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Abstract

The present report addresses the analysis procedure used for the de-

termination of the neutron inelastic cross sections using the GAINS setup

at the GELINA neutron source of EC-JRC-IRMM. The various sources of

uncertainty and correlations are investigated in detail. A procedure used

to determine the experimental covariances is described.

1 Methodology for the investigation of covari-

ances

The present report addresses the investigation of covariances as they arise from
the specific analysis procedure used for the determination of the (n,n’) cross sec-
tions using the gamma spectroscopy technique at the GELINA neutron source
using the GAINS setup.

The experimental result of the (n,n’) measurements consist of cross sections:
gamma production cross sections, level cross sections and total inelastic cross
sections. A large number of data are produced: for each gamma ray or level, the
cross section is calculated for about 2000 different values of the neutron energy.
A simple estimate: if we calculate the cross section for 20 gammas and 20 levels
in a nucleus, this means about (20+20)*2000 = 80000 numbers. Correlations
occur between any of these experimental cross sections.

We propose a straight approach to the investigation of covariances, based on
formula 7. According to this formula, in order to check if there are correlations
between any two cross sections (out of the 80000 measured) we should repeat
the measurement n times. Then we can compute average values for the two
cross sections and, using formula 7, we can estimate the covariances.
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Figure 1: The experimentally determined observables that are varied in order
to deduce the correlations among the final cross sections.

Of course, repeating the measurement n times and performing the full data
analysis n times is not possible. Instead, we will only perform the data analysis
n times. In order to obtain slightly different results, we will vary the input
observables. This variation of the input observables is performed within their
uncertainty limits, applying the correct distribution and the correlations among
these parameters.

Fig. 1 shows the parameters that are varied:

• the HPGe yield,

• the HPGe efficiency,

• the FC yield and

• the FC efficiency.

Finally, a serious difficulty of our investigation is that the correlation matrix
is much too large. As a simple solution to this issue we consider limiting the
number of neutron energy bins.

1.1 The HPGe yields

GAINS consists of eight HPGe detectors. Each of them produces the yield for
each of the 20 gammas and for each of the 2000 neutron energies. There is one
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Figure 2: The distribution of the number of counts generated for a certain
neutron energy channel from a HPGe yield.

file per gamma ray and per detector and each file has one line for each neutron
energy.

The number of counts in each channel is computed by integrating the counts
in the peak and subtracting the background. We consider that the number
counts in one channel is independent from the number of counts in other chan-
nels.

For each channel the n ”measurements” are generated by considering a Gauss
distribution with x0 equal to the number of counts and the σ given by the
uncertainty of the number of counts in that channel. As an example, the channel
corresponding to En=2000 keV for the yield of the gamma of 1779 keV from
28Si recorded by detector 1 has 127±11 counts. Fig. 2 displays in red a Gaussian
with x0=127 and σ=11. The green points represent a histogram of the number
of counts generated for that particular channel in order to ”simulate” the n

measurements.

1.2 HPGe efficiency

The efficiencies of the HPGe detectors for the geometrically extended sample
are generated through a complicated procedure involving precise MCNP sim-
ulations of the detection array [?]. The procedure consists basically from a
fitting of each detector parameter using experimental efficiencies determined
with an 152Eu calibration source followed by the use of the simulation for the
generation of efficiencies for the real sample. An overall relative uncertainty of
2% is associated with this procedure, this value being based on the following
arguments:

• The uncertainty of the calibration source is 0.7%.
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• The precision of the determination of the area of each of the peaks used
for the determination of the experimental efficiency is of the order of 2%.

• The agreement between each experimentally determined efficiency and the
fitted value is of the order of 2%.

The generation of the n sets of efficiencies is done following a Bayesian ap-
proach. The likelihood function is chosen to constrain the model to reproduce
the measured efficiencies determined with a calibrated point source. This ap-
proach implies extensive calculations that make use of the model evaluated for
large sets of parameter values. Considering that the model is a sophisticated
Monte Carlo simulation, the adequate practical choice is to linearize the model.
In a second stage, the linearized model is used to generate the required sets of
efficiencies following a Markov chain Monte Carlo prescription.

1.3 FC yield

In order to avoid an unnecessary depletion of the neutron flux, the 235U deposits
of the Fission Chamber are very thin. Consequently, the number of counts
accumulated by the acquisition system connected to the fission chamber is very
small: during one experiment, a channel corresponding to certain neutron energy
counts about 100 pulses. The statistical uncertainties are therefore very large.

In order to reduce this uncertainty we use the physical argument that, during
the production of the neutron yield no resonant process is involved: The electron
beam hits the GELINA production target and produces Bremsstrahlung. Then
the gamma rays with various energies, mainly through (γ,n) reactions, produce
the white neutron flux [2]. Moreover, the FC setup remains unchanged from
one experiment to another.

Therefore, we performed the following procedure: we summed the FC spec-
tra from several measurements. Then we applied a smoothing procedure on
the summed spectrum. For each individual measurement we integrate the FC
spectrum. Then we replace the real FC spectrum (that has big relative uncer-
tainties) with the smoothed spectrum previously generated and scaled to the
real integral. This way, the uncertainties introduced by the FC data are not
larger than 2%.

However, the above procedure introduces strange correlations in the data
due to smoothing procedure: each channel becomes partially correlated with
the neighbors, but this correlation is less pronounced for points that are further
apart.

Generating the FC data n times for the purpose of the covariance analysis
involved the reproduction of the procedure described above n times. In each case
we vary the number of counts from each channel of the summed FC spectrum
taking into account the uncertainty limits and a Gauss distribution. Then we
apply the smoothing procedure in order to generate one instance of the FC Yield
file.
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Figure 3: Very preliminary result: Correlation matrix for the total inelastic
cross section on 28Si.

1.4 FC efficiency

Generating n values for the FC efficiency is a simple task as this is a single
number for the whole experiment. The FC efficiency is calculated following a
rather complicated analysis, with several corrections. A detailed description of
this procedure is given in Ref. [3].

All values are included in the [x0 − σ, x0 + σ] range, distributed following a
constant distribution.

We note here already that the FC efficiency, being a fixed number (it does
not depend on the neutron energy and of course not on the gamma energy),
introduces a complete correlation of all the cross sections generated in a mea-
surement.

2 Preliminary results

Fig. 3 displays a very preliminary result: the correlation matrix for the total
inelastic cross section on 28Si. The result was obtained after simulating ”n=100”
times the 28Si(n,n′)28Si measurement. Further checks have to be performed at
this stage. However, one can check that the diagonal terms are equal to 1, the
non-diagonal terms are very small and the matrix is symmetric.
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Appendices

A Errors and uncertainties

We will start with a short review of the terms defined in the Guide to the
expression of uncertainty in measurement issued by the Working Group 1 of the
Joint Committee for Guides and Metrology [1]. In our evaluation we will use
the terminology and follow the recommendations of this report.

Ref. [1] makes a clear distinction between error and uncertainty. The errors

represent mistakes in the measurements. There are two types of errors:

• random errors, due to unknown effects; they can be minimized by multiple
measurements and

• systematic errors, due to recognizable effects, that can be corrected.

After all error corrections are applied, there is still the uncertainty of a
measurement that expresses the lack of precision of that measurement. There
are two kinds of uncertainties:

• it Type A uncertainties, that are evaluated using statistical methods. Mea-
suring n times the best estimates of the value Q is

q̄ =
1

n

n
∑

i=1

qk, (1)

and of the variance σ2

s2(qk) =
1

n− 1

n
∑

j=1

(qj − q̄)2. (2)

• it Type B uncertainties, that are evaluated using scientific thinking or any
other methods that are not statistical. If, in this case, only an interval
can be determined [a−, a+] then one can assume a constant distribution
and then

xi =
a− + a+

2
, (3)

u2(xi) =
(a+ − a−)

2

√

(12)
. (4)

The result of the combination of several uncertainties (using a propagation
formula) is the combined standard uncertainty. In case of uncorrelated input
variables the propagation formula is

u2
c(y) =

N
∑

i=1

(

∂f

∂xi

)2

u2(xi) (5)
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while for correlated input variables it is

u2
c(y) =

N
∑

i=1

(

∂f

∂xi

)2

u2(xi) + 2

N−1
∑

i=1

N
∑

j=i+1

∂f

∂xi

∂f

∂xj

u(xi, xj). (6)

u(xi, xj) is the covariance of the two input parameters. An estimation of the
covariance of two random variables measured n times is

s(q̄, r̄) =
1

n(n− 1)

n
∑

k=1

(qk − q̄)(rk − r̄) (7)

Finally, the correlation coefficient is defined as

r(xi, xj) =
u(xi, xj)

u(xi)u(xj)
(8)

B Covariances and correlations

Consider X and Y random variables, E(X) and E(Y) their expected values and
a and b constants. Then by definition:

Cov(X,Y ) = E[(X − E(X))(Y − E(Y ))] = E(XY )− E(X)E(Y ) (9)

Corr(X,Y ) =
Cov(X,Y )

σXσY

∈ [−1, 1] (10)

The following relations are true:

Cov(X, a) = 0 (11)

Cov(X,X) = V ar(X) = σ2
X (12)

Cov(X,Y ) = Cov(Y,X) (13)

Cov(aX, bY ) = abCov(X,Y ) (14)

Cov(X + a, Y + b) = Cov(X,Y ) (15)
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