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PROMPT ALPHA AND REACTIVITY MEASUREMENTS
ON FAST METAL ASSEMBLIES

J. T. Mihalczo
INTRODUCTION

This paper summarizes and reviews the methods of reactivity determination and
measurement of the prompt neutron decay, briefly describes the equipment requirements
for such measurements for unmoderated and unreflected metal assemblies and presents
experimental results to illustrate the methods. The primary reactivity determination
methods used have been (i) stable reactor period measurements, ! which are usually used near
delayed criticality to calibrate the reactivity prior to burst initiation, (2) prompt reactor
period measurements’ which are useful to determine the reactivity early in the excursion,

(3) inverse kinetics rod drop measurements® which obtain the reactivity as a function of time

after a rod or reactor component is removed from the assembly, and (4) prompt neutron decay

conztant* measurements from which the reactivity can be obtained if corrections are made for
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changes i the neutron lifetime.> Inverse kinetics and decay constant measurements are usually
used below delayed criticality although decay constant measurements have been performed above
delayed critical.

The decay constant is usually obtained by the traditional pulsed neutron method®
using a pulsed neutron source such as a Cockcroft-Walton accelerator or by the Rossi-o

B method.” The recent use of 252CFf has resulted in some new techniques for determining

T FeET

the decay constant and reactivity which has some unique advantages over the traditional

methods.# 78=10  The theory !'of these measurements is reviewed and some recent

results are presented.




MEASUREMENT METHODS

The theory of the various measurement methods is presented and where possible
particular experimental results are included to illustrate the method. The methods can
be divided into two categories depending on whether the delayed neutrons play a sig~
nificant role in the measurements or not. The prompt methods include the prompt period
prompt neutron decay constant determination and other methods which use the correla-
tion between the prompt neutrons emitted in fission chains. The delayed methods include the
stable reactor period and inverse kinetics rod drop measurements. The newer method
employing correlation with Z2Cf can be classified as a prompt method. It has been
employed in measurements with fast metal assemblies but not as yet used for a fast burst
reactor. It is a method that can determine the reactivity in the initial assembly far

subcritical without the need for a calibration at delayed criticality.



REACTOR PERIOD MEASUREMENTS

The use of the inhour equation which is obtainad from the point kinetics equation
has traditiona!ly been the primary means of calibrating the reactivity of fast pulsed

reactors prior to pulsed operation. The inhour equction'

B,/® a)

o
D($)= K+L m.r—
H

CI‘I ™

-~

where

£ = prompt neutron lifetime

Bi = effective delayed neuiion fraction for group i
B = total effective delayed neutron fraction
A, = decay constant for group i

This equation has six tronsient periods solutions, TK and one stable reactor period.  After
a change in reactivity is made and the precrrsor concentrations have come to equilibrium,
the stable reactor period is determined from the rote of change of the flux and it can easily bz
measured. The time to achieve a siable reactor period depends on the reactivity change
and has been previously given.”? Since the neutron lifetime is ~ 1078 sec for
fast pulsed reactors near delayed criticality, the first term in the equation can be
neglected. The measurement of T involves the determination of the tlope of the expo-
nential rise of the flux and is performed using counters and scaler-timers or jionizotion
chambers and strip chart recorders.
Near prompt criticality A iTK. =0 and the reactivity
p($) = 2/8T + 1 2
Since the value of £/8 can be determined in prompt neutron decay constant measurements

near delayed criticality, a mecsurement of the stable reactcr period T early in an excursion



determines the reactivity that initiated the excursion. This reactor period is measured
in the initial flux rise of prompt excursion before sufficient heat is produced to begin
compensating for the reactivity insertion. |t is usually obtained from the burst-shape

detector by observing its output on a very sensitive range to obtain the period from the

rate of exponential rise of the flux.



INVERSE KINETICS ROD DROP

The inverse kinetics rod drop methods is based on the use of the point kinetics equation
to obtain the reactivity as a function of time from the neutron density as o function of time,t.
For the case of negligihle inherent neutron source, integration of the precursor concentration
equation and substitution intc ive neutron density (n) equation yields after rearrangement. ©

t

s =2 P46 -1 Sasl nie i 3)

Again since £ ~ 1078 the first term on the right can be neglected. This equation gives
the reactivity as a function of time from a measurement of the neutron density up to
time {t). In implementation of this method both digita! and analog processing have

been used.

Another example of the use of an analog computer was the determinaticn of the
reactivity for uranium metal cylinders.” The reactivity of the cylindrical assemblies
was determined with the anulog computer as follows. The BF3 ionization
chamber which provides the current input proporiional to netron density was placed

coaxial with the uranium assembly (Fig. 1). The distance between the center of the chomber and
the center of the assembly was 119 em. Lead, 5 e¢m thick and 20 em square, was ploced

in contact with the base of the chamber and between the chamber and the cylinder.

All outer surfaces of the lead and of the chomber were covered with 0. 1-em-thick

cadmium. An aluminum or a uranium cylinder, coaxial with the fixed uranium assembly,

was remotely moved toward it until the system reached delayed criticality at a given

power. This cylinder was then removed 25.4 em in 0.3 sec followed by en additional

displacement of 30.5 cm in 1.2 sec. From the neutron den.ity as a function of time, the
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Fige: ]-Uranium cylinder and ionization chamber lo-
cation for the analog computer measurements, The
stationary cylinder whose reactivity is to be determined
is on a stainiess steel diaphragm and the lower cylinder,
which upon raising brings the system to delayed criti-
cality, is mounted on an aluminum support.



computer determined the reactivity and listed it in digital form every 0.5 sec. The
reactivity after complete remova! of the cylinder was interpreted as the reaciivity of the
fixed assembly assuming the results were not affected by the neutron decay in the movable
cylinder dispiaced 56 cm. Figure 1 is a photograph of one of these systems after shutdown

with the cables to the chamber and the cadmium removed. The reactivities of some of

the cylinders measured by the analog computer are given in Table 1.

Typical results of analog measurements of control rod calibration for the
Army Pulse Radiation Facility Reactor (APRFR) at Aberdeen, Maryland while it was
undergoing initial tests at Oak Ridge'? as shown in Fig. 2. In these measurements the
reactor was adjusted to delayed criticality with the rod, for which the calibration was
desired, inserted. The rod was then continuously withdrawn und from the reactivity s
furiction of time and the rod positions as a function of time, the reactivity vs control
rod position curve wes obtained. This technique provided a rapid caiibration of con-
trol rods since it does not depend on precursor concentration equilibrium. Some

additional measurements of the safety block worth as a functicn of position were also
obtained by this method and are given in Table 3.

Analog implementation of this method is presently being used in the safety system

of Phenix in France. '  Various digital implementation of this method have also been

used. 7’ 18
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Table ]. Comparison of Subcritical Reactivities of Uranium Cylinders
Determined by Analog Computer and by Prcompt Weutron Decay Constants

Cylinde: Cylinder Subcritical Reactivity (dollars)?
Diameter Height From From Prompt HNeutron
{cm) (cm) Computer Decay Consiant
38.090 7.502 2,77 3.1k
38.091 7.337 4.95 5.29
38.090 7.016 9.28 0.2k -
38.091 | 6.693 >3.55 13.54%
38.090 6.373 18.29 18.94
38.0%9 6.055 22.93 23.37
38.09C 5.73% 28.42 28.57
38.090 5.519 33.86 33.58
27.929 8.431 2.0k 2.00
27.937 8.266 3.85 3.71
27.933 8.097 5.38 5.36
27.933 7.943 7.33 7.20
27.935 7.6k1 11.01 11.07
27.935 T7.332 15.06 k.02
27-.935 7.CC5 16.95 18.82
27.93% 6.678 2h.36 23.57
27.933 6.356 28.582 27.65
17.771 10.184 13.53 13.48
17.771 g.234 22.57 20.2G
17.771 8.281 32.88 28.40

a. Reactivity listed here is (k - 1)/kB.

b. The analog computer determines (k - 1)/B. A value of B of (.00645 was
used to make the conversion tc (k - l)/kB. The reactivities have been
corrected for the assumption in analog computer than @ = (k - 1 - B)/!?
rather than @ = (k - 1 - kB)/2. This correction is larger for the
shorter cylinders tut at most a 0.6% decrease in the reactivity.
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PROMPT NEUTRON DECAY CONSTANT MEASUREMENTS

The prompt neutron decay constant, @ = T~} can be used to obtain the reactivity
of o subcritical configuration if the prompt neutron decay constant at delayed criticality
is known ond a correction is made for the change in the neutron lifetime from deluyed
critical to the subcritical state of interest. Since the delayed neutron fraction £ = -C(DCZDC’
where the subscript refers to values at delayed criticality, the reactivity can be expressed

in terms of ratio of prompt neutron decay constants and lifetimes and is given by

o - 1= EQ/IDCO'DC ()

For fast metal assemblies the ratio of the neutron lifetime in the subcritical zonfig-

uration to that for delayed critical was obtained using the DOT transport theory code

e aa gl
e

to obtain the forward and adjoini angular fiuxes fo compute mpt nevtron lifatime,

€ prompl neytron Irtehim
L= (cp+ (i/v) ¢ )/(cp+ vt Zo ) where tp+ond ¢ are the stutic adjoint and the

s’ d" Vs 7s fd 3 ¢
dynamic angular forward fluxes, fs is the energy distribution of neutrons from fission, and

where the integrations are over all varigbles.?

The prompt neutron decay can be measured by a variety of techniques:  the pulsed

neutron method,® the Rossi-o method” and by cross correlating the events in a detector
with those in @ chamber containing 22Cf which provides neutrons which initiate fission

in the sysfem." Each of these measurement meikods will be described and the results of

measurements presented along with their interpretation.
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Toble 2. Comparison of prompt neutron decoy constants of uranium cylinders
measured by Rossi-o and pulsed neutron techniques

Prompt Neutron Decay Constant”

Outside Average (usec™
Diameter Height Rossi~a Pulsed Neutron Rendomly Pulsed
(cm) {cm) Neutron
38.0%0 7.016 10.9 + 0.1 - 10.5 £ 0.1
38.090 6.373 20.7 £ 0.1 -- 20.7 £ 0.2
38.089 6.055 25.5 £ 0.4 25.1 £ 0.2 -
38.091 5.099 40.7 £ 0.5 - 41,0 £ 0.6
27.929 8.431 3.2 0.1 - 3.1x0.1
27.933 8.097 6.7 £ 0.1 6.9 £ 0.1 -
27.933 7.943 9.0 + 0.1 8.7 £ 0.1 -
27.935 7.641 12,9 £ 0.1 12.8 £ 6.1 -
27.935 7.322 16.9 £ 0.2 16.8 £ 0.1 -
27.935 7.005 20.9 = 0.2 -- 20.1 = 0.1
27.934 6.678 25.8 £ 0.2 25.4 £ 0.2 .-
27.933 6.350 30.0 £ 0.3 29.6 + 0.2 -
27.934 5.726 40.9 = 0.0 39.4 £ 0.4 40.7 + 0.2
i7.771 12.090 - - 3.37 £ 0.01
17.771 11.77 - - 5.00 £ 0.1
17.771 10.817 - - 10.50 + 0.1
17.771 10.184 15.4 + 0.1 15.5+ 0 -
17.77i 9.234 22.5 £ 0.2 22.4 £ 0.1 21.6 + 0.3
17.771 8.281 30.9 + 0.3 29.9 -
17.771 7.967 34.4 + 0.3 -~ -
17.771 7.642 37.0 £ 0.2 -—- -
17.771 7.332 44.2 £ 0.2 - --
17.771 7.007. 44,2 1+ 0.2 - 43.7 £ 0.3

a T o as .
Errors indicated are one standard deviation from least-squares analysis of data.



12

Pulsed Neutron Methad

The pulsed neutron method first described by Bengston® consists of introducing
into the assembly a short burst of neutrons and observing the time decay of the neutron
population. After some initial transients the neutron population at all energies and at
all points in the reactor decays at the sume rate. This fundamental mode decay is
characterized by the prompt neutron decay constart. The measurement consists of
placing @ puised neutron source such as a Cockroft-Walton accelerator and a neutron
detector in the assembly. The location of the source and tt.e detector to suppress
higher mode decay has been previously described.?! Since the prompt neutron decay
constant for fast pulsed reactors at delayed criticality is ~ 106 sec™!, the width of the
pulse from the source should be less than one microsecond. Typical fundamental
mode decay periods for subcritical metal systems are in the nanosecond to micro-
seconds range, so fast-electronics-insirumentation requirements are essentailly the same
as in fast=neutron time-of-flight experiments. Neutron pulse widths in the
nanoseconds range give low pulse yields {required for time resolution in the neutron
detector) and provide the necessary sharp pulse cur-off compared with the decay period
being measured. Such short pulse; can be produced by sweeping the ion beam from a
Van de Graaff or Cockroft-Walton accelerator across a suitable defining slit. Despite
the low neutron yield per pulse, good statistical accuracy can be obtained in reasonable
“run"” time by sweeping the ion beam af high (megacycle) repetition rates. The data is
accumulated on time analysis equipment which is triggered each time a burst of neutrons
is produced. The puises from the detector are stored according tc their time of arrival
at the analyzer after the trigger pulse. Least squares analysis techniques are used to

determine the fundamental mode decay constant. In this analysis successively smaller
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segments of the dato are exomined to establish the time during which a single exponentia!
decay persists.

The prompt-neukon decay constant for uranium metal cylinders was measured
by this technigue using a 150-kV Cockcrofi-Waiton accelerator which
produced pulses of 14.2-MeV (d, T) neutrons having a width at half maximum of 30 rsec
and a repetition rate of 0.9 Mc.* The accelerator-target assembly was located on the
axis of the cylinder, at distances of 10 to 20 cm from the flat surface, and the 0.635-cm-
thick plastic scintillator was 2.5 cm from the other flat surface as shown in Fig. 3.
The time distribution of events of the detector with respect to the trigger associated
with the accelerator pulse was measured. Time intervals between successive signals from
the detector and the trigger as short as 5 nsec could be measured by a time-interval
counter that used deiay lines for interpolation of the basic 40-nsec period of a crystal
oscillator. A PDP-4 digital computer processed the binary information from the time
interval counter and the composite system served as the time analyzer. The trigger
pulse from the detector started a count of the 5-nsec intervals, or of a preselected
binary multiple of this interval, and the succeeding pulse from the detector stopped
this count. The number of intervals counted was recorded in the computer memory.
The prompt neutron decay constants obtained from some of the measurements with the

uranium cylinders are given in Table 2. The reuctivi*y wes obtained using Eq. (4) and

the results of these measurements agree well with the results of inverse kinetics rod drop

measureriients using an analog computer (Tat le 1) where both measurement methods were made.

Pulsed neutron measurements have been made with the APRFR reacter at Oak Ridge
both at delayed criticality and for a variety of subcritical configurations. The farget of
the accelerator was located ai the midplane of the core about 1 in. from the lateral
surface and the detector, a small spiral 25U fission chamber, was placed at the midplane
in one of the control rod holes. The fundamental mode time decay as a function of

safety block position is shown in Fig. 4. The reactivity for the various configurations
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of the APRFR are given in Table 3 where the results of inverse kinetics rod drop measurements

are also presented. The agreement between reactivity determination by both methods is

excellent.
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Table 3. The Prompt Neutron Decey Constant in the Reactor Assembly for

the Froduction of Pulses and the Associated Re&ctivity.
Core Height: 7.960 in.

Suberitical Resetivity

Prompt Neutrol {centz}
a Decay Constant From Decay From Analog
Assembly Condition (usec™! ) Constant® Computer
Deleyed eriticality 0.675 + 0.005 -- --
Regulating rod a
vithdrawn 1.13 +0.01 67 +3 69
Pulse rod No. 2 a
withdrawn 1.35 +0.03 100 + 5 104
Mass adjustment rod 4
withdrawn 1.76 +0.02 161 +3 T 172
Safety annulus
withdrewn®
1.62 1n. 2.01 +0.02 207 + & 203
2.03 in. 2.56 + 0.02 293 +5 295
2.91 in. 3.0 + 0.03 509 + 10 516
k.00 in. 6.1k +0.06 875 + 17 -
5.00 in- 7-97 I O-O’-ﬁ 1187 i 16 -
6032 in- 9.92 i 0-08 1529 ‘1’ 25 -
11.50 in. 11087 : 0018 1883 -t )‘S -
a. A rod or the safety annulus was withdrawn from a delayed critical

assembly as noted.
These values are averages where more than one meesurement was mede.
The errors given are one standard devietion obtained from least=

squares analyses of the data.

The uncertainty is that derived from the error in the prompt neutron
decay constant.

The interpretation of the results of the decay constant measurements
leading to these reactivities assumed thet the prompt neutron life-

time did not chenge as the rod was withdrawn.

The prompt neutron lifetime for heights of 1.62 in, 2.03 in, 2.91 in, 4.00 in,

and 6.32 in were 10.00 nsec, 10.06 nsec, 10.22 nsec, 10.40, nsec, and 10.75
nsec, respectively, and were obtained by interpolation of the calculated values
for the safety blade inserted at 5.0 in, and at 11.50 in.
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Rossi o Measurements

In the point renctor model approximation the fundamental equation for calculating
the time distribution function (the probability of @ count in dt and another in dt;) for an

"ideal" Rossi-a experiment performed with two absorption detectors in a cross correlation

experiment as given by’

FWXRKZ  -aft, - 1)
7 LI )

FZW)Wzdfldfz +
where F is the fission rate end W; is the detection efficiency for detector i in counts per
reactor fission, X is the neutron dispersion numher or Diven Factor V(v - 1)/%2 where v
is the number of prompt neutrons per fission, and k is the prompt neutron multiplication
factor. This equation also holds for auto cerrelation measurements with a single detector
if the detection efficiencies in Eq. 5 are replaced with that of the single detector.

Three different types of time analyzers have been used for these measurements:

(1) those thot record all time intervals between counts in a second detector or the same
detector that follow each input count from the first detector Type I, (2) those that accumulate
time intervals between a trigger count and subsequent counts Type I, and (3) those that record
counts only from adjacent pairs of counts Type 111. 2 If the detection efficiencies are such that
the probability of more than one count per analyzer trigger is small all three types of

analyzer yield the same results. If not three different results may be obiained which

have to be analyzed differently to obtain the correct reactor parameter.

The results of measurements with 17.77-cm-diam uranium metal cylinders are given
in Fig. 5 and the prompt neutron decay constant obtained are listed in Table 14. For these

measurements the neutron source of ~ 107 n/sec was placed in the center of the upper

plane surface of the assembly and provided neutrons to initiate the fission chains. The
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detectors, proton-recoil-type plastic scintilivtors 5.1 ¢m in diam and 1.27 and 0.64 cm
thich were located about 1.9 c¢m from the lateral surface. The puises from the second
detector were delayed with respect to those from the first detector so that the counts in
the second detector that occurred before the event in the first detector were observed.
The Type Il analyzer, used for these measurements, was that described above for the
pulsed neut;on measurements,

The decay constants obfoined by both the pulsed neutron ond the Rossi-o methods
are in excellent agreement (Table 2) and the reactivities obtained from prompt neutron

decay measurements are an excellent agreement with those from inverse kinetics rod drop

measurements.
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Cross Correlation with 22Cf

A special variation of a two detector cross correlation measurement has recently
been described. 2’ 27his method has the simplicity of the Rossi-o cross correlation experi-
ment but provides cata much more efficiently. The ionization pulse produced by the fission
products of fission in a chamber contiining the spontaneously fissioning isotope B2ce
establishes the time at which neutrons are injected into an assembly where they initiate
fission chains.. This starting pulse triggered a time analyzer and the response of the assembly
was detected by a second detector whase pulses were sorted by the time analyzer.
Thus, the prompt neutron decay is determined. The probability of a count in time interval
dt after a californium fission is

F_WFdt + TR FWKI et g ()

szl
where Fc is the 252Cf spontaneous fission rate, W' is the detection efficiency in counts per
californium fission, S is the number of reactor fissions per 2°2Cf fission (note that W'/S = W
and WF = W'Fc), Ic is the importance of a neutron from 2°2Cf fission end | is the average
importance of neutrons from reactor fission. The point kinetics description of Eq. 6 assumes
fundamental mode decay and no lo;s of triggers or counts by the detection systems and
time analysis equipment. Since the correlated term in Eq. 6 contains the detection
efficiency whereas the correlated term in Eq. 5 contains the square of the efficiency, the
method correlating counts with 252Cf fission will allow measurement of the decay constant
in less time except in cases where the reactor fission rate F is much larger than Fc'

The ratio, A, of correlated counts in a randomly pulsed neutron measurement to those

in a Rossi-o measurement is

WRAET e S N ke | SR R

L ITTRATERGNRITETY

:
4
i
&
L




22

[

2v{Fot 2v I 1=k F
A=-SC¢ -_¢c ¢ p ¢
vkaW'lRF vRXW' | kp F

. @)

This ratio of correlated count rates, A, can be used to assess which method of measure-
ment accumulates correloted information at o foster rate.  As the multiplication fector

or the detector efficiency approaches ze o, the ratio becomes infinite; as the prompt-
neutron multiplication factor approaches one, this ratio approachas zero. For a wide
range of detection efficiency the Rossi-o method accumulctes correlated counts faster
near delayed criticality, whileat farsubcritical reactivities the reverse holds. The ratio is independent
of the prompt-nevtron lifetime, and for a given reactor it depends only on the prompt-
neutron multiplication factor, the location of the Z92Cf source, the efficiency of the
detector, and the ratio of the fission rate in the randomly puised neutron measurements

to that in the Rossi-o measurements. If the Rossi-o measurements can be performed at
high fission rates, i.e., F > Fc' or with high detection efficiency, then they may be
more practicable. Large values of F may arise from the initiation of fission chains by a
large number of delayed neutrons in assemblies at or above delayed criticality or by large

inherent neutron sources such as those present in systems containing a large amount of

0p,

This correlation method, which can be considered a randomly pulsed neutron method,
enables the measurement of the prompt-neutron decay without the use of a complex pulsed
neutron source where Rossi-0 measurements are not practicable. Since in this technique
the time behavior of the fission chains from initiation by neutrons from californium fission
is observed, the measured decay contains more of the initial transient after introduction of
the source neutrons than the Rossi-o method in which the decay is observed after the first

detection of a particle from the fission chain.
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To compare this technique with other decay constant methods, experiments were
performed with the unmoderated uranium metal cylinders were previously studied by
both the Rossi- and the pulsed neutron methods. The plastic scintillator described above
was used in these measurements. The time analyzer was a Type Il analyzer which had a
minimum channel width of 10 nsec and counts could be accumuluted at a 10-MHz rate
in channel in each sweep or a Type [l analyzer consisting of a time to pulse height con-
verter with a pulse height analyzer. Typical prompt neutron decays for these cylinders
are shown in Fig. 6. Fig. 7 compares the decay obtained in both a randomly pulsed
neutron with 22Cf and in Rossi-o measurements with the same fission rate in the assembly
for both types of measurements. The decay constants obtained in these measurements are
given in Table 2.

Experiments have also been performed satisfactorily for plutonium system® with as
much as 20 wt 2 2Py and with moderated rmetal assemblies with decay constants as small
s 3000 sec™! where Rossi-o measurements are not practicable. Measurements with the
Jezebal assembly? determined the reactivity as a function of the separation of the lower
section to be i2.4, 28.1, 36.1, 40.9, and 46.7 dollars subcritical for separations of
0.32, 0.66, 1.27, 4.6, and 14,6 cm, respectively.

‘ In determining the recctivity for this meosurement by the methods of Sjostrand, 2
Gozani, Z or Garelis-Russe!1?® the contribution to the background due to the random

nature of the source should be subtracted before analysis.
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Figure 4. The prompt neutron decay in randomly pulsed neutron
measurements for ‘the 17.77l-cm-Ciam unmoderated uranium cylinders.
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Reactivity Determination From Simultaneous Rossi~o
and Randomly Pulsed Neutron Measurements

Consider the ratio AW' which is the ratio of the correlated counts per californium fission

from the randomly pulsed neutron measurement to the correlated counts per detector count

in the Rossi—w. The following expression,
2vI_fl1-k
AW' = :_‘_:_c. —T—B R (8)
’ VRXI P

can be used to determine the prompt reactivity in k units rather than in dollars and to
compare calculated multiplication factor directly with a measured value. The use of
Eq. (8) to obtain a reactivity does not depend on determination of properties of the
reactor at delayed criticality nor does it require a calibration by other reactivity deter-
mination methods. Thus, it could be particularly useful in the initial startup of a reactor
when the properties of the reactor at delayed critical are not known or a calibration near
delayed critical cannot be made. It could also be useful as a reactivity determination
method in experiments particularly where sufficient material to achieve delayed criticality
is not available.

For a delayed critical system k = 1 - B where Beff is the increment of the
multiplication factor between delayed and prompt criticality. Thus, for a delayed critical

system, the preduct ADCW' is

2 ¥21c  Porer )

AW = = .
DC vV RXI l-Beﬁ.




The values of AW' from measurements with a uranium metai sphere were obtained for
three different 22Cf chamber designs with spontaneous fission rates varying from 2.6 to 9 x 10*
fissions/sec, for a variety of 22Cf chamber and spiral fission counter locations and for various
reactivities (Table 4). Typical prompt neutron decay from both Rossi-o end randomly pulsed
neutron measurements are given in Fig. 8. In measurements with the annular 22Cf chamber
af delayed criticality, the values of AW' for spiral fission counter location at radii of 0, 3.81
and 4.27 c¢m w;ere within 2.3% of each other, thus verifying that the measurements were
independent of spiral fission counter location. These results also verified that the number of

events in the spiral fission counter from neutrons coming directly from the 22Cf source were

negligible compared to neutrons from fission chains in the assembly since the distance between
the 2%2Cf chamber and the spiral fission counter was varied. The measurements of AW!

performed in 1975 gave results that were within 0. 1% of those of 1972,

The average value of the effective delayed neutron fraction obtained from

these measurements was (60.6 £ 0.2) x 107, and the results of the various

ROy R 11m '

S
“ira R,

measurements are in excelient agreement. The totalspread in the measured values is
8.4%with the value of the effective delayed neutron fraction varying between
58.6 x 10~*and 63.5 x 10™%. The variation in the values with reactivity was &

determined in two sets of measurements; 4.6% for reactivities of 0, +29, and +52

cents with a 1.27-cm-diam parallel plate 22Cf chamber near the sphere center;
and 1% for reactivities of 0 and =21 cents with a annular Z2Cf chamber near the .
surface of the sphere; thus, confirming the dependence on reactivity. Measurements
were performed with the location of the 252Cf chamber and the spiral fission counter
essentially interchanged (1.27-cm-diam parallel plate chamber at radii of 0.26 and

6.27 cm and the spiral fission counter ct radii of 6.84 and 0 cmland the delayed




Table 4. Measured values of WA for a variety of source detector configurations

Californium Chamber” Spiral Fission Counterb

Number Location Radius Location Radius Reacfivifyc WA x d Effective Delayed
. (cm) (em) (cents) . 104 Neutron Fraction

59 Diametral Hole  6.90 Diametral Hole 4,27 0 . 144.8%0.6 58.8%0.6

59 Diametral Hole 6.90 Diametral Hole 0 =21 113.5+10.6 58.6 + 2.2

59 . Diemetral Hole 6.90 Diometral Hole 0 0 145.2 £+ 0.5  59.2 + 0.2

59 Diametral Hole  6.90 Diametral Hole ~ 3.81 0 148.2 £ 0.6  60.2 * 0.3

2 Surface 8.92 Diametral Hole 0 0 57.0 £ 0.3 60.8 0.2

61 Diamatral Hole 0.26 Surface Hole 6.84 0 313.0 £ 2.0 40.7 £ 0.4

61 Diametral Hole ~ 0.26 Surface Hole ~ 6.84 0 312.6 + 3.1° 60.7 £ 0.6

61 Dicmetral Hole  0.26 Surface Hole ~ 6.84 +29 233.2 + 3.2° 63.5% 0.8

61 Diametral Hole ~ 0.26 Surface Hole ~ 6.84  +52 151.7 £ 2.2° 62.5 £ 0.9

61 Surface Hole 6.277 Diametral Hole 0 0 261.3+ 1.9 61.4%0.3

61 Surface Hole 6.277 Diametral Hole  4.27 0 167.4 £ 0.9 62,1 £ 0.5

%Counter 61 had a 1.27-cm~diam and could be located in the diametral hole or the surface hole and counter 59 had a
0.953-¢m=diam and could be placed near the surface only.

b

The 1.27-cm~diam spiral fission counter could be placed at any radius in the diametral hole or in the surface hole.

“Deviations from the approximate reactivity given in this column were acounted for in the determination of the effec-
tive delayed neutron fraction.

The number of pairs uf Rossi=y and randomly pulsed neutron measurements that were used to obtain this average were
83, 8, 130, 7, 79, 71, 30, 17, 20, 82 and 34, respectively. Error given is the standard deviation of the mean.

®Measurements performed in 1975; all other measurements listed were performed in 1972,

1A
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neutron fraction determined differed by 1.2%. This interchange of detector locations
and the agreement of the measurements for the three different 22Cf chambers verified
that the neutron importance values used for the 252Cf chambers were correct.

The effective delayed neutron fraction determined in these measurements
is somewhat lower (119) than that obtained from measurements of the centra! worth
of uranium in. this sphere (0.0066) and the calculated value (0.0066) which agrees
with previous measurements at Los Alamos Scientific Laboratory (0.0066 from Ref.
23}). It also is lower (69 than the delayed neutron fraction obtained for fast fission
of the B isotope 33U/ e validity of the assumption of point kinetics in the
interpretation of these measurements is questionable although the independence of
the results on location of the detectors and source seems to verify the assumption of point
kinetics. This low value of the effective delayed neutron fraction may result from
the improper correction of point kinstics for spatial effects. This
‘factor has been obtained from praviously measured fission density and neutron importance
distributions and could not significantly be in error due to the fuictions used to obtain
it since these were previously measured but this factor m;‘be m error theoretically.
Values of this carrection factor are as much as 304 larger for a bare uranium schere
have been proposed by others.3* If this spatial correction to point kinetics were

114 larger this effective delayed neutron fraction determination would be in agreement

with other measurements.
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REACTIVITY DETERMINATION FROM POWER SPECTRAL DENSITY
MEASUREMENT WITH 2°CF

Frequency domain analysis of correlated signals provide some useful relationships
which can be used to obtain the reactivity. The use of Eq. (8) requires larger and larger
22¢f sources the further subcritical the measurement. The limitation of pulse counting
methods require that measurements utilizing this method requiring sources of > 15ug of
232Cf be performed by frequency domain analysis. The autc-and cross-power spectral
densities have previously been derived for the frequency domain measurements (Ref. 11),
For a reactor with three detectors, one of which is the Z2Cf jonization chamber (detector
1) which provides the initiators of fission chains and two detectors (2 and 3) which

detect neutrons from the fissicn chains, the aute~ and cress-spectral densities are

6y = Ihl(w)lzx-"c(squl ¥ q ) ©)
—  wig?
_ 2, 22% 2 )
6,, = In, (w) |2 [ )95 + =] . s] , {10)
- Wya, a5 2
(;23 h (m)h (UJ) "—;“—‘ 'HS(UJ)I GS ’ (] i)

W q2 . i
—— H (e, (12)

— %
G12 = qchl(w)hz(m)

where h i(u))

i

frequency, w, response of detection system i
q = charge released per interaction in a detector or the 2Cf chamber.

Subscript o refers to alpha decay and subscript ¢ to spontaneous

fission of 292Cf,
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uverage number of neutrons per inherent source fissions

i

v,
i

Hs(w)

Ll

source transfer function of the reactor

Now, the source spectral density, Gs’ is

—2 v BRI v oE 1 21
G = VXFR|1l + == + —=— +-S5_% € |= oX'FR, (13)
s XX FI 2" F 1 ~2
ARV XRv

where X'isa modifiedform of the neutron dispersion number, 'i is the neutron
importon.ce for inherent source fission, and V equals (28 ~ ¢)/T(1 - 8)¥]. Thece
are expressions similar to Eqs. (10) and (12) for Gy ond G

The methods for determination of the reactivity from the power spectral densities
given by Egs. (?) to (12) can be classified into three categories: (1) the existing
methods related to the conventional two-detector auto- and cross~power spectral
densities, Gy, Gaz, and Gp; (2) those that determine parameters which have been
vsed previously for reactivity determinations from the cross-power spectrol densities
with Cf, G5 and (3) new methods that defer;nine the reactivity without a calibration
near delayed criticality.

The use of previously described methods, such as the
determination of the reactivity from the breokfrequency of APSDs and CPSDs or from
the coherence amplitude, vz , requires a knowledge of the breakfrequency and
coherence omplitude at some reference state, usually near delayed criticality, for
which the reactivity is known, as well as the change in the prompt-neutron generation
time or detection efficiency between the reference siate and the reactivity state of
interest. These breakfrequency noise analysis methods require corrections for the
frequency response functions of the detection system, hy (w) and hy(w), which are

usually obtained irom measurements in which the detection system is exposed to the
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random emission of a neutron source [this input is a white noise source, and thus,
the measured frequency response will be hi(m)].

The measurement of the cross power spectral density with 292Cf allows the deter-
mination of the breakfrequency from which the prompt neutron decay consiant can be
obtained. | After a correction is made for the frequency response of the detection systems,
the CPSD, Gl L is proportional to the source transfer function of the reactor,

e +iw)Ar]7?, and|G 12 |2 can be fitted by a least~squares method to determine

the value of w. This measurement also allows the determination of the prompt neutron
decoy constant in a novel way, since the source transfer function can be written as

(@ - iw)/a? + w?)A, and thus G]2 has a real and an imaginary part which can be
obtained by present digital Fourier analyzers. Since the values of ware known, the
product of the ratio of the real to the imaginary part of G 12 and the frequency w is
constant and equal to the prompt-neutron decay constant. T.he subcritical reactivity can
be obtained in the usual way from the ratio of this decay constant to that for delayed
bration state after it has been corrected for the change in the neutron lifetime from

the calibration state to the subcritical state of interest. The constancy of this ratio

can be used to validate the point kinetics model since the presence of higher modes
would cause the value of « determined in this way to be a function of frequency. The
constancy of the ratio would also verify whether the correction for the frequency response
of the instrumentation is correct.

Various combinations of spectral densities were examined in order fo determine
if any additional information could be obtained from the simuitaneous measurement
of all four spectral densities represented by Eqs. 9), (11), and (12). To develop @

method for measuring the reactivity, consider the following combination of spectral

densities:
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* ~ — 2
G12%13 N12Y13 1 VIt 1 Fe
—_— = — F - (]4)

—— [}
€11%23 Y23 BUL+CH\ 5y ] KX

where y are the coherence values between the various pairs of detectors and Bc is the
. _2 —2 - . _2_ ? . . . , d d
ratio qc/qc and Ca is the ratio 3qu>./qc where 9. and q, are the ionizatior produce
in the californium chamber from spontaneous fission and alpha particle decay, respectively.
The ratio of spectral densities given in Eq. (14) is independent of frequency.
Thus, the constancy of Eq. (14) as a function of frequency could be used to validate
the model as well as to determine whether the experimental dafa from the noise analysis
measurement have adequate precision. Since FIV = (Fclc\")'c + Fili;i) %F' Eq. (14)
can be rearranged to yield the subcritical reactivity p in Ak units, where k is the neutron

multiplication factor including the effect of delayed neutrons. Thus,

. * —_— —_
1 -k G653 Iy * ELY)

v .
K C..C - — B.( +C)X'R . (15)
11723 (Fcrcvc) Icvc .

No correction for the frequency response of the instrumentation is required, because

the transfer functions for the detection system electronics are canceled in forming the
ratio given by Eq. Since X' defined by Eq. (13) contains the reactivity and

differs from X far subcritical, Eq. (15) should not be used for far subcritical reactivities.

Substitution for X' and rearrangement gives the following expression for the

Bt

reactivity
* -
“1-k _ G263 [P0+ 28/XRAZ BT ] "
'—"E—“ = == ¥ —
C1C23 ; 6,6
A7 ad < I PO
| G.G.. 5 |2 RO -8
L 11723 '
where
P = lyB (1 +C)RXY {17)
(5. ¢ «
cc
Y = Fc!cvc ¥ Filivi (18)
Fis

ccc




2 - 2

\’i v
Py =|= N -0+ [ xry (19)
LY ?c

Eq. (15) or (16) do not depend on detection efficiency, but do depend on the properties
of the detection system for Z2Cf fission which can be determined outside the reactor.
The ratio of the effective neutron production rates, Y, can be determined from the
change ‘in count rate when the 22Cf source is inserted into the subcritical reactar.
The values of R and X can be determined from colculaticn and other measurements and
are insensitive to large changes in reactivity. The values of the numbers of neutrons
per fission are known and the relative importance l/lc can be calculated or obtained
from other measurements. Thus, solution of Eq. (15) or (16) gives the reactivity or
neutron multiplication factor in k units. This method requires neither a calibration
near delayed criticality ncr corrections for neutron lifetime or detection efficiency
changes, which other noise analysis methods do require.

For a pulse mode efectronics system and a 22Cf chamber in which all the alpha

vy 2
pulses can be discriminated, ch = 0 and Bc = 1 and Eq. (14) reduced to vclc

Kl
-;R-)l?r -I;—c- . Thus, for pulse mode operation of the californium ionization chamber the
reactivity does not depend on the properties of the californium fission detection system.
For pulse mode operation of the 22Cf chamber, it has been shown (Ref. ) that
the ratio of spectral densities Re(Gl 2)/ IGZ3I when both spectral densities have been

corrected for the frequency response of the instrumentation reduces to the time domain

expression given by Eq. (8).
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Spectral Density Measurements with a Uranium Metal Sphere and Cylinders

Experiments with the bare uranium (93.2 wt 4 Z5U) metal which has previously been
studied in a series of time domain measurements using 252Cf were performed to verify the
theory of this 22Cf noise analysis measurement. This sphere had the following advantages
for this type of measurement: (1) the properties of the sphere required for the interpre-~
tation of this measurement have previously been measured in connection with time domain
meusuremer;ts, (2) geometrical simplicity and single homogeneous material,
(3) negligible inherent source, and {4) %Li glass scintillarors adjacent to the surface
would have a high detection efficiency {~0. 1 events/assembly fission) because it is o
small high leukage system and the scintillators are sensitive to gamma rays as well as
neutrons. Items (1) and (2) simplified the interpretation of the results; item (3) allov:-ed
the use of existing chambers containing 22Cf which were used in the time domain measure-~
ments; jtem (4) permittec the measurements to be performed in a short time, < one minute
of dato sampling. One of the disadvantoges of uranium metol assemblies for this type of
measurement was that an independent determination of the reactivity frorn breakfrequency
noise analysis was not possible because the lowest breakfrequency from noise analysis
for these systems in their most reactive condition is about 160 kHz, essentially beyond
the capability of the Fourier analyzer used for the measurements.

It was desirable to perform measurements with small uranium metal assemblies at
lower reactivities to verify the theory of this type of measurement. To reduce the reac~
tivity further by the removal of the top section of the sphere assembly would heve resulted
in a complicated three~dimensional system for which it would be difficult to calculate the
quantities required to interpret this type of measurement. Unreflected and unmoderated

vranium cylinders which had previously been assembled and the reactivity calibrated as o
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function of height by both the pulse neutron and inverse kinetics rod drop technique down
to cbout 30 dollars subcritical were used to test this spectral density method. Since the
calculated and measured fission density and neutron importance distribution for the bare
sphere agreed very well with measurements, transport theory calculations should be
adequate for these two~dimensional assemblies of the same material. Since the paratiel
plate ionization chamber used to the cylinder exponents was cylindrically symmetric and
located on-the axis, it could be mocked up precisely for the calculation of the neutron

importance of neutrons from spontaneous fission of 2%2Cf in the countei.

Power Spectral Densities

Typical power spectral donsities for the sphere with a reactivity of 29 cents subcritical are
shown in Fig. 9 where an auto power spectral density (633) of one of the ®Li glass scintillators,
the cross power spectral density (G23) between the two glass scintillators, and the square
of the cross power spectral density (IGBIZ) between one of the scintillators and the 22Cf
chamber are plotted as a function of frequency up to 100 kHz. Since these spectral
densities have been corrected for the frequency response of the instrumentation, the rolloff
at high frequency is associated with the breakfrequency or decay constant of the sphere at
this reactivity. The breakfrequencies defermined in the least square fitting of the cross
power spectral densities were 165, 157, and 163 kHz (associated errors are farge due to
frequency limitations of Fourier analyzer) are close to the expected breakfrequency for
this ossembly. The real and imaginary parts of the cross power spectral density with

252Cf are plotted as a function of frequency in Fig. 10. The near-zero values of the

imaginary part at low frequency, which is propertional to w/a? + w?, results from the

value of the prompt neutron decay constant & > 10% sec™.
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Ratios of Spectral Densities

Various ratios of spectral densities for the measurements with the sphere 29 cent
subcritical are plotted in Fig. 11 and were independent of frequency as predicted. The
dependence of the ratio of spectral densities GTZGIS’/GI ]G23 on the ratio
of neutrons production rates Fclcvc/(Fi'ivi + Fclcvc) was determined by measurements in
which the Z2Cf chamber was operated in the pulse mode., By raising the discrimination
level in this pulse mode detection system, some of the spontaneous fissions of 22Cf were
not identified as initiators of fission chains. The rejected events in the 22Cf chamber
effectively acted as an inherent source, Fi with the same neutron importance and number
2f neutrons per fission as neutrons from BICF fission. Thus, the ratio of neutron production
rates becomes Fc/(Fc + Fi') which equals Fc(l - D)/[Fc(l - D) FCD] or (1 = D) where
D is the fraction of the spontaneous fissions of 22Cf that were rejected by the discrimination.
The value of D was varied from 0 to 0.8. The results of these measurements for the
reactivity of the sphere ~ 29 cents suberitical are given in Fig. 12. As predicted by the
theory the ratio of spectral densities varies linearly with the fraction of fission chains

initiated by neutrons from californium fission and identified.

If the ratio of spectral densities G;]2G13/G 1 ]G23 (subscript A signifies frequency

response calibration run with a random source) is obtained in the calibration measurements;

it can be shown to equal fo

~2

1 lc

B +C) =7
v

C

and for pulse mode electronics where all the o decays of 252f can be discriminated against,

it is equal foTa'z/v2 since B (1 + C ) = 1. Pulse mode operation of the Z2Cf chamber
¢ e c o
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RATIOS OF SPECTRAL DENSITIES
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the ratio of spectral densities can be used to obtain the value of \7(2:/\)3 which is known
from independent direct measurements of the number of neutrons per fission. Good agree-
ment between this determination of 5(2:/\)(2: and independent measurements is an excellent
way of checking the accuracy and correctness of the Fourier analyzer processing (both
hardware and software) system. The value of Cf/vz obtained from two calibration measure~
ments with the 22Cf chamber operating in the psIse mode are (0.891 % 0.002)'l and
(0.905 £ 0.007)~1 whereas the value from previous direct measurement of the number of
neutrons per fission is (0.891)77 (Ref. 35). This good agreement confirms the correctness

of the data accumulation processing and analysis by the total noise analysis system.

Since Ui/vi is shown very accurately from other measurements, the calibration
maasurement for the frequency response of the system can be used to determine the values
of Bc(l + Ca). In implementing this method to determine the reactivity in a reactor
application the value of B, x 1+ Caz should be determined from the calibration run
and this value should be employed in Eq. (i5) or (16) to determine the reactivity for
the measurements with a reactor.

The independence of the ratio of spectral densities Gl*2613/G1 ](323 of the detection
efficiency was verified in measurements in which the detection efficiency was changed in
a variety of ways. It was varied in the measurements with the sphere by opemting the Li
glass scintillator system in both the current and pulse mode resulting in a 62% change in
the detection efficiency and the ratio changed only 4%.. The Jetection efficiency was
varied by substituting a Nal scintillator (2. 54-cm-high, 2.54-cm-diom) for the Li glass
scintillator. The Nal was sensitive to gamma rays only while the Li glass was sensitive to

both gamma rays and neutrons. Thus not only was the detection efficiency (events/reactor

fission) changed, but the type of particles detected. The detection efficiency was also
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* chonged also by moving the Li glass detector from contact with the sphere surface to 4.5 cm

away. For all changes the reactivity was reproduced by adding surface mass at adjustment

buttons or aluminum reflector until the subcritical power level was the same after the

change as before. The results of these measurements showed that, as in the previous

experiments with the mock-up of the FFTF, this ratio of spectral densities is independent

of detection efficiency.

. e . *
Reactivity from the Ratio G12G]3/G”G23

The reactivity can be obtained from the measurement of the ratio of spectral densities

*

12 23

initiated by neutrons from inherent source and 22Cf fission to those initiated by 2%Cf

if the other quantities in Eq. (16) are known. The ratic of fission chains

G G]3/G”G

fission, Y (Eq. 18) equals unity for these measurements since there is no significant inherent

§ source in the uranium sphere assembly.

| The value of P (Eq. 17) for pulse mode operation of the 2Cf chamber simplifies to
RXIV/ICUC ’since the value of Bc(] + Coz) equals unity. The average number of prompt
neutrons per fission of californium, Cc , used in th 2 inferprefation of the measurement,
3.7224 + 0.008]1, is the re~evaluated weighted mean of DeVolpi, (Ref. 36) 3.731 +
0.008, minus the number of delayed neutrons per fission from Cox, (Ref.37) 0.0086 +
0.001. The average number of prompt neutrons per reactor fission, ¥, was obtained by
using the fluxes from fransport theory calculations and the ENDF-B-1ii
data to calculate the total number of neutrons per reactor fission which was 2.597. The
number of delayed neutrons per reactor fission was obtained with the delay.d neutron

yields (Ref. 31, 32, 33) and the delayed neutron effectiveness calculations using the forward and

adjoint fluxes from S, transport theory calculations and the delayed neutron spectra of



Batchelor (Ref. 38. The effective delayed neutron fraction calculated in this way is
0.0066. Thus, the number of prompt neutrons per fission is 2.5802.

The importance of the neutrons from the spontaneous fission of californium in the
ionization chamber was obtained from previous measurements which compared the source
neutrons multiplication of the slightly subcritical sphere with the 222Cf chamber installed
with that for the sphere at the same reactivity but with a point source in the center. This
measured value is 0.9117 £ 0.0037 (Ref.29 ). The average value of the neutron importance
was obtained from the measured neutron importance and fission density distribution by
averaging the neutron importance over the sphere value using the fission density as a
weighting function. The resulting value is 0.5633 = 0.0003 (Ref. 39).

The vaiue of the Diven factor, X = m/Cz , was obfained by averaging the
value of v(v = 1) and v over the sphere volume using the fission density obtained from
transport “hieory calculations with the ENDF 1l1-B cross sections as a weighting function.

The result obtained, 0.805 is consictent with the previously measured value of Diven .%

The value cf the factor, R(1.123), which is introduced into the point kinetics
equations to account for spatial effects was obtained from measured fission densities and
neutron importance distributions”? Combining the above quantities using Eq. 10
gives a value of P equal to 0.387.

The expression for P, for this assembly in which there is a negligible inherent neutron

2 2, .
source reduces to vc/;cXR . The vaive of vc is obtained from the measurements of

Boldeman3® and is equal to 15.541 % 0.006. The resulting value of P, = 4.610.
Using these values and the ratio of spectral densities, the reactivity of the uranium

sphere was determined and the results are compared in Table 5 with other measurements.



Table 5.

oo~

A, —
I {

Reaciivity determinations from G’;ZG 1 3/G 1 1623 for the uvranium sphere.

r’ GIZGB Suberitical Reactivity (cents)
f TN Noise Analysis
1123 Other Measured
Detector B2cf Chamber | (X 1074) Methods Values Average
Lit Parallel plate | 10.6 + 0.3 | 7° 6.3£0.2].6.7 +0.2
11.9 + 0.4 7.0 £ 0.2
Lil Annular 6.9+0.6 | 8.¢ 8.5+0.9) 8.5%0.3
6.8 £0.3 8.5+ 0.4
7.2+0.3 8.9+ 0.4
6.6 £0.2 8.2+0.2
Nal Parallel plate | 48.2 £ 0.8 29b 28.5+£0.5 | 27.5%+0.8
: 46.8 £ 0.8 27.7 + 0.5
45.9 £ 0.8 27.2 £ 0.5
48.2 £+ 0.8 28.5 £ 0.5
48.2 + 0.8 26.7 £ 0.5
44.9 £ 0.8 26.6 + 0.5
fl.il Parallel plate | 41.6 £ 0.7 29b 24,6+ 0.4 i 287 + 1.2
41.7 £ 0.8 24.7 + 0.4
42,2+ 0.7 24.9 + 0.4
42.7 £ 0.8 25.3 £ 0.4
42,0 £ 0.7 24.9 + 0.4
44.8 + 0.7 26.5 + 0.4
43.2 £ 0.8 25.6 + 0.4
42.9 £ 0.7 25.6 £ 0.4
i 36.7 £ 0.6 21.7 £ 0.4
40.6 £ 0.6 24.7 + 0.4
Lil Parallel plate | 428 + 12 | 230° 260 £ 7 260 + 7
Lit Parallal plate | 410 £ 31 | 240° 249 + 18 | 249 + 18

a., . . .
This value was determined from stable reactor period measurements.

b, . . .
This value was obtained by removal of calibraved surface mass adjustment buitons.

“These values were determined by inverse kinetics rod drop measurements in which the
lower section of the sphere was displaced slightly from the central section.

P
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The values in the other measurements were determined from stable reactor period measure-
ments, from removal of calibrated surface mass adjustment buttons or by inverse kinetics
rod drop measurements in which the lower section was displaced slightly from the central
section of the sphere. The values determined are in good agreement with the value from
independent measurements, differing between 3 and 15%.

The determination of the reactivity from the ratio of spectral clensities Eq. (16) for
the cyliﬁders relied on two dimensional calculations for the determination of the following
parameter |, !cn U, X, R. With these calculated parameters, the reactivity was determined
and is shown in Fig. 13.

This good agreement confirms the validity of Eq. 6 and verifies for the first time
that this method is capable of measuring the reactivity for highly suberitical states.

These tests of this method have verified the theory of this measurement method. Thus,
a method now exists for reactivity determination which does not require calibration
at a known reactivity siate, and it can be used in the initial loading of a reactor
where subcriticality determination cannot depend on some calibration near delayed
criticality and in determining the reactivity of assemblies when sufficient fissionable

material to achieve criticality may not be available.
Reactivity Calculations

The ability of Sn transport theory calculations to predict the subcritical reactivity
associated with the change in core configuration for fast burst reactors is limited by the
ability to accurately mock-up the configuration. Where a configuration change can
accurately be represented in the calculation, the reactivity predictions are quite good.

The reactivity calculated as a function of cylinder height for 17.77~cm-diam uranium is
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is compared to measurements in Table 6. These two~dimensional calculations used in the
Sn transport theory code DOT with ENDF-B-1I1 cross sections. This excellent agreement

between measured and calculated reactivities is typical of fast metal systems.
SUMMARY

A variety of methods for reactivity determination have been used satisfactorily for
fast metal assemblies. The standard method for reactivity calibration prior to burst
initiation and for obtaining the initial reactivity in the excursion is the use of the inhour
equations which the veiidity of point kinetics. The measurement of the stable reactor
period during pre-burst calibration and the prompt period during the initial exponential
rise of the excursion determines the reactivity. The subcritical reastivities can be
determined by the inverse kinetics red drop method, from prompt neutron decay constant
measurements or by methods which utilize the correlation of events in a detector with a
source initiating fission chains in the reactor. The IKRD method which requires the reactor
be near delayed and the componen. to be calibrated removed, can be used to obtain
control rod calibrations or safety block worths. The prompt neutron decay constant,
which can be used to obtain the subcritical reactivity if the value of the prompt neutron
decay constant at delayed criticality is known and correction is made for the changes
in the prompt neutron lifetime from delayed criticality. The prompt neutron decay constant
has been determined by the pulsed neutron method, the Rossi-o method and correlation
methods with 22Cf. The latter method will usually be more efficient for data collection
for fast metal systems.

The frequency domain methods can be used to obtain the reactivity in the initial

loading of a reactor when subcriticality determination methods that depend on calibrations
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Table §. Reactivity for 17.77-cm-diam Uranium hietal Cylinders

Reactivity

Neutron Dk Ak Measured

Multiplication k kB 2k /kB

Factor (X 107 (dollars) (dollars)
12.63 0.9956 0.44 0.67 -
12.22 - 0.9846 1.56 2.37 2.0
11.59 0.9664 3.48 5.27 5.2
10.80 0.9414 6.22 9.43 9.6
10.18 6.9200 | 8.71 13.2 13.5
9.23 0.8834 13.20 20.0 20.3
8.28 0.8414 18.81 28.5 28.4

aSn transport theory calculations using ENDF-B 1l data.
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near delayed criticality cannot be used. The latter methods may also be useful in
determining the reactivity of assemblies where sufficient material to achieve delayed
criticality is not available. These methods using correlations with 252Cf have not been

used on fast pulse reactors but have been used successfully on uranium metal systems.
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