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I . INTRODUCTION 

The field of reactor noise has received considerable 

interest recently because the noise output of a reactor con-

tains a good deal of information about the reactor system . 

It is hoped that this information can provide an early warning 

of anomalous behavior or malfunction of reactor components. 

However , much more theoretical knowledge is needed about the 

processes which cause reactor noise before a practical and 

reliable anomaly detection system can be devised . 

One of the important sources of noise in a Boiling Wa-

ter Reactor (BWR) is the moderator void fraction fluctuations 

which occur throughout most of the core because of the ran-

dom characteristics of the boiling process. Since these void 

fraction fluctuations vary the properties of the moderator, 

the neutr on flux is affected. These effects on the neutro11 

flux can be measured by means of a neutron detector and are 

termed neutron noise . There are many other mechanisms which 

also cause neutron noise, but some authors [1;2] believe 

that the predominant noise source in a BWR is the void frac -

tion fluctuation . 

Self- powered neutron detectors have been used extensively 

in studying reactor noise [3;4;5] because their small size 

and ruggedness allows them to be placed virtually anywhere 

in a reactor core. In view of the fact that void fraction 
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fluctuations are an important noise source and that self-

powered neutron detectors are used in studying noise , a study 

isolating the effects of void fraction on the output of a 

sel f - powered neutron detector is needed . 

The approach of this study is to model on a computer the 

situation in which a self- powered neutron detector is placed 

in a BWR fuel bundle . The void fraction fluctuations are 

represented by vary i ng the void fraction of the moderator 

near the detector whi le holding t he void fraction o f n on -

;.ocal moderator constant at a realistic average in order tc 

s tudy the effect of local void fraction fluctuations on the 

detector . 

The computer codes used in this study include LEOPARD , 

~hich provides the ne utron cross section data needed by FOG , 

which calculates neut r on fluxes usable in SPOND, which in 

turn computes the detector current output for the void frac -

tion of interest . A series of void frac tion values is proc-

essed in this manner to provide a composite picture of the 

dependence of the detecto r output on void fraction . The 

calculation is repeated for a prompt - response self- powered 

neut r on detector us ing two different emitter mate r ials. 

Since the emitter mate r ials are sensitive mostly to thermal 

neutrons , the detector current outputs are expected to be 

strongly dependent on the thermal flux changes due to void 

fraction variations . 
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II . LITERATURE REVIEW 

The effect of the void fraction on the signal developed 

by a neutron detector has been studied by several authors 

such as Rothmann [2], Wach and Kosaly [6], and Kosaly et 

al. [7] by means o f random data analysis techniques . Unfor-

tunately , these works seem to center primarily on the cases 

of bubbly flow or plug- slug flow (See Figure 2 . 1) in which 

the void fraction is fairly low when, in fact, the annular 

flow regime is of most interest in the boiling water reactor 

in which the void fraction can be considerably higher [8] . 

This work uses a different approach in that it ignores 
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the statistics of the void fraction fluctuations, on which 

no widespread agreement has been reached, and investigates 

the current output of a self-powered neutron detector as a 

function of void fraction by means of a series of steady-

state steps . A wide range of void fractions is studied by 

a fairly accurate computer model of the actual situation of 

inte r est, the core of a boiling water reactor. 
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III. THE SELF- POWERED NEUTRON DETECTOR 

A. General Description 

The distinguishing feature of the self- powered neutron 

detector is that it requires no external voltage supply. 

Sel f-p owered neutron detectors have small physical dimensions , 

a relatively high reliability, a low burnup rate , an operating 

range extendi ng up to more than 570 °F, and a moderate price. 

Because of t hese characteristics and the fact that it is solid 

state and therefore quite rugged, it is particularly suited 

for in- core measurements . 

A self- powere d neutron detector consists of three main 

parts as shown in Figure 3.1 . They are : a wire -shaped 

emitter; a ceramic insulator; and a sheath-like metallic c•) l -

lector . These components are generally arranged in a coaxial 

geometry. Emitter length may vary from 10-20 cm ; diameter, 

from 0.05 to 0.20 . The outer diameter of the collector is 

usually 0.15 - 0 . 40 cm. The insulator is typically Al2o3 with 

a thickness o f 0.05 cm. 

There are two main types o f self-powered neutron dete c -

tors , the prompt - response and the delayed- response versions, 

with the emitter material determining the type. Emitter 

mat e rials such as Cobalt , Cadmium, Erbium, and Hafnium are 

used in prompt detect ors, while Vanadium and Rhodium are us ed 

in delayed-response detectors . Current i n a prompt - response 

detector is produced predominantly by Compton electrons re-
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Figure 3 .1 . Configuration and measuring a rrangement of a 
self- powered neutron detector 

leased after self-absorption of the neutron capture gamma- ray 

cascade by the emitter , while current in a delayed- response 

detector i s produced predominantly by beta part icles emitted 

by neutron activation products. In both cases the negatively 

charged particles (electrons or beta p articles) leave the 

emitter and cross the insulator to the sheath , resulting in 

a positively charged emitter . Delayed and prompt effects are 

present in both types of detectors, but emitter material de -

termines which effect will predominate . Beta particles 

emitted from decay of Co-60 cr eate unwanted background noise . 

Conversely , in delayed- response detectors current produced by 

the prompt effect constitutes a background noise. Respons e 

t ime of delayed- response detectors is determined by decay 

time of radioisotopes in the emitter . In the case of the 

Rhodium emitter the radioisotope is Rh-104 with a half-life 

of 42 seconds, whereas in the Vanadium emitter the radioisotope 
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is V- 52 with a half- life of 3. 76 minutes. 

Since this thesis i s concerned with the detector response 

to local void fraction fluctuations the prompt -response detec-

tor is of greater interest because its current output more 

nearly follows neutron flux fluctuations. 

B. Mathematical Model for Prompt-Response 

Self- Powered Neutron Detectors 

Jaschik and Seifritz have developed a sophisticated 

model for calculating the prompt-response of a self- powered 

neutron detector [3]. The model yields an expression for cur-

rent output in amps per centimeter of emitter length per unit 

flux . The following parameters are taken into account in t he 

model: 

1) Neutron self- shielding of the emitter 

2) Flux depression correction 

3) Compton and photoelectron production rate due t o 

self-absorption by the emitter o f the gamma-ray cascade 

emitted immediately after neutron capture 

4) Electron escape probability from the emitter 

5) Loss of electron energy within the emitter 

6) Range of the electrons in the insulator which con-

tains a space-charge electri c field. 

A schematic representation of the prompt -response self-powered 

neutron detector model is given in Figure 3 . 2 . 
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Reactor neutrons 

* Neutron capture within the 
emitter including self-
shielding and flux depression 
corrections 

I 
Prompt capture gamma-ray 
cascade ~ 
Pr oduction of Compton and 
photoelectrons by interaction 

Emitter of the prompt gamma rays with 
the emitter material 

I 
Compton and photoelectrons 

t 
Ene r gy loss due to inelastic 
collisions and bremsstrahlung 

I 
Escaping electrons into the 
insulator regi t n 

Absorption of Compton and 
photoelectrons within the 
i nsulator 

I Insulator Electrons overcoming the 
potential peak of the space -
char ged electric field within 
the insulator ) egion 

Electrons contributing effec -
Collector tively to detector current 

Measurable det J ctor current 

Figur e 3 . 2 . Mathematical model schematic of prompt - response 
s elf- powe r ed neutron detector 
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The basic equation given by the Jaschik-Seifritz model is: 

I e = e x ~ V /L )~ :n 'ma\ ( En) · H En) · f ( En) · F (En) dE~ 

x [.i fEy,ma~1 ( Ey) · P1 (Ey )·Y(Ey ) dE) (3.1) 
1=1Jo j 

where 

Ie = unit detector current in amps per centimeter 

of emitter length 

e =electronic charge, 1.602 x lo-19 amp-sec 

per electron 

v = emitter volume, cm3 

L = emitter length, cm 

En = incident neutron energy 

En,max = maximum neutron energy 

l:(En) = macroscopic neutron capture cross section of 

the emitter material at neutron energy En, cm-1 

~(En) = differential neutron f l ux at neutron energy En, 

neutrons/cm2-sec-unit energy 

f(En) = neutron self-shielding factor of the emitter 

at neutron energy En 

F(En) = flux depression factor of the emitter at neutron 

energy En 

£i(Ey) =electron escape efficiency, i. e., probability 

of a Compton (i=l) or a photo-electron (i=2) produced within 

the emitter by a prompt capture gamma ray with energy Ey, 
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leaking out of the emitter , crossing the insulator, and 

reaching the collector 

P1 (EY) = first-collision probability of prompt capture 

gamma rays in the emitter, i. e ., the probability of the 

production of an electron by Compton (i=l) or photon (i=2) 

interaction of a gamma ray with energy Ey 

Y(EY) =yield of capture gamma rays, i. e., the number 

of gamma rays per gamma interval per neutron captured in the 

emitter . 

The first bracketed term gives the neut ron capture rate per 

unit emitter length. The second term in brackets represents 

the probability that the capture of a neutron effectively 

contributes to the detector current output. 

For a more det ailed discussion of the model and an ex-

planation of how the values are obtained for each of the 

terms the reader is referred to the ori ginal article [3]. 

The model yielded result s (Ref. [3]) with an accuracy 

of ±1 2% in the most unfavorable case when compared to actual 

experimental data obtained from several self- powered neutron 

detectors placed in a react or. For the two emitter materials 

used in this work the calculated results were within ~10% 

of the meas ured r esul ts . 
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IV. DESCRIPTION OF LOCAL VOID FRACTION MODEL 

Since it is the aim of this work t o obtain information 

about the effects of voids on the output o f a self- powered 

neutron detector placed in a Boiling Wate r Re actor (BWR), 

that situation must be accurately modeled. In the previous 

section a mathematical model was outlined to determine the 

detector output for a given neutron flux. A local void 

fraction mode l (See Fi gure 4.1) must characterize . the neutron 

flux in a BWR and account for the manne r in which it is modi-

fied by the presence of voids. Basically this has been done 

by representing the BWR fuel bundle under operating conditions 

by a unit cell environment consisting o f a single fuel rod 

surrounded by a local moderator region within a homogeneous 

mixture of fuel, cladding , and moderator. A self- powered 

neutron detector has been substituted for the fuel in the r od. 

The void fraction in the unit cell is varied to represent 

l ocal void fluctuations in the moderator. Multi- group dif-

fusion theory is used to determine the neutron flux in energy 

and magnitude at the location of the detector emitter . Using 

the calculated neutron flux the Jaschik-Seifritz model can be 

used to find the detector output. 

The Duane Arnold Energy Center (DAEC) BWR at Palo , Iowa, 

is taken as a representative boiling water reactor. Numerical 

data has been collected by Paustian [9] in an investigation 

which considers the Palo reactor. The data is summarized in 
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Region Material Region Thickness 

a Al 2o3 Insulator 0.150 cm 

b Nick e l Sheath 0 . 472 cm 

c Zircaloy - 2 Cladding 0.094 cm 

d Moderator (H 20) 0 . 346 cm 

e Homogeneous Fuel 6 . 375 cm 
Bundle 

Figure 4 . 1 . Local void fraction model 

Table 4 . 1 . A DAEC BWR unit cell is shown in Figure 4. 2 . 

A sketch s h owing the geometry of the local void fraction 

model is given in Figure 4. 1 . The volume occ upied by the 

model is equivalent to that of a fuel bundle found in the 

DAEC BWR , and the unit cell containing the detector occupies 
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Table 4.1. Pertinent DAEC BWR data 

Thermal and Hydraulic Design 

Reference design thermal output, Mw(th) 

System pressure, psia 

Average power density, kw/liter 

Average thermal output, kw/ft 

Core maximum exit voids within ass emblies, % 
Core average exit quality, % steam 

Fuel Design 

Fuel rod array 

Fuel rod outside diameter, inch 

Fuel rod clad thickness , inch 

Gap- pellet to clad, inch 

Clad material 

Fuel pellet material 

Pellet density, % theoretical 

Pellet diameter, inch 

Pellet length, inch 

Fuel rod pitch, inch 

Space between fuel rods, inch 

Number o f fuel assemblies 

Number of fuel rods per assembly 

Overall length of fuel assembly, inches 

1593 

10 20 

51.0 

7 .067 

76 

14 . 3 

7 x 7 
0.563 

0.037 

0.006 

Zircaloy-2 

U02 

93 

0.477 

0.5 

0.738 

0.175 

368 

49 

175 . 88 
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Table 4 . 1. (Continued) 

Core Assembly 

Equivalent core diameter , inches 

Core height (active fuel), inches 

.._., ___ 0. 738''---~-

T -co 
(Y) 
t--

Figure 4 . 2 . DAEC BWR unit cell 

uo 2 

129 .9 

144 

0 . 006 in. He- filled gap 

Cladding 

Moderator (light H20) 

a = 0.2385 in . 
b = 0 . 2445 in. 
c = 0 . 28l 5 in. 

a volume equivalent to that of a unit cell in the DAEC BWR. 

An enlarged cross section view of the detector is found in 

Figure 4. 3. All dimensions are corrected for operating temper-

atures at a position about halfway up the reactor core cor-

responding to an a ve rage moderator void fraction of 0 .50 as 

calculated by Paustian [9 ]. 

As was previous ly mentioned, the bulk of the model is 

made up of an homogenized BWR fuel bundle so that it can be 
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Emitter (Cobalt or Cadmium) 

Insulator (Al2o3) 

Collector (Nickel) 

a = 0.10 cm 
b = 0.15 cm 
c = 0.20 cm 

Figure 4.3. Cross section of self-powered neutron detector 

considered as a single phase region made up of an evenly 

dispersed mixture of all atoms found in the actual fuel bundle, 

including fuel, cladding , and moderator (void fraction , 0 . 50) . 

This permi ts one - dime nsional calculations , requiring l ess 

time and effort . For the same reasons the local mode r ator 

region is also considered homogeneous although in actuality 

it is a two- phase mixture . As the void fraction is varied 

in t he calculations t he relative number of molecules in t hat 

region is varied accordingly . The Nickel detector sheath is 

also considered homogeneous , filling the gap between the de-

teeter sheath and the cladding tube. 

Reactor fl ux is calculated using diffusion theory since 

there are no strong sources or absorbers, and nuclear proper-

ties in the various regions are reasonably uniform . Calcula-

tions reveal that the flux is slowly varying . Isotropic scat-

te r i ng is assumed fo r s implicity because comparative results 

a r e all that are sought . 

Boundar y condi tions assumed for solution of diffusion 
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equations are that derivatives of the flux with respect to 

position are equal to zero at both the center of the detector 

and at the outer boundary of the homogenized fuel bundle. 

To maintain a constant total reactor power a normaliza-

tion of fluxes was made to compensate for variations due to 

local void fraction effects. 
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V. COMPUTER PROGRAMS AND CALCULATI ON PROCEDURES 

A. Introduction 

Three computer programs are used sequenti ally in per-

forming the calculations in this study. The first program 

used is LEOPARD which produces few group cross sections for 

materials found in a nuclear reactor unit cel l given such 

information as unit cell composition, temperatures , moder-

ator void fraction and pressure , dimensions, and geometry . 

Secondly, the computer code , FOG , using the material cross 

sections found by LEOPARD, is utilized to give the neutron 

flux dis tribution in the void fraction model so that the 

flux at the self- powered neutron dete ctor emitter can be de-

termined. And finally, a computer code, SPOND , developed by 

the author, which is based on the detect or model proposed 

by Jaschik and Seifritz [3], calculates the detector output 

given the neutron flux at the emitter. 

Hand calculations include changing the local material 

microscopic cross sections found by LEOPARD into macroscopic 

cross sections usable by FOG and normalizing the FOG neutron 

flux data which is then used for input into the detector com-

puter code . 

LEOPARD and FOG were used in this study because they 

were readily available, inexpensive, and well documented as a 

consequence of extensive use here at Iowa State University. 
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B. The LEOPARD Code 

LEOPARD, an acronym for Lifetime Evaluation Operations 

Pertinent to the Analysis of Reactor Design, computes temper-

ature corrected microscopic cros s sections for all materials 

specified as present in a reactor unit cell and macroscopic 

cross sections for a hypothetical homogeneous reactor unit 

cell containing those same materials in t he same specified 

quantities. The code has the capability of handling up to 

four neutron energy groups, and also contains an option which 

calculates fuel depletion effects in discrete burnup steps for 

a dimensionless reactor. In this study, however, LEOPARD was 

used only to calculate cross sections, neglecting fuel de-

pletion effects. 

The LEOPARD program assumes a unit cell configuration 

consisting of three primary regions: fuel, cladding , and 

moderator-coolant. A fourth fictitious "extra" region, 

which can be optiona lly specified, may be used to take into 

account structural members, water slots, fuel assembly walls, 

control rods, etc., which may occupy a significant fraction 

of the total reactor core even though these materials are not 

present in a unit cell . The program can be used to treat 

either cylindrical or plate-type fuel e lements. Lattice 

geometry , typically square or hexagonal, and buckling must 

be specified. 

The composition of the reactor unit cell of interest is 
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read into the code by referring to the index number of a 

given material according to LEOPARD's library of materials 

and then giving the volume fraction of that material for 

each region. Moderator voids or a pellet-to-cladding gap 

may be represented by calculating the over-all volume frac-

tion of the moderator ar cladding material assuming the re-

gion includes the void or gap. That is, the void or gap is 

represented by homogenization. In this manner any moderator 

void fraction that is desired can be represented. Elements 

for which it is not possible to determine the volume fraction, 

such as U-235, can be entered as ''trace elements", and the 

weight fraction or atom fraction is given instead. 

The temperatures for each region, dimensions of the unit 

cell, fuel pellet density, and reactor pressure are required 

so that LEOPARD can compute the correct atom densities and 

cross sectional data for operating pressures and temperatures. 

For detailed information explaining the use of LEOPARD 

the reader is referred to Barry [10]. A discussion of the 

neutron physics and approximations fnvolved in the program 

are given in a companion report by Strawbridge [11] and Cru-

dele [12]. 

C. The FOG Code 

FOG can calculate one-dimensional diffusion theory flux 

profiles for up to 239 mesh points in as many as 40 different 
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spatial regions utilizing up to four neutron groups in planar , 

cylindrical, ar spherical geometry . Other options of no par-

ticular interest in this work are available. 

Input data for FOG mainly consists of the various macro-

scopic cross sections and diffusion coefficients, which may 

be entered by region or material, the dimensions of the re-

gions , the buckling, and group fission spectrum integrals. 

Further details concerning the techniques used by FOG in 

solving the diffusion equations and the use of the code are 

available in a report by H. P. Flatt [J3]. A comprehensive 

study of the finite difference approximations to derivatives 

and the treatment of boundary conditions by FOG has been 

carried out by Munson [14]. 

D. The SPOND Code 

SPOND is a simple computer program which calculates the 

current output of a prompt-response self-powered neutron de-

tector given the neutron flux at the detector emitter . It is 

based on the Jaschik-Seifritz model. The code has been set 

up to use four neutron energy groups, but it can easily be 

modified to handle as many as desired. 

Required data includes the neut r on energy group fluxes, 

the number of neutron energy groups, the detector emitter 

volume, radius, and length, the emitter neutron energy group-
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averaged macroscopic absorption cross sections, data on elec-

tron escape efficiency , probability of electron production, 

yield of capture gamma rays for a given emitter material, and 

the number of gamma ray energy intervals used. Because the 

program was developed specifically for this study, the void 

fractions, the number of void fraction cases being run at one 

time, and the neutron and gamma ray energy group intervals 

are also required. However, most of this data is not actual-

ly used in the calculations. 

A listing and flow chart of SPOND can be found in the 

Appendix. 

E. Calculation Procedure Details 

The calculation procedure consisted of making two 

LEOPARD runs to obtain cross section data for the DAEC unit 

cell and the modified DAEC unit cell containing the detector, 

15 FOG runs corresponding to the various void fractions used, 

and 15 SPOND runs to obtain the detector current output for 

each void fraction case. 

Two different LEOPARD calculations were carried out. 

One calculation determined the macroscopic cross sections for 

the DAEC BWR unit cell and thus directly furnished the in-

formation needed by FOG for the region consisting of the 

homogenized fuel bundle in the local void fraction model. The 

other calculation was similar but involved the addition of a 



22 

detector to the DAEC unit cell. This calculation was needed 

in order to obtain microscopic cross sections for the ma-

terials present in the inner r egions of the local void frac-

tion model, including the local moderator , cladding, and 

detector. The detector materials were entered into LEOPARD 

by making use o f the "ext ra" region. Necessary data such as 

composition of the unit cell and operat ing temperatures and 

pressure was obtained from Paustian's thesis [9] . Some of 

the more important data may be found ill Table 5 .1. A detector 

position in the core correspondi ng to a n average void fraction 

of 0 . 50 was chosen so that , presumably, void fraction fluctu-

ations would be symmetrically distributed about the steady 

state value. Also, this position is quite c lose to being 

half- way up the reactor core and thus the detector is in the 

region of the maximum flux. 

The LEOPARD output for t he BWR unit cell with the de-

tector present had to be converted from microscopic c r oss 

Table 5.1. DAEC BWR unit cell data 

Region Volumetric Temperature (OF) at 
Composition 6 ft. core height 

Fuel 100% of uo2 2220 

Cladding 87.0% Zircaloy-2 605 

Moderator 50% H20 547 
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sections to macroscopic cross sections for use in FOG by use 

of the fo llowing equation: 

E = N x cr (5. 1) 

where 

E = macroscopic cross section 

N = atom density of material 

cr = mi croscopic cross section of material . 

In order to represent changes in void f raction the l ocal mod-

erator atom density was determined as follows: 

N = N0 (1 - a) (5 . 2) 

where 

N = moderator atom density 

N = moderator atom density for void frac t ion = 0 
0 

a = void fraction . 

The cross section data for the various regions entered in FOG 

for a typical run (local moderator void fraction equal to 

0 . 50) may be found in Table 5 . 2. FOG runs were made for void 

fraction values of 0 . 00 , 0.10, 0 . 20, 0.30, o . 40, 0 . 50 , 0.60 , 

0 . 70 , 0 . 80 , 0 . 90 , 0 . 92 , 0 . 94 , 0 . 96, 0.98, and 0.99 . A run was 

not made for a void fraction of 1.00 because of the diffi-

culties which are presented in such a case to diffusion 

theory. Since isotropic scattering was assumed, the value 

of the diffusion coe fficient was assumed to be given by the 

foll owi ng equation: 

(5 . 3) 



Table 5. 2. Selected cross section data usable in FOG 

Region Material Neut r on Es vEr Ea Di ff. Co . 
group no . (cm-1 ) (cm-1) (cm- 1) (cm) 

a Al 2o3 1 0.01617 0.0 0 . 001234 3 . 831 
2 0.004387 0.0 0.00007887 1.805 
3 0 . 000 8306 0.0 0.0005316 2 . 094 
4 0.0 0 . 002722 1.974 

b Ni 1 0 . 004124 0 . 0 0.0 31.00 
2 0.0004946 0.0 0 .0 13. 91 I'\) 

3 0 . 0 0.0 0 . 0007233 4. 360 ~ 

4 0 . 0 0 . 01063 3 . 867 

c Zr- 2 l 0 . 02349 0 . 0 0 . 002508 2Ll81 
2 0 . 001064 0.0 0.0009157 1.044 
3 0.0 0 . 0 0 . 003768 1. 212 
4 0.0 0 . 004087 0 . 9 706 

d H20 1 0.04109 0 . 0 0 .0003911 4.672 
(0 .50 void 2 0 . 05468 0 . 0 0 . 000004672 2 . 444 
fraction) 3 0 . 05100 0 . 0 0.001760 1.904 

4 0 . 0 0.004365 0 . 60 79 

e Homogeneous 1 0 .0404 5 0 . 007729 0 . 004156 3 .10 9 
Reactor 2 0 . 03068 0 . 0005624 0 . 002316 1. 505 

3 0.02264 0.007973 0 .01906 1. 215 
4 0 .08839 0 . 0551 2 0.6508 
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where 

D = diffusion coeffic ient 

Etr = macroscopic transport cross s e ction. 

Given this cross section data, FOG calculated the flux 

profile in four energy groups f o r the five regions using 15 

intervals in region a, 9 inte rvals in r egi on b, 9 intervals 

in region c, 15 intervals in re gi on d, and 21 intervals in 

region e. Using this number of intervals gives a total of 

70 mesh points used in the model calculations. The number of 

intervals was chosen to give a reasonable compromise between 

computational accuracy and economy. An individual calculat ion 

was needed for each void fraction case, so a total of 15 

flux profiles were generated . Of primary interest, however , 

are the four- group flux values at the emitter location for 

the various void fraction cases. Thes e values are provided 

in Table 5 . 3 along with the normalized source values at the 

outer boundary which were used in the normalization procedure. 

Table 5.4 furnishes the normalized flux values at the emitter 

location as computed by the following equation: 

where 

¢n = (¢i/¢1) x cs1;si) x 4.4 x 1013 

~i = flux value to be normali zed 

¢1 = base case flux value (void fraction = O) 

¢n = normalized flux value 

(5.4) 

Si = normalized fission source density calculated by 
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Tab l e 5 . 3 . Raw flux data at emitter surface 

Void Gr oup Group Group Group Normalized 
Fraction 1 2 3 4 Source 

0 . 00 0 . 08154 0.1543 0.1173 0 .05727 0 . 005799 
0 . 10 0 . 08180 0 . 1551 0.1174 0 .05621 0 . 005807 
0 . 20 0 . 08205 0 . 1560 0.1175 0 .05517 0.005814 

0 . 30 0 . 0 8231 0 .1568 0 . 1176 0.05418 0 . 005822 

o . 4o 0 . 08256 0 . 1576 0.1177 0 . 05322 0.005829 
0 . 50 0 . 08281 0 . 1584 0 .1178 0 . 05229 0 . 005837 
0 . 60 0 .08305 0 . 1592 0.1180 0 . 05140 0.005845 
0 . 70 0 . 08328 0 . 1600 0 . 1180 0 . 05053 0 . 005853 
0 . 80 0 . 08350 0 . 160 7 0 . 1181 0.04968 0 . 005861 
0 . 90 0 . 08364 0 . 1613 0 . 1180 0.04882 0 . 005869 
0 . 92 0 . 0 8364 0 . 1614 0 .1179 0 . 04862 0 . 005871 
0 . 94 0 . 08360 0 . 1613 0 . 1178 0 . 04840 0 . 005873 
0 . 96 0 . 08348 0 .1611 0.1174 0.04810 0 . 005875 
0. 9 8 0 . 0 8301 0 . 1600 0 . 1163 0.04752 0.005878 
0 . 99 0.08203 0 .1576 0 . 1142 0 . 04659 0 . 005882 

FOG associated with the flux value to be normalized 

S1 = base case normalized source value at outer 

boundary. 

The numerical value in Equation (5 . 4) is the average thermal 

flux i n the reactor calculated from the average power density 
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Table 5 . 4 . Normalized flux values at emitter surface 

Void Group a Group a Group a Group a Total a 
Fraction 1 2 3 4 Flux 

0 .00 0 . 6264 1.185 0 .9011 0 . 4400 3 . 153 
0 . 10 0 . 6276 1 . 190 0 .9007 0. 4 312 3.150 
0. 20 0 . 6287 1 . 195 0 . 900 3 o . 4227 3.147 
0 . 30 0 . 6298 1 . 200 0 . 8999 0 .4146 3. 144 
0 . 40 0 .6310 1 . 205 0. 8996 0 . 4068 3. 142 
0 . 50 0 . 6320 1 . 209 0 . 8991 0 . 3991 3 . 139 
0 .60 0. 6 330 1. 213 0 . 8994 0 . 3918 3, 137 
0 . 70 0 . 6 339 1.218 0. 89 82 0.3846 3. 135 
0 . 80 0 . 6347 1. 221 0 . 8977 0 . 3776 3. 131 
0 .90 0 . 6 349 1. 224 0.8957 0 . 3706 3. 125 
0 .92 0 .6347 1.225 0. 89 46 0. 3689 3.123 
0 . 94 0 . 6342 1. 224 0 . 89 36 0 . 3671 3.119 
0 .96 0 . 6 330 1 . 222 0 . 8902 0 . 364 7 3 . 110 
0.98 0 . 6291 1. 213 0 . 8815 0 . 3602 3. 0 84 
0 . 99 0 . 6213 1.194 0 . 8649 0 . 3529 3 .033 

aAll fluxes divided by 1014. 

given for the DAEC reactor . 

The nor malized flux values were entered into the detector 

program , SPOND , which calculated the associated detector 
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c ur r e nt output . The procedure was repeated for each void 

fract i on case. The emitter cross section data required by 

SPOND was obtained from a multi- group compilation provided by 

McElr oy et al. [15] . The required four- group cross sections 

were obtained from the multi-group data by means of the fol -

lowing equation: 

(5 . 5) 

where 

a = microscopic cross section 

E = neut r on energy . 

The cross section data for the two emitter material s used in 

the SPOND program is s ummarized in Table 5 . 5 . Additional 

data needed for the calcul ations was taken from the Jaschik-

Seifr itz paper [3] . 

Table 5 . 5 . Cross section data for Cobalt and Cadmium 

Neutron 
Group 

1 

2 

3 

4 

Cobalt 
Ea(cm- 1) 

0 . 00006476 

0 . 0004879 

0 . 09140 

1 . 3315 

Cadmium 
Ea(cm- 1) 

0 . 2056 

0 . 3271 

0 . 3150 

99 . 18 
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The effect of emitter material on detector output was 

.explored by repeating the calculations for Cobalt and Cad-

mium. These two materials were chosen for consideration be-

cause they appear to be widely used in self- powered neutron 

detectors and because data for them was readily available . 

The results of these calculations are presented in the next 

section . 
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VI . RESULTS AND CONCLUSIONS 

A. Results 

The results of the calculations are given in tabular 

form in Table 6 . 1 and in graphical form in Figure 6 . 1 for 

both the Cobalt and Cadmium emitters . The detector response 

to a change in void fraction is virtually linear except for 

those cases in which the void fraction exceeds 0 . 90 . If the 

detector current outputs are plotted versus thermal flux for 

the void fraction cases as in Figure 6.2 it can be seen that 

the detectors closely follow the thermal curve as expected . 

That the detectors follow the thermal flux dependence 
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Table 6 .1. Detector current output for various void fractions 

Void Cobalt Detector Cadmium Detector 
Fraction (Amps/cm x 10(9)) (Amps/cm x 10(8)) 

0 . 00 6.384 4. 404 

0 .10 6 . 277 4. 351 
0 . 20 6.172 4. 300 

0 . 30 6 . 073 4.252 

0 . 40 5.978 4 . 205 

0 .50 5.883 4. 159 

0 . 60 5 . 794 4.115 

0. 70 5 . 705 4. 072 
0 . 80 5 . 619 4.029 

0.90 5 . 531 3 . 985 
0 . 92 5 . 509 3. 9 74 
0 . 94 5 . 486 3. 961 
0 .96 5.453 3. 941 
0 . 98 5 . 388 3.900 
0 .99 5.281 3 . 827 

on void fraction is not surprising because upon close exam-

ination of the basic detector model equation (Equation (3 . 1)) 

it can be seen that the second term is a constant for a given 

emitter material . Thus , the only change in current output 

for a given detector is due to the change in the neutron 
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Figure 6 . 2 . Current produced by sel f - powered neutron 
detectors versus thermal flux 

captur e rate of the emitter , and the nP-utron capture rate is , 

of course , directly dependent on the flux . The thermal neu-

t r on capture rate o f the emitter materials used i s much higher 

than that for neutrons of higher energies because their ther-

mal cross sections a r e much larger than their higher energy 

cross sections (See Table 5 , 5). Therefore , the detector s 

should be highly dependent on the thermal neut r on flux. 
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B. Conclusions 

This investigation has shown that the output current 

developed by a self- powered neutron detector using either 

Cobalt or Cadmium as an emitter will decrease as the void 

fraction increases in a typical BWR . The results also show 

that this current response is almost linear for void frac -

tions less than 0.90 . It was observed that the detector 

response using either of these two emitter materials is di-

rectly proportional to the thermal flux corresponding to void 

fraction changes . 



VII. SUGGESTIONS FOR FURTHER RESEARCH 

The f ollowing are suggestions for further investigation 

related to this work: 

1 ) The same study should be carried out using transport 

theory rather than diffusion theory in order to extend the 

range of validity of the results. Transport theory would 

make it possible to study in detail the effects on the neu-

tron flux of void fractions close to unity which diffusion 

theory has difficulty in representing . 

2) A dynamic model for the void fraction fluctuations 

should be developed , and the dynamic response of self- powered 

detectors determined using the appr oach developed in this 

work . 

3) The effects of core geometry changes on the rela-

tionship of neutron flux to void fraction could be examined . 

That is , what would be the effect of changing the pitch or 

lattice geometry on the neutron flux response to a change in 

void fracti on? Such a study would test the general applica-

bility of this analysis of self- powered detector res ponse . 

4) Other emitter materials might be examined for their 

effect on the void thermalization response of a detector . 

5) The relative effects on the current output of a self-

powered neutron detector of the following phenomena caused by 

a fluctuating void fracti on could be explored : (a) the shift 

o f the neutron spectrum caused by changes in neutron 
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moderation ; and (b) the changes in the number of fissions 

taki ng place because of the shifting neutron spect r um . 
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X. APPENDIX : DESCRIPTION OF THE SPOND PROGRAM 

A. Introduction 

SPOND cal culates the current output of a self- powered 

neutron detector g iven a four- group neutron flux . I nput for 

the program is not formatted and therefore the flow chart or 

the p r ogram list must be e xamined to put the data in cor-

rectly. Output simply consists of listing the void f raction 

case , the corresponding current output, and the f our - group 

neut r on flux i s repeated in the output for convenience . The 

p rogram also prints out all input information as a check . A 

flow chart and listing o f SPOND follows . 
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FLOW CHART FOR SPONDl 

START 

NOG , SIGMA , DELTAE , 
NOGG , EPSILC , PSUBil , 

EPSILP , PSUBI2 , YIELD, 
DELTEG , RADIUS , V, L, 

CASES 

PHI , VOIDFR 

SI GRAD= 

TERMl =O 
I =l 

NO 

~Y;;.;E=S;;._ ___ .,. A 

X RADI US 

YES 

SHIELD( I ) =l . O - (1 . 333 X SIGRAD) 
+ 1.246 X (SIGRAD)2 

SH I ELD(I) =(0 . 5ts IGRAD) 3 - 0 . 09375-t(SIGRAD) 

DEPRSN(I) =(l . O)f{ l +(3 . 529 X RADIUS 
X ( l n( l . 75 7: RADIUS) + 0 . 9228) 

X SIGRAD X SHI ELD(I))] 

TERMl=TERMl + (SIGMA(I) X PHI(I) 
X SHIELD(I) X DEPRSN(I)) 

1 see list of definitions f ollowing this section . 
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YES >-------... D 

NO 
FLAG=FLAG + 1 

COMCON=O 
PHOCON=O 

-----------~ 
NO 

COMCON=EPSILC(I) X PSUBil(I) X YIELD(I) + COMCON 
PHOCON=EPSI LP(I) X PSUBI2( I ) X YIELD(I) + PHOCON 

RADIUS , V, L, NOG , NOGG , 
SIGMA , DELTAE , 

SHIELD , DEPRSN 

YES 

DELTEG(I) , YIELD(I) , 
PSUBil ( I) , PSUBI2(I) , 
EPSILC(I) , EPSILP(I) 

TERM2 
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IE=l.602 X io - l9 X V/L X TERMl X TERM2 

CASES=CASES - 1 

STOP 
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B . . SPOND Variable List 

NOG = number of neutron energy groups 

SIGMA = absorption cross section data for emitter, entered by 

highest energy group down to lowest 

DELTAE = neutron energy group intervals, beginning with 

highest 

NOGG = number of gamma energy groups 

EPSILC = electron escape efficiency of Compton electrons, 

beginning with lowest gamma energy group 

PSUBil = probability of electron production by Compton effect 

of a gamma ray, beginning with lowest energy group 

EPSILP = electron escape efficiency of photoelectrons, be-

ginning with lowest gamma energy group 

PSUBI2 = probability of electron production by photon inter-

action, beginning with lowest energy 

YIELD = the number of gamma rays produced per gamma energy 

interval per neutron captured in emitter , entered 

beginning with lowest gamma energy group 

DELTEG = gamma energy group intervals, beginning with lowest 

RADIUS = radius of emitter 

V = volume of emitter 

L = length of emitter 

CASES = number of void fraction cases being run 

PHI = neutron group flux values, entered beginning with 
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highest neutron e nergy group 

VOIDFR = void fraction associated with the particular flux 

values b e ing ente r e d 

C . SPOND Progr am Li st 



1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

REAL TERMl, SIGRAD , SIGMA(4) , RADIUS, SHIELD(4), PHI(4) , 
CDEPRSN (4) , DELTAE(4), COMCON , PHOCON , EPSILC(30) , PSUBI1(30) , 
CYIELD(30) , DELTEG(30), EPSILP(30), PSUBI2(30), TERM2 , IE , V, L, 
CVOIDFR , CASES 

I NTEGER NOG , NOGG , FLAG 
READ, NOG , SIGMA , DELTAE 
READ, NOGG , EPSILC, PSUBil , EPSILP , PSUBI2 , YIELD , DELTEG 
READ, RADIUS, V, L 
READ, CASES 
FLAG=l 

90 CONTINUE 
READ, PHI, VOIDFR 
TERMl=O.O 
DO 10 I =l, NOG 
SIGRAD=SIGMA(I) *RADIUS 
IF (SIGRAD . GT . 1 . 0) GO TO 5 
SHIELD(I) =l . O- (l . 333*SIGRAD) +(l . 246*(SIGRAD* *2)) 
GO TO 6 

5 CONTINUE 
SHIELD(I)=(0 . 5/SIGRAD) - (0.09375/(SIGRAD** 3)) 

6 CONTINUE 
DEPRSN(I)=l.O/(l.0+((3.529*RADIUS)*(ALOG(l.757/RADIUS) +0 .9 228) *SIG 

CRAD*SHIELD(I)) ) 
TERMl=TERMl+SIGMA(I) *PHI(I) *SHIELD(I) *DEPRSN(I) 

10 CONTINUE 
IF (FLAG.GT.l)GO TO 80 
FLAG=FLAG+l 
COMCON=O. O 
PHOCON=O.O 
DO 20 I=l, NOGG 
COMCON=EPSILC(I)*PSUBil(I) *YIELD(I) +COMCON 
PHOCON=EPSILP(I) *PSUBI2(I) *YIELD(I) +PHOCON 

20 CONTINUE 



30 
31 
32 
33 
34 
35 
36 

37 
38 
39 
40 
41 

42 
43 

44 
45 
46 
47 
48 
49 
50 
51 
52 
53 

TERM2=COMCON+PHOCON 
PRINT , RADIUS , V, L 
PRINT, NOG , NOGG 
PRINT, SI GMA, DELTAE 
PRINT, SHIELD , DEPRSN 
DO 77 I =l, NOGG 
PRINT70 , DELTEG(I) , YIELD( I ) , PSUBil(I) , PSUBI2(I) , EPSILC(I) , EPS 

CI LP( I ) 
70 FORMAT ( I I , 6Fl 2 . 6) 
77 CONTINUE 

PRINT, TERM2 
PRI NT30 

30 FORMAT( ' l ' ,' DETECTOR CURRENT OUTPUT PER UNIT LENGTH VS . VOID FRACT 
CION I ) 

PRINT 40 
40 FORMAT ( ' 0 ', ' VOID FRACTION ' , 5X,' CURRENT ' , 5X ,' GROUP 1 FLUX' , 3X ,' GRO 

CUP 2 FLUX ' , 3X,' GROUP 3 FLUX' , 3X,' GROUP 4 FLUX ' ) 
80 CONTINUE 

IE=l . 602E- 19 *V/L*TERMl *TERM2 
PRINT50 , VOIDFR, IE, PHI 

50 FORMAT ( I I ,Ell. 4 '5El5 . 4) 
CASES =CASES - 1 . 0 
IF (CASES . GT . 0 . 0) GO TO 90 
PRINT 55 

55 FORMAT ( ' l ' ,' RUN INFORMATION ' ) 
STOP 
END 


