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edge measurement science, engineering and technology 

that underpins prosperity and quality of life in the UK. 

Abstract 

A detailed description is given of the conventions used at NPL when deriving and 
quoting thermal neutron fluence standards. Values are given for the parameters 
involved in the analysis and their uncertainties. The way in which dose equivalent 
quantities are derived from these fluences is explained, and the fluence to dose 
equivalent conversion coefficients to be used are tabulated. 
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1 INTRODUCTION 

Thermal neutron fluence standards have been available at NPL since the facility, commonly 

known as the thermal pile, was set up in the late 1960s by Ryves and Paul(1). The thermal 

fluences are produced by moderating fast neutrons. These are produced by bombarding 

beryllium targets, located in a large graphite block(2), with beams of deuterons from a charged 

particle accelerator. Fluences are measured using the activation of thin gold foils, and are 

monitored by fission chambers within the graphite pile. The most commonly used foils have 

an area of 1 cm2 and a thickness of about 0.005 cm (2 thou). A photograph of the pile, taken 

roughly along the accelerator beam line direction, is shown in Figure 1. 

Two locations are available for performing irradiations. One is within a vertical hole giving 

access to a cylindrical area near the centre of the pile. This hole was originally 9 cm in diameter, 

but was increased to 12 cm to allow the testing of reactor instruments. Near the bottom of the 

hole the fluence has a uniform spatial distribution at a particular height above the bottom, and 

fluence rates in the range from about 1  104 to 3  107 cm-2 s-1 are achievable. The hole 

diameter is, however, small and most objects, with the important exception of small amounts 

of materials for activation, or cylindrical/spherical instruments with diameters less than 12 cm, 

have to be irradiated in the field of the ‘thermal column’.  

The column is a larger diameter hole, also in the top of the pile, but in this case situated almost 

over one of the beryllium targets. A stainless steel column, cadmium-lined on its curved inner 

Figure 1. The NPL thermal pile. 
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surface, but not on its base, is placed in the hole. The column comes in sections and may be 

either 1 m or 1.5 m long. When it is 1.5 m long it can be evacuated to reduce air attenuation of 

the beam. The neutron beam emerging from the column is reasonably uniform over a horizontal 

circular area of about 30 cm diameter(3), although the intensity falls off as the height increases. 

Any device placed in the beam is irradiated with neutrons having a range of angles, the range 

getting smaller as the height in the column increases(3). The maximum fluence rate achievable 

in the column is about 4 x 104 cm-2 s-1 at the 1 m height. In Figure 1 the column is set at the 

1.5 m height and the connection to a roughing pump to allow evacuation is visible. The top of 

the access hole, which is at the centre of the pile, is behind the column in this figure. 

In addition to thermal neutrons both the access hole and the column fluence contain a 

component of higher energy neutrons. For the column the spectrum of this component has been 

measured(4), and the fast fluence has been determined relative to the thermal component. 

Although the higher energy fluence is only about 24% of the thermal fluence, the dose 

equivalent due to this component is more than a factor of two greater than that due to the 

thermal neutrons. 

An NPL report, DQL-RN 008(5), written in 2005, outlined the conventions used at NPL when 

deriving and quoting thermal neutron fluence and dose equivalent standards. Since then 

modifications have been made to the pile, and further information about the characteristics of the 

fields have been determined, in particular concerning the variation of the beam properties in the 

thermal column. These are addressed in the present report. 

Standard fluences produced at NPL are derived using foil activation, and the measured data are 

analysed using the Westcott convention(6,7). Equations for an analysis using this convention, 

and for deriving the various corrections that are needed, such as self-shielding, are distributed 

in a number of papers in the literature. This report attempts to bring together all the aspects of 

the analysis, and to present all the required equations. In some cases steps that are not present 

in the derivation of the equations in the published papers have been added here for 

completeness. 

The Westcott convention allows a measure of the fluence to be given with small uncertainties. 

Although this convention is ideal for comparing thermal cross sections, and is used extensively 

in neutron activation measurements, a Westcott fluence is not the quantity required when using 

a thermal facility to calibrate devices used to measure neutron dose equivalent, for example 

area survey instruments or personal dosemeters, and the Westcott approach has to be extended 

to derive the ‘true’ fluence. 

This report is essentially an update of DQL-RN 008 including considerable additional 

information and greater detail, of the various corrections in particular. It also investigates the 

uncertainties assigned to the parameters used in deriving the fluence and dose quantities. 
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2 THE MAXWELLIAN THERMAL NEUTRON DISTRIBUTION  

For neutrons in thermal equilibrium with their surroundings in an ideal moderating material 

the energy spectrum is, to a good approximation, a Maxwellian distribution. This spectrum is 

presented in the literature in several different forms which should be clearly distinguished. In 

particular, the spectrum is sometimes presented in terms of the neutron density and sometimes 

in terms of the fluence. The neutron density distribution can be expressed as a function of the 

neutron velocity, v, or the energy, E, see equations (1) and (2) below(8,9): 

 
2 2

23/2

( / )2 ( /2 )( )d 4 4 d
e d e

2
Tv vmv kT

T T

n v v m v v
v v

n kT v v 

−−     
= =     

     
 (1) 

 

 

1/ 2

( / )( )d 2 d
e E kTn E E E E

n kT kT

−   
=    

   
 (2) 

where: 

 n(v) is the neutron density (number per unit velocity) as a function of the velocity, 

 n is the total neutron density, 

 m is the neutron mass, 939.563 MeV/c2. 

 k is Boltzmann’s constant, (8.617  10-5) eV K-1, 

 T is the moderator temperature in Kelvin, 

 
1/ 2(2 / )Tv kT m=  is the neutron velocity for energy kT, and  

 n(E) is the neutron density as a function of the energy E. 

The neutron density distribution, n(E), is shown as a function of E/kT in Figure 2. 
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Figure 2. Maxwellian thermal neutron distributions for the neutron density and the fluence rate both 

as a function of the energy parameter kT. 
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If one considers the thermal neutron distribution of eq. (1) with dn neutrons cm-3 having a 

velocity between v and v+dv, i.e. dn = n(v)dv, then the fluence rate, df , of neutrons with 

velocity between v and v+dv is given by eq. (3): 

 d ( )d ( ) dv v n v v vf f= =  (3) 

where ( )vf  is the fluence rate as a function of velocity v. 

This could be the fluence rate passing through a thin activation foil for instance. For a beam of 

thermal neutrons all travelling in one direction the relationship shown in eq. (3) is fairly 

obvious. If there are n(v) neutrons per cm3, all of velocity v, all travelling in the same direction, 

then n(v)v neutrons per second will go through an area of one square cm perpendicular to the 

direction of motion, i.e. the number in a rectangular box of 1 cm  1 cm  v cm. Although the 

derivation for an isotropic neutron field is not so obvious, the relationship given by eq.(3) is 

still true(9). 

The total neutron density, n, is given by: 

 
0

( )dn n v v



=   (4) 

and the total fluence rate by: 

 
0 0

( )d ( ) dv v n v v v n vf f
 

= =  =    (5) 

where v  is the average velocity of the neutron density distribution, and for a Maxwellian is 

given by: 

 
2

3

( / )0

0

0

( ) d
4 2

e d 1.128

( )d

Tv v

T T

T

n v v v
v

v v v v
v

n v v
 





−




 

= = = = 
 






 (6) 

Similarly the average energy of the neutron distribution, E , is: 

 

3/2

/0

0

0

( ) d
2 3

e d
2

( ) d

E kT

n E E E
E

E E kT
kT

n E E






−




 

= = = 
 






  (7) 

With the use of eqs (3), (5), and (6) expressions for the fluence rate distributions, i.e. the spectra 

can be derived from eqs (1) and (2), and these are: 

 
2 2

2 3

( / ) ( / )( )d ( ) d 4 d d
e 2 eT Tv v v v

T T T T

v v n v v v n v v v v
v

v v v v

f

f f f 

− −   
= = =   

   
 (8) 

 

 
( / )( )d ( ) d d

e E kTE E n E v E E E

n v kT kT

f

f

−   
= =    

    
 (9) 
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Note that f(v) is the fluence rate per unit velocity interval, and f(E) is the fluence rate per unit 

energy interval. The fluence rate distribution as a function of E/kT is included in Figure 2. It 

can be seen that the peak of the fluence rate distribution is at an energy kT, c.f. 0.5 kT for the 

density. When plotted on a linear energy scale the distributions are not symmetric, and the 

mean energies are 1.5 kT for the neutron density, and 2 kT for the fluence. If plotted on a 

logarithmic scale the distribution appears more symmetrical. 
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3 THE WESTCOTT CONVENTION 

The formalism outlined above describes the thermal neutron spectrum in an ideal moderating 

material, however, in any real medium there are complications. Firstly, there will be slowing-

down neutrons in the energy region above the Maxwellian distribution. These are normally 

assumed to have a 1/E energy dependence(8). Secondly, the temperature parameterising the 

Maxwellian peak may not be that of the moderator material, but an effective or neutron 

temperature somewhat above the moderator temperature. Allowance must be made for these 

two facts and an approach to doing this was developed by Westcott and co-workers. Finally, it 

should be noted that, although the theory of neutron moderation predicts a Maxwellian peak 

and a 1/E component, it is to some extent a matter of faith that the actual spectrum in any 

particular, non-ideal, moderator assembly can be adequately described in terms of these two 

components, unless spectrum measurements can be performed.  

The description below of Westcott fluences and their derivation is based primarily on the 1958 

paper of Westcott, Walker, and Alexander(7), but it also includes elements from papers by 

Walker et al.,(10) Axton(11), Boot(12), Westcott(13), an IAEA report(9), and the book by Beckurts 

and Wirtz(8). Newer references tend to be for neutron activation analysis, NAA, and follow 

closely the methodology of the earlier work when neutron spectrum information is limited. 

The initial assumption is that the neutron density distribution per unit velocity interval, ( )n v , 

is made up of two components and can be written as: 

 ( ) (1 ) ( ) ( )m en v n f v n f v = − +   (10) 

where: 

  n is the total neutron density including thermal and epithermal components, 

  f is the fraction of the total neutron density in the epithermal, 1/E, region, 

 ( )m v  is the Maxwellian neutron density distribution, 

 ( )e v   is the epithermal density distribution, i.e. for all neutrons not part of the 

Maxwellian distribution. 

The individual density distributions are normalised to unity so that: 

 
0 0

( ) d ( ) d 1m ev v v v 
 

= =    (11) 

For a Maxwellian with an energy parameter kT and corresponding velocity, Tv , the distribution 

( )m v  is given, c.f. eq.(1) by, 

 
2

2
( / )

3

4
( ) e Tv v

m

T

v
v

v




−
=  (12) 

The epithermal component is assumed to be proportional to 1/E per unit energy interval so that 
2( )e v v −  or 2( )e v a v −=   per unit velocity interval. Furthermore, this distribution is 

assumed to terminate at some lower energy; with the cut off being described by a delta function, 
 , at energy, kT . The initial simplifying assumption is that 1 k ,for E T =   

and 0 kfor E T =  . The velocity corresponding to this energy is Tv , so the 

normalisation of the epithermal distribution to unity gives: 
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2 1
d 1

Tv
T

a v v a
v 


− = =   (13) 

so that: 

 
2

( )e Tv v
v


 =   (14) 

The neutron spectrum as a function of velocity can then be written as: 

 
2

2
( / )

3 2

4
( ) (1 ) e Tv v

T

T

v
n v n f nf v

v v






−
= − +   (15) 

For a material irradiated in this field with an activation cross section for a particular reaction 

of ( )v  the reaction rate per atom, D, (or the total reaction rate if the number of atoms is 

included in the equation) for a sample where self-shielding is negligible, is given by: 

 
2

3
( / )

30 0 0

4
( ) ( ) d (1 ) e ( ) d ( ) dTv v

T

T

v
D n v v v v n f v v nf v v v

v v


   



  
−

=  = − +    (16) 

The basis of the Westcott convention is the expression of the thermal neutron fluence rate as 

the quantity nv0 where v0 is a velocity of 2200 m.s-1 corresponding to an energy kT0 where 

T0 = 293.6 K (20.4°C), and the definition of an effective cross section ̂  so that:  

 0
ˆD nv =   (17) 

To derive an expression for ̂  first consider a pure Maxwellian spectrum for a temperature T, 

i.e. one where f = 0 and designate the effective cross section for this spectrum as ˆ
m , then: 

 
2

3
( / )

30
0

1 4
ˆ e ( ) dTv v

m

T

v
n v v

nv v
 




−

=    (18) 

The Westcott convention defines a function, g, which relates ˆ
m  to the cross section 0  at 

kT0 via 0
ˆ

m g =  then: 

 
2

3
( / )

0 30
0 0

1 4
ˆ / e ( ) dTv v

m

T

v
g v v

v v
  

 


−

= =    (19) 

If ( )v  can be written as 0 0( ) /v v v = , i.e. the cross section of interest for the irradiated 

material has a pure 1/v dependence over the region of the Maxwellian, then 0 0v  cancels out 

on the top and bottom on the right hand side, v3 within the integral becomes v2 and the value 

of the integral, and hence of g, is 1, c.f. eqs (11) and (12). (A number of materials have capture 

cross sections with a 1/v shape to a good approximation, particularly in the thermal region. A 

very simple explanation for this dependence is that the capture probability depends on the 

length of time for which the neutron is in the vicinity of the capturing nucleus.)  

If this is not the case, values of g, which depend only on the Maxwellian part of the neutron 

spectrum and the cross section, can be calculated for reactions with known cross sections, as a 

function of the Maxwellian temperature T(10,14). The quantity 
0 0nv g  thus represents the 

activity produced by the Maxwellian part of the spectrum only, and the reason for g often being 
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close to 1 is that the intensity of the Maxwellian spectrum is very low in the higher energy 

epithermal region where the cross section may not have a 1/v shape. 

For the gold foils used by NPL to measure thermal fluence g is very close to unity, the value 

at an effective temperature of 40 °C, similar to that in the column at the NPL thermal pile, is 

of the order of 1.0062, and this value changes only slowly with effective temperature. In the 

access hole g is of the order of 1.0052. The fact that g for gold is close to unity reflects the 

property that, except at large values of the temperature T, a Maxwellian spectrum does not 

extend into the region where the 197Au cross section has resonance structure. 

It is worth noting that 0  is not the fluence-averaged cross section for a 1/v detector in a pure 

Maxwellian field with a peak at velocity v0, nor is it the neutron density averaged cross section 

in this field. Denoting the fluence averaged cross section by f  and the neutron density 

averaged value by n , then, 

 0

0

( ) ( ) d

( ) d

n v v v v

n v v v
f








 
=






  (20) 

and 

 0

0

( ) ( ) d

( ) d
n

n v v v

n v v









=




  (21) 

Using values for n(v) from eq.(15) after setting f to zero, assuming 0 0( ) /v v v = , and setting 

0Tv v= , the equations can be solved to give, 

 
0 00.8862

2
f


  = =   (22) 

and 

 0 0

2
1.128n  


= =   (23) 

For more realistic thermal calibration fields, when the fraction f is not zero, then:  

 
0 0

0

0 0
0

ˆ ˆ(1 ) ( )d

ˆ ˆ( ) d

m T

m T m

D nv n f v nf v v v
v

nv nf v v v v
v


   


   





= = − + 

 
= + − 

 





  (24) 

The quantity 0
ˆ

mnv   is the activation that would occur if the neutrons were all in the Maxwellian 

distribution, so for a more realistic field 0
ˆ

mnfv   has to be subtracted in the term on the right.  

Using the fact that ( )e v  is normalised to unity, i.e. that: 

 
20

d 1Tv v
v






=   (25) 
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the value of 0
ˆ

mv   can be incorporated within the integral since it can be written as: 

 
0 0 20

ˆ ˆ dm m Tv v v v
v


  



=    (26) 

Inserting this expression into eq. (24) get: 

 0 0 0 20
ˆ ˆ ˆ( ) dm T mD nv nv nfv v v v

v v

 
    

  
= = + −  

  
   (27) 

Writing ˆ
m  as 0g , dividing by 0nv  and using the fact that dE/E = 2dv/v gives an expression 

for the effective cross section ̂ : 

 0
0 0

0
0 0

ˆ d
ˆ ( )

2 2

mT T
f fvv vE

g v g
v v E v

 
     

  
= + − = +  

  
   (28) 

The integral, designated   , is a ‘resonance integral’ which, because of the  term, has an 

effective lower energy limit of kT . It represents an integral over the cross section with the 

1/v element subtracted. Over the relevant energy region the cross section is sometimes above, 

and in some cases below, a 1/v line. (See Figure 3 in the next section.) Note that    differs 

slightly from the integrals sometimes defined in that the effective cross section 0
ˆ

m g =  is 

used rather than 0 . 

The quantities f and  are independent of the cross section. They are characteristics of the field, 

and are usually combined together to form a parameter, r, sometimes called the spectral index, 

or the epithermal index, which is a measure of the magnitude of the 1/E epithermal component: 

 
1/2( ) / 4r f =   (29) 

Inserting the value for r into eq.(15), the neutron density distribution can then be expressed as: 

 
2

2
( / )

3 2

4
( ) (1 ) e Tv v

T

T

v
n v n f r v

v v





− 
= − +  

 
  (30) 

Similarly substituting r into eq.(28), the effective cross section can be written as: 

 

1/2 1/21/2

0
0 0

0
0 0

4 d 4
ˆ ˆ( ) m

ET E T
g r v g r

T E E T
      

 

      
= + − = +              

  (31) 

The integral    depends only on the cross section and is, assuming a 1/E shape, independent 

of the intensity in the 1/E region. Defining the quantity s by: 

 

1/2 1/21/2

0

0
0 0 0 0

1 4 d 1 4
ˆ( ) m

ET E T
s v

T E E T
   

   

      
= − =              

   (32) 

then the effective cross section in the Westcott convention can be written as: 

 0
ˆ ( )g rs = +  (33) 

The expression for a reaction rate per atom is thus: 

 0 0 0
ˆ ( )D nv nv g rs = = +  (34) 
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The parameter s is a resonance integral divided by 0  and multiplied by a function of the 

temperature.  

Values for g and s for a particular reaction, can be calculated; s from the cross section, and g 

from the cross section and a Maxwellian distribution, but the spectral index r is a feature of the 

spectrum and requires information about the full neutron distribution. Equation (34) links an 

activation or reaction rate to an effective cross section and the quantity nv0. This is called a 

Westcott fluence where n is the total neutron density. Values of the Westcott fluence can also 

be derived for the Maxwellian distribution, the 1/E component, or any sub-section of the total 

field. As these Westcott fluences involve the velocity v0 rather than an actual mean velocity, 

v , they are not equal to the true fluences, the derivation of which requires information on the 

mean velocities of these distributions. 

The interpretation of the quantities in eq.(34) is not immediately obvious. Because D is equal 

to 0 0nv g  when there is no 1/E component, i.e. if r = 0, there is a tendency to think of 0 0nv g  

as the activity due to the Maxwellian component of the fluence, and 0 0nv rs  as the activity 

due to the 1/E fluence. However, 0 0nv g  is actually the activity that would be produced if all 

the neutrons were in a Maxwellian distribution, and 0 0nv rs  contains a term 0 0fnv g  which 

allows for the activity that is subtracted from 0 0nv g  because a fraction f of the neutron field 

has a 1/E shape rather than a Maxwellian – see eq.(24). The use of the relationship shown in 

eq.(26) has allowed the term 0 0fnv g  to be included in an integral over the energy range of 

the 1/E part of the spectrum, and to be a component in the quantity s which is a reduced 

resonance integral, i.e. one with the 1/v component of the cross section removed. This is 

possible because the activity induced by a particular fluence component in a material with a 

1/v activation cross section does not depend on the energy of the fluence component.  

If the cross section had a pure 1/v dependence over all energies, then g would be unity, and s 

would be zero, so D would be 0 0nv  regardless of the value of the spectral index r. 
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4 FLUENCE DERIVATION FROM ACTIVATION MEASUREMENTS 

Unless reliable details of the neutron spectrum are available, from calculations for example, 

the derivation of Westcott fluences usually involves performing irradiations of activation 

samples both bare and under a cadmium cover. Cadmium has a very high cross section for 

absorbing thermal neutrons and a cadmium cover of suitable thickness, typically of the order 

of 1 mm, absorbs all thermal neutrons below a so-called cadmium cut-off energy at about 

0.5 eV. These paired measurements provide information about the activation produced by the 

Maxwellian component and also that due to higher energy neutrons, and enables a value for r 

to be derived. There are, however, a number of issues involved in such measurements.  

A 1/v detector would be the ideal measuring device as g would be unity and s zero and a 

measurement with such a detector would give the total neutron density or the fluence nv0 in 

any spectrum. (To see this replace ( )v  with 0 0 /v v  in eq.(16).) Activation materials with 

this property over the full range of neutron energies do not exist. The reaction usually used to 

measure thermal neutron fluences is 197Au(n,)198Au. The cross section for this reaction 

satisfies the criterion of having a 1/v shape over the majority of the low-energy range up to the 

cadmium cut-off energy of about 0.5 eV, but not in the region above, where there is a very 

large resonance at 4.9 eV, and an unresolved resonance region at higher energies.  
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Figure 3. Cross sections for 197Au(n,)198Au with a representation of a thermal Maxwellian peak and a 

1/E epi-thermal component. Note that the fluence is plotted (right hand scale) per unit energy. The 

spectrum is one calculated for the NPL thermal column. The response of a detector with a 1/v energy 

dependence has been included normalised to the 197Au(n,) cross section at low energies.  

A Fortran program, THERMALS, originally written simply to calculate a neutron spectrum 

consisting of a Maxwellian peak at a given temperature T and a 1/E component with an 

intensity that can be set, was modified during this work to calculate further quantities such as 

the activation of a foil, self-shielding corrections, etc. The program calculates the spectrum at 

a number of point energies (current maximum 50,000) distributed evenly on a linear or log 

scale between energy limits that can be set. Figure 3 shows a plot of a spectrum derived using 

THERMALS. Calculation of the activity, for example, requires the activation cross sections to 
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be available at the same energies as the spectrum. The approach used is to have them both as 

group averaged values. THERMALS includes interpolation procedures to allow for this, and 

the gold (n,) cross section in the same bin structure as the spectrum is shown in Figure 3.  

The neutron spectrum is plotted as fluence per unit energy, with a Maxwellian peak and a 1/E 

component. The 1/E component is plotted with a sharp cut-off at an energy kT of about 0.1 eV. 

It also has a cut-off at some point in the MeV region where the original neutrons are produced 

although this is off-scale in the figure. The plot highlights the importance of the resonance at 

4.9 eV in terms of activation by neutrons above the cadmium cut-off. Neither the sharp 

beginning nor a sharp ending of the 1/E component is realistic although the value of the upper 

energy of the distribution is not important in view of the very small activation cross section in 

the MeV region compared to that in the lower energy region. The shape of the cut-off at the 

low energy end is discussed in section 7.2.3 and may depend on whether the neutron field is a 

beam or is isotropic.  

A value for the activity of a bare gold foil, after subtraction of the activity of a cadmium covered 

foil, gives information about the thermal sub cadmium cut-off region, and the ratio of the bare 

to cadmium covered activities, a quantity called the cadmium ratio, enables information about 

the total spectrum to be derived. To obtain this information an expression for the activation 

produced in the foil irradiated under a cadmium cover, DCd, needs to be derived. Starting from 

eq.(16) and assuming that any contribution from the Maxwellian is negligible above a cadmium 

cut-off energy, CdE , this can be written as: 

 
( ) 4 ( )

( ) ( ) d d d
Cd Cd Cd

Cd T T
E v v

v r v
D n v v v v nf v v n v v

v v

 
 



  

=  = =     (35) 

Because ECdkT the  function of eq.(16) is 1 over the range of integration, so has been 

removed, f   has been replaced with 4 /r  , and vCd is the velocity corresponding to ECd. 

Before deriving an expression for DCd in a realistic situation an understanding of the twin foil 

technique is facilitated by first deriving the cadmium ratio, R, for a detector, often called an 

ideal detector, where self-shielding is negligible, and the cross section has an exact 1/v 

dependence and so can be written as 0 0 /v v . Assuming a sharp cadmium cut-off at energy ECd, 

substituting 0 0 /v v  for ( )v , and denoting activities for this idealised detector with a dash, 

i.e. CdD , get: 

 
0 0 0 0 0 02

4 1 4 4
d

Cd

T
Cd T

v
Cd Cd

vr r r kT
D n v v v nv nv

v v E
  

  



 = = =   (36) 

As the activity, D  of a bare foil in this field for an idealised detector, where g = 1 and s = 0, 

is given by 0 0nv  , the cadmium ratio, R, for this detector is: 

 0 0

0 0

1

44 k

Cd

Cd

Cd

nv ED
R

D r kTr T
nv

E

 





= = =

  
 
 

  (37) 

This ratio R of activities for an ideal detector is a direct ratio of the total Westcott fluence to 

the epi-cadmium Westcott fluence (i.e. the fluence above the cadmium cut-off) and is used to 

provide this information when deriving the total Westcott fluence from that measured for the 

sub-cadmium region. 
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The expression for R in eq.(37) was derived on the basis of a delta function at ECd. This is an 

approximation to the shape of the true cadmium cut off function. This depends on the cadmium 

thickness and the angular properties of the neutron field. Computer calculations have been 

performed by Westcott et al.(7) using the energy dependence of the cadmium cross section. 

These provide a more accurate expression for R in terms of a parameter K, which allows for 

the characteristics of the cadmium cover and field direction, and the quantity 1/2

0( / )r T T  

which tends to be used rather than r in situations where the neutron temperature is uncertain.  

 
1/2

0/ ( / )R K r T T=   (38) 

According to eq.(37) K should be given roughly by: 

 

1/2 1/21/2

0 0

1 1

4 4

Cd CdE ET
K

kT T kT

     
= =    

     
  (39) 

For ECd = 0.50 eV, kT0 =  0.0253 eV, the equation gives, K=1.97. For the calculations in 

reference (7), K varies from 1.82 for 0.5 mm of cadmium and beam geometry, to 2.62 for 

2.5 mm of cadmium and isotropic incidence. 

The expression for CdD  given in eq.(36) is for the activation of a material with a 1/v cross 

section in the epi-cadmium region. The derivation of the more general case for a cross section 

with structure in the epi-cadmium region starts from eq.(35) which can be rewritten as: 

 
0 0

2 2

ˆ ˆ4 ( ) 4 ( ) 4
d d d

Cd Cd Cd

m m
Cd T T T

v v v

v vr v r v r
D n v v n v v n v v
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  

   
= = − + 

 
    (40) 

The first term involves an integral over the region above ECd where there are resonances, but 

with the activity due to a 1/v component in the cross section removed. The second term adds 

this back in. After further re-arrangement, and using the fact that dE/E = 2dv/v: 
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 

 

 (41) 

By comparing with eq.(32) it can be seen that the first term within the square brackets is equal 

to rs. The fact that the integral for s as shown in eq.(32) extends from the value defined by the 

function  rather than ECd which is the value appropriate for DCd is usually ignored (7). If the 

cross section in the kT to ECd region follows the 1/v law reasonably closely the two cross 

section terms in the integral are essentially the same in this interval and the contribution to the 

s factor is negligible so the value of s can be taken to be the same for the region above ECd as 

for the region above kT. This conclusion is insensitive to the cut off function . A correction 

can be applied (10), and this is addressed later in the report – see section 7.2.3 - together with 

other corrections to D0 and DCd introduced by other effects such as self-shielding. 

The second term in eq.(41) is the same as in eq.(36) except for the inclusion of the g factor. 

Thus using eq.(39) the expression for DCd can be written as: 

 

1/2

0 0 0 0

0

4
Cd

Cd

r kT r T
D nv rs g nv rs g

E K T
 



    
 = + = +          

 (42) 
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The measured cadmium ratio RCd is then given by: 

 0 0 0

1/2 1/2

0 0

0 0
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

+ +
= = =
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Cd

Cd

D nv g rs g rs
R

D r T g T
nv rs g r s

K T K T

 (43) 

With g, s, and K available from calculations, r(T/T0)
1/2, which is a measure of the intensity of 

the 1/E component, can be calculated from a measured cadmium ratio RCd using eq.(43). (See 

later in this section for details.) The cadmium ratio for an ideal detector can then be derived 

from eq.(38). This allows the total fluence in the Westcott convention to be calculated – see 

below.  

In practice, activity is not measured per atom, but per unit mass of the activated material 

requiring the introduction of the number of atoms per unit mass of any activated sample into 

the equations. Also, all the derivations to date have neglected self-shielding. This is an added 

complication for which allowance needs to be made.  

Denoting the saturated activity per unit mass in the bare sample by D0 and the corresponding 

value for the cadmium covered sample by D0(Cd) then the thermal (sub-cadmium cut-off) 

fluence in the Westcott convention ( )W thf  is given, c.f. eq.(34), by:  

 
0 0

0

0

( ( ) )1
( ) Cd

W th

t

D D Cd F
th n v

G N g
f



− 
= =    (44) 

where the new quantities are: 

thn  the neutron density in the sub-cadmium-cut-off region, 

tG  the thermal neutron self-shielding factor, a number  1, 

CdF  a correction factor for attenuation of epi-cadmium neutrons in cadmium, 

N the number of atoms per unit mass (usually mg). 

An approximation in the above equation for ( )W thf , where (g+rs) has been reduced to just g, 

in the denominator, needs an explanation, c.f. eq.(34). There are two necessary conditions: 

a) Since g is calculated by integrating a Maxwellian over the whole energy region, see 

eq.(19), the Maxwellian component above ECd needs to be negligible for the integral 

from zero to ECd to be the same as the integral over the full energy range. This is true 

except at high Maxwellian temperatures T. 

b) The product rs is negligible for the region up to ECd. This is usually true, firstly, because 

the 1/E component below ECd is small, and secondly, because the gold cross section is 

quite closely 1/v between the lower limit of the 1/E spectrum at kT and ECd. The 

integral in the expression for s is thus very small, c.f. eq. (32) with the upper limit of 

integration set to ECd and the two terms in the integral practically cancelling out. 

The total Westcott fluence is obtained by multiplying ( )W thf  by the factor R/(R-1) which 

represents the ratio of the total Westcott fluence to that below the cadmium cut-off energy. 

Thus: 
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The Maxwellian fluence ( )W Mf  is then: 

 0 0 0 1/2

4
( ) (1 ) 1

( )
W M

r
M n v nv f nvf



 
= = − = − 

 
  (46) 

where Mn  is the total neutron number density for the Maxwellian peak. 

The 1/E Westcott fluence (1/ )W Ef  is given by: 

 1/ 0 0 0(1/ )W E ME n v nv n vf = = −   (47) 

where 1/ En   is the total neutron density in the 1/E region.  

It remains to derive values for r and R to complete the calculation of the four Westcott fluences 

defined above. For this eq.(43) for RCd requires further refinement to allow for self-shielding, 

and for the small effect of absorption of epi-cadmium neutrons in the cadmium. 

The equation for the s factor contains the term (T/T0)
1/2 and to remove this dependence on T a 

new factor 0s  is introduced defined by 1/2

0 0( / )s s T T= . On introducing self-shielding 

factors Gt and Gr for the thermal and resonance regions respectively, and including a factor fr 

for attenuation of resonance neutrons in the cadmium shield, eq.(43) can be written as:  
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 (48) 

There is no self-shielding term associated with the component 

1/2

0

r T
g

K T

 
 
 

. This is because it 

corresponds to activation due to a 1/v cross section in the region above ECd where the value of 

the cross section and hence the self-shielding is small.  

As discussed in the derivation of DCd, there is one other small correction that can be included 

in the general expression for RCd. The factor s0 in the numerator is for the complete spectrum 

whereas in the denominator it is for the spectrum under cadmium i.e. for neutrons above ECd. 

Using the expression for s from eq.(32) then:  
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Here the integration has been split into two regions, kT to ECd and ECd to infinity, or more 

precisely the end of the spectrum. The second integral gives the appropriate s0/g value for the 

cadmium covered measurement. The first term needs to be subtracted for any material with a 

cross section that diverges from a 1/v shape in the kT to ECd region. This correction, denoted 

by W, is small for gold where the cross section shape in this region does not deviate 

significantly from a 1/v shape. The calculated value in reference (10) for W is 0.027, (c.f. a 

value of about 17 for s0/g, so a very small correction) although W may be larger for other 

materials (see section 7.2.6 for further details). 

The expression for the measured cadmium ratio RCd then becomes: 
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 (50) 

Equation (no. 4) in the paper of Walker, Westcott, and Alexander(10), from where the logic for 

obtaining the equation above was derived, differs slightly from eq.(50). A term 
1

0( / )h r T T −
 

is included there for transmission of thermal neutrons through the cadmium cover. For a 

sufficiently thick cadmium layer this is unnecessary, although this raises the question of just 

how thick the cadmium needs to be.  

Also, there is no correction for thermal self-shielding in reference (10), presumably because 

the gold layers used were very thin, roughly 1/100th of the thickness of the foils usually used 

at NPL which are typically around 98 mg/cm2 (0.05 mm or 2 thou) thick. One other aspect that 

the introduction of the correction factor W highlights is that the Gr value in the numerator and 

denominator refer to slightly different energy regions. This is usually ignored, but is discussed 

in section 7.2.6. 

Equation (50) is the one used to obtain the parameter r which is used in deriving the Maxwellian 

fluence from the total fluence – see eq.(46) – and in determining the cadmium ratio R for an 

ideal detector. The quantity that needs to be derived from eq.(46) in order to calculate R using 

eq.(34) and eventually nv0 using eq.(41) is 
1/2

0( / )r T T  and the equation for R is then: 
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When using the Westcott convention the quantities obtained from measurements with thin 

activation foils are the various Westcott fluence rates. These are a neutron density times v0, 

where v0 is 2200 m s-1, which is the velocity at the peak of a Maxwellian thermal fluence 

distribution for a moderator at a temperature of 293.6 K (20.4  C). For such a distribution the 

peak energy, given by, kT, is 0.0253 eV.  

This approach is simply a convention, and nv0 is not equal to the true total fluence rate, this is 

given by vn , i.e. for the true fluence rate one needs to know v , and hence have information 

about the neutron spectrum. Because of the use of v0 the high energy fluence is significantly 

underestimated.  

Although the Westcott fluence differs from the true value the reason for quoting it is that the 

exact spectrum in most thermal neutron fields is not known. Using the Westcott convention 

means that this does not matter in many applications particularly those involving foil activation.   



 

Page 17 of 66 

NPL Management Ltd    The true neutron fluence rate values 

5 THE TRUE NEUTRON FLUENCE RATE VALUES 

To derive the true fluence rate the ratio 0/ vv  of the average velocity v  to 0v  needs to be 

known, and this depends on the effective temperature of the moderator. From the cadmium 

ratio obtained from gold foil activation measurements, an estimate of the intensity of the 1/E 

fluence relative to the Maxwellian fluence in the Westcott convention is available. From this 

an estimate of the effective temperature of the Maxwellian can be derived using an empirical 

relationship(8,15,16).  

 
1/ 0

0

EM

M M

n vT T
C

T n v

−
=  (52) 

where: 

 T is the effective temperature of the Maxwellian, 

 TM is the physical temperature of the moderator, 

 C is a constant. 

Beckurts and Wirtz(8) derive the expression, and give a value of 1.65 for the constant C, but 

that is for a heavy gas moderator. Kűchle(16) quotes 4.8 ± 1.7 for a graphite moderator. Geiger 

and van der Zwan(15), using a technique based on the activation of 176Lu foils, derived a value 

of 3.2 ± 0.4 for their graphite moderator which uses radioactive sources to produce the primary 

neutrons. Since 3.2 is near the mean, this value is assumed for the NPL thermal pile with an 

uncertainty of 1.6 to cover the range of quoted values.  

From extensive sets of measurements in the NPL thermal column 1/ /E mn n  varies with height 

going from roughly 0.030 at 1 m to roughly 0.020 at 2 m. This corresponds to 
MT T−  varying 

from 28.1oC to 18.6oC and kT varying from 0.0278 eV to 0.0270 eV for TM = 21.4C (294.6 K), 

a typical pile temperature at NPL. A typical value of MT T−  is thus about 23.4°C. In view of 

the spread of values for the constant C, an uncertainty of ±11oC is assigned to 
MT T−  which 

mainly reflects the spread of values reported for the parameter C. 

Down the access hole at the centre of the pile the spectrum is much better moderated. Again 

the ratio 1/ /E mn n  decreases with increasing height, but near the bottom of the column the value 

is about 0.008 giving a value for 
MT T−  of 7.5oC when TM = 21.4C. 

Knowing a value for the effective temperature an estimate of 0/ vv  can be made for both the 

thermal Maxwellian and the 1/E components, and finally an estimate for the true fluence can 

be derived. From eq.(6), if mv  is the mean velocity of the Maxwellian distribution, with 

corresponding temperature T, then: 

 

1/ 2

0 0

4Mv T

v T

 
=  

 
 (53) 

Where T0 = 293.6 K, corresponds to energy E0 = kT0, 

 

 Because this report includes estimates of uncertainties from the published scientific literature, where 

uncertainties are quoted at the 1 level, i.e. k=1, all uncertainties quoted or derived in this report are quoted for 

consistency at k=1. 
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Even for a perfect room temperature moderator, which would give a Maxwellian with a 

temperature of 293.6 K, 0/ 2 / 1.128v v = = , which means that the true fluence rate is 

12.8 % higher than nmv0; (see Section 2) and since few moderator assemblies are ideal, the 

actual value of this ratio is likely to be higher still. 

To calculate the true 1/E fluence component the average velocity 1/Ev  for this region needs to 

be calculated from: 

 1/

( ) d

( ) d

H

L

H

L

v

v

E v

v

n v v v
v

n v v


=




 (54) 

where: 

 Lv  is the velocity of the low energy limit of the 1/E component, corresponding 

to an energy EL 

 Hv  is the velocity of the high energy limit of the 1/E component, corresponding 

to an energy EH. 

The energy EL would normally be kT, while the upper energy limit EH would be ECd for the 

sub-cadmium fluence, or the highest energy in the spectrum if the total 1/E component is 

considered. Because the spectrum in this region is assumed to be a simple function of the 

energy E, it is convenient to convert the integrals in eq.(54) to ones over energy. The quantity 

n(v) is the neutron density per unit volume so should be written as dn/dv, and this can be related 

to the fluence per unit velocity df/dv, or the fluence per unit energy df/dE which can be written 

as Q/E, where Q represents the intensity of the 1/E spectrum. The quantities within the integrals 

of eq. (54) can then be written, using the fact that E = 1/2mv2 as:  
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With ( )
1/2

0 02 /v E m=  an equation for 1/ 0/Ev v  can be derived, c.f. reference (12) as:  
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 (56) 

Depending on the value of EH, the average velocity 1/Ev , and thus the true fluence, is available 

for any part of the 1/E component. One important part is that between kT and ECd and denoting 

this by f(1/E<ECd) it is given by: 

 1/
0 0 0 0 1/2 1/2 1/2

0 0
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If the true Maxwellian fluence and the true sub cadmium cut-off fluences are denoted by f(M) 

and f(th) respectively then: 

 0

0

( ) M
m

v
M n v

v
f =    (58) 

 ( ) ( ) (1/ )Cdth M E Ef f f= +   (59)  

The quantity f(th) is the one given as the thermal fluence when calibrating a device where an 

irradiation under cadmium can be performed to account for its response to epithermal neutrons.  
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6 CALCULATION OF WESTCOTT FLUENCES 

Calculation of f(th) was originally performed by hand, until that approach was replaced by the 

use of a Fortran program called WESTCOTT. This in turn has largely been replace by the use 

of spreadsheets, e.g. nvcalc. The WESTCOTT program does, however, print out a useful 

summary of the analysis and two examples have been included here, one for gold foil 

measurements at a height of 1.5 m in the thermal column, and one for a measurement near the 

bottom of the access hole. The symbols used are largely those of this report although it was not 

possible to produce v  so this velocity is designated by v(bar) in the print-out. 

These examples use the parameters in use at NPL up until production of this report and are for 

situations where the deuteron beam on the beryllium targets, and hence the neutron fluence 

rate, were near their maximum achievable values.  

The two printouts highlight the differences in the fields in these locations in terms of the fluence 

rate and the epithermal component. For the column, the fluence rate was about 

2.4  104 cm-2 s-1, the cadmium ratio 7.6, the epicadmium fluence rate about 27% of the total, 

and the 1/E component in the region below the cadmium cut off energy about 3.4% of the total 

fluence rate in this region. The corresponding figures for the bottom of the access hole were: 

1.1  107 cm-2 s-1, 28.5, 10%, and 1.3%.  
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 PROGRAM WESTCOTT  -  Version 1.6 compiled    July 2023 

 THERMAL AND EPITHERMAL FLUENCES CALCULATED FROM FOIL ACTIVATION 

 

 Run date: 10-08-2023                Run time: 16:56:08 

 

 Average at 1.5m posn in thermal column for demand 12 from Au foil calibration history 

 

   D0(bare)     D0(Cd)    Eff Temp K    FC rate  

  6.8870E+00  9.0460E-01  3.1880E+02  5.0000E+03 

 

       FCd      At Wt        G(th)      W-cott g    Sigma(0)     Emax 

  1.0100E+00  1.9697E+02  9.8430E-01  1.0046E+00  9.8690E+01  2.0000E+06 

  

    G(res)       S(0)     Res Attn f       W       W-cott K       mu 

  3.6700E-01  1.7300E+01  9.9000E-01  2.7000E-02  1.9939E+00  3.6810E+00 

  

 

 CALCULATED RATIOS AND FLUENCES  (kT = 0.0275 eV) 

 

     R(Cd)   r(T/T0)^1/2       r        R(1/v) 

  7.6133E+00  2.1845E-02  2.0964E-02  9.1276E+01 

 

   n(th)v(0)     nv(0)     n(M)v(0)   n(1/E)v(0)    n(1/E)/n(M) 

  2.0020E+04  2.0242E+04  1.9743E+04  4.9914E+02    2.5282E-02 

 

   For the kT and mu values used: 

   ECd =  5.1227E-01 eV    El =   1.0112E-01 eV 

   Epithermal neutron density fraction f=[4*r/sqrt(Pi*mu)] =   2.4659E-02 

 

   For the Maxwellian distn. v(bar)/v(0)  =   1.1758E+00 

   thus v(bar) for the Maxwellian         =   2.5868E+05 cm/sec 

   n(M)v(bar) i.e. the Maxwellian fluence =   2.3214E+04 

 

   For total 1/E component v(bar)/v(0)    =   1.6797E+01 

   thus v(bar) for total 1/E component    =   3.6954E+06 cm/sec 

   n(1/E)V(bar) for total 1/E component   =   8.3843E+03 

   n(1/E)v(bar) per unit lethargy         =   4.9895E+02 

 

   For the total spectrum v(bar)/v(0)     =   1.5610E+00 

   thus v(bar) for total spectrum         =   3.4342E+05 cm/sec 

   total fluence n(m)v(bar)+n(1/E)v(bar)  =   3.1598E+04 

 

   Total 1/E fluence is  

   36.12 % of n(M)v(bar),34.90 % of n(th)v(bar), and 26.53 % of nv(bar) 

 

   For 1/E fluence El to ECd v(bar)/v(0)  =   2.9186E+00 

   thus v(bar) for this region            =   6.4210E+05 cm/sec 

   n(1/E)v(bar) between El and E(Cd)      =   8.0956E+02 

   this is  3.487 % of n(M)v(bar), 3.370 % of n(th)v(bar,) and 2.562 % of nv(bar) 

 

   For total sub-Cd neutrons v(bar)/v(0)  =   1.2000E+00 

   thus v(bar) for the sub-Cd neutrons    =   2.6399E+05 cm/sec 

   n(th)v(bar) i.e. the sub-Cd fluence    =   2.4024E+04 

   It is made up of 96.630 % from the Maxwellian and  3.370 % from the 1/E part 

   It is 76.028 % of the total fluence nv(bar) 

 

   Neutron densities  

   Maxwellian neutron density n(M)        =   8.9741E-02 

   Total sub-Cd neutron density n(th)     =   9.1002E-02 

   Total 1/E neutron density n(1/E)       =   2.2688E-03 

   Total neutron density n                =   9.2010E-02 

   n(1/E) between El and E(Cd)            =   1.2608E-03 

   this is  1.405 % of n(M) and  1.385 % of n(th) 

 

   Fluences divided by the fission chamber count rate 

   n(th)v(0)     nv(0)     n(M)v(0)  n(th)v(bar)  n(M)v(bar) 

  4.0041E+00  4.0484E+00  3.9486E+00  4.8047E+00  4.6428E+00 
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 PROGRAM WESTCOTT  -  Version 1.6 compiled  August 2023 

 THERMAL AND EPITHERMAL FLUENCES CALCULATED FROM FOIL ACTIVATION 

 

 Run date: 18-08-2023                Run time: 15:00:48 

 

 Data from access hole check at height 1 on 8 March 2021                  

 

   D0(bare)     D0(Cd)    Eff Temp K    FC rate  

  2.7893E+03  9.7975E+01  3.0250E+02  1.0873E+04 

 

       FCd      At Wt        G(th)      W-cott g    Sigma(0)     Emax 

  1.0100E+00  1.9697E+02  9.3477E-01  1.0046E+00  9.8690E+01  2.0000E+06 

  

    G(res)       S(0)     Res Attn f       W       W-cott K       mu 

  2.6932E-01  1.7300E+01  9.9000E-01  2.7000E-02  2.2931E+00  3.6810E+00 

  

 

 CALCULATED RATIOS AND FLUENCES  (kT = 0.0261 eV) 

 

     R(Cd)   r(T/T0)^1/2       r        R(1/v) 

  2.8469E+01  6.7596E-03  6.6594E-03  3.3924E+02 

 

   n(th)v(0)     nv(0)     n(M)v(0)   n(1/E)v(0)    n(1/E)/n(M) 

  9.4946E+06  9.5227E+06  9.4481E+06  7.4593E+04    7.8950E-03 

 

   For the kT and mu values used: 

   ECd =  6.7754E-01 eV    El =   9.5952E-02 eV 

   Epithermal neutron density fraction f=[4*r/sqrt(Pi*mu)] =   7.8332E-03 

 

   For the Maxwellian distn. v(bar)/v(0)  =   1.1454E+00 

   thus v(bar) for the Maxwellian         =   2.5198E+05 cm/sec 

   n(M)v(bar) i.e. the Maxwellian fluence =   1.0821E+07 

 

   For total 1/E component v(bar)/v(0)    =   1.6413E+01 

   thus v(bar) for total 1/E component    =   3.6109E+06 cm/sec 

   n(1/E)V(bar) for total 1/E component   =   1.2243E+06 

   n(1/E)v(bar) per unit lethargy         =   7.2633E+04 

 

   For the total spectrum v(bar)/v(0)     =   1.2650E+00 

   thus v(bar) for total spectrum         =   2.7829E+05 cm/sec 

   total fluence n(m)v(bar)+n(1/E)v(bar)  =   1.2046E+07 

 

   Total 1/E fluence is  

   11.31 % of n(M)v(bar),11.17 % of n(th)v(bar), and 10.16 % of nv(bar) 

 

   For 1/E fluence El to ECd v(bar)/v(0)  =   3.0517E+00 

   thus v(bar) for this region            =   6.7137E+05 cm/sec 

   n(1/E)v(bar) between El and E(Cd)      =   1.4197E+05 

   this is  1.312 % of n(M)v(bar), 1.295 % of n(th)v(bar,) and 1.179 % of nv(bar) 

 

   For total sub-Cd neutrons v(bar)/v(0)  =   1.1547E+00 

   thus v(bar) for the sub-Cd neutrons    =   2.5403E+05 cm/sec 

   n(th)v(bar) i.e. the sub-Cd fluence    =   1.0963E+07 

   it is made up of 98.705 % from the Maxwellian and  1.295 % from the 1/E part 

   it is 91.015 % of the total fluence nv(bar) 

 

   Neutron densities  

   Maxwellian neutron density n(M)        =   4.2946E+01 

   Total sub-Cd neutron density n(th)     =   4.3157E+01 

   Total 1/E neutron density n(1/E)       =   3.3906E-01 

   Total neutron density n                =   4.3285E+01 

   n(1/E) between El and E(Cd)            =   2.1146E-01 

   this is  0.492 % of n(M) and  0.490 % of n(th) 

 

   Fluences divided by the fission chamber count rate 

   n(th)v(0)     nv(0)     n(M)v(0)  n(th)v(bar)  n(M)v(bar) 

  8.7320E+02  8.7578E+02  8.6892E+02  1.0083E+03  9.9522E+02 
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7 PARAMETER VALUES AND THEIR UNCERTAINTIES  

The parameters discussed below are those used for calculation of the various fluence rate 

quantities from the bare and cadmium covered gold activities D0 and D0(Cd) respectively. The 

uncertainties in the derivation of the saturated activities of the gold foils are not discussed, 

although typical uncertainties are used to identify the major components in the fluence 

uncertainties. The quantities used in the calculation of the thermal (sub-cadmium cut off) 

Westcott fluence via eq.(44) are first considered, followed by those involved in calculating the 

total Westcott fluence, and then the true thermal fluence. 

7.1 Uncertainties in the Westcott fluence nthv0 

7.1.1 The gold thermal neutron capture cross section at 0v  = 2200 m s-1 

The most recent evaluation of the 197Au(n,) cross section at 0.0253 eV can be found in the 

journal Nuclear Data Sheets in the paper by Carlson et al.(17). The value is 

98.66  0.14 (0.14%). 

7.1.2 Number of atoms N  per unit mass (mg) 

This is Avogadro’s constant (number of particles per mol) divided by the gram molecular 

weight, 197 for gold. With the activities quoted per mg, N = 3.0569242410-6 mg-1, with no 

uncertainty. The uncertainty arises in the foil masses which are used in deriving the activity 

per mg. 

7.1.3 The Westcott g  factor 

Values for the Westcott g factor have been published in a number of papers and reports. The 

factor applies to the Maxwellian part of a thermal neutron spectrum and is dependent on the 

temperature of the distribution. Westcott in 1960 drew up a report tabulating g factors for 

several isotopes including gold. This report has been updated a number of times the most recent 

version being that of 1970(13). Gryntakis and Kim in 1975(14) wrote a paper specifically about 

g-factors tabulating values as a function of temperature. A more recent technical report by 

Holden in1999(18), specifically on the temperature dependence, produced data for 197Au(n,) 

calculated using cross sections from ENDF/B-VI. The most recent published data are by van 

Sluijs et al.(19) and were calculated using ENDF/B-VII data. More recent versions of the 

ENDF/B files are now available, and the calculations are not complex, so the Fortran program 

THERMALS was modified to perform them. This program was originally written to calculate 

neutron spectra with a Maxwellian at an arbitrary temperature T, and a 1/E component, and to 

use the spectral data to derive average values of quantities such as fluence to dose equivalent 

conversion coefficients. The values for g derived using THERMALS employed cross section 

data from ENDF/B-VIII, and the equation for g as a function of energy as given by Gryntakis 

and Kim which can be derived from eq(19). This is:  
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This is simply eq.(19) written in terms of energy rather than velocity. A summary of all the 

data for effective temperatures from 0°C to 100°C are shown in Table 1. 

There is some variation between the data sets. Holden’s results tend to be high relative to the 

mean, and those of Gryntakis and Kim low. The THERMALS results are very similar to those 

of Westcott and are very close to the mean. The correction introduced by the g factor is small. 
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The use of results from THERMALS represents a good choice since the program can be used 

to perform calculations specifically for the temperatures in the two irradiation positions at NPL.  

Table 1. Westcott g factors as a function of the temperature 

Temp. 

°C 

Westcott 

1970 

Gryntakis 

& Kim 

1975 

Holden 

1999 

van Sluijs 

2015 

THERMALS 

2024 
Mean 

Standard 

deviation 

0  1.0030 1.0056 1.0045 1.00428 1.0043 0.0011 

20 1.0053 1.0038 1.0066 1.0055 1.00525 1.0053 0.0010 

40 1.0064 1.0045 1.0076 1.0066 1.00623 1.0063 0.0011 

60 1.0075 1.0053 1.0086 1.0076 1.00722 1.0072 0.0012 

80 1.0086 1.0061 1.0096 1.0086 1.00820 1.0082 0.0013 

100 1.0097 1.0068 1.0106 1.0097 1.00919 1.0092 0.0014 

 

For a temperature of 45°C, representative of the thermal column, g = 1.0065  0.0020 (0.2%). 

For a temperature of 29°C, representative of the access hole, g = 1.0057  0.0020 (0.2%). 

The uncertainty is made up of nearly equal components due to the uncertainty in the g factor 

at a particular temperature and in the value of the temperature for the NPL irradiation positions. 

7.1.4 Self-shielding and flux depression corrections 

There are two effects that may require corrections to be made to the activity induced in a foil 

placed in a neutron field. Both are dependent on the sample thickness. 

a) The fluence in the vicinity of the foil is reduced by the absorption occurring in the foil. This 

effect is termed flux depression, H, and it can result in the foil measuring a lower fluence than 

would be present if it were absent. 

b) Self-shielding of the interior of the foil by the outer layers. Corrections for this are performed 

by applying the self-shielding correction factor G. This factor is defined as the ratio of the 

average fluence rate inside the sample to the fluence rate incident on the surface of the sample. 

The product of these two, i.e. HG, is often termed flux perturbation. For beam geometry flux 

depression does not occur because the neutrons are incident as a stream of particles and there 

is no mechanism for returning the neutrons to the position of the foil. In a medium where the 

neutrons are incident isotropically, so that activation can occur when neutrons are scattered 

back into the foil after once traversing it, flux depression can occur, and will depend on the 

size of the foil, the more mass the more potential flux depression, and in the same way it will 

depend on the absorption cross section. Historically this effect has been ignored at NPL, even 

for irradiations in the access hole. The effect has been discussed by Hargrove and Geiger(20) 

for a system where foils were irradiated in a cavity inside a graphite moderator – a similar 

arrangement to the access hole in the NPL thermal pile. They make the point that flux 

depression is greatly reduced if the irradiations are in an air cavity as compared to being closely 

surrounded by graphite. For their foils (0.00254 cm thick and 1 cm in diameter) they estimate 

flux depression of -0.2%, but note that there is an edge effect (where neutrons are incident 

through the edge of the foil thus increasing the activation because of the long pathlength) of 

+0.15%. These two effects tend to cancel. The foils routinely used at NPL are approximately 

2 thou thick, i.e. 0.00508 cm, but even though the two effects mentioned above depend on the 

thickness, they would again be expected to cancel to some extent even for a foil of twice the 
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thickness. Flux depression is therefore neglected, even for foils in the access hole, although 

this conclusion may need to be reviewed for irradiations with thicker foils or cases where the 

foils are not surrounded by air. 

Two self-shielding factors are used in the Westcott convention. The thermal self-shielding 

correction, Gt, is for neutrons with energies below the cadmium cut-off energy, and occurs in 

eq.(44) for the Westcott sub-cadmium thermal fluence. The resonance self-shielding 

correction, Gr, is for neutrons with energies above the cadmium cut off. Both Gt and Gr occur 

in eq.(50) for the experimental cadmium ratio which is used in deriving the epithermal index r 

and the cadmium ratio R for an ideal 1/v detector. These in turn are used when deriving both 

the Maxwellian and the total fluences in the Westcott convention. The effects of uncertainties 

in both quantities cannot therefore be ignored although those in Gt will be the most significant. 

Different issues arise in determining Gt and Gr, and since Gr is not involved in the calculation 

of the Westcott sub-cadmium fluence its values and uncertainties are discussed separately in a 

later section. 

As already noted, thermal self-shielding factors for foils depend on the thickness and on the 

directional properties of the neutron field, i.e. they are different for a beam and an isotropic 

field. A number of publications have investigated the values for Gt either experimentally or 

theoretically or both. IAEA Technical Report Series No. 107(9) gives useful explanatory 

information and also expressions for calculating these factors. Because the gold foils usually 

used at NPL all have very similar thicknesses, in the region of 96 mg cm-2, single values have 

historically been used for Gt, although they are different for isotropic and beam geometry. 

These values are given in Table 2. Some of the background to the choice of these numbers can 

be found in NPL Report RS(EXT)104(21). 

Table 2. Gt values used historically at NPL (since the 1960s)  

for foils with thicknesses ~ 96 mg/cm2 (~ 0.00508 cm). 

Geometry Gt 

Isotropic  0.9340 

Beam 0.9843 

 

To investigate the validity, or otherwise, of these values and to investigate the uncertainties, a 

review was undertaken of self-shielding factors reported in the literature. There is a large 

amount of resonance self-shielding data available for a variety of materials, although some is 

for irradiation of wires or spheres, but there is a real dearth of values for thermal self-shielding, 

particularly for beam irradiations. Determining appropriate values for the gold foils used at 

NPL in the two irradiation fields (thermal column and access hole) is made difficult by the fact 

that available data in the literature are for differing foil dimensions and neutron fields. Foil 

activation is a technique used both in neutron activation analysis (NAA), and reactor dosimetry 

and self-shielding calculations are covered in the literature for both technologies(22,23). These 

calculated data vary, however, depending on the field considered, usually a pure Maxwellian, 

and whether or not they include scattering in the foil, and foil radius corrections. 

7.1.4.1 Thermal self-shielding factors - beam geometry 

The data for foils in a beam are very sparse. A paper in 1967 by Perlstein and Weinstock(24) 

provided extensive computational analysis of the problem, including the effects of scattering 

within the foil, and values were tabulated for Gt and Gr for both beam and isotropic geometries. 

However, the values are given for a Maxwellian at 293.6 K (20.4°C) corresponding to 
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kT = 25.3 meV, which does not correspond to the kT value of either the thermal column beam 

or the access hole. 

A value is given for a 100 mg cm-2 foil in beam geometry in a 1979 paper by Boot(12), but this 

is referenced as a private communication from Axton at NPL, and the fact that it agrees exactly 

with the value of Perlstein and Weinstock suggests this was the source of the datum. 

In view of just how sparse the data are for irradiations in a beam, calculational techniques for 

self-shielding were investigated. Ideally, neutron transport codes should be used to determine 

self-shielding factors including scattering, and cadmium cover effects for irradiations under 

cadmium. However, lengthy neutron transport calculations are not required for relatively thin 

samples, where the mean free paths for neutron scattering tend to be larger than the dimensions 

of the sample and approximate approaches have been developed. These involve equations that 

originally evolved from neutron diffusion theory in the 1950s, but significant deviations occur 

in the literature on the correct application of these equations. The basic equations can be found, 

for example, in the IAEA Technical Report Series No. 107(9). 

For a foil in a beam with normally incident monoenergetic neutrons, a self-shielding factor, G, 

for the case where scattering is ignored, can be calculated knowing the foil thickness, from:  

 
1 e x

G
x

−−
=   (61) 

For a foil in an isotropic field of monoenergetic neutrons the equation is: 
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The function En(x) is the exponential integral given by: 

 n
1

E ( ) e dxu nx u u


− −=    (63) 

This expression cannot be solved analytically although approximations are available, e.g. in 

the IAEA Technical Report, or in an NBS Handbook(25). 

The parameter x is the product of the thickness and a macroscopic cross section , i.e.

x t tN = =  where t is the thickness, N the number of atoms in the material, and  the cross 

section. If N is in atoms per mg, t needs to be in mg/cm2. 

The derivation of eq.(61) for self-shielding in a monoenergetic beam is relatively 

straightforward. If D0 is the activation of a foil of thickness t in a fluence f with no attenuation 

of the beam traversing it then, 

 0
0

d
t

D z t xf f f= = =   (64) 

(This is an unrealistic quantity because with no attenuation there would be no activation, 

however, it is a good approximation for a very thin foil.) 

Attenuation of the beam in traversing a thickness z is given by e z−  so the activity 0D  in a foil, 

after allowing for attenuation, is given by, 

 0
0

(1 e )
e d (1 e )

t
t

z xD z
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The self-shielding correction factor G is 0 0/D D  giving the expression of eq.(61).  

The expression for an isotropic field involves integration over the neutron incidence angles and 

is more complex. 

Calculations using the equations above usually use the absorption cross section a, i.e. 

scattering is ignored. A correction allowing for scattering has been proposed by Lindstrom and 

Fleming(26) and this is supported in a paper by Blaauw(27). The scatter corrected self-shielding 

factor G  is expressed as: 

 
1 ( / )(1 )s a

G
G

G 
 =

− −
  (66) 

where s is the scatter cross section. The cross section to be used when calculating G should 

then be the total macroscopic cross section t=a+s. These expressions are used in neutron 

activation analysis and reactor dosimetry, although the values to be used for  are not always 

consistent in the literature. Reference (28) seems to give the most recent conclusion on this 

matter and there it is stated that the combination of  values given above is the correct one . 

The equations for G or G  are for monoenergetic neutrons. For a Maxwellian neutron 

distribution the approach is usually to use an averaged cross section. Here again there is 

inconsistency in the literature for the values to be used, and how to calculate them. For a 

thermal Maxwellian the fluence averaged cross section   for a 1/v detector is:  

 0
0

2

T

T


 =   (67) 

where 
0  is the macroscopic cross section at v0 = 2200 m/s. However the neutron density 

averaged value is: 

 0
0

2 T

T
 


=   (68) 

Both values have been used when deriving self-shielding corrections as evidenced by the 

equations quoted in different papers. One paper(26) even states that eq.(67) should be used when 

the neutrons are in a beam, but that eq.(68) should be used for an isotropic field. The difference 

is not trivial 2 /   being 1.128 while / 2  is 0.886. A definitive resolution of this issue 

was given by Blaauw in a paper specifically on this subject(27). He concluded that the neutron 

density averaged value, eq.(68), is the one to use for all fields. This would seem to be logical, 

since one would expect the self-shielding to depend on the neutron density within the foil rather 

than the fluence passing through it. A more recent paper in Metrologia(29) supports this saying 

the averaging should be over the Maxwellian thermal neutron density although the expression 

given there is derived from an approximate form for eq.(61) so is not identical to eq.(68). 

Using eq.(66) and a value for the macroscopic absorption cross section from eq.(68) values for 

the thermal self-shielding Gt can be calculated with T=T0 for comparison with the calculations 

of Perlstein and Weinstock, and with T set to the actual values for the beam and isotropic fields 

at NPL to obtain an estimate of the effect of T being >T0, although this does not allow for any 

effect of the 1/E component that extends below the cadmium cut off energy. 

To allow for the fact that the thermal spectra at NPL do not correspond to the ideal Maxwellian 

at 25.3 meV assumed by Perlstein and Weinstock, and to investigate the effects of the presence 

of the small 1/E component below the cadmium cut-off, the Fortran program THERMALS was 
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extended to enable thermal self-shielding factors to be calculated. Cross section data were 

obtained from ENDF/B-VIII for both the 197Au(n,) cross section and for scattering in gold. 

The number of point energies used was in the range 1000 to 50000. (Because the spectrum and 

gold cross section are smooth in this region a very large number of points is not required and 

the results did not change over the range of point energies tried.) The use of THERMALS 

allows calculations for different spectra and, with an option to set the gold scattering cross 

section to zero, providing an ability to perform calculations with and without correction for 

scattering in the foil. The basic equation for calculating average thermal or resonance self-

shielding factors, Gi, where i = t or r is,  
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( ) ( ) ( ) d

b

a
i b

a

E E E G E E
G

E E E E

  f

  f

  
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 




 (69) 

where ( ), ( ), and ( )E E G E f  are the activation cross section, the fluence, and the self-

shielding respectively at energy E. The quantity ( )E  is the cadmium attenuation factor, 

covered in section 7.2.2. The integration limits a and b are zero to ECd for thermal self-

shielding, i.e. for i=t, and ECd to the maximum neutron energy for resonance self-shielding, i.e. 

for i=r. For the bare detector one can assign ( ) 1E =  at all energies, and for the cadmium 

covered detector ( )E can be included or excluded to estimate its effect on Gr, see section 7.2.4. 

The results of the various calculations for a beam are compared to the results of Perlstein and 

Weinstock in Figure 4. 
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Figure 4. Comparison of self-shielding factors calculated with THERMALS for a gold foil in a beam 

with the values of Pearlstein and Weinstock. The Maxwellian spectrum averaged curve derived from 

eq.(61) used the spectrum averaging of eq.(68). 

The immediate conclusion is that the calculations agree rather well. The use of eq.(61) with the 

neutron density averaged macroscopic cross section of eq.(68) give values for the correction 

factor that are only slightly lower than Perlstein and Weinstock for kT = 25.3 meV. (Using the 

fluence averaged macroscopic cross section, rather than the neutron density averaged one, the 

agreement is very much poorer.) Calculations with THERMALS, with or without the scatter 

correction of eq.(66), agree very well with the data of Perlstein and Weinstock, implying that 
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the scattering effect is negligible for the Maxwellian peak over this range of gold thicknesses. 

Including the scattering only increases the correction factor very marginally. Increasing the 

Maxwellian peak energy to 27.5 meV and including the small 1/E component increases the 

value of the correction factor, i.e. it decreases the self-shielding correction to be applied, as 

expected for a roughly 1/v detector with a higher mean energy Maxwellian peak and a 1/E 

component above the peak. 

7.1.4.2 Thermal self-shielding factors - isotropic field 

Values for thermal self-shielding in gold in an isotropic field are available in the literature. 

Sola(30) in a 1960 publication described measurements performed in a reactor, where the 

neutron field was isotropic, with gold foils of different thickness, and radii, and compared the 

results with the predictions of two theoretical equations for Gt one of which included a 

dependence on foil radius. He concluded that the results agreed with calculations to about 2%.  

Data as a function of thickness were also published by Hasnain et al.(31). The results are lower 

than most other published data and the experimental arrangement, where the foils were in 

water, was such that flux depression was probably occurring as well as self-shielding, so the 

results have not been included in the current analysis. 

Crane and Doerner(32) published experimental data for different thickness and different 

diameter gold foils. Their data for edge effects indicate that they are negligible for foil 

thicknesses less than about 100 mg/cm2 for 1 cm diameter foils.  

In his 1963 paper Axton(11) gives values at two foil thicknesses, both thinner than the foils 

usually used at NPL nowadays, in the isotropic field at the UKAEA Harwell reactor Gleep.  

In a paper describing the NPL thermal pile Ryves and Paul(1) quote a value for a gold foil 

irradiated in the access hole, but this foil was roughly half the thickness of the foils now used 

routinely at NPL. 

The available data for isotropic irradiation of gold foils, together with THERMALS 

calculations for this quantity, are plotted in Figure 5. The THERMALS results are for a kT value 

of 25.3 MeV for comparison with the majority of the other data. . 
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Figure 5. Thermal self-shielding factors for isotropic irradiation of gold foils.  
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The line labelled as ‘Fit to Martinho equation’ corresponds to a general equation applicable to 

any material(33, 34)  and will be discussed in more detail in a later section on resonance self-

shielding. The fact that the data, with the exception of some outliers in the results of Crane and 

Doerner, follow the type of curve expected for thermal shelf shielding in an isotropic field is 

reassuring, but the results are for different foil geometries in a range of different fields with 

varying characteristics in terms of Maxwellian temperature and 1/E component. Their 

applicability to irradiations at NPL is not obvious. 

One consideration that was not taken into account for beam geometry, but may be relevant for 

isotropic irradiation, is the size and shape of the foil. The equations in 7.1.4.1 above for G were 

derived on the assumption of an infinite slab detector. For a foil with its surface placed 

perpendicular to a parallel beam the foil area should not matter, but for foils of finite radius in 

an isotropic field, neutrons can enter the foil at different angles and also from the side. A 

number of publications, e.g. the two IAEA reports (9,23), suggest that allowance for foil 

dimensions can be included in self-shielding calculations with the equations above by replacing 

the thickness, t, in the quantity x t=  by a parameter, 2V/S, which they call the mean chord. 

Here V is the foil volume, and S its surface area. The mean cord tends to the foil thickness when 

the thickness is much smaller than the other dimensions. The term ‘mean chord’ is perhaps a 

little confusing as the mean path length for radiation in a foil in an isotropic field is 4V/S. 

The data of Crane and Doerner are for a 0.5 cm radius foil; as were those of Axton. Ryves and 

Paul used 0.564 cm radius foils. Edge effects may be relevant in these cases. Sola published 

his results for disc foils of different thickness and diameters, and his data show self-shielding 

correction factors increasing very significantly with decreasing foil diameter for thicker foils, 

i.e. the self-shielding correction gets smaller. His data for foils of thickness 0.00508 cm 

(2 thou), notionally the same as that commonly used at NPL, are plotted in Figure 6. Results 

from TERMALS both with and without the 2V/S factor are included for comparison.  
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Figure 6. Variation of self-shielding factor with foil radius for 0.00508 cm thick foils (98.15 mg/cm2 

for a 1 cm2 foil). The TERMALS calculations were for a pure Maxwellian at kT = 25.3 meV. 

The figure shows that, for a fixed thickness, the self-shielding correction as calculated with 

THERMALS decreases as the foil radius decreases when (2 / )x V S = , but remains constant, 

as expected, for x t= . Interestingly the self-shielding correction factor is larger with 
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(2 / )x V S = , i.e. the correction is smaller, presumably because path lengths tend to be 

shorter in smaller diameter foils. For the thickness considered, the differences in the values 

calculated with THERMALS are negligible for radii above about 0.2 cm. More generally, for 

thin foils such as those used at NPL, and typical foil radii, the effect of foil radius variations as 

calculated using (2 / )x V S = is very small. 

These calculated results do not, however, agree with the measurements of Sola where the self-

shielding factor decrease significantly as the foil radius increases. There is no immediately 

obvious explanation for this. In his measurements Sola was not able to distinguish between 

self-shielding effects and those due to flux depression which would definitely occur in his 

reactor environment. As foil size increases flux depression increases and this may be 

influencing the measurement results. The differences between the THERMAL calculations and 

Sola’s results amount to 0.6% for a 1 cm2 foil and 1.5% for a 4 cm2 foil, which highlight the 

problem of using data for irradiation facilities that differ from those at NPL. 

The advantage of using THERMALS is that the effects of different Maxwellian temperatures, 

of scattering, and of foil dimensions can be taken into consideration. The data shown in Figure 7 

are similar to those in Figure 5 in that they show the variation of the self-shielding correction 

with foil thickness, but in this case for isotropic incidence. 
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Figure 7. Comparison of self-shielding factors calculated at NPL for a gold foil in an isotropic field 

with the values of Pearlstein and Weinstock. The Maxwellian spectrum averaged curve used the 

spectrum averaging of eq.(68). 

As was the case for beam geometry, the use of eq.(61) with the spectrum averaged macroscopic 

cross section of eq.(68) gives the lowest values for the self-shielding factor, while THERMALS 

gives excellent agreement with Perlstein and Weinstock for a pure Maxwellian at a kT value of 

25.3 eV. Increasing the Maxwellian temperature, including the 1/E component, and using the 

scatter corrections and foil dimension corrections, increases the value of the self-shielding 

factor, i.e. it reduces the correction as expected.  
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7.1.4.3 Thermal self-shielding factors - recommended values 

A number of factors need to be taken into consideration when deciding on the best thermal 

self-shielding correction factors to use. The detailed calculations of Perlstein and Weinstock 

allow for scattering within the foil, starting from first principles, but are restricted to a 

Maxwellian with kT = 25.3 meV, and include no allowance for foil dimensions or any 1/E 

component. The THERMALS program can allow for kT values different to 25.3 meV and for 

the small 1/E component between the Maxwellian distribution and the cadmium cut-off energy. 

It can also allow for scattering and foil dimensions using empirical correction formulae. The 

validity of these corrections is, however, questionable (see discussion of resonance self-

shielding in later section). Fortunately, the differences are very small as evidenced in Figure 5 

and Figure 7.  

As a pragmatic approach average values of the Perlstein and Weinstock and the THERMALS 

results, with all corrections included, were taken for the beam fields at NPL. For the isotropic 

field the data from the fit to the Martinho formula were also included in the averaging. The 

results are shown in Table 3. What is clear from this analysis is that the self-shielding values 

used in the past, based on the work of Perlstein and Weinstock, were an acceptable estimate. 

The new values are marginally higher, which is reasonable in view of the fact that they were 

influenced by the THERMALS calculations which included the effect of the Maxwellian peak 

at NPL being at a higher energy than the one used in the Perlstein and Weinstock calculations.  

The uncertainties shown are the standard deviation of the results rather than the standard error 

of the mean. This would normally be considered a rather pessimistic approach, but in view of 

the small self-shielding correction, it has been adopted here. 
 

Table 3. Recommended thermal self-shielding factors. The foil thicknesses tabulated  

are those used by Perlstein and Weinstock. 

Foil thickness 

(mg/cm2) 

Beam Isotropic field 

Value Uncertainty Value Uncertainty 

0.0 1.0000 0.00% 1.0000 0.00% 

4.91 0.9991 0.02% 0.9940 0.03% 

24.54 0.9961 0.01% 0.9769 0.01% 

49.07 0.9921 0.02% 0.9602 0.07% 

98.15 0.9843 0.04% 0.9318 0.12% 

245.36 0.9612 0.17% 0.8664 0.31% 

490.73 0.9256 0.25% 0.7871 0.68% 

 

7.1.5 Cadmium cover attenuation factor CdF   

The explanation given in the literature for including the attenuation factor FCd, in eq.(40), is 

that it corrects for attenuation of the epithermal fluence in the cadmium cover, i.e. it allows for 

the fact that the activation of the foil by epi-cadmium neutrons may not be the same for the 

bare and cadmium covered cases because the transmission factor through cadmium for 

neutrons in this region may not be quite unity. It is different for beam and isotropic irradiations, 

and its determination is complicated by uncertainty about the position and shape of the 

cadmium cut-off. 
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The value used at NPL for years has been 1.01  0.01 for an isotropic field. This is based on 

data in the paper by Axton(11) in 1962, although there is no clear explanation of its derivation. 

Hargrove and Geiger(20) in 1964 used a formula from a 1951 paper by Tittle(35) to calculate FCd, 

but say the derived value (1.048) is too high because the formula requires the absorption cross 

section, and they only had the total cross section. They therefore reverted to using their 

measured value of 1.01  0.01, which agrees with that used by Axton. 

Geiger and Van der Zwan(15) in 1965, and Ryves and Paul(1) in1968, quote values for isotropic 

fields of 0.99 for transmission through cadmium, and this gives an absorption correction FCd 

of 1.0/0.99 = 1.01. 

In 1966 Powell and Beck(36) performed measurements with a range of gold foils and cadmium 

thicknesses in water in an isotropic field. Using fits of the data to an expression involving third-

order exponential integrals of the foil and cadmium thicknesses in units of absorption mean 

free paths, they concluded that there was no evidence of variation in FCd with gold foil thickness 

and the average value for 1 mm thick cadmium was 1.045   0.010. 

In 1973 Mueck and Bench(37) published detailed calculations of a quantity they call the 

cadmium correction factor. It is denoted here by FMB, to avoid confusion with other expressions 

for this factor. They tabulate values for different thickness foils and different cadmium cover 

thicknesses for both beam and isotropic fields. They define their cadmium correction factor by 

FMB = Cep/CCd, where CCd is the neutron activation, produced by the 1/E part of the spectrum, 

in a detector foil covered with a cadmium sheet, and Cep is the activation, produced by the 1/E 

part of the spectrum, in the bare foil. Both quantities are derived from an integration only over 

the 1/E part of the spectrum. CCd is very similar to 0 ( )D Cd , but because the integration is over 

the 1/E part of the spectrum it does not include, and hence removes, any of the Maxwellian 

distribution that extends above kT.  

The low energy limit is the lower energy limit of the 1/E spectrum, although this is not defined 

as a sharp delta function, but as a more gradually rising curve, and the authors say the value of 

the correction factor is strongly dependant on the form of this function. The without-cadmium 

integral is a measure of the activation produced by all the 1/E neutrons; whereas the with-

cadmium integral does not include the activation by those neutrons between the lower limit of 

the 1/E spectrum and the cadmium cut-off energy since these are absorbed in the cadmium. 

Using this expression for the cadmium correction factor in the quantity 0 0 ( ) MBD D Cd F−   

appears to give the activity produced just by the neutrons in the Maxwellian distribution since 

the 1/E neutrons between the lower energy limit of this component and ECd are removed in the 

process. This may be an interesting quantity, but it would not be the fluence seen by an 

instrument irradiated in the thermal field when a ‘with and without cadmium cover’ 

measurement is used. The results tabulated in the paper for FMB for beam geometry range from 

1.039 for a 9.66 mg/cm2 (0.005 mm) gold foil under a 0.5 mm cadmium cover, to 1.225 for a 

483 mg/cm2 (0.25 mm) foil under 1.2 mm of cadmium. For a 96.6 mg/cm2 foil under 1 mm of 

cadmium, similar to the values used at NPL, their value is 1.127 for a beam. For an isotropic 

field the value is even larger. 

Although this paper does not calculate the quantity required for thermal neutron calibrations, 

it does give useful expressions for the absorption, (E), in a shielding material such as cadmium 

as a function of energy E, and hence the transmission factor, () since (E) = 1-(E). If 

( )Cd E  is the macroscopic absorption cross section for cadmium at energy E, then:  

For a beam 
( )

( ) e Cd E d
E

 − 
=   (70) 
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For an isotropic field 3( ) 2 E ( ( ) )CdE E d =    (71) 

where, d the thickness of the cadmium cover in appropriate units to match ( )Cd E , and E3 is 

the third order exponential integral – see eq.(63).  

In two papers from the Jožef Stefan Institute(38,39) the equations used for thermal neutron 

activation analysis are presented and discussed, and these include the equation below for a 

cadmium transmission factor, called here FJS, to differentiate it from other expressions,  

 0
( ) ( ) ( ) d
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E E E

 f 
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Here (E) is the foil activation cross section at energy E, and f(E) the fluence at energy E. 

Expressions for (E) can be taken from eq.(70) and eq.(71). Note that FJS is called a 

transmission factor, and the quantities in the numerator and the denominator are reversed 

compared to the expression given by Mueck and Bench. Also, the integrations are over the 

whole spectrum, not just the 1/E component, and the lower energy limit for the integration for 

the bare foil in the denominator is ECd, rather than zero, so only the activation by neutrons 

above ECd is included. For the integration in the numerator, which is for the foil under cadmium, 

the lower limit for integration is 0, but the transmission factor (E) limits the integral to the 

region above a cadmium cut off whose shape is defined by (E). Possible implications of a 

non-delta shape for the cadmium cut-off are not discussed, and no actual values are reported. 

Also, eq.(72) makes no allowance for self-shielding or the thickness of the activation foil. 

Recent papers about characterisation of thermal fields at reactors, presumably isotropic fields, 

give FCd values of 1.098(40) and 1.14(41), but with no explanation.  

In view of the different values quoted, and the different expressions proposed for the quantity, 

the derivation of FCd values was investigated in more detail. 

The program THERMALS calculates spectra with given ratios of Maxwellian to 1/E fluence 

components, and can thus, by including expressions for (E), be used to calculate values for 

the integrals in, for example, eq.(72).  

Firstly, however, values for the natural cadmium cross section as a function of energy need to 

be derived. ENDF/B files provide data for individual isotopes of cadmium, and these are 

plotted in Figure 8 for the 6 isotopes with the highest abundance amounting to 97.9% of the 

total isotopic abundances. It is clear from this that it is the isotope 113Cd that gives cadmium its 

property as an absorber of thermal neutrons. (The 113Cd line is largely hidden by the total line.) 

Figure 9 ,which is for the beam in the NPL thermal column, illustrates the fluence spectrum that 

induces the activity D0 in the bare foil, the spectrum that induces the activity D0(Cd) in the 

under-cadmium foil, calculated by multiplying the fluence by the appropriate transmission 

factor, and the difference between the two which represents the neutron spectrum that produces 

the activity given by the quantity 0 0 ( )D D Cd− . The data were calculated using THERMALS 

with 50,000 energy bins with equal widths on a log scale. 

The fluence seen by the bare foil is largely hidden in the plot by the difference spectrum in the 

region of the Maxwellian peak, and by the under-cadmium spectrum, i.e. the fluence  the 

transmission factor, in the epithermal region. An interesting feature is the small contribution to 

the under-cadmium spectrum at the Maxwellian peak. Although the transmission there is very 

low, the large number of neutrons at the peak mean that a small number do get through. 
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Figure 8. Cross sections for cadmium isotopes from ENDF/B-VIII, and for natural cadmium obtained 

by summing the components for the different isotopes using the program THERMALS. The quantity 

plotted for the individual isotopes is the cross section multiplied by the isotopic fraction, values for 

which are given in the legend.  

 

Figure 9. Fluence spectra seen by bare and under-cadmium foils and their difference which represents 

the neutron spectrum that induced the activity given by 
0 0 ( )D D Cd− . The spectrum is representative 

of that in the thermal column of the NPL pile. 

The spectra in Figure 9 are an indication of how the fluence seen by a device under irradiation 

varies with energy, but the quantity measured by a gold foil is not the fluence, but the activity 

induced by the fluence. Figure 10 shows how the contributions to this activity are distributed 

with energy, as calculated with THERMALS using 50,000 equal width bins on a log scale.  
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Figure 10. Contributions to activation of foils both bare and under a 1 mm cadmium cover. The 

spectrum is typical of that in the thermal column and the gold foil thickness was 98.15 mg/cm2.  

The curve labelled ( ) ( )E Ef   is a first order calculation of the activity. It is what would be 

obtained in an idealised thin foil where there was no self-absorption. The curve labelled 

( ) ( ) ( )E E G Ef   includes the effect of the shelf-shielding factor G(E). Since the field is a 

beam, the expression for G(E) was that of eq.(61). Eq.(66) which includes allowance for 

scattering was not used for reasons that are discussed in the section on resonance self-shielding. 

It is slightly lower than the ( ) ( )E Ef   curve at very low energies and at the 4.9 eV resonance 

because of the high gold capture cross section and thus self-shielding at these energies. The 

curve labelled ( ) ( ) ( ) ( )E E G E Ef      where the cadmium transmission factor has also been 

included, shows where over the energy range the activity D0(Cd) of the foil under cadmium is 

produced. The difference curve shows where the activity for the quantity 0 0 ( )D D Cd−  arises. 

The majority comes from the Maxwellian peak, although there is a component in the region 

above ECd where transmission through the cadmium is not 100%. The usual understanding of 

this component is that the cadmium cover attenuation factor, FCd, corrects for this. 

With the data available from THERMALS for the various contributions to the gold activity as 

a function of energy, summations over regions can be performed to provide integrals of the 

activities produced by various energy intervals with and without cadmium cover.  

This raises the question of exactly what quantity should be quoted as the ‘thermal fluence’, and 

how to deal with the shape of the cut-off at ECd. If the thermal fluence is to be defined as all 

the neutrons below a cut-off at ECd then the activity corresponding to this region is: 
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Here the number of atoms involved has not been included as they are the same for both 

integrals. With this assumption: 
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which is essentially the inverse of eq.(72) with the addition of self-shielding.  

The result of calculating FCd with THERMALS depends on a number of factors, in particular 

on the Maxwellian temperature, and hence kT, on the magnitude of the 1/E component, and 

most of all on ECd. Calculations were performed for the spectra of the NPL thermal pile access 

hole and the beam of the thermal column using values for these parameters from the 

WESTCOTT program outputs shown in section 5. The values for ECd are those derived from 

eq.(39) using K values published Westcott(7). Results for three gold foil thicknesses and five 

cadmium cover thicknesses are shown in Figure 11 as a function of cadmium thickness (top) 

and of four gold foil thickness (bottom), for both a beam and an isotropic field. The figure 

highlights the fact that FCd depends not only on the cadmium thickness, but also on the gold 

thickness via self-shielding effects. The values are listed in Table 4. 

An understanding of the shape of the curves of FCd values as a function of cadmium and gold 

foil thickness is made easier by reference to eq.(74) and Figure 12 which shows the activation 

contributions over the energy region around ECd on a larger scale than Figure 10. 
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Figure 11. Cadmium correction factors FCd calculated with program THERMALS for the two fields, 

beam and isotropic, at the NPL thermal pile. All curves are for calculations with self-shielding 

included, except for those labelled ‘No self-shielding’. 
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Table 4 Cadmium absorption factors FCd calculated with program THERMALS using ECd values from 

a Westcott analysis 

Gold 

thickness 

(mg/cm2) 

Beam Isotropic 

0.51 

mm Cd 

0.76 

mm Cd 

1.02 

mm Cd 

1.52 

mm Cd 

2.03 

mm Cd 

0.51 

mm Cd 

0.76 

mm Cd 

1.02 

mm Cd 

1.52 

mm Cd 

2.03 

mm Cd 

ECd 

0.425 

eV 

ECd 

0.472 

eV 

ECd 

0.512 

eV 

ECd 

0.578 

eV 

ECd 

0.627 

eV 

ECd 

0.554 

eV 

ECd 

0.621 

eV 

ECd 

0.678 

eV 

ECd 

0.770 

eV 

ECd 

0.839 

eV 

4.907 0.9949 1.0016 1.0024 1.0035 1.0046 0.9937 1.0005 1.0018 1.0038 1.0059 

98.15 0.9876 1.0019 1.0033 1.0045 1.0059 0.9808 0.9967 0.9986 1.0009 1.0036 

490.7 0.9767 1.0024 1.0046 1.0059 1.0077 0.9661 0.9916 0.9941 0.9965 0.9998 

 

The reason for FCd being close to unity is explained by the fact that the area between the 

( ) ( ) ( )E E G Ef    curve and the curve for ( ) ( ) ( ) ( )E E G E Ef      in the region above ECd is 

largely compensated for by the area between the curve for ( ) ( ) ( ) ( )E E G E Ef      and zero 

in the region below ECd. 

 

Figure 12. Contributions to the activation in the region around ECd for the spectrum in the NPL 

thermal column for a gold foil thickness of 98.15 mg/cm2 and a cadmium thickness of 1 mm. 

As the cadmium thickness increases ECd derived from eq.(39) using K values from Westcott’s 

Table 1 gets larger and the integral in the numerator in eq.(74) gets smaller. However, so also 

does the integral in the denominator, because (E) increases. The resultant variation of FCd with 

cadmium cover thickness is difficult to predict. The actual variation is shown in the top two 

plots of Figure 11. The low values of FCd for a cadmium thickness of 0.5 mm strongly suggests 

there are issues with the use of such thin covers. If self-shielding is not included in the 

calculation, FCd follows the curve for a 4.907 mg/cm2 foil as illustrated by the lines for no self-

shielding in these two plots. This is to be expected as the thinner the gold foil the less self-

shielding influences the activation. 

The variation with gold foil thickness is a result of self-shielding. Excluding this effect from 

the calculations gives an FCd value that is constant as a function of gold foil thickness as 

illustrated in the lower plots. But self-shielding does occur, and allowance needs to be made 

for it. 
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Although the rationale for including the cadmium absorption factor FCd when calculating 

0 0 ( )CdD F D Cd−  initially appears straightforward, being simply a correction for less than 100% 

transmission of neutrons through the cadmium at energies above ECd, in practice it proves to 

be more complicated. The literature includes a range of different values for FCd, different 

equations for calculating this correction factor, and different interpretations of its function. 

Fortunately, except for cadmium cover thicknesses of less than 1.0 mm the values of FCd 

calculated with THERMALS can be expressed as 1.00  0.01 for both a beam and an isotropic 

field for the range of gold and cadmium thicknesses considered. The plots of Figure 11 would 

indicate that there are problems with cadmium covers of 0.5 mm or thinner. 

From historical data for irradiations in the thermal column beam and in the access hole the 

effect of an uncertainty of 0.01 in FCd is 0.12% for the beam and 0.03% for the access hole and 

so is almost negligible. 

7.1.6 The Westcott K  factor, CdE , and CdF  

From the above section it is clear that ECd, FCd, and the Westcott K factor are intimately linked, 

but the precise nature of this link is not necessarily clear. Papers describing thermal fluence 

determination via bare and under cadmium activation measurements usually do little more than 

state that there is an energy ECd above which the cadmium is essentially transparent to neutrons, 

and this occurs at about 0.5 eV for cadmium thicknesses in the range 0.5 to 2.0 mm. The 

cadmium cut-off energy is obviously not a true delta function and the consequences of this and 

the choice of a value for ECd tend not to be discussed.  

Westcott K factors, which link R and r, are tabulated in the 1958 paper by Westcott, Walker, 

and Alexander(7), and are widely used and quoted in subsequent publications; but calculations 

of this parameter seem never to have been repeated, certainly not with updated results 

published. The description of the calculations is in a section in the paper where the simple case 

of an ideal 1/v detector is considered. The importance of the cadmium ratio, R, calculated for 

such a detector is that it is a direct measure of the ratio of the total Westcott fluence to the epi-

cadmium Westcott fluence, and is used when deriving the total fluence from that for the sub-

cadmium region. If ECd is assumed to be a delta function, R for an ideal 1/v detector is given, 

c.f. eq.(37), by, 

 

1/2
1

4

CdE
R

r kT

 
=  

 
  (75) 

However, the authors acknowledge that a delta function is unrealistic, and say, “A better 

approximation is obtained for a stated thickness of cadmium by using the actual variation of 

the cadmium cross section with energy.” They perform calculations of R for, “normal incidence 

on, and isotopic (cos  law) incidence on, one side of the Cd foil.” The results are used to derive 

the parameter K. For a pure 1/v detector. K is linked to R by, 

 
1/2

0( / )K R r T T=    (76) 

This is eq.(38) in the earlier derivation of the equations for Westcott fluences in this report. 

Together the two equations above give a value for ECd. 

 
2

016
Cd

K kT
E




=   (77) 

The 1958 paper states that while the equations apply, “only when a 1/v law detector is used, 

the analysis may be extended to cover most other possible detectors.” 
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To address the uncertainty in the values of K, calculations of R were performed with the 

THERMALS program. The quantity calculated, see eq.(78), was R for an ideal 1/v detector for 

different cadmium thickness. K can then be calculated from eq.(76) and ECd from eq.(77). 
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Nothing is said in the 1958 Westcott paper about the magnitude of the 1/E component used in 

their calculations, implying that K is independent of the value. The THERMALS calculations 

were performed both for the spectrum of the NPL thermal column (beam geometry) and the 

access hole (isotopic incidence) using 1/2

0( / )r T T  values obtained from the WESTCOTT 

outputs shown in section 6. The results are shown in the upper part of Figure 13.Calculations 

were also performed for spectra with roughly half the values for 
1/2

0( / )r T T  to check for any 

dependence on this parameter. See lower half of Figure 13. In the Westcott paper the 

temperature is not mentioned, so the calculations were performed for T = T0, and since very 

thin foils were assumed the self-shielding option in THERMALS was not applied.  

As THERMALS can use cross section and spectrum data to calculate integrals, with or without 

cadmium attenuation, over any energy interval, it was also used to derive a value for a cadmium 

cut-off energy, designated here as 1FE , where the integral from 1FE  to infinity of the activation 

in the bare foil equals the activation under cadmium integrated from zero to infinity, i.e. the 

cadmium cut-off value that makes the correction factor FCd equal to one – see eq.(74). This 
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Figure 13. Comparison of Westcott K factor calculated using THERMALS with values from the 

Westcott et al. 1959 paper, and a comparison of ECd derived using the Westcott formalism and the 

value EF1 which makes the cadmium correction factor FCd unity. 
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would appear a sensible definition of a cadmium cut-off value. Values for EF1 were derived by 

performing the integral for the nominator in eq.(74) for several values of the lower limit of 

integration at around 0.5 eV and interpolating to find a value that made FCd exactly 1.0. 

For beam geometry and cadmium thicknesses above 1 mm THERMALS reproduces the 

Westcott K values almost exactly. This agreement appears not to depend significantly on the 

1/E intensity, i.e. on the value of r. Also, the Westcott ECd seems to coincide with EF1.  

For isotropic incidence for cadmium thicknesses above 1 mm there is a constant offset for both 

the K and the cadmium cut-off energy values. The Westcott calculations of K were for neutrons 

incident only on one side of the foil, but this should not be a reason for any difference.  

The most noticeable feature in Figure 13 is, however, the differences for small cadmium 

thicknesses. For these thicknesses, values of K calculated by THERMALS are much lower than 

those of Westcott.  

To investigate this the activation as a function of neutron energy for a 1/v detector under a very 

thin 0.038 mm (1.5 thou) cadmium cover, as calculated with the THERMALS code, was 

plotted and the results are shown in Figure 14. This should be compared with Figure 10 the 

corresponding figure for a real gold foil detector covered with a 1 mm cadmium cover.  

 

Figure 14. Contributions to the response of a 1/v activation detector bare and under a 0.38 mm 

(15 thou) cadmium cover.  

What is apparent when comparing the two figures is that a large number of neutrons with 

energies below 0.5 eV pass through a cadmium thickness of 0.38 mm compared to the case for 

1.0 mm. Despite the very low transmission at low energies the very large number of neutrons 

at the peak of the Maxwellian, and the higher cross section than at higher energies, result in a 

non-negligible number of thermal neutrons getting through and causing activation. This means 

that the integral of the fluence  cross section  transmission factor ( ( ) ( ) ( )E E Ef     ) from 

zero to the maximum neutron energy is too large and the cadmium cut-off has to come lower 

in energy to make FCd equal to one. The simple conclusion from this section, reenforced by 

Figure 11 in section 7.1.5, is that cadmium thicknesses of less than about 0.75 mm are too thin 

for reliable measurements of the thermal fluence using the bare and cadmium covered 

activation approach. It appears that transmission of thermal neutrons through the cadmium 

cover has not been included in the Westcott calculations of K.  
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As these calculations can be performed with THERMALS, not just for a 1/v detector, but for 

any activation foil where the cross section is known, they were performed for gold foils and 

the spectra in the column and access hole at NPL and the values EF1 for the cadmium cut-off 

energy that result in FCd being one are compared in Figure 15 with the Westcott ECd values. 

For a beam the values of EF1 are greater than the ECd values derived from the Westcott approach 

for cadmium thicknesses above about 0.64 mm, so FCd in the Westcott approach needs to be 

greater than one, if the thermal fluence is to be defined as that in the energy range from zero to 

ECd. Similarly for the isotropic case. 

It is clear that FCd depends not only on the degree of absorption of epi-cadmium neutrons in 

the cadmium cover, but on the value assigned to the cadmium cut-off energy. Changing the 

value designated as the cadmium cut-off energy changes FCd. 

For an activation foil or a detector where the cross section or the response decreases rapidly in 

the region above the Maxwellian the exact position of ECd is not important and the analysis 

according to the Westcott convention is completely adequate, but for any device where the 

response in the cadmium cut-off region is significant relative to the thermal response, greater 

care needs to be taken in considering the implications when measuring activation or a response 

with the bare and under cadmium experimental approach. 

7.1.7 Summary of the uncertainties in 0thn v   

From a review of eq.(44) for nthv0 it is clear that the presence of the term 0 0 ( ) CdD D Cd F−   

means that the uncertainty in the Westcott sub-cadmium fluence cannot be derived by simply 

adding all the percentage uncertainties in quadrature. However, if the uncertainty in 

0 0 ( ) CdD D Cd F−   is derived and the term is treated as a single quantity, the procedure of adding 

percentage uncertainties in quadrature can be used.  

With this approach the quantities with which to multiply 0 0 ( ) CdD D Cd F−   are: 3346.8  8.3 

(0.25%) for the beam of the NPL thermal column and 3537  10 (0.28%) for the isotropic field 

in the access hole. These were calculated with the GUM workbench(42) using the values and 

uncertainties for Gt, 0  and g proposed in this report, The largest contribution to the uncertainty 

in both fields comes from that in the Westcott g factor. 
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Figure 15. THERMALS calculation of EF1 the cadmium cut-off energy value that make FCd one. 

Calculations are for 98.15 mg/cm2 gold foils in the spectrum of the NPL column (beam) or in the 

spectrum near the bottom of the access hole (isotropic). The values derived from the conventional 

Westcott approach are also plotted. 
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7.2 Uncertainties in the Westcott fluence 0nv  

To derive the total fluence in the Westcott convention using eq.(45) the cadmium ratio R for 

an ideal detector needs to be calculated from eq.(51). This includes various parameters. 

7.2.1  The Westcott parameter K  

The K parameter was discussed in section 7.1.6. The results of the calculations with 

THERMALS and a comparison with the Westcott data(7) are shown in Table 5. The cadmium 

thicknesses chosen were those for which K values were tabulated by Westcott. 

The THERMALS results are an average of calculations performed for the 1/E components in 

the beam or in the access hole and a calculation with half of these 1/E components. Differences 

were insignificant indicating that K is independent of the intensity of the 1/E component. 

The differences between the THERMALS and the Westcott K values for cadmium thicknesses 

less than about 0.75 mm are a result of the inadequate attenuation of Maxwellian peak neutrons 

in the cadmium as reported in section 7.1.6. Above this thickness there is reasonable agreement. 

Recommended values for K are the average of the Westcott and THERMALS values. 

Uncertainties, based on half the differences, with some allowance for the fact the agreement 

may simply be opportune, are: for beam geometry 0.5%, and for isotropic fields 3%. 

Table 5. Westcott K factors  

Cd thickness (inches) 0.0015 0.0025 0.004 0.006 0.008 

Cd thickness (cm) 0.0381 0.0635 0.1016 0.1524 0.2032 

Beam geometry 

THERMALS K 0.7430 1.7175 2.0034 2.1295 2.2254 

Westcott K 1.7506 1.8701 1.9939 2.1141 2.2054 

Average 1.2468 1.7938 1.9986 2.1218 2.2154 

Difference -57.6% -8.2% 0.47% 0.73% 0.91% 

Average difference cadmium thickness 0.1 to 0.2 cm =   0.70%  

Isotopic field 

THERMALS K 0.8766 1.9139 2.1572 2.2991 2.4087 

Westcott K 1.9913 2.1399 2.2931 2.4409 2.5515 

Average 1.4339 2.0269 2.2251 2.3700 2.4801 

Difference -56.0% -10.6% -5.9% -5.8% -5.6% 

Average difference cadmium thickness 0.1 to 0.2 cm =    -5.8%  

7.2.2 Attenuation of resonance neutrons in the cadmium shield rf   

This parameter is essentially the inverse of FCd. The value should thus be 0.99  0.01, however, 

see also section 7.2.6. 

7.2.3 Westcott factors s , 0s , and the expression for kT   

The Westcott factor, s, can be calculated using eq.(32). It is a measure of the integral of the 

cross section over the 1/E spectrum after a 1/v component has been subtracted from the cross 

section. There is surprisingly little in the literature about this parameter. In the seminal paper 
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on the Wescott convention(7) a value for gold of 17.28 is given for the quantity s0, which is 

s(T0/T)1/2, (s0 is expected not to vary with the effective temperature T). In a subsequent AECL 

report, which has been updated several times(13), Westcott gave values for s for a large number 

of activation materials for a range of Maxwellian temperatures.  

One complication in calculating s is the uncertainty in the low energy cut-off of the 1/E 

spectrum. This is defined by the function Δ kT , where Δ  defines the shape of the cut-off, and 

 is a multiplier of kT defining the energy where this occurs. The integral of eq.(32) includes 

the  term. There are significant uncertainties in both the shape and the position of this feature. 

Both the value and the uncertainty in  are difficult to tie down. The uncertainty in T is outlined 

at the beginning of section 5. 

Assuming the slowing down spectrum can indeed be described as having a 1/E shape, it must 

end somewhere in the thermal region. If it were a unit step function it would introduce a 

discontinuity in the spectrum at kT . Any attempt to measure this, for example with a 

mechanical chopper and time-of-flight in a thermal beam, would be difficult because the 1/E 

component quickly becomes much smaller than the Maxwellian component as the energy 

decreases in the thermal region. A measurement would thus have to look for a small feature on 

the upper energy slope of the Maxwellian peak. 

The value used for  at NPL for some years has been 3.681 which is that given, without 

explanation, in Axton’s paper on the Harwell GLEEP reactor(11), and again in a paper he wrote 

on the calibration of the National Bureau of Standards thermal neutron flux(43) with the 

explanation that it was the value “for which 0s  was computed”. It is unlikely that  can be 

known to such high precision. There is evidence that  is higher for water or heavy water 

moderated thermal fluences than for graphite ones. Beckurts and Wirtz give 3.6  0.4 for 

heavy water, and 3.4  0.3 for graphite, based on a time of flight measurement(44). The IAEA 

Technical Report(9) gives a figure of  = 5 for a heavy water reactor, which agrees with the 

value quoted by Walker et al.(10). A recent paper on cross section data derived from reaction 

rates in reactor spectra(45) uses a value of  = 3.0 when considering a graphite reactor while 

noting that values  ranges from ∼ 2 for light water moderators to ∼ 5 for heavy water 

moderators. In general there seems to be more data for water moderation than graphite. 

There is, however, another consideration, and that is the shape of the cut off. The assumption 

in the early versions of the Westcott fluence convention, and one still often used, is that the 

low energy limit of the 1/E distribution can be represented by a vertical straight-line cut-off. 

Such a step function (=1 for EkT, =0 for E<kT) may be good enough for many purposes, 

but is very unlikely to be an accurate representation of the cut-off.  

In his AECL report(13), Westcott proposes various other possible cut-off functions 1 to 4. 
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A function 3 is also given, but as that is associated with heavy-gas models it is thought less 

appropriate for a graphite moderated system. The functions 1 and 2 give monotonic cut-offs 

whereas 4 gives a function with a bump above kT, and replicates measurements and analyses 

of reactor spectra which appear to show this feature. 

Functions 2 and 4 seems to have found favour in the literature with attempts to incorporate 

4 into a formalism with a 1/E shape for the epithermal component(46) and a modification to 

the form of 4 to provide a better fit for a calculated spectrum(47), although this was for a water 

moderated reactor. Suggestions that the bump also exists for graphite moderation can be found 

in reference (45). Unfortunately, none of these references provide values of s for gold, although 

reference (47) does provide plots of the dependence of this quantity on T. 

The shapes corresponding to the various delta functions are shown in Figure 16. It is to be 

expected that the  chosen will affect the value of s.  
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Figure 16. Different options for the cut-off of the 1/E component at the low energy end of its range. 

0 corresponds to a simple vertical straight line cut-off. The line for the total fluence corresponds to 

this cut off function. The data are representative of the temperature of the spectrum at a height of 

1.5 m in the NPL thermal column. 

In the AECL-1101 Westcott lists  values that give neutron densities in the epithermal region 

that are the same when using 0 as when using the delta functions 1, 2, or 4. (The delta functions 

do not depend on .) These are: 

For 1  =3.442 

For2  =4.868 

For4  =3.681 

The value for 4 would appear to be the source for the value of  used at NPL for many years.  
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In the absence of definitive values in the literature for the factor s the program THERMALS 

was adapted to calculate values using gold cross sections from ENDF/B-VIII. Data at a mesh 

of 50,000 points distributed evenly on a log scale between 10-5 eV and 2.0 MeV were 

calculated and used to perform the integration of eq.(32) and derive values for s.  

The integrand in eq.(32) involves the difference between the actual gold cross section and a 

hypothetical cross section with a 1/v shape normalised to the gold cross section at T0. From 

Figure 3 it can be seen that the integrand is positive and large at the 4.9 eV resonance, however, 

it is negative in some energy regions. Because the integral for calculating s depends only on 

the cross section and the shape of the 1/E part of the spectrum it is independent of the foil 

thickness. The contributions to the integral as a function of neutron energy are shown in 

Figure 17. 
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Figure 17. The integrand (the term within the integral sign in eq.(32)) for calculating the Westcott 

factor s plotted with the 1/E spectrum for 4 cut-off function, normalised to one above the cut-off. 

The results from the TERMALS calculations are listed in Table 6 where they are compared 

with data from Westcott’s AECL report. Only values for 4 are tabulated in that report. The 

calculation is straightforward, but the improved data now available for the gold cross section 

probably explains the small differences.  

The THERMALS results for the various  functions are all very similar, and in the absence of 

any reason to prefer one over the others an average was taken and compared to the values in 

the AECL report. The differences are small of the order of 0.6%. The uncertainty was taken as 

half the difference between the two sets of results and is about 0.3%. 

Also tabulated in Table 6 is the value for s0 which is the quantity used in the equation for the 

cadmium ratio RCd. It does not vary with the Maxwellian temperature, and the uncertainty is 

taken to be the same as for s. 

Typical values for the NPL facility are: 

For a temperature of 45.65°C in the column s = 17.983, s0 = 17.259. 

For a temperature of 29.35°C in the access hole s = 17.517, s0 = 17.260. 
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Table 6. Westcott s factors calculated with THERMALS for various  values and comparison with 

Westcott values for 4 from AECL-1101(13). The factors depend only on the cross section and so are 

the same for beam and isotropic irradiation. 

T 

(C) 

AECL-

1101 
From program THERMALS Average 

THERMALS 

0 to 4 

s from 

average of 

Westcott & 
THERMALS 

s0 from 

average of 

Westcott & 
THERMALS 

Unc. 

 s for 4 
s for 

0 

s for 

1 

s for 

2 

s for 

4 

20 17.30 17.194 17.194 17.190 17.201 17.195 17.247 17.260 0.053 

40 17.88 17.769 17.769 17.764 17.776 17.770 17.825 17.259 0.055 

60 18.44 18.326 18.326 18.330 18.334 18.329 18.385 17.258 0.056 

80 18.98 18.866 18.870 18.870 18.874 18.870 18.925 17.255 0.055 

100 19.51 19.390 19.395 19.395 19.400 19.395 19.453 17.255 0.058 

 

7.2.4 Resonance self-shielding factors rG   

The resonance self-shielding factor Gr does not appear directly in the equation for deriving the 

Westcott thermal fluence, 0thn v , (eq.(44)), but does occur in eq.(45) for deriving the cadmium 

ratio, R, for an ideal detector, and hence directly in the equations for deriving nv0. Its influence 

on the final uncertainty is less than the influence of the uncertainty in Gt.  

Several sets of data are available in the literature for gold foils, for the case of isotropic 

irradiation at least. Perlstein and Weinstock published tables of Gr, for either a beam or an 

isotropic field. In both cases they tabulated results for a bare foil in a 1/E field, and for a foil 

under cadmium. These are slightly different, the ‘with cadmium’ datum being 6.5% smaller 

for 98 mg/cm2 foils, and the difference increases as the foil thickness increases. In principle 

both values occur in eq.(50) for the quantity RCd. Gr in the numerator is for irradiation of the 

bare foil, whereas Gr in the denominator is for the foil under cadmium. However, only one 

value is conventionally used in a Westcott analysis. Considering the uncertainty in RCd, a 10% 

increase in Gr in the numerator for the NPL fields changes RCd by 1.2% for the beam and 0.3% 

for the access hole, whereas a 10% increase in Gr in the denominator changes RCd by -8.5% for 

the beam and -8.4% for the access hole. Since RCd is much more sensitive to the correctness of 

Gr in the denominator the best choice of Gr to minimise the effect of the approximation of using 

a single value, is that for irradiation under cadmium, if the data are available.  

All the data found in the literature are plotted in Figure 18. The datum from Boot(12) for a beam 

probably drives from Perlstein and Weinstock. Axton(11) published Gr values for four different 

foil thicknesses, and as they are for a reactor field, they are assumed to be for isotropic 

incidence. Brose(48) in 1964 published both experimental and calculated resonance self-shieling 

factors for gold. This publication may be difficult to acquire, but the data are presented in a 

later paper by Shcherbakov and Harada(49).  

In 1989 Lopes and Avila(50) published calculated resonance self-shielding factors, including 

data for gold, over the range of interest using an approach which allowed for multiple-

scattering in the foil. The paper by Shcherbakov and Harada in 2002 contains calculated 

resonance self-shielding data at the same energies as the calculated values of Brose, and these 

data cover a wide range of foil thicknesses (2×10-6 to 8×10-2 cm, equivalent to 0.039 to 

1544 mg cm-2).  
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Figure 18. Resonance self-shielding data for gold 

As was the case for thermal self-shielding, the program THERMALS was used to calculate 

resonance self-shielding factors either with or without cadmium cover and for either a beam or 

an isotropic field using eq.(69). No Doppler broadening of the cross sections at the resonances 

was introduced, the assumption being that the evaluated ENDF cross sections are already 

Doppler broadened at 300 K. The calculations are not expected to depend on the shape of the 

low energy end of the 1/E component so the vertical cut-off option, 0, was used. The ‘with 

cadmium’ data are shown in Figure 18. At a foil thickness of 98 mg/cm2 the ‘with cadmium’ 

value is 2.1% smaller than the without cadmium value. 

In a number of papers Martinho and co-workers(33,34) investigated functions for fitting thermal 

and resonance self-shielding for both beam and isotropic fields. They derived a general 

expression which seems to fit both resonance and thermal factors reasonably well for all 

geometries and all materials if the appropriate parameters are chosen. The function is: 
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where A1, A2, z0, and p are parameters, to be adjusted to the optimum values, and z is the product 

of the foil macroscopic cross section, the thickness in cm, and the ratio of the absorption and 

total cross sections. The data were plotted using the Origin package and a fit performed using 

the package’s Levenberg-Marquardt algorithm. As the fitting was only an attempt to obtain a 

parametric form for the data, the term z/z0 was simplified to a, and was treated as a parameter 

to be fitted. To ensure that G was 1 at zero thickness A1 was set to 1.0.  

Very few of the data sets have associated uncertainties so for the fitting all data points were 

assumed to have a fixed percentage uncertainty, and this was varied to obtain a 2 per degree 

of freedom of about one. For the isotropic data this was 8%, and for the beam data 2%. There 
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are essentially only two sets of data for the beam case, and they agree well so the small 

percentage uncertainty required to give a 2 of about one is not surprising.  

The average differences between the fitted curve and the individual data points are of the order 

of 1%, or less for the lower mass part of the range although they increase as the thickness 

increases. For the isotropic case, the data of Lopes and Avila are consistently below the curve 

and those of Brose above the curve at the higher masses. The remainder of the points are very 

close to the curve except at the highest foil mass where the curve differs from the values of 

Serbakov and of Brose by about 21%. 

Values for the parameters obtained by fitting all the available gold data to the equation of 

Martinho et al. are shown in the figure and are listed in Table 7 together with the Gr values 

calculated from them. The uncertainties are those derived from the uncertainties in the 

Martinho parameters. 

 
Table 7. Parameters for fits of resonance self-shielding factors, Gr, in gold foils 

Geometry 

Parameters for resonance self-shielding 

determination 

Resonance self-shielding factor 

at 96 mg/cm2 

A2 a p New Old 

Isotropic 0.061430.0070 0.05550.0028 0.7690.033 0.2650.012(4.5%) 0.264 

Beam 0.105500.0063 0.023310.00061 0.9190.028 0.39440.0077(2.0%) 0.367 

 

It is not clear where the value of 0.367, which has been used for Gr in the thermal column for 

some time, was obtained from. The value of Perlstein and Weinstock for a foil of thickness 

98 mg/cm2 is 0.384 which is closer to the most recent estimate than 0.367. The percentage 

uncertainty for a beam is less than for the isotropic case although there are fewer data. However 

the factor being closer to one means the correction is smaller and 2.0% is less than the 

difference between THERMALS and Perlstein and Weinstock for much of the thickness range 

so 2.0% can be taken as a reasonable estimate. 

7.2.5 Use of the expression for self-shielding at energies in the resonance region 

Equations (61) and (62) give expressions for calculating self-shielding corrections for a beam 

and for an isotropic field respectively. A correction for scattering in the foil is suggested in the 

paper Lindstrom and Fleming(26) and also by Blaauw(27), and this is shown in eq.(66). It 

involves an additional term which is the ratio /s a  of the scatter to absorption macroscopic 

cross sections. The value of the parameter x t=  used in equations (61) and (62) should then 

involve the total cross section t s a  = + . For the thermal region below ECd, the scattering 

cross section is so much smaller than the absorption cross section that the additional scatter 

term in eq.(66) has essentially no effect. For higher energies, the resonance region in particular, 

this is not the case. For gold the effect of the scatter term is to produce large variations for the 

self-shieling at energies above about 10 eV as shown in Figure 19.  

It is to be expected that the inclusion of scattering will change the foil activity. Scattering can 

increasing neutron path lengths in the foil, particularly for beam irradiation. This will increase 

the activity. Whether this should be reflected in an increased self-shielding factor, i.e. a reduced 

self-shielding correction is not clear. However, the large very narrow peaks in the self-shielding 

values shown in the figure are completely unrealistic. The reasons for their presence are not 

immediately obvious.  
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Figure 19. Self-shielding calculated with and without proposed scatter correction term. The data 

shown are for the energy region above ECd and a gold foil of thickness about 100 mg/cm2, similar to 

those used at NPL. The neutrons were incident as a beam, and a 1 mm cadmium cover was included. 

Figure 20 shows a small energy region where one of the peaks in the self-shielding values 

occurs. The cross sections s  and a  are plotted with the self-shielding factors. It is clear that 

the problem is not simply a case of the scatter cross section being larger than the absorption 

cross section. The effect depends critically on the relative values of s, and a and also on  

and hence the foil thickness.  
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Figure 20. Plot of the self-shielding over a narrow energy region where there are resonances in both 

the scatter and absorption cross sections. The data are for the same input parameters as in Figure 19. 

The scatter correction term was first introduced in a publication by Stewart and Zweifel(51) in 

1959, but no derivation is given. The papers of Lindstrom and Fleming and of Blaauw discuss 

this correction pointing out discrepancies of interpretation in previous papers concerning which 

cross sections to use, but both are quite specific in saying that the  value to be used when 

calculating  is the total value, i.e. the sum of the scatter and absorption cross sections. The 

data for with-scattering shown in Figure 19 and Figure 20 were calculated in this way.  
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If the scatter cross section s is removed from the calculation of , but retained in the ratio in 

eq.(66) many of the unrealistic positive spikes shown in Figure 19 are not present. This is 

illustrated in Figure 21 which shows data calculated in this way. This only highlights the fact 

that including scatter in the activation foil and using eq.(66) is likely to introduce problems for 

particular combinations of s, a; and . 
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Figure 21. Equivalent picture to Figure 19, with the macroscopic cross section set to a rather than t. 

Fortunately the effect on average self-shielding is relatively small because most of activation 

for energies above ECd is due to the region around the large first resonance at 4.9 eV where the 

fluence and the cross section are high, nevertheless because of the evident problem with 

including scattering in this way it was excluded from the THERMALS calculations of Gr 

although retained in the calculation of tG  . 

7.2.6 The correction W  and the term ( )0 / −r rf G s g W   

In the derivation of the expression in eq.(50) for RCd an explanation was given for the correction 

term W. It arises because the term s0/g which occurs in the numerator involves an integral over 

the whole 1/E spectrum, whereas the corresponding term in the denominator, which is for the 

activation under cadmium cover, only involves an integration over the region above the 

cadmium cut off. The correction factor W, which is subtracted from s0/g in the denominator, is 

the activation produced by neutrons in the region from kT to ECd. It is given, c.f. eq.(49), by: 
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The correction is small for gold where the cross section in this region does not deviate much 

from a 1/v shape, however the available data for W are very sparse. Walker et al.(10) give a value 

of 0.027 for gold assuming that the cross section between kT  and ECd is all due to the first 

resonance (c.f. a value of about 17 for s0/g). They also say W may be larger for other materials. 

De Corte et al.(52) in a paper which aimed to elucidate the Westcott convention as it is used in 

NAA, quotes a value of 0.055, while ASTM E262-17(53) gives 0.050. Both are for a quantity 

W   which is that of eq.(83), but without the 2 / ( )g   term. This has a value of 1.12 for gold. 

Although the value of W has a near negligible effect on nv0, the fact that available values are 

so varied prompted further investigation. 
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The term s0 was discussed in section 7.2.3, and calculations for it were performed with the 

program THERMALS. These involved an integration over the range from kT to the maximum 

energy of the spectrum, and the uncertainty introduced by uncertainty in the position and shape 

of the 1/E cut off at kT is small as demonstrated in the THERMALS calculations for different 

cut off functions. A calculation of W involves an integral from kT to ECd and, because it covers 

a much smaller range, is more sensitive to uncertainties at the two ends of the range. Also, 

because it depends on the value of ECd, it will vary with cadmium thickness, unlike s0/g which 

does not depend on the cadmium thickness, and is the same for a beam and an isotropic field. 

THERMALS was used to calculate W by performing the integral of eq.(83) taking an average 

of the values calculated with the four expressions for  described in section 7.2.3, and using 

ECd values derived for three different cadmium thicknesses. The values of ECd derived using 

eq.(39) increase as the cadmium thickness increases as the parameter K becomes larger. 

Increasing ECd increases the range of integration in eq.,(83) and hence the value of W.  

Results for W as a function of temperature are shown in Figure 22 for three cadmium 

thicknesses. Values calculated with THERMALS for a beam at the temperature of the NPL 

thermal column are 0.038 for 0.508 mm of cadmium, 0.047 for 1.016 mm of cadmium, and 

0.058 for 2.032 mm of cadmium. For a temperature typical of the NPL access hole, the figures 

for W in an isotropic field vary between 0.052 for a 0.508 mm cadmium cover, 0.065 for a 

1.016 mm cover, to 0.079 for a 2.032 mm cover. The variation with the temperature of the 

Maxwellian peak is slight. The values are similar to those of De Corte et al., and in ASTM 

E262-17. 

Figure 22. Values for Westcott convention correction factor W for a beam and an isotropic field for 

three cadmium thicknesses calculated using THERMALS assuming a fixed ECd value. 

The use of eq.(83) with a fixed value for ECd makes no allowance for the shape of the cadmium 

cut-off. An alternative approach to deriving ( )0 / −r rf G s g W  is to calculate it as a single entity. 

This can be illustrated by defining a quantity Sx based on eq.(49). 
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Here (E) and G(E) are the transmission through the cadmium cover and the self-shielding in 

the gold respectively at energy E. Depending on the settings for (E) and G(E) various Sx 

quantities can be calculated the index x indicating choices for (E) and G(E). For example: 
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S0  If (E) and G(E) are set to unity, i.e. no attenuation in the cadmium and no self-shielding, 

the integral gives s0/g. 

S1  If (E) is set to give the cadmium attenuation factor as defined in eqs (70) and (71) for a 

beam and an isotropic field respectively, and G(E) is set to the self-shielding factors as 

defined in eqs (61) and (62) for a beam and an isotopic field respectively, the integral 

will give frGr(s0/g-W) directly. Inclusion of (E) gives both the cadmium attenuation 

effect fr above ECd, and removes the contribution to the integral from neutrons below ECd. 

This approach has the advantage of using a realistic cut-off at ECd. 

S2  If (E) in the equation is replaced instead by the cadmium absorption (1-(E)), and self-

shielding factors G(E) are included, the integral gives a measure of the neutrons that have 

been excluded in calculating frGr(s0/g-W). Essentially another measure of W highlighting 

the fact that the cut-off at ECd is not sharp. 

The contributions to these three integrals are illustrated in Figure 23. The differences between 

frGr(s0/g-W) as derived from the integral S1 and the use of parameters for fr, Gr, s0, g, and W 

derived in this report are shown in Table 8. The two approaches are not identical, when calculating 

W on its own from eq.(83) for instance, the upper limit is a sharp cut off at ECd, which it is not the case 

in the alternative approach, and the values of the parameters derived in this report include information 

from sources other than THERMALS. However, the differences are not large and the effect of any 

uncertainty in this quantity when calculating R/(R-1) is very small.  
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Figure 23. Illustration of the contributions to the term frGr(s0/g-W). The data are for a 98 mg/cm2 gold 

foil in a beam with a 1 mm cadmium cover. The form of the cut off at kT was that for function 4. 

All the quantities are dimensionless. 

 

Table 8. Calculation of frGr(s0/g-W) term for 98.15 mg/cm2 foils covered in 1 mm of cadmium 

Neutron field 

frGr(s0/g-W) 

Difference From the integral to calculate 

S1 

From the parameters derived in 

this report 

Beam 6.442 6.68  0.15(2.3%) 3.5% 

Isotropic 4.396 4.49  0.21(4.7%) 2.1% 
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7.2.7 Summary of the uncertainty in 1−/ ( )R R  and hence 
0

nv   

The quantity R/(R-1) that occurs in the equation to derive nv0 from nthv0is given by: 
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R R

s s G
R f G W G

g K g K

  (85) 

Values were calculated using the data proposed for the various parameters in this report, and 

also with frGr(s0/g-W) set to S1. A value of 2.5% was assigned to the uncertainties in S1 based 

on the data in Table 8. The data are shown in Table 9. For RCd the activity values shown in the 

WESTCOTT program outputs in section 6 were used with uncertainties of 1% which is typical 

for NPL foil data. 

Table 9. Values for the ratio R/(R-1) for NPL thermal fields 

Neutron field 

R/(R-1) 

Using the integral to 

calculate S1 

Using the parameters 

derived in this report 
Weighted mean 

Beam 1.01080  0.00032 1.01042  0.00026 
1.01057  0.00019 

(0.019%) 

Isotropic 1.00314 0.00019 1.00309 0.00021 
1.00312 0.00014 

(0.014%) 

 

Two things are obvious from Table 9. Firstly the ratio R/(R-1) required to convert nthv0 to nv0 

is very close to one, differing from unity by only 1.1% and 0.31% for a beam and an isotropic 

field respectively. Secondly, despite all the uncertainties in the parameters used to calculate the 

ratios the uncertainties are extremely small. This is largely because R is relatively large. 

7.3 Uncertainties in the true thermal fluence thn v   

The values of 0.0253 eV for the energy E0, 2200 m s-1 for the velocity v0 at E0, and the 

temperature of 293.6 K for the temperature T0 of a room temperature (20.4°C) Maxwellian are 

considered as constants with no uncertainty assumed.  

Calculation of the true sub-cadmium fluence, ( )f th , from the Westcott fluences is covered in 

section 5. It involves multiplying the Maxwellian fluence and the 1/E fluence in the region 

below ECd by the ratio of the velocities in these two regions to the velocity v0, and then adding 

the two fluence components together – see eq.(59). The equations do not lend themselves to a 

simple derivation of the fluence uncertainties from the uncertainties in the various parameters 

in the equations. A review of the steps involved in calculating ( )f th does, however, allow the 

potentially important uncertainty components to be identified. They are: 

a) Statistical variations in 0/Cdv v  from repeat measurements of 0D  and 0 ( )D Cd .  

b) The uncertainty in the energy range for the 1/E component below ECd. 

c) The uncertainty in the effective temperature T. 

Since a knowledge of the true fluence value is only of importance for the NPL thermal column 

beam where calibrations in terms of this quantity are performed, only this field is considered 
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here and contributions to the uncertainty were estimated for a typical height in the column (1.5 

m) and typical pile temperature (21.4C). 

a) As part of the quality measures undertaken to ensure there is no variation in the thermal 

fluences delivered, repeat measurements are made with paired (bare and under cadmium) gold 

foils. From these historical data the variation in the measured 0/Cdv v  is very small, with 

standard deviations significantly less than  0.1 %. 

b) As outlined in this report, the appropriate energy range for the 1/E component below the 

cadmium cut-off is uncertain because of uncertainties in the lower energy limit at kT and also 

because of uncertainty in the value of ECd. In section 7.2.3 various forms for the cut-off at kT 

were outlined these being the four options 0, 1, 2, and 4. In routine derivations of the sub-

cadmium fluence at NPL a vertical line cut-off at kT is assumed, i.e. 0, and ECd is derived 

from eq.(77). To investigate the implications of the use of the 0 option THERMALS was used 

to calculate 0/Cdv v  for the four options assuming a fixed value for ECd. If only the 1/E 

component below ECd, is considered a fairly wide range of values are obtained for the 

differences in the ratios from the mean, but when the Maxwellian fluence is added the variation 

in 0/Cdv v is very small, being less than  0.1%. The data are shown in Figure 24. 
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Figure 24. Variation about the mean for the average velocity divided by v0 for different cut-off 

functions, 0, 1, 2, and 4, at the low energy end of the 1/E spectrum. Data are plotted for, a) just 

the 1/E part of the spectrum below a fixed ECd, b) the total spectrum below a fixed ECd, and c) the total 

spectrum as calculated using the cadmium transmission factor to derive the relevant spectrum. In all 

cases the data are plotted relative to the mean for that set.  

This approach makes no allowance for the uncertainty in the energy of the cut-off at ECd. To 

allow for this 0/Cdv v  was calculated using THERMALS after multiplying each bin in the 

spectrum by the appropriate cadmium transmission factor at that energy. This gives the relevant 

spectrum with a more gradual drop off at ECd. Calculations were performed for all four options 

for . The results were on average about 0.2% larger than those calculated for a fixed ECd, and 

the variation with the value of  was about  0.2% - see points c) in Figure 24. From these 

calculations an uncertainty of ~0.3% can be assigned to the component from uncertainty in the 

exact energy range for the 1/E component. 
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The uncertainty in the value of 0/Mv v  for the Maxwellian component can be calculated from 

eq.(53). Assuming an uncertainty of 11oC in T – see section 5 - this gives an uncertainty of 

1.7% in 0/Mv v . This is not the total sub-cadmium fluence, but varying T in the input to 

THERMALS gave a variation of 1.7% in 0/Cdv v , so this can be taken as a good estimate of 

the uncertainty in the sub-cadmium velocity ratio due to uncertainty in T. Because the other 

uncertainty components are small this dominates the total uncertainty – see Table 10. 

 

Table 10. Contributions to the uncertainty in the average velocity for the sub-cadmium 

fluence, and hence in ( )f th   

Source of uncertainty Contribution to uncertainty in 0/Cdv v  

Statistical variation of measured 0/Cdv v  <0.1% 

Energy range for 1/E fluence below ECd 0.3% 

Effective temperature of the Maxwellian 1.7% 

Total from addition in quadrature 1.7% 

 

Actual values for 0/Cdv v  in the thermal column depend on the value of kT and thus vary with 

height in the column and the actual temperature in the pile. Using data from repeat 

measurements with paired gold foils at various heights, and assuming different pile 

temperatures, 0/Cdv v  can vary from a minimum of about 1.17 at 2.0 m with a pile temperature 

of 5C below the typical NPL pile temperature of 21.4C, to a maximum of about 1.22 at 1.0 m 

with a pile temperature of 5C above 21.4C. 
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8 DOSE EQUIVALENT STANDARDS 

If the thermal column is used to calibrate devices in terms of dose equivalent quantities, not 

only is the ‘true’ fluence rate required, but also the fluence to dose equivalent conversion factor 

for the actual spectral distribution. Figure 25 shows a pure Maxwellian spectrum at 

kT = 25.3 meV, and also an estimate of the NPL thermal column sub-cadmium-cut-off 

spectrum, in both cases normalised to unit fluence. Note that when plotted as a fluence rate per 

unit logarithm of the energy, as in Figure 25, the peak of the spectrum occurs at 2kT rather than 

kT the peak energy in a linear plot.  
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Figure 25. A pure Maxwellian distribution with kT = 25.3 meV, a typical NPL thermal 

column sub-cadmium-cut-off spectrum, and the fluence to ambient dose equivalent, h*(10), 

and to personal dose equivalent, hp(10,0°), conversion coefficients in this energy region. 

Also shown in the figure are the fluence to ambient and personal dose equivalent conversion 

coefficients, h*(10) and hp(10, 0o), from reference (54). These are assumed by convention to 

be exact, i.e. to have zero uncertainties. The uncertainties in these quantities when used for 

thermal pile calibrations arise solely from uncertainties in the spectrum.  

The properties of the neutron field in the vertical thermal column change slightly with height. 

Table 11 shows values for the parameters describing the field. They were derived from repeat 

measurements with pairs of bare and cadmium covered gold foils at three heights in the column, 

1.0 m, 1.5 m, and 2.0 m. From Westcott analyses of these data the average ratio 1/ /E mn n , of 

the 1/E number density below the cadmium cut-off, 1/ En , to the total Maxwellian number 

density, Mn , were calculated. From these values of − mT T , the difference between the effective 

temperature of the Maxwellian distribution and the physical temperature of the graphite pile, 

were derived using eq.(52). 
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Table 11. Values for the parameters 1/ /E Mn n , T-TM, T, and kT for the three most commonly used 

heights in the NPL thermal column. 

Height in 

column 1/ /E mn n  T-TM (C) 
T for 

TM = 21.4C 
kT (eV) 

1.0 m 0.02978  0.00022 28.08  0.19 323  11 0.02780  0.00095 

1.5 m 0.02400  0.00028 22.74  0.25 317  11 0.02734  0.00095 

2.0 m 0.01964  0.00040 18.57  0.22 313  11 0.02698  0.00095 

 

The uncertainties shown in the second and third columns of the table are just those from the 

spread of the measured values. They highlight the variation from measurement to 

measurement, but are unrealistic for the true uncertainty in MT T−  because the parameter C 

used in deriving this quantity from 1/ /E Mn n  using eq. (52) has a 50% uncertainty. This is 

reflected in the uncertainty in T shown in the fourth column, c.f. section 5. 

The fluence to dose equivalent conversion coefficients can be averaged over these spectra, and 

this was done with the program THERMALS. The values vary with kT, and thus with height, 

although the variations are only small over the range of kT values, roughly 0.0278 eV to 

0.0270 eV between the 1.0 m and 2.0 m heights in the column. The variation in the coefficients 

over this range is slightly different for the different dose equivalent quantities, but is in the 

range for 0.4% to 0.7%. Changing kT by the uncertainty of 11 K in T changes the averaged 

conversion coefficients by less than 0.5%. 

The variation of the conversion coefficients, h, with height, x, were not quite linear so were 

fitted to a polynomial 2h a bx cx= + +  and the data are shown in Table 12. 

Table 12. Variation of spectrum averaged dose equivalent conversion coefficients, in pSvcm2, with 

height in the column1. 

Conversion 

coefficient 

Height in column 
Parameters for variations of conversion 

coefficients with height in the column 

1.0 m 1.5 m 2.0 m a b c 

h*(10) 11.570 11.530 11.499 11.678 0.1275 0.0190 

hp(10,0) 11.874 11.844 11.821 11.957 0.0980 0.0150 

hp(10,30) 9.597 9.569 9.548 9.676 0.0932 0.0146 

hp(10,60) 4.312 4.295 4.283 4.3573 0.05423 0.00855 

 

Because T depends on the actual physical temperature, Tm, of the graphite pile the conversion 

coefficients also change slightly with temperature, increasing as the pile temperature increases. 

Coefficient values calculated using the TERMALS program for temperatures ranging from 5C 

below to 5C above a value of 21.4C (taken as a typical NPL pile temperature) are shown in 

Table 13. The variation is linear over the small range of temperatures expected in the thermal 

pile, and the data were fitted to a straight line h a bT= + .  

The variations for both height and temperature are illustrated in Figure 26 for hp(10,0) the 

conversion coefficient for personal dose equivalent for 0 incidence. 

 

1 All values in the tables in this report are for a deuteron bombarding energy of 3.0 MeV. 
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Figure 26. Variation of fluence to dose equivalent conversion coefficients hp(10,0) with height in the 

thermal column and with the temperature of the pile. Note that the x-axis for the variation with height 

is on the top, and that for the variation with temperature is on the bottom. 

Table 13. Variation of spectrum averaged conversion coefficients with temperature at the three 

standard heights in the NPL thermal column 

 Spectrum averaged conversion coefficients   

Dose 

quantity 

(T-5)  
T for 

TM = 21.4C 
(T+5)  Linear fit parameters 

317.6 (K) 322.6 (K) 327.6 (K) a b 

Height in the column = 1.0 m 

h*(10) 11.546 11.570 11.593 10.069 0.004650 

hp(10,0) 11.858 11.874 11.889 10.857 0.003150 

hp(10,30) 9.583 9.597 9.612 8.651 0.002932 

hp(10,60) 4.303 4.312 4.320 3.774 0.001665 

Height in the column = 1.5 m 

h*(10) 11.505 11.530 11.553 10.006 0.004800 

hp(10,0) 11.827 11.844 11.860 10.812 0.003250 

hp(10,30) 9.554 9.569 9.584 8.6185 0.002995 

hp(10,60) 4.287 4.295 4.304 3.7557 0.001700 

Height in the column = 2.0 m 

h*(10) 11.474 11.499 11.524 9.9568 0.004928 

hp(10,0) 11.804 11.821 11.837 10.7950 0.003275 

hp(10,30) 9.533 9.548 9.563 8.5936 0.003048 

hp(10,60) 4.274 4.283 4.292 3.7413 0.001730 
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Corrections for these variations are small, but are easily performed, and are included in the 

analysis routines used at NPL. 

It is interesting to compare the values in the tables with those for monoenergetic neutrons at 

0.0253 eV and the spectrum averaged value for a pure Maxwellian at kT = 0.0253 eV.  

 

*(10)h  at a point energy of 0.0253 eV = 10.6 pSv cm2 

Spectrum averaged *(10)h  for a pure Maxwellian at kT = 0.0253 eV = 11.34 pSv cm2, 

Spectrum averaged h*(10) for 1.5 m in column at 21.4C = 11.53  pSv cm2. 

 

)0,10( 
ph  at a point energy of 0.0253 eV  = 11.4 pSv cm2, 

Spectrum averaged (10,0 )ph 
 for a pure Maxwellian at kT = 0.0253 eV = 11.70 pSv cm2, 

Spectrum averaged )0,10( 
ph  for 1.5 m in column at 21.4C = 11.84 pSv cm2. 

 

From the above data, the uncertainty in the conversion coefficients introduced by the fact that 

the thermal spectrum is not simply a Maxwellian at 293.6 K is not large. Use of the value at 

0.0253 eV would underestimate the coefficient. Changing the temperature by 11oC, the 

estimated uncertainty in T-TM, changes the calculated spectrum averaged conversion 

coefficients by at most 0.5%. Changing the measured epithermal fraction in the sub-cadmium 

region from its typical value of about 3% to a value of 2% changes the coefficients by less than 

0.2%. These are the parameters which have the biggest effect on the spectrum. From these 

arguments the uncertainty in the conversion coefficients is of the order of 0.5%. However, this 

assumes that the spectrum can be described adequately as a Maxwellian peak and 1/E 

component. Making allowance for the fact that this assumption may not be completely correct, 

an uncertainty estimate of 1% is assigned to the spectrum averaged conversion coefficients. 
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9 CONCLUSIONS 

Thermal fluences are commonly measured, using the activation of gold foils, one bare and one 

under a cadmium cover, and are quoted using the Westcott convention with very low 

uncertainties, of the order of 0.5% for the sub-cadmium-cut-off fluence. Because of 

uncertainties in the spectra in thermal neutron irradiation facilities a Westcott analysis involves 

making assumptions and approximations which may not always be valid. This results in 

uncertainties in the quoted fluences which are hard to quantify. This report investigates and 

draws conclusions about the parameters used and the implications of some of the assumptions 

in a Westcott analysis and the effects on the quoted uncertainties. It attempts to draw together 

information on how the Westcott convention should be implemented from a number of papers 

that were published as the subject developed.  

The Westcott fluences are not, however, the fluences required when calibrating neutron 

sensitive devices used in radiation protection. The ‘true’ sub-cadmium-cut-off fluence, which 

is quoted on NPL certificates along with the Westcott value, is derived by multiplying the 

Westcott fluence by a correction factor. For the NPL thermal column the value of this 

correction factor is about 1.2, the precise value depending on height in the column and the pile 

temperature, and has an uncertainty estimated as 1.7%. 

In order to convert the true fluence to dose equivalent values spectrum averaged fluence to 

dose equivalent conversion coefficients need to be applied. The values to be used are given in 

section 8. The uncertainty in these spectrum averaged coefficients is estimated to be 1%, and 

is small because the coefficients do not change rapidly with neutron energy over the thermal 

region. 

The largest uncertainty in deriving the true fluence form the Westcott fluence stems from the 

uncertainty in the effective temperature T for the Maxwellian spectrum. This has been 

determined from a relationship between the ratio 1/ /E Mn n  of neutron densities and the 

temperature. This relationship involves a parameter C which is only known to about 50% - see 

section 5. Two other approaches are possible, a) calculation of the spectrum using neutron 

transport codes, b) measurement with an isotope with a low energy resonance. 

a) The calculational approach requires a reliable model of the facility. By fitting the calculated 

spectrum to a Maxwellian, shape with the temperature a variable parameter, the temperature 

can in principle be derived(55). The NPL thermal pile is, however, a complex structure and 

difficult to model accurately, and the ‘start spectrum’ for the calculations, that for neutrons 

from the two beryllium targets is not well known. 

b) The activation of a material with a resonance in the low energy region close to the 

Maxwellian peak is sensitive to the effective temperature(9). A good example of such a material 

is 176Lu which has a resonance at 0.142 eV. Unfortunately, the cross section for 176Lu(n,) and 

the decay scheme of 177Lu are not sufficiently well known, and the approach has to be a relative 

measurement requiring a reference field of known temperature. Measurements can also be 

performed using a comparative approach involving 176Lu and a 1/v detector and the k0 neutron 

activation analysis approach(56). The factor k0 is a calculated value that allows activation in 

different materials to be compared, but still relies on good nuclear data. 

A second determination of the temperature would provide more confidence in the true fluence 

values, and hopefully smaller uncertainties. 

The applicability of the Westcott convention to the NPL thermal facility is an issue that has not 

tended to be questioned. Westcott(13) quotes a general “safe limit” of T/TM < 1.07. For the 

access hole this is easily satisfied. For the column T/TM varies from 1.10 at 1.0 m to 1.06 at 
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2.0 m. The conditions might thus be thought to be close to the limit, however, Westcott also 

writes, “for graphite moderation, T/TM is enhanced by crystal forces and may rise to ~1.25 

before the g + rs system ceases to be a good approximation.” 

The assumption has been made in this report that the intensity of the neutron fluence in the 

energy region between the Maxwellian thermal distribution and the energy region of the fast 

neutrons entering the moderator has a 1/E energy dependence. This dependence is caused by 

the nature of the slowing down process. In this region the macroscopic scattering cross section 

Σs(E) varies very little with energy. The elastic scattering removes a constant fraction of the 

neutron energy per collision, independent of energy, resulting in larger energy losses per 

collision at higher energies than at lower energies. For a good moderator this results in a 1/E 

dependence of the fluence. However, this is not guaranteed and other options for example a 

1/E1+ dependence have investigated(57). The precise shape of the spectrum in the epithermal 

region is an issue when investigating resonance integrals, but probably not for estimating sub-

cadmium fluences. 
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