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I. INTRODUCTION

Since 1956, the pulsed-neutron technique has been used to measure
reactivity [27]. Several investigators developed techniques to
convert the quantities observed in a pulsed-neutron experiment such
as the fundamental decay constant, delayed neutron contribution,
and the prompt neutron response, into the parameter of reactivity.
These methods have become refined to the point that the measurements
combined with calculational techniques can be used to convert the
measured quantities into accurate values of reactivity. Preskitt
et al, [23] point out that most reactor designers use the parameter
of reactivity since it relates to the neutron multiplication of the
system., Further, reactivity cannot be uniquely determined entirely
from observable quantities except by the measurement of spatial
averages, and for other cases some quantities based entirely on calcu-
lation must be provided. Therefore, to provide a check of the calcu-
lations needed to determine reactivity, the focal point should be a
measurable quantity.

The work presented in this thesis deals with the use of the pulsed-
neutron technique to determine reactivity and control rod worths in
the UTR-10 coupled core reactor. A pulsed-neutron experiment con-
sists of subjecting the reactor to a burst of neutrons and observing
the subsequent time behavior of the neutron flux. During the course
of this work it was found that the measurable quantities associated
with this time behavior have variations as a result of physical changes

in the reactor.



With proper development, this behavior might be used to solve some
of Lhe problems encountered in the handling of fissile materials,
Kratzer [17] points out that since the level of atomic power pro-
duction is increasing, the volume of fissile material in circulation
is also increasing. He suggests that experimental methods of measuring
the amounts of uranium and plutonium during various stages of the fuel
cycle are needed. As a result of this study, it is felt that the
pulsed-neutron technique could be used to measure some of the properties

of reactor fuel elements and assemblies of such elements.



IT. LITERATURE SURVEY

Since the primary objective of this study was to measure the
reactivity of the UTR-10 with various control rod positions, the
literature search was employed to review the theory and experimental
procedures used by other investigators who have made reactivity
measurements in multiplying media. In addition to the reactivity
measurements, there was interest in the determination of the optimal
procedures to be utilized in future experiments.

The pulsed neutron technique has been used successfully for
several years to measure reactivity, The different treatments of
the data all depend on the prompt fundamental-mode decay constant
[11, 12, 25, 26]. This decay constant is generally designated as
G.o.

observed on a multichannel analyzer have the basic characteristics

When a detector is placed in a pulsed assembly, the results

shown in Figure 1. From time zero to time T1 the detector response

is strongly influenced by the higher prompt harmonics which decay

much faster than the prompt fundamental mode. The decay from T1

to T2 is characterized by the prompt fundamental mode alone which, if
observed on a semi-log scale, appears as a straight line. After T2

the detector response is determined by the decay of the delayed neutron
precursors, The prompt neutron decay is much faster than the delayed
neutron decay so that the delayed neutron counting rate can usually be

considered as a constant for the conditions of a pulsed neutron experi-

ment. This constant can be subtracted from the total response to obtain

the prompt neutron response to the injected burst of neutrons.
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The first investigator to measure reactivity with the pulsed-
neutron technique was Sjostrand [26]. He developed the area-ratio
method, and obtained the negative reactivity from the ratio of the
area of the prompt neutrons to the area of the delayed neutrons as
shown in Figure 1, The results of this method are shadowed by the strong
influence of higher spatial harmonics.

Simmons and King [25] pointed out that at delayed critical the
reactivity is zero. Thus, if a calibration measurement of ao is
made at delayed critical, the reactivity can be found for any subse-
quently measured Qg+ This method assumes that B/{ is constant over
the reactivity range of interest. This assumption does not always
hold as pointed out by Garelis and Russell [11], and a correction
factor to the prompt generation time? is needed. This correction is
quite difficult to make in the Simmons-King method according to
Becker and Quisenberry [2]. Another problem is the inconvenient

necessity of a measurement of o, at delayed critical. This measure-

0
ment is somewhat difficult to obtain because of the power level
drift. Since each pulse will cause a small increase in the power
level, several control rod adjustments may be needed to obtain suf-
ficient counts for a determination of %p e

In an effort to eliminate the problems associated with the method

of Simmons and King, two subsequent investigators developed methods

that do not require a measurement at delayed critical.

a
The prompt generation time A, is related to the lifetime £, by
A= £/,



Gozani's [12] method is a significant improvement over Sjdstrand's
in that it eliminates the prompt higher harmonics by waiting until
they have decayed before counting the prompt neutrons. The prompt
neutron time behavior is then extrapolated back to zero time. The
negative reactivity can be determined by taking the ratio of the prompt
fundamental area to the delayed neutron area, Figure 1 shows the
extrapolated area which is taken to Tf. A small correction factor is
needed for the admixture of prompt and delayed eigenvalues.

Another method of analysis developed by Garelis and Russell P
which is similar to Gozani's method, modified the Simmons-King
technique by introducing a new parameter to replace the delayed
critical decay constant. This parameter is kB/f. The application of
this method is independent of higher harmonics and the constant
generation time assumption. The development of their theory is
based on a bare reactor containing monoenergic neutrons. The pulsed
source is considered to be a repetitively pulsed delta function.
Gozani [12] has shown that when a square pulse is used the same type
of source term results if the pulse width is small. Even though
these assumptions are not met in most assemblies, the experimental
use of this method has given good results [8, 10, 16, 19].

Becker and Quisenberry [2], also Preskitt et al. [23], discuss
the problems associated with the spatial dependence of pulsed
neutron reactivity measurements. Becker and Quisenberry indicate
that an important consideration for reflected systems is the correct
placement of the neutron detector, The reason for this comes from

the difference in the prompt and delayed modal shapes in a reflected



system, In their study, the smallest corrections of a few per cent
appeared in the fuel region about ha{f way between the reactor center-
line and inner reflector surface,

Preskitt et al. [ 23] developed the concept of kinetic distortion
which is used as a spatial correction to the reactivity measurement,.
Sophisticated computer codes are needed to accurately calculate this
factor., They also show this factor tends to be the ratio of the
fundamental delayed and prompt modes. 1In general, the kinetic dis-
tortion increases as the reactor becomes more subcritical. This is
especially significant in the low absorption reflector region.

In an excellent study at the University of Florida, Ohanian and
Diaz [ 22] measured spatial effects of the different parameters as-
sociated with the Garelis-Russell technique. The most significant
results are; first, the variation in kB/Z with pulse width. Although
ao was approximately constant, kB//4 varied inversely as the pulse

width, Secondly, there was a variation of both 0. and kB/{ with

0
distance from the source, % decreased, but kB/fL increased. The
measured parameters from this experiment appeared to approach an
equilibrium value for large distance between the source and detector,
This distance should be large enough to insure that the detector
is in the asymptotic region, where %o is observed,

The application of the pulsing technique has been used on the
UTR-10 by Moen [21] to obtain the frequency response experimentally
and to compare this with various reactor models. Betancourt [3],

who developed one of the models, calculated the distributions of the

delayed and thermal fluxes. The model shows the relative magnitudes as



a function of position for several modes. This study was carried out
for the critical reactor, but a similar study could be made for
subcritical states of the reactor. This information could then be
used to make a reactivity correction for kinetic distortion. The
shapes of both the prompt thermal and delayed modes are approximately
the same, as calculated by Betancourt's model at critical.

For the studies made in this thesis, the Sjostrand, the Garelis-
Russell, and Gozani methods of data analysis will be used to deter-

mine the system reactivity.



Table I. A summary of the theoretical models used to compute
reactivity from experimental pulsed data.

A. PULSED NEUTRON EXPERIMENTS
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B. MODIFIED PULSED NEUTRON EXPERIMENTS
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prompt neutron area
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ITI. THEORY

Consider a pulsed neutron experiment where the data show the
characteristics of Figure 1. The theory must relate the observable
quantities to the desired reactor parameters. The relationship
between %ys the observable decay constant, and reactivity, the
desired reactor parameter, can be seen by application of the reactor
kinetic equation [15]

i

dt

Here n is the neutron density as a function of time, A is the prompt
generation time, B is the fraction of delayed neutronsa, ki is the
decay constant for the ith group of delayed neutrons, and C; is the
concentration of the ith precursor. For this development, consider
prompt neutron decay and neglect the delayed neutrons since their
contribution is considered a constant. Then, from the basic definition
of the decay constant, which is a fractional change in the neutron

density for a corresponding change in time, it follows that

An
n

“|=

1 _14d
AT " n

% =5

The commonly used unit of reactivity is the dollar, and is defined as

(k = 1) /kP. Substituting this back into Eq. (2) yields

D

B

6 = F (P = 1) = 7= (p($) - (3)

a
In Dy0 or Be systems, the production of photoneutrons may be in-
cluded in the delayed fraction.
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Thus the measured fundamental-mode decay constant is directly propor-
tional to the reactivity in dollar units.

Solving Eq. (3) for reactivity, and noting that at delayed critical

O = B/4 then,

Q
o

(4)

\
-

p(s) =

Q

DC
which is the Simmons and King experimental formulation. Reactivity
can be found from the two separate measurements of %y and Ay

The Garelis-Russell technique is used to solve for this parameter

with the following equation

(=]

] N, expl (og_pt) ]de =j Nydt + Ny/R. (5)
0 0

Here NP represents the prompt neutron contribution as a function of
time, Nd is the delayed neutron contribution which is assumed constant,
and R is the effective pulse rate as determined by the actual pulse
rate and the analyzer sweeps per burst [9]. The parameter %e-Rr is
kB/%2 and the method is sometimes referred to as the "kB/{ method".
The following experimental conditions should be met for proper
application of this method. First, the effective pulsing rate R
should be much greater than A where A is the decay constant of the
shortest lived precursor. Second, R should be much less than
%y the prompt fundamental decay constant, Third, the number of
pulses must be large enough so that exp(- masn/R) << exp(- asn/R)

where m + 1 is the number of pulses and a_, are the roots of the

inhour equation. Fourth, the prompt root must dominate the neutron
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decay. When the previous conditions are met, the reactivity of the
system can be found by

%

p(8) = %8/ - 1. (6)

Gozani's extrapolated technique solves for the prompt funda-

mental area and the delayed neutron area with the following formula

N, (0) (1 - e 00
_ "o =0 -
pLg) = =% ™, o C; - (7)

In Eq. (7), NP(O) is the zero time extrapolated value of the prompt
fundamental mode, T is the period of pulsing, and Nd is the delayed
neutron constant background. Cd is the correction factor for differvences
in prompt and delayed eigenvalues, and % is the prompt persisting

decay constant. The prompt area can be represented by

a.T
NP(O)(I - e 0 )/ao, and the delayed area by T X Ny. This method is

generally called the extrapolated area-ratio method.

These methods are developed in Appendices A and B.
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IV, EXPERIMENTAL PROCEDURE

The experiment was performed by injecting bursts of 14.3 MeV
neutrons into the reactor and the response was measured with the aid
of BF., filled detectors located in the core tanks. The time response

3

was recorded in a multichannel analyzer.

A. Equipment

The measurements of reactivity were performed on the UTR-10 which
is a coupled core Argonaut type reactor. Figure 2 shows a view of the
exposed reactor core. The south core tank is in the upper portion of
the picture., The number one safety rod is removed from the core and
the empty slot shows its location when the reactor is in use. The
worth of both safety rod number one and number two was measured.
The number two safety rod is located in the upper left of Figure 2,
while the number one rod and its mechanical components are seen
in Figure 3. The square control element is made of boral and measures
7 in. X 7 in. X 1/8 in. Both safety rods have the same dimensions.
Reactivity changes in the reactor are accomplished by movement of
the control rods. The rod positions during the experiment were both
fully inserted, safety rod number one removed, and both rods re-
moved. Measurements were taken from detectors placed at the center-
line of the core tanks as shown in Figure 4. The reason for placing
the detectors in this position was to minimize the kinetic distortion
factor. A monitor detector was placed in the central stringer position
to obtain a normalizing flux which could be used in a flux shape

analysis. The reactor was operated at a temperature of 92.0 + 0.5°F.



Figure 2. Top view of the UTR-10 core area with safety rod number one
removed,

Figure 3. Safety rod number one and its mechanical assembly.
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This temperature change resulted in less than a one per cent change in
reactivity during the experiment [17.

The burst of neutrons was produced with a Kaman nuclear model
A-800 neutron generator, Figure 6 shows the neutron generator and its
control console near the entrance of the thermal colummn. This
model produces neutrons by the 2H + 3H - 4He + n + 17.6 MeV reaction.
The neutron generator operates in the following manner [13].

Deuterium gas is produced by electrically heating a tungsten element
around which is wrapped a coil of deuterium impregnated zirconium
wire, The rate of gas evolution is controlled by the wvariation in

the element temperature. The electrons are removed from the gas in

a Penning ion gage. Then the deuterium ions are accelerated toward
the tritium target with a 120kV pulse. The unit is insulated with

SF6 gas to protect it from insulation breakdown. The deuterium

ions bombard the tritium atoms in the target, which is located about
7-3/8 in, from the end of the accelerator assembly. This produces an
isotropic'yield of more than 107 neutrons in about 3 lsec, as shown

in Figure 7. The pulse rate of the neutron generator is limited by
temperature considerations to 5 pulses/sec for continuous operation.
As the neutrons progress through the assembly, their energy is

reduced to thermal energy. The neutrons then interact with uranium
causing fissions, and this total neutron response is measured with

the detectors. The detectors used were N.C. Wood model G-3-20 BF3
Neutron Detectors, 3/8 in. diameter, and 20 in. long. The detection

of a neutron takes place because of the following reaction E24, pp. 313-

10 7. 4
317], B+mn— Li+ He + 2,78 MeV. The cross section for this



Figure 5. Electronic equipment used in storing data.

Figure 6. Kaman neutron generator model A-800 and its control
console,
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RELATIVE NEUTRON YIELD

ONE DIVISION EQUALS
| /uSEC

Figure 7. Neutron yield from the generator as a function of time (13].
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reaction is 3840 + 11 b at a neutron velocity of 2200 m/sec. The

ion pairs produced by the charged particles are collected with the

aid of an electric field within the detector. The detectors have a

flat response from about 1100 v to 1400 v, where an increase in the
count rate begins., The Fluke high voltage supply was set for 1300 volts
during the experimental runs. A check on the energy response of the
detector revealed that less than 5 per cent of the counts recorded

were caused by epicadmium neutrons.

A block diagram of the electronics system can be seen in
Figure 8, and Figure 5 shows the actual equipment used. The pre-
amplifier converts the detector output of charge into a voilage
signal. The voltage signal is amplified by the ORTEC 410 linear
amplifier, The detector response to a neutron produces about the
same amount of charge each time. This charge is greater than that
produced by gamma rays, therefore a discriminator is used to separate
the neutron signals from other signals by allowing only the signals
above a certain voltage to be passed. The discriminator output is
not compatible with the analyzer input requirement, and is therefore
modified in a pulse inverter circuit. This circuit reverses polarity
and increases the pulse amplitude.

One objective used in setting up the equipment was to minimize
the duration of the electric pulse. A narrower pulse allows higher
counting rates before a significant dead time correction is needed,
The counting system dead time was estimated to be one usec., This
estimate is based on measurements made by Moen [20]. The highest

” ; 5
count rate observed during the experiment was less than 10~ counts/sec.
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Bierman et al. [4] show that for systems of this type operating at
comparable count rates, the non-paralyzable formula (see Appendix C)
gives a good approximation of the true count rate, For the region
of the prompt fundamental decay, the dead time correction was in-
significant.

The heart of the system is the RIDL model 3412B 400 channel
analyzer, To properly use the analyzer, the burst of neutrons must
occur at a time specified as zero. To accomplish this, a pulse
from an external timer is used to trigger the neutron generator as
the analyzer gate, designated as zero, opens. The external timer
controls the analyzer sweep rate, and at the end of each sweep
sends out a pulse, Rather than triggering the neutron generator on
each sweep, the pulses are counted on a fast scaler. This scaler
has been modified to produce an electronic pulse every ten sweeps.
The fast scaler pulse is used to trigger the neutron generator.

This means that every time the generator is triggered, the analyzer
sweeps its memory ten times, then the generator is triggered again.
This process is repeated until sufficient data are obtained. Use of
the equipment in this manner follows the pulsed-neutron operational
technique developed by Garelis [9]. This technique helps to satisfy
the assumption that the pulse rate is greater than the decay constant
of the shortest lived precursor. Since the pulse rate of the neutron
generator is physically limited to 5 pulses/sec during continuous
operation, and the decay constant of the shortest lived precursor is
4.5 sec-l, multiple sweeps between neutron bursts are needed to

establish a new effective pulse rate, The 100 usec channel width
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available on the analyzer timer allowed the establishment of an
actual pulse rate of 2.23 pulses/sec. Based on ten sweeps of the
analyzer memory for each pulse, an effective pulse rate of

22.3 pulses/sec is obtained,

Since measurements made during the initial portion of the run
are made before the delayed neutrons reach equilibrium, the analyzer
must remain in the store mode for a period of time after pulsing
ceases, This time must be long enough to accumulate the response of
the delayed neutrons.

Reactivity measurements are sensitive to the timing of the
neutron burst, consequently a timing check of the pulse triggering
signal and opening of channel zero was made., A variable delay
circuit was used to determine that the neutron generator signal was
produced approximately 5 psec before channel zero opened. A delay
circuit was used to correct for this difference. A summary of

electronic settings is presented in Appendix D.

B. Methods

Prior to starting an experimental measurement, the electronic
equipment was checked for operational problems. The checks consisted
of inputing a square wave pulse into the amplifier and comparing the
observed analyzer counts per channel with the square wave pulse rate
as observed on the oscilloscope. The next procedure was to observe
the neutron generator trigger pulse, the detector pulse to the

analyzer, the amplifier output, the discriminator output, time base



25

signal, and preamp output. These signals were then compared with
previous measurements.

Tf the electronic cquipment was operating properly, the next
step was to insert the BF3 detectors into the reactor. The first
pulsing attempts were performed with the neutron generator in the
central stringer. The central stringer dimensions were not large
enough to allow insertion of the neutron generator until the aluminum
liner was removed. The removal of the 1/16 in. thick liner created a
slight increase in system reactivity [7]. After the generator was
filled with insulating gas, it was positioned in the central loca-
tion with the aid of a graphite stringer 20 in. long. The source
target was then approximately at the center plane of the core tanks.
The distance from the source point to the core tanks was about 9 in.

The BF3 detectors in the core tanks were located as shown in
Figure 9, but the monitor detector was located in the thermal
column,

The equipment was prepared to store data in the following manner.
First the scalers, timers, and analyzers were cleared to read zero.
The analyzer was then advanced to channel 399 in the store mode. The
measurement was started by pushing the start button on the scaler/timer.
The neutron generator fired on the first analyzer sweep because the
trigger pulse scaler count advanced to one at the same time the
analyzer gate zero opened. The pulsed data were then stored in the
analyzer memory. The pulser stopped when the trigger pulse scaler

was stopped by a preset number of counts, The analyzer memory was

continued for a time long, compared to the half life of the
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longest lived precursor. The sweeping was continued for about
five minutes.

These data were then transferred to either punched tapec or typed
output, The next measurement made was the reactor background measure-
ment. The best results using the GRIPE II computer program are obtained
when the number of analyzer sweeps for background are the same as the
pulsed data. In some cases the background measurement was only half as
long, because of the long counting times required. This required an
adjustment of the effective gate width (see Appendix C).

After pulsing in the central stringer was completed, the neutron
generator and detectors were arranged as shown in Figure 9. The
neutron source was about 24 in, from the south core tank edge.

The monitor detector was positioned with the aid of two 14 in. stringers
which have a 5/8 in. hole in the center to allow for the detector.

The aluminum liner was left out, and only air filled the small gap

left in its place. The procedures used with the pulser in this

position were essentially the same as previously described.

Some problems developed with the use of this technique. 1In ad-
dition to component failures in the analyzer, the most serious
drawback was the tendency of the detectors to pick up local radio
station signals when submerged in the water. This problem was reduced
by raising the discriminator level, and patching the detector's epoxy
coating where pin hole leaks had developed. Even with the associated

problems, the method proved to give good results.
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V. RESULTS

The data obtained as counts per channel were analyzed using the
GRIPE II computer program (see Appendix C). Reactivity values calcu-
lated by the program are presented in this chapter, and compared with
rod drop data obtained from previous measurements and with the values
~suggested by the manufacturer.

The first pulsed measurements, taken with the pulser in the
central stringer, were plagued by electronic noise., The extent of
the noise problem in the central stringer measurements was not
determined until the data were analyzed at a later time. Even
with data smoothing, the constraints imposed by GRIPE II allowed
only a value of zero to be calculated for %y Therefore, the
results of the central stringer measurements are not given. Efforts
to reduce the noise problem were not successful until the pulser
was moved to the thermal columm,

After reducing the noise problems by increasing the discriminator
level and patching the cracks in the BF3 detector's epoxy coating,
the pulsing was continued, but this time from the thermal column
position. The aluminum liner was left out during this series of
measurements. Figures 10 through 15 show the prompt neutron response
as a function of time. Negative points resulting from the subtraction
of the constant reactor background and the delayed neutron background
have been omitted in these plots, By plotting the various measure-
ments on a log scale, the scatter in the data appears to increase

near the end of the counting time, Figure 16, which uses a linear
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scale, is included to show a more representative plot of the data at
the end of the prompt response.

The plots show that the decay constant decreases as the control
rods are withdrawn. This was predicted by the theory developed in
Chapter III. Moen [[20] previously measured some decay constants for
use in his frequency analysis of the UTR-10. These decay constants
were on the order of 158 sec-1 for the north core and 163 sec-1 for
the south core with all rods inserted. 1In the present study with
the aluminum liner removed and the control rods in the same position,
the measured o, was about 204 sec“1 in the south core, and 189 sec-1
in the north core. The difference in alpha did not appear as a change
in reactivity since the calculated negative reactivities in Moen's
study were only slightly larger. The reactivity is expected to increase
when neutron absorbing material is removed. A small decrease in e
is also expected when absorbing material is removed. However, in

this case, the large change in 0, was accompanied by an equally large

0
change in kB3/4, yielding a small change in reactivity. To verify

that this unexpected result was due to the removal of the aluminum
liner, another pulsed-neutron measurement was made with the liner
replaced. This measurement, although statistically poor, yielded

an 0, of 170 + 11 sechl for the south core with the control rods
inserted. This measurement was judged sufficient to indicate that the
difference in %, was due to the removal of the aluminum liner. There-
fore, properties other than absorption have a large effect on the

decay constant and the inverse generation time, It appears that the

scattering and moderating properties of aluminum, although small



38

compared to many other materials, are significant in the determination
of parameters observed with the pulsed-neutron technique. Table II
shows several common reactor materials used in the UTR-10 and some
of their nuclear properties [18]. A comparison shows that aluminum
does have moderating and scattering properties which are small. The
center portion of the UTR-10 is the most sensitive to material changes
because it is the region of the highest neutron flux. As a result the
properties of the aluminum liner have a significant effect on the
reactor behavior.

The removal of the aluminum liner resulted in removal of material
from the reactor center which was essentially replaced with airx,
Since the density of air is quite low and moderating ratio, &,
small, the resulting change could be considered as a reduction of
moderating and scattering material. Therefore, it appears that

o, is not only sensitive to reactivity changes, but also to changes

0
in the amount of material present having moderator properties,

Table III shows the reactivities as calculated by GRIPE II for
various rod positions. This shows the agreement between the dif-
ferent theoretical models. To compare these values with some
previous measufements of rod worth, the reactivities are subtracted to

obtain values of the rod worths, The standard deviations are

calculated from [24, p. 61]

2-1/2

2

Orod worth

These values are compared with the worths measured from rod drop experi-

ments performed as part of the reactor operational procedure in Table TV.
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Table II. Nuclear properties of materials in UTR-10 (18]

Material Density gm/cm3 Za(cm-l) Is(cm-l) o
HZO 1 0.0222 3.443 0.948
G 1.60 0.00027 0.08434 0.158
Al 2.699 0.01416 0.3851 0.0723

8E is a measure of the moderating power of a material and is ap-
proximately equal to 2/(A + 2/3) where A is the atomic mass number.

The measurements of Y kB/£, and p all exhibit a spatial
dependence. Although only two detector positions are used to show
this dependence, a comparison with the work of Ohanian and Diaz [22]
shows that a dependence of this type is expected, From their study it
appears that the parameters ao, kB/4, and p all approach a constant
as the distance between the detector and the pulsed source is in-
creased. Applying this to the UTR-10 means that the best measure-
ments are expected in the north core region. In the UTR-10, the

spatial variation was most significant for o, and kB/L. The variation

0
of these parameters tended to cancel, yielding a small variation in
the reactivity as a function of position,

The techniques of Gozani and Garelis-Russell appear to agree
quite well with each other and also with previously measured values,
as well as those from the manufacturer. Sjostrand's method deter-
mines reactivity values which are high in the south core and low in

the north core. Since Sjostrand's method is strongly influenced by

the higher harmonics [26], it appears that the larger reactivities
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Table TII.2 Prompt decay constant, Q, inverse generation time, B/A, and reactivity p as measured in
the north and south core with the pulser in the thermal column.

South core

Control rod -1 B/A(sec~1)
position ap(sec™) G- R Paoz(® P 3 Pg; ()
Rods in 204.26 + 0.97 51.36 + 0.44 2.90 + 0.03 2.98 4+ 0.04 3.43 + 0.03
Safety #1 out 177.83 + 6.80 51.05 + 0.35 2.08 + 0.08 2.12 + 0.08 2.45 + 0.08
Safety #1 and #2 out 103.94 + 1.53 53.20 + 0.33 0.942 + 0.009 0.953 + 0.019 1.05 + 0.01
North core
Control rod -1 8/A(sec=1)
position ay(sec ™) G -R pGOZ(s) pG-R($) ij(s)
Rods in 189.22 + 1.04 48.42 + 0.37 3.08 + 0.04 2,90 + 0.04 2.21 + 0.04
Safety #1 out 155.61 + 0.07 50.45 + 0.23 2.19 4+ 0.02 2,08 + 0.02 1.60 + 0.02

Safety #1 and #2 out  104.10 + 0.54 53.68

1+

0.17 0.959 + 0.004 0.939 + 0.006 0.756 + 0.004

#Standard deviations given are the result of counting statistics as calculated by GRIPE II.

b . . . | ;
The kinetic distortion factor is assumed to be one,

oY
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Table IV. Comparison of rod worths calculated by different methods.

Method Safety #1 ($) Safety #2 ($)
Sjostrand
from south core 0.978 + 0.085 1.40 + 0,08
Sjostrand A
from north core 0.604 + 0.038 0.846 + 0.035
Gozani
from south core 0.810 + 0.085 1.14 + 0.08
Gozani
from north core 0.896 + 0.038 1.22 + 0.04
Garelis-Russell
from south core 0.860 + 0.089 1.16 + 0.04
Garelis=-Russell
from north core 0.823 + 0.036 1.04 + 0.0z
Rod drop
experiment ~ 0,824 < 191
Manufacturerb
listed value ~ 0,97 ~ 0.97

%performed as part of the reactor operational procedure,
August 1970.

PBased on g = 0.0064 [1, 18, 21].

measured by this method in the south core indicate that positive higher
harmonics exist at this location. The smaller reactivities measured in
the north core indicate that negative harmonics exist in this region
following the burst of neutrons. The small spatial dependence of
reactivity in the high absorption regions, as determined by both the
methods of Gozani and Garelis-Russell, is apparently the result of

both higher harmonics and the difference in the delayed and prompt

modes as discussed in Chapter II. Both methods appear to eliminate
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the problem of higher harmonics [11, 12]. Danofsky [6] made test runms
using the detector located in the central stringer. The reactivity,
as calculated by the methods of Gozani and Garelis-Russell, measured
in this region was much higher than corresponding fuel region measure-
ments. This indicates that in the low absorption region, the kinetic
distortion factor is greater, as predicted by Preskitt et al. [23].

A calculation of the kinetic distortion factor would be needed to cor-

rect the measured reactivities for a determination of the reactivity.
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VI. SUMMARY AND CONCLUSIONS

The results of this thesis verify that the pulsed-neutron technique
can be used to measure reactivities in a subecritical reactor. The
methods of Gozani and Garelis-Russell appear to behave in a similar
manner, but Sjostrand's dependence on the higher harmonics shows the
greatest spatial dependence. The kinetic distortion factor influences
the calculations of both the Gozani and Garelis-Russell techniques.

It is felt that by placing the detectors in the high absorption region
the kinetic distortion factor was reduced to the minimum,

The value of the decay constant, ao, depends not only on
reactivity changes, but on other material properties as well. More
data correlating changes in materials with differences in the decay
constant are needed before definite conclusions can be made.

Because of the results obtained in this study, as well as the
results of other investigators, it is felt that the pulsed-neutron
technique could be used as a non-destructive method to measure the
properties of reactor fuel elements, possibly fuel enrichment. Experi-
ments could be performed to determine the relative magnitudes of
ao, kB/L, and p for an assembly of elements in a test facility. Care
in building an assembly with a keff = 0.9 must be exercised because of
criticality considerations. Keepin [15] points out that in reflected
systems the measurements are limited by the characteristic decay of
the moderator to about $15 subcritical. However, Fieno et al. [8]
have measured reactivities up to $50 in a bare solution reactor.
Preskitt et al. [23] point out that reactivity does not have to be the

focal point of reactor experiments,



44

This information leads to the conclusion that an experimental
method could possibly be developed to correlate the observable quanti-

ties of the pulsed-neutron experiment to fuel element enrichment.
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VII. SUGGESTIONS FOR FUTURE WORK

Several items that would be of interest for future investigators
have resulted from this work. The following list indicates some
of the possible areas that could be studied,

i IF A method is needed for the determination of the kinetic
distortion factor applied to the UTR-10.

2 Experiments could be performed to determine the variations
of the decay constant measurement as a function of source position,
and material changes in the central stringer. This could be used to
study the variation in the decay constant due to changes in absorbtion
and moderation properties,

3, Procedures and testing methods are needed to develop the
role of the pulsed-neutron technique for the determination of fuel
element enrichment. This concept is discussed in Chapter VI.

4. Additional pulsed-neutron measurements could be made with
detectors in different locations. These measurements could be com-
pared with previous measurements to determine the spatial flux shape

as a function of time following a burst of neutrons.
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X. APPENDIX A

To understand the kB/{ technique, it is important to understand
the assumptions leading to the development. This Appendix follows
the development of Garelis and Russell, and the symbols used follow the
original reference [11].

Consider the time dependent neutron density N(x, x', t), at som=
point x due to a source at x', at time t, Then the time-dependent

neutron diffusion and precursor equations are given by

2 N
M BZN q ON .

= i—) P | + [1 - ko(l - ﬁ)J(N/EO) + 5z~ :?; kibi = s(x, x", t)

0 ax 1=

(A~=1)
and

BCi (A2)
ﬁ— == lici 5 koei(N/EO) i-= 1, 2, seey M.

where M2 is the migration areaa, ko(ﬂo) the infinite medium multiplica-
tion constant (lifetime), Ci the ith delayed precursor concentration,
B = EBi the total delayed fraction, and s(x, x', t) represents the

source, For a pulsed source, pulsed at the rate R pulses per second,
S(x, x'; t) = 8(x - x") 2‘6 5t - . (A-3)
n=

This system of equations is solved for N with the use of the Laplace
transform, application of boundary conditions for a bare slab reactor,
and applying the orthogonality property to expand the source as a

series of sin functions. The solution is

2 . J
aM is used instead of L2 to account for the fast neutron losses due
to diffusion.
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o =-s,/R
i
e
22’” =
e = s =3 . 1
N = - P kn SBi sin an sin an .
(1 - kn/zn] A (I—) ;ﬁ; s + A,
n i
(A-4)
: 2.2
where a is the extrapolated slab thickness, kn = k0/1 + M Bn’

In = 10/1 + MZBE, s is the Laplace transform variable, and %n tha

familiar buckling term,
In order to simplify the notation let wn(x) = a/2/a sin an and

consider only one mode Nn, thereby eliminating the first summation.

® -si/R
‘i ;
. (s + Xi) £ e l.l'n(x; 1, (x")
Nn = nj=1 n“ﬂ'l (S e ) (A'-'JD
j=1 jn

where ajn are the roots of the denominator of Eq. (A-4) which is the
usual inhour equation. Applying the inversion theorem to Eq. (A-5)

by expanding the series as a sum of partial fractions yields

o I'lu.'l_1 (a, + 2)
N(x, x'; £) = ¥ (0¥ (x") ﬁ — :
s=

o 1 j#s ““sn = %jn

(t-r/R/a
‘e T (t - r/R). (A-6)

Here H(t - r/R) is a function which equals 1 for t > 0 and 0 for t < 0, and
r is the number of pulses,
Let the assembly be pulsed for K + 1 pulses, then t = K/R+ T

0 < 1< 1/R, then summing the resulting series, Eq. (A-6) becomes

4sn' m ka, " %sn
e I, ,(a + X)) e - e
N = () (x") o .. Y. S B =
R " B s= Ilm+1 (a - a, ) " 2n
j=1 j#s ‘"sn in 1-e
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This represents the solution to the neutron diffusion equations, which
can be simplified with the following assumptions,

Since the assembly is subcritical, all the roots of the inhour
equation are negative, hence K can be chosen so that exp(Kasn/R) can
be neglected in comparison to exp(- asn/R) in Eq. (A-7). This defines

the quasi-equilibrium condition, i.e.
expla_ (K + 1)/R] << 1. (A-8)

When K >> 1, (K + 1) /R is approximately equal to the elapsed time.
Therefore, Eq. (A-8) is also represented by exp(asnT) << 1 where T
represents the elapsed time., With the exception of the prompt root,
the roots of the inhour equation all approach the decay constant of
the precursors, i.e., Iasnl - KS. Therefore, for times, T, long
compared to the 55 sec half life of the longest lived precursor, the
quasi equilibrium condition will be established. This holds true

for typical water systems more than $1 subcritical.

Equation (A-7) can be written as

alnT m 1n
 wd Ty U8, 4 k) 5
= . (A-9)
" FH&I (a, - a, ) " %n
Tj=2 1n jn 1 -e R
a T - a
g o n?ﬂ (n, * ki) e Rsn
& 2 . bo(x)b_(x")
&= o™i (a_ - a,) " %sn = =
j=1 j#s ““sn  “jn 1= g —

where 8 = 1 is the prompt contribution, the first term in Eq. (A-9).
Assuming that lalnI/R >> 1, then the exponential in the brackets can

be replaced by - 1 since all a_ . < 0 for a subcritical assembly.
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Further assume that the prompt root is dominant, i.e.,
Ialnl >>|ajn|’ j=2,3, ..., m+ 1,

and the quotient of product terms can be replaced by + 1. This ap-
proximation is worst for the shortest lived precursor, A = 4.5 sec
and since its yield is low, the inhour root corresponding to the pre-
cursor is close to - 4.5; hence this contribution in the quotient of
Eq. (A-9) tends to cancel. With these assumptions the prompt contribu-
tion is given by

a

N lnT'lJ (U {x'). ( A=10)
n n

P

Next consider the delayed contribution, which is the second term

in Eq. (A-9), time averaged over one cycle

1/R
< > = -
Ndn R f Ndnd'r . (A-11)
0
Carrying out the integration yields (apart from the sign)
m '
1 I (ag + A8 (0 (x")
<N, >=R > (A-12)
dn i " nnﬁl ( _ )
sn " j=1 j#s %sn ajn

Under the conditions of a pulsed experiment, the pulse rate is such

that |asn| 1/R << 1 s # 1 so that

s T e - ans a 2
an i R - R 1 sn 1 TR (TR)
e = i - ) — e . e A
= a a [+(TR 2)R+[12 3 T3
1 -e =
& R
sn, 2
= :l (A-13)

where it is assumed that T < 1/R. Then for pulse rates of R > 10 the

approximation is valid as discussed in Ref. [9].
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Equation (A~9) can then be simplified to become
m
A
Bin R 1 M (@ + 4
R_ =g - —— 4 ("R = )| *

n — | 2 2 Un+l &« i)

» e j=1,j#s ' sn jn
(A-14)
By assuming

where the factor V (x)V (x') is omitted for convenience

that
ﬂm 162y, + + A ;)
m+1
Ui (@, - .
and performing some algebraic expansions, Garelis and Russell [11]

1
e

(A-15)

show that Eq. (A-14) becomes

aln"l'
+ Rzn/(l - kn) + R/a

N =
n
(1 - k,)/k,B, Eq. (A-15) can be written as

by defining $
-G.n E
=+ R/cx.n$n

N =e
n
where aln = - Gh' Then the final expression for the neutron density,
summing over all the modes, is
5 [
= 1 -
N — e (a $ w (x)w x"), (A-16)
or
N = Np + Nd (A-17)
where
@, =0T
= 1
N, 2 e Ve (x") (A-18)

and
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Ny = R 2;; RETNCOVICIEN! (a-19)

Now consider the following integral
1/R

I, = ] N dT (A-20)
1 P
0

Since ah/R >> 1, Eq. (A-20) can be written as

@
[==]
= — 1 L BN
I, f LD DR NCINCVCS (A~21)
n=1
0
Similarly, consider

(=]

i, =f Np[exp(klﬁlﬂl)'f]d'l‘, (A-22)
0

where 1/R is replaced with ® since the contribution to the integral
after 1/R is approximately zero. Since (k1/£1) is independent of

spatial modes, Eq. (A=22) can be written as

el

Iy = 2;; ¢n(x)¢n(x')-/- exp[- T(1 - kn)lzn]dT (A-23)

- 2;; G0V (x") 2 /A - k).

Subtracting I. from I, yields

1 2
@© 2 1
» - By foma B o o
> et Z$n(x)¢n(x)[l-R a]‘ (A-24)
n=1 n n
Noting that (ﬂnll - Rh) - (l/ah) = 1/c1n$n and comparing with Eq. (A-19)
yields
I, » 1, ==
1 2 R 'd (A-25)

which is the desired result, often written as
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L=} [=2]

N
kp ] " . "
f Np exp[z t|dt f dit - (A-26)
0

0
The solution of this equation determines kB/4 from experimental data

and reactivity can be found from
$ = Loy - (kB2 /(K B/2). (A-27)

where the subscript 1 represents the fundamental mode.
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XI. APPENDIX B

Following the method developed by Gozani [12] this appendix shows
how the extrapolated area ratio method is developed. The symbols
used here are the same as those used in the original paper. Gozani

starts with the point reactor equations

L -
dt 0+ ] A{C; + Q) (B-1)
and
4e; By
= = n - AC i=1, 2, ... 4. (B-2)

The terms in these equations are N = A/B, bi = Bi/B, p = reactivity

in dollars (p/B), B = Bi’ b = ;f; bi = 1, and Q(t) is the external
i= =
source. Next the equations are Laplace transformed to solve for N

Equations (B-1) and (B-2) become respectively

sN(s) = Bﬁi_l N(s) + ;f; kici(s) + Q(s), (B-3)
and
bi
sCi(s) = 75 N(s) - kici(s). (B-4)

Solving for Ci(s) in Eq. (B-4) and substituting back into Eq. (B-3)

A.b
p -1
N(s) [S . - Z; ms—i'_'_—i“x;y} = Q(E). (B-5)

Note that in Eq. (B-5) the term

yields
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may be written as

since

Combining terms yields

1 <& shy
T B T
h* N fq s + Ki

Therefore Eq. (B-5) becomes

j b.
Ei-i-l {s \:A* + i‘[ -S-—_‘_—lr:\ - p} = Q(s). (B-6)
1= 1

Solving Eq. (B-6) for N(s) yields

bi -1
A*Q(s) SI:A* + i; S—-I_-T:\ -p i (B-7)
1= i
bi -1
S[’\* : i; vl I

Nt
A.e J (B-8a)
1™ .

where Yj are the roots of the inhour equation

L. b,
p=sA*+zs+k ; (B-8b)
— i

b A
A}l = M 4 i; __11__2 . (B-8c)
=1 (v; + Ay

Equation (B-7) yields a time domain solution

N(s)

Let

G(s)

and note that

G(t)

and
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t
n(t) = A* f G(t - T)Q(T)dT. (B-9)
0

Now consider a pulsed source of the form

Q(t) = Q i; 6(t - uT) (B-10)
=

where Q is the number of neutrons per burst and T is the period of

pulsing. After m + 1 pulses, Eq. (B-9) may be written as
t

A*f G(t - T)Q i; 6(t - MI)dT (B-11)
. =

: ¥, (€=T)
A*Q Aje :?; &§(T - uT)dT,

0 * "

'th

nm+1(t)

1}

By expanding in a series and factoring Aje

iz -yiT -ijT -yimTl
nm_l(t:)=1\=‘vQJ= Aed A+e ! +e + ...+ e = -

j f
(B-12)
Then note that
1 - e-Yj(m+1)T -va -v.2T -yjmT
=1+ e 8 7 & ..%0
-y T
1 -e J
Hence the neutron density may be written as
< th 1 - e-Yj(MI)T 1
= * -
nm+1(t) A*Q ) Aje T (B=13)
. 1-¢e J

Gozani then introduces the multichannel time, 8, where A =t - mT
and 0 < A < T. For convenience, the time reference is shifted and ex-

pressed in the multichannel time, substituting 6 into Eq. (B-13)

yields
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.e 'Y.mT "Y.T
n_ . (8) = A*xQ A eYJ e =8 - (B-14)
mt1 6 T

1 -e ]

To improve the statistical precision, the neutron density is al-
lowed to accumulate with repetitive pulses. The neutron density
given in Eq. (B-14) can be expressed as a summation for the series of

pulses as follows

L =N E
-e 3

= - 'ng eij
n(f) = h*Q A.e . (B=-15)
= £ S
1

- 2

By changing the order of summation, expanding in an infinite series,

and collecting positive and negative terms, the solution for n(0)

; v,
] L v.0
n{g) = 449 il; Aj{ = V4T v — Y.; -YjT} e’ . (3-16)
= j

1 -e 2 - e - e

is thus

Now, accurate approximations can be made which will lead to the
desired result. Since the decay constant of the prompt fundamental

mode [Yol is much larger than |Y | for the delayed neutrons, the

3
following approximations can be made: IYOI e S |yj| T << 1, and
M >> 1. Equation (B-16) can be written as
M Ao(l - e Y VOB
8) = Ax -
n(8) A*Q A VT + T e e (B~17)
0 0 0
l1-e 2 -e -e SO
Yj Y,H0
M l-e 5
+ A A + :
* P-: j{ L U 'Y'T} )
l1-e 2 - e -~ 9

Applying the approximation that IYOMTl >> | and M >> 1 the first term

of Eq. (B-17) can be approximated so that
Yo®
Aoe
n__ (8) = AxQM (B-18)
PTo Yo
1 - e
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Considering the term

Me ;"

g 4%
in the second part of Eq. (B-17), write 1 - e ) as

2
(v.T)
1- [} - y,T + ——l———]
i 2
and

v.0
e d =1+ Yjﬂ.

Then dividing and neglecting second order terms yields

AM v.T
_ W - I _
npr (8) = A*Q Jg - va (1 yje 5 ) (B-19)

]

which can be rearranged becoming

A
A z 3
_ 1 - B T _ = - .
npr (R) = AxQM = :i; =gy 1+ (2 8) : e X (B-20)
i J= i h|
=17 Y

The second part of the second term in Eq. (B-17) which is the delayed
neutron contribution, following a similar procedure, can be written
as
: A, ¥ .MT oA, vy .MT
- Mk
nd(G)=—%—Q=i—%(1-ej )+2-§l(1-e3 )H%
T I iy =i ]
(B-21)
v .MT

The second term in Eq. (B-21) is small, so assume that 1 - e J L S

Gozani also shows that

ﬁA.
I . S
=1V - p{p-1)

Therefore, Eq. (B-21) can be written as
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A, v .MT :
_ M ot L 2 ool s '
n (8) = 2 {2: g fl=e? §=omiagrf. (B-22)
J= Yj

Combining Eqs. (B-18), (B-21) and (B-22) to obtain the total neutron

response, then rearranging terms yields

Yo’ A,
Aoe 1 A, T 4 i
n(Q):]\*Q{ ._-.._._...__.._.|.E i 1 1+(§-Q)J,_
J=

1= i
- D(MT, p) (B-23a)
where
A v, MT
sk o g F
= |2 p(p - D
D(MT, p) =—1ﬁ J - ; ) (B-23b)
-
— i Yj

The first term in Eq. (B-23) represents the prompt response, and the
second term is descriptive of the delayed neutrons. For the conditions
of the pulsed experiment, the second term decays slowly and is almost
constant with A,

Equation (B-23) is now used to derive an expression for reactivity.

First, rewrite as
Yah
A e 0

A,
n(®) = Ma————+ 1 ) —L ¢y . (B-24)
1 - eYO 5 J

In Eq. (B-24) Cd is a small correction factor the admixture of prompt and

delayed neutrons eigenvalues. Note that N(6) = Npr + Nd where
v~A
M QMA e o
p VT (B-25)
0
1 -e

and
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A
1 _J
= A% B-26
= A+QM & - Vj Cq ( )

At 6 = 0, Eq. (B-25) becomes

Q)
N 0) = (B-27)
pr( ) YOT
{p = 1}(1L -e " )
and Eq. (B-26) becomes
Ry e — FY (B-28)
d Top(p=-1) "d
where
Ay 1
- ¥, p(p = 1)
J
Dividing Eq. (B-27) by Eq. (B-26), then solving for reactivity
ield
yields YOT
Npr(o)(l - e ) ,
p = €. s (B-29
TNdyo d

Equation (B-29) is the desired result noting that T X Nd is the area

under the constant delayed curve and
Yol
NEI(O)(I e )

Yo

is the negative of the area under the extrapolated fundamental prompt

decay curve,

T Yol
Y09 N _(0) (e -1
f Npr(O)e df w —BL . (B-30)

N
0 0

Thus, Eq. (B-29) is often given as
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Prompt area
B 3
p$ Delayed area ® Cd : (B=31)

In Lq. (B-31) Cd is usually small on thc order of scveral per cent.
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XII. APPENDIX C

GRIPE 11 was originally written by Kaufman [14] in Fortran TV
for analysis of data from pulsed-neutron experiments. This program
has been made operational on the ISU IBM-360 computer with some minor
modifications [20]. The description of GRIPE II presented here
follows that given by Kaufman [14]. For convenience in this section
the subscript on alpha denoting fundamental mode is omitted.

For a subcritical assembly GRIPE II assumes that the data
satisfies the following conditions. N(t) = Np(t) + Nd + B where Np(t)
is the prompt neutron response as a function of time, Nd is the
constant delayed neutron background and B is a constant reactor
background. It is necessary that Np(t) = Na exp(- o t) after some
time interval T where T is less than 0.7 % (B/A) for the solution
routine to converge.

For each experiment two sets of data are needed. One is the
background data B obtained when the neutron pulse source is inoperative.
The second set of data is the reactor response to the pulsed source
as recorded by the time base analyzer. A sufficient number of pulses
is needed to obtain statistically meaningful data. This second set
of data also contains the delayed neutrons as the reactor returns to
equilibrium after pulsing ceases.

The program operates on the data in the following manner. The
data are scanned for missing points, and these missing points are
estimated. Next, a resolution correction is performed with the

following formula,
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NT = Nol(l - trNo) (c-1)

which is descriptive of a non-paralyzable system, Kaufman points out
that the use of this equation assumes that the output of the neutron
generator is constant., The count rate is determined for each channel
and the correction is made.

After the resolution correction has been made, the program
calculates statistical estimates for the constants (Nd + B), B, and
Nd. Each data set is assumed to be a statistical variation about a
constant value after a channel number called the "first point of
the constant portion of the data'", FC. For example, the FC point
could be considered channel 2 for background data, or channel 375
for pulsed data. The "last channel of the constant portion of the

data'", LC, must also be supplied. Then an estimate of the constant

value B, B is calculated by

B = 5: g;ni. /(1C -~ FC + 1) (C-2)
i=Fc | = J

and the standard deviation by

2 _12
Sl = S E Ni - B| /(LC - FC). (C-3)
i= Jj= ]

The variance of B is then calculated by

2 2
O = Slf(LC - FC + 1). (C-4)

At this point the B is made compatible with the pulsed data to correct
for any difference in gate width, or differences in the number of

sweeps. The corrected background is
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B = B X (Gwelcwb) (C=5)

where Gwe is the effective gate width and GW, is the actual gate

b
width. For example, if the number of sweeps in the pulsed experi-
ment is 25000, the number of background sweeps is 12500, and the actual
gate GW is 0.0001 sec, then the effective gate width should be
changed to 0.0002 sec.?

When processing the pulsed data GRIPE II uses Eq. (C-2) to find
ﬁani_ﬁ except that FC is a channel number in the constant region of

the pulsed data. N, + B is then substituted for B in Eq. (C-3) to

d

determine the variance, S, for the N, + B measurement. It is de-

2 d

sirable to make (LC - FC) as large as possible to reduce the wvariance,
but this is difficult to do. The program performs a search by de-
creasing FC by ten channels then recomputing ﬁg_:_g and 82. When the
new standard deviation is 1.005 times greater than the previous value,
the previous values are assumed best. In this way, the search finds
the best value of ﬁ;fI'E in the sense that (LC - FC) is the largest
for which the standard deviation of the intermediate data points in-

creased by no more than 0.5 per cent of the initial value. At this

time an estimate of (Nd + B) is obtained and the variance defined as

c2

o - s,)%/(c - FC + 1), (C-6)

N, is then calculated by

a :
No provision has been made for Bropagation of errors in this case so

that S1_ = S1 X (GW,/GW,) and Of, = o%(cwe/cwb)2. Best results
are obtained with GWe = GWp.
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N,=N,+B-B (c-7)
with its variance defined as

2 2 2
0 = O + Os—se . (C-8)
Ny B N+B

Since the input data for the pulsed experiment was assumed to be
of the form N(t) = Np(t) + Nd + B, GRIPE II isolates the prompt decay
by subtracting the computed value for ﬁ;—I_E from each point of N(t).
The prompt data is then represented by Np(Ti) + E(Ti) where E(Ti) is
the difference between 132—1-37 and the statistically varying estimate
of (Nd + B) at Ti.

In order to obtain values which are least influenced by E(Ti),
GRIPE II assumes that the data in the latter channels were truly
descriptive of a constant., Then all values of Np(Ti) which are
greater than some standard deviation multiplier, SM, times 52 will
be descriptive of Np(t). For example, if SM is 10.0, only values of

Np(Ti) which are greater than 10.0 X S, will be descriptive of Np(t);

2
thus, 99.9 per cent of the time no E(Ti) will constitute more than

30 per cent of any value of Np(Ti). The value of SM is specified in the
data input. When SM is large, the number of points used in determining
a will be small, but the influence of E(Ti) is also small. Conversely,
if the value of SM is small, the number of points used in determining
Np(t) will be large. The value of 10.0 for SM seems to give optimum
results which balance the greatest number of points with the minimum
influence of E(Ti). The value of SM x 52 determines the last channel
number for which Np(Ti) > SM X SZ’ This channel is considered to be

the last point defining an exponential decay.
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The next step is the determination of G and NP(O). In order to
do this, GRIPE II uses an initial guess for a channel number after
which Np(t) is described by Np(O) exp[- Gt]. TIf the channel number
was selected properly, the data in the form ln[NP(Ti)W should fit a
linear model, This form is InENP(Ti)T = In NP(O) - aTi. In the
first iteration, GRIPE II assumes that the previous condition is
satisfied and calculates the values of 1n Np(O) and o which provide
the best linear fit to the data ln[Np(Ti)] in a weighted least-
squares sense,

Each of the squares of the residuals in a least-squares fit is

weighted by a number W(Ti) which is calculated by

+ B + (32)2]. (C-9)

2
W(Ti) = [Np('l:i)] /[Np(Ti) + Ny

This weighting factor has been selected as equal to the reciprocal
of the square of the expected error in ln[Np(Ti)]. Kaufman points
out that such a selection ensures that each residual is treated as a
statistical variation about the model postulated rather than per-
mitting the larger values of the data to disproportionately influence
the data fit. From this fit, ln(Np(O)), the variance of each, and the

covariance are calculated. The expected error in ln[Np(Ti)] is calcu~

2| 2
) Np(Ti) - /I §= N (T4} = # B] § l:fJ(No ¥ B)J . (C-10)

The iteration procedure for O is used to eliminate some of the experi-

lated as

mental difficulties. Three factors are considered to be the most

probable causes of error. First, if the estimate of channel FE was



69

too small, the early channels considered in the fit would not have
reached an exponential decay. Second, variations in the neutron
generator yield would cause variations in the early channels., Third,
if SM was not appropriate, the data in the channels around LE would
be significantly influenced by the error function E(Ti). Since these
factors have an influence on the fit, the iterative scheme used in
GRIPE II is to omit front and back channels from FE and LE. Another
fit is calculated as before on the smaller number of channels. At

this point, two tests are made to determine if the value of az in

the second iteration is better than the first, If al is the best,

then the |a1 - azl is most probably less than Since fewer

Oal.
data points were used, it is also most probable that Ué is greater
2
than OZ . However, if az is a better fit to the linear model it is
1
most probable that 02 will be less than 02 and that |a - @ [
a, 0y 2 1
will be larger than Oa s« IE az - al' is less than Od , and if
2 2

1 1
B > Oy » the program assumes that the first a, % is descriptive of

anzexpon:ntial decay., However, if either test is not satisfied, the
data set is reduced again by the specified number of channels from

the first channel and the last channel of the fit. Another test has
been added to insure that the decay constant is converging. This test
consists of continuing the iteration for o until the variation in

2
¥y 1s less than a specified deviation. The formulation of this

test added by Moen [21] to GRIPE II is

2
G--1) <smo
X

2 (C-11)



70

where N is the number of points used in the fit, and SDM is the

standard deviation multiplier. Chi squared is determined by

[N (Ti) - N_(O)exp(- arTi)]?
2 E:: i P (C-12)

%X = = - .
NP(O)exp( aTi) + Nd + B

After suitable values for a, Nd’ In Np(O), Np(t), and their variances
are determined, the reactivity calculations are made. First, the
extrapolated area-ratio method is calculated by the expression

R x N_(0)

p($)coz=axnd X K

(C-13)

where R is the effective pulse rate in pulses per sec, NP(O) =
exp[ In Np(O)W, o is the calculated decay constant, Nd the delayed
neutron constant, and K is the kinetic distortion factor. Then

an estimate of (B/A) is made from

— a -
(B/A)Goz e P® ooy (C-14)

The variance of reactivity is computed from

2 2
2 o c
9 9 Oy Ny Np(p) Oy NP(O)
o = p($) + + -2 (C-15)
Peoz GOZ (a)z (Nd)z NP(O) [Np(O)][a]

" 2 2 2
where the variance UNP(O) = NP(O) Gln(Np(O))’ and the covariance of

a and N_(0), =N (0 X0
and N_(0) o (0 X o,

a .
%N (0) m(_(0)
The variance for (B/A) is calculated by the following expres-

sion
2 2 o 2
o2y = & o, e _ 2 (a’NP(O) -i@)
(B/M) 1+ 02 (@2 @+ \'N(0) o

The next step is the reactivity calculation by the Garelis-

Russell method,
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P($gp = G/ - 1 (c-17)

where B/A is the root of the following equation

@ @

N
d
f Np(t)exp[(B/A)t]dt - f Np(t)dt = =5 B (C-18)
0 0

The integrals are taken to = instead of 1/R because the contribution
to the integrals after 1/R is approximately zero. The solution of
Eq. (C-18) is done with a direct approach rather than an iterative
technique because of the weighting influence of exp(B/A)t on the
statistically poor later channels, The direct approach should be
more accurate, but requires that the time at the first exponential
be less than 0.7 B/A. This restriction appears to be insignificant
in the UTR-10 reactor. The restriction is a result of the expansion
of the exp(B/A tFE) in a Maclaurin series where sixth order and
higher terms are neglected,

The resulting sixth order equation is solved for B/A
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T - T
B.&_1 By5 0« 1
T\) 120] F(t)t dt| + ( ) ] F(t)t dt %
0
-t
J & NP(O)TSEXP(- aT) B 4 |
f F(t)t dt + 170 K F(t)t dt - =
0
T 4
N (0)T exp(aT)
3 &3l PR |
[ F(t)t dt + T 4+ A 3 f F(t)t dt >
0 0
T N (@7 exp(- an| gl [ :
j F(t)t dt + 3 + (T\) 3 F(t)t dt
0 0
T 2 T

N (0)t exp(- aT)
-] F(t)tdt + —E 3 4 () f F(t)tdt
0

N (0)exp(- ar) Ndk] NdKa
= N_T exp(- ar) + = + RJ- = = 0. (c-19)

The value used to calculate reactivity is one of the six roots
of Eq. (C-19). A range is supplied to allow GRIPE II to choose the
proper root. For the UTR-10, a range of 30 sec“1 to 200 sec-1 was
used, and only one root was found. The uncertainty in B/A is

determined from

a B/I\)Z 2 a B/Aj2 2 S(B/N)

) e B )
B/A Nd Ny ) N (0) N (0)

0 B/!\.))(a B/A
oo

2( 5 NP(O)) a,N (0

(C-20)

where the other variances have been determined. Then the variance of

the reactivity is calculated from the equation
2 ;2

2 o
g a2 %/ 2 |28/ aa/;\z
cp (B/A) gaz (B/A) a B/A [(8 N (0)) a, N o) * s )Ua]} :
(C-21)
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Although not covered in the GRIPE II manual, Kaufman has also
added a step in the program which calculates Sjostrand's area-ratio
reactivity from the known quantities in the program. This reactivity
also appears in the output analysis page.

Table C-I indicates the card number, symbol, control function
and format® of the cards used in program control. One set of these
cards precedes the entire data deck. The cards in Table C-II are
used to indicate the properties of each data deck. The four cards

described in this table precede each data deck.

a
Care must be exercised in use of proper formats and note that all
I formats are right justified.



74

Table C-I. Program control cards

Card Location
No. (column) Symbol Control function Format

1 1-5 - The number of decks to be pro- I-5
cessed, For example, of one back-
ground and one pulsed run are

processed, the number 2 is used.

2 1-20 B/A A conservatively small estimate 6x E14.7
of B/A.
21-40 B/A A conservatively small estimate 6x E14.7
of B/A.
3 1-2 Punch Enter a 0 and no cards are I-2
control punched; enter 1 for a set of

punched cards containing the
prompt neutron data corrected for
dead time and background.

3-4 Print Enter 0 for no print, and 1 for a 1-2
control print out containing the cor-
rected prompt neutron data which
is the same as the punched data.

5-6 Reactivity Enter 0 and reactivity will be I-2
control calculated, enter 1 in column six
and reactivity step is skipped.

7-17 SDM Standard deviation multiplier for F10.0
X“ test on o convergence, if equal
to 2.0 the convergence parameter
is+ 20 , in Eq. (C-11).
X
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Data set control cards

Card Location

No. (column)

Symbol

Control function

Format

1 1-5

6-10

11-15

16-20

21-25

26-30

31-35

36-45

46-55

FC

LC

LO

GW
e

Data type
0 — Reactor pulsed at critical
1 — Reactor background
2 — Reactor pulsed when sub-
critical

Plot control, enter 0 for no plot.

Number of channels corresponding
to initial guess for time at
which exponential decay time is
observed. Must be > 1.

The channel past which the data
is "known" to be a comstant, FC
must be > 12 for pulsed data.

The last channel for which the
data are constant,

The number of channels omitted
from FE in the successive itera-
tions for a.

The number of channels omitted
from the last of the data set in
successive iterations for a.

Multiplier of S; to be used in de-
fining LE, the last data point
defining exponential decay.

This is the effective gate width
of the background data. (Used
only for type 1 data.)

aPlotting section has not been converted to ISU IBM 360.

E

E

I-5

I-5

I-5

I-5

I-5

I-5

I-5

10.5

10.5
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Card Location

No. (column) Symbol Control function Format
1-5 I Number of points in a data set F-5
(generally the number of analyzer
channels). Must be < 512.
6-15 PT For background data the number of E 10.5
analyzer sweeps. For pulsed data,
the number of pulses,
16-25 RT Resolving time of the counting E 10.5
system expressed in units of sec.
26-35 TB Analyzer time base in sec, E 10.5
36-45 R Effective pulse rate which is E 10.5
equal to the actual pulse rate X
the number of analyzer sweeps
between pulses.
wa or -
46-55 Analyzer gate width, E 10.5
GWP
56-65 K Kinetic distortion multiplier for E 10.5
standard forms K = 1.0,
3-80 Problem or data set title. 2x,13A6
1-12 Plotting label X axis. 2A6
13-20 Blank. 8x
21-32 Plotting label Y axis. 2A6

(Blank card used.)
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XITII. APPENDIX D

To help future investigators with equipment adjustment, a summary

of the instrument control settings is presented in this appendix.

Control Dial
Instrument function position
RIDL model Store in 0-399
3412B analyzer
Horizontal Scale 400
Cycle Mode Off
Reset Mode External
Store Mode Add
Read Mode Display during
data accumulation
Serial during
typewriter
output
Master Store during

Toggel Switches
Positions

Amplifier

data accumulation
Wait when changing
dial position
Read for data
output

RIDL time
Live time
Auto transfer-off
Non-dest,
Time mode

Not used
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Control Dial
Tnstrument function position
RIDL Timer Multiplier 1
Channel Width 100 s
Auto Stop Off
Function Auto Read Qut
Region of interest i
Cycle Counter 1
Cycle Counter Multiplier off
Read Out Typewriter
Address Out
Fluke High Voltage 1300 volts
Voltage Supply
Model 405B Polarity Pos.
(Both supplies)
D.C. Supply to 12-15 volts
Trigger Circuit
ORTEC Model 410 Input polarity Neg.
Multimode Amplifier
Fine Gain 1.0
Integration Out
Input Attenuator 1
Course Gain 3
: st
Differentiation L= 0.1
2nd 0,1
OQutput Bipolar
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Control Dial
Tnstrument function position

Discriminator Input-Qutput #2
Mechtrenics Model 605

Threshold #2 6.6
Scaler/Timer Mode SCA
ALRR 003
AEC #15741 Preset Select

Polarity Neg.

Control Master
Scaler Polarity Neg.
ALRR 002
AEC #15687 Control Internal
Monitor Circuit Mode Bi
Canberra Amplifier
Model 816 Input Neg.

Course Gain 8

Fine Gain 4.5
Canberra Discriminator Baseline 2.9
Model 830

Window Width Open
Scaler Polarity Pos.
ALRR 002
AEC #15688 Control Ext

Gate Scaler /Timer
Kaman Nuclear High Voltage 3.1 — 3.4 KV
Neutron Generator
Control Console Pressure Auto

3.5 —10.0
Pulse Selector Remote

Pulse Mode

Single /Remote




