
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energy equal to the maximum energy of the electrons in the beam impinging on the target. In
a 10 MeV linac, the bremsstrahlung has continuous spectrum from 0 up to 10 MeV photons.
These photons are typically focused into a desired beam shape by the use of collimators (e.g.,
fan beams, conical beams). The beam of collimated photons is then used for a variety of appli-
cations including imaging, radiotherapy, the production of medical isotopes, or to perform an
active assay of unknown materials. The photon flux is the number of photons passing through
a defined area (e.g., 1 cm?) per unit of time.

If the energy of an incident photon is greater than that of the neutron binding energy of mate-
rial it interacts with, a neutron can be produced through the (y,n) reaction. At photon ener-
gies greater than 10 MeV, the (y,n) reaction will take place within materials that commonly
compose the accelerator facility structures [11].

Radiation safety aspects are very important in operation of linacs with bremsstrahlung con-
verters. To describe the effects of high-energy photons and photoneutrons produced by the
linac on materials and personnel, it is necessary to quantify the amount of energy deposited by
radiation when it interacts with matter. The term dose describes the amount of energy depos-
ited by radiation within the material, while the biological dose describes the energy deposited
in a living tissue. The biological dose equivalent is the dose multiplied by a quality factor Q
used to express the biological damage variation between the different radiation types. The
quality factor has the following values: Q =1 for x-rays, gamma rays, or beta particles; Q =20
for alpha particles and heavy ions including fission fragments; Q = 10 for neutrons and for
high-energy protons [12].

The international system (SI) unit of dose is the Gray (Gy) and is equal to the absorption of
1 joule of energy by 1 kg of material. The Rad is equal to 1/100 Gy. The Rem is equal to the
product of the absorbed dose and the quality factor. The terms dose rate and biological dose
rate equivalent are used to describe the respective doses received per unit time. Once radia-
tion fluxes in an environment have been characterized, the dose rates can be determined
through the use of the energy-dependent flux-to-dose conversion factors for a specific radi-
ation type. Several flux-to-dose conversion factors have been established (i.e., ANSI/ANS
6.1.1-1997 [13]).

Two Varian linacs—the M6 and K15 models equipped with bremsstrahlung converters—
with 3, 6, 9 and 15 MeV electron beams were studied for operation at the shielded building.
Radiation doses due to the linac operation in different configurations were analyzed using
Monte Carlo modeling and experimental measurements.

2. Characterization of radiation generated by linac

It is important to understand the radiation generated during the linac operation and how that
radiation is transported throughout the building in order to determine the location specific
doses. Estimating the location specific dose rates within the building allows for verification of
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building safety measures, as well as help to evaluate expected dose rates at different distances
from the linac structure which is vital for future research projects which may involve the irra-
diation of different sample materials.

Computational modeling is widely used to study behavior of complex systems. Models typi-
cally use numerous variables that characterize the system being studied. Simulation is per-
formed by the adjustment of these variables and the subsequent observation of the outcome
of the system. Computational modeling is often used as a first step in providing an estima-
tion of parameters for a proposed experiment. When possible, model results should be vali-
dated against experimental measurement in order to determine the accuracy of simulations.
Computational modeling is a valuable tool that allows for studying the effects of changing
experimental parameters prior actually performing these experiments or designing radiation
facilities, and for estimating their safety characteristics.

The Monte Carlo methods form a broad class of stochastic algorithms that proved successful
in a variety of disciplines including genetics [14], space physics [15] and economics [16]. While
problems might be solvable using deterministic methods, Monte Carlo methods utilize repetition
of random sampling to arrive at a numerical result. With respect to nuclear science and radiation
transport, Monte Carlo codes are used to track particle interactions with matter over a wide range
of energies in a complex geometry [17, 18]. The computational modeling in this study is based on
the Monte Carlo technique using the general purpose Monte Carlo N-Particle Transport software
suite developed by Los Alamos National Laboratory —MCNP5 [19] and MCNPX [20] codes.

2.1. Monte Carlo model of linac

The accelerator facility at University of Nevada, Las Vegas was used as a representative build-
ing to study radiation safety aspects of operation of M6 and K15 linacs. The facility consists of
an entry room, a shielding maze, and an accelerator bay. The control room is located south of
the facility building itself, and is home to the operating controls of the linac as well as radiation
detection equipment.

The ceiling in the facility is 20 cm thick concrete, with the walls and floors being 15 cm thick;
also composed of concrete. The entry room is a large open space that measures approximately
11 m by 10 m. The shielding maze is formed by two walls of concrete bricks that serve to
minimize the radiation doses in the entry way that are due to radiation emitted from the linac
in the accelerator bay. The southern shield maze wall is 4 m long, 87 cm thick and the north
wall is 7.5 m long and 117 cm thick. Both shielding walls are 2.5 m tall and extend almost
completely to the ceiling. The scheme of the facility is shown in Figure 1.

The material compositions of the internal facility structures were taken from reference [21].
The M6 linac and K15 linac were modeled using different MCNP codes. The model of the
M6 linac was run using MCNP5 with the ENDF/B-VII cross sections (denoted by the “.70c”
identifier in MCNP5) at room temperature. The model of the K15 linac used the MCNPX code
because it could not be run in MCNP5 due its lacking of photonuclear physics and the proper
cross section library.
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Figure 1. Accelerator facility layout.

2.2. Linac source definition

The computational models of the M6 and K15 linacs start with the simulation of an elec-
tron beam impinging upon the linac target head. The target head geometries and compris-
ing material differ between the two linacs, and were each modeled according to the Varian
specifications. In order for a computational model to produce precise results, it is necessary
to accurately describe the source term. The source definition (SDEF) card is used to define
the particle transport required within the MCNP model. An example of the MCNP5 input to
define the electron source term is shown below:

sdef xd1y 0zd2erg=d3 par3vec010dir1.
spl —41 0.065 0.
sp2 —41 0.065 0.
sp3 —41 0.120 6.

The “mode p e” card was used to include photon and electron transport in the model. The
“phys:p” card was used to include the production of bremsstrahlung by electrons. The source
was defined to be a 1.3 mm electron pencil beam traveling in the y-direction. The x and z
directions of the electron beam followed distributions d1 and d2 to use the built-in Gaussian
probability (denoted by —41) for spatial coordinates extending 0.65 mm in both directions.
The erg value specified the energy of the electrons in the beam using distribution d3 to set the
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Gaussian-type function centered on 6 MeV. The par value of the source card was set to 3 to
specify an electron source and the vec and dir values were set to <0 1 0 > and 1 respectively,
to specify the direction of the electron beam along the y-axis. The source term was checked
to ensure the Gaussian nature of both the spatial coordinates and energy distribution (see
Figure 2 that shows 3 and 6 MeV cases for the M6 linac).

The K15 linac’s source term was defined similarly, except the average energy in the sp3 was
set as 15 MeV (or 9 MeV in the low energy mode). Furthermore, neutrons were added to the
“mode” card. The “phys:p” card default values must be modified to account for photonuclear
production in the model. The ispn value (4th entry) on the “phys:p” card must be changed from
0 (default) to either -1 (the analog photonuclear particle production) or 1 (the biased photonu-
clear particle production). Additionally, the fism value (7th entry) of the “phys:p” card was set
to 1 to enable the LLNL fission model (as opposed to the default ACE model). The LLNL model
was used because the ACE model does not account for prompt photofission gamma rays [22].

2.3. Computational determination of radiation flux

To evaluate the bremsstrahlung photons produced within the respective linac target heads, it
was necessary to determine their angular distribution and energy spectra. Thin (0.01 cm), con-
centric ring surfaces were set in the model in 1 cm behind the linac target head. F4 tallies (track
length estimates of the cell flux) were set within each ring surface allowing for the determina-
tion of the x-ray flux at 10° increments off the centerline (see Figure 3). Two hundred equally
spaced energy bins were used at each tally in order to determine the energy distribution of
photons. The relative error associated with each bin in an MCNP tally (corresponding to one
standard deviation) is given by the inverse square root of the number of source particles con-
tributing to that tally. The MCNP suggestion is below 10% error for F4 tallies.
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Figure 2. Spatial distribution (left) and energy distribution (right) of electrons on the M6 linac target.
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Figure 3. Schematic of tallying of bremsstrahlung angular distribution.

A mesh tally was used to determine the x-ray fluxes and dose rates due to operation of the
M6 linac within the accelerator facility at the height of the fan beam (1.2 m above the floor).
The FMESH card was used to determine the photon fluxes at 7.54 cm intervals in the x and y
directions throughout the building. The dose energy (DE) and dose function (DF) cards were
used in the MCNP5 model to convert the computed photon fluxes into dose rates by using
the ANSI/ANS 6.1.1-1977 photon flux-to-dose rate conversion factor [13]. In addition to the
FMESH tally, F5 tallies (flux estimators at a point) surrounded by the dxtran spheres were
used to determine the dose rates at specific points within the facility. Moreover, the dose rate
was measured by an ion chamber intrinsic to the M6 linac.

A mesh tally was similarly used to determine the photon and neutron dose rates within
the accelerator facility for operation of the K15 linac, but the mesh tally syntax used in
MCNPX differs from that used in MCNP5. In MCNPX, the TMESH tally with RMESH
(denoting a rectangular mesh) was used to determine the dose rates throughout the build-
ing at the same spatial intervals as used in the M6 linac model. The dose rate conversions
are handled in MCNPX within the RMESH by using the keyword DOSE and specifying
the ic value as 20 (corresponding to the ANSI/ANS 6.1.1-1977 flux-to-dose factors) for both
photons and neutrons.
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The “NPS” card was used to set the particle history cutoff. Once the number of simulated
particle histories exceeds the number specified by the NPS card, the MCNP model stops
running and generates an output file, from which the results can be analyzed. Some models
can take several days or weeks to complete depending on a computer, the intricacies of the
model’s physics, the cutoff value, and the type and energy of particles in the simulation.
Charged particles (i.e., electrons) have large numbers of interactions due to the long-range
Coulomb force whereas neutral particle interactions are defined by infrequent isolated colli-
sions [23]. As such, simulations involving charged particle transport take longer to complete
than those without a charge.

2.4. Determination of electron current on linac targets

The MCNP tally results are normalized per a starting particle. As the MCNP models of linacs
in this study began with the simulation of electron transport, it was necessary to determine
the number of electrons per second in the beam impinging the target in order to acquire quan-
tifiable values for photon flux and dose rates. The M6 and K15 linacs utilize pulsed electron
bunches to produce the bremsstrahlung radiation. As the electron current is not constant, it is
required to determine the DC averaged current for each linac.

The voltage of a single pulse of the electron beam on the M6 linac target head was measured
using a Teledyne Lecroy oscilloscope. The single pulse voltage waveform was converted to
single pulse current by dividing by the resistance (50 (1), determining the total area under the
curve and multiplying by the frequency (156.555 Hz) to obtain a total DC averaged electron
current of 3.4 x 10 electrons per second. The electron current values for the K15 linac were
provided by Varian.

3. Radiation fluxes and dose rates during linac operation

3.1. Bremsstrahlung spectra

The spectra of x-rays generated in the bremsstrahlung converter within the M6 linac were
determined for the low (3 MeV electron beam) and high (6 MeV electron beam) energy opera-
tion modes with the results shown in Figure 4. The largest photon fluxes occur within 10°
of the central axis of the linac target and decrease with increasing the angle. The trend of
decreasing flux with increasing energy is apparent in both of the computed spectra. There
is an order of magnitude difference between the fluxes at each angular interval between the
two M6 operation modes. This is due to the greater likelihood that higher energy electrons
will produce bremsstrahlung radiation with higher energy within the linac target. The error
associated within each energy bin in the bremsstrahlung spectra are less than the MCNP
recommended value of 10% for F4 tallies.

The radial variation of the photon flux within the conical segments was tested. Thin cylindrical
cells were placed radially at 30° intervals throughout the conical segment. F4 tallies were set
in each of these cells with the results showing that the flux at each radial location had similar
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M6 linac: bremsstrahlung photon spectra, 3 MeV (left) and 6 MeV (right) incident electrons.

spectral distributions. Thus, the x-ray source exhibited the radial symmetry within conical
segments. As the computational results for the flux are normalized to one starting particle
(electron), they must be multiplied by the number of particles (described previously) in order
to evaluate the photon flux generated by the target.

The bremsstrahlung spectra for the K15 linac were computationally determined for the low
(9 MeV) and high (15 MeV) energy operation modes with the results shown in Figure 5. A total
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of 500 million particle histories were used in the simulation to ensure that the error associated
with each of the 100 equally spaced energy bins was below the 10% recommended by MCNP for
F4 tallies. As was the case with the M6 linac, the largest photon fluxes occur within 10° of the cen-
ter line of the linac target and decrease with increasing outward angle. In both operating modes,
at energy around 1 MeV, the photon fluxes are generated nearly three orders of magnitude
larger within an angle of 10°, than they are at angles greater than 80°. This flux ratio increases
to five orders of magnitude for 8 MeV photons. There is about an order of magnitude difference
between the fluxes at each angular interval between the two K15 linac operation modes.

3.2. Electron energy cutoff

The MCNP5 models used to determine the M6 photon spectra were run using an NPS value
of 10® starting electrons in order to minimize the error in each energy bin. Difficulty exists in
determining the proper balance between minimizing computational time while maintaining
satisfactory results. In order to reduce the computational time in this study, the suitability
of using energy cutoff cards was investigated. Care must be taken when using energy cutoff
cards as their use affects the underlying physics, resulting in the halting of particle interac-
tions occurring under this energy threshold. In some instances, this may remove certain reac-
tions from happening in the model or may modify results incorrectly beyond that which was
originally determined. Results obtained from models using energy cutoffs should be com-
pared against those without using energy cutoffs in order to make an accurate assessment
as to whether their use is acceptable. The M6 bremsstrahlung spectra were determined using
electron energy cutoffs of 0.001 (default), 0.01, 0.1 and 1.0 MeV with an NPS of 107 electrons.
The results of the photon fluxes using the default and 1.0 MeV energy cutoffs for the first four
energy bins are shown in Table 1.

The results showed that using the electron cutoff energy of 1.0 MeV in the MCNP5 model
provided in photon flux values of above 70% similarity to the original results at all angle
intervals within the first energy bin (below 0.1 MeV). In the second energy bin (between 0.1
and 0.16337 MeV), the average similarity rose to around 85% and by the third bin 90%. Above
the third energy bin, average similarities between the two models rose to 95%. It was found
that as the energy increased, so too did the similarity between model results for photon fluxes.
Above the 1 MeV electron cutoff, the photon fluxes were identical. The computational time
(rounded to the nearest minute) for running the MCNP5 model with the default energy cutoff
(0.001 MeV) was 8876 min; 866 min with 0.01 MeV cutoff; 134 min with 0.1 MeV cutoff; and
43 min with 1 MeV cutoff. Using an electron energy cutoff of 1 MeV reduces the time required
to complete the MCNP5 run by 99.5%; therefore, this cutoff value was used in this study.

3.3. Radiation environment during operation of M6 linac

While it is important to evaluate the dose rates within the facility due to operation of the M6
linac under normal operating conditions, it is also important to understand the dose rates for
other possible scenarios. As future research activities may require the M6 linac usage without
the fan beam collimators, it is necessary to evaluate the dose rates within the building under
such operating conditions. Further, an understanding of the maximum dose rates achievable
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EMeV)  <10° 10-20° 20-30° 30-40° 40-50° 50-60° 60-70° 70-80° 80-90°
Default 0.1 447E-03  411E-03  339E-03  252E-03  159E-03  791E-04  276E-04  531E-05  8.56E-07
Cutoff 0.1 358E-03  328E-03  268E-03  197E-03  124E-03  6.00E-04  202E-04  B370E-05  6.24E-07
Default 016337 129E-02  112E-02  929E-03  7.04E-03  487E-03  275E-03  115E-03  257E-04  3.58E-06
Cut-off 016337 L14E-02  999E-03  817E-03  622E-03  417E-03  234E-03  964E-04  213E-04  295E-06
Default  0.22673 200E-02  160E-02  124E-02  929E-03  625E-03  3.65E-03  156E-03  348E-04  470E-06
Cut-off 022673 188E-02  151E-02  117E-02  850E-03  566E-03  325E-03  140E-03  307E-04  412E-06
Default ~ 0.2901 205E-02  159E-02  118E-02  856E-03  578E-03  335E-03  148E-03  337E-04  453E-06
Cut-off 02901 200E-02  151E-02  113E-02  807E-03  535E-03  3.10E-03  135E-03  3.05E-04  4.07E-06

Table 1. Electron energy cutoff study: photon flux results.
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due to the M6 linac operation helps to characterize safety features within the building as well
as evaluate the effectiveness of the linac shielding. The normal operation mode of the M6 linac
includes the use of tungsten collimator pieces to shape the emitted x-rays into a horizontal fan
beam at a height of 1.2 m above the floor. Lead shielding was used within the linac assembly
to minimize dose rates to the sides and rear.

Three M6 linac configurations were studied: (1) normal operation configuration with collima-
tors and shielding; (2) collimators were removed, but shielding left intact; (3) both collimators
and shielding were removed (the maximum dose rate scenario). For each linac configuration,
the FMESH tally was used to determine the overall dose rate footprint while F5 tallies were
used to determine the dose rates at specific building locations. Comparison of the specific
dose rates under differing M6 configurations allowed for determination of the effectiveness
of the collimator pieces and linac shielding in reducing dose rates throughout the building.
The MCNP5 models do not incorporate the earthen berm to the north east of the facility.
This allows for studying the shielding effectiveness of the concrete wall alone. In actuality,
the earthen berm completely envelops the northern, northeastern and eastern walls of the
facility.

The computed dose rates due to the M6 linac operation under the normal operation configu-
ration, in both high and low energy mode are shown in Figures 6 and 7. It was found that
dose rates within the accelerator facility are higher when the M6 linac is operated in the high
energy mode than when it is operated in the low energy mode. This is due to higher energy
photons being produced (the endpoint energy of 6 MeV as opposed to 3 MeV) as well as
larger fluxes of lower energy photons. For example, the computed flux of 1 MeV photons

Dose Rate
(rem/hr/el ectron)
4.00E-08
1.46E-08
5.35E-09
1.96E-09
7.15E-10
2.62E-10
9.56E-11
3.50E-11
1.28E-11
4.68E-12
1.71E-12
6.25E-13
2.29E-13
8.36E-14
3.06E-14
1.12E-14
4.09E-15
1.50E-15
5.47E-16
2.00E-16

Figure 6. M6 linac in the normal operation configuration: dose rates for 6 MeV electron beam.
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Figure 7. M6 linac in the normal operation configuration: dose rates for 3 MeV electron beam.

produced in high energy mode is an order of magnitude larger than when in low energy
mode. The dose rates are largest directly in front of the linac, where the collimated beam is
located. The fan shape is visible in both energy modes, with dose rates being higher in high
energy mode. In both energy modes, the shielding maze minimizes the dose rates within the
accelerator entry way.

Under certain conditions (i.e. production of photoneutrons using a low-threshold neutron
converter or irradiation of large samples), the M6 linac may be used without the tungsten col-
limator pieces. As these collimator pieces attenuate the majority of emitted photons in all but
the specific beam shape, the removal of these pieces leads to an increase in the photon fluxes
and dose rates expected not only in the northern half of the facility, but throughout the build-
ing. The emitted photons will no longer take the shape of a fan beam, but rather a cone with
dimensions according to the collimator cavity. The expected dose rates due to the M6 linac
operation without collimators are shown in Figures 8 and 9. Similar to the configuration 1,
the dose rates in the accelerator facility when the M6 linac is operated without collimators are
higher when it is operated in the high energy mode. It was found that the dose rates within the
northern half of the accelerator bay are greatly increased when the collimators are removed.
In addition, it was determined that the dose rates in the entry way (0.259 + 0.0020 rem/h) were
larger than they were in the configuration 1 (0.0004 + 0.00002 rem/h).

Determination of the dose rates within the accelerator facility for operation of the M6
without shielding and collimator materials constitutes the “worst case scenario,” or maxi-
mum possible dose rates achievable (see Figures 10 and 11). It is important to evaluate
these dose rates in order to help validate safety measures for the facility. Removing the
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Dose Rate
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Figure 8. M6 linac in the 2nd configuration: dose rates for 6 MeV electron beam.

Dose Rate
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9.47E-14
3.56E-14
1.34E-14
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7.09E-16
2.66E-16
1.00E-16

Figure 9. M6 linac in the 2nd configuration: dose rates for 3 MeV electron beam.

shielding and collimators results in an increase in the dose rates throughout the facility.
When compared to the results from configurations 1 and 2, it was found that the dose rates
in the accelerator bay to the rear and sides of the linac increased by an order of magnitude.
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Figure 10. M6 linac without shielding and collimators: dose rates for 6 MeV electron beam.

This is due to the removal of the lead shielding in the rear of the M6 linac. In addition,
the dose rates increased within the shielding maze (8.9 + 0.05 rem/h) as well as the entry
way (1.4 + 0.005 rem/h). A summary of results detailing the product of the F5 dose rate
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Figure 11. M6 linac without shielding and collimators: dose rates for 3 MeV electron beam.
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tallies with the M6 electron current for all three configurations of the M6 linac operation
is shown in Table 2. These results quantify the trends from the dose rate maps (shown in
Figures 6-11) at specific building locations.

At all tally locations, the lowest dose rates occur under the normal M6 linac operation mode
while the maximum dose rates occur when the collimators and shielding have been removed.
When M6 collimators and shielding are present, the dose rates in the corners of the northern
bay are reduced by a factor of 265 while the dose rates in the southern corners are reduced by a
factor of 105. The entry way dose rates are reduced by a factor of 350 while the dose rate in the
center of the shielding maze is reduced by a factor of 180. In the absence of the berm outside
the northeast corner of the building, the dose rate was found to be under 3 rem/h. When the
berm is present, the dose rates outside fall below the 10 Code of Federal Regulations (CFR) 20
limit, for the dose rate in an unrestricted area (2 m rem/h). At 2 m north of the linac, F5 tallies
were used to determine the vertical dose rate profile for all three operating configurations
(shown in Figure 12).

The results reflected large dose rates consistent with a fan beam shape at 1.2 m above the
floor during normal operation. The use of collimators was shown to reduce the dose rates
at all tally locations except at fan beam level. When collimators were removed, the fan
beam expands to a cone shape and the dose rate increases. It was found that at dose rates
near the ceiling (above 250 cm) were slightly lower (3.5 x 10° rem/h) due to the tally loca-
tions being outside the radiation cone beam. During operation of the M6 linac, the dose
rate is continuously measured and monitored by an internal ion chamber calibrated to a
distance of 1 m north of the linac. When the M6 linac was operated in the 6 MeV mode,
the dose rate was measured to be 2.44 x 10* rem/h. The computational dose rate was deter-
mined by multiplying the normalized F5 tally result by the electron current and found to
be 2.76 x 10* rem/h. The model and experimental measurement were found to be in agree-
ment, with MCNP5 providing a conservative estimate for photon dose that is 1.13 time the
measured value.

Facility location Dose rate (rem/h)

Normal operation Without collimators Maximum doses
Entry room 0.0004 + 0.00002 0.259 +0.0020 1.4 £0.005
Shielding maze 0.002 +0.0001 0.317 + 0.0046 8.9 +0.05
Northern corners 3.29+0.16 556 +1.3 583 +1.2
Southern corners 0.037 + 0.0008 6.3 £0.07 206 £0.5
Atlm 27,571 + 69 42,081 £ 93 41,986 + 88
Sample table 741+1.93 1359 +2.7 1396 +2.8
Outside (no berm) n/a n/a 2.9+0.08

Table 2. Accelerator facility dose rates caused by the M6 linac operation.
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Figure 12. Vertical profile of dose rate during the M6 linac operation.

3.4. Radiation environment during operation of K15 linac

The K15 linac is not typically operated with a fan beam collimator, but rather with a 30°
cone beam collimator. Other collimators may be used, but for the purpose of this study, the
30° cone case was considered. Two scenarios were modeled for the K15 linac operation: (1)
normal operation with the cone collimator and shielding; (2) operation without shielding or
collimators (the maximum dose rate scenario).

For each linac operating configuration, the TMESH/RMESH tally was used to determine the
overall dose rate footprint in the building. Due to the energies of the photons generated in
the linac target in the high energy mode being greater than the neutron binding energies of
some materials in the linac shielding as well as the facility room structures, the photoneu-
tron flux as well as its contribution to the dose rate must be considered. For photon ener-
gies higher than 10 MeV, photoneutron generation was expected. For example, photoneutron
thresholds for isotopes in some materials are the following: 10.56 MeV for “N, 13.06 MeV
for ¥Al, 10.23 MeV for **Mn, 11.20 MeV for **Fe, 12.22 MeV for *Ni, 10.85 MeV for Cu, and
11.86 MeV for “Zn.
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Under normal operation of the K15 linac, the photon dose rates were computed and shown
in Figures 13 and 14 for the low and high energy modes, respectively. The trends in the com-
puted dose rates due to the K15 operation were found to be similar to those due to the M6
linac operation. The dose rates in the accelerator bay were highest, while the shielding maze
helped to minimize dose rates in the entry way. The earthen berm minimized the photon dose
rate outside of the facility to effectively nothing. Dose rates to the sides and rear of the K15
linac were higher when operated in high energy mode as compared to low energy mode. The
vertical profile of the photon dose rate at 1 m north of the linac was measured using F5 tallies
and is shown in Figure 15. The error associated with each value is less than the 5% recom-
mended by MCNP for F5 tallies.

The computed normalized results show that the photon dose rate is largest down the axis
of the collimated photon beam (9.5 x 10® rem/h/electron), at a height of 1.11 m above the
floor. The dose rates near the floor (9.0 x 10! rem/h/electron) and the ceiling (1.0 x 10 rem/h/
electron) of the building were determined to be approximately four orders of magnitude
lower than the dose rate in the beam axis. The largest dose rates were found to occur between
heights of 75 and 125 cm, corresponding to the height of the conical collimated photon beam.
Dose rates quickly decrease outside of the photon beam.

The neutron contribution to the dose rate during the normal K15 linac operation in the high
energy mode is shown in Figure 16. No photoneutrons were produced during operation of
the K15 linac in the low energy mode due to the endpoint energy of the bremsstrahlung being
below the (y,n) reaction thresholds of the materials in the MCNPX model.
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Figure 13. K15 linac in configuration 1: photon dose rates for 9 MeV electron beam.
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Figure 14. K15 linac in configuration 1: photon dose rates for 15 MeV electron beam.
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Figure 15. Vertical profile of photon dose rate in normal operation of K15 linac in high energy mode.
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Figure 16. K15 linac in configuration 1: neutron dose rates for 15 MeV electron beam.

The results show that the neutron flux was primarily contained within the accelerator bay.
Neutron contribution to dose rate was highest north of the linac primarily due to the lack
of low-Z shielding behind the target head. The back end of the K15 linac contained several
inches of polyethylene shielding which reduced the neutron dose rate in the southern end of
the bay. The maximum dose rate due to neutron flux was determined to be several orders of
magnitude lower than the photon contribution. While the profile shape of the photon dose
rate corresponded to the shape of the conic collimator, the neutron dose rate does not possess
the same shape. This is because neutrons were produced in the high-Z collimator materials
rather than being shaped by it. The neutron spectrum at a distance of 1 m behind of the linac
target was computed using an F5 tally (see Figure 17). The largest flux of neutrons was deter-
mined to be in the 0.1-1 MeV range with the second largest flux for neutrons just above the
thermal range (10°-107 MeV). The total neutron flux at the F5 tally location was found to be
4.8 x 10* neutrons/cm?/s.

The geometry in the MCNPX model was modified to simulate the K15 linac operation
without shielding and collimators in order to determine the maximum dose rate due to
operation of the linac in the high energy mode. Maximum photon dose rate results are
shown in Figure 18. The results show that without collimators and shielding, the dose
rates due to photons increase throughout the building. Comparing the RMESH tally data
between the two linac operating configurations reveals that the K15 collimator and shield-
ing materials help to reduce photon dose rates by factors of 238, 33 and 7.5 times for loca-
tions at 1 m north of the linac, in the center of the shielding maze and in the center of the
entryway, respectively.
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Figure 17. Photoneutron spectrum at 1 m from the K15 linac target.

The maximum neutron dose rate footprint is similar to that of the normal neutron dose rate map
with the exception that the dose rate has increased in the southern half of the accelerator bay. This
is due to the fact that the polyethylene neutron shielding was removed in the rear of the linac.

The photon dose rate from the K15 linac was experimentally measured at Varian Medical
Systems by an internal ion chamber (calibrated at 1 m north of the linac) and found to be
11,700 rem/min for high energy mode and 3500 rem/min for low energy mode. MCNPX F5
tally results at the same locations yielded values of 1.40 x 10® and 3.10 x 10" rem/h/starting
electron for high and low energy respectively. Multiplying these tally values by the respec-
tive DC averaged electron currents and converting to the appropriate time scale provided
values for high and low energy dose rate as 15,744 and 3687 rem/min, respectively. Thus, the
MCNPX model provided conservative estimates of photon dose rate by scale factors of 1.35
for the high energy mode and 1.05 for the low energy mode.

It is important for safety purposes to evaluate differences in the radiation production between
the two linacs that can be used at the same facility. At 1 m north of the linac, the M6 linac gen-
erates a photon dose rate of over 400 rem/min. At the same location, the photons from the K15
linac generate dose rates 28 times larger (high energy mode) and 8 times larger (low energy
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Figure 18. K15 linac without shielding and collimators: photon dose rate for 15 MeV electron beam.

mode) than the M6 linac does. When compared to the M6 results, the K15 maximum dose
rates an order of magnitude larger. At 1 cm behind the respective linac targets, the maximum
photon flux occurs within a 10° conic angle. At this angle, the total photon flux (normalized
computational result multiplied by the electron current) of the K15 linac in the high energy
mode is over four times as large as that of the M6 linac (Table 3).

Linac model (Electron energy) K15 (15 MeV) K15 (9 MeV) Mé (6 MeV)

Photon Flux (photons/cm?/s)

Angle, degrees

10 4.27E + 14 1.47E + 14 9.53E +13
20 2.81E + 14 1.07E + 14 7.00E +13
30 1.89E + 14 7.66E +13 4.93E + 13
40 1.27E + 14 5.42E +13 3.40E +13
50 8.03E +13 3.61E +13 2.19E +13
60 4.38E + 13 2.09E + 13 1.24E +13
70 1.78E + 13 8.97E + 12 541E+12
80 4.34E +12 2.60E + 12 1.29E +12

90 9.75E + 10 6.91E +10 2.04E + 10
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Linac model (Electron energy) K15 (15 MeV) K15 (9 MeV) Mé (6 MeV)

Does Rate (rem/m/min)

Measured dose rate 11,700 3500 406.67
MCNP computed dose rate 15,744 3687 460
Scale factor (MCNP dose/measured 1.35 1.05 1.13
dose)

Table 3. Characteristics of M6 and K15 linacs.

4. Conclusion

Radiation safety aspects of operation of electron linacs equipped with bremsstrahlung con-
verters were studied. The operation of Varian linacs M6 (3 and 6 MeV electron beams) and
K15 (9 and 15 MeV electron beams) at the accelerator facility of University of Nevada, Las
Vegas was investigated. High-energy photon and photoneutron production during the linac
operation were analyzed using Monte Carlo computational models. The bremsstrahlung
spectral and angular distributions were computationally determined for the M6 linac and
the K15 linac. Biological equivalent dose rates due to accelerator operation were evaluated
using the flux-to-dose conversion factors. Dose rates were computed for the accelerator facil-
ity for the linac use under different operating conditions. The results showed that the use of
collimators and the linac’s internal shielding significantly reduced the dose rates throughout
the facility. Measurements shown that computational models allow conservative dose rate
estimations.

Photoneutron dose rates within the facility were computed for the K15 linac in the high energy
mode. While the largest neutron contribution to dose rate was four orders of magnitude lower
than the photon contribution, it was still large enough to warrant consideration when design-
ing the bunker shielding.
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