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ABSTRACT

. The behaviour of fast moncenergetic neutron pulses in the 1 to 3
MeV range in iron (Fe56), a typical medium weight, non-multiplying
nucleus, has been investigated. The 6 MeV/5 Mc/s Van de Graaff at
A.M.R.E., Aldermaston, was used to gencrate bursts of 4 ><'10h9 s mono-

3

energetic neutron pulses by the T(p,n) He” reaction, the pulses being
collimated and injected into iron blocks. An attempt was made to
measure the decay spectra of the leaking neutrons by employing a fast
scintillation counter and nanosecond time-of-flight electronics with
energy gating applied.

The decay constant, if it exists, is a function of the assembly
size and the non-elastic cross-section. This dependence is explicit
in the analytical solution (expansion method) of the one-velocity,
time dependent Boltzmann transport equation and is implicit in the
numerical solution (Discrete Ordinates Method) through solving for the
neutron fluxes. The latter method has been modified to calculate
decays in non-multiplying media.

The experimental results have been compared with theoretical pre-
dictions. Sets of point non-elastic cross-section data for iron have
been checked and the sensitivity of the dependence was tested by
changing the data by fixed percentages whilst keeping the total cross-
sections constant. Two primary neutron energies werekselected at

1.285 and 2.427 MeV and two sizes of 12/ x 12" x 12' and 15 x 15"

x 18" were employed.
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o(r,E,t)

LIST OF SYMBOLS

angular flux of neutrons at point r in unit
energy interval at E travelling within unit solid
angle about the direction Q and crossing unit
arca normal to £ in unit time at t.

IQ $(r,2,E,t)d2 is the scalar flux of neutrons

in unit volume at point r in u;it energy inter-

val at E and at time t.

source of neutrons at point r in unit solid angle

. about @ in unit energy interval at F per unit

time t.
differential scattering cross-section.

. . . -1
macroscopic total scattering cross section (cm ).

. . . -1
macroscopic absorptlon cross—section (cm ).

. . . -1
macroscopic non-elastic cross~section (cm 7).

. . -1
macroscopic total cross-section (cm ).

macroscopic fission cross-section.

. ) 1
neutron time decay constant (sec 7).

Note:-  Macroscopic cross-sections in the DSN Method are designated

by ¢ to avoid confusion with the summation sign I.

Other symbols are defined as they occur in the text.



CHAPTER 1

INTRODUCT 10N

A basic aim in reactor physics research is to improve our knowledge
of fundamental nuclear data by studying the behaviour, both static and
kinetic, of neutrons over a wide range of energies jn media typical of
reactors. Under limiting conditions certain parameters are identifi-
able from such studies ang from these parameters nu;]ear data may be
measured or checked by comparison with theoreticél predictionsf Con-
versely if the data are known to a high degree of accuracy methods of_ca]—
culation may be tested. In particuiar a kinetic experiment using a
pulsed neutron source offers a means of determining the fundamenta]
time decay constant (if it exists) which is characteristic of the neu-
tron spectrum in a given medium. This parameter is a function of the
non-elastic cross-section and thérefore enables one to test sets of
data by employing reasonably reliable theoretical calculations. This
is in fact the'undér]ying principle of the present project.

The application of the pulsed neutron techﬁique to thermal gystems,
multiplying or not, is well known and both the theoretical and experi-
mental aspects have been treated in the Brookhaven Conference on Neutron
Thermalization (1962). However it is only in recent years that the
technique has been extended to intermediate (keV) and fast (MeV) systems
and the trend will probably continué in view of the increasing interest
in fast reactors and the avai]ab}lity of intense nanosecond pulse gen-
erators such as the Van de Graaff. Excellent reviews of the applica-
tion of fast pulsed neutrons to multiplying and non-multipfying media
have been presented by Storrer and Beckurts in the Symposium on Pulsed

Neutron Research held at Karlsruhe in 1965.



Consider the injection of a burst of neutrons into a bare asscmbly.
It is arbitrary in spatial and spectral distributions and is a delta
function in time. Initially excited spatial and spectral transients
will obscure any interpretation of neutron behaviour. - |, however,
after a time the neutron population as a whole is fognd to decrease,
through absorption and leakage, with a single dominant decay constant
then we say that a discrete fundamental eigenvalue éxists for that
system. This exponential die-away will be in the nanosecond range for
fast neutrons of 1 to 3 MeV as opposed to the millisecond range for
thermal neutrons. In a thermal system with an established Maxwellian
spectrum and a unique buckling (implying space and energy separability)
an asymptotic mode persists, and, provided the thermalization timé is
shorter than the decay, can be measured. Unfortunately there is no
such guarantee in a fast system where upscattering is absent since'
practically no neutrons will reach thermal energies. A feedback from
low to high energies is effected only through fissions. Moreover,
although the scattering mechanism (free atoms model) is much simpler
than that in the thermal case, the fact that neutron reactions take
place over a wide range of energies in which the collision Fates may
vary by orders of magnitude tends to complicate the problem. Thus it
is argued that only in a multiplying system, and even then not too
far below criticality, can a discrete eigenvalue be identified.

Generally, it is not meaningful to talk of a discrete eigenvafue
in a fast non-multiplying medium because, without upscattering, the
whole energy spectrum is continuously softened by the slowing down pro-
cess so that an equilibrium spectrum is not attained. Each energy
group will decay with its own characteristic constant giving rise to
a continuum of eigenvalues. Consider, however, the case where the

primary neutron pulse  is fast and monoenergetic and the assembly is a



slab of under-moderating material, Under such limiting conditions there
will be neutrons with the mean injection energy En leaking out of the
system at a rate characteristic of the neutron population having encrgy
E_ - Associated with E, will be a width AE which is further broadened
by clastic moderation inside the assembly, the broadening increasing as
the material becomes more moderating. If we regard the neutrons as
monoecnerge!ic within the confine of AEn then solution of the one-velocity
time dependent Boltzmann transport equation (as sho;n by Nelkin) predicts
the existence of a quasi-asymptotic decay constant. By performing an
experiment in this spirit with the chosen neutron detector biased not to
count those neutrons which have lost energy below a preset level it may
be possible to determine a well-defined decay éonstant from the leakage
spectrum measured. There will be no initial spectral transients al-
though spatial ones will be present. Should a spatial mode be esta-
blished before slowing down to another lower energy group occurs then a
discrete eigenvalue is assured. It is the intention of the author to
apply the above argument and attempt to measure decay constants for fast
monoenergetic neutrons from | to 3 MeV in various iron blocks.

Beghian and co-workers at the Massachusetts Institute of Technology
have conducted pulsed experiments on assemblies of bismuth, lead, natural
uranium and iron using source neutron energies between 0.74 and 1.52
MeV. A Van de Graaff generator was used to produce monoenergetic neu-
tron pulses (about 3 x 10°% s long at a repetition rate of 8Mc/s) through
the Li7(p,n) Be’ reaction. | Detection was by a scintillation counter
with a 1" diameter by 1" thick plastic phosphor and analysis was by nano-
second time-of-flight electronics,'the resolution being about 4 ns. For
iron measurements were made at 0.74, 0.93, 1.04, 1.15, 1.27, 1.39 and
1.52 MeV. Typical assembly sizes ranged from 12'' x 12" x 12" to 18"

x 18" x 18", In all cases definite decay periods from é to 30 ns were



reported to have been obtained when certain energy gatings were applied.

The decays were then fitted to the expansion formula
A = v I+ vDB2Z+CB" A+ ... 1.1
ne g g .

where the symbols have their usual mean}ng. The non-elastic cross-
section was determined by an iterative procedure using the above équa-
tion and an initial guess value. The method of fitting was claimed to
be good in spite of the fa:t that only 4 bucklings Qere used. € was
regarded purely as a curve fittiné constant. The error was around 15%
attributed mainly to uncertainties in the total cross-section (ET) and
the average cosine of scattering (uo) used. Somewhat similar measure-
ments were later made by d'Oultremont et al. in Belgium on carbon,
copper and iron at energies of 0.67, 0.87, 1.1 and 1.4 HeV. P, and
Monte-Carlo calculations were adopted to interpref the results which
. were not analysed on a monoenergetic basis. Moreover it was stressed
that the objective was a feasibility study and was therefore not
"biased" to determine decay constants. The conclusion was that if
moderating effects were weak the neutron density appeared to décay ex-
pongntja]]y. Small wonder then that a lively discussion developed
be tween Beghian and d'Oultremont in the Symposium on Pulsed Neutron
‘Research! In Japan, Hiraoka et al. pulsed lead and natural uranium
cubes and decay curves have been measured for neutron energies in the
ranges 0.8 - 1.2 MeV, 2.5 - 3.5 MeV and 4.5 - 5.8 MeV. It would seem
that they did not adopt a one~velocity model in their calculaticns
which were not very clear anyway because their theoretical analysis was
still in progress at that time.

For the present work iron has beén chosen as the medium for two

reasons. Firstly it is a medium weight nucleus in which neutron energy
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degradation by elastic moderation bccomes somewhat significant and it
will be interesting to see whether an asymptotic decay can be measurcd
in the presence of this moderating effect. Secondly the non-elastic
cross-section of iron exhibits many narrow resonances separated by tens
of keV only; it is desirable to find out to what extent the neutron
energy resolution AEn can take into account the resonancc widths. The
method of detection is a plastic phosphor-photomultiplier combination.
This detector has a very good time resolution, fair}y good energy reso-
lution and is quite sensitive to fast neutrons. The outputs can be
fed direct to the fast nanosecond time-of=-flight electronic system for
the decay spectrum analysis. A suitable Van de Graaff will be used

to yield neutrons via the T(p,n) He3 reaction. The usual theoretical
procedure of evaluating the decay coﬁstant is to fit it to the expansion
expression (equation 1.1) using a method of least squares. In cases
where measurements can be made with only a few bucklings least squares
fitting would be impracticable. Instead Zne and D are taken and com-
puted from a set of data and used to calculate 2. The constant C can
be shown to have a theoretical value (see Chapter 2) although experi-
mentalists tend to regard it as a fitting constant. An alternative
method which does not depend on expansion is the numerical solution of
the time-dependent Boltzmann transport equation. A typical method is
the Discrete Ordinates Method (DSN) originally due to Carlson and will
be adopted by the author because of its recursive algorithms which are
appropriate for calculation on a fast computer. This method has a dis-
tinct advantage over diffusion theory in that it does not assume &
buckling (extrapolated distance) in the direction of neutron flow which
is to be solved. The spatial flux shape is determined solely by con-
vergence of the iterative procedure. The decay constant is fed in as

an eigenvalue which is encouraged to converge &s calculation proceeds.



Existing DSN computer codes do not make a proviso for time cigenvalue
determination in the case of non-multiplying media, i.e. a fission
source is always assumed whenever a homogeneous problem is to be solved.
The method will therefore be modified to perform an eigenvaluc deter-

mination in a non-multiplying medium which is the case in hand.



CHAPTER 2

THEORETICAL DETERMINATION OF THE TIME DECAY CONSTANT

In this chapter the Boltzmann Transport Equation éxpressing neutron
balance is solved under various simplifying assumptions and, assuming
that a discrete time decay constant does exist the latter is obtained
both analytically and numerically. The analytical approach has been
vigorously examined by Nelkin and his method as applied to the problem
in hand will be derived and discussed, For the numerical solution the
method of Discrete Ordinates (DSN) origina]]y due to Carlson has been
adopted and it will be showr how the method has been modified to deter-
mine the time eigenvalue in the case of neutron decay in a non-multiply-

ing medium,

- 2.1 FORMULATION OF THE PROBLEM

The behaviour of neutrons in a given system is governed by the

Boltzmann Transport Equation which is given as

I |
5 3% = -lg.v e+ s (nE)]e + S [3 (000, E'5E)

+X£%) vig(r,E')] ¢! dE'da' + S(r,Q.E,t) 2.1

£ (r,E) = fE.fQ, ZS(_r_,Q—*Q',E—>E') dE'dQ’

Fission is assumed to be an isotropic process. Equation 2.1

mereiy states that the rate of change of neutron density is equal to



gains from sources less the losses due to leakage and collisions.
Consider now the injection of a pulse of fast neutrons into a non-
mulliplying medium. At time t = 0 therec will be a delta source but at

t > 0, we have the equation

13
v at

[ ooV (Bl = s (2 (r,2'0,E0E)

x ¢' dE'd¢'] 2.2

Other sources are assumed to be absent.

In general the neutron flux will be a non-separable function of
position and energy. I f, however, the time variable is regarded as
separable, then the following series

-At

$(r,2,E,t) = £ Ag¢ (r.g,E) e © 2.3
n

is a general solution of 2.2. The'kn are the eigenvalues and the
¢n the corresponding eigenfunctions. The coefficients An can be de-
termined from the boundary conditions which may be specified at some
particular time. |

At t >> 0 the behaviour of ¢(£JQJE,t) will be described by one

dominant eigenvalue A, and the corresponding eigenfunction ¢N(£323E)'

N
The coefficient AN has been incorporated into ¢N. Hence we have
Ayt
¢(£,Q_)E’t) = ¢N(La_s_2_rE) c t>>0 ’ 2.4
Ay iAnImin is known as the fundamental time decay constant and is

to be determined.
Substitution of 2.4 into 2.2 and dropping the subscript N, we
get

[2.v + 2 (r,E) = a/vls(r,Q,E)

= Jodor T (0, 0'90,EE) 4 (r,0" ,EY) dE'dR! 2.5



-1
A/v has the dimension of macroscopic cross-section (cm ) and as such

can be regarded as a '"'time absorption' cross-section. Solution of 2.5
will yicld Xx. The directional derivative term 2.V expresses neutron
leakage and its form depends on the co-ordinate system used. In order
to simplify the problem we shall consider its form in one—diﬁensiona]

geometry only.

2.2 CO-ORDINATE SYSTEMS

Consider a small distance ds along the direction Q. Then, by de-

finition (Wigner)
q.vp = 9 | 2.6

For the case of plane geometry (Fig. 2.2) the angular flux distri-
bution depends on one spatial co-ordinate x and is symmetrical for rota-
tion around the x axis. With p defined as the cosine of the angle

between Q and the x axis, we have
- 4 - .4
AR 2.7

In spherically symmetric geometry the flux distribution has a com-
ponent along the radius vector r and one along the u direction, the

latter representing flux distribution in curved space. Hence

£.v = 5 ds  or 3s  op

With reference to Fig. 2.3 we have

dr = cos 9 ds and -rds = sin & ds,
the negative sign indicating that 6 decreases as ds increases along Q.

Thus
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FIGURE 2,3 SPHERICAL CO~-DRDINATES
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FIGURE 2.4 CYLINDRICAL CO-ORDINATES




FIGURE 2,5 SO0LID ANGLE REPRESENTATION FOR PLANE AND SPHERE
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FIGURE 2.6 SOLID ANGLE REPRESENTATION FOR CYLINDER




r(~sin0 do) = sin®0 ds
du 1o
ds r
so that
- (1-p?) »
& \Y = | 5F + '—-'—r—'— on 2.8

For a cylindrically symmetric system, infinite fn the axial (z)
direction the angular flux will depend on two angular coordinates (w,0)
and on the radius vector r. 6 is the angle between the projection of
£ on to the horizontal plane section of the cylinder and the radius vec-
tor r; w is the angle between § and the vertical axis. From Fig 2.4

we see that

sin?w (ds)? (dr)2 + (rde)?

dr = sin w cosf ds
-rdd0 = sin w sind ds
with n = sinw and p = cosb
%g' = nu and %%— = -1 _l%Ei
since : a.v = %£~ %F- + gg- %E
we get
2.9 = nfu %; - ﬂ—;y_z %e—} 2.9

Although only one-dimensional geometry has been treated, a correc-
tion to finite dimensions in the case of slabs and cylinders can be made
in the numerical solution of the transport equation. This is the so-
called "Buckling Absorption' and will be discussed later on. We shall

now consider the determination of X from
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2.3 THE SIMPLE ANALYTICAL NAPPROACH

The basic procedure is to solve the Fourier Transformed Transport
Equation frem an infinite nen-mulitplying homogeneous medium with a

Cos Bx solution and express A as an infinite series in the square of the

Fourier transform variable B. In slab geometry equation 2.5 becomes
[ui— + T = Av] ¢(x,u,E)
dx T ==
27 +1
= f [ f zs(n'+n,s'+ﬁ)¢(_>5,u,s') dE' dq' 2.10
E' o -1 -

In order to illustrate the method, isotropic scattering will be
assumed and a correction for first order anisotropy then applied. A
fuller anisotropic treatment of the scattering cross-sections will be

dealt with in a later section. Equation 2.10 is now given as

S+ 5= av] ek, E)

+1
= = [ f v (E'-E)¢(x,n, E') dE' dy 2.11
E' -1 SO

The important question of whether space and energy vartables can
be assumed to be separable now arises. In the case under considera-
tion this assumption will hold. If it is also valid for a finite
assembly (viz. the fluxes of all energies vanish at the same extrapolated
end point) then a unique buckling B2 can be ascribed to that system.
This concept is shown to be valid by Williams provided an asymptotic
energy spectrum is well established.

For the case of monoenergetic neutrons this question does not arise
and since the experiment is based on a one velocity treatment we shall

no longer consider energy dependence. We define the Fourier transform

$(B,n) as
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o]

o) =S alxu) e B gx 2.12

-

Hultiplying 2.11 by e"IBx and integrating over x, the first term on the

L.H.S. yields

e ] -iBx -iBx hee
I owsy $(x,p) e dx = [u¢(x,u) e 1 .
+oo -iB
ciBu S o (xu) e % dx - 2.13
Since ¢(fw,u) = (0, the first term on the R.H.S. vanishes and the trans-
form of 2.11 is
Zso +1
[z, - v+ iBule(B,u) = —— /  ¢(B,u) du 2.14

-

The R.H.S. (integrated over p) is independent of p and so we can put

- ¢(B)
¢(B’U) = [ZT -.X/V T in] | 2.]5

where ¢(B) is a function of B only.

Substituting (2.15) back into (2.14) gives

+1

Z
_ SO dyu
¢(B) = - ¢(B) f_] 5+ 5,1 2.16

with g = 5o - a/v Hldb = o+ 5 - a/v e dfes

In general ¢(B) # 0 and therefore

I

SO B + iB
3B [B — 'B] 1 2,17
g + iB _
Let l [B - IB] - 9
2_ 2 . .
then ge- B2 , _2iBB  _ e'(ze)

R2+ B2 g2 + B2



BZ-B?.
i.e. cos 20 = ——— and sin 20
B2+B2
. . -1 . .
giving 0 = tan [B/B] which is real.
. . 1 - B
Define a function f(B,A) = g tan [EJ
-l.B B 1,8 1,8
Si — = _._....__.._3.{.____5
ince tan [B] A 3(8) S(B)

238

B2+82

we see that f(B,A) is an even function of B and the expansion is in

22

terms of Bz.. X is also expanded in terms of B2, both expansions being

carried out simultaneously. Nelkin expands X as

o, . (i8)?]

>
1]
N o~ 8

j=0 %

Equation 2.17 now becomes

1
f(B,x so

The lowest order expansion of 2.20 is

: + - -
[Za Zso Ao/v] %50

so that ) = v
(o] a

The expansion up to terms in B2 is

B
1,B,2
| - == + ...
0 - 20 !
A D
where 8 is now % + 5§ - —=- -2 32
a sO Vv v

Equation 2.22 can be written as

A + D B2 - CBY + FB® + ..,
0 (o]

2.20

2,21

2.22



Do 1
- .9 p2 -y =
[ o v B2] B2 Do Lso 0
1 - ()~:—vZ B? + ... )
3r 2 50
50
which becomes
[z --282] (1+—— +...} -3 =0
so Vv - so
3r
=To)
DO i 2
This leaves [;—- " 3 ] 84 = 0
S0
so that
Do 1
— 22 = 7
\Y 3z D 2.23
50
where D is known as the Diffusion Coefficient.
Continuing the expansion up to terms in B", equation 2.20 becomes
’ -3 = 0 2.24
D-1&2 Ly - e '
38 58
, D C
with B = 3 = —2 B2 4+ =ph
SOV v
This gives
2 . D -2 Y D -
g/ [1 - B {1—72—9—32+...} + B {1-V° 32+---}”]
3z 2 SO 5r % S0
SO SO
-5 =0
S0
which becomes
_ 2 2D -1
B{I-Bz+(] - 03)8‘*} ~f,, =0
N
32so sto 3vzso

Substituting for B8,
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D ) 2D
(>,SO~-VEB2 +-5-B‘*){l+ L B — ) BY + L} - =0
2 295 3 i
32so NS I*sto
D D
1 0 1 4 o c
(- 2] 8 - [ (e - D - G = o
By VY 37 2 ])Lso v v
so
Therefore
c IR U N
v 3z 2 I5):so 3250 4oy 3
so 5o
whence cC = - Y 2.25

3
hszso

The decay constant is therefore analytically expanded as
A = vi_+ vDBZ + CBY + ... ‘ 2.26
i : a g .9

where B2 is now identified with the geometrical buckling Bg of a finite
system. A is expressed explicitly in terms of neutron velocity, the
absorption cross-section and the buckling. No flux determination is

necessary. The buckling for a rectangular system is as usual

)2] ' 2.27

. where the a; are the dimensions and the extrapolated distance Next is
given as

gy = 0.710k A 2.28

2.4 CORRECTION FOR FIRST ORDER AN{SOTROPY

The assumption that scattering is isotropic in the laboratory

system is generally not valid as there will be a preferential scattering



of the necutrons in the forward direction. The usual first order coi=
rection for this anisotropic is made by replacing the elastic scatter-

ing cross~section by an elastic transport cross-section defined as

9% tr = Yo (- “o) 2.23

where E; = ¢cos0 is the average cosine of the scattering angle per

collision and given as (Yiftah et al.)

2.30

The differential scattering cross-section o{(u) has been expressed as

an expansion in a series of Legendre polynomials

o 0
t
o (u) — T wP (n) 2.31
Ly =0 [

I

so that to first order

w]/3

=
(o]

The coefficient w, has been measured experimentally at specific ener-
gies and from these plots E; is obtained. It is to be noted that the
non-elastic removals are considered to be isotropic.

A better expression for the diffusion coefficient is given by

Glasstone and Edlund as

llza X u

| a o)
p = A S B R R B
EPMAET > rp Iy Imw 232
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2.5 THE METHOD OF DISCRETE ORDINATES (DSH)

The Method of Discrete Ordinates duc to Carison offers a useful
numerical solution to the intcgro-differential Boltzmann transport equa-
tion (2.5) on a fast computer because of the iterative nature of its
algorithms. In this method the energy dependence of the neutron flux
is divided in 16 distinct groups (multigroup representation) of width
AEg, g=1 to IG with g =1 the largest energy group. The group aver-
age of ¢(r,0,E) is defined as ¢g(£3Q’E) and the group angular flux of

neutrons in AEg is defined as

Ng(_r_,g) = »¢g(g,g) A 2.33

The spatial r dependence is represented by JM intervals with Ji+] space
points and distance from the origin is therefeore given by Ij’ j=1rto

JMET. The surface area at rj is denoted by Aj and the volume bounded

is VT (TABLE 2.1).

by rj and rj+]

GEOMETRY COORDINATE r AREA VOLUME

Plane X XJ 1 xj+] - xj

Cylinder r r; ZW% _ ”(ﬁfl"j”

Sphere r ] hﬂrj hn(rji] - rj3)/3
TABLE 2.1. ONE DIMENSIONAL GEOMETRIC REPRESENTATIONS

To represent the directional coordinate Q;(Figs 2.2, 2.3, é.h) dis-
crete directions Qm’ m= 1 to NN, are chosen and associated with each
direction is a solid angle w,- The (r,2) representations from a mesh
of JM.N (N = NN-1) “cells', (Figure 2.7) each cell being bounded by

two spatial coordinate edges rj and r and by two '"angular edges"

j+i

which are in fact the boundaries of the solid angles (Figs 2.5, 2.6).
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In order to illustrate clearly the discrete form of the Boltzmann
equation we shall have nced to deal with local averages of the angular
flux ”9(529)' These '"locals' arc defined as certain weighted averages
of N over the faces and interior of a (IJ_) cell (Fig. 2.8). If a cell
is solved (i.c. the right fluxes and neutron balance obtained) then a
summation over the mesh gives the overall solution. ~ Firstly, the flux
in the centre of the cell is averaged over the volume Vj and the solid

angle W is defined as

N == = [ J
a,j,m = o Ng(L,_) ds dV/VJ. W 2.34

The average over the area Aj at rj and over Wy is

N . — = J [ N (r,0) do dA/A- 2.35
g,j,m A g\t T

and that over A at is similarly defined. The aver-

1 Fi+1 Ng,j+1,E

age over the cell between rj and r,

I and over the angular edge of the

directional cell is defined as

N — = N (r da/ o~ | 2.36
C95J,M fa_ 9(_’—) * aJ ol 3
Jom
with a similar definition for N_ = . These local averages are
g,j,mtl
shown in a typical (r,2) cell in Fig. 2.8. How they are related de-

pends on the difference scheme adopted for the iterative solution.
The aj,m are coefficients describing angular distribution in curved
space [corresponding to the geometrical area Aj in 2.34]. They will
be defined and determined later on.

To obtain neutron balance in a finite cell, losses are equated to

gains. The number of neutrons lost from flow through the face at rj

is the product of the average flux at rj, the surface area normal to r



and the solid angle. This gives mnq—A N — where y— = cos ¢ is the
myj 9g,5Js m
vector product of Qm and the r direction. The net loss due to flow is

thercfore

o Ay, jer,m ™ Al 5 @

To represent the loss due to angular redistribution in curved space we
draw an analogy and say that the net number lost due to streaming through

the angular faces can be written as

o~ N - o N —
Jym+l g, j,mt] Jymg,j,m
The loss due to collisions and absorptions (including time absorp-

tion)

w—V —-—~(0 — 4+ A/v)
mj g,j,m , g, ] : g

where ot’w- is the group- and space-cell averaged total macroscopic
cross-section, vg'is the group average velocity and A the time decay con-
stant which is negative in a non-multiplying medium.
[f now an éverage source S -—-— s defined exactly as the average
s J s

flux in 2.34, we have the discrete form of the transport equation

e - Aij) + (a - a N )/ )+V(ot+a/VIN = VS 2.37

j+]Nj+] m+le+l
where the averaged subscripts and g have been dropped for convenience.
The term a/w in 2.37 'is present only in curved geometries and o repre-
sents angular redistribution of neutrons. Now the net? angular redis-

tribution must be zero if streaming is a conservative process and if

therefore 2.37 is multiplied by w and summed over all angles, the con-

dition

NN

mi] (e Ny = o) = oy My — oy = 0 2.38
must be satisfied. Since in general N and N] are non-zero, this

NN+1
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el S ¢ T 0. This shows clearly that the first

direction only transmits ncutrons and the ‘Tast only reccives; in

implies that «

between there is ray-to-ray transfer. Consider the particular case
where VotN = VS (A = 0) and all the N's are equal, i.c. everywhere
uniform {low. Under such conditions equation 2.37 yields
Gy T % T wu(AjH - AJ.) : 2.39

which, with aj = 0, defines the a's recursively. For plane geometry
Aj+l = Aj =1 for all j so that the a's are zero (no angular redistri-
bution). Summing 2.39 over m and with ap = Oy T 0 we see that the
left~hand side vanishes so that

NN

¥ w—p— = 0 2.40

m m :
m=1

This requirement indicates that the quadrature set chosen must have
symmetric coefficients about uw = O implying that y = 0 itself is not
allowed as a direction.

If we let NN and JM both » =, then for plane geometry, w = dyu;

V + dx and Nj+ + N + dN/2, Nj -+ N - dN/2, whence equation 2.37 becomes

1

the conservation form of the transport equation
t \
u_\_(__{_ (0— + A/V/N = S 2.1'}]

The conservation forms in spherical and cylindrical geometry are also
obtained by this approach of small intervals and has been detailed in
LA3373. The e¢'s defined by 2.39 therefore not only express neutron
conservation but also reduce, in the limiting case, to the correct
analytical form of the transport equatiocn,

The source term S in 2.37 represents scattering collisions plus
fissions and '""fixed'" sources which are independent of the fluxes. The

latter two may not be present and are always assumed to be isotropic.
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The fixed sourcc is usually denoted by Qg j-and the fission source given

by

- = Fe 2. h2
g g ]

where Xg is the fission spectrum fraction in group g and FT the total

number of fission neutrons in Ar-j

F— = —~N - ‘ .
J VOQ»J 9,J 2.43
9
N = is the group scalar flux in Arj and summed over the angles so
?

that it is defined by
- NN :
N — = SN (r=0) d2 = ¢ N — 2. L4y
9,J 8 g—J “") m=1 “in J,m

The current | — is correspondingly
_ NN
I — = f N (r0) de = I N— — 2.4
9,] o Mgl 2 e °

The scattering term from 2.5 is

f f GS(L,Q'+Q,EI+E)¢(L,_§2—|,EI) dEl dQI
EI Ql - — -

The normal procedure is to expand the differential scattering cross-

section in terms of Legendre polynomials

, c
o (r,@',E'5E') = I rLE'SE) P (20.9) 2.46

where NC is the order of anisotropy required.

In the case of plane and spherical geometry the addition theorem gives
1 - 1
P (2'.2) P, (ut)P, () 2.47

so that substitution for the scattering cross-section yields a colli-

sion source of the form



32

NC
2041
r B ) s o

sS4
by (
2=0

I,E'SE) fi“flwb(i»u"E')Pg(“')dn'dtbd*f

which in discrete representation becomes

NC G NN
+ ,
z 2; ! Pz( —) b 05%4 - bX wE,Pg(ua,)N CT T 2.48
2=0 g'=1 g g, =1 9 54
Here 0;'+g j- is an appronriate group averaged macroscopic scattering
’

cross-section anisotropic up to order NC. Pl(gf.sp in cylindrical
geometry gives a more complex form and has been treated (LA 3373).

The choice of linecar quadrature sets (u and w) to represent direct-
ional coordinates in discrete form is restricted by certain conditions,
equation 2.40 being one of them and is in fact a symmetry condition.
Thus the sets are reflective,:i.e. if © is a direction in the set, so
is the direction opposite to Q. = Two important conditions to be satis-

fied are

= . —2 =
L ws L 2w ue 1/3
m m
The first merely represents solid angle normaiization. The second is

the diffusion theory condition and stems from the fact that in the
trivial case of the quadrature order n = 2 the transport equation must
become the diffusion equation. In the DSN this is arrived at by assum-

ing that angular flux is related to the scalar flux and current by

N(r,2) = N(r) + 3ul(r)
or N— — = W— + T 2.4
j,m 7wt S
But T— = I w— p— N——
j oomom g,m
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Now % mE“H = 0 and in general I—# 0; N, # 0.

m J J
This leaves I w—p=? = 1/3
m 'm
m
In addition the Ycurrent'' condition should also be satisfied. Con-

sider the case of an zsotropic flux of neutrons in the hemisphere next

to a black region. The current into the absorber is
l, = ) w— = N~ = N Zw—yu—
n inwards m ™ ® mem
But the current is actually Iin = %-N so that it is advisable to have
I ow=fu—| = 172
m'"m
m

Although the first three conditions are in general correctly satis-
fied, certain quadrature sets give small errors when the last condition
is applied, the errors diminishing as the order n increases. Carlson
et al. have developed several sets for the discrete Sn method; in
one-dimensional plane and spherical geometry this can also incorporate
the Pn-] Method (Spherical Harmonics) and Double P(n/z)—] Method, both
based on Gauss quadrature. The improved Brissenden quadrature sets
developed at Winfrith is especially suitable for cylindrical geometry
and satisfies the current condition well. For plane geometry the
DP(n/Z)*] set is recommended because it satisfies the current condition
and because of the ''bunching'' of directions as p> 0 so that the angular
fluxes in the directions which are near normal to the neutron flow are
more accurately described.

The DP(n/Z)-] are related to the Pn by



P“(u) = P_(2p-1) 0 g sl
= 0 n<O
P (n) = P_(2u+1) -lgpsg0
n N
= 0 n>0

In Gauss quadrature it turns out that the M are the roots of the
Legendre Polynomials of degree 2n+l and the corresponding weights given

by (MaCracken)
w = 2/[0~u )(dPn(um)/du)Z]

Both the roots and weights are derived numerically and have been tabu-
lated up to DP7(= 516) in LA2595.  For a given S of order n, there
will be n, n+1 and n(n+4)/4 directions for plane,spherical and cylindri-
cal geometry respectively. For the sphere there is one unweighted
starting direction y = =1, and for the cylinder there are n/2 such
directions, My = -{1- cos ME?I/Z with em = 0 for each of the n/2 cos w=
level (Fig. 2.6); These directions are necessary for initial flux cal-
culations of curved space in the iterative procedure and will be shown
to be so later on in the next chapter.

The discrete transport equation 2.37 is applicable only for one-
dimensional geometry. However, in the case of a block, it is possible
to account approximately for the two finite dimensions normal to the
direction of neutron flow that is being solved. For plane geometry

equation 2.37 becomes

u(N, - N Vo' = Vs 2.50

j*l

with the time dependence being dropped for the present. Multiplying

2.50 by w— and summing over m gives

- T+ Vo' = Vs 2.51

]
J

1



with the flux and currents defined by 2.44 and 2.45 respectively. Here

S is assumed to be isotropic or corrccted for first order only so that

it is independent of angle. We further make the diffusion approxima-
tion, i.e. cquation 2.49 holds and n = 2 with p = I 1/V/3 and » = 0.5

( for all quadrature sets which are applicable. If equation 2.49 is

multiplied by o and summed over m then, under the assumed conditions,

it becomes

= 0 ' 2.52

< - N t T
Jj+] Nj + 3Vo 3
Now should the actual flux shape be given by
ﬁ%- = ¢ cos (ﬂxj/Za) 2.53

with -a < xj < a, we find that as Ax3-+ 0 equation 2.52 will give

N+ .
T— = - — —L = T4 sin (rx=/2a)
J 30t 9x3 6sta J

and the term Ij+]

- T} in 2.51 will be aT}-so that

T 2 2 t —
A3 = Jﬂ—?¢mswxﬂn) = Lo i 2.5
BXT 12a%¢ J 12(ac )2 J

For each transverse leakage this so-called "buckling absorption' term

is added in equation (2.37). Usually act is replaced by act + Aot

= 0.71044608 is the extrapolated end point. Here d =

where )
e ext

Xt
0.710&4608/0t. It should be noted here ct is the total cross~section

t,tr

and to first order anisotropy is replaced by o which is the total

transport cross-section and not the scattering transport cross-section

o>t This definition of Ae is peculiar to the DSN Method. For

xt

a block ot is replaced by an effective total cross-section.

1
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wheve 2a and 2b are the transverse dimensions. ‘It should be mentioncd
here that in the dircction of necutron flow to be solved, no assumption
of an extrapolated end point is made. The flux shape is determined
entirely by the numerical procedure. n%/3 is called the buckling fac-
tor.

Having defined and explained the coefficients and terms in the dis-
crete transport equation 2.37 it now remains for it to be put into an
appropriate algorithm for recursive solution. I't is solved in terms
of the neutron fluxes (the eigen functions) and if A is present it be-
comes an eigenvalue which together with the fluxes is improved upon
iteratively until convergence of both are obtained and neutron balance
established. The method of solution will be detailed in the nexf

chapter.
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CHAPTER 3

THE ITERATIVE SOLUTION OF THE DISCRETE ORDINATES MLTHOD

3.1 THE DIFFERENCE EQUATIONS
Equation 2.37 is

p(A, N, . = AN,) + (

t _—
JHL 3 dreNmey ~ oo N ) et Ve + a/v)ie = s

3.1
It contains five unknowns: Nj+]’ Nj’ N”ﬁ], Nm and N. Two of these
are known from the cell boundary conditions and therefore there is need
to apply a suitable‘difference scheme to relate the fluxes in order
to reduce the number of unknowns to the number of equations. Equation
3.1 is then converted into a basic recursion formula which is evaluated
repeatedly subject to certain iterative procedures and evaluation rules,

A common and useful difference scheme termed the ''diamond"

difference scheme assumes that the flux within a cell is continuous

and linear and that the unknowns are related by:

2N = N, + N. = N + N 3.2

For u negative we substitute for Nj and Nm+l in 3.1 and obtain

AN ol V(s + (/i)

t
- + +
ZuAi 20 l/wm oV

with A = (Aj+] + Aj)
and “m (am+] * dm)/%n 3.4
Here X is positive for a non-multiplying medium. Applying equation

3.4 twice for mt1;.m and m, m~1 gives
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= [

o a - a
m mri-1 m-

1/ w— 3.5

) + e w—r
] m~ ] m

m-1
The same procedure applied to 2.39 yields
S T O = Ay T A (e e cu)

Substituting this in 3.5 we have

o
[
n

m [(Aj_Aj+l)(w5“H B mm—l“m"l) * mm-l“m~l]/w5 3.6

]

with « wy = 0.

1
Equation 3.6 is in fact used to obtain the a's recursively on a com-

puter. Combining 2.39 and 3.5, it is seen that

=2u—-A, + 20 Ju— = -~p—A + o—
m j m m m m

+1
so that a more elegant form of 3.3 is

] |
b= A Nj+l + aENm + V(S + A/vN)

N = - T 3.7
-pA + aE-+ Vo

It is to be noted that the time absorption term (A/v)N has been trans-
ferred ovér to the R.H.S. as a ''source''. The reason for this will
become apparent when we come to the actual solution for A. Forﬁ posi-
tfve (outgoing direction) a similar expression is obtained except that
the negative sigps become positive and Nj+1 replaced by Nj' A gen-

eral recursion formula for N can therefore be written as

by
. [u=f AN+ o=+ VS 8
lu#A+aE+\bt

: " = A
with N' = Nj+] for = < 0 and N' = NJ for p— > 0 and 5" =S + (A/V)N.

N is solved if N' and Nm are known and we get the fluxes for the next

cell by using equation 3.2, viz.
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Nmbl

2N - N
m

)
)
) 3.9
)

=
1}
It
N
=
]
=

or N

20 - N, i+

1

Each (r,9) cell is scanned in turn beginning with the most negative

u and the outer boundary (j = JJ). It is advisable to integrate in the
direction of neutron flow because this reduces the errors in the numer-

ical process. Consider a flux of neutrons N] incident on a thin layer

of material with a source distribution S. The emergent flux N2 is

N2 = eNl + fS 3.10

where € is an attenuation factor and f is the fraction of source neu-
trons escaping. Equation 3.10 follows the neutrons whereas if we inte-

grate against the flow 3.10 will become

N, = (N

i - fS)/e

2

This involves subtraction and division both of which will amplify the
errors on a computer.

Initially N' is known from boundary conditions

N(XJJ,u) = 0,- u<o ; zero incaming flux right
N(xl,u) = 0, u>0 ) " t o left
N(XJJ,‘U) = N(XJJ,M) g reflective right
N(xptu) = N(xp,-u) ) " left

Nm,_howeverl is not known initially and it has to be determined by the
starting directions which have no weights (w = 0) and whose a's are
zero. The initial starting equation is therefore simply

A
|u [AN, , + VS
- 1 j+1 3.11

|u A+ Vo
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and we set

Ny = No= N = (NJ.H + NJ.)/Z 3.12

What this means is that there are no angular edges and the cell has
"collapsed" into a line and hence wy = 0. For plane geometry such a

starting direction is not necessary since there is no dependence on Nm'

3.2 INNER ITERATIONS

A complete scan through all angles (m = 1 to NN) and space inter-
vals {j = 1 to JM) for each energy group comprises an inner iteration.
The source $* depends on N through the self-scatter (G;*J,jo’ the
fission source (if any) and, in our present problem, the time absorption
(A/v)N.  Therefore, to construct % initially we have to feed in guess

scalar fluxes for each group. SA may aiso contain a flux independent

term Qg -, We can write-SA as
b

A ] - :
S = g - N —+ §! .
. 979,)  9,J 3.13
where N — is the scalar flux defined previously. S' is to be regarded

*

as '"fixed'for each inner iteration and can only be recomputed after
inner iteration convergence for all groups is satisfied. The self-
scatter term will be modified after each inner iteration cycle, hence
. A
the need to split S".
At the end of an inner iteration the neutron balance equation when

summed over angles will be

- - r s - s =P :
A, 1. -Al,+ V(o + o0 N = V(e N + S! L1k
J*lj+l JJ ( 9+9) ( g*g ) 3
where the removal cross=-section or = ot - Gz+g' NP is the scalar flux

from a preVious iteration and initially will of course be the guess

flux. Equation 3.14 as it stands is balanced mathematically but is
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. . . . ~P .
not very meaningful physically since N is not ecqual to N . As itera-
tion procceds ﬂp will approach N and in order to accelerate convergence,

the fluxes are scaled in the following way: Multiplying equation 3.14

> W - f, 0> N) and ($'-S') to the R.H.S.

by a factor f. , adding <finog+g‘ in®grg

and recarranging terms gives

- _ - r ] T = - S 5= '
fin[AJ+]lj+] Ajlj + V(o + og+g)N] V[finog+gN + S']

W@ - N

+ V[F, - 1]s' + f. Vo©
in in “g*g

Equation 3.15 would give an exact physical balance for a flux level fiAﬁ
if and only if the underlined expression vanishes. Now fin is merely

a constant and the other quantities depend on j, so the best thing to

do is to say that this expression does vanish on the whole when equa-
tion 3.15 is summed over j. This then provides a definition for fin

which is

£ = £ VS'/{[z VS' + Vo> .(NP -1 3.16
in i j grg

All fluxe; are scaled by this factor fin after each inner iteration and
as NP + N, fin > 1. S' is regarded as fixed and is not to be scaled.
It is assumed to be always non—zero. In a one-group calculation with
no fissions and no independent source S' is in fact zero. However if
there is time dependence, the time absorption term (L/v)N can be trans-
ferred over to the R.H.S. of the balance equation so that §' = (A/V)N
and is therefore non-zero. This is exactly the case with the present
problem.

lteration can be terminated when a point-wise convergence criterion

€, is satisfied, i.e.

A < € 3.17a
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Mother criterion is to compute "'"false'" sources such as
I

S — —P
- = V e . N—.—
) “g+g, | 7N
or e, = L V(- o® ) IN= - Nﬁ{ if o> = is small and
3 . J g>g,) J J g>g,)

J

require that these be less than a small fraction of the true source,

e.g.

a OF F3 < € ? VB, T xfg, 7Y 7 e 3-17b

where £ is very small.

If in a problem the boundaries are reflective there is need for
further adjustment to the fluxes at the right boundéry. At the left
boundary the outgoing fluxes are merely set equal to the incoming fluxes

(specular reflection). Thus

N(x],u) = N(x],"u)

However as the sweep continues to the righ£ boundary there is no guaran-

tee at all that the latest right boundary fluxes N(xJJ,u) will be equal

to the oldvinward fluxes N(XJJ,‘U) with which the sweep is started.

We set N'(xJJ,-u) = N(xJJ,u) and start another iteration obtaining

N'(xJJ,u). These N' are stored with the current lJJ = 3 wE'UENI(XJJ’uH)'
Now we let N“(xJJ,-u) = N'(xJJ,u) and with §* = 0 perform yet

another iteration obtaining N''(x with the corrésponding current

JJ’“)

IHJ = 3 wﬁ'uﬁ'Nl(xJJ’ UE)' The resultant current must be zero for
+ I'' may not be zero but we can always scale I

H 1
reflection. IJJ 0y JJ

by a factor Fb such that

t 1" =
lyg * iy 0

giving S N RTAN NE 3.18
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fb is thercefore the boundary scale factor nceded to effect the correct
reflective condition. This so-called implicit boundary scaling (if
necessary) is carried out before the inner iteration scaling.

In cquation 3.8 the coefficients, OESA and V are.all positive so
that N will always be positive provided N' and Nm are positive. However

it may happen that the extrapolations Nj = 2N - Nj+](or Nj+l = 2N - Nj)

= 2N - Nm will yield negative values of N' and/or N for

1 rt |

calculation in the next cell. This is undesirable as they may causc

and‘Nm+

oscillations and produce negative N which is physically meaningless.
Raﬁher than let the fluxes go negative, the '"offenders'' are set to zero
in the balance equation 3.1 and a correct recursive formula is set up
so as not to upset neutron balance. As an example, suppose in slab

el

geometry Nj = 2N - Nj+ beccmes negative. Nj =0 in equation 3.1

1

so that the correct recursive formula to use is

A t
N = [|ul ApNjeq * V8 1/ Vo 3.19

3.3 OUTER ITERATIONS

For each group, starting with the highest energy g = 1 down to
g = IG, a séries of inner iteraticns are performed until conQergence of
the fluxes is achieved. The total result is called an outer iteration.
The downscatter part of the source is always recomputed from the latest
converged fluxes as we prcceed down the groups so that if there are
no fissions, upscatter or other flux-dependent sources (i.e. énly an
independent fixed source Qg is present) the first outer iteration is
also the final solution. In the present problem the source is (A/V)Nju
It depend; on A and ﬁjy both of which are initially guessed so that we

have to improve on them by a series of outer iterations to get convergence.
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tet 2° and ﬁjp be the guess values. Prior to the first outer

iteration we have the unequal expression

g IA. 1% - A% 4+ ve"T WO £ 50°/v) T 3.20

R
jrlj+l Jd j ] J
A series of inner iterations is now performed until the converged

fluxes ﬁf are obtained, remembering that (Ao/v)ﬁ§-is fixed.  Thus

after one outer iteration we have the formal balance equation

I}
Ay 7 ATy Vo' =] = £(2%/v) W&

pertien J 5 3.21

which does not exhibit true physical balance sincekxo is a guess value
and N?-is not necessarily -qual to Nﬁu Now it is possible to write

an equation

-l . |
~ ALY + L.+ Vo =] = z(n N— 3.22
A L e T = s

s[(a, 1
\ +1° j+1
i j

I f Lj is made to vanish somehow, we see that 3.22 is nearer the exact
balance equation although it is not quite the latter since A' may not be
the true eigenvalue. Subtracting 3.21 from 3.22 gives us an expression

For L, which is

O =0

L. = (A'/v) Ni-— AV N= 3.23
: Jj Jj

J

"incorrect' decay

Lj can be regarded as a leakage term caused by the
of the ''false' source neutrons. By summing over j we force it to van-
ish on the whole.

L= ) - (A°/v) W° = 0 3.24
J

where the fluxes are now the total fluxes.

Let Pt = W'/N° 3.25

then Ne/vpat - 2°1 = o0



giving Ato= A%p! 3.26

since N°/v is non-zero. -Thc improved eigenvalue X' is to be fed into
another scrics of inner itcrations to give a secoqd outer iteration at
the cnd of which 22 is ccmputed. Before performing this sccond cycle
the flux density N'/v must be reset to the initial density, i.c. N/ v
where N° is fixed and may be normalised; this is effected by scaling
with 1/P', This means that we always start a decay calculation with
the same number of neutrons in the system which mugt b2 so since we are
merely trying to find the right decay for this given density.

Wle see then that the inner iterations are responsible for establish-
ing the flux shape with respect to a fixed source level sent in from
the outer iteration. Although inner convergence  is effected, the total
flux level at the end may not be the same as before since the A in the
source may not be the true value. Theréfore there is need to improve

X by a series of outer iterations with the flux level being scaled up

. . th . .
to the same value for each iteration. For the n outer iteration we

have
P = WA 3.27
I S T (OO 1 3.28
As N - T°, P o 1 and A" > Atrue. Thus, provided the fluxes do not

.differ by wild orders of magnitude P" Wil always be a reasonable para-
meter with which to scale An—] and by forcing neutron balance at the

end of each outer iteration stable convefgence is effected. | teration
is terminated when an -1 < €5 where €, is a specified convergence
criterion. Outer iteration scaling for fissions, upscatter and other
types of eigenvalue problems will not be discussed here since they bear

no relevance to the present problem.
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3.4 ERRORS AND LIMITATIONS

The above method for obtaining the time decay A is limited to one-
dimensional geometry and monoenergetic ncutrons., As has been mentioned
before 'buckling absorption'' terms can be derived to account for the
finite transverse dimensions in a block. This is correct up to Bg
only so that the decay obtained numerically is not expected to be much
more accurate than that obtained by expansion up to Bé. However it
must be emphasised that, in the direction to be so}ved, no assumption
of a flux distribution or of an extrapolated end point is made. The
flux shape is determined purely by the iterative procedure. This is
certainly a break from the conventional expansion method.

The diamond difference extrapolation relétions equation 3.9 are of
course not exact. This means that the separate terms in the balance
cquation 3.1, although retaining their physical meaning, are in fact
approximated. As the number of Qirections and space intervals are
increased the relations will become more accurate. By using a recur-
sive equation such as 3.8 errors in a cell will be propagated throughout
the entire mesh so that they are systematic (cf. random errors, e.g.
in Monte Carlo methods). The quadrature set to be used should satisfy
the various conditions mentioned and the order n should be sufficiently
‘large so as not to lose too much detail on angular fluxes. Use of wide
space intervals encourage negative fluxes especially if the latter vary
considerably from cell to cell. Assuming that a reasonable mesh of
cells is established in which the above errors are minimised another
parameter which will affect the accuracy of A is the input cross-section.
In particular the sensitivity of A to changes in the One’ the non-
elastic cross-section, (with ot constant) will be tested. The dependence
of A on ohe is implicit through the solution of the transport equation

itself (cf. expanéion method where the dependence is explicit).
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3.5 THE DISCORD PROGRAMME

A computer programme DISCORD (Discrete Ordinates) has been written
in Fortran IV by the author to solve the transport cquation and obtain
A, It is based on the Los Alamos DTF 1V code for sodving the one-
mensional multigroup transport equation with anisotropic scattering but
has been adapted and modified according to the foregoing discussions.
DTF IV does not make a provision for determining‘% in a non-multiplying
medium; it always assumes the presence of a fission source in a homo-
geneous problem (no independent source). Another difference is the
addition in DISCORD of a subroutine WEIGHT which calculates a quadra-
ture set due to Carlson (8 ) and also a set due to Brissenden (1 )
for cylindrical calculations. I f anisotropic scattering is used the
appropriate Legendre polynomials for slab and sphere only are generated
in this subroutine. The subroutine ALPHA constructs the time absorp-
tion‘source (A/v)N and then scales A and N as shown previously.  An
iteration monitor has been established in the print-out to show the con-
vergence pattern of A and the parameter P. Group scalar fluxes and
angular fluxes (if desired) are also printed out. Neutron balance,
leakages, absorption etc. are indicated. Input quantities such as
cross-sections, radii, angles and weights are checked before actual
calculation proceeds. DISCORD allows for a whole series of problems
to be solved in one run be they distinct.individual problems or sub-
problems in which either the space intervals, the quadrature order or
both are changed. A typical decay calculation for an iron block with
30 space intervals, 516 and first order anisotropy takes 0.23 minutes.
A convergence tolerance of cp = 0.00001 can be achieved with>a total
of 125 inner iterations and 11 outer iterations. A is strongly modi-

fied by the first three outer iterations. After that it tends to
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converge rather monotonically. Of course if the guess valuc of X is
near to the actual value and the flux guess is of the correct shape
3 or 4 iterations will suffice. Fig. 3.1 shows the flow diagram for

DI SCORD.



1,9

BALL Read & owrrie 50 Dot ins e Rood & writo
afinn stants . .
CONTROL | Cumbral Intogope [ 0007 COMSEEALE o0 oy aroups
o ST ST Compuie oiorage LT e
10 Flosting Poine IR Fisslion Suoeo,
" . . TOQUINGRenGs . :
Porirneiers LF oany
i
i
Read, ccrmnuto Raodd & wrltc Rood & waite Road & urite
and chack T ixbure Nos. [ iletorial 1 material
Cross Loctiong il any Densiltiong smbors
J)
A
Comnute . fsad or compuie . .
Disburos s Head & write 6;3ﬁr ty e" Read & writo
hrAv 3 e AL LT . .
e e |} Radii and S R - Fissiocns ox
Print Cross : Sets: PAs for d
= . Zones . Flus guess
Scctions anisotropy
Check Radii, Read & weite | HNo v
Compute Areas,|v NFIl = HS7 Fixed Source ¢ I0R=0 2
Uo%umes, Yes
Print <::>
2 Lo <%
g - s Jr= s -8 .
\ Yas Fission/Fixed Sourcel Fission
IRin= Q 7 = Subroutine

Decay

No
v .
Set up Time Dscay y fonitor Print
Fixed Source Subroutine
<
GUTER
ITERATIONS
N
. S
aToR N No I0TAD 10MmA T, =2 KIT
Vos No Convs
4———(::%—-‘Nem problem L =1
Yes g Too many iter'ns Conv.
-4
. Jonit int
No 1o Conv. Ponitor Print
A
few Yes FINAL
ran s ft Suhproblem? i
Paramater ubproblem PRINT
raad

FIGURE 3,1 FLOW DIAGRAN FOR THE CONMPUTER PRCGRAMME

'DISCORD?




=) e . .
9 Paint sourca, vissions,
i B Lo Il towa, Loshzeos,densition,
Y (

N A L e T oevmern
) A .».ﬂ);,‘.,'v.,.n_.,{hno, Lo Lanice
Form source § (iso. &

(:)-—* aniso.): no self J
!

scaticr sourco

], @—-——————v I0Th= IOT%’\ +1

N5 !
t B 3:‘ P'
Trmar T¥arabinnog ! b —— e I
INr_R:: U :fﬂnl:)f. Iuc‘aulllﬂo | v
Counter v
& Dacay ~ Flscion
Sl J Sube=
Yes S'z 07 o peating routine
¥ No )
3t flux= 0 Sot up flux Upscattor 7
o
@ i Yes '
Y, X
. IRFER Upscat. Scaling
ITERATIONS Canv. or
ist Quter
w lisration
Computa source, fissions, ' No v Yoo
scatters, leakages,densitics, ' e 1 2
absorptions, balance
u
- A 51 Ho !
S1¢E L -
YQS ¥ G\Ie}?all [p -.1! ETJ 'I(I* = l
Optional |[S 1ICT=1 ? | Conv. v Yes
Trigoer
Angular Ho 0g ICT = 1 .
Flux Y
Print out Y . — -
b———in= g + 1 RETURN
o ¥ fFinal
iG 7l L , Pprint
Yes
¥ v
CUERALL BALANCE RETURN
fonitor Print
No Yes Another Cuter

1]
ation

i
£
—G)— wra1 1 —2)—= Iter

FIGURE 3.2 FLOW DIAGRAM FOR THE OUTER ITERATION SUBRODUTINE




J CHTER

(A1

[N
GLTN

7 y . -
Counadary

o

- =

Y Ynnd .
T g

[RISTS BN S

Conve Triggos

I I s 4 Acoumulaterd
( sl 1iiThaIHTA ] AOCUTHLAE
Irner It

Computa boundary flures;
Sean thru entire mesh using
con 3,83 corvect for ~vo
fluxes if necossavy.
Computs angular and scalar
fluxcs, boundary leakages

o

—t
(9]
g
i
e}

K

]

Combina
aiorod

G CORPONON LS

with those

Rt. Boundary scalpd be

roflective or

b

&

net leak, 1

Yes No

Store fluxes § THNER=TNER+1

leakages. Set
source = 0.
Uss rt.bound ¥

source as flux Compute
tolevances

Set E2s T3

3!

i
O
=
=
u

Lt

{3 }——4“

[ g
LS

Fovm

tions

> Ex 7

vy
v
o

!

ICCHR=0 7

Form
Currants

O

Final ang.

Tluxes
ccaliad

!

WY

Convergence

L1 ANYW 0041

2

aNnoILy

X
(TP ©
t oo

(9%
C
é
<
m
]
[
m
<&
(3
m

y

INT

<

FIGURE 3,3 FLOU DIAGRAM FOR THE INMER ITERATION SUBROUTINE




CNTER ok

|

Py — A& =
N2z, V.
J

3
o

5 = (BV)i
l Yos
WEl >0 7 p—t——

J No
1

No scaling prior
to first Cuter
o Iteration

>
i’
>
~
o

=
i
=12

~~
go

& Yes

L=
-
tl
jos)
)
Y

No
)

Sl =AL/S5: S =AL
o= 51 % [

J _d
;= S1l*1

Normalisation

| =i

\;

RETURN = Ee=8%5

FIGURE 3.4 FLOW DIAGRAN FOR THE DECAY SUBROUTINE




CHAPTER 4

THE VELOCITY OF LIGHT EXPERIMENT

The object of this expcriment was twofold:-

a) To test the time resolution of the detector and associated elec-
tronics of the fast coincidence circuitry which were later to be used

to measure the deca of pulsed fast neutrons.

b) To test the linearity of the Time to Amplitude Converter - Multi-
channel Pulse Height Analyser (T.A.C. - M.C.P.H.A.) combination and to
calibrate the latter in terms of the time-of-flight of gamma rays,

i.e., the velocity of light.

4,1 PRINCIPLE OF THE EXPERIMENT

Suppose two gamma rays Y and Y, are emi tted from a source in ex-
actly opposite direction. Y is detected and analysed by channel 1 and
Yy by channel 2 of the circuit as shown in Figurg 4.1, the two detectors
being placed in line with the source in between. The pulses resulting
from Y, are made to actuate the Time to Amplitude Converter (T.A.C.)I
which will start to charge up a capacitive component until stopped by a
pulse from channel 2. The capacitor then discharges to give an out-
put pulse whose height will be proportional to the time delay between
the start and stop pulses. The output pulse is fed, after suitable
amplification, into the analyser which will register events in the en-
tire conversion range of the T.A.C. Those events due to the two gammas
will be strongly correlated and will give rise to a prompt time coin-
cidence spectrum which should roughly be Guassian in shape provided

the operating characteristics of both channels are similar. The full



width at half maximum (F.W.H.M.)} will therefore give a measure of the
time resolution of the circuitry. The uncorrelated cvents will be

registered as random background.

Let d] distance of detector 1 from the source (cms)

d = R} tt ] 2 1 [N 1 ]

2

AT] delay (inherent and inserted) in channel 1 (ns)

AT - 1 tl r 1" R i 2 1t
2

The difference in time-of-flight of Y4 and yéiwil] be

- - _ 4
T = (d2 d]) = < . 4.

where C is the velocity of light (cms/sec).

The actual delay registered by the analyzer as a pulse height will be

d
T + AT2 AT] nanoseconds

and the peak of the spectrum will fall in channel Np' . If detector 2
is moved to a new position along the line joining the two detectors

and the source, keeping detector 1 fixed, then there will be a corres-
ponding shift in the position of the peak along the analyzer. Let the
channel width be A nanoseconds. If the circuitry is linear then the

following relationship in time should hold.

Q4 AT, - AT

: ANp C 2 1

| AT
p - {Kfﬂ d +AA | 4.2

=
|

A graph of channel number Np against distance moved d (cms) should
give a straight line whose slope will yield A if the velocity of light
is assumed known. The intercept on the Np axis will give the differ-

ence in delay between the two channels.
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.2 TIME RESOLUTION CONHSIDERATION

Since fast neutrons with lifetimes in the tens of nanosccond range
or less were to be measurced the time resolution of the detecting system
must be in the nanosecond range or less. In this séction the factors
contributing to the time width are discussed.

Supposc a particle of energy EO (MeV) enters and interacts with a
suitable detector (e.g. a plastic phosphor coupleq to a photomultiplier)

in a time t leading to the excitation of optically active states.

£?
In the case of the particle being a gamma ray, the interaction will be
due to the Compton cffect whereby the y ray deposits energy from zero
up to the Compton edge EC given by

E

(o]

2
(1 + meC /ZEO)

with meC2 = (0.511 MeV, the electron rest mass.
If the particle is a neutron, then the energy transfer is effected
through the proton recoil process in which the ideal knock-on proton

has a rectangular probability distribution

P(E ) dE
( P) P

i}
m'_oo.
o m

; E < E L 4

(The energy resolution in both cases will not be discussed here.)

The excited states will decay with a finite time constant Ty
emitting P photons of mean eﬁergy E]. These will strike the photo-
cathode of the photomultiplier (PMX) in time T preducing R electrons

where
R =¢eP 4 g

€ is the optical transmission efficiency and eq the quantum

efficiency. Defining the collection efficiency of the first dynode



e = R /R 4.6
C (o] )

RO photoclectrons will reach the first dynode from verious parts of
the cathode surface. They are accelerated down the tube to form a
cascade which after a transit time, Tph, arrives at the anode and forms

a pulse with a current given empirically by (Mullard Handbook)

—t/TO

with the total charge Q = Ia To"

The voltage pulse behaves according to

~t/T -t/T
o ]

v(t) = % [e - e ] 4.8

with the time constant of the anode circuit T = CaRa where Ca is the
anode stray capacitance and Ra is the anode load.

The leading edge which is used to trigger a fixed threshold of a
fast discriminator has a rise time T, obtained by differentiating
equation 4.8.

-——lig——] In t,/7 h.9
r T T, 1" "o

This timing edge has a finite width resolution and from the above

discussion this width is brought about by variations in

a) T the interaction time and E] the mean energy of the photons.

£’
b) T the phosphor decay constant.
c) Tp’ the time of photon arrival at the cathode.
d) Tph, the transit time for the electron cascade due to (i) different
starting points and (ii) different initial energy and angle of secondary
electrons.
e) the triggering time of the discriminator.

In the case of small phosphors and for gamma rays and fast neutrons

Te is negligible and so is Tp unless a very long light guide is intro-
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is introduced. Variations of (b), (d) and (e) will give risc to timc
dispersions kncwn as “jitter' and '"walk''. Jitter is created by clcc-
tronic noisc and fluctuations in the time of arrival of the electronic
cascade responsible for the pulse. VWalk is the shift in time causcd
by fixing a threshold level with amplitude (i.e. energy) and rise time
varying. In particular jitter in (e) is termed the "slewing time'.
The various time dispersions are illustrated in Fig. 4.2.

The effects of finite phosphor decay, transit time spread and
“slewing time' are now considered and an estimate is made of the magni-
tude of the resolution. For argument sake we put € = €q = 1 so that
R =P in equation 4.5, The number of photoelectrons collected after

atime t will be

-t/t
R[1 - e ]

3
(]

1

[R/To]t t << 1. 410

R/T0 is the initial rate of photoelectron pulses so that the R.M.S.
deviation in the time of emission of the first photoelectron is TO/R.

The R.M.S. deviation in the time of emission of the nth electron is

n
T <6ti>2
e = [iZ1 k.
n
n
If t << T_ and n << R, then §t, = &8t = 8§t = ...
o) 1 2 3
so that
_ : - 1/2
e, = [TO/R] n | 412

In fact a rigorous calculation by Post and Schiff which holds for all

values of n and R yields

e, = (TO/R) n

1/2 ]1/2

[1 4+ 2(n+1)/R + ... 413
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Both cquations 4.12 and 4.13 show that e is minimised by having
T small (fast deccay), R large (good ecncrgy, optical and quantum effic-
iencics) and n small {triggering on the first few photoelecirons).

For the circuit to trigger on the first few photoelectrons a high

gain is needed as the following simple argument shows:

Output voltage pulse Va = 2 volts
Anode stray capacitance Ca = .60 pF
.10
Qutput charge Q = CaVa = 1.2 x 10 Coulomb
_10
Number of electrons required = 1.2 x 10
-19
1.6 x 10
= 7.5 x 108
Number of initial photoelectrons n = 5
Therefore gain required G = 1.5x 108

The effect of the spread in transit time of the electron cascade
down the tube is now included. The R.M.S. deviation in the transit
time (defined as the start of one photoelectron at the cathode to the
arrival at the anode of half the total number of electrons) is shown

by Gatti and Svelto to be

€5h =‘/éc§ +‘ed§ /(g-1) : h.o1h

where ¢ is the cathode to first dynode standard deviation; is

cd “dd
the interdynode time spread and 1/(g-1) is the variance in the multi-
plication factor.

The total R.M.S. wvariation in the time of arrival of the nth elec-

ton at the anode is

o, = /(spﬁ/n + n(t/R)2) : 4,15

The spread in the variance 0n2 is assumed to be appraoximately

Gaussian in shape so that equation 4.15 is actually a worst case, i.e.
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we are working on the skirt of the Gaussian distribution which is 3¢
avay from the mean. If therefore the circuit responds to the average
th

time of arrival of the first n photoelectrons rather than on the n

electron precisely, we have
o= = o /V3 4,16
n n
I f o;-is minimised with respect to n we find

n/R = Eph/To o L.17

as the condition for minimum time resolution. 'f g is the "slewing
time'" uncertainty in the discriminator, then the overall time resolu-

tion of the detector will be

o = V(g2 + o 2) 4,18
p n s

With two detectors the prompt time coincidence spectrum will be

roughly Guassian in shape with standard deviation

o] = g /V/2 if o = g = g
G p P Py P

The F.W.H.M. is

>4
i

1/2 zoG /(2 In 2)

2.36 g 4.19

For a typical fast plastic phosphor; e.g. NE 104 (Nuclear Enterprises)
R = 75 1, = 2ns  and n =5 (assumed)

and for.the photomultiplier 56 AVP (Mullard)

Eph = 0.5 ns

This gives



. DETECTOR 2
]

Pb (/:QSTLE

DETECTOR {

| ANODE SlGNRL—\\/\

TR N -
AN f
E.WH.T E.H.T
NE 5303 N 103
-»} le= BENS U
, SToP TAR
4 1o0n DB 263 START D6 263 k J—

. < Tioop

Dsc T50  DELAY Box l l DELAY BoX " ; Disc
DU Qi
3 2 ¥ .
TIME To T
3 3 THzoo0A AMPLITUDE 3
TRA.C CONVERTER
' 1/ |
widTH  AM 1 J J 1 Wity Ve
FIG. 4.1 BLOCK DIAGRAM 5z | 400

OF THE GAMMA 5 | cuannEeL
TIHE OF FLIGHT "l ~ 3 M5 f S | anNnLYSER
EXPERIMENT _Grarr] < : M.C. O K g

2 Lo3ns
Tt

09



61

DISC LEVEL - <

A Jditter of the leading edge.

Pulses have tho same rise tims
and amplitude.

DISC LEVEL |

8 UValk due to pulses having the
same amplitude but different
rise times.

DISC LEVEL

C Walk dus to pulses having the
same rise time but different
amplitudes.

INPUT ouTPUT
AT, hTqy

0 Discriminator jitter.

'Slewing Time' = AT, - AT,

DISC LEVEL -

E Combined effects of A B & C

'Worst case' illustration

FIGURE 4,2 THE VARIOUS TIME
STATISTICS OF
PHOTOMULTIRPLIER
PULSES




l”IL

R_~ 50
a
CaNED pF

51 62 51 51 51 62 75 52 112

Resistance in kﬂ} unless specifised

Capacitance in uf

FIGURE 4,3 THE DYNODE CHAIN FOR THE DETECTOR

AY

b

~ 3 N3

T s

Anode
Signal \T)

50 pF/4kV

I

12 P15 B

NV,

&)
/

470

AW

200 240 | 240

B2 S

v G

2,400 vElts !

<9y



polystyrens ring

v % :\‘E‘:()
RS TRy
e ! 5 1}
b R
L) IR
e PYRS
A A (‘h‘\
& () T

mu metal shiold

photomultiplicr 56 AUP

aluminium cylinder

photorultiplier basn

tube socket FE 1003

spring loaded screw suppoxt

dynode chain

anoda lead

E.H.T lead +ve

aarth =\t

[f TPV

dynode 12 lead

FIGURE 4.4 SCHEWATIC DIAGRAM

OF THE DETECTCR

nh gy ﬁ}.{g rid,

cuaj T..';l‘:?.:.l“tf‘::,:"t;tf.f
NI
anopde  E.H.T dynode 12
50 LL e 50 £) 8are

63




Gh

/[0.25/5 + 5(2/752'1 = 0.231 ns

Q
It

and 0.138 ns

Q
|
i

The "slewing time'" of the fast discriminator TI00A (E.G. & G) is

Os = 0.5 ns.

Vle therefore have

Q
it

v2(0.0176 + 0.25)

[

0.73 ns

This is the expected theoretical time spread in the prompt time spec-

trum,

4.3 APPARATUS

The source of gamma rays was a sodium 22 disc of one mi]licqrie
;trength. It was enclosed in a plastic about 4 mm thick and 2 cm dia-
meter to ensure complete positron-electron annihilation. In addition
to the two 0.511 MeV annihilation gammas the sodium 22 also emits 1.28
MeV gammas. The source was placed in an aluminium holder which was
slid into a cylindrical lead castle 2" thick, 6]/h” outer diameter and
7]/2“ long.

The detectors were plastic phosphor-photomultiplier combinations.
Plastic phosphor NE 104 (Nuclear Enterprises) was chosen because of
its fast decay time, 2 ns, and its sensitivity to gamma rays and fast
neutrons. The photomultiplier 56 AVP {(Mullard) is a typically fast
focussed tube with a high gain (14 dynodes) and good time characteris-
tics. The rest of the fast electronics were supplied by Edgerton,
Germeshausen and Grier inc. (E.G. & G.). These modules have nano-
second time characteristics giving pulses of less than 2 ns rise time.

The impedance was 50 Q and pulse height was about 700 mV.



Since the 56 AVP is a fast high gain (> 108) tube special atten-
tion had to be paid in the construction of the dynode chain in order
to cnsurc that '"good clcan'' output pulses were obtained. Slight
potential shifts especially in the last few stages would seriously dis-
tort the output pulses and cause oscillations. These had in fact been
obscrved. After a scries of trials lasting several months the dynode
chain as shown in Fig. 4.3 was adopted as giving the most satisfactory
performance. -~ Becausc of space charge effects tl.e potentials of the
last few stages had to be stepped up. Moreover they were decoupled
so that any ripples would be quickly attenuated and smoothed out. It
was also discovered that the EHT supplies was a source of noise in the
output and to minimise this contribution a 0.03 uF capacitance was used
to filter the noise to earth. A typical.bleeder current operating at
2,400 volts was about 1.5 mA. Because of saturation at the anode,

a "linear" signal was taken off at the IZth dynode. This output was
necessary because it had to be used for energy selection purposes in

the measurement of fast pulsed neutron decays later on. The 'saturated"
anode signal was used for timing purposes. The cathode rather than the
anode was earthed because a ''"floating' cathode would give rise to
troublesome effects, e.g. causing the glass tube to glow.

The dynode divider chain was made compactly on Veroboards. All
connections were made as short as practical to reduce the effects of
stray capacitances. The connections to the two outputs were carefully
screened. The resistors were metal oxiae types with very low induc-
tances and good power ratings (1 Watt). The capacitors were high vol-
tage disc ceramics (Erie). The plastic phosphor 1]/2” diameter and
I'" thick was coupled on to the photomultiplier with silicone grease to
ensure good optical contact and was located by a thin cylindrical alu-

minium holder. The whole was housed in a lignt tight aluminium tube
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1/4" thick, 4 outer diameter and 15" long as shown in Fig. h.h. To
reduce the cffects of magnetic fields a mu-metal shicld was put round
the tube.

Output pulses (using the Na22 as a source) were observed on the
fast 561A Tektronix Oscilloscope. The anode stray capacitance was
estimated to be about 60 pF (10 from the tube, 30 from the connecting
wire and the rest from various soruces such as the decoupling capaci-
tor) and the ahode locad was 50 Q. Using equation 4.9 we héve a theore-

tical anode rise time of
1. = [3x2/(3-2)]11n3/2 = 6 x0.405 = 2.4 ns

which was comparable to the observed rise time.

The signal from the ]Zth dynode had to be tested for linearity,
i.e. to ensure that it was non-saturated. The plastic phosphor was
temporarily replaced by a 13/h“ dia. by 1]/2“ thick Sodium lodide
(Thallium Activated) crystal and the detectors' response to gamma rays
of various energies was measured by feeding the dynode signal to the
M.C.P.H.A. and noting down the positions of each photopeak. The tube
was operated at 2,300 volts and the output amplification was kept con-
stant. A correction for the slight non-linear response of the crystal
to gamma energies oiher than that of Caesium 137 was made (R.L. Heath).
A graph of photopeak position against gamma energy gave a linear rela-
tionship, Fig. 4.5. Table 4.1 gives the various sources used together

with the corrected energies and photopeak positions:-
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SOURCE ENERGY CORRECTED PHOTOPEAK POSITION
(MeV) ENERGY (MeV) (CHANNEL NO.)
YTTRIUK 88 1.837 C1.780 214 £ 1.0
0.899 0.889 © y03 I
COBALT 60 1.332 1.302 155.5 ¥ .5
1.173 1.152 135.5 ¥ g
SODIUM 22 1.280 1.252 147.5 ¥ g
0.511 0.516 . 58.5 L g
MANGANESE 5k 0.835 0.828 o 96 ¥ .5
CAESIUM 137 0.662 0.662 75.5 ¥ 5
BARIUM 133 0.356 0.363 .0 ¥ 1.0
TABLE 4.1. GAMMA RAY ENERGIES

The peaks of Yt 88 (1.837 MeV) and Ba 133 (0.356 MeV) were outside the
range of the 200 channels used and '‘back biasing' had to be used to
bring them "into the picture'. Their actual positions were determined
with reference to the corresponding shifts in the peaks of Cs 137 and

Mn 54,

4.4 EXPERIMENTAL PROCEDURE

The Na22 source was placed in the middle of the cylindrical lead
castle with detector 1 which gave the start pulses pressed against one
flat side. Detector 2 which gave the stop pulses was placed on a
straight Dexion track along which it could be slid and, for the zero
reference position, was initially pushed against the otherflat side of
the castle. The pulses from the anode were observed on the 561A
Tektronix 'Scope in turn. The E.H.T. supplies were adjusted until the
pulses were of the same voltage (about 4 volts). The count rates of

both outputs were taken and further finer adjustments to the E.H.T.



units were made until the count rates were roughly the same. The two
signals (typically 3 ns risc time and 5 ns wide) were then fed through

50 @ screencd cables to the two fast discriminators TI0OA whose threshold
levels were set at 104 of the maximum pulse heights, viz. h00 mV. The
outputs of the TIO0A were now delayed by nanosecond delay boxes DB 236
and fed to the Time-to-Amplitude Converter, the pulses from channel 1
into the start input and those from channel 2 into the stop. The steps
taken to make the operating conditions of both ciannels the same were
necessary to ensure as symmetrical a time coincidence spectrum as
possible.

The range of the T.A.C. was set to the lowest one O to 100 nano-
seconds. The output pulse width was adjusted to about 3 us long and
the dead time of the T.A.C. was set at about 50 ps. The negative
‘rectangular output pulse was fed to the M.C.P.H.A. via a 5X attenuatof
and an amplifier. Thé'amplification was adjusted so that the F.W.H.M.
of the observed time coincidence spectrum was about 10 channels wide.

A back bias of 2 volts was introduced and the stop pulses were delayed
so that the spectrum was on a suitable (low channel) position on the
diépiay screen. - This made sure that even for the initial zero posi-
tion the spectrum was someway from the start edge of the conversion
range, The spectrum was allowed to build up to a peak value greater
than 10% counts. The counting time was noted. A printout was ob-
tained and the memory core then erased. With all settings fixed,
detector 2 was now moved along the Dexion rail in line with source and
detector 1 to a position 25 cm away from the first position. AAprint-
out of the new spectrum was again taken. The procedure was repeated
up to 4 metres with detector 2 in 14 different positions. Counting
times ranged from 300 seconds for the zero position to 40 hours at

L metres. Table 4.2 below shows the instrument settings duriﬁg the

experiment.
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E.H.T. (kv) 2.25(PHX 1) 2.2h (PMX 2)
DISC (mv) 400 400
CABLE LENGTH {(m) L 7.5
COUNT RATE OF Ptix |1 approx. 6.3 x 10°% per sec
CONVERSION RANGE OF T.A.C. 0 - 100 ns

INPUT AMPLIFICATION OF M.C.P.H.A. 10 x

BACK BIAS 2 volts

NO. OF CHANNELS USED . 200

CHANNEL SENSITIVITY 20 mV/ ch

DEAD TIME 50 ps

TABLE 4.2 INSTRUMENT SETTINGS FOR GAMMA TIME OF FLIGHT

For the latter far away positions long times were needed to ensure
good statistics. For such long times the electronics, especially the
M.C.P.H.A. would drift and there would be small shifts in the peaks of
the latter peaks. To correct for this the following procedure was
adopted:- Immediately after a far position spectrum was printed out,
detector 2 was moved back to the zero position and the corresponding
spectrum obtained. The peak of this spectrum was compared with that
of the original zero position and any discrepancy noted. This differ- -
ence was then used to correct for the shifts in the peaks of the ''far

away'' position spectra.

4.5 RESULTS AND ANALYSIS

The raw data obtained were corrected for the 50 us dead time of the

Time to Amplitude Converter according to

- O
c, = € £ L.20
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vihere Co is the observed count rate

Ct is the true count rate
and T is the dead time.
This decad time overrode that of the M.C.P.H.A. (47 us).  The dead
times of the rest of the elcctronics were negligible being typically
less than 5 x 10"8 sec. The random background was observed to bé
gquite constant in each case and was certainly less than 0.5% of the

peak value. Table 4.3 below shows the results oEtained at five dis-

tances and Fig. 4.6 shows some of the time spectra on a linear plot.

DISTANCE OF MAXIMUM  COUNTING CHANNEL NO. BACKGROUND
COUNTER 2 (cm) COUNTS TIME OF PEAK AVERAGED OVER
' 100 CHANNELS

0 55078 300 secs 67 207
100 9708 4080 secs 91 33
200 | 27455 12 hrs 15 mins 117 84
300 . 15160 15 hrs 142 53
Loo 21780 40 hrs 168 68

TABLE 4.3. MEASUREMENTS OF GAMMA TIME OF FLIGHT

Fig. 4.7 shows a typical time coincidence‘spectrum at 200 cm on
a log plot. As can be seen it is quite symmetrical about the peak.
. Because of this good degree of symmetry exhibited by all the spectra,
the data were corrected for dead time and background and fitted to

a Gaussian distribution of the form
C. = C. -(N - N)2/26.2 : 4,21
b exp[-( p) G ]

where Ct is the corrected counts

Cp is the maximum counts

N is the channel number



Np is channel number of the peak

and o is the Gaussian standard deviation.

G

The object of the fitting procedure was to obtain No as accurately as
f

possible and also OG-
The dead time and baclkground corrections and the Gaussian fittings
were carried out by the FORTRAN [V computer programme LEEFIT. This is
an adaptation of the programme PARFIT written by Peter Johnson which
does non-linear least squares fits up to 4 parame;ers by an iterative
procedure. In this present case guess values of the parameters C ,
Np and oy were fed into LEEFIT and a solution effected by repeatedly
improving the parameters by small increments (calculated by the‘pro-
gramme) until all increments were less than the convergence criteria
specified. Errors attendant on these parameters were also estimated
by the programme.  LEEFIT can accept as many problems as are permitted
by computer time and output specifications and hence the fitting of
the spectra were carried out in one run. A typical 17 point fit took

6 iterations for convergence in a time less than 0.1 minute. Some

results of the Gaussian fits are shown in Table 4.4 below.

DISTANGE OF MAX 1 MUM CHANNEL NO. GAUSSIAN SPREAD
COUNTER 2 (cm) COUNTS € OF PEAK N_ CHANNELS) O
0 49028 ¥ 2157 66.13 T .25 6.60 T .03
100 8511 ¥ 315 91.29 ¥ 19 6.73 ¥ .03
200 24323 T 789 117.450 ¥ 17 6.93 £ .03
300 13660 < 448 142.22 ¥ 19 7.08 ¥ .03
400 19908 ¥ 590 168.08 ¥ .17 7.4 % .03
TABLE 4.4 RESULTS OF GAUSSIAN FITS

In order to detect any shift of the peaks in the far away positions

due to electronic drifts a Gaussian fit of the zero position spectrum
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obtained after moving back the counter from the furthest position (400
cm) was made and the pcak channel was now found to be 67.90 giving a
shift of 1.77 channels. When a lincar fit of peak channel number Np
versus position of counter 2 was made using LEEFIT, it was found that
the best result was obtained when each peak channel number from 225 cm
upwards was reduced by 1.77 channels. Fig. 4.8 shows the result of

the 14 point linear fit. With reference to equation 4.2, the fitting

yielded
L t
e 0.2472 .00109
—il = 66.51 ¥ .23

Taking the velocity of light C to be 2.99792 x 1010 cm/sec,

A = (0.1348 T 0006) x 1077 sec/channel

This is the time constant of the multichannel analyser under the opera-

ting conditions described.
...9-
AT = 8.9 x 10  sec.

The M.C.P.H.A. was back biased by 2 volts at a sensitivity of 20 mV/ch
giving a further 13.5 ns so that the total time delay was 22.4 ns.
The cable length difference between the two channels was about 3.5 metres
which at the quoted 5 ns per metre gave 17.5 ns. The relative delay
in the delay boxes was around 5 ns so that the fitted Qa]ue of AT was
quite reasonable.

From Fig. 4.7 it can be seen that the F.W.H.M. is 13 channels wide.

From equation 4.19

(C]

0. = W1/2/2.36 =~ 0.74 ns.

This gives very good agreement with the theoretical value of 0.73 ns.

However the fitted parameter 9 gives 0.945 ns. This and the fact that
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the fitted peak counts were below that of the observed maximum counts
shows quite clearly that the actual time spectra was more pecaked and
less 'bulgy' than a Guassian distribution.  This implies that the

former was better than the latter but nevertheless the fitting proce-

dure was quite accurate in locating the positions of the peak.



CHAPTER 5

FAST PULSED NEUTRON DECAY MEASUREMENTS IN {RON

A description is presented in this chapter of héw measurcments of
fast pulsed neutron decays in iron blocks were attempted. Two injec-
tion energies were chosen at 2.427 MeV and 1.285 MeV, the neutrons
being produced by the T(p,n) He3 reaction using the 6 MeV/5 Mc/s Van
de Graaff accelerator at A.W.R.E., Aldermaston. Heasurement was made
with two block sizes of 12" x 12" x 12" and 15" x 15" x 18". ‘Too
small a size would mean that the dimensions become comparable with the
extrapolated distance and the leakage spectrum becomes similar to the
primary spectrum with a pulse width of 4 x 1079 s. A very large size
would incur a high background since the long decay would approach the
machine pulsing time. Calculations with reasonable values of Ztr
for iron for the two worst cases, high energy and small size, and low
energy and large size, indicated that 7 x 107 < x < 3 x 108 sec”? so

that these were in fact ''safe'’

dimensions, the limits being 5 x 10°
and 2.5 x 1010 sec~1; ldeally experiments should have been conducted
at several energies with a wide range of bucklings, but the very limited
time of four days allocated to the author did not permit this.
One of the main aims was to try to ensure that the neutrons decay-
ing from the blocks could be considered as monoenergetic, allowing
for the slight e}astic moderation. To meet this requirement energy
~@ating of the leakage spectrum was applied. Wiph each block size
measurements were made with the detector in line with the neutron beam
and perpendicular to it; this was to find out spatial effects (if any)

on the decays. The problem of separating out the neutrons from the

gamma rays generated by (p,y) reactions at the target was resolved by



time-of-flight. The gammas produced by (n,n',y) inclastic processes
in the iron (e.g. the 0.847 MeV and 2.085 MeV levels of FcSG) could

not be separated as such since the detector was sensitive to both fast
neutrons and gamma rays. However these gammas would decay in inten-

sity at the same rate as the neutrons and since the time spectrum was

the primary objective they did not pose a problem.

5.1 APPARATUS

The pulsed horizontal proton beam passed through an electrostatic
pick-up system before reaching the target. The signal from the pick-
up was used for zero-timing. Since the pick-up was a“out 6.8 metres
from the target it was necessary to delay the start pulse to compen-
sate for the time-of-flight of the protons down the beam tube. The

non-relativistic time-of-flight is given by
t(ns) = 72.3 D(m) //Eb (MeV) , 5.1

Thus for proteons at 3.2 MeV, for example, a delay of about 0.27 us -
was needed and this was provided by the insertion of 50 yards of
Unirad. 43 Cable. The positive, attenuated pulse was inverted and
~amplified before feeding into a fast discriminator TR104 (E.G. & G.)
which then provided a standard signal for the start of the Time to
Amplitude Converter (TH200A).

The neutrons were generated by the T(p,n) He> reaction. The tar-
~get was a zirconium disc 7/16' in diameter and about 0.05' thick with
a total of 0.5 mgm tritium, This reaction yielded monoenergetic neu-
trons and had a sharp threshold which made it easy for energy calibra-
tion (to be described later). The target was ring-clamped on to the

plate of a brass target assembly designed by the author. The details
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of the assembly are shown in Fig. 5A at the back. A tungsten dig-
phragm with a 0.5" diameter hole was inserted in front of the assembly.
The traget was cooled by blowing compressed air into the thick part of
the plate. This was necessary to minimise tritium evaporation due to
encrgy deposition by the proton beam. The emerging neutrons were
collimated by a 30 cm thick paraffin cone with a semi angle of about
11°.  The iron blocks were placed about 29 cm away from the conc

(Fig. 5.1). For the small size (large buckling), 4 slabs of 12' x

12" x 3" were combined gnd held together by a small iron strip placed
diagonally on top and screwed in at both ends. For the large size
(small buckling), 5 pieces of 12 x 12" x 3" were combined with a 12"
x 15" x 3" piece and put on top of 2 slabs of 15" x 15" x 3", (Fig.
3.2). These rested on a flat 0.5" thick iron plate supported on a
18" by 18" iron table. The height of the table was adjustable by
placing small 1" thick blocks underneath it so that both sizes could be
centred with respect to the proton beam, the latter being 1.49 metres
above the floor. The slabs were first grade iron conforming to British
Standards No.l15. A movable block and tackle system was used to shift
the slabs, which weighed between 120 1bs and 190 lbs each. To facili-
tate handling, two 0.5'" diameter holes were drilled and tapped at the
ends of a narrow surface of each slab so that lifting screws could be
inserted.

The detector was the fast decay plastic phosphor NE 104 used in
conjunction with a fast photomultiplier, the 56AVP, as described in the
previous chapter. For the purpose of neutron detection, however, a 5"
diameter 1'' thick phosphor was employed since it was desirable to detect
a fair proportion of the spectrum leaking out of a side. The count
rate would of course be enhanced and the counting time reduced. | The

phosphor was indirectly coupled on to the photomultiplier through a 2"
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thick, 40° semi-angle conical light guide as shown in Fig. 5.3. The
surfaces were smeared with silicone grease to ensure good optical con-
tact whilst the sides of the phosphor and cone were surrounded by thin
aluminium foils to prevent loss of light laterally. The whole assembly
was encased and made ]ight-tight. From the end of.the detector were
threce cables, each about 20 metres long, leading to the control room.
Two with BNC 50 Q connections were for the anode and dynode signals
whilst the third one with high voltage connections was for the E.H.T.
supply to the tube. Since the relatively small dynode pulses (from the
thh dynode) were greatly attenuated by the length of cable used, they
were fed into a fast, inverting, linear amplifier HP 462A (Hewlett-
Packard) prior to being driven along the cable. The larger anode sig-
nals were also attenuated but they were still usable at the other end
so that there was no need for immediate amplification. The detector
system here would give a poorer time resolution than that obtained in
Chapter k. However, even this would be small compared to the & ns
width of the proton pulses and this latter time uncertainty was in fact
mainly responsible for the resolution. The detector~amplifier system
and the paraffin collimator were supported on aluminium stands. Fig. 5.1
shows the geometry of the arrangement in the Van de Graaff room for the
in-line detection. |

The electronic circuitry adopted was of the fast time coincidence
type employing a Time-to-Amplitude Converter (T.A.C.) subject to gating
by an energy selection circuit (Fig. 3.4.). The anode signal with a
typical rise time of 3 ns and about 500 mV was used solely for timing
(i.e. to produce the decay spectrum with respect to the pick-up signal).
It was amplified, delayed appropriately and fed to a fast discriminator
TR104 which gave out standard pulses for the stop input to the T.A.C.

The pick-up pulse would initiate conversion until the arrival of a stop
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pulsc which might be duc to a neutron, a gamma or some random event so
that the output when displayed on a Multichanncl Analyzer (M.C.P.H.A.)
would represent the neutron decay spectrum plus a background along the
whole conversion range of the T.A.C. If the range was set at 0 to 1 us
5 decay spectra could be observed since the machine repetition rate was

5 x 106 ¢/s. Energy selection was effected by splitting the dynode pulse
(after amplification) with a Tee piece and feeding into two fast discri-
minators TI100A which when used in conjunction with the coincidence unit
C104 operated in the anti-coinc}dence mode (veto input) served as a
differential discrimination. The upper level (E + AE) pulse width was
douﬁled by reflection along a 0.8 metre open stub and then fed into the
veto input of the Cl04. The lower level (E) pulse, about 12 ns wide,
was made to “'sit' inside the longer pulse by adjusting the ns delay box
DB 263, and observing both pulses on the fast Tektronix 'Scope 561A.

This meant complete overlap so that the Cl104 output was essentially the
same as the lower level pulse. No output would be produced whenever a
pulse was present at the veto input. The lower level pulse should

" never be wider than the upper level one since this would imply that parts
of the lower level would not be subject to the veto at all thus giving
rise to erroneous outputs.

The inputs to the T.A.C. were made as narron as possible (about 5 ns)
to reduce the time uncertainty. The negative output was used, the pulse
width being adjusted to 3 us and the dead time s;t at 50 us. Since this
pulse width was 3 ps and since the M.C.P.H.A. would only accept pulses
greater than 0.3 us the energy pulse had to be stretched in order to gate
the T.A.C. output properly. This was échieved by using a 0.1 uF capaci-
tive delay inserted in a differential discriminator TD 101. The TD 101
did not function as a discriminator but it served effectively as a pulse
stretcher, giving a pulse of width about 3.5 us which was fed into the

linear gate LG 101 to gate the incoming negative T.A.C. signal. The
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gated signal was finally fcd after suitable amplification into the Laben
400 Multichannel Pulsc Height Analyzer (M.C.P.H.A.). An IBH electric
typewriter was coanected to the latter for print out purposes. Apart
from the M.C.P.H.A. the whole logic system employed fast electronics.
This differed from the conventional circuitry where the energy selection
was usually achieved by using slow electronics (us resolution). Because
of the fast electronics used it was not necessary to adjust for any re-
lative delays between the timing and energy selectfon channels. The
stretched pulses for the gate would easily account for relative delays
up to 1 ps long. The fast modules were supplied by Edgerton, Germes-
hausen and Grier Inc. (E.G. & G.). They have 50 Q impedance giving
standard pulses of 700 mV with a characteristic rise time of less than

2 ns. Pulse widths were usually adjusted by inserting given ]engths'
of 50 Q cables, the relation between pulse width (PW ns) and cable length

(L metre) being

PW (FWHM) 5.2
2 x 5.06 ns/m )

Output sockets not used were properly terminated in 50 Q. Fig. 5.4
gives a layout of the electronic system employed.

The average proton current at the target was about 1.5 pA, a higher
value could not be achieved since the Van de Graaff was beset with
leakage troubles at the time of the experiment. The total number of

neutrons yielded per sec was given by
n =4¢ n.o T 5.3

Here the proton flux would be numerically the same as the average cur-
-19

rent so that, with 1.6 x 10 Coulomb per proton, ¢p = 1013/sec. With

a total of 0.5 mgm tritium and atomic weight 3.0164 x 1.66 x 107 2" gm,

np = 1020, The (p,T) cross-section could be taken as 0.45 barns in the
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cnergy range of interest (Fig. 3.7) so that n_was estimated at h.5 x
108 ncutrons per scc. The number that went through the cone with a
half-angular spread of 12° (Fig. 5.5) would be around 5 x 10° per scc.
Isotropic generation of neutrons hag§ been assumed. With this flux
injected into the iron block it is seen that less than one neutron event

was detected per machine pulse.

5.2 ENERGY DETECRMINATION

The relation between necutron energy En and proton energy Ep in the

T(p,n) He3 reaction is governed by the non-relativistic equation

I Y ez 7 o8 5.
where a = [VM]MBEP/(M3 +_M4)] cos 63 5.5
" and p = [HAQ + Ep(Mb - M])]/[MS + Mh] 5.6

M, = 1.0076 a.m.u., M2 = 3.0164 a.m.u., M

1 = 1.00898 a.m.u. and M, =

3 4
3.0159 a.m.u. are the rest masses of the proton, tritium, neutron and

He3 respectively and 63 is the angle of neutron emission. The Q value

is related to the threshold energy Eth by

Eth = = Q[M1 + M2]/M2 5.7

Eth has been accurately measured (Fowler gt al.) and is given as 1.019
MeV so that Q = -0.764 MeV. For Ep >> Eth’ only the positive sign in
equation 5.4 will apply. Fig. 5.8 shows the relation between Ep and En
for 63 = 0° and 12°. Equation 5.4 is arrived at by considering particle
collision in the isotropic lab. system (Fig. 5.6) and applying energy

and momentum conservation. For energies of a few MeV non-relativistic

treatment is justified.
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The Van de Graaff was calibrated in terms of proton cnergy by the
resonance frequency f of its bending magnet (nuclear magnetic resonance) .
First of all a magnet constant MO must Be determined from the threshold

frequency Ft The threshold was found by taking neutron counts with a

h'
BF3 long counter placed in front of the target whilst the frequency was
stepped up by small increments. The counting time was that taken to
integrate over 100 Cculombs at the target. Timing by ordinary means
was not advisable since the current wouldvfluctuaté and the reaction
rate therefore not constant. Fig. 5.9 shows the plot of counts against
frequency. The curve was extrapolated down to 1 count which was less
than 0.025% of the highest count and this was taken to be the threshold

frequency Fth = 10,267 Mc/s. The magnetic strength Hp was tabulated

against proton energy (D.S. Mather, A.M.R.E.) and was related to f by

Hp = MO x f 5.8

At Ep = 1.0]? MeV, f = 10.267 Mc/s and Hp = 145.899 so that Mo = 14.2119.
The chosen operating frequencies were 18.320 Mc/s and 14.801 Mc/s giving
Hp as 260.364 and 210.337 from which Ep was found to be 3.2414 MeV and
2.1169 MHeV respectively.

The loss in energy per unit length dEp/dx (keV/mgm cm?) was known
from the appropriate range-energy table (D.S. Mather) and hence the actual
spread in the proton energy could be calculated for 0.5 mgm tritium in
0.9698 cm?. The collimated neutrons in additfon to the spread in the
target had a 12° angular spread due to the cone (equation 5.4). Table
5.1 shows the calculated energy uncertainties tcgether with the mean

energies.
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Proton Encrgy Ep {(MeV) 3.24] 2.117
dEp/dx keV/mgm cm? 70 92
Spread in Ep 0.036 0.046
tean E_ (Mev) 3.223 ¥ 018 2.0934 ¥ 023
Neutron Energy E (MeV)
at 0° 2.4t 19 1.299 T .02k
at 12° 2.411 £ 017 1.272 % .023
Angular spread 0.031 : 0.027
Mean Neutron Energy E_ (MeV) 2.4527 % 023 1.285 T 027
TABLE 5.1. ENERGY SPREAD AND AVERAGED ENERGY

When the beam was injected into the iron block the neutrons were
subjected to elastic collisions which caused further energy spreads.
However the main assumption was that if the mean energy peak remained
sharp during moderation the neutrons could be considered as monoenergetic,
The uncertainty due to elastic degradation was estimated by the following
argument (Beghian).

The distance travelled by a neutron with velocity v in a time T
(the 1ife time in the iron) would be vT cm, so that if Atr is the trans-
port mean free path, the average number of collisions suffered would

merely be
n .= VI/A, . 5.9
Now if £ is the average lethargy change per collision, then

mn E = 1In (EO/E) 5.10

£ is to remain constant in the small interval AE = EO - E

— —

aE = E(1-e ") | | 5.1

The expression for & is



o= (/0700 ) 5.12

with A = 56 the atomic mass number of the iron.

For En = 2.427 MeV, v = 2 x 109 cm/sec, Xtr ~ 0.13 (I. Langner et
al.), ﬁg = 0.37 and T = h x 1077 sec (calculated and éveraged over the
two sizes). This gives n = 1 and € = 0.026 so that AE = 0.063. The

— +
average neutron energy in the block was threfore En = 2.395 = 0.038 MeV.

For E_ = 1.285, v = 1.5 x 109 cw/sec, 27« 0,16 (A.B. Smith et al.),
— -8 — —
Uy = 0.2 and T = 1.2 x 10 sec giving n = 2,9 and § = 0.03. Thus
AE = 0.106 and E_ = 1.232 Y 0.059 Mev.

5.3 THE INTEGRAL PROTON SPECTRUM

Since energy selection was to be made, it was worthwhile to have a
fair idea of the fraction of the energy spectrum which was to be used
for this purpose. The integral spectrum at each energy was obtained;
the lack of a fast amplifier stretcher made it difficult for the differ-
ential spectrum to be gbserved on the M;C.P.H.A. which would only pro-
perly analyse pulses that had been stretched to more than 0.3 ps. The

ideal recoil proton spectrum has a rectangular probability distribution

‘P(E)dE = dE/E ; O<E <E )
P p p n P n )
) 5.13
= 0 E > E )
p n
and a corresponding integrated spectrum
lp(B) = I, {1 - B/E) 5.14

where IP(B) is the total number of knock-on protons with a bias energy

B applied. I0 is the total number of protons and is given by

ly = ¢n(En) c %0 o (En) 5.15

’
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where ¢n(En) is the flux of monoenergetic neutrons, C is the hydrogen
concentration in the phosphor and o p(En) is the (n,p) cross-section
b

(barns) at E. The ideal light output from the detector would have a

similar straight-line distribution as 5.13

L(v) = LO {1r-vv 1} 5.16

max

’

where L refers to the number of pulses, Vmax is the maximum pulse

height and V the bias voltage. However the light:output is not é
linear function of the proton recoil energy because of quenching effects
whereby the primary excitation is suppressed by the high density of
ionized and excited molecules. The result of this is a preponderance
of small pulses so that the integral spectrum becomes concave. In addi-
tion to this the finite energy resolution of the detector will give it a
tail. Second order effects such as end- and wall-effects,scattering

on carbon and multiple scattering will further distort the spectrum.
These have been thoroughly discussed in‘Fast Neutron Physics; they vere
very small and havebeen igncred.

A concave spectrum implied that the fraction of the energy spectrum
which had been discriminated off would in fact be much greater than what
the actual bias voltage setting suggested. To correct for this (i.e.
to 'push' the spectrum back into a straight line) Birks has proposed a
semi-empirical relation between the light output and proton energy which

is

dL/dEp = A/(1 + kB dEp/dx) 5.17

A is a constant of the scintillator and includes the absolute efficiency;
k and B are parameters describing the amount of non-linear response
(quenching) present; x is the proton range in the phosphor. Equation
5.17, when integrated, would give the corrected number of pulseé at the

proton energy Ep.
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The integration was carried out numerically using Simpson's Rule
from Ep = 0 in steps of 100 keV up to Ep = 1.285 MeV and 2.427 MeV
which were the selected neutron energies, A was normalized and the
value of kB = 0.0091 gm cm > MeV ' (Prescott and Rupaal) for NE 104
was adopted. The range-cnergy curve for proton in NE 104 was given by
Nuclear Enterprises. Vihen fitted using LEEFIT it was found to obey
the approximate relation

dE /dx = B.75 x 03 5.18

for Ep from 0.1 up to 3 MeV; Ep was in MeV and x in gm cm 2.  (cf.
Birks dEp/dx = 17.91 x 0443 gor £ from | to 150 HeV.)  Fig.. 5.11
shows the corrected integru] spectra obtained. They are only approxi-
mately linear in view of the above assumptions and adopted values.

For obtaining the integral spectra the detector was placed about
1 metre from the target with the collimator in position but with the
iron slabs and table removed. The dynode pulses were fed into the
energy selection circuit (Fig. 5.4) which was operated in the discri-
mination mode (lower level E only). The stretched output was fed into
an amplifier and then to a fést scaler (Harwell 2000). The bias vol-
tage was increased from 50 mV in small steps usually of 10 mV until the
counts were low. Counting time was that taken to integrate hoquoulombs
at the target (approx. 60 secs). At E = 2.5427 MeV the E.H.T..was set
at 24004 volts whilst at E, = 1.285 MeV it was increased to 25008 volts.
This was done to slightly increase the pulse heights of the smaller
energy neutrons. The counts were about 2 x 10° for the lowest (50 mV)
bias and decreased by a factor of about 100 at 500 mV. The curve of
counts vs. bias setting were extrapolated back to zero bias since 50 mV
was the lowest possible setting. Assuming the equivalent counting time
was 60 seconds the spectra were corrected for the 1 pus dead time of the

amplifier and scaler. Fig. 5.10 shiows ihe nurmaiized spectra obtained.
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The curves have rather long tails becausce of the presence of large
pulses duc to the target gammas which, although reso&ﬁﬂe in terms of
time, were not separable from the neutrons in encrgy. A comparison of
the intensitics of the gamma and neutron pecaks (see later) showed that
the gamma pulses could form as high as 8% of the total counts. It should
be remembered that a gamma ray with the same energy as the neutrons can
give a pulse several times larger than that due to the neutrons. How-
ever, for the purpose of estimating the bias energy corresponding to a
particular voltage discrimination the uncertainty could be tolerated.

The ratio of the counts at a given voltage setting (say 100 mV) to
that at zero bias was obtained. The energy which would give this same
ratio in light output was then read off from the corrected graphs.(Fig.
5. 11). Thus at En = 2,427 MeV a 100 mV bias was equivalent to a 62%
energy cut-off; It was decided to set the upper level to 480 mV where
the counts fell to 1% of the maximum. If this corresponded to En’

then 100 mV bias (uncorrected) would only be 21% of the upper level.

5.4 THE PROMPT NEUTRON TIME SPECTRUM

Prior to measuring the neutron decays, the prompt time spectra
were obtained in order to determine their shapes, the time resolution
and to illustrate the separation between neutron and target gamma peaks
by time-of-flight. Table 5.2 below gives the various settings and

results.
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Detector distance from target:- 96 cm; Time disc:~ 100 mV

Converter (TAG):- 0O - 100 ns range

Analyzer (MCPHA):- input amplification 5.5; 200 channels;
back bias; 0 V; 540 mV/ch giving 0.491 ns/ch

Upper level discrimination:- 480 mV

EHT:- 2.4 kv (En = 2.h27 Mev); 2.5 kv (En = 1,285 MeV)

Counting time:- 15 minutes (En = 2.427 MeV); 21 minutes (En = 1.285 MeV)

Neutron Energy Gating (mV Maximum  Position of peak Average
E MeV lower level)  Counts (Channel no.) Background

2.427 0 80749 Ly 2000
50 56125 Ly 615
100 L3834 Ly 337
150 23203 Ly 217

1.285 0 43242 53 2400
50 20209 h9 552
100 7440 L8 210
150 2239 47 102

TABLE 5.2 SETTINGS AND RESULTS FOR PROMPT TIME SPECTRA

The siower time-of-flight of the proton and neutron beams in the
case of the lower energy spectrum necessitated an offsetting relative
delay of about 10 metres of 50 Q cables (about €0 ns) in order to bring
back the spectrum into the display screen. Figs. 5.12 and 5.13 give
the normalised prompt time spectra wifh background subtracted and cor-
rected for the 50 pus dead time of the converter. The F.W.H.M. for the
high energy spectrum with no gating was 10 channels (5 ns) and gating

improved this down to 6 channels {3 ns) which compared favourably with
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the expected time resolution of 4 ns duc to the proton pulse width. The
lower cnergy spectrum had a slightly wider resolution, the ungated F.M.
H.M. being 12 channels (6 ns) and the gated one about 9 channels (4.5
ns). This was attributed to the increascd uncertainty in the time-of-

flight as given by

m

dt .
e 5.19

m[o_

L
2
the worsening being about | ns. Energy gating sharpened the peak con-
siderably and the peak position shifted back by A or 5 channels.
"Bumps'' could be seen on the spectra at both energies. They occurred
at about 12 channels (6 ns) from the peak in the high energy spectrum
and at arouna 15 to 20 che nels (7 = 10 ns) from the peak in the lower
energy one. This strongly suggested the presence of room return neu-
trons especially from the huge concrete wall adjacent to the target-
detector set up; this can be seen in Plates 5.1 and 5.2, The signi-
ficance of these bumps will become apparent in the analysis of the decay
spectra and will be diséussed later.

To get the target gamma peak into the picture, the neutron peak
was pushed up to the right of the analyzer display by switching the con-
verter to the 0 - 300 ns range and back biaéing the analyzer by 2 volts.
The channel width was set at 0.506 ns. Figs. 5.]4_and 5.15 show the
peaks at En = 2.427 MeV. They were separated by about 91 channels
(46 ns). The time~of-flight of the gamma rays over 96 cm is 3.2 ns
and that of 2.427 MeV neutrons is 44.54 ns, giving a difference of 41.34
ns. The ratio of gamma peak intensity to that of the neutron (in the

ungated mode) was about 0.08.
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5.5 NEUTRON DECAY MEASUREMENTS

The iron slabs were put in position on the table and centred with
respect to the proton beam. For each buckling measurements were made
at the two selected energies with the detector in the inline and then
the perpendicular position. For the inline measurement the detector
was placed about 1 cm from the centre of the surface on the far side from
the target whilst for the latter case it was placed close to the centre
of a surface normal to the beam. Table 5.3 shows the settings and

operating conditions of the experiment.

EHT: 2.4 kv (2.427 MeV); 2.5 kv (1.285 MeV)
Anode amplification: 4 X; Dynode amplification: 10 X
Pick-up signal amplification; 16 X
Time signal disc: 100 mV
Converter (TAC) range: 0 -+ 300 ns
Analyzer (MCPHA): input amplification 15 X
sensitivity 40 mV/channel
channel width 0.54 ns/channel
channels used 200
back bias 1.5 volts

Average proton current:- 1.2 - 2 pA

TABLE 5.3  OPERATING CONDITIONS FOR NEUTRON DECAYS

Tables 5.4 and 5.5 give the various measurements made. After
each measurement a print out of the decay spectrum was obtained. The

whole experiment was performed within a period of four days.



DIHENSIONS DISTANCE OF DETECTOR FROM TARGET
12" x 12" x 12" 90 em (in Vine); 74 cm (perp.)
Injection Energy Encrgy Gating (mV) Haximum Counting
En HeV E E + AE Counts ' time
2.427 N ( 100 400 2440 2 hrs 15 min
LINE ( 100 480 1745 2 hrs
PERP 100 480 2375 1 hr
g 150 480 2110 * 2 hrs
1.285 IN 50 480 2261 2 hrs 10 min
LINE
PERP 50 480 - 2922 1 hr 55 min
TABLE 5.4 MEASUREMENTS WITH 12" x 12'' x 12" BLOCK
DIMENS IONS DISTANCE OF DETECTOR FROM TARGET
15 x 15" x 18" 89 cm (in line); 69 cm (perp.)
Injection Energy Energy Gating (mV)  Maximum Counting
En MeV E E + AE Counts time -
2.427 IN 100 480 1143 2 hrs 55 min
LINE .
( 100 480 2398 2 hrs
PERP  ( 150 480 1823 2 hrs 25 min
1.285 IN 50 480 2039 2 hrs 30 min
LINE
PERP 50 4380 2282 1 hr 50 min

TABLE 5.5 MEASUREMENTS WITH 15" x 15" x 18" BLOCK

110

Inserted

delays

103 ns
103
105
105

30

Inserted
delays
101 ns

105
105

17
25

The spectra were shifted well to the right of the display screen so

that background in the distant channels could be observed. Two small
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spurious peaks came out of the background. These were found to be in
channels 143 and 159 and were independent of energy, buckling, position
of detector and encrgy gating which implied that they could well be in-
strumental in origin (duc to cither the anolyzing side or to the Van de
Graaff). The calculated value of 0.54 ns for the channel width was
based on the result obtained in Chapter 4 with the converter range
switched to 300 ns and the analyzer amplification and sensitivity
changed. As a check ageinst any instrumental errors when settings
were altered the analyzer was calibrated against inserted delays. With
the settings the same as for the decay measurements, a photomultiplier
anode pulse was split with one pulse delayed with respect to the other
and both were fed into the converter. The output was then fed into the
analyzer and the position of the peaks for various delays was observed
and printed ouf. A linear fit of delay against channel number was made
and shown in Fig. 5.16. A value of 0.555 o.004 ns/ch Qas obtained.
However in view of the highly unreliable values of the inserted delays,
this value was not adopted. For example quoted values of 30 and 60 ns
when measured on the Tektronix 5614 Scope gave readings of 33 and 64 ns
respectively. This calibration experiment merely showed that there
were no serious electronic drifts as the settings were altered. For
the high energy measurements (En = 2.395 Hev) gatings of 100 mV and 150
mV corresponded to cut-off energies of 1.52 and 2.00 MeV respectively
whilst for the low energy measurements (En = 1.232 MeV) a gating of 50

mV corresponded to a bias energy of 0.72 MeV.
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CHAPTER 6

ANALYSHES GF REUTRON BECAY DATA

6.1 ANALYSIS PART |1

The raw data werc not corrected for dead time since the count rates
were very low, less than one count per second even for the largest counts.
The decay spectra were fed into the programme LEEF{T and fitted to a

single exponential plus background according to the equation

where C and CO are counts, N is the channel number, and X is the decay
constant, and B is the background. For each fit more than 100 points

were used, the two spurious peaks in the background (mentioned earlier)

being excluded. Guess values of C,o A and B were fed in and in all
cases the fitting procedure converged after about 4 iterations. Typical
tolerances were 2, 0.00005, and 1 for Co’ A and B respectively. Standard

deviations for these parameters were calculated and so was the ‘'test of
goodness'' parameter defined as
n (CF - Co)

—1] / (a-1) 6.2
i=1 Ci

where C? is the calculated value, C? the input value and n the number of

points fitted.

The manner in which A, B and ;2 variea as péints from the front
(decay peak) were successively dropped was investigated, this being done
to find the effects of spatial harmonics and background. Figs. 6.12
to 6.16 show some of the results obtained. Both A and ¥2 did not seem
to behave consistently although B remained reasonably constant throughout.

On the basis of spatial effects only one would expect X to converge to

a constant value for both the in line and perpendicular spectra. However



it would appecar that the rather high background also had a significant

perturbation on A, this c¢ffecct becoming increasingly dominant as morc

points were dropped. Horcover the relatively low statistics would
have an appreciable effect on the variation of y?. Figs. 6.1 to 6.11
show the neutron decay curves with the background subtracted. The

criterion adopted in plotting out the fitted curves was to take the
point corresponding to a decrease in zﬁgs the first front point. Spatial
harmonics are discenible in the high energy, large buckling (small size)
in line decays (Figs. 6.1 and 6.2) although they are not so apparent

in the others. The time decay constants were obtained by dividing the
slope by the channel width of 0.540 ns. The results are given in Table

6.5 and are compared with theoretical calculations.

6.2 COMPARISON WITH THEORETICAL CALCULATIONS

The cross~sections input Qsed for the calculations were taken from
data sets of A.B. Smith (1965), Nishimura et al. (1965) and Langner et
al. (1968). The energy resolution of these up-to-date data is fine,
being of the order of 20 keV or less. Point cross-sections were used
since a one-velocity model was adépted. The iron slabs have the com-
position shown in Table 6.1. The impurities amounted to 1.226% and
since the data for some of these were not reliable only iron cross-
sections wvere used. It should be noted that the largest impurity,
VWO“ORG? has cross-sections similar to that of iron. Errors due to
omitting the impurities would therefore be very small. In the DSN
method the variation of decay with space intervals and Sn order was in-
vestigated and Table 6.2 shows that the decay was highly insensitive
to the choice of space intervals and Sn order. For all other calcula-
tions 30 mesh intervals and n = 16 were used. To test the effect of

+

the ""buckling absorption'' correction for the finite transverse sides,
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the varviation of A with the different sides was also found and again the
errors werce very small.

The cross~sections were regarded as anisotropic to first order
(transport correction), the non-elastic processes being isotropic.
Keeping the total cross-section and the capture cross-section constant,
various values of the time decay constants at the two energies and two
bucklings were calculated as the non-elastic cross-section was increased
by fixed percentages. The results are shown in Tables 6.3 and 6.4.

The reason why the total rather than the self-scatter elastic cross-

section was kept constant is because the former data is generally re-

garded as more reliable. Both the numerical and the analytical values
are shown. At the worst, the discrepancy between the two was no mere
than 1%. Since the expansion method is better suited for cases where

measurements with a reasonable number of bucklings could be made, the
DSN results were taken for comparison with the experimental decays of the
present project.

In all cases theré was no agreement between theory and experiment
if the non-elastic‘cross—section o"¢ was unchanged. The experimental
values were all much lower than theoretical predictions. However there
was some semblance of agreement if o"® was reduced by as much as 20% in
the low energy and 50% in the high energy calculations. On examination
of the decay curves it could be seen that some of the curves have '"humps'
(Figs. 6.5, 6.8, 6.9 and 6.10) which occur at about 40 channels from the
peaks. This suggests that rcom return neutrons could be a source of
errors in the fitted curves. In order to find out the contribution from
this source and the effect of the high background the data were re-

D

analysed.



E = 1.230 o = 2.733 b;  ¢° = 0.003 b; W= 0.2
"¢ = 0.3304 b;
DIMENS 1 ON 12" % 12" x 12.5"
30 mesh intervals n=16
-1 -
N ORDER DECAY x 108 SEC NO. OF INTERVALS DECAY x 108 SEC™*
0.9559 30 ) 0.9562
0.9562 40 0.9561
16 0.9562 60 0.9561
DIMENSION 12" x 12'* x 12.5" 151 x 15 x 18.5"
SIDE (CM)  DECAY x 108SEC™* SIDE (CM) DECAY x 108 SEC
30.48 0.9562 38.10 0.7683
31.75 0.9568 47.00 0.7702
TABLE 6.2 VARIATION OF DECAY WITH SPACE INTERVALS, S, ORDER AND
S|DES.
IRON BS 15 (1861) FIRST GRADE
CONSTITUENT % CONCENTRATION DENSITY x 102%atoms/cc
I RON 98.774 ' 0.0847
CARBON 0.192 0.0838
MANGANESE 0.628 0.0789
N1CKEL 0.086 0.0913
COPPER 0.200 0.0843
SULPHUR 0.060 -
PHOSPHORUS 0.060 -

TABLE 6.1

COMPOSITION OF THE IRON SLABS USED.



E. = 2.39 MeV; ot = 3.20 b; o = 0.001 b W = 0.4
(DATA FROM NISHIMURA ET AL.)
DIMENSION 12" x 12" x 12.5"
One ? h : 1
(barns) (Jezrzggz) THEORETICAL DECAYS x 108 sec”
DSN METHOD vih® + vosg
0.765 0 2.121 2.128
0.689 10 1.984 2.005
0.462 4o 1.573 1.608
0.386 50 1.436 1.481
DIMENSION 15" x 15" x 18.5'"
0.765 0 1.858 1.865
0.689 10 1.721 1.734
0.462 40 1.310 1.3M
0.386 50 1.173 1.210
£ = 2.h0 HeV; ot = 3.2 b; o=0.003; W= 0.365
(DATA FROM LANGNER ET AL.)
DIMENSION 12" x 12" x 12.5"
0.948 0 2.5422 2.39]
0.474 50 1.600 1.602
0.427 55 1.518 1.521
0.379 60 1.436 1.446
DIMENSION 15" x 15" x 18.5"
0.948 0 2.167 2.163
0.474 50 1.335 1.341
0.427 55 1.253 1.258
0.379 60 1.170 1.182
TABLE 6.3  THEORETICAL DECAYS AT 2.395 MeV
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019
.021
.026
028

.c08
.009
0N
.012

.015
.022
024
.026

.007
.010
.010

011



DIMENSION 129 x 120 x 12.5"

"¢ % change

(barns) (decrease)

DSHN
0.3300 0 Q0
0.2970 10 0
0.2640 20 0
DIMENSION 154 »x 15' % 1£.5"
0.3300 0 0
0.2970 10 0.
0.2640 20 0.
t .
En = 1.235 MeV; o = 2.320 b;
(DATA FROM

DIMENSION 12 x 12" x 12.5"
0.3530 0 1
0.3354 5 0
0.3177 10 0
0.3001 15 0
DIMENSION 15' x 15" x 18.5"
0.3530 0 0
0.3354 5 C
0.3177 10 0
0.3001 15 0

<2303 o = 2.733 b;

(DATA FRO#

. 7496

TABLE 6.4 THEORET! CAL DECAYS AT 1.23

MeV

= 0.003 b; My = 0.
A.B. SHMITH)

THEORET I CAL DECAYS
METHOD vz® 4 vDBS
.9562 0.9551
L9141 0.9161
. 8720 0.8770
.7683 0.7698
7262 0.7292
6841 0.6889

C _ . -

o~ = 0.0024 b; Mg

LANGNER ET AL.)

.0124 0.9968
.9898 0.9762
L9673 0.9555
.94L7 0.9348
.8177 0.8108
. 7850 0.7911
7723 0.7673
0.7h456

x 108 sec

[N el o]

O OO

[o 2 e I o= B o)

[N oo N
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cBH

L0181
.0185
.0189

.0076
.0077
.0079

131

.0204
.0206
.0209
L0211

.0087
.0087
.0088
.0039



E =
n

GATING (MV)

E + AE 1L0O
E 100

80
100

1180
100

480
150

480
100

480
100

480
150

E =
n

GATING (MV)

E + AE 480
50

480
50

Lgo
50

480
50

2.395

038 Mev

POSITION

IN LINE

IN LINE

PERP.

PERP.

IN LINE

PERP.

PERP.

TABLE 6.5

1.232 £ 0.059 Mev

POSITION

IN LINE

PERP.

IN LINE

PERP.

TABLE 6.6
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DIMENSION 12' x 12" x 12.5'"

DECAY

EXPONENTIAL
WITH
BACKGROUND

1.8 ¥ oy

1+
R
N

1. 457

1+

1.100

)
o

b+
g
N

0.890 -

DIMENSION 15" x 15" x 18.

1+

0.974 - 4%

1
=
[

0.939 *

L

0.931

A9y}
o

DIMENSION 12' x 12" x 12.

DECAY

EXPONENTIAL
WITH
BACKGROUND

1+
-
%

0.851

i

0.781

(%)
Y

DIMENSION 15" x 15 x 18.

i+

0.571 - 5%

0.48g ¥

1
Ui
&P

x 108 sec

SINGLE
EXPONENT I AL
(NO "'HUMP)

1+

1.026

N
5%

14

1.074

w
¢

FITTED DECAYS AT 2.395 MeV

21
x 108 sec

SINGLE
EXPONENT 1AL
(NO ""HUMP'")

0.951 % 23

0.709 ¥ 29

FITTED DECAYS AT 1.232 MeV

1

SINGLE
EXPONENT IAL
(BKGD+ 10%)

14

1.831

\UN)
[

14

1.817

W
o

1+

1.180

N
o9

]
-
o?

1.340 ¥

(%2
1

1.200

(W)
e

1157 £ 2

o

1.187 £ 3

o

5“

SINGLE
EXPONENTIAL
(BKGD +* 10%)

1+

2

e

0.976

0.878 %

]
w
NP

i+
N
>0
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6.3 ANALYSIS PART 1

Whenever the humps"

are apparent the data of the decay spectra
were fitted to a single cxponential without the background obtained [rom
the first analysis.  The humps were excluded so that‘only the first 40
points were fitted. This procedurc was applied to Figs. 6.5, 6.8,

6.9 and 6.10. The results are shown in the second decay column of
Tables 6.5 and 6.6. There was a marked increase in the value of the
decay especially in the low energy case where the increase was greater
than 10%. The background from the fitting procedure could be uncertain
by an appreciable amount particularly if a time-dependent background

was present. To find the effect of this uncertainty t-e background

was increased by 10% and all the spectra were then fitted to a single
exponential with the new background subtracted from the data. The re-
sults are shown in the third decay column of Tables 6.5 and 6.6. Again
the decays showed an increase of as much as 10%: It should be noted
that the errors in the fitted decays were unaffected by the procedures
adopted in the second part of the analysis. In fact they were slightly
improved. This shows that the low statistics and uncertain background
were such that the slopes could be altered significantly without affect-
ing the errors.

For the high energy decays the room return neutrons were apparent
only in the small buckling (large size) perpendicular measurements. In
the case of the small buckling the results were quite consistent for
both the in line and perpendicular decays and they did not show a great
change on reanalysis. Certainly the values of 1.2, 1.157 and 1.187
(x 108 secﬂl) seem to agree with the theoretical value of 1.173 with
o€ = 0.386 barns, (a decrease of 50%) for Nishimura's data and 1.170
with ¢"¢ = 0.379 barns (a decrease of 60%) for Langner's data. In the

case of the large buckling the in line decavs were far higher than the
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perpendicular decays although the two in line decays agreed well wiih
each other. Raising the background by 10% increcasced the values by
about 30% so that it would appear that these results were greatly
affected by background and statistics and this could account for the
discrepancy in the values. The values of 1,428 and 1.457 (x 108 sec-l)
obtained from the first analysis for the in line decays compare favour-
ably with the calculated values of 1.436 with "¢ = 0.386 barn and
1.436 with o"® = 0.379 barn.

For the low energy decays the room returns were quite distinct in
the in line measurements with both bucklings (Figs. 6.5 and 6.10).
The perpendicular measurements gave much lower values for the decays.
Re~-analysis increased the values by over 10% for the large buckling and
30% for the in line measurement with the small buckling. It would
seem to suggest that the perpendicular decays were heavily contaminated
with both room returns and background build up since even the in line
results showed the room returns which were not observable in the corres-

ponding cases at the high energy. The in line value of 0.951 (x IO"8

sec-l) for the large buckling is to be compared with the theoretical
value of 0.956 with o'C = 0.33 barn (no change) for Smith's data and
0.9447 with o' = 0.3001 barn (15% decrease)for Langner's data. For
the small buckling the in line decay is 0.709 whilst the calculation
yielded 0.7262 with "¢ = 0.297 barn (10% decrease) for Smith's data

and 0.7496 with e

= 0.3001 barn (15% decrease) for Langner's data.

The errors in the actual fitted decays amounted to 5% whilst con-
tributions from background and room returns were at least 10% so that
an accuracy of not less than b 15% was possible under the circumstances.

The errors in the total cross-sections and ;; were not quoted but it is

usually reasonable to assume an error of 5% for these data (Beghian).
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CHAPTER 7

CONCLUS 10N

The experiment has shown that when energy gating was applied to
bias the necutron detector so as not to count neutrons which had lost
energy it was possible to measure some kind of decays. These spectra
fitted well to a single exponential plus background. Unfortunately
interpretation of the results was rendered difficu}t by the relatively
high background contingent to such fast pulsed experiments and by the
presence of room scattered neutrons. These troublesome sources were
very much in evidence in the present experiment where adequate pre-

cautions to minimise these effects could not be taken because of the

limited time. The spectra could well have been ''sitting on top''of a
time dependent background which was not investigated. Another source
of error was the low counting statistics. It needed a time of around

2 hours to register a peak value of merely 2000 counts. The estimated
energy spread was from : 38 keV to x 59 keV so that it included several
resonances of the cross-sections used, the latter having resolution of
20 keV or less. However that was the best that could be achieved with
the set-up used.

This project is the first of its type to be conducted in the United
Kingdom to the best knowledge of the author and in his opinion it would
be worthwhile to carry out further investigations along this line. To
help improve the technique and reduce the errors the following suggestions

are made.

a) The neutron yield should be increased by using higher proton currents
and richer targets. The detector should be moved as near to the target

as practical manoeuvring of the metal slabs would permit. This would

ensure hetter counting statistics.
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b) The room in which the experiment is performed must be free of
scaftering materials and it might even be worthwhile to shield the
detector with paraffin. The beam tubc must be some height from the
floor. To test the cffect of background it is suggested that the
neutron beam be blocked by a slab of paraffin with the metal assemblies
and detector placed in position as for the decay measurements, tn this
way the behaviour of the background, espccially in those channels which
would later be occupied by the decay spectra, could be observed. The

importance of performing this cannot be overstressed.

c) As has been mentioned in Chapter 5 the neutron energy spectrum was
contaminated by target gamma rays since the latter could only be sep-
arated out in time; A way of eliminating the gammas is to gate the
energy spectrum itself by the time spectrum from the time-to- amplitude
converter, the gamma peak in the latter being excluded by using a
differential discriminator., The "purified" energy spectrum is then
used to gate the time spectrum from the other output of the converter.
An alternative solution is to insert a pulse shape (n,y) discrimination
circuit at the base of the detector. However this would mean using a
different phosphor, possibly a liquid such as NE 213. The slower decay
time of the liquid phosphor and the added electronics would conceivably

increase the time resolution.

d) To further reduce background due to random gammas and elastically
scattered neutrons, a twin detector might be a better proposition than
a single detector.

As many as six bucklings should be used so that the results could
be fitted accordiﬁg to the analytical expansion formula. The number
of energies might also be increased. The technique could be extended

to multiplying media such as natural uranium and to assemblies containing
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slabs of diffcrent materials. I f the above precedures for reducing
errors arce adopted it will be interesting to see whether errors to

within 10% or even less can be achieved.
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