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CrossMark
Abstract
Thermal neutrons are found in reactor, radiotherapy, aircraft, and space
environments. The purpose of this study was to characterise the dosimetry and
microdosimetry of thermal neutron exposures, using three simulation codes, as
a precursor to quantitative radiobiological studies using blood samples. An
irradiation line was designed employing a pyrolytic graphite crystal or—
alternatively—a super mirror to expose blood samples to thermal neutrons
from the National Research Universal reactor to determine radiobiological
parameters. The crystal was used when assessing the relative biological
effectiveness for dicentric chromosome aberrations, and other biomarkers, in
lymphocytes over a low absorbed dose range of 1.2-14 mGy. Higher expo-
sures using a super mirror will allow the additional quantification of mito-
chondrial responses. The physical size of the thermal neutron fields and their
respective wavelength distribution was determined using the McStas Monte
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Carlo code. Spinning the blood samples produced a spatially uniform absorbed
dose as determined from Monte Carlo N-Particle version 6 simulations. The
major part (71%) of the total absorbed dose to blood was determined to be
from the 14N(n,p)14C reaction and the remainder from the 1H(rl,'y)zH reaction.
Previous radiobiological experiments at Canadian Nuclear Laboratories
involving thermal neutron irradiation of blood yielded a relative biological
effectiveness of 26 £ 7. Using the Particle and Heavy Ion Transport Code
System, a similar value of ~19 for the quality factor of thermal neutrons
initiating the '*N(n,p)"“C reaction in soft tissue was determined by micro-
dosimetric simulations. This calculated quality factor is of similar high value
to the experimentally-derived relative biological effectiveness, and indicates
the potential of thermal neutrons to induce deleterious health effects in
superficial organs such as cataracts of the eye lens.

Keywords: thermal neutrons, quality factor, blood, microdosimetry

(Some figures may appear in colour only in the online journal)

1. Introduction

Polyenergetic neutron fields present in a variety of environments possess a significant thermal
neutron component. Examples of such fields are those in CANDU® reactor workplaces [1],
radiotherapy environments [2], and inside aircraft at high altitudes [3], where neutron fields
have similar characteristics to those in space (figure 1).

Research has been undertaken at the National Research Universal (NRU) reactor to
understand the radiobiological effects in blood when exposed to thermal neutron radiation,
(nominally 25 meV) with energies ranging from 7 to 327 meV, as described later. An irra-
diation line was constructed to guide thermal neutrons that passed through a sapphire crystal
and collimated apertures to minimise gamma rays and fast neutron contaminants incident on
the blood samples. The neutron fluence rate was routinely assessed by gold foil and inde-
pendent beam monitor measurements accounting for reactor power. Initial low dose expo-
sures in the range of 1.2—-14 mGy using an in-line pyrolytic graphite (PG) crystal allowed the
assessment of chromosomal aberrations in lymphocytes from blood (Paterson [4]). In the
simulation environment, the PG crystal was replaced by a super mirror which allowed higher
neutron fluence and dose rates of thermal neutrons for the measurements in lymphocytes of
biological health indicators and the determination of changes to rapidly dividing mitochon-
dria. Sets of Monte Carlo simulations were undertaken for two computer-driven configura-
tions, using (i) the PG crystal or, alternatively, (ii) a super mirror of multiple layers of nickel
and titanium. Each scattering device served to provide a thermal neutron beam impinging on
the blood. The cylindrical tube, specially designed and constructed at Canadian Nuclear
Laboratories (CNL) to contain the blood, consisted of a quartz tube designed to hold
approximately 4.59 grams of blood with a nominal inner diameter of 10.5 mm and a blood-
height of 50 mm. During each irradiation, the tubes were slowly rotated to flatten the spatial
distribution of the absorbed dose within the blood sample.

Three Monte Carlo simulation codes were used to provide a comprehensive character-
isation of these thermal neutron irradiations of blood. The spatial size and wavelength dis-
tribution resulting from the PG crystal and super mirror inserts was calculated by the McStas
code [5] . For both the PG crystal and super mirror, the spatial distribution of dose to the
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Figure 1. Normalised neutron energy spectra in reactor, radiotherapy, and high altitude
environments.

rotating blood volume, along with the dose from secondary gamma rays produced in the wall
and blood, was calculated using Monte Carlo N-Particle 6 version 1.0 (MCNP6) [6]. The
microdosimetric mean quality factor of thermal neutrons was quantified using the Particle and
Heavy Ion Transport code System (PHITS) [7] version 2.64 when the PG crystal and super
mirror were used. Note that all simulation code runs employed a minimum of 10® source
particles, with MCNP6 reporting a tally error of <0.1%.

This article in section 2 characterises the thermal neutron fields incident on the blood
samples. Section 3 calculates the spatial distribution of absorbed dose and secondary gamma
ray kerma delivered to a blood sample, section 4 calculates the microdosimetric mean quality
factor of thermal neutrons, and section 5 describes the relevance of this study to the dosimetry
of eye lens and other targets.

2. Beam line characterisation simulations

The neutron source term used has a Maxwellian wavelength distribution, ranging from
0.049 nm to 0.35 nm, with a temperature of 300 K. For thermal neutron irradiation of blood,
the dominant mechanism through which dose is delivered is the "*N(n,p)'*C primary capture
reaction [8], which has a Q-value of 625.87 keV [9]. 14N(n,p)MC dominance is due to the
cross sections for nuclear capture reactions, leading to secondary charged particle emission,
with the other isotopes in blood being zero at thermal neutron energies. It is assumed that the
YN mass fraction in blood is 2.96% [10].

Scattering was achieved with a PG crystal, width of 121 mm and height of 60 mm, d-
spacing of 0.3355 nm, and rotated at 20.69° to the incident beam line. Using Bragg’s law
[11], it was determined that neutron radiation with an average wavelength of 0.237 nm was
scattered towards the blood sample midpoint located 985 mm from the PG crystal, creating a
30 mm by 60 mm field size (figure 2).

The resultant wavelength distribution has four peaks, centred at 0.235 nm, 0.115 nm,
0.078 nm, and 0.059 nm which correspond to first, second, third, and fourth order scattering
respectively (figure 3). Using this wavelength distribution, the relative number-weighted
average neutron kinetic energy incident on the blood sample is found to be 64 meV. Using the
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Figure 2. Spatial extent and intensity (red, more intense) of scattered thermal neutron

field incident on blood sample with PG crystal inserted into incident beam line,
simulated with McStas.
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Figure 3. First four orders of scattered neutron wavelength distribution incident on
blood sample with PG crystal inserted into incident beam line (abscissa range 0.05 nm,
327 meV to 0.25 nm, 13 meV).

wavelength distribution in figure 3, the absorbed dose per unit of neutron fluence incident on
the blood volume is estimated to be 0.18 pGy cm?n~' (excluding secondary gamma con-
tributions from 'H(n,7)*H capture reactions).

The super mirror has a width and height of 400 mm and 60 mm respectively, an m-value
of 5, a reflectivity of 0.72, and is rotated at 0.9° to the line of incidence. The scattered neutron
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Figure 4. Spatial extent and intensity (red, more intense) of scattered thermal neutron
field incident on blood sample with super mirror inserted into beam line, simulated with
McStas.
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Figure 5. Scattered neutron wavelength distribution incident on blood sample with
super mirror inserted into incident thermal neutron beam line (abscissa range 0.05 nm,
327 meV to 0.35 nm, 7 meV).

field, which irradiates the blood sample located 985 mm from the super mirror, is 10 mm wide
by 60 mm high (figure 4).

The super mirror produces a much wider wavelength distribution of scattered neutrons on
the blood sample, in comparison to the PG crystal (figure 5).

The relative number-weighted average neutron kinetic energy is 31 meV, and the
absorbed dose per unit neutron fluence delivered to the 4.59g blood volume is
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Table 1. Neutron absorbed dose and secondary gamma ray kerma and tertiary electron
absorbed dose, delivered to overall blood volume, per unit neutron fluence. For neutron
and tertiary electron absorbed dose coefficients, the values listed in parentheses are
their percentage contribution to the total absorbed dose coefficient.

Quantity (pGy cm? n™ 1) PG crystal Super mirror

Stationary Rotational Stationary Rotational

Analytical calculations (using figures 3 and 5)

Neutron absorbed dose per unit neutron 0.180 0.250
fluence

MCNP6 Calculations

"N(n,p)'*C absorbed dose per unit neu- 0.194 0.194 0.234 0.234
tron fluence® (70.55%) (70.80%) (70.69%) (70.69%)
"H(n,7)*H secondary gamma ray kerma 0.130 0.130 0.158 0.158
per unit neutron fluence”

Tertiary electron (from 'H(n,y)*H) absor- 0.081 0.080 0.097 0.097
bed dose per unit neutron fluence® (29.45%) (29.20%) (29.31%) (29.31%)
Total absorbed dose per unit neutron 0.275 0.274 0.331 0.331
fluence

4 F4/FM4 tally.

° F6 tally.

¢ "F8 tally.

9 Sum of neutron and tertiary electron values.

0.25 pGy cm®n ™' (excluding secondary gamma contributions from "H(n,7)’H capture reac-
tions; see table 1).

Lastly, the contribution to the blood dose from scattered secondary radiation from the
surrounding shielding was assessed using MCNP6. The tubes were housed in a computer-
driven holder divided by neutron-absorbing boron—aluminium alloy plates, the whole
enclosed in borated polyethylene shielding. Simulations were performed in which an indi-
vidual blood tube was placed between two boron—aluminum plates. The blood tube was
subjected to the scattered neutron beam and it was found, using tally tagging techniques, that
the secondary gamma rays arising from (n, 7) capture reactions in the plates delivered a
negligible kerma per unit incident neutron fluence through blood. Specifically, the values
were 6.96 x 107> and 6.67 x 10> pGycm”n~" for the PG crystal and super mirror
respectively. These values are four orders of magnitude lower than that due to '*N(n,p)'*C
and 'H(n,7)’H capture reactions in blood (table 1).

3. Dosimetry for irradiated blood samples

The main purpose of these MCNP6 simulations was to determine the effectiveness of rotating
the blood tubes in establishing a uniform thermal neutron dose profile. Two additional sets of
MCNP6 simulations were performed to determine the kinetic energy released per unit mass
(kerma) delivered to the overall blood volume by secondary gamma rays. Note that cross
sections from the .80c library were used for these simulations.
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Figure 6. Overhead view of four neutron sources illustrating, using the MCNP Visual
Editor [12], the incident neutrons, their spatial starting points, and the partitioning of
blood volume. The blood tube holder was surrounded by a void. Neutrons were emitted
normal from each planar source.

3.1. Thermal neutron dose profile in blood

The blood volume was divided into 19 vertical segments, each with an average width of
0.525 mm. To demonstrate the need to rotate the blood samples, simulations were first per-
formed, in which the quartz tube and blood volume were irradiated by a single planar neutron
source of width 12.8 mm and height 50 mm to simulate stationary irradiation (illustrated as
Source A in figure 6). To prove the viability of rotational irradiation in establishing a uniform
dose profile, the quartz tube and blood volume were surrounded and simultaneously irradiated
by four of the aforementioned planar sources (illustrated as Sources A—D in figure 6).

The MCNP6 F4 tally along with an FM4 tally modifier was used to calculate the number
of "N(n,p)'*C capture reactions that take place in each segment divided by the volume of the
segment. Each capture reaction results in the emission of a 584 + 3 keV secondary proton
and a 41.87keV 'C residual nucleus [13]. Their energy was deposited locally due to the
range of the proton and residual nucleus in blood being approximately 10 ym and 0.19 ym
respectively [14]. Therefore, for this neutron capture reaction, that lead to the emission of
secondary charged particles and residual nuclei, the kerma in the blood volume was equal to
the absorbed dose. The dose profiles on entering the blood volume for both the super mirror
and PG crystal, for the stationary irradiation mode, showed an expected build-up in absorbed
dose and then a decreasing trend moving through the blood (figure 7).

The rotation of the blood tube during irradiation was effective in providing uniform dose
delivery throughout the blood volume (figure 7). The spatial distribution of absorbed dose in
blood was greater in amplitude and flatter across the blood volume for the super mirror than
for the PG crystal. In addition, the mean value of each of the four depth-dependent dose-per-
unit fluence curves shown in figure 7 for both PG crystal and super mirror represented a 5%
—8% change to the earlier analytically calculated values of 0.18pGycm’n~' and
0.25 pGy cm? n ™" respectively, derived from figures 3 and 5. For comparison, Schmid er al
[15] calculated an absorbed dose per unit fluence delivered to a blood volume, by 25.3 meV
neutrons, to be 0.26 pGy cm” n~" (excluding secondary gamma contributions). However, this
value used a 3.30% "*N mass fraction in blood—as opposed to the 2.96% value used in this
study [10]. Using the latter mass fraction, the value reported from Schmid et al [15] becomes
0.23 pGy cm”n ™.
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Figure 7. Spatial distribution of absorbed dose from *N(n,p)'*C delivered to blood
segments per unit neutron fluence through overall blood volume. The target depths of
skin, lens, and deep organs are shown.

A pertinent point is that blood and soft tissue consist mainly of hydrogen-1, natural
carbon isotopes, oxygen-16, and nitrogen-14, and that the mass fractions of each of these
isotopes are similar in both materials [10]—their mass fraction in blood being 10.19% 'H,
10.00% ™'C, 2.96% 14N, and 75.94% '°0 and their mass fraction in soft tissue (International
Commission on Radiation Units and Measurements (ICRU) Four Component), 10.12% 'H,
11.10% ™C, 2.60% "N, and 76.18% '°O. This near equivalency between blood and soft
tissue assists in the interpretation of the data presented from this point on. For example, the
spatial absorbed dose distributions shown in figure 7 are approximately equal to those in soft
tissue whose physical shape and extents as well as mass are identical to the blood volume
described earlier.

Lastly, as an aside, nominal doses to the skin, eye lenses, and deep organs were evaluated
by an antero-posterior irradiation incident on blood and considering target depths as
recommended by the International Commission on Radiological Protection (ICRP) Publica-
tion 103 [16]. These frontal organs have a thermal neutron dose profile as shown in figure 7
due to the '*N(n,p)"*C reaction only. With respect to radiation-induced cataractogenesis, the
simulations show a build-up of absorbed dose from the cornea peaking at 1-2 mm—thus,
occurring before the lens target at 3 mm (considered the radiosensitive target depth for
cataracts [17]).

3.2. Secondary gamma ray kerma to blood

The first set of two additional MCNP6 simulations quantified the kerma delivered to the blood
by secondary gamma rays produced from (n,7y) capture reactions in the quartz tube wall and
from radiative capture reactions with "H nuclei in blood. There were two approaches: the first
based on enabling secondary photon transport and calculating the kerma it delivered to the
blood volume; and the second, on enabling secondary photon and tertiary electron transport
and calculating the tertiary electron absorbed dose (table 1). The secondary gamma ray kerma
per unit fluence and the tertiary electron absorbed dose per unit neutron fluence were
respectively 67% and 42% that of the neutron absorbed dose per unit neutron fluence. The
percentage associated with tertiary electrons was significantly lower than that pertaining to
secondary gamma rays. The former quantity accounted for only the energy deposited by
tertiary electrons in the blood volume (4.33 cm®), while the latter accounted for the energy
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Figure 8. Illustration of half-inch TEPC design parameters employed in PHITS®

simulations.

imparted to tertiary electrons by secondary gamma rays. Schmid et al reported that the
absorbed dose to a smaller blood volume of 0.70 cm® by secondary gamma rays released from
the 1H(n,’y)zH capture reactions was 28% that due to the 14N(n,p)14C neutron capture reac-
tion. Therefore, the percentage of the total dose contributed by tertiary electrons was target-
volume-dependent.

The second set of additional MCNP6 simulations quantified the kerma exclusively from
secondary gamma rays produced by (n,7) capture reactions in the quartz tube wall alone, of
thickness 0.115 cm and composed of 2883190, (*®Si and '°O have mass fractions of 46.74%
and 53.26% respectively [10]). When the 28Si(n,y)ZQSi and 160(11,7)170 reactions occur in the
quartz tube wall, 8.47 MeV [18] and 4.15 MeV [18] secondary gamma rays were emitted
from the (**Si)* and ("’O)* metastable nuclei, respectively, with equal probability. The sec-
ondary gamma ray kerma delivered to the blood volume per unit neutron fluence was cal-
culated to be 9.98 f{Gy cm’n ' and 12.82 fGy cm?n~' when using the PG crystal and super
mirror respectively. The secondary gamma ray kerma was 5.5% and 5.1% of the corresp-
onding rotational neutron absorbed dose per unit fluence respectively listed above. This
conservative estimate assumed that all tertiary electrons and positrons created in the blood
volume by secondary gamma rays deposited their entire kinetic energy within the blood
volume. This analysis determined that the dose contribution to blood from secondary gamma
rays emanating from the quartz wall was comparatively small.

4. Microdosimetric characterisation of thermal neutron beams

The microdosimetric nature and mean quality factor of the thermal neutrons incident on the
blood sample, with spectra as shown in figures 3 and 5, was characterised by simulating,
using PHITS, the response of a half-inch tissue equivalent proportional counter (TEPC)
identical to that manufactured by Far West Technology, Inc. [19] (figure 8). PHITS was
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employed because of its unique event generator capability, which enables the transport of
secondary particles produced from neutron capture interactions [7]. Inherent approximations
and uncertainties were associated with the use of a TEPC for microdosimetry investigations—
specifically, the ability of tissue equivalent gas and plastic to adequately represent soft tissue,
arbitrary choice of simulated microscopic tissue site diameter, and the interpretation of
insider, starter, and crosser events. Nevertheless, the thermal neutron mean quality factor
calculated using the TEPC-based framework can be directly compared to that measured by an
exposed TEPC. An alternative method, not carried out in this study, is to calculate the mean
quality factor by first determining the secondary charge particle kinetic energy deposition
spectrum in the blood sample; however, no physical measurements of this quantity are
available for comparison.

The aforementioned half-inch TEPC instrument consisted of a 12.7 mm diameter sen-
sitive gas volume and a 1.27 mm thick wall. The TEPC wall was composed of Shonka A150
tissue equivalent plastic with a density of 1.127 gcm > [10]. This TEPC was chosen as its
small dimensions fit within the scattered neutron field incident on the blood sample (figures 2
and 4). The sensitive gas volume was filled with propane-based tissue equivalent gas at a
density of 7.87 x 107> gcm ™2, to simulate a 1 gm diameter microscopic tissue volume. The
sensitivity constant of this instrument, accounting for the mean chord length of the simulated
site and mass of gas in the sensitive volume, was determined to be 787 keV um ™' Gy .
Note that in propane-based tissue equivalent gas and Shonka A150 tissue equivalent plastic,
the "N mass fraction is 3.50% [10]—which differs from that in blood and soft tissue
mentioned earlier. Nevertheless, as the 14N(n,p)MC capture reaction is the dominant con-
tributor to dose delivered to biological media by thermal neutrons, this difference in '*N mass
fraction will not significantly impact the estimation of quality factor.

Using cross sections from the .50c library, the TEPC was irradiated by an expanded and
aligned planar neutron field, and the transport of secondary protons (cut off = 1072 MeV),
secondary alpha (cut off = 107°MeV u "), secondary heavy recoil and residual nuclei (cut
off = 10~? MeV u ') were enabled along with secondary gamma rays (cut off = 10~ MeV)
and tertiary electrons and positrons (cut off = 107> MeV). The production and transport of
secondary and tertiary particles were enabled by declaring parameters e-mode = 1 and
igamma = 1. The T-Track and T-Deposit tallies were used to calculate the primary neutron
fluence through the TEPC and the pulse heights of energy deposition events in the sensitive
gas volume respectively. Using these pulse heights, dose distributions for all energy depos-
iting particles as well as tertiary electrons and positrons were calculated and normalised both
to the total absorbed dose delivered by all secondary and tertiary charged particles (figures 9
and 10 for PG crystal and super mirror respectively) and also to lineal energy logarithmic bin
width. Note that in these figures, the left vertical axis pertains to all secondary and tertiary
charged particles; the right vertical axis, to tertiary electrons and positrons.

The dominant contribution of high lineal energy events (dose mean lineal
energy = 67 keV um ', table 2) are due to secondary protons and residual "*C nuclei pro-
duced by the "*N(n,p)'*C capture reaction (figures 9 and 10). Also shown is that the low
linear energy transfer (LET) tertiary electron and positron contribution to the total dose is
small, being 3.94% and 3.71% for the PG crystal and super mirror respectively, and that their
dose distributions have a sharp drop-off beyond 10 keV pm ™"

ICRP 103 [16] and ICRP 21 [20] provide different guidance on how the quality factor
varies with LET. ICRP 103 states that the quality factor continuously increases in value up to
100 keV um™", at which point its value is 30, and then steadily decreases in value beyond
100keV um™". In contrast, ICRP 21 states that the quality factor steadily increases in value
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up to 150 keV pm ™', at which point its value is 20, and then maintains a value of 20 up to

1000 keV pm .

Alberts et al [21] exposed a half-inch TEPC, simulating a 1 yum site size, to a thermal
neutron beam of unspecified kinetic energy. Using ICRP 21 guidelines, a dose equivalent per
n~ ! was reported for the instrument. Table 2 shows that
from the PHITS simulation, the calculated dose equivalent per unit neutron fluence through
the TEPC using ICRP 21 guidelines, when exposed to the scattered neutron energy spectrum
using the super mirror was 3.80 4 0.44 pSvcm®n~'—similar to the value measured by

unit neutron fluence of 4.2 pSvcem

Alberts et al. This establishes confidence in the PHITS simulation model.
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Table 2. Microdosimetric response parameters estimated for the half-inch TEPC

instrument.

Response metric

Scattering element

PG crystal Super mirror
Frequency mean lineal energy (keV pm™") 6.44 + 0.19 6.74 £+ 0.18
Dose mean lineal energy (keV um™") 66.17 £ 2.96 68.60 £+ 2.74
Dose equivalent per unit neutron fluence (pSv cm? 2.85 £ 0.15 3.80 + 0.44
n~') (ICRP 21) [20]
Dose equivalent per unit neutron fluence (pSv cm? 471 + 0.25 6.29 + 0.29
n~!) (ICRP 103) [16]
Ambient dose equivalent per unit neutron fluence 11.76 10.62
(pSv cm? n~ ') (ICRP 103) [16]
Dose equivalent response (ICRP 103) [16] 0.40 + 0.02 0.59 £ 0.03
Sensitivity (counts uSv™") (ICRP 21) [20] 10.95 £ 0.57 10.20 + 0.47
Sensitivity (counts uSv™") (ICRP 103) [16] 6.64 £ 0.35 6.16 £ 0.29
Mean quality factor (ICRP 21) [20] 11.16 = 048 11.46 £ 0.44
Mean quality factor (ICRP 103) [16] 1842 £ 0.82 18.98 + 0.75

Accounting for the scattered neutron energy spectrum incident on the blood samples and
ICRP 103 [16] guidelines, when the PG crystal was used, the ambient dose equivalent per unit
of neutron fluence was 11.76 pSvem?n™'; and when the super mirror was employed,
10.62 pSvem?n~'. When the PG crystal and super mirror were used, the corresponding
simulated dose equivalent response of the half-inch TEPC was evaluated as 0.40 4+ 0.02 and
0.59 + 0.03 respectively (table 2).

The high quality factors measured by the TEPC using ICRP 103 guidelines—
18.42 £ 0.82 when a PG crystal was used and 18.98 + 0.75 when a super mirror was used—
compared well to the neutron quality factor of 19.17, for 25.3 meV incident neutrons, cal-
culated by Schuhmacher and Siebert [22] at a point 10 mm within the ICRU tissue sphere [23]
of 30 cm diameter, using the relationship between quality factor and LET from ICRP 60 [24].
The 19.17 quality factor only accounts for neutron interactions which lead to the emission of
heavy charged particles, viz. from '*N(n,p)"*C capture. For comparison, ICRP 103 listed the
thermal neutron radiation weighting factor to be 2.5, and accounted for thermal neutrons
undergoing both the 'H(n,7)*H and '*N(n,p)'*C capture reactions in soft tissue [16].

Paterson [4] exposed blood to thermal neutrons and reported a relative biological
effectiveness (RBE), using the ‘maximum RBE method’ iteratively re-weighted least squares
linear regression method [25], of 26 £ 7 for a biological end point of dicentric chromosome
induction. A few animal studies have also indicated high RBE values for thermal-neutron-
induced cataracts, including a value of 10.2 by Harris [26]. These large RBE values were due
to the dominant contributor to the thermal neutron absorbed dose being the '*N(n,p)'*C
reaction, which produced high LET products having a large microdosimetric quality factor of
19, as determined from the PHITS simulations. In the simulated TEPC, the dominant con-
tributor to the absorbed dose delivered to the sensitive gas volume was the '*N(n,p)'*C
reaction, and each of these reactions resulted in a secondary proton and residual "*C pair
producing large lineal energy events in the gas, with the consequence that a high quality
factor of approximately 19 was measured in the TEPC. The relatively low mass of 'H in the
TEPC instrument (0.0889 g) resulted in the 'H(n,y)*H reaction contributing approximately
4% to the absorbed dose delivered to the gas, further enabling the TEPC to measure a high
mean microdosimetric quality factor for thermal neutrons.
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Table 3. Kerma delivery metrics for 3 mm and 10 mm depths into ICRU sphere, targets
of the lens of the eye and deep organs respectively, summing thermal neutron and
secondary gamma contributions®.

Quantity PG crystal Super mirror
3mm 10mm 3mm 10mm

Total kerma from "N(n,p)'*C and "H(n,7)*H 2.28 2.86 2.50 2.65

per unit neutron fluence (pGy cm” n™")

Dose equivalent per unit incident neutron flu- 11.62 1288 13.00 12.52

ence (pSv cm? nfl)

Percent of total kerma from lH(n,’y)zH (%) 7744  80.72 7694  79.56

% No value was calculated for a target point at 0.07 mm due to inadequate statistics.

The abundance of thermal neutrons in neutron fields present in a variety of environments,
such as nuclear power plant workplaces [1], radiotherapy environments [2], and high altitudes
[3] or space, necessitates the study of the ability of thermal neutrons to induce biological
damage. The observation that biological changes due to thermal neutron exposure arises from
high LET events from the 14N(n,p)l4C reaction (figures 9 and 10) is relevant with regard to
understanding the contribution that thermal neutrons make in inducing biological damage in
diverse environments, such as cataract induction in astronauts [27, 28] and in the induction of
secondary cancer in patients from a secondary neutron field when undergoing high energy
radiation therapy [29].

5. Relevance of blood irradiations to dosimetry of eye lens and other targets

The PHITS microdosimetry results have shown that, even in the absence of significant
secondary gamma ray fields, thermal neutrons are capable of inducing biological damage due
to the subsequent high LET secondary particles that traverse blood and tissue media. For an
antero-posterior irradiation by incident thermal neutrons, frontal organs—namely, the skin
and eye lenses (respectively located 0.07 mm and 3 mm from the surface of the body)—are
prone to more biological damage than deeper organs, as the high LET particles produced
make a greater contribution to the total absorbed dose compared to secondary gamma rays.

This was best demonstrated by MCNP6 simulations in which an ICRU sphere of 30 cm
diameter, made of tissue equivalent material representing the whole body soft tissues, was
irradiated by an expanded and aligned neutron field emitting the thermal neutron energy
spectra derived from figures 3 and 5. ICRU recommends estimating dose equivalent for
superficial organs at depths of 0.07 mm for skin and 3 mm for the lens of the eye; a target
depth of 10 mm represents deep organs. Total kerma to targets was simulated by primary
neutron and secondary gamma ray transport for target depths of 3 and 10 mm, and the dose
equivalent was estimated, as described by Dietze and Siebert [30], for the two target depths
from the sum of the kerma delivered by primary neutrons and secondary gamma rays—each
weighted with their respective quality factor of 19.17 [22] for neutrons and 1 for gamma rays.

The dose equivalent per unit thermal neutron fluence (pSv cm® n~') decreased at about
20% and 6% for PG crystal and super mirror use respectively when comparing targets at
10 mm and 3 mm (table 3). Booz [31] and Dietze and Siebert [30] report that for incident
neutrons of kinetic energy 1eV and below, the contribution to the total absorbed dose
delivered by secondary gamma rays to the 10 mm point is approximately 80%, which was in
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good agreement with the percentages listed in table 3. In addition, the dose equivalent per unit
neutron fluence at the 10 mm point were close to the corresponding ambient dose equivalent
per unit fluence on the blood sample values reported earlier of 11.76 pSvem?n~! and
10.62 pSvem®n~! when the PG crystal and super mirror were used, respectively. For both
PG crystal and super mirror use, the fraction of the total kerma from secondary gamma rays at
the 3 mm target was slightly lower than that at the 10 mm target (table 3). This indicates that
as the target point moved closer to the surface of the body, the contribution of secondary
gamma rays to the total kerma decreased.

The gamma component of the total thermal neutron dose was dependent on the depth of
the target (figure 7) within an irradiated volume and the mass of 'H in the irradiated volume.
This gamma component increased with mass of 'H in the irradiated volume, specifically 4%
in the TEPC of 0.0889 g, 22% and 29% in blood volumes of 0.70 cm® [15] and 0.468 g (this
study), and 77%-81% in the larger ICRU sphere (1430 g). This was also confirmed by Dietze
and Siebert [30], who found that a decreasing fraction of the total absorbed dose from
secondary gamma rays was delivered to tissue phantoms of decreasing size. Thus, the low
LET events derived from the small 'H mass in the TEPC resulted in high LET '*N(n,p)'*C
events dominating the dose delivered and analysed, consequently enabling measurement of
high quality factor secondary particle species.

6. Conclusions and future work

Radiobiology studies focusing on the thermal neutron irradiation of blood have been ongoing
at the NRU reactor. This study used three Monte Carlo simulation codes to characterise these
irradiations. The McStas code calculated the spatial size and wavelength distributions of
thermal neutrons incident at the blood sample placement point when a PG crystal and super
mirror were used in the incident beam line emanating from NRU.

It was shown using the MCNP6 code that spinning each blood tube results in the spatial
absorbed dose distribution from 14N(n,p)mC reactions in blood to be more uniform. The
YN(n,p)"*C reaction contributes approximately 71% of the total absorbed dose to the blood,
while the remaining 29% is due to tertiary electrons liberated by secondary gamma rays
emanating from the quartz wall and blood (table 1). This 29% value compares to the 77%-—
81% contribution to the total kerma delivered to the 3 mm (eye lens) and 10 mm (deep
organs) target points internal to the ICRU sphere by secondary gamma rays from 'H(n,y)*H
(table 3). It is acknowledged that these values may be impacted by the limited accuracy of
MCNP6 version 1.0 in modelling secondary gamma ray emission for thermal neutron capture
with hydrogen-1.

This target-dimension-dependence of the low LET component (from secondary gamma
rays and tertiary electrons) influences the calculation of the overall quality factor and sub-
sequent RBE for thermal neutrons, as they are dependent on the frequency of high LET (from
“N(n,p)'*C) and low LET events occurring in the irradiated medium. In summary, it was
found that the gamma component of the thermal neutron dose increases with target volume,
which has implications for animal and human exposure studies. Consequently, dosimetric
calculations to smaller eye lenses in mice will yield a higher quality factor than that deter-
mined from corresponding human exposures.

Using the PHITS code, a microdosimetric quality factor of about 19 was estimated for
thermal neutrons initiating the '*N(n,p)"*C reaction in tissue. Dicentric chromosome induc-
tion in lymphocytes in blood induced by thermal neutrons yielded an RBE value of 26 £ 7
[4]. This large RBE value can be attributed to the '*N(n,p)'*C reaction, producing high LET
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products, being the dominant contributor to the absorbed dose to blood and its corresponding
high microdosimetric quality factor. For antero-posterior irradiation, frontal organs experi-
ence an abundance of high LET events and consequently a large mean quality factor, which
can contribute to the formation of cataracts and perhaps certain cancers.

This theoretical, microdosimetric confirmation of a high quality factor for the
"N(n,p)"*C reaction initiated by thermal neutrons has important implications, such as
whether nuclear or mitochondrial damage is paramount. Doubts arise as to the overall
dominant role of nuclear damage from knowing that 1 mGy of x-ray radiation produces
double strand breaks (DSBs) in only ~3% of cells, yet 20-80 DSBs lead to cell death
[32, 33]. In light of the premise that low LET radiation is more likely associated with indirect
rather than direct nuclear damage (for example, arising from mitochondrially derived reactive
oxygen species [34]), this contrasts with the effects of high LET radiation linked to direct
damage to nuclear DNA and resulting genomic instability. Therefore, the high LET comp-
onent of thermal neutron exposures may have the potential, relative to low LET radiation to
induce different detrimental health effects when in reactor, radiotherapy, and space
environments.
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