NPL Report CIRM 19
September 1998

NATIONAL PHYSICAL LABORATORY

Re-calibration and Monte Carlo Modelling
of the NPL Long Counters

Hamid Tagziria and David J Thomas

CIRM, National Physical Laboratory, Teddington, Middlesex, TW11 OLW, UK

Abstract

The Monte Carlo technique has become a very powerful tool in radiation transport as full advantage
is taken of richer cross section data, more powerful computers and Monte Carlo techniques, high
quality physics, and better known neutron and photon source spectra. At the National Physical
Laboratory calculations using the Monte Carlo radiation transport code MCNP have been combined
with accurate measurements to characterise two long counters routinely used to standardise
monoenergetic neutron fields. New and more accurate response function curves have been produced
for both long counters. A novel approach using Monte Carlo methods has been developed, validated
and used to model the efficiency of the counters and to determine more accurately their effective
centres, which have always been difficult to establish. Calculations and measurements agree well,
especially for the De Pangher long counter for which details of the design and constructional material
are well known.
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1. INTRODUCTION

The search for a neutron detector which is robust, insensitive to y-rays, reasonably directional,
and has an efficiency that is high and roughly independent of the energy of the incident neutrons
culminated in the development of the most popular of all flat response detectors, the long
counter. Its principle is based on the use of a slow neutron detector within a carefully designed
moderating medium. It was Hanson and McKibben' who first suggested in 1947 the
combination of a boron trifluoride (BFs) proportional counter tube, from which the long counter
draws most of its characteristics, with a cylindrical paraffin moderator, surrounded by an outer
annulus, also of paraffin, and an intermediate boron oxide (BO;) annulus. The reaction involved
in the BF; slow neutron detector is 1()B(n,oc)7Li which has a large cross section and a 1/v
dependence as its main advantagesz. The outer paraffin annulus and BO; layer act as a shield
ensuring that neutrons hitting the sides of the long counter have a low probability of being
counted. Only those striking the front face have a high probability of reaching the slow neutron
detector. Holes, drilled in the front of the moderator, improve the efficiency for counting low
energy neutrons, which would otherwise be absorbed before reaching the BF; tube, thus further
flattening the response function below a few hundred keV. A cadmium sheet was added on the
front face of the counter to shield against thermal neutrons. The Hanson design was followed
ten years later by an improved version by McTaggart *> which received widespread acceptance as
the standard long counter. However, various measurements using these counters showed that
the response was not reproducible from counter to counter. In 1966, De Pangher and Nichols *,
with reproducibility in mind, improved on the design (Figure 1.1) mainly by specifying the
internal and external dimensions of the counter and by using high density polyethylene as the
moderator, boron loaded polyethylene for the inner layer of the shield, an aluminium outer
casing, and thicker cadmium sheets both at the front and back of the counters. They also
replaced the front holes by an annular trough. A batch of six of these counters, known as De
Pangher counters, were produced in the UK, and an inter-comparison reported by Marshall >
showed good agreement (within 0.5%) for their efficiency when measuring neutrons from two
radioactive sources with widely different neutron spectral characteristics.

The National Physical Laboratory has two types of long counters. One type is the De Pangher
long counter (Figure 1.2) with a 38 mm (1%2" ) outer diameter BF; tube, and it is one of the six
mentioned above. The other, built at NPL, is a McTaggart type (Figure 1.3) which has a 50 mm
(2") outer diameter BF; tube for increased efficiency. These counters will be referred to as the
De Pangher long counter and the NPL long counter respectively.

At the NPL, neutron fluences are standardised using the above long counters, and since they are
neither 100% efficient nor perfectly flat in their response as a function of neutron energy, they
themselves need to be calibrated. The solution adopted in this work was to:

1) measure the response with well characterised radioactive neutron sources,
2) predict the response functions by Monte Carlo radiation transport calculations,
3) normalise the predicted response curves using the source measurements.

The counters were last calibrated in the late 1970’s and early 1980°s by Hunt 6 using a similar
method to the above. However, the responses functions were then calculated empirically, using
a formula based on available hydrogen and carbon cross section data (BNL325), as suggested by
Allen ’. Although regular source checks have shown that the counters have been extremely
stable over the last 20 years (Figure 1.4), it was decided that the counters were due for a re-
calibration, for three main reasons:
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1) The spectra of radionuclide neutron sources are now better known. There have been
improvements in the techniques used to measure source emission rates, and source emission
anisotropy factors are better known.

2) The cross section data libraries (ENDF/B-VI, ENDL, JEFF etc.) are richer, in that they are
more extensive, and have also been better evaluated and validated.

3) The Monte Carlo method in particle transport calculations has become a very attractive tool
because of: advances in computers, the access to modern cross section data libraries, and
high quality physics in both the cross section data and the radiation transport codes. The
response functions can thus be more accurately simulated than those previously predicted
empirically. (Measurements are not always possible, or for some users not affordable,
especially at some neutron energies.)

Over the years, it has been widespread practice to assume that the response function, or simply
the efficiency, of the long counter is constant with energy. It will be shown in this work that this
is far from being the case as significant variations and narrow structures are revealed from
1 keV up to 20 MeV. The limitations of the empirical predictions, the adjustments of the
response function as well as the improvements to the cross section data used since the 1970’s,
will also be shown.

When making measurements of fluence from a point source, the long counter can, provided the
source to detector distance is reasonably large (= 1 m), be regarded as a point detector. The
position of this point, commonly called the effective centre, depends on the design of the
counter and the neutron energy, and must be accurately known for any fluence measurement.
The determination of the counter effective centre with a reasonable accuracy and reproducibility
has represented a serious challenge to calibrating laboratories and users alike. Results often
conflicted, were widely spread, and depended on many parameters such as the person making
the measurements, scatter corrections methodology, the room size, etc. In this work, a good deal
of effort has been expanded in this area and, although work is still progressing at the time of
writing this report, a new and promising approach has been developed, the preliminary results
of which are reported.

In the following sections, the most extensive re-calibration and Monte Carlo modelling ever
undertaken for the long counters since their development are reported. The power of combining
good measurements with sound Monte Carlo simulations based on good cross section data and
good physics, naturally stands out.

2. MEASUREMENTS
2.1 Experimental Set-up

Both the De Pangher and NPL long counters were re-calibrated, in terms of the variation of both
their efficiency and effective centre as a function of neutron energy using radioactive neutron
sources, and in terms of their effective centre using monoenergetic neutrons produced by the
NPL 3.5 MV Van de Graaff accelerator. Measurements were carried out over many weeks, in a
large low-scatter cell at more than 30 source-to-counter distances ranging from 1.2 m to 5 m,
from which the efficiency and the effective centre of the counters were evaluated. With either a
radionuclide source or the neutron producing target fixed in place at the centre of the cell, the
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counter’s position was varied in 5 to 20 cm steps, and the integrated counts were recorded at
each of the 30 or more counter positions. The counter sits on an automatically controlled
carriage and can be remotely moved toward or away from the source.

The low scatter cell at NPL is approximately 25 m long by 18 m wide surrounded by concrete
walls which are 1 m thick in most places. The roof, made of about 15 cm thick concrete, is 12
meters above the target position which itself is 6 m above a concrete floor. The shadow cone
technique 6810 was used to correct for the scattering of neutrons by the air, the walls, the floors,
and the ceiling of the room. This technique involves making measurements with, and without, a
shadow cone (Figure 2.1) positioned between the source and the counter. The shadow cone is
made of a 20 cm long iron cone in its front part, i.e., the part closest to the source of neutrons,
while its rear section, 20 or 30 cm in length, is a hollow truncated cone, filled with a mixture of
paraffin wax (50%), polyethylene (10%) and boron oxide powder (40%) produced by melting
the three components together and pouring them into the cone. A full discussion of the shadow
cone technique, and many other experimental and data analysis matters related to this work, can
be found in references 5 and 9 and so will not be detailed here. The experimental set-up is
shown in Figure 2.2. The dead time of the counting system was fixed to 10 us. A correctly
chosen shadow cone was positioned at the optimum distance from the source; the choices,
which are easily and consistently made using a computer programme, depend on the detector-to-
source distance and on the size of both the counter and the source in use. A separate
investigation, not covered in this work, has shown that the choices of shadow cones and cone-to
source distances were well founded.

2.2 Efficiency and Effective Centre Measurements with Neutron Sources

Five radionuclide neutron sources (238Pu-Li, 241Am-F, 252Cf, 21Am-B and 241Am-Be), three of
which are recommended by the International Organization for Standardization, ISO”, have been
used. Details of the encapsulation, source strength and anisotropy 12 are given in Table 2.1,
together with some details of the shadow cones used and the optimum shadow cone to source
distance.

Table 2.1: Details of radionuclide neutron sources used

Serial Capsule| Cone | Distance | Mean Energy | Emission Anisotropy

number type |numbers (cm) MeV) rate (s™) factor
De Pangher long counter
o ® ] 4774NC X35 8,1 9 2.20 7.67 x 10 | 1.0207 + 0.0007
Am-Be 1000/1095 | X3 8,1 9 4.30 2.44 x 10° | 1.0276 + 0.0025
Pu-Li MRC-PuLi-63 7 6 0.53 8.47 x 10° | 1.0777 + 0.0020
Am-F 1000/7582F X3 8,1 9 1.46 1.36 x 10° | 1.0224 + 0.0007

NPL long counter

=2Cf 4774NC X35 8,1 9 2.20 8.96 x 10 | 1.0207 + 0.0007
Am-Be 1000/1095 X3 8,1 9 4.30 2.44 x 10° | 1.0276 + 0.0025
Am-B 1000/7584B | X3 8,1 9 2.72 438 x 10° | 1.0345 + 0.0026
Pu-Li MRC-PuLi-63 7 6 0.53 8.43x 10° | 1.0777 £ 0.0020
Am-F 1000/7582F | X3 8,1 9 1.46 1.36 x 10° | 1.0224 + 0.0007

For all sources, except the 238py;-Li source, the shadow cone numbered 8 (1), positioned at 9 cm
from the source vertical axis, was used for source to counter distances below (above) 250 cm,
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respectively. The shadow cone numbered 7 was positioned 6 cm from the source for
measurement with the **Pu-Li source. Figure 2.3 shows, for the 2°Cf source; the inverse of the
square root of the direct counts measured by the NPL long counter, after correction for dead
time and in-scatter, versus the source to counter distance. Similar curves were produced for all
sources used and for both long counters. They provide a good check on the measurements and
analysis of the data in general and on the shadow cone correction in particular.

2.3 Effective Centre Measurements using Monoenergetic Neutrons

The Van de Graaff accelerator was used to produce monoenergetic neutrons via the "Li(p,n) Be,
the T(p,n)3He, and D(d,n)3He reactions. Measurements were made at five ISO!! energies,
namely 0.144, 0.565, 1.2, 2.5 and 5 MeV. The shadow cone numbered 8 (1), positioned at 9
(11) cm from the target, was used for target to counter distances below (above) about 250 cm,
respectively. Figures 2.4 and 2.5 show, for measurements made at a neutron energies of
565 keV and 1200 keV; the inverse of the square root of the direct counts, after correction for
dead time and in-scatter, versus source to counter distance. Similar curves were produced for all
other energies and for both long counters.

3. DATA ANALYSIS

For a point detector and a point source in vacuum one can write that:
Cc(@) r2 = Constant

where C(r) is the detector count rate at a source-to-counter distance r

Allowing for scatter and geometry effects, a corresponding expression for a long counter, which
is about 50 cm in length and 22 cm in radius, has been suggested by Hunt %%° and is given by:

K
C. - C; (N)F, =3
[C; () = G;(N1F, () -

where

Ct (r)and C_(r) are total and in-scatter measured count rates at a source to detector distance
l
rmeasured to the front face of the polyethylene,

F (r) is the air out-scatter correction (derived from the oxygen and nitrogen cross sections),
a

r, is the effective centre distance into the moderator front face,

and K is the source-detector characteristic constant.

Rearranging the above expression gives:

—
[

1 1G0)-GOF® =\ +7%)

and it follows that 7, and K can be obtained by a least squares fit, i.e.

1/\/[Ct (r) - G(N1Fy(r)  against r
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: : f 1 . 1
with the gradient equal to X and the intercept equal to ‘/; To

Subsequently, the efficiency € can be evaluated from:

4nK
£=0r, )

where Q is the source strength, i.e., the total emission rate into 47 steradians, and F), is the
anisotropy factor of the radionuclide source.

The least square fit analysis may be carried out using either PCINVFIT, a FORTRAN computer
programme originally written by Hunt, and now adapted to run on a PC, or using the least-
squares fitting function within ORIGIN™, a commercially available graphics and statistical
analysis package. Both ORIGIN and PCINVFIT gave the same results. It is important that the
correct weights are used for the inverse of the square root of the direct counts. These should be
based on the statistical uncertainties in both Cy(r) and Cy(r) and correct error propagation
techniques. Use of these weights ensures that y” for each source to counter distance (i.e.
weight * (calculated - measured)? ) is approximately equal to unity and that the overall % is
roughly equal to the number of data points. PCINVFIT has a facility whereby data points are
successively removed from the set, starting with the closest points, and the gradient and
intercept are re-calculated. This process is then repeated starting with the furthest point. The fit
is accepted only if both the gradient and intercept were stable under this process, allowing for
the gradual increase in the uncertainties as fewer and fewer data points are involved in the fit.

4. RESULTS OF EFFICIENCY AND EFFECTIVE CENTRE MEASUREMENTS
4.1 The De Pangher Long Counter

Data obtained with the shadow cone method were analysed as outlined in Section 3, and the
results for the De Pangher long counter are shown in Table 4.1. The mean values for Hunt’s
earlier efficiency measurements are also given for comparison and the rightmost column (1-
HT/JH) contains the ratio, in %, of this work’s to Hunt’s efficiency values. There is reasonable
agreement between the two sets of results, although Hunt’s results for 252Cf and > Am-Be are
both just over 2% higher than the present results. The output file of the PCINVFIT analysis of
the present 22CF measurement is shown in Appendix A where it can be seen that all the criteria
for a good fit and good data (discussed in section 3) are satisfied.

Table 4.1 Efficiency and effective centre results from the De Pangher long counter measurements
with sources, and a comparison of the present efficiency results (HT) with those of Hunt (JH).

Source Gradient Intercept Effective Efficiency (cm®) 1-HT/JH
Centre (cm) HT JH o
2cf  |2.18E-04 + 8.87E-08|6.90E-04 + 2.08E-053.17+ 0.10{3.39 + 0.02(3.47 + 0.03| 2.25
Am-Be|1.25E-03 + 1.84E-06|5.70E-03 + 3.29E-04 | 4,59+ 0.26] 3.21 + 0.02|3.29 + 0.03 2.36
Pu-Li |2.00E-03 + 4.04E-06|7.00E-03 + 1.00E-03|3.49+4+ 0.50|3.45 + 0.02{341 + 0.03} -1.23
Am-F |5.09E-03 + 2.29E-05|2.07E-02 + 5.06E-03 | 4.07+ 0.99| 3.50 = 0.04 - -
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The efficiency and effective centre results are plotted in Figures 4.1 and 4.2 respectively. Table
4.2 shows the results obtained from all >’Cf measurements carried out by Hunt in the 1970's
and 1980's compared to results from the present work and to values measured by More . All
are for the same long counter. It highlights the reproducibility of the earlier measurements of
Hunt for the efficiency, and the consistently higher, and slightly more varied, results for the
effective centre.

Table 4.2: Efficiency and effective centre results for the De Pangher long counter with a ***Cf

source as measured by Tagziria, Hunt and More.

Author Measurement Efficiency Effective
(cm?) Centre (cm)
Hunt 1972-83
19-20/12/1972 3.49+0.01 5.66 £ 0.29
01-11/10/1974 3.49 £ 0.02 6.58 £ 0.50
09/04/1981 3.48 £0.01 4.75+0.33
12/09/1983 3.41+0.02 6.24 £ 0.38
11/11/1983 3.45+0.01 524 +0.42
05/04/1985 3.46 £ 0.01 5.13+0.21
1976 (RSS) 3.521+0.02 6.27 + 0.61
Average (Hunt) 3.47+0.03 5.70 + 0.80
More BM 1989 3.32 £ 0.02 3.76 +£ 0.28
Tagziria HT 1997 3.39 £ 0.02 3.17+£0.10
Average(HT+BM+JH) | 3.40 + 0.06 4.21 + 1.79

Although there appear to be discrepancies in the final results for the efficiency and the effective
centre, it can be shown that there is little difference between Hunt’s measurements (JH) and the
present ones (HT) if the efficiency is coupled to the effective centre as measured by the same
author. From equation (1) and (4) in section 3, one can write that:

[C,(n - C(IE, () e
= 2 (5)
QFI dmir+r,)"

0

For both Hunt’s and the present analyses, the left hand sides of equation (5) should be equal and
hence: :

Em — Em (6)

(r+7)° (r+7,4)"

where €,,,r,,; and Ey,7, are the efficiency and effective centre as measured by Hunt and
Tagziria, respectively.

Table 4.3 shows values of the both sides of equation (6) (column labelled HT and JH) as a
function of the distance r for 2>°Cf measurements. The efficiency and effective centre values
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are taken from Table 4.2. The fourth column in Table 4.3, equal to 1-TH/HT (in %), shows good
agreement between the two measurements for distances above about 1.25 m which is in fact the
range over which the measurements were made for these experiments, and over which fluence
determinations using the shadow cone technique are normally made.

Table 4.3: Comparison of Hunt’s measurements for **Cf with the present work using

equation (6) as discussed above.

Distance g /(r+r, ) 1-JH/HT
(cm) HT JH o4
50 1.1981E-02 | 1.1185E-02 6.73
75 5.5478E-03 | 5.3282E-03 3.96
100 3.1849E-03 | 3.1058E-03 2.48
125 2.0636E-03 | 2.0313E-03 1.56
150 1.4440E-03 | 1.4314E-03 0.84
175 1.0678E-03 | 1.0627E-03 0.49
200 8.2126E-04 | B.2009E-04 0.14
250 5.2890E-04 | 5.3072E-04 -0.34
300 3.6883E-04 | 3.7131E-04 -0.67
350 2. 7179E-04 | 2.7426E-04 «0.91
400 2.0856E-04 | 2.1082E-04 =1.09
450 1.6507E-04 | 1.6710E-04 -1.23
500 1.3380E-04 | 1.3569E-04 -1.34

In table 4.4 a comparison is given of the present effective centre results for radionuclide sources
with measurements made for De Pangher long counters by other workers '*!8. These include
measurements made by Hunt 614 with various sources, and a measurement by More ' using a
22Cf source, all performed at NPL using the same De Pangher long counter as the one
investigated in the present work. The remainder of the measurements were for other counters,
but, because of the tight manufacturing tolerances applied when constructing this type of long
counter, every one should have a very similar effective centre value. The agreement between the
various values is not, however, particularly good with disagreements well outside the quoted
uncertainties. For *Cf and >’ Am-Be, Hunt’s results are significantly higher than the others
although his measurements were completely repeatable for >°Cf as demonstrated in Table 4.2.
The reasons for the differences between the results of different experimentalists are not clear,
although the derived effective centres can be very sensitive to small changes in the data set.

The sensitivity of the effective centre and efficiency of the De Pangher long counter to
parameters such as the in-scatter counts and the dead time was investigated. It was for instance
found that an overall increase of 3 % in the in-scatter counts resulted in 36% decrease of the
effective centre whereas the efficiency decreased by less than 2%. The sensitivity of the
effective centre and the efficiency to the dead time of the counting system (a 10 ps fixed dead
time in the present case) was found to be less pronounced.

The effective centre is also very dependent on the scatter correction model used in the analysis.
It should be noted that some of the earlier measurements listed in Table 4.3 (Thomson,
Massand, De Pangher and Mijnheer) were analysed using scatter correction models which had
not been fully validated, and have since been shown not to be appropriate in all calibration
rooms.
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Table 4.4: The effective centre, for several radionuclide sources, as measured by various authors
for different De Pangher long counters.

Code| *’Cf | Am-Be | Am-B | Am-F | Pu-Li | Am-Li | Ra-Be | Sb-Be
Tagziria 98 1 3.1740.10 | 4.59+0.26 4.0740.99 | 3.49+0.50
Hunt 76 2 5.67+0.80 |8.12 +0.26| 6.73+0.78 1.8240.62 | 1.52+1.78 | 2.3942.16 | 2.70+1.70
More 89 3 |3.76+0.28
Thomas 91 4 3.80+1.00 | 9.90+1.00
Hunt 89 5 4.20+1.00 | 5.13+1.76
. 6 3.00 £1.20§ 4.60%1.60
Thomson 7 7.7410.31 2.10+£2.04 |-0.14+1.02
Massand 8 3.7840.20 | 6.1740.38
9 5.2540.20 1.6540.10 | 1.6510.30
Mijnheer 10 | 3.8540.30 | 5.8540.40 2.4540.20 1.3540.20
Heinzelmann | !! 4.70 5.30 3.70 3.20 2.60
5.80 6.30 4.80 4.00 4.00
Code:

: Tagziria 1998, this work.

: Hunt 1976, references 6 and 14 in this work

: More 1989; reference 13 in this work

: Thomas 1991; measurement on customer’s counter

: Taylor 1997, measurement on customers’ counter
: Thomson 1972, reference 15 in this work

1
2
3
4
5: Hunt 1989; measurement on customer’s counter
6
7
8: Massand 1972, reference 16 in this work

9: De Pangher 1947, reference 4 in this work
10: Mijnheer 1972, reference 17 in this work
11: Heinzelmann, 1973, reference 18 in this work (values from two theoretical curves)

Considering only the NPL measurements for the present counter, and looking for possible
reasons for the discrepancies, it may be noted that modifications to the detector and source
support stands at NPL have occurred since Hunt’s measurements. Provided, however, that the
shadow cone technique correctly subtracts the in-scatter component, these changes should not
affect the measurements. Luckily, the results for the efficiency derived from the analysis are not
critically sensitive to the values deduced for the effective centre, and a reasonably accurate
estimate of the efficiency can still be made. The effective centre problems are further addressed
in Section 5.4.

4.2 The NPL Long Counter

Results of efficiency and effective centre measurements and evaluations for the NPL long
counter are given in Table 4.5 and in Figures 4.3 and 4.4 respectively, together with those of
Hunt “**. The efficiency results of this work agree very well (within 1 %) with those of Hunt for
the NPL counter. A summary of all measurements carried out on the NPL long counter, both in
this work and by Hunt, is given in the Appendix B.
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Table 4.5 Efficiency and effective centre results from the NPL long counter measurements with
sources, and a comparison of the present efficiency results (HT) with those of Hunt (JH).

Source Gradient Intercept Effective Efficiency (cm?) 1-HT/JH
Centre (cm) HT JH %
22Cf  |1.05E-04 + 6.36E-08|9.45E-05+ 1.22E-05|090+ 0.12] 1251+ 0.07|12.65+ 0.07| 1.11
Am-Be|6.44E-04 + 8.53E-07|2.30E-03+ 1.79E-04|3.57+ 0.28]|12.12+ 0.08]/12.15+ 0.10| 024
Am-B |1.50E-03 + 2.22E-06|4.00E-03 + 4.76E-04 | 2.66 + 0.32|12.31+ 0.08]1235+ 0.17] 033
Pu-Li |1.05E-03 + 5.53E-06|3.80E-03+ 1.38E-03|2.63+ 1.31/1249+ 0.15(12.22 + 0.09| -2.18
Am-F |2.69E-03 + 7.13E-06|1.30E-03 + 1.80E-03|0.50+ 0.67|12.49+ 0.09 . -

5. MONTE CARLO MODELLING OF THE LONG COUNTERS
5.1 MCNP N-Particle Transport code
5.1.1 Introduction

MCNP" is the most widely used general purpose Monte Carlo N-Particle transport code with
more than 3000 users world-wide. It was first developed at the Los Alamos National Laboratory
in 1943 (the time of the Manhattan project) and has been greatly improved over the years. It
now represents an impressive 450 person-years of development. It is used for radiation transport
calculations as well as for criticality and reactor physics analyses. MCNP is a continuous
energy, generalised geometry, time dependent, coupled or de-coupled, neutron/photon/electron
Monte Carlo code. It is obtainable either directly from the Radiation Shielding Information
Centre, RSIC, at the ORNL, or via the NEA data bank in Paris, together with a full set of cross
section data such as ENDF/B-VI and ENDL %*% all on a CD-ROM. The energy regime is from
10" to 20 MeV for neutrons which can be extended to 100 MeV for some elements using cross
section data from the LA100 library, and 1 keV to 1 GeV for photon and electron transport.

An input file created by the user is required from which MCNP reads information about the
model such as the geometry, materials, cross sections, radiation source specifications, types of
answers or tallies to be obtained, together with any variance reduction (acceleration) techniques
the user chooses to apply in order to improve efficiency. With the release of MCNP version 4B
in April 1997, twelve new features have become available to users including: the introduction of
the enhanced electron physics of ITS3 %5 | the production of postscript plot files, a cross section
plotting facility with the possibility of dumping to a file an ASCII listing of plotting points, and
the new PERT card. The PERT card, which is a major new feature in MCNP-4B, uses a
differential operator technique'®”® to estimate differences due to changes (perturbations) in
cross section data, material density and composition. The error on the estimator is always
bounded, and both the 1* and 2™ order terms are included. As implemented in the present
versions, the PERT card has some limitations; these will be removed in the next version,
MCNP-4C, which is presently being developed, and will be released in about two years. The
reader is directed to read the MCNP-4B manual for a more complete and comprehensive
description of the code, how to use it, its physics, cross section data and features.
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5.1.2 MCNP Statistical Analysis

MCNP has arguably the most robust statistical analysis package of all Monte Carlo codes. In
addition to the usual mean and variance, the user is provided with the variance of the variance
(VOV), which involves the first four history score moments, and represents the error of the
error. The tally score probability density function (pdf) is estimated, and ten statistical checks
are incorporated to avoid false convergence '*?’. The latter is characterised by the non existence
of the variance or mean (1* and 2™ moments) and thus a failure to satisfy the central limit
theorem, which is the most fundamental principle in the Monte Carlo method. By inspecting the
slope of the tail of the underlying tally score pdf one can estimate the number of moments that
exist, and hence determine whether the VOV, the variance, and even the mean, exist. The VOV
is more sensitive to large history scores and should decrease as 1/n, where n is the number of
histories.

5.1.3 Accuracy, Precision and Efficiency

Accuracy, precision, and efficiency have very precise meanings when applied to MCNP results.
Often called ‘systematic error’, accuracy is a measure of the difference between the calculated
result and the true value of the observable being estimated. It cannot be directly estimated by
Monte Carlo codes. The accuracy of the end result depends on the quality of the code, especially
its physics, how well the problem is modelled, e.g. in its geometry and source, and it also
depends on user errors or abuse of the tools available. Precision, or the ‘relative error’, which
represents the uncertainty in the final result due to statistical fluctuations in the individual
samples can, in contrast, be estimated by Monte Carlo codes. The user can control precision by
a careful selection of features such as: forward versus adjoint calculations, tally types, variance
reduction techniques, and the number of histories run. The speed with which the desired
precision is achieved is a measure of the efficiency. A parameter known as the Figure Of Merit
(FOM) and defined as:

FOM = ——
R*T

where R is the relative error and T is the computing time gives a measure of the efficiency.
Since R? and T are proportional to 1/n and n (number of histories run) respectively, one would
expect the FOM to be constant with n. This constitutes one of the statistical checks to be passed.
Other tests for instance are: that the relative error should be less than 0.1 and decreasing, and
the pdf slope is more than 3. The larger the FOM, the higher the efficiency. This can be affected
by: history scoring efficiency, dispersion in non-zero history scoring, and computer time per
history. Although, it is recognised that a safe use of various adequately chosen variance
reduction techniques28 results in increased efficiency, it was judged unnecessary in this
problem, and a pure analogue simulation was used. For a comprehensive description and
discussion of the problems of various MCNP variance reduction techniques references 19 and
28 are highly recommended. MCNP-4B includes a factor which takes into account the CPU of
the computer in use, a so called signal to noise ratio.

5.2 MCNP Models of the Long Counters
5.3 The Geometry

An extensive Monte Carlo modelling of both detectors was carried out using MCNP-4B. The
models were constructed from engineering drawings supplied by Centronic (for the De Pangher
counter) and by the NPL engineering services for the NPL long counter. In addition, the BF;
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tube of the De Pangher long counter was X-rayed to obtain, or confirm, details of the internal
construction. Over 55 ‘surface’ cards and 35 ‘cell’ cards were needed to describe the counters,
including their BF; tubes, in every detail. The space between the source and the front face of the
inner polyethylene moderating block, to which the source to counter distance is usually
measured, was modelled as being a void. The stand on which the counters sat was not included
in the model as it was considered part of the scattering environment and thus taken into account
by the shadow cone correction. The eight holes within the NPL long counter polyethylene, or
the corresponding annular trough for the De Pangher counter, were filled with air as they were
considered to be an integral part of the counters.

5.3.1 The Source Definition
The source card used for monoenergetic runs was of the form:

SDEF ERG=n SUR=m POS=xyz RAD=D1 DIR=1
SI1 r

which represents a mono-directional source of energy n in MeV, emitted from a plane surface,
m, in the direction of the positive normal. The surface is positioned a few cm from the front
face of the counter, and the point from which each neutron history is started is obtained by
uniform sampling over an area on the surface of radius r (taken equal to the counter’s radius)
thus providing the required starting co-ordinates x, y, z.

For the radioactive sources the ISO'? recommended spectra were used for 241Am-Be, 252Cf and
2! Am-B, whereas a spectrum measured by Tagziria 2 was used for the **! Am-F source. For the
#8py-Li calculation the *'Am-Li spectrum of Tagziria® was used as the best available
approximation. It must be noted that using the approximate Watt spontaneous fission spectrum
for 2Cf, as suggested in appendix H3 of the MCNP manual, with the parameters a and b equal
to 1.025 and 2.926 respectively, gave an efficiency about 2.5% lower than with the ISO or
ENDF spectra. The ISO **Cf spectrum corresponds to a Maxwellian fission spectrum with the
energy parameter set to 1.42 MeV, and this can be replicated exactly in MCNP by setting the

parameter, a, on the SP card equal to 1.42.
For a radioactive source run the source card was of the form:

SDEF SUR=m ERG=D1 RAD=D2 POS=x yz AXS=1 0 0 DIR=1
SI1 h energy bins....

SP1 d probabilities

S12 r

5.3.2 Cross Sections Data

The latest ENDF/B-VI and ENDL cross sections libraries, obtained from the NEA data bank,
were used for the various material which make up the counters. In this problem, where
thermalisation, including the tracking of neutrons with energy less than 4 eV, is involved, the
thermal S(o,p) tables were invoked using the MT (poly.01T) card to model the neutron
scattering. This allows for the binding of the scattering nucleus in the moderator (polyethylene)
since the isotope scattering data is overridden if the neutron energy is in the S(o.,) energy
rangelg. A plot of the ENDF/B-VI carbon cross section versus energy as used in MCNP is
shown in Figure 5.1 which can be compared with that from the BNL325 evaluation used

11
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empirically by Hunt in the previous calibrations. The differences and extra details are
immediately evident.

5.3.3 The Tallies

MCNP may tally any quantity of the form

Clo(E)f(E)dE

where C is an arbitrary normalisation scalar, ¢(E) is the fluence as a function of energy,
and f (E) is either a sum or a product of quantities in the cross section libraries, or it can also be

a response function provided by the user. The track length estimate tally (F4:n) with a tally
multiplier FM4 (-1 3 107) was used to give the a-particle production, through the °B(n,o)
reaction, per cm’® in the BF; active volume per starting particle history. From this the efficiency
of the long counter was deduced for the five radioactive sources and for about 200
monoenergetic energies. To obtain the efficiency, directly in the MCNP output file, the first
factor, (-1) in the tally multiplier, is multiplied by the product of the effective volume and the
area of the surface from which the neutron source spectrum is sampled (equal to zr? ).

5.4 Calculation of the Efficiency of the Long Counters
5.4.1 The De Pangher Long Counter

Over many days, batch files were run continuously on four available PC’s to calculate the
efficiency of the De Pangher long counter for the radioactive sources which had been measured,
and for about 200 monoenergetic energies in the range 1 keV to 20 MeV. No normalisation was
applied at this stage through the tally multiplier card. All ten statistical checks of MCNP-4B
were passed with 1% relative uncertainty on the tallies, and a Figure of Merit (FOM) of about
130. Each of the above simulations took typically about 90 minutes to process one million
histories on an average 166 MHz PC under windows NT. On similar PC’s running under
Windows 95, it was found this run time could be cut by as much as 40 to 50% if run in a ‘DOS
only’ mode. Table 5.1 shows the efficiency of the De Pangher long counter calculated by
MCNP for the radioactive sources compared to measurements made in this work (column
labelled HT in Table 5.1) and to the average of all those made at NPL over the years (column
labelled All), including the present ones.

Table 5.1: Calculated efficiency of the De Pangher long counter compared to measurements.

Measured Calculated
Source This work Mean of All Meas. Unormalised Normalised
(HT) (All) Efficiency |1-Cal/HT| 1-Cal/All Efficiency |1-Nor/ All

(Cal) (%) (%) (Nor) (%)

%201 3.39+ 0.02 3.40+ 0.06 328+ 0.03 | 3.20 329 | 341+ 003 -0.45

Am-Be 3.22+ 0.02 3.25+ 0.04 3.15+ 0.03 1.92 3.09 | 328+ 0.03 -0.66

Am-F 3.50+ 0.04 3.50+ 0.04 3.33+ 0.03 4.79 479 | 346+ 0.03 1.1

Pu-Li 3.45+ 0.02 3.43+ 0.04 3.26 + 0.03 5.40 4.82 3.39+ 0.03 1.14
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Considering that the counter is more than 30 years old, and that some of the model parameters
such as the BF; tube pressure, its 198 content, the polyethylene density, etc., can only be known
with limited accuracy, the calculations agree well with measurements. It was decided to
normalise the MCNP calculations to all efficiency measurements made to date with sources,
i.e., including those carried out by Hunt®'* and one more recently by More'®. The **Pu-Li
source was excluded because of the larger uncertainties associated with it. A normalisation of
only 3.73% was needed to adjust the calculations to all the source measurements. Figure 5.2 (a)
to 5.2 (c) show the MCNP calculated efficiency curves of the De Pangher long counter as a
function of energy from 1 keV to 20 MeV, after normalisation, and these can be compared to
the original evaluation of Hunt®. It can be seen that the efficiency of the long counter is not as
flat as is often taken for granted. The prominent structures (dips) in the efficiency curves
correspond exactly to resonances in the neutron total cross section of carbon (Figure 5.1) which
is the predominant element by weight in the counter. The measured efficiency of the counter for
the radioactive sources are also shown in these figures. It should be noted that efficiencies for
these sources are plotted at the mean energy, and because of the broad spectra are not
necessarily expected to sit exactly on the monoenergetic curves.

Examination of Figures 5.2 (a and b) reveals a broad ‘bump’ in the MCNP calculated efficiency
in the region between 400 and 500 keV. This feature is not present in the efficiency curve for
the NPL long counter, see below, and its origins were therefore investigated. The cross section
of all materials composing the counters were plotted for inspection, but revealed no obvious
explanation for the feature. In terms of materials, the main differences between the two types of
long counters is the replacement of the iron casing of the NPL counter by aluminium in the De
Pangher counter. The efficiency of the De Pangher counter was therefore re-calculated replacing
the aluminium case by an iron one. The results are shown in Figure 5.2 (d) which demonstrates
that the structure observed at about 450 keV in the De Pangher long counter efficiency curve is
not due to the different casing materials. Since the materials composing both counter are
predominantly the same, except for the cases, it must be concluded that this feature is due to
dimensional differences in the counters.

5.4.2 The NPL Long Counter

Similar calculations to the above were made for the NPL long counter, each run taking about
120 minutes to process 1 million histories on a 166 MHz PC (Windows NT) with a relative
uncertainty of 1% and an FOM of 113. Table 5.2 shows results of the MCNP calculations for
the NPL long counter, compared to measurements made in this work (column labelled HT) and
to the average of all those made at NPL (column labelled All), including the present. A
normalisation of 11.19% was needed to adjust the calculations to all source measurements.

Table 5.2: Calculated efficiency of the NPL long counter compared to measurements.

Measured Calculated
Source This work Mean of All Meas. Unormalised Normalised
(HT) (All) Efficiency |1-Cal/HT|1-Cal/All Efficiency |1-Nor/ All

(Cal) (%) (%) (Nor) (%)

20t 12,51+ 0.07 12.58 + 0.10 10.96+ 0.10 | 12.41 12.90 [12.34+ 0.10 1.96

Am-Be 12.12+ 0.08 12.15+ 0.02 10.80+ 0.10 | 10.90 11.01 |12.16+ 0.10 -0.17

Am-F 12.49 + 0.09 12.49+ 0.09 11.14+ 0.10 | 10.83 10.83 |12.54+ 0.10 -0.37

Am-B 12.31+ 0.08 12.33 + 0.03 11.11+ 0.10 9.70 9.91 1251+ 0.10 -1.41

Pu-Li 12,49+ 0.15 12.35+ 0.19 10,51+ 0.09 | 15.82 1491 |11.83+ 0.10 4.22
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Figure 5.3 (a) to 5.3 (c) show the MCNP calculated efficiency curves of the NPL long counter
as a function of energy from 1 keV to 20 MeV, after normalisation to all source measurements.
The measured efficiencies of the counter for radioactive sources are also shown in these figures
together with the original evaluation of Hunt.

5.5 Calculation of the Effective Centre of the Long Counters using MCNP

5.5.1 Introduction

When using a long counter to measure the fluence from a point source of neutrons it is crucial
that the effective centre is known as accurately as possible. As was noted in the introduction, the
determination of this value has always represented a serious challenge to calibration laboratories
and users alike. Results often conflicted, were widely spread, and depended on many parameters
such as: the person making the measurements, scatter correction methodology, the room size,
etc. Bearing in mind these difficulties, there was a need to find an alternative and better way of
determining the effective centre of these counters. Having now established a good MCNP
model for the long counters it was used to mock up a real experiment as depicted in Figure 2.2
but without the shadow cone. The point source was fixed in position on the axis of the detector
and the counter positioned at varying distances from the source. Both source and counter were
assumed to be in vacuum and thus the complications of scatter corrections were avoided. The
data analysis is then similar to that carried out for the measurements as described in Section 3
except that the scatter counts, system dead time, and air attenuation are zeroed in the input
parameters to the PCINVFIT least square fit programme which yields the effective centre.

5.5.2 Validation of the Method

In order to test this new method of determining the effective centre using MCNP, and also to
test both the least squares method of analysis described in Section 3, and PCINVFIT, a similar
set-up to the above was simulated replacing the long counter with a polyethylene sphere of
radius 22 cm (the same radius as the long counter front face). This sphere enclosed at its centre
a smaller sphere of radius 4 cm, a void cell (vacuum), for which the fluence tally was
calculated, using the track length estimator card F4, for varying point-source-to-centre-of-sphere
distances. In a series of computer runs which extended over several days, the F4 tally was
calculated for 42 distances ranging from 50 to 600 cm. The inverse of the square root of the
tallies are plotted in Figure 5.4 against the source to counter distance. The least squares
procedure of Section 3 was applied which resulted in an effective centre which was at a distance
of (0.41 £ 0.19) cm from the physical centre of the sphere. Because the source-to-sphere-centre
distances extended down to 50 cm, geometry corrections had to be applied to the data. The
value used for the ‘neutron effectiveness parameter’, 8, was that recommended by ISOY, ie.,
0.5. There is, however, evidence®® that & decreases as the sphere size increases. For a 8 value of
0.25 the effective centre was within less than 1 mm of the physical centre. In view of the
uncertainties in 6, the fact that the effective centre is so close to zero, as would be expected for a
spherical system, can be taken as validation of the method of analysis, PCINVFIT, and the new
method of determining the effective centre using Monte Carlo simulation.

5.5.3 The Effective Centre of the De Pangher Long Counter using MCNP.

For the long counters, the quantity tallied, namely tally F14, is the same as in Section 5.2.4
except that, because the source is a point source, the tally multiplier includes only the effective
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5.5.3 The Effective Centre of the De Pangher Long Counter using MCNP.

For the long counters, the quantity tallied, namely tally F14, is the same as in Section 5.2.4
except that, because the source is a point source, the tally multiplier includes only the effective
volume of the BF; active region, hence giving the alpha production in this volume per starting
particle history, not the efficiency. The inverse square root of the tally, F14, is plotted in Figures
5.5 to 5.7 as a function of source to counter distance, respectively for the >>Cf and the
! Am-Be sources and for 565 keV monoenergetic neutrons. PCINVFIT was subsequently run
to yield, as described above, the calculated effective centre. The results are shown in Table 5.3
and Figures 5.5 to 5.7. The simulated effective centres agree well with the present
measurements.

Table 5.3 Effective centre of the De Pangher long counter calculated using MCNP for 2,
*'Am-Be and for a 565 keV monoenergetic field.

Source Measured Calculated
(cm) (cm)
565 keV 1.88 + 0.24 2.20+1.21
2%2cf 3.17 +0.10 2.75+0.56
2 Am-Be 4.59 +0.26 4.65 + 0.94

5.5.4 The Effective Centre of the NPL Long Counter using MCNP

Similar work to that described in the previous Section was carried out for the NPL long counter
for 22Cf and **' Am-Be neutron sources and 144 keV monoenergetic field. The inverse of the
square root of the tally is plotted in Figure 5.8 to 5.10 against the source-to-counter distance,
respectively for the 2°°Cf and the **' Am-Be sources and for 144 keV neutrons. PCINVFIT was
run to yield the calculated effective centre distances shown in Table 5.4 and Figures 5.8 to 5.10.
Again the simulated effective centres agree well with the present measurements, except for the
case of 2Cf. Although the analysis of the 252Cf measurements has been checked in detail, no
obvious error can be found, and the measured result must remain suspect. A new and
independent measurement is planned.

Table 5.4 Effective centre of the NPL long counter calculated using MCNP for *°Cf, >’ Am-Be
and for a 144 keV monoenergetic field.

Source Measured Calculated
(cm) (cm)

144 keV -1.76+023 | -1.28+1.02

%2ct 0.90+0.12 | 2.58+1.07

21 Am-Be 3.57 +0.28 3.16 +0.74

5.6 Rationale for the Approach used to Calculate the Efficiency

The neutron source term used for the main calculations of the efficiencies was described in
Section 5.2.2. It is a surface source, and produces a parallel beam of neutrons incident on the
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In normal usage the long counters are employed to determine the neutron fluence from a point
source of neutrons at some finite source-to-detector distance. This distance is generally between
1 and 5 m at NPL. The question then arises as to whether the parallel beam approach calculates
the efficiency required. The analysis of the sets of calculated data used to estimate the effective
centre, as described above, also provides a value for the efficiency, and this can be compared to
the value obtained from the parallel beam approach. This has been done for both long counters
with the **Cf and **' Am-Be sources and one monoenergetic neutron field, and the results are
shown in Tables 5.5 and 5.6.

Table 5.5: The De Pangher long counter efficiency calculated for parallel and point source
radiation fields, prior to normalisation, for **>Cf, ! Am-Be and 565 keV.

Source Parallel Beam Point Source
Efficiency Gradient Efficiency
22cf 3.28 +0.03 1.964 + 0.005 3.26 +0.02
2 Am-Be 3.15+0.03 1.996 + 0.010 3.15+0.03
565keV 3.27 +0.03 1.955 + 0.010 3.29 +0.03

There is obviously very good agreement between the two sets of results giving confidence in the
parallel beam approach as a way of determining an efficiency value which is valid for a point
source, provided the correct effective centre is available. It should be noted, however, that in the
parallel beam approach the calculations took of the order of 90 minutes of computing time to
determine an efficiency value, whereas the approach involving a multitude of point source
calculations took days of computing time.

Table 5.6: The NPL long counter efficiency calculated for parallel and point source radiation
fields, prior to normalisation, for ***Cf, * Am-Be and 144 keV.

Source Parallel Beam Point Source
Efficiency Gradient Efficiency
252¢¢ 10.96 + 0.11 1.066 % 0.005 11.07 £ 0.11
2 Am-Be 10.80 + 0.11 1.075 + 0.004 10.87 + 0.09
144 keV 10.05 +0.10 1.116 £ 0.015 10.09 + 0.09

One other ‘validation’ calculation was performed, whereby, the F14 tally of Section 5.3.2, for
an unbiased 2°Cf point source sitting at a single position of 200 cm from the De Pangher long
counter was calculated for 150 million particle histories. The tally was divided by 4nd?, where d
is the source to counter distance, to yield the efficiency of the counter. It was found that this
efficiency coincides with the parallel beam- efficiency only if the distance d is increased by
1.77 cm which can be interpreted as an estimate of the effective centre. This is compared to
2.75 cm obtained with the least square method outlined in the above sections which corresponds
to an efficiency of (3.31 £ 0.03) cm® compared to (3.28 + 0.03) cm? calculated with the parallel
beam (see Table 5.5). Although both calculations agree within the uncertainties, both in sign
and magnitude, the least squares method, which takes into account calculations for a point
source at more than 30 positions, provides a more robust and more physically justifiable method
to calculate the effective centre of the long counter.
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6. SUMMARY AND FUTURE PROGRAMME

The Monte Carlo technique has become a very powerful tool in radiation transport as users have
taken full advantage of richer cross section data, more powerful computers and Monte Carlo
techniques for radiation transport, with high quality physics and better known source spectra.

At the National Physical Laboratory the most extensive modelling ever performed for long
counters has been undertaken. New and more accurate efficiency curves have been produced for
both long counters in use at NPL. The end result will be improved standardisation and
calibration accuracies which will benefits customers and users. A novel approach using Monte
Carlo radiation transport techniques was developed and validated to determine more accurately
the effective centre, as well as the efficiency of the counters.

At the time of writing this report work to extend the effective centre calculations for both long
counters in a systematic and extensive way for all radioactive neutron sources measured and for
many more monoenergetic neutron sources is gathering momentum. These results will be
reported in due course. It must be noted that, within the current programme, it has not been
possible to make measurements, as would have been ideal, using low energy radionuclide
neutron sources. This makes the MCNP model even more useful, especially at energies where
measurements cannot be carried out. These measurements are however planned for the next
programme where use of sources such as 226Ra—Be(n, ) and 124Sb—Bc:(n,y) is under
consideration.
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Appendix B

Compendium of efficiency and effective centre source measurements

for the NPL long counter by Tagziria (HT) and Hunt (JH)

Source Mean |Measurement Efficiency|Error Effective Error
Ener (1S) Centre (cm) (1S)

22ct 2.2 JH _
18/12/72 12.632 0.035 3.300 0.280
8/4/81 12.739 0.040 3.560 0.260
9/1/74 12.593 0.033 3.730 0.270
11/11/83 12.568 0.034 3.380 0.300
RS5 76 (reference 6) 12.730 0.080 3.460 0.270
Average 12.652 0.036 3.486 0.276
Std. Deviation 0.078 0.192
HT 12.512 0.065 0.902 0.116
Average(JH&HT) 12.582
Std. Deviation 0.099

*°Ra-Be 0.26  |JH/1/6/1973 11.580 0.120 1.220 1.010
RS5 76 11.800 0.160
Average: 11.690
Std. Deviation 0.156

2 Am-Li 0.53  |JH/5/1/1973 12.080 0.130 -0.420 1.040
RS5 12.270 0.140
Average: 12.175
Std. Deviation 0.134

*'"Am-Be [4.3 JH/11/1/1982 (13pts) | 12.215 0.082 5.220 0.590
RS5 12.150 0.100 6.220 0.530
Average: 12.183
Std. Deviation 0.046
HT 12.121 0.075 3.565 0.278
Average (HT&JH): 12.152
Std. Deviation 0.022

21Am-B 2.7 JH/11/82 (13pts) 12.353 0.167 3.890 1.180
HT 12.312 0.078 2.660 0.317
Average(JH&HT) 12.333
Std. Deviation 0.029

%sp-Be 0.021 [JH/13/2/78 11.473 0.048 -0.720 0.440

28py.Li 0.5 JH/5/2/86(21pts) 12.220 0.090 -0.850 0.660
HT 12.486 0.147 3.634 1.310
Average(JH&HT) 12.353
Std. Deviation 0.188

2 Am-F 1.46 HT 12.494 0.091 0.495 0.670






