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ABSTRACT 

Title of Thesis: Reactivity Measurements on the University 
of Maryland Reactor by Conventional Methods 
and Statistical Processes and Comparison with 
Calculational Methods 

Agustin Diaz Zubieta, Doctor of Philosophy, 1970 

Thesis Directed by: Dr. Dick Duffey, 
Professor of Nuclear Engineering 

The accurate experimental determination of nuclear reactor core 

physics parameters is of great importance for its safe operation. In 

particular, the accurate determination and prediction of criticality 

during the initial fuel loading of a nuclear reactor are essential for a 

safe nuclear reactor startup. Also, the degree of subcriticality or 

shutdown margin of a nuclear core with its control rods inserted is an 

important parameter for the operation of a nuclear re::i r.tor throughout 

the core operating lifetime. 

There are several methods utilized to determine both the criticality 

and the shutdown margins. All of these methods depend on measuring 

the response of neutron detectors and the calibration of the control r ods . 

However, neutron detectors respond only to the neutron flux in the core 

in the vicinity of the nuclear detectors. During initial reactor core fuel 

loading, the reactivity of the core is determined from the multiplication 

of the neutrons of the startup source by the addition of nuclear fuel. 

Reactivity is determined from the multiplication factor by a constant 

which is related to the source-detector geometry in the core. 



In t his r s arch a method was studi ed which a llowed the deter­

mination of reactivity independent of the source-detector geometry. 

R eactivity measur ments of the 10 kw University of Maryland pool 

training reactor (UMR) w re made by con ventional methods a nd by a 

statistical process, th variance-to-mean ratio m ethod , and th e re­

sults were compared with calculational m ethods. 

Th theoretical method select d to determin e the UMR cor e 

reactivity was ba s ed on the multigroup, multiregion, diffusion th eory. 

The accu racy of th e theor eti cal model was determined for the just 

critical UMR co r . Agr ement to within 0. 2% 6K/K was obtained 

b etween the control rod measured and the calculat e d reactivity for the 

UMR full cor , a nd smaller UMR supercritical cores . 

Th statistical t echniqu e of th e variance-to-mean ratio of th num­

ber of counts for various counting gate openings , as a m eans to deter­

mine th degree of subcriticality, or shutdown margin, has b een proven 

to b e an ffective m ethod . 

A BF3 , th rmal n eutron proportional det ector , with a s ensitivity of 

l2. 1 counts / s ec pe r n/ cm2 / s ec, was placed inside of an e l even fe e t long 

aluminum tubing. The end of th e tubing containing t h e det ctor was 

ins e rt e d in the center Glory Hole of th e UMR cor . The current pulses 

from th e proportional detector was amplified and fed to a TMC 1024 -

channel pulse analyz er. The pulses were counted for different 6t gat 

0 Penings from 10 - 4 seconds to 10 s econds. For each 6t gat opening, 

l023 sample s w e re taken. The printed output from the TMC-1024 was 

0 llect e d · • th ber of counts received per 6t , as w 11 as th 
, g1vrng · e num 



int e gral of all the counts received during a period of time, equal to 

1023 x 6t seconds. 

From the integrated value for the number of counts the average 

count c for th e gat e opening 6t was obtained. 

The printed output was transfe rred to IBM cards acceptable to a 

"Reactor Noise" code written for the IBM-7090. This code calculated 

the average value, c, for each 6t (which gave a check on the validity 

of th e data transferred to the IBM cards by comparing it with the value 

obtained during th e measurement), the standard deviation a, and the 

variance-to-mean ratio for all the data taken for each 6t seconds gate 

opening. 

Plots of the values of the variance-to-mean ratio versus gate 

openings were obtained for several UMR full core with the rods banked 

a t various degrees of insertion (shutdown margins), and also for various 

UMR subcritical cores. 

Measur e ments of the shutdown margins by the variance-to-mean 

t echnique w e r e in agreement with the values obtained from the rod 

calibration for negative reactivities of less than -1. 00% 6K/K, and 

within ten percent for negative reactivities of approximately -2. 0% 6K/K. 

Measurements of the reactivity of small UMR cores indicated that 

for UMR core conditions of 0. 5% 6K/K subcritical, experiment and 

theory for 1-Keff were found to be only 6 parts in 100 apart, and for 

2. 0% 6K/K subcritical, experiment and theory were found to be only 

8 parts in 100 apart. 



► 

The variance-to-m an technique was compared to the inverse 

multiplication m thod for determination of criticality during the UMR 

fu 1 loading, and was found to b a more accurate method, primarily, 

becaus e of its independence of th source-detector geometry effects. 

The system utilized for the statistical data processing is exact, 

howev r cumbersome, due to the amount of data to process and th 

amount of p ripheral hardware utilized in the r duction of the data. 

It appears from this study that gr ater overall counting efficiency 

for the same amount of statistical data would permit more accurate 

m asurements at larger degrees of subcriticality, perhaps, in t h e 

region of -4. 0% t:::,K / K to -5. 0% t:::,K / K . A system is proposed in this 

study to m asure negative reactivity continuously, and directly, by 

means of a small computer capabl e of accepting t h e output of a multi­

ch annel s aler. T h e computer woul d have a fixed internal logic capa ble 

of calculating reactivity from th e variance-to-mean analysis of the 

neutron detector counts. 
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SECTION I 

INTRODUCTION 

A. Introductory Remarks 

The author has b een very closely associated with the Univ rsity of 

Maryland Reactor (UMR), reference 1, from its early design and con­

struction stages as a member of the Allis-Chalmers Manufacturing 

Company, Nucl ar Power Department, Physics Group, in 19 60, 

through the reactor start-up and testing, and later as a graduate stu-

d nt of the Nuclear Engineering Department of th e University of 

Maryland, from 1960 through 1966. The author held an Atomic Energy 

Commission (AEC) license to operate the UMR from 1962 to 1966. 

In January 1962, the University of Maryland was granted permis ­

sion by the Atomic Energy Commission to change the core configuration 

of their reactor. The primary objective of this core configuration 

change, was to arrive at a core which would be capable of incorporating 

a water filled hole, "Glory Hole," surrounded by fuel n ear th center 

of the core, and at the same time obtain a core excess reactivity 

b etween 0. 5% 6K/K and 1. 0% 6K/K a vailabl for experiments. The 

procedures and results for the UMR core configuration change are 

d scribed in referenc 2. 

The author was first exposed to the theory of reactor noise 

analysis, i. . , statistical analysis of the fluctuations of the n utron 

1 



po pula tion a bout a m ean valu e , during th e initial start-up an d t e sting 

of t h e E lk R iver Boiling Water R e a ctor, ERR, 58. 2 M wt. , in 19 62. 

Und e r th e d i r ection of Dr. J . A . Thie, an exp e riment wa s p e rforme d 

2 

1.o a n a l yze th e ERR pow e r flu ctuations. The r a w data was taken 

directly from th e linear pow e r recorde r. Th e powe r fluctuations w e r e 

dig itiz e d and compute r pro cess e d to d e t e rmine the standard d e viation 

of th e Elk River R eactor at constant powe r l evels . This important 

expe riment pe rmitt e d us to attain a d egree of safet y in th e initial pow er 

e s cal a tion, since from th e data obtaine d at low e r pow e r l e ve ls , th e 

stability at high e r pow e r l evels could b e pre dict e d with a c e rtain d egree 

o f a ccura cy. 

From the expe rien ce gaine d on the s e t e sts , the author d ecided to 

a pply similar t e chniqu e s , as d e scribe d in Section III of this diss e rtation, 

for sub c ritical and slightly supercritical UMR cores. 

Anoth e r important r eason for this r e s earch , as th e author saw it 

a t its b eginning, was to find an alt e rnat e m ethod t o determine core 

r e a ctiv ity, both for subcritical and supe r critical ass e mblie s , by othe r 

m eans , diffe r ent from th e conventional t echniqu e s utiliz e d in r eactor 

exp e rimentation up to dat e, namely, th e rod-bump, p e riod , and r ea c ­

tiv ity meas urement associated with the m easure d pe riod. In sub c riti cal 

core s a n d during initial core loadings , c riticality is normally predict e d 

b y th e 1/M m ethod , wh e r e M is th e numb e r of time s th e source neutron 

population is multiplie d by th e subs equ ent addition of r ea ctor fu e l. By 

plotting th inve rs e of the multiplication factor , M , against th e fu e l 



3 

mass add d at each step, prediction of t h e critical fuel loading can b e 

had, by extrapolat ing to zero the data gath red from arly fu e l loadings. 

However, this method is highly affected by th neutron source-

detector geometry, overestimating or und restimating the critical 

loading. Further, this method does not provid e the core reactivity, 

nor t h e s hutdown margin (degr ee of subcriticality of a fuel assembly 

w ith th control rods fully inserted). 

The a uthor has b een very ke nly interest d in th e accurate 

definit ion of the UMR core parameters, both fro m theoretical and 

experimental approaches. This dissertation describ es th e theory and 

experimental techniques us ed to calculate and m easure th e DMR core 

reactivity and UMR core phys ics parameters. E x perimental results 

were obtaine d both by conventional t echniqu es and by statistical analy­

sis of the fluctuations of the n eutron population, " r actor nois e, " under 

steady stat core pow er conditions. 

B. Organization of th e T est 

Section II pres ents background information r ega rding r eactor noise, 

and reasons for the sel ection of the variance -to-m an ratio technique 

for th e reactivity measure ments of the Unive rsity of Mary land R eactor. 

Section III pr e s ents the theory and mathematical model s l ected , 

r eferen ces 3, 4 , 5, and 6, correlating the variance -to-mean ratio of 

th e n eutron population to reactivity for th e UMR core. 

Se ction IV describe s the equipment us e d in th e xperiments. 



Section V descr ib es th calibration of th e nuclear instrumenta t ion 

us d a n d Section VI outlines th e exp e rim n t p r for m e d t o t e st th e 

model by rn.eans of a r a ndom n eutron source . 

Section VII describ e s th e calculation of th e phy sic s para m et e rs of 

t h e Unive rsity of Maryland R eactor . 

4 

S ction VIII d e s c ribes the calibration of the UMR control rods, 

wh ich is bas i c fo r t h accura t e d et e rmination o f rea ctivity an d shutdown 

ma r g in . 

S ection IX de s c rib e s the r a ctiv ity m easur m ents o f UMR full cor 

a nd two slightly supe r c riti cal cores, and its comparison with calculat e d 

results fo r t h s a m e core configurations. 

S ection X d e s c rib e s t h e e xpe riment and measure m ents by m eans 

of th e statistical mod el pre s ent e d in Section III for UMR fu 1 in sub­

c ritical ass e mbli s a nd for the UMR full core with the control rods at 

diffe r ent d egr ees of insertio n. 

S ection XI summariz e s th e r e sults of the expe riments and Se ction 

X II formulates conclu sions base d on th e resu lts . 



SECTION II 

R E ACTOR NOISE 

A . Ge neral Description 

The term "noise" is commonly used today in many areas of science 

a nd en gineering. It is normally associated with a random behavior of 

event s a s distingui s he d from regular or determinable behavior . In t he 

field of reactor the ory, 11 nois e" normally des c ribes the random fluct u ­

ation of the n eutron population about its average at a cons tant p ower 

l evel at steady s t at e operation. 

Since de Hoffm an's initial utilization of noise t h eory in reacto rs in 

1946, referen ce 3, nois e an alysis has develop e d into a sci en ce with 

mult iple a pplications in the fi e ld of nucl ear react ors. One of the most 

i m portant and comprehensive studies of the p resent status of t h e reactor 

nois e the ory can be found in refe ren ce 4 (see not e below). 

To measur e a r eactor 's transfer function, the only available tool 

dur ing t he early y ear s of experimentation with reactors was the control 

rod - oscillator experiments, which in general a r e l aborious and expen ­

sive in r equired hardware, and n e c e ssitat e acces s to the reactor's core. 

Reactor noise analysis came in favor in the reactor experiment field 

for the following rea sons among ot hers: a ) normally required in­

str umentation for operating reactors is sufficient; b) core accessi­

bility not requi red; c) from direct analysis of the linear output of 

(Note: In order to easily introduce the reader to the specific formulae 
theoretically der i ved by others and used in this dissertation the author 
has selected in Sections II and III to follow the derivations as presented 
by Dr. J.A. Thie in his book, Reactor Noise, pages 12-15 , 96-98, and 102-
104. The author obtained written permiss i on of the copyright owner, as 
well as of Dr J.A. Thie . ) 
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the power r corder the Fourier spectrum of th e core can be obtaine d , 

which is a rather direct measure of stability and safety in high power 

reactors and permits evaluation of certain core parameters at low 

power, as it will b e discussed h erein later. 

The fluctuations of the n utron population, as recorded by the as­

sociated nuclear instrumentation, once proper filtering of equipment 

background or interferenc has been performed, has several major 

sources in the reactor core: a) the natural statistical variation of the 

n utron chain reaction; b) reactor core coolant temperature and den­

sity variations, which affect directly or indirectly the n eutron chain 

r action; c ) perturbation of the core, i. e . , control rod oscillation, 

mechanical vibration of the core elements due to coolant flow, voids in 

the coolant, etc. 

In this dissertation we shall concern ourselves only with the direct 

usage of noise analysis in low or zero- pow er reactor, like the UMR, 

wher core h eating does not o ccu r and consequently the reactor noise 

relates exclusively with the intrinsic characteristics of the core and its 

neutronic fluctuations. 

B. Zero-Pow e r Reactor Nois e Analysis 

6 

Zero-pow er level in the reactor field normally d fines th e range 

from a few milliwatts to approximately 100 watts. At this power level, 

the dynamic behavior of the neutron chain can be completely represented 

by th neutron-kinetics equations, since at this pow er 1 vel the neutron 

population is not affected by thermal effects in th e core . H n c the 



7 

m ultiplication o f th e s ou rce n eut r on s by t h e core fi s siona ble mate rial , 

a n d overall core n eu tron popula tion flu ctuations can b e determin e d only 

by s t atistical m e thods . 

Th ato mic fission pr o cess itself o ccurs acco r d in g to l aws of 

prob a bility . Wh e n a tomic fis sion occurs , an integral numb e r of n eutrons 

is emitted per f iss i on, a n d ye t th e m easur e m ents of v , th e ave rage of 

t h e t ota l (pro mpt plu s delayed ) numb e r of n eutrons per fis s ion , do not 

g i ve a n integer, in fa ct th e r e is a probability distribution fo r v, r e f e r enc e 

7, for ach f i s siona ble mate ria l. 

C. F u n da m ental Statis t i cal Process e s of the N eutron Chain 
in R e a ctors 

A ssu m in g a single en e rgy group of prompt n eutrons r e l eas e d at 

f iss ion in a singl e c o re r egion, it is possible to d e rive th e n eutr on -

kin etic s e quation , without d e layed n eut ron s , from probabil ity consid ra ­

tions , r e f e r en c 4. 

B y definition of th e prompt n eutr on lifetime , l , th e probability that 

one n eu tron will b e lost , P loss• by absorption into anoth e r atom, or 

l e akage out t h e core r e g ion in same time int e rval 6t is: 

6t 
J, (2. 1) 

Also, if t h e e ff e ctive n eu t r on population multiplication constan t , 

for t h e core r e gion u nder consideration, is Kp, th en , t h ere is a proba­

bil ity t h at wh en such a prompt n eutron loss has occurre d , t h e r e will b e 

a p r obability of: 
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P "t = K M gain w p £ (2. 2 ) 

for returning a prompt neutron to the system. Then if M neutrons are 

present in the system instead of one, as considered above, the net 

gain 6 M, of neutrons in the system will be represented by: 

6 M (2. 3 ) 

and hence, one has a simplified kinetics equation for prompt neutrons , 

dM 
dt 

= Kp- 1 = 
J, M -aM 

where the so-called Rossi alpha is defined as: 

a = 

(2. 4) 

(2. 5) 

and the solution of equation (2. 4) if M0 neutrons are present at t = 0, is, 

M 
(-a,t ) 

= M0 e (2. 6) 

from which it can be seen that the neutron population increases, stays 

constant, or d ecreases with a period, a, depending on, respectively, 

whether KP, the effective neutron multiplication, exceeds, equals, or is 

l ess than 1. 

Hence, it can b e seen that an experiment can be performed to 

measure a, if the time behavior of the neutrons having a single ancestor 

could be determined . Bruno Rossi first suggested this type of experi­

ment and Feynman, de Hoffman, and Serber, reference 8, developed 

its theory. Essentially the principle in this type of experiment is to 
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isolate a single chain of relat d n eutrons when many chains are existing 

simultaneously by d elaye d coin ciden ce counting. 

Thes types of exp eriments have b een us e d by Orndoff, r efer enc e 9, 

and Brunson, referen ce 10, to determine values of th e ratio of th e 

e ffective d e lay d n eutron fraction to th e prompt n eutron lifetime, '?i / t, 

for fast r eactors like Godiva-I and ZPR-III. 

The Rossi alpha m ethod is generally applicable to fast reactors 

ha ving a small prompt n eutron lifetime i ~ 10-7 seconds. 

Th e UMR is a low pow er, thermal reactor, with a prompt n eu tron 

lifetime of 45 mic ros econds, or 4. 5 x 10 - 5 seconds, as calculated in 

S ection VII. E. 8 of this diss rtation, and h en ce, too low counting rate 

for utilization of th e Rossi alph a experiment. 

Another statistical meth od to obtain information about reactor 

syste ms with long prompt n eutron lifetime was investigated. It was 

suggested by F eynman, reference 8, and is sometime s called the 

"Feynman alpha method, " or " Variance-to-Mean Ratio , " which consists 

in studying th e statistical nature of neutron counts obtained in various 

time intervals. 

This m eth od was sel ected by th e a u thor for application and experi­

ment with th University of Maryland Reactor to measure reactivity in 

subcritical fu e l ass e mbl ies , and to m easure shutdown margin (degree 

of subcriticality) with t h e UMR full core, with the control rods at 

diffe rent d egr ees of insertion in the cor . 



SECTION III 

DESCRIPTION OF THE VARIANCE-TO-MEAN RA TIO 

TECHNIQUE FOR REACTIVITY MEASUREMENTS 

A. Probability 

In dealing with the random distribution of the neutron population 

ove r a period of time one uses the theoretical equivalent of the relative 

frequ ncy; that is, the probability of observations of the n utron popula­

tion falling in a given interval. 

In general the probability of occurrence of an event (p) is the ratio 

of the numb r of samples that correspond to the event to the total num­

ber of samples. The event for which a probability is defined may be 

th occurrence of a particular value, c = c 1 . The probability p (c1) is 

then the ratio of the number of times c 1 actually occurs in an experi­

ment to the total number of c values encountered. 

The random fluctuation of th e neutron population about its average 

at a constant power level and at steady state operation is a random 

pr o cess in which the independent variable, time (t), does not determine 

in a complete and definite way (as in a casual process ) the random 

variable c (neutron population) . Consequently, the neutron population 

(c ), instead of being definitely characterized by an equation, is charac­

teriz d by a probability density function, p (c ). 

10 



B. Moments of th Probability Density Function 

The on cept of t aking mom ents of a fun ction is quite gen r a l and 

a pplication s are found in m a n y fi elds. 

11 

For a s tationary rand o m pro ess, having a proba bility d ensity func­

tion p (c ), th e n-th moment is: 

J_: en p(c) de 

J_: p(c) de 
( 3. 1) 

a nd a ssuming a dis c r ete distribution , i. e ., the numb r of n eutrons (c) 

pr e s ent in a core at time (t ), then, 

n 
C = 

l, c~ p(ci) 

i 
(3. 2 ) 

Equation ( 3. 2 ) indicates that en may b e determined experimentally 

from a sequ ence of a large number, N , of individual data values, or 

neutron population counts q, since thes e will tend to distribute the m­

selves according to p(q), wher e , 

n 
C· 1 (3 . 3) 

It is e vident that the moments are average values of various pow rs 

of the random variable. 

The first moment, c, is t h e average value, or " mean" value of 

the random variabl . If we consider the variation of c about its mean 



value c, th n the moments with respect to c, are obtaine d from: 

J_: (c - ct p(c) de 

J: p(c) de 

a nd hence for the second moment, n = 2, 

( c - c )2 = 

J_: ( c - c)
2 p(c ) de 

J_: p(c) de 
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(3. 4) 

( 3. 5 ) 

Equation ( 3. 5) is normally called the "variance." The square root 

of th varianc is termed the standard deviation, o . 

Equation (3. 5 ) for a discrete distribution can b e written as: 

i = N 

0 = 

I (q - c )2 p(q) 

i = 1 

i = N I p(ci> 

= l~ ~~ (c; - C)2r a 

( 3. 6 ) 

i = 1 

or (3. 7) 

C. Variance-to-Mean Ratio (Th eory) 

The fluctuations of the neutron flux in the core can be studied 

assuming it to b e a conglomeration of a very large number of discr ete 

events ( counts p r unit of time) c in a total of N attempts. If the a verag number 

of discret e events o r counts, c, is large, and the number, N, of att mpts 

is also large, then one can obtain a gaussian distribution which can b e 

! 
H 
I f 
I I 

I° 
I 

i I 
I 

: I 
~ f 
1 I 
I ' 
I' 



written, r fer enc 4, as: 

where: 

( c - c )2 

2c 
e p ( C) = -------;-====--­

/2TT c 
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(3. 8) 

p(c) = probability of, c, counts obtained per unit time, t, seconds. 

c = number of count s per unit time t, s conds. 

c = averag number of counts per unit time, t, seconds . 

Then p(c) de is the probability of the r sult being b tween c and c + de. 

T h e varian e of such a distribution equals th e mean: 

(3. 9) 

How ever, the variance cannot b e x pect e d to equal the mean if 

th re exists correlations b etwe en counts that make up a total due to 

the chain natur e of n eutrons in a reactor. It is th n possible to obtain 

the variance-to-mean ratio, wh en this correlation is present, from 

integration of the coincidenc e count probability as derived b y Feynman, 

de Hoffman and Serber, reference 8: 

(3 . 10) 

= E: 2p~ T :a + E: 2p o V ( V - 1) 
2 (v )2 
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w h ere : 

= Counter e ffi c i ency 
fissions d e t ect e d 

tota l fissions o c curring 

F O = Tota l fi s sion rat e; fi s sions p e r s econd in th e r ea ctor . 

T = Sel e ct e d interval of time fo r counting events (GATE TIME), 

s econds. 

\! = Numb e r o f n eutrons e mitt e d p e r fission. 

-
\! = A vera ge numb e r of n eutrons e mitt e d p e r fission . 

Ai, G 0 a nd o:, i ar e d e fin e d in t e rms of the z e ro pow e r t r ansfe r 

fun ction for e a ch d elaye d n eutron fraction. 

Integration of equation (3. 10) is th e expe cted numb e r of pairs of 

counts tha t o ccu r during the time int e r val T(namel y , c (c - 1) / 2) since 

th e numb e r of pa irs at any given trial is half the produ ct of the numb e r 

of counts and one l e ss than th e numb e r of counts. H en ce, r e f e r e n ce 4 , 

i = 7 

G0 (rri) [1 - -Cl Tl c 2 C (c)2 
+ C 

E:\! ( \! - 1) I Ai 1 - e 1 
- = - - ( \J )2 2 2 2 a . o:, i T 1 

i = 1 

(3.11) 

and since th e a verage numb e r of counts is: 

(3. 12) 

th e d e sire d expression for th e variance -to-mean ratio of th e numb e r of 

counts is: 

(3. 13) 

i = 7 

[1 - (-Cl T ) J c2 -(c )2 + 2 E: \! (\J - 1) I A · 1 e 1 = 1 _ 1 Go(a .) 
C 

(\J )2 o:, i 1 o:, .T 
i = 1 

1 



This relation is s n t o become unity for E: = 0, which is to be 

xpected since t h lower th efficiency of the detector, th l ess likely 

are correlated counts, and for a purely random source the variance 

equals th mean (s e Section VI). 
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Substituting the values given by Bennett (ref rence 5) into equation 

(3. 13), it is found that the contribution from the delayed neutron terms, 

i = 2 to 7, is negligible for T < 0. 1 seconds, and hence equation (3. 13) , 

b com s , referenc 4, 

where: 

p = 

s = 

i, = 

c 
E: v (v - 1) 

= 1 + 
<vf 

= 0. 795 for U-235 

Constant core reactivity = 1 

(1 - s )2 
(S - p )2 

1 ---
K eff 

Effective delayed n eutron fraction 

Prompt neutron lifetime 

(3. 14 ) 

From equation (3. 14), the reactivity p and h ence th e effectiv 

multiplication constant can be obtained by solving the equation for 

(S - p)/ i, and applying the measured values for the varianc -to-mean 

ratio for several counting times, T , which must b of the order of 

£ / (S - p ) seconds, the second term of equation (3. 14) becom s approxi­

mately equal to 0. 7 x 104 
E: seconds. Consequently, th counting 
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e fficiency, E: , must be of more than 10 - 4 counts per reactor fission. 

Bennett , r e ference 5 , has pointed out that if th e variance-to - mean 

ratio exp e riment is performed on a just critical reactor (i.e . , Keff 

= 1. 00 and hence p = 0), then th e var iance-to-mean ratio would be 

infinite for any time interval T. Consequently , the variance-to-mean 

ratio experiments should be conducted in subcritical assemblies (i. e ., 

Keff < 1. 0), a t cons tant r eactor power, and with a source multiplication 
of 1/( -p ), or, v F 0 = (source neutrons/s ec ) X 1/(-p). 

In equatio n (3 . 8) and hence in the derivation of equation (3. 14), th e 

fluctuations of th e neutron flux detected have been considered as a 

function of time only, c(t). The effect of the energy of the detected 

particle (neutron or gamma-ray), c(t, E), in the determination of 13 / ,R,, 

has been investigated experimentally by Kenney (reference 15). He 

obtained the same value for 13 / f, in a zero power reactor with two dif­

ferent and extreme e nergy levels of the detected particle: thermal 

neutrons in one test, and fission photons in another test (the fission 

photons or the prompt 2 Mev. neutrons can be equally useful in checking 
the energy of the neutrons counted) . Also Natelson et al. (reference 16) 
gave the theoretical proof that the space and energy independent model, 
such as equation (3. 14), is valid and gives correct results even though 
various particle energies are not measured. Further Natelson el al. 
(reference 16 ) demonstrate that the characteristics (shape or location) 
of the detector used in the variance-to - mean measurements have no 

effect on the characteristic frequency and time behavior of the results. 

..... 



SECTION IV 

DESCRIPTION OF EQUIPMENT 

A. Gene ral Description 

The arran gement of th e e quipment u sed during th e pe rformances of 

t h e diffe r ent runs i s shown in sch e matic form in Figure 1 a nd can b e 

desc r ib e d as follows : A boron trifluoride (BF3 ) n eutron d et e ctor i s 

placed ins ide a l eak proof aluminum tubing. The tubing was placed in 

th e cent e r irradia tion s pa ce, "Glo ry Hol e, 11 of th e Unive rsity of 

M a ryland reactor (UMR ) core , as shown in Figure s 2 and 3. A high 

voltage pow e r s uppl y locat e d on th e pool bridge , as s h own in Figur e 4, 

se r ved th e n eutron d et ector. The e l ectrica l impulses from th e n eutron 

d e t e ctor w e r e amplified by a preamplifie r located on th e bridge of th e 

pool, as shown in Figure 5. Th e amplified signal was th en t ransmitted 

by a high voltage coaxial cabl e , as shown in Figure 6, to a TMC Mod e l 

214 gat e s cale r lo cat ed in th e counting room, Figure 7. Th e gat e 

scal e r is a plug-in linear amplifie r / puls e h e ight analy z e r, which a ccepts 

puls e s during cal ibrated time interval s . Th e pul ses acc epte d p e r 

int e rval of time w e r e a ccumulat e d and stor d in a TMC Mod el CNll0 

Digital Compute r. This is comparabl e to counting in a s e ries of s cale rs 

by opening th e m cons ecutively for a pre s et time . 

Th e store d data was r e trie ve d and r ecord ed on a H ewl tt-Packard 

Digital r e corder, Model J445 6 1B, which provid e d the output in a print d 

17 
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paper tap e . T h e gat scal e r, computer, a nd pr int e r were install e d in 

a controll d humidity and t mp ratur instrumentation room as shown 

in Figur 7. 

A Radiation In s tru ment D evelopment L aboratory Scal e r, Model 49-

55, s hown in Figure 4 was also used to obtain statistical data prior to 

each experiment to verify that the conditions of the equipment a nd 

position of the n eutron dete ctor were equival ent to those of previous 

runs for the same core conditions. 

An E l ctronics Inst r uments and Data Systems, Model PG-1 , square 

wave pulse gen erator was used for g en erating an ext e rnal signal to the 

gate scaler to trigger the gate opening for times l ess than 0 . 001 s econds. 

B. T es t Equipment 

1. University of Maryland R eactor, UMR. The UMR, Figures 2 

and 3, is a pool training reactor lic ens ed for 10 KW, moderated and 

cooled by light water a nd partially reflected by graphite. The fu e l is 

fully enriched (93. 5%) uranium in an u ranium-aluminum alloy in th e 

form of flat , aluminum clad plate s. 

The m chanical and nuclear parameters of th r eactor are dis­

cuss e d in Section VII. 

Th e p rmanent instrumentation of the reactor consists of one BF3 

startup chann el , on e log-N channe l , one linear chann el and a lin ar 

safet y chann e l. The outputs from all the instrumentation ar indicat d 

a nd r ecord e d on th e reactor console shown in Figur 8. 

2. Aluminum Tubing - BF3 Arrangement. An aluminum tube, 
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shown in Figure 9, was us d to contain th e in- core n eutron d e t ector. 

The tub e wa s 11 fe e t long, one inch insid e diamet e r and one-sixt e enth 

inch wall. Th material was aluminum, Alcoa 6061. This type of 

aluminu m was s l e ct e d becaus e of its low impurity conte nt which 

minimiz e d th e a ctivation of th e tub e during its exposure to the neutron 

flux in th e r a ctor. B e cause of its thin walls , a difficulty was encoun-

ter d h w en capping th tub end. A conical aluminum plug was press 

fitted into the tube. Several attempts were made to weld the plug to the 

Walls of th e tub , but microscopic openings r e mained , probably due to 

the porous structure of the weld. Such capping of the tube was aban-

doned, and a d d 
rubb e r stopper centrally perforate an containing a bolt 

With a washer and nut was used. After inserting the stopper in the 

tubing , the rubber was compressed by tightening the nut; complete 

leak t ight n ss was obtained with quick access to the neutron detector. 

To compensate for the reactivity loss in the core by the pr senc 

of the neutron detector the boron of which acts like a control element 
, 

from .. reach v1ty point of view, two cylindrical piec s of graphite, 4 in ch 

long and 12 inch long, by 7 / 8 inch diameter were inserted in the tubing 

below th neutron detector. 

The proper amount of graph ite to balance the negative reactivity of 

the d etector was determined by pe rforming reactor criticality experi-

tn.ents With th aluminum tubing containing the neutron d etector and 

graph· ite cylind rs. 

Placem nt of graphite, instead of water, in a s l ightly overmod rated 

react or, adds reactivity to the core since graphite has a low r absorpt ion 
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cross -s ection t han water. Also, placement of graphite in the aluminum 

tub , inst ead of void, adds reactivity to the core, since graphit is a 

b etter material to obtain fast n eutron slowing down to thermal en ergies. 

The selected dimensions of the graphite were bas ed on obtaining a 

compensation of the negative reactivity ins e rted in th e core by the 

Presen ce of th e d tector, against th e positive r eactivity of the graphite. 

Careful and controlled position of the detector in th e Glory Hole was 

in s ured by a guide which was des ign ed to fit the dimensions between the 

outer plate of the fu el assembly and the aluminum walls of th con­

tainer. The tub e a nd det ector were placed in the co r e with a ll the con-

trol rods fully inserted. 

The contr ol rods were then withdrawn by normal r eactor start-up 

Procedures and a critical po sition was recorded. 

Aft er control rods insertion, the detector assembly was withdrawn 

from th e Glory Hole, and critical position of th rods ch ecked . Re peti­

tion of this procedure showed an accuracy of ± 0. 01 pe rcent 6I /K in 

r e producing the critical settings. 

The upper end of the aluminum tube was tight fitt e d to a plastic 

tubing ("Tygon" ), which extended above the water level , to th e pool 

bridge . The coaxial cables were run through th e Tygon tubing and 

aluminum tube combination from th e neutron det ector to the preampli­

fi e r . 

A smaller Tygon tubing accompanied the other tubing and was 

connect d to the servic air of the r eactor building. This flow of dry 



air e liminated moistur e a nd condensation on th e cables and n eut r on 

detector. 

3. Neutron Detector. The manufacturer's specifications are 

list e d b e low: 

Manufacturer 

Typ e Detector 

Mod e l Numb e r 

Nuclear-Chicago Corporation 

BF3 thermal n eutron detector 

NC-252 

Dim nsions a nd M echa nical Data 

O verall length 

Outs ide diameter 

A ctive l ength 

15- 5 /32 11 

l, 0 II 

12 . 0 11 

Wall thi ckness of envelope 0. 020" ± 0. 002 

Mate rial of envelope 

Insulating material 

H liarc -w eld e d stainless steel 

Alu mina ceramic 

N eutron a bsorber material Enriche d BF3 (9 6% B 10
) 

W e ight 

. Filling gas pr essure 

Active volume 

Operational Characte ristics 

Operating voltage 

Operating plateau 

Sensitivity 

8 ounces 

120 c m Hg 

142. 4 cm3 

3900 volts 

Approx. 300 volts 

12. 1 counts/sec per n/ c m 2 /s ec 

Th e anode termination of the detector is a 3/ 4 in-20 RN connector 

with T eflon insulator which was connected to an Amphenol 82-38 (MIL-

21 
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UG 59 A/ V) cable fitting . The BF3 in the aluminum tube was maintained 

dry during all the experiments. The power supply for the BF3 was a 

standard pulse amplifier high voltage supply RIDL Model 14 with a vol­

tage range from 1000 volts DC to 5000 volts DC ; the operating voltag 

of 3900 volts was set by r esponse to a one Curie plutonium-beryllium 

( Pu - Be ) sourc 

Section V. 

The calibration technique is described in detail in 

4. Pre-Amplifier. The manufactur r's specifications are listed 

below: 

Manufacturer 

Type of Pre-Amplifier 

Model Number 

Hamner Electronics Co., Inc. 

Fast rise fe d back 

N-354 

Dimensions and Mechanical Data 

L ength 

Width 

D epth 

Material 

O perational Characteristics 

Gain - Unloaded 

Gain - Into 1 K load 

Ris e time 

60 cycle hum 

Nois e 

7-1/4" 

4-3/ 8 11 

4-3/8 11 

Aluminum 

24 

Down 10% 

< 0. 1 microseconds 

Approx . 10 mv. peak-to-peak 

maximum 

2 mv. peak- to-peak 
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Input Positive or negative 

Output Impedance Approx. 1 70 Ohms 

Pow er R equirements 

B+ - Approx. 300 volts DC @ 21 ma, ripple less than 

1 mv. RMS 

Filament supply - 6. 3 volts AC at 1. 2 ampere, one side 

of filament grounded. 
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The pre-amplifier used was a fast rise feed back amplifier adapted for 

an ionization chamber; it was in an aluminum mounting and was lo cated 

on the floor of the pool bridge; the power supply for th e pre-amplifier 

was a RIDL Scaler, Model 49-55. 

5. Multi - Scaler Logic Unit. Th e manufacturer 's specifications 

are listed below: 

Manufacturer 

Multi-Scaler Logic Unit 

Digital Computing Unit 

Digital Recorder 

Input Signal R equirements: 

T echnical Measurement Corporation 

(TMC) 

Mod el 214 

Model 220 

H ew l ett-Packard Mod el J44. 56 1. B 

Polarity Negative 

Amplitude Between 1 and 30 millivolts 

Rise time 0. 3 microseconds, approximately 

Fall time 3 microseconds, approximately 

Channel Counting Times 0. 001 , 0. 01 , 0. 1, and 1. O second, 



Ch annel Counting Times (cont'd) 

Attenuators 

Dis criminators 

Puls e Pair R esolution 

(R esol ving Time ) 

D e ad Time 

Start Program 

24 

plus external timing signals with a 

repetition rate of up to 10 kc. Wave 

shape i s not crit i cal. 

Coarse gain -- A seven-position 

logarithmic attenuator which divides 

by a factor of 2 with each successive 

step. 

Fine gain -- A linear attenuator con­

tinuously variable from 50% to 100% 

of amplitud e selected by coars e gain 

control. 

Upper and low e r l evel; both are 10-

turn calibra t e d controls. Uppe r 

l evel control may b e switched out. 

5 mi c ros conds. 

20 micros econds p e r channel. 

Pushbutton for manual op e r a tion. 

A n egative, 3-10 volt trigge r puls e 

is required for automati c or remote 

ope ration. 

Maximum Count Rat e 250, 000 counts per s econd. 

--
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6 . Cont rol a n d onnecto r Func tion s . 

Name 

L T Swit ch 

OARSE GAIN Cont r ol 

FINE GAIN ontrol 

UPPER LEVEL 

Control 

BASE LINE Control 

UPPER LEVEL IN/ 

O UT Switch 

Fun ction 

Sel ect s ch a nn e l time dura tion int e r-

nally o r from an xterna l sou rce. 

P er m its logar ithmic a tt enua tion 

in c r as ing by a fa tor of two with 

each s u ccessive s t e p. 

P e rmits continuous ly va r iabl e lin a r 

a ttenuation co ve ring 50% to 100% of 

a mplitude s el ect ed by COARSE GAIN 

Control s etting. 

R estri ts upp e r limit of amplitud e 

range in r e fe r enc to bas line 

s etting. Us d for diff r ential 

counting. 

Establishe s low e r limit of amplitud e 

range . 

Swit ch e s out UPPER LEVEL Control 

for int gral counting . 

AMP. INPUT Connector A c c e pts low-le ve l , n egativ puls e s 

from a d et ector or pr -amplifi r 

such as th e TMC Mod el DS- 12 orDS- 13. 
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EXT. 6 T Connector 

START PROGRAM 

Connector 

START PROGRAM 

MANUAL Pushbutton 

26 

Accepts timing signals from external 

source up to 10-Kc repetition rate 

(wave shape not critical). 

Accepts negative trigger pulse to 

start analysis cycle. 

P ermits start of analysis cycle 

without use of external trigger. 

A maximum of 1023 calibrated time intervals are available with pulses 

per interval accumulated and stored in the comput r m mory . This 

amounts to counting with a series of scalers by opening them consec­

utively for a pre-set time. Base line and upper discriminator controls 

enable the operator to select a particular energy region ("window") al­

lowing only events of interest to be counted. 

The computing unit has two output options: normal and integrating. 

The normal output allows for the individual number of events per s l e t d 

unit time per individual channel to b e sent to the digital recorder. Th e 

int egrating output adds the number of events per s el ected unit time to 

that of the previous channels. This integrat e d output is us ed to find the 

average number of event s per unit time per channel, dividing the 

integrated count by 1023, the number of channels available. For gate 

openings smaller than 0. 001 seconds an external triggering signal was 

obtained from a Electronic Instruments and Data Syst ms, PG-1 square 

wave and pulse generator. 



7. Squa r e Wa ve a nd Puls e G e n rator. The manufa ctur r's 

spe cifi ations a r lis t e d b low: 

Manufa ctur e r Electroni c Instruments and Data 

Sy st ms 

Mod 1 PG-1 

Dim nsions and M e chanical Data 

H e ight 

Width 

D pth 

W ight 

Op e rational Characteristics 

Voltag 

Fre qu en cy 

Pulse a mplitude 

Puls e sha p e 

Pulse polarity 

Fre quency rang 

7 in. 

5 in. 

12 in ch 

7 lbs. 

115 volts AC 

50/ 60 CPS 

± 20 volts from 50 Ohms 

Ris e time l e ss than 12 ns. Fall 

tim e 1 ss than 10 ns 

Positive or negative 

1 cps to 10 x 106 c ps 

27 
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SECTION V 

CALIBRATION OF THE NUCLEAR INSTRUMENTATION 

A. Obj ective 

The objective of the calibration was the sel ection of the optimum 

settings for the instrumentation to m asur e th e n eutron population in 

the UMR core . This t es t also included the calibration to compensat e 

for gamma radiation signal. 

The procedur e was to plot th e voltage and puls e h e ight distribution 

curves; from t h se, th e optimum voltage and puls e h e ight s ttings were 

determin d. 

B. Calibration Princ iples 

The n eutron d e t ection instrumentation must b e calibrat e d to ensure 

that th e system will provid e an accurat neutron count in the pre s en ce 

of th e gamma rays from th e fission proce ss and fission products decay. 

The approximate instru m ent s ettings from manufa ctur e rs' specifications 

were us e d as pr eliminary. The available instruments adjustments in-

elude: d et ector voltage, amplifier gain, and puls e h e ight selector of 

discriminator. 

Increasing d e t ecto r voltage increases t h e puls e h e ight in the d t 

tor. Th e discriminator bias setting cuts off all puls es b low that 

sett ing. It can b e seen t h at th e re is considerable choic in th se ad­

justments and on e (of th e three) may compensate for another, for 

28 
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example, in c r eased voltage may b e compensat e d by d e creased gain or 

by in c r as e d puls e h e ight s e tting. 

Th e puls e s s een at the multichann el analyz e r, gate scaler, origi-

nate from s e v ral sources. N eutron puls e s are large b e caus e of the 

int ns ioniz ation from alpha particles r e l eas e d from the neutron-boron 

reaction in the BF3 d e t e ctor. 0th r ionizations due to gamma radiation 

yie ld much smalle r pulses. The main source of v ry small pulses is the 

noise in th e input resistor and input tub e of the preamplifier. The 

discriminator, or puls e height sele ctor, screens out all the small pulses 

from nois and gamma rays and allows only th e large neutron pulses to 

pass through to th e gat e scale r. 

Nois e and gamma-ray pulses ar statistically random in th ir size 

distribution, i. e ., the number above a certain pulse height setting is 

proportional to th number at the setting. Such a distribution is expo­

nential, giving a straight line on a semi-log graph. Thus, a plot of the 

logarithmic count rate against pulse height setting is a straight line and 

can be extrapolated to predict the "noise background" at any higher 

setting. 

Neutron pulses, however, are much larger and more uniform in 

size; therefore, th curve will flatten out to show a plateau above the 

pulse height settings, and an elimination, cut off, of the noise pulses. 

At a much higher setting, even neutron pulses are cut off. Therefor , 

it is desirable to operate near the middle of this plateau where the ratio 

of total counts to th e extrapolated noise background is high (above 100 
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to 1) . This m ans that mor e than 99 perc ent of th e puls es counted are 

from n utrons. 

The plot of count rate against voltage or gain is very similar, but 

revers d (as a mirror image). At low voltag or gain, almost all 

pulses are too small to pass the dis criminator ; at high voltage or gain, 

most of the n eutron pulses are counted, giving a broad plateau or 

fairly constant count rate. At still higher voltage or gain, the nois 

pulses pass th e discriminator, giving a steep ris rn count rate. Too 

high a voltage, which might caus e a continuous discharge in the gas­

filled detector chamber, should not b e applied. 

C. Detailed Proce dur e 

1. Voltag Curve (Neutrons Only from the Pu-Be Source) . A 

plutonium-beryllium (Pu-Be) source which has an e mis s ion rate of 

approximately 106 n eutrons p r second was place d inside a block of 

paraffin. The neutron d etector was place d in the same plane as the 

source, and at a distance of 3 inches from it. The same length of 

coaxial cable as that requir d for in-core measurements was used 

b e tween the detector and the preamplifier. 

The voltage and gain control on the high voltage supply were set as 

per detector manufacturers' suggested settings. 

The pulse height discriminator on the gate scaler was set at 0. 50 to 

bias all el ctronic nois e and gamma induced chamber response. 

Th high voltag or gain was changed from 3300 volts to 4100 volts 

.. 

... . .. 

.. 

c' ,. 

•' ,, 
,, , ,, 

ii · 

' ' ,, 



31 

at increments of 100 volts. At ach voltag in r ment 1023 on e -s e ond 

counts were tak n. Th av rag counts per second for increment in 

voltage were plott e d in Figure 10. 

2. Puls H ight Distribution (Neutrons Only from th e Pu - B e Sourc ) . 

From th data obtained from the voltage curve, a voltage of 3900 volts 

was sel ct d as the optimum voltage. 

Maintaining the voltage constant a t 3900 volts, th e pulse h e ight 

settings wer varie d from 0. 20 to 5. 0 at small in r e m ents. At each in-

crem nt 1023 on - second counts w e r e taken. Th e av rage counts p r 

second for ea h increment in voltage were plott d in Figure 11. 

3. Voltage Curve (Neutrons from the Pu-B Source in the Pres enc 

of a Cobalt 60 Gamma Sourc ) . While maintaining th same n eutron 

s ource and d t ctor geometry as in th e t e sts mention e d abov , a Cobalt 

GO gamma sourc was place d n ea r th e neutron d tector. Th gamma 

radiation at the d etector was measured to b e two ro ntgens per hour. 

With th e discriminator setting at 0. 50, and utilizing the same procedure 

as Section V. . 1 above , a plot of a ve rag counts per se ond versus 

voltage was obtain d, and is shown in Figure 12. 

Upon examination of th curve a voltage of 3900 volts was s e l ct d 

as the optimum to p rform th final pulse height distribution curve . 

4. Puls Height Distribution (Neutrons from th Pu-Be Source in 

the Presence of a Cobalt 60 Gamma Source). Maintaining the voltag 

constant at 3900 volts, and th same detector - sour e g om try as in 

Section V. C. 3 abov , the puls h e ight settings w r e vari d from 0. 20 
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to 5. 0 at small incr ments. At each increment 1023 one-second counts 

were obtained. The average c ounts per second for each increment in 

puls e h ight were plotted in Figure 13. 

D. R esults - Final Instrument Settings 

From th e r esults of the calibration proc edures mentioned in Sections 

V. C. 1 through V. C . 4 the following final equipment settings were obtained 

and us ed throughout the p erformance of this research: 

High Voltage Setting: 3900 volts 

Discriminator (Pulse Height ) Setting: 0. 50 volts 

Coarse Gain: 32 

Fine Gain: 0. 95 
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SECTION VI 

RANDOM SOURCE STATISTICS 

A. General Criteria 

Once the nuclear instrumentation has been calibrated as shown in 

Section V, it is necessary to demonstrate that the instrumentation and 

system is functioning properly. A convenient way to demonstrate the 

soundness of the counting system and data reduction methods is to 

perform an experiment with the Pu-Be neutron source alone, which is 

a perfect random source, and hence, the variance-to-mean ratio must 

be unity for all counting times selected. 

B. Theory 

Assuming a typical Poisson distribution for random series of 

events as: 

X = 0, 1, 2, .. • ( 6. 1) 

It may be shown that, 

x=co 

[. p <x> = 1 (6. 2) 

x=µ (6. 3) 

and: 

(6. 4) 

consequently the variance-to-mean ratio is: 

(6. 5) 
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C . Experiment to Check Out E quipm ent 

With the equipment as described in Section V. C. 1, and as s hown 

in Figure 1, but with the BF3 detector out of the core and placed n ext 

to the Pu-Be neutron source inside of a paraffin block, 1023 separate 

counts were taken for each gate opening, and gate openings ranged 

from one decimillisecond (10- 4 sec) to 1. 0 second. 

3 4 

The data obtain ed were reduced by the computer program described 

in Section X, and by the methods used during the actual variance-to-mean 

experiment with the UMR core. The results of this test are listed in 

Table I, and the value for the varianc e-to-mean is in the range of 

1. 1077 to O. 8913 with a confidence of 99 percent. 

This experimental checkout of the equipment was performed re­

peated times throughout the duration of the experiments, and in partic­

ular prior to actual experimentation with the UMR core, in cases when, 

due to reactor availability needs for other experimenters, the author 

was required to remove his equipment from the UMR core for several 

weeks. 

... 



SECTION VII 

CALCULATION O F THE PHYSICS PARA METERS 

F OR THE UNIVERSITY OF MARYLAND REACTOR 

A. General 

Included in this res arch are the analysis of pr sently available 

c omputational techniques to calculate the reactivity of the University of 

Maryland Reactor (UMR). For the purpose of analysis and calculation 

of t h e main core parameters, two UMR core configurations were 

studi d, namely, the first c ritical core, and the present core. 

In general, after the calculation of the core volume fractions for 

the different core regions, an iterative procedure computer code 

PDQ-2 was us e d in conjun ction with two spectral codes for cross section 

data: TEMPEST-II for the one thermal neutron group and GAM-1 for 

the fast three groups. 

By means of the iterative procedure, which will be discussed later 

in d tail, the multigroup cross-section data were obtained. A detailed 

geometrical mock-up of th e core, Figure 14, was made and programmed 

for us e with the PDQ-2 multigroup, multiregion, diffusion cod . 

The iterative t echniqu e for the PDQ calculations gave the critical 

eigen value, :>-. = Keff, for the just critical mass of the first core. 

The same parameters were us e d in the calculation of th present 

UMR core. The calculated eigen value, Keff, was in agreement with the 
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m easur e d c ore K e ff within 0. 20% 6K/K. 

The pr e s ent UMR core physi c s paramet e rs calculat e d in this 

s ection, w e re obtain e d from the cross s e ction data us e d in th e final 

PDQ-2 compute r calcula tion m entione d above . 

B. Volume Fractions and Atomic Densities for th e Different 
Core Compositions 

36 

Th e physical data of the University of Maryland R eactor were ob­

tained from th e as-built r eactor drawings, Table II, pre pared by th 

Allis-Chalmers Manufacturing Company, manufa tur e r of the UMR. 

The physical and mechanical features and dimensions of the UMR 

are listed in Tabl III. The description of the location of th reactor 

fu e l cans and t h eir contents as arranged in th UMR full ore are listed 

in Table IV. 

From the information given in Tables III and IV the composition 

mixtures for the different core regions were obtained as listed in Table 

V and their respective core locations are shown in Figure 14. 

The actual composition definition and distribution for the UMR us d 

with the PDQ-2 calculations are indicated in Figure 15, which shows 

the actual computer print-out of th e material compositions for t h e 

different regions of the fully loaded UMR core . 

The volume fractions for the different core compositions were ob­

tained on a per unit height basis, assuming t hat the core has no axial 

discontinuities of its cross sectional layout , and that no appr ciabl fuel 

burn-up or fission product accumul ation has taken place, since it is a 



fr esh core . 

T h e compos ition volume fraction s a nd a tomic d en s ities us e d with 

th e sp ctral code calculations a r e l isted in T a ble VI. 

C . Calcula tion of the Cro s s Sections fo r th e UMR Core 
Mat erial Compos itions 
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A s indicat e d, th e a tomic d en s ities g i ven in T a ble VI we r e u sed a s 

in put fo r t h e the rma l spect r a l cod e TEMPEST-II a nd th e fast spe ctra l 

c o d GAM -I. 

B ot h co d e s w ere u sed on the Unive rsity of Maryl a nd IBM-70 94 

c ompu ter . T E MPEST-II cal culat e s the th e rmal n eutron flu x s p ectra 

£or each individual compos ition bas e d upon th e Wign e r Wilkins e quation 

for ligh t m oderato r s , th e Wilkins equations for h e a vy moderators , a nd 

t h e M axwellia n dis t r ibution. Aft e r arriving a t the n eut r on spectrum, 

T EMPEST-II cal culat e s a nd provide s effective one grou p m i c ros copic 

a nd m acros copic c ross s ection ave rage d ove r that spectrum (from O ev. 

t o 0. 4 14 e v. ) for ea ch m a t e rial in the composition assuming a homoge -

n e ou s mixtur e . 

To a ccount fo r th e h e t e rogen e ity of th e m at e rial in th e core , an 

inde p e nd e nt calculation of th e disadvantage factors for th e r e gular fu e l 

a nd th e spike d fu e l e l e m ents wa s pe rforme d by m eans of a t ranspo r t 

calcula tion u sin g a P-3 t ransport compute r cod e on the Allis Cha lme rs 

M a nufa cturing Compa ny B endix G- 15 c o mputer. The following va lu e s 

we r e obtaine d: 
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R e gular Fu e l Plat e Spike d Fu el Pla t e 

Mo d erat or Dis -

a d vantag Facto r 

~ Mo derator/ cJi Fu e l = 1. 03 6 1.018 

Clad Disad van tag e 

Factor 

cJi Clad/ cJi Fu 1 = 1. 040 1. 020 

Wh e r : cJi = ave rag e n eutron flu x in th e mod e rator , clad or fu 1. 

The fin a l disadvantag -factor - w e ight e d th e rrnal c ro s s sections u sed 

in PDQ w e r e obta in e d by multiply ing the disadvantage fa c tors shown 

a bove , time s the TEMPEST-II cross sections, which assume d homo­

gen e ity of th e mate rials. 

The n eutron-spe ctrum fo r the core -fu el mixture, as obtaine d from 

th e TEMPEST-II cod e , is plotted in Figure 16. The most probabl e 

e n e rgy, E 0 , of this spectrum is 0. 028 e v. A Maxw ell-Boltzmann s pe c ­

trum with a most probable ene rgy, Ea, of 0. 02 8 ev. was calculat d and 

found to fit this spe ctrum a lmost exactly. The av rage en e rgy of this 

s p ectrum, E, is thus : 

E = (4/n) x Ea = 0. 0 356 5 e v. (7. 1) 

a nd th e e ffective n eutron t e mp e ratur e , Tn, is: 
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Tn = 
E (ev.) 

k 
0. 03565 e v. 

= -----~ --,-~ = 
8. 6 1 x 10 5 e v / K0 

wh e r e k is th Boltz mann constant. 
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413°K (7. 2) 

The GAM-I cod e was us d to obtain three group e ffective macro­

sco pic ross s e ctions for th e sp ctral range from 0. 414 e v. to 10 Mev. 

The s e l ect e d g roups w e r 

Group 1 - from 10 M v. to 454 e v. 

Group 2 - from 454 e v. to 3. 93 ev. 

Group 3 - from 3. 93 v. to . 414 ev. 

The ross s e ction library, which is stor e d in the GAM-I, contains 

6 8 en e rgy or 1 th argy groups for each nuclide. 

In ord e r to obtain an accurat s et of fast cross s ction data, th e 

following it e rative proc dur e was as follows: 

A pr liminary GAM-I run was performed utilizing the atomic d nsiti s 

of omposition 1 (r e gular fuel ) . A fast axial buckling, B~, was hand 

calculated , assuming an extrapolation length, L, based on th fast 

fast 
transport ross section for the fuel-water mixture, l'.tr Utilizing 

th e B-1 approximation option in the GAM-I slowing down code , which 

r quired as input a value for squar e root of th fast buckling, Bz , an 

initial run was perform d and th three group macros opic cross-

s ctions wer e obtain d for all the cor compositions. An X-Y PDQ 

calculation was perform d on the just critical core configuration (which 

was ompos d of r e gular fuel only) utilizing th preliminary cal ulations 

J 
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of the fast group cross-section, and the independently (TEMPEST­

II ) calcu lated thermal c ross-s ction. Th axial bu ckling input to 

t h e PDQ-2 was bas e d on the fast transport cross section obtaine d 

fro m th preliminary GAM-I run, by the following r lation: 

(7. 3) 

After thr e it e rations of th e value of B;, a n e ig n valu e \ = 1. o, 

solution of t h e multiregion, multigroup diffusion equations by 

m ans of PDQ-2 was obtaine d. Placing th e final value for th e 

fast bu ckling of 0. 002 55 cm-2 as input to GAM-I and utilizing 

t h e B-1 option, th e final thre e group core cross s ect ion data 

w re obtain e d, and th e final PDQ calculations performed to 

verify th e se data on the c ritical core a nd th e fully load e d core. 

The compute r cal culated cross s ections for th e diffe r ent core 

compositions of th e UMR core are given in Table VII. 

D. Calculation of the UMR Full Core Cold Clean K eff 

Th e cross -section data describe d in Table VII we r e t h en utiliz e d 

as input to the PDQ-2 computer code. PDQ-2 is a cod e programmed to 

s olve th e neutron diffusion equations for one to four l ethargy group s 

o ve r a rectangular region of the x -y plane or cylindrical r-z plane . 

Figure 14 shows the selected geometrical mock-up of th e core and 
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p· 
igure 15 the PDQ-2 print out of the distribution of the core composi-

tions. 
A total of 74 mesh points were utiliz e d in th e x-direction (w est­

eaSt) and 60 in th y -direction (north-south). An axial buckling of 

0 . 002 55 -2 
cm was used as calculat ed from the cross section data ob-

t . 
ained from the GAM-I code. The effect of the axial buckling in the 

calculations is to represent the core size for l eakage purposes in the 

axial direction. 

The output of PDQ-2 calculation gave a value of Keff of 1. 0144. 

Given in Tabl VIII is a list of th e composition integrated areas and 

cornposition integrated fluxes for all the groups and all the regions, as 

Well a 
th f 

8 composition averaged fluxes, as obtained from e inal PDQ-2 

Calculations of the UMR full core. These values of the fluxes were 

Us ed to obtain ffective cross-sections to calculate the individual UMR 

core h 
t. 

P Ysics parameters, as shown in the following sec ions. 

E. Calculation of the UMR Core Parameters 

1 n Th f N t ons Produced Per Thermal 

· ~:__ e Average Number o eu r 

Neutr 
~ Absorbed in the Fu el. 

ri =I i, j (v I:f/' j cJ,i, j Vj 
(7. 4) 

I (I:ru el) i, j cp i, j vj 

i = number of energy groups = 4 

j = number of core regions = 28 
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V ffective numb er of n eut rons liberated per fission 
1
-n 

each 

energy group 

Lf = e ffective fission cross-section for each group and region 

I:a = effective absorption cross -section for each group and 

region 

<Ji = e ffective flux for each group and region 

V = e ffective volume for each region 

Tl was cal culat e d from the output of GAM-I and TEMPEST-II, sin ce 

t h ese codes give individual microscopic cross s ections for each mat rial 

and each region. The numb e r d ensitie s can e 1. 

v I:f values are a lso obtained from the spectral cod s a nd they are 

given as integral va lu es . The volume weighted fluxes wer obta ined 

from the PDQ-2 output, a s given in T abl e VIII . A valu e of 

Tl = 2. 03 71 was thu s calculat e d. 

2. Keo Infinit e Multiplication Factor. Th e infinit e multiplication 

factor for th e UMR c old clean full core was obtained from th e following 

formula: 

(7. 5) 

Wh re: I:atota l = absorption cross-section for each group and for 

each r egion for all th e mat e rials of th e core. A value of Keo= 1. 712 

was thus cal culat e d. 

3. f - Th ermal Utilization . Th e thermal utilization was obtain ed 

-
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sim ply b y the ratio Koo/ T) sine th e fast fission factor, E:, and the 
scape 

r esonan probability, p, are e qual to 1. 0 for th fully nriched fu 1. 

Hence f = 1. 7120/2. 0371 = 0. 8404 . 

4. T - Fermi Age. Th e e ffec tiv F ermi Ag , T , for th e DMR cold 

clean full core was obtain d from th e formula: 

T = 
(7. 6) 

Wh er : 

" i, .i 
L.,tr 

ach group and 

= ff ctive macroscopic transport ross-section for 

ach region 

ff ctive macroscopic removal cross-section for 

group and each region. 

The value of T = 49. 2 cm
2 

was thus calculat d for the cold clean 

full core F rmi Ag . 

ach 

5. L
2 

= Thermal Diffusion Ar a. The effe tiv diffusion area was 

obtained from th following quation: 

L
2 

= 1/ 3 I:tr I:a (7. 7) 

A valu of L
2 

= 3. 425 cm
2 

was obtained from the cross-s tion data. 

6. B
2 

Buckling. From th parame t rs des ribed and alculat d 

above, one can obtain an eff ctive one group buckling for the cold cl an 

full cor from th following relation: 

,1 fll"I ... . 
I 
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(7. 8) 

K ff was obtained from th e PDQ-2 calculated exces s r eact· ·t e l V l y of 

th e core, namely 1. 0144. Solving equation (7. 8 ) for B 2 the v 
1 , a ue of 

o. 00996 cm-
2 

was obtained for the UMR full core one group bu c kling. 

Figure 1 7 shows the on group bu ckling for different UMR cor 
sizes, 

i.e., buckling as a function of the effective core multiplication 
con stant, 

since K 00 , T a nd L 2 are ind p endent of core size. 

7. i3eff - The Effective D e layed N eutron Fraction. The effective 

delayed n eutron fraction (i3eff) is the main fa ctor to correlate m easure d 

reactivity with calculat ed values; h enc e all correlation b e twe en calcu­

lated a nd measured values are a lways subj ect to th e accuracy of 13 e ff· 

Sin ce delayed n utrons are born with a low er average energy than that 

of prompt n eutrons, they will h ave a smalle r age to thermal and, h e nce, 

a small r probability of l eaking while slowin g down than the prompt 

neutrons. Th e ratio of the effective d e layed n eutron fraction to th e 

delayed n eutron fra c tion for infinitely large reactors is given in 

r e fer e n ce 11 , as: 

1 
= 

(l- i3 ) e -(Tp- Td)B + i3 

or for six groups of d elaye d neutrons : 

i = 6 

seu = I 
i = l 

i3 eff · 
l 

i = 6 

(7. 9 ) 

(7. 10) 



Wher : 

B
2 

is th buckling = 0. 00996 cm- 2 

l3i = fraction of delayed neutrons of the i-th group for an 

infinit e reactor. 
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T Pi = ag to the rmal of prompt neutrons of the i-th group. 

T di = age to th rmal or the delayed n utrons of the i-th 

group. 

Th e valu s for the delayed n utron fraction for six groups are listed 

in Tabl IX and were obtained from reference 11. 

Th values of the thermal age for the differ nt delayed neutron 

energies w r obtained by means of the GAM-1 cod This code has 

the option of calculating the spectrum of a monoen rg tic source in a 

given mat rial mixture. Figure 18 shows T, th F rmi Age to th rmal 

nergy, as a function of neutron n rgy for the UMR core and for water. 

From thes values and from equation (7. 10) shown abov one gets th 

corresponding Keff for the different cor siz s. Figure 17 shows the 

ff ctiv delay n eutron fraction for different cor siz s. The value 

obtained for th full UMR core 13 ff is 0. 008693 and for th just criti al 

UMR core S ff is 0. 008758. 

8. /:' Prompt N eutron Lifetime . The effectiv prompt neutron 
,., 

lifetime R, ', for th e th rmal range was obtained from th following 

relation: 

= 45 microseconds (7.11) 

' , . ,. . . ., 

-



Wh r: 

V = e ff e tive average neutron velocity 

= 2. 6 x 105 c m/ sec (obtained from t h e core spectrum, 

Figure 16) . 

\acor e_ l effective total core macroscopic absorption cross -

section 

= 0. 08709 cm- 1 

L 2 = thermal diffusion area = 3 . 42 5 cm2 

= the tota l core buckling = 0. 00996 cm- 2 

F. Summary o f the UMR Core Physics Parameters 
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Th follo wing is th e summary of the calculated UMR cold clean core 

phys ics parameters: 

Tl = 2.0371 

€ = 1.0000 

p = 1.0000 

f = 0. 8404 

L 2 = 3.4250 

'f = 49.2000 

Koo = 1.7120 

Keff = 1.0144 

f3 ff = 0. 008693 (full core) 

f3 eff = 0. 008758 (critical core ) 
,., 

45 microseconds 
f, ,, = 

. .. 

..... , 

- ......__ 



SECTION VIII 

C ONTROL ROD CALIB RATION IN THE FULL U MR COR E 

A. G e n e r a l The ory 

The variation of th e n e u tron flu x w ith tim e at a po int .E.:. in a reactor, 

u pon t h e introdu ction of a s t e p r eactiv ity 6k/k at time t = 0 , can b e 

written (r e f e r en ce 12) as: 

( 8. 1) 

w h e r e : 

w 0 , w 1 ... wm a r e the m + 1 r oots of the e qua tion 

,., 
i ··w 1 

= i '·-w + 1 + ;, '•-w + 1 

i = m 

I ( 8. 2) 
i = l 

A 0 , A 1 e t c . ar e constants d e t e rmin e d by th e initial c onditions of th e 

r acto r , 

i, ~' = e ffect i ve life tim e of the the rmal n eutrons in t h e r ea cto r 

13 . = fra ction of th e total numb e r of n eutrons which a re d elayed 1 

n utrons of th e i th g roup in an infinit e m e dium 

11. i = th e d eca y c onstant o f t h e i th group of del ayed n eut r on s 

E: i i3 i = e ffective fra ction of d e layed n eutrons of group i in th e 

r eactor 

47 
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For positive r a ctivities, w0 is positive , a n d w 1 , w 2 ... wm a r e 

n e gative. As t incrcas s, the cont r ibutions of a ll t e rms b eyond the 

first on th e right of equ ation (8. 1) decrease rapidly to z e ro - i.e . , 

th e s e t e rms make a tran sient cont ribution to the n eutron flux and soon 

b ecome n g l igibl e compa r e d to the first t e rm . Hence, after a very 

s h ort time interval , equation (8 . 1) reduces to: 

,.. (r t ) = A
0

e two 
'.t' ' ( 8. 3 ) 

and since w has the dimensions of the reciprocal time: 

,.. ( t ) = A
0

et/T '.t' r, 
( 8. 4) 

T hu s, T is th e reactor per iod after the laps e of sufficient time to permit 

t h contributions of th e transient t erms to damp out, and is calle d the 

stable reactor p eriod. 

Upon th e introduction of T = 1/ win equation (8 . 2) th e following 

r lationships b etween r eactivity a nd stabl e per io d are obtaine d: 

For th e infinit e core: 

t* p = ---
T Keff 

For th e finit e core: 

p = 
6K 

K eff f3e ff 

= £,:, I f3 eff 
T K ff 

1 

(8 . 5) 

( 8. 6 ) 



wh r 

a nd , 

r , 

i =e 

s = I. Si 
i = 1 

i =6 

s eff = l qS i 
i = 1 

i =S 

s e ff = E: I s i if E: 1 = E: 2 = - - - E:6 = E: 

i = 1 

i. e . , if a ll d l ayed n eut r on groups h ave th e e ffective n e ss (E:} 
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(8. 7) 

( 8. 8) 

( 8. 9) 

(8. 10) 

Th e n eut r on flu x b eh avior aft e r th e int r odu ction of a st e p change of 

r eactivity at t ime t = O, i. e., equation (8 . 1), i s shown in Figure 19, 

a n d indicat e s th transient and stable b h a vio r of the n eutron flu x . 

Equations (8 . 5) and (8. 6) a re us e ful to d et e rmine small st p r eactiv ­

iti s, if it is possible to m easure th e stable p r iod shortly a ft e r th st e p 

ch a n ge in r eactivity . Figure 20 is a graphical r epre s entation of the 

stable p e riod t e rm of this equation solved with the constants (r f e r en ce 

11) a ppearing in Table IX (Se ction VII), a nd indi cat e s r eactivity in 

p r cent 6. K/K ve rsu s stable r eactor pe riod in s econds for an infinit e s ize 

rea ct or and the finit e UMR full core . 

-
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B. Control Rod Calibrations - Singl e Rod Calibrations 

Prior to t h calibration of a particular rod, the reactor was brought 

cr itical on the three rod ba nk at t h e low est pow r possible . A ll control 

rod alibration ex p riments w ere performed in the 0. 1 to 10 watts 

ran ge, so as to assu re a pow r l evel a bo ve source range int erference, 

and low enough so that no significant h eating of th e UMR cor e o ccurs , 

thus eliminatin g any reactivity loss es due to the n egat i ve temperature 

coefficient. 

With criticality maintained at approximatel y the same pow er l e v e l , 

the rod b e ing calibrate d was pla ced in a n earl y fully inserted position, 

and the reactor was maintaine d critical b y simultaneousl y compensating 

for reactivity reduction by withdrawing the other two rods as a b a nk. 

A critical position was carefully establish ed and the control rod 

positions , time, and water temp e ratur e s wer e recorded. The r eactor 

pow er was th n r e du ced to about one d cade b elow th critical range by 

further ins e rtion of the control rod b e ing calibrated, a nd imme diat e l y 

t h ereaft e r th rod was withdrawn to a pre det e rmin e d position to make 

the reactor supercritical and induce a stable p e riod of th e orde r of 40 

seconds. 

Aft e r the transie nt pow r increas e c ased, th e r actor stable p e riod 

was obtaine d b y r ecording the doubling time of the r ea ctor pow er increas e, 

as indicate d on th e line ar power recorder. This pro cedur was rep ated 

to giv at least thr ee calibration points in that rang of the control rod. 

The proce dure was repeated for othe r rod positions over its entire 

;. 
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range of w ithdrawa l. 

The reactor period T , in t e r m s of the doubling time td is g ive n by : 

tct 
T = - - -

0 .6 9 3 
s econds ( 8 . 11) 

The r eactiv ity in % 6K/K, corr e sponding to a period of T s econds, 

wa s obtaine d from Figure 20. 

The worth of th e rod applie d to th e mid-int e rval of the control rod 

t rave l b e tw e n th c riti cal and supe r c ritical withdrawal positions is 

therefore : 

r od worth = __ P __ % 6K/K pe r c m , a t Xz; X i ems (8. 12) 

whe r e x1 is th e c ritica l and x 2 is th e supe r c ritical withdra wal position 

of th e rod. 

A plot of control rod worth in % 6K /K pe r cm v e rsus a v e rage with­

drawal position was obtaine d for e a ch rod in th e range of its max imum 

ins e rtion in th e c ritical core to its full withdraw a l. Sy mmetry was 

assume d for t h e total control rod worth. By int e grating und e r the ar ea 

of e a ch of th e s e curve s , th e int e gral control rod wor th curve s w e r e ob­

tain e d . 

The actual control rod worths for the UMR full core can b e obtaine d 

from th e valu e s plotted in Figur e s 21 , 22 , and 2 3 for th e infinite cor e , 

multiplie d by the ratio of: 

Seff e ctive UMR full cor e 

S infinit e core 
= 

0.008 69 3 
0.006398 

= 1. 358 (8 . 13) 
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For reactivity m asur ments on smaller cores during the loading 

and unloading of the co r e, th e following ratio was applied to obtain rod 

worths: 

R od worth in small core = rod worth infinite core x . 

x Seffective for small UMR core 
13 infinite core 

(8. 14) 

where the e ffectiv d e layed n eutron fraction for small UMR cores was 

obta ined from equation (7. 10) , which is plott e d in Figure 1 7 for th e 

differ nt UMR core sizes to b e studied in Sections IX and X. 
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SECTION IX 

REACTIVITY MEASUREMENTS OF UMR SUPERCRITICAL 

CORES BY CONVENTIONAL METHODS AND COMPARISON 

WITH CALCULATED VALUES 

A. Objective 

The reactivity of th UMR full core and two small r sup rcritical 

or were to b m asured by conventional m ethods and r sults com­

pared with cal ulat d values obtain d by th a n alytical t chniqu 

described in S ction VII. 

B. P rerequisit Conditions 

During th performance of th m asur ments of the r activity of 

th core encount red during the unloading and loading of the UMR, all 

the safety crit ria applicable to the UMR was enforced. 

The Plutonium - Beryllium startup source was lo at d in core 

position B - 3, s Figure 2. The r actor water lev 1 was at seven 

inches below the top of the tank, and the reactor pool wat r purity was 

as specified in the UMR operating manual. Reactor wat r t mperature 

was at ambi nt conditions. The BF3 d tector was position d in the 

Glory Hole, and in order to verify th at it was always pla d in the same 

core location, rods were pulled by th normal startup procedure to the 

just critical core condition . Th rod bank position was v rified befor 

data takin g. 

53 
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The UMR consol equipm nt was ch eck ed by th e no rmal pre - startup 

procedures befor startup and the s p ecial statistics equipment was also 

ch e k d prior to a n y reactor startup a nd data taking . Th e UMR exp e ri­

mental facilities were filled with paraffin as n eeded to simulate th e 

flooded condition d esired . 

All the nu cl ear instrume ntation remain d in op e ration at all times 

during th e loading and unloading op erations and tests. Any abnormal 

r e sponse or b eh avior of any of the nu clear instrumentation, i. . , th e 

startup channel, lo g N channe l, linear ch a nn e l and safety ch a nnel 

requ ired an immediate dis c ontinuation of th e loading or unloading 

o p e r at ions until a c l ear und e rstanding was had of the a bnormal b ehavior, 

a nd continua tion of th e t est was not starte d until aft r prope r corrective 

action had b een taken. All r actor scram circuitry was routin ly tested. 

Also t h e conce pt of " cocked safety" was utilized as an added safety 

factor during th e t ests. Shim rod #2 was withdrawn to 20 cm from th 

bottom of the core and h eld at that position while shim rod # 1 and th e 

regulating rod w ere maintain e d :fully ins ert e d. This t echniqu allow e d 

th e ins ertion of negative reactivity in case of scram signal r equir e m ents. 

A complete record was k pt at all time s of each fu el e l e m ent move­

ment from th e core to storage and back t o th e cor . 

One licensed UMR operator was at th r eactor control consol at 

all times during the p erformanc e of all the tests, see Figure 8 . Th e 

ope rator d etermined th mod of operation, and in particular limit d 

and directed the unloading and loading of th e fu e l and reflector e l e m nts. 

... 

.. 
;.: 
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O n operator, xp r i nc d in the handling of t h e UMR fu el handling 

tool, moved th e fu 1 and reflector clements from the pool bridge, 

following inst r u ctions by th e consol operator. The author was an 

UMR r eacto r lie ns ed operator and was aided in th performance of 
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all th e t sts by the UMR reactor operations staff. The expe rimental 

facilities of the UMR, i.e. , the through tube and the e a st a n d west beam 

ports (s ee Figu r 2) were maintain d filled with paro.ffin plugs as n eeded 

during the tests with small cores to simulat fully r fl ted conditions. 

C. G eneral Procedures for R eactivity M easur m nts by 
Conventional Techniques 

After a ll the prerequisite condition s discussed in S - ction B had 

b e n met, and once a d sire core full configuration had e n obtaine d, 

thr ee five minute counts were tak n with th startup chamber, and th e 

average count per minute was cal culat d a nd record d. 

The con trol rods were pulled out of the c ore one at a tim e, 

a pp r o x imately 3 c ntimet ers . At all tim s were maintain d in a bank, 

i. e . , their respective distance from th e core bottom wa~ maintaine d to 

within 3 c m. of ach other. When criticality was obtained, at approxi­

mately 0. 8 watts pow er l e vel , th control rods were adjusted so as to 

maintain er iticality with all the rods at the same d is tan c from the cor 

bottom. This was done to maintain a normal core flu radial distribution, 

and h e n ce the rod worth was not affect ed . 

The final positions of th e control rods were recorded an t h e exc ss 

reactivity o f each core was obtain d Cr om the worths of th ontrol rods 
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calibrated in Section VIII. 

During the performance of the tests, the last core configuration 

reactivity that was measured any one day, was again measured first 

the following day of experimentation, to verify that all core conditions 

were equal, and thus continuity of the data was insured. 

D. Measurement of the UMR Full Core Reactivity and Comparison 

With the Calculated Values 

By the procedures outlined in Section C above, the UMR full core 

with the experimental facilities empty was made critical at a power level 

of 0. 8 watts, at 70°F reactor water temperature, and all the control 

rods withdrawn to 46. 135 cm. from the bottom of the core. 

Henc e, with all the rods at 46. 135 cm. , the excess reactivity of the 

UMR full core was as follows: 

Reg. Rod Rod #1 Rod #2 

Total Worth 0. 3 58% 6K /K 2. 00% 6K /K 3. 60% 61 /K 

Worth at 46. 135 cm 0. 314% 6I /K 1. 80% 6K/K 3. 23% 61 /K 

Core Reactivity Con-

trolled by the Rods 0. 044% 6K /K 0. 20% 6K/K 0. 3 7% 6K /K 

Hence, the total excess reactivity in the core was: 

Ptotal = 0. 0440 + 0. 20 + 0. 37 = 0. 614% 6K /K 

The value corrected by the ratio of the UMR effective delayed 

neutron fraction to th infinite core delayed neutron fraction was: 



p 
UMRcore 

A.nct th 
' erefore 

' 
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0. 008693 

= O. 614 X 0. 006398 = 0. 834% 6K/K 

Now th. 
' is value of Keff = 1. 00841 corresponds to the full UMR core with 

the bea 
rn ports and through tube empty and nothing but water in the two 

irrad · · 
iation spaces. As pointed out in Section IV. B. 2, the detector in 

the Glor B 
Y ole was arranged so as to not increase or decrease reactivity 

in the UMR 
core. Flooding (or filling) the experimental facilities with 

Water (o h. 
r ighly hydrogeneous material) was measured (reference 2 ) to 

incre 
ase the core excess reactivity by 0. 368% 6K/K. Therefore the 

Value of th 
e exc ss r eactivity of the UMR assuming fully flood e d experi-

lbental faciliti s is 1. 202% t.K /K and hence, Keff = 1. 0121. 

A.s reported in reference 2 the excess reactivity of the UMR with 

' 

the f l 
u ly flooded experimental facilities would b e 1. 22% 6K/K, and 

h enc 
e, the Keff of the core was 1. 0124. The difference in values of 

react· 
lVities is 0. 018 % t.K / K. This difference can be attributed, perhaps, 

to sli h . . 
g t fission product accumulation, slight differ ne e in the cor 

ten-iPer t 
a Ure during the two measur ments, slight difference in the 

Position. 
Ing of the fuel elements in the core when they have been removed 

a
nd 

Placed back 1·n the 

f 

core, or ultimately, difference o positioning of 

the 
rods in the core, or different tachometer reading for th same rod 

Positions. 

/I 

"' I . 
• 

• f . . 
I 

! . . 
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H ence, finally a valu e o f K e ff = 1 . 0121 i s acce pte d as th e pre s ent 

Kcff value for th e U MR o peratin g cor e with t h e exper i menta l fa c ilitie s 

full of h y dro g nou s m a t er ia l. 

F ull Core w ith Facilities Floode d 

Keff = 1. 0121 p = 1. 202 % 6.K/K 

F ull C o re w ith Facilitie s E m pty 

K e ff = 1 . 00 841 p = 0. 8 34 % 6.K / K 

The cal cula t e d K e ff for th e UMR with fully flood e d exp er imenta l 

fac ilitie s utiliz in g th e techniqu e and m ethods outlin d in S ection VII, is 

1. 0144 , a nd p = 1. 42 % 6.K / K . Cons e qu ently, the diffe r en ce b etw een th e 

calcula t e d a nd measur e d r eactivitie s is 0 . 218% 6.K / K for the pr e s ent 

UMR c or e . 

Sin ce the a n a l y tical cal culation of K e ff was bas e d on fresh fu el 

(n e w fu e l ) a nd exact math e matical core positioning of fu e l it a ppears that 

t h e calcula tional valu e of p = 1. 42 % 6.K / K approa ch e s the earlie r expe ri­

m entally indi cat d valu e of th e UMR core of 1. 22% 6.K / K , a nd h en ce a n 

a ccuracy of calculated and exp e rimenta l valu e ar e thus obtaine d to within 

0 . 2% 6.K / K, which is with in th e a ccuracy of th e analytical rnodel. 

E . R e activity M e asu r e m ents with Smalle r UMR Supercritical 
Cor e s and Comparison with Calcul at e d Valu es 

To fur the r d e monstrat e t h e pre dictabilit y o f th e UMR cor e r e a ctivity 

b y t h e calculationa l m ethods d e scrib e d in Section VII, two slightly supe r­

c ritical smalle r UMR core s w e r m easur e d by the t e hniqu 
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d e scribed in Section D above and compared with the calculat d results. 

The actual steps leading to the smaller UMR supercritical cores 

are listed in Table X and shown in Figur s 24 and 2 5. The results of 

measured and c;:i_lculated values are shown in Tables XI and XII. 

It was concluded that the analytical parameters and methods used to 

calculate th reactivity of the UMR cores is satisfactory to within 

0. 2% 6.K/K. Consequently, the analytical prediction of th e UMR sub­

critical cor e s can be obtained to within the same accuracy of 0. 2% 6.K / K, 

since in the utilization of the PDQ-2 computer technique, the neutron 

leakage in the x-y plane is accurately calculated, and the axial n eutron 

leakage r mains constant for smaller cores, since th e fuel element 

h e ight is constant. 



SECTION X 

REACTIVITY MEASUREMENTS BY 

STATISTICAL PROCESSES 

A. D e scription of Statistical Data M easur ements 

1. Obtainme nt of Raw Statistical Data. With the e xpe rimen tal 

equipm e nt as d e s c rib e d in Section IV, and after calibration of the e quip­

m e nt as d e s c rib e d in Se ctions V and VI, the same pro cedur e was 

follow e d to obtain statistical data for a ch UMR cor e condition studied. 

A pe riod of about 15 minutes after each change in the UMR core 

condition was allowed t o achieve neutron flu x sta bility a nd e quilib r ium 

cor e conditions before statistical data were gathered. 

The pulses from the BF3 , located in the center Glory Hole of th e 

UMR, were counted with the TMC Mod el 214 gate scaler. Gate openings 

of 0. 0001, 0. 0005, O. 001, 0. 01, 0. 1 and 1. 0 s e conds were selected. 

E ach gate op ening was rep eated 1023 times, and th e number of puls e s 

p e r op ening was recorded in the Hewlett-Packard Digital Recorder. 

The record e r had two modes of output: a) d i rect paper-tape 

print-out of the number of pulses recorded for each gate opening of the 

gate scaler, or b) pape r-tape print-out of th e sum of the puls e s re­

co r ded for each gate opening, i.e., sum from i = 1 to i = 102 3 of Ci, 

where Ci is the numb e r o f pulses re corded for each gate opening. Both 

r cord e r outputs were utilized. 

60 
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2. Pro cessing of Statistical Data. As it is evident from what i s 

stat e d a bove , the amount of da ta gath e r e d fo r e a ch UMR cor e condition 

was of l a rg e propo r tions, actually a minimum 613 8 piece s of data for 

each c a se , and consequ e ntly, gr e at car e o f c oo rdina tion and re cording 

w as n eeded to mainta in adequat e r ecords . 

To proces s t h e data to obtain th e variance - to-me an ratio d e fine d in 

Section III, for e a ch cas e , a FORTRAN - II program was writt e n , s ee 

App endix 1, for us e with th Univer s ity of Maryl and IBM-7090. 

The da t a w ere transfe rr ed from th e pa p e r-tape to IBM computer 

cards. To q i c kly asce rta in that all th e statistical data fo r e a ch gate 

op ening h a d b een accurate ly record e d in the IBM cards, e a ch ca se was 

ide ntifie d in th e compute r by a titl e card which d e s c rib e d th e cas e 

condition studie d , th e gate op ening for which data was b e ing analyzed, 

and th e a ve rage numb e r of puls e s for that particular cas e , s ee Appendix 

2. Th e av rag e numbe r of pul s e s was obtain e d by dividing th e int gral 

n u mb e r of puls e output from t h e r eco r d e r by th e numb e r of gate ope nings 

(10 23 ). 

If th e IBM-70 90 calculate d a ve rage numb e r of pulse s was e qu a l to 

th e p r io r calcu lated a v e rage, th e compute r pro ced d to calculate th 

s t andard d e viation and th e variance -to-m an ratio as d e fin e d in S ec tion 

III. 

T h e compute r program also a llow d calculation of th s t anda rd 

d e viation and variance -to-mean r atio fo r gate op e nings in b etw een tho s e 

m easu red with th e equipm en t . Data fo r th e in-b e tw een gate op e nings 
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were generated by the computer by summing sequential number of counts 

for each gate opening. This technique is valid for the range of gate 

openings fromO. 001 seconds and above, since the scaler dead counting 

time between two consecutive gate openings is of the order of 20 micro­

seconds. The error is of the order of 2. 0 % for O. 001 seconds gate 

opening, 0. 2% for 0. 01 seconds gate opening, etc. For example data 

for 2. 0-second gate opening, were obtained by adding consecutive 1. 0-

seconds counts, thus obtaining 1023/2 bits of data for 2. 0-seconds gate 

opening, see Appendix 3. 

The IBM-7090 computer program was checked by actual hand calcu­

lation of one complete case. 

B. Determination of Counting Equipment Efficiency - E: 

It is evident from equation (3. 14) that to obtain reactivity, p, directly 

from the variance-to-mean measurements, one must determine the value 

for the counting equipment efficiency, E:, which is a constant for all cases. 

since the BF3 detector was always located in the center Glory Hole of the 

UMR core and the same equipment was used in all the experiments, see 

Appendix 4. 

To obtain, E:. statistical data were obtained and processed as 

described above for three UMR full core subcritical conditions, (see 

Figures 31, 32, and 33) namely with the control rods banked at 45 cm, 

42 cm, and 35 cm from the core bottom. The degree of subcriticality 

or negative reactivity (-p) for each was obtained from the calibration of 

the control rods. 
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F o r e xample with the rods banked at 45 . 0 c m, shim rod #1 controls 

0. 24 % 6K/K (se e Figur e 21), shim rod #2 controls 0. 42 % 6K/K (s e 

Figur e 22) and the r e gulating rod controls 0. 05% 6K/K (se e Figur e 23). 

All s h im rods control 0. 71 % 6K/ K. Multiplying this valu e b y th e ratio 

o f !3 e ff full co re / !3 infinit e co re , o r 1. 3 58 for th e full UMR cor e , o n e 

obta ins th e a c tual rea ctiv ity controlled by th e shim rods , i.e . , 

0. 96 4 % 6K/ K. 

Subtracting 0. 834% 6K/K, th e UMR cor e exc e ss rea ctivity with th e 

exp e rimental fa c ilitie s e mpty (since this experi ment was done without 

paraffin simulation in the expe rimental fa cilitie s ), one g ets the actual 

d e gree of sub c riticality with the rods at 45 c m i. e ., p at 45 cm = -0 _. 13% 

6K / K. 

Hence, by the same techniqu e one gets: 

p at 42 cm= -0. 563% 6K / K 

pat 35 cm= -1.822% 6K/K 

Equation (3. 14) was solved for E:, for va r iou s valu e s of th e variance ­

to-mean ratio and gat e openings shown in Figur e 31 through 33 for each 

core condition m entioned above , and a n a verage valu e o f E: = 2 . 4 x 10-4 

was obt ained. 

C. Reactivity Measurements from Statistical Data 

1. Shutdown Margin Measure m ents. Normally the shutdown margin 

of a cor e repr e s ents th e d e gre e of sub criticality , - p , of the cor with the 

rods at different levels of insertion in the c o re , and most frequently repre -

sents the degre e of subc riticality of a c o re w ith all r ods fully inserte d. 
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The re ar e s e ve ral conv ntional methods of m easuring shutdown 

m argins . One method normally us L. d during the first loading of a r eactor, 

and p r ior to having pe rform d full control rod calibrations, is the in verse 

multiplication m ethod. This m e thod consists of normalizing the inve rs e 

multiplication const ant , M, to reactivity, and is d e s c rib e d in Chapter 4 

of r e fe r n e e 13. 

Utilizing this m e thod, th e ave rage count per s econd was d et e rmined 

with all rods banke d at 45 c m, wh e re p = -0. 13% 6.K / K. Plotting this 

valu e, p , v rsus counts p e r minute in a log-log graph, one obtains a 

no r malization of counts p r s e cond, v e rsus r eactivity (s ee Figur e 34) 

by drawing a line at 45° angle through the plotted point sinc e p = -(l/M-1). 

The values of p for rods banked at 45 cm, 42 cm, 35 c m wer e obtained 

from Figure 34, and a r e listed i n Table XV. 

Anoth r m ethod is th e Schulz rod d r op method, d e scribed in Ch apter 

5 of r e feren ce 13, first d e v lope d by H.F. Schulz, and appli d to th e 

UMR cor by R. Weine r, reference 14. 

Both of the abov mentioned m ethods are highly s ensitive to th e 

n eu t ron d etector location in the core. 

Another m e thod to m e asu r e shutdown margins is us e d in this study 

b y means of th e variance-to-mean relation to r eactivity as shown in 

equation (3. 14:), which i.s ind e pendent of core det ctor g eometry. 

The variance-to-mean minus one was plotted .fo r various gate 

op en ings for th e UMR rods bank d at different core 1 vat.ions , as ::;hown 

in Figur s 31, 32, and 33. 
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The shutdown margin, -p, for each case of rod banks was obtained 

by solving e qua tion ( 3 . 14) at two differ e nt gat e openings. 

For exampl e, from Figure 32, with all rods at 42 cm, th e variance­

to -mean minus one at 0. 1 seconds gate opening is 0. 85, a nd a t 0. 005 

seconds gat e opening is 0. 425. Hen ce, 

wher e 

[v/M - 1]T = 0.005 

[v/M-l]T=O.l 

= 
0.425 
0.85 

= 

1 
-0. 005X 

- e 
l - 0. 005X 

-0. lX 
1 - e 1 ------

0. lX 

(10. 1) 

(10.2) 

Equation (10. 1) was solved by iteration, and since 13 and£, are known, p 

can be determined ( see Appendix 5). independent of the counter efficiency e. 

Repeating the same technique fo r various gate openings, an average 

value of p = -0. 00502 was obtained that satisfied equation (3. 14) for the 

m e asured data for all rods at 42 cm. 

Utilizing the same method, the shutdown margins, or negative re­

activities, were obtained for rods banked at 45 cm, 42 cm, and 35 cm. 

The results are listed in Table XV and plotted in Figure 34. 

Although statistical data were gathered for the case of all rods at 

30 cm and p = -3. 00% 6.K/ K, the variance-to-mean obtained for gate 

I 
I, 
I 
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openings betw en 0. 0001 and 0. 1 seconds was of the ord r of one, which 

indicates that approximately -3. 0% 6.K /K is the maximum n gative 

reactivity that can be measured with the overall counting efficiency for 

th instrum ni.ation used in this study. 

Further ac uracy could have been obtained with th same instru­

mentation if a larg r number of gate op nings would have been used. An 

error of 12 p rcent in the varian e -to-mean obtain d from 1023 gate 

opening per gat time, represented an error of 1. 0% 6.K / K in r activity 

in the case of all rods at 30 cm. Th standard d eviation of measured 

variance -to-m an values was of th order of 6 percent. ons quently, 

in order to obtain an accuracy of th variance-to-mean such that 

reactivity can b obtained to within 1. 0% 6.K/K, approximately 36, 000 

gate openings ar needed for each gate time, since error is inversely 

proportional to the square root of th numb er of data points. 

The results shown in Table XV and Figure 34 indicate that the 

measurements of the shutdown margin by the variance-to-mean method 

are in agre ment with the values obtained from th e rod calibration method 

for negative r activities of less than -1. 00% 6.K /K, and within ten p r­

cent for negative reactivities of approximately -2. 0% 6.K/K. 

2. Small UMR Core Reactivity M asurements. Sev ral subcritical 

UMR cores were obtained following the steps shown in Tables XIII and 

XIV, and in Figures 2 6 through 30, and according to th proc dures 

outlined in Section IX. 

Statistical data were gather d after each compl t d unloading step 

I 
I 

I, 
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in the same manner as described above. 

The variance-to-mean ratio was obtained and plotted as a function 

of the gate opening time. 

The results for cases 3-B and 4-B are shown in Figures 35 and 36. 

For core cases 5-B through 7-B, the variance-to-mean ratio obtained 

had values of less than one, indicating that the limits of the counting 

e quipment efficiency had been reached, and consequently, the error in 

the statistical data collected was such that it did not permit resolution 

of the variance-to-mean equation for reactivity. 

The subcriticality, or negative reactivity, of cores 3-B and 4-B 

was obtained by solving equation (3. 14) for p (see Appendix 5), utilizing 

a value of e: = 2. 4 x 10-4
• The corresponding effective delayed neutron 

fraction for the actual core size was obtained from Figure 17, and 

various values of variance-to-mean ratio and gate openings from Fig­

ures 35 and 36 respectively. 

The calculated reactivities and effective multiplication constants 

for cores 3-B and 4-B are listed in Tables XVI and XVII, and compared 

with PDQ-2 calculated values for the same core conditions. 

It is evident from Table XVII that the step in negative reactivity 

between cores 4-B and 5-B(=2. 5% t!. K/K), gives a total subcriticality of 

=- -4. 8% 6.K/K, which is beyond the accuracy of the equipment and num­

ber of data points selected for this study as indicated above. 

Examination of the results (see Appendix 6 and Table XVII) show 

that for UMR cores 3-B and 4-B the PDQ-2 calculated reactivities fall 
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Wit
h in the range of the experimental reactivities for 99 percent confi­

dence · th 
in e reactivity estimates. The mean of the experimental reac-

tiv•t· 1 ies agrees with the PDQ-2 calculated values to within 6% for core 

3 -B d 
an 8% for core 4-B. 

D. Comparison of the Variance-to-Mean Method 

with Present Methods Used During Initial 

Reactor Fuel Loadings 

The methods presently used for the safe determination of criticality 

during · .. 
initial nuclear reactor fuel loadings have not changed from the 

Perforn-. 
~uance of the first reactor fuel loading, Chicago Pile 1, CP-1, in 

1942 
• by Dr. Enrico Fermi, to the fuel loading of modern large nuclear 

Power Plants (see note below). 

In essence the methods consist in plotting the relative inverse counting 

rate of 
each neutron detector as a function of the total number of fuel assem-

blies lo d . 
a ed m the reactor core, or as a function of the moderator height in 

caseswh 
ere the fuel is batch loaded without moderator material present in 

the core 

The form of the critical approach curves mentioned above depend 

in gr 
· 

eat extent on the neutron start-up source used and its location in 

::----_ 

~~;~e: The author has directly participated in the initial fuel loadings of 

abo ious nuclear reactors. Further, the author, in order to support the 

of ave statement, has checked the procedures used for initial fuel loading 

fuel ;ecent large nuclear power plant, Dresden Unit 2, which was initially 

oaded by the General Electric Co. during the last quarter of 1969.) 
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th
e core, as well as on the position of the neutron detectors used to 

determ · . 
1ne counting rates (flux levels). Normally the initial reference 

counting rate is that obtained from the detectors in the presence of th e 

neutron 

· 

source only in the core. The subsequent counting rates obtained 

after fuel addition to the core are normalized as multiples of the refer-

ence c . 
ounting rate. This normalized count is called the multiplication 

factor f th 0 e neutron population. 

Usually th e neutron source is placed in the center of the core and 

fuel ass . 
embhes are added around it. The neutron detectors must be 

located 
Where they can sample the over-all neutron flux of the fuel 

assembly- obtained during the different steps in fuel loading. Further, 

the det 
ectors must be located in such a manner as to be able to detect 

the ch . 
anges in the neutron flux multiplication. However, due to the 

harmo . 
nic content of the neutron flux in the fuel assembly the critical 

approach curves can take two different shapes as shown below: 

1.0 

0 

ITICAL 
ASS 

TOTAL FUEL MASS IN THE CORE 

LOADING 
STEPS 

~ 
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u r v (a ) r e presents a highly undesirable arrangement of source 

and d t ector s , whereby linear extrapolation of the inverse multiplica­

tion f actor (1 / M) of neutron flux predicts an overestimate of the fue l 

lo act i ng require d for criticality, and obviously this can lead to adding 

t oo m u c h fuel betwe e n loading steps, thus creating a potentially haz­

ardous condition. Normally, when such a curve is obtained during 

initial reactor loading, the loading is discontinued and the detectors 

r e located, after which the reacto r loading is reinitiated. 

Curve (b) represents a safe approach to criticality. since the linear 

xtrapolation of the 1 /M factor conservatively estimates critical fuel 

loading. 

The true curve of 1 / M factor is hard to achieve by these methods 

primarily because of the inherent inefficiencies in the detector sampling 

of the true neutron flux multiplication. 

The superiority of the variance-to-mean method presented in this 

research over the relative inverse multiplication in safely determining 

the critical fuel loading of a reactor is clearly demonstrated in Figure 37 . 

Various counts per minute were taken and averaged for each sub­

critical UMR core studied. The total count data was normalized to the 

r e activity calculated for core 6 - B and plotted in Figure 37 as a function 

of UMR core loading. together with the PDQ-2 calculated reactivity and 

the variance-to-mean measured data. The total count data (relative 

inverse multiplication) cons istently overestimated the critical fuel mass; 

however. the variance-to-mean data in the region studied accurately pre ­

dicted the critical loading of the UMR core. 



SECTION XI 

SUMMARY 

The University of Maryland reactor core physics parameters have 

b e n calculated and measured in great detail in this study. 

A gr ee m e nt to within 0. 2% 6K/K has been obtained between the con­

trol rod measured and PDQ-2 calculated reactivities for the UMR full 

cor e, and smaller supercritical cores. 

The statistical technique of the variance-to-mean ratio of the number 

of counts for various gate openings as a means to determine the degree of 

subcriticality, or shutdown margin, has been shown an effective method. 

An accuracy of approximately 0. 3% 6K/K has been obtained between 

the negative reactivities measured by statistical methods and the PDQ-2 

calculated values. 
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SECTION XII 

CONCLUSIONS 

It app ears from this study that greater overall counting effi c i en cy 

for the 

. 

same amount of statistical data would permit more accurate 

rneasur 
e ments at larger degrees of subcriticality, perhaps in the r egion 

of - 4 . O% llK/K to -5. 0o/o 6K/K. 

The system utilized for the statistical data processing is exact, 

howev 
er cumbersome, due to the amount of data to process and the 

amount of peripheral hardware to be utilized in the reduction of the data. 

It is the author's opinion that a system to measure negative reactivity 

continue 1 . 
. . . 

Us Y and directly could be devised by designing a small compute r 

capable f . 
0 accepting the output of a multichannel scaler similar to the 

one u 
sect in thi's study. The computer would have a fixed internal logic 

capab1 

. . 

e of calculating the variance-to-mean rat10 for a fixed number of 

counts 
Per gate opening, for various fixed gate openings from 0. 0001 to 

1. 0 seconds. Also programmed in the computer logic would be the 

col'l'elation between the variance-to - mean ratio and(~ - p)/ i. The 

counti 
ng efficiency, e, would be determined for each specific counting 

8 Ystern • 
In a particular reactor, and would be a fixed parameter to the 

COtnp t 
u er logic. 

Fol' reactivity measurements with a fixed core, i.e., shutdown 

tnal' · 
gin measurements, changes in the control rod worth, or core 

72 
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c h aract e ristics with fu e l burnup, S and i , would be approximat el y con­

s tant, and cons e quently, negative reactivity could be measured dire c tly . 

It is important to point out that the variance-to-mean ratio techniqu e 

a llows reactivity measurements without the measurements b ein g affect e d 

b y t h e source-detector geometry . 

The technique described herein should be an asset in determining 

th e c riticality of the small core assemblies obtained during normal 

initial reactor cor e fuel loadings, and h ence would allow safe and accurat e 

prediction of criticality. 
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APPENDIX 3 
TYPICAL IBM-7090 COMPUTER OUTPUT 

CALCULATION OF VARIANCE TO MEAN RATIO 

*t=l3399.75 TIME=l.0000 Ste- CASE 5-e - 3-16-66 

Tl~E IS 1 SECO~CS 

AVERAGE IS 13399.7526855 

STANOARC CEVI~TIC~ IS 137.044283 

VARIANCE IS 18781.14 

VARIANCE TO ~tA~ RATIO IS 1.40160312 

Tl~E IS 2 SECONDS 

AVERAGE IS ~6799.7414551 

STANDARC CEVl~TIO~ IS 234.9(3383 

VARIANCE IS 55179.6C 

VARIANCE TO ~EA~ RATIO IS 2.05896Cll 

TIME IS 3 SECONDS 

AVERAGE IS ♦0199.2578125 

STANOARC CEvI,TIC~ IS 326.77llle 

VARIANCE rs 106779.36 

VARIANCE TO ~EA~ RATIO IS 2.65625212 

TI~E IS 4 SECO~DS 

AVERAGE IS .S3t00.3564453 

STANDARC CEVI~TIC~ IS 421.937283 

VARIANCE IS 178031.07 

VARIANCE ro ~EA~ RATIC IS 3.32145309 

Tl~E IS 5 SECCNDS 

AVERAGE IS 67COC.4453125 

STANDARC CEVIATIO~ IS 5C8.096672 

VARIANCE IS 258162.23 

VARIANCE TO ~EA~ RATIO IS 3.85314193 

TIME IS t SECOND S 

AVERAGE IS 80400.5351563 

STANOARC CEVIATIC~ IS 596.lC868E 

VARIANCE 15 355345.57 

VARIA~CE TO ~EA~ ~ATI O IS 4.4196915( 
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APPENDIX 4 

EFFECTS OF MEASUREMENT ERRORS ON V/M 

COUNTING EQUIPMENT SYSTEM DEAD TIME 

In the derivation of Equation (3. 14) for V IM a necessary condition 

was that th e counting equipment system response be independent of th e 

number of neutrons available for counting during any specific gate 

opening time , T. This condition cannot be justified if the efficiency of 

the counting equipment system, e , is dependent on the rate at which 

neutrons are recorded. The limitation in the rate is determined by th e 

counting equipment system dead time, which is defined as the time period 

fo llowing the recording of a neutron pulse by the gate scaler, during 

which, a second neutron pulse in the neutron detector will not be re­

corded by the gate scaler. 

In a counting system such as the one used in this research and 

described in Section IV, the dead time of th e system is basically that of 

the pulse pair resolution time of the gate scaler. 

The technique normally used for the determination of the counting 

equipment system dead time requires a double pulse generator which 

permits adjustment of the polarity, amplitude, width and time between 

subsequent pulses. By adjusting polarity, amplitude and width of the 

generated pulse one can simulate the shape of the pulse of the amplifier 

discriminator of the counting equipment. Then by feeding the simulated 

signal to the gate scaler at various pulse separation times, one can de­

t ermine the counting equipment system dead time, which would be that 
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separat· · 
ion time below which two subsequent individual pulses would be 

counted as one. 

Since the pulse pair resolution (resolving time) of the gate scaler 

Used in th. 
is research, TMC-Model 214, is given by the manufacturer 

8Pecif• 
ication to be 5 microseconds (see page 24), to verify this mea-

sure:rnent 

. . 

a double pulse generator with a pulse separation time of one 

to ten m· 
icorseconds would have been needed. The author was not able 

to obta· 
in such a generator. 

A.l
though the determination of the counting equipment efficiency, E:, 

obtained . 
in Section X. B, inherently includes the effects of the counting 

8 Yste:rn d . 

. . 

eact time, they are not included in a manner consistent with the 

theoret· 
ical derivation of Equation (3. 14). 

The effects of the counting equipment system dead time on the mea­

sured va . 
riance-to-mean can be determined (reference 6) from: 

c :: c e-C Td 

c :: measured average count rate 

C :: true average count rate 

(1) 

T d:: counting equipment system dead time 

and a 
ssu:rning that C is large, T d is small and the distribution is normal, 

then 
approximately: 

(2) 



whe re: 

(c2 
- (c)2

) = measured variance of count rate 

(C2 
- (C )2 

) = true variance of count rate 
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h ence, for any gate ope ning time, T seconds, the ratio of the variance­

to- mean measured to the true variance - to - mean is: 

-CT 
d 

(3) 

From Equation (3) above the following measured to true error 

correction tabulation for the variance-to-mean can be obtained for 

various measured average count rates, c, for a counting equipment 

system dead time, T d' of 5 µ -seconds. 

Measured Average Counts 
Per Second 

c 

100 

1000 

2000 

5000 

10000 

Measured to True Variance-to-Mean 
Percent Error 

% 

0.05 

o. 50 

1.00 

2.47 

4.88 

Consequently the error introduced by the loss of counts due to the 

counting equipment system dead time is of the order of 2. 00 percent 

or less, since the measured average counts obtained were of the order 

of 5000 cps or less. 



APPENDIX 5 

EFFECTS OF SECOND ORDER TERMS IN THE 

VARIANCE-TO -MEAN EQUATION 
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Examination of Equation (3. 13) of Section III reveals that from the 

v arianc e -to -mean ratio of the neutron count, information can be obtained 

a bout various fundamental physics parameters, name ly: 

V ( v - 1) 
( v )2 

the relative width of the probability 

distribution of the fission neutron 

emission for the fissionable core 

material 

the prompt neutron population 

decay e i ge nvalue 

the delayed neutron population 

decay eigenvalue for delayed groups 

Of the physics parameters mentione d above , only the relative width 

of the probability distribution of the fission neutron emission can be 

independently determined (see reference 7). However, information 

about the other parameters can be obtained by analyzing the results of 

the measurements of the variance-to-mean ratio according to the ranges 

of the values of a.T, in which the experiments have been made, by ana­

lyz i ng the data on a selected range. 

In this research the author is primarily interested in the measurement 

of the prompt neutron population decay eigenvalue a, 1 • Consequently, in 

analyzing the results of the experiments (Figure 31 through 34 and Figures 

35 and 3 6)~ which implies the necessary conditions that: 
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0:1 > > I ~ I > I a::., I > ••• (1) 

and: 

(2) 

Consequently , the second order t erms 0:2 , O::.,, ••• etc. can be disre-

g arde d since their contribution is negligible for T< O. 1 seconds, and 

hence Equation (3 . 13) can be represented by Equation (3. 14). Further, 

it can b e said that since the variance is the autocorrelation function 

e valuated at z ero time lag, the terms with larger decay constants be­

come negligible, in the application of the Equation (3. 13) the spatial 

e ffects on the core parameters are also negligible. 

Ultimately it is evident from Equation (3. 14) that the measurement 

of the variance-to-mean provides with an independent and unique mea­

surement of a. 1 , and it does not allow for the independent direct mea-

surment of the core reactivity, p, since a:n. =a: = ( 13 - p) / i,. 

However, let us examine the possible error that can be introduced in 

the solution of Equation (3 . 14 ) directly for p, by inserting in Equation 

(3. 14) the theoretically calculated values of the prompt neutron lifetime, 

i, , and the effective (one group) delayed neutron fraction, for the different 

UMR cores studied in this research. 

The value of the prompt neutron lifetime [Equation (7. 11)] is affected 

by the core temperature, core lifetime, and core size. Since the experi­

ments were performed on the cold, clean, UMR core, only the core size 

change during fuel loading would affect the value of the prompt neutron 

lifetime. 
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The prompt neutron lifetimes calculated for the full size UMR core 

and the smallest core considered in this research, cor e 4-B, are 45 

µ - seconds, and 42 µ - seconds respectively. Consequently, the error 

introduced in the measurement of reactivity directly from Equation (3. 14) 

by fixing the prompt neutron life to 45 µ - seconds is of the order of 6 % 

for the smaller core studied, core 4-B, and l ess than 6% for the lar ger 

C r S . 

Th ff ctiv del ay n utron fr action is discussed in Section VII. 

7. 8 and its valu s for th different core sizes given in F igure 17 , Taking 

a maximum expected e r r or band on the calculated values of \3 eff of 3. 5 

p r e nt (the range between the UM~ full core \3 ff and the smaller UMR 

c ore consi dere d, core 4-B), the error introduced in the measurement of 

reactivity directly from Equation (3. 14) by fixing the value of \3 as 
eff' 

give n in Figure 17 for different core sizes, would be in the order of 3. 5 

p e rcent. How ever, this possible error was minimized to l ess than 3. 5 

percent by us ing the corresponding delayed neutron fraction from Figure 

1 7 for the act ual core s i ze considered. 

Consequently, because of the above reasoning, it appears that the 

uncertainty in the second order terms in Equation (3. 14) would allow the 

measu rement of reactivity directly from the variance-to-mean measure ­

ment with an accuracy of 6 percent of its actual value for a UMR type 

core . 



APPENDIX 6 

CONFIDENCE L IMITS FOR THE 

REACTIVITY OF UMR CORES 3 - B A ND 4-B 

The confidence limits for the value of the reactivity as function o f 

th e v ariance - to-mean minus one obt ained from experiments and plott e d 

in Figures 35 and 3 6 fo r UMR cores 3-B and 4 - B, were calculate d as 

follows: 

UMR C ore 3-B 

C alculated 
Gat e Time R eactivity 

Seconds (V /M) - 1 % t::. K/ K 

1. 0 1 . 000 - 0.48 9 

1.0 1. 100 - 0. 42 5 

1.0 1.067 - 0.4 50 

0. 1 1. 023 - 0. 450 

o. 1 1. 082 - 0.41 5 

0.1 0.977 - 0.48 5 

0.01 0.o91 - 0.486 

0 . 01 0.745 - 0.424 

0.01 0.720 - 0.4 50 

p = - 0 .4527 

Where the reactiv ity was obtained directly from Equation (3 . 14) by 

s olving p for the measured value of (V /M) - 1 for the 9 data point s selected 

r andomly from the data in the range of O. 01 to 1. 0 seconds gate opening. 

The c a lcula ted s tandard deviation of the r e a ctivity is 0. 026 88% 6K/ K 

and consequently , a ssum ing a normal dis tribution, it c a n be s aid with 

99% c onfidence that t h e mean of the measured reactivity for the UMR 

core 3 -B lie s in the interval - 0. 4846 % t. K / K t o - 0. 4208 % t.K / K . 
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By th e same approach for UMR Core 4 -B the mean of the m e asured r e ­

ac tiv ity c an be expe cted to lie with a 99% confidence in the interval -2. 464 % 

6K/K to - 1. 714 % Af<./K. 

UMR Core 4-B 

Calculated 
Gate Time Reactivity 

Seconds (V/M)-1 % tK/K 

1.0 0.280 -1. 71 

1.0 0.300 -1, 61 

1.0 0.275 -1. 73 

o. 1 0,235 -1. 91 

o. 1 0.220 -2. 01 

o. 1 0.202 -2. 15 

0.01 o. 120 -2. 83 

0.01 0.168 -2. 20 

0.01 o. 110 -2. 97 

0.001 o. 062 -1. 90 

0.001 0,058 -2. 05 

0.001 0.059 -2. 00 

p = -2. 089 
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TABLE I 

Random Source Statistical Measurements 

to Checkout Instrumentation 

r--- Variance-

Gat e Tirne 

i :; 10 33 

\ 
Standard 

l'.: t (se c ) 
LC· Mean 

Deviation 
Variance to-Mean 

l 

?- (c)2 

i = l c 0 

Ratio 

I---

0, 0001 203 0. 1998 
0 . 441 60 

0. 19562 0.9 78 9 

0, 001 198(:i 1. 9413 
1.40397 

1. 97001 1.015 3 

0. 0 l 20155 19. 7018 
4. 39963 

19. 35674 0.9 824 

o. 05 97 867 95. 6664 
8. 41427 

88. 62851 0.9264 

0 , 1 
2007 68 UHi. 2549 

15 , 10206 
228. 07001 . 1. 162 1 

0, 5 
89 4 38 2 972. 0355 

30. 934 10 
956 . 91202 0.9844 

1, 0 
20:30455 

I 
1984. 7965 

43 . 34640 
1878. 873'00 0. 9466 



Item No . 

1 

2 

3 

4 

5 

6 

7 

8 

TABLE II 

As-Bu ilt Drawings Used in the Preparation 

of the Core Mock- Up (Grid Mesh) 

Input to the PDQ Code 

Drawing No. Description 

15-D-04600 Grid Plate 

15-D-0500-B Graphite Sou rce Hol der 
and Weldment Assembly 

15-C-05003-A Graphite Reflector 

15-D-03004 Shim Rod 

15-D-03006-D Shim Rod and Reg. Rod 

Guide 

15-D-03003 Regulating Rod 

15-D-02000 Fuel Element Assembly 

15-D- 02 00 1 Fuel E l ement Container 
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TABLE III 

Physical Features of the 

University of Maryland Reactor 

r---
Core C omponents 

Material Description 

Fuel 
Highly enriched (93. 5% U-235) 

aluminum alloy 

Clad ct· ing 
Aluminum 

lVIocterator 
Ordinary water 

Reflector 
Grapp.ite in the four lateral sides of 

the core and ordinary water above 

and below the core 

Control R d 
Sh· o s 

ims #1 and #2 
B

4

C contained in aluminum cans 

Regulating Rod 
Perforated hollow stainless steel 

rod 

N"eutro n Source 
Pu-Be - one Curie 

----Core C 
Dimensions 

~ o mponents 

Fuel L 

2 . 469 in. 

ayer Per Plate 
Length 
Width 

0. 026 in. 

Height 
23. 625 in. 

A.lurn · 
Per 1~u m Cladding 

late 
Length 

2. 775 in. 

Width 
0. 027 in. 

Height 
2 5. 12 5 in. 

A.lurn · inum F 1 
Co ue 

nt a iner 
Length 

2. 827 in. 

Width 
2 . 827 in. 

Height 
26. 250 in. 

Thickness 
of Can 

0. 064 in. 

89 
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TABLE III (cont. ) 

Physical Features of the 

University of Maryland Reactor 
r---________________________ ___, 

- Core Components 

Sp . acing Bet F ween 
u el Cans (Center 

to Center) 

Spacing Bet F ween 
uel Plates (Pitch) 

Ren t ec or Elements 

C
(llncluding Alumin~m 

ad) 

Fuel L . 
P 

oadmg Per 
late 

Tot l N a · umber of 
Fuel Plates in the 

Fuel Core 

Crit' ical Present UMR 

Core Loading 

Pres t en UMR Full Core 

Loading 

Dimensions 

Along west-east axis 3. 189 in. 

(X-axis in PDQ calculation) 

Along north - south axis 3. 035 in. 

(Y-axis in PDQ calculation) 

0. 262 in. 

Length 
Width 
Height 

2. 807 in. 
2.807in. 

25. 125 in. 

Regular Fuel Plate 15. 84 g. of U-235 

S'piked Fuel Plate 18. 00 g. of U-235 

Spiked 

Regular 

19 

147 

2581 gms of U-235 

2671 gms of U-235 
I 



TABLE IV 

Description of Location of the Fuel Cans 

r--- and Their Contents as Arranged in the UMR Cor e 

Can N Core Location 

f.--....._ 0. I 

1

~

1 
______ __.:.C~o:.:.n:.:.t.:::_en:.:.t::.::s:__ _____ -f-_(:._S~e~e-=-F.=ig:'...u~r~e::._::2.:__)_j 

4 - 18. 0 g fuel plates B-5 

30 

20 

19 

10 

14 

100 

17 

15 

29 

8 

13 

1-aluminum plate 

9 - 15. 8 g fuel plates 

1-aluminum plate 

10 - 15. 8 g fuel plates 

10 - 15. 8 g fuel plates 

6 - 15. 8 g fuel plates 

Regulating Rod 

10 - 15. 8 g fuel plates 

5 - 18. 0 g fuel plates 

1-aluminum plate 

10 - 15. 8 g fuel plates 

10 - 15. 8 g fuel plates 

6 - 15. 8 g fuel plates 

Shim Rod #1 

10 - 15. 8 g fuel plates 

16 - 15. 8 g fuel plates 

16 
Shim Rod #2 

18 

10 - 15. 8 g fuel plates 

9 

10 - 15. 8 g fuel plates 

11 

10 - 15. 8 g fuel plates 

12 

10 - 15. 8 g fuel plates 

7 

10 - 15. 8 g fuel plates 

C-4 

C-5 

C-6 

C-7 

D-4 

D - 5 (Glory 
Hole) 

D-6 

D-7 

E-4 

E-5 

E-6 

E-7 

F-3 

F-4 

F-5 

F-6 

F-7 

F-8 10

1 

10 - 15 . 8 g fuel plates 

.____ 10 - 18. 0 g fuel plates 
-----~ ____ _:,_ ____ _i-___ __.J 



TABLE V 

r---Regio~n~-------,.-------------------

List of UMR Core Regions 
Composition Descriptions 

Composition Description 

1 

2 

3 

4 

5 

6 

7 

8 

9 through 13 

14 

15 through 27 

28 

Regular fuel plates (15. 8 g of U-235) 

plus water moderator. 

Spiked fuel plates (18. 0 g of U-235) 

plus water moderator. 

Aluminum shroud can and water in 
mixture in areas surrounding the 
core and between fuel elements. 

Aluminum and water mixture in the 
area between the core and the thermal 
column and areas between the reflector 

elements. 
Aluminum and water mixture in the 

control rod area of the core. 

Aluminum, graphite .and water mixture 
for the graphite element containing 

the start-up source. 

Graphite reflector elements 

Water moderator 
Regular fuel and water mixture equal 

to composition 1. 

Spiked fuel and water mixture for 
the center Glory Hole , and fuel element 

equal to composition 2. 

Regular fuel and water mixture equal 

to composition 1. 
Spiked fuel and water mixture for the 

fully loaded spiked element. 

92 
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TABLE VI 

DMR C or e 
Volume Fractions and Atomi c De nsitie s 

r---

Corn . 
Volu m e 

Atom i c Dens ities 

position N 0 . Mat e ria l Fract ion 
X 10 - 24 

1, 9 t h rou gh 13 U -235 . 002 98 
. 000144 a to ms / 

m3 

&15 throu gh 27 U-238 .0001 9 
. 00000 9 " " 

Al . 300 98 
. 01 8 134 

II " 

H2O . 69585 
.023265 0- " " 
. 04653 0 H - " " 

2, 14, 2 8 U -2 35 . 0033 8 
. 0001 64 a tom s / c m

3 

U -238 . 00022 
.000010 " " 

Al . 30055 
. 01 8 10 6 " " 

H2O . 69 58 5 
.02 32050- " " 
.04 6410H- " " 

3 Al .30900 
. 018 65 0 " " 

H2O 
. 69 100 

.02 31000- " " 

. 046200 H- '' '' 

4 A l . 6 1500 
.0 37200 " " 

H2O .38500 
. 021850 0- " " 
. 04 3700 H- " 

,, 

5 Al . 10800 
. 00 6530 " " 

H2O 
. 89200 

. 029800 0- " " 

. 05 96 00 H- " II 

6 C .66900 
. 053700 " " 

Al . 12 700 
. 007700 " " 

H2O 
. 20400 

. 00342 0 0- " II 

. 00 6840 H- " " 

7 
C 1.00000 

. 076700 " " 

8 H 2O 1. 00000 
.0171000- " " 
. 034200 H-

II " 



Group 

l 
l 
l 
l 
l 
1 
l 
l 
l 
1 
l 
l 
1 
l 
1 
1 
1 
l 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

TABLE VII 

Four Group Calculated Cross Section Data for th e UMR F ull Core 

Fission Ne ut r ons 
P e r Fissio n Times 

Diffusion Abs orption Re moval F iss io n 
Coeffi c ie nt C r os s Section Cross Sectio n C r oss Sect ion 

Comp. D ( c m . ) Sigma A (c m- 1) S igma R (c m- 1 ) Nu x Sigm, F 

l l. 425877 0 . 0006G0 0 . 042710 0. 000 847 
2 l. 425536 0 . 000710 0 . 042685 0 .00096 1 
3 l. 427507 0.000250 0 . 042713 0. 
4 l. 576380 0 . 000270 0 . 023008 0. 
5 l. 364920 0 . 000250 0 . 054876 0. 
6 1. 579018 0 . 000050 0 . 007187 0 . 
7 l. 354609 0.000001 0 . 002641 0. 
8 1. 336414 0 . 000240 0.061303 0 . 
9 1. 425877 0. 000660 0.042710 0 . 000847 10 1. 425877 0. 000660 0 . 042710 0 . 000847 11 1. 425877 0.000660 0 . 042710 0.000847 12 l. 425877 0 . 000660 0.042710 0.000847 13 1. 425877 0.000660 0.042710 0.000847 14 1. 42553G 0 . 000710 0 . 042685 0 . 000 96 1 15 1. 425877 0 . 000660 0.042710 0 . 000847 16 l. 425877 0.000660 0.042710 0 . 000847 17 1. 425877 0.000660 0 . 042710 0.000847 18 1. 425877 0 . 000660 0.042710 0 . 000847 19 1. 425877 0 . 000660 0.042710 0.000847 20 1. 425877 0.000660 0.042710 0 . 000847 21 1. 425877 0 . 000660 0.042710 0 . 000847 22 1. 425877 0 . 000660 0.042710 0 . 000847 23 1. 425877 0 . 000660 0 . 042710 0.000847 24 1. 425877 0.000660 0.042710 0.000847 25 1. 425877 0.000660 0.042710 0 . 000847 26 1. 425877 0.000660 0 . 042710 0 . 000847 27 1. 425877 0.000660 0.042710 0 . 000847 28 1. 425536 0 . 000710 

l 0.042685 0 . 000961 co 
~ 



Group 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

TABLE VII (cont. ) 

F our Group Calculated Cross Sec.tion Data for the UMR Full Core 

Fission Neutrons 
P er Fission Times 

Diffusion Absorptoin Removal Fission 
Coefficient Cross Sectior Cross Section Cross Section 

Comp . D (cm.) Sigma A (cm- 1
) Sigma R (cm - 1

) Nu x Sigma F 

1 0. 795668 0. 009830 0. 189322 0.013140 
2 0. 794240 0. 011080 0 . 188868 0 . 014910 
3 0. 809063 0.000450 0. 19182 6 0. 
4 1. 249538 0.000420 0. 103631 0. 
5 0. 659240 0. 000470 0.24892 3 0. 
6 1. 065829 0. 000090 0.032343 0. 
7 0. 887858 0.000004 0.010222 0. 
8 0. 599742 0.000484 0.27967 9 0. 
9 0.795668 0. 009830 0. 189322 0.013140 

10 0. 795668 0.009830 0. 189322 0.013140 
11 !).795668 0.009830 0. 189322 0. 013140 
12 0. 795668 0.009830 0. 189322 0.013 140 
13 0. 795668 0 . 009830 0. 189322 0.013140 
14 0. 794240 0.011080 0. 188868 0. 014910 
15 0.795668 0.009830 0. 189322 0.013140 
16 0. 795668 0. 009830 0 . 189322 0 .013140 
17 0. 795668 0 . 009830 0. 189322 0.013140 
18 0.795668 0.009830 0. 189322 0.013140 
19 0. 795668 0.009830 0. 189322 0.013140 
20 0.795668 0. 009830 0. 189322 0.013140 
21 0. 795668 0.009830 0. 189322 0.013140 
22 0. 795668 0.009830 0. 189322 0.013140 
23 0. 795668 0.009 830 0. 189322 0 . 013140 
24 0.795668 0. 009830 0. 189322 0.013140 
25 0 . 795668 0.009830 0 . 189322 0.013140 
26 0 . 795668 0. 009830 0. 189322 0. 013140 
2 7 0. 79 5668 0.009830 0. 189322 0.013140 
28 0. 794240 0. 011080 0. 188868 0.0 149 10 

co 
CJ1 



Group 

3 
3 
3 
3 
3 
3 

I 3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

TABL E VII (cont. 1 

Four Group Calculat ed Cross Section Data for the UMR Full Core 

Fission Neu t rons 
Per Fission Times 

Diffusion Absorption Remo val Fission 

Coefficient Cross Section Cross Section Cross S ectio n 

Comp . D (c m . ) Sigma A (c m- 1
) Sigma R (c m- 1

) Nu x Sigma F 

1 0. 774501 0.010668 0. 384245 0. 015 36 1 

2 0.772945 0.011711 0. 383977 0.017434 

3 0.788791 0 . 002940 0. 384472 0. 

4 1. 224186 0.002560 0.213038 0. 

5 0. 640 149 0.003180 0.496239 0. 
6 1.057 105 0.000601 0.0714 99 0. 
7 0. 887073 0.000032 0.027124 0. 

8 0.581044 0 . 003310 0.556578 0. 
9 0.774501 0.010668 0.384245 0.015361 

10 0.774501 0.010668 0.384245 0 .015 36 1 
11 0.774501 0.010668 0. 384245 0.015361 
12 0.774501 0.010668 0. 384245 0.015361 
13 0.774501 0.010668 0. 384245 0.015361 
14 0. 772945 0.011711 0.383977 0.017434 
15 0.774501 0.010668 0. 384245 0.015361 
16 0 . 774501 0 . 010668 0. 384245 0.015361 
17 0 . 774501 0.010668 0 . 384245 0 . 015361 
18 0.774501 0 . 0 10668 0. 384245 0.015361 
19 0. 774501 0.010668 0. 384245 0.0153 61 
20 0.774501 0.010668 0 . 384245 0 . 015361 
21 0 . 77450 1 0. 010668 0. 384245 0.015361 
22 0.774501 0.010668 0. 384245 0.015361 
23 0.774501 0.010668 0.384245 0.015361 
24 0. 774501 0. 010668 0 . 384245 0.015361 
25 0 . 774501 0 . 0 10668 0. 384245 0.015361 
26 0 . 77450 1 0.0 10668 0. 384245 0.015361 
27 0. 774501 0.0 1066 8 0. 384245 0.015361 
28 0. 77294 5 0.011 711 0. 383977 0. 017434 

~ 
C) 
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Group 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

TA B L E V II (cont . j 

F our Gr oup C al.cu l ated Cr oss Sec t i on Data for th e UMR Full Cor e 

F is sion Neutrons 

P e r Fission Time s 

Di ffu s ion Absor pt io n R e mo va l F is s ion 

Co e ff icient C ros s Section C ross Section Cross Section 

Co mp. D (cm. ) S igma A (cm - 1 ) S igma R (c m- 1) Nu x Sig m a F 

1 0.2 44 300 0 . 0870 87 0 . 148185 

2 0. 247400 0 . 09 5031 0 . 164802 

3 0. 227400 0 . 01 696 0 0. 

4 0. 304800 0 .014730 0. 

5 0 . 178000 0. 018 350 0 . 

6 0. 681500 0. 00 3769 0 . 

7 0 . 9 15300 0 . 000209 0 . 

8 0 . 161500 0. 01 9010 0. 

9 0 . 244300 0 .087087 0. 148185 

10 0 . 244300 0.087087 0. 148185 

11 0. 244300 0.087087 0 . 148 185 

12 0.244300 0 . 087087 0. 1481 85 

13 0 . 244300 0 . 087087 0. 14 8185 

14 0.247400 0.095031 0 . 164802 

15 0 . 244300 0 . 087 087 0. 14 8185 

16 0. 244300 0 . 087087 0. 14 8185 

17 0.244300 0 . 087087 0 . 148 185 

18 0 . 244300 0 . 087087 0. 148 185 

19 0 .244 300 0.087087 0. 148185 

20 0 . 244300 0. 087087 0 . 148 185 

21 0 . 244300 0 . 087 087 0 . 1481 85 

22 0 .244300 0. 087087 0. 148 18 5 

2 3 0. 244300 0. 087087 0. 14 818 5 

24 0. 244300 0. 087 087 0. 1481 85 

25 0 . 244300 0. 0870 87 0 . 1481 85 

26 0 . 244300 0. 087087 0. l 481 85 

27 0. 244 300 0 . 08 7087 0. 14 81 85 

28 0 . 247 400 0 . 09 503 1 0 . 164802 

CD 
-1 



r 
TABLE VIII 

Composition Integrated and Averaged Areas, Fluxes_, 

and Sources for the UMR Full Core, Cold Clean 

Composition - Int e grated Area (c m 2
) 

* 0. 422157£ 02 0. 187 626£ 02 0 . 39 0 678E 03 0 . 1024 69 E 03 

0.496814£ 02 0. 146048£ 04 0 . 389069E 04 0 . 469064E 02 

0. 140719£ 02 0 . 140719E 02 0.469063£ 02 0 . 234532E 02 

0. 469063£ 02 0 . 140719£ 02 0. 140719E 02 0. 469064£ 02 

0. l60719E 02 0 . 4 69064E 02 0. 496814£ -02 0. 469064£ 02 

0. 469064£ 02 0 . 469064£ 02 0. 496793£ 02 

Composition - Integrated Flux - Group 1 

0. 24 ll 19E 04 0 . 892414E 03 0. 236068E 05 0 . 32102 lE 04 

0 . 499788E 03 0 . 282948E 05 0. 139760E 05 0. 352092E 04 

0. 865339£ 03 0. 630189E 03 0. 353390E 04 0. 243884E 04 

0. 377739E 04 0. 9 19337£ 03 0. 123245E 04 0. 509284£ 04 

0. 141236E 04 0 . 406812£ 04 0. 189555E 04 0 . 312703£ 04 

0. 404004E 04 0. 333380E 04 0.210905E 04 

Composition - Averaged Flux - Group 1 

0 . 571160E 02 0. 475636E 02 0. 604252E 02 0 . 313286E 02 

0 . 100599E 02 0 . 193736E 02 0.359217E 01 0. 750626E 02 

0. 61494 lE 02 0. 44 7 835E 02 0. 753394E 02 0. 103988E 03 

*Note - All values listed in this table are given for the 28 different Core Regions 

0. 56287 6 E 0 2 

0 . . 04 E 02 

0. -i u_, J63E 0 2 

0. 140719E 02 

0. 469064£ 0 2 

0. 422202 E 04 

0.36 1394E 04 

0. 4 899 7 6E 04 

0 . 15021 9E 04 

0.4029 56E 04 

0. 7 5007 9£ 02 

0 . 770458£ 02 

o. 1044 58£ 03 

listed in Table V in numerical order starting with Region Number One . E 02 = x 102 • 
co 
00 



r 

~' 0 . 805304E 02 

0 . 100367E 03 

0.861298E 02 

0.49 1 178E 03 

0. 120986E 03 

0. 181714E 03 

0. 773485E 03 

0. 296268E 03 

0.831076E 03 

0 . ll6350E 02 

0.243525E 01 

0. 129132E 02 

TABLE VIII (coni. j 

Comp osition Integrated and Averaged Areas, Fluxes , 
and SourcPs for the UMR Full Core, Cold Clean 

Composition - AveragecJ Flux - Group 1 ( cont.) 

0. G5 3 31 3 E 02 0. 875823E 02 0. 108 5 75 E 03 

0. 86728 fi E 02 0. 381542E 02 0. GGfifi 54 E 02 

0. 710B4E 02 0 . 4245 3 3E 02 

Composition - Int e grated Flu x - Group 2 

0.184047E 0 3 0 . 503li l 7E 04 0. 7245 38E 03 

0. 6G57 9 1E 04 0. 333589E 04 0.71 9 1G0E 03 

0. 131701E 03 0. 72 l838E 0 3 0.500255E 0 3 

0. l9250 6E 03 0. 2;:i8872E 0 3 0. 104051E 04 

0 . 832 l nG E 0 3 0.38717 3E 0 3 0. 642042E 0 3 

0. 6 8424 ;:i E 03 0. 428328E 0 3 

Composition - Averaged Flux - Group 2 

0. 980926E 01 0. l28909E 02 0 . 707080E 01 

0. 455872E 01 0. 857403E 00 0. 153318E 02 

0 . 935912E 01 0. 153889E 02 0. 21329 9 E 02 

*Note - All values listed in this table ar e given for the 28 different Core Regions 

listed in Table V in numerical order starting with Region Number One . E 02 = x 102 • 

0. 10 6 7 5 1 1:: 0 3 

0 . 85 g 0 fi3E 0 2 

0 . 9 17 3 40E 0 3 

0.7 36521E 0 3 

0. 100273E 04 

0 . 3 1 5 174E 0 3 

0 . 828570E 0 3 

0 . 162974E 02 

0. 157019E 02 

0. 213772E 02 

c.o 
co 



*0. 164900E 02 

0 . 210539E 02 

0.177178E 02 

0. 230877E 03 

0. 595105E 02 

0. 870537E 02 

0. 364460E 03 

0. 142145E 03 

0. 393540E 03 

O. 546897E 01 

0. 119784E 01 

0. 618634E 01 

0. 776994E 01 

0. 101014E 02 

0. 838990E 01 

TABLE VITI (com. :1 

Composir ion Integrated and Averaged Areas, F luxes , 
and Sources for the UMR Full Core, Cold Clean 

Composition - A ve raged Flux - Grou p 2 (cont.) 

0 . 136801E 02 0. 183964E 02 0.221828E 02 

0. 1774 l0E 02 0 . 77 93 11E 01 0. 136877E 02 

0 . 145875E 02 0.862187 E 01 

Composition - Int e grate d Flux - Group 3 

0 . 874863E 02 0. 240727E 04 0. 345380E 0 3 

0. 3022 77E 04 0. l 70373E 04 0.339845E 03 

0 . 630 790E 02 0. 340466E 03 0. 237426E 03 

0.922154E 02 0. 124092E 03 0 . 489951E 03 

0 . 3916 19E 03 0. 183032E 03 0. 303671E 0 3 

0. 322928E 03 0. 201678E 03 

Composition - Averaged Flux - Group 3 

0. 4662 81E 01 0. 616177E 01 0.337058E 01 

0. 206971E 01 0. 437899E 00 0.724518E 01 

0. 448262E 01 0. 725843E 01 0. 101234E 02 

0. 6553 15E 01 0. 881843E 01 0. 1044 53E 02 

0. 834895E 01 0 . 368413E 01 0. 64 7398E 0 l 

0. 688453E 01 0.405961E Oi 

*Note - All values listed in this table are given for the 28 different Core Regions 

listed in Table Vin numeri cal order starting with Region Number One . E 02 = x 102 • 

0. 22 39 74 E 02 

0 . 17 66 4 3E 02 

0. 44 5845E 0 3 

0. 34 6 134E 0 3 

0 . 47 3425E 0 3 

0. 15114 3E 0 3 

0 . 39 1563E 0 3 

0 . 792 08 3E 01 

0 . 737 9 2 6E 01 

0. 100930E 02 

0 . 107408E 02 

0 . 834775E 01 

1--

0 
0 



*O. 138976E 04 

0. 120822E 04 

0. 632866E 03 

0. 206843E 04 

0. 100014E 04 

0. 230818E 04 

0 . 329203E 02 

0. 243195E 02 

0. 449737E 02 

0. 440970E 02 

0. 710734E 02 

0. 492082E 02 

0 . 2 l 7983E 03 

0 . 

0 . 982389E 02 

TABLE VHI (cont . ) 

Composition Integrated and Averaged Areas, Fluxes 

and Sources for the UMR Full Core, Cold Clean 

Composition - Integrated Flux - Group 4 

0. 62 6506E 03 0. 187014E 05 0. 369483 E 04 

0. 349248E 05 0. 378278E 05 0 . 209770E 04 

0.527681E 03 0. 204940E 04 0 . 15 l 3 18 E 04 

0. 697784E 03 0. 859902E 03 0. 267694E 04 

0 . 21522 6E 04 0. l 30087E 04 0. l 7875 6E 04 

0. 180869E 04 0. 132903E 04 

Composition - Averaged Flux - Group 4 

O. 333913E 02 0. 478691E 02 0 . 360580E 02 

0. 239133E 02 0 .972265E 01 0. 447209E 02 

0. 374989E 02 0. 436913E 02 0 . 645191E 02 

0. 495870E 02 0.611077E 02 0. 570699E 02 

0. 458842E 02 0. 261842E 02 0. 381090E 02 

0 . 385595E 02 0 . 267522E 02 

Composition - Integrated Source 

0 . 108376E 03 0. o. 
0. 0 . 0 . 328498E 03 

0 . 814275E 02 0 . 321397E 03 0.263317E 03 

*Note - All values listed in this table are given for the 28 different Core Regions 

listed in Table Vin numerical o rder starting with Region Number One. E 04 = x 104 • 

0. 383952E 04 

0 . 196979E 04 

0 . 271908E 04 

0. 105512E 04 

0.220721E 04 

0.682125E 02 

0 . 41 994 lE 02 

0. 579683E 02 

0. 74 9806E 02 

0. 470557E 02 

0 . 

0. 309948E 03 

0. 427523E 03 

>---
0 



,:,o. 325471E 03 

0. 155478E 03 

0. 362424E 03 

0. 516355E 0 1 

0. 

0. 698 12 lE 01 

0. 693873E 01 

0. 110488E 02 

0. 772653E 01 
I 

TABLE VIII ( cont. ) 

Composition Int egrated and Averaged Areas, Fluxes, 

and Sources for the UMR Full Core, Col d Clean 

Composition - Integrated Source (cont.) 

0. 108125E 03 0. 133776E 03 0.4221 93E 

0.339328E 03 0.202273E 03 0 . 280638E 

0. 284794E 0 3 0.230956E 03 

Co mpo sition - Averaged Source 

0. 57762 lE 01 0. 0. 

0. 0. 0. 700327E 

0.578653E 01 0. 685 189E 01 0. 112273E 

0.768378E 01 0.950658E 01 0. 9 0007 6E 

03 

03 

01 

02 

01 

0. 723415E 01 0.407140E 01 0.598294E 01 

0. 607155E 01 0.464895E 01 

*Note - All values listed in this table are given for the 28 different Core Regions 

listed in Table V in numerical order s tarting with Region Number One. E 03 = x 103
• 

0. 164 088E 

0 . 34 7390E 

0. 

0.660780E 

0.9 11441E 

0. 11 6607E 

0. 740602E 

03 

03 

01 

01 

02 

01 

1--
0 
N 
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TABLE IX 

Delayed Neutron Fraction Data 

r--- I Fraction Time 

Mean 
Decay Constant for 

of Delayed 

Group 
Energy 

the Delayed Neutron 
Neutrons for an 

r----:.... L.. 

(KeV) 
of the i/th Group 

Infinite Reactor 

1 250 
0 . 0124 

2. 1050 X 10- 4 

2 460 
0 . 0305 

1. 4010 X 10-
3 

3 405 
0. 1110 

1.2550 X 10-
3 

4 450 
0.3010 

2. 5263 X 10-
3 

7. 3684 X 10-4 

5 420 
1. 1300 

6 397 
3,0000 

2. 6720 X 10- 4 

--- i = 6 

I~- = 0.0063984 

. 1 
1 = l 



Step# 

1- A 

1-B 

2-A 

2-B 

Description of 
Core Material 
Being Moved 

Fuel container 
# 102 with 4 - 18 g 

TABLE X 

Movements of the Core Components fo r t h e 
Unloading of the UMR (Supercritica l Cores) 

From 
Core Storage Cor e 

Position Position Pos it ion 

B - 5 

plates and one Al 
plate 

R eflector con- 5 B - 5 
tainer #21 with 
solid graphite 
piece 

Fuel container F- 3 
# 18 with 10-
15. 84 g plates 

Reflector con- 4 F- 3 
tainer #2 6 with 
solid graphite 
piece 

To 
Storage 
Position 

10 

9 

Remarks 

See Fig-
ure 24 

See Fig-
ure 2 5 

..... 
0 
~ 



TABLE XI 

Keff's for Two Small 

UMR Supercritical Core Loadings 

Total Total No. of Keff mea-

After U-235 in the Plates in the sured with 

Step# Core in Grams Core experimental 

facilities 

15. 84 g 18 g empty 

Full Core 2670.5 147 19 1. 00841 

1-B and 14-B 2598.5 147 15 1. 00680 

2-B and 13-B 2440. 1 137 15 --

Keff measured 

with experi -

mental 
facilities 
flooded 

1. 0121 

1. 0109 

1. 002 3 

Keff ca lcu-
lat ed with 

floo ded ex -

perimental 

facilities 

1.01 44 

1. 0112 

1. 0043 

1--4 

0 
c.n 



,.-

Measured Excess 
Reactivity with 

After Facilities Empty 

Step# % 6K/K 

Full Core 0. 834 

1-B and 13-B 0.678 

2-B and 12-B I I I 

TABLE XII 

Reactivities for Two Small 

UMR Supercritical Loadings 

Measured Excess Calculated Excess 

Reactivity with Reactivity with 

Facilities Flooded Facilities Flooded 

% t::.K/K % t::.K/K 

1. 202 1. 420 

1. 079 1. 107 

o. 231 0. 428 
I 

Change in the 

Exc ess Reactivity 
from ~revious St e p 

% t::.K/K 

Measured Calculated 

0 . 000 0.000 

(-0. 123) (-0.313) 

( -0.848) (-0. 679) 
I 

...... 
0 
CJ) 



St ep # 

3- A 

3-B 

4 - A 

4-B 

5 - A 

5 - B 

6-A 

TABLE XIII 

Mov ements of Lhe Core Components for the 
Unlo&ding of the UMR (Subcritlcal Cores) 

Desc ription of From T o 
Co r e l\1a ter ia l Co r e Sto rage Core 
B e ing Mo ved Po sitio n Position P osition 

Fuel container F - 8 
# 101 with 10-
18 g plates 

Spare r e flector 3 F-8 
containe r #28 with 
solid graphite 
pie c e 

Fuel container F-7 
#7 with 10-
15.84 g plates 

Spare reflector F-8 F-7 
containe r #2 8 
with solid 
graphite piece 

Fuel containe r E-7 
# 16 with 10-
15. 84 g plates 

Reflector con- E-8 E-7 
tainer #5 with 
solid graphite 
piece 

Fuel container D-7 
#15 with IO -
15. 84 g pla t e s 

Storage 
P osition 

8 

7 

6 

5 

Remarks 

See F ig-
u re 26 

See Fig -
ure 27 

See Fig-
ure 28 

I-' 
0 
- 1 



Step # 

6 -B 

1 - A 

1-B 

7 - C 

1-D 

7 - E 

7 -F 

TABL E XIII (cont. ) 

Movements of the Core Components for the 
Unloa ding of the UMR (Subcritical Cores) 

Description of From To 

Core Material Core Storage Core Sto rag e 

Being Moved Position Position Position Position 

R eflector con - D-8 D-7 
tainer #4 with 
solid graµh it e 
piece 

Fu el container F - 4 4 
#9 with 10-
15. 84 g plates 

Fuel container F- 5 3 
#llwith l 0 -
15 . 84 g plates 

Fuel contain e r F - 6 13 
# 12 with 10-
15 . 84 g plates 

R eflecto r con- B-1 F - 4 
tain er # l with 
hollow graph it e 
pie ce fo r the 
Pu - B e s our ce 

Reflector con- B -8 F- 5 
t ainer #2 w ith 
s olid graphite 
piece 

Reflector con - C - 8 F- 6 
tainer #3 w ith solic 
graphite piec e I I 

Remarks 

See Fig-
ure 2 9 

I 

I 

See Fig -
ure 30 

,_. 
0 



Step# 

8- A 

8 - B 

8-C 

8- D 

8-E 

8-F 

TABLE XIV 

Movements of the Cor e Components for the 
Loading of the UMR (Subcritical Cores) 

Description of From ' (1 

Core Material Core Storage Core 
Being Moved Position Position Position 

Reflector con - F - 6 C-8 
tainer # 3 with 
solid graphite 
piece 

Reflector con - F - 5 B-8 
tainer #2 with 
solid graphite 
piece 

Reflector con - F - 4 B-7 
taine r # 1 with 
hollow graph ite 
piece for th e 
Pu -Be sour ce 

Fuel conta ine r 13 F - 6 
#12 with 10 -
15 . 84 g plates 

F uel container 3 F - 5 
# l l withl O-
15. 84 g plates 

Fuel conta iner 4 F-4 
#9 with 10-
15. 84 g plates 

Storage 
Position Re marks 

See F ig-
ure 29 

>-
0 
CD 



Step# 

9-A 

9-B 

10-A 

10-B 

11-A 

11-B 

l l 

TABLE xn- (com J 

Movements of th e Core Components for the 

Unloading of the UMR (Subcnt ical Cores ) 

Description of F ro m To 

Core Material Core Storage Core 

Being Move d Position Position Pos ition 

Reflector con- D-7 D- 8 

tainer #4 with 
solid graphite 
piece 

Fuel container 5 D-7 

#15 with 10-
15. 84 g plates 

Reflector con- E-7 E-8 

tainer #5 with 
solid graphite 
piece 

Fuel container 6 E-7 

#16 with 10-
15. 84 g plates 

Reflector con- F-7 F-8 

tainer #2 8 with 
solid graphite 
piece 

Fuel container 7 F- 7 

#7 with 10-
15. 84 g plates l 

Storage 
P osition Remarks 

See Fig-
ure 28 

See Fig-
ure 2 7 

See F ig -
ure 2 6 ....... 

....... 
0 



St e p # 

12-A 

12-B 

13 -A 

, 

13-B 

14-A 

14-B 

TABLE XIV (cont. ) 

Movements of the Core Components for th e 

Loading of the UMR (Subcritical Cor e s) 

Des c ription of From To 

Core Mat e rial Co r e Storage Core Sto r age 

Being Moved Position Position Position Position 

Reflector con- F- 8 3 

tainer #2 8 with 
solid g raphit e 
piece 

Fu el contain er 1 F - 8 

# 101 with 10 -
18 g plates 

Refle ctor con- F- 3 4 

tain e r #2 6 with 
sol id graphit e 
piece 

Fuel container 9 F- 3 

#18 with 10-
15 . 84 g plates 

Reflector con- B- 5 5 

tainer #21 with 
solid graphite 
piece 

Fuel conta iner 10 B-5 

#102 with 4-18 g 
plates and one 
Aluminum plate 

Remarks 

See F ig-
u re 25 Supe r-
critical Core 

Se e Figure 
24 Supercritical 

Core 

See Figure 2 
UMR Full 
Core I-' 

I-' 
I-' 



TABLE XV 

Comparison of Shutdown Margins for 

Various Positions of the UMR Rod Bank 

DMR ~od ~ank ,
0

~:--::::---:-----_.:::S~h~u~td~o~w~n:.!.-::M~ar:Ji1~·n~------::-:--~ 
S1tion Rod Calibration Variance-to-JI/lean 

c rn . Method 1 / JIii JIii etho d JIii ethod 
% 6K / K o/o t:,K / K o/o t:,K / K 

-0. 128 

45 -0. 130 
-0. 13 

-0. 502 

42 -0.563 
-0.63 

-1. 620 

35 -1. 822 
-1. 50 

30 -2 . 979 
-1. 80 

112 



After 
Step # 

3-B and 11-B 

4-B and 10-B 

5-B and 9-B 

6-B and 8-F 

7-F 

TABLE XVI 

Keff' s Calculated from the Statistical Data and 

it's Comparison with PDQ-2 Calculated Values for 

UMR Subcritical Cores Listed in Table XIII 

Unrodded Core Conditions 

Keff Calculated Keff Calculated 

Total No. of from Statistical by Means of 

Total Plates in the Data-(Variance- PDQ-2 Computer 

U-235 in the Core t o-Mean Ratio) Code 

Core in Grams 15. 84 g 18 g 

2260. 1 137 5 0.99 55 0.9952 

2101.7 27 5 0. 9795 0.977 9 

1943.3 117 5 ------ 0.954 9 

1784.4 107 5 ------ 0.9343 

1309.7 77 5 ------ 0.8600 

.... .... 
w 



After 
Step# 

3-B and 11-B 

4-B and 10-B 

5-B and 9-B 

6-B and 8-F 

7-F 

T ABLE :\: \11 

Rea ctivities Calcu lated from Statistical Data 

and it I s Comparison with PDQ-2 Calculated 

Values fo r UMR Subcritical Cores 

Listed in Table XIII 

Reactivity Reactivity 

calculated from calculated by 

statistical data means of PDQ-2 

(Variance-to-Mean Computer Code 

ratio)% 6K/ K % t,K/K 

(-0. 45) (-0. 482) 

(-2 . 09 ) (-2. 260) 

------ (-4. 723) 

------ (-7.032) 

------ (-16. 28) 

Change in the 
Excess Reactivity 

from previous 
step% 6k/k 

Measured Calculated 

(-0 . 681) (-0. 910) 

(-1. 550 ) (-1. 778) 

------ (-2. 463) 

--- - -- (-2. 309) 

------ (-9. 247) 

,__ 
,__ 

""" 
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High voltage 
Power Supply 
RIDL-Model /4 

Pool bridge area 

I 

I 
j 

Scaler I I 
R/DL l 

Model-4955 / r--
High voltage to BF1 I Hamner Pre-Amp I r 

' signal from BFJ Model N-354 Signal from I _J 
Top of poo~ 

Water-Tight 
Aluminum Tu be 

/ 

L __ 

\ 
I 

\ 
' 

\ 
I 

\ 

pre-amp to 
gat•sc°'8r 

~ntroHed t~rature and ~mldity \ 
Instrumentation room 

Gate scaler 
Technical Measurement Corp. 

Logic Unit Mode\ 214 

Dk.ital Computing Unit 
Wlode\ C N 1024 

Dato Output Lnt 
Model~220 

Hewlett- Packard 
Digi'tal Recorder 
Model J44.~6l B 

Square Wave 
Pulse Generator 

Model PG-I 

FIGURE\ SCHEMATIC DIAGRAM OF TEST EQUIPEMENT 

\ 
I 

\ 
I 

\ 
I 

\ 
,..... 
...... 
c.n 



® 
~ 
FA 

THROUGH TUBE 

NEUTRON SOURCE~ 

~ BEAM PORTI 
WA-® 

IBEAM PORT o FA TER FA FA 
D-4 FA D-6 D-7 

D-5 

FA 
FA~-

E-5 E-6 2 

LEVEL &INSTALLED 
FA FA FA FA FA FA START UP I NORTH 

SAFETY F-3 F-4 F-5 F-6 F-7 F-6 
CHAMBER CHANNEL BF3 

I LOG N 0 0 LINEAR 
ION PO\Jv'ER 

CHAMBER-v v-G--¼MBER 

THERMAL COLUMN 

KEY 
POSITIONS FOR TEST ·~J 

GRAPHITE REFLECTOR 
ASSEMBLY 

FUEL AsSEMBLY._ LOADED 
WITH IO-I6g U236 FUEL PLATES; 
EXCEPTIONS LISTED TO THE RIGHT 

SPECIAL ASSEMBLIES 
B-5, 4- f8g U235 FUEL PLATES 
C-4, 9-16g U 235 FUEL PLATES 
D-5, 5-IBg U 255 FUEL PLATES 
E-4,E-6, C-7, 6- 16g u°5 FUEL PLATES 
F-8, I0-18g uus FUEL PLATES 

TOTAL U255
- 2671 g 

FIGURE 2- PLAN VIEW OF THE UNIVERSITY OF MARYLAND 
REACTOR SHOWING LOCATION USED FOR TEST BF3 DETECT~ 



FIGURE 3- GENERAL VIEW OF THE UMR SHOWING ALUMINUM 

TUBE CONTAINING THE BF5 INSERTED IN THE CENTER GLORY HOLE 
..... ..... 
-.J 



FIGURE4-SCALER AND HIGH VOLTAGE SUPPLY 

LOCATED ON THE POOL . BRIDGE 
..... ..... 
00 



,..--

F\GURE5-V\EW OF THE POOL BRIDGE SHOWING PRE-AMPLIFIER 

AND TYGON TUBING CONTAINING THE COAXIAL CABLES 
I-" 
I-" 

co 



~ 

F\GURE6-V\EW OF THE BIOLOGICAL SHIELD OF THE UMR SHOW­

ING THE POOL BRIDGE INSTRUMENTATION AND 

CABLE LEADING TO THE COUNTING ROOM .... 
N) 

0 
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FIGURE 8- VIEW OF THE UNIVERSITY OF MARYLAND 

REACTOR CONSOLE 
...... 
N 
N 



F\GURE 9- DETAIL SHOWING LOWER END OF ALUM\NUM TUBE, 

CABLE, CONNECTOR, BF~, GRAPHITE PLUG, 

SEAL PLUG AND GUIDE PLATE ...... 
ts:) 

~ 
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