Nuclear Reactor Kinetics



Nomenclature



Time-Dependent Phenomena

e Short Time Phenomena (ms, s)
O accidents
O experiments
O startup
e Medium Time Phenomena (hrs, days)
o fission product poisoning
0 Xe
OSm
e Long Time Phenomena (months, years)
O fuel burnup with consequent change in composition



Time-Dependent Phenomena

e No feedback (approximation)
O Changes in flux level do not induce changes in the
absorption or production properties of the reactor.
e Feedback
0 Changes in flux level do induce changes in the absorption
or production properties of the reactor.



General Mathematical Formulation

Energy-and-time-dependent neutron balance equation with
feedback in the diffusion approximation

7,(E) Tvaf(CD,F,E',t)CD(F,E',t)dE'+V-(D(CD,F,E,t)V(D(CD,F,E,t))—

E'=0

> (O,F,E,t)D(F,E t) + jzs(cp,r,E'—> E,t)®(F,E’,t)dE +
E'=0
od(F, E, 1)
ot

S;(®,r,E,t)+S,(D,r,E, 1) :%
\Y

Throughout the course will use progressively more accurate
approximations to solve the above.



Fission Facts



Fission Mechanism (simplified)

Fission occurs through the formation of a compound nucleus
which, in turn, can decay very rapidly in several different
ways.

oM+ X =X
Ax+1)('<r_) A+B+y (mode1-prompt y)
= — A+B+v.n  (mode 2 - promptn)

v,=2-3



Both A'and B' can be stable or further decay in several
possible modes:

S A (A'wasstable)
— 5 A+y (model)
A — 5 A+ B (mode 3)
— 5 A+ B (mode 4)

! (fast)
A+n  (delayedneutron)

.

If A' decays according to mode 4, then it is called a precursor
and A" Is called an emitter.



We cannot predict in advance which nuclei will be

precursors, but we can predict, on the average how many will
do so. This number is equal to the number of delayed
neutrons emitted, called the delayed neutron yield.

o # of delayed neutrons
; # of fissions

We cannot predict how many prompt neutrons will be emitted
In each reaction either. But we can predict how many will be

produced on the average. This is called the prompt neutron
yield.

_ #of prompt neutrons
# of fissions

p



On the average, the fission reaction can be written:
N+ X > A+B+v n +vn, +e+y
The total neutron yield is defined as:
V=Vy+V,

The delayed neutron fraction is:



Delayed Neutrons

Are emitted by emitters which result from the beta decay of
precursors.

There are 6 precursor (delayed neutron) groups, based on
their half-life.

TABLE 3.5 DELAYED NEUTRON DATA FOR THERMAL FISSION IN U

Hali-Life Decay Constant Energy Yield, Neutrons Fraction
Group (sec) (I;, sec™!) (ke V) per Fission (B:)

| 55.72 0.0124 250 0.00052 0.000215
2 22.72 0.0305 560 000346 0.001424
3 .22 111 405 0.00310 0.001274
4 2.30 0,301 45() 0.00624 0.002568
3 0.610 1.14 — 0.00182 (L7 48
6 0.230 3.01 0.00066 0L.000273

Total yield: 0.0158
Total delayed fraction (f): 0.0065




Point Kinetics Equations

part 1

all neutrons emitted In a fission
are assumed prompt



One-energy-group diffusion equation

* time-dependent diffusion (results from
neutron balance)

on(r,t)
ot
 If sources are exactly equal to sinks, then

the static equation results (no time
dependence)

0=1Z,®(F) + DV’®(F) — =, D(F) < -DV?®O(F) + Z,(F) =12 , O(T)

=12, O(F,t) + DV’O(T,1) - =, (T, 1)




One-energy-group diffusion
eguation

* To keep the static form of the diffusion
eguation even when the sources do not
exactly equal the sinks, we introduced K,

(multiplication factor) to artificially adjust
the sources.
0 =%vzfcb(r) +DV?®D(F) - X, D(F) © -DV*D(F) + X, D(T) =%vzfcb(r)
 Now, we will not use k any more, but

rather concentrate on the time-dependent
eqguation



Time-dependent one-energy-group
diffusion equation

on(r,t)

- VX O(F,t) + DVD(F,t) -, ®(F,1)

But let’'s remember:

()
O=nvesSn=—

V
* SO.

on 109

ot Vv ot



Time-dependence of the neutron
flux and neutron density

* We can now write the time-dependent
diffusion: in two separate ways

— concentrate on the flux

1 00(F, 1)

e~ =X ®(F,t) + DV°D(F,1) - T, O(F, 1)
Vv

— concentrate on the neutron density
on(r,t)

. Vv Vn(F,t) + DVVn(F,t) —=,Vn(F,t)




Some assumptions

e Static one-energy-group diffusion equation
for a critical reactor
—~DV?®(F) + 2, D(F) =1X , O(T)
It can be rewritten as:
V?O(F)+B°®(F) =0
 Where

Vi =2, 32
5T




Some assumptions

 Assume that the equation satisfied by the
time-independent flux in a critical reactor Is
also satisfied, at any time t, by the time-
dependent flux in a non-critical reactor.

VO(F)+B°®(f) =0
VD(F,t)+ B°®(F,t) =0 < V°D(F,t) = —B°D(T,1)

e This Is equivalent to assuming that the
spatial shape of the flux does not change
with time



Back to the time-dependence of the
neutron flux and neutron density

* We can now write the time-dependent
diffusion

— for the flux
1 0d(r,t)

vV ot
— for the neutron density
on(r,t)

ot

=X, O(F,t) - DB*®(F,t) - X, D(F,t)

=X, Vn(F,t)— DB*Vn(F,t) - =,Vn(r,t)



Time-dependence of the neutron

density

on(r,t) on(r,t)

=(V2,V-DBV -3, Vh(F ) = = on(F,t)

ot ot

e wWhere

az(vZf — DB —za)v



Time-dependence of the neutron
density
on(r,t)
ot

 Integrating over the entire reactor we
obtain:

j@”(r’t) d°r = [ an(r,)d°r
V at V

= on(r,1)

d
— [ n(F,t)d°F = a| n(F,t)d°T
dtJ( ) aJ( )



Time-dependence of the total
neutron population

e Total neutron population

n(t) = j n(F,t)d°F

 Equation governing the time behaviour of
the total neutron population

%n(t) — an(t) < A(t) = an(t)

e solution
n(t) =n,e”



Time dependence of the neutron
flux

1 6d(F 1)
v ot
1 6d(F, 1)
v ot
6D(F 1)
ot

=X . O(7,1) - DB*®(F,t) - D(F,t)

=(vz, -DB2 -3, Jo(F, 1)

oD (T, 1)
ot

=(v=, - DB? -3, W (F t) < = a®(F 1)

* The results are analogous to those for the
neutron density.



Time dependence of the neutron
flux

 Integrating over the volume of the reactor:

jacD(r Y gep jaCD(r t)dF

itjcp(r t)d°F = ajcp(r t)d°F

a¢(t) — a¢(t) = ¢(t) = 0!¢(t)
e where:

A(t) = [o(rHdr



Observations

* The total neutron population and the
volume integrated flux obey the same
eguation.

* The relation between the volume
Integrated flux and the total neutron
population is the same as that between
the flux and neutron density.
®(F,t) = n(F,t)V

[o(r,1)d°T =V[n(F,))d°F < ¢(t) = n(t)V



Point Kinetics Equation without
Delayed Neutrons

« Just a special way of arranging the
coefficients.

o Usually written for the neutron population,
but similar equation can be written for the
volume-integrated flux.



Point Kinetics Equation without

Delayed Neutrons
V2

) o o
Multiplication constant ke 5+ DB’

 Reactivity p-= % = 1—%

e We can write:
VY. —DB%* -3
a:(VZf—DBZ—Za)V=VZfV f = =
V2

VZ: DB*+X 1
VE V| —— T2 =2, V| 1- =Vv2 Vp




Point Kinetics Equation without

Delayed Neutrons
1

V2V

« Notation: A-—

e |t follows that:

a=£

A

 The equation for the neutron population can
then be written

dgf) = /’i n(t) = Point kinetics eq. w/o dn



Point Kinetics Equation without
Delayed Neutrons

« A similar equation can be written for the
volume-integrated flux.

dg(t) _ p

i AW

 Alternative processing:

B g

(082, W ot~ oy |- (087 2 k-




Point Kinetics Equation without
Delayed Neutrons

e New notation

,_ 1

 (DB?+3,

o With the new notation the point kinetics
eg. can be written (a less common form):
dn(t) k-1 (D

dt /
* and, for the flux:

dg(t) k-1~
w = 0




Point Kinetics eguation(s)

 Nomenclature — called point-kinetics
because the reactor Is reduced to a point —
no accounting for spatial or energy
dependence.

e Can be derived starting from a more
general, space and energy dependent,
flux.



Names and interpretations of

symbols
« Neutron generation time
Ao 1
VX,

 Interpretations

— Average time between two neutron births in
successive generations

— Time it would take to generate the current number of
neutrons at the current generation rate.

— Average “age” of neutrons in the reactor. (Note that
this is a time, and not the Fermi age).



Names and interpretations of

symbols
e Neutron life time
1 1
62: 5
v +DB

 For an infinite reactor: foozgz—

 Interpretations

— average time between the birth and death of a
neutron

— Time necessary to lose all the neutrons in the
reactor at the current loss rate.

— Average life expectancy for neutrons in the
reactor.



Point Kinetics Equations

part 2
Accounting for Delayed Neutrons



Point Kinetics with Only One
Delayed Neutron Group

We make the same assumptions about the
buckling staying constant as in the case with no
delayed neutrons.

We write directly the equation for the entire
reactor (volume-integrated quantities)

Some neutrons are emitted directly from fission

Some neutrons come from the decay of
precursors.



Neutron Balance Equation for the
Entire Reactor

e Sources

— Prompt neutrons from fission
.Vz O(rF)d°r =v, 3 JCD(r)dsf v,2h=—v)Zp=v(l-p)Z,¢
— Delayed neutrons from the decay of
Drecursors
AC (f: = total number of precursors in the reactor)




Neutron Balance Equation for the
Entire Reactor

e Sinks
— Absorption

[z 0m)d’r =3, [0r)d°r = > P
V V

— Leakage

jDBch(r)d 3 = D52j®(r)d3r = DB?%¢
\Y \



Precursor Balance Equation for the
Entire Reactor

e Source

[veZ @(P)dT =v X [OF)AT =v,Z §=vp2 ¢
V

\Y

e Sink
AC



Neutron and Precursor balance
Equations

 Neutron Balance
dn(t)
dt
 Precursor Balance

dC(t A
dt()=vdzf¢—/1c:(t)

 \We now have a system of two (coupled)
differential equations.

=v,% $—2,6—DB%p+ 4 C




Point Kinetics Equations with One
Group of Delayed Neutrons

 Rearrange the first equation in a few steps

dn(t)
dt

an() _ o V-5 ), —za—DBZ]¢3+/MS
dt VY

~(-p), -=,-DB?Jp+ 4 C

W, - —DB2 A2, |4 -
i) gy [ 2208 PG
V2 v, |V




Point Kinetics Equations with One
Group of Delayed Neutrons
 Rearrange the second equation

dC(t)
dt

:defé_ﬂ’é(t)

=0 g-aCw

dcw ¢
dt v

= pVVE,



Point Kinetics Equations with One
Group of Delayed Neutrons

e Make the same notations and
observations as for the case with no

delayed neutrons
AL

VXV A
A(t) = n(H)V < n(t) = @
— VZf
3. + DB?

>. + DB’
K VX,

K




Point Kinetics Equations with One
Group of Delayed Neutrons

 Neutron Balance Equation

2 ) A
an(t) =sz{1— 2, +DB”_ FMC

dt

N _P=8 hty+ 46
it A

* Precursor Balance Equation

~

¢—zéa)

dC(t) )
V

ot = [V,
dCt) B .\ A
'TE_‘J\MU AC(t)



Point Kinetics Equations with One
Group of Delayed Neutrons

* Final form of kinetics equations using the
neutron population

an®) _p=F hty+ 26
at A

dCt) B .\ ,A
- —An(t) AC(t)




Point Kinetics Equations with One
Group of Delayed Neutrons

* Final form of the point kinetics equations
using the volume-integrated flux

¢?(t) =n(t)v< n(t) = ¢§[)
dg(t) _p-p d¢(t) ey o
dt A ¢(t)+Vﬂ,C — ¢(t)+AVZ 26
dC(t) 0

Rl P U] -

" T = v, ¢(t) /1C(t)



Point Kinetics Equations with Six
Groups of Delayed Neutrons

e Equations using the neutron population
(7 coupled differential equations)

ant) p-p S A
—L PP nt)+Y 4C
o reni kz_;, Cr

dC, (t)
dt

:ik n(t) - 4C, (1), k=1..6



Point Kinetics Equations with Six
Groups of Delayed Neutrons
 Equations using the volume-integrated flux

(7 coupled differential equations)

d¢(t) _ P~ IB d¢(’[) _P- IB
dt

¢(t)+vz/1c: =

PO+~

6 A
L S48,
AV, 3

dC, (t)
dt

B2 g -ac (t)c»‘]'C A0,

= Dy VZ, ¢(t) A C «(t)



External Source Point Kinetics Equations
Example



A parallelepipedic homogeneous subcritical assembly
has the following dimensions:

- LXx=2m

- Ly=2m

. Lz=4m

. material parameters
~-SF=0.0010 cm-1
-SA=0.0026 cm-1
D=1 cm.

_neutron yield = 2.5



Assumptions
-The extrapolated dimensions are approximately equal
to the physical dimensions
_All neutrons are born as prompt neutrons.
_All neutrons move at 2200 m/s



A)
. Calculate: the neutron generation time, the neutron
life time and the reactivity for this assembly.

B) The subcritical assembly is built in the proximity of a
functioning nuclear reactor, and a thermal neutron
conduit that can be opened and closed exists between
the two. At t=0, the conduit is opened, so that the flux
of neutrons _coming from the reactor_is now
distributed throughout the subcritical assembly in the
same cosine shape as the static flux and equal to 10™
n/cm®/s at the center of the subcritical assembly. The
conduit is kept open for 100 seconds.



For point B) Calculate:
_total (volume-integrated) neutron flux in the reactor

.right after the conduit is opened
.at0.01 s
.at0.1s
.at1.0s
.at10s
.right before the conduit is closed at 100s
.right after the conduit is closed at 100s
.0.01 s after the conduit is closed
.0.1 s after the conduit is closed
.1.0 s after the conduit is closed
.10.0 s after the condulit is closed
.100.0 s after the conduit is closed



Also for point B) Calculate:

_total neutron population in the reactor
.right after the conduit is opened
.at0.01 s
.at0.1s
.at1.0s
.at10s
.right before the conduit is closed at 100s
.right after the conduit is closed at 100s
.0.01 s after the conduit is closed
.0.1 s after the conduit is closed
.1.0 s after the conduit is closed
.10.0 s after the condulit is closed
.100.0 s after the conduit is closed



C) Assume now the neutrons move at an average
speed of 22,000m/s.

. Calculate:

_total neutron population in the reactor
.right after the conduit is opened
.at0.01 s
.at0.1s
.at1.0s
.at10s
.right before the conduit is closed at 100s
.right after the conduit is closed at 100s
.0.01 s after the condulit is closed
.0.1 s after the condulit is closed
. 1.0 s after the conduit is closed
.10.0 s after the conduit is closed
.100.0 s after the conduit is closed



Example Solution

CalculateKet and ©

= (%jz ¥ (%jz + (ﬁjz = 0.00055 [cm 2

(- oo 0001x25
“ s +DB? 0.0026+1x0.00055

k <1= subcritical



o1t 02 4066 5 266 mk
0.79

K

Note: 1mk = 0.001

A=t _ . le — 0.0018(s)
V2t 9900M %100 ™M % 2 5% 0.001cm
S m
1 1

— 0.0014(s)

l=— =
v(Z, +DB") 2200 ™ %100 ™M « (0.0026cm™ +0.00055cm™)
S m



Setting up the differential equation

A(t) =£n(t) +S

S=External source

Volumetric source (source per unit volume)

S(F) =D, V=, =10 x2.5x0.001=

= 2.5x10"[neutrons/cm® /s |

Total Source
S =[s(r)d°r
V



Assume that S(F) follows the same shape as the neutron flux,
that Is:

S(x,y,z)=a-cos(B,X)-cos(B,Y)-cos(B,Z)

(Dreactor (F) =0 (X1 Y, Z) :1014 ) COS(BXX) ) COS(By y) ) COS(BZ Z)

reactor

This Is a reasonable assumption because:

S(F) =VZ ;D por (F) =2.5%x 0.001x10™ cos(B, x) - cos(B, y) - cos(B, z)

reactor

S(x,y,z)=2.5x10" cos(B,x) - cos(B, y) - cos(B,z) =
ax cos(B, x) - cos(B, y) - cos(B,z)



(Dassembly (f)

S = j S(F)d°F = ”ja x c0s(B, X) - cos(B, y) - cos(B, z)dxdydz

X, Y,Z

( )

cos(B,x)-cos(B, y)-cos(B,z)dx |dy |dz

LY
2 2
S:aj j
L, | Ly
2 2

N |- |><'_

J



Because cos(B,y)-cos(B,z) does not depend on X, we have for the
Innermost integral:

Ly

— C—y N ‘x'_

|

2
cos(BXx)-cos(Byy)-cos(Bzz)dx::cos(Byy)-cos(Bzz).[cos(BXx)dx
I‘X

2

Substituting this back into the full triple integral, we have:

I_X

—— ‘<'_

L,
2
S:aj
L
2

2
cos(Byy)-cos(BZz).[cos(BXx)dx dy |dz
I-X

2 2




Lx

And since {XCOS(BXX)O'X doe not depend on either y or z, in can be

taken out of those integrals

Ly
2

jcos(Byy) -cos(B, z)dy (dz
Ly

‘ —
N

O ‘x'_

S=a| |cos(B,x)dx |x

I\)"— — N
N

|
N ‘x'_
|

2




Now, since €0S(B,Z) does not depend on v, in can be pulled
In front of the integral over y:

'-.N ‘x'_
—_— ‘NI_

_ _ L
2

S =a| |cos(B x)dx |x cos(BZz){ jcos(Byy)dyJ dz
Ly

2

(N} ‘x'_
N ‘N'_



And since JLyCOS(BVy)dy does not depend on z, it can be

factored out of the z integral:

. .
2 2

S=a [cos(B x)dx |x j cos(BZz){ jcos(Byy)dy} dz
z Ly

'-.l\) ‘x'_

I\)‘x'_
|
r\)"_

2

L, L,
2 2
~a j cos(B, x)dx |x j cos(B, y)dy |x j cos(B,z)dz

= b L
2 2

L 2

This last form is the product of three simple integrals, which
we can easily process.



L Ly LZ
2

S=ax j cos(B, X)dx x jcos(B X )dx x jcos(B Z)dz
LX
2

2 2

Z

1 +i 1 +Ly 1 i
— i 2 i 2 2 _
=ax sm(BXx)\_LX X2 sln(Byy)‘L2y X 5 sin(B, z)\ L=

X 2 y

e o ()
ROIRES




Remembering that the boundary conditions (B.C.) are @, =0,
we can immediately infer:

B L . ( B,L
®, =0= cos| —— =O:>BX:£:>sm — =1
2 L 2

And same for y and z.

We hence find:
S _ 8a _ 8a _ e al L L, =
B,B,B, 7 7 7 7° ’
L, L, L,
= % 2.5x 10“{ flss::ons} x 200cm x 200cm x 400cm =1.032 x 10" [ fissions /s ]
V1 cm® -s



Now, the time-dependent neutron balance equation (for the
entire assembly) in the presence of the external source Is

written:

nt) =-— n(t) +S, S = External source
We can now proceed to solving the differential equation

n(t)—%n(t)—s



_A
Apply the integrating factor € A yields in sequence:

n(t)e A =j8e7dt



ot Pl t _pt

n(t)e A —n(t,)e * :jSe Adt!

ty
t
ty

P Pt Al =2 o | A
nt)—n(t,)e *e* =-Sx—|er —e A |en
Yo,

_at Ao A A
n(t)e » —n(t,)e » =-Sx|—e
Yo,

p(t—tp) A p(t-ty)
n(t)=n(t,)e * —-Sx—|1-e A
Yo,



If the initial neutron population is zero, then:

_pt _pt
n(t)e » = SA(1—e A]
o,

n(t) _S—AE —1}
Yo,



Numerical substitutions yield:

S =1.032 x 10" [ fissions / s]
o =-0.266

A =0.0018(s)

¢ =0.0014(s)

—0.266t

1.032x10" x0.0018( 5ot _4
~0.266

n(t) =



n(t) = 6.983x10" (1 —e 14778 )

After a sufficient time, the neutron population reaches an
equilibrium value:



This Is an important fact. As the reactivity is small and
negative, the above shows, in fact, that the source Is
"multiplied" to obtain the neutron population. The smaller
the absolute value of rho, that is the closer to critical the
assembly Is, the larger the neutron population. We will use
this later in a method of measuring the reactivity, called the
"source multiplication method".

The time dependence of the neutron population Is, assuming
the initial population (at the time the source was turned on) to
be zero:



After the external source is turned off, the time dependence of
the neutron population becomes:

p(t-ty)

n(t)=n(ty)e *

Where t; IS the time the external source was turned off.

Numerical substitutions yield:

n(t) = 6.983 x 1015 x @ ~14778x(t-t)



v

t-to

et us now Investigate what happens if the average speed Is
ten time larger larger (faster neutron spectrum)

v =22000m/s

1 1

= ~0.00018(s) :
22000 ™ %100 ™ x 2.5 x 0.001cm ten times smaller

S m



After the source Is turned on:

n(t) = 6.983x 10" (1 — e 777 Exponent coefficient ten
times larger. So the time variation will be much faster. The
smaller the generation time, the faster the variation of the
neutron population. The equilibrium concentration is reached
faster.

After the source is turned off:

n(t) = 6.983 x10™ x o ~L4T7.78x(11)

The exponent is much larger, so the neutron population drops
much faster than in the case of the lower average neutron
speed.



Perturbation Theory



Perturbation Theory

* Consider a reactor with the following
parameters (This is called the “reference”,
or “unperturbed” reactor):.

D, (F)
ZaO (r)
VZ o (T)

K can be calculated by solving:

- Dy (VA0 (F) + 2, (PP (F) = 2 ()0, (1)

0



Perturbation Theory

e Consider now a different reactor, with the
same shape, but different absorption and
fission cross sections (This is called the
“perturbed” reactor).

Za(l_;):ZaO (F)+éza(r)
2 (F)=2,(F)+ 02 ()
K can be calculated by folving:
~D,V?®O(F)+ X, D(F) = EVZ CO(F)



Perturbation Theory
e Assuming that
6%, (F)| is small
O ; (F)‘ IS small

« we can find k by a simple formula, without

having to solve the diffusion equation
again

* NOTE:

— 0X, is called the perturbation in the
absorption cross section

— o2, Is called the perturbation in the fission
Cross section




Perturbation Theory

e Perturbation Formula for finding k (no proof):

[ o2, (M@} (F)av - kl [vox (My@s (r)dv

V

112

1 1
k K
° [VZ (o (M)®3 (F)dv

Vv

 The formula is good even if the reactor is not
homogeneous.



Perturbation Theory

e Q: What does “small’ mean for a
perturbation?

* AL o, (MfaV << [£,,()dv

j % ([dV << j >, (F)dV

* A perturbation can be small in two ways:
— Q) JoZ, (M| << 2,5 (F)
‘ézf (F)‘ << Xy (F)

—b) The perturbation only affects a small part
of the reactor.



Reactivity Induced by a
Perturbation in a Critical Reactor

e Reactor initially critical k, =1
* Introduce a perturbation

 The new k can be found using the
perturbation formula:

1
X (FYD2(F)dV — — | voX. (FYD2(F)dV
L j L(F)D2(F) kovj (F)D2(F)

kK,

|12

[VZ (o ()@ (F)dV

\Y



Reactivity Induced by a
Perturbation in a Critical Reactor

e Since k,=1
e \We can write:

j 5% (F)DZ(F)dV — j voT , (F)D2(F)dV

1_12\/
k - 2
j Ve, (F)D2(F)AV
\
j VoS, (F)D2(F)dV — j 5% (F)D2(F)dV
1_&2 V V
=

[VZ (o (M@} (F)dV

\Y



Reactivity Induced by a
Perturbation in a Critical Reactor

e Remember the definition of the static
reactivity:

1

1=
P=27%

 Hence, we can write the perturbation
formula for the reactivity:

j VoS, (F)D2(F)dV — j 5% (F)D2(F)dV

V

112

Yo,
[VZ (o (M@ (F)dV

\Y



Generalized Definition of Reactivity

Diffusion equation

~ D, V*D(F)+ X, D(F) = %vz Nol(®

It represents the neutron balance

_osses = % Productions

So k can be interpreted as the ratio
Productions/Losses . _ Productions
Losses




Generalized Definition of Reactivity

* Reactivity
1 1 Productions — Losses
k Productions Productions
Losses

 The generalized definition can be also
applied to non-static (time-dependent)
situations



Approximate Solutions of the Point Kinetics Equations

The Prompt Jump Approximation



Consider the following problem:

Plot the time dependence of the neutron population and the
precursor population for a reactor with the following
parameters (one-delayed-group model):

A =0.001s
£ =0.005
A=0.25

The reactor is initially critical and a control rod a reactivity
worth of 2 mk is inserted at time t=0.



Exact Solution:

Point kinetics with one group of delayed neutrons.

In®) _P=F qiysac
dt A

dc@t) S ..
=2 on(t) - AC()




Matrix Form of the Point Kinetics Equations

dnt)| | A {n(t)}
dt[Cc()] | B _,|C®
A

To solve it, first we need to find two particular (fundamental)
solutions of the type:

nt2(t) | | ni?
CM(t)| |C2?

t
ea)l,Z




We then write the general solution as a linear combination of

those two solutions.

nt)] [ n't)

A

C)] [C)

+a,

s
CH()_

g

oyt
e”™ +a,

Co_

Ny

Co_

To find the fundamental solutions we substitute their form
Into the matrix form of the equation, to get:

df[n
dtl | c,

:|ea)t

J




and, subsequently

p—p

a){gjewt — g
A

| p-s




p A | Co
A

The above is a homogeneous linear system:

[”_ﬁ —a)]no +AC, =0
A

gno —(A+w)C, =0




We then isolate each unknown on each side of the equations

[p‘¢3-1{%0=—zco

A
Lo =(irok,
We now divide the two equations side by side:
pP-F _
S
p - (1+o)



Which is equivalent to:

(p_ﬂ —a))(zm):—z%

A

The above Is just a quadratic equation in omega:



The equation further simplifies to:

-0’ +o p=F —Al+12 =0
A A

or, by changing all signs:

% —a{"_ﬂ —z)—zﬁzo
A A
This a quadratic equation of the type:

aw’ +bw+c=0



Solutions of the quadratic equation:

 —b++/b? —4ac
2a

@ ,

Substituting the coefficients for our equation, we obtain:

(p_ﬂ —zji\/[p_ﬂ —/1] 427
LA A A

Q, , =
1,2
2




By inserting the numerical values we obtain:

2
(—o.ooz—o.oos B 0.2} \/{-o.ooz—o.005 B o.zj 4,02 0:002

0.001 0.001 0.001
a)l = =
2
_ 72+ 72.088018 — 0.055091s""
2
—0.002 -0.005 02— —0.002-0.005 02| —ax02 0.002
0.001 0.001 0.001
W, = —

2

_ (221088018 _ 5 44400005 1]

2




We can now use either the first or the second equation to find

Co as a function of No. If we use the second equation, we
have:

%no :(ﬂ“""a)l)co

Which yields:

B 0.005
A

nt=— 0001 1347500520
(A+@) "~ 0.2-0.055991

C, =



1 . - .
We can choose o to have any value, and for simplicity we
will make it unity. So our first fundamental solution will be:

1 o ~0.055991x¢
34.720052

To obtain the second fundamental solution we use the second
equation, and substitute the value of the second eigenvalue,

@,
0.005

s 0.005
ci=—A 2= 0001 247500450
+,) = 0.2-7.144009




Our second fundamental solution is then:

1
—0.720045

—~7.144009xt
€

The general solution is then:

n(t) _a, 1 g-008598Lt | o 1 o 7144000
C(t) 34.720052 * —=0.720045

where & and @, are constants that need to be found by

n(0)
applying the initial conditions, {C(O)]



We choose t=0 to be the time when the control device is
Inserted. The initial conditions for the subsequent evolution
of the reactor are the steady-state conditions present right
before the control device is removed from the core. It means
that we need to find N and C for the steady state.

We need to recognize that the point kinetics equations are
also valid for steady state operation.

A reactor Is said to operate at steady state when its power,
neutron population, and precursor population do not change
with time. For a reactor to operate at steady state, it has to be
critical, that iIs its reactivity has to be zero.

For a critical reactor, the point kinetics equations with one
group of delayed neutrons are written:



in®) _ =8 hy+ac
it A

€O _ L - ac

dt A



Now, accounting for the steady state, which means that the
time derivatives of the neutron population and precursor
population are zero, we can re-write the (one delayed-group)
point Kinetics equations as:

oziﬁln +AC

steady steady
A

O:'B—n AC
A

steady steady

We can see right away that, for steady-state conditions, the
second equation is equivalent to the first, just taken with a
minus sign.



We can now use either of the two point Kinetics equations to
find :

p

steady — ﬂ, A nsteady

0.005

= n =25xN
steady 02 % OOO 1 steady

steady



So now we can impose the initial conditions:

=9

=9

N

n

steady | n(O) .
_Csteady_— C(O) -

e—0.055991><0 + a2|:

1
34.720052.

steady _ al 1
C

| Tsteady

34.720052

1

S
+4d,
34720052 | 2| —0.720045

N

1

1
—0.720045

—0.720045

—7.144009x0

|



This yields the following linear system:

al T a2 = nsteady
34.720052x a, —0.720045x a, =25xn

steady

We solve the system by reduction:

Firstly, we multiply the first equation by an appropriate
number

0.720045x a, +0.720045x a, =0.720045x n
34.720052x a, —0.720045xa, =25xn

steady

steady



Secondly, we add the two equations:

35.440097 x a, = 25.720045x n

steady

25, 720045

= 220097 Mot =0-725733xn

steady

8y = Ngeagy — & = Ngeaqy —0.725733%X Ny, =0.274267x N

steady steady



The solution 1s hence:

(0.725733>< L oo +\
{n(t)} - 34.720052
C(t — ''steady = 1
( ) + 0274267 e—7.144009><t
\ —0.720045 )

N(t) = Ny, (0.725733x 200593 4 0,274267¢ 714400

0.725733x 34.720052¢ 005599 +]

C(t) = nsteady[0.274267 « 0.72004 5144009+t
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After t=0.5s we can approximate:

25

20

15

- 10

e n(t)
e C(t)




N(t) = Nyeng, (0.725733x 0594 4 0,274267¢ 71440 )~
x 0.725733x g 0055990

steady
CH)=n 0.725733% 34.720052¢ 20>
steady 0.274267 % 0. 7200456—7.144009><t

x 0.725733x 34.720052¢ 0>>9%¢

~y

steady



Time Variation of Neutron and Precursor Populations
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In fact, we can use the same approximation up to t=0" and
assume both n and C have a "prompt jump" at t=0.

n(t) steady (< O
Ngieagy X 0.725733% € IRt N §

C(t) steady X 25 (< O
Nyeaqy X 0.725733% 34.720052e > >0



Time Variation of Neutron and Precursor Populations

1 27
0.75 - + 26
—n(t)
05 \ o5 n-approx(t)
= C-approx(t)
0.25 \ 24
0 23




Because the jump in the precursor population is small, we can
neglect it, and write:

n(t) steady 1< O
steady x 0 725733 e—O .055991xt t> O

x 25 t<0
« D5 @ 00BNt 4 1

Ct ~ steady
(® {n

steady



Time Variation of Neutron and Precursor Populations

1 27
0.75 - + 26
—n(t)
05 o5 n-approx(t)
= C-approx(t)

0.25 Q 24




The trick i1s now to use these approximations beforehand, to
come up with simplified point kinetics equations.

On top of the approximations stated so far, we need to make
one more observation:

o, <<|P=F
A

Indeed, In our case

0.055091 = |, | << |2 £ | 00020005 _4

A 0.001




Approximations:
e The neutron population suffers a prompt jump at t=0

n(0") = n(0)
o After the jump, the neutron population has a simple
exponential behaviour.
n(t) =n(0")e”
e The precursor population does not have a jJump at t=0 (it is
continuous)
C(0")=C(0)
e The precursor population follows a simple exponential
behaviour, with the same exponent as the neutron population.
C(t)=C(0")e” =C(0)e”
w,| << p=p
o A




With the above approximations, the point kinetics equations
with one delayed-neutron groups are written (for t<0 and
critical reactor):

O=———n+A4C

0 Eln—ﬂc
A

At t=0, we have:

0=—=n(0)+4C(0)

Oz%n(O)—ﬂ,C(O)



The two equations are equivalent and each provides the
relationship between the precursor population and the neutron
population at steady state.

_B
C(0)= A n(0)
For t>0 we have:
) _2=F nty+ac
dt A

dC(t) p B
S = on() - AC()




We will now simplify the first equation

Substituting the approximate expressions for n and C we
obtain:

i + A ot _/O_ﬁ +\ ot ot
dt[n(o Jet |= Fn(0")e" +2.C(0)e

Simple processing yields:

on(0*)e = £ ;\ﬁ n(0")e” + 1 C(0)e™



Because

o << PP

We can write:

‘mﬂ(O*)e‘”t p=p n(0")e”

<<




The above relationship allows us to neglect [#n(0")e| in the
equation and thus we can write:

0=~ _Aﬂ n(0")e“ + 1 C(0)e”

Remembering that

n(0")e” =n(t)
C(0)e” =C(t)
We can re-write the above as:

0= p;f n(t) + A C(t)




We have thus eliminated the time derivative in the first
equation. The one-delayed-group point kinetics equations in
the prompt jump approximation are thus written:

O:p;\'g nt)+1C

dc(t) B ..
=" on(t) - AC()

Note that the first equation is now reduced to a simple
algebraic equation instead of a differential equation. Thus
our system of two differential equations has been reduced to
just one differential equation.



Prompt Jump Approximation

e Reactor Is at steady state for t<0
e Neutron population has a jump at t=0

e Precursor population is continuous at t=0
dn_O
e Fort>0, 4 ~

NOTE: The same assumptions are applied regardless of the
sign of the reactivity



Application of the prompt jump approximation to our
Initial problem.

Before inserting the rod:

0=—=n(0)+4C(0)

Oz%n(O)—ﬁC(O)

Either equation yields:

C(0) =f—An(0)



Right after the rod insertion:

0= p;\ﬂ n(t)+ A C(t)

dc@t) S ..
=2 on(t) - AC()

The first equation yields directly:

n(t) = -2 c (o)

p—p



Substituting this into the second equation, we obtain:

dc(t) B AA )
_EF"'jxp—ﬁCa))ma)

Simple processing results in:

dC(t):_( B +pl—,8/1jc(t)
dt p=p p-p

dct)  pa
dt  B-p

C()



The solution of the above Is, obviously an exponential:

pA

C(t) = C(0)e”*

The neutron population is given by:

pA
n(t) = _’I_Ac(t) _ _Z_AC(O)eﬂ—pt
p—p p—p
At t=0", we have:
n(0%) :—/I—AC(O)

p—p



Substituting the value of C(0) from the steady state solution
ot
C(Q)=—-n(0
©) AN "(0)

(we can do that because C Is continuous at t=0) we obtain:

1o _ B reh e
C(t)=C(0)e”” =—n(0)e””
(t) =C(0) /IA()

1) = - coer =L noyer

p—p p—-p



At t=0" we have:

n(0") =——22_c(0) =—Zn(0)

p—p p—p

And hence a jump in the neutron population which used to be
equal to n(0) for t<O.



Substituting the numerical values we obtain for t>0:

_PA ~0.002x0.2
C(t) — 'B_ n(O)eIB_p — n(O) 0005 e0.005—|—0.002t —
AN 0.2x0.001

=n(0) x 25x g—0.057143xt

vy
n(t) = p n(o)eﬂ—p = n(0) 0.005 0057143t _
L—p 0.005+0.002

— n(O) X 0714286 > e—0.057143><t




Time Variation of Neutron and Precursor Populations
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The prompt jump approximation for the case of 6
delayed-neutron groups



Inhour equation

Start with the point Kinetics equations

dn(t) p-p S
= nt)+ > A4,C
o A (t) kZl, C

dC, (t)
dt

_ ik nt)- 4G, (1), k=1..6

This Is a system of seven coupled differential equations with
constant coefficients.



Solutions of the form

e ot



Substituting the above form we obtain for each fundamental
solution (there are 7 of them):

_ 6
on=F 'Bn+2ﬂ,kck
A =]

p

ac, :Xn—/lkck, k=1..6

Solving for ¢, In the precursor equations, we obtain:




Substituting the above back into the first (neutron balance)
equation, we obtain the inhour equation:

_ N Py
p=Aw+f ;zk 012}

We can solve graphically for @ by plotting the RHS and
Intersecting it with a horizontal line at y=p.

For large (positive or negative) values of @ we obtain the
asymptotic behaviour:

}: ﬁk
P ” koo+/1k



Note that : 0.0001 < A <0.001, so the slope is very small

Reactor Period




Because of the very small slope, there is one omega that is
much smaller than all the others:

W, << Wg <O < W, <W3; <O, <O
W, << Ay <A <A, <Ay <A, <A

In absolute value, it is much larger than all the rest, of course.

Also because of the small slope of the asymptote, its
Intersection point with the horizontal line defined by 2 is
also far to the left, so:

p—p
A

'0/_\'6<</16<2,E.,<2V4<23</12</11

<KW <W: <W, <y <, <O,




Approximating the graph with its asymptote for @ =, (which
IS a fairly crude approximation) we obtain:

p;Aa)7+,B:>a)7;¥

Which should only be used to give us an idea of the order of
magnitude of @7, not for any precise calculations.



The fundamental solution for @ is:

7 ﬂk 7

A @44

7
@, + 4, <0 hence Cx <0



Cl)it

e

It follows that for ®i-7 (i.e. after the fastest exponential has
died out):




Since:

<<

17

p—ﬂ‘
A

1z

we can write:

J— . 6 .
0=? ’Bn'+z/1kcl'<
A =

Because the general solution is just a linear combination of
the fundamental solutions, the above equation can be
extended to the general solution (for times large-enough that
the first exponential has died out).

J— 6 ~
0=~ 'Bn+Zika
A =l




Prompt Jump Approximation for 6 Delayed-Neutron
Groups

—_— 6 A
0=~ 'Bn(t)+Zika
A =]

" st >0
dC, ()

dt

_ %n(t) 46,0, k=1.6

Assumptions

n suffers a sudden (prompt) jump at t=0;
Cy are continuous at t=0.



Reactivity Measurement Methods



Reactivity Measurement Methods

1. Static (Do not involve transients)
1.1. Source Multiplication Method
1.2. Null Reactivity Method

2. Dynamic (Involve transients)

2.1. Asymptotic Period Method
2.2.Rod Drop Method
2.3.Source/Rod Jerk Method
2.4.Pulsed Source Method



Static Reactivity Measurement Methods



Measuring the Reactivity Worth of a Control Rod by the Source
Multiplication Method

e The method is applicable for a subcritical reactor with an external neutron
source.

e \We need to have a second rod whose reactivity worth we already know.
Steps

1. Measure the flux at any reactor position without any of the rods inserted and
record the value.

2. Insert the rod of known reactivity worth Ap;.

3. Measure the flux at the same reactor position as in step 1 and record the
value.

4. Remove the rod of known reactivity.

5. Insert the rod of unknown reactivity Ap, .

6. Measure the flux at the same reactor position as in step 1 and record the
value.

7. Calculate the unknown reactivity worth Ap, .



Calculations

For a subcritical (steady-state) reactor with an external neutron source S, we
have:

. 6
0=~ 'Bn+ZAka+S
A =]

O:&n—/lkck, k=1...6
A

In the above, S is the volume-integrated external source throughout the reactor,
and C, are the precursor populations.



The second equation yields:

Pin_sc, k=1.6
A

By adding the equations for all six delayed groups we obtain:

> A

6 ﬁ 6
n=> 4C, < n= > 4C,

k=1
_ 6 _
0=~ ﬂn+2/1kck+5=p PnsLnis=Lnss
N = A A A



It follows that:

A

N=—-——3S
Jo,
(Source Multiplication)
Since
d =nv
We can write:
&= _Ays



If we measure the flux with a detector at a certain position, we can write:

d _ (’I\) (Ddetector _ A Vv (Ddetector S
detector ~— - — A
() o, ()
By denoting:
§ —V (Dde’t\ector S
()
We can write:
A ~
(Ddetector =——3
yo,

Which is just another form of the source multiplication formula.



Hence, for any point in a subcritical reactor with an external neutron source we
have:

ELSS
o,

det ector

For the reactor without any control rod we can write:

A ~
DYooy =——S
det ector P (l)
or
1 _.S
P° AP (2)

det ector



After we insert the rod of known reactivity, the reactivity becomes

P = Po+Ap (3)
The flux equation becomes

Sl —%Si(ﬂo +A,01) (4)

CDl

det ector

Dividing equation (4) by equation (2) we obtain:

(Dgetector — /00 + Apl
(Dtlalet ector ,0 0 (5)




We can now solve for Po

_ Apy
CI)get ector _ 1 (6)
(Dl

det ector

Lo

After we remove the rod of known worth and insert the rod of unknown worth,
we have:

L = —%SL(PO +AP2) (7)

(DZ

det ector

Dividing now equation (7) by equation (2) we obtain

(I)getector — pO +A102
(D get ector /0 0 (8)



We can now solve for A0, in (8)

_ (D get ector
Ap, = po [(Dz - 1j (9)

det ector

And substituting the expression for o that we found in equation (6) we obtain:

(I)get ector _ 1
®8 tecto 1 A (Dset ecto
Ap, = py =1 =Ap :
(Dcziet ector (Dget ector __ 1 (10)

(Dl

det ector



So the formula for finding the reactivity worth for our rod is:

0
(Ddetector -1
(D2
— det ector
Ap, =Ap, D°
detector 1

(Dl

det ector

(11)



Example

A subcritical cylindrical reactor has radius 3m and height 6m. A flux detector is
placed at r=1m in the midplane of the reactor, and a neutron source of unknown
strength is placed in a position diametrically opposed to the detector. The
detector reads initially 1000 units. A control rod worth 1 mk is then inserted
Into the reactor and the detector reading drops to 500 units. The rod is then
removed and another rod of unknown worth is inserted. The detector now reads
250 units. What is the reactivity worth of the new rod?

Answer

Applying eq. (11) we have:

Derecior 1000
D2 1 250 -1 4-1 3
_ det ector _ _ _ g
Ap, =Ap, o : = 0.001x 1000 » =0.001x = 0.001x . 0.003

OF 500

det ector



Measuring the Reactivity Worth of a Control Rod by the Null Reactivity
Method

Method 1 Steps

1. Insert a calibrated rod fully (up to the maximum depth, d.) into the
reactor. (A calibrated rod is a rod for which we know what the reactivity

worth is as a function of the depth of insertion Ap(d) )
2. Make the reactor critical by modifying other parameters, possibly extracting

some poison.
3. Insert the rod to be measured
4. Make the reactor critical again by partially extracting the calibrated rod, up

to depth d.
5. Calculate the reactivity worth of the second rod, Apy.



Calculations

Consider the reactor with the calibrated control rod extracted, but with all other
parameters having the same value as when the calibrated rod was inserted.

Its reactivity would be Po (unknown)
After the insertion of the calibrated rod, we know that the reactivity is zero.
pc = /00 + A/Oc(dmax) - O

After we insert the second rod and withdraw partially the calibrated rod, the
reactor is still critical.

px :/OO +Apc(dx)+Apx :O

Subtracting these two equations we obtain:

A/Oc (dx)_Apc (dmax)+A10x =0



We can now solve for APy

Alox — Aloc(dmax)_Alac(dx)



Example

The reactivity worth of a calibrated control rod as a function of its depth of
Insertion is given in the graph below. The reactor is made critical with the
calibrated rod fully inserted. A second control rod is inserted, and the reactor is
again made critical by withdrawing the calibrated control rod up to a depth of

1.5 m. What is the reactivity worth Apy of the second control rod?



100

>

Depth(cm)

|||||||||||||||||||||||||||||||||||||||

g gy S g~

A

(mk)

-10




Solution

Consider the reactor with the calibrated control rod extracted, but with all other
parameters having the same value as when the calibrated rod was inserted.

Its reactivity would be Po (unknown)
After the insertion of the calibrated rod, we know that the reactivity is zero.
Pe = Po +Ap.(300cm) =0

After we insert the second rod and withdraw partially the calibrated rod, the
reactor is still critical.

Px = Po +Ap:(150cm) + Ap, =0



Subtracting these two equations we obtain:

Ap,(150cm) —Ap,(300cm) +Ap, =0

We can now solve for A0
Ap, = Ap.(300cm) —Ap, (150cm)

Substituting the numerical values, we have:

Ap, =—10—(=5) = —5mk



Measuring the Reactivity Worth of a Control Rod by the Null Reactivity
Method

Method 2 Steps

1. Obtain the reactivity calibration of a liquid poison (e.g. B) as a function of

its concentration A2 poison (X)

2. Add some poison while maintaining the reactor critical (possibly by
removing some other reactivity devices).

3. Mark the poison concentration Xc.

4. Insert the rod to be measured.

5. Make the reactor critical again by removing some poison.

6. Mark the new poison concentration.

7. Calculate the reactivity worth of the rod, Apy.



Calculations

The poison reactivity worth is proportional to the poison concentration:

AIOpoison (X ) = aX

Knowing the reactivity calibration of poison means knowing & , which is
usually measured in mk/ppm.

Consider the reactor in step 2 but without any poison. Its reactivity would be

Po (unknown)

Now consider the (critical) reactor at step 2.

Pe=pPo Tt Alopoison(xc) =0



After we insert the rod and remove part of the poison the reactor is still critical.
Py = Po+ AP oison (X) +Ap, =0

Subtracting these two equations we obtain:

AP poison (X) = AP pgigon (X ) + Ap, =0

We can now solve for the reactivity worth of the rod.

A/Ox — AIOpoison(xc)_AIOpoison(X) — a(xc B X)



Example
The reactivity worth of Boron in a CANDU reactor is 7mk/ppm. The reactor is
made critical by the addition of Boron. A control rod is then inserted and the

reactor is maintained critical by removing 1.5 ppm of Boron. What is the
reactivity worth of the rod?

Solution

By applying the formula we derived, we have:

Ap, = a(X, - X)=7x(-1.5)=-10.5(mk)



Reactivity Coefficients



Reactivity Effects

The macroscopic cross sections can change as a conseguence
of different parameters and, in turn, induce a change in K-eff
and hence In reactivity.

The usual parameters that influence the reactivity are:

e Fuel Temperature

e Coolant Temperature

e Moderator Temperature
e Coolant Density




Definition of Reactivity Coefficients

e Consider we keep all the reactor parameters constant, with the
exception of one, say the fuel temperature.

e This is not always possible, as a variation in fuel temperature
will induce a variation in coolant temperature, but let us
assume we can do It.

e Consider we plot the reactivity as a function of the varying
parameter (in our case, the fuel temperature).

p(T¢)

e We can also plot the reactivity change 22(T;) = o(T;) = p(T;,)
where Ty, IS the reference fuel temperature.
e This is called the reactivity effect of fuel temperature.
_ do(T;)
e We can also calculate and plot “r = dT,

e This Is called the reactivity coefficient of the fuel temperature.



Reactivity Effects and Coefficients - Important Facts

It Is important to keep in mind what we vary (one or several
parameters) and what we keep constant

e For example:
o Vary the moderator temperature while keeping its
density constant
o Vary the moderator temperature and density to
correspond to the temperature.
e Other example:
o Power reactivity effect and coefficient
o In this case all changes that stem from the power
Increase are accounted for (fuel temperature, coolant
temperature, coolant density, moderator temperature,
moderator density).



Mathematical Expressions of Reactivity Coefficients

et p be the parameter that is being varied, all others being
kept constant.

We define the reactivity coefficient of parameter P as:

o, = dp(p)
dp
Equivalent definition:

_olp(p)_ol[1 1 j: 1 dk(p)
k*(p) dp




Approximate Expressions of Reactivity Coefficients for
Near-Critical Reactors

For k=1

__ 1 dk(p)_ 1 dk(p)
" K%(p) dp  k(p) dp

The last form can also be expressed as:

1 dk(p) _ d

In{k
) & o n[k(p)]




Fuel Temperature Reactivity Effect and Coefficient

e Assume only the fuel temperature changes

e Due mostly to Doppler broadening of absorption
resonances of “**U. (A resonance is a sharp peak in the
energy dependence of the microscopic cross section at a
certain energy Eres.)

e Reactivity decreases with increasing fuel temperature

e Good safety feature. If reactor power increases
accidentally, the reactivity decreases bringing the power
back down.



Doppler Effect for Neutron Capture

(E

= -

Copiuc

Neutron Energy (eV)

Explanation of the Doppler Broadening of Resonances



e The cross section depends on the relative speed of the
neutron with respect to the nucleus

e As nuclel move, neutrons with energy outside the
resonance range get to have a relative velocity
corresponding to the resonance range.



Fuel Temperature Effect
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Coolant Temperature Effect
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Moderator Temperature Effect
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Coolant Density effect
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