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1. Introduction

An understanding of the interaction between neutrons and moder-
ators is of great importance in the development of nuclear reactors.
The first experimental study of this process was undertaken by Fermi
in 1934 shortly after the discovery of the neutron by Chadwick in
1932, but more extensive studies of the subject were not taken up
until after the discovery of fission by Hahn and Strassmann in 1939
and the experimental proof of the possibility of a chain reaction in
1942,

The theoretical foundations go back to 1895, In that year Boltz-
mann completed his formulation of the particle diffusion problem.
The linearized classical version of this formalism was first used for
the description of neutron phenomena by Ornstein and Uhlbrich in
1937. Although the Boltzmann equation is well established, exact
solutions can seldom be found in practical cases. This depends on
the mathematical difficulties involved in handling simultaneously the
seven variables of space, velocity and time, and in addition on the
fact that it is not entirely clear how to represent mathematically the
physical situation represented by the scattering kernel, the cross
sections and the boundary conditions.

The interaction between neutrons and moderators has been treated
experimentally by two different kinds of methods, namely differential
measurements where the intention is to clarify the detailed inter-
action between the neutrons and the moderator, and integral measure-
ments where the information is collected in a small number of funda-
mental parameters. A review of the developments in models and
measurements can be found in e.g. Williams [1], where references to
the above-mentioned works are also given.

One of the most widely used experimental methods is the pulsed
neutron source method. The time behaviour of a short burst of fast
neutrons injected into a moderator can be divided into three parts,
the slowing-down period, the thermalization period and the diffusion
period. During the slowing-down period the energy of the neutrons is
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s0 high that the moderator atoms can be regarded as free and at rest.
In a hydrogeneous moderator this period is followed after a few
microseconds by the thermalization period, during which the motion
and binding of the moderator atoms come into the picture. After
about 15-20 microseconds an energy equilibrium is attained. The
neutrons diffuse and may also reach a spatial equilibrium, asymp-
totically characterized in space by the Helmholtz equation and in
time by a pure exponential. Measurable quantities are the decay
rates during the different periods and the time dependent neutron
distribution.

The basic ideas of the pulsed source method were developed during
the fifties. A review covering this time period is given by von Dardel
and Sjostrand [2]. The work of the sixties is elucidated in reports
from three international conferences, which were partly devoted to
the subject. They are “The Brookhaven conference on neutron ther-
malization” [3], “Pulsed neutron research” [4], and “Neutron ther-
malization and reactor spectra® [5].

The pulsed neutron source method is one of a group of methods
connected with the generalized dispersion law of neutron diffusion:

Z(—12, iw)=0 )

where £k is a wave number-like and w a frequency-like parameter [6].
The dispersion law depends on the diffusion parameters and can be
written, in conventional notation, as

A=A, DB —CB'+-0(B%) (2)

(This is eq. 2.1 of paper (i.) Here A is the decay constant in a finite mod-
erator with the buckling B2

Other types of experiment can be performed by setting up other
initial and boundary conditions. A “poisoning” experiment is a sta-
tionary experiment where B? is substituted by (— %*) and A by « [7].
Here z is the inverse relaxation length and a the product of the
velocity and the absorption cross section for the added absorber.

K= — Mg+ D2+ C A +0( ) (3)

If the decay is controlled the part of the dispersion relation corre-
sponding to A>0, B*<0 can be measured [8] (See fig. 1). Finally, if
the frequency parameter is allowed to be complex, we have the ex-
periments involving the propagation of neutron diffusion waves [9].

Inspired by some theoretical work by Case [10], Corngold [11] has
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Fig. 1. The generalized dispersion law of neutron diffusion,
The stars denoto the limiting values,

shown that the point spectrum of the decay constants disappears at
sufficiently large values of the buckling leaving only a continuum,
The maximum value of the decay constant is given by the minimum
of the product of the velocity and the scattering cross section and is
often called the Corngold limit. The limit is high in hydrogeneous
media, but owing to the Bragg cut-off is low in crystalline media.
Experimental evidence for the limit in Be was given by Fullwood
et al. [12]. It is interesting to note that they had to follow the decay
for five decades and make a comparison measurement on polyethylene
with the same decay constant before they were able to establish
the effect. In later work [13] the effect was shown to be caused by
“trapping” of neutrons in the low energy region. A measurement of
the time dependent energy distribution gave varying neutron energy
spectra for bucklings higher than the Corngold limit.

The material presented in this thesis can be divided into three parts.
The first part describes a measurement of the slowing-down time by

-
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a static method (paper A). The second treats the development of an
electronic system, the methods of calculation and the data handling,
for precision measurements obtained by the pulsed neutron source
method (papers B, C and D and some parts of papers E, F and G).
In the third part (papers E, F and (i) it is shown that decay constant
variations and trapping effects can be caused not only by the velocity
dependence of the cross sections as in the case of Be mentioned above,
but also by their space dependence. A special method for eliminating
this delay effect experimentally is treated in paper F.

2. A measurement of the slowing-down time
in water by a static method

The purpose of the work described in paper A was to obtain an
independent check of a measurement of the slowing-down time in
water performed with a pulsed neutron source by Mdller and Sjo-
strand [14]. For H,O there are three modes of internal vibration
having energies 0.205, 0.474 and 0.488 eV. The thermal effect can
therefore be expected to influence the slowing-down time at neutron
energies lower than about 0.5 eV. Maller and Sjostrand showed that
a thermal effect exists at 0.2 eV, and in some earlier work [15] we
confirmed the result of DeJuren [16] that the thermal effect is negli-
gible at 0.5 eV, In the work described in paper A the precision was
increased at 0.5 eV and a new measurement was performed at 0.3
eV. The result is in agreement with the conclusions of Méller and
Sjostrand and has been confirmed since by the calculation of Ghatak
and Krieger [17].

3. Measuring system, numerical methods and corrections
for the pulsed neutron source method

One of the important parameters in the pulsed neutron source
method is the fundamental decay constant. It can be determined
from the measured decay curve. Two problems arise however. At
the beginning of the decay the fundamental is mixed with higher
modes. At the end its behaviour is obscured by background. The
higher modes may be resolved by the use of a Fourier technique
[18] or partly resolved by a suitable choice of detector position. The
background is directly connected with the gamma sensitivity of the
detectors. In many situations the BF; detector has proved to be the
best choice in diffusion experiments. It has an acceptable time resolu-
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tion and a very low gamma sensitivity. In order to avoid time-of-
flight effects, however, the detector volume must be small compared
with the dimensions of the moderator. This gives a low neutron
sensitivity. The provisional siting of our laboratory (an appartment
house) imposes very severe restrictions on the permitted radiation
level in the surroundings. We can not therefore use the full capacity
of the small accelerator and this must be compensated by the highest
possible neutron sensitivity in the detectors. The Li-glass scintillators
chosen have not only high sensitivity but also small time-of-flight
effects and a good time resolution.

The background can be suppressed by amplitude or pulse shape
discrimination. We have tried both these methods but without
success. Another method has therefore been adopted. The pulse
amplitude distribution around the neutron peak is measured for all
time intervals. The background is then subtracted by a numerical
method which makes use of the difference in shape between the
amplitude distribution of the background pulses and the neutron
pulses. We have found that 32 intervals are needed in order to get
sufficient material for subtraction of the background. If four detectors
are used, a 1024 channel analyzer has only room for eight time intervals.

The problem of using a given number of intervals most effectively
has been studied by Janossy [19]. However, his suggested subdivision
of the measuring time is too complicated to be included in the logics
of the equipment. Another sequence of time interval widths was
therefore chosen, using a logarithmic time scale. It is described in
paper B, and different numerical methods based on this time scale
are analysed in paper C.

The basic principles of the system are described in paper B. The
equipment has since been continuously improved. Since the descrip-
tion of these improvements in the papers following paper B is mixed
with the application for each separate experiment, a summary of
the most important developments will be given here.

One problem connected with the linear circuits of a system designed
for the pulsed source method is that the system must be able to
handle low as well as high intensities. During the neutron burst
the linear amplifiers are near to overloading and therefore the recovery
time must be short. In the work described in paper B a baseline
restorer was incorporated in order to decrease the amplitude shift.

In connection with the work described in paper E the part of the
system which handles the output from the linear amplifiers was re-
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designed. The advantage of the new unit is that the interaction be-
tween the different detectors is minimized. Fast logics working on
the leading edge of the amplified detector pulses activate a gate system
in such a way that only the actual signal is transferred to the analog
to digital converter. The new unit also opens up the possibility of
exchanging the time to digital converter as only one of the four
detector lines is now used. For the best working conditions four
baseline restorers are needed. For economical reasons these were not
included before the work described in paper F. In paper G an example
is given of the flexibility of the system.

The principle behind the main part of the dead-time correction is
given in paper B. A numerical check on the method is described in
papers C and D. In paper C a method based on the coincidences
between the detectors is described for correcting for the extrinsic
dead-time, but a better method is introduced in paper D. The latter
has the advantage of giving an amplitude dependent correction and
it therefore also increases the accuracy of the background correction.

The data handling was performed on an IBM computer. The direct
access method was used with the programs and the intermediate
results stored in a disc memory. The method is practical as the data
handling can easily be altered in order to match new experimental
situations, but it is rather uneconomical as large amounts of data
have to be transferred between the disc memory and the computer,

4. Previous and contemporary work concerning
cavities in moderators

The possibility of using the pulsed neutron method to determine
the buckling was proposed by Sjéstrand et al. [20]. Sawyer [21] used
the method to study a cylindrical assembly with one concentric void
in a water system. He obtained satisfactory agreement with a sta-
tionary theory for small void dimensions but noted deviations for
large values. An extensive study using the same geometry has been per-
formed by Ocasio-Cabanas [22]. The result was compared with several
static models, but the agreement was bad, especially at large values
of the void diameter.

Copit et al. [23] have studied the effect of channels in a plexiglass
system. They obtained a result that deviated widely from the theo-
retical predictions obtained using both the classic method of Behrens
[24] and a static Monte Carlo calculation. During a study of the condi-
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tions in a bore hole for oil prospecting Mills ef al. [25] found that
porosities increase the content of higher harmonies.

The first attempt to include a correction for the delay effects in
the cavities was made by Page [26]. Considering the decay in the
cavity as a source term he obtained good agreement with a static
theory by Leslie [27].

The experiments mentioned so far were performed with hydro-
geneous moderators. Graphite moderators have been studied by Deniz
et al. [28]). They included corrections for the delay time in the cavities
and indicated clearly the differences between stationary and dynamic
systems. In spite of this they found systematic differences between
the calenlated and measured values of the radial diffusion constant
which are still not explained.

Joshi et al. [29] made measurements on BeO but did not correct
for dynamic effects. This was also the case in the work on graphite
reported by Zezherun [30]. The deviations from the theory were not
so large as in the hydrogeneous case. This depends on the lower
values of the decay constant.

Bull [31] and Dance [32] have included the time delay effect in
their analyses. They have also found experimentally variations in the
asymptotic decay constant which they attributed to trapping effects.
The experiments of Dance also show that the time-of-flight effect
can be so strong that no fundamental pseudomode can be found.

It is interesting to compare these results with those from static
sigma pile measurements. Palmedo et al. [33] show that the decay
is not exponential in the direction parallel to plates of Al in H,0.
This behaviour has been confirmed theoretically by Williams [34].

5. Studies of the influence of cavities on the decay
of the neutron field

We have approached the subject of cavities from quite a different
point of view, namely the interaction between subcritical assemblies.
A measurement of the interaction by Kiyose ef al. [35] using the pulsed
neutron source method gave a result very different from equivalent
measurements with subcritical assemblies [36]. In paper E we show
that the difference is caused by the time of flight of the neutrons in
the space between the moderators and that this is a dynamic effect
which depends not only on the geometry of the cavity but also on
the decay rate of the system. It is further shown that the gap between
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the two moderators introduces large variations in the decay constant.
From a theoretical point of view there are good reasons for believing
that a pure fundamental asymptotic decay constant does not exist.

The effect introduced by the inhomogeneity can be looked upon as
a trapping effect. Neutrons moving in directions nearly parallel to
the gap or with velocities near zero have flight times that are long in
comparison with the decay of the system. Experimentally this delay
effect is important in connection with the time-of-flight method for
measuring the velocity distribution of neutrons.

One can also use the arguments of Corngold [11] in order to explain
the effect. In the cavity the Corngold limit is zero. The cavity there-
fore extends the continuum in the spectrum of decay constants down
to zero and a pure asymptotic exponential does not exist. The Corn-
gold limit in hydrogeneous media is about 300,000 s, It is therefore
very difficult to establish the limit experimentally in a homogeneous
moderator. However, the cavity introduces a continuum that covers
all positive real decay constants and so offers the possibility of study-
ing the influence of a continuum in hydrogeneous media.

Another way of approaching the problem is to introduce the con-
cept of “importance”. The importance of the neutrons in the gap
increases as the field in the moderator decays. On the other hand an
absorber placed in the cavity reduces the number of neutrons. The
time-of-flight effect can therefore be eliminated by introducing a
/v absorber. This idea was used in the work described in paper F
in order to solve the original problem, the measurement of the static
interaction between two moderators.

The delay effect can be divided into a space effect and a velocity
effect. In the case of plane symmetry the space effect predominates
and in a practical finite system the loss of neutrons through the
cavity complicates the picture. A more well-defined experiment can
be performed by using spherical symmetry. Paper F treats this case
and it is shown that a strong velocity effect does exist. In addition it
is shown that the same kind of time dependence as in the plane ex-
periment occurs in this case also.

Some irregularities detected both with plane and with spherical
symmetry are interesting. They cannot be explained by the quasi-
stationary methods used but might be connected with the theories
of diffusing neutron waves. Such effects have in fact been demon-
strated [37, 38]. However, a more careful study of these topics is
needed to confirm and explain the effects.
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Measurement of the slowing-down time of
Ra-Be neutrons in water

By Gupmar Grossnic

SUMMARY

The time for slowing down of Ra-Be neutrons to the eadmium and gadolinium cut-off energies
in water has been measured with a stationary method to 160 40,07 and 2.47 £ 0,11 ps respoctively,
The method uses the fact that the cut.off ratio of the total neutron population in a moderating
medium is equal to the ratio between the total mean life time and the mean life time of the neu-
trons above cut-off. For a medium having 1/v absorption the eut-off ratio is directly related to the
slowing-down time. The measurements were performed with a small BF, proportional counter
and with filters of cadmium and gadolinium having cut-off energies at 0.5 and 0.3 eV respectively.
It is shown that the correction for the flux perturbation of a gas detector can be caleulated with
sufficient accuracy using the P .approximation.

Introduction

A neutron source with the intensity @ n/s is placed in an infinite moderating me-
dium, where it causes a neutron density a(r,v). The total number of neutrons N and
the number N, of neutrons with velocity larger than v, in the medium are then

N, = J.mfwn(r. v)dm v dr-do, (1)
veJ O

Ne= J.mJ'wn(r, v)da e r® odr-dv. (2)
0 0

A neutron balance gives us directly the mean life time of the total neutron population

\'
Q

and the mean life time of the neutron population above the velocity .
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Thus we can write

! N
R, E
A (3)
where R is the cut-off ratio of a 1/v detector, i.e. the ratio of the integrated counting
rates observed without and with a filter having a cut-off at v.. Let us define the slow-
ing-down time (7,) as the average time a neutron spends from birth to reaching the
cut-off energy. The difference between the slowing-down time and the mean life
time is due to the absorption. If the absorption cross section is 1/v dependent and has
the value X, at the velocity #,, a neutron balance for the neutrons above cut-off will
give us

f N Rl
Y QN T, (4)
[
and thus i R—1. (5)

This has in another way been shown by DeJuren [1], who ecaleulated the slowing-
down time to cadmium cut-off using a value of R measured by Walker [2]. The aim
of Walker was, however, only to obtain a correction for the epithermal flux in connec-
tion with a source calibration. For this purpose he got a sufficiently good value with-
out making detailed studies of the disturbance caused by the detector ete.

In this work we have measured the cadmium ratio in order to determine the slow-
ing-down time to 0.5 eV with higher accuracy. We have also measured the gadolinium
ratio in order to get a value of the slowing-down time to 0.3 eV,

Experiment

The experimental arrangement is shown in Fig. 1. The source, 99.7 mC Ra(x, n)Be,
is fixed through an aluminium tube in the centre of a cylindrical aluminium tank
(height 100 em, diameter 90 ¢m) filled with water. The BF, proportional counter uses
boron enriched to about 95 9%, has 0.4 mm copper walls and the active dimensions 50 «
13 mm. By an aluminium tube the detector is mechanically and electrically connected
to the preamplifier, which is sliding on two horizontal steel tubes. The distance be-

Table 1.

Distance in em between
source and detector

Run from to in steps Filter
0 16,0 355 0.5 None
1 23 200 0, Nono
2 2.4 10.6 0.2 Gd
3 2.4 9.6 0.2 Cd
4 10.0 None, Gd, Cd
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Preamplifier
— Timer
Scaler
BFy _Amphli"
Proportioral
Counler
HY, supply
N

Fig. 1. Experimental arrangement,

tween detector and source is indicated on a steel scale. The eylindrical filters are made
out of a 600 mg/em?* cadmium sheet and a 150 mg/em? gadolinium sheet.

The measurement was separated into 5 runs according to Table 1. It will be shown
later on that this separation is justified and that drift in the electronies between the
runs will ecancel, Every run took about one day. The purpose of run 0 is to determine
the exponential part of the total neutron distribution. Runs 1 to 3 give the main part
of the total, the epigadolinium and the epicadmium distribution. Run 4 gives a
comparison between the different distributions.

Data handling

The total cut-off ratio can be written
1
R R(u)l ] (6)
where R{a) is the cut-off ratio at the radius 2 and

f f n(r,v)r® dv-dr
0 0
A L z

J n(a, v)dv
0

f J‘ n(r,v)r*-de-dr
I, =<2 e — :
f nla, v)dv

L

, (7

(8)

In order to evaluate the integrals analytically the measured distributions multiplied
by the square of the radius are fitted by the following function:
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Fig. 2. The function f for the three runs. The curves have been normalized so that f(10) =1,
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The constant  is calculated from the exponential part of the total distribution, and
it is assumed that thig value can be used also for the other distributions, This means
that the spectrum at large distances from the source has reached an equilibrium. The
constants A, # and ¢ are obtained with the method of least squares from the data of
the actual runs,

The goodness of fit is demonstrated in Figs. 3, 4 and 5 where Af is the difference
between the measured and the calculated values. It is seen that the function excel-
lently represents the data from the measurements with filters. There is some devia-
tion for the first values of the total distribution. The numerical difference is, however,
small and the effect on the integration can be neglected. Another weakness of the
function is that it gives zero for r=c. Also this can be neglected if the integration is
taken from r=c instead of r=0.

Another check of the function f(r) is to use it to determine the age 7. For the filter
measurements

At/

Fig. 3. The difference in per cent between the primary data and the function f for the measurement
without filtor,
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Fig. 4. The difference in per cent between tho primary data and the function f for the measurement
with gadolinium filter.

Fig. 5. The differenee in per cent betwoeen the primary data and the function f for the measurement
with cadmium filter.

'-2_ 1 f:/(r)r’-dr

g1 f fir)dr
0
and for the measurement without filter
r!
Tehermal — “—L'- (11)

where L is the thermal diffusion length. The result is
Tea = 474+ 0.7 em?,

Taa=48.3 + 0.7 em?,

Teneemar = 90,7 + 0.6 cm®.

Table 2.
Run 0 Run 1 Run 2 Run 3
Filter
Symbol None None Gd Cd
A 2565 100 254 600 2444 1532
1 800 200 10 7
x = 0.10 585
(L00 026
e 0.52 0.41 0.42
0.02 0.04 0.04
f 0.0167 0.0366  0.0400
0.0001 0.0008 0.0010
1 17.12 17.05 17.23
B 0.06 0,12 0.12
rt 350 200 285
4 Rl 4
k,(10) 1.0234 1.0245 1.0245
f(10) 68 670 819 ale
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L2 is here assumed to be 7.67 cm?®. ANL 5800 |3] gives seven rather scattered values of
the age to the indium resonance for Ra-Be neutrons. They give the mean value 49.8
em?® for the age to cadmium cut-off if we take the age between the indium resonance
and the cadmium cut-off to be 0.6 em®. The agreement is rather good, but of limited
value as a check of the function f because of the large deviations between the different
measurements of the age to the indium resonance.

The data handling is programmed for the electronic computer FACIT EDB. The
program corrects the primary data for deadtime and for the finite volume of the
detector, determines the constants «, f, ¢ and A with error limits, makes the integra-
tions, determines r* and the error limits of I and r®. The result of the calculation is
summarized in Table 2, The figures below each value are the limits of errors.

Corrections

The primary data have been corrected according to the following list.

a. Space independent corrections:
Flux depression,
Leakage through filter.

b. Space dependent corrections:
Finite volume of the detector,
Unsymmetrical parts of the neutron distribution.

Detector perturbation, theory

The perturbation of detector foils has been investigated very much. A review of
the later results can be found in reference [4]. The perturbation of BF, detectors is,
however, sparsely treated which may be due to the fact that these detectors are not
s0 well suited to determine neutron fluxes absolutely. The disturbance problem is,
however, simpler for a gas detector than for a foil. This depends on the fact that the
absorption of a foil is concentrated to a point or a thin layer, which is not the case
for a gas detector. The gas detector problem can therefore be treated with elementary
theories of neutron transport.

For the gas volume and the detector walls the energy independent Boltzmann
equation can be written

Q- Veb(r, Q) + blr, Q) E(r) + Zalr)] = dy(r, Q) Z,(r) + Za(r)]
+ :l!)'¢(r. Q) (r, Q') — J.dS)'qSo(r. Q)X,(r, Q'—Q). (12)
For the medium surrounding the detector:
Q- Yb(r, Q) + d(r, Q) ,(r) + Xy(r)] = ’.dsz'qb(r. Q) X, (r, Q' —=Q). (13)
Here ¢y(r,Q2) is the unperturbed differential neutron flux of the angle €2 at the space
point r, ¢(r,L2) the difference between unperturbed and perturbed flux, X, the absorp-

tion cross section and X, the scattering cross section.
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From these equations it is seen that the perturbation of the flux is equivalent to
the neutron distribution that should be established around the detector if it produced
neutrons with the source distribution

S(r, Q) = (., QT (r) + Zg(r)] = [ Py(r, Q)VE,(r. '->L2). (14)

The correction factor k, can be defined

=
™= _A_‘N ) X (15)
bo(r) — d(r)
where the mean values are taken over the gas volume. Using the P -approximation
and assuming that ¢y(r,£2) is constant and isotropic over the gas volume, that

d(r, L) <(r,L2) and that the detector is eylindrical and has an infinite length we
obtain

14 S (R — R+ ( ) Zirs KolxaRy) 1 500
kp 142-4:::(1": ) alRII[-—H"In R /31‘, "l(/akx) Ble . (16)

where index 1, 2 and 3 indicate the gas volume, the detector wall and the surrounding
medium respectively, R(cm) is the outer radius of the regions, X, (em ') is the tran-
sport cross section, K, and K, are the associated Bessel functions of zeroth and first
kind and 2 =13%, X,

It can be shown that the approximation is good if

&

3 Sureln () (SRS ) o) - G| <1 (17)

)

In our case we get
k,=1.158 ¢=0.002.

Detector perturbation, experimental
The correction factor can also be written

= 1+e

l+¢ A,(.«,R,)], (18)
where ¢, is the flux at R,.
The perturbation in the outer medium is

$r) = EK ofoty1). (19)

where E is a constant. These equations have been used to determine the correction
factor experimentally, Two gold foils (0.2 % 150 x5 mm) were placed according to
Fig. 6 and were activated during one week. The foils were then cut up and the activity
of the foils was determined with a NaJ(TIl) crystal and a one channel pulse height
analyser. Since we measured on the gold peak, the background was low and the
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P~

Fig. 6. The experimental arrangement at the gold activation.,

influence of any impurities could be avoided. The experiment was repeated with the
detector exchanged for a void, which was realized by an aluminium tube. The differ-
ence between the two measurements is plotted in Fig. 7. The Bessel funetion is fitted
to the experimental points through the method of least squares. This gives k, =
1.168+0.009, a value that is somewhat higher than the theoretical value 1.158.
This can be due to the fact that the theoretical study did not include the materials
at bottom and top of the detector. We have therefore chosen the experimental value
as the most correct and used it in the caleulation of R.

Figure 7 also gives a comparison between the P -approximation and the experi-
mental result. It is seen that there is no significant disagreement between theory and
experiment, indicating that higher terms give no significant contribution to the flux
depression,

From equation (16) it is seen that the main part of the correction term is due to the
absorption in the detector, which for neutrons above cut-off is only some per cent of
the total absorption. The correction of the fast neutron flux depression is therefore
about some per mille and can be neglected.
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Other corrections

The fact that the detector has to be connected to the preamplifier gives a leakage
of thermal neutrons through the filter. The correction was determined for the cadmium
filter through simulating another identical leak and measuring with and without this
leak. This gave a correction factor kyeq=1.065+0.005. Since the cadmium and
gadolinium filters are geometrically equal we can assume that the same amount of
thermal neutrons leaks into the detector in both cases. This gives a correction factor
for the gadolinium filter of &, g4 = 1.040 £ 0.005.

The filter leak correction is not strictly space independent since the neutron spec-
trum varies with the distance from the source. The difference is, however, small and
can be neglected.

The finite volume of the detector gives a space dependent correction since the
detector senses a mean value of the neutron distribution in the detector. The shape
of the distribution in the detector changes with position and so does the ratio between
the mean flux value and the flux value at the centre of the detector. Using a Taylor
expansion of the flux around the detector centre (ry) the correction factor (&) can be

written
L. 1 [(d¢ 11 (d*\ — . ;

b g (dr),." Fol? 2¢(r,,)(dr’),'(r L 0)
where r is the radius from centre of the source and the mean values are taken over
the active detector volume. The flux and the derivatives can be taken from the un-
corrected distributions,

Unsymmetrical parts of the flux distribution can be caused by the aluminium
tube holding, the shape of the moderating medium and the shape of the source. All
these effects must be very small, since the absorption rate in the aluminium tube is
small, since the tank is large and since the source shape is effecting only the measure-
ments close to the source, a region where r is small.

Results
Using 330 + 3 mb as the 2200 m/s cross section of hydrogen we get
[=206-104s
and from this
t,=2474+0.11 us for gadolinium,
{,=1.60+0.07 pus for cadmium,

where the error limits are ealeulated from the statistical fluctuations of the measure-
ments. The water temperature was 22°C,
Possible systematic errors can be caused by
impurities in the water,
gamma radiation,
instability of the electronics,
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O measured value
@ calculated value

+

0s lo EC AeV

Fig. 8. The slowing-down time as a funetion of neutron energy. The point numbers are explained
in Tables 3 and 4,

We used ordinary tap water as moderator. According to an analysis from the water-
works the total absorption eross section of the impurities did not exceed 0.30 per cent
of the hydrogen cross section and was therefore neglected. Gamma pile-up was avoided
through working with as low detector voltage as possible. The best part of the plateau
could therefore not be used. This may have affected the stability of the electronics.
However, we measured every odd number point in Figs. 3, 4 and 5 moving outwards
and then every even number point when going back in each run. Any long term
instabilities should therefore be seen in the figures.

The effective cut-off energies of neutron filters have been caleulated by Stoughton
and Halperin [3). From their report we get the values 0.5 eV for our cadmium filter
and 0.3 eV for our gadolinium filter. It is not easy to get a reliable value of the error
limits. We have estimated them to less than 10 per cent.

The results are summarized in Tables 3 and 4 together with earlier experimental
and theoretical results. In order to get a comparison we have plotted the most im-

Table 3.

Point in

Name Ref. t.(ps) E_ (oV) Fig. 8
Moller, Sjostrand 6 27 +04 0.2 1
Profio 7 1.76 £ 0.5 0.4 2
Walker, DeJuren 1.2 1.54 20,018 0.5 3
Prel. result 5 165 2010 0.50 4
Crouch 9 5.2 0.35 (7
Present work 1.60 0,07 0.5 5
Present work 24710.11 03 0

224



ARKIV FOR FYsIK. Bd 27 nr 16

Table 4.
Point in
Name Ref. t(ps) E (eV) Fig. 8
Kricger, Foderighi 10 1.6 0.35 1
Haynam, Crouch 11 5.2 0.025 (2)
Haynnm, Crouch 11 1.7 0.35 3
Haynam, Crouch 11 1.1 0.8 4
Haynam, Crouch 1 1.05 1o 5
Haynam, Crouch 11 0.9 1.2 G
Haynam, Crouch 1 (.85 1.4 7
Haynam, Crouch 11 0.8 1.6 (8)

portant values in Fig. 8 together with the result from the model of free protons at
rest

=—, (21)

where the scattering mean free path 1 has been taken to 0.75 em.

In Fig. 8 we first observe that all the calculated values are lower than the results
from the model of free protons. This may be due to differences in primary data and
uncertainties in the caleulations. Next we observe that all the measured values lie
on or above the curve. Crouch’s value is probably caused by time-of-flight effects in
the counter. The results from pulsed measurements of Méller and Sjostrand [6] and of
Profio [7] have rather large limits of error. Walker's value has been discussed above.

The difference between the experimental results and the model of free protons can
be due to the low energy effects, chemical binding and up-scattering, Chemical binding
can influence our values because the vibrational frequencies of the bonds in the water
molecule correspond to energies in the region of interest. Up-scattering has been
investigated theoretically by Krieger and Federighi [10] who found that it can influ-
ence the slowing-down time up to about 0.4 eV,

The conclusion of this experiment is that the low energy effects are small at
0.5 ¢V but cannot be ignored at 0.3 eV.
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A SYSTEM FOR SIMULTANEOUS MEASURE-
MENT OF THE AMPLITUDE AND TIME

DISTRIBUTION FOR PULSES FROM UP TO
FOUR DETECTORS.

by
GUDMAR GROSSHOG



. Purpose
B S N—

The purpose of the system is to determine the time dependence

of a neutron flux with glass detectors. The background is assumed

to be rather high and it is therefore necessary to have it under

conirol, This can be done by measuring the time dependent ampli-

tude distribution for the pulses (rom the photornultipliers, since

the amplitude distribution for the background and the neutrons have
very different shapes. The main part of the background comes from
gammas which in the crystal have a long range compared to the dimen-
sions. The amplitude distribution for the gammas will therefore be a
continuously decreasing function of the amplitude. On the other hand the
neutrons will give a very peaked distribution, since the reaction pro -
ducts of the neutron sensing reaction ( neutrons against lithium - 6 )

have a short range in the crystal,

~e, *
vow »
“erem it

' 4

Fig.1 The amplitude distribution of a Li-6 glass-scintillator,

Linear intensgity scale 106000 counts /division,



Fig, 2 The amplitude distribution of a Li-6é glass-scintillator.

Logarithmic intensity scale | decade/2 divisions.

These effects can be seen i figures | and 2. Here only the distribu-
tion in the neighbourhood of the neutron peak is shown. The spot on
the bottom of the figures should be read as 100, 000 counts. It is one
more than the capacity of the memory and was in this experiment the

stop condition for the system,

One possibility to determine the neutron intensity is to extrapolate the
background through the neutron peak. The neutron intensity is then de-
termined as the area between the extrapolated and the measured curve.
This can be done manually or with the help of a computer. Also other

methods, which will be reported elsewhere can be used,

The advantage with this way of measuring the neutron intensity is that
it is independent of the stability of amplifiers, discriminators and high

voltages.




2. Description of the units,

We will give a short presentation of the different parts of the sy-

stem, The units ( See fig. 3 ) were constructed and built by

Intertechnique Amplification unit ( AP 17)
Time measuring unit ( HC 24 )
Amplitude measuring unit ( CA 13 )
Memory block ( BM 24 )
Converters for in- and output to the

memoryblock

Oltronix High voltage unit
Low voltage units for some of the transistor

circuits

Institute of Reactor Detectors
Physics Buffer register
High voltage dividing unit
Multiinput scaler
Programming unit
Amplification and pulsforming units

The details of the units from Oltronix and Intertechnique may be found
in their manuals. We will here only present the most important fea-

tures bearing upon this case and some of the modifications done.

THE AMPLIFICATION UNIT contains four linear amplifiers, one linear
adding circuit and some logical circuits. The amplifiers have a maxi-
mum gain of 400, a rise time of 0.3 s and a maximum output pulse -
height of about 8 V. The adding circuit provides an analog summing of
the signals from all of the amplifiers.



The logic circuits give a blocking signal if two or more pulses from
different detectors are separated in time less than 2 us, For each
amplifier the logic circuit gives a standard pulse of 10 volts and 4,5
18 if an incoming pulse is followed by an enable pulse, The leading

edge of this pulse is used to activate the time measuring unit,

THE TIME MEASURING UNIT measures the time with the help of

a freerunning oscillator of 4 MHz, giving a time jitter of { /4ps.

The channel width can be chosen to 1,2,4, 8,16 or 64 us, The mea-
suring cycle is activated by a zero time signal, There are four
separate detector lines and each of them can be given a separate
measuring range delayed according to the zero time sign4l in steps
of 32 times the channel width, The deadtime is modified from origi-
nally 20 to 4 us. During the deadtime the time register is stopped,
the content is transferred, the register is corrected for elapsed
time during the stop. At the end of the deadtime the register is put
into operation again, A logical output signal defines the time of inte~
rest as the time during which any of the detector lines is operating.
The number of channels is 256 per detector line,

THE AMPLITUDE MEASURING UNIT uses as input a bipolar pulse,
The amplitude is 0,1 to 10 volt, Conversion from analogue to binary
information is established with the help of a 20 MHz oscillator giving

a conversion time of 3 + 0,0 5N pus where N is the channel number, The
capacity of the address is 32 to 2048 and the gain of the conversion can
be set to 64 - 2048 channels per 10 volt, The integral and differential
linearity is for 1024 channels 0,05 and 1 per cent respectively, There
is however larger deviations in some channels, These are systematic
and can be corrected for during the data handling.

A time signal, with a jitter of less than 0,3 us is sent out for every
accepted input pulse, This time signal is used as an enable pulse for
the amplification unit. There are a lot of blocking possibilities for
coincidences and anticoincidences, We have used delayed énticoin-
cidence for the blocking from the amplification unit and direct anti-

coincidence for synchronization of the deadtimes of the different units,



THE BUIFFER REGISTER is a 20 stace binary register with a deadtime of
2.5ps8. It collects the information from the units above and transfers it to

the memory block.

THE MEMORY BLOCK has 1024 channels and a program tirme for storing
16 us. We use the parallel input for the information and a pulse at the end
of the projram as a signal to the systera that the memory block is ready
to take care of a new storing. For each storing one is added to the content

of the actual channel.

THE HIGH VOLTAGE UNIT can give un to 3400 volt and 25 m/., Line stabilisa-
tion is 0,3 V per 10 per cent line voltage change and 0.3 V per 50 to 100 per cent
load change.

THE HIGH VOLTAGE DIVIDING UNIT separates the four detectors. The vol-

tage to each detector can be individually set by a ten turns notentiometer.

THE MULTIINPUT SCALER is constructed to meet the need of several scalers

.

of different capacity. It contains 24 stages which can be divide? into at most
6 parts, Zvery part can contain arbitrarily many stages with the limitation,
of course, that the sum of them is 24, Each input is gated so that the scalers

can be controlled separately. The deadtime is about 2 us.

THE PR.OGRAMMING UNIT is princinally a scaler which shifts a bistable cir-
cuit after a ~redetermined number of counts. The output of the bistable cir-
cuit is connected to the on-off function of the storing in the memory block and
also to the gates of the multiinput scaler, The unit is fed with pulses either
from outside or from a triggering circuit using the line frequency as time sig-

nal source.

THE AMPLIFICATION AND PULSE FORMING UNIT contains 5 amplifiers of

the same type as those in the amplification unit and 5 discriminators.



3. Principle of Operation

The working principle of the system is sketched in fig, 3. The

pulses from the preamplifiers are fed into the amplification unit,

This gives an analogue signal which is the sum of the amplified

input signals, Before entering the amplitude measuring unit this

pulse is differentiated and amplified in the pulsforming unit. At the
zero crossing time of the differentiated analogue pulse the amplitude
measuring unit tests the system in order to see if it is still working
with an earlier pulse, If that is not the case a pulse triggers the lo-
gical circuits in the amplification unit and a logical time signal for the

actual detector is sent over to the time measuring unit,

The capacity of the time measuring unit is 4 times 256 time channels,
The groups of 256 channels can be placed anywhere in the time scale
and as a special case it can handle four detectors of 256 time channels,
The zero time in a repetitive measurement is defined by the zero time
pulse, After the zero time there can be a time delay before the region
of interest during which the unit is working. The time from the begin-
ning of the region of interest is measured and the information is sent
over to the buffer register in form of a 10 bits binary coded word. The
two last bits ( 28. 29) are in the four detector case used to determine the

detector.

During the same time as the time measuring unit is determining the
time, the amplitude measuring unit is converting the amplitude of

the pulse into another binary word. This can contain up to 11 bits, of
which we ordinarily onlyuse 10,and is sent over to the buffer register

as soon as the conversion is completed.,

The purpose of the buffer register is to collect the information from
the amplitude measuring unit and the time measuring unit, A prede-
termined part of this information is sent over to the memory block

at a time when this is not engaged with possible earlier storing. We
will explain this in more detail later on. For the time being it is enough
to point out that the memory block can not han'dle a larger word than

10 bits ( 1024 channels). We therefore have to select as output a 10 bits
information from the 20 bits input.
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4, Dead Time Considerations.

There are three types of events during which the system can nct take care

of incoraing information.

1. Coincidence between two or more deteciors

is recognized.

2. The systera time ( defined by the time measuring unit )

is outside the rezion of interest.

3. Any of the time raeasuring unit, the amplitude

measuring unit or the buffer register is engaged.

Coincidences between the detectors arc detected in the logics of the ampli-
fication unit. In the case of coincidence a blocking signal is sent down to
the amplitude measuring unit and the converting is not exxecuted. The time
measuring unit is supplied with a cirvcuit that cancels the transfer if coin-

cidences are recognized.

The deadtime signals are logically added in a circuit in the buffer register.
The output of this circuit blocks the analozue input if any of the measuring
units or the buffer register is engaged. The different deadtirnes are 4us +

a waiting time ( < the channel width ) for the time measuring =it, 3 + 0. 05
*( channel number ) for the amplitude reasuring unit and 2.5 uo + the waiting
time of the storing of an earlier pulse in the memory block. The maximum
deadtimne will occur if an information has been transferred immediately be-
fore the actual pulse. In this case the deadtime of the buffer register can be
18.5 s,

As the deadtime is a complicated funtion of both intensity and amplitude, of

which the first one is time dependent, it is rather difficult to calculate

the deadtime corrections. There is, however, a simple way to measure it if

one can afford to use one detector line for this purpose. f.ssume that this detec-
tor is irradiated with a time ind:pendent source giving a pulse rate of r counts/sec

For this detector there will ther be stored in the memory bloclk

P4(t)=G(t)-r-t~N



pulses, where

t channel width

N

the number of measuring cycles

G(t) = the transfer function, i,e. the probability that an incoming pulse
will be stored.

For another detector we now have

P, (t) = ('.‘x(t).r1 (t) . t.N
from which

r () = r. B, } =1:2:3

where r (t) is the corrected counting rate of the i:th detector line,

This method has the advantage that it also corrects for differences in
the channel widths if these are equal in the different detector lines. It

can, however, only be used if the detector lines are parallel in time,
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5. The Buffer Register,

The buffer register is the brain in the system and we will there-

fore describe it a little more in detail,

The function is illustrated in figure 4,

Amplitude
Information
/'
Upper discriminator

1

o

| =

oy

@l n

O » // A
=|C &

BlE o Stored range
E|S E

o U

ol 2 /
<= i channels

@

z

o (j-121024)

s

Lower discriminator

i' 15& channels I h o=

Time
information

Fig.4 Information map of the system,

The information field is here illustrated as an area built up by the
time on the abscissa and the amplitude on the ordinata, The incoming
information covers the whole area with positive amplitndes and times,
The upper and lower discriminator and the region of interest are those

functions of the system which determine the part of the total field which
will be rejected in the first instance,



The measuring units now conver! everything lying inside the region
of interest in time and the converting range in amplitude, This in-

formation is fed into a 20 bits register in the buffer register unit,

20 bits register
Amplitude Time Detector.
R R =

-8
ulL JILI]I&] l

L
L)

Trans
1
|
|
|
|

I
i

@ 10 bits
output

tches
-+ -+ -+
| ] i
| | 1054
| | b=
| [ 1S54
Condition switches

T

Fig, 5 The buffer register,
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As is illustrated in figure 5 ten transfer circuits can be connected
to ten of the bistable circuits with the help of switches, This swit~
ching system is constructed so that the only restriction is that the

bistable circuits must be in the same order as the transfer circuits,

A condition for transfer can also be put in for every bistable, The
condition circuit is a logical and -~ circuit into which one of the sides
of the bistables may be connected, The condition for one of the bi-
stables can therefore be on, off or independent, The condition cir~

cuit will inhibit the transfer if the condition is false,

By using the condition for all bistables not used for transfer, any part
of the measured range can be transferred, It is therefore possible to
use the full resolution of the measuring units but, of course, on the

expense of the dimensions of the stored range,

1
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6. The Logarithmic Time Scale Converter,

In the field of the pulsed neutron source one is faced with the problem
of accurate measuremente of the logarithmic decay of a counting rate.
In order to get a correct value of the lowest decay constant even if the
measured values are influenced by higher modes it is necessary to have
a good resolution at the same time 2s one measures on a very long time
scale, We have also the problem that if e, g, 32 channels are used for
the amplitude and we have four detectors there are only 8 channels for
the time, In order to meet these requirements the buffer register con-
tains a possibility to shift the time scale into a logarithmic one. The

principle is shown in figure 6,

Linear scaile
. | 0

Borlw 1 90 TR 3

0
| 2 . 112131:.!5 6 718491101"L’21134M£51r‘6£1181 TSN LT A ere I o

Logarithmic scale

Fig. 6. Comparison between the linear and the logarithmic
time scales,

The channel 0 is not used. Channel | is converted into channel 0,
channels 2 and 3 into 1, channels 4, 5, G, 7 into 2 and so on, This

corresponds to the truth table in table 1.



—_—~ -~

13

linear scale logarithmic scale
p0ip VakiaBio k2715050 2R 2t
o 00 0 0 0 O 0 0 0 0)
1 00 0O O 0 0 0 0 0 0)
> e IO SR ¢ B 5 S ) Foil{ ¢ E ML 1 0 ©
X 2% 1 0NER R0 100 c 1 0
e Xeaye 0~ 0 0 %0 18]
e o= XA o1 1077000 0/ 50¢ A7
> Sl S3 ol < gk Al 1 Rl 105
XXX XX X 10 0 1 1
Kax Xk X X X1 TRk
a b c & e f g h A B G

Table 1, Numerical comparisen between the linear and the logarithmic
tirne scales, X = ) or B,

If we use the notations of the table, we can get the following logi'cal ex-

ressionss
A = b,c.d.e.f,g.h + d,e g h +f.g.h + b
B = c.d.e. f.g.h  + doefg.h + g + R
= e.f.g.h + f.g.h +g.h +h

which are very simple to convert into a logical circuit, Above we have

not taken into account the differences between the linear channels 0 znd

1. This depends on the fact that the time measuring unit gives wrong
results in the first two channels, We can therefore not use the logarithmic
channel number 0 without doing a correction, The complication of taking
the difference of the channels into account is therefore of rather litfle

importance,
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7. The Detectors

The detectors are composed of four parts:

Glass scintillator

Neutron absorber

Light pipe

Multiplier tube ( RCA 4441)

& 0 o p

alb c d $1.5

E Preamplifier

Fig, 7. Neutron detector,

We have two types of neutron sensing glass scintillators,

One of them contains 7.8 % Li enriched to 96 % Li-6 and the

other contains 2,7 % natural Li, As a neutron detector the last

one will be transparent and measures therefore the neutron den-
sity, the other one is " black ' and measures the neutron flux, The
thickness of the scintillators is 1/8", which will give a very low time
of flight effect in the detector.

The neutron absorber shall protect the scintillator for neutrons coming
from the backward direction, It has the thickness 1/4'" and is made of

glass mixed with 8 % Li-6,

The need of light pipe cau be seen in figures 8 and 9, The amplitude
spectrum of a detector without any light pipe ¢ontains at least two

peaks caused by the neutrons,



1>

Fig. 8. Amplitude distribution for a detector without any

lightpipe.

Fig.9. Amplitude distribution for a detector with lightpipe.



16

This depends on the fact that the photo cathode of the photomultiplier
does not sense the light equally over the whole area. By using a light-
pipe the light will be distributed a®sproximately in the same way over
the photo cathode for every scintillation.

In figure 9 we have used a lightpipe of 2 cm acryl plastic together with
the neutron absorber mentioned above. The effect of double peaks has
disappearcd here. The acryl plastic was chosen because it has about

the same properties as glass and is rather easy to work with,
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8. Conclusions .

The system is built to handle glass scintillators as neutron detectors.
Another use of it could of course be the measurement of short lived
isotopes. In the latter case oneshould, however, wish to have better
amplifiers and avoid the complexity of more than one detector. Owing

to thedesizn of the adding circuit not only the signals arc added but also

the noise. As an example of the use of the equipment we will give an very
short presentation of measurement of decaying neutron field in a moderator.
The moderator is a polyethylene cube with the side 4 cm, A burst of neu-
trons is injected into the medium during 32pus. The region of interest be-
gins 32 us after the end of the pulse, The time channel width is1 ps and
the logarithmic converter has been used, At the medium there are three de-
tectors, two black and one transparent. Detector number four is a Nal-crystal

counting a constant source of gammas from Cs-137.

The results are shown in figure 10 and 11, In figure 10 there is a three di-
mensional representation of detectors 2 and 3. The intensity is on the ordi-
nata, the amplitude on the abscissa and the time is advancing in the direc-
tion into the paper. Some lines for constant amplitude and the curve showing
the last time interval are enlighted. In figure 11 we have all the detectors

in another representation. The time is on the ordinata and the amplitude to-
gether with the detector number on the abscissa. The lighting up of the spots

is proportional to the logarithm of the intensity,
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Fig. 10, The amplitude distribution for detector 2 and 3,

Fig. 11, Time - amplitude distribution for four detectors,
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1. INTRODUCTION.

The main problems when one wants to determine fundamental decayv
constants with the pulsed neutron method are higher modes and back~
ground.Thrsetroproblems are 21lso conflicting in the sense that the
higher modes call for long waiting times but the background calls for

short.

In this work we have tried to find 2 method to solve this problem for an
experiment with detectors placed outcide the moderater and using a low

intensity neutron source. The main features of the method are:

a. Logarithmic time scalz.

b. Rotating moderator.

c. Amplitude analysis for background subtractior.
d. More than one detector in the same experiment.

e. Auto correlation of the time distributions.

The method is applied to a cylindrical polyethylene moderator, earlier
measured by SJOSTRAND et al. "17. The reason for choosing this is
that it gives the possibility of a direct comparison with an independent
experiment on the very same moderator. Some recent calculations
made by GRIFFING [2] make a remeasurement of these assemblies

interesting.



2, EXPERIMENTAL ARRANGEMENT.

A sketch of the experimental arrangement is given in figure 2,1, The
moderator is composed of up to eight 2.2 cm thick polyethylene discs

with a diameter of 18 cm, This gives an experimental series of cylinders
with heights from 2.2 to 17.6 cm in steps of 2.2 cm. The corresponding
bucklings go from 1,48 to 0,098 cm-z. The moderator is contained in

an aluminium box and is shielded by boron carbide. Three detectors are
placed close to the moderator, the first and third 2% nocitions where the se-
- cond mode of the cylindrical functions is zero, and the second at the maxi-

mum point of the fundamental mode.

The whole arrangement is rotated around the axis of symmetry in order
to keep the contribution of the higher modes low. Owing to the cables the
direction of rotation is shifted after every revolution, The height of the
table is adjusted so that the target always is at half the height of the mo-
derator,

Two series of experiments have been done, In the first we have crystals
'""black " to thermal neutrons in detector 1 and 2 and a background crystal
in detector 2, In the second series detector number | contains a black, 2 a

transparent, and 3 a background crystal,

The crystals are glass~-scintillators with Li-6 as the neutron sensing nu-
clide, The black contains 7.8 % Li enriched to 96 % in Li-6, the transpa-
rent contains 2.7 % natural Li and the background crystal contains 7.8 % Li
enriched to §9.999 % in Li-7. The black crystal then gives a pulsrate pro-
portional to the thermal neutron flux whilethc prlsc rofe o the transparent is
proportional to the neutron density,

It could be seen during the experiment that the background detector did not
give correct information about the background, Two reasons for ‘kis have
been found, First, the baseline shift makes it very difficult to find the cor-
rect setting of the high voltage, second, there is an influence from the traces
of Li-6. Therefore,the background subtraction has been done by the method
outlined in chapter 5, and the results from the background detector have only

been used for comparisons,
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3. THE ELECTRONIC SYSTEM.

The electronic system is composed of eight head units:
1. 150 kV neutrongenerator ( SAMES )
. Neutron detectors and preamplifiers
. Amplifying and mixing unit ( INTERTECHNIQUE AP 17)
. Analog-to-digital converter ( INTERTECHNIQUE CA 13)
. Time-to-digital converter ( INTER TECHNIQUE HC24 )
. Buffer memory
. Memory block ( INTERTECHNIQUE BM24)

. Programming unit

0 ~N O U A W

Moreover, it contains amplifiers, baseline restorer, linear gate and di-
scriminator from ORTEC and HV supply from OLTRONIX. Some scalers
and a ratemeter are used to measure certain quantities and to give an ci-
ternal check on the system during the experiment, The principles of the
system are sketched in figure 3.1,

The neutron zenerator is a 150 kV accelerator with an ion current of
maximum 1 A, During the whole experiment it has worked with the
D-D reaction, We use this reaction for two reasons. First, the 2 MeV
neutrons give less gammareactions than the 14 MeV neutrons from the
D-T reaction, Second, the number of neutrons captured by the mode-
rator in relation to those going into the surroundings is higher for the
2 MeV neutrons,

The accclerator is controlled by a multivibrator, so that the width of the
neutron burst is continuously variable down to 2 microseconds, The

rise and decay times are approximately 1.5 microseconds, In order to
have low neutron production between the bursts the beam is swept and the

ion source is keyed synchronously,

The measuring cycle is started at the end of the neutron burst by the
condition that the end of the ion current is in coincidence with a signal
from the multivibrator. This signal is the end of the control signal, de-
layed 3 microseconds in order to take into account the drift time of the
ions and the propagation times in cables and amplifiers. As the coinci-

dence time is short, spurious starts are kept to a minimum.



The start pulse (To) passes a progremunins unit, which controls the
measuring time, It is switched on manually and off either by the con-
dition that it has reached a preset number of measuring cycles or by
the condition that there is an overflow in any of the channels in the

memory block.

The purpose of the system is to measure the time and amplitude distri-
bution from four detectors simultaneously. The capacity of the memory
block is 1024 channels, which can be arbitrarily subgrouped in binary
steps for the three parameters: number of detectors, amplitude channels
and time channels. In this experiment we use the subgrouping ( 4x32x8),
which means 4 detectors, 32 amplitude intervals and { time intervals. The

division in amplitude is linear but in time it is logarithmic.

The pulses from the detectors are amplified and added in the amplifier unit

( FA ). The signal from the addition circuit is fed into an amplifier ( AMP,
Ortec 440 A), which has two outputs,one direct and one delayed. The de-
layed output is over a base line restorer connected to the direct current
input of the analog-to-digital converter (ADC). If the system is not busy

the pulse from the direct output passes a linear gate and activates a dis~-
criminator, which triggers the ADC and the logic circuits in FA, From
these a signal in the actual detector line starts the time- t0-digital con-
verter (TC). From now on the conversion proceeds in both ADC and TC. The
conversion time is fixed to 4 microseconds in TC but depends on the ampli-
tude in ADC. The result of the conversions is loaded into the buffer memory,
where it is kept until both the conversions are ready and the memory block
has completed a possible preceding storing cycle. TC gives the time infor-
mation in a linear scale. A conversion to the logarithmic time scale is rea-

lized during the transfer of the information to the memory block.

The system busy signal to the linear gate is calculated in the buffer memory.

It signals busy if ADC or TC or the buffer memory is engaged or if the

time is outside the actual time interval. The overall deadtime of the system is
depending on the amplitude, the time channel width and the intensity. The mini-

mum deadtime for a stored pulse is 8 microseconds.

Six scalers are incorporated in the system. They are counting different para-

meters chosen so that a direct check on the system can be done. The



scalers are gated either with the programming unit or with the signal
marking the time period during which the system is active (RI). The

purpose of the different scalers are given in table 3, 2.



TABLE 3.1

MV
ACC
.Exp
DL
Sn
Dn
PG
FA
AMP
Dir
Del
BR

DI
ADC
TC
BM
PU
MB
BT

RI

BMB
COI

Abbreviations used in text and fig. 3.1.

Multivibrator

Accelerator

Experimental assembly

Delay line

Scaler number n

Detector number n

Pulse generator

Amplifiers and mixing circuits

Head amplifier

Direct output

Delayed output

Baseline restorer

Linear gate

Head diskriminator

Analog-to-digital converter
Time-to-digital converter

Buffer memory

Programming unit

Memory block

Blocking signal from the time converter
Blocking signal from the amplitude converter
Signal giving the actual time interval
Blocking signal for the whole system
Blocking signal from the memory block
Coincidence unit



TABLE 3,2 3Scalers,

Scaler Purpose Gate
51 Test pulses to 4 th detector RI
S2 Coincidences between de-

tectors RI
33 Multivibrator pulses FU
54 Monitor pulses from BF3

counter PU
S Measuring time PU
S6 Active measuring time RI

R —




4, DEADTIME CORRECTIONS

As a counting equipment grows in complexity, the problem of doing an

exact correction for the pulse losses will be more and more difficult,

One has therefore reasons to keep the correction as low as possible by
having short conversion times and using 2 buffer memory before the

often slow memory block. The consequence of this is, however, that the
losses will depend not only on the intensities but also on the tirze and ampli-
tude distribution of the stored pulses, Although it is difficult, it is quite
possible to correct for these effects, since 2ll information about them is
contained in the measured distributions, There are, however, other ef-
fects that we know nothing about. These arise from those parts of the spectrum
which are rejected in different places of the equipment by diecriminators or
by the buffer maemory. So we are forced into some method by which we can

measure at least the main part of the correction,

A schematic picture of the equipment frorm the view of deadtime losses is
given in figure 4,1, Through a summing amplifier the pulses from the de-
tectors are presented to a unit containing a discriminator and a gate. This
unit will put the system into action, if the amplitude of the incoming pulse

is above the threshold of the discriminator and if the system is not working
with a preceding signal. In the block marked " system " in the figure we have
collected all parts that have the same influence on the dead time for all of
the detectors,

In order to give the system information about which of the detectors that is
responsible for the actual signal, all amplifiers are followed by & one bit me-
mory ( monostables marked MS1 to MS4 in the figure). One of the first ac-
tions taken by the system after the arrival of the pulse is to read this in-
formation. As every monostable is controlled directly by its own detector,
this part of the equipment will have a deadtime that depends on the pulse

rate in the respective detector.

For these reasons the deadtime correction is divided into two parts and can

be written

4
Pi (a,t)=Gi (Ri) "H (,-E,Ri)‘Ri(a,t) (4.1)
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where

w0
1

stored number of pulses {or detector i1

=
il

incoming number of pulses for detector i

b

= system transfer function

transfer function for detector line i

i

1

tirne

amplitude

~
"

Suppose now that we have a known distribution of well séparated pulses

in one detector line (e.g. 4 ). In that case G, = | and

P4(a.,t)= H'R4(a,t) (4.2)

from which

a
u
S Py (a, t)da
u
S R4 (a,L) da
M
where a, and a, are the amplitude limits.

The functions Q are the probabilities that a pulse which arrives during

a time period wheu the system is not busy, will,be stored. The contrary might
happen for two different reasons.In figure 4,2 the monustable and the sy-

stem blocking signal after the arrival of a pulse are presented.r is the

on-time for the monostable and d is the time delay between the two signals,

It is quite clear that a pulse arriving during the time d in the same detector

line will not be stored and will not affect the system blocking signal,

The other reason is that the sensing point of the monostables and the head
discriminator ig not the same ( see figure 4.3 ), That means that pulses
between these two limits will turn the monostable on but will not start the
system. Moreover, if such a pulse has arrived in a period r before the
actual pulse, then none of them will be recorded, Therefore we get the in-

dividual corrections
a

HD w , =
=exP{-('rS R(a)da-dS‘R(a)da).-f} (4.4)

Qg Ao
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where

HD = amplitude limit for the head discriminator
g = amplitude limit for the monostable
T = totzl measuring time

In this connection it should be pointed out that a coincidence between pulses
from any of the detectors during the time period d will have the result that
none of them is stored. This is, however, taken care of by the system and

contained in the function H.

We do not know the number of pulses with amplitude lower than m (P.])
and must therefore estimate it. We assume that Rl is proportional to

P'b , where Pb is the number of pulses stored in a representative ampli-
tude channel, and that the proportionality constant K is the same for all
of the detectors. This means that they have the same discriminator set-

ting.

The number of coincidences during the whole experiment ( C ) is then appro-

ximately given by

@
! z :
= 35 < . w— 4.5
C=73 ), (RG+K-PL(R 4K Pp.) 7y (4.5)
i,3=1
i£]
where ‘¢o
R = g R(a) da
S Yia
HD
+ = the coincidence time
T = the total measuring time.

The coincidences between more than two detectors are neglected. As the number

T coincidences is counted we cian calculate X from equation 4,5 and tnen

get an estimate of Rl .

The test pulses needed for the measurement of ¥l according to equation 4,3
are generated by a free running pulse generator, If the measuring time is
long the errors involved will depend mainly on the total number of collected

pulses. We can approximately write




-~ m t
h - ‘ L~ € LN ( 4.6)
c
where
T = mean deadtime
m
SR stored number of pulses
tc = channel width
N = number of repetitions

It Pt is Poisson distributed we have

2
Var {H}=( )« B

and the standard deviation

ke
o= (1-H) =(1-H) i
NE R

where R is the standard devialion of the total number of incoming pulses

(4.7)

(Rt )i Frotm this equation we can conclude that the error from the correc-
tion can be neglected if !l is not far from 1.

The above method has been checked with a rather simple numerical model,
This model uses the fact that if the channel width is small, the effects from
the amplitude converter will predominate. We assume also that the transfer
time between the buffer register and the memory block is zero, The dead-
time can now be separated into two parts, The first is the sum of all con-
stant waiting times (DT), the second is proportional to the converting time
and therefore also to the amplitude. The relation between the deadtirne cal-
culated in number of channels after the arrival of the pulse (k) and the ampli-
tude (a) can then be written

k=DT +c*a {a> o) (4.8)

where c is a proportionality constant that depends on the settings of the
amplitude converter. The inversion of this equation is

k - DT

a( k) = =

(' 2. DT) (4.9)

a(k)=0 (k < DT)
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The probability S(j) that a channel j is closed is then

Jgl "X
5(j) = > } p (a(k), i) (i>1)

i=1 k=j-i (4.10)
§(j)= o0 (§=1)

p (a,i) is the probability of a pulse in the linear time channel i and ampli-
tude channel a, It car be calculated approximately from the slored distri-

butions ( P (a,i) ) as

pla,i) = g‘(r:—'!)" ( a,iinside the measured range )
(4.11)
pi(ad ) =0 elsewhere

where N is the number of repetitions, It is assumed that the system is open
in the beginning of each cycle and that all pulses above the digcriminator

level are stored, The corvection 1s finally

1 |

ol =7y (4.12)

kg ) = 50E0T
The result of 2 calculation with this method is shown in figure 4,4. The
distriburions are taken from an ordinary experiment with eight logarith-
mic time channels and 32 amplitude channels, The calculation is made in
a linear time scale but the result is transferred back to the logarithmic
scale, Time channel number one is zero, as the system always is consi-
dered to be open at that time, number two is constant because DT is larger
than the channel width, The other curves show plateaus and transients. With
32 amplitude channels the deadtime variation is i.6 microseconds, which
gives transients in the channe! limits that last over a period of 3,2 micro-
seconds, The shapes of the transients are determined by the amplitude di-

stribution,

We have also campared the model with experiments where the correction
factor has been measured by the method mentioned in the beginning of the
chapter. The result is shown in figure 4.5, The input to the experiment is
a neutron and gamma field where the neutrons give a dominant peak in the
actual experiment decreasing with a decay constant of approximately §500
s-] . The difference between the runs is that they have different starting

times, which gives the different initial intensities noted in the figure, The
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relative accuracy of the experimental points is better than 1 %. From the
figure we conclude that there is satisfactory agreement between the model and
the experiment in the intermediate part,but there are deviations both in the
beginning and the end part of the curves, We shall, however, keep in mind that
all common effects are included in the experimental values. In the beginning
there are transients, which have not been accounted for in the modecl. The ef-
fects in the end part are more difficult to explain, The corrections are, how-
ever, low and second orders corrections as channel jitter, buffering and

storing times may come into the picture.

The result of this investigation is that a check of the experimental method has
been obtained. The rather simple model gives correct results in the main part
of the experiment but not in the limits. The model is also expensive by con-
suming rather long computing time. It is therefore not attractive to expand
the model by putting more routines into the computer program. We will there-

fore in the following use the experimental method.
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5. BACKGROUND SUBTRACTION

The detectors are thin glass-scintillators ( 1/8"x 1 1/4") loaded

with Li-6 as the neutron sensing part. We have chosen these de-
tectors in order to compensate the low intensity of the neutron source
with high sensitivity of the detectors. As a drawback we have that the
scintillators have a sensitivity of gamma radiation, which can not be
neglected. We have therefore tried to keep the gamma intensity as
low as possible. Thus, the neutron shield is made of boron carbide,
and aluminiurmn has been used as construction material through most

of the experirnental area.

An investigation on which materials contribute to the background ra-
diation with large time constantize been done by two students (Lars
Moberg and Kdre Olsson ) and their result is summarized in table 5.1,
Such a background will cause 2 variation during an experiment and during
¢ series of experiments., The time of one experiment is some hours

and a series takes weeks. It gives, however, no measure’ le variation

during the rmeasuring cycle which is in the order of milliseconds.,

There is also a faster variation. In figure 5.1 and 5.2 the amplitude
and time distributions of a representative experiment is shown., Only
the most interesting channels have been plotted. The time dependence
of the background can be seen in figure 5.2, since the main part of

the time variation of amplitude 3 origins from the background. If we
compare this with amplitude channel 13, which mainly comes from the
neutron distribution, we find that the background has a time dependence,
not constant and not proportional to the neutron distribution, It is there-
fore not correct to assume, which often is done, that the background is

constant,
The main contributiorsto the background shown in the figures can be di-
vided into four groups:

1. Capture gamma in the experiment ( mainly 2.3 MeV from
hydrogen).

2., Capture gamma in the shiclding,

3. Capture and decay gamma in construction materials

and in the surroundings.

4. Noise in the system.
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The first point is no problem if we are interested only in the fundamental
mode. The second contains one part proportional to the outgoingz neutron
stream from the experiment and one part depending on neutrons scattered
back from the surroundings. The third contains all energies, has rather
low intensity, but will give a limit on how far we can follow the neutron
decay. The fourth, where we include noise from the crystal and all elec-
tronic phenomena, contributes in the low part of the amplitude distri-
bution, partly because it overlaps the other effects and partly because

it is added from all of the detectors in the analog summing amplifier,

The ordinarily used methods to avoid background areto discriminate either
directly on the amplitude distribution or on some quantity reclated to the
shape of the pulse, The first of this is usable only if the ratio between

the neutrons and the background is high for pulses above the threshold, The
other will give 2 mcre complicated structure to every detector line. Another
method is to measure the background with a scintillator that is insensitive

to neutrons. There are two drawbacks of this method. Firstly, we must have
the background detector in a position syraraetric to the neutron detector close
to the moderator, secondly this detector line must be adjusted to give exactly
the same amplification as the neutron detect~~, This is not casy because at
high intensities there will be baseline shifts, and at low intensities the sta-
tistics and tlie drift of the electronics come into the picture. For these rea-
sons we have tried to do an analysis of the arnplitude distribution in order

to subtract the background directly.

Figure 5.3 is an experiment with no moderator but with all other parameters
the same as in the other experiments. So, with the exception of backscattered
neutrons that penetrate the shielding, this experiment contains only the back-
ground distributions, We conclude from the figure that the backzround can be
divided into two parts, one transient in the lower part of the spectrum and one
exponential, which covers the main part of the distribution. If this figure is
compared to figure 5.1 one can see that within the neutron pealk, an exponen-
tial is 2 good approximation to the background. The problem is now to deter-
mine the amplitude of this exponential. This could be done in those parts of
the spectrum where the neutrons can be neglected, vz, in the high amplitude
region. Two drawbacks make this method uncertain., Firstly, the accuracy
will be low owing to the low pulserate in this region, secondly pile - up con-
tributes.



We must therefore put some information about the neutrons into the

picture, The amplitude distribution of the neutrons may,2s can be

seen 1n figure 5.1, be approximated by a gaussian distribution, A

more careful investigation shows that a correction has to be incorpora-
ted in order to account for a small distortion in the distribution. We

therefore appro:imate the distribution with

xl ;:n?l + 0 5))2“r (xl-l»-k ’:n“ +0 5))3}
o eV (R R . Y

P(I) = A exp {c (

+ Bexp{-al) (5.1)

where A, B, o,y and a are constants and

X is the lower limit of the amplitude range converted (V).

k _ is the conversion factor (V/channel ).
I is the amplitude in number of channels,

Im is the amplitude where the neutron distribution reaches the

maximum value.

We write the distribution in the form shown above in order to have con-
stants that do not depvend on haseline displacements. As X, and kc are
determined by the settings of the converter we have six constants to de-
termine. As we have only about 25 measured values to our disposal in
one experiment, we cannot expect to get good estimates on all these con-
stants from one amplitude distribution,so we divide the estimation into

threc¢ steps:
1. a is determined from a series of background experiments.

2.0 and y are calculated from a distribution with as low back-
ground as possible. Among a long series of experiments it
is always possible to find a good distribution for this pur-
pose.

3. Freectobedetermined are now only A, B and Im.

These are determined from the actual distribu-

tion with the other parameters fixed,

We have left lm to be determined in the last step because we have found

22
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that Im has a2 variation through a high intensity experiment that cannot be
neglected. In a low intensity experiment, however, this parameter is near-
ly constant. Forthis reason we have incorporated the possibility to deter-
mine Im from that time channel which has the highest number of registra-
tions and then keep it constant through this experiment. In this case we
gain statistic accumcyby the fact that we estirnate only two parameters,
Through the whole calculation we use the leastsquares method to deter-

mine the parameters.

As an example of the results of a calculation, the maximum amplitude of

the neutron distribution is plotted in figure 5.4 together with the corre-
sponding value of the background distribution. The actual moderator is 8.8 cm
high and the measured time range is delayed 0,128, and 256 microseconds
after the end of the neutron burst. From this figure we can see that the
background is low in the main part of the experiment but that it reaches a
value of about 0.8 times the maximum neutron amplitude at the endpoint. If
we compare the neutron curves we find that they all have the same asympto-

tic shape and conclude that the method has worked well even in this case.

In these experiments we have also a detector that is loaded with I.i enriched
to 99.999 % Li-7 according to the manufactor, The result frorn this detector
in the actual case is plotted in figure 5.5. Experiments 68051002 and 68051003
agree rather well with the results in 5,4, There is, however, 2 difference in
experiment 68051001, This may be caused by the transient part of the back-
ground, since a comparison of the amplitude distributions shows that the
agreement is bad in the transient part. The neutron intensity is, however,
high in this region and the background is not so important. It should be pointed
out that relations between the different experiments agree very well with those
of figure 5, 4 for the last channel.




Table 5.1 Dominating gamma radiation in the laboratory.

D-D neutrons

D-T neutrons

Energy | Half-life |[Material Energy | Hali-life | Material
MeV MeV

0.51 13 h Cu 0.51 10m 13h Cu
0.83 5.1m Cu 0,84 9.5 m Al
0.84 291 d Fe 0. 85 2.6 h Fe
1.04 5.1m Cu 1.02 9.5 m Al
1.46 stable K 1.37 15h Al
1.75 stable (Bi) P e 3.5h (Fe)
1.78 2.3m Al 2,25 14 h (5n,Fe)
2.16 stable (Sn) 2.75 15h Al
2.60 stable (Bi)

24
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6. THE DETERMINATION OF DECAY CONSTANTS.

The nunber of counts (B ) in a channeli of a time analyser is, if the

channel beging 21 time ti and ende at time ti and the input has a purc

+1
exponential time dependence with i decay constant N and amplitude A:

X"' o pe = &
P:S‘ Ae™ar= £ (o7 M-

Usuaily

x=e © (0<xg1)

we have

A -{L :{i(l-:-:)

Another aliernative is to do a transform to lozarithmic time scale

For small values of the exponent we have

4i-1
: Z
1 5

30

(6.1)

(6.2)

(6.3)

(6.4)

(6.5)

16.6)

(6.7)
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A sketch of the function Ii is given in figure 6.1,

The problem of measuring fundamental decay constants is that in the be-
ginning we have a time distribution containing higher rmodes. In the end
we have background and problems with low intensity. The advantage of
uging equation 6.6 instead of 6.4 is then that we more effectively cover

the whole range of decay constants with few time channels,

The transformation of equation 6.5 can be done directly in the time ana-
lyser but in order to avoid a modification of this we have put a converting
matrix in the buifer memory. With the transformation chosen as equation
6.5 the logics of the matrix are rather simple. We then look upce it as a
data reduction, and the merits of it are that we can reduce 256 linear chan-

nels to 8 logarithmic without losing any important information,

We are now faced with the problem to determine A or x from the distribu-
tion given by the experiment, We will here report three methods, two with

differential and one with integral structure,

The first method is simply to divide two adjacent channels with each other.

We then have

i

' e t—— .
bys e AR - 1)) (6.8)

i

and if the information in each channel is Poisson distributed

1 2/ Ry (1+Ry)
Ny Ty B TH4aR; (VIFER] -1) (6.9)
P
where R, = i.7
1 P"

the standard deviation

i-1

o

t; st 2
i c

The relative standard deviation is shown in figure 6.2, The ordinats is chosen
to make the standard deviation of Peierl s method equal to 1. The standard de-
viation . is rather high and the only merit of this method is thal there is no corre-
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lation between every second channel,

The sccond method is the surnmation method, If we sum the equation 6.6

from i to N we gat

A

g

N 5L
g, = N g + g =x2
i _/J ) N1 (6.10}
J=1
ZN
Shtp
From these we have
log { } Y e
ij (2t-2) )¢ Sj+E (j<i) {6.11)
3 - ‘6‘
where E = e QNH
and if we can neglect E
¥ =
o o i MIRECEET (6.12)

The standard deviation for 1= is drawn in figure 6.3. We have vzed the
same normalization as in figure &, 2. We find that the standard deviation
is low and that the available channels can be chosen to give accurate in-
formation fromn 21! chanmels. The drawback ig that the different vilues of
lambda are not independent, and higher modes and background nay, in a

systematic way, have an influence on all of fhe lambda values.,

The endterm E is amall and can easily be taken into account by solving

6. 11 iteratively, Higher modes are studied in figure 6.4, from which




the shift in the calculated N\, ( & N\ ) can be found:,

The number of counts coming from the higher mode ( m ) and those
coming from the lower one ( n ) together with the corresponding decay
constants (\ 2 and )\‘ ) are supposed to be known. The formula given in
the figure is correct only for small values of mo/no. It can be seen
from the figure that the shift can be high and that it has an influence on

all the calculated values of \ .

The third method uses a correlation between two experirnents 1 and 2,
which are different in respect to the amplitudes of the joining modes. If
we assume that two modes are included in the experiments, we can

write

e St b (o Pl T B

Py
]
)
n
e
[\
-

e T R o SR A T _ (6.13 )

~
where R = the number of pulses stored in the actual

experiment and time channel
aij= the j:th amplitude of the i:th experiment
{f = the corresponding functions as defined in eq. 6.6

6 the deviations from the measured values,

We can easily transform equation 6.13 to 6.14

o=l e R R

T i [ Y L i 0 S T

B i e ety S T e U _(6.14)

where the matrix of a is the inverse of a and ¢ is the deviation from the
functions fi. e and & are connected by thet ransforra a. ¥7e multiply now

this cquation with ‘f‘i.i' R‘l.i' .and Rz,i‘ The equations for the sums

are then
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p) !

—.~ o - o 5 e ik

pel 1,1 ul'ull'l ..1,1 Gizur]' l"b?,i ti

£ n > 4‘3 D £ Z - LY - = -‘ -

Ty Ry g A0 (B Ry (2@ BRy Ry 0= (6.15)
o4 - 2 Q

53 1 - 14 R - B R e 0=

Rty 4 Forgisiay; RS 2,4

We have here assumed that the correlations Dbetween e and the Rj:s are vero,
We can write an identical system of squations for the second equation in
6.14 and will therefore in the following drop the firat index of f. We nor-

raalize the elements of £.15 by introducing the following quantities

Dyp = il fl i %
R | _r_)z R. N
AN ¢ ¥ by B (6.16 )
IE .
F R F 5
% U2
i 1
d = “'"ﬂ"‘“ \
3% f

We ghall now seek for solutions where d is minirmum. If the deter-

rminant

12
+

012 I

there will always be a solution for d (%) which can be calculated

from

D,
2
(6.17)

I D!Z

—— - — . O e
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This 152 conic section from which we explicitly can gei ¢ as

2 pA
b S R 3 S, YRR
dis Tos ( i 7‘) - ( 1 .Jl) (6.18)

Z(I-rDlz) ?.(l-nlz)

As D, aund D_ are functions of ¥ we can with a computer calculate d (%)

1 Z
and seek the maximsz. }t should be vointed out that the guanlilias D’z,
D‘, Dz and d are close 10 1 in a practical case. d must therefore be

calculated with great numerical care.

As soon as the two values of x are determined, we can easily go back,
calculate the a:s from 6.15, aud do an inversion in order to get the
amplitudes ( aij). The resulling quantities are therefore the (wo lambda

values and the four amplitude values,

We have only treated the casgse of two lambdas, because in the main part
of our experiment we have a strong fundamental mode mixed with a rather
small part of the higher modes. The lafter is in our case more or less a
¢correction. It is, however, rather simple to extend the method by intro-
ducing more experiments into the analysis io order to get more lambda
values and a more correct fundamental mode, The result of a calcula-

tion with this method will be found in chapter 4.
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7. DATA HANDLING.

The output from each experiment is a paper tape containing 1024 values and
approximately 40 manually read parameter values, The analysis of these data
ic done on an IBM comput - ( system 360 model 50 H). The actual programs
are listed in table 7.1. The philosophy in the organization of the programs
and the files has been to achieve a system with comparable small parts in-
dependent of each other. The merit of this is that different parts of the ana-
lysis can be tested separately, which is valuable both during the test period
of the program and during the actual analysis, Moreover, some parts of the
analysis can easily be exchanged in order to take into account developments

in methods and equipment.

The drawback is that the result has to be stored between the programs and
that every job step in the computer has a rather long initial time lag before

the control is transferred to the actual program.

The intermediate results are stored with the direct access method. The files
are listed in table 7.Z. This method is very valuable because we can stop the
analysis at a predetermined point, check the results and recompute only those
parts where changes have to be done. Files 10 and 11 are parameter files used
through the whole sequence of programs, 13 and 14 are files for the entire
spectrum, 12 contains the time distribution after background subtraction, 15

and 16 are result files.

The first program, REMSINP, checks the tape very carefully and reads the
information. We do not have any parity check on the tape and have there-

fore chosen a code where the punching sequence can be checked before and
during every number. PARIN reads the parameters from punched cards. The
maximum number of counts in a channel is 99, 999. Sometimes it is necessa-
ry to have a higher number in some channels, With OWCO we can correct

for this. The rest of the programs are directly related to the methods out-
lined in this report. In table 7.1 references are given to those equations which
form the main part of the respective program. The program language is main-
ly PL/1 and in some cases FORTRAN.



Table 7.1 Programs,
Program Method Input file Output file
REMSINP Experirment

input - 10,13
PARIN Parameter ~ 10, 11

input
OwCoO Owerflow

correction 13 13
DTFAKT eq, 4.3 13 il
DECORR eq. 4.3 ¥1,13 14
COAPCO eq. 4.4 i 14 14

eq. 4.5
BAGMSU eq. 5.1 14 12
SIMLAM eq. 6.8 12 15
SUMLAM eq.6.11 12 15
CORLAM eq.6.18 - 12 16

41



Table 7.2 Dala files.

File no, 21:3?_3: of Hecords Varial‘)lesd Attributes
Per exp, per recor

10 32 1 32 Bin fixed (21)

11 32 1 32 Bin float(single)
12 128 + 16 b

13 128 “ 256 Bin fixed (371)
14 128 4 256 Bin float(single)
15 128 4 16 Y

16 128 4 16 £k

42
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8. RESULTS.

The differentialevaluatin. methods mentioned in chapter 6 have been

used through the whole experiment in order to check it for systematic
errcrs. The outcome from it is the same as from the correlation method
but because this has better accuracy and gives better possibilities to
survey the whole experimental series, we will limit the discussion to

the results from this method.

The main input features of the series are collected in table 8.1. The
channel widths are chosen to match the different decay constants in

order to get the lowest possible standard deviation as given by figure

6.3. The neutron burst is long compared to the half-life in order to get

the fundamental mode developed as much as possible. The ratio bet-

ween the fundamental and the higher modes increases with increasing
burst length, but the ratio between the fundamental mode and the back-
ground from outside neutrons and gammas goes in the opposite directicn .
The waiting times can be 2ltered in steps of 32 timmes the channel width,
Owing to the low intensity of the neutron source, we are limited to a few of

the lowest settings.

The results of a time correlation on this experimental series are collected
in figure 8.1. We observe that the scale of the ordinate is altered for each
experiment. We can first conclude that the agreement between the points
for each detector is good. We have also plotted the result of the smoothing
effect of a three parameter fit for each detector and can see from these

that the consistency through the series is good,

The most striking effect is, however, the difference between the detectors,
Detector 1 was placed in a position where the contribution from the second
radial mode should be minimal. Detector 2 wasplaced at the maximum of the
first fundamental mode. One would therefore expect that detector 2 ic more
influenced by higher racdes than detector 1. This seems also to be true. There

are more variations in the values of detector 2.

The difference between the values of the detectors is plotted in figure C. 3,
Here we can establish that the main trend is that the difference goes towards

zero with increasing waiting time and that the relative difference increases
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with buckling. The reascns for this can be that the higher modes are more
lumped together in a flat system. This means that longer waiting times are
necessary to get the fundamental decay constant. From the trend of the points
we can see that this time must be considerable if we intend to use the result
from detector 2. Therc are exceptions from this main rule. One may ask
why the 1-3 correlation through the whole experimental series gives a lower
difference than the 2-3 correlation. From the second series and the calcula-
tions of Griffing {2} we have learned that energy modes cannot come into the
picture. The answer must then be a mixed set of positive and negative mo-

des, some kind of continuum or a systematic error.

In figure 8.1 the values of Sjéstrand et al. 1] are also plotted. Although
their values are a little more scattered, the overall agreement with de-
tector 1 is good and we can conclude that this work is a confirmation of

their measurement.

The theoretical values of Griffing show a rather small but systematic de-
viation. From the figure and the discussion above we can conclude that

the correct value should be close to the result of detector 1 but between the
result of the two detectors. However,it is in this case better to do the com-
parison in buckling instead of decay constants. The difference has there-
fore been transformed to a buckling difference and is plotted in figure 8.2
for the mean values of detector 1 and 2 ( the mean value is calculated from
all correlations but the 1 - 2, in experiment 680516 the only available value
is taken ) and the values of Sjdstrand et al. The difference, which with the
values of Sjdstrand is rather scattered, is in our case more stabilized around
a value of approximately 2 %. As the relative deviation in buckling is pro-
portional to the relative deviation in the extrapolated height, the difference
can, at least for the smaller moderators, easily be explained as an error
in the extrapolated distance. The points indicate, however, a dependence

between the height and the extrapolation distance.

The diffusion parameters are listed in table 8.2. The values of detector 1
should be taken as the result of this work. The deviations are those given
by the least-squares method and therefore no systematic errors are taken
into account. The result of detector 2 is listed only to underline how se~ - -

tive all the parameters are for higher modes in the experiment,



Table 8.1 Characteristics of the experimental series,
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Experiment Moderator Channel | Neutron burst Waiting time
no. height cm width ps | length ps (TR
68050601 17,6 4 200 0
68050602 128
68050603 256
68050701 15,4 4 200 0
68050702 123
68050703 256
68050801 13,2 4 200 0
68050802 128
68050803 2506
68050901 11,0 4 200 0
68050902 128
68050903 256
68051001 8,8 4 200 Q2
68051002 128
68051003 256
68051401 6,6 2 100 0
68051402 64
68051403 128
68051404 192
68051501 4,4 2 100 0
68051502 64
68051503 128
68051504 192
6805160 2,2 1 50 0
68051602 32




Table 8, 2 Diffusion parameaters.

x 5! D cm':‘-/s (& Clh4,/S
S
Detector | 5818 26830 2152
Standard dev. 13 179 186
Detector 2 6008 24603 1471
Standard dev, 27 216 121
GRIFFING 5761 27799 2368
STOSTRAND 5900 26500 2600
Standard dev, a0 600 800

46




47

‘SuOljR|21I0D0INe Wos} sjuRsU0d Leossqg '1'g'big

ON juauwitiodxy

LIEUT B .T_e.mao 0is08s] | 60508 o_wo 305089
| ! ] | 1 SN ! i ;
8¢ __ ozt 001 Toe 71 | 18] o8 jee
: h | _ | | vLm»nl o =
mﬂ —— e et e —— % 3=
ﬁ. | © m‘, n_u | 9 v _ _ m :
mUIL. ; T;‘ Lwt — . i J.T R
EESESC | Evig e
|07 | | | Mu [¢ M | G_ _ .@u
: ) } 3 | i Q
T sz 1601 T 0 |6 06 —le® T T
=7, u } (fee dah , | 1 h ! _ | | c
T A o i o +|J»4|+, e s i w (TRl <
NN TR P | _ v.a\% | S | 3 _ _ g
X .OI“II.%»I x d m- ! JTr m
O ; “ _.H.w 25 n_u....._ | e @
Jpuedeiiyeg + | O el : , , X s
aaedezea® | 12T T 1% i i L . -
(Buii9)Z 1948 O e ) e 1 Lt
(puensolg) L ey A T1 T regs R " TR EE
"2 10i28190 O | | . | | | LSO I L
‘| 40}2919Q X T 1 0tl ot Tjo0t g6 ! 108 1 i )
; | m ,_ i N | _ F_
'sjoquig TN B B ] I gb 1 _ il “ 1
{ ! p | | | | _ — |
RaMiuRY _ o L
s ) | [ 7o |
T 7 iy e B
~ S AW W ~ b Wb w ~ w wN

‘uoce|24jon



48

‘fusawiiadxs pue KJoayl u2amiaq uolieiasp Buong auy ‘Zg By

2.8 Sl 01
W R
| | '
—— - — - —_—— —— : &, -
! BeES0 MESRIIRAS < /IS (e S IS G
J | _
= —— o
Il.L' lnoﬂ — e lﬂl L
: |
B e T S 4 - .0 a\m.‘\\‘\‘
— e e et e e = e —— e thl!|l.\w\h~\nl T v,
i
! I
et IR
-
M | | _ { i
S Jo e T
I ] _,
(puesiselg) Loy | O
'z 10193120 | O
_! 1 JoyaayaQ | X

‘uoijelAap
juad 194



49

*Z Pue | J0}29)op Uaam|ag s2duaiaig £8°Diy

X
TT T Tswoss] ] _ N s I L
! s i =5 ok | [ J i
s e e e b e R S
132 o H “ _ | | H s | || :
S e i
_ : . | X i
= | X i m | ! b % |
x| - }— - — - -— |0|Hn ——— e s N e R
* . ﬂ. | . | ,
R | x i
s x i
¥ | | |
= “ — - ]% 51 - R TR I TV ) e
Lt 1] I “ _
M i R 4 B
., A D O ) | 151 ,, , P | )
T PR S 0 I T
_ ‘ _ | =t | , ! | | _
{1 o R R R
el et |y e i -1 sl |
WA N - WA N N e ~ a0 ) A
r Ua QLAY SRR AR O 1 SN T [ i TR e (P

‘Uole12310)



ACKNOWLEDGEMENTS

The author is grateful to professor N.G, Sjostrand and the members of
his institution for help and valuable discussions during this work., The
work has been supported by the Swedish Atomic Research Council.

50



51

REFERENCES.

1. Sjostrand N.G,, Mednis J., Nilsson T., Geometric buckling mea-
surements using the pulsed neutron source method. Arkiv fér fysik
15, 471 (1959 ).

2. Griffing G.W., Calculations on the fundamental time-decay constant
of water and polyethylene, Neutron thermalization and reactor spectra,
Vol I, Vienna 1968.






Reprinted from the proceedings
Ispra Nuclear Electronics Symposium

6-9.5.1969

Report EUR 4289 ¢



DEADTIME CORRECTIONS IN A TWO-PARAMETER SYSTEM
CONTAINING FOUR DETECTORS

Gudmar Grosshdg
Department of Reactor Physics
Chalmers University of Technology
Gothenburg, Sweden

Summary

A study of the deadtime correction in
a complicated counting system is performed,
It is shown how the transfer of information
can be divided into extrinsic and intrinsic
transfer. The intrinsic transfer depends on
the total information flow from all detectors
and has been treated with an experimental
method, which is compared to a numerical
model. The extrinsic transfer depends on
the information flow in each detector line,
It is shown that this effect can be studied
through pile-up.

Introduction

As a counting equipment grows in com-
plexity, the problem of doing an exact correc-
tion for the pulse losses will be more and more

difficult'™®, One has therefore reasons to keep

the correction as low as possible by having short
conversion times and using a buffer memory be-

fore the often slow memory block, The consequ-

ence of this is, however, that the losses will de-

pend not only on the intensities but also on the
time and amplitude distribution of the stored
pulses. Although it is difficult, it is quite pos~-
sible to correct for these effects, since all in-
formation about them is contained in the mea-
sured distributions. There are, however, other
effects that we know nothing about, They arise
from those parts of the pulse spectrum, which
are rejected in different places of the equipment
by analog or digital data reduction, So we are
forced into some method by which we can mea-
sure at least the main part of the correction.

The system

The purpose of the system is to mea-
sure the time and amplitude distribution from
four detectors simultaneously, The capacity
of the memory block is 1024 channels, which
can be arbitrarily subgrouped in binary steps
for the three parameters: number of detectors,
amplitude channels and time channels, The
method is applicable to different combinations
of these parameters. Results are given for
the subgrouping 4 detectors, 32 amplitude
intervals and 8 time intervals., The division
in amplitude is linear but in time it is loga-

rithmic 7 8.

From acc,

¥o)
S

PO

Lo o

Fig. 1. Principles of the equipment,

The principles of the system are
sketched in figure 1. A repetitive start
pulse (T ) passes a programming unit,
which controls the measuring time, It
is switched on manually and off either
by the condition that it has reached a
preset number of measuring cycles or
by the condition that there is an over-
flow in any of the channels in the memo-
ry block,

The pulses from the detectors (Dn)
are amplified and added by an summing ampli-
fier in the amplifier unit (FA). The signal
from the addition circuit is fed into an am-
plifier (AMP)with two outputs, one direct
and one delayed. The delayed output is over
a base line restorer (BR) connected to the
direct current input of the analog-to-digi-
tal converter (ADC). If the system is not
busy, the pulse from the direct output pas-
ses a linear gate (LG) and activates a di-
scriminator (DI), which triggers the ADC
and the logic circuits in FA, From these
a signal in the actual detector line starts
the time-~to-digital converter (TDC),
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From now on the conversion pro-
ceeds in both ADC and TDC. The conver-
sion time is fixed to 4 microseconds in TDC
but depends on the amplitude in ADC. The
result of the conversion is loaded into the
buffer memory (BM), where it is kept un-
til both the conversions are ready and the
memory block (MB) has completed a pos-
sible preceding storing cycle. TDC gives
the time information in a linear scale.A
conversion to the logarithmic time scale
is realized during the transfer of the in-
formation to the memory block,

The system busy signal (BS) to
the linear gate is evaluated in the buffer
memory from the signals BA, BT, RI and
BMB, It signals busy if ADC or TDC or
the buffer memory is engaged or if the
time is outside the actual time interval,
The overall deadtime of the system de-
pending on the amplitude, the time chan-
nel width and the intensity. The minimum
deadtime for a stored pulse is about 8
microseconds.

Deadtime losses

A schematic picture of the equipment
from the view of deadtime losses is given in
figure 2. In the block marked ' system ' we
have collected all parts that have the same
influence on the deadtime for all of the de-
tectors,

In order to give the system informa-
tion about which of the detectors that is re-
sponsible for the actual signal, all ampli-
fiers are followed by a one bit memory
( monostables marked MS1 to MS4 in the fi-
gure ), One of the first actions taken by the
system after the arrival of the pulse is to
read this information, As every monostable
is controlled directly by its own detector,
this part of the equipment will have a dead-
time that depends on the pulse rate of the
detector in question.

So we see that two different types of dead-
time appear in the system. The first depends on
the pulse rate in each detector line, the second
depends on the summed pulse rate and the pul-
se amplitude distribution from all detector lines.
We will in the continuation use the attributes
extrinsic and intrinsic for these effects.

We can now write

P (a,t) =G, (Rl)-H(;‘.‘___|B‘)- R, (a,t) (1)

where
Pin stored number of pulses for detector
i

Ri: incoming number of pulses for
detector i

H = intrinsic transfer function

Gi"' extringic transfer function for
detector line i

t = time

a = amplitude

Ewo—=nr-wen

-J
£
-
§-i a o A o
ET
s *
g N
-Y e o
853 - i
v >
"

: Head
System blocking
signal
1
[
G2
S3
Gy
G
Enaunn;ul

o o P o

Working principle for deadtime
congiderations.

Fig.2.

In this equation we have assumed that the
intrinsic and extrinsic transfer functions are in-
dependent of each other., Owing to the effects of
overlapping this is generally not true., The equa-
tion is, however, a good approximation if, for
a given i, any of the functions is not far from
1.

Intrinsic transfer,

Experimental method

Suppose that we have a known distribu-
tion of weffseparated pulses in one detector

line i.g. 4. In that case G4 =1 and

P4 (ait,:H'R4 (aot) (2)

from which a

u
ag P,(a,t)da
- (3)

H(t) = ~

S"]R“ (a,t) da

where a, and a are the amplitude limits.



The transfer function given by this
method contains the effects of all the de-
tector lines but the test line, This depends
on the fact that the test pulses are well se-
parated and not Poisson distributed. We
use this method in order to have G, equal
to one and because the test pulses can in
this case easily be generated by an ordi-
nary pulse generator. With a constant pul-
se rate of 72 pulses per second in the test
channel the influence of this is approxima-
tely one per mille.

So, we can measure the intrinsic
transfer function simply by exchanging the
detector in one detector line with a pulse
generator. The numerator of equation 3
is then recorded in the analyser and the
denominator can be counted in a scaler
gated by a signal, which gives informa-
tion about the time of interest,

Error analysis

The statistical errors of the me-
thod depends primarly on the variations
of the recorded number of counts from
the test line, In order to investigate this
variation a series of runs was made with
H (t) = 0 and the number of input pulses
going from 15 to 65 - 108, 1t was found
that the standard deviation varied in
the some way as that of a Poisson di-
stribution, In 75 % of the runs the dif-

v v Y T

Putses, Mean value 9320/ channel.
ineryal Standard dev 48 7 channel
LA
| Meaaured
"‘ Polsson
ey
F

ET] c [ 20

Fig.3. Probability density function of
the test line,

ference was less than 3 %, As an example
the distribution of the channel contents
for one run with 5.8 « 10" pulses is gi-
ven in figure 3,

Numerical model

The method has been checked
with a rather simple numerical model,
This model uses the fact that if the channel
width is small, the effects from the ampli-
tude converter will predominate, We as-
sume also that the transfer time between
the buffer register and the memory block
is 2ero. The deadtime can now be separa-
ted into two parts, The first is the sum
of all constant waiting times (t_) , the
second is proportional to the converting
time and therefore also to the amplitu-
de. The relation between the deadtime
calculated in number of channels af-
ter the arrival of the pulse (k) and the
amplitude (a) can then be written

k=tw+c-a (820) (4)

where c is a proportionality constant that
depends on the settings of the amplitude

converter. The inversion of this equation
is

k - t,
T k>t )
a (k) c ( W (5)
a(k)= 0 (k< t, )
The probability that a channel j is closed
is then
j=1 oo
s(i) = p(a (k),i)(5>1)
i=1 k=j-i (6)
5@ =0 (i=1)

p (a,i) is the probability of a pulse in the
linear time channel i and amplitude chan-
nel a. It can be calculated approximately
from the stored distribution P (a,i) as

(a, i inside the
o s Ay P(a,) Mmeasured range)
N

(7)

pla,i)= o (elsewhere )

where N is the number of repetitions, It is
assumed that the system is open in the be-
ginning of each cycle and that all pulses
above the discriminator level are stored,
The intrinsic transfer function is finally

H(1) =1 -8(i) (8)
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The result of a calculation with this
method is shown in figure 4, The distribu-
tions are taken from an ordinary experi-
ment with eight logarithmic time channels
and 32 amplitude channels. The calcula-
tion is made in a linear time scale but the
result is transferred back to the logarith-
mic scale. Time channel number one is
zero, as the system always is considered
to the open at that time, number two is
constant because t_ is larger than the chan-
nel width, The othér curves show plateaus
and transients, With 32 amplitude channels
the deadtime variation is 1.6 microseconds,
which gives transients in the channel limits
that last over a period of 3.2 microseconds.
The shapes of the transients are determined
by the amplitude distribution,

We have also compared the model to
the correction factor obtained from mea-
surements using the above method, The re-
sult is shown in figure 5, The input to the
experiment is a neutron and gamma field,
where the neutrons give a dominant peak
decreasing with a decay constant of ap-

proximately 8500 1/a. The difference bet-
ween the runs is that they have different
starting times, which gives the different
initial intensities noted in the figure. The
relative accuracy of the experimental
points is also indicated in the figure,

From the figure we conclude that there is
satisfactory agreement between the model and
the experiment in the intermediate part, but
there are deviations both in the beginning and
the end part of the curves. We shall, however,
keep in mind that all common effects are in-
cluded in the experimental values, In the be-
ginning there are transients, which have not
been accounted for in the model. The effects
in the end part may depend onuncertainties
in the gating signal to the scaler needed for
the denominator in equation 3. The correc-
tion is, however, low and second orders
corrections may also come into the picture.

The result of this investigation is
that a check of the experimental method
has been obtained, The rather simple mo-~
del gives correct results in the main part
of the experiment but not in the limits, The
model is also expensive by consuming
rather long computing time. It is there~
fore not attractive to expand the model
by putting more routines into the com-
puter program,

© Lu n'mm. Exrane.mt. o
1 NiNtEsSITY syasoL |4
1 23400 Q b
5 7700 g H
\:K A VAugsv --_-
10 \J\
\.I ,I - . ﬁ\
7 =< n
N
NG \
7 5 \\
= ¥
~ A = Ay
D \ A\ @
‘\A\ VR AT
o AVA WY

O
lm 2 3 4 5 \\\I

Fig.5. Comparison between measured
and calculated values of the in-
trinsic deadtime correction,



Extrinsic transfer

In the detector lines we have to take two
effects into account., Firstly, there is the ef-
fect of pile~up in the amplifier chain, secondly,
the monostables have a time period during which
they can not be reactivated. So, the system we
have to study here is two serial connected blocks
If the deadtimes of these are t, and t,, we can
state the following about the rJaultin deadtime

|
m

a, Ift. 2 t, thent =t
1 m

2 1
b. u:' < t, then t,+tz> tm> t,
( tm depends on intensity)

oa ik 4 << tz then t; tz

From these statements it is clear that
it is favourable to have the largest deadtime
in the beginning of the chain, This presup-
poses that all irrelevant information can be
sorted out at this early stage, which often
is not possible. One is therefore left with
a compromise and must try to sort out as
much irrelevant information as possible
to the lowest price in deadtime.

J?L”
e
i

N

T corrected distribution
© measured distndution

! I

| 1

amp.itude

Fig.6. Comparison between a measured
and a corrected amplitude distri-

bution,

In our case the deadtime of the mono-
stables is of the same order as that of the pile-
up effects, As the pile-up effects are reflec-
ted on the amplitude distributions, we will
use them to study the extrinsic deadtime ef-
fects.

Pile-up is a coincidence in the ana-
log parts of the system between two different
pulses. The result is an analog addition bet-
ween the two pulses, which gives a pulse with
strange shape?, If we can assume that the re-
sulting pulse has a definite length (v) we can
write

p,(a)da=p(a) da + (1, -1,) da

® ©
. Al S S g (3,2, a)p (a;) p (a,)da, da,
(9)

(e o]
1, =p(a) g p (a)da
[+

where
p_(a) = the measured distribution in
o counts per second and ampli-
tude interval,
pl(a) = the corrected distribution

g(a] ; az.a) = the probability that a pulse
with the amplitude a, and
a pulse with the amplitude
a, is stored as a pulse with

the amplitude a,

The function g depends on the pulse shape
and on how the ADC treats strange pulse shapes.
As a simple model we assume that the undistur-
bed pulse has a rectangular shape with ampli-
tude a and lenyth /2. Then we can write

g(a'.az.a)za(a-eal-eaz) (10)

where 6 is the Kronecker delta function and
e is a parameter to be determined,

Equation 9 can easily be solved by
iteration, starting with p_ (a) as the first
approximation for p (a). "' For ordinary
values of the pulse rate the iteration con-
verges in few steps.

Errors in the parameters e and ¢
give distortions in the resulting amplitude
distribution, The parameters can there-
fore be determined by trial and error with
the condition that the distortions shall be
out. In our case we have found e =0,9 and
v = 3 microseconds.
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Another problem is the low part of
the amplitude distribution, which is not
measured. In order to take this into ac-
count we have to extrapolate the distri-
butions down to zero.

It should be pointed out that pile-
up caused by pulses from different detec-
tor lines is sorted out by a coincidence cir-
cuit, The result of this operation is a block-
ing of the whole system. Therefore, the
deadtime caused will be contained in the in-
trinsic deadtime,

As an example the amplitude distri-
bution before and after correction is given
in figure 6. The intrinsic correction is 20 %
and the local intensity is 40, 000 counts per
second,
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SUMMARY

The possibility to use the pulsed neutron method in the study of two in-
teracting moderators has been investigated, It is found both through theory
and experiment that transport effects have a dominant influence on the decay

constants.

The decay constants have been measured in a system consisting of two
polyethylene discs separated along the symmetry axis, The discs had a
diameter of 18 cn. Two series were measured, In the first the discs had a
height of 2.2 cm, They were separated by a distance that was varied up to

13.2 cm in steps of 2,2 cm,. In the second the height of the discs was 4,4 cm,
the maximum separation distance was 8.8 cm, and the step length was the same
as in the first series. The experiments cover a range in decay constants that
goes from 10, 000 to 40, 000 s-l. The reliability of the measurement is checked
in the limit of zero separation distance and in the limit of no interaction,

It is found that in all of the experiments, with the exception of those in the
limits, the decay constants are drifting in time, Therefore they cannot,
within the scope of the experiments in this report, be looked upon as reliable
pseudomodes,

The result found can be extended to include all experiments with the pulsed neu-
tron method applied to moderators containing cavities or having concave boundari-
es, A method to eliminate the drifting effect through the incorporation of absor-

bers in the cavities is suggested.



1. INTRODUCTION

The ordinary way to calculate the neutronic interaction between assem-

blies is to define an interaction parameter p as the fraction of the out-

going neutrons from one of the assemblies that reaches the other one,

If the interaction takes place between two plane surfaces we can write

where J(S,) d S‘

S
5108,
f(y,o0)

v, 9

g'qJ(Sﬂf(‘i’,e)dS]:lSZ cos e/s2 (1.1)

gJ (51)(“;1

the total outward current at dS]

the distance between dS‘ and dS2

the plane surfaces

the angular distribution of the neutrons at the surface
normalized in the range L(O,Zw) (0.-"2: )]

the spherical polar angle coordinates of

clS2 relative to dS 1

(¥ ,0) may lLe expressed by a Legendre series. If it is independent of ¥ we can

write
f(¥.9)

1

alpl(cose) (1.2)

s D18

In the diffusion approximation this takes the form

f(¥,9)
A

where n

i

%(‘*%ncose)

27 (14 =2n) (1.3)
2D 8
vo E% at the surface

the diffusion constant ( ¢m® /s)

the neutron mean velocity ( cm/s )

The ordinary way to evaluate p is to use a cosine angular distribution corre-

sponding to the second term of the expansions 1.2 or 1.3. The result of such a



calculation is shown in figure 1.1, which gives p as a function of the
separation distance ( d ) between two identical cylindrical discs with

the diameter 18 cm. In the lower curve the variation of the neutron current
over the surface of the discs has been approximated with a constant, in
the upper with a parabola. Explicit expressions for the two cases can be

found in reference 1.

In order to give a correct picture of the neutron angular distribution at a
free surface many terms are generally needed in the series expansion,
Most of these are, however, required in order to take into account the
fact that there are no incoming neutrons. Therefore, if we are interested
in only the outgoing part, the first two terms give a rather good estimate

of the angular dependence |2 fig. 9.6..

In figure 1,2 the result of a calculation for the first two terms is shown.
Expression 1,1 has here been evaluated numeriecally on 2 computer, As

the radial distribution a zeroth order Bessel function has been used. The
agreement between the curve for the second term approximation in figure
1.2 and the upper curve in figure 1.1 is excellent, which shows that the dif-

ference in the radial distribution is not so important.

If one now does an experiment in order to measure p as a function of the
separation distance d for two identical discs one would expect p (d) to be
somewhere beetween the curves for the first and second term in figure

1. 2. It should be close to the first term for low d where the backscattered
neutrons create rather symmetrical angular distribution and more close

to the second term for high values of the separation distance d. This be-
haviour ‘s confirmed by measurements on subcritical assemblies 3!, There
is one exception in the material presented by Clark and that is in the limits
of very small separation distances. However, the magnitude of the difference
is small and may be explained by the influence of epithermal neutrons or by
some systematic error in the comparisons between experimental and calcu-

lated values.

Kiyose et al. 1 have suggested that the pulsed neutron method could be used
in order to measure the interaction parameter. They have also made an ex-
periment with graphite discs ( diameter 150 and thickness 50 cm ). The result
of this measurement is, however, very puzzling. For separation distance

up to 30 cm they have got good agreement with the approximation



that has a parabola as current distribution and uses the second term in
equation 1.2 as angular distribution. For larger separations the mea-
surement gives higher values than the mentioned approximation. These
results are in direct contradiction to the material of Clark. Although
higher terms in the angular expansion ( 1.2 ) can explain the high values
at large d, the behaviour is unexpected.

/s we could not find any resonable explanation of the discrepancy, we
suspected that there might be something wrong in the application of the
pulsed neutron method to this case. Therefore, we have made a careful
study of the method and a measurement with polyethylene discs and thus
checked the experiment with another material and another set-up.
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2. THEORY

We consid=r first the stationary diffusion approximation. With the geo-
metrical rarameters as given by figure 2.1 the neutron flux for the posi-

tive part cf z can be written

b= A, (sin(yz) - tg (ye) cos (yz) ) (2.1)

where we have used the boundary condition ¢ =0 at z = e,

Following diffusion theory we have the input and output currents at z=d/2

e %'% (:%)
red B @ e.2)

As the problem is symmetric with respect to z = 0 we have by definition

J
P =J—L (2.3)

from which

Lo s gl ot SBh T
1+p v $ 6z z:d/?.

(2.4)
If we check this expression in the limits we find that p = 0 givesn =1,
which is correct within the limits of diffusion theory. A better value

at this limit is, however,

2

el

n= L, =0,704 ( 2.5)

In order to correct for this we rewrite equation 2.4

3 I

‘-‘\ '

—— 2 ——fl = 2.6
1 +p 2 ( )

We then have an expression, which in the limits is consistent with an or-

dinary measurement with one and two discs respectively,

n can be calculated from equation 2.1, which gives

2D vy
Vetg (m- y (b+8) ) (:2.7)




We can now outline a method to determine p. Lambda is measured. From

the inversion of the buckling expansion

x=ko+DBZ-CB4 (2.8)
we get the buckling
2 2(\ - Xo)
&= Gy =0y
4C -
D(‘I+J1- : o'y (2.9)
D
vy is then determined by
2 2"
Y = B - O (2'10)
where 2
2 2,405
a” = (————)
r + b
Finally we have
1 -n'
p = 1 4 (2.11)

We can interpret p as the albedo of the other disc. -4 and ' may be con-
siderecd as loss coefficients. The method outlined is the same as that
used by Hiyose et al. [l] with the cizception of the correction for the
boundary effect. Equations 2.7 to 2. 11 are illustrated in figure 2.2 for
the interaction of two 2.2 cm thick pelyethylene discs and in figure 2.3
for two 4.4 cm discs. The radius of the discs is 9 crmn. The standard
deviations of p relative to the deviations of lambda are shown in figure
2.4 and 2,.5. As lambda can be mecasured with an accuracy within a few
per cent, the curves show that from these considerations the experiment
should give accurate values on p fer all values of d with the exception

of very large separation distances,

So far we have considered only the stationary interaction vetween the discs.,

In an ordinary pulsed experiment this is the usual methed, However, an in-
spection of the Boltzmann eqguation for the region between the discs shows
that the wave properties plays an iraportant role, Therefore, we must re-

consider the transfer between the discs and take the time lag into account,

We first assume that all ncutrons have same velocity and a direction parallel]
to the symmetry axis of the liscs. Taking into account the fact that the in-

coming ncutrons were transmitted a time earlier we can write
d
O AR
J(t) (2.12)

p -



If both of the moderators have an exponential time dependence this gives

. (it d
pleger ey )
p= I (t) B peic o .

where Pat is the stationary transfer coefficient as calculated before and Po

is a cocfficient taking into account the exponential decay of the neutron
field.

From equation 2.13 we find that p  .~end: on the velocity, Therefore, we
must do a more careful investigation and take the velocity distribution into
account. We will consider exponential decay and can write with M (v) as the

velocity distribution,

o
-at C
Jout(t)=J'°e JM(v)dv
) (2.14)
@ Ad
-\t v
J.(t) =3 e § M(v)e' pgav
in o Jq
v =F
@ Ad
from which ¢ M(v)e Vav
J
. bl (2.15)
P =
5 M (v) dv
With a Maxwell velocity distribution this gives
v 2
o
4 (& (52)- 2
P = — T & v)(¥'_) )(-%,-)dv (2.16)
P Vi N X J T
T v=d/t
where
Vi = the most probable velocity
I Ly 2N
b

The velocity distribution of the incorming neutrons is shown in figure 2.6

and pp is drawn in figure 2.7,
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From equation 2,16 we realize that 5 depends on the time. Moreover it
is singular for infinite times. Therefore, the measured lambda value will
also be time dependent and 2 fundamental mode does not exist. The same

conclusion can be drawn from any reasonable velocity distribution.

We can compare this with the results of Corngold 14! .He has found that
above a certain limit, (vZ )min for \ ,a fundamental mode does not

exist. In our case we have a domain inside the experimental assembly
where this limit is equal to zero. Therefore, also from this aspect we

may expect that a fundamental mode does not exist.

We must, however, be careful here. If we are going with the separation
distance into an inteiatemic range we could also conclude that a funda-
mental mode never exists, which obviously is wreng, Our model is, how-
ever, a three region macroscopic model with transport theory in one and
diffusion theory in two of the regions. Therefore, it should not be used

to draw conclusions in the interatomic range.

Measurements on graphite and beryllium have been done above the Corngold
limit {5 ;.and experimentally welldefined fundamental modes have been
established. The explanation of this is the appearance of pseudomodes in

the cortiina 4, 6: . Therefore, the question about the existence of pseudomo-
des is natural also in this casc. An inspection of figures2,6 and 2.7 gives

the result that one can expect pseudomodes for small values of d where the

distortion of the spectrum is not so tremendous.

The definition of pseudomodes is not quite clear. From a theoretical stand-
point they are caused by discrete exponentials embedded in a continuum or

by the fact that the continuum has peaks. The experimentalist measures

the time dependence of the decaying neutron field. The appearance of a
pseudomode causes here an exponential decay, that lasts for some period.
The strength of the pseudomode is reflected in the time during which the
logarithmic time derivative can be looked upon as a constant, In order to have
an experimentally well defined ps=udomode this time period must be of the
same order as for a discrete mode mixed with higher modes and background.
So it is in the measurements on beryllium and in order to accept pseudomodes

we require the same here.



We have treatedp more or less as a correction. However, as can be seen
from figure 2.7, it is an essential parameter. As it is difficult to calculate
we have to realize that it will introduce a large error in the resulting Pet
The problem is, however, interesting in itself and therefore we will con-

centrate the experimental analysis to the appearing lambda values.
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3. THE MEASUREMENT

The experimental arrangement is shown in figur 3.1. As moderators we used
polyethylene discs, which were separated by three thin aluminium bars and
shielded by boron carbide. Three glass scintillators were used as neutron

detectors. The first detector had 1/v response, the other ones were black,

The tritium targct was placed at the symmeiry plane-(.z= 0 in fig, 2.1) and the

assembly was rotated around the cylindrical symmetry axis.

A description on the headpart of the electroniscan be found in reference 7,
One part of the system has, however, been reconstructed, namely that
which controls the information about which of the detectors is responsible
for an incoming pulse. In analogy to the digital converter (ADC) we name
this unit detector to digital converter (DDC). In the old version pulses

could be cut off by the blocking signals, coincidences between different de-
tectors blocked the whole system during 10 microseconds and the noise from
different detectors was added in the summing amplifier. The new unit was

constructed in order to avoid these drawbacks.

The block diagram of the new unit is shown in figure 3.2, The principle
can be used for any number of detectors. In the figure only one of the de-
tector lines is sketched. The interconnections with other detector lines are

indicated with empty arrows.

The input signal turns on a Schmitt trigger. The front of the signal gives a
50 nanosecond trigger signal, which tries to shift on a2 corresponding bi-
stable circuit. It will succeed if the bistable is not blocked by an external
signal or if any of the other lines contains an on-condition in either the
Schmitt trigger or the bistable circuit. If the bistable circuit goes on it opens
a linear gate in order to send a delayed linear pulse into the summing ampli-

fier,

The important features of the circuit are that during the same time more than
one gate is never opened and that the opening always occurs so that the pulses

arenot cut, If two pulses arrive with the leading edges in coincidence within
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50 nanoseconds, no gate will be opened. If they are separated by more than 50
nanoseconds but less than the deadtime of the system, the first one arrived
will be treated, and if they are separated by more than the deadtime of the sy-
stem, both of them will be taken care of.

Two series of measurements were done, the first one (D series ) with 2.2

cm thick polyethylene discs and a separation distance going from 13,2 to 0

in steps of 2.2 cm. In the second ( E series ) we used 4,4 cm discs and the
separation distance varied from 8.8 to 0 with the same step length. The dia-
meter of the discs was 18 cm in both of the series. For each distance we made
three measurements with different delay times between the end of the neutron
burst and the beginning of the measurement. In the D series the delay time was
10, 30 and 50 microseconds, in the E series it was 20, 60 and 100 microseconds.
The length of the neutron burst (D-T reaction in a 150 kV SAMES neutron gene-
rator ) was adjusted so that the channel with the highest intensity was nearly
filled during a measurement of 80 rainutes. The length of the neutron burst
was varied up to 20 microseconds in the E series and up tc 50 microseconds in

the D series.

The measured distributions were corrected for deadtime and background. The
decay constants were then calculated with a correlation method. The programs
used were REMSINP, PARIN, OWCO, DTFAKT, DECCRR, PILEUP, BAGMSU
and CORLAM. The methods used by the programs are described in the re-

ferences 7 and 8.
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4, RESULTS

The results given by the program CORLAM contain information about ampli-
tudes, correlation coefficients, decay constants and standard deviations. We
will here mainly use the information about the decay constants and their er-

ror limits.

Some remarks must be done about the principles and limitations of CORLAM,
As input we use two different measurements on the decaying neutron inten-
sity., These measurements are done with a channel width that varies in the
sequence 1,2,4,8 ,... in order to cover the entire measurable part of decay
with few channels, The program correlates two measurements against each
other and tries to determine two decay constants, If the modes are sharp

the program will find both of themn. No information is, however, given
whether the first found or the second is the fundamental one, This deci-

sion must be done manually from the amplitude values or other indications,

During this experiment the program has always found a first mode. It is
difficult for the program to find the second mode if it is close to the first,

if it has low intensity, if it is not sharp, or if the two series are nearly
proportional to each other. In these cases the prograrn does an estimate

on the second mode. 't has been found by experience that these estimates often
arec rather good. The amplitudes calculated are, however, often bad. This

depends on an inversion of a matrix that tends to be singular in these cases,

It can be seen from the equations in reference 7 that if the two series are pro-
portional to each other only one decay constant can be found, The estimate
of this is then equivalent to the least-squares method., Therefore, the abscence
of a second mode may be caused either by the fact that the two experiments

are too close in time or space or by the lack of a second mode.

The error limits calculated by the program will be the statistical standard
deviation if the modes are sharp. If the modes are drifting (thelogarithmic
time derivate of the neutron distribution is not constant in time), the effect

of this will be included in the error limits.

The experimental series E and D contain for each separation distance three
measurements with different delay times between the end of the neutron burst
and the beginning of the measurement, This gives three correlations, which
we will name the 1-2, 1-3, and 2-3 time correlations. During the whole experi-

ment we used three detectors, A correlation between detector 1 and 2 gives
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information about energy transients because they are symmetrically placed
but have different energy sensitivity. Therefore, we call this an energy corre-
laticon., The last correlation is a correlation between detector one and three,
As these two detectors have different space positions, the first at the zero
place of the second radial mode and the third at the symmetry axis, they

give information about the changes in the space distribution, Therefore, this

correlation is called a space correlation.

The result of the experiment is presented in figure 4.1 to 4.18. The first mode
found by the program is marked by a cross, the second by a circle, In most

of the cases the first one is also the fundamental one, An estimate of the se-
cond mode is marked by parantheses and no marking is done in the cases when
the program has failed tc find the second mode. The standard deviations are
only marked in those places where they are of special interest. The standard
deviation of the fundamental mode is in the logarithmic diagrams less than
the symbols, The lines drawn are only inter-connectiong between the mea-

sured values,

The Eseries contains 6 measurements, the D series 8. We will in the following
refer to the different measurements with serial letter D and E and experi-

mental number 1 to 8 and 1 to 6 raspectively,

E6 and D8 are measured with one of the interacting media removed. This
means that D1 is identical to E6. They represent, however, two different

measurements and serve as 2 link between the two series,

Figures 4.1 and 4,2 give the energy correlation. If we compare the checkpoints
E6 and D1 we find that the latter one is more stable in time. The reasons for
this rnay be that D1 contains a sharper second mode, which has been included

in the fundamental in E6. The same reason may be behind the drifting in the
limit E1. The most striking fcature of this correlation is, however, the ce-
cond mode found in the D series at the shortest delay, With the exception of

D2 and D3 it is rather independent of the separation distance. It must be iden-
tified as the thermalization time constant and gives a thermalization time of

4, 8 microseconds. As a comparison, the Nelkin model gives for water 4 micro-

seconds ‘-.9 page 228_ .

The thermalization effect appears only at delays of 10 microseconds. This depends
on the high decay rate of this mode and therefore it may be neglected for all

correlations that do not include the 10 microseconds delay,
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The space correlations are plotted in figure 4,3 and 4.4. The checkpoints

are not so stable herc as in the energy correlation., Especially the modes
lower than the fundamental in D1 give reasons to suspect some influence of

background.

During the measurement there was a slow but rather serious drift in the
amplification factor of the third detector. It was manually compensated by

changes in the high tension to the photomultiplier, but as a matter of the fact the
program of background subtraction had a more complicated case to handie than
normal, One of the results of this is that D4 with delay 30 microseconds is
missing. A comparison between E6 and D! shows that there really is a diffe-

rence that does not depend on the experimental sct up,Althougusve shall have

this defect in mind, it will have no influence on the general conclusions drawn from

the experiment.

Space modes are more difficult to bandle than energy medes. This is underlined
by the results of this correlation, Two bands of decay constants are formed.

The higher can be identified as the second radial mode, The drift of the decay
constant must be explained by the mixing of modes in the direction of the symme-
try axis, With the exception of cne case (D5) the energy cffects are removed,
The point D5 indicates, however, that there may be somae influence in the cases

of 10 microscconds delay,

The time correlations are plotted in figure 4,5 to 4. 16 The space and energy
correlations separated some special effects. The characteristic of the time corre-

lations is that they give inforinsntion about the local effects of each detector.

Thnercfore, we have to expecét that slow local transients which cannot be ac-
counted for by the crude model of two decay constants, give a driiting effect,
This effect is seen in the third detector. As we irradiate the cylinder tler\xéh
the curved boundary this detector is the last cne that reaches the eguilibrium
decay . From the measurements E1, E6,D1 and D8 we find that considerable
time is nceded. The dominating higher mcde has negative amplitude, a fact
that has been found earlier L7. As the transparant detector has rather low
sensitivity, the best asymptotic values are measured by detecto> two. The
agreement with earlier measurernents is good Zor the values from this detecter,

This fact verifies the reproducibility of the methods and the ecuipment.
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5. DISCUSSION

Figures 5.1 and 5,2 give the lambda values calculate
in chapter 2. The constant used are the same as in
dent transport effect has not been accounted for. The
been drawn in some earlier figureas A comparison w
gives immediately the result that the mentioned effec
also shows that the effect is different in series E an

that it depends on the decay constants,

In a. stationary system.an increasing scparation disti
ted neutron economy of the system, It is interesting
effect is so heavy that it sometimes gives an improv
can be seen in measuring point D2 which has lower 1
During a time period the neutrons arz '"storad'in the s

discs.

The next gquestion is the existence of the suggested p

4z

d by the method outlined

figure 2.2, The time depen

lower curves have also

ith the experimental values

tt exists, The comparison

D, and we can conclude

aince will ~ive = deteriora-
to note that the dynamic
pd neutron economy. This
ambda values than D1,

pace between the two

eudomedes, It is in

this case more difficult to get goocd experimental evidence, partly because

there is no stringent definition on these modes. They arc however, reflected

in the stability of the obtained deccay constants, Thergfore, we will use this

concept in the following discussion, We must, however, keep in mind that

instabilities are also created by mixed modes with n

stants,

The energy correlation gives converging decay const
but not in the rest of the experiment., We can compar

lations for the actual detectors, We find that pone of

highest drift occurs in'detector 1. The lowest separ
in some cases a somewhat tetter converging tendenc
stances ( figure 4.8 and 4,14 ) bt the convergence i

compared to the check points.

The space correlation shows rather scattered values
rather well defined in series E but clearly drifting in
of the time correlations for detectors 2 and 3 shows 1
in detector 3 for the D series, but the contrary concli
the E series.

%

arly equal decay con-

ants in the checkpoints

¢ this with the time corre-

them is stable, The

ion distance shows
than the other di-

2lso here rather bad as

The upper mode is
series D, A comparison
more drifting effects

usion can be drawn from




The fundamental mode as seen by the experiment va

There is, however, a systematic tendency that goes
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ries rather much.
through the whole

material, The decay constant has a trend against low values in D2 and E2

and high values in D4 and E4, Asg this trend does not

it is difficult to explain, It may be caused by the var

the adjustments of the neutron burst length and ampli

bility of the decay constants. One can, however, not

the suspicion of some kind of resonance cffect,

depend on the series
iationc instroduced by
ified through the insta-

completely remove

As a suramary on the question of pseuvdomodes, we ¢

conclude, that within

the scope of this ¢xperiment there are no useable pJeudomodes. The drift

of the rmodes is systematic in energy for low values

stancc but clusive in space.

As we found that this method can not be used to dete

interaction we seck for a method to cancel the dynan

tegral Boltzmann equation can be written [2 eq. 9.8
® o
r 5. o '
f(i,E,ﬁ,t):jds[exp{- _J‘/')(:: -37A, E)ds
o o

where the symbols used are defined in reference 2.
for an cxzponentially decaying field is that the integr

means that the condition

B

of the separation di-

rmine the stationary

hic influence. The in-

2)

1 aE-sBE, T, t-s/v (5.1

.Z.50n1ryY condition
is bounded, This

s
15 g ;z(x-s'g,E)do' (5.2)
o
must hold for all transfers within the convex boundany of the system,
that is for all X, E and Q. In our casec the condition i met within the
two discs but not for all transfers between them. However, if an ab-
sorbing disc is placed between the moderators the condition 5.2 is
fulfillc 1if the following condition holds.,
)\T € ¥4 ( 5:3)

. where d‘1 is the thickness and ?é the absorption coeffid

Equation 5,3 shall be fulfilled for all values on v, Att
of an1/ v absorber. We then have

d >.\-u

a

>
‘a0 Vo

rient of the absorber,

ractive is the case




where 7, is the absorption cross section at the veloci

of equality gives then equivalence to the stationary cast

achieved through an iterative nrocess. The remainin; -

the wsaiting time, which must be lon ;| enough to suavant

and the oscillations, which must be damped down to 2 =

can be neglected.

i
»

ty v_. The case

o

This can be
beoblem is then
ce eaquilibrium

:2 nitude that

The delay effect in a pulsed neutron experiment has beén studied with

graphite slabs by Dance .11.. It has also been mention

tion of channels in graphite bloclis in an article by Deni

&t~ a Y
-~ 4 -
2 el ane

Dance find

rection factors in order to get the stationary interactios

the delay effect is directly connected toc the parametex

tion 2.156. The highest value of % in the experiment of I°

is aporoximately the same as our lowest value ( exnexis

resulis in connection with those of Dance confirm the ga

can usc the concept of >ccudomodod

el in the connec-
s etal. 127,

| e

PO
. ead -

and c.lculated cor-
n. The strength of
 defined in equa-
ance is 0.1, which
r:ent £2 ). So, our

neral trend that

can be found trough inspection of fijure 2.6, namely that the decay curves

at low values of £ can be interrreted as pseudomodes, 3

lose their significance at higher values of §.

wvhich, however,
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6. CONCLUSIONG

The conclusions from this work is that the pulsed neutr

be directly applied to the case of two interacting moder

on method cannot

tors and that within

t

the scope of this experiment the apparent decay constant is not enough stable

in time to give relevant information about the stationar

As the dynamic transport effects appear already at rath
it follows that in all applications of the pulsed neutron m

taining concave boundaries or cavities the result must b

effects,

From the preceeding discussions and the work of Cornge

the following general rule for the application of the puls

interaction,

er small distances
lethod on systems con-

e corrected for these

yld L4, we can formulate

d neutron method:

"The dynamic transfer kernel shall be bounded for all interactions between all

subdomains of the system ", The dynamic transfer kern¢

include the delay effect in q of equation 5. 1.

It has been shown that an absorber may be used to cance

Solid absorbers may be used but in the case of cavities
gas.

] is here defined to

1 the transport cffect,

one may also use a
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SUMMARY .

The stationary interaction parameter between the plane surfaces of two
identical, cylindrical, polyethylene discs has been measured with the
pulsed neutron method. It was shown possible to overcome the delay ef-
fect caused by the flight of the neutrons in the gap between the moderators
by means of the insertion of absorbers. In the measurements the ratio of
separation distance to diameter was varied between 0, 06 and 0, 77, and
the corresponding interaction parameter went from 0,93 to 0.24. Using
two different thicknesses of the discs two series of measurements were
performed, one covering decay constants between 10, 000 and 17, 000 s
and the other the range 17, 000 to 40,000 s~ l . Although full equilibrium of

the neutron distribution was not reached in all cases in the last series,

1

the resulting values of the two series show a general agreement. A cal-
culation based on a zeroth order Bessel function as radial distribution ard

( cos® )/m as angular distribution of the neutrons leaving the interact ng
surfaces gives too large interaction parameter for all separation distances.
However, the overestimate seems to be small when the surfaces are close
together,



LINTRODUC TION,

An essential parameter in the criticality control of fissile materials
is the interaction parameter ¥ ( 1 ). For an assembly of bodies, which
interact through the interchange of neutrons, the interaction parameter
is defined as the probability that a neutron coming from one body hit

another one.

The interaction parameter depends on the shape and position of the inter-
acting surfaces, on the angular distribution and on the velocity distribu-
tion of the outgoing neutrons. For simple systems approximate expres-
sions for the interaction parameter are available ( 1,2 ). These expres-

sions are often conservative in the sense that they give an overestimate

of the interaction. For more complex assemblies it is difficult to calculate
the interaction parameter and therefore experimental determinations arc

needed,

One method often used to measure the interaction relies on determination
of the reactivity of a multiplying assembly ( 1 ). Another course of action
is to use the pulsed neutron method ( 3 ). We have earlier shown that this
method can be used only at small values of a parameter £ defined as

g= 22 (1.1)

where
A = the decay constant
s = the length of the flight path of a neutron betweer
the interacting surfaces

v = the velocity of the neutron

andthenonly if 2 correction is incorporated, which takes into account the
time the neutrons spend in the space between the interacting media ( 4 ).

We have also shown experimentally that this delay effect is so strong that

it at large values of £ affects the basic concept of the pulsed neutron method,
which means that no stable asymptotic decay can be found.

The breakdown of the classical pulsed neutron method is caused by two
effects. At finite voids it is caused by a singularity, which appears at the
low cnergy part in the energy distribution of the transferred neutrons. Cne

can explain this through the fact that 2 memory cycle that tends to be infinite



at zero energy has been incorporated into the system. This means that the
spectrum of decay constants contains a continuum that goes down to zero.
A theoretical study starting directly from the Boltzmann equation is needed

in order to get a complete understanding of this phenomenon,

The same ideas can be applied to infinite channels or plane infinite spacings,
A singularity appears here for all energies when the angle of the flight path
tends to be parallel to the channels or the surface of the plane spacing (5).

There is a close analogy between this type of measurements and a stationary
experiment. PALMEDO et al, ( 6 ) have recently shown that 2 measurement

in an assembly of Al1-H_ 0 plates does not give an exponential decay in the

2
direction parallel to the plates, This is in agreement with numerical pre-
dictions by CLANCY et al,( 7 ) and theoretical by T/ILLIAMS ( 8). In this
case the limit of the appearing continuum is determined by the oroperties

of aluminium.,

Another way to look upon the effect is to establish that the flight of neu-
trons creates an energy and space dependent importance function, which
favours the low energy part of the energy distribution of the transferred neu-
trons. The delay effect can then be cancelled if we introduce a medium,
which has such properties that it, together with the delay effect. gives an

importance function identi cally equal to 1,

The purpose of this work is to apply these ideas to an assembly constructed
of two circular polyethylene discs separated along the symmetry axis, and
to determine the stationary interaction parameter for the transfer between

the plane surfaces of the discs,



2. THE METHOD

The stationary interaction parameter for two interacting surfaces can

be written

§ Sasas, 3 (5,)% (2.0 (cos 0) /2 o

st )
SdS‘J(S])

where

J (Sl) dS] = the total outward current at dSI

the distance between dS] and dSZ

coordinates in the surface

n o
wn
nou

f(¥,0) = the angular distribution of the
outgoing neutrons, normalized over
all outward directions

¥,0 = the spherical polar angle coordinates

of 4:182 relative to dS'

In a pulsed system the interaction parameter depends not only on the angular
distribution of the outgoing neutrons but also on the velocity distribution and
the time the neutrons gpend in the space between the moderators. Thus we

write
2
I Sggdsl ds, J ( S, Yi(¥,8) M (v) g (td) (cos 8) /s (2.2)
Pa
gdsl J (S] )

where

Pa = the dynamic interaction parameter

M(v) = the velocity distribution of the

outgoing neutrons

g ( td) = the importance of the neutrons when they
arrive at a surface in relation to the im-
portance when they left the other one

td = the time a transferred neutron spends

in the space between the intracting sur-

faces.

If the neutron population in the bodies decreases exponentially the importance



function is given by

exp (s /v) (2.3)

oo
n

where

= the decay constant

the velocity

It is easily seen that the integral over the velocity in equation 2,2 will be
unlimited with this importance function for any reasonable velocity distri-

bution. However, if an absorbing filter is placed between the two surfaces

we get

g8 =exp(Xs/v- 3, s) (2.4)
where

S the flight path in the absorber

Ea = the absorption cross section

If we assume that the absorber has a l/v - cross section, we can transform
equation 2.4 and thus we get

g =exp(-o.,rv,r/(vcose)) (2.5)

@ =daEaT-Xd/vT (2.6)

where

<
U]

T the most probable velocity

T the absorption cross section at the
most probable velocity
the thickness of the absorber

[~ T - "
N

the separation distance,

Through the incorporation of the absorber we have got a possibility to control
the importance function. If we put g from equation 2.5 into 2.2 we see that the
velocity integration in 2.2 will give a limited value for a
makes equation 2,2 identical to 2. 1.

T>,0 and that nT=0

As a T depends on A, it can only be approximately estimated prior to the mea-
surement. Therefore, we measure the dynamic interaction parameter Pq (“T)

for some points in the neighbourhood of a,, = 0 and interpolate or extrapolate in

T



order to determine the stationary interaction.

Pgt = Pg(9) (2.7)

The method used to determine Pa is based on the knowledge of the diffusion
parameters and the validity of the diffusion theory. The details are described in

reference 4 and 9, so we only reproduce the formulae.

L=pl 2 k Dy (2.8)
1+p vtg (w-y (H+8) )

\I 2 ks B
Y = B - ( R+6 ) (2.9)
SR N galdasNolee Wit = & (2.10)

]
D(1+\| 1-4C(x-x°)/D2)

where
p =  the interaction parameter
k = a correction factor
D =  the diffusion constant
v = the mean velocity
H = the thickness of the discs
5 = the extrapolation distance
yz = the buckling along the symmetry axis
Bz = the total buckling
R = the radius of the discs
Ao = the decay constant at zero buckling
C = the diffusion cooling constant



3. THE MEASUREMENT.

The experimental arrangement is shown in figure 3. 1. The same assembly
was used as in the work described in reference 4, The moderators were
polyethylene discs with diameter 18 cm and height 2,2 cm. They were
separated along the symmetry axis by three aluminium bars, The de-
tectors were glass scintillators loaded with Li. One wase placed at the
symmetry axis and the other two at the zero of the second order radial
mode, As the latter give the best representation of the asymptotic decay,
the result of the first has only been used to check the measurement, The
assembly was shielded by boron carbide. The assembly was irradiated with
neutrons from the D-T reaction in an 150 keV neutron zZenerator and rotated

during the measurement around the symmetry axis,

The filter was made of fine grade silver plates. In order to have as low delay
effect as possible from the baclkscattering in silver, the filter was divided into
two equal parts placed one at each surface, Each filter was composed of up
tofour plates, The thickness of these was varied in powers of two, There-

fore, we got 16 combinations with an approximately linear dependence bet-
ween filter combination and absorption. Owing to the symmetric arrangement
the step length was determined by twice the thinnest plate. The thickness of
this, in turn, was fixed by the manufacturer, who couldn* roll thinner than

0,25 millimeters,

The thickness and effective absorption are listed in table 3.1, The filter
combination is given as a four bit binary word where a bit equal to one de-
notes that the respective plate is included. The significance of the bits is
associated to the thickness of the plates. The effective absorption given

in the table is the thickness of the absorber times the macroscopic absorp-
tion cross section at 2200 m/s. The values are corrected for the scattering
of neutrons, The scattering cross section of silver at 2200 m/s is approxima-
tely 10 per cent of the absorption cross section. In order to correct for this
we assume that half the scattered neutrons go into the forward direction and
half into the backward direction. This is a crude approximation but it gives

sufficient accuracy for our purpose.

We have earlier shown that an experiment of this type without filters ( 4 ) de-
pends very strongly on the decay constants involved. Therefore, we have made
two series of measurements:
a) The D series with 2.2 cm polyethelene dises, which gives
a range in the decay constant from approximately 17, 000
to 40,000 s~ .



b) The F series with 4.4 c¢cm polyethylene discs, which
gives a range in the decay constant from approximately
10, 000 to 17, 000 5~ ',

The delay time between the neutron burst and the beginning of the mea~
surement is 64 microseconds for the D series and 192 microseconds for the
F series, This shall be compared with the time spent by a 2200 m/s neu-
tron in the gap between the moderators, The distances used are given in
table 3. 2 together with the number of possible flights between the surfaces
for a 2200 m/s neutron. From the table we conclude that the delay time is
sufficient to give 2 good exchange of neutrons between the discs in the

F series, It is, however, too short in the last experiments of the D series,
On the other hand, another step in the delay time will give a too low intensity,

In order to give support to the extrapolation in p d ( equation 2,7 ) at least
three measurements with increasing filter thickness were made for each

distance; The lowest filter combinations used are given in table 3, 2.

The electronic equipment is described in references 5 and 10, The most
important improvement since the completion of these worlks is that every
detector line has got a baseline restorer of its own in order to get a better
individual amplitude resolution, Also the data handling has been modified
since the previous work(9, 10 and 11 ). Especially weighting factors pro-
portional to the variance of the collected channel contents have been inclu-
ded in the program of background subtraction. The merits of this are that the
program now is less sensitive to the amplitude limits chosen, The new ver-
sion of the background program is named BAZI. A new program named SIFI
has been written in order to calculat:: the interaction parameters. It is based
on the equations 2.8, 2.9 and 2.10. The programs used in the data handling
are then REMSIMP, PARIN, OWCO, DTFAKT, DECORR, FILEUP, BAZI,
CORLAM and SIF I,



L ——

Table 3.1

j Combination | absorption

0000
0001
0010
0011
0100
0101
0110

o1

1000
1001
1010
1011
1100
1101

1110
11

|

|

|

0. 000
0. 199
0.392
0.591
0. 765
0.964
1.158
1.356
1.537
1.736
1.930
2.129
2.302
2.501
2.695
2.893

| 0. 000
- 0.051
0.101
0.153
0.198
1 0.249
0.299
0.351
0.397
0.449
| 0.499
0.550
0.595
1 0.646
10,696
1 0.748

| Thickness
(cm )

S

|
|
jom—— ———————— . — ——— —

10



Table 3.2

Possible
number of flights

Experiment | Separation | before be- |before end
number distance ginning of of experi-
experiment |ment
D1 2.2 6.4 32
D2 4.4 3.2 16
- D3 6.6 2.1 11
D4 8.8 1.6 8
D5 11.0 123 6.4
D6 13,2 1.1 53
F1 el 38.4 140, 8
F2 2.2 19.2 70.4
F3 4,4 9.6 35.2
F4 6.6 6.4 23.4
F5 8.8 4,8 17.6

Lowest filter
corabination

e e aB . S

0001
0011
0110
1000
1010
1100

0000
0000
0001
0010
0011
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4, RESULTS.

The resulting decay constants from a correlation between detector 1 and 2
are plotted in figure 4. 1. The different measurements are here represented
by three characters: The first of these is a letter representing the series

(F or D), the second and third are digits representing the experiment number
and the measurement number. We will in the following use this notation. The

last digit will be omitted when we refer to a whole experiment.

Experiment FO and F6 are included in the F series in order to have comparisons
at zero and infinite separation distance. In experiment FO the discs were sepa-
rated only by the filter, in experiment F6 we measured with one of the modera-
tors removed. The figure shows that the decay constants increase with increasing
filter thickness and that they at large thicknesses approach a limiting value,
which agrees with the decay constant of a single moderator. The first experi-
ments cover most of the available range but the last use only a small part in

the neighbourhood of the upper limiting value. The figure shows only the F-
series where we have most measurements for each separation distance. The

D series contains only three measurements per experiment but gives a similar

result,

In order to determine the interaction parameter we need the diffusion parameters
for polyethylene. They have been calculated by GRIFFING ( 12 ) and measured
by STOSTRAND et al. ( 13 ) and by GROSSHOG ( 10) ( marked RF 16 in the fi-
gure ). The corresponding " dispersion curves " are drawn in figure 4.2. From
the figure we realize that the different curves give rather different values within
the actual range, Now, equation 2.8 is singular at
T s

V= g

that is, when the interaction parameter is small. Therefore, the determination

of Pq will depend strongly on the chosen diffusion pararmeters.

In reference 10 we have found that for flat systems very long waiting times
are needed in order to remove the influence of higher spatial modes. Also
the choice of extrapolation distance and its buckling dependent variation comes

into the picture.

From the above facts we find it necessary to have a very accurate relation bet-
ween decay constant and buckling. So measurements were a2lso performed cor-
responding to the limiting pointsp = 0 and p = 1 of the two series, i,e. the de-

cay constant was determined for one single disc, and for two and four discs



close together and without filter. These results served as our main cali-
bration points. In connecting them we could have used the curvature obtained
from the earlier measurements given in figure 4. 2, However, in the actual
range the influence of the diffusion cooling is smaller than the difference bet-
ween the curves in the figure, It is also doubtful whether the curvature should
be the same for our open geometries, Therefore, we chose to approximate the

dispersion curve with a straight line going through the two limiting values.

With this method and using eqs. ( 2.£-10 )pd was obtained from the measure-
ments, and the results are shown in figure 4.3 for the F series and 4, 4 for
the D series, The error limits are based on those obtained by the program
CORLAM, which evaluates the decay constants, The lines are only inter-
connections between different measurements in an experiment. The experiment
number and, within parantheses, the distance between the innermost surfaces

of the filter are given for each experiment.

In order to have a comparison material we have calculated the a T dependent
interaction parameter for the actual distances. We used equation 2.2 with M (v )
as a Maxwell distribution and g (td) as given by equation 2.5. The angular depen-
dence was ( cos 8 ) /m and the radial distribution was assumed to be a zeroth
order Bessel function. The numerical integration in velocity was carried out
over 20 energy groups with an interval of 0.2 Veps The number of intervals in
angle was between 10 and 20 depending on the distance between the discs. The
result of this calculation is shown in figure 4.5, As a comparison the result

is also drawn for a2 one group calculation for the distance 2.2 cm. This shows
that when the energy distribution is taken into account a2 lower interaction occurs
at small values for am but a higher at larger ones. This is caused by the harde-
ning of the spectrum in the absorber. The values for a 'I‘< ” Zemends strongly on
the number of velocity groups owing to the singularity in the intergrand, and

therefore the curves are dashed in this part of the figure.

A systematic difference between the curves in figure 4.5 and the experimental
series is that the distance between the moderators is equal to the values given
in figure 4.3 and 4. 4 plus the thickness of the filter for the experimental values,
The curves in figure 4.5 are, however, calculated for the indicated distance
between the moderators. This will have a negligible effect on the results for

all experiments except FO as the variation of the filter thickness is small in

comparison to the separation distance.
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The general trend of the result from the F series agrees rather well with

the theoretical model. Deviations in the individual measurements can, however,
be seen especially at large values on a P The result of the first measurement
in the ¥ O experiment is put equal to 1 as we have calibrated the series in this
point, The decreasing trend of FOl and I 72 can be explained by the increase

in thickness of the filter, which in this experiment is equal to the separation
distance, but FO3 and FO4 give unexpectedly low results, Experiment F1
agrees very well with the shape of the corresponding theoretical curve and so
does experiment F2, although the values are somewhat more scattered in this
case. A clear downward trend can be seen in F3 at larze a,, values. F4 and F5

agree in general with the theory, but the last measurement of I'5 gives a lower

value than expected.

The error limits indicated in the figure 4.3 do not include the errors in the
calibration points and errors due to the approximation of the dispersion curve.
These errors can easily give an explanation to the behaviour shown in the fi-
gure, Another fact that may influence, mostly as an upscattering of the values,
is differences in the piling of the assembly, which had to be done between all

experiments in connection with the exchange of the filters.

Figure 4.3 gives a somewhat wrong impression owing to the fact that the above
errors are amplified by the factor exp ( a.r). As the errors come into the pic-
ture mostly at large values of a o+ We can expect that the values are rather
good when anm is in the neighbourhood of zero a fact which is confirmed by

the behaviour of the experimental values in this range.

The stationary interaction is estimated by a manual interpolation of the ex-
perimental values in order to get the value at a T =0 The calculated behaviour
of each experiment is then taken into account. The e¢-.imated values are marked
with circles in figure 4.3. The error limits take into account the error limits
of the individual measurements and the deviations in shape between the experi-

mental values and the curves in figure 4.5.

The result of the D series is plotted in figure 4.4, The most striking feature

of these values is that they do not behave as expected from the theoretical mo-
del. Two reasons for this will be stated. The first is that the dispersion curve
is less well known in this range and the approximation with a straight line may
be worse than in the F series. The second is that the neutrons have not reached



an asympiotic spatial digtribution in all cases. The effect of this on the appa-
rent decay constant can be positive or negative depending on whether the out-
flow or inflow of neutrons prepondarates, However, as the mean energy of the
neutrons first arrived is higher than the energy of the later ones a behaviour

like that in figure 4.4 | an be expected,

For these reasons the values estimated 2t o = 0 in the D series are ext:a-
polated or interpolated from the measured values without taking the theoretical
behaviour according to figure 4.4 into consideration. The difference between F

and D series may :hen be connected to a difference in mean energy between the

1¢

two series, As the values can not be considered as asymptotic as in the F series

we have there a lz rger rigk of systematic errors. This has not been included

in the indicated errors limits,

The resulting v: lues for the interaction parameter are plotted in figure 4. 6.
The different ¢ rves drawn as a comparigon are calculated in the following
way .p_and p, are obtained from equation 2.1 with

f(z,8)=1/2%

respectively
f(¢,6)=(cos @)/

in diffusion theory we can write according to reference 9
f(v,8)=(1+3n(cos8)/2)/A
A=2w(1+3q/4)

waere . l-p
v 14p
With this ezagular distribution equation 2,1 givesz
A s, T 4p° 5 31191
PDIFF - 1+q 4+ 3q
frem which
2
M = 73~ =
a(1+) 1+440/4%)
where i, va
- i e 1
B 3(1 +P] )
4(1 =~ Po ) 2
b=

3( ‘l+p])

(4.4)
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Equation 4,3 withn from eq. 4.4 defines the curve PO in figure 4.6,

The experiment clearly indicates that the calculation with ( cosg ) /v

as angular distribution gives an overestimate of the interaction through

the whole measurement. On the other hand diffusion theory gives a slight
underestimate and the 1/2 7 angular distribution gives a laroe underestimate,
It is interesting to note that the value at 1.1 cm separation distance is close

to the pq ~curve, This type of behaviour can also be noted in stationary experi-
ments (1 ).It is somewhat puzzling as one expects diffusion theory to be more
accurate here than in the other part of the experiment., The explanation may be
that already a small spacing gives z loss of neutrons with directions nearly
parallel to the surface to such an extent that the angular distribution is bet-
ter represented by a2 ( cos8 ) - distribution than by the one given by diffusion
theory. To this we can add the fact that diffusion cooling comes into the picture
in such a way that the buckling concept is of limited validity in this case. That
is, as the diffusion cooling takes place mostly in the neighbourhood of the

free surfaces, it will not vary in the same way when we increase the buck-
ling by decreasing the volume of the moderator as when we increase the buck-

ling by the splitting of the moderator,

The agreement between the two series is excellent at 2,2 and 4.4 cm separation
distance but not so good at 6,6 and 8.8 cm. The differences are probably caused
by the systematic errors discussed above, Therefore, the results from the D
series are more reliable in these cases. The trend towards the p, curve for
the D series may be caused by the fact that we have not reached the asympto-
tic decay.

The above discussion shows that the method is sensitive to systematic errors,
Therefore, we have considered it necessary to investigate this point more care-

fully. Systematic errors may be introduced through:

a) Uncertain diffusion parameters,
b) The fact that the asymptotic state is not reached
c) Backscattering of neutrons from the shielding,
the detectors and the aluminium walls
d) Scattering in the filter
e) Different positions of the target in relation to one of the

discs.
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f) Leakage of neutrons through slits in the shielding

g) Systematic errors in the data handling

Item a and b have been discussed earlier. In order to check mainly item

d but also to some extent the others, check runs were rmade in series D
with the same conditions as in the main experiment but with cne of the
moderators removed. The resultinz decay constants are plotted in figure
4,7. The calibration point DO is also included in the fizure. It gives a
somewhat higher value than the maean value of the check raeasurement but
the difference is inside the error limits, As no systematic trend can be
found in these measurements, we conclude that item 2 and b in the above
list are the most serious sources of systematic errors, These errors
influence both series at large valucs of the separation distance. One can ex~

pect that item a is most serious in the ¥ series and b in the D series,

The resulting values of the interaction parameter are civen in table 4.1

togather with the extrapolated valuec of the distances between the moderators.,
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Table 4.1 Resulting values of the interaction parameter.

1 Series F -‘

- —— e - r——— o s &bt

Distance | Seriea D ' -5
?;;:'::n i Distance Interaction Distance Interaction
e | between parameter between parameter !
(em ) | moderatoraf moderators |
| (em) (em ) t ) e o
1 |
1.1 | 1.1 0.93 + 0. 01 | |
i {
2.2 ’ 2.2 ‘ 0.79 + 0.02 2.3 0.76 + 0.03
4.4 | 4.5 . 0.59+0.02 '| 4.6 I 0.59 + 0. 01
6.6 | 6.8 | 0.38+40.,02 | 7.0 | 0.44 4 0,01
8.8 9.0 - 0.31+0,02 9.2 | 0.34 40,01
1.0 : ; 1.6 | 0.29 +0.02
13.2 ! 13.9

| 0.24 4 0.02

|
|
|
i
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5. CONCLUSIONS.

The conclusions from this work are that the method of introducing
absorbers in order to get an equivalence between pulsed systems

and stationary systems works satisfactorily. The resulting interaction
parameter for two circular surfaces shows that the ordinary approxi-
mation( ( cos @) /v as the angular distribution (14)) gives a large over-
estimate in most of the measured range. The overestirnate is, however,
small at small separation distances, a fact that should be observed by

those, who are concerned with the safety of interactinz subcritical assemblies,

In this work the choice of dimensions and arrangements has been limited by
the use of an already existing assembly, The experience from the work is

that the measurement can be improved through!

2) A better knowledge of the diffusion parameters

b) A choise of the moderator dimensions so that the
decay is slow enough to allow a complete interaction
before the intensity is outside the measurable range.

c) The use of 2 mechanical construction that gives a bet-
ter reproducibility of the separation distance, the fil-
ter position and the moderator dimensions.

d) The possibility to have higher intensity in the neutron

bursts,
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SUMMARY

The decay of a neutron field in a spherical light water moderator with a
central cavity has been studied. Measurements were performed for two
values on the moderator radius, 10,0 and 4,6 cm. The radius of the ca-

vity was varied from 0 to 8.2 and from 0 to 4,1 cm respectively.

It was found that the cavity creates an instability in the logarithmic decay
rate and that the instability increases with the cavity radius in an irregular
way. A comparison with a simple diffusion model showed that the general
trend could be explained for the larger moderator radius but not for the

smaller one,

An important conclusion from the work is that measurements with the pulsed
neutron method in heterogeneous media must be corrected for time depen-

dent effects also if the ratio of the cavity to moderator volume is small,



1. INTRODUCTIOHN.

- ———— -

An important preperiy of the HBoelizimenn ayuation iz that when “ime-de-
pendent neutron '2:"31;::}"3:!; problams are treatad with 2 Taplace transform
there resulls an cquation which is ideniiv] with thatl of a corresponding
stationary case. Thiz egquivalence iz of gron: -:ig_ui’ficauce inthe use of

the pulsed neutron method, as was et sointed out by Siostrand ( 1 ), Thus,
results frora sulsed souYcc ImengLramewe o omegennous moderators can

be directly applied to cxritical, staticnory nratezie, e.7. veacters [ 2 ). How-

ever, for hetezogensous pystenns dro gitvation s 1ot 8o cimpiz, It was
recently obaerved by Snll { 3}, Danen [ 4), Dend Ly the

author ( 6 ) that in the cage of a wuodesator containing cavitics a delay ef-
fect appears, whichk dcpenda on vhs logarithraic decay rate, This means that
the analogy between {he staficnary and lmamic 6230 is not complete and

&

it also means that the pulsad ausenrly decea 0% give 2 clean asymptotic

decay constant,

The declay cifect depends on the timc fne neulvons spend in the cavity, In

open geornetries, i, ¢, modexalore containing gaps or channels penetra-
ting the moderater, the nevirony =y La fravped if they have directions
nearly parallzi to the surface of the cavil:s. We have earlier studied this
effect { 6') and found that the appearing loge=ithinic decay constants were
unstable in time and very fax {rorn tlie valica that could be expected from
stationary diffusion thecry., Inz later woxk ( 7 ) we chowed that the delay

effect can be climinated by ialvoduciag sbrorbers in the cavity

The neutrons may £lzo be trappad in the cavity if they enter it with velo-
cities not far from zero. In an ovexz gooraetry this effect is mixed with

the effect mentioned above, iz this weorll - -have iried to isclate the velocity
effect by thz use of a spherical water moderater with a cantral cavity, This
closed geomeizy ciicza also the benclit of no neuiron icssec through the
cavity,

The spherical homozenesus Light waler rucioraior nas in our labor::.‘:ory been

e

carefully studicd by Sikext { 5.5 ). W

>
5
&

v in fhe present exsoritaent usad

3. 42

the same technical 2rranzemiost for which the deotaiis can be found in bhis
reports. It had been advantageous 1o use alse his zmall BE', detectors, but
their low seneitivity required & lorgs: source gfvenght that could be accep~

ted from the racdioprotection roint cf

visw, T..crefore we were forced into
a meagureracnt with glaga=gomtillatore aad had to socept 2 corresponding -

1y higher backerouad. & spagicl tzihnigue was used in order to keap the



2.SOME REMARKS ABOUT THE ANALOGY BETWEEN HITLDCGENEOUS

STATIONARY AND DYNAMIC SYSTEMS.

A Laplace transform of the Boltzmann equation gives an equation for the

Laplace transform of the flux that is identical to the stationary Boltzmann
equation in the case of a homogencous rnoderator with convex boundaries. The

three parameter expansion of the " dispersion curve "

x =x_+D B%.ca? (2.1)
(o] (o)

where

A 3 the absorption rate

D°= the diffusion constant

C = the diffusion cooling coefficient
B?’: the geometric buckling

implies then experiments for determining either the diffusion parameters or
the buckling. The quantities so found are supposed to be used in stationary
problems or compared with quantities received from stationary experiments.
The purpose of this chapter is to underline that this course of action is not

strictly correct if one is dealing with ".cicvo’ eneous moderzin.: s,

The Boltzmann equation can be written

?—:-gow-zaF-st+xF+s (2.2)

<|-

where

v = the neutron velocity

3

=F (z,9 E, t) = the neutron flux

Z= }38(1,}3 ) = the scattering cross section
%= Z‘,a( r,F ) = the absorption cross section
X = the scattering operator

5=5(r,2E,t) =the neutron source distributicn
In a pulsed system we assume a zero source distribution and make the

substitution

F(n2Et) =E(rQD (2.3)

This gives
. _X - T
Q*VFE + @& +Z‘a -‘;-)Fb-.&cp (2.4)



Equation 2,4 is formally stationary and there is no problem befcre one
tries to include the boundary conditions. However, the heterogeneities
introduce time - dependent boundary conditions ( 11 ), and therefore the
direct analogy with a stationary solution is lost. An excellent example
on the experimental use of this behaviour was given by Arai and I{lichle
(10 ) when they measured the " imaginary '"part of the dispersion curve

( x>0, B? <0 ).

The term \ /v in equation 2,4 is often called time absorption. Because of

its sign in the pulsed neutron method a better name would be " tirne multi-
plication ", IMultiplied with the flux it acts as a source. But from the static
point of view it is a very unusual source. It amplifies every incoming neutron
with a factor proportional to \ /v but it does not change the direction of the
neutron, In one-group diffusion theory there is a direct equivalence bet-
ween \ /v and the multiplication but the analogy is only fictive which can

be seen from the equation ( 2.4 )



3. A ONE-CGROUP DITFUSION MODEL,

In suite of the remarvks in the preceding chapter we will here solve the
problem of the spherical symmetric assembly containing a2 central ca-
vity with stationary diffusion theory. The delay effect of the cavity wilil
be incorporated ac 2 bouadary condition. The model can then sexve as
a compzariszol material to the measured values of the logarithmic decay

rate,

The solution cf the spherical Giffusion equation with zero neutron flux at

the outer extrapolated boundary ( R ) is

(r)-—'(svn(Br)-tg(B«t)cos(Br)) (3.1)

At the inner surface { = = R, ) we write

3o
. 1 5
n=8(% % )Rg ' 22)

where § is the extrapolation distance ( 2 D/v ), andn is 2 loss coeffici-
ent defined by

=(1-p)/(14p) (3.3)

p is the interaction parameter, that is the number of incoming neutrons
per outgeing neut»on through an element of the surface between the mo-
derator and the cavity, The eigenvalue equation for B is then

B?\5=(1+nRi/6)tg{B(P.i-Ro

)} (3.4)

The interaction parameter depends con the logarithmic decay rate of the
neutron field, the mean distance travelled by the neutrons in the cavity
and the velocity of the neutrons, Using the mean coxrd length in the cavity
(12 ) we can write

p:‘efm{(é-p??i?-}/".'3"‘::'} (3.5
where w2 have incornoraied a frec vararmacter p to be determined later. In-

. . peate 3 .
sertion intc equation 5.4 pives

3 4 3 ! 7S N s ’
BF e 15 snh D X Y635 ) ' 3.6)
& 1Ny L
L ARSI (2 SR
An inferecting izt iz small valuzs of R. ., A power expansion of 3,6 with

- 1 o
p = e




E R 5 )
BR°="+(BRi)(l-x/(DBZ))/3+O((BRi)) (3.7)
The expansion shows that the delay effect is present in the sarae order
of approximation as the stationary effect, It depends on A and must be

accounted for not cnly at large but also at small cavities,

The primary scolution is drawn for the actual geometries in figure 3,1, In-

specting equation 3.6 one finds that the buckling will be imaginary if

R E=DR

—%—i——i—(l-%tanh{(4PRi)\)/(3V)})<" (3.8)

The peak indicated for p = 0 but excluded for other values of p depends on
the three term expansion of A where we used the diffusion parameters given
by Elkert ( 9 ). If X\ is a continuously increasing function of B the limiting

values of B are
B—»w/(Z(Ro-Ri)) when (R =R, Ro-.w)

B-e»'n/Ro when (R, =~ 0)
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4. EXPERIMENTAL ARRANGEMENTS.

In this work we have used the same mechanical support, the same spheri-
cal aluminium shells and the same shielding as in the measurement on
diffusion parameters for light water in spherical geometries by Elkert
(8,9 ). In order to arrange the central cavity the largest shell was cut
into two equal halves, a smaller one was raounted on a screw and then

the outer shell was repaired with tape, Finally, the space between the two
shells was filled with distilled water.

As detector we used a Li-glass scintillator ( 13 ). We have carlier mea-
sured the decay in moderators with open caviti es and found that the lo-
garithmic decay rate was not stable ( 14 ). In those measurements we chose
a logarithmic time scale, with which we were able to cover the entire mea-
sureable part of the decay with 8 time intervals, A very accurate background
subtraction could then be done by the use of 32 channels for the measurement
on the amplitude distribution of the detector pulses. This gave a good preci-
sion in the determination of the decay constant but the details of the decay
curve was lost, In this experiment we were interested in the time variation
of the logarithmic decay. Therefore, we wanted a linear time scale with

as many time intervals as possible, This had to be done at the ecxpense of
the number of amplitude intervals. As the exchange of channels between am-
plitude, number of detectors and time only could be done in powers of two
we chose: one detector, two amplitude intervals and 256 time intervals. The
remaining part of the analyzer memory ( 512 channels ) was used to measure

the deadtime,

We have earlier found that the amplitude distribution can be approximated
with a Gauss distribution for the neutrons and an exponential “cz the back-
ground ( 14 ), It is easily realized that the lowest background to neutron
ratio in a one channel analyzer is achieved if a small window is placed at
the maximum of the neutron distribution. Decreasing the window width will
then cause both the neutron and background sensitivity to go to zero but the
ratio between them will remain approximately constant. A necessary condi-
tion in a time dependent system is that the zain does not depend on the time
or the intensity. In order to be able to check this we placed the limit bet-
ween the two araplitude intervals on the maximum of the neutron peak., Our
criterion on approved measurements was then that both the channels should
have the very same time dependence, It was possible to fulfil this criterion
during the whole measurement, thanks to the recently incorporated base

line restorers,



5. THE MEASUREMENT.

The experiments were performed in three series, During the A and B
series we used the largest shell to define the outer radius ( 10,0 cm ).

The inner radii were 8.2,6.7,5.6,4.8,4,1,3,7,3.4,3.0,2,6 and 0,0 cm,

In the A series two measurements were performed with inner radius 8.2 cm,
one in the beginning of the series and one at the end. This served as a

check on the reproducibility of the measurements, In the A series the de-
tector was placed on the outer shell in 90 degreces angle to the target, but

in the B series it was placed opposite to the target. Thetime-interval width
was 8 microseconds and the measurement period started 10 microseconds

before the ¢ ranicroseconds wide neutron burst,

The C series was performed with 4.6 cm as outer radius. The inner radii
were 4.1,3,7,3.4, 3.0 and 2.6 cm. The time interval width was 4 micro-

seconds and the detector was placed in the same position as in the A series.

In all the series a background measurerment was included. It was icdentical

to the other rmezsurements in the series but no moderator was present,
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6. CORRECTIONS.

The deadtime correction was made with the same basic method as de-
scribed earlier ( 15 ). In order to adapt the method to the linear tirne
scale some modifications were introduced, The procedure was as fol-

lows,

Two detector linee were used, the first for the neutron detector and the

second for pulses from a pulse generator. First the sum of the two ampli-
tude intervals was formed. This gave 256 channel contents for each of the
detector lines, e denoted them Pd(i) and Pt(i) were i is the channel num-

ber running from 0 to 255, Then, the frequency of the testpulses ( f; )
was determined from the 16 last channels, As the detector line firequency

was low here we could write

255

£=() B@)/e (6.1)
i=240

which gave the frequency in number of pulses per channel, The correction

formula is then

P = (£ P, (i))/(Pt (i) % (1)) (6.2)

where Pdc (i) is the corrected number of pulses in the detector line and ktp a

correction factor for the time spent by the test pulses in the system.

1= i) = - Sres
-\tp(:.) 1-(F (@ l)tm)/(Nstc) (6.3)
where
tr" = the time used to handle a test pulse
ey
1~Is = the number of neutron bursts
tc = the channel width

This correction term was neglected in the earlier version of the deadtime
correction because then we used a very low rate of test pulgses. In the pre-
sent measurements we increased the test pulse rate and therefore the cor-

rection had to be included,

The correction in eq. 6.2 corresponds to the intrinsic transfer discussed
in reference 15, The extrinsic transfer could not be calculated with the me-

thod given in the reference owing to the few amplitude channels ':2l. Tn
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spite of the fact that it had some influence on the beginning of the de-

cay we decided to neglect it,

The background measurements showed three typical parts. The first

one was a reproduction of the neutron burst followed by a very fast de-

cay, a typical thermalization process. The second was a decay, which
unluckily encugh had approximately the same logarithmic decay rate

as that of series A and B, Therefore, it was carefully investigated by

a measurement with several amplitude channels in the actual interval,

It was found that within the accuracy of the measurement no sign of neu-
trons could be detected, Therefore we explain it as the capture gamma from

the absorption of the thermal neutrons in the shielding.

The third part was constant in time but proportional to the neutron intensity.
The main part of it was assumed to come from short lived activities, Taking
the differences in intensity into account, the background was subtracted

from the measurements,

The result from the background subtraction with the above methed was also
compared to 2 background subtraction with the assumption that the backgrounc
was constant in time, Although a small difference could be noted, we found
that the difference was small compared to the standard deviations of the re-
sulting logarithraic decay rate and therefore it could not affect the general

conclusions from this work.

The corrections were done by two computer programs LILA and BALA, The
latter determined also the logarithmic decay rate. The mechanical structure,
the screw that supports the inner Al-ghell and the outer Al-walls have not
been corrected for, The screw was kept in position during the measurement
of the homogenecous moderator and it can be seen by a compariscn with the
values of Elkert that it gives a neglectable correction ( fig.7.4 - 7.10 , ex-
periment 1 ). Elkert has shown that the correction for the outer wall is small
(8). The inner wall may give an influence on the decay rate but only through
the very low encrgy part of the neutron distribution, which penetrates the

cavity.
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7. RESULTS.

In this chapter the result of the measurements will be presented first in
three diagrams, figure 7.1 to 7.3, where the most characteristic decay
curves of the series A.B and C are pleited. We will then follow the time
of the logarithraic decay rate for the series A and B in the fijures 7.4 to

7.9. Finally the time variation of the C series is presented in figure 7.10,

During the measurement of each series the intensity of the accelerator
was held as constant as possible, This zave an approximate normaliza-
tion to the decay curves within the same series, and therefore we arc
able to compare not only the logarithmic decay rate but alsc the cmpli-
tudes. The thrcc plotted decay curves in figure 7.1 correspond to experi-
ment Al , A5 aad A10. The inner radii are 0,7.5 and 8.2 cm. The values
are corrected for deadtime and background. Experiment Al shown a decay
with a rather well defined decay constant., A5 is worming around £1 and
Al0 shows how the rnoderator loses a lot of ncutrons into the cavity during
the first ten microseconds. These neutrons then cause the decay to be so
slow that the intensity at 900 microseconds ( about channel number 120) is

comparable to that of the homogencous 1:oderator.

Series B ( fizure 7.2 ) gives a result not far from series A. 4 notable ef-
fect is the pcal at channel number 6 in the cxzperiment B10, An erxplanation
for this can be found in the fact that the detector is placed in 2 position where
the initial neutron flux is low. Thercfore the thermal neutrons coming
through the cavity will give a poticeable offictThe tirne lag of the peak is
approximately 27 microseconds, which zives a thermal neutron distance

of about 7 cra. /s this value is low in coraparison to the cavity dizmeter we
conclude that tiic neutrons at this stage have not reached thermnal cquili-
brium. There is a small sign of a repeated peak at channel numaber 15. How-
ever, an increased statistical accuracy is nccded in order to zet confirma-

tion on the existence of this peak.

The three experiments plotted in figure' .2 correspond to cxperimment C1 with
0, C2 with 2.6 and C6 with 4.1 cm innecr diameter. As the moderator volume
here is less than in the preceding experimnents we get a higher influence of
background, This causes the values to be moere scattered, and ac>proximations
in the backgrcund subtraction are more sericus. As in the B10 erperiment
we can recognize an indication of a peak, in this case at channel § in the

C6 experiment, but the peak is too weak to zive any relevant inforraation
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about the tirce lag.

The general ccnclusion so far is that the cavity introduces a very long
damped oscillation. The decay might go over into a pure exponential

decay but we de not reach that state within the experimental tirmc range.
0

In figures 7.4 to 7. 10 the decay constants from the A and B series are plot-
ted as a function of the inner radius. The decay constants are calculated from
the 16 consecutive time intervals beginninz with the time interval noted in

the figures, Ccrac of the curves from the one-group model arc included in

the figures as a2 comparison material,

The figures show a general trend that can be interpreted as a converjence
to the one group model with a p of about C,5. The convergence is slow but
this is also to some extent the case for the homogeneous moderator,Dis-
regarding the general trend we can find soie irregularities, which ranust
be considered as systematic as they appcar in both the independently mea-~
sured series, Fizure 7.4 ( time 17 ) shows a convex structure for low
values on Rl and a very low value at experiment 9. Figure 7.5 ( time 33)
gives an impression of 2 rather smouth relation between the decay constant
and the inner radius. Figure 7.6 ( time 49 ) contains peaks a2t ciperiment
number 4 and 6 for both the series, In figure 7.7 there is 2 tendency of
peaks at experiment 6 for both the serics and at 4 for the B geries but the
A series containg here an indication of 2 miniraum. In figure 7.8 and 7.9
the statistics is poor, but remarkable are the high values of the cecay con-
stants for both series at experiment numbe: 4 in figure 7. % and the low

values at the same place in figure 7.9.

The significance of the deviations is pocr, Lut combining thesc

with those done in the study of two interacting moderators ( 6 ) leads to the
o

conclusion that there exist effects which can not be explained

.

a

L3

theoretical model. The behaviour indicates an oscillating neut vave that

goes into resonance with special values of the inner radius.

If one follows the time development of the decay constant in erperirnent A10
one finds that it varies up and down. This behaviour is confirmed by the in-
dependent check measurement and gives support to the theory of oscillation

or propagation cffects.

The decay constants from series C are plotted in figure 7,10, Our diffusion
model is herc not at all able to represent the experimental valuecs. A reso-

nance effect, rnore pronounced than in the A and B series, is indicated.
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Fig.7.4 The logarithmic decay rate. A ( squares and triangls ) and

3 series ( circies ), time interval 17-32.
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Fig. 7.5

The logarithmic decay rate, A ( souares and iriangle ) and
B series ( circles), time interval 33-48,
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8. DISCUSSICON.

Summing the experiences from these rieasurements we can describe
the decay process in a moderator with a closed cavity by the fcllowing

items.

1. The thermzlization period. The neutrons secem to behave almost as
in a homogencous moderator. However, our tirne intervals are too

long to give detailed information on this process.

2. The filling period. The neutrons diffuse into the cavity, and the neu-
tron distribution in the moderator decreases almost as if the cavity was

an absorber.

3. The reentrant period. The first therraal neutrons have crossed the ca-
vity and give 2 positive contribution to the nevtron population in the modera-

tor. The result may be a peak in the time dependent distribution.

4. The oscillation period. The process in item 2 and 3 is repecated. A
damped oscillation may result. The oscillation seems in this exneriment

to be aperiodic at the 90 degrec position of the detector but twe periods

can be observed at the 180 degree position. It should be pointed out that

the detector only senses the outward flur from the moderator. The situation

in the interior may be different.

5. The pre-'""zsymptotic' period. The decay constant varies clowly with
time to an asymptotic value. This may be described as an apericdic oscil-

lation but it has a longer period than that of the oscillation period.

6. The " asympvtotic' period. This is the period where the picture of
pseudomodes ( in analogy to the fundamental decay constant of 2 homo-
geneous moderator ) may give a constant logarithmic decay rate. Zvi-
dently there are some long range oscillations also during this period. These

oscillations depend very strongly on the radius of the cavity.

7. The post-''asymptotic' period. During this period the logarithmic
decay is expected to - lecrease slowly to zerc. Dance (4) asserts that

he has found such a2 period in the case of open heterogeneous systemns, We
have looked for a corresponding effect here, but we can not get clear evi-
dences for it. The problem is that this period is very sensitive to the back-

ground subtraction, and a too low amplit:de on the background zives al-
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ways a tendency towards low values on the logarithmic decay. /fis we
do mot have the possibility to separate the two effects unambignously in
this experiment the question about the existence of this period rmust be

left open.

The different periods overlap in the experiment. The most interesting
question is the ecxistence of pseudomodes. We can directly frora the fi-
gures conclude that they are not so well defined as in the case of 2 homo-
geneous moderator, The question of existence is then a2 matter of defini-
tion. The figurec indicate a rather good stability in the A series, but it
is not so good in the B series and bad at least for large cavities in the

C series,

The comparison between the one-group model and the A and B series indi-
cates a valve on the parameter p of about 4.5, Accepting equaticn 2.5

we conclude that the assumed mean cord length is too high or the velocity
is too low. The first of these alternatives is notyrobable. Regarding the
second a velocily increase occurs at the boundary of a pulsed water mo-
derator ( 16 ) but it can not explain the whole deviation unless it is ampli-
fied in the casec of these interacting surfaces. Another explanation might
be that we have not reached the asymptotic period, but in that case the lo-
garithmic decay rate approaches the pseudoinode so slowly that it is ex-

perimentally very difficult to measure.
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9. CONCLUSIONS.

The conclusion from this work is that a closed cavity in a moderator
creates a delay effect that depends on the decay rate of the system. The
appearing logarithmic decay rate is drifting in time and reliable pseudo-

modes can not be found for large values on the inner radius.

The decay rate for a given time varies with the inner radius in 2 way that
can not be described by a simple theory. The irregularities are small but
systematic and indicate a resonance effect or that the point spectrum of

the decay constants is different for different values on the inner radius.

The experiment indicates that measurements in heterogeneous systems
with the pulsed neutron method should nct be interpreted from static diffu-

sion thecry, but that dynamic effects must be considered.
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