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PROMPT ALPHA AND REACTIVITY MEASUREMENTS
O N 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 (1) 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 measurements3 which obtain the reactivity as a function of time

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

constant4 measurements from which the reactivity can be obtained if corrections are made for

changes in 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-a

method. The recent use of Cf has resulted in some new techniques for determining

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

methods.*7'8" ° The theory "o f 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 ^ C f 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 obtained from the point kinetics equation

has traditionally been the primary means of calibrating the reactivity of fast pulsed

reactors prior to pulsed operation. The inhour equation

T+XT7

where

I = prompt neutron lifetime

0. = effective delayed neuiron fraction, for group i

0 = total effective delayed neutron fraction

X. = decay constant for group I

This equation has six transient periods, solutions, T., and one stable reactor period. After
IN

a change in reactivity is made and the precursor concentrations hove come to equilibrium,

the stable reactor period is determined from the rote of change of the flux and it can easily bs

measured. The time to achieve a stable reactor period depends on the reactivity change

and has been previously given. 2 Since the neu t ron l i f e t i m e is ~ 10 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 slope of the expo-

nential rise of the flux and is performed using counters ond sealer-timers or jionizotion

chambers and strip chart recorders.

Near prompt criticality X .T »;0 and the reactivity

p($) = £/0T + 1 (2)

Since the value of X/p can be determined in prompt neutron decay constant measurements

near delayed crfticality, a measurement 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 HUM rise of prompt excursion before sufficient heat is produced to begin

compensating for the reactivity insertion. It is usually obtained from the burst-shape

detector by observing its ou*put 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 a function of time, t.

For the case of negligible inherent neutron source, integration of the precursor concentration

equation and substitution into iSe neutron density (n) equation yields after rearrangement. Q

^ » , } ^)e"V^df (3)

Again since I ~ 10 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). fn implementation of this method both digital and analog processing have

been used.

Another example of the use of an analog computer was the determination of the

reactivity for uranium metal cylinders. 4 The reactivity of the cylindrical assemblies

was determined with the anulog computer as f o l l o w s . The BF3 i o n i z a t i o n

chamber which provides the current input proporHonal to nejtron density was placed

coaxial v/ifh the uranium assembly (Fig. 1). The distance between the center of the chamber and

the center of the assembly was 119 cm. Lead, 5 cm thick and 20 cm square, was placed

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

Al l outer surfaces of the lead and of fh<2 chamber were covered with 0.1-cm-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 cm in 0.3 sec followed by an additional

displacement of 30.5 cm in 1.2 sec. From the neutron density as a function of time, the
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fig.' I •Uranium cylinder and ionization chamber lo-
cation for the analog computer measurements. The
stationary cylinder whose reactivity is to be determined
is on a stainless steel diaphragm and the lower cylinder,
which upon raising brings the system to delayed critl-
cality, is mounted on an aluminum support.



computer determined the reactivity and listed it in digital form e\tety 0.5 sec. The

reactivity after complete removal of the cylinder was interpreted as the reacrivity of the

fixed assembly assuming the results were not affected by the neutron decay in the movable

cylinder displaced 56 cm. Figure 1 is a photograph of one of tfiese 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'5 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 and from the reactivity es

function of time and the rod positions as a function of time, the reactivity vs control

rod position curve wcs obtained. This technique provided a rapid calibration of con-

trol rods since it does not depend on precursor concentration equilibrium. Some

additional measurements of the safety block worth as a function 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 jystem

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

used.17'18



Table J. Comparison of Subcritical Reactivities of Uranium Cylinders
Determined lay Analog Computer and by Prompt Neutron Decay Constants

Cylinde::
Diameter
(cm)

Cylinder
Height
(cml

Subcritical Reactivity (dollars)a

From ^
Computer

2.T
4.95
9.28
-'-3.55
18.29
22.93
28.42
33.86

2.04
3.85
5-38
7-33
11.01
15.06
19-95
24.56
28.82

13-63
22.57
32.68

From Prompt IJeutron
Decay Constant

3.14
5.29
9.24
13.94
18.94
23-37
28.57
33-58

2.00
3.71
5-36
7.30
11.07
14.92
18.82
23-57
27.65

13.48
20.29
28.40

38.090
38.C91
38.090
38.091
38.090
38.069
38.090
38.090

27-929
27-937
27-933
27-933
27-935
27-935
£7-935
27.934
27-933

17.771
17.771
17-771

7-502
7-337
7.016
6.693
6.373
6.055
5-734
5-419

8.431
8.266
8.097
7.943
7.641
7-332
7.005
6.678
6.356

10.184
9-234
8.281

a. Reactivity listed here is (k -

t>. The analog computer determines (k - l)/P- A value of p of 0.00645 was
used to make the conversion to (k - l)/kf3. The reactivities have been
corrected for the assumption in analog computer than a = (k - 1 -
rather than a = (k - 1 - kp)/jf. This correction is larger for the
shorter cylinders tut at most a 0.6$ decrease in the reactivity.
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Fig. 2. The Reactivity of the Control tfods and Pulse Rod
as a Function of Position in the Core.

Core Height: 7.760 in.
Safety Tube Attached.
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PROMPT NEUTRON DECAY CONSTANT MEASUREMENTS

The prompt neutron decay constant, a = T"1 can be used to obtain the reactivity

of a subcritical configuration if the prompt neutron decay constant at delayed criticality

is known and a correction is made for the change in the neutron lifetime from deloyed

critical to the subcritical state of interest. Since the delayed neutron fraction S= ~ar\r-^

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

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

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

to obtain the forward and adjoint angular fi'uxes ?o compute fhe prompt neufrors lifetime,

•2 = (q? , 0/v) 9 ,)/(<? , v t ^rVj) where c? and cp are the static adjoint and the

dynamic angular forward fluxes, f is the energy distribution of neutrons from fission, and

where the integrations are over all variables.

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

neutron method, the Rossi-a method ond by cross correlating the events in a detector

with those in a chamber containing Cf which provides neutrons which initiate fission

in the system. Each of these measurement meihods will be described and the results of

measurements presented along with their interpretation.
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Table 2. Comparison of prompt neutron decay constants of uranium cylinders
measured by Rossi-a and pulsed neutron techniques

Outside
Diameter

(cm)

38.090
38.090
38.089
38.091

27.929
27.933
27.933
27.935
27.935
27.935
27.934
27.933
27.934

17.771
17.771
17.771
17.771
17.771
17.771
17.771
17.771
17.771
17.771

Average
Height
(cm)

7.016
6.373
6.055
5.099

8.431
8.097
7.943
7.641
7.322
7.005
6.678
6.350
5.726

12.090
11.772
10.817
10.184
9.234
8.281
7.967
7.642
7.332
7.007

Prompt

Rossi -a

10.9 ± 0.3
20.7 ± 0.1
25.5 ± 0.4
40.7 ± 0.5

3.2 ± 0.1
6.7 ± 0.1
9.0 ± 0.1

12.9 ± 0.3
16.9 ± 0.2
20.9 ± 0.2
25.8 ± 0.2
30.0 ± 0.3
40.9 ± 0.6

—
—

15.4 ± 0.1
22.5 ± 0.2
30.9 ± 0.3
34.4 ± 0.3
37.0 ± 0.2
44.2 ± 0.2
44.2 i 0.2

Neutron Decay
fcisec"1)

Pulsed

25.1 ±

6.9 ±
8.7 ±

12.8 ±
16.8 ±

25.4 ±
29.6 ±
39.4 ±

-
-

15.5 ±
22.4 ±
29.9 ±

-
-
-
—

Constant

Neutron

—

0.2
—

0.1
0.1
0.1
0.1

._
0.2
0.2
0.4

-
-
0.1
0.1
0.2

-
-
-
-

Randomly Pulsed
Neutron

10.5 ± 0.1
20.7 ± 0.2

—
41.0 ± 0.6

3.1 ± 0.1
—
—
—
—

20.1 ± 0.1
—
—

40.7 ± 0.2

3.37 ± 0.01
5.00 ± 0.1

10.50 ± 0.1
—

21.6 ± 0.3
.—
—
- -
—

43.7 ± 0.3

Errors indicated are one standard deviation from least-squares analysis of data.
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Pulsed Neutron Method

The pulsed neutron method first described by Bengston consists of introducing

Fnto the assembly a short burst of neutrons and observing the time decay of the neutron

population. After some initia J transients the neutron population at all energies and at

al l points In the reactor decays at the same rate. This fundamental mode decay is

characterized by the prompt neutron decay constarf. The measurement consists of

placing a pulsed neutron source such as a Cockroft-Walton accelerator and a neutron

detector in the assembly, The location of the source and tf,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 ~ 10* 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 pulses 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 at high (megacycle) repetition rates. The data is

accumulated on time analysis equipment which is triggered each time a burst of neutrons

is produced. The pulses from the detector are stored according to 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 data are examined to establish the time during which a single exponential

decay persists.

The prompt-neutron decay constant for uranium metal cylinders was measured

by this technique using a 150-kV Cockcrofr-Walton accelerator which

produced pulses of 14.2-MeV (d, T) neutrons having a width at half maximum of 30 rsec

and a repetition nte of 0.9 Mc.W 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 recictiv:*y wcs obtained using Eq. (4) and

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

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

Pulsed neutron measurements have been made with the APKFR reactor at Oak Ridge

both at delayed crfticality and for a variety of subcriticaf configurations. The target of

the accelerator was located at the midplane of the cors about 1 in. from the lateral

surface and the detector, a small spiral U 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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Typical location of the detector and the accelerator-target assembly for the pilsed-neutron measurements.
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DISTANCE THE SAFETY
ANNULUS WAS WITHDRAWN0

(in.)
11.50
6.32
500
4.00
2.91
2.03
<.62

PROMPT NEUTRON DECAY
CONSTANT

11.87*0.18
9.9210.08
7.97 ± 0 0 4
6.14 ± 0 0 6
190 ±003
2.56*0.02
2.01 ±0.02

Of!' i_-O«G SB-I3697R
SHIFT IWb

TIME SCALE
(nee)
- 4 0
no
120
180
60

200
ICO

O DELAYED CRITICAL WITH THE SAFETY BLOCK INSERTEO
b. THE TIME SCALE OF THE CURVES HAS BEEN SHIFTED TO DISPLAY THE DATA; THE TRUE TIME

ZERO FOR EACH MEASUREMENT IS DISPLACED FROM THAT CIVEN ON THE ABSCISSA BY THE
AMOUNT IN THIS COLUMN

O 200 4 0 0 600 800 1000 1200 1400 1600 1800 2000 2200 2400 76O0 2800 3000
TfME (ns«)

Fig. 4 . Prompt Neutron Decay in the Reactor Determined "by Pulsed
Neutron Measurements. The decay in the damaged core was measured with
the safety cumulus at various positions.
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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 . Bie Prompt Neutron Decay Constant in the Reactor Assembly for
the Production of Pulses and the Associated Reactivity.

Assembly Condition

Delayed criticality

Regulating rod
withdrawn

Pulse rod No. 2
withdrawn

Mass adjustment rod
withdrawn

Safety annulus
withdrawn6

1.62 in.

2.03 in.

2.91 in.

4.00 in.

5.00 in.

6.32 in.

11.50 in.

Core Height:

Prompt Neutron.
Decay Constant

(usec"1)

O.675 + 0.005

1.13 + 0.01

1.35 + 0.03

I.76 + 0.02

2.01 + 0.02

2.56 + 0.02

3.90 + 0.03

6.14 + 0.06

7.97 + 0.04

9.92 + 0.08

11.87 + 0.18

7.960 in.

Subcritical Reactivity
(cent-}

From Decay
Constant0

__

67 + 3 d

100 + 5d

161 + 3d

207 + ̂

293 +5

509 + 10

875 + 17

II87 + 16

1529 + 25

1883 + ̂ 5

From Analog
Computer

69

104

• 172

203

295
516

~
—

—

A rod or the safety annulus was withdrawn from a delayed c r i t i c a l
assembly as noted.
HSiese values are averages where more than one measurement was made.
Hie errors given are one standard deviation obtained from leas t -
squares analyses of the data.
Die 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 react ivi t ies assumed that the prompt neutron l i f e -
time did not change 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-a Measurements

In the point reactor model approximation rhe fundamental equation for calculating

the time distribution function (the probability of a count in dt and another in dt2) for an

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

experiment as given by

where F is the fission rate and W. is the detection efficiency for detector 5 in counts per

reactor fission, X is the neutron dispersion number or Divert Factor v(v - \)f? where v

is the number of prompt neutrons per fission, and k is the prompt neutron multiplication

factor. This equation also holds for auto correlation 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 that 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 I , and (3) those that record

counts only from adjacent pairs o? counts Type I I I . n 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 maybe 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 scinfiliutors 5.1 cm in diam and 1.27 and 0.64 cm

thlch were located about 1.9 cm from the lateral surface. The pulses 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 obierved.

The Type II analyzer, used for these measurements, was that described above for the

pulsed neutron measurements.

The decay constants obtained by both rhe pulsed neutron ond the Rossi-a 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 252Cf

I
A special variation of a two detector cross correlation measurement has recently |.l

been described.23'24^is method has the simplicity of the Rossi-a cross correlation experi- ji

a
[i

ment but provides data much more efficiently. The ionization pulse produced by the fission .5ft
products of fission in a chamber containing the spontaneously fissioning isotope ^ C f U

establishes the time at which neutrons are injected into an assembly where they initiote G
8

fission chains. This starting pulse triggered a time analyzer and the response of the assembly

was detected by a second detector whose 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 + ^ F c W ' k l c • • « ' dt (6)
C V Si\

where F is the Cf spontaneous fission rate, W1 is the detection efficiency in counts per

californium fission, S is the number of reactor fissions per ^ C f fission (note that W'/S = W

and WF = W'F ), I is the importance of a neutron from 252Cf fission end I is the average
c

importance of neutrons from reactor fission. The point kinetics description of Eq. 6 assumes

fundamental mode decay and no loss 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 wi l l allow measurement of the decay constant

in less time except in cases where the reactor fission rate F is much larger than F .

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

in a Rossi-a measurement is
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2v } F a I 2v | 1 - k F
C C C C C PC

" vXk W'IRF vRXW r l k F '
P P

This ratio of correlated count rates, A, can be used to assess which method of measure-

ment accumulates correlated information at a faster rate. As the multiplication fcctor

or the detector efficiency approaches zeo, the ratio becomes infinite; as the prompt-

neutron multiplication factor approaches one, this ratio approaches zero. For a wide

range of detection efficiency the Rossi-a- method accumulates correlated counts faster

near delayed critica I ity, whileatfarsubcritical reactivities the reverse holds. The ratio is independent

of the prompt-neutron lifetime, and for a given reactor it depends only on the prompt-

neutron multiplication factor, the location of the ^ C f source, the efficiency of the

detector, and the ratio of the fission rate in the randomly pulsed neutron measurements

to that in the Rossi-a measurements. If the Rossi-a measurements can be performed at

high fission rates, i .e. , F •** F , or with high detect-on 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

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-Q? 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-or 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 unmodeiated uranium metal cylinders were previously studied by

both the Rossi-a-and the pulsed neutron methods. The piastic scintillator described above

was used in these measurements. The time analyzer was a Type II analyzer which had a

minimum channel width of 10 nsec and counts could be accumulated at a 10-MHz rate

in channel in each sweep or a Type III 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 252Cf and in Rossi-cv measurements witfi 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 $ ^Pu and with moderated netal assemblies with decay constants as small

os 3000 sec"1 where Rossi -a measurements are not practicable. Measurements with the

Jezebal assembly determined the reactivity as a function of the separation of the lower

section to be 32.4, 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 reactivity for this measurement by the methods of Sfostrand,26

Gozani,27 or Garelis-Russell28 the contribution to the background due to the random

nature of the source should be subtracted before analysis.
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CYLINDER HEIGHT, cm
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11.772
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Cf SOURCE C, TYPE I I ANALYZER
1.27-cm-THICK PLASTIC SCINTILLATOR

20 n s e c \ » I
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TIME, UNITS AS SHOWN
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Figure 6. The prompt neutron decay in randomly pulsed neutron
measurements for the 17.771-cm-tliam unmoderated uranium cylinders.
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Figure 7. The comparison of the prompt neutron decay from
randomly pulsed neutron measurements with that from a Rossi-a
measurement for a 27.93lj--cm-diam, 5.726-cm-high uranium cylinder.
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Reactivity Determination From Simultaneous Rossi-a
and Randomly Pulsed Neutron Measurements

Consider the ratio AW1 which is the rario of the correlated counts per californium fission

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

in the Rossi-a. The following expression,24

AW. = J k _ £ ( " P j , (8)
VRXI \ P /

can be used to determine the prompt reactivity in k units rather than in Hollars 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 rcade. It could also be useful as a reactivity determination

method in experiments particularly where sufficient material to achieve delayed criticality

is not available.

Fora delayed critical system k = ] - g where 3 „ is the increment of the

multiplication factor between delayed and prompt criticality. Thus, for a delayed critical

system, the product A n _ W is

A w1

DC

3eff (9)
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The values of AW1 from measurements with a uranium metal sphere were obtained for

three different 25ZCf chamber designs with spontaneous fission rates varying from 2.6 to 9 x 104

fissions/sec, for a variety of 252Cf chamber and spiral fission counter locations and for various

reactivities (Table A). Typical prompt neutron decay from both Rossi-cr and randomly pulsed

neutron measurements are given in Fig. 8. In measurements wiffi the annular 252Cf chamber "i

at delayed criticality, the values of AW for spiral fission counter location at radii of 0, 3.81 '.

and 4.27 cm were 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 252Cf source were i |

negligible compared to neutrons from fission chains in the assembly since the distance between 3

i
the 2KCf chamber and the spiral fission counter was varied. The measurements of AW1 *

performed in 1975 gave results that were within 0. H of those of 1972.

The average value of the effective delayed neutron fraction obtained from

these measurements was (60.6 ± 0.2) x 10~4, and the results of the various F*

measurements are in excel tent agreement. The total spread in the measured values is >;

• %

8.4#with the value of the effective delayed neutron fraction varying between |

i \
58.6 x 10"4 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 ™Cf chamber near the sphere center;

and \$> for reactivities of 0 and -21 cents with a annular ^ C f 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 at radii of 6.84 and 0 cm)and the delayed

'••A



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

Californium

Number

59

59

59

59

2

61

61

61

61

61

61

Chamber

Location

Diametral Hole

Diametral Hole

Diametral Hole

Diametral Hole

Surface

Diametral Hole

Diametral Hole

Diametral Hole

Diametral Hole

Surface Hole

Surface Hole

Radius
(cm)

6.90

6.90

6.90

6.90

8.92

0.26

0.26

0.26

0.26

6.277

6.277

Spiral Fission Counter

Location

Diametral Hole

Diametral Hole

Diametral Hole

Diametral Hole

Diametral Hole

Surface Hole

Surface Hole

Surface Hole

Surface Hole

Diametral Hole

Diametral Hole

Radius
(cm)

4.27

0

0

3.81

0

6.84

6.84

6.84

6.84

0

4.27

Reactivity0

(cents)

0 .

-21

0

0

0

0

0

+29

+52

0

0

WA x
io-*

144.8

113.5

145.2

148.2

57.0

313.0

312.6

233.2

151.7

261.3

167.4

d

±

±

±

±

±

±

±

±

±

0.

10

0.

0.

0.

2.

3.

3.

2.

1.

0,

6

.6

5

6

3

0

l e

2 e

2 e

,9

.9

Effective Delayed
Neutron Fraction

58.8 ± 0 . 6

58.6 ± 2.2

59.2 ± 0.2

60.2 ± 0.3

60.8 ± 0.2

60.7 ± 0.4

60.7 ± 0.6

63.5 ± 0.8

62.5 ± 0.9

61.4 ± 0.3

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-em-diam and could be placed near the surface only.

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 of Rossi-cy 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; al l other measurements listed were performed in 1972.
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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 ^ C f 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 (11$) than that obtained from measurements of the centra! worth
I

of uranium in.this sphere (0.0066) and the calculated value (0.0066) which agrees j
i

with previous measurements at Los Alamos Scientific Laboratory (0.0066 from Ref. I
i

23). It also is lower (6fy than the delayed neutron fraction obtained for fast fission •

of the ^ isotope. ' Tiie validity of the assumption of point kinetics in the
i

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
j

kinetics. This low value of the effective delayed neutron fraction may result from j

the improper correction of point kinetics for spatial effects. This

factor has been obtained from previously measured fission density and neutron importance ;
I

distributions and could not significantly be in error due to the fuictions used to obtain ;

: : i

it since these were previously measured but this factor maybe in error theoretically.

Values of this correction factor are as much as 30^ larger for a bare uranium sphere

have been proposed by others-34 If this spatial correction to point kinetics were

11$ 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 ^

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

2SZCf sources the further subcritical the measurement. The limitation of pulse counting

methods require that measurements utilizing this method requiring sources of > 15|ag of

^ C f be performed by frequency domain analysis. The auto-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 ^ C f ionization chamber (detector

1) which provides the initiators of fission chains and two detectors (2 and 3) which

detect neutrons from the fissicn chains, the auto- and cross-spectral densities are

l q ^ + q M , (9)

G22 = lh2 (w) l FW2q?+~=5£- K ( « ) r G j . 00)

W W q q
2 y 3 )Hsfa)|2Cs , 01)

* W q
12 = Vl (a j )h2<a)> ~^r- H (»)C , (12)

V

where h.(u)) = frequency, uo, response of detection system i

q = charge released per interaction in a detector or the 252Cf chamber.

Subscript a refers to alpha decay and subscript c to spontaneous

fission of ^ C f .
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v. = average number of neutrons per inherent source fissions

H (<D) = source transfer function of the reactor

Now, the source spectral density, G , is

9

V
2

X F R

2 ?
v, F I v

! c cc c
XR FI ^ - 2 F I

2
'FR, (13)

where X'isa modified form of the neutron dispersion number, I. is the neutron

importance for inherent source fission, and V equals (2 8 - p)/[(1 - S )v ] . Theee

are expressions similar to Eqs. (10) and (12) for G33 and Go •

The methods for determination of the reactivity from the power spectral densities

given by Eqs. (9) to (12) can be classified into three categories: (1) the existing

methods related to the conventional two-detector auto- and cross-power spectral

densities, G22» G33, and Gjyi (2) those that determine parameters which have been

used previously for reactivity determinations from the cross-power spectral densities

with Cf, Gj2; and (3) new methods that determine the reactivity without a calibration

near delayed crtticality.

The use of previously described methods, such as the

determination of the reactivity from the breakfrequency of APSDs and CPSDs or from

the coherence amplitude, \23 » requires a knowledge of the breakfrequency and

coherence amplitude 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, fi2 (u>) and h3(ou), which are

usually obtained srom 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 h.(uo)].

The measurement of the cross power spectral density with S2Cf allows the deter-

mination of the breakfrequency from which the prompt neutron decay constant can be

obtained. Aft era correction is made for the frequency response of the detection systems,

the CPSD, G . ? , is proportional to the source transfer function of the reactor,

[ ( a + iu>)A] , andJGjpj can be fitted by a least-squares method to determine

the value of a. This measurement also allows the determination of the prompt neutron

decay constant in a novel way, since the source transfer function can be written as

(Q1 - \w)/a + tu )A/ and thus G,~ has a real and an Imaginary part which can be

obtained by present digital Fourier analyzers. Since the values of auare known, the

product of the ratio of the real to the imaginary part of G and the frequency w is

12.

constant and equal to the prompt-neutron decay constant. The 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 noutron 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 a 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 to determine

if any additional information couid be obtained from the simultaneous measurement

of a!! four spectral densities represented by Eqs. (9), (11), and (12). To develop a

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

densities:
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G12G13
G11G23 V23

04)

where y are the coherence values between the various pairs of detectors and B is the

ratio q2/q"2 and C is the ratio 31q2/q2 where q and q are the ionization produced

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 data from the noise analysis

_ — k
measurement have adequate precision. Since Flv = (F I v + F.l.v.) •= 1—, Eq. (14)

c c c i i i l - k

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 _ G12G13 ^ c V c * V i V iv
k " G..G-. -G11G23

_̂
FcVc>

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 X1 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 X1 and rearrangement gives the following expression for the

reactivity

* I -k G * 2 G 1 3
G ] 1 G 2 3

, . P
v XR(1

^

(16)

where

P = !v B (1 + C )RXYr r c a

c c

v F l v + F.l.v.
Y = c c c i i i

F l vc c c

(17)

(18)
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2 2
v i vf

v
c

XRY

Eq. (15) or (16) do not depend on defection efficiency, but do depend on the properties

of the detection system for Cf fission which can be determined outside the reactor.

The ratio of the effective neutron production ra*es, Y, can be determined from the

change in count rate when the 252Cf source is inserted into the subcritical reactor.

The values of R and X can be determined from calculation 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 I/I 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 electronics system and a Cf chamber in which all the alpha

pulses can be discriminated, C = 0 and B = 1 and Eq. (14) reduced to

1 F

v I
c c

STTT -p- • Thus, for pulse mode operation of the californium ionization chamber theKA r

reactivity does not depend on the properties of the californium fission detection system.

For pulse mode operation of the Cf chamber, it has been shown (Ref. ) that

the ratio of spectral densities R ( G 1 0 ) / | G O « 1 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 ^ S5U) metal which has previously been

studied in a series of time domain measurements using M2Cf were performed to verify the

theory of this 252Cf noise analysis measurement. This sphere hod 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

measurements, (2) g e o m e t r i c a l s i m p l i c i t y and s ing le 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 a

small high leakage system and the scintillarors are sensitive to gamma rays as well as

neutrons. Items (1) and (2) simplified the interpretation of the results; item (3) al'ovred

the use of existing chambers containing ^ C f which were used in the time domain measure-

ments; item (4) permittee! the measurements to be performed in a short time, < one minute

of data sampling. One of the disadvantages of uranium metal assemblies for this type of

measurement was that an independent determination of the reactivity frorn break frequency

noise analysis was not possible because the lowest break frequency 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 hcve 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

uranium 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 about 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 parallel

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 Cf in the counter.

Power Spectral Densities

Typical power spectral densities for the sphere with a reactivity of 29 cents subcritical are

shown in Fig. 9 where an auto power spectral density (G. ,J of one of the 6Li glass scintillators,

the cross power spectral density (G«o) between the two glass scintillators, and the square

of the cross power spectral density ( IG, - ! 2 ) between one of the scintillators and the 252Cf

chamber are plotted as a function of frequency up to 100 kHz. Since these spectral

densities hove been corrected for the frequency response of the instrumentation, the rolloff

at high frequency is associated with the break frequency or decay constant of the sphere at

this reactivity. The breakfrequencies determined 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 assembly. 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 proportional to co/cr2 + <D2, results from the

value of the prompt neutron decay constant a > 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 G ^ G . g / G , | G 2 3 on the ra t i o

of neutrons production rates F I v /(F.l.v. + F I v ) was determined by measurements in
c c c i i i c c c '

which the "Cf chamber was operated in the pulse mode. By raising the discrimination

level in this pulse mode detection system, some of the spontaneous fissions of ^ C f were

not identified as initiators of fission chains. The rejected events in the 252Cf chamber

effectively acted as an inherent source, F. with the same neutron importance and number

•jf neutrons per fission as neutrons from ^ C f fission. Thus, the ratio of neutron production

rates becomes F /(F + F.) which equals F (1 - D)/[F (1 - D) F D] or (1 ~ D) where
C C I C C C

D is the fraction of the spontaneous fissions of Cf 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 subcritical 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* ^ G . - / G , ̂ G ^ (subscript A signifies frequency

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

i t can be shown to equal to

- 2
Vc

v
c

and for pulse mode electronics where all the a decays of Z52Cf can be discriminated against,

it is eaual to v /v since B (1 + C ) = 1. Pulse mode operation of the 2s2Cf chamber
^ c c c a
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_2 2
the ratio of spectral densities can be used to obtain the value of v /v which is known

c c

from independent direct measurements of the number of neutrons per fission. Good agree-

_2 2ment between this determination of v /v and independent measurements is an excellent

way of checking the accuracy and correctness of the Fourier analyzer processing (both

—2 ~~2

hardware and software) system. The value of v /v obtained from two calibration measure-

ments with the 2S2Cf chamber operating in the pj Ise mode are (0.891 ± 0.002)"1 and

(0.905 ± 0-. 007) whereas the value from previous direct measurement of the number of

neutrons per fission is (0.891) (Ref. 35), This good agreement confirms the correctness

of the data accumulation processing and analysis by the total noise analysis system.
—2 2

Since v /v is shown very accurately from other measurements, the calibration

measurement for the frequency response of the system can be used to determine the values

of B (1 + C ). In implementing this method to determine the reactivity in a reactor

application the value of B x (1 + C ) should be determined from the calibration runr r c a

and this value should be employed in Eq. (15) or (16) to determine the reactivity for

the measurements with a reactor.

The independence of the ratio of spectral densities G . ^ G ^ / G , .G5« 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 operating the Li

glass scintillator system in both the current and pulse mode resulting in a 62^ change !n

the detection efficiency and the ratio changed only 4f. The Jetection efficiency was

varied by substituting a Nal scintillator (2.54-cm-high, 2.54-cm-diam) 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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changed 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.

Reactivity from the Ratio G j ^ G . / G , , G 2 3

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

G , j C i - j / G , ,G9« if the other quantities in Eq. (16) are known. The ratio of fission chains

initiated by neutrons from inherent source and ^ C f fission to those initiated by 252Cf

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 ^ C f chamber simplifies to

RXIvYl v since the value of B (1 + C ) equals unity. The average number of prompt

neutrons per fission of californium, v , used in th. J interpretation of the measurement,

3.7224 ± 0.0081, 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, v", was obtained by

using the fluxes from fransport theory calculations and the E N D F - B - I I I

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 delayed 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
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Barchelor (Ref. 3$. 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 ^ C f 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).

,-2The value of the Diven factor, X = v (v - 1)/v , was obtained by averaging the

value of v (v - 1) and v over the sphere volume using the fission density obtained from

transport 'iieory calculations with the ENDF III —B cross sections as a weighting function.

The result obtained, 0.805 is consistent 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?9 Comb in ing the above q u a n t i t i e s using Eq. 10

gives a value of P equal to 0.387.

The expression for P2 for this assembly in which there is a negligible inherent neutron

source reduces to v AT XR . The value of v is obtained from the measurements of
c c c

Boldeman35 and is equa l to 15 .541 ± 0 . 0 0 6 . The resulting value of P2 = 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. Reactivity determinations from G.«G.~/ the uranium sphere.

Detector

Lil

Lil

Nal

Lil

Lil

Lil

^ C f Chamber

Parallel

Annular

Parallel

Parallel

Parallel

Paralla!

plate

plate

plate

plate

plate

G iVG13

^23
(X 10"^

10.6
11.9

6.9
6.8
7.2
6.6

48.2
46.8
45.9
48.2
48.2
44.9

41.6
41.7
42.2
42.7
42.0
44.8
43.2
42.9
36.7
40.6

428

410

±
±

±
±
±
±

±
±
±
±
±

±
±
±
±
±
±
±
±
±
i

±

'}

0
0

0
0
0
0

0
0
0
0.
0
0.

0.
0.
0.
0.
0.
o.

.3

.4

.6

.3

.3

.2

.8
8
8
8
8
8

7
8
7
8
7
7

0.8
0.
0.
0.

12

31

7
6
6

SubcrHica!

Other
Methods

7°

8.8°

29b

b

230C

240c

Reactivity (cents)

Measured
Values

6
7

8
8

.3

.0

.5

.5
8.9
8

28.
27.
27.
28.
26.
26.

24.
24.
24.
25.
24.
26,
25.
25.
21.
24.

.2

5
7
2
5
7
6

6
7
9
3
9
5
6
6
7
7

260

249

± 0.2
±0.2

± 0.9
± 0.4
± 0.4
± 0.2

± 0.5
± 0.5
± 0.5
± 0.5
± 0.5
± 0.5

± 0.4
± 0.4
± 0.4
± 0.4
± 0.4
± 0.4
± 0.4
± 0.4
± 0.4
± 0.4

± 7

± 18

rj i y i I s

Average

.6.7 ± 0.

8.5 ± 0.

27.5 ± 0

24.7 ± 1

260 ± 7

249 ± 18

2

3

.8

.2

r:<r

- (3 .

0.MO

This value was determined from stable reactor period measurements.

This value was obtained by removal of ca llbrared surface mass adjustment burtons.

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.
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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 densities Eq. (.16) for

the cylinders relied on two dimensional calculations for the determination of the following

parameter I, ! , v", 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 subcritical 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 state, and it can be used in the initial loading of a reactor

where subcriticality determination cannot depend on some calibration near delayed

criticalfty 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 arequite 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-III 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 validity 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 reactivities can be

determined by the inverse kinetics rod 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-a method and correlation

methods with 252Cf. 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



Table ^. Reactivity for 17.77-cm-diam Uranium ivvefal Cylinders

Height
(cm)

12.63

12.22

11.59

10.80

10.18

9.23

8.28

Neutron
Mul tip! f cation
Factor

0.9956

0.9846

0.9664

0.9414

0.9200

0.8834

0.8414

Reactivity

£ k
k

(X 10~2)

0.44

1.56

3.48

6.22

8.71

13.20

18.81

(dollars)

0.67

2.37

5.27

9.43

13.2

20.0

28.5

Measured

(dollars)

—

2.0

5.2

9.6

13.5

20.3

28.4

S transport theory calculations using ENDF-B HI daia.
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near delayed criticality cannot be used. The latter methods moy 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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