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General introduction

The conventional treatment of cancer is comprised of three modalities: sur-
gery, radiotherapy and chemotherapy (or a combination of these). Radio-
therapy isvery effectivefor anumber of tumours, however, several tumours
areresistant to standard radiotherapy. Several laboratoriesin Europe, USA,
Asia and Australia are now working intensively on a radiotherapy, called
Boron Neutron Capture Therapy (BNCT). With this bimodal therapy, each
component has only minor effects on healthy cells if used separately. The
first component is astable isotope of boron (1°B) that when theright carrier
is used can be concentrated in tumour cells. The second component is
low-energy neutrons. BNCT is based on a nuclear reaction between these
components. When a nucleus of '°B captures a neutron, an unstable iso-
tope, 1'B, isformed. The isotope !B instantly decays, yielding a lithium
nucleus (“Li) and an a-particle (a *“He nucleus). These particles, which
carry 2.79 MeV of energy, have ashort rangein tissue, of the order of about
onecell diameter (around 10 um) and cause closely spaced ionising events.
These events can break the DNA-string thereby killing the malignant cell
and stopping its proliferation.

The successful application of BNCT depends on several factors. Most
important is the concentration of '°B, which has to be high in the tumour
and low in the healthy tissue, as well as the number and energy of the
neutrons reaching the tumour. A limiting factor for these thermal neutrons
is the damage they cause to healthy cells. Reactions will not only take
place between boron and thermal neutrons, but also nitrogen and hydrogen
atoms in healthy cells interact with neutrons and give reaction products.
Although, theinteraction probability (cross section) of these nuclei issmall

11



12 General introduction

compared with the boron reaction cross section, their concentrationin cells
isvery high.

The'°B(n,a) capturereactionisathermal reaction, which meansthat thein-
teraction probability will be high for thermal neutronsand low for neutrons
with higher energies; the reaction cross section isinversely proportional to
the neutron velocity. As a consequence, in cases of superficial tumours a
beam of thermal neutrons (energy less than 0.8 eV) is required to treat the
tumour by BNCT. A problem ariseswhen atumour is situated deeper in the
body. The number of thermal neutronsis rapidly attenuated asthey diffuse
through tissue. Therefore, it is difficult to get sufficient neutrons at the
required depth in the body without delivering excessive radiation damage
to surface tissues. To prevent this problem, beams of epithermal neutrons
(energy between 0.8 eV and 0.1 MeV) are used to treat deep seated tu-
mours. Epithermal neutronslose energy as they penetrate the tissue and as
they thermalised inside the body, are capable of reaching tumours at greater
depths (in the order of centimetres). Adequate fluence rates of epithermal
neutrons can presently only be provided with special facilities at nuclear
reactors. Theradiation field from areactor coreis a mixture of y-rays, fast,
epithermal, and thermal neutrons. To develop epithermal neutron beams
specia filters have to be used. In Petten an epithermal beam has been
installed in the High Flux Reactor (HFR), with its prime goal to treat brain
tumours.

The treatment procedure begins with the administration to the patient of a
compound containing the boron atoms. The compound accumul ates pref-
erentialy in malignant tissue compared with healthy tissue. The tumour is
then irradiated with neutrons. The proposed clinical trials at Petten will be
with glioblastoma multiforme, atype of brain cancer. The neutrons have
to traverse a few centimetres of healthy tissue before reaching the tumour.
The use of a thermal beam would be inefficient due to the high skin dose
compared with the small number of thermal neutrons reaching the tumour
at depth, and thus a small tumour dose. Therefore, epithermal neutron
beams are developed. The epithermal neutronswill thermalise in the head,
resulting in atumour irradiation of principally thermal capture reactions.
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In 1987 the Netherlands Energy Research Foundation (ECN) at Petten,
embarked on the European collaboration in BNCT in order to broad the
field of application of the two research reactors at the Petten site. A num-
ber of projects have been set up to provide a better understanding of the
principlesof BNCT. Oneway to gain thisunderstanding is based on radiobi-
ological experiments. Assuch, alarge part of thiswork has utilised thermal
neutrons. Prior to the proposed work no thermal facility for radiobiological
experiments was available outside the USA, Japan or Sweden. In the Neth-
erlands, thefirst step wasto design and devel op athermal neutron facility at
one of thetwo available research reactors at Petten. The requirementsfor a
thermal facility could not be met with the High Flux Reactor (HFR) without
major (expensive) reconstruction work. Consequently, a thermal experi-
mental facility at the Low Flux Reactor (LFR) in Petten was devel oped,
adding a valuable supplement to the existing epithermal HFR-facility. The
calculations in support of the development of this facility are described in
thefirst part of thisthesis.

In addition to the use of a thermal beam, radiobiological research was
also performed using the epithermal beam at the HFR with the aid of so-
called phantoms filled with water or tissue equivalent liquid to thermalise
theneutrons. The processof thermalisation can be cal culated using existing
neutron transport codes. In the second step, calculations were performed
for a phantom used frequently at Petten. In this phantom small vials with
cell suspensions can be irradiated at different positions. By measuring the
surviving fractions after irradiation in the epithermal beam, the effect of
mixed field irradiations can be determined. In the third step of this project,
amicrodosimetric model has been developed and a detailed analysis of the
experiments has been performed in order to provide the primary goal of this
project, namely, a better understanding of the factors important to BNCT.

Although steps 1 and 2 of the project (described in parts | and Il of this
thesis) have proven to be useful and represent the state of the art in applic-
ation, step 3 (described in part 111 of thisreport) represents unigue research
in this field. Classical radiotherapy relies on empirical factors (Relative
Biological Effectiveness or RBE) that modify physical energy deposition
in tissue to biological effect. The use of RBE is crude but effective in
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conventional therapy where the radiation is of single form.

For BNCT, the RBE concept is inadequate as biological effects depend
not only on the radiation particles but also on the energy distribution of the
radiation and the microscopic distribution of the pharmaceutical compound.
A mathematical approach is the only possible way to unravel the complex
interactions present in BNCT. Experimental applications and the analytical
work presented in this project may be considered as a significant start in
this direction.
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Chapter 1

| ntroduction to the reactor
calculations

The Low Flux Reactor (LFR) of the Netherlands Energy Research Founda-
tion (ECN) in Petten [Braak, 1987] isasmall nuclear research reactor of the
Argonaut type. The reactor that operates at a power up to 30 kW, consists
basically of aring-shaped core surrounded by an inner cylindrical graphite
reflector and an outer graphite reflector. The core containsten fuel elements
arranged in two rows of 5 in an asymmetric configuration and cooled by
light water. Figure 1.1 shows a horizontal cross section of the LFR.

An epithermal test facility for BNCT has been developed at a tangential
horizontal beam channel on the northern side of the reactor. This facility
has been used for the development of a neutron scintillation spectrometer
[Crawford, 1993], for on-line y-ray spectroscopy [Verbakel, 1995], and for
dosimetry in phantoms [Konijnenberg, 1993]. On the irradiation trolley
at the eastern side of the reactor, a facility using 1 MeV fission neutrons
froma?3*3U converter platefor referenceradiobiological studiesisavailable
[Davids, 1969], [Huiskamp, 1983], [Sauwerwein, 1992]. On the western

17
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Figure 1.1: Horizontal cross section of the reactor (at mid-height of the fuel).
The thermal column is located on the west side of the reactor, the
irradiation trolley on the east side.

side of the graphite reflector athermal column islocated; in this column 15
horizontal channelsare available. Finally, inthe centre of theinner reflector
of the reactor a vertical channel is available.

Due to the importance of a thermal test facility for the further develop-
ment of BNCT, a decision was made to design athermal facility at the LFR
with a high intensity of thermal neutrons, whilst keeping the facility with
low intensity of neutronswith higher energy and photons. Calculationsand
measurements have shown that the LFR inits standard configuration cannot
produce an effective thermal beam for radiobiological experiments. Con-
sidering the possible locations, theirradiation trolley at the East side of the
reactor was chosen asthe most appropriatelocation for such athermal beam
facility. On the trolley, it is relatively easy to add materials, as opposed
to other positions where major reconstructions of the reactor or the reactor
hall would be necessary. A prerequisite for the facility on the irradiation
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trolley is an easy replacement, since the irradiation trolley is also used for
the biological irradiation facility for fast neutrons (> 1 MeV).

To obtain a thermal facility, the fast neutron and the y-ray fluence rates
behind the outer graphite reflector in front of the irradiation trolley must
be reduced while maintaining an optimal thermal neutron fluence rate.
This is achieved by adding moderating material and a gamma shield
on the trolley. Based on the conclusions of an earlier feasibility study
[Freudenreich, 1992], an optimisation study of the facility has been per-
formed. The neutron and photon transport calculations were carried out
using the Monte Carlo code MCNP [Briesmeister, 1993]. The optimisa-
tion of a biological response function was performed with respect to the
dimensionsof the additional moderator and of the position of theirradiation
window within the shielding wall behind the moderator. After realising the
facility, the calculated parameters were verified using neutron activation
detectors (foils) [ Paardekoper, 1994].

A modular extension of the outer graphite reflector has been chosen for
the moderation of the neutrons. To study the influence of this choice,
the effects on the neutron spectrum using different moderators have been
considered within a global model of the reactor. To avoid alarge amount
of computational time, a technique was developed to obtain the effect on
the irradiation position without explicitly recalculating the physical para-
meters for each new material. The technique, the so-called generalised
perturbation theory, calculates the differences in a response function as a
consequence of changes in the reactor lay out. This study is performed
using the deterministic computer code DORT extended with extra routines
for the perturbation theory [Vroegindeweij, 19924 .
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Chapter 2

Design of the thermal neutron
facility

Based on an earlier performed study of a thermal facility at the LFR
[Freudenreich, 1992] and on practical considerations, the thermal facility
has been constructed from agraphite moderator with additional |Ead shield-
ing [Vroegindeweij, 1996a]. To maximise the thermal neutron fluencerate
at the irradiation position, the lead shielding wall around the irradiation
cubicleis replaced by a bismuth window. Bismuth has alower absorption
cross section than lead, leading to less capture photons, while being effect-
ive in shielding photons. In the optimisation two important parameters of
the facility are considered: the thickness of the graphite moderator, and the
position of the irradiation window in the gamma shield. All calculations
and measurements reported refer to areactor power of 30 kW.

21



22 Reactor calculations

2.1 Calculationsto optimisetheirradiation field

2.1.1 MCNP model

The calculations for the optimisation study have been performed with the
Monte Carlo code MCNP-4A [Briesmeister, 1993]. In figure 1.1 the thick
linesindicatetheregion that hasbeen modelled in the computer code. Some
regionsinside thisline have been not modelled in detail; for example beam-
holes and irradiation channel s have been neglected. In addition, to simplify
the model, materials in some regions have been mixed. For examplein the
fuel region: fuel, graphite and water have been modelled as ahomogeneous
mixture. The calculations used fresh fuel only. A horizontal cross section
of the MCNP model is presented in the figure 2.1.

v

7772 Bismuth
vy _ Concrete
ERE R L] Graphite

Figure 2.1: Horizontal cross section of the MCNP model

The coupled neutron-photon cal culationswith MCNP have been performed
in the fixed source mode (for neutrons), whilethe spatial neutron sourcedis-
tribution has been taken from fluence rate measurements[Kraakman, 1982].
Photonsfrom neutron captures have been generated according to the neutron
field. Delayed photons(photons coming from the decay of fission products)
are not taken into account in the coupled neutron-photon calculations of
MCNP. An ENDF/B-V based cross section library [Briesmeister, 1993] is
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used for the neutron and photon transport cal culations.

The calculated neutron dose rates are based on the dose function for wet
tissue given in ICRU-report 26 [ICRU, 1979]. The photon dose function
has been taken from published data for water [Attics, 1986]. To account
for the fact that different kinds of irradiation (for example neutrons with
different energies or photons) cause different effects, the absorbed doses
for the different types are multiplied by their specific RBE factor (Relat-
ive Biological Effectiveness), obtaining the equivalent dose. The RBE for
photonsis by definition equal to 1.

2.1.2 Responsefunction

Thethermal facility isoptimised with respect to abiological responsefunc-
tion for the two most important parameters of the facility: first by changing
the thickness of the additional graphite moderator (see section 2.1.3) and
second by determining the optimal position of the bismuth window in the
lead wall (see section 2.1.4). For the optimisation, a 10x10x1 cm? tissue
equivalent detector is defined inside the irradiation cubicle in order to sim-
ulate y-rays from the capture of neutronsin biological targets aswell. The
calculated fluence and dose rates presented in the optimisation study are
averaged over this detector volume.

The requirements for the radiobiological experiments impose two con-

ditions:

1. the thermal neutron fluence rate should be sufficiently high to allow for
realistic irradiation times;

2. theadversedoseratefrom other beam components(epithermal neutrons,
fast neutrons and y-ray’s) should be sufficiently low to minimise non-
boron damage in the healthy tissue during irradiation.

From these conditions the following constraints result:

thermal fluence rate; ot > 10° cm—2s7t,
dose rate from beam contamination: Dy + Dragt + Depi < 1.0 Gy/h,
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where Pth is the thermal fluencerate,
Dy the y-ray dose rate,
Diay the fast neutron dose rate,
Dei theepithermal neutron doserate.

In the calculations, the following neutron energy groups have been em-
ployed:

thermal group: energy lower than 0.5 eV
epithermal group:  energy between 0.5 €V and 1 MeV
fast group: energy above 1 MeV.

The conditions lead to the definition of a response function R that should
be maximised:

R(RBE) = — o —

The reciprocal value of the response function represents the dose rate (in
Gy/h) of y-rays, epithermal and fast neutrons generated by a neutron field
with unit thermal fluence rate (1 cm—2s7!). The RBE values are not un-
ambiguously determined, therefore in the following optimisation different
values for the RBE have been used; however, for the sake of simplicity the
RBE values for epithermal and fast neutrons have been assumed equal. In
the optimisation, the doserate from capture of thermal neutronsin nitrogen,
the '*N(n,p)'*C reaction is neglected.

2.1.3 Optimisation of the graphite layer thickness

The optimal thicknessof the graphitelayer is obtained by calculating there-
sponsefunctionsfor five different thicknessesand by interpolation between
these values. The maximum of the response function gives the optimal
graphite thickness. In these calculations the vertical position of the bis-
muth window corresponds with the fuel centre-line. The window is shifted
to the right of the lead wall (seen from the east side of the reactor towards
the reactor core), because of the expected higher thermal fluence rate on
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this side of the reactor. The centre of the window is situated 29 cm from
the middle of the lead wall. The results of the calculations are given in
tables 2.1 and 2.2.

Table 2.1: Thermal fluence rates and dose ratesfor different graphite thicknesses.

thickness ¢ Dy Df ast Depi

[em] [10°em™s7"] [Gyh™'] [Gyh™'] [Gy h™']
29 3.8 £0.09 3.2+04 2.0 +0.2 2.5 £0.2
39 2.3 £0.09 24+05 1.0 +£0.2 0.91 £0.10
48 1.6 £0.04 1.24+0.2 0.25+£0.07 0.49+0.13
54 1.3 £0.04 1.0£0.2 0.27+£0.09 0.30+0.06
59 0.99£0.03 1.1+0.2 0.16+£0.05 0.24+0.04

Table 2.2: Response functions® for different graphite thicknesses.

thickness R(RBE=1) R(RBE=2) R(RBE=3)
[10°] [10°] [10°]

29 49417 31+£12 23409

39 51417 36+15 28412

48 79426 56425 43421

54 83+25 6.14+25 48+23

59 69+1.5 56+1.7 46+17

¢) Caculated values and the statistical uncertainties (one standard deviation)

As tables 2.1 and 2.2 indicate, the standard deviations connected to the
outcome of the single calculations are rather large. However, for the pur-
pose of the optimisation one is not interested in the absolute values of the
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response function but only in the relative variation of the function with a
changing graphite thickness. In the different MCNP calculations the same
starting parameters are chosen for each simulated neutron. This means
that the differences of the calculations are generated during the last part
of the track of the individual particles as related to the different graphite
thicknesses. Therefore, the results of the different MCNP calculations are
strongly correlated. Due to this correlation, the differences found in the
calculations are significant in spite of the large standard deviations (correl-
ated sampling [Booth, 1985]). The optimal thickness of the graphite layer
for this configuration amounts to about 54 cm.

2.1.4 Optimisation of the position of the bismuth window

The optimisation of the position of the bismuth filter hasbeen performed for
agraphite layer thickness of 54 cm. The vertical position of the window is
still centred around the fuel centre-line, the horizontal position varies. The
response functions are determined for ten different positions. In tables 2.3
and 2.4 the results of the calculations are given. In the first column the
shift of the window to the right (seen from the east side of the reactor) is
given with respect to the middle of the lead wall. The biological response
function is calculated for three values of the RBE.

Tables 2.3 and 2.4 show that shifting the window from the right edge to
the left, decreasesthetotal doserate slightly faster than the thermal fluence
rate (keeping in mind that because of the correlated sampling the standard
deviations can be assumed smaller when looking at the differences). Ac-
counting for a conservative margin of the thermal fluence rate, the position
ischosen equal to the centre position. They-ray doseratefor thispositionis
equal to 0.94+0.2 Gy/h. This value includes the component that originates
from neutron capture y-rays in the detector itself, which is considerable.
The free beam y-ray dose rate is about 0.5 Gy/h.
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Table 2.3: Thermal fluencerates and doserates” for different horizontal positions
of the bismuth window (positive numbers are positions to the right of
the centre position)

position’ i Dy Diagt Dei
[em] [10°cm2s7'] [Gyh™'] [Gyh™'] [Gy h™']

-15  0.95+0.03 0.6+0.1 0.11£0.04 0.11+0.05
-10 1.074+0.03 1.0£0.2 0.07+£0.03 0.12+0.04
-5 1.07+£0.03 1.0+£0.3 0.07x£0.02 0.16£0.08

0 1.23+0.04 09+0.2 0.10£0.03 0.19+0.07

5 1.27+0.04 09+0.2 0.17+0.05 0.13+0.05
10 1.30+0.04 1.6£0.5 0.164+0.04 0.21+£0.05
15 1.274+0.04 09+0.2 0.23+0.06 0.25+0.07
20 1.40+0.04 1.2£0.2 0.294+0.07 0.25+£0.06
25 1.35+0.04 1.1+£0.2 0.244+0.06 0.27+0.07
29 1.30+0.04 1.0+0.2 0.27+£0.06 0.30£0.08

@) Calculated values and the statistical uncertainties (one standard deviation)
®) Numbers are distance in cm between centre of lead wall and centre of
irradiation window

2.2 Construction of thethermal facility at the LFR

After the optimisation of the thickness of the graphite layer and the posi-
tion of the bismuth window, a steel construction was added to the model.
Thisconstruction is needed to giverigidity to the facility and to positionthe
facility on theirradiation trolley. Thethermal facility modul e has been con-
structed as a single module for easy installation and removal. Much effort
has been put into the decrease of the y-background: all structural elements
on the trolley which can be reached by thermal neutrons are shielded by
neutron absorbing materials with low energy capture y-ray production, i.e.
borated aluminium (boral) or borated plastics. Also the additional graphite
layer was covered with boral plates on the outside, to prevent activation
of the shielding materials (mainly concrete). Furthermore, the bismuth
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Table 2.4: Response functions” for different horizontal positions of the bismuth
window (positive numbers are positions to the right of the centre posi-
tion)

position® R(RBE=1) R(RBE=2) R(RBE=3)
[10°] [10°] [10°]

-15 11.0+2.0 85+£1.6 69+1.3
-10 88+18 T74+£15 6.4+1.3
-5 88+18 T74+£15 6.4+1.3

0 103+25 83+1.0 6.9+1.7

5 10.7+31 86=+25 7.2+2.3
10 6.6+21 56+£1.7 48+1.5
15 92+21 68+1.6 5.4+1.3
20 80+£15 6.1+£1.1 5.0+0.9
25 84+16 64+£1.2 5.1+1.0
29 83+1.7 6.1+£13 48+1.0

@) Calculated values and the statistical uncertainties (one standard deviation)
%) Numbers are distance in cm between centre of lead wall and centre of irradiation
window

window was encapsulated in a 1.5 mm thick aluminium cladding to prevent
pol onium contamination which originates from the bismuth neutron capture
reaction.

The as-built configuration of the thermal facility has been modelled with
MCNP. For the new model, thethermal neutron fluencerate, thefast neutron
doserate, and the y-ray dose rate distributions acrossthe irradiation cubicle
were calculated. At nine different positions, volume detectors were mod-
elled: onein the middle of the cubicle detector, the other ones on a square
around the middle. These positions are shown in figure 2.2. The detectors
were placed at half depth of the cubicle (see figure 2.3). The calculated
quantities at the positions of the nine detectors are given in table 2.5 (the
left side of the matrix corresponds with the left side of the cubicle seen
from the east side of the reactor towardsthe core).
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Figure2.2: Vertical crosssection of the
MCNP-model. The detect-
ors are modelled as small
cylinders, shownascircles,
in the figure.

Figure 2.3: Cross section of the bis-

muth window. Thelinesin
the bismuth window arethe
cross section through the
small cylinders(detectors).

éih = 1.18 £ 0.04
Diag = 0.10 + 0.02
Dy = 0.42 £ 0.09

éih = 1.20 £0.04
Diag = 0.12 4+ 0.03
Dy = 0.56 £ 0.14

éih = 1.29 £ 0.06
Diag = 0.10 + 0.02
Dy=0.80+0.13

éth = 1.13 £ 0.05
Diag = 0.10 + 0.02
Dy = 0.50 £ 0.10

éih = 1.23 +0.07
Diag = 0.16 + 0.03
Dy = 0.47 £ 0.09

éth = 1.33 4 0.04
Diag = 0.12 4+ 0.02
Dy = 0.56 £ 0.10

éh = 1.13+£0.07
Diag = 0.10 £ 0.02
Dy =0.53£0.10

dth = 1.06 £+ 0.04
Diag = 0.12 + 0.02
Dy =0.68+0.13

éih = 1.20 £ 0.04
Diag = 0.16 £ 0.03
Dy=0.74£0.16

Table 2.5: Thermal neutron fluence rate [10°cm~2s~'], fast neutron dose rate
[Gy/h] and «-ray dose rate [Gy/h] distribution over the irradiation

cubicle.

The variation in the thermal fluence rates at the nine positionsis relatively
small. The thermal fluence rate fals off dightly from the right to the left
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side of the cubicle (at most 15%). Also the fast neutron dose rate and the
y-ray dose rate vary over the irradiation cubicle. The mean fast neutron
doserateisequal to 0.12 Gy/h, and there is atendency that the fast neutron
dose rate decreases from the right lower edge to the left upper edge. The
mean y-ray doserate is equal to 0.58 Gy/h. In the horizontal direction, the
y-ray doserate decreasesfrom the right to the left of theirradiation cubicle.
In the vertical direction no significant trend is observed.

2.3 Verification of the calculations

In the constructed facility a series of neutron activation detectors (foils)
[Schneider, 1973] wasirradiated. These detectors are included in the com-
puter model. The measured reaction rates [Paardekoper, 1994] for the
reactions listed in table 2.8 are compared with the reaction rates as calcu-
lated by the MCNP-code. The positions are the same asin the calculations
in the previous section. The composition and dimensions of the foils are
givenintable 2.6.

Table 2.6: Foil compositions and dimensions

foil weight-% diameter  thickness

Au 1% Au, 99% Al 12 mm 0.2mm

Cu 100% Cu 12 mm 0.1 mm
Mn 88% Mn, 12% Ni 12 mm 0.1 mm
Ni 100% Ni 20mm 1.0 mm

In the centre position (seen from reactor core), a foil set consisting of a
AUAl, Cu, MnNi and Ni foil was positioned. Adjacent to this foil set,
MnNi foils were placed at the centres of the squares around the middle of
the window. The distance between the foils and the bismuth window is
equal to 5 cm. In the MCNP model, the foils are surrounded by air, in
reality the foils were placed on a polystyrene block (95% air) which was
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fitted into the bismuth window. The AuAl, Cu and MnNi foils are activated
mainly by thermal neutrons [Zijp, 1984]: for the AuAl foil about 5%-10%
of the activation comes from epithermal neutron captures; for the other two
foils, this contribution is only 1%. The Ni foil monitors the fast neutron
fluencerate. Choosingthe above mentioned foilsand positions, comparison
of the measured and calculated foil activations gives an indication of the
accurateness of the calculated thermal fluence rate distribution over the
irradiation cubicle and the calculated neutron spectrum in the centre of the
irradiation cubicle (which are directly connected to the neutron dose rates).

Table 2.7: Measured (M) and cal culated® (C) Mn reactionrate[10~'* s~!] at the
nine positions

M=113+£0.03 | M=1.20£0.04 | M=1.26 +0.04
C=136+0.09 | C=1.43+0.08 | C=1.53+£0.08
Db =20% D =19% D=21%
M=115+£0.03 | M=127£0.04 | M=1.27+0.04
C=140+£0.11 | C=1.52+£0.10 | C=1.39+£0.08
D =22% D =20% D=9%
M=1.09+0.03 | M=1.18+0.04 | M=1.244+0.04
C=125+0.11 | C=133+£0.14 | C=1.50+£0.10
D =15% D =13% D =21%

@) Calculated values and the statistical uncertainties (one standard deviation)

by M — ; — calculated-measured
) D =rel. difference = measured - 100%

The calculated and measured reaction rates for the *>Mn(n,y) reaction are
given in table 2.7. Comparing the calculations with the measurements, it
must be taken into account that there are different sources of uncertainties.
The relatively low power of the reactor makesit complicated to determine
the absolute power level by athermal balance. Uncertainties in the cross
section library and assumptions concerning the geometry of the reactor
introduce additional uncertainties in the calculations. For al nine MnNi
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Table 2.8: Reactionrates[s '] of the central foil set

reaction measured caculated rel. diff.
u(n, u . . -10— . . -10— ()
97 Au(n,y) 2 A (1.024+0.02) - 10713 (1.124+0.05)- 10713 9%
63Cu(n,y)®*Cu (4.05+0.12) - 10715 (5.38 £ 0.41)- 10715 25%
Mn(ny)*’Mn  (1.27+£0.04) - 10~ (1.5240.08) - 10714 15%
58Ni(n,p)*2Co (2.004£0.10) - 10719 (2.034+0.28) - 10717 1%

foils, the cal culated manganese reaction rates are higher than the measured
manganese reaction rates, the maximum relative difference equals 18%.
Theresultsfor the foil set, located in the middle of the cubicle are givenin
table 2.8. The calculated reaction rates are again higher than the measured
ones, the maximum difference is equal to 25%. Noting the uncertainties
in the calculations and measurements, these relative differences are very
reasonable at least and al lie within 3 standard deviations.

2.4 Comparison with other thermal neutron sources

Thethermal facility of the LFR hasbeen compared with the thermal neutron
beams of three other reactors used for BNCT: the 3 MW Brookhaven Med-
ical Research Reactor (BMRR) [Coderre, 1992], the 5 MW Massachusetts
Institute of Technology Research Reactor (MITR-11) [Solares, 1993] andthe
MUSASHI reactor [Aizawa, 1990]. The thermal beam of the MUSASHI
reactor is used for clinical treatments, while the other two are used for
radiobiological research. Table 2.9 shows the beam parameters in free-air
at the target positions of the various reactors. From this comparison it ap-
pears that the thermal fluence rate of the LFR is comparable with the other
ones and that the configuration chosen for the LFR efficiently makes use of
the available neutrons. Additionally, the comparison of the ratio between
the thermal neutron fluence rate and the total dose rate from contaminant
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components for the different beams shows that the thermal facility at the
LFR is very appropriate as radiobiological test facility.

Table 2.9: Comparison of the LFR thermal neutron beam with other thermal

neutron sources.
reactor LFR BMRR MITR-II  MUSASHI
reactor power P 30 kW 1MW 45MW 100 kW
¢o [10° cm—2s71]2 1.1+02 938 1.3+£03 1.1
Dsagt + Depi [GY/N] 0.3+0.1 16.2 08+0.1 0.1°
Dy [Gy/h] 0.6°+0.1 6.6 73+£04 04
R(RBE=1) 1.2-10° 0.43-10° 0.16-10° 2.2-10°

¢o/P[cm~2stMW~1]  37-10° 9.8 -10° 0.29-10° 11-10°

“) 2200 m/s fluence rate %) estimation based on fluence rates
) y-ray contribution of the sample changer is not taken into account

2.5 Conclusions about the thermal neutron facility

To realise the requirements for a biological test facility, i.e. a thermal
fluencerate of at least 1.0 - 10° cm~2s~! and atotal dose rate from contam-
inant components|ower than 1 Gy/h, anumber of Monte Carlo calculations
were performed resulting in a configuration whose performance dightly
exceeded the requirements. A careful experimental verification of the cal-
culations showed that the parameters obtai ned with the final model leadsto
an accurate prediction of the measured results.

Comparing available thermal facilities elsewhere for BNCT, the new fa-
cility at the LFR givesagood ratio between the thermal fluence rate and the
sum of the fast and photon dose rates. Since the construction of the facility
in April 1994, it is used for different radiobiological experiments and for
calibration of neutron detectors [Raaijmakers, 1996].
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Chapter 3

Generalised perturbation
theory for reactor calculations

The effect of the material choice on the quality of the thermal facility can
be determined by a large number of forward calculations. A faster way
of determination can be obtained by using the techniques of perturbation
theory, relating changes in input quantities to changes in output quantities
(responses) without calculating the perturbed dependent variable. In this
chapter, the perturbation theory iselaborated for aresponsefunction defined
as the ratio between two linear functions of the fluence rate. Perturbation
theory for this type of response functionsis called generalised perturbation
theory. The derived techniques are implemented in existing computer
codes.

35
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3.1 TheBoltzmann transport equation

The behaviour of a nuclear reactor can be described by the distribution in
time and space of neutronsin the reactor. Thisdistribution can be expressed
by counting the creation, scattering, absorption and leakage of neutronsin
the reactor. The Boltzmann transport equation [Duderstadt, 1976] is one of
the possible ways to describe the neutron transport:

10¢
—Z 4 QYo+ (1 E)(r, B, Q1) - (3.1)

//ES(r,EI - E’ Q- Q)¢(raEla Ql7t>dEldQl =

%X(r,E) / / u(r, BNV (r, BY(r, B, ¥, )dE'dQY + S(r, B, Q, 1),
vy

where,

E = neutron energy [J

r = position [cm]

t =time [s]

v = neutron velocity [cms™']
S = extraneous neutron source [em™3s71]
v = mean number of neutrons produced per fission

3, = macroscopic absorption cross section [cm™!]

¥y = macroscopic fission cross section [cm™!]

Y, = macroscopic scattering cross section [cm™!]

3, = macroscopic total cross section [cm™!]

x = normalised fission spectrum

¢ = forward neutron fluence rate [cm—2s71]
Q= unit direction vector

V = gradient

If the production rate of neutrons in the reactor equals the loss due to
absorption or leakage, atime-independent neutron fluencerateispresentin
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the reactor. The static or steady-state transport equation can be written as

Lo(r, E,Q) = Po(r, E,Q) + S(r, E, ©2), 32

wherethe lossterm L ¢ is equal to

L¢(raE7 Q) =Q- V¢(r7E7 Q) + Et(rﬂE)¢(r7E7 Q) -
//Es(r,E’ LB — Q)er, B, Q)dEdY,  (33)

and the production term P¢ equals

P(r, B, Q) — ﬁx(r,E)//u(r,E’)Ef(r,E’)qS(r,E’,Q’)dE’dQ’.
(3.4)

A reactor in which atime independent neutron fluence rate can be sustained
in absence of neutron sources other than fission, is called critical. If the
production term is somewhat smaller than the loss term (subcritical), the
neutron population must decrease in time. For areal reactor, it is possible
to get a steady state condition by some physical changesin the core or its
surroundings. Mathematically, the transport equation can be forced into a
steady state condition by converting it into an eigenvalue problem:

(L = AP)¢ = 0, (3.5)

inwhich X isan eigenvalue of this system. For every reactor geometry and
for every reactor composition, there is only one unique value of A which
will enforce equality between source and loss rate terms. Although X isa
mathematical way of forcing the equation into a steady state condition, it
has aphysical meaning. If A <1, the source term will have to be decreased
to make the steady state possible, the reactor is supercritical. Inversely, a
reactor is called subcritical if A > 1, the sourceterm hasthento beincreased
before a steady state neutron popul ation can be achieved. In reactor physics
theinverse of X is called the effective multiplication factor K.
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3.2 Theadjoint transport equation

The generalised perturbation theory is like other perturbation techniques
based on forward and adjoint equations. Analogous to the Boltzmann
equation an adjoint transport equation can be described.

The operator L*, adjoint to operator L, is defined so that any function
fulfilling continuity and boundary conditions, which may be different from
those on ¢, will satisfy the relation:

<Y*, Lo >=< ¢, L"Y* > . (3.6)

Thenotation < , > isdefined as an integration over position, energy and
solid angle:

< p.g >=///p-qdrdEdQ. 3.7)
rJeJa

Also for the operator P an adjoint operator P* can be defined satisfying the
relation:
<Y* Php>=< ¢, P > (3.8)

In accordance with the definition of the adjoint transport operators L* and
P*, the adjoint transport equation is:

_Q'v¢*(r7Eaﬂ)+Et(r7E)¢*(raEaﬂ> - (39)
//ES(Y,E LB, Q - Q) (r, B, Q)dE'dQ =
ﬁy(r,E)Ef(r,E)//X(r,E’)z/z*(r,E’,Q’)dE’dQ’+S*(r,E, Q).

The term ¢* is called the adjoint function. The dimensions of the adjoint
function depends on the dimension of the adjoint source.



Generalised perturbation theory for reactor calculations 39

3.3 Perturbationsof reactor geometry or composition

Changes in the reactor geometry or material composition can be seen as
changesin the macroscopic cross section which will perturb the operators
L and P:

L —-L-+AL,
(3.10)
P— P+ AP.

Changes in the loss and production term will subsequently perturb the
eigenvalue A and the fluence rate ¢:

A— A+ A
(3.11)
¢ — ¢+ Ag.
The perturbed transport equation can be written as:
[(L+AL) = A+ AXN(P+ AP)](¢ + A¢) = 0. (3.12)

Expanding this egquation and leaving out al terms of second order and
higher, gives

Lo+ LAG+ ALp — APy — AAP$ — APAG — AAPy = 0. (3.13)

With the knowledgethat (L — AP)¢ = 0, equation 3.13 reduces to

(AL — AAP)¢p — AXNP¢ + (L — AP)A¢ = 0. (3.19)
Now consider the adjoint equation for the eigenvalue problem (the eigen-
value of the adjoint problem is equal to the eigenvalue of the forward

problem
(L™ — APHy* =0, (3.15)

and the fixed source adjoint equation:

(L* — APHD* = 5%, (3.16)
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The operator (L™ — AP") in equation 3.16 is singular. Solutions of equa-
tion 3.16 exist only if the adjoint source S* is perpendicular to afunction y
that obeys the condition

(L — AP)y = 0. (3.17)

This equation is the transport equation for eigenvalue problems (equa-
tion 3.5), which can be solved resulting in the forward fluence rate ¢. A
singular system has either no solutions or an infinitely number of solutions.
If the adjoint source S* is chosen perpendicular to the forward fluence rate
¢, equation 3.16 has the following solutions:

T* =T% + ay”, (3.18)

where I'; is a particular solution of equation 3.16, a an arbitrary constant
and ¢* the adjoint function which satisfies equation 3.15.

After multiplying equation 3.14 by T'* and equation 3.16 by A¢ and sub-
tracting the two new equations, the following relation remains

I*AL¢ —AT*AP¢p — AAX[*Pg + I*LA¢G—
(3.19)
AT*PA¢ — AgL*T* — NAGPT* = —S*Ag.

After integration of equation 3.19 over space, energy and solid angle, the
fourth term and the sixth term aswell asthefifth term and the seventh term
cancel by definition of the adjoint operators (equation 3.6 and equation 3.8),
leaving:

<T*(AL = AAP)¢ > — AN < "Pg >= — < S*"A¢ >. (3.20)

The notation < > for a function is also defined as an integration over
position, energy and solid angle:

<f>:/r/E/nfdr dE do. (3.21)

The differencein A due to the differences in the cross sections can only be
determined by lengthy forward calculations. If the arbitrary constant a in
equation 3.18 is chosen so that

< T*P¢ >=0, (3.22)
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equation 3.20 becomes only dependent on the (known) differencesin cross
sections and the differencesin fluence rate:

<T*(AL — AAP)¢ >= — < S*"A¢ > . (3.23)

Equation 3.22 fixesthe value of a which ensures a unique value for I'*.

3.4 Responsefunction

In section 2.1.2, an example was presented of a direct calculation of a spe-
cific response function. This chapter gives a general treatment of a first
order calculation of any response function using the techniques of the gen-
eralised perturbation theory.

The deduction in the previous section is valid independent of the type of
response function. By limiting the possible response functions, however,
it is possible to calculate to a first order accuracy the perturbations in the
response function without knowing the perturbation in the fluence rate A ¢.

The response function R is defined as an arbitrary functional quotient

< Hip>
=—— 3.24

S (3.24)
where H, and H, arelinear self-adjoint operators. Theoperatorsaredefined
such that they are non-zero only in adetector position. Perturbation theory
for these types of responsesis called generalised perturbation theory. The
response function defined in section 2.1.2, is a good example.

A changein macroscopic cross sections, appearing in the transport equation
and also possibly in the definition of the operators H, and H,, will cause
achangein the fluence rate and thereby a changein the response function.
The change in the response function R can be calculated to first-order
accuracy by the total variation

_OR OR

AR = ZEAY 4 5 A0 (3.25)
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The first term is called the "direct effect” of the cross section change, the
second term the "indirect effect”. The direct effect can be written as

B—RAE < Z(HiQ)AY >< Hop > — < 2 (Hr$) AT >< Hi¢p >
ox < Hygp >2 ’
(3.26)
or, simplifying,
8_RAE _ R[< o (Hi9) AT > < & (H>9)AS >]
ox < Hi¢p > < Hyp >

(%(Hlaﬁ) a5 (H9)

= R[<
[ <H¢> <Hyp>

)AS >, (3.27)

where H,¢(X + AY) is per definition equal to

oH,¢

Hi6(5 + AF) = Hi6(%) - =1L

AY. (3.28)

Thisterm can be calculated easily for each AY.. Analogously, the variation
with respect to the fluence rates equals

R y — p= 35 (Hi9)A > < 5 (Hap)Ad >

Ao B < H ¢ > < Hyp >
3 (Hi9) 55 (Ha)
<H¢> < Hyp>

= R[<( )AP >]. (3.29)

If the adjoint source S* is chosen as

L) ()

= — 3.30
< Hi¢> < Hyp>’ (330

then S™* is perpendicular to the forward fluencerate ¢ and equation 3.16 is
solvable. Theindirect effect of the cross section change (see equation 3.23)
can be written as

g_{zm — _R<T*(AL - AAP)g > . (331)
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Thetota changein the response function R, accurate through all first order
terms, can be expressed by the following perturbation expression

AR < Z(Hip)AY > < Z(H,)AY >

~ 3.32
R < Hi¢p > < Hyp > ( )

<T*(AL — AAP)§ > . (3.33)

3.5 TheDORT and SUSD computer-codes

Instead of considering each perturbation in the material composition of the
thermal facility with a new forward transport problem, the effect on the
response function can be obtained by solving a set of three transport prob-
lems once which can be used for all possible perturbations in the material
composition. The three transport problems which must be solved are:

- the forward eigenval ue problem (equation 3.5),

- the adjoint equation for eigenvalue problems (equation 3.15),

- and the fixed source adjoint equation (equation 3.16).

The computer-code DORT [Rhoades, 1986], a two-dimensional discrete
ordinatestransport code, determinesthe fluencerate of particlesthroughout
one- or two-dimensional geometric systems due to particles in the system
from extraneous sources or generated internally as a result of interaction
with the system. This code, in its original form, is capable to solve the
forward or adjoint transport equation using the method of discrete ordin-
ates. To solve the fixed source adjoint equation, extensive aterations to the
code have been applied [Vroegindeweij, 1992b]. For user comfort, three
different problems were solved in one computer run, calculating the for-
ward fluence rate ¢ and the adjoint functions ¢)* and I'*.

Knowing the fluence rate and adjoint functions the change in the response
function can be obtained by equation 3.33. The integrals over energy,
space and solid angle of the product of the fluence rates and changes in
cross sections are calculated as described in equation 3.32 and are almost
similar to theintegral equations which are solved in normal sensitivity and
uncertainty analysis of cross sections. The computer code SUSD (Sens-



44 Reactor calculations

itivity and Uncertainty with Secondary Distributions) [Furuta, 1982] has
already been used to analyse this type of integral equations and with some
extensions this program can be used for generalised perturbation theory
[Vroegindeweij, 1996b].

3.6 Conclusions about the generalised perturbation
theory

A quick investigation of the effects of another material choice is possible
with the techniques of generalised perturbation theory. The techniquesare
derived to use them for these types of problems. Necessary changes are
added to the two-dimensional discrete ordinates transport code DORT and
the sensitivity uncertainty analysis code SUSD.

Using aresponsefunction whichisequal to theratio of thedesired (thermal)
neutron intensity and the unwanted (fast) neutron intensity, both at the irra-
diation position, the effect of another material composition can be obtained
in avery short computation time.

Within the framework of this thesis, no further optimisation studies have
been performed. However, the methods described in this chapter and imple-
mented in the above mentioned computer codes finish the tools for further
optimisation of the thermal BNCT facility at the Low Flux Reactor.



Chapter 4

Conclusions about the reactor
calculations

For the research activities of BNCT, there is great interest in a thermal
neutron facility to perform radiobiological experiments. As no facility
was available in Petten, a development study for a thermal facility at the
LFR reactor in Petten was started. Reasons for the development study
besides the beam requirements are the easy replacement of the facility and
low budget. The facility has been placed on the irradiation trolley (see
figure 1.1). Therefore reconstruction of the reactor or the reactor hall is
prohibitive. Based on the restrictions of the devel opment study, the thermal
facility consistsof an additional graphitereflector and alead shielding wall.
Around the irradiation position only, the lead is replaced by bismuth, |ead-
ing to a smaller reduction of the thermal fluence rate and a lower y-ray
background at the irradiation position.

The design of the facility was based on the results of an optimisation

study with respect to a biological response function. The neutron and
photon transport calculations have been performed with the Monte Carlo

45
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code MCNP This study hasbeen performed to determine the optimal thick-
ness of the graphite moderator and the position of the bismuth window in
the shielding wall. The response function has been defined as the ratio
between the thermal fluence rate and the dose rate from the other neutrons
and the photons, both considered at the irradiation position in the bismuth
window. Theresponsefrom biological targets has been included to model a
target consisting of biologically equivalent materials. Thefact that different
kinds of irradiation cause different effects was considered by multiplying
the neutron doserate with the RBE value. Threedifferent valuesof the RBE
have been considered to compensate uncertainties in the determinations of
the RBE's. The photon RBE is by definition equal to 1.

The thermal fluence rate decreases with an increasing graphite thickness,
but also the dose rate of the contaminant beam components decreases. The
optimal graphite thickness is independent of the values of the RBE. In all
three cases the optimal thickness is about 54 cm, resulting in a thermal
fluence rate that is approximately 30% higher than the lower limit of 1-10°
cm—2s™!, and a physical dose component of 1.6 Gy/h including the photon
dose from the modelled biological target. A separate run has shown that
approximately 40% of the photon dose originatesfrom the biological target.
Thetotal physical dose, the sum over the photon dose and the neutron dose,
without the contribution of the biological target is 1.2 Gy/h at the irradi-
ation position. The optimisation of the position of the bismuth window in
the lead shield gives less clear result. The thermal fluence and the dose
components decrease slowly moving from the right edgeto theleft (looking
from the east side of the reactor towards the reactor core). The window is
placed in the middle of the lead shield. At this position a thermal fluence
rate of 1.23 - 10° cm~2s™! is calculated with a physical dose component
of 1.2 Gy/h. Using the same ratio of 40% between the beam photon dose
and the photon dose from the biological target, this position complies with
both constraints for the facility: the thermal fluence rate is more than 20%
higher than the lower limit, while the dose rate from beam contamination
is 20% lower than its upper limit.

In the optimisation study the steel construction for rigidity and positioning
of the facility on the trolley has not been taken into account. In a new
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model, however, based on the results of the optimisation study, it has been
determined that the influence of the construction materials on the fluence
and dose rates is negligible; differences are smaller than 5%. In nine dif-
ferent volume detectors, the thermal fluence rate and the fast and photon
doserates have been determined to obtain the variation of these components
over theirradiation window. Thisvariationissmall for all componentsand
decreases with a maximum of 15% going from the right to the left side of
the window (seen from the east side of the reactor towardsthe reactor core),
which is plausible because the right side of the window is a bit closer to
the reactor core than the left side. The variation in the vertical direction is
much smaller and not significant.

After redlisation of the facility, the calculated parameters have been veri-
fied using neutron activation detectors (foils). At nine positions, MnNi
foils have been irradiated and at the centre of the window, Cu, AuAl and Ni
foils have also been placed. The calculated manganese reaction rates are
on average 15% higher than the measured reaction rates. Looking at the
relative course of the reaction rates, the agreement between measurement
and calculations is even better. Also, the measured and calculated values
of the foil set in the centre of the window are comparable. Nevertheless,
again here, the calculations are slightly higher than the measurements. The
differences between measurements and cal culations are acceptablefor such
a deep penetration problem, keeping in mind the uncertainties in the cross
section libraries, assumptionsin the model of the L FR and the complication
of the power calibration at (low) reactor power.

Comparing the characteristics of the LFR thermal facility with three other
reactorsthat also havethermal facilitiesfor BNCT, the beam at the LFR can
clearly withstand this comparison very well. Although the LFR has alow
power, the thermal fluence rate is comparable with the other ones while the
ratio between the thermal fluence rate and the y-ray and fast neutron dose
ratesare better than MITR-11 and BMRR. Only the MUSA SHI reactor hasa
better ratio, but thisreactor isused for clinical treatment of melanomas, res-
ulting in more severe constraintsthan facilities for radiobiol ogical research.

For further development of the facility, the influence of the restriction
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of choosing an additional moderator of graphite hasto be considered. This
can be done with many forward calculations using different compositions
and materials, whichisavery time consuming method. To reduce consider-
ably theamount of time, techniques of generalised perturbation theory have
been developed. These techniques have been implemented in the transport
code DORT and the sensitivity code SUSD to handle such problems.
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Nomenclature

List of symbols

R T D

*

*

w2

o~

X MMMMMYR >Hunhne <+

normalisation factor

dose rate for epithermal neutrons
doserate for fast neutrons

doserate for y-rays

energy

position

response function

reactor power

time

speed

extraneous source

adjoint extraneous source

adjoint function

eigenvalue

mean number of neutrons produced per fission
MaCroscopic Cross section
macroscopic absorption cross section
macroscopic fission cross section
Macroscopic scattering cross section
macroscopic total cross section
(normalised) fission spectrum
forward neutron fluence rate

2200 m/s neutron fluence rate
thermal neutron fluencerate
epithermal neutron fluence rate

fast neutron fluence rate
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P* adjoint function

Q unit direction vector
Operators

H,y linear self-adjoint operator on ¢
H, linear self-adjoint operator on ¢
L lossterm

L* adjoint operator

P production term

P+ adjoint operator

\Y gradient

<p,q> Z///p-qdrdEdQ
rJeJao

<f> :///fdrdEdQ
rJeJa

List of abbreviations

BNCT Boron Neutron Capture Therapy

BMRR Brookhaven Medical Research Reactor

DORT two-dimensional Discrete ORdinates Transport code

ENDF/B-V Evaluted Nuclear Data File/B-V

ICRU International Commission on Radiation Units and measurements
LFR Low Flux Reactor

MCNP Monte Carlo N-Particles transport code

MITR-11 Massachusetts Institute of Technology Research Reactor-I1

RBE Relative Biological Effectiveness
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Chapter 5

Introduction to phantom
Irradiations

The primary objective of the Petten BNCT project is to treat patients with
brain tumours. To generate a sufficient intensity of thermal neutrons at
depth in the brain of a patient the head will be irradiated with epithermal
neutrons. By thermalisation of the epithermal neutronsin the hydrogenous
brain tissue a cloud of thermal neutronsis generated over a certain volume
of thebrain. If thetumour tissue contains boron then these thermal neutrons
will lead to the capture reaction in '°B, emitting a- and Li-particles. The
resulting field of radiation, including radiation from other neutron induced
reactions in the head of the patient and photons from the incident beam,
will destroy the tumour tissue. To date, a sufficient and adequate fluence
rate of epithermal neutrons for BNCT applications can presently only be
acquired from nuclear reactors.

At the High Flux Reactor (HFR) at Petten [Moss, 1992], owned by the
Commission of the European Communities, an epithermal beam has been
developed, suitable for BNCT. A horizontal cross section of the BNCT
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Figure5.1: Overview of the HFR and the HB11 beam tube

facility is shown in figure 5.1. Primarily the HFR is utilised for the test-
ing of materials under irradiation. The reactor operates at 45 MW and
is cooled and moderated by light water. The standard core configuration
consists of 33 fuel assemblies, 6 control rods and 17 free positions for
placing experimental facilities in aregular square construction surrounded
on three side by beryllium reflector elements. The reactor is aso equipped
with 12 horizontal beam tubes, suitable for nuclear physics and solid state
physics research. In one of these horizontal tubes, the HB11 tube at the
North side of the reactor, a combination of materials has been placed to
filter and moderate the neutron and photon radiation emerging from the re-
actor, without reducing the epithermal neutron intensity too severely. This
filter configuration consists of a 1 mm thick cadmium shield (reducing the
thermal fluencerate) followed by 150 mm aluminium, 10 mm titanium, 50
mm sulphur (all three reducing the fast neutron fluence rate) and 1500 mm
liquid argon (to reduce the photon beam)[Watkins, 1992].

Despite the efforts to reduce the unwanted components of the beam, a
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filtered beam is still aradiation source containing neutrons of all energies
and photons. The radiobiological effects associated with the irradiation of
healthy and tumour tissue with such a mixed field has to be determined.
Aspart of the radiobiological research, studieswith cell-cultures have been
performed. In July 1991, afirst large experiment on the effects of mixed
field irradiations was performed at the HB11 facility, using cell cultures of
the V79 Chinese hamster cells. In this experiment single cell suspensions
were placed in small vials at radially and axialy distributed positionsin a
cylindrical phantom, filled with water to moderate the epithermal and fast
neutrons.

Thisexperiment is analysed in chapter 12 using the microdosimetry model.
For the analysis, information about the neutron energy spectrum at the
various irradiation positionsin the phantom is needed. In the section here,
calculations of the neutron spectraand photon doserates are presented. The
calculations are performed by means of the two dimensional deterministic
transport code DORT [Rhoades, 1986] and verified with measured reaction
rates, using activation foils, and dose rates obtained from measurements
with ionisation chambers. Because the verification with measurementsis
only possible for energy integrated reaction and dose rates, the spectra on
the irradiation positions are compared with calculations performed with
another computer code, viz. the three dimensional Monte Carlo program
MCNP [Briesmeister, 1993].
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Chapter 6

Calculationsfor acylindrical
phantom

A cylindrical phantom made at the University of Bremen was used in ra-
diobiological experimentswhich were performed to investigate the effect of
mixed field irradiations on cell cultures. Small vials with cell suspensions
were placed in the phantom and irradiated at the High Flux Reactor (HFR)
in Petten [Huiskamp, 1992]. The fraction of cells surviving the irradiation
was measured, giving an indication for the radiation sensitivity of the cell
suspension. Important quantitiesfor the analysis of the experimentsare the
neutron spectra, and neutron and photon dose rates at the irradiation posi-
tions. Thecalculation of thesequantitiesat the different irradiation positions
in the phantoms, is described in this chapter. The calculations have been
performed with the two dimensional transport code DORT [Rhoades, 1986]
and theMonte Carlo code MCNP[Briesmeister, 1993], and areverified with
measurements. The effect of uncertainties in the input parameters of the
calculations are investigated in a sensitivity study.
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6.1 Experimental situation

The Bremen phantom (see figure 6.1) is a cylinder made from perspex and
filled with water. The phantom has a diameter of 16 cm and a length of
23 cm, with awall thickness of 0.8 cm. In the phantom, a perspex sample
holder is placed to position the small vials with cell suspensions. In some
cases a certain amount of '°B is added to the suspensions in the vials to
investigate the effect of the '°B(n,a)”Li reaction on the cell survival during
irradiation. The concentration of boron varies from 0 to 45 ppm. The
phantom wasirradiated at the neutron facility for BNCT, the HB11 facility,
at the High Flux Reactor (HFR) in Petten. Although different collimator
sizesarepossible, al irradiationswere performed using the 8 cm collimator.
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Figure 6.1: Schematic view of the Bremen phantom. In the circles, small vials
with cell suspensions can be fixed for irradiation. The numbers label
the positions with different neutron spectra. The neutron beam enters
the phantom from theright side.
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By placing the vials at different radial and axial positions inside the
phantom, the influence of changing spectral characteristics can be con-
sidered. In the phantom 45 positions are present to place vias, but due
to symmetry, 15 different spectral characteristics need only be considered.
These positions are numbered in the figure 6.1.

6.2 Description of the calculations

6.2.1 Beam characteristics

The calculations are based on the neutron beam characteristics of the
HB11 facility as calculated with the computer code MCNP by Watkins
[Watkins, 1995]. From earlier comparisons between the cal culated neutron
energy spectrum and the free beam spectral measurements, it is generally
supposed that the fast part of the neutron beam is underestimated in the
calculated neutron beam. Also some questions must be solved about the
beam divergence. Some adaptations to the spectrum have already been
made but more cal culations to solve these discrepancies will be performed
by others in the future. Therefore the calculations in this study are based
on the best known spectrum. The effect of uncertainties in the spectrum
will be considered in a sensitivity study. The photon spectrum of the HB11
beam s presently unknown and in the phantom cal cul ations only the photon
doseinduced by neutron capture is determined while an estimation is made
for the incident photon dose, based on measured photon doses.

6.2.2 TheDORT and MCNP model

The correctness of the calculated spectral characteristics of these deep
penetration problems is important in the analysis of the radiobiological
experiments. As only energy integrated quantities such as reaction rates
can be measured, two different computer codes aRe used to determine the
spectral characteristics. the deterministic code DORT and the Monte Carlo
code MCNP. The codes calcul ate the neutron spectrum in entirely different
approaches, hence agood agreement between the cal cul ations gives enough
confidenceto use the spectrain the analysis of the experiments. Variations
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in the total fluence rate of the beam can occur for example due to changes
in the configuration of the reactor core, burn-up of the fuel elements and
the exchange of experiments around the core. Therefore, al calculated
guantities are relative and are normalised to measurements.

DORT is a two dimensiona code, the phantom is modelled in a R-Z
geometry using an appropriate mesh (distances between mesh points are
between 2 and 4 mm). The neutron beam is modelled as aboundary source
with abeam divergence of 8 degrees, using a quadrature set based on the S
expansion. Inthe S; expansion, 48 discrete directionsare used, equally dis-
tributed in space. However, the neutron beam, modelled as a fixed source,
has a strong direction dependence, hence a normal S expansion is really
not sufficient for this problem. Nevertheless, to model the forward peaking
neutron beam with a divergence of 8 degrees, a so-called upwards biased
guadrature set, based on the S expansion is used. In this set the same
directionsasin the S; expansion are modelled aswell as 52 extra directions
equally distributed within a cone of 20 degrees. The distance between the
beam aperture and the phantom is 6 cm. Deterministic codes, however,
poorly model the neutron transport in materials with low scatter densities,
therefore the boundary sourceis set on top of the phantom to avoid neutron
transport through air. Furthermore, as compensation, the beam diameter is
increased according to a more extended penumbra.

The calculations were performed using the EIJ2-XMAS library (based
on the JEF2.2 evaluated data file) [van der Stad, 1995] or the BUGLE-80
library [Roussin, 1980]. The EIJ2-XMAS library has 172 neutron energy
groups, and 78 neutron upscatter groups. In the calculations, 21 upscatter
groups are used, which is adequate for this problem. The library contains
only cross sections for neutron transport. The data for photon transport or
to calculate KERMA's are not provided. For the calculation of the photon
and neutron KERMA's, the BUGLE-80 library is used. This library is
collapsed from the VITAMIN C library based on ENDF/B 1V, containing
47 neutron energy groups of which two thermal groups are below 0.4 eV
and 20 photon groups. In the BUGLE-80 library only a limited number
of nuclides is available. As the calculated neutron beam spectrum has a
different energy structure than those used in the cross section libraries, the
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beam spectrumisconvertedinto thelibrary structures|Freudenreich, 1996].
In figure 6.2 the original beam spectrum (calculated with MCNP) and the
spectrain the energy structure of the cross section libraries are shown.
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Figure 6.2: Original beam spectrum [Watkins, 1995] calculated with the MCNP
code and the neutron beam spectra used in the phantom calculations
in an energy structure specified for the EIJ2-XMAS library and the
BUGLE-80 library.

Inthe MCNP calculations, theincident neutron beamisalso given asafixed
boundary source. The distance between source and phantom in the model
is6 cm. The calculations are based on the continuous energy cross section
library EJ2-MCNPIlib [Hogenbirk, 1995], based on the JEF2.2 evaluated
datafile. For easy comparison of the two codes, the neutron spectra were
calculated in the BUGLE-80 and EIJ2-XMAS energy structures.

6.3 Description of the methods of the measurements

The dosimetry was performed using activation foils [Paardekooper, 1992]
and ionisation chambers[Raaijmakers, 1995]. Threekind of foils are used:
a MnNi foil monitoring the 5*Mn(n,y)**Mn capture reaction, a Cu fail
measuring the %3Cu(n,y)**Cu reaction and a AuAl foil to measure the
197 Au(n,y)'?8 Au capture reaction. The sensitive energy rangesfor all three
dosimeters are between 0.01 eV and 0.1 keV. Due to the low fast fluence
rate in the phantom it is not possible to use foils sensitive to higher ener-
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gies. The foils were irradiated at the different positions in the cylindrical
phantom, the experimental uncertainty is approximately 3%.

lonisation chambers were used to determine the neutron and the photon
dose rates. These chambers measure the total of the neutron dose (com-
ing from recoiling protons), the photon dose and the response caused by
thermal neutron interactions with the detector. Calibration measurements
are performed to determine the sensitivity of the detector for the different
sources. Due to the complexity to determine these correction factors in
mixed beams, the measured doses have relatively large uncertainties. An
extra uncertainty is added to the measurements due to geometrical limit-
ations. The cylindrical phantom is closed on all sides, while ionisation
chambers need a direct connection to the measuring equipment. Neverthe-
less, to obtain an estimation of the dose rates from proton recoil and from
photons, measurements in the same beam with two cubic phantoms filled
with water (sides resp. 15 and 30 cm) were used [Raaijmakers, 1995]. By
examination of theseresults, areasonable estimation of the doseratesin the
phantom can be made. Uncertainties in the measurements of the neutron
doses are 25% while the photon measurements have an uncertainty of 15%.

6.4 Comparison of measured and calculated reaction
rates

A first verification of the calculations was performed by comparing calcu-
lated and measured reaction rates. At each of the 15 irradiation positions
in the phantom, a set of three activation foils were irradiated. Each set
contained a MnNi, Cu and AuAl foil, monitoring the reactions mentioned
in section 6.3. The normalisation of the calculated reaction rates was per-
formed using the mean ratio between the unnormalised calculated reaction
rates of the >>Mn(n,y) capture reaction and the measured ones for positions
1to 10. These positions are in the middle of the beam and therefore rel-
atively insensitive to any anisotropy of the neutron beam, while the other
points, on the edge of the beam, may have a greater dependency on the
uncertainties in the beam anisotropy.
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Figure 6.3: Comparions between measurements and calculations of the Mn, Cu
and Au reaction rates at four different depths in the phantom. DORT
calculations are based on the EIJ2-XMA or BUGLE-80 library. The
MCNP calculations are based on the EJ2-MCNPIlib library.

The DORT calculations were performed with the BUGLE-80 library as
well as the EIJ2-XMAS library. Using the BUGLE-80 library, only the
manganese capture reaction can be considered because of a lack of cross
section data for the two other foil materials. The EIJ2-XMAS Library
contains all the necessary information to calculate all three reaction rates.
The results from measurements and calculations are shown in figure 6.3
for three different depths in the phantom. All calculations give a reason-
able agreement with the measured reaction rates. The relative differences
between cal cul ations and measurements, defined as the difference between
measured and calculated reaction rate divided by the measured reaction
rate, are
- for the DORT calculation using the BUGLE-80 library
between -5% and 4%,
- for the DORT calculation using the EIJ2-XMAS library
between -8% and 10%, and
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- for the MCNP calculation using the EJ2-MCNPlib library
between -5% and 6%.
Apparently, the better treatment of the upscatter data in the EIJ2-XMAS
library as well as the larger number of thermal groups compared with the
BUGLE-80 library, did not lead to a better agreement between measure-
ments and calculations. Also the continuous cross section library EJ2-
MCNPIib, used in the MCNP calculations, has a comparable agreement
with the DORT calculations based on the BUGLE-80 library.

6.5 Comparisonwithionisation chamber measurements

To consider the neutrons with high energy and the photons, the calculated
dose rates are compared with measured dose rates. The measurements
were performed in cubic phantoms filled with water and then converted to
the situation of the cylindrical phantom [Raaijmakers, 1995]. Theincident
photon spectral characteristics are unknown, and therefore the dose dis-
tribution in the phantom from this beam component cannot be calculated.
Based on measurements, it is assumed that positions 1 to 10 receive an
incident photon dose rate of 1.0 Gy/h, while the other positions get a dose
rate of 0.5 Gy/h (beam edge).

In tables 6.1 and 6.2 the measured and calculated dose rates are listed. The
calculated proton recoil dose is much too low for all positions. The earlier-
mentioned expectation that the calculated fast and epithermal fluence rate
of the neutron beam is too low has been confirmed. Neutrons with a high
energy have alarger penetration depth then low energy neutrons. Hence, an
underestimation of these high energy neutrons causes ato too few neutrons
at depth. The underestimation increases with depth. In tables 6.1 and 6.2
this tendency is evident by the increasing difference in calculated and
measured proton recoil dose. For the photon dose rate calculations, the
assumption that the incident photon dose rate is constant for al irradiation
positionsand equal to 1 Gy/hfor positionsdirectly inthe beamand 0.5 Gy/h
for the positions at the edge of the beam, is very reasonable. Differences
between calculations and measurements are relatively small compared to
the uncertainties in the measurements.
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Table 6.1: Comparison of measured and calculated dose rates for proton recoil
reactions (Gy/h), the calculations are based on the BUGLE-80 library

position measured® calculated  difference’
1 1.22 0.65 -47%
2 0.56 0.25 -55%
3 0.27 0.10 -60%
4 0.15 0.052 -65%
5 0.13 0.028 -79%
6 112 0.65 -42%
7 0.52 0.25 -52%
8 0.25 0.11 -58%
9 0.14 0.049 -65%
10 0.12 0.027 -78%
11 0.64 0.58 -10%
12 0.30 0.18 -40%
13 0.14 0.065 -53%
14 0.080 0.030 -62%
15 0.070 0.016 -77%

“) uncertainty in proton recoil measurements is approx. 25% (one standard deviation)
rel. difference = calculated-measured . o

")

measured



70 Phantom calculations

Table 6.2: Comparison of measured and calculated dose rates for the photons
[Gy/h], the calculations are based on the BUGLE-80 library

position measured® calculated® incident dose’ difference?
1 2.0 13 1.00 15%
2 2.2 15 1.00 16%
3 19 11 1.00 11%
4 16 0.76 1.00 8%
5 14 0.46 1.00 8%
6 19 12 1.00 14%
7 2.0 13 1.00 17%
8 18 11 1.00 11%
9 16 0.70 1.00 9%
10 13 0.43 1.00 12%
11 13 0.86 0.50 5%
12 14 1.0 0.50 9%
13 12 0.81 0.50 5%
14 11 0.55 0.50 1%
15 0.87 0.36 0.50 -1%

) uncertainty in photon measurements is approx. 15% (one standard deviation)
%) generated by the (n,y) reactionsin the phantom
) estimate of the free beam y-ray component

) rel. difference = cdculgéogéjr?&?wred -100%
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6.6 Comparison of calculated neutron spectra

The neutron spectra calculated with the DORT code were compared with
the calculated spectra from the MCNP code. The MCNP calculations are
based on continuous cross sections, hence the spectracan be obtained in all
possible energy structures. For an easy comparison of the calculations, the
neutron fluence rates are calculated in the energy structure of the BUGLE-
80 library aswell asthe EIJ2-XMAS library energy structure. The spectra
are calculated for all positions but only the spectra at position 1 and 15
are shown in this comparison and in the sensitivity study. The spectrum
at position 1 contains most fast neutrons (hard spectrum) of all positions
while position 15, at the greatest distance from the neutron source, has the
lowest number of fast neutrons (soft spectrum).
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Figure 6.4. Calculated neutron spectra with DORT (based on the BUGLE-80 or
ElJ2-XMAS) and MCNP (EIJ2MCNPIib) using the energy structure of
BUGLE-80 (left) and EI1J2-XMASlibraries (right)

Infigure 6.4, the spectraare shown. In spite of the high number of particles
simulated by the MCNP code (100 million), a large uncertainty (larger
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than 20%) still exists in the fast neutron spectrum. This uncertainty is
large because only a small fraction of the simulated neutrons with a high
energy, and still having a high energy, reach the irradiation positions. The
differencesin the calculated spectraare small.

6.7 Differencesin computation time for the different
codesand libraries

The results of the MCNP code and the DORT code using the EIJ2-XMAS
library or the BUGLE-80 library are comparable. But the computation
time needed to get these results can change considerably. In this section,
a comparison has been made between the computation time needed for the
different calculations to get reasonable results. The results are shown in
tables 6.3 and 6.4.

Table 6.3: Comparison of the computation time needed for different number of
energy groups using the DORT code with the EIJ2-XMAS ibrary (all
calculations are performed on a DEC-Alpha 3500, 150 MH2)

number of energy groups 41 45 172 172
number of therm. groups 4 8 78 78
number of upscatter groups 3 5 0 21
number of outer iterations 27 71 4 235
cpu (minutes) 82.8 2329 140 4576
relative difference from measurements

min -10%  -6% -110% -8%

max 5% 1% 52% 10%

The DORT calculations based on the BUGL E-80 library needed the lowest,
and acceptable, computationtime: after four iterationsor 29.3 minuteson a
DEC-Alpha 3500 (150 MHz), the calculation converged. The EIJ2-XMAS
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Table 6.4: Comparison of computation time needed by the different codes or cross
section libraries.

code DORT  MCNP®
library BUGLE-80* MCNPIib
number of energy groups 47 -
number of therm. groups 5 -
number of upscatter groups 0 -
number of outer iterations 4 -
cpu (min) 29.3 11340
relative difference from measurements

min -5% -5%

max 4% 6%

@) The BUGLE-80 library has no upscatter groups. Thisis
compensated in the absorption and scattering cross sections
5) The EJ2-MCNPlib is a continuous energy cross section library

library using the original energy structure and taking into account the up-
scatter groups, needed more than 3 days of computation time to converge.
Omitting the upscatter groups gave aconsiderablereduction in computation
time but the results obtained were inaccurate (as expected). Evidently, the
computation time is mainly needed to converge the results in the energy
groups with upscatter. Upscatter information is only important for energy
groups below 3 eV. A reduction of the number of energy groups abovethis
energy level, leads only to a small reduction of computation time. Much
more effective is a reduction of the energy groups below this limit. If
the EIJ2-XMAS library is collapsed into a similar energy structure as the
BUGLE-80 library, resulting in 41 energy groups and 3 upscatter groups,
the computation time is still a factor 3 higher than for the BUGLE-80
library. The most important reason for using the EI1J2- XMAS library in
this problem was the advantage of the better thermal energy structure of
the EIJ2-XMAS library. By collapsing this group to a Small number of
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thermal energy groups, this advantage disappeared.

The MCNP calculations are based on a continuous energy cross section
library. Advantage of a continuous energy cross section library above a
group cross section library isthat resonancesin the cross section are better
treated. This can be an advantage for the calculation of the reaction rates
described in section 6.4. But as has been shown, the results of the DORT
calculations are comparable to the results of MCNP. It can be concluded
that for this type of problem, the influence of the resonancesis negligible
and that a continuous energy cross section library is not necessary to obtain
good results. The MCNP code can also use a group cross section library
which would lead to a considerable reduction of computation time.

6.8 Senditivity analysis

Due to the uncertainties in the calculated neutron beam parameters, the
influence on the phantom calculations of variationsin two important prop-
erties of the beam free in air are considered in a sensitivity study. These
parameters are the fast neutron fluence rate and the anisotropy of the beam
intensity. In addition, the influence of the boron atoms in the vials on the
neutron spectra at the irradiation positions is considered. Also due to the
statistical uncertainties in Monte Carlo cal culations which makes compar-
ison of small changes in spectra difficult as well as the (relatively) long
computation time needed for MCNP runs, all calculationsin the sensitivity
analysis were performed with the DORT code. The BUGLE-80 library
is preferred above the EIJ2-XMAS library because of the time consuming
process of upscatter.

6.8.1 Effect of increasing the beam intensity above certain en-
ergy thresholds

Based on earlier comparisonsbetween the free beam spectral measurements
and the cal culated neutron energy spectrum, the suggestion was raised that
the high energy (fast) part of the calculated beam spectrum is too low.
Therefore, the proportionality between the fast fluence rate and the thermal
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Figure 6.5: Effect of perturbationsin neutron beam intensity on neutron energy
spectrainside the phantom (DORT cal cul ations based on the BUGLE-
80 library).

fluencerate was changed by increasing theintensity of the beam abovethree
arbitrary chosen energy boundaries. Thefactors by which the fast spectrum
was multiplied was chosen in such away that the mean relative differences
between measured and cal culated reaction rates are small (within 5%). In
the first perturbation the spectrum above 1 MeV is multiplied with a factor
5.4. In the second perturbation, the spectrum abovethe 67 keV isincreased
by a factor 2.9. The third and last perturbation was made to all energy
groups above 7 keV, thistime with afactor 3.1. Again all calculationswere
normalised on the measured *>Mn(n,y)>*Mn reaction rates for the first 10
positions.

In figure 6.5 the perturbed and unperturbed spectra are shown at two posi-
tions in the phantom, viz. position 1 and 15. Using a higher fast incident
neutron beam intensity, the fast part of the spectra changes up to a factor
5 while the thermal part differs only a few percent. Due to these small
changes in the thermal part the manganese response changes only alittle
(seefigure 6.6). The effect on the proton recail, originating from fast and
epithermal neutrons, islarge. All perturbed spectragive a better result than
the unperturbed spectra. The best fit is obtained from the first perturbation:
anincrease of intensity above 1 MeV. The other two show afaster decrease
of the recoil dose going into the phantom than the measurements, but are
still better than the unperturbed calculated doses. Therefore, it is apparent
that theintensity of the calculated fast neutron fluence rate of the free beam
istoo low, as indicated clearly by the increase of the fluence rates above 1
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Figure6.6: Effect of perturbationsin the spectrum of the neutron beamon various
profilesinside the phantom (DORT calculations based on the BUGLE-
80 library)

MeV. However, because of the arbitrary energy limits of the perturbation
and the constant factor used to increase intensity no conclusion about the
correct shape of the beam spectrum can be drawn.

6.8.2 Anisotropy of beam intensity

Besides the uncertainties in the high energetic part of the neutron beam,
large uncertainties also exist about the angular distribution of the beam. In
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the previous calculations, a beam divergence of 8 degrees was used. To
consider the influence of this parameter, two other angular distributions
were considered: adistribution of 18 degrees and one of 30 degrees. The
angular source distribution and positions of the incident beam haves been
taken equal for all energy groups. In reality, the angular source distribution
changes with the neutron energy but for this study a uniform distribution
over al energy groups is considered sufficient. In figure 6.8, the new
calculations are compared with the unperturbed (i.e. 8 degrees) calculation
and the measured data. Again, the calculations are normalised to the
manganesefoils.
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Figure6.7: Local spectra for angular perturbated neutron beam (DORT calcula-
tions based on the BUGLE-80 library).

The effect on the neutron spectra of increasing the beam angle is rather
small when normalised, asis the case here. Only in the high energy part
small deviations are seen. In figure 6.7, the spectra are shown for two
extreme irradiation positions. The differences in the thermal fluence rate
aresmall. Also, the changesare small in the cal culated manganesereaction
rates (see figure 6.8). The effect on the thermal neutron fluence rate of
an increasing beam angle can Therefore be neglected. The proton recoil
doserate, however, and therefore the fast part of the spectrum is somewhat
more dependent on the beam divergencebut is negligible compared with the
uncertaintiesin the fast neutron beam. Only for very large distortionsin the
beam divergence, aclear differenceexistsin the shape of the spectra. Thisis
totally different for absolutecalculations. Inthiscase, thetotal fluencerates
on the irradiation positions are changing considerably with small changes
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Figure 6.8: Effect of perturbations in the anisotropy of the neutron beam on
various profiles inside the phantom (DORT cal culations based on the
BUGLE-80 library).

in the divergence. The conclusion can be drawn that the modelling of the
anisotropy of the beam can be maintained at about 8 degrees.

6.8.3 Boron in suspensions

In al calculations, the whole phantom is filled with water only. However,
during cell irradiations, a certain amount of '°B can be added to the small
vials containing the cell suspensions. The effect of these boron additions
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as adrain of thermal neutrons were considered by calculating the neutron
spectrain case of aboron amount of 45 ppmin thevials. The effect of the
boron atoms on the cal culated manganese reaction rates and proton recail
dose rates is less than 1%. For such low amounts the boron atoms in the
vials can be neglected.
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Chapter 7

Conclusions about the
phantom calculations

An important part of the pre-clinical studies within the BNCT project is
the determination of the effects of mixed field irradiations. One frequently
used method is based on monitoring the biological effect of the mixed
field irradiations on cell-cultures. Such a study has been performed at the
HB11 beam [Huiskamp, 1992]. In the analysis of the biological effect the
spectral characteristics are important. These characteristics have been de-
termined here using the deterministic computer code DORT together with
the BUGL E-80 library cal culating neutron spectra, photon and proton recoil
dose rates and manganese reaction rates, or using the EIJ2-XMAS library
calculating neutron spectra and different reaction rates. The calculations
have been normalised to the mean ratio between calculated *>Mn(n,y)>**Mn
reaction rates and the measured ones for the irradiation positions in the
beam (within 2 cm from beam centre line), excluding the positions with
relatively large influence of the uncertainties in the anisotropy of the beam
intensity.
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The validation of the calculations has been based on measurements, using
neutron activation monitors [ Paardekooper, 1992] and ionisation chambers
[Raaijmakers, 1995]. The activation foils wereirradiated in the cylindrical
phantom to monitor the thermal part of the neutron spectrum. Three types
were irradiated, resulting in the reaction rates of the following reactions:
the >>Mn(n,y)**Mn, 53Cu(n,y)**Cu, and '°” Au(n,y)'*® Au capture reactions.
The BUGLE-80 cross section library contains only a limited number of
nuclides, and therefore only the manganese reaction rate could be calcu-
lated. The measured manganese reaction rates and the cal cul ated ones have
agood conformity using the BUGLE-80 library or the EIJ2-XMAS library.
For al irradiation positions, the difference is below 5% (using BUGL E-80)
and 10% (using EIJ2-XMAYS), which isavery good agreement between the
calculations and the measurements.

lonisation chambers were used for the verification of the fast neutron spec-
trum and the photon dose rates. Due to geometrical restrictions, these
measurements were performed in a cubic phantom, also filled with water,
and the results converted for the situation considered here. This conver-
sion and the complexity of the measurements result in large uncertainties
of the measurements (15% for the photons and 25% for the proton recoil
measurements). In spite of these large uncertainties, the measurements
give a reasonable indication of the dose rates at the irradiation positions.
The calculated proton recoil dose rate has a mean difference of 50%. This
discrepancy is most likely caused by an underestimation of the fast fluence
rate of the incident neutron beam. The incident photon beam spectrum
is unknown, only the (energy integrated) dose rate is measured in a free
beam measurement. This free beam dose rate is considered as the incident
photon dose rate, assuming that the dose rate does not decrease over the
irradiation positions. At 4 cm radia distance from the beam centreline, the
doserate istaken to be half the measured dose rate on the beam centreline,
to take into account that these positions are not in the direct beam. Using
this assumption, the differences between measurements and calculations
are very reasonable. The calculated dose rates are slightly too high, but
the maximum differenceis 17% and is approximately equal to the standard
deviation of the measurements.
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The above used quantities are all energy integrated. To gain more con-
fidence into the shape of the calculated neutron spectra, the calculated
spectra were compared with spectra calculated using another computer
code, namely the Monte Carlo code MCNP. The disadvantage of this code
are the statistical uncertainties. Even when using an extreme number of
simulated particles (i.e. 100 million), the uncertainties for the high ener-
getic part of the spectraare still above 20%. The DORT calculated spectra
are very much comparable with the MCNP spectra, giving enough confid-
encein these spectrato use them as input for the microdosimetry model.

An advantage of using the EIJ2-XMAS library is the finer therma en-
ergy structure used to describe the thermal spectrum, which is much more
advanced than in the BUGL E-80 library, and the presence of datafor all the
types of foilsused. Thelack of photon dataor KERMA factors means that
the EIJ2-XMAS library can only be used for problems in which only the
neutron fluence rates are important. Thisis clearly not true for BNCT, in
which the damage from unwanted neutrons and photons is an equally im-
portant parameter to determine. Using the two-dimensional transport code
DORT, another draw-back for the EIJ2-XMAS library appears. While the
BUGLE-80library takesinto account the upscatter of neutronsby changing
the scatter and absorption cross section, the EIJ2-XMAS library storesthis
information explicitly. In doing this, the upscatter information is included
using several upscatter groups. Although DORT is capable to treat upscat-
ter groups, the algorithm becomestoo time-consuming. Evenif thelibrary
is reduced to the same number of energy groups as the BUGLE library,
the calculation time is still a factor of 3 higher. Statistical uncertainties,
even with an extreme amount of sampled particles (viz. 100 million), make
the results of the MCNP code useless for this problem. Therefore, in the
analysis of the biological experiments, presented later in chapter 12, the
neutron spectra calculated with the deterministic code DORT, using the
BUGLE-80 library are used.

All calculations are based on a calcul ated neutron source spectrum. Earlier
comparisons of measurements and cal cul ations have shown a discrepancy
and have led to an adjustment of the fast part of the spectrum. In the
performed comparison of the proton recoil dose rate, it seems that the fast
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part is still underestimated. To investigate the effect of an underestimated
fast neutron beam intensity a sensitivity study was performed. For three
arbitrary energy levels the fast part of the spectrum was increased by a
constant factor. This factor was chosen such that the mean difference for
the proton recoil dose rate over the irradiation positionsis below 5%. For
all three cases, much better agreements between measurements and cal cu-
lations were obtained than with the unperturbed spectra. However for the
change in spectra above 7 keV or 67 keV, the calculated values decreased
too fast with depth compared with the measured ones. For an increase of
the spectrum above 1 MeV, the results are amost similar to the measure-
ments: al are within 1 standard deviation of the measurements. Due to
the arbitrarily chosen energy levels above which the neutron spectra are
changed, the correct shape of the incident neutron beam cannot be obtained
by the study.

Ancther parameter with alarge uncertainty is the anisotropy of the neutron
beam. This anisotropy is energy dependent. For reasons of simplicity, it
is generally assumed to be constant. In case of relative calculations, the
influence of the beam divergenceisrather small, as shown in the sensitivity
study. From the geometry of the beam facility, the beam divergenceis ex-
pected to be around 8 degrees. Only when introducing a significantly large
increase of this divergence, the neutron spectra change for high energies.
The effect on the thermal fluence ratesis very small. Comparing with the
uncertainties in the shape of the incident beam, uncertainties in the aniso-
tropy are negligible. Note that for absolute calculations (no normalisation
on measurements), the result is totally different. In this case, the results
change considerably, with small changesin the beam divergence.
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Nomenclature

List of abbreviations

DORT two-Dimensional discrete ORdinates Transport code
ElJ2-XMAS  ECN/IRI JEF2 library in the XMAS group structure
EJ2-MCNPib ECN JEF2 library for MCNP calculations

JEF2.2 Joint Evaluated File version 2.2

HB11 Horizontal Beam channel number 11

HFR High Flux Reactor

KERMA Kinetic Energy Released in MAtter

MCNP Monte Carlo Neutron and Photon transport code system
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Microdosimetry
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Chapter 8

| ntroduction to the
microdosimetry model

Many biological effects of radiation are dependent upon the spatial dis-
tribution of microscopic energy deposition. In Boron Neutron Capture
Therapy (BNCT) [Barth, 1990],[Slatkin, 1991], the spatia distribution is
rather complex. It varies only slightly over the irradiated volume for the
photon component, because of its penetration depth and the homogeneous
distribution of the hydrogen, and also, only slightly for the nitrogen com-
ponent, because of the homogeneousdistribution of nitrogen. However, the
variationisvery significant for theimportant *°B and proton recoil compon-
ents. Variationsin the '°B component are mainly attributed to microscopic
concentration distributions that may be remarkably different from cell to
cell, tissue to tissue and from boron compound to boron compound. The
variation for proton recoil is caused mainly by variation in the spectral
characteristics of the used beam and by the significant change in spectral
characteristics versus depth and lateral penetration in tissue.

Several theoretical models have been devel oped to calcul ate the energy de-
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position or derived quantitiesonacellular level [Gabel, 1987], [Kitao, 1975],
[Kobayashi, 1982], [Wheeler, 1990], [Charlton, 1991], [Solares, 1992],
[Verrijk, 1994]. Monte Carlo techniques are preferred because of the easy
inclusion of physical mechanisms. The published models haveawide vari-
ety of physical mechanisms included in their models, and are appropriate
for the capturereactionsresulting in high-LET irradiation (mostly the boron
and nitrogen capture reaction). With these modelsradiation parameterscan
be calculated for selected concentration distributions of key nuclides, cel-
lular diameters, neutron beam characteristics and irradiation times. Most
of the models also take into account radiation emerging from neighbouring
cells by modelling an array of 3x3x3 cellswith the central cell asthe target
cell. Some models even simulate natural variability in cellular dimensions
by dynamically chosen cell and nucleus diameters. The calculated quant-
ities differ from model to model but the most extended models calculate
microscopic doses, (specific) energy imparted distributions, assuming that
earlier hitshave no influence on the effect of the considered hit (single event
model) and the number of hits in the nucleus of a cell, considering this as
the radiosensitive part of acell. As mentioned earlier, the published mod-
els are limited to high-LET radiation from capture reactions. One group
has published lineal energy distributions (energy imparted per unit length)
for the boron reaction based on measurements[Amols, 1992], [Wuu, 1992].

Clinical trialsfor BNCT will be performed with epithermal neutron beams
[Moss, 1992]. Although much effort isput into reducing theincident y-rays,
fast and thermal neutrons, the epithermal neutron beams used for brain tu-
mour treatment are still a mixture of al neutron energies and y-rays. An
epithermal neutron beam will thermalise in the head of a patient, resulting
in atumour irradiation from principally thermal capture reactions. Before
the beam isthermalised, the neutronswill interact with the hydrogen nuclei,
present in high concentrations in tissue, leading to the recoiling protons.
The dose from this interaction can be as high as 60% of the total biological
effectivedose delivered at the skin of the patient and will decrease with depth
into the head. Much work has been done to experimentally determine Rel-
ative Biological Effect (RBE) values of the various beam componentsto be
used in BNCT, but without consensus so far [Davis, 1970], [Gabel, 1987],
[Fukuda, 1987], [Hiratsuka, 1991]. Several groups have tried to solve this
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problem by using microdosimetry calculations. In these studies the spatial
distribution of energy deposition of the boron and nitrogen capture reac-
tions have been considered, while neglecting the significant variation of the
spatial distribution of the proton recoil component. The RBE for recoil pro-
tonswill vary significantly with achangein spectral characteristic, because
of the strong exchange of the neutron energy to the tissue [Hall, 1975],
[Alpen, 1992]. Microscopic calculation of the proton recoil contribution
may solve the lack of consensusregarding the RBE for this reaction.

Due to the large influence of the proton recoil dose to the total biological
effect in tissue, it was decided to devel op anew microdosimetry model that
includes the proton recoil and the high-LET irradiation from the capture
reactions. Inadditionto the various special featuresin the published models
this new model includes the track length distribution through the nucleus
and the lineal energy distribution in the nucleus.

Little is known about the conversion of microdosimetry results for BNCT
into the therapeutic effects. Wheeler et a. [Wheeler, 1990] have used the
results to introduce compound factors in normal brain tissue and in brain
tumours. Verrijk et a. [Verrijk, 1994] used so-called track individual effic-
acy factors for trandation to a biological effect, Gabel [Gabel, 1984] and
Bond et a. [Bond, 1985] have suggested that the microdosimetric spectra
can be related to cell survival using a’hit-size-effectiveness’ function that
givesthe probability of acell being killed asafunction of the energy impar-
ted. Based on the last suggestion, the effectiveness function is used for the
tranglation of the calculated microscopic data into several radiobiological
guantities. Thisfunction is presently not available in theliterature. Instead
of measuring this function directly, a method to derive these functions was
developed in the present work. This method is based on measured cell sur-
viving fractions and the cal cul ated spectrafrom the microdosimetry model.

The effectiveness function, describing the relation between the energy de-
position in the nucleus and the probability that acell iskilled, will differ for
different types of cells but the deduction will be the same for all cell types.
As an example, the effectiveness function for asingle cell culture, viz. the
Chinese hamster cells (V79 cells), is deduced. Therefore, results from an
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extensive radiobiological experiment at the HFR are used as input for the
model. Inthisexperiment [Huiskamp, 1995] the single cell suspensionsare
irradiated in small vials, which are placed in the so called Bremen phantom
(see section 6.1). The spectral characteristics at the irradiation positions
were calculated in part I1.

Once the effectiveness function is derived for a certain cell type, this
function can be used to obtain the RBE, microscopic boron concentra-
tion distributions, and cell surviving fractions. The theory to obtain these
radiobiological quantities is explained based on the experiments with the
V79 cells at the HFR.



Chapter 9

Structure of the
microdosimetry model

To enable prediction of radiobiological quantities, all important nuclear
reactions induced by neutrons and photons in the irradiated objects have
to be considered. In this chapter, the different interactions are discussed
as well as a global definition of the different parts in the model together
with their relationships. In the following chapters, the different parts are
considered in more detail.

9.1 Specific interactions of neutrons and photons in
tissue
9.1.1 Capturereactionsemitting charged particles

Animportant part of the energy depositionin tissue is generated by capture
reactionsin tissue resulting in the emission of charged particles. Important
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for the tumour tissue, containing a considerable amount of boron atoms
(several tens of ppm) is the '°B capture reaction, but also in healthy tissue,
a certain number of boron atomsis present. By the capture reaction, the
nucleus ''B is produced in an excited state, which is followed by emission
of an a-particle and a "Li nucleus. This decay can follow two different
modes [Ajzenberg-Selove, 1975]: in 93.7% of the events, an a-particle
having an energy of 1.47 MeV with arange of 7.9 um in tissue (particle
ranges derived from TRIM-88 [Biersack, 1970]), and a“Li ion having an
energy of 0.84 MeV with arange of 4.2 um in tissue are emitted, as well
as a photon having an energy of 0.48 MeV from the lithium nucleus. The
other 6.3% of the eventsresultin al.78 MeV a-particle with arange of 9.6
um and a1.01 MeV "Li ion with arange of 4.7 um. This capture reaction
has a large probability for neutrons with low energies, the thermal cross
section is 3837 barn (2200 m/s cross section).

Nitrogen, present in large amounts in the tumour and in healthy tissue,
absorbs neutrons as well, resulting in the capture reaction: '*N(n,p)'*C.
The protons and the carbon ions are emitted with an initial energy of 0.59
MeV and 40 keV with atrack length of 10.9 um and 0.3 um respectively.
Thisreaction isalso athermal reaction and has a 2200 m/s cross section of
1.81 barn. The nitrogen concentration for tissue is approximately 2 wt.%.

9.1.2 Photons

Thermal neutrons can also easily be captured in hydrogen through the
reaction *H(n,y)?H with a thermal cross section of 0.332 barn. A 2.22
MeV photon is emitted with each capture. Although the cross section is
relatively small compared with the cross section of the above mentioned
capturereactions, this capture reaction occursvery frequently because of the
high concentration of hydrogen in tissue (about 10 wt.%). Such photons
(low LET radiation) possess long track lengths, which, as well as the
homogeneous distribution of the hydrogen atoms, indicate that this photon
contribution may betreated macroscopically asahomogeneoushbackground
dose. In addition, the dose from photons originating in the reactor can be
treated as a macroscopic background.
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9.1.3 Proton Recoil

The scattering of neutrons on hydrogen contributesto the energy deposition
in tissue through the slowing down of the resulting recoiling protons. A
moving proton, a charged particle, can lose energy in two different ways.
Themajor part of the energy loss occursin collisionswith bound electrons.
Another part of thelossis based on the el ectrostatic repul sion from the nuc-
leus which deflects the protons, the so-called Rutherford scattering. The
energy loss dueto nuclear interaction is concentrated in afew events, while
the electronic interaction is much more uniformly distributed along the path
length. Furthermore, the energy loss for electron collisionsis considerably
larger than the energy loss caused by Rutherford scattering. In the micro-
dosimetry model, therefore, Rutherford scattering is neglected.

For the (thermal) capture reactions the influence of the energy of theincid-
ent neutrons on the energy of the emitted particlesis negligible. The energy
of the recoiling proton, however, depends significantly on the energy of the
incident neutron. Assuming that the neutron massis equal to the mass of a
proton and that the fluence rate is uniform, the initial proton direction will
be isotropic, and the recoiling proton energy is equal to

’ 1
E, = 5En(l — COosT), (9.2)

where E_ is the proton energy after the collision, E,, the neutron energy
before the collision and 7 the scatter angle in the centre-of-mass system.
Thisformulais not valid for energies within the thermal range (below 0.5
eV). Although the fluenceis not uniform in the macroscopic world, this can
beassumedin problemswhereonly avolumeis considered with dimensions
in the order of microns.

9.2 General description

In the present microdosimetry model, it is supposed that the DNA string
(or apart of this string) situated in the nucleus of a cell isthe sensitive part
of the cell. Adding enough energy to the molecule to break the DNA string
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resultsin acell which can no longer divide. The sensitive part of the DNA
string is only a part of the volume of the nucleus, nevertheless the energy
deposition in the nucleus is assumed to be representative for the damage
to the DNA string and is calculated in the microdosimetry model. If later
it appears that another part of the cell, for example the cell membrane, is
(partly) important for the survival probabilities of a cell or that the energy
deposition to the nucleus is a too inaccurate approach, the model can be
simply changed, by changing the target volume in the deduced theory. The
model is a combination of several parts, each with its own function, but
with a strong correlation to the other parts. The connections between the
different blocks are visualised in figure 9.1. Calculations will normally
start with the calculation of microscopic quantities with the Monte Carlo
program (block MC1), simulating the transport of the emitted particles
in a cell suspension, tissue or capillary model. This program calculates
relative valuesfor each reaction separately. Most important are the relative
microscopic dose distribution, the interaction changes within the target
volume, the track length through the nucleus and the distributions of energy
imparted. In the case of the proton recail interaction, the microdosimetric
guantities are dependent on the energy of theincident neutrons. Theresults
are calculated per energy group. In the second block (block MC2), the
results are integrated over the energy range, weighted by the product of the
scattering cross section and the fluence rate. The subdivision of the results
per energy group and the total energy integrated results are introduced to
makeit easier to consider different spectral characteristicswith aminimum
of computation time. Results of the Monte Carlo programs will be used in
al six deterministic blocks.

The relative values from the Monte Carlo calculations are normalised in a
standard spreadsheet (block D1), using the spectral characteristics, irradi-
ation time and concentration and distribution of the nuclide in question in
order to calculate the number of interactions in each compartment. The
obtained quantities are used to predict relative differences in the radiobi-
ological effectiveness of the total irradiation. A criterion to measure the
effect of a certain kind of irradiation or the influence of a different con-
centration distribution of the atomsin question, is based on the distribution
of energy depositions (block D2). Using a computer program written in
Turbo Pasca 7.0, the distribution of energy depositions per compartment
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shape of acell
stopping power tables
energy boundaries

calculates per reaction type and per compartment of origin:
- imparted/specific /lineal energy distribution
- probability of reaching the nucleus
- microscopic dose distribution per event
- track length through nucleus per event
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Figure9.1: Schematic overview of the microdosimetry model

arerescaled to the total distribution of energy deposition. The mean values
of these total distributions give the mean energy deposited in the nucleus
per particle reaching the nucleus. A higher mean value indicates a more
effective type of irradiation or distribution, considering that a higher value
means that per event a higher amount of energy is deposited, leading to a
higher radiobiological effect.

The first two blocks deal with relative comparison of biological effects.
Inthethird block, D3, the effectiveness function is derived which describes
the relation between the energy deposited in the cell nucleus and the prob-
ability that this cdll iskilled. The problem is to define such afunction. A
large number of extensive measurements under complex circumstances are
needed to solve the problem. In the third block, D3, a theoretical method
is developed to determine this function based on measurements, using a
minimisation technique solved with the least squares approximation. The
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theory is implemented in a Fortran program making use of the minim-
isation routines in the NAG library [NAG, 1993]. Having obtained this
effectiveness function, an assorted range of radiobiological effects can be
calculated. In the remaining blocks, methods are developed to calculate
several biological quantities.

Most experimentsto determine the effect of irradiations are based on meas-
urements of the ratio of the number of cells capable of cell division after
irradiation and the total number of irradiated cells. Thisratio is called the
cell surviving fraction. In block D4, these fractions are calculated based
on the number of particles reaching the target nucleus (block D1), the total
distribution of energy deposition (block D2), and the effectivenessfunction
(block D3).

Another application of the effectivenessfunction isthe calculation of RBE-
values. Itiscommonto predict radiobiol ogical effectsbased on macroscop-
icaly calculated dose rates using the RBE-values to include microscopic
effects. These values are normally based on measurements. Using the
above defined effectiveness function, the RBE-values can be calculated.
Thismethod, derivedin block D5, is also based on a minimisation problem
and is solved by anewly devel oped Fortran program using the NAG librar-
ies.

The effectiveness function can also be useful in the study of the con-
centration distribution of boron atoms on a microscopic scale. For most
compounds, this distribution is more or less unknown. While it is hard
to measure, calculations can give an important indication of the real posi-
tions of the atoms. A new minimisation problem is defined in block D6 to
calculate this distribution.



Chapter 10

The Monte Carlo model

Simulations of the interaction of neutrons with nuclei and the transport
of the emitted particles in a cell suspension, tissue or capillary model
are performed in a computer program, written in Turbo Pascal 7.0. The
program is based on Monte Carlo techniques and forms the basis of the
micro dosimetry model. Results will be used for the deterministic part of
the calculations, leading to values for various radiobiological quantities.

10.1 Thenuclear reactions

The program cal culates the energy deposition for each reaction separately.
For the boron capture reaction, it is included that in 93.7% of the events a
photon will be released, reducing the energy of the two emitted particles.
No special adaptionsare needed to cal cul ate the microdosimetric quantities
from the nitrogen capture reaction.

In contrast to the capture reactions in the boron and nitrogen nuclei, the
energy of the recoiling protons depends on the energy of the incident neut-
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ron and on the momentum of the collision. The energy of the neutronsis
derived from spectral characteristics calculated with computer codes like
DORT and MCNP, their results subdivided into several energy groups. This
energy group structure is added to the Monte Carlo program. The program
determines randomly the energy of the neutrons within the energy groups,
assuming that the neutron energy has a 1/E distribution within each energy
group. The energy of the recoiling proton is determined with the formula
given in the previous chapter (equation 9.1). Based on the proton energy,
the accompanying proton track length is calculated using the slowing down
of protons in matter (stored in the so-called stopping power tables, sec-
tion 10.4). The interaction probability for neutrons with thermal energy
is very high. However, the energy deposition from these interactions are
negligible. In the model, a threshold for the recoiling protons can be set.
Protons with an energy below this threshold are neglected. This threshold
can be defined by the user. The microdosimetric results are stored separ-
ately for each energy group, and are integrated over the energy rangein a
separate program, which weighs the results of each energy group with the
product of the neutron group fluence rates and the energy-dependent scat-
tering groups cross section. Thisdivisionismadeto be ableto calculatethe
influence of different spectral characteristics (with a similar energy group
structure) within a minimum of computation time.

10.1.1 Geometry of the modelled cells

In the program, two different shapes of cells are considered: tumour or
healthy tissue cells are modelled as ellipsoids, and capillaries as cylin-
ders (see figure 10.1). The cells are divided into different compartments:
nucleus, cytoplasm and intercellular space. The capillaries also contain
a fourth compartment, viz. the lumen. The dimensions of the individual
compartments and the position of the compartment in relation to the other
compartments can be considered in two different modes: as constants or
as dynamic variables. In the dynamic mode, the variation is based on a
random distribution within user-defined limits.

The cell in which the energy deposition is examined is called the target
module. In case of the suspension or capillaries the effect of neighbouring
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Figure 10.1: Cross section of respectively, cell suspension, tissue and capillary
model

cellsis negligible because the distance between the cells exceeds the track
length of the emitted particles. For thesemodels, only onecell isconsidered
and thisisthe target cell. The tissue model takes into account the effect of
eventsin the neighbouring cells. The tissue model is a three dimensional
array, consisting of one central module and its immediate 26 neighbours.
The 27 modules are represented as an array of 3x3x3 modules with the
central one defined as the target module (the target module in the tissue
model includes the intercellular space, in contrast to the other models). In
figure 10.1, a cross section of the modelsis shown. The limited range of
the particles, released by the capture reactions, makesthe contribution from
capture reactionsin modules further away than the adjacent modules negli-
gible. The recoiling protons from interactions further away than the direct
neighbouring cells can contribute considerably to the energy deposition in
the nucleus. These contributions are considered by choosing the origin of
these particles randomly over the volume outside the array of 3x3x3 mod-
ules, and the origin of the particles are chosen randomly too, making the
ratio between the number of particles per compartment equal to theratio of
the volumes of these compartments.
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10.2 Biased Monte Carlo techniques

10.2.1 Location of interactions

Two different kinds of locations can occur: the nuclei for the neutron cap-
ture reactions are located in one or more compartments in the model, or
the nuclei are situated on the cell membrane. If the nuclei arein one of the
compartments, the location of the interactions between the nuclei and the
neutrons are assumed to be randomly distributed within that compartment.
Also the interactions on the cell membrane are assumed to be randomly
distributed over the surface of the membrane. Both kinds of locations of
neutron reactions can be handled by the program in separate runs.

In a straightforward approach to determine the locations of interactions,
these locations would be randomly defined. This suffices for the capture
reactions because of their limited track length. Thetrack length of arecoil-
ing proton (in the model limited to 1000 um) can be considerably larger.
Simulating interactions in a region with a radius of 1000 um around the
target module, would cost too much computation time. To solve this prob-
lem biased Monte Carlo techniques are added to the program.

Particles from interactions that are further away from the target module
than the track length of the emitted particles will not contribute to the en-
ergy deposition in the target module. For each event the track length will
be determined. A location is chosen at a distance to the target module less
or equal to the track length of that particle. The reduction of the volumein
which the interaction can take place, changes considerably for the proton
recoil and will be remarkably different for each simulated event. For the
simulation of the boron capture reaction, only a small reduction occurs
(track length isin 6.3% of the cases smaller than in the other cases), and
for the nitrogen reaction, there is no reduction at all. The mean energy
deposition from the interaction isinfluenced by the reduction of the volume
in which interactions can occur. Therefore, the results are weighted by the
ratio of the newly defined volume and the total volume where events can
occur.
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10.2.2 Directionsof the particles

Reduction of the total volume to avolume in which the particles can reach
the nucleus as described in the previous section, will give a considerable
reduction of computation time, but is not enough to decrease the computa-
tion time to areasonablelength. Theisotropic distribution of the directions
of the emitted particles makes the probability that the particles will reach
the target cell very small. By treating only the particles travelling through
the target cell, alarge reduction in computation time can be obtained.

Special biased M onte Carlo techniquesaredevel oped toforce more particles
through the target module. Around the target module, the smallest possible
sphere enclosing the target module is defined. A new compartment is
introduced equal to this sphere minus the target module. Particles from
reactions outside this sphere have alow chance to reach the target module,
while particles inside the volume have their origin in or close by the target
volume and have therefore alarge probability to deposit energy in the tar-
get module. Based on this large difference in probability of reaching the
target module, the determination of the directions of the released particles
inside the sphere is treated differently than the ones with an origin outside
the sphere. If the event occurs in the target module biased techniques are
redundant. A random vector can be generated to obtain a direction. If
the reactions take place outside the sphere, the particles are forced through
the cell. A random direction is chosen within a cone determined by the
origin of the particle and the sphere around the target module. These energy
depositions in the target module must be weighted with the relative solid
angle of the cone, to obtain the correct results.

10.3 Determination of energy deposition

Knowing the location of the interactions and the direction of the released
particles, the energy deposition from the particles in the target module can
be calculated. The energy loss of the ionising particles is not constant
along their tracks. To account for the changing energy loss, aparticle track
is partitioned into a certain number of subdivisions and for each partition
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the accompanying energy deposition per particle is calculated and stored
in the stopping power tables (the generation of these tablesis explained in
section 10.4).

The Monte Carlo program calcul ates the dose (unit Gy) and the mean track
length of the particles (unit um) in al compartments of the target modules.
These quantities are normalised to 1 event per compartment of origin. In
block D1 of the microdosimetry model, the results are scaled to absolute
values. This method saves computation time if the effect of different con-
centration distributions, irradiation times or spectral characteristics(in case
of the capture reactions) is considered. The probability that particles from
events in one compartment reaches one of the other compartmentsis also
determined. With these probabilities, all obtained within block D1, the
numbers of particles crossing the different compartments of a cell can be
obtained within block D1.

Three different distributions of energy deposition in the nucleus are cal-
culated. Since the number of particles that have no contribution to the
energy deposition in the nucleus can be very high (especially for the pro-
ton recoil reaction), the distributions are calculated for particles reaching
the target nucleus. Using functions calculated over all events, numerical
problems can occur due to mathematical manipulation of very small or very
large numbers. Thedistributionsare calculated for thefollowing quantities:

- the energy imparted e (unit keV);

- the specific energy z (unit Gy);

- thelineal energy y (unit keV/um).
The distributions are also stored per compartment of origin, to be able to
examine the effect of different concentration distributions easily.
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10.4 Generation of stopping power tables

10.4.1 Comparison of available data sets for stopping power
tables

Stopping power cal culationsavailablefrom literatureare used asaninput for
the microdosimetry model. A comparison between the stopping power of
a-particlesinwater is performed for three different models: Northcliffeand
Schilling (N&S) [Northcliffe, 1970], Ziegler (TRIM-88) [Biersack, 1970]
andthe | CRU-49report [ICRU, 1983]. To comparetheresults, thelineal en-
ergy deposition (stopping power) against the energy isdrawnin figure 10.2.

—— ICRU-49

= N&S
50 § 1
| —S- TRIM-88
0 Il Il Il
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ionisation stopping power (keV/um)
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Figure 10.2: Electric stopping powers of the a-particlesin water

The Northcliffe and Schilling data are significantly different from the other
data; the treatment of electron binding for particles is not correct in this
model [Wheeler, 1990]. The differences between the ICRU-49 dataand the
TRIM-88 model are small. The ICRU-49 report deals only with protons
and a-particles. Hence, data for other particles have to be taken from
earlier reports or other models. The TRIM-code can be used for a material
composition up to a maximum of four different elements. Therefore, the
TRIM-codeis preferred to the ICRU-report.
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10.4.2 TheTRIM-88 code

The literature gives alarge amount of experimentally determined stopping
powers and ion range distributions. They are not, however, sufficiently
accurate to be extrapolated to unknown systems. To establish this extrapol-
ation based on existing experimental data and unified theoretical concepts,
the TRIM-88 code was developed by Ziegler et all [Biersack, 1970]. Inthis
computer code the total stopping power of ions divides into two parts. the
energy transferred by ions to electrons (electric stopping) and the energy
transferred to nuclei (nuclear or Rutherford stopping). To determine the
accuracy of the theoretical model, Ziegler et a. have statistically analysed
the correctness of the total calculated stopping power on available exper-
imental data (about 13,000 data points). They found an average error of
7.4%. For ionsused in thisreport (relative light ions) an accuracy of 5% or
better is found.

10.4.3 Electric and nuclear stopping powers

A proton traversing tissue can lose energy in two different ways. by Ruther-
ford scattering and by ionisation stopping. In the microdosimetry model,
it is assumed that the energy loss due to Rutherford scattering is negli-
gible in relation to the energy loss due to ionisation. The energy losses
for both mechanisms calculated with the TRIM-88 code are shown in fig-
ure 10.3. Theeffect of the above-mentioned assumption on the calcul ations
is negligible (section 9.1.3).

10.4.4 Determination of the stopping power tables

The tables from the TRIM-code have to be converted to a suitable format
to be able to import them into the microdosimetry model. The requirement
for the two capture reactions, the 1°B(n,a)”Li and the 1N(n,p)**C reaction,
isatable of residual range divided in equal subdivisionsof 0.1 um and the
accompanying electric stopping power. The values of the table obtained
by TRIM-88 are discretised with the assumption that the stopping power
changes linearly between two data points. To maintain the total energy
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Figure 10.3: Electric and nuclear stopping powers of the protons and the a-
particles in water

released by the reactions, the sum of the electric and nuclear stopping
power in the tables multiplied with the lengths of the subdivisions (0.1 um)
must be equal to the total energy of the released particles. For the stopping
power of the recoiling protons, the equal subdivisions of 0.1 um are not
sufficient: for protons with a high energy the length of the subdivisions
is altered up to 1 um, decreasing to a length of 0.01 pm for protons with
energies lower than 10 eV.

10.5 Assumptionsof the Monte Carlo program

At different placesin the model, assumptions have to be made. Fivediffer-
ent kinds of assumptions can be distinguished. The first assumption limits
the shape of the cells,viz,

- cellsand nuclei can be modelled as ellipsoids.

For the distribution of the location of the reactionsit is assumed that:
- the nuclei are homogeneously distributed within a
compartment of acell or close to the cell membrane.

Three assumptions are made about the tracks of the particles:
- the directions of the particle tracks are isotropically distributed,
- the emitted particles move in straight lines, and
- in cases where two particles are released by the same
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capture reaction, these particles are emitted back-to-back.

For the generation of the stopping power tables, it is assumed that
- no difference exists between the stopping of particlesin
the different compartments of the modules; and that
- the nuclear stopping powers are negligible.

Thelast assumption madein the Monte Carlo program concerns the energy
deposition. It is assumed that
- the energy deposition within a compartment of the cell
is homogeneously distributed.



Chapter 11

Deter ministic models

Using the results of the Monte Carlo model, different quantities necessary
for the understanding of the radiobiological effects can be obtained. In
this chapter, the deterministic blocks leading to the different microscopic
guantities are described.

11.1 Dosedistribution and number of tracksthrough
thenucleus (D1)

The Monte Carlo model calculates mean microscopic quantities per event
and per compartment of origin. In aspreadsheet, these results are scaled to
the experimental situation. This scaling could also be done in the Monte
Carlo programitself, implementing information of the neutron spectrum at
the irradiation positions, the microscopic concentration distribution of the
isotopes, and the irradiation time. But it is deliberately chosen to use a
separate spreadsheet to obtain the absolute values, in order to reduce com-
putation time as much as possible.
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The normalisation is based on the numbers of interactions in the different
compartments. Assuming that the nuclides are homogeneously distributed
in the compartments, the number of interactions .. in a compartment with
avolume V., [um?®] and a certain isotopic concentration C, [ppm] is equal
to:

N,
I, =10"% Mp CV. S 0,0t (11.1)
g9

where,
N, = Avogadro’'sconstant 6.022 - 10**mol —!
M = molecular weight of isotope amu
t = irradiation time S
p = density gcm=3
o, = absorption microscopic cross section for barn

energy group g for the capture reactions or
the scattering cross section for group ¢
in case of the proton recoil
¢, = fluencerate for energy group g cm st

The number of particles reaching a compartment 7 of the target cell, 1V;,
can be calculated based on the numbers of interactions:

Ni — Z Pi,cIca (112)

where P, . is the probability calculated by the Monte Carlo program that a
particle from an event in compartment ¢ will reach compartment ;. Sim-
ilarly, the mean absorbed dose in compartment 7, D;, and the mean track
length through compartment 4, I, can be obtained respectively by:

D; =) DI, (11.3)

and
L;=) LI, (11.4)
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where D; . is the mean dose per event deposited in compartment ¢, from
interactions in compartment ¢ and L, . is the mean track length in com-
partment 7 from particles with a starting point in compartment ¢, both
calculated in the Monte Carlo program. These quantities can be used to
obtain afirst estimation of the relative changein the radiobiological effects
due to changes in the experimental situation (for example the boron com-
pound, irradiation time or neutron spectrum).

In the situation where most of the energy imparted comes from one type of
reaction (in case of BNCT mostly the boron capture reaction), the number
of particlesfrom this reaction hitting the nucleusis roughly proportional to
the logarithm of the surviving fraction. In this estimation only the number
of hitsis a criterion of the effect, and no information about the changing
energy deposition per hitisincluded. Thisisvalid if the energy deposition
per hit is quite constant. In a second approximation, the sum of the track
lengths in the nucleus of al particles released by the most important reac-
tion ismore or less linear to the logarithm of the surviving fraction. In this
estimation, it isincluded that the particles can have different track lengthin
the nucleus, but the changing energy loss along the tracks of the particlesis
not considered. Thetotal dose of the main reaction deposited in the nucleus
isathird indication of the cell surviving fraction. In this case the changing
track length as well as the changing energy loss along the tracks are taken
into account.

11.2 Energy imparted distributions (D2)

Not only the total energy deposition in the cell nucleus is an important
parameter in the analysis of radiobiological effects, but also the distribution
of the energy depositions over the nucleus. The Monte Carlo program cal-
culates three different distributions of energy depositions: the distribution
of the energy imparted; the specific energy; and the lineal energy. The dis-
tributions are calculated for each compartment separately, and a computer
program is written in Turbo Pascal to calculate the total distribution in the
nucleus depending on the actual distribution of the nuclides. For example,
the total distribution of specific energy f(z) is calculated by weighting the
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distributions per compartment f.(z) by the number of particles reaching
the nucleus released from interactions in that compartment V,.:

— EC NC fC(Z)

£ = 2,

(11.5)

Thetotal distribution for the other two distributionsiscaculatedin asimilar
way.

For the boron and nitrogen reaction, the distributions are independent of
the neutron spectrum, because the released energy per event isindependent
of the spectrum. The distributions for the proton recoil reaction, however,
depend on the neutron spectrum because the energy released by the recoil-
ing proton depends on the energy of the incident neutron. In the Monte
Carlo calculations the results are stored per energy group and afterwards
integrated over the total energy range. Changes in spectral characteristics
can easily be considered by first running the program which normalises
the distributions per compartment with the given spectral characteristics,
and subsequently calculating the total distribution of the energy deposition
using equation 11.5.

The mean values of these distributions represent the mean energy released
in the nucleus per particle reaching the cell nucleus. These values can be
used to get an indication of the effectiveness of the reaction: ahigher value
means that per particle a high energy deposition occurs, including a higher
probability of cell kill. Thiscan, for example, be useful in the study of new
boron compounds. In arelatively easy way the different effectivenesses of
different boron compounds can be obtained. Multiplication of the mean
valueswith the number of particles reaching the cell nucleus, then givesthe
total energy deposition in the cell nucleus.

11.3 Determination of the effectivenessfunction (D3)

The calculation of the number of hits, the mean track length in the cell
nucleus, the microscopic dose distribution or the mean specific or linea
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energy imparted in the cell nucleus form afirst approach of the cell surviv-
ing fractions. In al cases, alinear relation between the physical quantities
and the logarithm of the surviving fraction is assumed, and only relative
changes can be determined. To obtain absolute cell surviving fraction or
other important radiobiol ogical quantities based on amore realistic relation
between the cal culated quantities and the biological ones, other techniques
must be introduced.

The effect of a particle hit depends on the energy deposited in the nuc-
leus, a higher amount gives a larger probability of cell kill. To kill a cell
at least a certain amount of energy has to be deposited in the DNA string.
If al deposited energy in the nucleus will be given to the sensitive part
of the DNA string, the effectiveness function is equal to a step function:
below a certain threshold, the energy imparted istoo low to break the DNA
string, above this threshold, more energy is given to the DNA string than
necessary. Inreality only apart of the nucleusisfilled with the DNA string,
and therefore only a part of the particles hitting the nucleus will deposit
energy to the DNA string. The probability of energy transfer to the DNA
string isanormal distribution, smoothing the step function into an S-curve.
This so-called effectiveness function is monotonically increasing, as could
be expected from the biological experience that a higher energy deposition
leadsto ahigher effect. Althoughtheliterature[Gabel, 1984],[Bond, 1985]
shows that such relations can be useful to calculate biological responses,
to date only rough estimations of the effectiveness functions are published
[Wheeler, 1990].

Different cell types have different radiosensitivities, and as a consequence
the effectiveness function will differ for the different cell types and con-
sequently each function hasto be deduced separately. A theoretical method
based on measurements of cell surviving fractions to obtain the effect-
iveness functions is developed. The method is described for the specific
energy deposition but is similar for the distribution of the lineal energy or
the energy imparted. Considering the energy deposition on cellular scale,
including the spatial distributions of the nuclides, it makes no difference
which particle deposits the energy in the cell nucleus. Accordingly the
effectiveness function will not change for the different reactions. Asit is
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unknown what the effect of earlier hits is on the probability of cdl kill,
three different models are considered. The so-called 'single event’ model
supposes that every hit of anucleus interacts independently of earlier hits,
in other wordsa cell has no memory of earlier hits. In contrast, in the’ mul-
tiple event’ model, cellsremember all hits and the energy depositions of all
hits are additive. Both models are an oversimplification of reality. In the
single event model, it is not taken into account that some hits will damage
the cells but not kill the cells, leading to a changed probability of cell kill
for the next event. Many small energy depositions, all too small to damage
the cell, canin the multiple events model add to asignificant contribution to
the total energy deposition. Also in the multiple event model, one particle
hit with a certain energy deposition may cause a different effect than an-
other due to the different positions of energy depositions. After al, the
radiosensitivity might not be constant over the whole nucleus. Therefore
athird model must be considered, which accounts for these factors, using
weighting parameters in the multiple event model, the model is therefore
called the *weighted multiple event’ model.

11.3.1 Single event model

The number of reactionsin the cell nucleus from interactions in acompart-
ment has Poisson distribution. The probability that 7 particles reach the
nucleusis: :

N'

(11.6)

7!
where N isthe average number of particles reaching the nucleus. Suppose
that an individual event causes a cell kill with probability p. Then, for a
region that experiences exactly i events, the survival probability for that
celis:

(1-p) (11.7)

The fraction of surviving cells, S;, experiencing 7 tracks through the cell
nucleus from the average of N tracks, isequal to

(N(1—p))e?™
7! ’

S; = (11.8)
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The surviving fraction SFs in case of the single event model is given by:

SFs=> S, =e 7. (11.9)

=0

The probability of abiological response from an event can be expressed by
the probability of a certain specific energy deposition in the nucleus (the
information is stored in the distribution of the specific energy) multiplied
by the probability of response to that energy deposition, stored in the
effectivenessfunction. Defining EF(z) asthe effectivenessfunction for the
specific energy deposition in the nucleus z, then the surviving fraction for
asingle event model is obtained by:

SFs=)_ %E*N@ - / f1(2) EF(2)dz) m eV [ @ &0 (1 10)

where f; (z) is the distribution of specific energy (calculated in the Monte
Carlo program). The shape of the effectiveness function is, based on
radiobiological considerations, equal to a so-called S-curve. The general
equation for an S-curveis equal to:

1

BF) = e a

(11.11)
wherea and b aretwo arbitrary (positive) constants. Equation 11.10isused
to describe the cell survival fraction resulting from high-LET irradiation.
Thelow-LET photon irradiation is treated separately:

sry =&Yy, (11.12)

where « and 3 are (hegative) constants, experimentally determined by
standard photon experiments. The total surviving fraction, including all
reactions, is equal to

SFs = SRy e J {2, Nefir(erss (11.13)

where r labels the different reactions, viz. the boron and nitrogen capture
and the proton recoil. The distribution of specific energy, f;.(z) and the
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number of tracks trough the cell nucleus N, are obtained from the Monte
Carlo program and the deterministic blocks D1 and D2.

If for different spectral characteristics and different concentrations of (at
least one of) the atoms, the surviving fractions are known, then the effect-
iveness function EF(z) as defined in equation 11.11 can be determined by
aleast squaresfit of the parameters a and b:

min, ;| 3" $7( / (S N,(2,C) fo, (2,2, C)}EF(2)dz +
In(SF(z, ©)) — In(SFy(x))?,  (11.14)

where z indicatestheirradiation positions with different spectral character-
isticsand C' thedifferent concentration distributions of theatoms. Introduc-
tion from different spectral characteristicsand from different concentration
distributions is necessary to obtain enough independent equations to solve
the minimisation problem.

11.3.2 Multiple event model

The multiple event distributions are based on the single event distributions.
If the single event spectra for the specific energy, fi(z), are obtained by
the program and if it is assumed that the number of energy deposition
events, 1, is distributed at random and that its distribution function, P,, is
represented by a Poisson distribution (see equation 11.6), then the multiple
event spectra, fy,(z), can be calculated by

fulz) =3P fil2), (11.15)

where the probability density of = for precisely ¢ energy deposition events,
fi(2), can be derived by an iterative convolution of f;(z):

£i(2) = /0 T (3) fi(5 — 5)ds. (11.16)
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Similar to the single event model, the surviving fraction based on multiple
event spectrais equal to

SF, = SFy (1 — /0 " fu(2) ERy(2)d2), (11.17)

where EF,, is the effectiveness function for the multiple events model.
The effectiveness function can be obtained from the minimisation problem
defined by

min, | Z(l - /ZfM(z,m,C) EFv(2)dz) — SF(z, C)/SFy(z)|*. (11.18)

z,C

11.3.3 Waeighted multiple event model

Instead of simply adding all energy depositions in the nucleus, as in the
multiple event model, aweight factor can be used to account for the effects
of earlier hits. The total distribution of energy deposition, parallel to
section 11.3.2, becomes

fu(z) =3P fi(2), (11.19)

where the probability density of = for precisely i energy deposition events,
fi(2), can be derived by an iterative convolution of f;(z):

)= [l w=fiG-9ds (@120
The surviving fraction in the weighted multiple event model is
SFy—1— / Ful2) EFw(2)dz, (11.21)

where EF,, is the effectiveness function for the weighted multiple events
model. Different assumptions can be made about the weighting function.
For example, if alinear correlation is assumed between the specific energy
and the weighting function wy,

wi(z) = ¢ z, (11.22)
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then the weighting function and the effectiveness function can be obtained
by

min, ;.| S / fulz, 7, C) EFy(2)dz + SF(z, C) — SRy(x)) . (11.23)
2,C 7F

Similar to this, other relations between the weighting function and the
specific energy can be used.

11.4 Calculation of the cell surviving fraction (D4)

In section 11.3, the effectiveness functions of a certain cell type for the
different models were determined based on measured surviving fractions
and results of the Monte Carlo model. Having obtained the effectiveness
functions, the sameformulas can be used to cal culate the surviving fractions
for given experimental conditions.

11.5 Theoretical estimation of the RBE values (D5)

In the first four deterministic blocks, microscopic quantities are used to
calculate surviving fractions. Although microscopic quantities (quantities
calculated on cellular level) are more useful in the study of radiobiological
effects than macroscopic quantities (on tissue level), in experiments and
radiotherapy, macroscopic doses are used. Using macroscopic quantities,
the dose must be discriminated by reaction. Also effects caused by dif-
ferent microscopic concentration distributions must be taken into account.
One frequently used method to include these effects is that the different
macroscopic dose rates are weighted with their specific RBE values. The
surviving fractions can then be calculated by:

SF = e*P+AD? (11.24)

where

D =D photon equivalent =
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RBEg Dg + RBENDN + RBERDR + Dy (11.25)

The RBE of photons is per definition equal to 1. Although in theory this
method works, a large problem exists for the determination of the RBE's.
A lack of consensus exists between different sets of measurements. Using
microscopic considerations, the RBE values can be calculated. A relation
between the RBE’s for the single event model of different irradiation types
can be:

number of hits

INT, = -
macroscopic dose

/ F1(2)EFo(2)dz, (11.26)

wherer indicatesthe different reactions. Using measured survival fractions,
the absolute RBE’s can be determined based on the following least squares
equation:
min,| > Y " In(SF(z,C)) — aD — BD?|, (11.27)
z C
where e« = RBEg and

INTy INTR
D =a(D D D Dy,. .
a(Dg + INTe N+ INTg rR) + Dy (11.28)

The RBE for the boron reaction is directly calculated by the minimisation
problem, while the other RBE factors can be obtained based on the ratio
with the RBE for boron asis calculated in equation 11.26

11.6 Determination of the boron concentration distri-
butions (D6)

The calculations of the surviving fraction, the effectiveness function or the
RBE factors are based on the knowledge of the concentration distribution
of the radiation emitting nuclides. In this investigation, the concentration
distributions of the nuclides are supposed to be known. Inreality, thedistri-
bution (in general) of the boron is heterogeneous, making the determination
of radiobiological effect after irradiation very difficult. The concentration
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distributions can be cal culated with the microdosimetry model using the ef-
fectivenessfunctions, the distributions of energy deposition, and the meas-
ured surviving fractions. A new minimisation problem is defined based on
the single event mode!:

ming. | Z(/Z S S (No(z, C.) fiolz,,C.)) EF(2)dz +

In(SF(z, C..)) — In(SFy(x)))2,  (11.29)

where C. isthe boron concentration in compartment c.



Chapter 12

Analysis of aradiobiological
experiment

12.1 Introduction and description of the experimental
situation

12.1.1 Experimental situation

To analyse the effects of the mixed field irradiation from BNCT, numerous
radiobiological experiments have been performed at the BNCT irradiation
facility of the HFR, using as a biological probe Chinese hamster cells (V79
cells) [Huiskamp, 1992]. Thiscomprehensiveset of datais analysed by the
microdosimetry model described in the previous chapters. Where possible,
the results from the different blocks of the computer model are validated
against measurements.

Different irradiation times are used in the experiments: viz. 15, 30, 45, 60
or 90 minutes. For the minimisation problems (see chapter 11) only the

123
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data for 30 minutes are used, while the other irradiation times are used as
independent data to check the results.

12.1.2 Neutron spectrum

Thecell suspensionsareirradiatedinthecylindrical phantom asdescribedin
chapter 6. Based on the conclusionsof part |1, the characteristics cal culated
with the DORT code and the BUGLE-80 library are used as input for the
microdosimetry model. Influencesof the underestimation of the fast part of
the neutron spectrum are considered within asensitivity analysis, performed
in the next chapter.

12.1.3 Concentration distribution of the different atoms

In this experiment, four different macroscopic boron concentrations are
used, viz. 0, 15, 30 and 45 ppm. The boron atoms are contained in
the compound boric acid. In general, it is assumed that this compound
is homogeneously distributed throughout the whole suspension, and this
assumption is used when the calculations are compared with the measure-
ments. To investigate the effects of the microscopic distribution two other
microscopic boron concentration distributions are considered, leading to
the following three microscopic concentrations (between brackets is the
name used in tables and figures):
- ahomogeneous distribution (homog),
- homogeneously distributed through the intercellular space
and cytoplasm (cyto+int),
- boron atoms are homogeneously distributed in the
intercellular space (int).
The macroscopic concentrationsin all three cases are equal.

The V79 cells consist of 1.7 wt.% of nitrogen atoms [Gabel, 1984]. In
a cell suspension the nitrogen concentration in the intercellular space is
difficult to determine. The cells are cultivated on a growth medium that
contains a certain amount of nitrogen atoms. Before the cell suspensions
are poured into the small vials, the cells are "washed" removing most of
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the nitrogen from the growth medium. A small concentration of nitrogen
atoms, however, will remain in the intercellular space. To see the effect of
the nitrogen atoms in the intercellular space, three different distributions
are considered:
- the concentration outside the cellsis equal to the concentration
inside the cells (homog), or
- only asmall number of nitrogen atoms are outside
the cells (cell+int),
- no nitrogen atoms are outside the cells (cell).
The nitrogen concentrations in the intercellular space for these three cases
are respectively, 1.7 wt.%, 0.05 wt.% and 0 wt.%.

Thehydrogen atomsare assumed to be homogeneously distributed throughout
the whole cell suspension, only one distribution is considered. The hydro-
gen concentration is 11 wt.%. During irradiations with BNCT, most neut-
rons have athermal energy, resulting in alarge number of recoiling protons
with an energy below 1 eV. The binding energy of atoms is higher than 1
€V, hence these protons cannot cause any damage to the cell. Therefore,
protons with an energy below this threshold are neglected in the calcula-
tions. The effect of using athreshold is compared with calculations using
no threshold. Also calculations have been performed neglecting all protons
with an energy lower than 5 V.

12.2 Calculations made with the Monte Carlo pro-
gram (MC)

The V79 cells are modelled as ellipsoids with mean diameters of 7.6 pm

for the nucleus and 13.0 um for the cytoplasm. The dynamic variations
of the nucleus and cytoplasm diameters are limited to a maximum of 10%,
and the nucleus can be at a random position in the cell. The volume of a
cell is 1150 um?, including the nucleus which has a volume of 230 um?.
The calculations are performed using the cell suspension model (section
10.1.1). The energy depositions from the capture reactions and the recoil-
ing protons are calculated in separate runs.
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To avoid influence on the results of statistical uncertainties, a huge num-
ber of events are smulated in the Monte Carlo model: for the boron and
nitrogen reaction 1,000,000 events and for the proton recoil for each en-
ergy group 100,000 events. Results of the Monte Carlo program are not
directly useful for comparison with measurements but are used as input in
the deterministic blocks of the program.

12.3 Dosedistribution and number of tracks (D1)

12.3.1 Number of particlesthrough the nucleus

The total number of events in compartment ¢ can be calculated from the
physical parameters as described in equation 11.1. Knowing this number
and the probability that a particle reaches the nucleus, which probability is
calculated by the Monte Carlo program, the number of tracks through the
nucleus can be obtained (equation 11.2).

In the microdosimetry model, the different particles released by the same
capture reaction are treated along one track. If the reaction takes place
outside the cell nucleus, only one particle can reach the cell nucleus be-
cause the directions of the particles are opposite. The number of particles
going through the nucleusis proportional to the reacting number of reacting
nuclides in the suspension. In this section only a macroscopic boron con-
centration of 15 ppm is considered, the results of the other concentrations
are obtained by multiplying the results for 15 ppm with a factor 2, for a
concentration of 30 ppm, and with afactor 3 for the 45 ppm concentration.

In table 12.1, the numbers of particles crossing the nucleus are given for
the five irradiation positions on the beam-line centre (see figure 6.1). The
first column indicates the microscopic concentration distribution. Due to
thelargeintercellular spacein cell suspensions, the microscopic boron con-
centrationisfor all distributions equal to 15 ppm, which isthe macroscopic
boron concentration. The boron and nitrogen capture reactions havealarge
reaction rate for neutrons with a low energy. The number of interactions
is the highest for the thermal neutron peak, which is close to the second
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Table 12.1: Number of tracks through the nucleus for the different reactions and
positions (h—1)

distribution pos. 1 pos. 2 pos. 3 pos. 4 pos. 5
boron
homogeneous 4.69 4.90 2.95 144 0.632
cyto +int 321 3.36 2.02 0.984 0.433
int 1.49 1.56 0.938 0457 0.201
nitrogen
homogeneous 1.86 1.94 117 0.569 0.250
cell +int 0.991 1.04 0.623 0304 0134
cell 0.964 101 0.607 0296 0.130
proton recail
Ep >0eV 1841 1591 902 428 186
Ep>1leV 383 118 28.5 6.71 179
Ep >5eV 290 831 19.3 4.58 131

@) Microscopic concentration distributions as described in section 12.1.3

irradiation position, leading to the highest amount of tracks through the
nucleus. The probability that a neutron interacts with a proton is, over a
wide range, independent of the neutron energy. Therefore, not the energy
of the neutrons but the number of neutronsis important in determining the
number of tracks through the cell nucleus. The number of neutrons, and
by that the number of tracks through the nucleus, decreaseswith increasing
depth in the phantom.

The number of hitsin the nucleus from the proton recoil reaction is many
times higher than the number of hits from the capture reactions. Compar-
ing the boron reaction with the proton recoil reaction, the large difference
comes mainly from the much higher concentration of the hydrogen atoms:
the boron concentration is approximately a factor of 7000 lower. The flu-
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enceweighted cross sectionis approximately 600 timeslower for the proton
recoil reaction than for the boron reaction. Also the differencesin the mean
track length of the particles released by the reactions have an influence on
the number of tracks (see section 12.3.2). The effect of introducing alow
threshold for the recoiling protonsislarge. Many protonswill interact with
the thermal neutrons but their track length and their energy is lower than
thetrial threshold (1 eV and 5 eV respectively). The nitrogen concentration
is much higher than the boron concentration, but the nitrogen reaction has
alower mean cross section (for position 1 the cross section is approx. 0.98
barn). A lower mean track length of the particles leads to a lower number
of tracks through the cell nucleus.

The different microscopic concentration distributions have a large effect
on the number of tracks through the cell nucleus (see table 12.1). In the
case of the boron reaction, the number of boron atomsin thewhole cell sus-
pension is the same for the three different situations. If there are no boron
atoms in the cell nucleus, the number of tracks through the cell decreases
by 30%, and if there are only boron atoms outside the cell, this decrease
is afactor of 3. The larger distance between the boron atoms and the cell
nucleus gives a lower probability that the particles released by the boron
reaction will reach the cell nucleus. The nitrogen concentration inside the
cellsisin all casesequal to 1.7 wt.%. If the concentration outside the cell
is equal to the concentration inside the cell, the number of tracks through
the cell is highest. A small concentration outside the cell or no atomsin
theintercellular space givesasimilar number of particles going through the
cell nucleus.

37%

32%

21%

46 %

99.7 %

0.2%

0.1%

99.8 %

0.05 %

0.1%

Boron capture reaction

Nitrogen capture reaction

Proton recoil
(position 1)

Proton recoil
(position 5)

Figure 12.1: Origin of the particles that cross the nucleus, assuming a homogen-
eous distribution of the reacting nuclides (in percentages)
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Threshold : 0eV Threshold : 1 eV Threshold: 5eV

Figure 12.2: Origin in percentages of the recoiling protons that cross the nucleus
for different lower boundaries (position 5)

In figure 12.1, the compartment of origin of the particles reaching the cell
nucleus is shown as a percentage of the total number of tracks reaching
the nucleus, assuming a homogeneous concentration distribution. These
percentages are for the capture reaction independent of the position in
the phantom, because the particle tracks are independent of the neutron
spectra.  The percentages for the proton recoil change dightly for the
different positions, the results of the first and last irradiation position on
the beam centre-line are shown. Using no threshold for the initial proton
energy, the origin of the recoiling protons is mainly the nucleus, only a
few particles from interactions outside the nucleus can reach the nucleus.
Using a threshold of 1 or 5 eV the contributions of (very) low energy
protons in the nucleus are reduced (see figure 12.2), resulting in a higher
contribution of the other compartments. The capture reactions have amore
equal distribution of origin of the tracks.

12.3.2 Mean track length in nucleus

The track length in the nucleus for the capture reactions is defined as
the sum of the tracks of both particles from the same reaction within the
nucleus. For the boron and nitrogen capture reaction, the mean track length
in the nucleus is independent of the spectral characteristics. Different
microscopic concentration distributions cause different mean track lengths.
For the concentration distributions described in section 12.1.3, the mean
track lengths, as calculated with equation 11.4, are givenintable 12.2. The
tracks of recoiling protons depend on the neutron spectrum. Conseguently,
the mean track length in the nucleus changes for each position in the
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phantom. The mean lengths for the five positions on the beam centre-line
are also shownin table 12.2.

Table 12.2: Mean track lengths[ m] in nucleusfor different concentration distri-
butions (boron and nitrogen) and irradiation positions (proton recoil).

boron homog cyto+int int
3.73 2.97 2.39
nitrogen homog cell +int  cell
342 3.59 3.60
proton recoil  pos. 1 pos. 2 pos. 3 pos. 4 pos. 5
Ep>0ev 0.012 0.0053 0.0042 0.0049 0.00071
Ep>1ev 0.058 0.072 0.13 0.31 0.74
Ep>5evV 0.065 0.084 0.16 0.38 0.87

G

3.47 4.28

0.972

2.39 3.23 3.72 4.75

Boron capture reaction Nitrogen capture reaction Proton recoil Proton recoil
(position 1) (position 5)

Figure 12.3: Mean track length [ um] in the nucleus from particles originating in
the nucleus, cytoplasm or intercellular space.

In table 12.2, the mean track length for a certain concentration distribution
is given. The mean track length in the nucleus per compartment of origin
is considered in figure 12.3. Both particles released by the boron reaction
have track lengths of the same order of magnitude. Therefore reactions
in the nucleus always have a high probability of a large track length in
the nucleus, resulting in a high mean track length for this compartment.
Looking at interactions farther from the cell nucleus, the mean track length
decreases. The particles are emitted back-to-back, hence only one particle
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can cross the nucleus and contribute to the track length in the nucleus.

In contrast to the boron reaction, the particles released by the nitrogen
reaction have track lengths of different order (10.9 um for the proton and
0.3 um for the carbon ion). The mean track length comes mainly from the
released protons. Due to the short track Iength of the carbon, only protons
released from events in the cytoplasm or intercellular space can reach the
nucleus, resulting in a higher mean track length for these compartments of
origin.

Thetrack lengths of most recoiling protonsare very small dueto the thermal
spectrum at the irradiation positions. These low track lengths cause avery
low mean track length for protons started in the nucleus. The mean track
length changes with a changed spectrum. At depth the spectra becomes
more thermal, reducing the mean track length. Asthe distance between the
nucleus and the other compartments is relatively large, only protons with
high energy can reach the cell nucleus, resulting in ahigher track length for
these compartments.

0.97 195 1.95

4.8 47 48

Threshold: 0 eV Threshold: 1 eV Threshold: 5 eV

Figure 12.4: Mean track length [:m] in the nucleus from the recoiling protons
originating in the nucleus, cytoplasm or intercellular space, using
different lower boundariesfor the proton recoil reaction (position 5).

Using athreshold of 1 eV or 5 eV for the proton energies, the mean track
lengthsfor the different compartmentsat position 5 are givenin figure 12.4.
Using a threshold, the mean track length in the nucleus from interactions
in the nucleus itself increases considerably, because the large number of
protons with a small track length is neglected. The change in the mean
track length of interactionsin the cytoplasmis smaller. Fewer protonswith
ashort track length reach the cell nucleus, which increases the mean track
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length. The difference between athreshold of 1 eV and athreshold of 5 eV
is negligible. The mean track length from eventsin the intercellular space
remains unchanged, because the protons with a low track length have no
probability of reaching the cell nucleus and are in all cases negligible for
the mean track length in the nucleus.

12.3.3 Microscopic dose

If the lineal energy transfer of the particles along their tracks are constant
then the microscopic dose would be proportional to the product of the
number of hits and the mean track length. In redlity, the lineal energy
transfer varies as a function of the track length, causing sight differences
in the microscopic dose. The dose distribution on a microscopic scale per
compartment of origin is calculated by the Monte Carlo program. Using
equation 11.3, the microscopic dose distribution can be calculated. In
table 12.3, the microscopic dose rates delivered to the nucleus for the
different reactions at positions 1 to 5 are given.

33%

15%

24 %

52 %

13%

13%

13%

55%

Proton recoil
(position 5)

Proton recoil
(position 1)

Boron capture reaction Nitrogen capture reaction

Figure 12.5: Contribution to the total dose in the nucleus from the different reac-
tions and compartments of origin, considering a homogeneous dis-
tribution. Only the proton recoil contribution changeswith different
positions

The number of hits, as well as the mean track length, decreases if the
boron atoms are situated outside the nucleus or outside the cell for the
same macroscopic concentration distribution. This effect is enhanced in
the microscopic dose. The boron and nitrogen doses are the highest at the
thermal fluence rate peak. The nitrogen dose is a factor of 10 lower than
the boron dose, because of a lower number of particles reaching the cell
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Table 12.3: Microscopic dose rate delivered to the nucleus [ Gy/h]

reaction pos. 1 pos. 2 pos. 3 pos. 4 pos. 5
boron
homog 2.33 243 1.47 0.713 0.314
int + cyto 207 2.16 1.30 0.633 0.278
int 0.715 0.748 0.450 0.219 0.0964
nitrogen
homog 0.240 0.251 0.151 0.0735  0.0323
cell +int 0.119 0.124 0.0747 0.0364  0.0160
cell 0.115 0.120 0.0724  0.0353  0.0155

proton recoil*
homogeneous 0.611 0.234 0.0973 0.0464  0.0248

¢) Effect of threshold of recoiling protons on the calculated dose is negligible

nucleusasisgiven in table 12.1 and the lower amount of energy deposited
by the particles from the nitrogen reaction. The mean track length isamost
equal for both particles. The influence of a low amount of the nitrogen
atoms in the intercellular space is negligible, as it was for the number of
tracks though the nucleus and the mean track length. The contribution of
the proton recoil dose to the total doseis not negligible. The high number
of tracks though the nucleus compensates the short mean track length of
the recailing proton. Using a threshold for the energy of the recoiling
protons has a negligibl e effect on the total energy deposition in the nucleus.
The energies of these protons are too low to have any contribution to the
total dose. Moving further into the phantom, the importance of the proton
recoil contributions decreases faster than the contribution from the capture
reactions. Per reaction, the contribution to the total dose in the nucleus of
that reaction is shown in figure 12.3.3.
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12.3.4 Validation of the model with macroscopic dose

Except for comparison with other microdosimetry models and for gener-
ating several cross references in the results to assure consistency in the
model, it is difficult to validate the calculated microdosimetry quantities.
One possible check of the calculated microscopic dose (for homogeneously
distributed atoms) is the comparison of the calculated dose with the mac-
roscopic dose.

Assuming that all the energy released by each capture event is deposited in
the tissue and that the density of tissue is equal to 1 g/cm?, the total dose
rate for ahomogeneous boron distribution is given by the multiplication of
the released energy per event by the number of events. The homogeneous
doserate for the capture reactionsis equal to

D =5.77-10"°"C E N,o¢/M [Gylh], (12.1)

where F isthe released energy per event [MeV], C isthe concentration of
the isotope considered [ppm], NV, Avogadro number is, o the microscopic
cross section [barn], ¢ the neutron fluencerate [cm~—2s~'] and M the molar
mass. The dose rate for homogeneously distributed hydrogen atoms is
equal to

D =5.77-10"CN,pK/M [Gy/h], (12.2)

where K stands for the macroscopic KERMA factors (which for this exer-
cise are taken from the BUGLE8O0 library [Roussin, 1980]). The dose rates
calculated with these equations ("direct") and the dose calculated with the
microdosimetry model ("model") are given in table 12.4.

A good agreement between thedirectly determined (physical) doseratesand
the calculated doserate is obtained. The physical (macroscopic) dose rates
cannot directly be compared with biological effects, because different types
of irradiation cause different biological effects. In general RBE factors are
used to predict the biological effect. The healthy-tissue RBE for recail
protons can be many times higher than the RBE for boron and therefore
proton recoil can contribute more to the biological dose than the '°B(n,a)
reaction or photons. Due to the difficulties in the determination of RBE
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Table 12.4: Macroscopic dose rates [Gy/h] of the different sources of energy
deposition

position  °B(n,a)"Li 14N(n,p)t4C proton recoil
model direct model direct model direct

233 2.39 0.240 0.251 0.611 0.616
243 2.50 0.251 0.262 0.234 0.237
1.47 151 0.151 0.158 0.0973  0.0988
0.713 0.733 00735 00769 0.0464 0.0473
0.314 0.323 0.0323 0.0338 0.0248  0.0253

a b~ wNPRE

factors, more accurate predictions of biological effects can be obtained by
microdosimetric cal culations.

12.3.5 Calculated relative surviving fractions compared with
measurements

Thenumber of tracksthrough the nucleus, the mean track length and the mi-
croscopic dosein the nucleusform anindication of therelative course of the
surviving fraction. The logarithm of the surviving fraction is proportional
to the relative change in these quantities. In table 12.5, the quantities are
compared with measured surviving fractions. For calculations, ahomogen-
eous boron concentration of 15 ppm is used and the nitrogen concentration
outside the cell is set to 0.05 wt.%. The normalisation is done with respect
to position 2, the thermal fluence rate peak.

The number of tracks, the total track length and the microscopic dose
calculated for the boron reaction, gives (in this case) a good prediction of
the relative course of the surviving fraction except for positions 1 and 5.
In this position the contribution of the proton recoil is too important to
neglect. Simply adding the dose distributions from the different reactions
leads to a bad prediction of the surviving fraction. In this comparison a
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Table 12.5: Comparison of measured cell surviving fractions (SF) with calcu-
lated microdosimetry quantities (irradiation timeis 30 minutes, boron

concentration is 15 ppm)

position SF -In(SF) number of total track Dg
boron length B in nucleus
tracks [um] [GY]
Absolute
1 0.216 153 2.35 8.74 2.33
2 0.274 1.29 245 9.14 243
3 0.460 0.777 1.48 5.50 1.47
4 0.677 0.390 0.720 2.68 0.713
5 0.771 0.11 0.316 1.18 0.314
Normalised
1 - 12 0.96 0.96 0.96
2 - 1 1 1 1
3 - 0.60 0.60 0.60 0.60
4 - 0.30 0.29 0.29 0.29
5 - 0.085 0.13 0.13 0.13

) microscopic boron dose

boron concentration of 15 ppm is used, a higher boron concentration leads

to a better agreement.
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12.4 Distributionsof energy depositions (D2)

In the second block of the deterministic model the distributions of energy
depositions are calculated based on the results of the Monte Carlo model
and the number of tracks through the cell nucleus, as calculated in de-
terministic block D1. In this section, the distribution of energy imparted,
as well as the distribution of lineal energy, are shown for the single event
and the multiple event model. The differences between the specific energy
distribution and the energy imparted distribution are negligible, becausethe
volume and the shape of the nucleusin this experiment are almost constant.

The distributions of the boron and nitrogen reactions are independent of
the neutron spectrum. The different micrascopic concentration distribu-
tions, as described in chapter 12.1.3, are considered. For the proton recoil,
the distributions are given for the five positions on the beam centre-line.
The distributions for the single event are given in the figures 12.6 to 12.8.
Thelineal distribution showsthe energy dependence of the neutron energy
of the proton recoil contribution. In figure 12.11 the influence of differ-
ent thresholds are considered. The difference between no threshold and a
threshold is considerable. The high amount of low energy protons causes
a high number of low energy depositions. Because the distributions are
normalised to 1, this effect is shown by alower frequency at higher energy
depositions than in case a threshold is used. The differences between a
threshold of 1 or 5 eV isnegligible.

The distributions for the multiple events model depend on the microscopic
dose distributions, the macroscopic concentration, the irradiation time and
the position for all reactions. After al, the distributions are dependent on
the Poisson distribution of hitsin the nucleus, which numbers are dependent
on the neutron spectra. In the figures 12.10 and 12.11, the multiple event
distributions for different macroscopic boron concentrations at position 1
are shown. For the nitrogen and proton recoil reactions the distributions
are given for the five positions at the beam centre-line. A higher boron
concentration gives a higher mean number of tracks through the nucleus.
The multiple event distribution for higher concentration is therefore shifted
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to higher values of the energy imparted. The sameis shown in the distribu-
tions of the proton recoil. At position 1 more tracks are going through the
nucleusthan in position 5.

The mean values of the distributions of energy depositions give an in-
dication of the effectiveness of the different reactions based on their ac-
companying microscopic concentration distribution. A high mean value
gives a high probability that a cell is killed by one particle. Reactions or
distributions with alow mean value require many hits before acell iskilled.
In table 12.6, the mean values of the single event distributions are shown.
The mean values of the multiple event model are equal to the product of
the average values from the single event model and the number of hits. A
homogeneous distribution of boron atoms is very effective in killing cells
compared with the other reactions and distributions. The proton recoil
reactions are not very effective. But as shown in table 12.1, the recoil of
the protons occurs many times more than the boron capture reaction, which
compensates the low effectiveness. However, most of the protons have an
energy lower than 1 eV. By introducing athreshold for therecoiling protons,
the effect of the proton recoil reaction increases considerably.

Several relationships exist between the results of the first two determin-
istic blocks of the microdosimetry model. Some are mentioned below. The
mean energy imparted € [keV], specific energy z [Jkg] and lineal energy |
[keV/um] are related:

Z- Vnuc

~[-T .
016 [-T, (12.3)

€~

where T isthe mean track length of the particlesin the nucleus[um]. These
guantities are subsequently related to the microscopic dose in the nucleus
Dnye, by multiplying these numbers with the numbers of tracks through the
nucleus Npc:

Doy ~ Z - Npge. (12.9)
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Table 12.6: Mean values of the imparted, specific and lineal energy distribution
in the nucleus for different neutron spectra (proton recoil) and con-
centration distributions (boron and nitrogen capturereaction). Single
event model

reaction mean energy mean specific  mean lined
imparted [keV] energy [Jkg]  energy [keV/pum]

boron
homog 711 0.495 168
cyto+int* 501 0.349 145
int 350 0.243 116
nitrogen
homog 187 0.130 534
cell +int 171 0.119 48.2
cell 170 0.118 47.9
proton recoil (no threshold)
pos. 1 0.477 331-10¢ 9.84
pos. 2 0.211 1.47-10~* 9.01
pos. 3 0.155 1.08-10~* 8.80
pos. 4 0.156 1.08-10~* 8.73
pos. 5 0.191 1.33-107* 8.71
proton recoail (threshold 1 V)
pos. 1 2.30 1.60-10~* 14.4
pos. 2 2.86 1.99-10~* 13.8
pos. 3 4.92 3.43-10°¢ 14.1
pos. 4 9.95 6.93-10* 15.4
pos. 5 19.9 1.38-1073 17.9
proton recoil (threshold 5 eV)
pos. 1 2.58 1.79-1073 15.3
pos. 2 3.35 2.33-1073 14.9
pos. 3 5.94 4.13-10°3 155
pos. 4 12.1 8.91-1073 17.1
pos. 5 23.4 1.63-1072 19.6

¢) see section 12.1.3
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12.5 Determination of the effectivenessfunction (D3)

The effectiveness function is calculated for the single event model and the
multiple event model. The measured surviving fractions after anirradiation
time of 30 minutes are used. All boron concentrations and positions are
taken into account in the model. The minimisation problemsare carried out
for the energy imparted and the lineal energy distributions using the single
event model. The obtained curves are shown in figure 12.12. Similar,
the effectiveness function for the multiple event model is calculated using
the energy imparted distribution. The result of this minimisation problem
is given in figure 12.13. The calculated effectiveness functions are only
valid for the V79 cells; other cellswill react differently during irradiations,
resulting in adifferent effectiveness function.
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8 / 8 0.60
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Figure 12.12: Effectiveness function for single event model obtained by the least
squares fit between measured and calculated surviving fractions
using different thresholds for the proton recoil energy (curves for 1
and 5 eV can hardly be discriminated).

The effectivenessfunction, asdescribed in equation 11.11, isdetermined as
aminimisation problem. This optimisation problem is mainly based on the
integral over the distribution of energy deposition times the effectiveness
function. In this experiment, the distributions of energy deposition for the
different reactions cover different parts of the energy deposition range. In
section 12.4, the means of the distributions are calculated (table 12.6). The
boron reaction is mainly determined by high energy deposition. The mean
energy imparted in the nucleus is 711 keV per event. For the nitrogen
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Figure 12.13: Effectiveness function for the multiple event model obtained by
the least squares fit between measured and calculated surviving
fractions using a threshold of 1 eV for the proton recoil energy.

reaction, the mean energy imparted in the nucleus is 171 keV, while the
recoiling protons have amean energy imparted between 2.30 and 19.9 keV
(using a threshold of 1 eV). The constant « of the effectiveness function,
indicating the energy deposition with an effect of cell kill of 50%, is mainly
determined by the high energy depositions from the boron reaction. The
slope of the function (indicated by the constant b of the effectiveness func-
tion) is determined by the large amount of low energy depositions from
the proton recoil interactions. When other thresholds for the energy of the
recoiling protons, only a minimal effect is obtained. The influence of the
nitrogen on the effectiveness function is negligible.

12.6 Surviving fractions (D4)

Using the effectivenessfunction for the single event or multiple event model
as calculated in section 12.5, the surviving fractions can be calculated. In
this section, the surviving fractions measured after 30 minutes of irradiation
arefirst recalculated for both models. These values are used for the optim-
isation and give no independent control over the functions. Therefore, four
other situations are also considered: 0 and 15 ppm boron using one hour



144 Microdosimetry

irradiation time, and 30 and 45 ppm boron with an irradiation time of 15
minutes.

Infigure 12.14, the resultsfor both models using the energy imparted or lin-
eal distributions are shown. The differences between the energy imparted
distribution and the lineal distribution are large, but when weighted with
the effectiveness function, almost the same surviving fractions are calcu-
lated. Also the results from the multiple event model are almost identical
with the results from the single event model. Considering the uncertainties
in the measurements and the uncertainties in the input parameters of the
microdosimetry model (mainly the spectral characteristics and the concen-
tration distribution of the boron and nitrogen atoms), the agreement between
measurements and calculationsis very good.

The contribution of the different reactions to the total surviving fraction
for the irradiation position on the beam centre-line becomes visible in
table 12.7. In case of a boron concentration of 15 ppm, most damage is

Table12.7: Comparison of the effect of the different reactionsonthe surviving frac-
tions, for the 5 irradiation positions on the central beam axis (Sngle
event model using the energy imparted distribution and a threshold of

leV)
Y a b c
position boron S| nitrogen SFecoil  SFy  SFtot  SFmess
1 0.35 1.00 0.72 0.80 0.20 0.22+0.07
2 0.33 1.00 0.90 0.78 023 0.27+0.06
3 0.51 1.00 0.97 0.80 040 0.46+0.09
4 0.72 1.00 0.99 0.83 0.60 0.68+ 0.13
5 0.87 1.00 1.00 0.86 074 0.77+£0.14

¢) 15 ppm homogeneously distributed
b) 1.7 wt.% in the cell, 0.05 wt.% in the intercellular space
) 11 wt.% homogeneously distributed
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for different irradiation times and boron concentrations. Left the
single event model and right the multiple event model (differences
between energy imparted and lineal energy negligible.
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caused by the boron reaction. If no boron is present, the proton recail
reaction and the photons are the main contributors to the damagein the cell.
The nitrogen reaction has hardly any effect in this experimental situation.
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12.7 Calculationsof the RBE values (D5)

12.7.1 Relative RBE values

In table 12.8, the RBE for the boron capture reaction is determined for
two different boron distributions relative to the RBE of the homogeneous
distribution. The energy imparted distribution gives a slightly different
result than the lineal energy distribution. The trend is that if the atoms
are located further away from the nucleus, the effect on the nucleus will
decrease and so the RBE. The optimisation of the effectiveness function
depends slightly on the chosen threshold for the recoiling protons.

In table 12.9, the influence of the intercellular concentration of nitrogen
is considered, maintaining a concentration of 1.7 wt.% in the cell. By
increasing the number of nitrogen atoms outside the cell, the effectiveness
per reaction will decrease (as shown in table 12.6), and with a decreasing
effectiveness also the RBE will decrease. The effect of the threshold
influences the effectiveness function mainly for low energy depositions.
The nitrogen reaction generates many energy depositionsin the cell nucleus

Table 12.8: Relative RBE values for different distributions of boron atoms (mac-
roscopic concentration is 15 ppm)

distribution homog int+cyto int
energy imparted
Ep >0eVv 1 0.38 0.091
Ep>1leVv 1 0.40 0.10
Ep >5eVv 1 0.40 0.10
lineal energy
Ep >0eVv 1 0.45 0.10
Ep>1leVv 1 0.47 0.12

Ep >5eVv 1 0.47 0.12
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with a low energy deposition, and is for that reason more independent of
this threshold than the boron reaction.

Table12.9: Relative RBE valuesfor different concentration of nitrogen atomsinthe
intercellular space (concentration in cell is 1.7 wt.%). Calculations
arerelative to the RBE of the boron reaction in case of a homogeneous
distribution

concentration 0.025wt.% 0.05wt.% 0.075wt.% 0.1wt.%
intercellular space

energy imparted
Ep>0eV 3.0 16 0.65 0.34
Ep>1leV 31 16 11 0.83
Ep >5eVv 3.0 16 11 0.81
lineal energy
Ep>0eV 19 0.97 0.40 0.21
Ep>1leV 17 0.88 0.60 0.46
Ep >5eVv 1.7 0.90 0.61 0.47

In this experiment, the nitrogen concentration outside the cellsis unknown.
Using published RBE valuesfor theVV 79 cells, this concentration can be pre-
dicted. Intheliterature, the proportion between the RBE of nitrogen and the
RBE of boron (homogeneously distributed) is equal to 1.1 [Gabel, 1984].
Hence, the nitrogen concentration in the suspension during the irradiation
must be approximately 0.075 wt.%, if a threshold for the proton recoil
reaction is used, otherwise the concentration is lower, namely 0.06 wt.%.

The RBE for the proton recoil varies with the neutron energy, and therefore
with thepositioninaphantom. Intable 12.10, the RBE valuesrelativeto the
RBE of a homogeneous distribution of boron atoms are given. The effect
of the threshold for the energies of the recoiling protons is not negligible.
However, the differences between 1 and 5 eV are within the uncertainties
of the calculations. While the RBE increases with depth if no threshold
is used, the RBE decreases in case of athreshold. Based on experimental
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Table 12.10: Relative calculated RBE values of the proton recoil for different
positions in the phantom (concentration is 11 wt.%). Calculations
arerelativeto the RBE of the boron reaction in case of ahomogeneous
distribution

pos. 1 pos. 2 pos. 3 pos. 4 pos. 5

energy imparted
Ep >0eV 16 36 4.9 49 40
Ep>1leVv 16 11 0.62 0.31 0.16
Ep >5eV 17 11 0.64 0.33 0.18
lineal energy
Ep >0eV 15 35 4.7 4.7 38
Ep>1leVv 15 11 0.67 0.33 0.17
Ep >5eV 17 13 0.74 0.37 0.19

knowledge [Alpen, 1992], the RBE in an epithermal beam decreases with
depth. The two different distributions of energy deposition, the energy
imparted and the lineal energy, give the same results. The high RBE for
recoiling protons at the first irradiation position is aresult of the very high
number of tracks through the nucleus.

12.7.2 Absolute RBE values

The optimisation problem for the RBE for boron, resultsin acal culated RBE
value between 2.2 and 2.3 for al distributions of energy depositions and
all thresholds for the recoiling protons. Using the above relative relations
between the different reactions, distributions or positions, the remaining
RBE’s can be calculated (see table 12.11). The nitrogen RBE is not calcu-
lated because of its unknown concentration in the intercellular space. The
proton recoil RBE’s change considerably using a threshold or not. The
differences between athreshold of 1 or 5 eV are negligible.
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Table 12.11: Calculated RBE values for the different reactions

literature calculated
energy imparted lineal energy
threshold Oev 1lev 5eV Oev 1lev 5eV
10B(n,0)7Li 2.4 2.2 2.2 2.2 2.3 2.3 2.3

UN(ptc 27 @ - - - - -

proton recoil
pos. 1 3.0 25 35 37 35 37 37
pos. 2 3.0 55 23 24 79 26 28
pos. 3 3.0 76 14 14 11 15 17
pos. 4 30 76 069 0.72 11 0.75 0.83
pos. 5 30 62 036 0.39 89 039 043

¢) not calculated because of uncertainties in nitrogen concentration in intercellular space



Chapter 13

Sengitivity analysisfor the
radiobiological experiment

13.1 Introduction

Some experimental parameters of the analysed radiobiological experiment
have a large uncertainty, which can influence the results of the model con-
siderably. In this chapter, the effect of these uncertainties is considered
within a sensitivity study. This study is divided into three sections. In the
first section, theinfluenceof theinput parameters of the Monte Carlo model
isconsidered. The second and third ones deal with respectively the neutron
beam characteristics; and the measured photon doses. In the last section,
the effect of several assumptions on the effectiveness function is analysed.

The sensitivity analysis is performed using the Single Event model and
the imparted energy distribution as an unperturbed situation. Protons with
an energy lower than 1 eV are assumed to have no influence on the cells
and are discarded.

151
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13.2 Senditivity analysis of the Monte Carlo calcula-
tions

The number of interactions simulated in the Monte Carlo program has in-
fluence on the statistical accuracy of the Monte Carlo calculations. A too
little number of events causes large statistical uncertainties in the calcu-
lated results. In the analysis of the radiobiological experiment, described
in chapter 12, 1,000,000 particles are simulated for the capture reactions
and 100,000 for the proton recoil interactions within each energy group,
leading to atotal number of 4,700,000 simulated interactions. Calculations
[Vroegindeweij, 1994] have shown that for this experiment, the distribu-
tions of energy depositions converge within 5% after 100,000 interactions
if the range of energy depositionsis divided into 40 groups or less, while
the other results have a statistical uncertainty smaller than 5% after 50,000
simulated interactions.

Some assumptions are made about the shape of the cell and the posi-
tions of the nucleus in the cell. Two different options for the position of
the nucleus in the cell are possible in the model: the nucleus is fixed in
the centre of the cell or the position of the nucleusis randomly distributed
through the whole cell. If the atoms are randomly distributed, the positions
of the nucleus have no effect on the results. A maximum effect is obtained
if theatomsare only in theintercellular space. The maximum effect for the
boron reaction is 25%. In the analysis performed in the previous chapter, a
random distribution is considered.

The shape of the V79 cellsin suspensionsisassumed to be an ellipsoid with
amaximum variation of 10% in the cell radii. The effect of this variation
is small and can be neglected [Vroegindeweij, 1994]. On the other hand if
a completely different shape is used, the results can change considerably.
The effect will be maximal for inhomogeneous atom distributions; using
a homogeneous distribution, most of the effect disappears because a mean
value over alarge number of situationsis considered.

The stopping power tables generated with TRIM are based on a stopping
medium of water. The use of other materials (for example brain, blood



Sensitivity analysis for the radiobiological experiment 153

and muscle) lead to no significant changes in the results, because of the
amost similar densities and composition. However, materials which are
significantly different can have alarge influence, but these materials are not
relevant to BNCT.

13.3 Neutron energy spectrum

The calculations in the previous chapter are based on the presently best
known neutron beam characteristics. As shown in the phantom calcula-
tions (chapter 6), the intensity of the fast neutron beam is most probably
underestimated in the neutron beam spectrum derived from the MCNP
calculations [Watkins, 1995]. In this section the influence of a changing
spectrum is determined by repeating the calculations of chapter 12 with an
adjusted spectrum. Based on the sensitivity study in chapter 6, the fast part
of the spectrum (above the 1 MeV) is adjusted by afactor 5.4.

Changes in the spectrum will not affect the mean track length through
the cell nucleus of the particles released by the capture reactions: an ad-
justment of the fast fluence rate influences the number of events negligibly,
and consequently the effect on the number of particles going through the
cell nucleus and the microscopic dose in the nucleusis negligible.

In contrast, the effect on the proton recail reaction is large. In tables 13.1
and 13.2, the quantities for the unperturbed and the adjusted spectra are
given for the proton recoil reaction. Using a higher intensity for the fast
fluence rate, the mean penetration of the neutrons increases, leading to a
higher number of recoiling protons at depth. Also, the mean track length of
the protonsin the nucleusand the microscopic dosein the nucleusincreases.

Most of the energy deposition in the nucleus comes from the boron capture
reaction. In this experiment, the influence from the proton recoil is sec-
ondary. Changing the intensity of the fast neutron fluence rate, the boron
contribution does not change considerably, and therefore the changein the
effectivenessfunction is small. In figure 13.1, the calculated effectiveness
functionisshowntogether with the unperturbed effectivenessfunction. The
small changesin the effectiveness function also imply asmall effect on the
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Table 13.1: Mean track lengths [zm] in the nucleus, the frequency of hits [h~!]
and the microscopic dose rate in the nucleus [Gy/h] for the proton
recoil reaction at different positionsin the phantom

position mean track length [um]
unperturbed  adjusted

tracks through the nucleus [h—!]

unperturbed  adjusted

1 0.058 0.093
2 0.072 0.16
3 0.13 0.39
4 0.31 0.97
5 0.74 191

383
118
28.5
6.71
1.79

385
121
31.0
8.62
3.17

Table 13.2: The microscopic dose rate in the nucleus [ Gy/h] for the proton recoil
reaction at different positionsin the phantom

position doserate in the nucleus[Gy/h]
unperturbed adjusted

1 0.611 0.866

2 0.234 0.432

3 0.0973 0.239

4 0.0464 0.146

5 0.0248 0.0937

calculated surviving fractions for the adjusted spectrum. The differences
between the perturbed and unperturbed situation change are within 1%.

The RBE values (table 13.3) are calculated by the ratio between the num-
ber of tracks through the nucleus and the macroscopic dose multiplied by
the integral of the effectiveness function folded with the distributions of
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Figurel3.1: Effectivenessfunctionsfor a singleevent obtained by theleast squares
fit between measured and calculated surviving fractions based on
different spectral characteristics (curves are on top of each other).

Table 13.3: RBE values” for different spectral characteristics

interaction unperturbed adjusted
boron® 2.2 2.2
nitrogen® 35 35
proton recoil?

pos. 1 35 34

pos. 2 23 14

pos. 3 14 0.67

pos. 4 0.69 0.33

pos. 5 0.36 0.22

) threshold for the proton energy is1 eV

)
5 boron concentration: 15 ppm homogeneously
9

)

hydrogen concentration: 11 wt.% homogeneously

nitrogen concentration: 1.7 wt.% in the cell, 0.05wt.% in the intercellular space

energy imparted (see equation 11.26). The effectiveness function does not
change significantly for the high energy depositions if the neutron energy
spectrum is adjusted. Consequently, the RBE for the boron and nitrogen
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reaction barely changes. For low energy depositions in the cell nucleus,’
this change in the effectiveness function is larger, leading to alarger effect
in the RBE for the proton recoil. A higher intensity of the fast neutrons
causes a steeper decrease of the RBE with depth.

13.4 Influence of uncertaintiesin the photon dose

The data calculated with the Monte Carlo programs of blocks MC1 and
MC2, aswell asthe normalisationin blocks D1 and D2, are independent of
the photon dose, but changesin the photon dose influence the effectiveness
function and the parameters calculated with this function. Two different
uncertainties of the photon dose can be distinguished: uncertainties in the
photon dose and uncertaintiesin the conversion of these dosesinto surviving
fractions.

13.4.1 Uncertaintiesin the measured photon doses

The photon doses are measured in a cubic phantom on the beam centre-
line. The obtained values are converted into dose rates in the Bremen
phantom resulting in uncertainties up to 15%. To investigate the effect of
these uncertainties on the effectiveness function, three different cases are
considered. In the first case the effect of an overestimation of the dose
ratesis considered by decreasing the photon dose with 20% (indicated with
Dyx0.8). Inthe second case an overestimation of theincident photon beam
is considered by decreasing the photon dose rates for all positionswith 0.2
Gy/h (indicated with Dy — 0.2). In thethird case, the relation between the
dose rates on the beam centre-line and the other positionsis considered by
keeping the values on the beam centre line unchanged and decreasing the
photon dose 2 cm from the centre beam line with 10% and 4 cm from the
centre beam line with 20% (indicated with 100,90,80%).

The differences between the calculated effectiveness functions for differ-
ent perturbations in the photon doses are small. As for the proton recoil
contribution, the effect of the photonsis secondary compared to the boron
reaction. Consequently, the differences between the unperturbed and per-
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Figure 13.2: Effectiveness function for single event obtained by the least squares
fit between measured and cal culated surviving fractions, for perturb-
ation in the photon dose.

Table 13.4: RBE values for different adjustments of the photon dose into the
surviving fractions

interaction unperturbed Dy x80% Dy —0.2  100,90,80%

boron 2.2 2.3 2.3 2.2
nitrogen 35 37 37 3.6
proton recoil
pos. 1 35 29 29 2.8
pos. 2 2.3 2.4 2.3 2.3
pos. 3 14 14 14 13
pos. 4 0.69 0.70 0.69 0.67
pos. 5 0.36 0.37 0.37 0.36

turbed calculated surviving fractions are small. The decrease of the photon
doseis compensated by a higher contribution of the proton recoil reaction.
For al positionsthe effect on the surviving fractionsissmaller than 3%. The
unperturbed and perturbed calculated RBE values are given in table 13.4.
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The differencesin the RBE's are negligible, except for the RBE for proton
recoil at position 1, which decreases 20%.

13.4.2 Uncertaintiesin convertingdosesintosurvivingfractions

In chapter 12, a linear-quadratic model is used to calculate the surviving
fractions from photons (equation 11.12), using the constants o and 5 de-
rived from radiobiological experiments [Huiskamp, 1992]. The influence
of uncertaintiesin the determination of the constants« and 3 is considered
by decreasing these constants with 20%. Also alinear model is considered
to convert the photon dose rates into surviving fractions:

SFy=e Y™, (13.1)

where D, is experimentally determined by a standard photon experiment.
In figure 13.3 the effectiveness functions for the perturbed situations are
given. As the effectiveness function is mainly determined by the boron
reaction, the changes in the effectiveness functions are small when the
conversion of the photon dose into surviving fractions is perturbed. The
perturbation in calculated surviving fractions is also small, the maximum
changeis 5%.

1.00

0.80

0.60 -
— unperturbed

0.40
— a,B

probability of cell kill

0.20

—-~ linear
|

0.00
0 500 1000 1500 2000

energy imparted (keV)

Figure13.3: Effectivenessfunction for the single event model obtained by the least
squares fit between measured and calculated surviving fractions for
different conversions of the photon dose to surviving fractions.

The effectiveness function for high energy deposition hardly changes and
consequently, the differences in the RBE values for the boron reactions
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Table 13.5: RBE values for the proton recoil reaction for different conversions of
the photon dose into the surviving fractions

interaction unperturbed aand 3 (-20%) linear
boron 2.2 23 23
nitrogen 35 35 31
proton recail
pos. 1 35 1.8 24
pos. 2 23 15 20
pos. 3 14 0.85 11
pos. 4 0.69 0.43 0.58
pos. 5 0.36 0.23 0.31

are negligible. The effect on the RBE for proton recoil is significant.
Changes in the conversion of photon dose lead to a different slope of the
effectivenessfunction. The values of the effectivenessfunction for the low
energy depositions change, and thereby the RBE for the proton recoil.

13.5 Determination of the effectivenessfunction

13.5.1 Other minimisation procedures

In chapter 12, the minimisation for the Single Event model is performed for
differences between the measured and calculated logarithm of the surviv-
ing fractions (indicated with LN). The effect of choosing this optimisation
problem isinvestigated by defining three other problems. In the first prob-
lem, the difference between the measured and cal culated surviving fractions
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(indicated with SF) is minimised:

mina,b| Z Z e fz{Zr,\ Ny (2,0)-f1.(2,2,C) }EF(2)dz SF(.%‘, C)/SFV($)|2
z C

(13.2)

Instead of looking at absol ute differences between measured and cal cul ated
surviving fractions, the relative differences can be considered (indicated
with SF¢, eading to a second minimisation problem:

& fZ{ZT Ny (2,C)-f1.r(z,2,0)}ER(2)dz SF(z, C)/SFy(x) |2

min| 33
Y SK(z, C') /SFy(x)
(13.3)
1.00 - ——
7 -
= 7 4
= osof a4
3 7/
5 060f Y /
2 Vs — LN
= 0.40 y //
% Y — SF
5 020f ,’//
4//'/ —-~ SF_rel
0.00 . .
0 500 1000 1500 2000

energy imparted (keV)

Figure 13.4: Effectivenessfunctionfor a single event obtained by theleast squares
fit between measured and cal culated surviving fractions using differ-
ent optimisation procedures.

The calculated effectiveness functions are drawn in figure 13.4. Different
minimisation problems lead to different effectiveness functions, and based
on this, to different calculated surviving fractions (figure 13.5) and RBE
values (table 13.6). Again, the proton recoil dose is the most sensitive
quantity. The differences in sensitivity are mainly caused by the fact that
in the minimisation problems, the high energy depositions of the capture
reaction have moreinfluencethan thelow energy depositionsof therecoiling
protonsin the cell nucleus.



Sensitivity analysis for the radiobiological experiment 161

= ; I ¥
0ppm_ 4 H it 5ppm o E 44 ¥
c 1 & i ¥ £ + c [ 5 Ié " I
S P 1] 8 [ + . %
3 ¥l L g+ 3 — i * + 7T
£ o+ 1 1 . £ e ol I
o o o + measurel o T + v
£ L v J i £ [ T + 1s
s i i cw |2 I
g + g i §
@ rL A SF @
vV SF_rel
ogl—— ST ol
0 5 10 15 0 5 10 15
position position
1f T + 1r 1
F 30 ppm . *i- — %7 £ 45 ppm 3 Vt ;j[-
s S - *
5] s & %! % 5] . §
g + T~ * g & § N E
g ogo %2 g o § 8 ¥
S r S 3 T
E F v E A I f
=1 [ + =1 o o ¢
o © s 9 Y
i
L .
0.01 : : 0.01
0 5 10 15 0 5 10 15
position position

Figure 13.5: Calculated surviving fractions for different optimisation problems
(single event model, irradiation time 30 minutes)

13.5.2 Waeighting with uncertainties of measurements

Due to the experimental conditions, the uncertainties in the measurements
change for different positions and boron concentrations. The influence
of the uncertainties in the measurements is considered by dividing the
difference between the cal culated and measured |ogarithm of the surviving
fraction by the uncertainties in the measurements, or the standard deviation
o

ming| 32, Yo 7z ([AX, No(z, C) - fr4(2, 7, C) }EF(2)dz
+In(SF(z, C)) — In(SFy(x))]*. (13.4)
The effect on the various calculated quantitiesis small, except for the RBE

for the proton recail reaction and the nitrogen capture reaction. The calcu-
lated effectivenessfunction is compared with the unperturbed effectiveness
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Table 13.6: RBE values for the proton recoil reaction for different optimisation

problems
position logarithm of absolute surviving  relative surviving
surviving fractions  fractions fractions
boron 22 21 22
nitrogen 35 4.0 4.4
proton recail
1 35 4.5 32
2 2.3 36 2.6
3 14 21 15
4 0.69 11 0.77
5 0.36 0.55 041
1.00 =
— ///
= 0.80 F //
3 /
5 0.60 - /
2 /
% 0.40 [ // — unperturbed
8 /
g 0.20 [ // —— uncertainties
4

0.00
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Figure 13.6: Effectiveness function for single event obtained by the least squares
fit between measured and cal culated surviving fractions.

function in figure 13.6. The surviving fraction changes only within 5%
using the new calculated effectiveness function, and also the RBE for the
boron reaction is not changed. The RBE for the recoiling protons and the
protons from captures in nitrogen are increased.
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Table 13.7. RBE values in case of minimalistion problem weighted with the
uncertaintiesin the measurements.

interaction unperturbed uncertainties
boron 2.2 2.1
nitrogen 35 4.2
proton recoil
pos. 1 35 41
pos. 2 23 3.3
pos. 3 14 1.95
pos. 4 0.69 0.96
pos. 5 0.36 0.51

13.5.3 Influence of the selection of a subset of concentr ations or
data points

In the optimisation of chapter 12, the data for all different boron concen-
trations and all different irradiation positions are for an irradiation time
of 30 minutes. Looking only to a subset of these data, the effectiveness
function can change. Instead of looking to all boron concentrations, only
the data for no boron and 45 ppm boron are used in the optimisation. The
irradiation positions are subdivided into three groups: position 1to 5 (beam
centre line), position 6 to 10 (2 cm from centre line) and position 11 to 15
(4 cm from centre ling). The different effectiveness functions are given in
figure 13.7.

The surviving fractions (figure 13.8) and the RBE for the boron capture
reaction (table 13.7) are not sensitive to the choice of data. The RBE for
the proton recoil is sensitive to the selection of a subset while the RBE for
protons from captures in nitrogen does not exhibit any change.
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The calculated surviving fractions, effectiveness function and RBE for the
boron reaction are not sensitive to small changes in the input parameters.
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Table 13.8: RBE values for the proton recoil reaction for different subsets of data
points

interaction unperturbed 0 and 45 ppm

boron 22 21
nitrogen 35 37
proton recail
pos. 1 35 31
pos. 2 2.3 25
pos. 3 14 15
pos. 4 0.69 0.73
pos. 5 0.36 0.39

Thelarge number of low-energy recoiling protons enlargesthe small uncer-
taintiesin the effectivenessfunction for small energy depositions, resulting
in ahigher sensitivity in the RBE's for proton recoil for the input paramet-
ers. In all perturbed situations, a similar tendency is obtained concerning
the RBE for proton recoil; the absolute values change considerably.

The results from the sensitivity analysis can be used to tailor new ra-
diobiological experiments in such a way that the experiment will yield a
maximum of information. A new set of experiments, especially performed
to understand the effect of the RBE factors for low energy deposition, has
to be designed. Using different incident neutron beams will give a better
understanding of the behaviour of the recoiling protons. Three beams with
different spectra are available in Petten for such a new experiment: the
thermal facility and the 1 MeV fission neutron facility at the LFR and the
epithermal facility at the HFR will give totally different spectrato test this
postulate.
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Table 13.9: RBE valuesfor the proton recoil reaction for different subsets of data

points

interaction unperturbed pos. 1-5 pos. 6-10 pos. 11-15
boron 2.2 2.3 21 21
nitrogen 35 4.9 2.6 23
proton recoil

pos. 1 35 4.6 2.7 2.9

pos. 2 2.3 3.0 18 20

pos. 3 14 17 1.0 11

pos. 4 0.69 0.88 0.52 0.58

pos. 5 0.36 0.47 0.28 0.30




Chapter 14

Conclusions about the
microdosimetry model

Microdosimetry is an important instrument to obtain afundamental under-
standing of the principlesof BNCT. To date, several microdosimetry models
exist which can simulate the transport of particles released by the boron and
nitrogen capture reaction. None of these models, however, can simulate
the recoiling protons. A new microdosimetry model has been developed
which can calculate all the important high-LET irradiation for BNCT, viz.
particlesfrom the boron and nitrogen capture reaction, aswell asthe proton
recoil. Another disadvantage of the existing modelsisthat little effort is put
into the conversion from microdosimetric values to biological parameters
such as surviving fractions or RBE factors. In the model developed here,
aconversion to biological quantities has been made based on suggestions
of the effectiveness function described by Gabel [Gabel, 1987] and Bond
[Bond, 1985].

Thedifferent possibilities of the model may be explained by alarge radiobi-
ological experiment performed at the HB11 facility in Petten. At fifteen

167
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different positions, vials with V79 cells containing different amounts of
boron atoms were irradiated. The boron atoms given as boron acid, have
been homogeneously distributed throughout the whole cell. The cells and
nuclei are modelled as ellipsoids with a random variation of 10% in the
radii. The consequence of this assumption is, in this case, small because
of a homogeneous boron and hydrogen concentration. Only the nitrogen
atoms are inhomogeneoudly distributed. The nitrogen concentration in the
intercellular spaceis not known, but the energy deposition of this reaction
is unimportant in this experiment. The V79 cells are grown on a medium
containing a certain amount of nitrogen compounds. Before the cells were
irradiated, they were washed to remove the growth medium. In theory,
the nitrogen concentration in the intercellular space is equal to zero, but
not in practice. If the published RBE values for the boron and nitrogen
capture reaction for V79 cells is correct, the nitrogen concentration in the
intercellular space can be predicted by the calculations. In this experiment
a concentration of 0.02 wt.% in the intercellular space is found, which is
1% of the nitrogen concentration in the cell. In the analysis of the experi-
ment a concentration of 0.05 wt.% is used. However, because of the small
contribution to the total energy depasition of the nitrogen reaction, this
overestimation of the concentration in the intercellular spaceis negligible.

The mean track lengths through the nucleus are comparable for the boron
and nitrogen capture reactions. However, the energy deposition of the
nitrogen reaction is significantly lower than for the boron reaction or the
proton recoil, caused by alow number of tracks through the nucleus and a
low stopping power. For the boron reaction, most of the energy deposition
comes from particles starting in the cell nucleus itself. For the nitrogen
reaction, the contribution from particles starting in the nucleus or in the
cytoplasm is equal, the contribution of the intercellular spaceisin the case
of a0.05 wt.% concentration negligible.

Many neutronsinteract with the hydrogen nuclei present in the cell suspen-
sions. The major part of these recoiling protons have an energy and atrack
length that are so small that they have hardly any influenceonthecells. The
most important contribution comes from the few recoiling protons with a
high energy, mostly originating outside the cell nucleus. The mean track
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length through the cell nucleus and the mean energy imparted in the cell
nucleusis strongly dependent on the position in the phantom.

If boron is present in the cell suspensions, most of the energy depos-
ition comes from the boron reaction. Consequently, the number of tracks
through the nucleus, the total track length in the nucleus and the energy
deposition in the nucleus from the boron reaction, indicate the surviving
fraction relative to a standard condition. The logarithm of the surviving
fraction is almost proportional to these quantities. If no boron is present in
the cell suspensions, the major part of the energy deposition comes from
the photons and the recoiling protons. The influence of the nitrogen is
negligible under this condition.

The effectiveness function, which allows the conversion of microscopic
energy depositions to biological quantities, is determined by a minimisa-
tion problem defined by the square of the differences between thelogarithm
of the measured and calculated surviving fractions. In the analysed exper-
iment, because most of the damage to the cells comes from the boron
reaction and the energy deposited in the nucleus per boron event is large,
the effectiveness function is well determined for large energy depositions.
Smaller energy depositionsare of minor importance and for that reason, the
effectivenessfunction for small energy depositionsis hard to determine. In
the sensitivity studies, it is demonstrated that the effectiveness function is
not sensitive to the large uncertainties in some of the input data. However,
the small changesin the values of this function for low energy depositions
can cause large effects in the proton recoil results due to the high number
of interactions. For the single event model, the effectiveness function is
calculated for the energy imparted distribution and for the lineal energy
distributions. Asthe volume of the cell nucleus is rather constant, the dis-
tribution of the energy imparted and the specific energy are almost equal.
In the case of the distribution of energy imparted, the multiple events model
is also used. In the calculations of the effectiveness function, all fifteen
irradiation positions and also all four boron concentrations are used, but
only the data for an irradiation time of thirty minutes. The effectiveness
function changesfor every cell line. The obtained functions are only valid
for the V79 cells.
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The surviving fraction is calculated using the effectiveness functions. The
main contribution to the cell kill comesfrom theboron reaction. Thephoton
dose and the proton recoil cause significant damage to the cells while the
nitrogen reaction hardly causes any damagein the cells. The differencesin
calculated cell surviving fractions using a single event model or amultiple
eventsmodel arenegligible. Thesameistruefor thedifferencesbetweenthe
effectiveness function for the different distributions of energy deposition.
The calculated values are compared with measured ones for three different
irradiation times, including also a comparison with measurementsthat are
not used in the optimisation problem when determining the effectiveness
function. A good agreement exists between the measured and calculated
values.

The calculated surviving fractions are not sensitive to most of the input
parameters, such as the intensity of the fast neutron beam and the photon
dose, since most of the effect is caused by the boron reactions with thermal
neutrons. Choosing another optimisation problem or using only a subset of
the data points can cause significant differences in the calculated effective-
ness function. The latter points to inaccuracies in the input data. A better
definition of the neutron beam and the photon dose can lead to a better
agreement between the different subsets.

Another biological quantity calculated with the program is the RBE. The
RBE for the boron capture reaction is not sensitive to the input paramet-
ers and is comparable with the measured value of 2.3. The RBE for the
proton recoil reaction, however, is extremely sensitive to errorsin the input
parameters. Small uncertainties in the values of the effectiveness function
for low energy depositions are strongly increased by the large number of
interactions. Within this experiment, it is not possible to precisely cal-
culate the RBE values for proton recoil. Use of a better defined neutron
source to obtain the effectiveness function could solve this problem. Also
an experiment with no boron additions and clearly distinguished spectrato
avoid mathematical problems solving the minimisation problems, makesit
possible to calculate the RBE for proton recoil.
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A minimisation problem is described to calculate the boron concentra-
tion distribution based on measurements. Currently, no experimental data
is available, hence the possibilities of this part of the model could not be
demonstrated. Based on the nonsensitivity of the microscopic data to the
boron reaction, this can be avaluabletool in the discussionsabout the boron
distributions for the existing boron compounds BSH and BPA, or for new
compoundsthat will be developed in the future.

The microdosimetry model is a useful tool to evaluate the effects of BNCT
on a cellular scale [Vroegindeweij, 1996]. Besidesits use for BNCT, the
model can also be used for the evaluation of other kinds of radiotherapy. For
example, radionuclide labelled monoclonal antibodies, where energetic a-
particles can be used to irradiate the malignant tissue. Until now the model
is limited to the transport of heavy particles. The program can easily be
extended to treat also the transport of B-particlesin tissue.
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Nomenclature

List of symbols

C. i sotopic concentration in compartment ¢

D dose

D; absorbed dose in compartment i

D, dose in compartment i per capture from particles
originating in compartment ¢

E, neutron energy

EF effectiveness function

EFs effectiveness function, single event model

EFRy effectiveness function, multiple events model

EFw effectiveness function, weighted multiple
events model

f(z distribution of specific energy

fi(z) distribution of specific energy, single event model

fu(z) distribution of specific energy, multiple
events model

fw(2) distribution of specific energy, weighted multiple
events model

F; normalisation factor

I, number of interactionsin compartment ¢

N, Avogadro’s constant, 6.022 - 1023 mol —!

N; number of particles reaching the cell nucleus

L. mean track length in compartment ¢ from particle
out of compartment ¢

M molar weight of isotope

P; poisson probability that 7 particles reach

the cell nucleus

177

ppm
Gy

Gy
eV

pm
amu
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P, probability that a particle from an eventin
compartment ¢ will reach compartment ¢
V. volume of compartment ¢ pum3
SF surviving fraction
Sky photon surviving fraction
Sk surviving fraction, single event model
SFy surviving fraction, multiple events model
SFy surviving fraction, weighted multiple events model
t irradiation time s
Y lineal energy keV/um
z specific energy Jkg
« constants to determine cell surviving fractions Gy~ !
8 constants to determine cell surviving fractions Gy 2
€ energy imparted keV
p density gcm—3
04 absorption microscopic cross section for energy
group g for the capture reactions or the scattering
cross section for group ¢ for the proton
recoil reaction barn
T scatter angle
by fluence rate for energy group g cm~2s7!

List of abbreviations

BNCT
DORT
HFR
ICRU

KERMA
LET
MCNP
RBE
TRIM-88

Boron Neutron Capture Therapy

two-Dimensional discrete ORdinates Transport code
High Flux Reactor

International Commission on Radiation Units

and measurements

Kinetic Energy Released in MAtter

Lineal Energy Transfer

Monte Carlo Neutron and Photon transport code system
Relative Biological Effectiveness

TRansport In Matter version 1988



General conclusion and
recommendations

In the present thesis, computer models are developed which simulate the
history of neutrons along their entire path in the BNCT-chain from the
creation of the first fission neutron in the nuclear fuel of a reactor core to
the deposition of energy in the cell nuclei of malignant cells and healthy
cells of a cancer patient. The purpose of this study is to create a system
of models which can predict the biological effects of BNCT treatments by
controlling the numerous parameters involved in this extensive chain.

The theoretical models consider different geometrical levels. Neverthe-
less, there isastrong correlation between the different parts. Part I, reactor
calculations, deals with the transport of neutrons through the reactor from
their origin to the point where they leave the reactor. The dimensions of
the reactor and the beam channel geometry are the order of several metres.
The phantom calculations, described in part |1, start where the reactor cal-
culations end. The neutron beam from the reactor forms the input for
the transport calculations of the neutrons within a phantom. The neutron
transport in this part is considered over severa tens of centimetres. The
microdosimetry model, as shown in part 111, uses the neutron spectra cal-
culated in Part 11, as input to calculate the transport of heavy particles on
acellular scale. The dimensions of the considered cells are several tens of
micrometres.

In all parts, a combination of two different calculation techniquesis used,
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namely the Monte Carlo techniques versus deterministic methods. The
advantages of codes based on the Monte Carlo techniques are the easy im-
plementation of difficult geometriesor physical parameters. A disadvantage
is the computation time that can be enormous, despite the large variety in
available variance reduction techniques. Also the statistical uncertainties
in the results make the code difficult to use for problemsin which different
situations are considered. The codes based on deterministic techniques can
reduce the computation time considerably, but because of theinflexibleway
of representing the geometry or physical arguments gross assumptions are
needed. To make optimal use of both techniques, acombination is used in
al three parts of this thesis.

In chapter 2, a thermal facility is developed suitable for biological ex-
periments. The materials and positions of the facility are chosen based on
practical arguments. The facility is placed on the irradiation trolley of the
LFR, to minimise the needed reconstruction work. The neutron spectrum
at the beginning of the irradiation trolley has very high fast neutron and
photon components. An additional moderator made of graphite blocks is
placed on the trolley for further thermalisation of the neutron beam. After
the graphite aboron coated lead shield is placed to reduce the photon com-
ponent. Around the irradiation position the lead shield is replaced by a
bismuth shield, having a smaller cross section for thermal neutrons. The
dimensions of the moderator and the position of the bismuth window in the
lead shield are the only unknowns in the calculations. After the construc-
tion of the facility, the calculations are compared with measurements. In
this study, the Monte Carlo program MCNP is used. By fixing the number
of materials, only a limited number of calculations has to be performed,
making the needed computation time per calculation less important. The
results are only calculated at the irradiation positions, allowing the use of
variance reductions in the calculations. Finally, the entire reactor has been
modelled in detail, enabling a comparison between measurements and cal-
culations.

The calculations are compared with measurement using neutron activa-
tion detectors (foils). All calculated activations are slightly higher than
the measured ones. The maximum difference between the calculations and
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measurements is 25%, which is very reasonable for calculations of such
dimensions. From this comparison, it can be deduced that the MCNP code
can predict the neutron spectrum quite well. Only some preliminary photon
measurements are performed indicating that the calculated and measured
dose rates are of the same order. The facility is being used for different
biological experiments and for calibration of neutron detectors since April
1994.

In the further development of the facility at the LFR, other materials and
geometrical constructions must also be considered. The large number
of different situations to be modelled, makes Monte Carlo calculations
less appropriate, due to the long computation times. Deterministic codes,
however, can be relatively easily be adapted to calculate effects of geo-
metrical changes within a few minutes. In chapter 3, the Generalized
Perturbation Theory is developed and implemented in the transport code
DORT and the sensitivity uncertainty analysis code SUSD.

A clear difference in the use of Monte Carlo and deterministic techniques
is also demonstrated for the phantom calculations as described in part 11.
Phantoms are often used to characterise neutron beams. Most phantoms
haveasimple geometry. The phantom used in part |1 iscylindrical, because
of the simple geometry both cal culational techniques represent the phantom
very well. Inthe phantom, at fifteen different positions, the neutron spectra
and the initiated photon dose are calculated. Due to the distribution of the
positions at which the results are cal culated, most of the variance reduction
techniquesin the Monte Carlo code cannot be used. Thetime needed to get
reasonable results using the MCNP code is in the order of aweek using a
DEC-Alpha 3500 computer (150 MHz). The computation time needed by
the deterministic code DORT depends strongly on the chosen cross section
library. Due to the way DORT handles upscatter groups the calculation
time increases exponentionally with the number of upscatter groups. Small
changesintheiteration algorithm of DORT can reducethis problem consid-
erably. Using a library without upscatter groups, the needed computation
time falls below 30 minutes.

Asinpart |, the calculations of part Il are compared with measured quantit-
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ies. Based on this comparison, and earlier ones, conclusions can be drawn
that the beam characterisation of HB11 is still inadequate. The intens-
ity of the fast neutrons is underestimated in the (calculated) neutron beam
compared with the measured data. Also the photon beamisnot well charac-
terised. At this moment only alimited amount of measured and cal culated
data about the photon beam is available. In order to make a good analysis
of the experiments possible, abetter characterisation of the beam is needed.

In the microdosimetry model, as described in part 111, the Monte Carlo
calculations are tied in with the deterministic techniques. The transport of
the particleson acellular scaleis performed using Monte Carlo techniques.
In contrast to the deterministic techniques, the Monte Carlo technique
makes it possible to easily implement different cell geometries (diameters
and positions), origins of interactions or directions and track length of the
particles. A disadvantage is the large computation time needed for the
Monte Carlo calculations. Much effort has been put into the reduction of
the computation time using biased Monte Carlo techniques. Also the nor-
malisation of the cal cul ationstakes place outside the Monte Carlo program,
making quick comparison of different neutron spectra or boron concentra-
tions possible. Except for the transport calculations, al programs within
the microdosimetry model are based on deterministic calculations.

Only asmall part of the results of the microdosimetry model can be com-
pared with measurements or literature. The data from the Monte Carlo
program and the first three deterministic blocks of the model can only be
validated indirectly. The calculated surviving fractions are directly com-
pared with measurements. Becausenot all measured surviving fractionsare
used in the calculation of the effectiveness function, these data points can
be used to get an independent validation of the effectivenessfunction. The
agreement between measured and calculated surviving fractions is good
(within the statistical uncertainties of the measurements). Also the calcu-
lated RBE values are compared with values from the literature. For the
boron reaction a calculated value of 2.2 is found while the literature gives
avalue of 2.3. The proton recoil RBE is more difficult to compare because
normally the RBE for proton recoil is considered constant. In reality this
RBE varies with the neutron energy. The effect of a constant RBE leads
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to an overestimation of the proton recoil contribution at depth. However,
in case of BNCT the assumption of a constant RBE has only a small effect
on the results in cells where boron atoms are present, due to the fact that
aready with small concentrations of boron (from around 5 ppm), this reac-
tion is the major contribution to the cell damage. For clinical applications,
this means that the effect in healthy tissue, situated deeply in the head, will
be overestimated. If a neutron beam with a higher fast neutron intensity is
used, for example in fast neutron therapy, is used the effect of a constant
RBE for proton recoil is much larger.

For the further development of the microdosimetry model, new radiobi-
ological experiments must be performed. The uncertainties in the data of
the proton recoil reaction can be solved by using different neutron beams.
In Petten, a unique combination of athermal and fast (1 MeV) facility at
the LFR and an epithermal facility at the HFR are available, which forms
an excellent possibility for further development of the model. Also the
boron concentration distributions can be investigated on a cellular scale
using microdosimetry. For this purpose experiments with different boron
compounds must be performed. The microdosimetry model is intensely
used to analyse cell suspensions, but only preliminary calculations have
been performed with the tissue and capillary models. After upgrading and
testing the programs for these models, the model can be used to predict the
effect of BNCT during clinical irradiations. Finally, the model consistsof a
large amount of small programs. To make these programs useful to others,
an interface around the program must be constructed. A direct coupling
between the microdosimetry model and the trestment planning software is
recommended if the effect of BNCT in clinical situationsis considered.
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Summary

Theoretica models have been developed on three different levels. the
development and design of athermal facility, characterisation of the neutron
and photon beam in a phantom, and the development of a microdosimetry
model to analyse the effects of BNCT on acellular scale.

Part 1. Reactor Calculations

In chapter 2, a design study of the thermal facility is performed, result-
ing in the construction of the thermal facility at the Low Flux Reactor
(LFR) in Petten. After the construction of the facility, neutron activation
detectors (foils) were used to validate the calculations. This comparison
shows a good agreement, between calculated and measured results. The
difference between cal culations and measurements are within 25%, which
is very acceptable, keeping in mind the uncertaintiesin the cross sections,
the assumptions made in the geometry of the reactor and the complication
of the power calibration at (low) reactor power. After the realisation of the
facility, it has been regularly used for different radiobiological experiments
and for the characterisation of ionisation chambers.

For further development of the thermal facility at the LFR, more calcu-
lations will be needed. To reduce the computer time, a technique called
Generalised Perturbation Theory has been developed in chapter 3. This
techniqueisimplemented in the transport code DORT and in the sensitivity
code SUSD. Effects of changes in the geometry or materials can now be
analysed within minutes, reducing the computer time considerably.
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Part I1: Phantom calculations

Calculations have been performed to determine the neutron spectra and
photon dose at different irradiation positions. These calculations are based
on an earlier calculated characterisation of the HB11 beam by Watkins.
The calculations are compared with two different types of measurements:
activation foils and ionisation chambers. The calculated and measured
activations are in good agreement (within 10%). The incident photon
dose rates cannot be calculated because currently no characterisation of
the photon component in the beam is available. The assumption of an
incident dose rate of 1 Gy/h is very reasonable. Using this assumption the
maximum differences between the (total) measured and cal culated photon
dose rate is 16%. The calculated proton recoil dose rates are much lower
than the measured dose rates caused by an underestimation of the fast
neutron intensity in the beam characterisation. A sensitivity study shows
that an increase of the fast neutron intensity, especially above 1 MeV, would
lead to a much better agreement between measurements and calculations.
In relative cal culations uncertainties in the beam anisotropy have negligible
influence on the calculated spectra at depth.

Part I11: Microdosimetry model

A tool has been designed to obtain a better understanding of the effects of
BNCT on a cellular scale. This tool, a microdosimetry model, has been
developed to include all reactions important for BNCT. The model is cap-
able of calculating a large variety of quantities. Most important are the
effectiveness function, the surviving fractions, RBE values and boron con-
centration distributions. In chapter 12, the model has been used to analyse
an extensive set of biological experiments performed at the HB11 beam. A
very good agreement exists between the measured and cal culated surviving
fractions (within the uncertainties of the measurements). The influence
of several input parameters on the results of the microdosimetry model is
considered in chapter 13. The surviving fractions are mainly determined
by the boron capture reaction. Therefore the calculated surviving fractions
are insensitive to the input parameters, apart from the boron concentration
distribution. On the other hand, the calculated quantities for the proton
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recoil reaction are sensitive to many input parameters. To calculate these
guantities anew experiment must be performed in which the boron reaction
isless dominant.

Corine Vroegindewei]
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Samenvatting

Boron Neutron Capture Therapy

"Boron Neutron Capture Therapy"(BNCT) is een kankertherapie die in
ontwikkeling is. Deze therapie brengt twee componenten die elk slechts
geringe schade aanbrengen aan het weefsel. De eerste component is een
stabiel borium isotoop (*°B). Door midde! van een daarvoor geschikte bori-
umdrager worden de borium-atomen geconcentreerd in detumorcellen. De
tweede component bestaat uit thermische neutronen: dit zijn neutronen met
een lage energie. BNCT is gebaseerd op de nucleaire reactie tussen beide
componenten. Een borium-atoom vangt een neutron in, en vormt aldus een
aangeslagen ' B atoom. Dit atoom vervalt naar zijn grondtoestand van een
Li atoom onder uitzending van een a-deeltje. Detotale energie die hierbij
vrijkomtis2.79 MeV. Deze a-deeltjes en Li-atomen hebben een weglengte
die ongeveer gelijk is aan de diameter van een cel. Omdat deze weglengte
zokleiniswordt er alleen schade aangebracht in de cellen waar het borium
zich bevindt.

Naarmate men dieper in het weefsel komt neemt het aantal thermische
neutronen snel af. Daarom is het moeilijk om voldoende neutronen in die-
per gelegen tumoren te brengen. Om dit probleem te verhelpen worden
epithermische neutronen gebruikt: dit zijn neutronen met een hogere ener-
gie dan thermische neutronen. Deze epithermische neutronen verliezen
hun energie door botsingen met het weefsel, waardoor in de tumoren toch
voldoende thermische neutronen aankomen. Tot nu toe kunnen adequate
neutronenbundel s alleen worden gerealiseerd door onderzoeksreactoren.
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In 1987 is het Energieonderzoek Centrum Nederland (ECN) in een Eu-
ropees samenwerkingsverband begonnen met het bestuderen van de moge-
lijkheden om patiénten met een hersentumor te bestralen bij de Hoge Flux
Reactor (HFR) in Petten. Als ondersteuning van dit project, worden er
verschillende onderzoeken verricht om de therapie beter te begrijpen endie
verder te ontwikkelen.

Dit proefschrift beschrijft theoretische modellen op drie verschillende ge-

bieden:

- de ontwikkeling en het ontwerp van een thermische faciliteit,

- de karakterisering van de neutronen- en fotonenbundel in een fantoom,

- de ontwikkeling van een microdosimetrie-model om de effecten van
BNCT op cellulaire schaal te analyseren.

De ontwikkeling van de ther misch faciliteit

Een belangrijke manier om meer inzicht in BNCT te krijgen is door radio-
biologisch onderzoek. Een groot deel van dit onderzoek wordt uitgevoerd
met thermische neutronen. Voordat aan dit promotieonderzoek werd be-
gonnen waren er alleen thermische bundel s voor radiobiol ogisch onderzoek
beschikbaar in de V'S, Japan en Zweden. Beslotenwerd om een nieuwether-
mische bundel te ontwikkelen in Petten. In hoofdstuk 2 van dit proefschrift
is de ontwikkeling van een thermische faciliteit bij de tweede onderzoeks-
reactor in Petten, de Lage Flux Reactor (LFR), ontwikkeld hetgeen een
waardevolle aanvulling is op de reeds bestaande (klinische) epithermische
bundel bij de HFR.

Voor de verdere ontwikkelingen van de thermische faciliteit zullen vele
berekeningen moeten worden uitgevoerd. Als de berekeningen worden uit-
gevoerd op een zelfde manier alsis hoofdstuk 2 van dit proefschrift, ligt de
rekentijd per berekening in de orde van enkele dagen. Om deze rekentijd
te verminderen is een methode ontwikkeld en hoofdstuk 3 van dit proef-
schrift beschreven waarmee het effect van veranderingen in de constructie
van de reactor of de keuze van materialen binnen enkele minuten kan wor-
den verkregen. Deze techniek is geimplementeerd in twee reeds bestaande
computer programma’s.
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Fantoom berekeningen

Naast deze experimenten bij de thermische bundel is er ook radiobiologisch
onderzoek verricht bij de epithermische bundel indeHFR. Ineencilindrisch
fantoom, een perspex omhulsel gevuld met water, kunnen op verschillende
plaatsen biologische objecten geplaatst worden. Door dit fantoom in de
epithermische bundel te plaatsen kan het effect van een bundel op diverse
posities worden bestudeerd. Om het effect op deze biologische objecten
goed te kunnen analyseren is de concentratie van de neutronen en hun
energie op de bestralingsposities uitgerekend. Deze berekeningen zijn
uitgevoerd in dedl Il van dit proefschrift. In dit dedl is alleen het fantoom
gemodelleerd. De beschrijving van de eigenschappen van de epithermische
bundel gebeurt aan de hand van model gemaakt door anderen. Door de
complexiteit vandit model zijn er enkel e onzekerhedenin de eigenschappen
van de bundel. De effecten van deze onzekerheden worden bestudeerd in
een gevoeligheidsanalyse: een studie waarin het effect van veranderingen
van een bepaal de invoerparameter op de resultaten wordt bestudeerd.

Microdosimetrie model

De boriumatomen verdelen zich niet homogeen in het weefsel. Omdat de
deeltjes die vrijkomen bij de boriumreaktie een korte dracht hebben, heeft
deinhomogene verdeling van de atomen een grote invloed op het effect van
de therapie. Een wiskundige aanpak is de enige manier om het complexe
geheel van reacties in BNCT te kunnen ontrafelen. Tot nu toe bestaan er
alleen programma’s die een gededlte van de effecten die voorkomen bij de
BNCT behandeling kunnen beschrijven. Een nieuw model is ontwikkeld
waarin alle voor BNCT belangrijke effecten zijn gemodelleerd. In deel 111
van dit proefschrift wordt dit model beschreven. Het model is gebruikt om
een radiobi ol ogisch experiment, uitgevoerd bij de epithermischebunde van
deHFR, teanalyseren. Ook hierbij is een gevoeligheidsanalyse uitgevoerd.

Corine Vroegindeweij
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