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Abstract. Detectors made from artificial chemical vapor deposition (CVD) single crystal diamond
are very promising candidates for applications where high resolution neutron spectrometry in very
high neutron fluxes is required, for example in fusion research. We propose a Bayesian method to
estimate the neutron response function of the detector for acontinuous range of neutron energies
(in our case, 10 MeV≤ En ≤ 16 MeV) based on a few measurements with quasi-monoenergetic
neutrons. This method is needed because a complete set of measurements is not available and
the alternative approach of using responses based on Monte Carlo calculations is not feasible.
Our approach uses Bayesian signal-background separation techniques and radial basis function
interpolation methods. We present the analysis of data measured at the PTB accelerator facility
PIAF. The method is quite general and it can be applied to other particle detectors with similar
characteristics.
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INTRODUCTION

Detectors made from artificial chemical vapor deposition (CVD) single crystal diamond
have shown great potential for neutron spectrometry [1]. The detectors are small, typi-
cally about (5× 5× 0.5) mm3, they are not very sensitive to gamma radiation, and they
have good radiation hardness properties. They are, therefore, very promising candidates
for applications where high resolution neutron spectrometry in very high neutron fluxes
is required, such as in fusion research.

Neutrons interact with a diamond detector through different nuclear reactions on
carbon. The charged particles that result from these reactions are stopped and deposit
their energy in the diamond crystal. The deposited energyEdepof each event is used to
create a pulse height spectrum (PHS), which is a histogram ofthese events. The response
matrix of the detector is the complete set of the PHS producedby monoenergetic
neutrons for a given energy range, normalized to unit fluence.

In this paper, we propose a Bayesian method to estimate the neutron response function
of the detector for a continuous range of neutron energies (in our case, 10 MeV≤
En ≤ 16 MeV) based on a few measurements with quasi-monoenergetic neutrons.
This method is needed because a complete set of measurementsis not available and
the alternative approach of using responses based on Monte Carlo calculations is not



2
3

4
5

6
7

8
9

10

10
11

12
13

14
15

16

0.0

2.0x10 -4

4.0x10 -4

6.0x10 -4

8.0x10 -4

1.0x10 -3

1.2x10 -3

R
es

po
ns

e 
/ c

m
2 M

eV
-1

E dep / M
eVEn  / MeV

FIGURE 1. Measurements of the response of the detector to quasi-monoenergetic neutrons.

feasible. Current particle transport codes, while able to provide important information,
cannot simulate neutron responses of CVD diamond detectorsthat are of high enough
quality. This is because the physics of the detector is not completely understood and the
description of the reactions that take place when neutrons interact with carbon needs to
be improved.

One of the motivations for doing this work concerns the analysis of measurements in
unknown neutron fields. Measurements with a diamond detector result in pulse height
spectra which contain information about the neutrons incident on the detector. Knowl-
edge of the neutron response function for an appropriate range of neutron energies would
make it possible to use deconvolution procedures to obtain information about the energy
spectrum of the neutrons. Another motivation concerns the interaction of neutrons with
carbon and the cross sections of the various reactions that take place. The structures that
appear in the PHS provide information about the cross sections of these reactions. For
this reason, the response function determined from measurements can provide valuable
cross section information.

The paper is organized as follows. In the next section we discuss a set of mea-
surements carried out at the accelerator facility of the Physikalisch-Technische
Bundesanstalt (PTB). We then discuss the interpolation of track data and a Bayesian
approach for signal-separation. Finally, we present the results of the analysis and end
with some concluding remarks.



MEASUREMENTS

The data that we use for the analysis, shown in Fig. 1, consistof six PHS of measure-
ments in quasi-monoenergetic neutron beams produced with the cyclotron of the PTB
Ion Accelerator Facility (PIAF) [2]. The measurements werecarried out with a detec-
tor from Element Six Technologies, UK (Diamond Detectors Ltd) consisting of a single
crystal of 4 mm× 4 mm × 0.5 mm placed in a 3 cm diameter aluminum housing.
The neutron fields were generated with a pulsed deuterium beam impinging on a deu-
terium gas target. Their mean energies areEn = 10.08, 11.43, 12.61, 13.71, 14.96, and
16.01 MeV. Details of the experimental setup and the measurements are available in
Ref. [3].

An absolute normalization of each PHS that uses experimental data only has not
been completed yet. Therefore, for the purpose of the analysis presented in this paper,
we have normalized the measurements by matching the integrals of the PHS over
an appropriate energy range (0.75 MeV <Edep < 10.5 MeV) to the integrals of the
corresponding simulations over the same energy range. The simulations were done with
a modified version of the code NRESP7 [4]. This normalizationprocedure is adequate
for the purpose of developing and testing the method presented in this paper (we expect
discrepancies of a few percent between this estimate and a more careful experimental
evaluation). Once the absolute normalization of all PHS is available, the analysis will be
repeated using the improved, experimentally determined normalization values.

INTERPOLATION OF TRACK DATA

The neutron response of the detector is a two-dimensional function R(En,Edep) of the
neutron and deposited energies, and the goal is to estimate this response over appropriate
ranges of these variables, 10 MeV≤ En ≤ 16 MeV and 1.5 MeV≤ Edep≤ 10.5 MeV.

The data that is available for this is in the form oftrack data; i.e., the data points lie
on a few tracks or paths. In our case, the tracks are defined by the particular neutron
energies for which there are measurements. One of the characteristic features of track
data is that points which are adjacent to each other along a track are typically order of
magnitudes closer than points on different tracks. This is true for this data set, since the
tracks are separated byEn∼ 1 MeV, while the distance between points that lie on a track
is typically of the order ofEdep∼ 1×10−2 MeV.

The interpolation of track data can lead to difficulties which are not present when an-
alyzing data which lie on a uniform grid or scattered data with points that are distributed
more or less randomly. This is mostly due to the fact that track data do not provide uni-
form coverage over the plane. One interpolation method thatperforms well on track data
is the radial basis function (RBF) thin plate spline (TPS) method, provided the track data
set has a certain degree of smoothness. This has been shown byCarlson and Foley [5],
who examined the performance of various interpolation methods for the case of track
data.



The TPS interpolant is defined by

B(x,y) =
N

∑
j=1

λ jΦ(r j)+µ1+µ2x+µ3y, (1)

whereN is the number of centers,r j =
√

(x−x j)2+(y−y j)2 is the distance from
the point(x,y) to the center(x j ,y j), Φ(r j) = r2

j ln(r j), andλ j andµk (k = 1,2,3) are
parameters that are determined from the data.

The method used to choose the parametersλ j andµk and the number and locations of
the centers(x j ,y j) is described in the next section, where we discuss the Bayesian signal-
background separation procedure. The approach is very different from the standard one
in which the parameters are determined from the data by solving a matrix equation and
the centers are typically located at the data points [6].

SIGNAL-BACKGROUND SEPARATION

The PHS can be modeled in terms of two additive components, a smooth “background”
on which there is superimposed a “signal” that consists of fine structure, such as peaks,
sharp shoulders, etc. Both of these components are due to theneutrons incident on the
detector, but they involve different types of interactionsin the detector and thus have
different characteristics. An example of signal-background separation is shown in Fig.
2, which shows the PHS for neutrons of energyEn= 16.01 MeV. The signal in this case
consists of peaks that are due to (n,d), (n,p) and (n,α) reactions. The smooth background,
indicated by the black line, is mostly due to elastic and inelastic scattering.

For the purposes of this paper, we limit the signal to the peaks due to the (n,d), (n,p)
and (n,α) reactions. We plan to extend the analysis at a later point toinclude other,
less prominent features in the definition of the signal (for example, the small peak
that appears atEdep∼ 4.5 MeV in Fig. 2). This is of interest because such features
are directly related to the cross sections of particular reactions and signal-background
separation techniques should allow us to extract cross section information from the data.

Bayesian methods for signal-background separation have been applied successfully
to a number of different problems [6, 7, 8, 9, 10, 11]. Following previous authors, we
describe each of the data pointsD(En,Edep) using a mixture model [12]. A data point
can have either a background component only, in which case

D(En,Edep) = B(En,Edep)+ ε(En,Edep),

or it can have both background and signal components, in which case

D(En,Edep) = B(En,Edep)+S(En,Edep)+ ε(En,Edep).

HereB is the background term which is modeled using TPS interpolation according to
Eq. (1),S is the signal, andε is a term that describes the noise of the data.

To ensure smoothness of the background term, it is desirableto minimize the number
of centers used for the TPS interpolation. However, the number of centers should be suf-
ficient to account for variations in the background. These two competing requirements
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FIGURE 2. Measurement of the response to neutrons withEn = 16.01 MeV (grey line), background
component (black line).

have been satisfied by using∼ 120 centers placed along the tracks, with 15 to 25 centers
assigned to each PHS. The number and location of the centers were chosen for each PHS
separately using an iterative procedure.

A signal is likely to be present whenever a data point does notfit the background
within uncertainties. Some of these “outliers” will be close to the background while
others will be far away from it. For this reason, it is convenient to describe the signal in
terms of several categories, each of them associated with signals of different magnitudes.
The analysis carried out here uses a mixture model with a total of seven components, one
component for data points where no signal is present and the remaining six components
describing outliers with signals of different magnitudes.

The calculations were done using the software WinBUGS [13],which is well suited
for the implementation of mixed models. The likelihood and priors were chosen as fol-
lows. The uncertainty in the data is mainly due to counting statistics, with typically
enough counts in each channel for the Gaussian approximation to be valid. Therefore,
we choose a Gaussian likelihood functionG(D,τ) for each data point. The precision
τ(En,Edep) = α/D(En,Edep), whereα is estimated from the data. We choose refer-
ence priors for the parameters of the model: uniform distributions for the priors for the
TPS parametersλ j and µk, a Dirichlet prior with equal prior masses on each of the
components of the mixture, and a non-informative gamma distribution for α.
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FIGURE 3. TPS interpolation of the background component.

RESULTS

The interpolation of the background is relatively straightforward because it is by as-
sumption a smooth function. As pointed out above, it is carried out using TPS interpo-
lation. However, one subtle issue needs to be considered. The most prominent feature
of the data is the (n,α) peak, which lies on a straight line on the(En,Edep) plane, as
can been seen in Fig. 1. Since the performance of the TPS interpolation depends on the
choice of coordinates, it turns out that the best solution isobtained by following a three
step procedure: (a) apply an affine transformation that leaves the lineEdep= 0.75 MeV
invariant and maps the line where the peaks are to a straight line that is parallel to the
grid linesEdep= constant, (b) carry out the TPS interpolation in these new coordinates,
and (c) apply the inverse affine transformation to recover the original coordinates. We
have used this procedure for our analysis.

The best estimate of the background is derived from the mean of the posterior of B that
is obtained from the Bayesian analysis. Fig. 3 shows the results of the TPS interpolation
of the background component.

The interpolation of the fine structure that appears in the signal requires more care.
The signal consists of peaks that are due to (n,d), (n,p) and (n,α) reactions, and the
magnitudes of each of these peaks (as a function of the energyEn of the incident neutron)
is proportional to the corresponding cross sections. To interpolate the signal, we follow
the shape of the cross section data; but since we observed minor differences between the
calculated and measured peak responses, we made adjustments to the cross sections to
obtain an exact match at the measured neutron energies.
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FIGURE 4. Best estimate of the neutron response of the detector. The plots shows the sum of the signal
and background components.

Fig 4. shows the final result, which combines the interpolation of the background with
the interpolation of the signal.

CONCLUDING REMARKS

The Bayesian method described in this paper provides an estimate of the response of
a diamond detector to neutrons with energies in the range 10 MeV ≤ En ≤ 16 MeV,
based on a spare set of track data (i.e., six PHS of measurements of quasi-monoenergetic
neutron beams).

To carry out the analysis, we model the PHS in terms of two additive components, a
smooth background and a signal with fine structure (e.g., peaks, sharp shoulders). Our
approach uses Bayesian signal-background separation techniques to carry out the joint
estimate of the signal and background. The separation into signal and background leads
to a great simplification. The interpolation of the background is relatively straightfor-
ward because it is a smooth function, and it can be carried outusing TPS interpolation,
a method that is well suited for track data. The interpolation of the fine structure that
is assigned to the signal requires more care, and for this we combine information from
measurements with cross section data and information from simulations.

The method that we propose is quite general and it can be applied to other particle
detectors with PHS that have similar characteristics.
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