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Preface

 This is a laboratory instructions book for the “Joint Reactor Laboratory 
Course for Students” (mainly graduate school and partly undergraduate 
school students), which we prepared over the course of thirty years since 
1975 at the Kyoto University Critical Assembly (KUCA); this book has 
been translated from Japanese to English.

 The major objective of this course is to help students understand 
the essence of nuclear reactor physics and radiation detection through 
experiments conducted at the KUCA C-core (water-moderated- and 
-reflected-core).  At the same time, it is expected that by the end of the 
course, students would be able to gain substantial knowledge related to 
nuclear engineering.

 Thus, students who have studied courses on subjects such as reactor 
physics, reactor engineering, and radiation detection in their schools will 
find this book exciting, and it will help them broaden their horizon.  A 
multitude of experiences over the past thirty years have demonstrated 
that students majoring in nuclear engineering must have at least a rough 
knowledge of reactor physics and radiation detection fields before 
they can work effectively with other scientists and engineers in a team.  
Consequently, the present book contains information on a wide variety of 
reactor physics and radiation detection experiments.  The experiments have 
been collated to emphasize on unique ideas or concepts by many professors 
and professors emeriti of the following Japanese universities: Hokkaido 
University, Tohoku University, Tokyo Institute of Technology, Tokyo City 
University (the former Musashi Institute of Technology), Tokai University, 
Nagoya University, Osaka University, Kinki University, Kobe University 
(the former Kobe University of Mercantile Marine), Fukui University, 
Kyushu University, and Kyoto University.

 We would like to especially thank many professors and professors 
emeriti of the abovementioned Japanese universities for their support 
and patience throughout the many years in which the manuscript for the 
Japanese version of the textbook was finalized.  The careful review of the 
manuscript and figure preparation by Prof. Jae-Yong Lim of KUCA was 
invaluable in preparing the final manuscript.
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of Global Warming” of Global Center of Excellence (G-COE) program (J―
051) of the Ministry of Education, Culture, Sports, Science and Technology 
of Japan.

Osaka, Japan
25th February, 2010
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Introduction to Kyoto University 
Critical Assembly (KUCA)

1. General Description of KUCA Facility

1―1 KUCA Facility
The Kyoto University Critical Assembly (KUCA) is a multi-core-type 
critical assembly developed by the Kyoto University, Japan, as a facility 
that can be used by researchers from all the universities in Japan to carry 
out studies in the field of reactor physics.  KUCA was established in 1974 
as one of the main facilities of the Institute for Integrated Radiation and 
Nuclear Science (former the Research Reactor Institute), Kyoto University, 
located at Kumatori-cho, Sennan-gun, Osaka.

 KUCA is a multi-core-type critical assembly consisting of two solid-
moderated cores (A- and B-cores) and one light-water-moderated core (C-core). 
However, only a single core can attain the critical state at a given time because 
the assembly is equipped with a single control mechanism that prevents the 
simultaneous operation of multiple cores.  Users can select the core that is 

Fig. 1 View of the KUCA building
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the most appropriate for their experiment.  A pulsed neutron source is also 
installed, which can be used in combination with the critical assembly.

 Owing to the compatibility of KUCA, a wide variety of research and 
education is being performed at the facility.  Currently, KUCA is being used 
for the following research activities:

• basic studies on new reactor concepts
• basic studies on thorium-fueled reactors
• basic studies on fusion-fission hybrid systems
• basic studies on subcritical systems
• basic studies on accelerator-driven systems (ADS)
• basic studies on nuclear characteristics of minor actinides
•  experimental education course1―7 for students majoring in nuclear 

engineering

 Experimental and analytical studies on the validation of nuclear data and 
codes and the development of new detector systems are also conducted.

1―2 Solid-Moderated-Cores (A- and B-cores)
Two solid-moderated cores (A- and B-cores) are installed at KUCA.  
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Fig. 2 Horizontal cross section of the KUCA building
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Square-shaped coupon-type uranium fuel plates (93% enriched) of length 2〞, 
breadth 2〞, and thickness 1/16〞 covered with a thin plastic coating are used 
as the fuel material.  Solid moderator materials such as polyethylene and 
graphite are combined with enriched uranium, thorium, and natural uranium 
plates to form the fuel elements.  Polyethylene, graphite, and beryllium are 
used as the reflector elements.

 A wide variety of neutron spectra could be achieved by varying the 
composition of fuel and moderator plates in the fuel element, and also by 
varying the reflector elements.

 The A-core can be used in combination with the pulsed neutron 
generator.  Currently, it is used for carrying out studies on accelerator-driven 
systems (ADS) and fission-fusion hybrid reactor systems (see Sec. 1―4).

1―3 Light-Water-Moderated Core (C-core)
A single light-water-moderated core (C-core) is installed at KUCA.  Plate-
type uranium fuel (93% enriched) of length 600 mm, width 62 mm, and 
thickness 1.5 mm with an aluminum (Al) cladding of thickness 0.5 mm is 
used in the C-core.  In addition, there are two types of curved fuel plates
－one 93% and the other 45% enriched－of length 650 mm and thickness 
1.4 mm with an Al cladding of thickness 0.45 mm; 32 plates with different 
curvatures and widths are used.

 The fuel element is formed by assembling the fuel plates in aluminum 
fuel frames.  The fuel elements are loaded in a core tank of diameter 

Fig. 3 Solid-moderated and -reflected core
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2,000 mm, and then immersed in light water to form the core.  A part of 
the reflector region can be substituted with a heavy-water reflector.  Three 
types of fuel frames, each having different fuel loading pitch and thus 
providing different neutron spectra in the core, are available.  The core can 
be separated into two parts with an arbitrary gap width, and it is suitable for 
coupled core and criticality safety studies.

 The C-core is used for carrying out a wide variety of basic studies on 
light-water-moderated systems, such as development of a high-flux research 
reactor, enrichment reduction in a research reactor, criticality safety, and 
study of coupled core theory.

 The C-core is also used for conducting a graduate-level joint reactor 
laboratory course in affiliation with ten Japanese universities in addition to 
conducting an undergraduate-level reactor laboratory course in affiliation 
with the Kyoto University.  International reactor laboratory courses for 
students in Korea and Sweden are also being conducted since 2003 and 
2007, respectively.

1―4 Pulsed Neutron Source
A pulsed neutron generator (see Fig. 5) is attached to KUCA.  Deuteron 
ion beam is injected onto a tritium target to generate the pulsed neutrons 
through 3H(d, n)4He reactions.  The pulsed neutron generator can be used in 
combination with the critical assembly (A-core).  The system consists of a 
duoplasmatron-type ion source, a high-voltage generator with a capacity of 
300 kV, an acceleration tube, a beam pulsing system, and a tritium target.  

Fig. 4 Light-water-moderated core (C-core)
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The maximum acceleration voltage is 300 kV with an ion beam current of 
approx. 5 mA.  A neutron pulse with pulse width in the range of 100 ns to 
300 s, a pulse repetition rate of 0.1 Hz to 30 kHz (max. duty ratio 1%) can 
be achieved.

 The pulse neutron generator is currently being used in combination with 
the A-core, and it has been used for carrying out basic studies on ADS and 
fission-fusion hybrid reactor systems.

1―5 Control Room
Reactor operations and most of the measurements (except activation 
measurements) are performed in the control room (see Fig. 6).  The control 
room is designed to enable user-friendly operation, and it is suited for 
educational and training purposes.

2. Details of the Light-Water-Moderated Core (C-core)

This experimental course is conducted using the light-water-moderated core 
(C-core) of KUCA.  In this section, detailed information on the C-core is 
described.

2―1 Overall Structure
The overall structure of the C-core is shown in Fig. 7.  The core assembly 
(reactor core) is placed inside the core tank, as shown in Fig. 4.  Control 

Fig. 5 Pulsed neutron generator
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and safety rods, and neutron detectors are placed around the reactor core.  
The core tank is supported by a three-floored support.  A dump tank 
containing light water is placed at the height of the lower pit.  Light water 
is first pumped up into the core tank, from which it is then supplied to the 
moderator and reflector during the reactor operation.

2―2 Core Tank and Grid Plate
The core tank (see Fig. 4) is made of aluminum, and its diameter is 2,000 
mm and depth is 2,000 mm.  Light water is fed from the bottom of the core 
tank.  A grid plate is placed in the core tank, in which the fuel elements, 
control and safety rods, and neutron detectors are placed.  The grid plate 
can be separated manually into two sections, thereby enabling to carry out 
experiments on coupled core reactors.

2―3 Fuel Plate and Fuel Frame
The fuel used in the C-core is a plate-type fuel (see Fig. 8) made of a U-Al 
alloy (thickness: 0.5 mm) that is cladded with a thick aluminum layer 
(thickness: 0.5 mm).  The overall length, width, and thickness of the fuel 
plate are 600 mm, 62 mm, and 1.5 mm, respectively.  The region containing 
uranium (U-Al alloy) is called fuel meat, and its length, width, and 
thickness are 570 mm, 52.8 mm, and 0.5 mm, respectively.  Each fuel plate 
contains 8.89 g of 235U.

 The fuel plates are inserted in the fuel frame (see Fig. 9), which consists 
of side plates with grooves for inserting the fuel plates, frame base, and 

Fig. 6 Control room
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handles.  Three kinds of side plates with different groove pitches can be 
used in order to vary the water-to-uranium ratio of the core and thus the 
neutron spectrum of the core.

 The detailed structure of the fuel frame is shown in Fig. 10.  The 
horizontal cross section is a rectangle of 70 mm by 140 mm.  Three types 
of fuel frames－corresponding to the number of grooves in the side plate 
and thus the fuel pitch p－are available; they are referred to as C30, C35, 
and C45, which corresponds to a fuel pitch p of 3.0 mm, 3.5 mm, and 4.5 
mm, respectively.  The number of fuel plates loaded in the fuel frame can 
be adjusted by adding or removing the fuel plates one by one.  Note that 
the maximum number of fuel plates loaded in a single fuel frame depends 
on the type of the frame; the maximum number of fuel plates for C30, C35, 
and C45 frames is 47, 40, and 31, respectively.

 After loading the appropriate number of fuel plates, the fuel frames are 
loaded into the core tank.  They are arranged on a grid plate with a pitch of 
71 mm×142 mm to form the reactor core.  Control and safety rods, neutron 

341312

2 14 7 1

5

6

10 11
1. Core tank
2. Handl for the core separation mechanism
3. Core assembly
4. Core separation mechanism
5. Float switch to detect the core overflow
6. Overflow tube
7. Water level switch
8. Dump valve
9. Dump tank

10. High-flow feed pump
11. Low-flow feed pump
12. Supporting structure of the scaffold
13. Supporting structure of the core tank
14. Water feed tank for brecision control

8 9

Fig. 7  Sketch of the KUCA light-water-moderated core 
(C-core)
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source, and neutron detectors are also arranged on the grid plate.
 It should be noted that, after arranging the fuel plates on the grid plate, 

certain gaps are formed between the neighboring fuel frames, as shown in 
Fig. 11.  These gaps are filled with light water during the reactor operation.
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A’A
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0 
m

m
60
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U-235＝8.89 g
U total＝9.55 g
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meat 0.5mm
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Fig. 8 Fuel plate
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Fig. 9 Fuel frame
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Fig. 10 Horizontal cross section of fuel frame and detailed dimensions
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fuel frame) ＝71 mm × 142 mm

Fig. 11 Unit fuel frame cell and light-water-filled gaps between 
neighboring fuel frames
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2―4 Core Configuration
A typical core configuration is shown in Fig. 12.  In this example, 12 fuel 
frames are arranged in four rows, each row containing three fuel frames.  
Eight fuel frames are fully loaded and four are partially loaded with fuel 
plates in order to adjust the critical mass.  Three control rods (C1, C2, C3) 
and three safety rods (S4, S5, S6) surround the core.  Detailed structure 
of the control rod is given in Chapter 2 (Control Rod Calibration).  Three 
fission chambers (#1, #2, #3) and three uncompensated ionization chambers 
(#4, #5, #6) are used for monitoring the neutron level.  The neutron source 
(N: Am-Be, 7.4×1010 Bq and 2 Ci, Neutron yield 5.0×106 n/s) is used for 
supplying the initial neutrons for startup.  During operation, light water 
surrounds the core and acts as a reflector.

 The KUCA cores are named with identical core IDs.  The core ID 
consists of three parts, namely, fuel frame type, separation gap of the core 
in cm, and number of rows in the core in parenthesis.  Assuming that the 
C35 fuel frame is used in Fig. 12, the core ID would be C35G0(4R), as 
the core consists of C35 fuel frame (C35), has no separation gap (G0), and 
comprises four rows of fuel frames (4R).

1 2 3 4 5 6 7 8 9 10 11 12 13 14
#4

#5

#1

#3

#6

#2

S6

S5

S4

N
C3

C1

C2

ii
ro
ha
ni
ho
he
to
ti
ri
nu
ru
wo
wa
ka
yo
ta

Fig. 12 Example of core configuration 
(C1―C3: control rods, S4―S6: 
safety rods, N: neutron source, 
#1―#3: fission chambers, #4―
#6: uncompensated ionization 
chambers)
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 The light water stored in the dump tank is pumped up into the core 
tank during the startup of the reactor.  Light water acts as a moderator 
and reflector.  The water levels in the core tank corresponding to the fuel 
frame, fuel plate, and detectors are shown in Fig. 13 and also in Fig. 9.  This 
relationship between the water levels in the core tank and the core structure 
is used to analyze several experiments.
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Chapter 1  Approach to Criticality

1―1  Fission Chain Reaction, Neutron Multiplication, and 
Approach to Criticality

1―1―1 Fission Chain Reaction
Let us begin by examining the “life” of a neutron in a multiplying system.  
We assume that our system is a thermal reactor, where most of the fission 
process takes place within the thermal energy region.

 The neutrons born due to fission have an average energy of 2 MeV 
and appear in the fast energy range.  These fast neutrons collide with the 
nuclides in the media and lose their energy.  After losing considerable 
energy, the neutrons reach the thermal energy range, where they are 
absorbed in the fuel and trigger the next fission process with a certain 
probability.  We also consider the probability that a certain fraction of the 
fast neutrons trigger a fission process within the fast energy range.  Some of 
the neutrons are lost due to leakage from the system and absorption by non-
fuel materials.  This process, together with other possible phenomena, is 
depicted in Fig. 1―1.

fast fission
ν

ν

fast leakage
resonance
absorption

thermal leakage

thermal absorption by
non-fuel material

thermal absorption by
fuel material

thermal fission

Σf

Σa fuel

Thermal Resonance Fast Energy

Fast
neutrons
born by
fission

Fig. 1―1 Slowing down, loss and production of neutrons
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 Now let us assume that there are Ni initial fission neutrons in generation 
i.  All of these neutrons will eventually be lost by the end of the generation, 
either by leakage or absorption (＝capture＋fission).  We set the number 
of neutrons leaking out of the system as L and those absorbed as A, so 
that Ni＝A＋L.  We set the total number of neutrons produced by fission 
as P, which form the initial group of neutrons for the next generation i＋
1, i.e., Ni＋1＝P.  The ratio of Ni to Ni＋1 is a measure of the multiplication 
of neutrons through a fission chain reaction.  We set this ratio as keff and 
designate it as the “effective multiplication factor”:

keff＝
Ni＋1

Ni
＝

P
A＋L

. (1―1)

 Let us assume that N0 neutrons are injected into the system at t＝0.  The 
time evolution of neutrons in the system is shown schematically in Fig. 1―2.

•  If keff is less than unity, Ni＋1 < Ni, the neutron population will die 
out－this is designated as “subcritical.”
•  If keff > 1, Ni＋1 > Ni, the neutron population increases exponentially－

this is designated as “supercritical.”
•  If keff＝1, Ni＋1＝Ni, the neutron population does not change with 

succeeding generations－this is designated as “critical.”

 As shown in Fig. 1―1, absorption A comprises resonance absorption, 
absorption by non-fuel material, and non-fission absorption (capture) by 
the fuel material.  Leakage L comprises fast leakage and thermal leakage. 
Production P comprises fast fission and thermal fission.

Neutrons

Time (generation)

N0

0

Injection of N0 neutrons at t＝0

keff＞1

keff＝1

keff＜1

Fig. 1―2 Time evolution of neutrons
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1―1―2 Neutron Multiplication
When the system is subcritical (i.e., keff < 1), the fission chain cannot be 
sustained without supplying neutrons from outside the system; this is 
because the neutron population within the media eventually becomes zero.  
However, when there is a sufficient supply of neutrons, a constant neutron 
population is maintained.

 In the following discussion, we treat the time axis in a discrete manner 
and separate each neutron generation.  We designate the number of 
externally supplied neutrons per generation as S.

 The initial external neutrons S in the first generation undergo 
multiplication and become Skeff at the end of the generation.  This Skeff

group of neutrons multiply in the same manner in the next generation, and 
the resultant number of neutrons becomes Sk2

eff at the end of the second 
generation, Sk3

eff at the end of the third generation, and so on.  Thus, the 
initial number of external neutrons S becomes Skn

eff after n generations.
 Let us now consider the total number of neutrons in the system after 

considerable generations.  Keep in mind that S neutrons are supplied in 
each generation.  The neutrons that exist in the present generation originate 
from each and every preceding generation combined, each undergoing 
neutron multiplication.  Therefore, the total number of neutrons existing in 
the present generation is a summation of neutrons originating from every 
preceding generation; this can be expressed as:

S＋Skeff＋Sk2
eff＋Sk3

eff＋…＝
S

1－keff
. (1―2)

In other words, the number of neutrons S from the neutron source becomes 
S/(1－keff ) with the multiplication rate of keff (< 1), that is, it becomes 
1/(1－keff ) times S.

 This means that the neutron multiplication M in this media is given by:

M＝
S

S（1－keff ）
＝

1
1－keff

. (1―3)

 As the media approaches criticality, i.e., as keff → 1, neutron 
multiplication M approaches infinity.  In order to avoid the practical 
difficulties entailed with handling infinite neutron multiplication, we 
usually take the inverse of M, denoted as 1/M, and refer to it as the inverse 
multiplication of M, which approaches zero as keff → 1:



16 Chapter 1

1
M ＝1－keff . (1―4)

 If we can measure neutron multiplication M, then we can predict the 
critical mass by plotting the 1/M value versus fuel mass (number of fuel 
plates, core size, etc.) and extrapolating the 1/M curve to 1/M＝0, as shown 
in Fig. 1―3.

1―1―3 Inverse Count Rate and Approach to Criticality
In a practical reactor experiment, data on neutron density (or flux) at a 
certain location can be obtained by using a detector.  Hereafter, we try to 
relate this detector response to the neutron multiplication M.  Furthermore, 
we assume that our critical approach starts from a base core configuration 
(hereafter labeled with suffix 0) under the load of a certain amount of fuel.  
The i th fuel loading is labeled with the suffix i.

 The neutron flux for the base configuration and the i th fuel loading are 
the results of neutron multiplication in the core and can be expressed as:

φT0＝
S

1－keff ,0
and　φTi＝

S
1－keff ,i

, (1―5)

where keff ,0 and keff ,i are the effective multiplication factors for base 
configuration and the i th fuel loading, respectively.  The ratio of this neutron 
flux φTi /φT0 can be expressed as:
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Number of fuel plates

Critical mass
(number of fuel plates)

1/
M

Fig. 1―3 Plot of 1/M versus fuel mass (number of fuel plates)
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φTi /φT0＝
S

1－keff ,i

S
1－keff ,0

＝
1－keff ,0

1－keff ,i
. (1―6)

 As 1－keff ,0 is constant for every i th loading, the flux ratio is inversely 
proportional to 1－keff ,i, and it can be expressed as:

φTi /φT0∝
1

1－keff ,i
, (1―7)

so that

φT0 /φTi∝1－keff ,i . (1―8)

 As the relation between φT0 /φTi and 1－keff ,i is exactly the same as that 
between φT0 /φTi and 1/M, we can use φT0 /φTi for the critical approach. 
In actual experiments, neutron flux is measured on the basis of detector 
response such as the count rate of the neutron detectors placed in fission 
chambers, such as BF3 counters and 3He counters.  We finally assume that 
the detector count rates A0 and Ai are proportional to neutron flux, and use 
the detector count rates to obtain the neutron multiplication as follows:

A0 /Ai∝φT0 /φTi∝1－keff ,i . (1―9)

The ratio A0 /Ai is hereafter designated as the inverse count rate.

Inverse Count Rate＝A0 /Ai . (1―10)

 On the basis of the inverse count rate, the actual approach to criticality 
experiments for the KUCA core can be described as follows:

• Step 1. Measure the count rate of the detectors.
•  Step 2. Calculate the inverse count rate.  Plot it versus fuel mass 

(number of fuel plates used in KUCA experiments), as shown in 
Fig. 1―4.
•  Step 3. Extrapolate the inverse count rate curve to A0 /Ai＝0 and 

predict the critical mass.
•  Step 4. Determine the fuel loading for the next step and load the 

fuel.
• Repeat Steps 1 through 4.
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1―2 Experiments

1―2―1 Neutron Detectors
In this experiment, three fission chambers (FC #1―#3) and two 
uncompensated ionization chambers (UIC #4： Log-N and UIC #5：
Lin-N) of the KUCA instrumentation system are used along with several 
experimental detectors such as BF3 and 3He.

1―2―2 Actual Procedure of Experiments
In this subsection, we denote the fuel loading pattern with suffix i, starting 
from i＝0 for the reference core.  We also assume that an appropriate 
reference core has already been constructed.

(1) Reactor Start-up
The external neutron source is inserted into the reactor, followed by the 
withdrawal of three safety rods (S4―S6) and tank water feed up to a water 
level of 1,500 mm.

(2) Control Rod Pattern
Neutron count rate measurements are performed at three different control 
rod patterns, as shown in Table 1―1.  We denote this pattern with suffix j.

(3) Neutron Count Rate Measurement
For each detector, the count rate measurement is conducted at each control 
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Fig. 1―4 Inverse count rate curve and critical approach
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rod pattern j ranging from 1 to 3 for each fuel loading pattern i.  Thus, the 
count rate data for each detector should be written using the suffixes i and j
as:

Count rate at fuel loading i and control rod pattern j：Aij

The actual measurement procedure is as follows:

j＝1： After reactor startup (neutron source insertion, safety rod withdrawal, 
and tank water feed), the control rod pattern is j＝1 (three control 
rods at the lower limit position).  Conduct the measurements after 
ensuring that the reactor power is stabilized.

j＝2： Two control rods, depending on the core, will be withdrawn to the 
upper limit.  Conduct the measurements after ensuring that the 
reactor power is stabilized.

j＝3： The remaining control rod will be withdrawn to the upper limit.  
If the reactor is still subcritical, Conduct the measurements after 
ensuring that the reactor power is stabilized.  At the final step of 
approaching the critical state, criticality is achieved during control 
rod withdrawal from j＝2 to j＝3, so that the last control rod is 
partially inserted at the critical level.

(4) Inverse Count Rate Plot
After each measurement, calculate the inverse count rate A0j /Aij for j＝1 to3 
by using the count rate data for reference loading A0j and current loading Aij.  
Plot the inverse count rate versus the number of fuel plates.  Note that three 
plots per detector, which correspond to the three control rod withdrawal 
patterns, are obtained.

Table 1―1 Control rod patterns for approach to criticality experiment

Control
rod

Pattern
C1 C2 C3

j＝1 Lower limit: 0 mm Lower limit: 0 mm Lower limit: 0 mm

j＝2* Two at upper limit (650 mm) / One at lower limit (0 mm)

j＝3 Upper limit: 650 mm Upper limit: 650 mm Upper limit: 650 mm

*depends on the core



20 Chapter 1

(5) Prediction of Critical Mass (number of fuel plates)
Extrapolate the inverse multiplication curves and determine the number of 
fuel plates that have attained criticality.  Calculate the linear extrapolation 
using the last two data points.  Generally, the inverse multiplication curves 
exhibit various shapes (slopes) depending on the location of the detector; 
they could be convex or concave, as shown in Fig. 1―5.  As a result, the 
actual critical mass can be lower or higher than that obtained by linear 
extrapolation.

(6) Fuel Loading
In the first several steps, the number of fuel plates to be assessed is 
determined prior to the experiment.  In the final steps, the number of fuel 
plates to be added is determined from the predicted value.  Fuel loading is 
performed in the fuel room.

 Hereafter, steps (2) through (6) are repeated until criticality is achieved.

(7) Confirmation of Criticality
In this experiment, criticality is confirmed by examining the time evolution 
of the reactor power under the absence of a neutron source.  After criticality 
is confirmed, the following data should be recorded:

• Number of fuel plates
•  Control rod position (height); this will be used to determine the 
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excess reactivity of the core
• Tank water level
• Reactor power level by Lin-N and Log-N monitors
•γ-ray level
• Core temperature

(8)  Determination of Excess Reactivity and Minimum Number of 
Critical Fuel Plates

In most cases, in the final step of the approach to criticality experiment, 
the reactor reaches the critical state with one control rod being partially 
inserted.  This means that the number of fuel plates loaded are exceeding the 
“true” number of fuel plates required to achieve criticality, and the reactor is 
supercritical with keff > 1. Let us call this “true” number of fuel plates as the 
minimum number of critical fuel plates.

 In order to determine the minimum number of critical fuel plates, we 
must first determine the extent by which the reactor deviates from criticality 
when all the control rods are withdrawn from the core.  The deviation from 
the critical state is generally expressed as “reactivity,” which is defined as:

ρ＝
keff－1

keff
＝1－

1
keff

. (1―11)

 It can be easily understood that the reactivity of the reactor is equivalent 
to the reactivity that the partially inserted control rod can adjust.  In order 
to clarify these two, let us refer to the reactivity of the core as “excess 
reactivity (ρex),” as this reactivity is caused by an “excess” of fuel material 
in the core.

 There are several methods to measure the excess reactivity.  In this 
experiment, we make use of the control rod calibration curve, which is 
experimentally determined in Chapter 2 (Control Rod Calibration).

 This procedure is as follows:

•  After criticality is achieved, the control rod pattern is changed so 
that criticality is controlled with the control rod whose calibration 
curve is to be measured.
•  Ensure that the reactor power is stabilized and then record the 

control rod position (height).
•  At the end of Chapter 2 (Control Rod Calibration) (usually 

performed the next day), calculate the reactivity of the control rod, 
which corresponds to the control rod position.  This reactivity is 
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equivalent to the excess reactivity.

 The excess reactivity is now determined, but in order to determine 
the minimum number of critical fuel plates, we must convert this excess 
reactivity to the number of fuel plates.  This can be achieved by determining 
the reactivity equivalent of one fuel plate.

 Let us denote this reactivity equivalent to one single plate as αplate (Δk /
k /plate).  Then, the number of fuel plates corresponding to the excess 
reactivity ρex can be obtained by:

Mex＝ρex /αplate , (1―12)

so that the minimum number of critical fuel plates Mmin can be obtained by 
subtracting Mex from the actual number of fuel plates loaded in the critical 
state configuration Mcrit:

Mmin＝Mcrit－Mex . (1―13)

 In order to obtain αplate, we make use of the excess reactivity of the 
core in the control rod calibration experiment.  The requirements for this 
experiment entail the inclusion of additional fuel plates to the core in order 
to increase excess reactivity.

 Let us denote the number of fuel plates loaded and excess reactivity in 
the control rod experiment as Mrod and ρex,rod , respectively, and those in the 
approach to criticality experiment as Mcri and ρex,cri, respectively.  Then, αplate

can be obtained as:

αplate＝
ρex,rod－ρex,cri

Mrod－Mcrit
. (1―14)

 Note that the minimum number of critical fuel plates cannot be obtained 
until the end of the control rod calibration experiment.

1―2―3 Determination of Infinite Reflector Thickness
An additional experiment on the determination of infinite reflector thickness 
is carried out during the approach to criticality experiment.

 In a reflected reactor, some of the neutrons leak out from the core and 
enter the reflector while the others are reflected back into the core and 
contribute to the multiplication process.  When we change the thickness of 
the reflector, it is obvious that this effect depends on the reflector thickness, 
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as depicted in Fig. 1―6. Qualitatively speaking, one can say that this 
reflector effect

•  Increases with reflector thickness up to a certain reflector 
thickness, and,
•  Will not increase further and becomes saturated when the reflector 

is sufficiently thick such that the neutrons reaching the outer 
boundary of the reflector can be neglected and the reflected 
neutrons cannot reenter the core.

 Beyond this thickness, the reflector can practically be considered to 
have infinite thickness.  Let us consider a reactor having infinite reflector 
thickness.

 In this experiment, the infinite reflector thickness for light water is 
measured by observing the reactor power behavior while the axial reflector 
thickness is varied.  We use the detector response of Lin-N (UIC #4) 
detector as a measure of reactor power.

 The experimental procedure is as follows:

•  The core tank water level is decreased from 1,500 mm (full level) 
to 1,280 mm using the normal drainage lever.
•  For every 10 mm decrease of water level, record the water level on 

the Lin-N (UIC #4) chart sheet.
• Continue the measurement until the water level reaches 1,280 mm.
•  A copy of the Lin-N chart sheet with the recorded water level will 

be distributed after the experiment.  Create a plot of Lin-N power 
versus water level, as shown in Fig. 1―7.
•  Determine the water level at which the Lin-N power starts to 

apparently deviate from the constant value.  This water level 
corresponds to the infinite reflector thickness of the reactor.

CORE CORE CORE

Fig. 1―6  Reflector thickness and behavior 
of neutrons inside the reflector
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1―3 Discussion

The following information should be included and summarized in the 
report:

•  Core configuration of the reference core (locations of fuel 
elements, control and safety rods, neutron detectors, and neutron 
source)
• Fuel loading for the reference core and afterwards
• Count rate measurement data and inverse count rate plots
• Change in predicted critical mass by fuel loading
• Explanation of the process for determining critical mass
• Excess reactivity and minimum number of critical fuel plates

 Furthermore, discussions should be made for the following topics:

•  Comparison between the inverse count rate curves obtained by 
each detector

 Compare the shapes of the inverse count rate curves obtained 
from the different detectors.  How can the differences, if any, be 
interpreted?
 Can the measured data be successfully compared to the results 
obtained by simulation, as obtained in the preparatory report?
 Can any quantitative information on the effect of the direct source 
be obtained from the measured count rate data?

• Discussion on the infinite reflector thickness:
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Fig. 1―7 Plot of Lin-N power versus water level
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 Describe the behavior of Lin-N versus water level plot.  What was 
the thickness of the infinite reflector? How could the behavior 
below this water level be described?
 What are the relationships between the calculated two-energy-
group flux distributions and between the experimental Au reaction 
rate distributions?

1―4 Preparatory Report

1―4―1  Numerical Simulation of Approach to Criticality 
Experiment

In this section, the approach to criticality experiment is numerically 
simulated by using the classical six-factor formula for determining the 
effective multiplication factor.

 Based on the classical six-factor formula, the effective multiplication 
factor keff is given by:

keff＝
k∞e－B2

T

1＋LT
2B2 , (1―15)

where k∞ is the infinite multiplication factor, T is the Fermi age of thermal 
neutrons, LT is the diffusion length, and B is the buckling.

k∞ and LT
2 are given as follows:

k∞＝ pf , (1―16)

LT
2＝D/ a . (1―17)

 The buckling B for a bare and homogeneous rectangular parallelepiped 
core with lengths in the x-, y-, and z-directions as a, b, and c, respectively, is 
given by:

B2＝（a＋2 ）
2

＋（b＋2 ）
2

＋（ c＋2 ）
2

, (1―18)

where  is the extrapolation length.
 In the KUCA experiment, the critical approach is adopted by adding 

the fuel plates to the core, as shown schematically in Fig. 1―8.  The lengths 
in the y- and z-directions are fixed at b＝y0 and c＝z0, and the length in 
the x-direction of the core increases with fuel loading.  Therefore, in the 
approach to criticality experiment, buckling depends on the length in the 



26 Chapter 1

x-direction, and the increase of keff due to fuel loading can be simulated by 
increasing x on the basis of the following formula:

keff（x）＝
k∞e－B2（x）T

1＋LT
2B2（x）

, (1―19)

where:

B2（x）＝（ x＋2 ）
2

＋（ y0＋2 ）
2

＋（ z0＋2 ）
2

, (1―20)

and  is the extrapolation length.  In the following numerical simulation, we 
assume that x0＝20 cm for the base configuration (i＝0).

Simulation of the Inverse Count Rate Curve

• Calculate keff (x) as a function of x using:

keff（x）＝
k∞e－B2（x）T

1＋LT
2B2（x）

, (1―21)

by subsequently increasing the x value, starting from x＝x0＝
20 with Δx＝1 cm until keff reaches 1 (i.e., critical).  Note that 
the x-dependence is taken into account via bucking, Eq. (1―20). 

z0

x

y0

fuel plates
fuel plates are added in this direction

Fig. 1―8 Simplified right rectangular parallelepiped core of KUCA
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Calculate the inverse count rate:

A0

A（x）＝
1－keff （x）
1－keff （x0）

, (1―22)

and plot it versus x.  The constants for the six-factor formula as 
well as the core size (y0 and z0) are given in Table 1―2.
•  Examine the overall shape of the inverse count rate curve.  What is 

the shape? Is it linear, convex, or any other?
•  Choose any two appropriate points on the inverse count rate curve.  

Define the critical length in the x-direction of this core by linear 
extrapolation using the two points.  How does the extrapolated 
critical x-length change with the choice of the two points on the 
curve? Examine two cases:

1)  two points chosen at the very early stage (i.e., small x) of the 
critical approach

2)  two points chosen at the very latest stage (i.e., large x) of the 
critical approach

 The actual detector count rate can be separated into two components, 
namely neutrons multiplied in the core and direct neutrons from the neutron 
source.  This is shown schematically in Fig. 1―9.  Under this simple 
assumption, the detector count rate can be expressed as:

A（x）＝Acore（x）＋Asource . (1―23)

 Note that the multiplied component Acore (x) is dependent on the core size 
x, whereas the direct source component Asource is independent of the core 
size.

Table 1―2 Constants for six-factor formula and core size

C30 C35 C45

T（cm2） 64.1 56.2 48.4

k∞ 1.721 1.684 1.626

L2
T（cm2） 2.914 2.788 2.804

（cm） 9.4 8.2 7.8

y0（cm） 7.1 x（number of rows）

z0（cm） 57.0
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 The multiplied component for the base configuration Acore,0 and Acore (x) is 
related to keff through the following equation:

1－keff （x）
1－keff （x0）

＝
Acore,0

Acore（x）
. (1―24)

The inverse multiplication is given by:

A0

A（x）＝
Acore,0＋Asource

Acore（x）＋Asource
. (1―25)

Now, we set the ratio of Asource and Acore,0 as:

fs＝Asource /Acore,0 . (1―26)

Here, fs＝0 means that there is no direct source component in the count rate; 
fs increases with the direct source component in the count rate.

•  Calculate the inverse count rate for fs＝0, 1, 2, 3, 4 and 5 and plot 
each inverse count rate curve versus x.
•  Qualitatively describe the fs-dependence of the inverse count rate 

curves.  What will the inverse count rate curves for detectors I, II, 
and III, shown in Fig. 1―9, look like?

Direct Neutron from Source

Neutrons Multiplied by the Core

Detector Ⅲ

Detector Ⅱ

Detector Ⅰ

Neutron Source

Multiplication

CORE

Fig. 1―9  Multiplied neutron and direct neutron components 
in detectors
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1―4―2  Two-Energy-Group Diffusion Calculation of Reflected 
Reactor

We will not address the reflector surrounding the core since it is not 
explicitly considered in the six-factor formula.  Further, the energy 
distribution of neutrons is separated into two-energy-group at a boundary 
around 1 eV.  Let us designate the higher energy group as the “fast group”
(group 1) and the lower energy group as the “thermal group” (group 2) and 
examine the behavior of the neutrons belonging to the two-energy-group.

 In the diffusion theory (or diffusion approximation), the angular 
distribution of neutrons is treated as isotropic.  Furthermore, the neutron 
current is expressed using Fick’s law as －D∇2φ, where D is the diffusion 
coefficient and φ is the neutron flux.

 As shown in Fig. 1―8, we approximate the reactor as a two-region reactor 
with a homogeneous rectangular parallelepiped core surrounded by a light-
water reactor.  We denote the core and the reflector regions with suffixes c
and r.  As described above, the two-energy-group is considered; the fast and 
thermal groups are denoted with suffixes 1 and 2.

 Let us derive the balance equations in the core and reflector regions.  We 
assume that the system is critical, i.e., keff＝1.

1) Core region, Group 1 (Fast group)
Neutrons of Group 1 (Fast group) are produced by fission.  In a thermal 
reactor, most of the fission process takes place within the thermal energy 
range; however, a certain fraction of fission also occurs in the fast energy 
range.  The contribution of this fast fission is usually determined by 
multiplying the thermal fission rate with a fast fission factor  (  > 1).

 The neutron production rate at the core for Group 1 can be written as 
2fcφ2c, where  is the number of (fast) neutrons born per fission, 2fc is 

the fission cross-section of the core Group 2, and  is the fast fission factor.  
The leakage rate and absorption rate of neutrons from the core for Group 1 
are －D1c∇2φ1c and 1acφ1c, respectively; the removal rate from Group 1 to 
Group 2 by scattering and slowing down is 1→2cφ1c.  In a critical system, 
neutron production and loss are in balance, that is, the balance equation 
becomes:

D1c∇2φ1c－（ 1ac＋ 1→2c）φ1c＋ 2fcφ2c＝0. (1―27)

2) Core region, Group 2 (Thermal group)
For the thermal group, the source term is the neutrons removed from the 
Fast Group.  Absorption and leakage terms are similar to Eq. (1―27), and 
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the balance equation is:

D2c∇2φ2c－ 2acφ2c＋ 1→2cφ1c＝0. (1―28)

3) Reflector region, Group 1 (Fast group)
The balance equation is similar to Eq. (1―27), except that the fission term 
does not exist:

D1r∇2φ1r－（ 1ar＋ 1→2c）φ1r＝0. (1―29)

4) Reflector region, Group 2 (Thermal group)
The source term is the neutrons removed from the Fast group; hence, the 
balance equation becomes:

D2r∇2φ2r－ 2arφ2r＋ 1→2rφ1r＝0. (1―30)

 The four abovementioned equations are collectively known as the two-
energy-group diffusion equation of the system.  It can easily be found that 
these equations are based on a simple balance between neutron production 
and loss.  Note that we have assumed the group constants D and  to 
be constant within a region and also that neutron flux has three spatial 
variables, x, y, and z.

 Eqs. (1―27) through (1―30) can be solved analytically by reducing the 
spatial variables to one by using appropriate approximations.  For this 
purpose, we approximate the flux distribution in the y- and z-directions with 
a cosine function, and treat the neutron leakage in the two directions on the 
basis of the buckling value.  Detailed procedures for this approximation and 
further algebra are summarized in Appendix 1 and also may be found in 
various reactor physics textbooks.  After this approximation, we obtain a set 
of four equations with a single variable x.

 Finally, we derive a 4×4 matrix using the boundary conditions for 
neutron flux and neutron current at the core-reflector interface.  The size 
of the critical core can be determined by setting the determinant of the 4×
4 matrix.  If we set the length in the x-direction of the critical core as 2a for 
simplicity:

a＝ 1
μ arctan 1

μ・
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［－D1r D2c S2 1r＋D1c D2r 2r（S1－S3）＋ 1r S3］λ＋D1r D2r（S1－S2）1r 2r

D1c D2c（S1－S2）λ＋D1r D2c S1 1r＋D1c D2r S3（ 2r－ 1r）－S2 2r
,

 (1―31)

where the parameters in Eq. (1―31) are defined as follows:

B⊥2＝ 2 1
（y0＋2 ）2＋

1
（z0＋2 ）2 : y- and z-direction buckling (transverse buckling),

 (1―32)

1c＝ 1ac＋ 1→2c＋D1c B⊥2 : cross-section removal for core region, Group 1

(absorption＋scattering to group 2＋transverse leakage), (1―33)

2c＝ 2ac＋D2c B⊥2 : cross-section removal for core region, Group 2

(absorption＋transverse leakage), (1―34)

μ2＝
1

2D1c D2c
－（D1c 2c＋D2c 1c）

＋（D1c 2c＋D2c 1c）2－4D1c D2c（ 1c 2c－ 2fc 1→2c） , (1―35)

λ2＝－ 1
2D1c D2c

－（D1c 2c＋D2c 1c）

－（D1c 2c＋D2c 1c）2－4D1c D2c（ 1c 2c－ 2fc 1→2c） , (1―36)

1r＝ 1ar＋ 1→2r＋D1r B⊥2 : cross-section removal for reflector region, Group 1

(absorption＋scattering to Group 2＋transverse leakage), (1―37)

2r＝ 2ar＋D2r B⊥2 : cross-section removal for reflector region, Group 2

(absorption＋transverse leakage), (1―38)
2
1r≡ 1r /D1r , (1―39)
2
2r≡ 2r /D2r , (1―40)

S1＝ 1→2c

D2cμ
2＋ 2c

 : coupling coefficient for core region,  (1―41)

S2＝ 1→2c

－D2cλ
2＋ 2c

 : coupling coefficient for core region,  (1―42)
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S3＝ 1→2r /D2r
2
2r－ 2

1r
 : coupling coefficient for reflector region. (1―43)

   The two-energy-group constants are listed in Table 1―3.  Note that the 
constants depend on the fuel lattice (fuel frame) used in the experiment.

•  Calculate the length in the x-direction 2a of the critical core using 
Eq. (1―31).

•  Calculate the number of 235U atoms in the core region (core volume 
V＝xy0 z0 (cm3)) using the homogenized number density of Table 
1―4.  Convert it to the critical mass of 235U, that is, the mass of 235U 
contained in the core region.
•  Calculate the number of fuel plates in the critical core by dividing 

the critical mass of 235U by 8.89 (g 235U/fuel plates).

After the critical core size is obtained, one can determine the neutron flux 
distribution according to Sec. 1E of Appendix 1. This determination of 
neutron flux distribution, together with other related topics, is required in 
the preparatory report of Chapter 3 (Measurement of Reaction Rate).

Table 1―4 Number density of 235U for the homogenized core region

Fuel Lattice (Frame Type) C30 C35 C45

Number Density of 235U
（atoms /cm3） 1.867×1020 1.589×1020 1.231×1020

Table 1―3 Two-energy-group constants of the KUCA C-core

Group 1 (Fast group) Group 2 (Thermal group)
（cm）

D1（cm） 1a（1/cm） 1→ 2

（1/cm）D2（cm） 2a（1/cm） 2f

（1 /cm）*

Core

C30 1.58 0.00320 0.0178 0.271 0.0930 0.168 1.121 9.4

C35 1.54 0.00286 0.0212 0.237 0.0850 0.149 1.092 8.2

C45 1.50 0.00237 0.0254 0.203 0.0724 0.121 1.064 7.8

Light-Water
Reflector 1.41 0.0 0.0476 0.117 0.0191 0.0 --- ---

* ＝2.44
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Appendix 1

1A.  Analytical Solution of Two-Energy-Group Diffusion 
Equation

The mathematical procedures for solving the two-energy-group diffusion 
equation are described below.  We assume that the reactor consists of a 
homogeneous, rectangular parallelepiped core, surrounded by a light-water 
reflector.

 As already described, the four equations that we are going to solve are as 
follows:

Core, Group 1: D1c∇2φ1c－（ 1ac＋ 1→2c）φ1c＋ 2fφ2c＝0, (1A―1)

Core, Group 2: D2c∇2φ2c－ 2acφ2c＋ 1→2cφ1c＝0, (1A―2)

Reflector, Group 1: D1r∇2φ1r－（ 1ar＋ 1→2r）φ1r＝0, (1A―3)

Reflector, Group 2: D2r∇2φ2r－ 2arφ2r＋ 1→2rφ1r＝0. (1A―4)

Reduction of Space Variables using Buckling
We assume that,

•  neutron flux φ(x, y, z) can be written as φ(x, y, z)＝φ(x)φ(y)φ(z),
• y- and z-direction neutron flux can be expressed as a cosine 

function, so φ(x, y, z) becomes:

φ（x, y, z）＝φ（x）cos（ b
y）cos（ c

z）, (1A―5)

where b and c are the extrapolated lengths in the y- and z-directions of the 
critical core given by:

b＝y0＋2 , (1A―6)

c＝z0＋2 , (1A―7)

where  is the extrapolation length.
 Then, ∇2φ＝∇2φ(x, y, z) appearing in the leakage term becomes:

∇2φ＝ d2φ（x）
dx2 －

2 1
（y0＋2 ）2＋

1
（z0＋2 ）2 φ（x）cos（y0＋2

y）cos（ z0＋2
z）.

 (1A―8)
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 We define the transverse buckling, i.e., buckling in y- and z-directions, 
as:

B⊥2＝ 2 1
（y0＋2 ）2＋

1
（z0＋2 ）2 . (1A―9)

 Then, Eq. (1A―8) could be expressed as:

∇2φ＝ d 2φ（x）
dx2 －B⊥2φ（x）cos（ y0＋2

y）cos（ z0＋2
z）. (1A―10)

 Using Eq. (1A―10) for the leakage terms of the two-energy-group 
diffusion equations (1A―1) through (1A―4), we obtain the set of equations 
with only one space variable, x:

D1c
d 2φ1c（x）

dx2 －（ 1ac＋ 1→2c＋D1c B⊥2）φ1c（x）＋ 2fφ2c（x）＝0, (1A―11)

D2c
d 2φ2c（x）

dx2 －（ 2ac＋D2c B⊥2）φ2c（x）＋ 1→2cφ1c（x）＝0, (1A―12)

D1r
d 2φ1r（x）

dx2 －（ 1ar＋ 1→2r＋D1r B⊥2）φ1r（x）＝0, (1A―13)

D2r
d 2φ2r（x）

dx2 －（ 2ar＋D2r B⊥2）φ2r（x）＋ 1→2rφ1r（x）＝0. (1A―14)

 Note that the second terms on the LHS of these equations contain DB⊥2, 
which corresponds to the leakage in y- and z-directions.  This means that 
these leakages are treated as absorption in Eqs. (1A―11) through (1A―14).

1B. Solution for Core Region
For simplicity, we set:

1c＝ 1ac＋ 1→2c＋D1c B⊥2 , (1A―15)

2c＝ 2ac＋D2c B⊥2 . (1A―16)

We assume that φ1c(x) and φ2c(x) can be expressed using the x-direction 
buckling as follows:

d 2φ1c（x）
dx2 ＋Bx

2φ1c（x）＝0, (1A―17)
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d 2φ2c（x）
dx2 ＋Bx

2φ2c（x）＝0, (1A―18)

Then Eqs. (1A―11) and (1A―12) become:

－D1c Bx
2φ1c（x）－ 1cφ1c（x）＋ 2fcφ2c（x）＝0, (1A―19)

－D2c Bx
2φ2c（x）－ 2cφ2c（x）＋ 1→2cφ1c（x）＝0. (1A―20)

This can be expressed as:

（－D1c Bx
2－ 1c

1→2c

2fc

－D2c Bx
2－ 2c

）（φ1c（x）
φ2c（x））＝（ 0

0）. (1A―21)

 The condition for this equation to have a solution other than φ1c(x)＝
φ2c(x)＝0 is that the determinant of the first matrix is zero, that is:

（－D1c Bx
2－ 1c）（－D2c Bx

2－ 2c）－ 2fc 1→2c＝0. (1A―22)

 This is a second-order polynomial equation of Bx
2:

D1c D2c（Bx
2）2＋（D1c 2c＋D2c 1c）Bx

2＋（ 1c 2c－ 2fc 1→2c）＝0. (1A―23)

We set the two solutions of Bx
2 as μ2 and －λ2, which can be expressed as:

μ2＝
1

2D1c D2c
－（D1c 2c＋D2c 1c）

＋（D1c 2c＋D2c 1c）2－4D1c D2c（ 1c 2c－ 2fc 1→2c） , (1A―24)

－λ2＝
1

2D1c D2c
－（D1c 2c＋D2c 1c）

－（D1c 2c＋D2c 1c）2－4D1c D2c（ 1c 2c－ 2fc 1→2c） . (1A―25)

 Therefore, φ1c(x) can be expressed as a linear combination of X(x) and 
(x):

φ1c（x）＝AX（x）＋C（x）, (1A―28)

where A and C are constants and X(x) and (x) satisfy the following 
equations:
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d 2X（x）
dx2 ＋μ2X（x）＝0, (1A―26)

d 2Y（x）
dx2 －λ2（x）＝0. (1A―27)

 Similarly, φ2c(x) can be expressed as:

φ2c（x）＝A′X（x）＋C′（x）. (1A―29)

 As X(x) and Y(x) should be symmetrical to x＝0, the solutions for Eqs. 
(1A―26) and (1A―27) are:

X（x）＝cos（μx）, (1A―30)

（x）＝cosh（λx）, (1A―31)

so that:

φ1c（x）＝A cos（μx）＋C cosh（λx）, (1A―32)

φ2c（x）＝A′ cos（μx）＋C′ cosh（λx）.  (1A―33)

 In order to relate A to A′ and C to C′, we use Eqs. (1A―32) and (1A―33) 
with Eq. (1A―20) and get:

S1≡
A′
A ＝

1→2c

D2cμ
2＋ 2c

, (1A―34)

S2≡
C′
C ＝

1→2c

－D2cλ
2＋ 2c

. (1A―35)

 These two parameters S1 and S2 are designated as coupling coefficients, 
which describes the relation between the Fast-group flux and the Thermal-
group flux in the core.

1C. Solution for Reflector Region
In the reflector region, we set for simplicity:

1r＝ 1ar＋ 1→2r＋D1r B⊥2 , (1A―36)

2r＝ 2ar＋D2r B⊥2 . (1A―37)
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We express Eq. (1A―13):

D1r
d 2φ1r（x）

dx2 － 1rφ1r（x）＝0, (1A―38)

as:

d 2φ1r（x）
dx2 － 2

1rφ1r（x）＝0, (1A―39)

where:

2
1r≡ 1r /D1r . (1A―40)

 Under the boundary condition in which the flux becomes zero at x＝
infinity, the solution for Eq. (1A―39) is:

φ1r（x）＝Fe－ 1r｜x｜, (1A―41)

where F is a constant.
 Next, we set Eq. (1A―14):

D2r
d 2φ2r（x）

dx2 － 2rφ2r（x）＋ 1→2rφ1r（x）＝0, (1A―42)

as:

d 2φ2r（x）
dx2 － 2rφ2r（x）＋ 1→2r

D2r
φ1r（x）＝0, (1A―43)

where:

2
2r≡ 2r /D2r. (1A―44)

We assume that the Group 2 flux can be expressed as:

φ2r（x）＝F′e－ 1r｜x｜＋Ge－ 2r｜x｜. (1A―45)

Then, Eq. (1A―43) becomes:
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（ 2
1r F′－ 2

2r F′＋ 1→2r

D2r
F）e－ 1r｜x｜＝0. (1A―46)

In order for Eq. (1A―46) to be valid for any value of x, it is necessary that:

2
1r F′－ 2

2r F′＋ 1→2r

D2r
F＝0. (1A―47)

or:

S3≡
F′
F ＝

1→2r /D2r
2
2r－ 2

1r
. (1A―48)

This parameter S3 is also designated as a coupling coefficient, which relates 
the Fast-group flux to Thermal-group flux in the reflector region.

1D. Determination of Critical Core Size
We have now obtained the following set of equations for neutron flux:

φ1c（x）＝A cos（μx）＋C cosh（λx）, (1A―49)

φ2c（x）＝S1 Acos（μx）＋S2 Ccosh（λx）, (1A―50)

φ1r（x）＝Fe－ 1r｜x｜, (1A―51)

φ2r（x）＝S3Fe－ 1r｜x｜＋Ge－ 2r｜x｜. (1A―52)

 The boundary conditions for Eqs. (1A―49) through (1A―52) are that 
the neutron flux and neutron current J＝Ddφ/dx is continuous at the core/
reflector boundary.  We set the length in the x-direction of the core as 2a
for simplicity, so that the core/reflector boundary is x＝a.  Expressing the 
derivatives of neutron flux as φ′, the boundary conditions will be:

φ1c（a）＝φ1r（a）, (1A―53)

D1cφ′1c（a）＝D1rφ′1r（a）, (1A―54)

φ2c（a）＝φ2r（a）, (1A―55)

D2cφ′2c（a）＝D2rφ′2r（a）. (1A―56)

After some algebra, we obtain:
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A cos（μa）＋C cosh（λa）＝Fe－ 1r a, (1A―57)

－AD1cμ sin（μa）＋CD1cλ sinh（λa）＝－FD1r 1re－ 1r a, (1A―58)

S1A cos（μa）＋S2C cosh（λa）＝S3Fe－ 1r a＋Ge－ 2r a, (1A―59)

－S1AD2cμ sin（μa）＋S2CD2cλ sinh（λa）＝－S3FD2r 1re－ 1r a－GD2r 2re－ 2r a,

 (1A―60)

 This set of equations can be expressed in matrix form with unknowns A, C, 
F, and G:

（ cos（μa）
－D1c μ sin（μa）

S1 cos（μa）
－S1D2cμ sin（μa）

cosh（λa）
D1cλ sinh（λa）
S2 cosh（λa）

S2D2cλ sinh（λa）

－e－ 1r a

D1r 1re－ 1r a

－S3 e－ 1r a

S3D2r 1re－ 1r a

0
0

－e－ 2r a

D2r 2re－ 2r a）（A
C
F
G）＝0.

 (1A―61)

 In order for Eq. (1A―61) to have a solution set other than A＝C＝F＝G
＝0, the determinant of the first matrix should be zero.  That is:

｜ cos（μa）
－D1cμ sin（μa）

S1 cos（μa）
－S1D2cμ sin（μa）

cosh（λa）
D1cλ sinh（λa）
S2 cosh（λa）

S2D2cλ sinh（λa）

－e－ 1r a

D1r 1re－ 1r a

－S3 e－ 1r a

S3D2r 1re－ 1r a

0
0

－e－ 2r a

D2r 2re－ 2r a｜＝0.

(1A―62)

Eq. (1A―62) can be simplified as:

｜ 1
－D1cμ tan（μa）

S1

－S1D2cμ tan（μa）

1
D1cλ tanh（λa）

S2

S2D2cλ tanh（λa）

1
－D1r 1r

S3

－S3D2r 1r

0
0
1

－D2r 2r
｜＝0,

 (1A―63)

and we finally obtain the equation for determining a:

μ tan（μa）
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＝［－
D1rD2cS2 1r＋D1cD2r 2r（S1－S3）＋ 1rS3］λ tanh（λa）＋D1rD2r（S1－S2）1r 2r

D1c D2c（S1－S2）λ tanh（λa）＋D1r D2c S1 1r＋D1c D2r S3（ 2r－ 1r）－S2 2r
.

 (1A―64)

 As Eq. (1A―64) cannot be further solved analytically, we must obtain 
a with the aid of a numerical solution and finally obtain the length in the 
x-direction of the core 2a.

 However, we can use some valid approximations to further simplify 
Eq. (1A―64).  Using the two-group constants of Table 1―3, one can find 
from Eq. (1A―25) that λ is around 0.6.  In most of the KUCA C-cores, a is 
approximately 20 to 30 cm; hence, we can assume that tanh(λa)＝1 (caution: 
check that this is valid!).  Then, Eq. (1A―64) becomes:

μ tan（μa）

＝［－
D1r D2c S2 1r＋D1c D2r 2r（S1－S3）＋ 1r S3］λ＋D1r D2r（S1－S2）1r 2r

D1c D2c（S1－S2）λ＋D1r D2c S1 1r＋D1c D2r S3（ 2r－ 1r）－S2 2r
,

(1A―65)

and a can be obtained as:

a＝ 1
μ arctan 1

μ・

［－D1r D2c S2 1r＋D1c D2r 2r（S1－S3）＋ 1r S3］λ＋D1r D2r（S1－S2）1r 2r

D1c D2c（S1－S2）λ＋D1r D2c S1 1r＋D1c D2r S3（ 2r－ 1r）－S2 2r
.

(1A―66)

1E. Neutron Flux Distribution
We need to obtain the four constants A, C, F, and G that appear in Eqs. (1A―
49) through (1A―52) to determine the neutron flux distribution.  However, 
in a critical reactor, Eqs. (1A―57) through (1A―60) are not independent; 
hence, we cannot uniquely define the non-trivial solutions for A, C, F, 
and G.  We must choose one of the constants as an arbitrary constant and 
express the others with this arbitrary constant.  Hereafter, we select A as the 
arbitrary constant and express the remainder using A.

 Starting from Eqs. (1A―57) and (1A―58):

－C cosh（λa）＋Fe－ 1r a＝A cos（μa）, (1A―67)
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CD1cλ sinh（λa）＋FD1r 1re－ 1r a＝AD1cμ sin（μa）, (1A―68)

we cancel out F and obtain:

C＝－A
D1r 1r cos（μa）－D1c μ sin（μa）

D1r 1r cosh（λa）＋D1cλ sinh（λa）
. (1A―69)

 We can combine Eqs. (1A―57) through (1A―60) in a similar manner and 
express F and G using A.

 When plotting the neutron flux distribution, it might be necessary to 
make an appropriate normalization to Eqs. (1A―49) through (1A―52), such 
as φ1c(x＝0)＝1.





Chapter 2  Control Rod Calibration

2―1 Purpose

Control rods are installed in a reactor to control nuclear fission chain 
reactions.  Primarily, they are used to adjust criticality, control reactor power 
level, and shut down the reactor.  Materials with large neutron absorption 
cross sections, such as boron (B), cadmium (Cd), and hafnium (Hf) are 
used as control rods.  When a control rod is withdrawn from a reactor, the 
amount of fission reactions increases; inversely, inserting the control rod 
into the core causes a decrease in the amount of fission reactions.1  This 
means that control rods can change the effective multiplication factor (keff) 
of the core.

 To explain the ability of control rod to adjust keff quantitatively, the 
technical term “reactivity” is introduced.  Reactivity, which is often 
represented as ρ, is a measure of the departure from the critical state of a 
reactor and is written as follows:

ρ＝
keff－1

keff
. (2―1)

 Reactivity ρ is a non-dimensional quantity, however, its unit is usually 
represented as Δk/k (10－2Δk/k is 1%Δk/k, and 10－5Δk/k is equal to 1 pcm).2

Reactivity ρ divided by βeff (effective delayed neutron fraction) is known as 
“reactivity in dollar units,” namely, the reactivity of one dollar corresponds 
to a prompt critical state.

 In order to ensure the safety of a reactor, the total reactivity of each 

1 There is a special research reactor where fuel elements are used for control rods, for 
example, the Fast Critical Assembly (FCA) at the Japan Atomic Energy Agency (JAEA).  
In this case, positive reactivity is added to the core by the insertion of the control rods. 
At a certain critical assembly, including KUCA, the water level in the core can be used 
for controlling its reactivity.  In the Pressurized-Water Reactor (PWR) core, boron oxide 
(B2O3) is dissolved into water to adjust the criticality.

2 Sometimes, the units of reactivity are represented as Δk/k/k', which is the same as 
Δk/k.
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control rod should be determined; this corresponds to the amount of 
reactivity measured when moving a control rod from its lower limit to the 
upper limit.  Further, the reactivity insertion rate as a function of the position 
of the control rod, which is designated by the “control rod calibration 
curve,” is also an important parameter of the control rod.  Measurement of 
the total reactivity value (which is often called the total reactivity worth), 
or calibration curve, is known as the control rod calibration experiment.  
For safety reasons, when a new reactor core is constructed, the control 
rod calibration experiment is conducted immediately after conducting the 
approach to criticality experiment.

 Control rod calibration is important not only for safe operation but also 
for carrying out other reactivity measurement experiments.  For example, 
the amount of sample reactivity caused by introducing a material into the 
core can be determined on the basis of the difference between the positions 
of a calibrated control rod before and after the introduction of the sample 
material.

 There are several methods for measuring control rod reactivity: (1) 
period method, (2) compensation method, (3) rod drop method, (4) 
subcriticality measurement method (i.e., neutron source multiplication 
method or pulsed neutron method), (5) inverse kinetic method, etc.  In 
the present experiments, the period method and compensation method are 
used for control rod calibration, and the rod drop method is adopted for 
measuring large negative reactivity.

2―2 Principle

2―2―1 Reactor Kinetic Equation
The reactor kinetic equations based on one-point reactor approximation with 
one-energy-group theory, which are the basis for reactivity measurement, 
are as follows:

dn
dt ＝

ρ－βeff

Λ
n＋Σ

i

6
λiCi , (2―2)

dCi

dt ＝
βi,eff

Λ
n－λiCi , (2―3)

where n(t) is neutron density; Ci is the ith group delayed neutron precursor 
density; λi is the decay constant of the ith group delayed neutron precursor; 

 is the neutron generation time, which is the neutron life time ℓ divided 
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by keff; βeff is the effective delayed neutron fraction; and βi,eff is the ith group 
delayed neutron fraction.  The derivation of these kinetic equations is not 
included in this text (please refer to the textbooks1―5 on reactor physics); 
however, the meaning of these equations is noted here.  Eq. (2―2) implies 
the following:

(A rate of change of the number of neutrons)
＝(the number of increasing neutrons caused by neutron production by 
prompt fission reaction)
－(the number of decreasing neutrons caused by neutron absorption and 
neutron leakage)
＋(the number of increasing neutrons generated by the decay of a delayed 
neutron precursor).

Eq. (2―3) indicates the neutron balance for the ith group delayed neutron 
precursor as follows:

(A rate of the ith group delayed neutron precursor)
＝(the number of the ith group delayed neutron precursors produced by 
fission reaction)
－(the number of the ith group delayed neutron precursors decreased by 
decay).

 Usually, delayed neutron precursors are treated in groups of six, 
therefore, kinetic equations in Eqs. (2―2) and (2―3) are simultaneous 
differential equations of seven unknowns (n, C1 to C6).

2―2―2 Positive Period Method
When step-wise reactivity ρ is inserted into a reactor in the critical state, 
the neutron flux φ(t) after the insertion of the reactivity is expressed as a 
summation of exponential functions as follows:

φ（t）＝Σ
j＝1

7

Aje jt, (2―4)

where Aj and j are constant.  Substituting φ(t) of Eq. (2―4) in Eqs. (2―2) 
and (2―3),3 the equation where j should be satisfied is written as follows:

3 The reactor kinetic equation is usually represented with n(t).  Since Eqs. (2―2) and 
(2―3) are based on the one-group theory, φ(t) is proportional to n(t) as φ(t)＝ n(t), 
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ρ＝ ℓ
1＋ ℓ＋1＋ ℓΣi＝1

6 βi,eff

＋λi
. (2―5)

 This means that j in Eq. (2―4) are the roots of Eq. (2―5).  Fig. 2―1 
illustrates the relation between  and ρ according to Eq. (2―5).  From this 
figure, when positive reactivity ρ (0＜ρ＜1) is inserted into the core, only 
one positive j is obtained and the rest of six j are negative values; this 
means that after the terms with negative j components in Eq. (2―4) vanish, 
the reactor power increases as:

φ（t）≃A1eω1t, (2―6)

where A1 is constant.  The inverse value of 1, T, is written as follows:

T＝
1

1
. (2―7)

T is known as the stable reactor period (or, merely, the period), which 
satisfies the following equation:

ρ＝ ℓ
T＋ℓ＋

T
T＋ℓΣi＝1

6 βi,eff

1＋λiT
. (2―8)

According to Eq. (2―8), for measuring positive reactivity, the positive period 
T should be measured and the reactivity ρ is calculated using Eq. (2―8).  

where  is the neutron velocity.

―1/ℓ ―λ6 ―λ5 ―λ4 ―λ3 ―λ2 ―λ1 ρ

＋1
Positive reactivity

ω
Negative reactivity

ω7 ω6 ω5 ω4 ω3 ω2 ω1

O

ω7 ω6 ω5 ω4 ω3 ω2 ω1

Fig. 2―1 Relation between reactivity ρ and 
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This method is called the positive period method.
 In a thermal reactor, neutron lifetime is approximately less than 10－3s (see 

Sec. 2A of Appendix 2) and the period T that is measured in the experiment 
is more than 10 s; therefore, the first term on the right-hand side of Eq. (2―8) 
can be neglected, and the reactivity can be expressed as follows:

ρ＝Σ
i＝1

6 βi,eff

1＋λiT
. (2―9)

 If it is assumed that the ith group effective delayed neutron fraction βi,eff is 
proportional to βi (the ith group delayed neutron fraction, which is obtained 
from the nuclear data of the fissile nuclide and is independent of the reactor 
type) as:

βi,eff＝ iβi , (2―10)

and, if i is independent of the delayed neutron group as follows:

βi,eff＝ βi , (2―11)

then, the effective delayed neutron fraction can be written as follows:

βeff≡Σ
i
βi,eff＝ Σ

i
βi＝ β. (2―12)

From Eqs. (2―11) and (2―12), the following equation can be derived:

βi,eff

βeff
＝
βi

β≡αi . (2―13)

 This means that βi,eff /βeff is approximated by βi /β which is obtained from 
the nuclear data and is independent of the reactor characteristics.

 From Eqs. (2―9) and (2―13), the following equation is derived:

ρ
βeff
＝Σ

i＝1

6 αi

1＋λiT
. (2―14)

The parameters appearing in this equation are listed in Sec. 2B of Appendix 2.
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2―2―3 Control Rod Drop Method
(1) Extrapolation Method
When the reactor power is maintained at a constant value for a certain 
period of time, the neutron density and delayed neutron precursor density, 
n0 and Ci0, respectively, are constant, and the left-hand sides of Eqs. (2―2) 
and (2―3) are zero; then, the following relation is obtained from Eq. (2―3):

Σ
i
λ iCi0＝Σ

i

βi,eff n0＝
βeff n0 , (2―15)

where  (ℓ＝ ×keff) is the neutron generation time.
 If a control rod whose reactivity is ρ is suddenly inserted into the core, 

Eq. (2―2) can be written as follows:

dn
dt ＝

ρ－βeff n＋
βeff n0 . (2―16)

This is because the delayed neutron precursor densities are constant as in 
Eq. (2―15).  One can easily solve Eq. (2―16) under the initial condition that 
n＝n0 at t＝0 and express n (t) as:

n（t）＝
βeff n0

βeff－ρ
－

ρn0

βeff－ρ
e－

βeff－ρ t. (2―17)

 When ρ＜0, the second term on the right-hand side decreases 
immediately, and n (t) immediately approaches the following value:

n1＝
βeff

βeff－ρ
n0 . (2―18)

 Therefore, reactivity can be obtained by the following equation:

ρ＝
n1－n0

n1
βeff . (2―19)

This method is known as the extrapolation method in the control rod drop 
experiment.
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(2) Integral Counting Method
If one solves Eqs. (2―2) and (2―3) by the Laplace transformation method, 
the following equation is obtained:

n（s）＝n0

＋Σ
i

βi,eff

s＋λi

s ＋sΣ
i

βi,eff

s＋λi
－ρ

. (2―20)

 By using the following well-known relation in the Laplace transformation 
method:

lim
s ↘0

n (s)＝lim
s ↘0∫∞0e－stn（t）dt＝∫∞0n（t）dt,  (2―21)

Eq. (2―20) can be transformed as follows if the limit of s approaches zero:

n0

＋Σ
i

βi,eff

λi

－ρ ＝n0

＋βeffΣ
i

ai

λi

－ρ ＝∫∞0 n（t）dt. (2―22)

n0

n1

Eq.（2―18）n1＝
βeff

βeff－ρ

Extrapolation
line

Eq.（2―17）

n(
t)

0
－10 ０ 10 20 30

n0

Fig. 2―2  Reactor power change after insertion of 
a control rod



50 Chapter 2

 When compared to the value of βeffΣ
i

ai

λi
in the numerator, the neutron 

generation time  in this equation can be neglected.  Reactivity is obtained 
as follows:

－
ρ
βeff
＝

n0Σ
i

ai

λi

∫∞0 n（t）dt
＝ 13.04×n0

∫∞0 n（t）dt
. (2―23)

By determining both n0, which is the count rate before the control rod drop, 
and ∫∞0 n(t)dt, which is the total count after the control rod drop is measured, 
the reactivity of the control rod can be obtained easily, as shown in Eq. (2―
23).  This method is known as the integral counting method in the control 
rod drop experiment.

2―2―4 Compensation Method
In the positive period experiments, a control rod (for example: C1 rod) 
is withdrawn to a certain length to add a positive reactivity, and after 
measuring the positive period, another control rod (for example: C2 rod) is 
inserted into the core to achieve a critical state.  In this case, the absolute 
value of negative reactivity by the C2 rod is the same as the absolute value 
of the positive reactivity by the C1 rod measured by the positive period 
method.  This means that the calibration of the C1 and C2 rods can be 
carried out simultaneously by using the positive period method, which is 
also known as the compensation method for C2 rod calibration.

2―3 Experiments

2―3―1 Core Configuration
An example of the core configuration of the KUCA C-core is shown in 
Fig. 2―3.  As mentioned in Chapter 1 (Approach to Criticality), the KUCA 
core comprises six identical control rods; however, three (C1 to C3) out 
of six rods are used for adjusting criticality, and the remaining three rods 
(S4 to S6) are used as safety rods.  They are used as a backup system for 
emergency shutdown of the reactor, which is achieved by withdrawing them 
from the core.  As shown in Fig. 2―3, since safety rods and control rods are 
located in a symmetrical position with respect to the core centerline, the 
reactivity value of the safety rods is supposed to be the same as that of the 
control rods.
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Fig. 2―3 Core configuration of the KUCA core (horizontal view)

Control rod

Control rod sheath
Aluminum thbe

Cd plate
Support frameFuel frame

Upper limit

1,
22

5

4560

65
0

80
0

15
57

0
60

0
15

6075

Lower limit 5
45

25Grid plate

70
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control rod in KUCA C core (unit: mm)
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Note that before carrying out the control rod calibration experiment, some 
fuel plates are inserted into the core that was constructed in the approach 
to criticality experiment; this is because criticality should be attained with 
one control rod in a lower limit position in order to measure the control rod 
calibration curve of the total stroke of the rod.

2―3―2 Period Method Experiment
The experimental procedure for the positive period method is as follows:

(1) Adjust criticality
(2) Withdraw a designated control rod to a pre-designated distance
(3)  Wait for a prescribed time period for the disappearance of the higher-

order terms in Eq. (2―4)
(4)  Measure the doubling time Td (time to double the power level) with a 

stop watch
(5) Obtain period T by T＝Td/ln2 relationship
(6) Obtain ρ through Eq. (2―8)
(7) Insert another control rod to a specified length to reestablish criticality
(8)  Repeat procedures (1) through (7) until the first rod is in the upper limit 

position, namely, fully withdrawn from the core.

2―3―3 Rod Drop Method Experiment
The experimental procedure for the rod drop method is as follows:

(1) Adjust criticality
(2) Measure the n0 count several times to confirm criticality
(3) Start the MCS (Multi-channel Scalar)
(4)  Stop the supply of electric current to the control rod that is in the upper 

limit position and start measuring the integral count required in Eq. (2―
23)

(5) Stop the counting when the neutron flux level decreases considerably

2―4 Discussion

The following quantities should be summarized:

(1) Control rod reactivity of each rod (C1, C2, and C3)
(2) Integrated and differential calibration curves of measured rods
(3) Excess reactivity of the core
(4) Mass reactivity of each fuel plate
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(5) Shutdown margin of the core

  The following items should be discussed:

(1)  Is there a difference between the control rod values of the rods (C1, C2, 
C3)?  If yes, what is the reason behind it?

(2)  The control rod worth of one particular rod is measured by using 
different techniques.  Are there any differences between the results 
obtained by the different techniques?  If yes, what is the reason behind 
these differences?

(3)  Is the integrated calibration curve the same as the theoretically obtained 
curve?  If there is a difference, what is the reason behind it?

2―5 Preparatory Report

(1)  According to the one-group first-order perturbation theory, when a 
control rod is inserted into the core whose total length is H, the inserted 
reactivity ρ(x) can be expressed using the following equation (see Sec. 
2D of Appendix 2):

ρ（x）＝ρ（H）
x
H－

1
2

sin
2 x
H

,  (2―24)

where the total reactivity value is ρ(H).

Plot the control rod calibration curve by using the above equation.  
This curve is called the integral control rod calibration curve.  Plot the 
differential control rod calibration curve, which is defined as dρ(H)/dx. 
Note that the total stroke of the KUCA C-core is 650 mm, and ρ(H) is 
assumed to be unity (ρ(H)＝1).

(2)  Assuming that C2 is at the lower limit and C3 is at the upper limit, C1 
is used to adjust criticality, as shown in Fig. 2―5.  Subsequently, C2 
is withdrawn to a certain length and C3 is inserted to attain criticality.  
Assuming that C2 rod is withdrawn three times until C2 is fully 
withdrawn from the core, follow the procedure shown in the diagram.
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Appendix 2

2A. Neutron Lifetime
The neutron lifetime of several reactors is listed in Table 2―1.

2B. Delayed Neutron Data and Basic Parameters of KUCA
Delayed neutron lifetime data, as obtained from Eqs. (2―8) and (2―13), are 
listed in Table 2―2.  Prompt neutron lifetime and effective delayed neutron 
fraction of the KUCA cores are summarized in Table 2―3.

Table 2―1 Prompt neutron lifetime of several reactors

Reactor type Thermal reactor 
moderator Reactor name Lifetime (s)

Thermal reactor

Graphite
Heavy water
Heavy water
Light water
Light water

Calder Hall
Douglas Point―1
JRR―2 (JAERI)
KUR (KURRI)

KUCA C45G0 core

1×10－3

6.5×10－4

2.1×10－4

6.7×10－5

5.5×10－5

Fast reactor
Enrico Fermi (USA)

EBR―2 (USA)
Yayoi (U. of Tokyo)

1.4×10－7

8×10－8

2.9×10－8

Table 2―2 Thermal fission delayed neutron data

Delayed neutron group
235U Fission

Decay constant λi (1/s) Fraction (ai＝βi /β)

1
2
3
4
5
6

0.0124±0.0003
0.0305±0.0010

0.111±0.004
0.301±0.011
1.14±0.15
3.01±0.29

0.033±0.003
0.219±0.009
0.196±0.022
0.395±0.011
0.115±0.009
0.042±0.008

β＝Σ
i
βi＝（0.640±0.032）×10－2
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2C. First-Order Perturbation Theory
The effect of a small change in the core parameters on reactivity, such as 
a change in material or core structure, can be expressed by the first-order 
perturbation theory.

 The eigenvalue equation (namely, the neutron balance equation) can be 
written as follows:

Mφ＝
1
k

Fφ, (2A―1)

where M is the destruction operator including leakage and absorption 
reactions, F is the production operator including fission reactions, k is the 
effective multiplication factor, and φ is the neutron flux. In the one-group 
diffusion theory, M and F can be written as follows:

M＝－∇D（r
→
）∇＋ α（r

→
）, F＝v f（r

→
）． (2A―2)

 It is assumed that a small absorbing material is inserted into the core and 
the absorption cross-section changes according to the following equation:

α
'（r
→
）＝ α（r

→
）＋ α（r

→
）. (2A―3)

 The eigenvalue equation of Eq. (2A―1) can be modified as follows:

M'φ'＝
1
k' Fφ' , (2A―4)

M'＝M＋ α , (2A―5)

where prime (‘) indicates modified values.
 Here, adjoint flux φ＋ and adjoint operators M＋ and F＋ are introduced; 

these are defined as follows:

Table 2―3 Constants of KUCA

Core name Prompt neutron life time (s) Effective delayed 
neutron fraction βeff

C45G0
C35G0
C30G0

5.52×10－5

4.92×10－5

4.79×10－5

7.537×10－3

7.611×10－3

7.673×10－3

1.178
1.189
1.199
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M＋φ＋＝
1
k

F＋φ＋, (2A―6)

〈M＋f, g〉＝〈 f, Mg〉, (2A―7)

where < > indicates integration over the entire space and energy, and f and g
are arbitrary functions.  By making the inner product of Eq. (2A―7) and φ＋, 
the following equation can be obtained:

〈φ＋, Mφ'〉＋〈φ＋, αφ'〉＝ 1
k'〈φ＋, Fφ'〉. (2A―8)

 Using Eqs. (2A―6) and (2A―7), the first term on the left-hand side of the 
above equation is modified as:

〈φ＋, Mφ'〉＝〈M＋φ＋, φ'〉＝ 1
k〈F＋φ＋, φ'〉

＝
1
k〈φ

＋, Fφ'〉. (2A―9)

 Therefore, reactivity change Δρ can be expressed as follows:

Δρ＝
1
k－

1
k'＝－

〈φ＋, αφ'〉
〈φ＋, Fφ'〉

. (2A―10)

 Note that no assumptions are made in the above procedures.  However, 
Eq. (2A―10) can be written to accommodate the assumption that the change 
in neutron flux is very small, namely, φ'≒φ.  The formula for this case is:

Δρ＝－〈φ
＋, αφ〉

〈φ＋, Fφ〉
. (2A―11)

This equation does not include neutron flux or adjoint flux after 
perturbation, and is known as the first-order perturbation theory.

 In the one-energy-group theory, the adjoint flux is the same as the 
neutron flux.  Eq. (2A―11) can be written as follows:
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Δρ＝－
∫ΔV
φ（r

→
） α（r

→
）φ（r

→
）dr

→

∫Vφ（r
→
）v f（r

→
）φ（r

→
）dr

→ . (2A―12)

 For simplicity, it is assumed that uniform perturbation is introduced in 
region ΔV.  Reactivity can be written as:

Δρ＝－ α

v f∫V φ（r
→
）2dr

→∫ΔV φ（r
→
）2dr

→ . (2A―13)

2D. Control Rod Calibration Curve
For an application of the first-order perturbation theory, a control rod 
calibration curve is derived.

 It is assumed that a control rod is partially inserted (0≦x≦h) into an 
infinite homogeneous slab core of thickness H without a reflector.  Neutron 
flux distribution can be written as follows:

φ（x）＝Asin
x

H
,　（A: const）. (2A―14)

 Perturbation shown in Eq. (2A―5) is expressed as follows:

α（x）＝ α（0 x h）
0   （h＜x H）

. (2A―15)

 By substituting Eqs. (2A―14) and (2A―15) in Eq. (2A―12), the following 
equation can be obtained:

ρ（h）＝－
α∫h

0
sin2 x

H dx

v f∫H

0
sin2 x

H
dx
＝－ α

v f

h
H
－ 1

2
sin2 h

H
. (2A―16)

 The total reactivity Δρ(H) can be written by h＝H in Eq. (2A―16) as 
follows:

Δρ（H）＝－ α

v f . (2A―17)
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Using Eqs. (2A―16) and (2A―17), reactivity can be obtained as follows:

Δρ(h)＝Δρ（H）
h
H－

1
2 sin

2 h
H . (2A―18)





Chapter 3   Measurement of Reaction 
Rate

3―1 Purpose

Generally, the reactor core is in a critical state and the neutron flux 
distribution depends upon the spatial distribution, which is determined by 
the type and structure of the reactor, the composition and size of the fuel, 
and positioning of the control rods.

 Currently, almost all nuclear power plants around the world are light-
water reactors (LWRs).  The spatial distribution of the fission reaction rate 
in LWRs, which are mostly thermal reactors, is proportional to that of the 
thermal neutron distribution because almost all the reactions are caused 
by thermal neutrons.  It can then be said that the power distribution is 
proportional to the spatial distribution of the thermal neutrons.  Therefore, 
it is possible to obtain the value of reactor power by measuring the relative 
spatial distribution of the thermal neutrons and the absolute value of thermal 
neutrons in suitable positions of the reactor.

 Thermal neutron flux can be measured by using activation detectors, 
ionization chambers, fission counter tubes, and scintillation counters. 
Among these, activation detectors are more convenient to use and they 
measure the thermal neutron flux to a high degree of precision and spatial 
resolution.  The activation detectors are also indispensable for measuring 
the absolute value of thermal neutron flux.

 It should be noted that it is impossible to directly measure the neutron 
flux by any detector, even though the physical value of neutron flux is very 
important for theoretical and experimental studies on reactor physics.  The 
only physical value that can be measured is the “reaction rate,” which is the 
value of the reaction with materials composed of detectors.  It is necessary 
to know the cross sections of the materials composing the detectors, and 
to examine the interaction with the material in neutron yield from the 
theoretical point of reactor physics in order to obtain the neutron flux 
from the reaction rate measured.  In this measurement of reaction rate 
distribution, the best use of both radiation instrumentation techniques and 
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reactor physics theory should be made.
 In this experiment, the following measurements of the water-moderated 

and -reflected core (C-core) of KUCA are carried out by using a gold (Au) 
wire (which is a good activation detector for thermal neutrons):

1) Measurement of reaction rate distribution by using Au in the reactor 
core on the basis of the activation method of gold wire

2) Measurement of the absolute value of thermal neutrons in the reactor 
core on the basis of the activation method of gold foil

 The purposes of this experiment are to:

1) Learn experimentally the basic techniques of the activation method.
2) Study the effect of control rods, reflectors, and structural materials in 

the reactor core on the neutron flux distribution.
3) Obtain knowledge about the neutron spectrum in the reactor core by 

using both gold wire and foil with and without Cd covering, each 
of which can be considered to be an activation detector and spectral 
index.

3―2 Principle

3―2―1 Features of Neutron Activation Detector
The activation detector is presented in this section.  It can generally be 
utilized as a foil or a wire.  The neutron activation foil can measure neutrons 
on the basis of the radiation induced in the foil by interaction with the 
neutrons.  This foil has the following advantages and disadvantages:

 Advantages:
1) The neutron field in the object of measurement is not disturbed and 

the resolution for measuring neutron flux is high, since the quantity 
and size of the foil are small in comparison with the quantity and size 
of other detectors.

2) The precision of measurement is high, when the fission reaction with 
the neutrons and foil is smooth.

3) Measurements on the neutrons can be carried out without the 
requirement of -ray.

4) The equipment used for the measurement of induced radioactivity is 
simple and cost effective.

5) The neutrons over a wide range of detector sensitivity can be easily 
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dealt with, regardless of the value of neutrons.

 Disadvantages:
1) The resolution of neutron energy is not high, since the activation 

reaction is caused by the neutrons whose energy lies within a specific 
energy range.

2) The handling and interpretation of experimental data are complicated, 
since some corrections and calibrations are necessary.

3) Online measurement is difficult, since a considerable time is 
consumed to obtain the results after the irradiation.

4) The precision of measurement is low when the nuclides used are 
those whose activation cross-section data are not fully known.

 The nuclear characteristics of foil materials that are often utilized for the 
measurement of thermal neutrons are shown in Table 3―1:

3―2―2 Measurement of Neutron Flux Using Activation Detector
Assuming that a material of mass M [g] exists in the reactor core, the 
number of atoms Nla of isotope Ia with weight W [wt%] and atomic weight 
A is expressed by using the Avogadro’s number N0 [1/mol] as follows:

NIa＝（ MW
100A）N0 . (3―1)

 The isotope Ia is considered as the activation foil when Ia is activated by 

Table 3―1  Activation materials and nuclear characteristics of a thermal neutron 
detector

Element Absorption
[barn **]

Elastic
[barn]

Isotope
[%]

Number 
density
[1022 /g]

Activation *
[barn]

Radioisotope
[Half-life]

25Mn 13.2±0.1 2.3±0.3 55Mn [100] 1.097 13.2±0.1 56Mn (2.58 h)

29Cu 3.81±0.3 7.2±0.6
63Cu [69.1]
65Cu [30.9] 0.948 4.41±0.20

1.8±0.4

64Cu (12.87 days)
66Cu (5.14 min)

66Dy 940±20 100±
20

164Dy [28.18] 0.1034 2,000±200
800±100

165mDy (1.3 min)
165Dy (140 min)

79Au 98.5±0.4 9.3±1.0 197Au [100] 0.3055 98.5±0.4 198Au (2.698 days)

 *: Neutron velocity 2,200 m/s (for a neutron energy of 0.0253 eV)
**: 1 barn＝ 10－24 cm2
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the neutrons in the reactor core and the radioisotope Ib is generated.

(1) Activation Reaction Rate
For neutrons with energy in the range of E to E＋ΔE [MeV], the number 
of activation reactions from Ia to Ib per unit time, that is, the activation 
reaction rate R(E)dE [1/s] under the condition that there is no distortion of 
neutron flux in the activation foil is expressed as:

R（E）dE＝NIaσIa（E）φ（E）dE, (3―2)

where σIa (E) [cm2] indicates the microscopic cross-section of Ia, and φ (E) 
dE [1/cm2/s] indicates the neutron flux in the position of the activation foil.

 The entire activation reaction rate Ract [1/s] is given as follows:

Ract＝∫0

Emax
R（E）dE＝∫0

Emax
NIaσIa（E）φ（E）dE. (3―3)

 Then, the entire neutron flux Φ [1/cm2/s] and effective microscopic 
cross-section σeff, Ia (E) [cm2] in the position of the activation foil are defined 
as follows:

Φ＝∫0

Emax
φ（E）dE, (3―4)

σeff, Ia＝∫0

EmaxσIa（E）φ（E）dE
Φ

. (3―5)

By using Eqs. (3―4) and (3―5), Eq. (3―3) can be expressed as follows:

Ract＝NIaσeff,IaΦ. (3―6)

 Therefore, during the principle measurement of neutron flux, Φ
can be obtained, when Ract can be fixed by measuring the radioactivity 
(disintegration rate) of isotope Ib, since the value of Nlaσeff,Ia in Eq. (3―6) is 
specifically given to the activation foil if the configuration of neutron flux 
φ(E) is fixed in the reactor core, regardless of the absolute value of the 
neutron spectrum φ(E) [1/cm2/s/MeV].

(2) Saturation Activity
It should be considered that the isotope Ib can not only be generated but 
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also undergo radioactive decay in the activation coil.  By considering 
the production and decay in the foil, the atomic number of isotope Ib in 
microscopic time dt [s] is given as follows:

dNIb（t）＝NIaσeff,IaΦdt－λIb NIb（t）dt, (3―7)

where λIb [1/s] indicates the decay constant, NIb(t) is the number of atoms 
per time t [s], and λIb NIb(t) is the amount of decay per unit time.

 By using Eq. (3―7), the NiIb of isotope Ib after irradiation for Ti [s] under 
the condition that the isotope Ib never existed prior to irradiation can be 
obtained as follows:

NiIb＝
NIaσeff,IaΦ（1－e－λIbTi）

λIb
. (3―8)

 The radioactivity DiIb [1/s] of isotope Ib after irradiation for Ti [s] can be 
obtained as follows:

DiIb＝λIb NiIb＝NIaσeff,IaΦ（1－e－λIbTi）. (3―9)

 The saturation activity D∞[1/s], which refers to the radioactivity of 
isotope Ib generated by irradiation for infinite duration (Ti→∞), can be 
expressed as follows:

D∞＝NIaσeff,IaΦ. (3―10)

 From Eqs. (3―6) and (3―10), the following equation can be obtained:

D∞＝Ract . (3―11)

 Eq. (3―11) shows that the saturation activity is equal to the entire 
activation reaction rate.  Namely, the entire activation reaction rate Ract can 
be obtained by measuring the saturation activity D∞.

(3) Measurement of Saturation Activity and Time Correction for Decay
The isotope Ib generated by the irradiation dies out with time after 
irradiation, and its radioactivity DiIb also decays and decreases.  The 
radioactivity DwIb can be expressed as follows (for the waiting time Tw [s], 
starting from the end of the irradiation till the start of measurement of 
radioactivity):
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DwIb＝DiIb e－λIbTw. (3―12)

 By considering the decay of Ib in the measurement, when radioactivity 
DwIb is measured by a radiation detector with a detection efficiency of  for 
the measurement time of Tc [s], the count Ctotal during the measurement can 
be obtained as follows:

Ctotal＝∫0

Tc DwIb e－λIbt dt＝
DwIb（1－e－λIb Tc）

λIb
. (3―13)

From Eq. (3―12), the average counting rate Cav [1/s] can be obtained in the 
measurement time of Tc as follows:

Cav＝
Ctotal

Tc
＝

DwIb（1－e－λIb Tc）
λIb Tc

. (3―14)

 By measuring Cav, the saturation activity D∞ for Ti [s] of irradiation can 
be obtained from Eqs. (3―9), (3―10), (3―12), and (3―14) as follows:

D∞＝
λIb Tc Cav（1＋α）

（1－e－λIb Ti）e－λIb Tw（1－e－λIb Tc）
, (3―15)

where α indicates the internal conversion coefficient.
 Finally, since the saturation activity is equal to the entire activation 

reaction rate, as shown in Eq. (3―11), the entire neutron flux can be obtained 
as follows:

Φ＝ Ract

NIa eff,Ia
＝ D∞

NIa eff,Ia
. (3―16)

 It is observed that the neutron flux or the entire activation reaction rate 
in the activation foil can be obtained by measuring the saturation activity 
D∞.  Moreover, it is found that saturation activity D∞ can be obtained by 
measuring the average counting rate Cav of radioactivity in the activation 
foil.

 Subsequently, it is not necessary to obtain the absolute value of 
saturation activity D∞ and the value of  when measuring the relative spatial 
distribution of neutron flux or the entire activation reaction rate.
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3―2―3  Measurement of Radioactivity Using Gold (Au) Activation 
Foil

In reactor physics experiments, gold (Au) has been widely utilized as an 
activation foil for measuring thermal neutrons.  Gold in the form of both 
foil and wire has been utilized in this experiment.  For the activation of gold 
foil, the measurement method of the average counting rate Cav is described 
in this section.

 The reasons why gold is widely utilized as the activation foil for 
measuring thermal neutrons in reactor experiments are:

1)  It is well known that Au is 100% composed of 197Au, and the change 
in energy of the cross-section for the reaction 197Au (n, ) 198Au by the 
neutrons approximately conforms to the rule of 1/v for thermal area. 
(Refer to Fig. 3―4).

2)  It is well known that the activation cross-section act (v0) of 197Au is 98.5
±0.4 barn for the neutrons with v0＝2,200 m/s.

3)  The decay pattern of an induced nuclide 198Au generated by the activation 
of 197Au is simple, as shown in Fig. 3―1, and the disintegration rate 
of 198Au can be easily determined.

4)  The half-life of 198Au is 2.698 days, which is suitable for measuring 
radioactivity.

 The induced nuclide 198Au generated by the activation of 197Au transforms 
into 198Hg by β-decay, as shown in Fig. 3―1.  In this decay pattern, 198Au is 
decayed under β-ray having a maximum energy of Eβmax＝0.961 MeV and 
is transmitted to the ground state through the 1st excited state of 198Hg after 
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-ray exposure at 411.8 keV.  Since the half-life in the 1st excited state is as 
short as 22 ps, β- and -ray can be considered to be coincidently emitted 
with the transformation of 198Au to 198Hg.  The 4 β－  coincidence method 
is generally used for the absolute measurement of the activation quantity of 
gold foil in the case of coincident emission of β- and -ray.  This method is 
based on determining the disintegration rate of the source, when β-decay 
occurs and the -ray is emitted in the objects of measurement, even if both 
β- and -ray detector efficiencies are unknown. (4 β－  coincidence method: 
Refer to Sec. 3A of Appendix 3)

 The most accurate method that can be considered to be the absolute value 
of the activation quantity is widely utilized by a HyperPure Germanium 
semi-conductor detector (HPGe detector) of which detector efficiency is 
calibrated beforehand.  The main features of the HPGe detector are that it 
can accurately display energy with a high degree of resolution and obtain 
the disintegration rate of -ray emitted nuclides or the emittance rate of 
-ray photons.  Although this method is not considered to be a method 

for “absolute measurement,” as compared with the 4 β－  coincidence 
method, it is utilized in this experiment for the absolute measurement of the 
activation quantity of gold foil.

 In this experiment, a NaI (Tl) scintillation detector is mainly utilized for 
the relative measurement of the entire activation reaction rate of the gold 
wire.  Note that the basic measurement principle of the NaI scintillation 
detector is the same as that of the HPGe detector, although the composition 
and controls of the measurement system are different.

 By using a multi-channel analyzer (MCA), the pulse-height distribution 
can be measured, the count at peak absorption at the maximum -ray energy 
of 411.8 keV can be obtained, and finally, the activity can be quantitatively 
determined. (Refer to Sec. 3―4 for details.)

 The relationship between Cp and D can be expressed as follows:

Cp＝
D

1＋α
, (3―17)

where Cp indicates the measured counting rate of the absorption peak at full 
energy level, D is the radioactivity (disintegration rate) of the irradiated gold 
foil (gold wire), α (0.041) is the internal conversion coefficient, and  is the 
detection efficiency for the absorption peak with all the energy.  Therefore, 
it is necessary to know the detection efficiency  for the absorption peaks 
corresponding to -ray of maximum energy, in order to obtain the absolute 
value of radioactivity D.
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3―2―4 Detection Efficiency
It is necessary to obtain the detection efficiency  by using a standard source 
in which the activity of the source is rooted.  In case the number of -photon 
or the disintegration rate is rooted in the standard source, the detection 
efficiency  in each case can be obtained as follows:

pi＝
Cpi

Qi
, (3―18)

pi＝
Cpi

Fi Di
, (3―19)

where Cpi indicates the counting rate at the absorption peak corresponding 
to the -ray energy Ei, Qi is the -ray emittance rate [photons/s/4 ] in the 
measurement position of the standard source, Di is the disintegration rate 
[Bq] in this position, Fi is the ratio of -ray emitted with Ei, and i indicates 
the type of -ray at the measurement position.

 The detection efficiency depends on the -ray energy for the objects of 
measurement.  When the detection efficiency for the -ray of energy 411.8 
keV cannot be directly obtained, it is necessary to determine the detection 
efficiency pi by considering the -ray emitted from the standard source with 
energy greater and smaller than 411.8 keV.  for the -ray of energy 411.8 
keV can be obtained by considering pi as the function of Ei and using the 
least-squares method or interpolation.

 The type of standard source can be determined as follows:

(1) Mixed-Nuclide Standard Source
The mixed-nuclide standard source is a source that comprises a combination 
of approximately ten types of nuclides whose energy levels range from 60 
keV to 1.8 MeV.  It is convenient to calibrate the energy of all the ranges 
and detection efficiencies at one time of measurement.  However, since the 
half-life of some nuclides differ from each other, it is necessary to consider 
the complicated procedures for correction of attenuation.

(2) Single-Nuclide Standard Source
The single-nuclide standard source is most widely used in the correction 
of the energy range, which is required when certain nuclides are used.  It is 
necessary to ensure that the position of every nuclide is reproducible.

 Subsequently, the detection efficiency depends on the geometric 
conditions of both detectors and the standard source as well as on the -ray 
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energy.  It is also desirable to identify the geometric conditions with the 
time determined by the detection efficiency when using the standard source, 
and also with the time measured by the irradiated materials.  Note: in order 
to obtain the spatial distribution of radioactivity, it is very important to 
ensure that while measuring the radioactivity of a sample, the detection 
efficiencies of other samples do not change.

3―3  Activation Reaction Rate Contributed by Thermal 
Neutron Flux

The entire activation reaction rate can be defined as the reaction rate of 
neutrons having all the energy in the neutron field.  Thermal neutron flux 
is buried in the entire activation reaction rate.  In this section, a method for 
extracting the thermal neutron flux is presented.  Attention should be paid to 
discussions on theoretical as well as experimental reactor physics.

 At first, the neutron spectrum in the thermal reactor is described and 
concepts of thermal and epi-thermal neutrons and neutron spectrum 
are presented.  Secondly, the determination of activation reaction rate 
contributed by thermal neutron flux is described.  Finally, experimental 
techniques for obtaining thermal neutrons and some corrections based on 
reactor physics theory are described.

3―3―1 Neutron Spectrum in Reactor Core
In the thermal reactor, the neutron spectrum can be divided into three 
regions according to neutron energy as follows:

- Nuclear fission energy region.
- Slowing-down energy region.
- Thermal energy region.

 Nuclear fission neutrons that are generated in the nuclear fuel have their 
own kinetic energy with an energy ranging from approximately 75 keV to 
17 MeV, regardless of the presence of prompt or delayed neutrons.

 As shown in Fig. 3―2, region (i) is formed when the neutrons have been 
moderated by light nuclides in the media of a reactor core, especially in 
the moderators.  The energy range is 1 eV < E < 100 keV, and the change 
in neutron energy is proportional to 1/E, according to the slowing-down 
theory.

 In the final process of slowing-down, the neutrons reach a heat balance 
with media atoms.  In this condition, region (ii) is formed, and the energy 
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range is E < 1 eV.
 Regions (i) and (ii) are especially important in the thermal reactor.  The 

media atoms in these states are assumed to be in an infinite system and 
have a uniform distribution of a fast neutron source.  In region (ii), the 
energy distribution (thermal neutron spectrum) of the thermal neutron flux 
is fixed to the Maxwell-type distribution with a physical temperature of Tm

[K] in the media.  When the scattering cross-section is very large and the 
absorption cross-section is zero, the thermal neutron φM(E) [1/cm2/s/MeV] 
with energy E per unit energy width can be approximately expressed as 
follows:

φM（E）∞E（kTm）－2e
－

E
kTm . (3―20)

 The energy distribution of the thermal neutron flux is shown in Fig. 3―2.  
The energy Ep [eV] at which φM (E) is maximized is expressed as follows:

Ep＝kTm , (3―21)

for instance, when Tm＝20.4 ℃ (293.6 K) and the Boltzmann constant k＝
8.6167×10－5 eV/K, E value can be obtained to be 0.0253 eV by using the 
above equation.  Note that vp (2,200 m/s) corresponds to the most desirable 
velocity with energy Ep.  However, it is impossible to consider thermal 
reactors as pure moderators since the actual thermal reactors comprise 
highly absorptive materials such as the nuclear fuel.

 As shown in Fig. 3―2, the neutron spectrum is distributed in three regions 
as follows:

region(ii)

Neutron energy [eV]

region(i)
1/E

φM(E)

φ
(E

)

1

0.1

0.01
0.001 0.01 0.1 1 10

Fig. 3―2  Outline of neutron spectrum in thermal 
reactor
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1) Thermal energy region (E 0.1 eV) approximated by the Maxwell 
distribution corresponding to a neutron temperature Tn that is higher 
than Tm due to the absorption effect.

2) Region (ii) fixed to the rule of 1/E in E > 1 eV.
3) Transient region (0.1 eV < E < 1 eV) between epi-thermal energy and 

region (ii).

 The combination of region (i) with the transient region can be called the 
epi-thermal region, which is distinct from region (ii) of the thermal region.

 From the above description, the neutron spectrum in a thermal reactor 
can be expressed by considering φ(E) as the neutron flux with energy 
dependence per unit energy width as follows (Ref. 1):

φ（E）＝φth
E

（kTn）2 e
－

E
kTn＋φepi

Δ（ E
kTn
）

E , (3―22)

where φth indicates the thermal neutron flux, φepi is the neutron flux in the 
epi-thermal region, and Δ (E/kTn) is the joining function for the neutron 
spectrum in the transient region.

 The neutron temperature Tn is given as follows, according to Ref. 2:

Tn＝
Tm

1－ a（Tn）
s

, (3―23)

where s indicates the average slowing-down power for the epi-thermal 
neutron in the media of the reactor core.

 As shown in Fig. 3―3, the joining function Δ(E/kTn) shows different 
values depending on the value of s/ a (Tn).  Namely, s/ a (Tn) is zero 
in less than approximately 4kTn, maximum at approximately 8kTn, and 1 at 
more than 15kTn. (Ref. 2)

3―3―2  Activation Reaction Rate Contributed by Thermal 
Neutrons

The measurement of activation reaction rate Rth [1/s] by thermal neutrons 
can be expressed as follows:
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Rth＝∫0

Eth

N（E）φ（E）dE＝N actφth , (3―24)

where Eth indicates the maximum energy of the thermal neutron, N is the 
number of atoms of the activation foil, (E) [cm2] is the activation cross-
section, φ(E) dE [1/cm2/s] is the neutron flux with energy dependence.

 The total thermal neutron flux φth and the average activation cross-
section act for the thermal neutrons in the activation foil can be expressed 
as follows:

φth＝∫0

Eth

φ（E）dE, (3―25)

act＝∫0

Eth （E）φ（E）dE
φth

. (3―26)

(1) Average Activation Cross-Section for Thermal Neutrons
It is necessary to know the value of act in order to obtain the total neutron 
flux φth from the activation reaction rate Rth for the thermal neutrons.  
The activation cross-section  (vp) for vp＝2,200 m/s can be obtained by 
introducing the Maxwell distribution correction of the neutron temperature 
Tn if the activation cross sections of the materials are fixed to the rule of 1/v.  
However, in case the activation cross sections of some materials are not 
fixed to the rule of 1/v, it is necessary to introduce the following correction 
by using the non―1/v correction factor g (Tn):
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Fig. 3―3  Energy dependence of the joining function 
Δ(E/kTn) for energy E
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act＝g（Tn）（ 293.6
Tn

）
1
2 （vp）

2
. (3―27)

 For 197Au, the non―1/v correction factor g (Tn) is presented as a function 
of Tn, as shown in Table 3―2 (Ref. 3).

(2) Principle of Cadmium (Cd) Difference Method
The neutron spectrum is fixed in both the thermal region of the Maxwell 
distribution and the epi-thermal region of 1/E distribution, including the 
transient region.  The boundary energy between the thermal and epi-thermal 
regions is known as the cut-off energy Eet of thermal energy, and it has a 
value of approximately 0.1 eV.

 It is necessary to exclude the effect of epi-thermal neutrons to obtain only 
information about the thermal neutrons, since the activation reaction rate is 
inevitably affected not only by the thermal neutrons but also by epi-thermal 
neutrons when the activation foils are irradiated in the thermal reactor 
core.  For this purpose, it is convenient to use the cadmium (Cd) difference 
method.  The main feature of this method is to utilize the dependence on a 
specific energy of the absorption cross-section of Cd.  It has been widely 
used in thermal reactor cores, and it is very convenient for this experiment.

 The Cd has considerable absorption cross-section for low-energy 
neutrons with considerable resonance absorption around the energy of 0.18 
eV, as shown in Fig. 3―4. Namely, it is necessary to pay attention to the fact 
that the peak value of the absorption cross-section corresponds to the cut-off 
energy Eet≒0.1 eV of the thermal spectrum and that the absorption cross- 
section is very high in the energy region corresponding to the Maxwell 
distribution.

 By using the above characteristics of Cd, the activation foil covered with 
the Cd covers can absorb all the neutrons with energy less than ECd (ECd: 

Table 3―2  The value of non―1/v correction factor 
g(Tn) by neutron temperature Tn for 198Au

Tn [℃] g (Tn)

20 1.0053

40 1.0064

60 1.0075

80 1.0086

100 1.0097
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effective Cd cut-off energy) and can avoid activation by neutrons with 
energy less than ECd.  Namely, it is observed that such a foil between the Cd 
covers can only transmit the neutrons with energy greater than ECd; further, 
these neutrons can activate this foil.

 The activation contributed by the neutrons with energies over the entire 
range occurs in the activation foil that is not covered with the Cd covers 
(bare foil); hence, the activation reaction rate contributed by the neutrons 
with energy greater than ECd can be obtained from the difference between 
the activation reaction rates obtained when using a bare foil and a foil 
sandwiched with the Cd covers.  Moreover, the activation reaction rate 
contributed only by the thermal neutrons can be obtained by introducing the 
correction induced by the difference between ECd and Eet and the correction 
contributed by the thermal neutrons transmitted through the Cd covers.

(3) Effective Cd Cut-off Energy
As mentioned in the previous section, the activation reaction rate of the 
thermal neutron flux can be obtained on the basis of the difference of the 
activation reaction rate of the boundary with the effective Cd cut-off energy 
ECd.  This effective Cd cut-off energy ECd can be defined as follows:

 For energy E, the absorption cross-section a (E) of Cd is assumed to be 
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∞ when E ECd, 0 when E > ECd, and step approximated when E＝ECd.  ECd

is defined on the basis of the assumption that the activation reaction rate 
contributed by the neutron spectrum fixed to 1/E-type distribution in ECd < 
E <∞ is equal to that contributed by the neutron spectrum fixed to 1/E-type 
distribution with the joining function, as shown in Eq. (3―22).

(4) Introduction of Cd Ratio
It can be considered that the activation reaction will occur mostly by the epi-
thermal neutrons with energy E > ECd when the activation foil sandwiched 
with the Cd covers is irradiated.  The Cd ratio (RR)Cd of the reaction rate per 
unit mass is defined as follows:

Cd ratio＝（RR）cd＝
Rbare / Mbare

RCd / MCd
, (3―28)

where Mbare and MCd indicate the masses of the bare gold foil and the foil 
sandwiched with the Cd covers, respectively; and Rbare and RCd are the 
activation reaction rates with bare gold foil and the foil sandwiched with the 
Cd covers, respectively.

 By using this Cd ratio (RR)Cd, the activation reaction rate contributed 
by the epi-thermal neutrons in E > ECd can be expressed as Rbare/(RR)Cd.  
Further, R th by the neutrons in E < ECd can be obtained by deducting Rbare/
(RR)Cd from Rbare as follows:
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Fig. 3―5  Change in effective Cd cutoff energy ECd

by change in thickness of Cd layer for 1/v
absorption
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R th＝Rbare（1－
1

（RR）Cd
）. (3―29)

(5) Correction Factor FCd for Contribution of Thermal Neutrons
The R th shown in Eq. (3―29) indicates the activation reaction rate 
contributed by thermal neutrons with energy less than Ecd.  Since ECd > Eet, it 
is necessary to correct R th for the contribution by the neutrons with energy 
Eet < E < ECd in order to obtain the contribution by the neutrons with energy 
less than Eet.

 For this purpose, it is desirable to introduce the correction factor FCd.  
In the foils, FCd is defined as the ratio of the activation reaction rate Repi

contributed by the epi-thermal neutrons (E Eet) and RCd,epi contributed by 
the neutrons with energy greater than the effective Cd cut-off energy ECd.  
The formula for FCd is given as follows:

FCd＝
Repi

RCd,epi
＝
∫∞Eet

act（E）dE / E

∫∞ECd
act（E）dE / E

＝1＋
∫E

Eet

Cd

act（E）dE / E

∫∞ECd
act（E）dE / E

. (3―30)

 For the 1/v-type activation of a very thin foil, Fcd is expressed as follows:

FCd＝（ ECd

Eepi
）

1
2 . (3―31)

 For instance, a Cd cover of thickness 1 mm for Tn＝293.6 K has the value 
of FCd 2.75.  However, FCd has a low value depending on the thickness of 
both the bare gold foil and the foil covered with the Cd covers, as shown in 
Fig. 3―6, since the activation cross-section of Au has a large resonance peak 
at 4.906 eV, which is greater than ECd, as shown in Fig. 3―4.

(6)  Correction Factor (TR)Cd for Thermal Neutron Permeation through 
the Cd layer

The Cd covers are utilized for avoiding the absorption of thermal neutrons 
by the gold foil.  As shown in Fig. 3―7, the thickness of the Cd cover should 
be considered, since the thermal neutrons permeate through the Cd covers.  
For Rbare of the bare gold foil, the activation reaction rate R th contributed 
by the thermal neutrons is given by using the permeation ratio (TR)Cd as 
follows:
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R th＝
Rbare（1－ FCd

（RR）Cd
）

1－FCd（TR）Cd
. (3―32)

(7) Perturbation by Thermal Neutrons
For determining the activation reaction rate Rbare of the bare gold foil, the 
activation reaction rate contributed by the thermal neutrons in the gold foil 
can be obtained by combining the Cd ratio (RR)Cd, correction factor FCd, and 
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permeation rate (TR)Cd.  Thus, a relationship can be established between the 
activation reaction rate by the thermal neutrons and the thermal neutrons in 
the reactor core.

 In general, the thermal neutron flux distribution is disturbed and is 
reduced inside and immediately around the foil, as shown in Fig. 3―8, when 
the activation foil is placed in the position of thermal neutron flux φth.  This 
phenomenon is known as perturbation.  This is due to a reduction in the 
thermal neutrons around the foil (depression) and also due to a reduction in 
the neutron flux on the surface of the foil (self-shielding).

 The effect of perturbation can be expressed on the basis of the ratio of 
average thermal neutron flux φth in the activation foil and thermal neutron 
flux φth before the reduction.  This ratio is known as the perturbation factor f, 
and it can be expressed as follows:

f＝φth

φth
. (3―33)

 The depression factor f1 can be expressed as follows:

f1＝
φs

φth
, (3―34)

where φs indicates the thermal neutron flux in the surface of the foil.
 The self-shielding factor f2 can be expressed as follows:

f2＝
φth

φs
. (3―35)

 By using Eqs. (3―34) and (3―35), the perturbation factor f in Eq. (3―33) 
can be expressed as follows:

f＝f1・f2 . (3―36)

 The R th in Eq. (3―32) is caused by the average thermal neutron flux φth

in the activation foil, and Rth in Eq. (3―24) is caused by the thermal neutron 
flux φth without the reduction.  The relationship between R th and Rth is 
expressed as follows:
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Rth＝Rth（φth

φth
）＝Q th

f
. (3―37)

 From Eq. (3―37), the objective value of Rth can be obtained by the 
correction of measured Rth  for the perturbation factor f.

 Generally, the depression factor f1 in the water-moderated and -reflected 
core (C-core) of KUCA can be considered as f1  1 when the measurement 
of neutron flux distribution is conducted by using the gold activation 
method; otherwise, it can be considered to be f f2.

 The self-shielding factor f2 can be expressed as follows:

f f2＝
1－2E3（ at）

2 at
, (3―38)

where a [1/cm] indicates the macroscopic absorption cross-section of 
thermal neutrons in the activation foil, a [cm] is the absorption average 
mean free path, and a t (＝t/ a) is the thickness.  Moreover, E3 indicates the 
third exponential function (Ref. 3).  The results of f2 are shown in Fig. 3―9. 
(Refer to Ref. 4 for detailed information regarding f1 and f2)

 Substituting Eqs. (3―32) and (3―37) in Eq. (3―24), the thermal neutron 
flux can be obtained as follows:

φth＝
Rth

N act
＝

Rbare（1－ FCd

（RR）Cd
）

N act f（1－FCd（TR）Cd）
. (3―39)

 It is necessary to obtain the absolute value of Rbare for the thermal 

Foil

Neutron flux before

Neutron flux after

perturbation

the insertion of gold wire

Depression

Self-shielding

φth

φs

φth

Fig. 3―8  Effect of perturbation in thermal 
neutron flux
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neutron flux by using Eq. (3―39).  The absolute value of the disintegration 
rate of the activation foil should also be measured.  In this experiment, the 
measurement is conducted by using the HPGe detector.  Refer to Sec. 3―4 
for detailed explanation of the measurement method.

3―4 Experiments

In this experiment, the bare and Cd-covered gold wires are irradiated to 
measure the relative spatial distribution of the activation reaction rate, and 
the foils installed at the core are irradiated to measure the absolute value of 
thermal neutron flux in the usual core location.

3―4―1 Core Configuration
The irradiated positions of gold wires and foils are described in the 
document entitled “Order of Core Configurations Change Program,” and 
careful attention should be paid to the core configurations (flux and control 
rods) and the irradiated positions of gold wires and foils before conducting 
the experiments.

3―4―2 Equipment and Irradiation of Gold Wires and Foils
(1) Preparation of Gold Wires and Foils
Gold wires

 Both the bare and Cd-covered gold wires are irradiated in the core for 
measuring the relative spatial distribution of the activation reaction rate.  
Before irradiation, the bare gold wire of diameter 0.5 mm and the gold wire 
inserted in the Cd tube (inner thickness: 0.05 and outer thickness: 0.09 ) of 
thickness 0.5 mm are equipped with aluminum (Al) plates.  It is imperative 
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Fig. 3―9  Self-shielding factor f2 for isotropic injection 
of thermal neutrons in an infinite plate foil
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to ensure that water does not seep into the Cd tube during irradiation and 
that both ends of the Cd tube are sealed with a clamp.

Gold foils
 Both the bare and Cd-covered gold foils are irradiated at the typical 

position of the core for measuring the absolute value of thermal neutrons.  
Before irradiation, a bare foil of diameter 10 mm and thickness 0.05 mm 
covered with Al foil and the gold foil sandwiched between the Cd covers 
of diameter 1.4 mm and thickness 0.8 mm are installed with the fuel.  The 
Cd covers are composed of a cover and a plate.  It is imperative to ensure 
that water does not seep into the Cd tube during irradiation and that the gap 
between the cover and plate is completely sealed with duct tape.

(2) Installation of Gold Wires and Foils with the Core
For measuring the spatial distribution of neutron flux in the axial direction 
of the core, the aluminum plates with the bare and Cd-covered gold wires 
are fixed by inserting them in the fuel frame from the upper core or in the 
gap between the fuel frames.  For measuring the spatial distribution of 
neutron flux in the horizontal direction of the core, they are also inserted 
into the gap between the fuel frames.

 The fuel plates with the bare and Cd-covered foils are installed in the 
usual core location.

(3) Neutron Irradiation of Gold Wires and Foils
Neutron irradiation is carried out for approximately 30 min while 
maintaining the indicator value of the linear power meter Lin-N (UIC#5) 
constant so that the dose rate of the -ray area monitor (  AREA-C) is 
approximately 250 μSv/h.  It is then necessary to record the start time of 
irradiation, end time of irradiation, indicator value of the linear power meter, 
dose rate of the -ray area monitor, positioning of the rods, core water level, 
and core temperature.  It is better to confirm the positions of the detectors 
of the linear power meter and that of the -ray area monitor beforehand.  
The power of the C-core is set to the maximum value throughout these 
experiments.

 In KUCA, the positions of detectors may be frequently changed 
according to the contents of the experiments; hence, the indicator value of 
the linear power meter does not always correspond to the absolute value of 
the reactor power.  Therefore, the -ray area monitor that is fixed on a wall 
surface of the core is utilized for attaining the approximate value of the 
reactor power.
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(4) Extraction of the Gold Wires and Foils
The bare and Cd-covered gold wires and foils irradiated in the core are 
pulled out when the radiation dose is decreased in the C-core.  Subsequently, 
it is possible to enter the core (generally, the day after irradiation).  Since the 
radiation dose rate is high at the upper region of the core, it is necessary to 
conduct this procedure quickly and to carefully monitor the radiation dose 
in collaboration with professors.  The exposure dose should be carefully 
monitored while moving the wires and foils to the radiation measurement 
room.

3―4―3 Measurement of Radiation of Gold Wires and Foils
(1) Measurement of Radiation of Gold Wires
(1―1) Cutting the Gold Wires
The irradiated bare and Cd-covered gold wires should be cut into pins of 
length 10 mm.  Each pin is inserted into a capsule and numbered according 
to its position along the wire in order to eliminate any error in the number of 
capsules and positions.  The bare and Cd-covered wires should be carefully 
distinguished.  Further, the wires and capsules should be handled with care 
so that the wires adhere to the bottom of the capsule and not become a mass 
of gold wire when the gold wire is inserted into the capsule.

(1―2) Measurement of Radiation
The -ray (411.8 keV) count can be measured using a -ray detection 
system based on the 198Au in the capsule when the capsules are inserted 
into a polyethylene capsule, which is then inserted into a well-type NaI (Tl) 
scintillation counter, as shown in Fig. 3―10.

Plug

Well-type Nal (T1)

Pb shield

Poly. capsule
PinCapsule

Fig. 3―10  Measurement of activation of sample by a well-type 
NaI (Tl) scintillation counter
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 The -ray spectrum can be analyzed with a multi-channel analyzer 
(MCA).  The -ray peak area value can be obtained by setting the count 
of the -ray peak area corresponding to 411.8 keV as the “ROI” (region of 
interest) of MCA.  The setting of ROI is shown in Fig. 3―11.

 The measurement start time, measurement duration, and counting rate of 
each material in the capsule should be recorded.  Further, the counting rate 
CBG of the background should be also recorded after the measurement.

 From these values, the average counting rate Cav,j and the net counting 
rate Cav,j (＝Cav,j－CBG) of each material j of gold wires can be obtained.

(1―3) Measurement of Mass
The mass Mj of each material should be measured by using a balance.

(1―4) Calculation of Relative Saturation Activity
The value of relative saturation activity D～∞, j can be obtained by substituting 
the net counting rate Cav,j for Cav in the right-hand-side term of Eq. (3―15).  
The irradiation time Ti can be also obtained from the difference between 
the start time and the end time of irradiation, and Tw,j can be obtained from 
the difference between the end time of irradiation and the start time of 
measurement.  Note that by carrying out this relative measurement, the 
requirement of determining the detection efficiency  is eliminated.

(1―5) Relative Spatial Distribution of Neutron Flux
The relative spatial distribution of the activation reaction rate can be 
obtained on the basis of the total neutron flux and thermal rate from (D～∞,j /
Mj)bare and ( D～∞,j /Mj)Cd, which indicate the relative saturation activity per 
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Fig. 3―11  Setting of “ROI” (region of interest) and counting the peak of 
-ray by using the multi-channel analyzer
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unit mass for the position of materials with bare and Cd-covered gold 
wires, respectively.  The spatial distribution of the activation reaction rate 
contributed by the thermal neutron flux can be approximately obtained 
from ( D～∞,j /Mj)bare－( D～∞,j /Mj)Cd , which indicates the difference between 
the saturation activities per unit mass of bare and Cd-covered gold wires, 
respectively, by considering its correspondence to the irradiation positions 
of bare and Cd-covered gold wires.

(2)  Measurement of Radiation of Gold Foil and Determination of 
Thermal Neutron Flux

It is necessary to obtain the absolute value of thermal neutron flux for 
measuring the radiation of the gold foil and determining thermal neutron 
flux.  The procedure of measurement by using the HPGe detector is 
presented in the following section.  The necessity of determining the 
detection efficiency for the absolute value of radiation should be considered.

(2―1)  Determining the Detection Efficiency for -ray of Energy 411.8 
keV

(i)   Familiarize thoroughly with the instructions for setting and operating 
the measurement system.

(ii)   Control the main amplifier gain by using a set-normalized source when 
confirming the -ray spectrum in order to measure the required energy 
range.  It is better to confirm the relationship between the central peak 
channel and -ray energy to decrease the possibility of any mistake in 
reading the peak value.

(iii) Obtain the count of all the energy absorption peaks (peak area) for all 
the set -ray.  Set the “ROI” in the peak area by confirming the -ray 
spectrum of MCA by moving the cursor near an objective peak and 
expanding the -ray spectrum.

(iv) Determine the detection efficiency  for the -ray at 411.8 keV by 
calculating the detection efficiency i for each energy level, as shown 
in Eqs. (3―18) and (3―19), plotting the relationship between the energy 
and the total energy absorption detection efficiency on a logarithmic 
graph paper, and by fitting the linear function.

(2―2) Measurement of Activation of Gold Foil
The count rate Cp at all the energy absorption peaks can be obtained by 
measuring the detection efficiency of -ray at 411.8 keV at the position 
of irradiated foil the same as with the standard source, as is the case with 
the NaI (Tl) scintillator.  Subsequently, the start time and the net time of 
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measurement should be recorded.  Finally, the disintegration rate D can 
be obtained by using Eq. (3―17) for the counting rate Cp of all the energy 
absorption peaks.

(2―3) Measuring the Mass of Gold Foil
The mass M of the gold foil should be measured by using a balance and the 
number N of atoms of Au in the gold foil should be determined.

(2―4) Determination of Thermal Neutron Flux
The absolute value of the activation reaction rate (saturation activity) can be 
obtained by substituting Cav(Cav＝D・ε) in Eq. (3―15) in order to correct the 
time delay for the disintegration rate D.  Further, the measurement position 
of the thermal neutron flux φth can be determined by using Eq. (3―17).

 The Cd ratio (RR)Cd shown in Eq. (3―17), correction factor FCd, 
permeation ratio (TR)Cd, average activation cross-section act, and 
perturbation factor f can be determined as follows:

(a) Cd ratio (RR)Cd

 The Cd ratio (RR)Cd, which can be obtained from Eq. (3―28), can be also 
determined as the ratio of saturation activity per unit mass as follows:

（RR）Cd＝
Cav,bare / Mbare

Cav,Cd / MCd
. (3―40)

(b) Correction factor FCd

 The correction factor FCd can be determined from the thickness of the 
gold foil and that of the Cd covers by referring to Fig. 3―6.

(c) Permeation ratio (TR)Cd

 The permeation ratio (TR)Cd can be determined from the thickness of the 
Cd cover by referring to Fig. 3―7.

(d) Average activation cross-section act

 Since act is considered to be a function of Tn, as shown in Eq. (3―27), the 
neutron temperature Tn can be obtained by using Eq. (3―23).  Subsequently, 
the media temperature Tm, absorption cross-section a(Tn), and slowing-
down power s can be obtained as follows:

・Media temperature Tm

 The media temperature Tm is equal to the temperature of the reactor core.
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・Absorption cross-section a(Tn)
 The absorption cross-section a(Tn) is approximately equal to the 

a utilized in the two-energy-group diffusion calculation in Chapter 1 
(Approach to Criticality); that is, a(Tn)≃ 2a, which is shown in Table 1―3 
in Chapter 1.  It should be carefully noted that the value of 2a is different 
for each fuel composition.

・Average slowing-down power s

 The slowing-down power s is considered to be homogenous in the 
core cell and as the average slowing-down power in the whole core.  It can 
be also obtained from both the volume ratio and slowing-down power of 
certain composition materials (U, H2O, and Al).  Their volume ratios are 
shown in Figs. 4 and 5 of the “General Description of the KUCA Facility”
in this textbook, and the slowing-down power is shown in Table 3―3.

 For determining the volume ratio, the horizontal section of the fuel 
unit cell of length 142 mm and width 71 mm is assumed in the fuel frame 
containing the fuel meat region.  The volume ratio of this section is 
approximately equal to the area ratio of certain materials.

 For determining the volume ratio of U and Al in the fuel meat, the 
volume of U, which is composed of U-Al metal, can be obtained by using 
the values of 9.55 g and 18.7 g/cm3 as the mass and density of U in the fuel 
plate, respectively, and assuming a value for the volume of Al.

 The size of the fuel assembly and the number of fuel plates loaded in the 
unit fuel assembly (maximum number of fuel plates) should be considered 
in detail.

 The average activation cross-section act for thermal neutrons in the 
gold foil can be obtained on the basis of the neutron temperature Tn using 
Eq. (3―27).  The non―1/v correction factor g (Tn) can be obtained by 
interpolation, and the activation cross-section  (vp) of the gold foil for vp＝
2,200 m/s can be obtained by using the value shown in Table 3―1.

Table 3―3  Slowing-down power s of certain 
composition materials (U, H2O, and Al)

Material Slowing-down power s

U 0.003

H2O 1.35

Al 0.0061
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(e) Perturbation factor f
 The perturbation factor f can be obtained by using the macroscopic 

cross-section a through the average activation cross-section act for thermal 
neutrons in the gold foil of thickness t, as shown in Fig. 3―9 or Eq. (3―38), 
when f is assumed to be equal to f2.

3―5 Discussion

As a general rule, the experimental report of each member should be 
prepared as mentioned herein.  However, the method, results of the 
experiments, and the common terms in each group can be shared and copied 
(terms (1) through (4) as follows):

(1) Purpose

(2) Experimental conditions
1)  Core name, core configuration, irradiation positions of the gold foils 

(this can be substituted for the documents on “order” and distribution).
2)  “Run No.” of irradiation, positions of control and safety rods, water 

level, core temperature, indicator value of linear power and -ray area 
monitor, start and end times of irradiation of the gold foils.

3)  Type of -ray detectors utilized for measuring activation and block 
diagram of the measurement circuit.

(3) Measurement data from the activation in the gold wire
 The results of the measurements of the activation in the bare and Cd-

covered gold wires should be arranged by creating a table comprising the 
following criteria:

•Material number of gold wires
• Positions of gold wires in the core
• Start time of the irradiation
• Irradiation time
•Waiting time
•Measuring time
• Count and counting rate of -ray at 411.8 keV
• Count and counting rate of the background
• Net count rate of -ray at 411.8 keV
   (the difference in the counting rates between the -ray and 

background)
• Relative saturation activity
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•Mass of the gold wires
• Relative saturation activity per unit mass (specific saturation 
activity)

(4) Measurement data of the activation in the gold foils
 The results of the measurements of the activation in the bare and Cd-

covered gold foils should be arranged by making a table with the following 
criteria.  It is also better to arrange the results of the measurement of 
activation in the standard source for the determination of detection 
efficiency of -ray at 411.8 keV:

• Positions of gold foils in the core
• Start time of the irradiation
• Irradiation time
•Waiting time
•Measuring time
• Count and counting rate of -ray at 411.8 keV
• Count and counting rate of background
• Net counting rate of -ray at 411.8 keV
   (the difference in the counting rates between -ray and the 

background)
• Relative saturation activity
•Mass of the gold foils
• Relative saturation activity per unit mass (specific saturation 
activity)

(5)  Relative spatial distribution of the activation reaction rate obtained by 
the gold wires

 The relative spatial distribution of the activation reaction rate contributed 
by the entire neuron flux as well as the epi-thermal neutron flux should be 
obtained by plotting the position in the core of the bare and Cd-covered 
gold wire sample j on the horizontal axis and the relative value of saturation 
activity (specific saturation activity) on the vertical axis.  The relative spatial 
distribution should also be obtained by using the approximate value of the 
activation reaction rate contributed by the thermal neutron flux on the basis 
of the difference in the activation reaction rates between the entire neutron 
flux and the thermal neutron flux.

 Subsequently, the spatial distribution should be obtained by calculating 
the ratio of specific saturation activity shown in Eq. (3―40) as the Cd ratio 
of the gold wires.
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(6)  Absolute value of the thermal neutron flux obtained by the gold foil and 
reactor power

 The absolute value of the thermal neutron flux in the irradiation position 
of gold foil and the reactor power according to the procedures of Question [b] 
of “Sec. 3―6” should be obtained on the basis of the results of the activation 
measurement.  The Cd ratio of gold foils and some correction factors should 
be arranged.

(7) Comparison with the results of two-energy-group calculations
 Three kinds of relative spatial distributions of activation reaction rates 

obtained by the experiments should be compared.  The result of the Cd ratio 
of the gold foil should also be examined as follows:

1)  Examine which group is closest to the neutron flux distribution in the 
fast or thermal group, by comparing with three kinds of relative spatial 
distributions of activation reaction rates obtained by the experiments, 
respectively, and that of the Cd ratio of gold wires.  Theoretically explain 
the above examination and be careful of the facts such as (Experiment＝
Reaction rate) and (Calculation＝Neutron flux).

2)  Explain the physical configuration and spatial distribution of the Cd ratio 
in the gold wires and their relation with the results of the two-energy-
group calculations.

3)  Explain the physical configuration and spatial distribution of the Cd ratio 
in the gold foils and their relation with the results of the two-energy-
group calculations.

4)  Examine the differences in the configuration of the activation reaction 
rate of the gold wires by the loading method (x, y, and z axes) of the gold 
wires and determine what causes the differences and the effects of reactor 
composition. (Composition of fuel frame, control and safety rods, and so 
on).

5)  Examine the reason underlying the difference between the experimental 
and calculated results.

3―6 Preparatory Report

Note that in order to prepare this preparatory report, the preparatory report 
in Chapter 1 should be referred to.

 The neutron flux with fast and thermal groups could be expressed in the 
core and reflector regions as follows:
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φ1c（x）＝A cos（μx）＋C cosh（λx）, (3―41)

φ2c（x）＝S1 A cos（μx）＋S2 C cosh（λx）, (3―42)

φ1r（x）＝Fe－ 1r|x| , (3―43)

φ2r（x）＝S3Fe－ 1r|x|＋Ge－ 2r|x| . (3―44)

 The continuity of neutron flux and neutron current J＝Ddφ/dx at 
the core-reflector boundary (x＝a) is utilized as the boundary condition. 
Substituting the boundary condition in Eqs. (3―41) through (3―44), the 
following equations can be obtained when the critical x-direction length is 
set to 2a:

φ1c（a）＝φ1r（a）, (3―45)

D1c
d
dxφ1c（a）＝D1r

d
dxφ1r（a）, (3―46)

φ2c（a）＝φ2r（a）, (3―47)

D2c
d
dxφ2c（a）＝D2r

d
dxφ2r（a）. (3―48)

 The following equations for determining the unknown constants A, C, F, 
and G can be obtained:

A cos（μa）＋C cosh（λa）＝Fe－ 1r a , (3―49)

－A D1c μ sin（μa）＋C D1c λ sinh（λa）＝－F D1r 1r e－ 1r a , (3―50)

S1 A cos（μa）＋S2 C cosh（λa）＝S3 Fe－ 1r a＋Ge－ 2r a , (3―51)

－S1 A D2c μ sin（μa）＋S2C D2c λ sinh（λa）＝－S3 F D2r 1r e－ 1r a－G D2r 2r e－ 2r a .

 (3―52)

 Note that, among the unknown constants A, C, F, and G, only three 
constants are independent.  Therefore, A is set to one.

[a] For setting A＝1,

(1)  Determine the unknown constants C, F, and G by using Eqs. (3―49) 
through (3―52).

(2)  Plot the fast and thermal neutron flux distributions by using Eqs. (3―41) 
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through (3―44).
(3)  Examine the relative neutron flux distributions in the fast and thermal 

groups.
(4)  Observe the large differences between the fast and thermal neutron flux 

distributions in the reflector region.

[b] Activation reaction rate of gold wire can be obtained by using Eq. (3―3) 
as follows:

Ract＝∫0

Emax

N act,Au（E）φ（E）dE, (3―53)

where act,Au (E) indicates the activation cross-section of Au.
 Separate the Ract into fast and thermal components as follows:

Ract＝R1＋R2 , (3―54)

and assume the following equations:

R1＝σact,Au,1φ1 , (3―55)

R2＝σact,Au,2φ2 , (3―56)

where σact,Au indicates the average activation cross-section of Au and φ is 
the average neutron flux.  For setting (σact,Au,2 / σact,Au,1)＝7,

(1)  Calculate R1 and R2 by using the neutron flux distributions with fast and 
thermal groups.

(2) Plot Ract＝R1＋R2 with x (Ract may be normalized to unity at core center).
(3) Observe how the overall configuration of Ract looks like.

[c] In the experiment, the Cd covers are utilized for eliminating the 
activation thermal neutrons.  This means that the calculated R1 corresponds 
to the Cd-covered gold wire and R1＋R2 to the bare gold wire.

(1)  Explain why the Cd could be utilized for eliminating the thermal 
neutrons.

(2) Calculate the Cd ratio (R1＋R2)/R1 and plot it with x.
(3)  Examine why it shows very small variation within the core on the basis 

of the overall configuration of Cd ratio.
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[d] Relationship between thermal neutron flux and reactor power
 A critical assembly comprises a rectangular parallelepiped core with 

three sides equal to a, b, and c [cm] in x, y, and z directions, respectively.  It 
can be expressed as the extrapolation lengths a*＝a＋2 x, b*＝b＋2 y, and 
c*＝c＋2 z on the basis of the assumption that the reflector savings x, y, 
and z [cm] become in x, y, and z directions, respectively.

(1)  Derive the following equation, on the basis of the assumption that the 
thermal neutron flux distribution can be expressed as cosine functions 
in x, y, and z directions, and that an average thermal neutron flux φav

[1/cm2/s] can be regarded as the thermal neutron flux φ0 [1/cm2/s] at the 
center of the core:

φav＝φ0
8a*b*c*

3abc
sin（ a

2a*）sin（ b
2b*）sin（ c

2c*）. (3―57)

(2)  Derive the following equation, namely reactor power P [W], on the basis 
of the assumption that a single fission reaction would occur in unit time, 
for macro fission cross-section f and emission energy :

P＝ f abcφav . (3―58)

[e]  Measurement of thermal neutron flux and determination of reactor 
power by activation foil method of Au foil

 It was assumed that Au wires and foils were irradiated in the center of 
KUCA C-core (C45G0(5) core) and the -ray of energy 411.8 keV emitted 
from 198Au was measured by the HPGe detector after the radiation dose was 
fully decreased.  The Au foil is of diameter 9.5 mm and thickness 0.05 mm, 
the Cd cover is of thickness 0.8 mm, and the detection efficiency of the 
HPGe detector is 28.9% for -ray of 411.8 keV.

 The experimental data are as follows;

• Data of Au foil irradiation
   1) Start time of irradiation: 16:30
   2) Stop time of irradiation: 17:00
   3) Temperature of the core: 23.5 ℃
   4) Indicator value of the linear power meter: 50 W
•Measurement results of irradiated Au foil
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(1)  Obtain the absolute value of saturation activity of both bare Au foil and 
Cd-covered Au foil.

(2) Obtain the value of Cd ratio (RR)Cd

(3) Obtain the value of FCd

(4) Obtain the value of (TR)Cd

(5) Obtain the value of Tn

(6) Obtain the absolute value of average activation cross-section act

(7) Obtain the value of perturbation factor f
(8)  Obtain the absolute value of thermal neutron flux φth in the center of the 

core
(9) Obtain the value of reactor power P [W] by using Question [d]

 In this case, three sides equal to a, b, and c [cm] in x, y, and z directions 
are 28.5, 35.5, and 57.0 cm, respectively.  Any of the reflector savings x, 

y, and z [cm] in x, y and z directions, respectively, corresponds to  of C45 
core shown in Table 1―2.  The macro fission cross-section f corresponds to 
the value obtained by dividing v 2f of C45 core with v＝2.44 shown in Table 
3―1.  The emission energy is 3.2×10－11 J/fission/s.
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Table 3―4 Measurement results of irradiated Au foil

Sample No. Start time of 
Measurement

Measurement time 
[s] Count

BG (Background) 300 316

1 (Bare) 11:30 60 31521

2 (Cd cover) 11:40 180 28846

1 (Bare) 13:30 60 30909

2 (Cd cover) 13:40 180 28215

BG (Background) 300 321
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Appendix 3

3A. Activation Reaction Rate by 4 ―  Coincidence Method
3A―1 Principle of 4 ―  Coincidence Method
The absolute value of D∞ can be obtained by determining the absolute value 
of the disintegration rate D of 198Au generated in gold foil by observing the 
coincidence phenomena of the emittance of β- and -ray and by measuring 
the reaction rates Cβ, C , and Cβ,  of β-ray, -ray, and their coincidence, 
respectively.  In the 4 β―  coincidence method, the 4  gas flow counter is 
often utilized as the detector of β-ray and the NaI (Tl) scintillation counter 
is utilized for detecting -ray.

 The reaction rates Cβ, C , and Cβ,  can be expressed by using the detection 
efficiencies β and  for gold foil sources of these detectors as follows:

Cβ＝D β 1＋（
1－ β）α c

β（1＋α）
, (3A―1)

C＝
D

1＋α
, (3A―2)

Cβ, ＝
D β

1＋α
. (3A―3)

 From these equations, the disintegration rate D can be expressed as 
follows:

D＝
Cβ C

Cβ, 1＋（1－ β）α c

β（1＋α）

, (3A―4)

where the internal conversion coefficient α is 0.041 for -ray of energy 
411.8 keV.

β is given by the measurement values of C  and Cβ,  as follows:

β＝
C
Cβ,

, (3A―5)

and c indicates the detection efficiency of the 4  counter for inversion 
electrons obtained by the -ray emittance of 411.8 keV.  It is determined 
mainly on the basis of the thickness of gold foil, as shown in Table 3A―1.
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 Eq. (3A―4) is simplified by the disintegration system of 198Au, as shown 
in Fig. 3―1, and the specific activation is assumed to be a constant; β and 
are also assumed to be constant regardless of the position of the gold foil.  
For the latter condition, the gold foil is preferable, since a thick gold foil 
reduces the activation.  However, a statistically high degree of precision can 
be maintained by using the 4  counter with maximum geometric efficiency 
for the β-ray detector and a large size NaI (Tl) scintillator for the -ray 
detector by keeping a check on the value of neutron flux density and the 
mass of the gold foil.

 The following corrections for Cβ, C , and Cβ,  should be introduced in 
order to obtain the absolute value of the disintegration rate, as shown in Eq. 
(3A―4):

 a) Correction of the background for Cβ, C , and Cβ,

 b) Correction for resolving time, especially for Cβ

 c) Correction of the random coincidence for Cβ,

 When the resolution time of coincidence circuit is 2 , the random 
coincidence Cch can be expressed as follows:

Cch＝2 CβC , (3A―6)

where it is desirable for Cch to be less than 10% of Cβ, .  Therefore, the 
following equations are preferable:

2 β D2 0.1 β D, (3A―7)

D < 0.1×（ 1
2 ）. (3A―8)

 For example, it is preferable for the value of D to be less than 0.1×{1/(2

Table 3A―1  Detection efficiency of 4  counter for inversion 
electrons obtained by -ray emittance at 411.8 keV

Thickness of gold foil [mg/cm2] c

6 0.975

31 0.880

49 0.820

110 0.610
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×10－6)}＝5×104 Bq (＝1.35 μCi).

3A―2 Absolute Measurement by 4 ―  Coincidence Method
The absolute value of the activation of 198Au in the irradiated bare and 
Cd-covered gold foil can be obtained by the 4 β―  coincidence method.  
The counting rates of the β, , and β  coincidences can be obtained in the 
respective gold foils.  The equipment for the 4 β―  coincidence detector is 
shown in Fig. 3A―1.

 The β-ray detector is a horn 4  counter and comprises a source support 
membrane in the central position holding conductivity with deposition.  It 
also includes gas-flow-type proportional counters at the top and bottom and 
a counter gas (PR gas) flows through the counter.

 The -ray detector is arranged by placing the β-ray detector between the 
two NaI (Tl) scintillation counters that are located at the top and bottom of 
the detector.  The outputs of the β- and -ray detectors are directed to the 
coincidence circuit through a pre-amplifier, main-amplifier, and a single-
channel wave-height analyzer. Cβ, C , and Cβ,  can then be obtained.

 The resolution time  of the β-ray detector is less than 5 μs and that of the 
-ray is less than 0.5 μs.

 Careful attention should be paid when handling the β-ray detector:
 a)  Be careful while inserting and retracting the sample, and while handling 

the source support membrane
 b)  Confirm the impressed voltage of zero of the detector in case of a sample 

change

Scintillation counter ＃1

Sample

Pb shield

Scintillation counter ＃2

Gas outlet

Gas inlet

Fig. 3A―1 4 β―  coincidence detector
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 c)  Be careful while handling the platinum electrode below the source 
support membrane

 The counting rates of the background (Cβ)BG, (C )BG, and (Cβ, )BG in Cβ, 
C , and Cβ, , respectively, should be obtained before and after the start of 
measurements.  Successively measure the number of bare and Cd-covered 
gold foils.  When the total counting rates Cβtotal, C total, and Cβ, total are within 
time Tc after the waiting time Tw, the average counting rates Cavβ, Cav , and 
Cavβ,  are given as follows:

Cavβ＝
（Cβtotal

Tc
）

1－（ Cβtotal β

Tc
）
－（Cβ）BG , (3A―9)

Cav＝（ C total

Tc
）－（C）BG , (3A―10)

Cavβ,＝（ Cβ, total

Tc
）－2（Cβtotal

Tc
）（ C total

Tc
）, (3A―11)

where the counting loss in the measurement systems of β and β may be 
ignored.  Further, 2  indicates the resolution time of the coincidence circuit.

 The average disintegration rate D can be obtained by substituting Eqs. 
(3A―9) through (3A―11) in Eq. (3A―4) and considering Cav as D＝Cav/ .  
Moreover, the saturation activity D∞ can be obtained by substituting Cav in 
Eq. (3―15); finally, the saturation activities (D∞)bare and (D∞)Cd of the bare 
and Cd-covered gold foils, respectively, can be obtained.

3B. Outline of the HPGe Detector
The HPGe detector comprises a single crystal germanium (Ge) of high 
purity, gold finger, clinostat, pre-amplifier, and a dewar of liquid nitrogen, 
as shown in Fig. 3B―1.

(1) Coolant of detector
 The detecting element of the HPGe detector should be completely cool 

when in use, although this detector can be stored at ambient temperature.  
This is because the Ge crystal and the FET of the pre-amplifier can break 
easily when the bias voltage is applied to the detector without sufficient 
coolant or at ambient temperature.  The coolant time of an I-type (inverse 
L-type) detector is approximately 6 to 8 h.  It is preferable to cool within 12 
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h for carrying out a stable measurement.

(2) Supplement of liquid nitrogen
 Liquid nitrogen should be carefully handled so that the temperature of 

the crystal does not inadvertently rise when the amount of liquid nitrogen 
is decreased during the measurement.  Especially, it is important to supply 
the liquid nitrogen in a small dewar during the measurement.  It is then 
necessary to decrease the bias voltage once and continue to supply it again 
in order to avoid a short circuit due to condensation.  After the supplement, 
it is important to apply the bias voltage to the detector after a delay of 
approximately 30 min to 1 h.

(3) Re-cooling the detector
 When the amount of liquid nitrogen decreases and the temperature of the 

Detector Holder

End Cap

Tailstock

LN2 Transfer
Collar

Necktube

Electrical
Feedthroughs

Preamp Housing

Fill/Vent Tubes

Molecular
Sieves

Dewar

Superinsulation Coldfinger

Fig. 3B―1 HPGe detector
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clinostat is higher than that of liquid nitrogen, it is necessary to re-cool the 
detector by completely removing the liquid nitrogen in the dewar, warming 
the clinostat to ambient temperature, and letting them sit for a few hours.

(4) Application of detector bias voltage
 The bias voltage to the HPGe detector should be supplied gradually by 

applying a voltage less than the booster rate of 100 V/s.  A rapid change 
in the bias voltage of the HPGe detector can cause the Ge crystal and the 
pre-amplifier to break, regardless of the change in the booster.  This slow 
booster is common to the pre-amplifier.



Chapter 4  Feynman-α Method

4―1 Purpose

The purpose of the reactor (zero power reactor) noise experiment is to 
measure the fluctuation in the average value of neutron density and to 
determine certain parameters of the reactor.  The reactor noise can be 
analyzed either in the time region or in the frequency region.  For discussion 
in the context of the time region, the Feynman-α experiment is to be 
conducted for estimating the variance-to-mean ratio of the counting rate by 
using a neutron detector.  The reactor noise experiment for the time region 
is known as the neutron correlation experiment.

 The fluctuation of the counting rate can be determined by measuring the 
neutron flux for the time when the automatic control system on the reactor 
core is either in the critical state or the subcritical state.  The index of this 
fluctuation is the variance.  When the neutrons are generated randomly 
and uniformly in the neutron source, such as an Am-Be neutron source or 
cosmic rays, it is well known that the count of neutrons per unit time obeys 
the Poisson distribution law.  The mean of a Poisson distribution is equal to 
its variance, and hence, the ratio of the variance to mean is one.

 Some of the neutrons generated in the neutron source die, and the others 
are born by the fission reactions.  These progeny neutrons are generated 
by a long chain reaction, considering the presence of a chain reaction 
reactor between this uniform and random neutron source and the neutron 
counter.  This chain reaction family increases the variation of the counting 
rate to a value higher than that of the abovementioned Poisson distribution.  
Moreover, the neutrons per unit of fission reaction are statistical, and hence, 
would affect the variation of variance of the counting rates.

 In this experiment, this variance is measured as the ratio of variance to 
the mean, and this variance is compared with the theoretically obtained 
values.  It is also possible to determine what parameters of the reactor core 
can be determined by using this methodology.
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4―2 Variance-to-Mean Ratio in Multiplication System

M refers to the count per measurement time t (gate width), and the 
“variance-to-mean” of M can be expressed as follows:

2
M

M ＝
M 2－（M）2

M ≡1＋Y, (4―1)

where M  indicates the average of the measurements, M 2 is the square of 
the average, and 2

M is the square of standard deviation.  Further, Y is zero in 
the Poisson distribution and indicates excess variation in the multiplication 
system.

 The average of M  and square of the average M 2 can be expressed as 
follows:

M＝Σ
n＝0

∞

nP（n）, (4―2)

M 2＝Σ
n＝0

∞

n2P（n）, (4―3)

where P(n) indicates the probability of precisely counting the value of n per 
unit time t and would be expressed as P (n; t).

 is given in the one-point reactor approximation as follows:

Y（t）＝
v（v－1）
α2 2

f
（1－

1－e－αt

αt ）, (4―4)

: counting efficiency per unit of all fission reactions,
f＝(v f)－1: average lifetime of neutrons up to the fission reaction,

t: time duration of the count,
v: the number of prompt neutrons per fission reaction unit.

v has a p (v) distribution and the average of v  is 2.42 for 235U; v（v－1） in 
Eq. (4―4) is given as follows:

v（v－1）＝Σ
n＝0

∞

v（v－1）p（v）, (4―5)

where the ratio of Eq. (4―5) to （v）2 is called the Diven factor D; for 235U, it 
is determined to be as follows:
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D＝
v（v－1）
（v）2 ＝0.795. (4―6)

4―2―1 Decay Constant α
In the subcritical system, the fission neutrons (2nd neutrons) generated by 
neutrons (1st neutrons) in the source decrease gradually.  This decrease can 
be expressed on the basis of neutron production and loss as follows:

dN
dt ＝

vN
f
－

N
ℓ＝

kp－1
ℓ

N . (4―7)

Careful attention should be paid to the prompt neutrons. ℓ, which indicates 
the neutron lifetime and the multiplication rate kp of prompt neutrons, is 
expressed as follows:

kp≡
v-ℓ

f
. (4―8)

 By integrating Eq. (4―8):

N＝N0e
kp－1
ℓ ℓ
≡ N0e－αt, (4―9)

and the decay constant α can be expressed as follows:

α≡
1－kp

ℓ
. (4―10)

Fig. 4―1 Configuration of p（v―v-）
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 As shown in Appendix 4, the decay constant α can be expressed by 
considering the counting loss as follows:

α＝v［Σc＋（1＋ ）Σf －vΣf］. (4―11)

The neutron lifetime ℓ can be expressed as follows:

ℓ＝
1

v Σc＋（1＋ ）Σf
＝ f c

f＋（1＋ ）c
, (4―12)

where c(＝(vΣc)－1) indicates the average lifetime up to neutron capture.

4―2―2 Υ Value Expressed by Reactivity
In the reactor core, the Y value is given as follows:

Y（t）＝
v（v－1）
（v）2

（1－β）2

（β－ρ）2（1－ 1－e－
β－ρ
ℓ

t

β－ρ
ℓ t ）, (4―13)

where β indicates the delayed neutron fractions among all the fission 
neutrons and ρ is the reactivity.  The multiplication rate kp and the decay 
constant α can be expressed by using the multiplication factor k and 
reactivity ρ (＝(k－1)/k), respectively, as follows:

kp＝k（1－β）＝
v-ℓ

f
, (4―14)

α＝
β－ρ
ℓ（1－ρ）≃

β－ρ
ℓ

. (4―15)

4―2―3 Υ Value
When ρ＝0, β＝0.0064, v（v－1）/（v）2＝0.795, and the gate width t is 
considered to be ℓ/（β－ρ）, the Y value is 0.7×104 .  On the basis of this 
value, the counting efficiency should be more than 10－4 (Count/Fission).

4―2―4 Asymptotic Behavior of Υ Value
For the measurement of , it is necessary to have the measurement value 
fit Eq. (4―4) or (4―13) on the basis of the least squares method in order to 
determine the decay constant α and the reactivity ρ.  However, α can be 
approximately inferred by increasing t or the asymptotic behavior for t＝0 
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as follows:

（1－
1－e－αt

αt ）→1, for t→∞, (4―16)

（1－
1－e－αt

αt ）→ 1
2
αt, for t→0. (4―17)

 The  value is saturated for t→∞, and this is defined as sat.  For t→0, 
the  value can be brought to be asymptotically close to a certain value by 
dividing it by t.

 As shown in Fig. 4―2,  (t) increases beyond sat when the effect of 
delayed neutrons is considered, while it is asymptotically close to sat for t
→∞ when only the effect of prompt neutrons is considered.

4―2―5 Υ Value in a Critical System by Delayed Neutrons
The following equation can be obtained in Eq. (4―13) for ρ＝0:

Yc（t）＝
v（v－1）
（v）2 （ 1－β

β ）2（1－
1－e－

β
ℓ

t

β
ℓ t ）. (4―18)

 By dividing the saturated value c, sat by sat in a subcritical system, the 
following equation can be obtained:

Yc,sat

Ysat
＝（

β－ρ）2

β2 ＝（1－
ρ
β ）

2
. (4―19)

 From this equation, either β or ρ can be obtained or the reactivity can be 
expressed by a dollar unit.

Fig. 4―2 Results of （t） for gate time

Effect of delayed neutrons
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4―2―6 Relationship between Power and Υ Value
The fission reaction rate and final reactor power can be obtained by 
considering the following detection efficiency  obtained from the measured 
values of both β/ℓ and ρ/β and D and β:

＝ （Average count rate）
（All fission reaction rate）

. (4―20)

4―3 Experiments

4―3―1 Experimental Equipment
The 1st neutron source is Am-Be (2 Ci). (5×106 n/s)

 Either a 3He- or BF3-proportional counter is utilized as the neutron 
detector.  The detectors are utilized in combination with a pulsed count-rate 
analyzer (PRA) and a multi-channel analyzer (MCA), as shown in Figs. 4―3 
and 4―4.

 The histogram F (n; t) of the value of n for the gate width t [s] can be 
obtained by using the abovementioned experimental equipment.  The Y(t) 
can be easily obtained by using the following equations:

- Total number of gates:

nT＝Σ
n＝0

∞

F（n; t）, (4―21)

- Probability density function:

P（n; t）＝
F（n; t）

nT
, (4―22)

- Average count:

M＝
1
nT
Σ
n＝0

∞
nF（n; t）, (4―23)

- Square average of the count:

M 2＝
1
nT
Σ
n＝0

∞
n2F（n; t）. (4―24)
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Fig. 4―3 Flow chart of the pulsed count-rate analyzer (PRA)
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4―3―2 Experimental Methods
(1)  Measurement of the counting histogram distribution of a Poisson 

distribution
The distribution of the neutron count per gate unit in a gate width of 10 
ms should be measured by inputting the signal from the 3He-proportional 
counter that is set near the Am-Be neutron source storage of the pulsed 
count-rate analyzer (PRA). (Measurement time: 100 s.)

(2)  Measurement of the histogram distribution count and Υ(t) in the 
core

First, the criticality point of the core should be confirmed.  Choose the 
four points (Subcriticality I, II, III, and IV) of the subcritical control rod 
positions in the experiments and infer the reactivity from the control rod 
calibration curve.  The following procedures 1) through 8) should be 
conducted by the operators:

1)  The calibrated control rods are inserted in the core up to the subcritical 
state.  The distance between the outer neutron source and the core should 
be controlled to the same power level in Subcriticality I, II, III, and IV.

2) Set the gate width t of a fixed time width, as shown in Table 4―1.
3)  Set the operation time (measurement time) of the multi-channel analyzer 

(MCA) according to the gate width, as shown in Table 4―2.

Fig. 4―4 Measurement system

Computer
Multichannel

Analyzer
(MCA) Pulsed count rate analyzer

(PRA)

Timer
controller

Control room

Reactor room

Meas.
system

Scalar

Reactor
core

D
et

ec
to

r

N
eu

tr
on

 s
ou

rc
e

3He
BF3



109Feynman-α Method

4)  Prepare the scalar for monitoring the entire operation of neutron counting 
N of the detector.  Set the measurement time by the scalar shown in 
Table 4―2 after “resetting” both the scalar and MCA, and start them 
simultaneously.

5)  Record the number of data, detector number, core system, the value of t, 
and so on.

6)  After counting, reserve the data by MCA and record the entire neutron 
count (N).

7) Repeat procedures 2) through 6) for each gate width shown in Table 4―2.
8) Repeat procedures 1) through 7) for each subcritical state of the core.

(3) Measurement of Υ (t) in the delayed subcriticality of the core
The  (t) of the self-stable state, excluding the neutron source, can be 
measured even in the delayed subcriticality state.  Subsequently, the delayed 
neutron precursor can be considered as the neutron source.  In fact, since it 
is difficult to determine the criticality state at a low level, α and  (t) can be 
determined by extrapolation.

4―3―3 Data Processing
Electronic calculators and computers should be used to process data.  
Obtain the variance, mean, and  (10 ms) by using the electronic calculators 
and printing the data (Subcriticality I, II, III, and IV) for the time width of 
10 ms.

 The data processing for periods other than 10 ms in each group should 
be conducted by using computers.

Table 4―1 Setting of time width

Subcriticality Gate Width (Time Width) t (s) Group

I 1, 2, 3, 5, 7, 10, 20, 30, 50, 70, 100, 150

II 1, 2, 3, 5, 7, 10, 20, 30, 50, 70, 100

III 1, 2, 3, 5, 7, 10, 20, 30, 50, 70, 100

IV 1, 2, 3, 5, 7, 10, 20, 30, 50

Table 4―2 Setting of measurement time by multi-channel analyzer (MCA)

Gate width (ms) 1 2 3 5 7 10 20 30 50 70 100 150

Frequency (Hz) 1000 500 333 200 143 100 50 33 20 14 10 6.7

Time (s) 10 20 30 50 70 100 200 300 500 700 900 1000
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1)  Select the Poisson distribution shown in (1) of Sec. 4―3―2 and the 
counting histogram distribution on certain gate widths, as shown in (2) 
of Sec. 4―3―2.  Further, plot the same average Poisson distribution by 
using the above distributions.  Note that the Poisson distribution can be 
obtained mathematically.

2)  Plot  (t) obtained by (2) of Sec. 4―3―2 on the vertical axis and the gate 
width on the horizontal axis.

3)  Obtain the sat and α of each subcriticality state. α can be obtained by 
using the gradient 1/2α sat, which approaches zero at  (t), or by using Z0

obtained from Eq. (4―26).
4)  Obtain the c,sat in the critical state by extrapolating sat in the four 

subcriticality states.  In this case, it is convenient to use {(1－ρ)/β}2

obtained by the control rod calibration curve on the vertical axis and 
sat
－1 on the horizontal one.  Compare it with the result of (3) of Sec. 4―

3―2.
5)  Compare the control rod calibration curve with the reactivity ρ/β in the 

four subcriticality states.
6)  Plot (β－ρ)/β (both obtained in the above five steps) and the control rod 

calibration curve on the vertical axis and α＝(β－ρ)/ℓon the horizontal 
axis. αc＝β/ℓcan be obtained from this procedure.  Determine the neutron 
lifetimeℓby using β (effective value) by referring to Table 2―6.

7)  Obtain the power in each subcritical state.  It is desirable to compare it 
with the results of the activation detection method in Chapter 3 and the 
method of calibration of the power output meter.

4―4 Discussion

From the results of this experiment, several reactor parameters from the 
variance-to-mean value can be obtained.  The reports and discussions are 
presented in the following sections.

1. Reports
(1)  Present the measurement condition and results obtained from (1) 

through (7) in Sec. 4―3―3.
(2)  It is preferable to use not only the value of  but also that of Z for data 

processing by the Feynman-α method.  Z can be obtained as follows:

Z≡
M 2－（M）2－M
（M）2  or Z≡

Y
M

, (4―25)
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where M  is equal to Ft. F indicates the average fission reaction rate 
and F is the counting rate per minute. Z obtained from the data should 
be compared with that obtained from the Y plot.  It is very interesting to 
observe the result Z0 for t→ 0 as follows:

Z0＝
v（v－1）
2α2

f F
＝

v（v－1）
2α2（v）2ℓ2 F ＝

1
2
α

Ysat

F
. (4―26)

 From Eq. (4―26), it can be observed that Z0 is a specific value for the 
core by disregarding the counting efficiency and adding the fission reaction 
rate F, compared with sat.
α should be obtained by using Eq. (4―26) and the data of (2), as obtained 

in Sec. 4―3―3.
(3)  List the reactor constants obtained from the Feynman-α experiment.  

It is desirable to clearly understand which of the experiments can be 
carried out to obtain the experimental results.

 [Example] Factors affecting the counting procedure:
(1) Dispersion of counting rate
(2) Degree of criticality in the system
(3) Efficiency of detectors
(4) Dependence on the removal rate of neutrons in the system

 Experimental results
(1) sat

(2) Gradient for t→0
(3) Counting rate

2. Discussion
(1)  It has been shown that the variance in the critical state has a divergence.  

However, the Feynman-α experiment can be also carried out in the 
delayed subcritical state, and the reason underlying this should be 
theoretically explained; for instance, the feasibility of carrying out the 
Feynman-α experiment, when the gate width is more than 10 ms, should 
be explained.

(2)  Any differences in the results obtained by using the least squares method 
of fitting the  curve for gate width t in the Feynman-α experiment 
should be noted.

(3)  The equations in the Feynman-α method should be derived by 
considering the delayed neutrons shown in Appendix 4, and it is noted 
that the solution of kinetic-inverse equations is required.



112 Chapter 4

References

1. M. Otsuka, Nuclear Reactor Theory, Kyoritu Shuppan (1972). (in 
Japanese)

2. A. Furuhashi and T. Iijima, J. Nucl. Sci. Technol., 16, 117 (1974).
3. K. Saito, JAERI 1187 (1970).
4. M. M. R. Williams, Random Processes in Nuclear Reactors, Pergamon 

Press, (1974).
5. R. E. Uhrig, Random Noise Techniques in Nuclear Reactor Systems, 

Ronald Press, (1970).
6. J. A. Thie, Reactor Noise, Rowman and Littlefield, (1963).
7. E. D. Courant and P. R. Wallace, Phys. Rev., 72, 1038 (1947).
8. F. de Hofmann, The Science and Engineering of Nuclear Power, (1948).
9. R. P. Feynman, F. de Hofmann, and R. Serber, J. Nucl. Energy, 3, 64 

(1956).
10. R. W. Albrecht, Nucl. Sci. Eng., 14, 153 (1962).
11. Y. Gotoh, J. Nucl. Sci. Technol., 1, 11 (1964).
12. E. F. Bennett, Nucl. Sci. Eng., 8, 53 (1960).
13. A. Furuhashi and S. Izumi, J. Nucl. Sci. Technol., 4, 99 (1967).
14. R. W. Albretcht, IRE. Trans. Nucl. Sci., 1, (1962).
15. S. Okajima, M. Narita, and K. Kobayashi, Ann. Nucl. Energy, 14, 673 

(1987).
16. G. R. Keepin, Physics of Nuclear Kinetics, Addison Wesley, (1964).



113Feynman-α Method

Appendix 4

4A. Derivation of Equations for Feynman-α Method
In this section, the derivation of Eq. (4―4) shown in Sec. 4―2 is presented by 
using several methods such as:

(1) Feynman method (de Hoffmann) 5, 8, 9, 15

(2) Kolmogorov method (Courant-Wallace 1, 3, 4, 7 and Pal-Bell 2, 3)
(3) Langevin method (Moore-Cohn 1, 3)
(4) Power spectrum

 In this section, the Kolmogorov Method is used for the derivation.

 The P (N, M; t) is the probability given by counting M in the time 
distance (0, t) to the counting detectors.  The change in the probability P (N, 
M; t) after Δt (s) is expressed as follows:

P（N, M; t＋Δt）=P（N－1, M; t）×SΔt

＋P（N＋1, M; t）×（N＋1）v cΔt

＋Σ
n＝0

∞

P（N＋1－n, M; t）×p（n）×（N＋1－n）v f Δt

＋P（N＋1, M－1; t）×（N＋1）v f Δt

＋P（N, M; t）× 1－S－（v f ＋v c＋ v f）N Δt

＋O（Δt）, (4A―1)

where the phenomena with these above terms in Eq. (4A―1) would occur 
exclusively, and the two coincident phenomena are assumed to be less than 
the order of Δt. S indicates the average number of neutron source emitted 
per unit time and v f≡ f

－1, v c≡ c
－1, and v f≡ f

－1 are the fission rate, 
absorption rate, and detection rate, respectively.

 For t→0, the differential difference equation to P (…, t) is given as 
follows:

dP（N, M; t）
dt ＝S P（N－1, M; t）－P（N, M; t）

＋v c（N＋1）P（N＋1, M; t）－v c＋（ +1）f NP（N, M; t）
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＋ v f（N＋1）P（N＋1, M－1; t）＋v fΣ
n＝0

∞

p（n）（N＋1－n）P（N

＋1－n, M; t）. (4A―2)

 It is convenient to use the following probability generating function F (x, 
z) so that the low-order moment can be obtained:

F（x, z）＝Σ
N＝0

∞

Σ
M＝0

∞

xNzMP（N, M; t）, (4A―3)

f（x）≡Σ
n＝0

∞

xnp（n）. (4A―4)

 Multiplying Eq. (4A―2) by xN zM and summing N and M, the following 
equation can be obtained:

F
t ＝（x－1）SF＋［v c（1－x）＋v f  f（x）－x＋ v f（z－x）］

F
x

.

(4A―5)

 The probability generating function is presented as follows:

F（x, z; t）｜x＝z＝1＝Σ
N＝0

∞

Σ
M＝0

∞

P（N, M; t）＝1, (4A―6)

F（x, z; t）
x ｜x＝z＝1

＝Σ
N＝0

∞

Σ
M＝0

∞
NP（N, M; t）＝N , (4A―7)

F（x, z; t）
z ｜x＝z＝1

＝Σ
N＝0

∞

Σ
M＝0

∞
NP（N, M; t）＝M , (4A―8)

2F（x, z; t）
x2 ｜x＝z＝1

＝Σ
N＝0

∞

Σ
M＝0

∞
N（N－1）P（N, M; t）＝N 2－N , (4A―9)

2F（x, z; t）
x z ｜x＝z＝1

＝Σ
N＝0

∞

Σ
M＝0

∞
NMP（N, M; t）＝NM , (4A―10)

2F（x, z; t）
z2 ｜x＝z＝1

＝Σ
N＝0

∞

Σ
M＝0

∞
M（M－1）P（N, M; t）＝M 2－M .  (4A―11)

 By using the above equations, the 2nd order of moment, modified 
variance, and co-variance can be obtained as follows:



115Feynman-α Method

- Factorial accumulation of neutrons:

μNN≡N 2－（N）2－N＝ 2
N－N , (4A―12)

- Factorial accumulation of the counting:

μMM≡M 2－（M）2－M＝ 2
M－M , (4A―13)

- Co-variance:

μNM≡（N－N）（M－M）＝NM－M N . (4A―14)

 The average values can be obtained as follows:
- Average number of neutron generation:

v＝
f（x）

x ｜x＝1
＝Σ

n＝0

∞
nP（n）, (4A―15)

- 1st factorial moment of the average neutron generation rate:

v（v－1）＝
2f（x）

x2 ｜x＝1
＝Σ

n＝0

∞
n（n－1）P（n）. (4A―16)

 As a result, the following series of equations can be obtained:

dN
dt ＝v（v－1－ ） f－ c N＋S,

or
dN
dt ＝

kρ－1
ℓ

N＋S,

dN
dt ＝－

αN＋S. (4A―17)

 The reactor kinetics equation for prompt neutrons can be obtained as 
follows:

kρ≡
v f

c＋（1＋ ） f
≡k（1－β）, (4A―18)
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ℓ≡
1

v c＋（1＋ ） f
, (4A―19)

α≡－v（v－1－ ） f－ c . (4A―20)

 The average counting M  in gate width t is determined in accordance with 
the following equation:

dM
dt ＝ v f N . (4A―21)

μNN, μMM, and μNM are determined by using the following equations:

dμNN

dt ＝2μNNv（v－1－ ） f－ c ＋v f N v（v－1）, (4A―22)

dμMM

dt ＝2 v f μNM , (4A―23)

dμNM

dt ＝
μNMv（v－1－ ） f－ c ＋ v f μNM . (4A―24)

4A―1 Steady State
Both reactivity and the outer neutron source are held constant, since the 
Feynman-α experiment is carried out in a steady state of a delayed critical 
or subcritical system.

 The N  and μNN in the steady state are obtained by using Eqs. (4A―17) and 
(4A―22) as follows:

N＝
Sℓ

1－kP
＝

S
α

, (4A―25)

μNN＝
v（v－1）v f N

2v c－ f（v－1－ ）＝
v（v－1）v f

2α
N.  (4A―26)

 The objective equation of the Feynman-α method is given as follows:

M 2－（M）2

M ＝1＋
μMM

M ≡1＋Y. (4A―27)

 can be obtained by substituting M  and μMM given in Eqs. (4A―21) and 
(4A―23), respectively, in Eq. (4A―27).
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 For applying a Laplace transformation to Eqs. (4A―23) and (4A―24), the 
matrix expression can be obtained by considering the initial value to be zero 
as follows:

（s
0
－2 v f

s（s＋α））（μ~MM（s）
μ~NM（s））＝（ 0

v f μNM
）. (4A―28)

By solving Eq. (4A―28), the following equations can be obtained:

μ~MM（s）＝
2 2（v f）2μNN

α
1
s2 －

1
αs＋

1
α（s＋α）

, (4A―29)

μ~NM（s）＝
v f μNN

α
1
s－

1
s＋α

. (4A―30)

 The following equation can be obtained by applying an inverse-Laplace 
transform to Eq. (4A―29) and substituting μNN, which is shown in Eq. (4A―
26), in Eq. (4A―29):

μMM（t）＝
N 2（v f）3v（v－1）

α 2 t（1－
1－e－αt

αt ）. (4A―31)

 By using Eq. (4A―27) and an integration value M＝ v f N t given by Eq. 
(4A―21), Eq. (4―4) can be expressed as follows:

Y（t）＝
μMM

M ＝（
v f）2v（v－1）

α 2 （1－
1－e－αt

αt ）. (4A―32)

4A―2 Consideration of Delayed Neutrons
When the delayed neutrons can be considered for up to the six-energy-
group, the following equation can be obtained by using the same 
methodology as that of the above procedures:

μMM

M ＝Σ
i＝1

7
Yi（1－

1－e－α,t

αit ）. (4A―33)

1 is equal to the  shown in Eq. (4A―32), and the general expression is 
given as follows:
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Yi＝2
v（v－1）
α i（v）2 AiG（αi）, (4A―34)

where α i indicates the solution s＝－α i of a “within-an-hour” equation 
and G (s) is a transfer function of the zero power reactor.  α 1 is the prompt 
neutron decay for the gate width t, and it is expressed as follows:

1
α1
＝t＝

1
α2

. (4A―35)

The above experiment can be possibly carried out by considering only the 
first term (i＝1), shown in Eq. (4A―33), while the experiment cannot be 
carried out because of a divergence of 7 for α7＝0 in the delayed criticality.

4A―3  Initial Correlation Correction, Spatial Dependence, and Fission 
Counter

 When the neutron density is small and the effect of the neutron source 
is large, the effect of spatial higher-mode would be strong for the core.  
However, it is necessary to multiply the spatial correction factor g (1.1―
1.3) 2,15 considering the effects of spatial distribution of the neutron source, 
even when the fundamental-mode neutron flux can be approximately 
obtained in a low-subcriticality state.  This correction is important especially 
for the measurement of reactor power.  However, this correction is too 
small3 for using a fission counter, although the correlation by the detection 
of a second neutron would be added.



Chapter 5  Pulsed Neutron Source Method

5―1 Purpose

The pulsed neutron source method is a technique for measuring the time 
change in neutron density in a system in which pulsed neutrons are generated 
by an accelerator and injected into either a moderated or multiplication 
system.  This method is considered as one of the basic measurement 
techniques for obtaining several integrated reactor physics parameters.

 In this experiment, the measurement of negative reactivity is carried 
out in the multiplication system by using the pulsed neutron method.  The 
purpose of this experiment is to learn the fundamentals and experimental 
techniques of the pulsed neutron method.

5―2 Principle

In this section, the time change in neutron density in the multiplication 
system, when the high-energy neutrons are injected into the multiplication 
system below criticality, is presented quantitatively.  Also, physical 
consideration is presented theoretically for the relationship1 between the 
decreased neutron density and the reactivity in the system.

 When the high-energy neutrons are injected in the system, all the 
neutrons are emitted at the time interval (10 μs order) of neutron burst and 
are diffused throughout the system.  For carrying out these procedures, 
the neutrons are moderated repeatedly through collisions with nuclei.  
The time in which the high-energy neutrons are moderated to thermal 
neutrons depends on the energy and slowing-down power of the injected 
neutrons.  Namely, the start-up time depends on the neutron burst width 
and the average slowing-down time required for moderating the energy of 
the injected neutrons to that of the thermal neutrons, although the thermal 
neutron density in the system is considerably large after the neutron burst.  
Note that this holds for the case in which the neutron moderation time is 
shorter than the average lifetime of the thermal neutrons to a greater extent.

 By following the abovementioned procedure, the thermal neutrons are 
diffused in the system, and they either get absorbed inside the system or 



120 Chapter 5

leak outside.  However, in the multiplication system, the neutrons absorbed 
in nuclear fuel produce some new fast neutrons by fission reactions.  Since 
delayed neutrons are reserved in a corresponding precursor and the decay 
time ratio is very small in the time region for a measuring object, it is 
important to consider the prompt neutrons.  The prompt neutrons generated 
by the fission reaction are moderated to the thermal neutrons.  They are then 
absorbed inside or leak outside the system.  In this subcritical system, the 
number of thermal neutrons in the system decreases exponentially, and this 
decay constant is related to the reactivity in the system.

 As shown in Fig. 5―1, the time change in the thermal neutron density 
of the system after the injection of high-energy neutrons into the system is 
presented as follows:

(Region I)
 The thermal neutron density increases by moderating the neutron source 

injected into the thermal neutrons.

(Region II)
 The neutron spectrum reaches equilibrium and the spatial distribution in 

the higher-mode decreases.

(Region III)
 The thermal neutron density exponentially decreases in accordance with 
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Fig. 5―1  Change in thermal neutron density after 
injection of pulsed neutrons
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the specific decay constant.  This decay is caused by the prompt neutrons.

(Region IV)
 The thermal neutron density in this region is smaller than that in Region 

III and decreases gradually.  The change in thermal neutron density of 
Region IV is caused mainly by the delayed neutrons, and this decay depends 
on the average lifetime (less than 12 s) and amplitude of the reactivity of the 
system.

 The characteristic of Region III is an exponential decrease in the thermal 
neutron density.  Namely, in this region, neutron production is caused 
only by the prompt neutrons, since the contribution of delayed neutrons 
is relatively low.  The ratio of the contribution is constant, and it can be 
expressed as follows:

kp＝（1－β）k, (5―1)

where kp is the prompt neutron multiplication coefficient, k is the 
multiplication factor including the delayed neutrons, and β is the effective 
delayed neutron fraction.

 The rate of change in the neutrons of the system is given as follows, in 
accordance with the generation of pulsed neutrons:

Δn
n ＝（1－β）k－1. (5―2)

 By introducing the prompt neutron lifetime ℓ, Eq. (5―2) can be expressed 
per unit time as follows:

dn/n
d t ＝

（1－β）k－1
ℓ

. (5―3)

 The time change over the number of neutrons can be given as follows:

n（t）≃no exp｛－ 1－（1－β）k
ℓ

t｝. (5―4)

 Finally, the decay constant α after the injection of pulsed neutrons into 
the multiplication system can be expressed as follows:
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α＝
1－（1－β）k

ℓ ＝
β
ℓ

k（ 1－k
βk ＋1）. (5―5)

 On the other hand, reactivity ρ, negative reactivity $ (dollar units), and 
prompt neutron generation time Λ are defined as follows:

ρ＝
k－1

k
, (5―6)

$＝
ρ
β ＝

k－1
βk

, (5―7)

Λ＝ℓk . (5―8)

 By using Eqs. (5―6) through (5―8), the decay constant α can be expressed 
as follows:

α＝
β
ℓ

k（1＋$）＝
β
Λ（1＋$）. (5―9)

 When the pulsed neutron experiment is carried out in a delayed critical 
system, the decay constant αc can be expressed as follows:

αc＝
β
Λ

. (5―10)

αc can be considered as an index of reactivity measurement in the 
subcritical system.  Namely, since Λ can be considered to be constant for 
the experiment in the state of k≒1, the reactivity $ in the dollar units is 
determined as follows:

$＝
α
αc
－1. (5―11)

 This is known as the Simmons-King method.2 (However, αc is obtained 
by the extrapolation of the result from the measurement in a subcritical 
system in which the reactivity is known beforehand, since it is very difficult 
to measure its value directly).

 The decay of the number of neutrons observed practically is the sum 
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of the region of exponential change and that of the background of delayed 
neutrons, and is given as follows:

n＝Ce－αt＋B. (5―12)

 (Note that it is not suitable to set B＝const. in case the system is very 
close to criticality.)

 From this discussion, the change in the number of neutrons can be 
expressed as follows:

dn
dt ＝－

αCe－αt＝－α（n－B）. (5―13)

 On the other hand, on the basis of the reactor kinetics equation, the 
change in the number of neutrons can be expressed as follows:

dn
dt ＝

ρ－β
ℓ（1－ρ）

n＋Σ
i＝1

6
λiCi , (5―14)

and by using Eq. (5―6), Eq. (5―14) can be expressed as follows:

dn
dt ＝
（1－β）k－1

ℓ
n＋Σ

i＝1

6
λiCi . (5―15)

 Assuming that the coefficients of the number of neutrons n in both Eqs. 
(5―13) and (5―15) are equal to each other, the following equation can be 
obtained:

α＝
1－（1－β）k

ℓ
. (5―16)

 It is necessary to introduce some approximations to the neutron transport 
equation and describe the behavior of neutrons for the injection of pulsed 
neutrons into the multiplication system in order to completely address this 
problem.2, 3 In general, the calculations are conducted with energy groups 
1 and 2 of the delayed neutrons and the bare core system.  By deriving 
the neutron diffusion equation using the abovementioned method, the 
conventional time dependence equation can be obtained for the neutron 
density.

 The spatial higher-mode effect can be observed in the measurement.  The 
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objective reactivity is one for the fundamental-mode, although the higher-
mode effect can be expressed by eigenfunctions in a wave equation of the 
spatial neutron flux distribution.  Therefore, when all the higher-mode 
components are fully attenuated, it is necessary to determine the decay 
constant by carrying out measurements.  This condition can be easily found 
in the system that is approaching criticality.  However, the effect on the 
decay constant can be observed, since the attenuation of the fundamental-
mode component is quickly increased and the split with higher-mode 
ones is difficult, as the subcriticality in the system deepens.  The effect of 
higher-mode components can be measured experimentally by setting some 
detectors in several locations throughout the system.  Regardless of the 
energy dependence of the detectors, it is possible to carry out the reactivity 
measurement.

 The method of reactivity measurement was proposed by Sjostrand.4

This method involves the determination of the area ratio of attenuation 
distribution of the delayed neutrons, as shown in Fig. 5―2.  The areas A1

and A2 corresponding to the prompt and delayed neutrons, respectively, as 
shown in Fig. 5―2, are given as follows:

A1＝
S

1－（1－β）k
, (5―17)

A1＋A2＝
S

1－k
, (5―18)

where S indicates the number of injected neutrons.
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ρ/β can be obtained from the ratio of A1 to A2 by using the following 
equation:

A1

A2
＝

1－k
βk ＝－（ ρ

β ）sj
. (5―19)

 The main feature of this method is that it is independent of an index of 
reactivity measurement, such as αc, which is required in the Simmons-King 
method.  The higher-mode components in the system would be affected, 
since the fundamental-mode is assumed to be dominant in the system.

 As shown in Fig. 5―3, it was observed that the configuration at start-up 
varied according to the positions of both the neutron source and detectors 
and that the value of A1 varied according to the configuration of the 
attenuation curve at start-up.

 For decreasing the effect by spatial higher-mode components, the 
“extrapolation area ratio method” was proposed by Gozani,5 and the 
reactivity was expressed as follows:

－（ ρ
β ）Go

＝eαtw
∫T

tw
Xp（t）dt

∫T

0
Xd（t）dt

, (5―20)

where Xp (t) indicates the area of the decay curve by prompt neutrons, Xd (t) 
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is the delayed neutron level, T is the pulsed repetition period, and tw is the 
waiting time of decreasing higher-mode components.

 The Simmons-King method was modified by Garelis and Russell.6 The 
spatial dependence of reactivity measurement is found in the core with a 
reflector, since the above methods are assumed to be in a one-region bare 
core with one-energy-group even if these analyses would be performed 
at full attenuation of higher-mode components.7 Note that the analyses 
conducted so far are mentioned in Refs. 8 through 11.

5―3 Experimental Equipment

(1) Selected Core
One of the three KUCA cores (A, B, or C) is selected.

(2) Pulsed Neutron Source
The shield tube (Kaman Corp.) is utilized as the pulsed neutron source 
(PNS) in this experiment.  This tube is divided into a console and a neutron 
generation pipe of diameter approximately 10 cm and length approximately 
60 cm.  The 14 MeV neutron burst is generated by a D-T reaction with a 
pulsed width in the range of 2 to 5 μs and a repetition frequency of less than 
10 pps.  The console is set in the control room (CR) or measurement room 
and the neutron generation tube is placed in the reflector region.  These two 
pieces of equipment are joined by a strong cable.

(3) Neutron Measurement System
Counting detectors such as the BF3 proportional and 3He proportional 
counters, which are used in the fission chamber (starting system), are 
utilized in this experiment.  The time change over these counts is measured 
by a multi-channel scalar (MCS), as shown in Fig. 5―4.

5―4 Experimental Methods

Note that the differential reactivity of the control rod is measured 
beforehand.

(1)  Maintain the criticality by using the other control rods, with the control 
rod whose differential reactivity is known fully withdrawn.  Then insert 
this control rod completely into the core.  Wait until the background 
count is constant and measure the background count.

(2)  Start the operation of the PNS after confirming that the measurement 
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system is set-up.  Ensure that the repetition frequency is within 0.5 to 
3 pps.  Start the time analyzer (TA) counting scalar (CS) for the trigger 
and timer when the delayed neutron level is constant by injecting pulsed 
neutrons at approximately 100 pulse.  The channel width of the time 
analyzer (channel width×channel number < repetition frequency) 
should be within 50 to 100 μs/ch.

(3)  Complete the measurement when the pulse injection is within 500 to 
2,000 pulse.  Record the measurement results by the time analyzer; these 
should include all the counts, number of triggers, and measurement 
times (the values of scalar and timer).

(4)  Stop the operation of the PNS and withdraw the control rod with 
approximately 0.1 %Δk/k on the basis of the calibration curve of the 
fully retracted control rod.  After reaching the steady state, measure the 
background count.

(5)  Repeat the abovementioned measurement procedure 5 or 6 times around 
the criticality level.

5―5 Data Processing

(1)  Visually determine the decay constant αc from the decay area of the 
fundamental mode by plotting the decay curve of all the control 
rods measured by all the detectors on a semi-log graph paper and by 
examining the channel of spatial higher-mode disappearance. (Correct 
the dead time of the detectors and background, etc., if possible.  The 
sensitive measurement time in each channel is presented as [channel 
width－memory time (4 μs)]×[number of trigger]).

(2)  Obtain the relationship between ρ and α by plotting the reactivity ρ that 
is obtained by plotting the control rod calibration curve in the horizontal 

Detector Preamp Main Amp. PSC TA

Trigger
signal

Trigger
output

H.V.
Trigger
scalar

Other
detectors

PNS
PNS

Control
console Delayed

trigger output

Circuit

RR CR

Fig. 5―4 Measurement system
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axis and the decay constant α in the vertical axis.  Further, determine the 
prompt neutron decay constant αc in the critical state by extrapolation.

(3)  By using the value of αc obtained, determine the reactivity in dollar units 
by using the Simmons-King method by Eq. (5―11).

(4)  Determine the reactivity in dollar units by the area ratio method and 
the extrapolation area ratio method by using Eqs. (5―19) and (5―20), 
respectively.

5―6 Discussion

As a rule, an experimental report for each member should be prepared.  
However, the method and results of the experiments and the common terms 
in each group can be shared and copied (terms (1) through (4) as follows):

(1)  Consider how the positions of the neutron generation equipment and 
detectors affect the higher-mode components.

(2)  Confirm whether the reactivity obtained by the period method agrees 
with that obtained by the Simmons-King method.  If they do not agree, 
determine the underlying reasons.

(3)  Confirm whether the reactivity in dollar units obtained by the area ratio 
method (and extrapolation area ratio method) agrees with that obtained 
by the Simmons-King method.  If they do not agree, determine the 
underlying reasons.

(4)  Determine whether the energy characteristics of the detector are 
caused by the systematic effect of the measured reactivity, when the 
experimental data is obtained by detectors with energy characteristics.
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