
* 

71 

REACTIVITY METER ANALYSIS OF ROD-DROP 
}/ 

EXPERIMENTS IN ZED-2 

by 

M. Moniz 

PART B: McMASTER INDUSTRIAL PROJECT 

A project* report submitted in partial fulfillment of the 

requirements for the degree of 
Master of Engineering · 

Department of Engineering Physics 

McMaster University 

Hamilton, Ontario 

September, 1975 

One of two project reports. The other one is designated 

PART A: t~c~1ASTER (ON-CA~1PUS) PROJECT 

cMASTER 
UNIVERSITY 

LIBRARY 



MASTER OF ENGINEERING 
Depa rtment of Engineering Physics 

MCMASTER UNIVERSITY 
Hamilton, Ontario. 

TITLE: Reactivity Meter Analysis of Rod-Drop Experiments in Zed-2. 

·AUTHOR: Manuel S. Moniz, B.Eng. (McMaster) 

SUPERVISOR: Dr. R.T. Jones 

NUMBER OF PAGES: 56 



ABSTRACT 

ACKNOWL EDG MENT 

TABLE OF CONTENTS 

l . INT RODUC TIO N 

2. 

3 . 

4 . 

5 . 

6. 

1.1 Theory . 

EXPERI~1ENT 

2 . 1 
2.2 
2. 3 
2. 3. l 
2.3.2 
2.3.3 

Shut off Rod and Rod-Drop Mechanism 
Dete ction and Measurement Syste ms 
Exper imental Method 
Varying the Detector Positions 
Ro d Depth Versus Time 
Varying the Rod-Drop Position 

RESULTS AND ANALYSIS 

3. 1 
·3. 2 
3. 2. 1 
3.2.2 
3.3 

Level Coefficient of Reactivity 
The Reactivity Meter Code 
Varyin g the Detector Positions 
Varying the Rod-Drop Position 
Discussion on E · 

THEORETICAL ANALYSIS 

4. l Results and Analysis 

FAST . TRANS IEN T ANALYSIS 

5 . 1 

SUMMARY 

Comparison with CERBERUS 

APPENDIX A 

APPENDIX B 

REFERENCES 

Table 

LIST OF TABLES 

DELAYED NEUTRON DATA 

i i 

3 

4 
4 
6 

.. 6 
7 
7 

8 

s · 
g.· 

l 0 
l l 
l 2 

l 3 

14 

l 6 

l 7 

1 7 

Table I I CRITICAL HEIGHT CHANGES & REACTIVITIES 

Table III VARYING rHE TIME CONSTANT, RC 
\ \ 



Table of Con ten ts ... Cont'd 

Fig. l : 

Fig. 2 : 

Fig. 3 : 

Fig. 4: 

F i g. 5 : 

Fig. 6 : 

Fig. 7 : 

Fig. 8: 

Fig. 9 : 

Fig. 1 o·: 

Fig. l l : 

Fig. 1 2: 

\ \ 

Table I V 

Table V 

LIST . OF TABLES ·cont' d 

REACTIVITIES AS DETERMI NED BY THE . 
REACTIVITY METER 

APPROXIMATING THE ROD-DROP INTO APPROPRIATE 
TIME INTERVALS FOR CERBERUS 

LIST OF FIGURES 

. S c h e m a t i .c S e c t i o n o f Z E D ... 2 . 

Detector Positions, (a), and RCD Posi t ions, (b) for 
the Rod-Drop Experiments. 

S c h e 1r1 a t i c o f F a s t D e t e c t o r , ( a ) a n d S l o w D e t e c t o r ( b ) , 
Syste ms. 

Voltage vs. Time for the Rod-Drop. 

Relation Between Voltage and Rod Position During the 
Rod-Drop 

Rod De pth vs. Time During the Rod-Drop and the Correspondin g 
Reactivity Change. 

The Plot of Hex 3 vs. LCR Used to Obtain ~q. (4). 

Reactivi t y vs. Time at Detector Positions LlE (a), and 
JlE (b) with Shut·off Rod at Centre. 

Reacti .vity vs. Time at Detector Positions Ml~ (a), and 
IlE (b) with Shutoff Rod at Centre. 

le utron Flux and Reactivity vs. Time a t Detector Positions 
Nl E (a) and HlE (b) with Shutoff Rod a t Centre. 

Reactivi t y vs. Time at Detector Positions OlE (a) and GlE 
(b) with Shutoff Rod at Centre. 

Neutron Flux and Reactivtty vs. Ti me a t Detector Positions 
OlE (a) and GlE (b) with Shutoff Rod at LlW. 



Table of Cont en ts ... Cont'd 

Fig. l 3 : 

Fig. 1 4: 

Fig. 1 5 : 

. · Fig. l 6 : 

Fig. l 7 : 

Fig. l 8: 

Fig. 1 g· : 

Fig. 20: 

Fig. 21: 

. ~ ) 

I I 

LIST OF 'FIGURES . Cont' d 
.. 

R e a c t ·i 'I i t y vs. Time at OlE ( a ) an d G l 1: ( b ) with 
Shu t off Rod at M 1 vJ. 

Reactivity vs. Time at OlE (a) and GlE (b) . with 
Shutoff Rod at N 1 vJ. 

Neutron Flux and Reactivity vs. Time at OlE (a) and 
GlE ( b ) with Shutoff Rod at OlW. 

The Change i n Error With Time Caused by Overestimating 
E. 

The ~1ock-up of ZED-2 Used in CERBERUS. 

Reactivity v s. Time for the Rod-Drop at OlW as Determined 
by CER BERUS. 

Reacti vity vs. Time for the Rod-Drop at NlW .as Determin ed 
by CERBERUS. 

Re activity vs. Time for the Rod-Drop at Centre Core as 
Determined by CERBERUS. 

The Ch a nge in Neutron Flux During the Rod-Drop and a 
Comparison of the Corresponding Reac t ivity Changes 
Obtained from Experiment and from CE RB ERUS . 



\ 
\ 

AC KN OWL ED [ MENTS 

Th e aut hor wishes to· thank the ZE D-2 staff, 

P.D.J. Fc t·r i gan and E.J. Pleau, and D. H. ~a lker for 

their a s s i s t ance during the performanc e of the exp~ri­
ments. Tha nks is also due to P.M. Garvey for his .interest 

and valuab l e assistance in the theoretical analysis and 

to G.D. Cla rk for typ~ng this report. 

In pa rticular, the author wis·hes to extend special 

thanks and appreciation to R.T. Jones for his supervision 

and guida nce throughout the project. 

(i) 



ABSTRACT 

A reactivity meter code based on point kinetics was developed. 

Rod-d rop experiments performed in the ZED-2 reactor tested the code for 

various detector and rod-drop positions. A delayed neutron hold-up 

effect was observed whenever a rod was dropped close to a detector. A 

better understanding of this effect was obtained through a theoretical 

analysis of the pertinent experiments. The three-dimensional kinetics 

code, CERBERUS, was used for the theoretical analysis. 

(ii) 
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l . l 

' INT t~OD UCTION 

In recent years th~ inverse point kinetics tech-
n i q u e · h a. s g a i n e d p o p u 1 t 1' i t y a s a me a n s o f p r o v i d i n g a 
fast and viable method f or -measuring the · instantaneous 

reactivity within a nuc~ear reactor. Reactivity ~eters 
which -solve the point kinetics ~et of -equations ·either 
by anal6gue( 2) or digita1( 3 , 4 ) means have bee-n described 

in the literature .. Both of these methods have· the 

versatility of being practicable as 11 0n-line 11 system~ 

which may follow the dynamic behaviour of a mul~ipl~tng 

a s s e lil b l y a n d i n s o d o i n g b e c om e a t t r a c t i v e · f o r r e a c t o r 

. control. 
It is the purpose of· this report to investigate 

the digital approach tn · the reactivity meter concep~ 

throu·gh a series of rod-drop experiments performed i _n 
the ZE0~2 reactor at CRNL. The _ experiments were desi~n~d . 

to test this approach for various flux detector . posi-

tions with the rod dropped at centre tore, and · for 

various rod drop positions with the tw~ detectors at 
opposite sides of the core. The neutron flux was recorded. 
at consecutive ·time intervals by two different data 

handling systems, and then analyzed by a FORTRAN IV 
computer code which utilized the inverse point kinetics 

technique to solve for the reactivity versus time. 

Theory 

The kinetic behaviour of ~ reactor may be described 

by the space-independent point kinetics set of equations:-

1 



Qll(t) 

dt 

dC.(t) 
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dt 

\-vhe re 

= p(t) - B 
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N ( t) + 

I 
I ;l .C.(t) + Q 
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.s i 
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N(t) = 
p ( t) . = 
K(t) = 

£ = 
Q = 

neutron flux ·at time t 

[K(t} - 1]/K(t) = reactivity 
effettive multiplication factor . 

neutron . generation time 

( 1 ) 

( 2-) 

C.(t) 
1 

= 
source -strength in neutrons/s~c. 
delayed neutron precursor . concentration 
of the ith group 

A.. = 
l 

13 . = 
1 

decay constant of the delayed ·neutrbn 
precursor of the ;th grou_p : 

effective delayed neutron fraction of 
the ;th group 

I = · total number of delayed groups. 

In Appendix A, equations (1) and (2) .ate rearrany~d 

into an integra-differential . equation which is . then 
solved numerically to obtain p(t), the ~eutron . flux being . 

represented by an interpolation polynom~al o·f secrind ~rder ~ 

T h e d e r i v e d e X p r e s s i 0 n . f 0 r t h e r e a c t i v ;· t y . a t a p a r t i . c u 1 a r 
. time interval, .M, is 

+ b 

I 
I 

i=l 

1)} + !3 

PM . ) 1 

the various symbols being defined in· J\ppendix A. 

The first term of the above relation is the 
react1vity contribution due to a constant source. An 

( 3) 
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3 . 

a p p r o x i rn a t e c a ·1 c u l a t i on to d e t e r mi n c~ t h e m a g n i t u d e o f 

t h i s t e r m for the r e·.a c·t o r co r e us e d i n t h e ex p e r i me n t s 

s h o \ ! c cl i t t o b e . n e g l _i g i b 1 e . T h e s e c o n d , o. r s 1 o p e , t e l~ m 
con t~ i n s the correction due tD the time constant, RC, of 
the measuring system. This term should become most 

. . 

significant duri~g rapid · flux c;hanges . 
.... 

The major contribution to the reactivity in the 

situations considered here is the quantity S - ~ Pr~ . , 
. 1 ., ' 1 

the contribution due to the delayed neutrons ., including, 

f o r a D 2 0 m o de r a t e d r e a c to r , n ;'n e p h o to n e· u t r o n g r o ·u p s . . 
The delayed neutron fraction, S, is then ·defined by . 

= 

t""he re 

6 
2:: 

i = 1 

s . 
1 

B· J 

= 

= 

(3. + 
1 

1 5 
£ L: 

j=7 
(3 . 
. J 

delayed neutron 

group 

delayed n'eutr9n 

neutron group 

fraction in · the . . th 
1 U-235 

fraction i n the ·th J photo- .-

( 4) 

E = importance of photoneutrons relative to U-.2.35 . · 

delayed neutrons. 
I n t h i s s t u d y no s e p a rate a 1 1 o v.1 an c e \·J as. m a de f o r de 1 aye d 

neutrons from fast fission of U-238. The decay constan~s 

and delayed neutron fractions of the delayed neutron 
groups used are listed on Table I as obtained from Keepin(l) 

T h e r h 0 t 0 n e u t r 0 n i m p 0 r t a n c e ' E ' V! a s 0 b t a i n e d f r ·am t h ·e· . . . 
experiments performed by adjusting it until a relatively ' 
constant reactivity occurred .in the subcritical region 

following a rod insertion. 

EXPERI~IENT 

T VJ o s e t s o f r o d - d r o p ex p e r i me n t s ~·J e r e p e r f o r m e d i n 

the heavy-water moderated ZED-2 re actor to provide the 
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flu x-ti me data required to test th e rea ctivi t y meter 

cod e{ The ZED-2 reactnr, shown in Fig . l, co nsists of 

a 33 6 em diameter, 333 em high rea ct or t ank ~l ith a 60 ern 
thic k graphite side reflector an d a 90 em thic k graphite 
bottom reflector. The core used consisted of 97 fuel 

rods on a square lattice with a 28.575 em pitch. Of 
these, 69 contained 37-element · Bruce DzO-cooled fuel 

bundles, while the remaining 28, .occupying the perimetral _ 

lattice points (see Fig. 2), contained 19-element 
uranium metal fuel bundles. 

·2.1 Shutoff Rod and · Rod~Drdp Mechanism 

The shutoff rod used for all the experi ments in 

this report _ was 48.90 em long and 3.81 em 0.0 . . The 

cylindrical cadmiu~ absorber, 45.72 em long and 0 . ~81 mm 

thick, was co~pletely enclosed by alu minum. A thin air ­

craft cable cohnected the rod to the pulley of an .electric 

motor . The rod wa·s held up by an electro - magnet, and 

fell due to its o0n weight whenever the electro-magnet 
· VJ a s t u .r n e d o f f . N e a r t h e e n d .o f a d r o p , t h e r o d v~J a s 

decelerated by centrifugal brakes attached ·to the motor 

shaft. When the rod was fully down, i · t~ bottom stbod 

90_ em ·from the bottom of the calandria -, : or approximately 
a t t h e m i d - p l a n e o f t h e r e a c t o r \'! h e r e t h e ax i a 1 f l u x -
distribution · peaked. 

2.2 Detection · and Measurement Systems 

Two U-235 fission chambers were strapped to fuel 
rods such that a detector assumed a posit i on at the cell 
boundary and at t~e same height as the shutoff rod~ Each 

fission chamber fed a different data handling syste~ . 

The first ~ystem shown schematically in Fig. 3(a) shal l 
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be cillled the fast detector because of its shorter 

sam p 1 i rn 9 t i me i _n t e r v ~· 1 · , -r -." The s 1 o '.-: detector i s that 
sho v1n in Fig. 3(b). 

T h e c u r r e n t . o u t p u t from t h e fa s t d e t e c t o r \·J a s 
amplified thro~gh a Keithley 0-10 volt amplifi~r whose 

output was then linearly converted by the voltage-to­
frequency (V/F) converter to f~equencies in the range 
0 - 100 KHz. The output of the V/F converter was fed 

i~to a 1024-channel mu1ti-scaler and subseque_ntly 
punched onto paper tape. · It should. be · mentioned · that 

the values obtained from the multi-scaler represent 

fluxes averaged .within the correspondin_g time bin_. 
The slow detector's output was analyzed by the 

components shown _on Fig. 3(b) .. In this syst~m, ·the ·H.P. 
coupler/controller read flux values rep_resented by the 

voltage indicated on the _ d~gital voltmeter (DVM) . . The 
voltage recorded was that ex~sting during the second 
1/60 of a second of a ~ampling time · interv~l, the start 
of which was indicated by a lamp flashing on the DVM, . 
and the end fixed by the controller so as to be after the 

."teletype had finished printing. Therefore, a flux v ·al~e 

o b t a i n e d f r o m t h i s s y s t em w a s e s s e n t i a 1'1 y a n . i n s t a n t a n e o u s · · 

value. 
The DVt-1 1 amp \vas use·d to carrel ate· -the timing of ·the 

two detectors jn the following .manner. With t~~ slo~ . 
de t e c tor ·Ope rat i n g , the m u 1 t i - s c a l e r was s tart e d manu a·l 1 y 
a t a p a r t i c u 1 a r f l a s h o f t h e 1 a m p . S o me n u m b e r o f f 1 a s. h e s 

later the shutoff rod was dropped. Assuming any cor­
relation error to be that due to human reaction time 

(non1inally 0.1 seconds) then the time corresponding to 
the drop may be in error by as much as 0.2 seconds 

relative to the fast . detector. 
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2 . 3 Ex pe r i ni e pta l f11 e tho d 

2. 3. l V a r y in~1 tl1e Detector ·Positions 

The first set of experiments were designe~ to test 

the reactivity meter code for changes in reactivity as 
the detectors ~ere moved symmetrically across the core, 

the absorbing rod being dropped at c~re centre. The 

various detector positions for each of the four experi­
m e n t s a r e s h o \I/ n i n F i g . 2 ( a ) . · 

The procedure for each experiment was as follow~ . 

The heavy water was first pumped into the calandria yri·til 
the reactor was superc~itical. The pumping was the~ 

stopped and the reactor power was allo~ed to . increa~~ to 
. . . -

5 w a t t s . T h e r e a c t o r rem a i n e d c r i t i c a J a t · i h i s p o ~le r 
1 eve l for 1 - 1 l I 4 h o u r.s · to ensure saturation of most 

of the photoneutron precursors. Longer saturatin~ times 
w e r e n o t p o s s i b l e d u e t o r e a c t o r t i m e s c h e d u l ·; n g . T h e 

c r i t i c a l h e i g h t o f t h e m o d e r a t o r \·; a s n o t e d , a n d t h e · r o d .. 

subsequently dropped. For the fast detector T was set 

to 0.1 seconds to obtain information during the . actual . 

d r o p . . T h e s 1 ow d e t e c t o r h a d 'f s e t t o · 2 . 0 s e c o n d s a n d v; a s · 

left running for 50 - 70 minutes to ob~erve any effects 

due to the longer-lived photoneutron groups. 

After this· period, the rod was left in the . cor~ 

while the reactor was again made critical at 5 watts by _ 
raising the water level. Twenty minutes at this power 

level was allowed for most· of the del ay ed neutron grqups 
to saturate. The slow detector was left running during 

this time. The new critical height was noted and the 
11 neutron flux 11 registered by each detector. The ratio 

of the two steady-state fluxes (with and without the rod 

in) for a detector determined the flux depress~on experien< 

by it. The change in the moderator critica.l height was 
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used t o obtain the reactivity wor t h cf the rod fro m 
the l e vel coefficien_t·. of ·reactivity as discussed in 
Sec t((Jn 3 . 1. 

During the operating time of the slow detector 
the neutron flux decreased by two decades. This 

necessitated _ gain changes of the amplifi~r. 

Rod Depth Ver~u~ ·rime 

To aid in analyzing the results obtained du~ihg the 

time the - rod was moving, it was decided to try to establish · 
t h e p o s i t i o n o f t h e r o d a s a fun c t i o n o f t i me. . T h i s . ~i a s · 
accomplished in the following manner. A voltage supply 

was connected across a helical · potentiometer . corinect~~ 

to the shaft of the electric moto.r. The vol.tage o~tput 

from the potentiometer was .fed. through the V/F converter 
. . 

a n d i n t o t h e m u 1 t i - s c a 1 e r s e t a t 0 • l s .e c o n d p e r · c h a n n e ·1 . 

The resultant voltage/time curve for the _ ~ad-drop ·is · shown 
in Fig. 4 . 

S i n c e one co u 1 d n o t a s s u me 1 i n e a r i t y be tween v o ·1 t"a g e 
output and rod position, it became necessary to ~orrel~te 

the two graphically. The shutoff rod assembly was removed· 
from the core and the rod was raised to positions measured · 

on a two-metre scale. The correspondi~g voltages _ wer~ . 

·obtai ned from .t·h e DVM connected "to the he 1 i pot . . The · ·. 
results obtained are shown in Fig. 5, the non-linearity. 

existing as expected. The two curves were then unfolded 

and the rod depth versus time curve of Fig. 6 It-/as obtained, 
the deceleration of the rod near the bottom being qui t e 

noticeable. 

Varying the Rbd-Drop ·rosi.tion 

This set of experiments was performed to compare the 

time-dependant fluxes on opposite sides of the core ·as 
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t h e r o d p o s i t i o n vr a s v a r i e d a c r o s s o n e h a l f o f t h e c o r e . 

The four rod-drop 1 o c. at ions and t h c detector p o s i t ions 
a r e s h o \'! n o n F i g • 2 ( b } . A t -t h e s t a 1~ t o f · t h e f i r s t 

ex p e r i r:1 e n t t h e amp 1 i f i e r o f t h e fa s t de t e c t o r fa i l e d 

and was replaced by a Radiation Detection Amplifier · 

(EB~5530) built at CRNL. 

The experi~ental procedur~ was the same as for the 
previous experiments except that T for the fast _detector 

was increased to 0.8 ~econds. The operating time of the . 
slow detector was also decreased to 800 - 1000 s~conds to 

roughly match that of the other detector. 

RESULTS AND ANALYSIS 

Level Coefficient · of Reactivity 

The reactivity wo~th of the shutoff rod in each of 

the experiments was c~lcu1ated from the c~ange in - moderato~ 

critical height and the level coefficient of -reactivity 
as outlined in Ref. (5) and (6). The level · coefficient :. 

· o f r e a c t i v i t y , ( L C R ) , i s d e f i ne d a s L C R · = d p I dh \'J h e r e h ·. 

is the moderator height. 

The reactivity effect of the shutoff rod may then . be. 
obtained from 

p ;:: 

h 1 
! 

h 
0 

dp(h) dh 
dh 

where h
0 

= unperturbed critical height, 
h1 = ~ritical heigth with rod in. 

In the one-group, bare reactor model the level 

c o e f f i c i e n t o f r e a c t i v i t y i s i n v e r s e 1 y p r o p o r t i .o n a 1· t o 

the cube of the extrrapo1ated height. Assuming that the 

deviation from this relationshrp is small in a reflected 
core, it can be shown that(S) 
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( 5 ) 

v1 h e r e L C R 
0 

a n d L C R 1 a r e t h e l e v e 1 c o 2 f f i c i e n t s a t c r i t i c a 1 · 

hei ~ht s h
0 

and · h
1 

respectively, and H
0 

and ~l are· the 
extrapolated heights. 

From previous -measurements of LCR 1 S obtained for 
this core, a straight line plot of H3 ve~sus LCR (Fig. 7) ex 
provided the relation. 

LCR = -4.3226 x lQ-8 H3 + 1.1901 ( 6) 

From this, the le~el coefficients for the rod in . ahd out 

of the ~ore were . obtained for each ~xperiment and are · 

listed on Table III. The corresponding reactivities ~ere 
then calculated from equation (5). 

The change in reactivity as the detector · positf5>ns 
are radially varied (Table. II) is due _to the chang~ng 

shadowing effect of the shutoff rod on the detectors . 

. 3.2 The Reactivity Meter Code 

From the description of the . experimental procedUr~ ~ 

·it is expected that the reacti vi'ty calculated b.y . the meter 

code will be as follows. Zero for the · critical · reac~br 

followed by a rapid drop to some n~gatf~e value at the 

moment of the rod insertion·. This negative value should 

then be m a i n t a .r ned cons tan t for a 11 t i r.1 e u n t i 1 some f-urther 

change is made to the reactor, such as the re-establishment · 
of the critical state, by increasin~ the critical hei.ght, 

as was recorded by the slow ~etector. 
To obtain constant reactivity fro1.1 the code after 

the drop, several photoneutron parameters _can be adjusted, 

namely£ and the W;'s defined in .Appendix A. T~e d~layed 

neutron precursors were all assumed to be fully saturated 

b e f o r e t h e r o d d r o p - i . e . t h e \:1 • 1 .s \"·! e r e s e t e q u a l to l . · · 
l . 

Thus only £ was varied. 
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F1 l s o t h e · t t m e c o n s t a n t o f t h e ~ ..... s t r u m e n t a t i o n \·: a s 

as s u Ill e cl to be 1 . m s . .Tab 1 e I I I s h o ~:: s t hat any s u b s tan t i a l · 

e r }~ o r i n t h e r e a c t i v i t y r e s u 1 t i n g f ; · J :n a n i n c o r r e c t R C 

valu e ~'/ i 11 occur on 1 y during the f i r' s t second of .the 
drop, becomi·ng much less than experi mental error after 

2 s e.c on d s . 

Varying the Detector Positions 

Figures 8 - 11 show the · reactivity/time curves 

obtained from the meter code for both detector positions 

i n t h e f i r s t f o u r e x p e r i m e n t s . 0 n e i n t e r e s t i n g f e a t u .r. e 
of these curves is the fise in reactivity, shown in 
F i g . 8 , f o 1 1 o v: i _ n g a rod-drop one pi t c h d i s tan c e ·from ·.the 

detectors. This effect is presumabl; a spa~ial one~ 

caused by the localized flux depression around the rod. 

·This then illustrates an inadequacy of the ~oint kineti ·cs 

reactivity meter, namely that . care r.:u st be : taken \•Jith 

dete~t~r posi~ioning if a reasonable approximation·tci th~ 

g 1 o b a 1 , o r s p a c e - i n d e p e n de n t , n e u t r o n . f 1 u x . i s to b e m·e a· s u ·r e 1 

The expected sharp drop to a constant nega .t~ve 

· re ac~~J ity is well illustrated by the r~sults from the 

fast detector, particularly in Fig. 9(b). It is also 

reproduced from the slow detector's output, ·though not 

as well since i.t becomes more difficult to maintain a 
constant reactivity at long times by s_olely adJusting ·c ; 

( e . g . F i g . l l ( a ) ) . By t he n , t h e l o n g e r - 1 i v e d p h o t o n· e u t r o ri 

precursors are a major souce .·of neut l ons in the reactor, 
and so their densities prior to th e rod-drop (whic.h were 

assu!lled saturated) become importan t .. 
The expected r1se to a positi ve reactivity and 

subsequent drop to zero at criticality are observed in 

Figures 9(a), lO(a) and ll(a). _Fig ure 10 also shows 

th£ flux/time curve obtained fro m both detectors. The 
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inc rea sed reactivity fluctuations a ~ t e r lon_g times 

a r e d u e to t he s m a 1 1 e. r . si g n a 1 - to - n o i s e r a t i o a t 1 o v; 

neu t ron fluxes ~ The spurious · effec t s observed during 

the fi rst 300 - 400 seconds (see Fi g . lO(a)) are 
attributable to the amplifier gain changes previously 
mentioned. 

To try to establish the re~ctivity worth of the rod 
as determined by the meter code, the reactivities were 
av e ,· aq ed over a time span· in .which they remained 
relatively constant. These averaged values, · together . 

with their corresponding E values, are shown in _Table 
. I V . T h e · e r r o r s s h o 'vi n a r e t h e s t a n d a r d d e v i a t i o n s · f r o m . 

. the above averaging procedure. A comparison of the 

reactivities calculated from th~ moderator ·level co~f­

ficient . to those from the meter (also on Ta_bl.e. IV) ·sho\•JS · 
reasonable agreement, the . largest discrepancy_ being · -11%. 

Varying the Rod-Drop Position 

The reactivity-time curves for the Jast four exp·e~i~ 

.ments are shown in Figs. 12-15. ·The re~ctivity _ meter 

i s . a g a i n ·. J a i l i n g t o p r o d u c e a ~,, e 1 1 - d e f i ·n e d s t e p . · d r o p · i n 

r e a c t i v i t y t o a c o n s t a n t v a l u e . I t d o e s , h o vJ e v e r , · s h ow · 

t h e d e c r e a s e i n t h e r e a c t i v i t y \'1 o r t h o f · . t h e r. o d a s i t s . 
position is moved to lower flux regions. · 

The results · from the fast detector show slow vari-a­
tions in the reactivity for -300 seconds following the 
drop. This is very noticeab.le in Figs. l2_(b) and l3(b) ·, 
and could not be removed by varying s. The amplifier 
for this detector was replaced -in these experiments by 

one of ~nknown ~erformance (see Section 2~3.3); The 
above effects may therefore be due to non-lineariti~s 

at low output voltages. 
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The spatial effect observed . bef ore is also 
r e p r od u c e d i n F i. g s . 1.4 .( a ) . · and 1 5 ( a ) \·! h e r e · the r o d v1 a s 

. . 

dro pp ed near the detector. The pro mp t-drop to asymp- _ 

totic reactivity ratio increases fro m 1.26 to 1.54 as 

the rod is moved closer to the detector. 
As for the previous set of experiments, a reactivity 

worth of the rod at each positi~n was obtained and is 

given in Table N. The agreement betv1een ·these values 
and: ·those obtained from the level coefficient. is better 
than 12%, as before. 

3.3 Discussion on E 

Frbm Tilble V one can see that E varies (in an 

unsystematic way.) by as much as 46%, both b~tween ex~er i -
. . . 

ments and between detectors. Since E was the paramete~ 

adjusted to maintain constant reactivity .in the subcri~ · 

tical region, it may in . fact have been changed to cove~ 
u p o t h e r e f f e c t ~ . T h e s e c o u 1 d i n c l u d e a m p 1 i f i e r n o· n - ., _ i n e a r - · 

ties at low output _voltages; errors ~aused by gain . ch~nge~; 
.errors ari _sing from the _ assumption that ·the photoneutron · 

precursors were fully saturated before.the rod-drop, or 
small temperature drifts in the reactor - in this time 

interval. 
0 v e res t i m a.t i n g E w i l 1 i n trod u c e m o r e · ph o tone u t r o _n s 

than are physically present in the reactor, res.ulting ·in . 

an increasingly negative reactivity at long times. The . 

r e v e r s e i s t r u e vi h e n E i s u n d'e r e s t i m a t e d . T h e r e s u 1 t s 

of Fig. 14(b) (E = 0.4) were reproduc ed forE = 0.41' 
0 . 4 3, 0 . ~- 5 a n d 0 . 4 7 t o d e t e r m i n e · t h e r e s p e c t i v e e r r o t~ 

variations in time. · Assuming E = 0. 4 to b~ the correct 

value, the errors in reactivity were then abtai.ned from · 

the relation 
( 7) 
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where p
0
(t) is the reactivity for s = 0.4. Fig. 16 

s h o \'J s t h i s e r r o r a s a. f u n c t i o n o f t i n: e a n d s . T h e t i me 
. . . 

scal e is the same as in Fig. 14(b), the rod-drop 

occuring after 67 seconds. A proportionate decrease .in s 

resulted in the same error profile but reversed in sing. ·-· 

Note that for -100 seconds after the drop the error 

arising from a 20% cha~ge in E ~s 3.2%, or less than 

experimental error, indicating that this .·region is ­

relative l y insensitive to s. 

THEORETICAL ANALYSIS 

To check on the spatial effects detected by the 
reactivity meter, a theoretical analysis of the ·pert.i_nent 

exper-iments was undertaken. A two-group th.ree~dimensiona · l. 

kinetics code called CERBERUS was used whi~h is bas~d on 
the improved quasi-static method of Ref . . (7). In this .· 
me tho d , the total f 1 u x ,_ . <P Cr, E , t ) i s factor i zed i nt o · an 

amp 1 i t u d e f u n c t i o n , ¢ ( t ) , a n d a s h a p e f u n c t i o n , llJ ( r, E , t ) :· 

<P ( r, E , t) = ¢ ( t) lJ; ( f,E , t) ; ¢ ( o) · = ·1 . 0 ( 8) 

The assumption is made that the time d~pendenc~ nf the · 

shape function · is of lesser importance .. than that of · the . 
amplitude function. Therefore, the code -calculates manj 

values of the amplitude: along the time axis but only a 

few ~hape func~ions. The precursor density distributions 

are calculated directly from the flux history. 
T h e a p p r o x i m a t i o n t o t h. e Z E D - 2 c o r e · s h o vi n i n F i g . · .1 7 

~tJas fed into the CERBERUS code. Symmetry was assumed in 

they-direction thus cutting the core in half. The core 

was div i ded into cells, 28.575 em square and 27.0 em high, 

of three different materials: the two fuel materials -and 

a o2o reflector. The axial height of the cot~ was taken 

to be 270 em, the extrapolated height. The cell parameters 
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re quir e d for CERBERUS for each ffiate:ia l type were 
obt a i ned from t h.e c q d.e , L P~T REP ( 8 ) . These and other 

required rarameters are defined i n App endix B. 
Th e shutoff rod length was s et equal to t he heigh t 

of the two cells; 54 em. It was represented ·as a _four t h 

material with the same properties as the Bruce fuel, 
except for the thermal group neutron absorption cross­
section. The rod-drop was approxi mated by ~ividing th~ 
t i me o f t he d r o p i n to s i x i n t e r v a 1 s . E a c h i_ n t e r v a 1 

represented the time it took the rod _to fall a di .stance 
equal to_ a cell height, as determined from fig. ·6. These 

time intervals and the corresponding a~ial cell into ._ 

which the rod fell are given in Table V~ 

The CERBERUS code was modified to incorporate ~11 

15 delayed neutron _ groups, and to calculate ·the reactivity . 

by i n v e r s e p o i n t k i n e t i cs _. from t h e f l u x c h a n g e a t a p a r­

ticular cell. This cell was made to correspond to a 

detector location for direct com pa r ison between theo·ry and 

experiment. The detectors were placed in the si~th 

. a x i a 1 c e 1 l i n C E R B E R U S , t h e X - Y c o - o r d i n a t e s b e i n g v a ·r ;" e ··d 

·. ~ccording to experiment. 

Results and Analysis 

The first -run of CERBERUS \v as a s ta tic case to 

insure that the correct eigenvalue was calculated and 

that the flux profiles seemed sensible. For the second 
run, also a static case, the ·rod was introduced at OlW 
(cells (4,8,6) and (4,8,7) in CERSERU S). The thermal 

absorption cross section was then adjusted until the 

global reactivity calculated by CE RB ERUS matched th~t 
obtained from the level coefficient for the corresponding 

experiment. The cross-section fin a lly obtained was 

0.00755 cm""'l, 
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A full kinetics analysis for a 120 second interval 

was th~n obtained from. CERBERUS for the rod-drop at 

Oll·!. F-ig. 18 sho~Js the react"ivity calculated from the 
C E R 8 [ l ~ US f 1 u x at the t VI o detector p o s i t i on s , 01 E . ( 4 . 7 . 6 ) 

and GlE (12, 7, 6). The third curve is the g_lobal 

reactivity calculated by CERBERUS. The .time dependence 
shown i -s in good qualitative a~reement with experimental 
results, · shown in · F~g. 15, for both detectors. Quantative 

discrepancies are attributable to the oversimplification 

i n m o d e l l. i n g t h e ZE D ... 2 c o r e a n _d · t h e r o d - d r o p . 

The spatial effect, observed both experi~entally and 
theoretically, is due to the time delay of _the adap~ 

tation of . the precursor spatial distribution to the 
perturbed flux shape. t-lhen the rod is dropped close ·_to 

a detector, a. localized flux depression _ oc~urs~ Ho~ever, 

the precursor spacial distribution stiil follows that of 
the unperturbed flux, decaying asymptoti _cally to the 

perturbed flux distribution. The reactivi.ty, ther~fo~e, 

will increase to a smaller asymptotic negative valu~·as · · ~ 
the original precursor densities continue to decay . . · . 

An absorbing rod dropped in one half of the core 

excites the first azimuthal mode causing a_ posi_tive .flux 
ti .1t in the other half. However, the uhperturbed prec~rs~r 

density distribution is still decaying. · This results 

in the prompt drop in reactivity being retarded (as ~ho~n· .~ 

in Fi~s ~ 17 and 22) as the neutron contributioh fro~ the 
original precursor distribution dies away with time~ 

This delay~d neutron hold-up ·effect is not as pronouh_ce·d 

as in position OlE where a greater change in the flux 

distribution occurs. 
The delayed neutron hold-up also effects the global 

reactivity calculated by CERBERUS. This is mo_re important 
in l a rge, loosely coupled reactors where big flux tilts 

can develop, but is hardly noticeable in ZED-2. 
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T h e n ex t C E R B E R U S r u n a n a 1 y z e d t :1 e r o d - d r o p a t 

position NlW. The resultant reac t i vi ty versus time 

curve s are shown in Fig. 19. · Again t he temporal 

dist r i bution is in . good qualitativ e Jg ree ment with the 
e X p e r i m e n t a l r e s u 1 t s s h 0 w n i n F i g . l 4 . T h e p .r e c u r s 0 r 

hold-up effect is clearly reproduced at both detector 
positions. 

The rod-drop at centre core, the detectors befng 

located at · LlE and ·JlE, was a~so analyzed by CER~ERUS ~ 

F i g . 2 0 s h o 'I! s t h a t C E R B E R U S c a l c u 1 a t e d i d e n t · i c a 1 ·. r ~ a c ·­

t i v i t i e s a t b 0 t h d e t e c t 0 r p 0 s i t i 0 n s d u e t 0 t h e. s y m m e t ry 

in the ·x-direction. The results are in gorid agre~m~nt . 

w i t h t h e e x p e r i m e n t a l r e s u 1 t s s h o \'1 n i n F i. g . 8 . 

Figs. S(a) and 20 show a rise in reactivity during 
the first 200 seconds. However, the reactivity obtiined 
from the fast detector ~es .ults (Fig. ·s(b)) was mide . I 

constant during this time interval by varyi ·ng E. From 

Table IV one can see that this . E lt·tas overestimated .when 

compared to that obtained from the slow detector - r~sults. 

T h u s i t n ·o w s e e m s i n c o r r e c t t o h a v e a d j u s t e d E o v e r .t h f s 
s h o r t t i m e i n t e r v a 1 \v h e r e s i g n i f i c a n t e f f e c t s f r o m t h e 

delayed neutron precursor .hold-up n.ay otcur. 

FAST .TRANSIENT ANALYSIS 

T h e f a s t d e t e c t o r w a s o r i g i n a l 1 y r u n It/ i t h · T = 0- . 1 

seconds to obtain information on fast transients during 

the drop. The experiment considered for this analysis 
was that in which the detector was located at GlE and the 

rod at centre core (Fig. ll(b)). The flux/time profile 

obtained from the detector plus the meter · code analysis 
of the drop ar~ shown in Fig. 21. The results . from .. the 

meter code are also shown witb those of the rod depth ver~u 

time curve in Fig. 6. 
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The ~ 1 ope term mentioned in ~ec t i on 1 .l should 

b e c o m c s i g n i f i c a n t i n . t h i s · a n a l y s i s , t !1 e f a s t e s t f 1 u x 

c h a n g e s o c c u r i n g d u r i n g t h e d r o p . H o \.! e v e r , t h e me t e r 

cod e 1 s results showed that at its ~ aximum the slope te rm 
contributed only 0.16 mk or -25% of the total reactivity .· 

Furthermore, this contribution quickly decreased to less 

than 2% after only 5 seconds fr~m the initiation of the 
rod-drop . 

Comparison with ·cERBERUS 

Th~ kinetics code, CERBERUS, was also used · to analyte 

t he above experiment. Its results are compared in Fi~. 21 
with those obtained from the meter code. The agree m~nt 

bet \'J e en the tHo i n d i cat e·s t h at the r 6 d- d r c p . . \'I as we 11 · 

approximated in CERBERUS . . The discrepancy near the · end 

of the fall could perhaps b~ removed by obtaining more . · 
axial rod positi~ns during this interval , . thu~ providing 

a better rod-drop approximatiqn. 

The main objective of the rod-drop · eiperiments pe~­

formed \A:as to test the feasibility of a :reactivity mete r 

code based on .the point kine~ics .model. · It has been 
s h o It! n t h a t t h e me t" e r c o d e r e p r o d u c e s · r e a s o n a b 1 y V! e 1 1 · t h e 

expected step drop in reactivity due to a rod insertion 
and subsequent chan~es when .the moderator level is again 
increased. However, there are so me limitations. The 

inability of a sirigle detectdr · to measure a global ne utron 

flux results in spatial effects attributed to delayed neutral 
hold-up. For analysis over long times, the photoneutron 

par am eters become very important, sin particular, unless . 

one is interested only in the prompt reactivity drop. 
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C o n s i d e r a t i o n s h_ o u l d b e g i v e n . , . f u r t h e r t e s t i n g 

of t ~ 1 e code , con cent r.a .t i n g on the pI' o b 1 ems d i s c l o sed 
. . . 

by t his project. For example, th e pr ob le m of obtaining 

a glob a l neutron flux may be mini n: i zed by positioning 

the detector at a predetermined loc ation in the· core 

where the local flux perturbati~n is expected to be 
m i n i m a l . 0 r t h e o u t p u t s- o f t \tl o · o r m o r e d e t e c t o r s m a y 

be summed as one in anticipation that spatial errors 

may cancel and a better approximation to the true global 
f l u x i s o b t a i ned . More 1 o !1 g- term ex peri men t s uti 1 .. i z i n g. 
an autoranging amplifier should be performed to remove -. 

errors due to scale changes and to gain tnformati6n ~nd 

experience on the proper adjustmen t of the photoneutron 
parameters. 



,L\PPENDIX A 

DERIVATIOil OF THE INVERSE- -NEUTRON Kif~ETICS EQUATIONS 

Equations (l) and (2) in the teit may be expre~sed as 

an intergo-differential equation: 

p ( t) N(t) = £ [dN(t) 
dt 

Q] + SN(t) 
t 

L:S·A· f . 1 1 
1 

-00 

A-(t'-t) 
N(t')e 1 dt' 

Experimentally, the neutron flux, N, · is averaged over .a . 
s a m p 1 i n g t i me i n t e r v a 1 , · r ., s u c h t h a t a t t h e r·l t h t i me i n t e. r v a 1 

H · = 1/T 
r~ 

IT N(t') dt' 
(N-1) -r 

The flux within a time interval may be approximated by a -
second degree interpolation polynomial of the fo .rm 

where a 0 ~1 = NM - ~NM[l/2 M2 (1 - aM) + f•ia - l/6 ( 1 + 2aN·) l · 
M 

a lr'l = ( td~ f1/ l) [ M ( 1 - · aM) + a~1] 

i 
( a~1 1 ) a 2i'l 

= ( 1 /2· liNt-1/-r ) -

~ri ~1 = N ~1 -. N t1- 1 

Ci. = 
tlNt,1+ 1 

~1 
6NM 

In rea l ity the flux values will be voltages measured by some 
electronic circuity, like - that of Fig. 3. For fast changes 

in flux (such as shut down) the time constant of the instrumen­

tation may become important. Thus the flux may theD · be 

represented in terms of the voltage, V(t), ~y 

19 
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N ( t ) = V ( t ) .+ . R C d y ( t) / d t 

where V(t) is approximated by the inte rpo l a tion polyno mial 
of equati on (3) . 

( 4 ) . 

Using the neutron _flux weighted mean reactivi-ty defined 

in Ref. 4, the reactivity at the Mt~ time interval beco mes 
' 

PM = [ J +Tp(t' )N(t' )dt'] I [f~ +-!: N(t')dt'] 
t 

[f t +-r p(t')N(t') dt']/NMT . = 
t 

Substituting the above into equation (1) and rearra~ging 
terms one obtains 

p~l = 
N T 

M 

MT 
f . 

(M-1 )-r 

dN(t') 
r-~..!- Q]dt' + 

dt' 

t 
f N(t'')e-Ai(t''-t'') dt ' ' 
-ClO 

S. A. 1 1 . . 
E--

~1T 
f dt' 

i ~! t·1 T ·. (i·1-l) -r 

. ( 6) . 

Integrating the first term of the abov.e ex_pres~ion and 

t hen substituting equation (3) and (4) into the result yiel~s 

{ t1 v M [ 1 1 2 . ( a.~1 + l ) + a ( a.r~ - 1 ) J - Q T} . ( 7) 

where a = RC/-r. 

Further subdivision produces t v~ o terms already defined 

as the · slope term: 

b 
-6VM 

{l/2(aM + 1) t a(aM- 1), b = £/T 
N r1 

(8) 

and the source term: (9) 
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The last term in equation (6), aft e :~ simple -but tedious 

man i p u 1 at 1 on s , red u c.e s to. a r e· curs i on for m u l a for each 

per~ ursor group, i, of the form 

"I -A .. T .· 

·PM . = - [ N rJI l e 1 P_ M __ , ' ,. + RM ' 1. J 
1·1, l N ,,_ n 

~1 

\'Jh e r e R t1 i = ·V ~1 A 0 . + ~VM IB2 -+ aM B l i + a ( c . + aM 01 
l -A. T · 

A . = s. [ 1 - e l J 
01 1 

, -A.T .. '3 _l_) . '1 
B = B. [e 1 (1 + + oi - --

l 2A.T x.2-r2 2A.T 
1 1 1 

1 . . 1 -X.T 
(-1- 1 

B 1 i s.[ 2 = 
1 A·T 

B. [ l c = 
01 l 2 

l c1 ; = s.[­
, 2 

1 

+ 

2 -

1 -
A.T 

1 

l 

X.T 
l 

e 1 + 2 2A.T 2X.T A . T . 1 1 1 
-A.T 

(l _l_)J 1 + e 
2 A·T 

l 

-A.T 
+ e 1 (l/2 + l/XiT) _~ -

c ,-i ) J 

.1 .. 
2~ - 2 >... T 

1-

2)] 

These equations differ somewhat from those .of Ref. 4. 

( l 0) 

However, it ~as found that the results from Ref. 4 do not 
work satisfactorily as is easi1.y seen by so1vi~g the _· 

equations derived in this reference for the .. · constant flux 

case. The resultant reactiVity should be zeio, but is not. 
Equation (10), meanwhile, does yield zero reactivity for _ the 

same case. 
For the initial time interval equation (6) was re-solved 

to obtain a new recursion formula .. 

= p 1 . 
' l 

1 I N 1 [ V a ~~ 
1
. _/ A 

1
. T A • . + R • . ] 

0,1 l,l 
( 1 l ) 

where R,·.::: u,A 1
• + fiv.rs· . +a, s,·. + a(c• . +. a.,c,·· -. )J 

,l 01 ' 1 0,1 . ,1 0,1 - ,1 
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A I • 

0 '1 

B I • 

0 '1 

B 1' . . 
' 1 

c I • 

0 ' 1 

c ,, . 
' 1 

c 

w. 
1 

= 

= 

= 

= 

= 

= 

= 

C{;\.-r 
1 

+ e 
-1..-r 

1 - 1 J 

. 2 2 
C[l/A.-r- 1/3 - 1/;\. -r 

. 1 . 1 + e 
- A ~ i L 

-;\ .-r . 
C[:A..-r/2 1//..,-r + e 1 ( l + lj:\.T)] 

1 . 1 1 

-A.-r 
C[A.-r/2 l + 1/:A..-r e 1 (1/ A;-r)] -

1 . 1 

(3./(A.T) 
. -l 1 A.t' . 0 

A./V J e 1 N ( t I ) . dt' 
1 a 

-co 

initial neutron flux. 
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. . 

Thus the reactivity at a . particular time interval, M, 

is obtained from the expression 

1 ) } 8 + - . ~ · p N.; .... 
. 1 .. 

(.1 2) 



. APPENDIX B 

I N P U T P J\ R ;\ i·l E T E R S F 0 R . CERBERUS 

The following are the material properties, neutron 
velocities and the converg~nce cri~eria as required by 
CERBERUS. The ~patial parameters ·and materials distributions 
are covered in the text. 

PROPERTY 

. GROUP Diffusion 
GROUP 2 Diffusion 
GROUP Absorption 
GRO UP 2 Absorption 
FAST PRODUCTION . 

FA S T R E r~1 0 V A L 

NEUTRON VELOCITIES: 

CONVERGENCE CRITERION: 

- ~1 ATE R I A L · TYPE 

1 2 

1. 212 . 1.2297 

0 . 9897 0 0 9 9. 3 7 

0.0 0.00105 

9.92 X lo-5 0.00429 

0.0 0.0056 

0.0106 0.00971 

= 
7 .:. ·, 

1.0 x 10 cm.sec 

= 2.20 x 10 5 ~cm.sec-l · 

0.001 
LIEBMANN ACCELERAT·I.ON PARAMETER: 1.7 

MAX IM UM NUMBER OF ITERATIONS: 1000 

23 . 

3 . . 

·1 • 3_5•3 8 

1 . . 1 3 4 0 

0.0010 

0.00494 
. . . 

0.00600 

0. 009 3.2 
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TABLE . ·I 

DELAYED NEUTRON DATA 

U~235 DELAYED GROUPS: 

RELATIVE FRACTION (S;) DECAY CONSTANT 

0.033 

0.219 · 
0. 19 6 

0. 39 5 

0 . 11 5 

0.042 

.PHOTONEUTRON DELAYED GROUPS: 

0.6464 -

0.2025 · 

0.0695 

0.0333 

0.0205 

0.0231 

0.0032 

0.001 

0.005 

0.0124 
.o. 0 3 5 

0. 111 
0. 301 

1 . 1 3 
3.0 

0.277 
0.0169 

0.00481 . 

0.0015 
4. 2s x lo-4 

1.16 x 1o-4 

4.39 x 1o-5 

3.65 x lo- 6 

1·.63 x ·1o-6 
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' 
TABLE II 

CRITICAL HEIGHT CHANGES AND REACTIVITIES 

SITION ·OF DETECTOR DATE · R 0 0 .STATU S ·Hc(cm) L1H (em) LCR p(mk) OR ROD 

VARYING VET ECTOR POSTTTO ,\JS 

JlE/L1E May 2 7 (a. m·.) Out . (of core) 247.546 .3496 
In 257.330 9.784 .2544 2.935 

I-lE/t·1lE Nay 27 (p.~.) Out 246.960 .3"551 
257.308 10.348 .2545 3. 1 30 

HlE/N1E May 28 (a.m.) Ou·t 246.367 ·. .3606 
In 256.779 10.412 . .2600 3.207 

G1E/OlE Nay _ 28 (p.m.) Out . 245.613 . 36.76 

In 256.000 10 .. 387 .2678 3.276 

) VARYING ROV POSITIONS 

L 1 vJ May · 29 ( a·. m ~ ) · ··ou·t 2'4 5. 7 7 5· .3661 
In '. · 255.388 19.613 .2739 . J. 057 

·M l H t~ay 29 (p~m.) · ·· Out 245.'801 .3658 
In 253.580 7.779 . 2917 2.548 

r~ 1 H r·.-1ay 30 . (.a .. m. ) ·aut 2 4 5.~ 8.30 .3656 . 
.In . 251.314 · 5 .. 484 . 31 3 7 1 . 8 59 

0 1 t·J t··lay 3 0 . ( p . m·.· .) Out 2A 5 . 84 5 .3654 
In 249.176' · 3.331 . 3342 . ~ (, c~ 



T I riE 

(sec) 

. 1 

. 2 

. 3 

. 5 

. 7 

. 9 

1 . 1 

2. l 

. 2. 6 

3.1 

100.0 

\ 
\ 
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TABLE III 

VARYING THE TI ~1E CONSTANT, RC · 

RC VALUES 

. 01 . . 0001 .00001 
; \ 

p(RC)* = 1 . 1 8 5 . 9 816 .9797 
Po 

l . 1 48 . 9 85 2 . 9838 

1 . 1 2 5 .9875 . 986.3 

l . 0 7 2 .9928 .99.2.1 

1 . 0 49 .9951 .9946 

1 . 0 34 . 9965 .9962 

l . 0 2 3 . 09977 .9975 

l . 00 5 .9995 . . 99945'--
l . 00 3 .9997 .99965 . 

1 . 00 2 .9998 · .9998 . 

1 . 0008 .9993 

* p.
0 

= p(RC = .001) 



"'? 

TABLE IV 
.,__ 

--

REACTIVITIES AS DETERrvli NED BY THE REACTIVITY ~1 E T E R 

OSITIO N OF FAST DETECTOR . , 
SLOt~ 0 ET E CT.O R PLCR 

TECTORS 0 R .ROD p(mk) £ p(mk) £ 

I \ 

a } VARY I NG DETE CTO R POSIT I ONS 

JkE/L1E 3.283 + .034 0.396 3.033 + .059 0.305 2.935 - -
I l E It'. 1 E 3.286 + .023 0.39 3.070 + .066 0.34 3.130 - -
H ·1 E IN l E 3. 1 49 + .023 0.28 3. 1 01 + .053 0. 32'5 3.207 - -
G1E/01E 3. 11 8 + .025 0.28 3.037 + . 056 0.40 3.276 - -

b) VARYING ROV VROP POSITIONS 

Ll\o/ 2.885 + .032 0.36 2.887 + .061 0 . 41 3.057 - -
~~ 1 t·J 2.366 + .068 Oo305 2 ~ 521 + .052 Oo40 2.5 48 - -
N 1 vi 1 . 6 52 + .038 0.33 1 0 7 20 + o041 0.30 l -::::;o . J -J - -
01 \·I 1 0 0 3 1 + 0 0 l 8 0 .. 33 1 . 019 .+ . 018 0.28 1 . l 6 4 -

.. N 
(X) 

.• 

-· . -
I .. . 

I 

-.-
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TABLE V 

APP ROXI MATJ NG THE RO D-DROP INTO APPROPRIATE -TIME IfiTERVALS FOR CER BERUS 

TIHE INTERVAL AX I AL CELL 
(sec) 

0 . l 5 2 

0.25 · 2 and 3 

0 . 40 3 and 4 

0 . 50 4 and 5 

0 . 65 5 and 6 

l . 30 6 and 7 . 
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