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Reverse-biased silicon p-n junction arrays have been proposed as microdosimetry detectors. The tissue
equivalence of such detectors in boron neutron capture therapy (BNCT) is discussed. A comparison of the
range-energy relationships of H, He, C and Li ions in tissue (ICRU-muscle) and silicon is given. A simple
geometrical scaling (~0.63) of linear dimensions is required to convert microdosimetric energy deposition
measurements performed in silicon to equivalent deposition in tissue. The Monte-Carlo technique is used
to examine energy deposition for two simple geometrical cases applicable to BNCT.
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I. INTRODUCTION

The primary experimental tool for microdosimetric
measurements is the proportional gas counter1. Although
generally considered the best currently available detector, the
proportional gas counter has several shortcomings. These
include wall effects, a relatively large physical size, phase effects
due to measurement in a gaseous phase, and an inability to
simulate an array of cells. 1,2,3,4

McNulty and Roth5 proposed the use of arrays of silicon
reverse-biased p-n junctions for characterizing complex radiation
environments inside spacecraft and aircraft. The work was
intended to have applications in determining single event effect
(SEE) risks to microelectronics and as a biological
microdosimeter for personnel monitoring. Roth6 later developed
a working model containing more than a million sensitive
volumes. Such a detector removes several of the previously
mentioned problems associated with proportional gas counters.

More recently, Rosenfeld7 has suggested the possibility of
simultaneous macro-microdosimetry in a miniature silicon based
device. Silicon diode array microdosimetry exploits the rapid
development and current manufacturing capabilities of silicon
based integrated circuit technology. Furthermore, such arrays
offer the possibility of simulating energy deposition in a two
dimensional array of cells.

However, the use of silicon diode arrays as microdosimetric
detectors has been impeded by two main problems:
1. The silicon is not tissue equivalent via a simple density

scaling. The macrodosimetric tissue equivalency of silicon
or silicon dioxide for integral low LET photon irradiation is
well established8. However, methods for converting silicon
based microdosimetric measurements to tissue volumes are
required.

2. Accurate definition of the charge collection volume of the
reverse biased p-n junction is required. Charge collection
occurs via drift, funneling and diffusion. The funneling and
diffusion components increase uncertainty in the sensitive
volume dimensions. Several methods exist to characterize
the sensitive volume parameters such as charge collection
spectroscopy techniques9,10,11.

 The second problem is the subject of current research and
will be discussed in future papers. The first problem of tissue
equivalence is addressed in this paper. The results are
presented using boron neutron capture therapy (BNCT) as a test
case. We first compare silicon and tissue range-energy
relationships for H, He, Li and C ion deposition. The Monte-
Carlo method is used to compare energy deposition spectra for
some simple geometrical cases relevant to boron neutron
capture therapy.

II. COMPARISON OF SILICON AND TISSUE RANGE-
ENERGY RELATIONSHIPS

The primary thermal neutron reactions with tissue are as
follows:
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Table I. Summary of Energy-Range data for ions produced by thermal
neutron interactions with nitrogen and boron

Energy Range(µm)

Reaction Ion (keV) Tissue Silicon
14N(n,p)14C p 590 10.5 7.2

14C 40 0.20 0.12
10B(n,α)7Li α   (6.3%) 1780 9.3 6.3

7Li (6.3%) 1010 4.6 2.8
α   (93.7%) 1470 7.7 5.1
7Li (93.7%) 840 4.1 2.5



Table II. Summary of interaction data for selected BNCT conditions♣

Reaction σ (barns/

atom)

Interactions

/µm3

Ion P(ion

pair

emitted)
14N(n,p)14C 1.81 0.0272 p 0.37

14C
10B(n,α)7Li 3837 0.0462 α (6.3%) 0.04

7Li (6.3%)
α (93.7%) 0.59
7Li (93.7%)

♣ Both reactions are for a neutron fluence of 1013
  n/cm2.

Nitrogen concentration 3.5g/100g.
Boron concentration 20µg/g.
For other concentrations and fluence the interactions per unit volume
changes proportionally.
P(ion pair emitted) is the proportion of interactions which produce the
respective ion pair.

The ion products and their energies are summarized in Table
I. Ion range and energy data for each of these ions was calculated
using the computer code SRIM12. The data was calculated for
both silicon and tissue using the projected range algorithm
(PRAL) option of SRIM13. This option provides range-energy
tables that are within a few percent of the more accurate but time
consuming TRIM-Monte-Carlo calculations available in SRIM.
The accuracy of PRAL was considered adequate for our
purposes given that we are primarily interested in a comparative
study between silicon and tissue. TRIM-Monte-Carlo
calculations using the ion/energy combinations given in Table I
yielded average longitudinal range estimates within 2% of the
PRAL estimated ranges.

 Tissue was modeled as per ICRU striated muscle, which is
defined with an elemental composition and density given in
Table IV. (14and Appendix C in  1)

Using these models, the range-energy data is plotted in
Figure 1 for the ions relevant to BNCT. A 5th order polynomial
was fitted to each of the ion/target combinations with the results
given below.
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The above equations are only valid up to the ion ranges
specified in Table I. Comparison of the range-energy
relationships for tissue and silicon indicates that the data may be

related by a simple scaling factor, C . Scaling the silicon plots by
substituting 0.63 r ( C  = 0.63) into the above equations yields a
close approximation to the tissue range-energy relationship as
shown in the right hand plots of Figure 1. The ratio(C ) of the
ion range in silicon to the range in tissue is only weakly
dependent on the ion species and energy.

An average value of C  was calculated for each ion using the
following equation:

C ion
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where R(E, ion, target) is the range as a function of energy
(E) for the required ion and target. Values of C  for each ion are
shown in Table III. The similarity of these values suggests that
by appropriately scaling the sensitive volume dimensions one
may achieve similar energy deposition spectra in silicon and
muscle cells. The optimum scaling factor, C , is dependent on
the contribution of each ion to the energy deposition spectra
which in turn is dependent on the segment length distribution of
the sensitive volume, ion energy and relative frequency of ion
generation. An approximate scaling factor was calculated by
weighting each ion according to the energy of the ion and the
relative frequency of generation. The required cross-section and
boron and nitrogen concentrations are given in Table II taken
from typical values used by Charlton15. The final weighted
average scaling factor is C =0.63. The maximum deviation from
this scaling factor is 8% and occurs for the highest energy
proton.

The scaling factor applies to each linear dimension which
means that the mean chord length (=4Volume/(Surface Area))
will also scale by the same factor. For a tissue rectangular
parallelepiped (RPP) with dimensions x×y×z the required scaling
is C x× C y× C z of silicon.  Note that this holds for any RPP (it
is not necessary that x=y=z) and for other shapes such as a
cylinder (the radius and length are scaled) or a sphere (radius
scaling only).

Table III: Mean Ratio of Ion Ranges

Ion C Weight
H 0.65 0.13
He 0.64 0.55
Li 0.60 0.31
C 0.60 0.01
Weighted Av. 0.63

Note: Weight is an approximate measure of the contribution
of the ion to BNCT energy deposition spectra
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Figure 1: Range-Energy relationships for H, He, Li and Si in ICRU muscle and Silicon. The right-hand side shows the
same plot as the left except for the silicon range scaled by 1/0.63. In addition, the left plot displays original SRIM
generated data points used for the 5th order polynomial fit.



Table IV: Elemental Composition of  ICRU Striated Muscle.

Element Atomic
Number

Atomic
Percent

Mass
Percent

H 1 63.31 10.20
C 6 6.41 12.30
N 7 1.56 3.50
O 8 28.51 72.91
Na 11 0.02 0.08
P 15 0.04 0.20
S 16 0.10 0.50
K 19 0.05 0.30

 Density = 1.04 g/cm3 =  1.0012 × 1023 atoms/cm3

III. COMPARISON OF SILICON AND TISSUE BNCT
ENERGY DEPOSITION SPECTRA

A. Method: Monte Carlo Program

 A Monte Carlo program was developed in order to confirm
that the energy deposition in appropriately scaled silicon
volumes may approximate the deposition in tissue. The use of
Monte Carlo methods to calculate microdosimetric spectra in
cell sized volumes exposed to BNCT and other high LET ions is
well established15. It is generally assumed that the path of the
ions follow straight lines with negligible straggling and that the
width of the track is negligible in comparison to the volume size.
These assumptions are valid for micrometer sized volumes and
low energy ions as confirmed by comparative calculations
performed by Charlton16 on detailed track structure versus
simple chord length/LET calculations.

 The  program description begins by defining two types of
volumes;
1. Generation volume (GV) in which ions are generated

assuming a nitrogen concentration of 3.5g/100g and a boron
concentration of 20µg/g. The probability of formation of the
various ion pairs and the number of interactions per µm3 are
given in Table II.

2. Sensitive volume (SV) in which we compute the energy
deposited by the traversal of ions generated in the GV.

The shape of both volumes is defined as an RPP with dimensions
x×y×z all in µm. Such a shape is selected on the basis that the
SV of silicon reverse biased p-n junctions has traditionally been
modeled as an RPP. The position of the GV with respect to the
SV has no restriction with partial or even complete overlapping
allowed.

The Monte Carlo process may be summarized by the
following steps:
1. Randomly select an ion pair with initial energy and range

given by Table I according to the probability specified in
Table II.

2. Randomly select the position of the interaction within the
GV and the angle of ion emission with equal probability for
all points within the GV and all angles. Note that ion pairs
are emitted at 180 degrees.

3. Calculate the points of intersection of the emitted ions with
the SV. This may be approached by solving the
simultaneous equations of a line intersecting an RPP in a

similar manner as Charlton15 for an ellipsoid. Alternatively,
one may incrementally follow the ion path at sufficiently
small increments  (0.01µm), testing at each increment to
check for traversal of the SV boundary. The latter approach
was adopted despite the longer computation time since it is
more adaptable to future versions that may operate on
complex geometry.

The main Monte-Carlo routines were coded in C for
computational speed. These routines were encapsulated within a
Mathematica based input/output framework to provide flexibility
in program input and output analysis.

Software validation of such programs is a non-trivial task
since it is often difficult to construct cases of sufficient
simplicity that analytic solutions may be derived for result
comparison. The software was modified slightly to calculate
segment length distributions. Such distributions have been
analytically derived by Bradford17 (based on the work of
Kellerer18) for an RPP volume under the condition of µ-
randomness and fixed length tracks. µ-randomness18 refers to the
generation of straight ion tracks within a uniform isotropic field
of infinite extent. The author calculated exact segment length
distributions and compared such distributions with the Monte
Carlo results. Figure 2 displays the close correspondence
between the analytic and Monte Carlo derived distributions thus
validating a substantial portion of the software. The remainder of
the software was tested by thorough review and testing of
individual functions.
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Figure 2: Comparison of analytic and Monte Carlo generated segment
length distribution (P(s)) for an RPP volume 3.5 × 3 × 2.5 µm enclosed
in a uniform isotropic field  of 7 µm length rays.
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Figure 3: Geometry Case 1 - SV and GV are identical in size and
position
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Figure 4: Geometry Case 1 (Example 1):
Energy Deposition Spectra comparison of Silicon (3.15 × 3.15 × 3.15
µm) and Tissue (5 × 5 × 5µm).
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Figure 5: Geometry Case 1 (Example 2):
Energy Deposition Spectra comparison of Silicon (5 × 5 × 5 µm) and
Tissue (7.9 × 7.9 × 7.9 µm).
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Figure 6: Geometry Case 2 - GV is a large tissue volume above a much
smaller silicon/tissue SV
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Figure 7: Geometry Case 2 (Example 1):
Energy Deposition Spectra comparison of Silicon (3.15 × 3.15 × 3.15
µm)  and Tissue (5 × 5 × 5µm).
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Figure 8: Geometry Case 2 (Example 2):
Energy Deposition Spectra comparison of Silicon (5 × 5 × 5 µm) and
Tissue (7.9 × 7.9 × 7.9 µm).



B. Results: Geometry Case 1 - Ion generation in RPP
volumes with SV=GV.

Geometry Case 1 consists of identical SV and GV of the
same material (silicon or tissue). Figure 3 illustrates the case for
a 5×5×5 µm volume of silicon. We assume that both silicon and
tissue contain the same concentration of boron and nitrogen.
This case corresponds to the BNCT scenario in which a B-10
compound is uniformly distributed throughout the cell. However,
a corresponding silicon detector cell is limited to measuring only
the boron capture component. Boron may be easily introduced
by using p doped Si arrays as proposed by Rosenfeld7. The
introduction of nitrogen into the body of a silicon diode is a
much more difficult proposition. Nitrogen concentrations
required for an acceptable probability of nitrogen capture are too
high for maintaining device operation. Note, that nitrogen may
be introduced into surrounding insulating layers (e.g. Si3N4 is a
commonly used for passivation). Nevertheless, for the purpose
of testing the tissue/silicon scaling factor, we compare a
hypothetical device assuming tissue concentrations of nitrogen
and boron.

Figure 4 and Figure 5 illustrate the energy deposition spectra
(normalized) for silicon and tissue with the dimensions of silicon
scaled by 0.63 in each case. Clearly, the energy deposition
spectra are vastly different for similar volumes of tissue and
silicon. However, a comparison of silicon volumes scaled by
C =0.63 with tissue volumes indicates quite good
correspondence between spectra.

C. Results: Geometry Case 2-Ion generation above
RPP volume

Geometry Case 2 consists of a large GV placed directly on
top of a much smaller SV. The GV material is tissue whilst the
remaining volume including the SV consists of either tissue or
silicon. This case is not hypothetical since it is easy to construct
an overlayer with the appropriate concentrations of boron and
nitrogen without compromising silicon device operation. Figure
6 illustrates the case for a silicon SV of dimensions 5×5×5 µm.
The GV dimensions are selected such that the boundaries are
further from the SV than the longest range ion (590keV proton -
10.5 µm). Thus, we effectively model a volume of infinite extent
away from the SV. Such a situation models a layer of tissue
equivalent plastic (or real cells) impregnated with appropriate
boron concentrations and placed above a silicon cell (within an
integrated circuit). We then compare the energy deposition in an
appropriately scaled silicon cell to that which may occur if a
tissue cell was substituted as the SV. Again the normalized
results shown in Figure 7 and Figure 8 confirm that, with
appropriate geometrical scaling, silicon detectors with well
known geometry will record energy deposition spectra
representative of tissue cells of equivalent shape. Again, note the
significant differences in spectra between the two figures (tissue
5×5×5 µm in Figure 7 and silicon 5×5×5 µm Figure 8) indicating
the importance of using an appropriate scaling factor.

IV. SUMMARY AND CONCLUSIONS

A Monte-Carlo program was developed to simulate the
energy deposition of ions in a BNCT radiation field. The Monte
Carlo results confirm that with appropriate geometrical scaling
(0.63) silicon detectors with well-known geometry will record
energy deposition spectra representative of tissue cells of
equivalent shape. That is, silicon is tissue equivalent for BNCT
under appropriate linear geometrical scaling.

These results also assist in validating a new approach to
microdosimetry in radiation oncology using silicon detector
arrays with varying space localization of B-10 relative to the
cell7. This paper demonstrates that extensive study of charge
collection in micron sized silicon volumes may lead to the
creation of a new class of microdosimeters for high LET
radiation fields. A tissue equivalence correction method for
BNCT has been determined but further work is required to
investigate the tissue-equivalence of silicon microdosimeters in
other high LET environments such as heavy ion, fast neutron and
proton therapy modalities. Dosimetry in these developing
therapies has traditionally been quite difficult.

Future work is being directed toward the experimental study
of high LET radiation deposition in silicon p-n junction arrays of
well-known sensitive volume geometry.
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