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! Error

2 Uncertainty

3 Confidence Interval
4 Confidence Level
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! Goddard

2 NASA: National Aeronautics and Space Administration
3 Sensors

4 Look-up Table
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! Precision
2 Accuracy
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! Truncation Error

2 Coprocessor

3 Extended Floating Point Operation
4 Round

3 Round of Error
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! Error Propagation
2 Dimension
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X=0:1:12;

Xave=3.5;

Px=(Xave) ."X.*exp(-Xave) ./factorial (X);
bar(X,Px);

xhim([0 12]);
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r=10;

t=0:0.01:1;

y=1l-exp(-r.*t);
plot(t,y,"-r","LineWidth",2)
xlabel ("t")

ylabel ("H(t) ")

grid on
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=1000;
Kesi=rand(10,1);
tp=(1/r).*log(1./Kesi);
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r=1000;
Kesi=rand(le6,1);
tp=(1/r).*log(1./Kesi);
figure(l)
plot(tp(l:1e4),".k")
figure(2)

DelT=1e-4;

[Y.X]=hist(tp,DelT/2:DelT:10e-3);

bar(X,Y)
xim([0 5e-3])
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X=0:1:12;

Xave=30;

Px=(Xave) ."X.*exp(-Xave) ./factorial (X);

bar(X,Px);
xhim([0 12]);
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X=0:1:60;

figure(l)

for Xave=5:5:30
Px=(Xave) ."X.*exp(-Xave) ./factorial (X);
stairs(X,Px, "LineWidth",2)
hold on

end

xim([0 60])
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X=-5:0.1:80;

figure(l)

hold on

for Xave=5:5:40
Px=(1/(2*pi*sqrt(Xave))) .*exp(-((X-Xave) ."2) ./ (2-*Xave));
plot(X,Px, "LineWidth",2)

end

xhim([-5 60])
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! Normal Distribution
2 Standard Gaussian Distribution
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N=10e6;
s=randn(1,N);

figure(l)
hist(s,-5:0.1:5)
xhim([-4 4])
ylim([0 4.5e5])

figure(2)
Xbar=100;
Sigma=10;

x=Sigma*s+Xbar;
hist(x,40:1:160)
x1im([60 140])
ylim([0 4.5e5])
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! Confidence Level
2 Confidence Limits
3 Confidence Interval
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syms x Z Xbar Sigma
P=(1/(Sigma*sqrt(2*pi)))*exp(-(x-Xbar)"2/(2*Sigma"2));
disp("P = %)

pretty(P)

disp(® 7)

disp(® °)

disp(® °)

Alpha=int(P, (Xbar-Sigma*zZ) , (Xbar+Sigma*2));
disp(“Alpa = %)

pretty(Alpha)

disp(" ")

disp(" ")

disp(™ 7)

Alpha=subs(Alpha,zZ,1);
Alpha=subs(Alpha,Sigma,1);

! PDF: Probabilty Density Function
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t=0:0.001:1;

f=2;

w=2*pi*f;

V_Sine=20.*sin(w*t);
Normal_Noise=randn(1, length(t));
V=Normal Noise+V_Sine;

figure(l)

subplot(2,1,1)
plot(t,V_Sine,"-r","LineWidth",2)»
ylim([-21 21])

subplot(2,1,2)
plot(t,Normal_Noise,".r")
yhim([-4 41

figure(2)

plot(t,V,".rv)
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Fit Options = fitoptions(“"Method", "NonlinearLeastSquares”,. ..

"Lower®,[0.1,0.1],---

“Upper*,[30,20],---

"StartPoint",[20 10]);
Fit_Type = Fittype("A*sin(W*x) ", "options”,Fit_Options);
[Parameters,Fitting_Status] = fit(t",V",Fit_Type)
A=Parameters._A;
f=Parameters.W./(2*pi)
V_Fitted=A.*sin(2.*pi.*f.*t);

figure(3)
plot(t,V,".r",t,V_Fitted, "-k","LineWidth",2)
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Parameters =
General model:
Parameters(x) = A*sin(W*x)
Coefficients (with 95% confidence bounds):
A= 19.96 (19.87, 20.04)
W = 12.56 (12.56, 12.57)
Fitting_Status =
sse: 967.2304
rsquare: 0.9952
dfe: 999
adjrsquare: 0.9952
rmse: 0.9840

f =
1.9997
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t=0:(1/5000):0.3;

Np=length(t);
V_Signal=5:((40-5)/(Np-1)):40;
Noise_Gaussian=1.5_*randn(1,Np);
Noise_Line=3.*sin(2.*pi.*50.*t+(pi/6));
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V=V_Signal+Noise_Gaussian+Noise_Line;
plot(t,V,".r")
save ("Data.mat","V_Signal”, "Noise_Gaussian®, "Noise_Line","V")
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X=t;
f=V;
n=Np;
Fit_Options = Fitoptions("Method", "NonlinearLeastSquares”, ...
"Lower”,[0,0],--.
“Upper-,[10,200],.-.-
“StartPoint®,[1 1]);
Fit_Type = Fittype("Al+A2*x","options”,Fit_Options);
[Parameters,Fitting_Status] = fit(x",f",Fit_Type)

Al=Parameters.Al;
A2=Parameters.A2;
T _Fitted=A1+A2._*X;;

figure(2)
plot(x,f,".r",t,f_Fitted, "-k","LineWidth".2)
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General model:

Parameters(x) = A1+A2*x

Coefficients (with 95% confidence bounds):
Al = 5.194 (4.931, 5.458)
A2 = 115.7 (114.2, 117.2)

Fitting_Status =
sse: 1.0149e+04
rsquare: 0.9370
dfe: 1499
adjrsquare: 0.9369
rmse: 2.6020

o

Yo

b2

Yo

95%0) U

—

(T

(436 (o) Oloj

O ot 551, s g edd (ileacs 0L > (1-YY) S

Mb.k.ﬂ)‘ja\rj.la.;m): .1949) \'h’. A.n;'b‘_gﬁ (FV—\)U(F'—\)E‘)J J‘ o:l.&:.....\ @;)KMQ‘_}:@&&&J U:})

xave=sum(x)/n

fave=sum(f)/n
az=sum(f.*(x-xave))/sum(x.*(x-xave))
al=fave-(a2*xave)

tave =
0.1500
Vave =
22 .5474
a2 =
115.6868
al =
5.1943
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Knoll, G. F., Radiation detection and measurement: John Wiley & Sons, 1999.
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SI Prefix symbol,

Multiplication Factor SI Prefix Use Roman Type
1.000 000 000 000 000 000 = 108 exa"” E
1.000 000 000 000 000 = 103 peta™ P
1 .000 000 000 000 = 10'2 tera T
1 000 000 000 = 10° giga G
1 000 000 = 10° mega M
1000 =10° kilo k
100 = 102 hecto} h
10=10 dekaf da
0.1=10" decif d
0.01 =107 centi
0.001 =103 milli ni
0.000 001 = 10¢ micro n
0.000 000 001 =10~ nano n
0.000 000 000 001 = 102 pico p
0.000 000 000 000 001 = (0" femto f
0.000 000 000 000 000 001 = 10718 atto a
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Gy J/kg
m/s?
Bq 1/s
rad/s?
rad/s
m2
°C k
kg/m?
Sv jkg
a.s
S alv
v/m
H Vs/A (=Wb/A)
\'% W/A
Q V/A
J N.m
J/K
N kg.m/s?
Hz 1/s
A/m
Wb Vs
T Wb/m?
\% W/A
w /s
Pa N/m?
J N.m
J/(kg.K)
Pa N/m?
W/(m.K)
m/s
\% W/A
m?
J N.m



BASE UNITS

DRIVED UNITS WITH SPECIAL NAMES

kilogram

newton

Kg

MASS

meter

b=

LENGTH

second
e

s E

TIME

mole

mol

AMOUNT OF SUBSTANCE

ampere

A K ———

ELECTRIC CURRENT

kelvin

K

/

THERMODYNAMIC TEMPERATURE

candela

cd

LIMINOUS INTENS!TY r 4

SuU PPLEMENTARY UNiT QJ

radian

rad

PLANE ANGLE

steradian

Ssr

SOLID ANGLE

\ :Dr

gray @(J/kg) pascal @

ABSORBED DOSE PRESSURE,A STRESS

becque(l/S)

’
CONDUCTANCE /
7’

RESISTANCE \{0“
/ (W/A)
/
_____ I_ - e e e e e —— — .»
\
henry (Wh/A) POTENTIAL
@ ELECTROMO
\ TIVE FORCE
INDUCTANCE
| N\
- __l____| tesla (Wb/m?)
gree K] | _
celsius : - -
| IMAGNETIC FLUX MAGNETIC FLUX
| I DENSITY
I CELSIUS :
: TEMPERATURE,
| Te=Tg273.151
lumen  (cd.sr) lux (Im/mz)
Im - [x —— m’ -
LUMINOUS FLUX ILLUMINNCE

SOLID LINES INDICATE MULTIPLICATION;
BROKEN LINES, DIVISION

—_—— — —— — — — — — = m- —
joule (N.m)
hertz (1/s)
ENERGY, WORK,

FREQUE NCY QUANTITY OF HEAT
/ ACTIVITY |
7 (OF IONIZING
tt J
< _RADIATION SOURCE) ! e U
__________ -
coulomb (A.s)
farad (C/V)
POWER,
) HEAT FLOW RATE
ELECTRIC CHARGE N
CAPACITANCE \
i N
siemens —_ (1/Q)  oppy (V/A) \
- \
] \

[(kg.m)/s’]
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cle

clear all

LamndaCu=log(2)/(12.7*3600);% Constant parameters
LamndaAu=log(2)/(2.695*%24*3600);

XsCu=4.5E-24,%Cross sections

XsAu=98.8E-24;

Flux=1E13*(80E3/5E6); %80 kW reactor power

ti=0:1:15%60;

mCu=0.0318;%Mass of the activation foils

mAu=0.0318;

NAu=mAu*6.02214E24/197;% Number of atoms in the sample
NCu=mCu*6.02214E24/((0.69*63)+(0.31*65));
ACui=0.69.*NCu.*XsCu.*Flux.*(1-exp(-LamndaCu.*ti)); %o Activity of the activation foils
AAui=NAu.*XsAu.*Flux.*(1-exp(-LamndaAu.*ti));
tc=100:100:10*24*3600;%Cooling Time
ACuc=ACui(length(ACui)).*(exp(-LamndaCu.*tc));% Activity during cooling time
AAuc=AAui(length(AAui)).*(exp(-LamndaAu.*tc));
t=cat(2,ti,tc+ti(length(ti)));

AAu=cat(2,AAui,AAuc);

ACu=cat(2,ACui,ACuc);

semilogx(t,ACu,'--k',t, AAu,-k','LineWidth',2);
legend('Cu-64",'Au-198");

grid on

xlabel('Time, s");

ylabel ("Activity') ;
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4oy yo S yolHl of yodd 4 U9 795 s 4 gy o SBS 03Il (ST 3 cwlio S g9 31 (S 9

39585 Sy AT (83551 b Sl IET Glgie 4 cwlbio SS9 3!

Sl L &5, LE Sll 5
e sy 281 (%) gssnl e aes (MeV) %) sl
F 19Fe(n,2n)'$F Voo @33y Toon °\qf W2
Mg 2*Mg(n,p)**Na VAN RIIWRT. \YEA Voo L
Al 2TAl(n,a)**Na Veupe Cela V00 \YFA Voo ¥4
Al 27A1(n,p)27Mg Vouge aass4)F7 Y0 )= AP Voo YA
Fe Fe(n,p)**Mn 4V cela Y08 ¢ AF aq ¥4
Co 3Co(n,0)**Mn Yoo Cela Y08 < AF 44 oY
Ni  *Ni(n,2n)*'Ni VA Celu ¥F) a AS e
Ni 38Ni(n,p)**Co VA 59, VVE <A X 1A
Cu  %Cu(n,2n)**Cu 7)) 423> 4A Toon °140 NA
Cu  %Cu(n,2n)**Cu YA el VYV Toon FVA 4
7n 64Zn(n,p)*Cu FAA Celu VYV YN Ory A e
In Singm,n’)! 5" aoV el B0 PO A o0
1 127](n,2n)"2°1 Yoo, Sau WY ¥dal Ty q¥
Au "7Au(n2n)'®Au Ve 3509 \A YD N 4F-Yo A#
Li "Li(n,an’)t aY,0h JLYy ROTALEE Ve YA

" Annihilation radiation.

°Yield of annihilation photons assuming all positrons are stopped.
* B particle energy and percerit abundance.

Source: Kuijpers et al. !*3

Some Neul_Tog-lTlduced Reactions of Interest in Activation Counters

ST A Lo A Induced Activity e ol plakega
SLOW NEUTRON REACTIONS
%01 A 107 Ag(n,y) ®Ag 1.49 MeV B~ s>\ y¥ 30b }
VoA Y 19Ag(n,y)'"Ag 2.24 or 2.82 MeV B~ AL YFY 110 b
108 109 4
Yo\ Rh(n,y) Rh {247 MeV ﬁ_ 36 FF 139 b}
2.44 MeV B~ 436 Y90 11b
THRESHOLD REACTIONS
Sl a2 A5l Induced Activity e S5 ]
%oV TSAs(n,n’) " As 030MeVy bk V MeV: ¥
%Y\Y  207pp(n,n’)20"mPh 24-304keVy  &BeAY MeVh
%44 ,A 160(n,p)'*N { 6.13 MeV y 79 S} MeVy ¥
%\ 9F(n,d)'*N 4.27 — 10.4 MeV i MeVy~
%\ 23Na(n,0()2°F 5.4 MeV B_, 1.63 MeV 4?;1: X MeVy~
v
%\ 9Be(n,a)°He 351 MeV B~ lbbeAs MeVy~




Materials Useful as Slow Neutron Activation Detectors
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S (Sl )'m™ (ol Activity s
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60C0
VA Y Y L B,YA
Copper 9Cu (69.1) LY EE $4Cu el YAF
65 66
Cu (30.9) CEENA Cu 4> 0\ F
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19Ag (48.65 HomA
g ) LEETY & 5, vr
Indium 13In (4.23) \Y £ 8% Hmpy o ¢
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\+ FY FRIFAT)
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Gold 197 Au (100) CFEAAD S50 5,150

Source: K. H. Beckurts and K. Wirtz, Neutron Physics. Copyright 1964 by

Springer-Verlag. New York. Used with permission.
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clear
cle
options = odeset('RelTol',1e-100,'AbsTol',[1e-20 1e-20 1e-20 1e-20 1e-20 1e-20 1e-20]);
[T,Y] = odel5s(@point,[0:2E3:30*24*36001,[0 0 0 0]);
k=length(T);
for i=1:k
if T(1)<(3*24*3600)
Flux(i)=2E13;
end
if T(1)>=(3*24*3600)
Flux(i)=1E13;
end
if T(1)>(6*24*3600)
Flux(i)=2E13;
end
if T(1)>(9*3600%*24)
Flux(i)=0;
end
end
figure(1)
plot(T,Y(:,1),T,Y(:,2),T,Flux);
grid on
xlabel('Time, sec');
ylabel('Precursor Density")
legend('lodine', Neutron Flux")
figure(2)
plot(T,Y(:,3),-b',T,Y(:,4),"y','LineWidth',2),
grid on
xlabel('Time, sec');
ylabel('Precursor Density")
legend('Pm’,'Sm")
Flux=Flux';
Results=cat(2,Y,Flux,T):

Yot



function dy = Point(t,y)
1f t<3*24*3600
F=2E13;
end;
if >=3*24*3600
F=1E13;
end;
if >=6%24*3600
F=2E13;
end;
if t>=9*24*3600
F=0;
end;
Sigmaf=1;
SigmaAl=0.1E-24;
SigmaAXe=2.65E6*1E-24;
SigmaAPm=1400E-24;
SigmaASm=40100E-24;
GI=0.0639;
GXe=0.00237;
GPm=0.01071;
Lamndal=2.87E-5;
LamndaXe=2.093E-5;
LamndaPm=3.63E-6;
dy = zeros(4,1);
dy(1)=(GI*Sigmaf*F)-(Lamndal*y(1))-(SigmaAI*F*y(1));
dy(2)=(Lamndal*y(1))+(GXe*Sigmaf*F)-(Lamnda.’e*y(2))-(SigmaAXe*F*y(2));
dy(3)=(GPm*Sigmaf*F)-(LamndaPm*y(3))-(Signia APm*F*y(3));
dy(4)=(LamndaPm*y(3))-(SigmaASm*F*y(4));

Yoo
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T profile of an average fuel assembly at 38C coolant temp. T profile of an average fuel assembly at 38C coolant temp.

55.5
T T T T 7 ®2 [T T T T 1
Reactor power [MW] =5 Reactor power [MW] =2
Maximum fuel temperature [C] = 55.1 Maximum fuel temperature [C] = 44.8
Average fuel temperature [C] = 54.4 45 Average fuel temperature [C] = 44.6
55 Average clad temperature [C] = 52.7 H Average clad temperature [C] =43.8
44.8
AN
54.5 \
c G 4.6
o [}
5 o
T 54 2
5 o
£ g
s 8 444
53.5
44.2 fo
53 ‘ \
\
T 44
. | o
52.5 43.8L |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 : 001 002 003 004 005 006 007 008
Xcm) X

hS )
(FFMIR ST s g a5 oSy 53 Y MW 0 MW S5 53 55 s 55 (11-F) IS

ML@L»#FLIJ;‘43A;9—}#4&:?EJF4§

Yl

9 o5 ol (g 2t SO enime Oy (g 801l el 1 Jusd a5 55 ()

oo b il oo 5o OT a5 ples s 25500 5 (F

9 313 plowil o Lo s s S s ST ()8 s gl Sy a1y SialesT cpl Olg e LT

S e sl 1y 6 80 glaely ax O toleiT ys &ds il ol (F

9l o il Bl ot 53 g 4 ST |y oles o b 34 00 sl O

S Xe Sl Dl 1 6 LU 1w STl 53 i 88 8 e g w58 glos o b 312
Sils &8 Ol uss Sl

) bl ar ol g o les i (S 630 5l 8 Sl 311 (BUXe Sl D e sl Y
4,8 51z Suil Somul Ll5 o Syls S2alS Wg)y 3 (6,5 o3Il m oS foe LT S8 o slgitn



1.

10.

11.
12.
13.
14.
15.

Banerjee, S., Pandey, P. and Singh, T., 2020. Benchmark study of 10 MW th Material Test
Reactor by standard deterministic codes. Life Cycle Reliability and Safety Engineering, 9,
pp-147-159.

&y

PU0 P R PP P OR V- RN g A B R SR p i SS (RT P0S SRS S I-JO0 PPN WA |

JUT ali&.?\.) MCNP .Afj 6’)”'5 J.Z)) 9> @ dg.w g_JT B LSJ};Y' (Am—Be) r':l'f.ﬂ_(‘j:'“’fT

oli.&.k}}_’: Rod Drop a7 el sl Labview ;3! o5 Sl eslamal laal, Oz T

AYM (lazan O 58 9 r)l.a

Sl STy Sol (o, 8 eIl s dlelo &S5 Cstlay ol b o 55 0 iy B e L s

MM 5 ply oBils N bls Gl 2 01,6

cdb@.}'@'WﬂJﬁTJJJMN&33)‘}3‘AJLALadgikg\ﬂ‘}dw)ﬁc&é?f.%}cv{f.ékﬁzm .

APAA (Obaa a5 Ol o230

Arkani. M, Gharib. M, Hossnirokh. A., Design and application of MTR fuel assemblies in
new proposed inverted mode, Nuclear Engineering and Design, Voiume 240, 2010, Pages
2981-2987.

Arkani. M, Gharib. M, Reactor core power measurement using Cherenkov radiation and its
application in TRR, Annals of Nuclear Energy, Volunic 36, Issue 7, July 2009, Pages 896-
900.

Beeley. P. A, Determination of in-core powci in low energy research reactors by
measurement of N-16 and F-18 in the primary coolant, Journal of Radio analytical and
chemistry, Vol. 215, No. 1, 1997, Pages 135-139.

Fischer. B, Nitrogen-16 generation and transport and associated shielding requirements in a
supercritical-water-cooled reactor, Nuclear Technology, Vol. 147, Aug. 2004, Pages 269-
283

Khalafi. H, Gharib. M, Installation. caliberation and application of incore miniature neutron
detector in Tehran research reactor (TRR), Nuclear Instruments and Methods in Physics
Research A, Vol. 413, 1998, Pagcs 374-378.

Knoll. G. F., Radiation dctection and measurements, 3nd ED, Jhon Wiley & Sons, Inc, 2000.
Lamarsh. J.R, Introduction to nuclear reactor theory, Addison - Wesley Pub.Co. Inc. 1966.
Profio. Edward. A., Experimental reactor physics, Jhon Wiley & Sons, Inc, 1976.

Schultz. M. A., Control of nuclear Reactors and power plants, Mc Grow-Hill Book Co, 1961.
Weiss. H, Power ineasurement and automatic Reactor control by Gamma or Cherenkov
radiation, Nuclear Electronics IAEA Bombay, November 1965, IAEA Vienna, 1966.

YV



