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ABSTRACT 

Temperature coefficients of reactivity for an 37-element reference 

design of a thorium oxide fuelled, heavy water moderated and cooled reactor, 

are calculated. The physical processes which determine magnitude and sign 

of the coefficients are identified and discussed. Results are given for 

fresh fuel containing equilibrium concentrations of the fission product 

Xe-135 and with boron control in the moderator. Results are. also -given 

for fresh fuel with the equilibrium concentration of Xe-135 but without 

boron contorl for fuel with an exposue of 1.513 n/k barn and for fuel with 

an exposure of 3.13 n/k barn; each containing appropriate concentrations 

of 50 separate nuclides and one-pseudo fission product. The fuel tempera

ture coefficient of reactivity is negative for all the cases studied, while 

the coolant temperature coefficient of reactivity is positive for all the 

cases studied. The void effect is an increase in reactivity for all cases 

studied. 
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1. INTIWDUCTION 


1. 1 Concep t ·s an<l Dcf :i ni tions 

Many of the parameters that determine the reactivity of a nuclear 

reactor, namely the thermal utilization, resonance escape probability, 

diffusion length, and others, are functions of the temperature of the 

constituent materials in reactors; as the fuel, coolant and moderator. Such 

effects ensue essentially from changes in microscopic cross-sections and 

number densities of materials, due to changes in temperature. 

Temperature effects on reactivity are to be understood if a reactor 

is to be properly operated and controlled. 

Temperature coefficients of reactivity are defined as: 

(1.1) 

where pis the reactivity of the system with its usual definition: 

p 

From the viewpoint of control theory, temperature effects on reactivity 

are considered as a feedback element and are to be taken into consideration 

in the design of reactor control system. Reactor stability criteria are 

thus intimately releated to temperature reactivity feedback and the reactor 

is said to be either inherently stable or unstable witl1 respect to changes 

in temperature for negative and positive signs of aT respectively. A schematic 
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diagram, showing the inclusion of tcmr 1· rature coefficients of reactivity in 

the feed-back system, is shown in fig. ( 1.1). 

In solid fuelled reactors, it is the temperature coefficient of 

the fuel which is usually of greatest importance in safety considerations. 

This is because the fuel temperature responds almost immediately to changes 

in power, where as the temperatures of the coolant or moderator must wait 

upon the transfer of heat from the fuel. For this reason the fuel temperature 

coefficient is often called the prompt temperature coefficient [l]. 

With the variation of temperature of certain materials, ~i varies 

only slowly, so that a single coefficient is valid for a sizable interval 

around the temperature of interest. In other materials ~~ depends strongly 

on the temperature and must be given as a function of temperature. 

One important simplification, in the problem of the calcualtion of 

various temperature coefficients, is to assume that the temperature of a 

certain material has the same value independent of position in the reactor. 

This simplifying assumption allows the definition of a fuel temperature 

c:nefficient, a coolant temperature coefficient and a moderator temperature 

coefficient. These definitions are often called isothermal temperature 

coefficients of reactivity. Thus in (1.1), if T refers to the temperature of 

the fuel, aT is called the fuel temperature coefficient; if Tis the temperature 

of the coolant aT is called the coolant temperature coefficient and so forth . 
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Temperature Coefficients Of Reactivity As An 

Element In A Feedback System . 
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Temperature coefficients are usually ev.:11.uate<l by calcu.Latl.np, p 

at two temperatures T , T , and deriving the coeffi.c.i.cnt from: 
1 2 

(1. 2) 

Alternatively, perturbation theory can be used to obtain the change 

ink due to a small change in microscopic cross-sections., caused by a change 

in temperature. 

If ;~ is strongly temperature dependent, p(T) can be calculated at 

8p
',everal temperatures, and dT detennined by numerical differentiation. 

To aquire a good physical understanding of the parameters affecting 

the temperature coefficient of reactivity, the so called adiabatic approximation 

is followed. It is normally adopted in the study of slow transients. 

The temperature coefficient is defined here as: 

1 elk (.1. 3)12_ = _l_ ~ '\J 

c!T k2 . c)T k 8T 

If one now uses the familiar formula, 

k fnpE:P nl , (1.4)
eff 

The temper;1turc coL~fficicnt o[ reactivity for the adiab:1tic 

approximation can be written as: 

http:calcu.Latl.np
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cJPnll. cl [ + ! ~ll + ! -~e_ + -~ 2c l 
(l. 5)

f oT fl 0T p 8T c cJT . + P 
nl 

where P denotes the non-leakage probability and the other four factors have 
nl 

their usual meaning. 

Calculations of the different factors involved in the evaluation of 

keff in connection with multigroup tl1~ory can be approximately accomplished 

in the following way: 

Thermo! absorption in fuel
f 

Thermal absorption in system 

Number of neutrons per sec. prdduced by thermol fission 
Thermal absorption in fuel 

(1. 6) 
The rn12. l . absorption in sys tern 

p 
Total absorption in system 

Number of neutrons per sec. produced over total energy range 

Number of neutrons per sec. produced by thermal fission 

Although the definition of the terms in equation (1.5) is not 

identical with the original definition of the different terms based on the 

'"lC group form;:ilism; nevertheless discussions based on (1. 5) allows more 

physical insight into the problem considered here. 

The temperature coefficients reported here were calcuL1ted from the 

results of separate c...1lculations of the multiplication factor k. Only fuel, 

coolunt and cooL:111t void coefficients were <letennincd. The definition given 

by (1. 2) i s used in their calculation. 

Results arc given for calculations witl1 fresh fuel (BOL), contairiing 
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equilibrium concentration of Lhe fi ss i •>n product Xe--135. J\slo results for 

middle of fuel lif c (MOL) on<l enc.I of fuel life (EOL), for irradiations of 

1.51336 n/kbarn and J.13 n/kbarn respectively, are given. Appropriate 

concentrations of 50 separate elements and 1 pseudo fission product are 

included . 

1.2 Case Description 

In the following a complete account of the reference case is given 

in the form of tables. The dimensions of the reactor and of the reference 

cell are found in tables (1.1) and (1.2). In table (1.3) the composition 

of materials in the reference cell is presented including appropriate proportions 

of materials from end regions at average temperatures. A homogenization 

procedure is followed to mix materials in end regions with those in fuel~ 

oxygen gap, clad and coolant. It is to be noted that only an equilibrium 

concentration of Xe-135 is included in the fresh fuel. Other fission prod~cts 

exist in very small quantities. 
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TABLE ( 1.1) 

REACTOR DIMENSIONS 

Core Height 600 cm 

IQdial Extrapolation Distance 60 cm 

Vertical Extrapolation Distance at each 
end 5 cm 

Reflector Thickness 60 cm 

Number of Channels 732 

Core Radius 349 cm 

-2Core Average Geometrical Buckling 0.000079306 cm 
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'1' 1\I\I.I ·. · I./) 

IJlMl':NSLUN:; OF Tiii : Hl~FlrnENCE CELL 

1. FtH•l Element 

Fu e l Radiu s 	 R 0.(>335 cm 
RlSheath In~.ii<le Ri.ldius 0.6]80 cm 

Sheath Outside Rc1<lius R2 0.6780, cm
3 

2. Fuel nuudlc 

Total Nunilicr of Fuel Elements 37 
Pitch Circle Radii (Number of Fuel 

Elements in Brackets) ( 1) c = 0.0 cm 
(6) Cl= 1. /f 83 cm 

( 12) C2= 2.865 cm 
. (18) C3= 4.316 cm

4 
Relative Position of Element 


Rings (fig. 1. 2) 
 0.0 
0.0 
15° 
10° 

Fuel Stack Length 	 s ::: 48.15 cm 
Number of Fuel Bundles per Channel 12 
Cap Between Fuel Faces of 

Two Succeeding Bundles G = 1.85 cm 

3. Pressure Tube 

Inside Radius pl 5.1780 cm 

Outside Radius p2 5.5951 cm 


4. Calandria Tube 

Inside Radius 	 T 6.448 cm 

Tl
Outside Radius 6.585 cm

2 

5. Lattice 

Square Lattice Pitch 27.300 cm 
Equivalent Cell Radius Q 15.40237563 cm 

(Region Between Fuel Faces of Two Vertically Neighbourin~ Bundles 
I nside the Pressure Tube) 

Total volume 160.039 
JPartial volumes Zr 39. ()88 cm 3 

u o, ll 0 120.351 cm
2 2

Partial volumes of this region added to the fuel, gas, gap, cla<l and 
coolant 

JFud 88.6336 crn 3Gas gap 1. 2637 cm 
3Clad 11. 625 cm
3Coolant 58.516 cm 
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T/\13LE ( l. J) 

COMPOSITION OF MJ\'l'ElUJ\I .:: TN TllE klffEl{ENCE CELL 

1. Fuel (End Regions Included) 

Volume 26,925.9576 cm 3 

Fraction of Cell Volume 0.0602136 

Average Temperature 753°C 

NUCLEAR DENSITIES [atoms /bn rn. cm] 

Nuclide 
Fresh Fuel 

(BOL) 
(MOL) Fuel 

I rra<lia t :ion 1. 51311/k barn 
(EOL) Fuel 

Irradiation 3.13 n/k b.1rn 

.Th-230 

Th-232 

Th-234 

Pa-231 

Pa-233 

U-233 

U-234 

U-235 

U-236 

U-238 

Np-237 

Pu-239 

Pu-240 

Pu-241 

Pu-242 

/\m-2 t, l 

AM-242 

AM-243 

Kr-83 

-

9.91742 x 10- 3 

-

-

-

1. 54951-x 
. -4 
10 

6.19983 x 10-5 

1. 33521 x 10-5 

3.31746 x 10-5 

8.08133 x 10-7 

-

7.55952 x 10-s 

3.73931 x 10-5 

7.49670 x 10-6 

J.18208 x 10-6 

-

-

-

-

-
9.8109 x 10- 3 

-

-

1.55707 x 10-5 

1. 39922 x 10-4 

6.46148 x 
. -5
10 

1. 26185 x 10-5 

3.34327 x 10-5 

7.73186 x 10-7 

1. 05928 x 10-6 

1. 34348 x 10-5 

3.64896 x 10-5 

1. 00907 x 10-5 

7.34941 x 10- 6 

2.09675 x 10- 7 

6 .117 58 x 10- 9 

7.24251 x 10- 7 

1. 09834 x 10-6 

-

9.6305 x 10-3 

-

-

1. 8882 x 10-5 

1. 3588 x 10-4 

6.8928 x 10-5 

1. 2094 x 10-5 

3.4175 x 10-5 

7.2771 x 10- 7 

2.0005 x 10-6 

5.0804 x l~-7 

1. 5484 x 10-5 

5.9338 x 10-6 

1. 3037 x 10-5 

1. 7112 x 10- 7 

5.3693 x 10-9 

2.2769 x 10-6 

2.2554 x 10-6 
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I 

I 

I 

I 
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Nuclide 

Mo-95 

Te-99 

Pu-101 

Ru-103 

Rh-103 

Rh-105 

Pd-105 

Pd-108 

Ag-109 

· cd-113 

In-115 


Xe-131 


Cs-133 


Cs-134 


Cs-135 


Xe-135 


Nd-143 


Nd-145 


Pm-147 


Sm-147 


Pm-148 


Sm-l.L19 


Sm-150 


Sm-151 


Sm-152 


Eu-153 


Fres h Fuel 
(H OL ) 

-


-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

10-9
3.12375 x 

-

-

-

-

-

-

-


-


-


-

( M'.1L, ) Fuel 
I rrad .Li r i on 1. 51311/k b.1rn 

68. 69')59 x 10

-7
8.0535 x 	 10 

6. 27311 x 10-6 

8. 72752 x 10-5 

10-63.59028 x 

1. 69936 x 10-8 

3.13546 x 10- 6 

1.55784 x 10-6 

10-78.51497 x 

10-91. 33222 x 

10-82.99317 x 

7.55874 x 10- 7 

4. 79305 x 10-6 

9.32543 x 10-6 

3.80269 x 10- 7 

1. 4115 7 x 10-6 

2.03784 x 10- 9 

7. 00715 x 10-6 

10-64.85611 x 

9.80469 x 10- 7 

2.32203 x 10-8 

1.55397 x 10-8 

10-81.91933 x 

1. 76682 x 10-6 

1. 08022 x 10- 7 

1. 07202 x 10-6 

5.41603 x 10- 7 

(EOL) Fuel 
Irra<lia U on 3.13 n/k b i1rn 

1. 985 7 x 	 10-5 

1. 7205 x 	 10-5 

1. 3059 x 	 10-5 

6.6896 	x 10- 7 


10- 6

6.2367 x 
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109.1256 x 

< 

5.2095 x 10- 6 

2.4556 x 10-6 

1.1627 x 10- 6 

10-11x7.9210 

4.1290 x 	 10-8 

1. 7754 x 	 10- 6 

9.0342 x 10-6 

1. 9589 x 10-5 

1. 7261 x 10-6 

2.8462 x 10-6 

1.61177 x 10- 9 

1.1942 x 10-5 

10-51.0379 x 

10-61. 3462 x 

x7.4794 10- 7 

2.0046 x 10- 8 

1. 7740 x 10- 8 

10-64.1369 x 

10- 7
1. 2010 x 

0 10-61.8748 x 

61. 2626x 10



Nuclide 

Eu-151+ 

Fre:; Ii J,'tJL'l. (: , 11,) 

( JjOL) lrradi .:.1 1 :o n 

- .l..O F LO 

l"u L' I 
1. 513 n/k 

x 10-i 

( l~UL) Fuc l 11 

barn I rr.1d L .1 U on 3.13 n/k barn 

3. 712.1 x 10- 7 

Eu-155 - l. 564116 x 10-s 11 .1495 x 16-8 

G<l-157 - 1.13679 x 10-10 5.0210 x 10- 11 

PFP - 5.18085 x 10-5 1.1084 x 10·4 

0-16 2 .13408 x 10- 2 
2 .13408 x 10- 2 

2.13408 x 10- 2 

Zr-91 4.07585 x 10-4 1,. 07585 x 10- 4 4.07585 x 10-4 

H J.08274 x 10-6 3. 08274 x 10-6 3.08274 x 10-6 

D 1.38446 x 10- 3 
1. 38446 x 10-3 

1.38446 x 10-3 

2. Oxygen Cc1s Gap 
Nuclear Densities [atoms/barn.cm 

Volume 383.8896 
J cm Temp. 473 K 

0 - 2.85071 x 10 2 

Fraction of cell volume 0.00085848 
Zr - 4.07585 x 10 4 

Nuclear Densities [atoms/barn.cm] H - 1.26727 x 10- 4 . 

0 - 6.63270 x 10~4 D - 5.68875 x 10-z 

Zr - 1 • • 0 7 5 8 5 x 10 4 

H - 2. 72327 x 106 Teme. 523 K 

D - 1. 222467 x 10-3 0 2.62434 x 10-2 

Zr 4.07585 x 10-4 

3. Sheath 

Volume 3531. 7812 cm 3 

ll 1.16664 x 10-4 

D 5.23701 x 10- 2 

Fraction of cell volume 0.007898 Tcmr. 573 K 

Nuclear Densities [atoms/barn.cm] 

0 - 6.12595 x 104 

0 2.12332 x 10-2 

Zr 4.07585 x 10-4 

Zr - 4.20123 x 10 2 

11 - 2. 7232 7 x 10 6 

H 1. 04144 x 10
-11 

D Li.67501 X 10- 2 

1) - 1.22247 x 10-J 
Tcmp__:_i)_2]_J:;_ 

0 1. 713085 x 10-2 

4. Coolant- -- Zr 4.07585 x 10
-L+ 

Volume 11!81. 3941 cm 
3 

Il 7.61545 x 10-4 

Fraction of cell volum e 0.0033128 D 3. Lfl855 x 10- 2 
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5. 	 l'ressurc Tube 


3

Volume 8,L169.97257 cm 

Fraction of cell volume 0.0189411 

Nuclear Density [atoms/born/cm] 


Zr 4.49333 x 10-z 


6. 	 Air Gas Gap 


3

Volume 22,727.06223 cm 

Fraction of cell volume 0.0508238 

Nuclear Density [atoms/bai.cm] 


0 5.26996 x 10-5 


7. 	 Calandria Tube 


3

Volume 3,365.62779 cm 

Fraction of cell volume 0.0075264 

Nuclear Density [atom/barn.cm] 


Zr 4.32465 x 10- 2 


8. 	 Moderator 


3
Volume 365,438.1314 cm 

Fraction of Cell Volume 0.31721686 

Nuclear Densities [atom/barn.cm] 

4
H l.41.i899 x 10
2
D 6.50450 x io

9. 	 Em: Region 


3
Volume 160.039 x 12 = 1920.468 cm 


Fraction of Cell Volume 0.004291.. 68 


Region 1 2 


Density 6.55 0. 805921 


Number of 

Component 1 2 

Materials 


Volumes 39.688 · 120.351 


Materials Zr D o, H o

2 2


Wt. fraction 1.0 0.998, 0.002 

http:atom/barn.cm
http:atom/barn.cm
http:atoms/bai.cm
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FIGURE <1. 2) 


Quarter Of a Cross Sect ion Through The Fuel-Bearin~ 

Part Of The Reference Cell. See Table 1-2 For Legend 
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l.J Simplification of t:hc Cell Str uctu ic 

To use a computer code for one-dimensional cylindrical geometry, 

the detailed structure of the lattice cell, as described in Table (1.2) 

and figure (1. 2), has to be simplified. The outer boundary of the cell is 

replaced by a cylindrical one, preserving the total cross-sectional area. 

The calendria tube, gas gap and pressure tube are left with the same dimensions. 

The fuel, air gap and cladding material are homogenized into four different 

annuli. Outside the second, third and fourth homogeneous mixture onnuli 

there are three coolant annuli. The materials inside the pressure tube in the 

"end region" between the faces of two adjacent rod-bundles of a channel are 

homogenized and subsequently added to, and ho~ogenized with, the materials in 

the annular regions in proportion to the geometrical cross-sections of these 

regions. 

The geometrical cross-section of th~ simplified lattice cell, made 

up of concentric nested annuli, is shown in figure (1-3). The different 

annuli have the following description counting from inside to outside. 

Construction Designation 

1. Fuel, gas gap and sheath HOMl 

2. Fuel, gas gap an<l sheath HON2 

3. Coolant COLl 

4. Fuel, gas g3p .:rnd sheath HOMJ 

5. Coolant COL2 

6. Fuel, gas gap and sheath lIO!vlL• 

7. CooL:rn t COLJ 

8. Pressure tube PT 

9. Gas gap CG 

10. Calan<lria Tube CT 

11. Moderator MOD 
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The c1ver;1gc tcmpcrat.u res o( I 11cl ;ind cooLlllL u sed are 1026 K an<l 

566 K n ~sp ecti.vely with ;ilJ.owancc of tcmper a tur(~ vari.:.1tions around these 

ave rages. The temp e ratures of all other reo.ctor mat e ric1ls· are assumed 

virtually constant a t the.Lr averages. The following average temperatures 

are used: 

Gas inbetween fuel and sheath 850 K 

Sheath 650 K 

Pressure tube 600 K 

Gas gap between pressure and calanclria tube 400 K 

Calandri a tube 350 K 

Moderator 325 K 
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5.0061 !.___ 

5.1780~-
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FIGUREC1.3l 

Quarter Of The Simplified Cell Cross-Section 

http:FIGUREC1.3l


17 2. Ci\LCULi\T _l 1 iNJ\L PHOCEDURE 

2 • .L .Int rocJ u c: t ion 

The Winfrith irnprovc<l multigroup scheme (WIMS) is used to calculate 

the tcmpcrnture cocff .icicnts of reactivity. 

Isotherm<1.l temperature coefficients of reactivity are derived from 

reactivities calculated at two different temperatures or by differentiation 

of the numerically determined reactivity p(T). Coolan t and fuel temperature 

changes are consi<lered separately. 

2.2 Energy Group Slructurc 

The basic WIMS library contains cross-sections for 69 energy 

groups (defined in table 2-1) of which the first 14 'fast' groups occur at 

equal lethargy intervals of 0.5 in the range _of 10 MeV - 9.118 KeV. 

Below 9.118 KeV there are 13 'resonance' energy groups down to 

4eV for which the isotopes with significant resonance behaviour have their 

effective resonance integrals tabulated in each group as a function of effective 

potential scnttering cross-section and temperature T. The group boundaries 

in the lower part of tl1e resonance region are chosen so that the important 

resonances in the fissile nncl fertile isotopes nrc well centred in their 

energy group. 

Be.lm.J l1eV in the' thcrm.:il' region there are 1+2 r,roups whose energy 

boundaries arc chosen to ensure adequate definition to neutron c.'.1pture in the 

239 , 240
Pu reson;iucc at 0.29cV, an<l tlie Pu resonance at l.OcV. 
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2 • 3 B; lS .l c Fcat u r c ~; o [ t Ji e W l MS Co <le 

Dcscdrl.lon .1nd vaU<liJU011 s ol Lhc phy:;j_c f; 111cll10dt; embodi.cd in the 

WIMS code have been_~ivcn by /\skew et .Jl (J) and Faye.rs c.t al (2). 

Although solution of the transport equ.:itions is possible in the full 

69-group structure, such calcula tions tend to be unnecessarily elaborate. 

A special procedure 'is therefore incorporated :i.n WIMS for group condensation. 

This is based on the use of the 'spectrox' method for producing, in the full 

69 groups, o condenscition flux spectrum for each of the principal regions of 

the lattice cell, coupled together through collision probability expressions. 

In the cluster geometry used here, separate spectra are provided for fuel, 

clad, coolant and moderator. 

Following the generation of condensed group cross-sections, a more 

accurate spatial solution is obtained using either differential (discrete 

ordinate, DSN) or integral (collision probability) transport theory methods. 

The DSN method is used in the calculation of the temperature coefficients of 

reactivity. Thirteen energy groups have been used here for the main transport 

calculations. 

Calculations for the leakage in WIMS are performed on tl1e homogenized 

cell, in the same group structure as used for the main tra11sport routine . 

Allowance for assyrmnetric diffusion is made usin~ methods based on the theory 

developed by I3enois·t (4). The leakage flux solution is obtained by either 

diffusion theory or the B method, the latter employing explicit scattering
1 

data for the principal moderators, viz. hydrogen, deuterium, oxygen and carbon. 

In the case of hydrogen and graphite, tabulations based upon the Ch..1lk River 

http:embodi.cd
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sc;1Ltcrin 0 cxpcrJ1nc11Ls (.'.>) .u-c .1vaiLil.' lc . Al tcr11;1l.ivc Li1l'orctic.::il models arc 

;il so provide d (for cx;implc Nclldn (G) ,mc.1 cffccU vc wi d t h (7) models for 

hydrogen and llonc~k (8) .ind e ffective width mod els [or deuterium). All 

other materials have g.1s law scattering matrices in the thermal region (2) . 

Treatment of the rcsonc1ncc rq~ion in WIMS is b as ed on the use of 

equivalence tl1eor ems to relate a group resonance integral for the heterogeneous 

cell to group resonance integrals for various homogeneous mixtures of moderator 

and resonance absorption. The provision of as many as 13 energy groups is the 

resonance recion allows a varying source shape to have its proper influence 

on resonance captures, an effect which is particularly important for cluster 

geometries. 

There are various edit facilities in WIMS, e.g. the reaction rate 

edit which 6utputs absorption, fission and fission-yield reactions, as appropr iate 

for any given nuclide. The reaction rate edits are provided for both the 

results of the main transport calculation, and for the results obtained when 

any of the leakage calculations are used to modify the fluxes obtained from 

the K calculation. Detatls of the editing and other operating instructions 
00 

for the WIMS code have been given by Roth et al (9). 

The energy boundaries of the 69 group cross-section library are 

shown in tab le (2. l), while · the encrr,y boundaries of the condensed 13 group s 

arc s hown i n tau l e (2. 2). Figure (2.1) illustrates the computational sequence 

ur;c<l J 11 Lli c \HMS co<lc. 
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10 

15 

20 

25 

30 

69-GROl:P ErrERCY BOl:1-;DARIES FOR WIHS . 

GROUP E~ERGY ENERGY 
WIDT1i 

LETHARGY 
WIDTH GROUP ENERGY 

n;ERGY 
WIDTII 

LETrIAF.GY 
WI DTE 

i\1eV 
1 10. 0 .:-Z-: 0655 3.9345 0.49997 36 1. 097 - 1. 071 0.026 0.02399 
2 6. 065 5 - 2.679 2.3865 o. 1.999s 37 1.071 - 1. 045 0.0 26 0 . 02.'..55 
3 3.679 - 2.231 1.448 0.50019 38 1. 045 - l. 020 0.025 0.02.:21 
4 2.231 - 1. 353 0.878 0.50013 39 1. 020 - 0.996 0.024 0.023 81 

1.353 - 0.821 0.532 0.49956 40 0. 996 - 0.972 0.02t. 0 .02 439 
6 0.821 - 0.500 0.321 0.49592 41 · 0. 972 - 0.950 0.022 0.02289 
7 0.5 0C - 0.3025 0.1975 0.50253 42 0.950 - 0.910 O.C 40 0.0 4302 
8 0.3025 - 0.183 0 .1195 0.50260 43 0.910 - 0.850 0.060 0.06821 
9 0.18: - 0.1110 0.072 0. 49996 44 0.850 - o. 780 0.070 o.o ss9.:. 

0.111 - 0.06734 0.04366 0.49978 45 0.780 - 0.625 0.155 0.22l.5L 
11 0.06734 - 0.0.'.+085 0.02649 0.49985 46 0.625 - 0.500 0.125 0. 2231.:'. 
12 0.04085 - 0.02478 0.01607 0.49987 47 0.500 - 0.400 C.100 0 . 22314 
13 0.02478 - 0.01503 0.00975 0.49999 48 0.400 - 0.350 0.050 0.13353 
14 0.01503 - 0.009118 0.005912 0.49980 49 0.350 - 0.320 0.030 0. 08961 

eV 
so 
51 

0.320 
0.300 

- 0.300 
- 0.280 

0.020 
0.020 

0.0645 ~ 
O.C 689~

9118.0 - 5530.0 3588.0 0.50006 52 0.280 - 0.250 0.030 0.11333 
16 5530.0 - 3519.1 2010. 9 0.45198 53 0~250 - 0.220 0.030 0.127 83 
17 3519.1 - 2239.45 1279.65 0.45198 54 0.220 - 0.180 0.040 0.20067 
18 2239.45 - 1425.1 814.35 0.45199 55 0.180 - 0.140 0.040 0. 25131 
19 1425.1 - 906.898 518.202 0.45197 56 0.140 - 0.100 0.040 0.33647 

906.898 - 367.262 539.636 0.90395 57 0.100 - 0.080 0.020 0.22314 
21 367.262 - 148. 728 218.534 0. 90396 58 0.080 - 0.067 0.013 0.17733 
22 148.728 - 75.5014 73.2266 0.67797 59 0.067 - 0.058 0.009 0.14425 
23 
24 

75.501 4 
48.052 

- 48.052 
- 27. 70 0 

27.4494 
20.352 

0.45187 
0.55085 

60 
61 

0.058 
0.050 

- 0.050 
- 0.042 

0.008 
0.008 

0.14842 
0.17435 

26 
?~ 
- I 

28 
29 

31 
32 

" 

27. 700 
15.968 
9.877 
4.00 
3.30 
2.60 
2.10 
1.50 

- 15.968 
- 9.877 
- 4.00 
- 3.30 
- 2.60 
- 2.10 
- 1..50 
- 1.30 

11. 732 
6.091 
5.877 
0.700 
o. 700 
0.500 
0.600 
0.200 

0.55085 
0.48038 
0.90391 
0.19237 
0.23841 
o. 21357 
0.33647 
0.14310 

62 
63 
64 
65 
66 
67 
68 
69 

0.042 
0.035 
0.020 
0.025 
0.020 
0.015 
0.010 
0.005 

- 0.035 
- 0.030 
- 0.025 
- 0.020 
- 0.015 
- 0.010 
- 0.005 
- 0. 

0.007 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 

0.18232 
0.15415 
0.18232 
0.2231!. 
0.28768 
0.405 47 
0.69315 

33 
34 
i_:) 

1. 30 
1.15 
1.123 

- 1.15 
- 1.123 
- 1.097 

0.150 
0 .027 
0.026 

0.12260 
0.02376 
0 .02 342 

N 
0 
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1TMl (/ . !) 

U - ENE J, c:Y CIWUJ' l~ll lJN ])J\ [Ul .: FO i{ CUNDl·:NS l·: u S l' LCTF. llM 

CROUP ·--
ENLl, CY - -·-- ~ 

EN I·: l,CY W J l)'llf 
-·-- ----·- ----- --

LETl !f\ RGY \,JI DTI! ------ -
Mc V - Me V 

1 10. 0 - 0. 821. 0.1/9 1. 08565 7 

2 O. B21 - 0.0 09118 

eV -

0. 811882 

eV-

1. 954444 

3 9118. 0 - 75 . 5014 9 0 Lt 2 . L1 9 8 6 t,. 793 854 

L1 75 . 5014 - 1.5 . %8 59.5334 1.5535644 

5 15 . 968 - 4. 00 11. % 8 1.3842923 

6 4 .00 - 1.15 2 .85 1. 246532 

7 1. 15 - o. 972 0.178 0.1681614 

8 0. 972 - 0. 62 5 0.347 0. 4L+l60415 

9 0 . 625. - 0.140 0.485 1. 4961092 

10 0. 140 - 0.05 0.090 1. 0296194 

11 0.05 - 0.03 o. 02 . 0.5108256 

12 0 .030 - 0.015 0.015 0.69314718 

13 0.015 - 0.0 0.015 -
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I STJ\l{T I 

SP lcc t: ge om e try t y pe . !Ze;1d i111 H1t· 

geometry .:.1nd m,1Ll' rL1.l s s pL'c i.f i c a U .on 

Look up mi c roscopiec cross-sections in 69 group library 

Compute macroscopic cross-sections from library 
cross-sections and number densities 

Perform equivalence theorem calculations. 
Look up resonance integral tabulation an<l 
correct fuel cross-sections for shielding 

2ffects 

Enter Spectrox calculation to obtain 69 
group spectra in few regions 

Condense macroscopic cross-sections 
to main transport groups 

F J C UH E (1 . 2 ) J3 lock d .Lag r .:i m o f comp u ta lion c1 l 

Sequences in WlMS 
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iL cl.u ~i l<.'r opLion 

C;1l c uL1Lc coJ. Ji. s.ion 
p rc li :1h.i LL Li es ln c;.: pU c..:iL 

clu~_;l cr using Pl.i 

Solve <l iffcrcntinJ. 
trans port equation 

using WlJSN 

Cylindrical 

geometry 

C: comc..· L ry 

Ev.:.ilu;:it:e colli s :i un 
pro ha b i 1 i t i c c; th r o u g h 
T l! ESEUS ( cylindrical) 

or RIPP LE ( s lo. b) 

So lve multi group 
collision probability 

form of trattsport 
equation 

Cylindrical 
Geometry 

Solve multigroup -collision 
probability fonn of transport 

equation using diffusion theory 
in outer moderator 

Compute asymme tric 
diffusion coefficients 

by Ariadne option 

Computer asymmetric 
diffusion coefficients 
by Be noist option 

Compute :;y111mctr.i.c cUf[us .ion 
co e [ f i c i L' 11 ls by )= op ti o n 

tr 

Slob 
Geometry 

I 
FJClJl{E (1. 2) c ont:i.nucd 
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c r o s s -s e ctions corrected for shielding 
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[ J 11 xcs n 11 d r cc .:-11 (' u L .1 t c r e <.1 c t. i. on c .1 t c s 

I 

EXl T 

Fl CUlrn ( l. 2 ) c oucJ. ud c!cl 
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3. FUEL TEMPERATURE COEFFICIENT OF REACTIVITY 

3.1 General Aspects: 

The f uel temperature coefficient of reactivity, relates 

changes in temperature with induced changes in reactivity: 

(3.1) 


Here the thermal expansion of the fuel is neglected because of its 

minor influence on fuel temperature coefficients. Changes in neutron reaction 

cross-sections are reflected in changes of the flux spectra for the different 

zones and in changes of reaction rates. All mentioned quantities are therefore 

studied to understand the physical mechanisms which cause the reactivity 

change .. 

Xe-135 reaches equilibrium relatively rapidly, and it is also effect i v e 

in neutron absorption; so an equilibrium concentration of Xe is included 

in the case of fresh fuel. It is shown, in table (3.1), that Xe-135 reaches 

its equilibrium concentration comparatively rapidly while Rh-105 and Sm-149 

take a much longer time to reach their equilibrium concentrations. The 

middle of life case corresponds to an irradiation time of 310.01 days, and t he 

end of life case corresponds to full irradiation time of 691.84 days. 

The scattering kernel for Hin H o is based on the Nelkin model [6 ]
2

and cross-section sets are given at 293K, 333K, 373K, 423K and 473K. The 

scattering kernel for Din n o is based on the effective width model [7]
2

and cross-section sets are given at 293K, 450K, 600K. Interpolation is used 



26 

TABLE (3.1) 


FISSION PRODUCTS CONCENTRATIONS AS FUNCTIONS OF IRRADIATION 


Irradiation 
Time (days) 

Irradiation 
(MWd/TE) 

Rh-105 
Concentration 
(atoms/cm. barn) 

Xe-135 
Concentration 
(atoms/cm.barn) 

Sm-149 
Concentration 

· (atoms/cm.barn) 

0.01 

10.01 

110.01 

210.01 

310.01 

410.01 

510. 01 

600.01 

691. 84 

0. 641 

641. 665 

7051.899 

13462 .134 

19872. 369 

26282.604 

32692.839 

38462.05 

44348.75 

1.32181 x 10-10 

2.42791 x 10-8 

2.38887 x 10-8 

2 .07107 x 10- 8 

1. 69993 x 10-8 

1. 38918 x 10-8 

1.16838 x 10-8 

1.01926 x 10- 8 

9.1256 x 10-9 

3.12375 x 10-9 

3.07472 x 10-9 

2.66569 x 10-9 

2.31074 x 10-9 

2.03784 x 10-9 

1. 85568 x 10-9 

1. 74055 x 10-9 

1.66840 x 10-9 

1. 61 77 x 10-9 

4.71249 x 10- 11 

1.95019 x 10- 8 

2.10743 x 10 8 

2.00555 x 1 0- 8 

1.91933 x 10 8 

1. 86193 x 10-8 

1. 82416 x 10- 8 

1. 79963 x 10- 8 

1. 7740 x 10- 8 
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for other temperatures. 

The results of the calculation of the infinite and effective 

multiplication factors at different . fuel temperatures are shown in table 

(3.2) a, b, c and d. The fuel temperature coefficients, as calculated by 

relation (1.2), are shown in table (3.3) and illustrated in figure (3.2). 

The macroscopic absorption cross-sections of four different 

nculide mixtures ·are plotted as a function of energy in figures (3.3) and (3.4) . 

The four mixtures are: fresh fuel with Boron control in the moderator 

(fuel A), coolant, moderator and homogenized cell mixture. 

The macroscopic absorption cross-section of the fuel mixture 

for different irradiation conditions - A,C,D - is shown as a function of 

neutron energy in figure (3.5). In the fast neutron energy region, only 

the macroscopic absorption cross-section of fresh fuel is shown, since 

it differes only slightly from the macroscopic absorption cross-sections 

of irradiated fuel . 

3.2 Discussion of Results 

3.2.a. General 

The reactivity of a reactor can be adjusted by addition of boron 

to the moderator. It is to be expected that as the atom n,mber density of 

boron in the moderator is increased the reactivity of the system decreases; 

-7this is represented graphically in figure (3.1). A value of 3.85 x 10 atoms/cm . barn 
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in the moderator is chosen to represent normal operating conditions. This 

brings the effective multiplication factor of the reactor to 1.068956 and 

the corresponding reactivity to 64.51 mk under average temperature conditions. 

Figure (3.2) shows that the reactivity ciecreases as the fuel 

temperature coefficient is increased. The fuel temperature coefficient is 

negative over the whole temperature range covered by the four cases. The 

magnitude of the fuel temperature. coefficient for the fresh fuel with 

-5 -1 -5 -1Boron control case (A) decreases from 0.938 x 10 QC to 0.850 x 10 QC 

as the fuel temperature rises from 951 K to 1101 K. 

The effect of Boron in the moderator accounts for the big changes 

observed i.n the values of the fuel temperature coefficients of reactivity 

between curve A and curve B. The magnitude of the fuel temperature coefficient 

of reactivity is ·generally larger when Boron is included in the moderatoro 

The presence of Boron in the moderator results in more thermal neutron 

absorptions. This in effect increases the relative number of epithermal 

neutrons and hence the influence of Doppler-broadening of the resonances 

in Th-232. 

The same general argument, to account for the magnitude increase 

of the temperature coefficient of reactivity, could now be extended to the 

cases of irradiated fuel. With increased irradiation Pu-239 concentration 

decreases and less thermal productions occur; hence the positive ccntribution 

from n decreases. Also thennal absorption in the fuel decreases and there is 

a corresponding incn:ase in the relative number of epithermal neutrons with 

the consequent negative increase of p. 
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TABLE (3.2)a 

INFINITE AND EFFECTIVE MULTIPLICATION FACTORS FOR 
FRESH FUEL WITH EQUILIBRIUM XE AND BORON 

T(k) l{ 
(X) Keff 

926 1. 093713 1.069162 
976 1. 093165 1. 068626 

1026 1. 092632 1.068106 
1076 1.092115 1.067600 
1126 1.091619 1. 06 7116 

TABLE (3.2)b 

INFINITE AND EFFECTIVE MULTIPLICATION FACTORS FOR 
FRESH FUEL WITH EQUILIBRIUM XE 

T(k) K 
(X) Keff 

926 1. 273709 1. 242498 
976 1. 273124 1. 241927 

1026 1. 272558 1. 241373 
1076 1. 272010 1. 240836 
1126 1. 271490 1. 240319 
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TABLE (3.2)c 


INFINITE AND EFFECTIVE MULTIPLICATION FACTORS 

FOR MIDDLE OF LIFE FUEL (MOL) 


Temperature K 
00 Keff 

K 

926 0.9844951 0.9581251 
976 0.9840748 0. 9577081 

1026 0.9836695 0.9573042 
1076 0.9832749 0.9569125 
1126 0.9828949 0.9565193 

TABLE (3.2)d 


INFINITE AND EFFECTIVE MULTIPLICATION FACTORS 

FOR END OF LIFE FUEL (EOL) 


. -- -- · -- - - -~

_Temperature 
K 

K 
00 

. 

Keff 

.. . 

926 0.9102812 0.8850595 
976 0.9098744 0. 8846.533 

1026 0.9094790 0.8842583 
1076 0.9090944 0.8838738 
1126 0.908723 0.8835023 



TABLE ( 3. 3) 

FUEL TEMPERATURE COEFFICIENT OF REACTIVITY, oP x 105oc-l 

AS A FUNCTION OF TEM:t>ERATURE oT 

Temperature 
K 

Fresh Fuel with B 
(BOL) 

It 

A 

Fresh Fuel without 
B 

B 

Middle of Life 
Fuel 
(MOL) 

c 

End of Life Fuel 
(EOL) 

D 

951 
1001 . 
1051 
1101 

- 0.938265 
- 0 .9111571 
- 0.887477 
- 0.849679 

- 0.740073 
- 0.718690 
- 0.697248 
- 0.671851 

- 0.908889 
- 0.881091 
- 0.855188 
- 0.859167 

- 1.03758 
- 1. 009892 
- 0.983914 
- 0.95146 

,, 

(..,.J 

N 
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TABLE (3.4) 

FOUR FACTOR INTERPRETATION OF FUEL TEMPERATURE COEFFICIENTS OF REACTIVITY 
FOR FRESH FUEL WITH BO~ON CONTROL 

I 

I 


parameter 
-

Tf = 926K 6.x.105 .!. ~ I .10s 
x • . 3 Tf 951K 

T ~ 976K 
.. f 

56x.10 1 3 x I s-; · 1"'T . 10 
f lOOlK 

Tf = 1026K 

f 

n 

p 

E: 

k 
00 

0.8195986 

.1.4367758 

0.8437920 

1.1008146 

1. 0938050 

-3.54 

+ 13. 91 

- 49.30 

- 3.45 

- 61.472 

- 0.086384 

+ 0.193627 

- 1.168534 

- 0.062681 

- 1.124000 

0.8195632 

1. 4369149 

0.8432990 

1.1007801 

1.0931900 

- 3.76 

+ 14.76 

- 43.20 

- 3.24 

- 53.01 

- 0.091756 

+ 0.2054 40 

- 1. 02454 7 

- 0.058867 

- 0. 969761 

0 . 8195256 

1. 437062 5 

0 . 8428670 

1. 1007477 

1. 0926599 



TABLE (3.4) Continued 

parameter Tf = 1026K 6.x.105 l x . ~ I .10sa T 
f 1051K 

Tf = 1076K 56x.10 

. . 

1;z. ax 1 · .105 
~ 

f 1101K 
T 

~ .... 
= 1126K 

f 0.8195256 - 3.58 - 0.087367 0 . 8194898 - 3.29 - 0.080294 0.8194569 

r: 

p 

1. 43 70625 

0.8428670 

+ 14.29 

- 42.10 

+ 0.198877 

- 0.998971 

1.4372054 

0.8424460 

+ 15.22 

- 41. 20 

+ 0.211800 

- 0.978104 

1. 4373576 

0.8420340 

s 1.1007477 - 3.54 - 0.064320 1.1007123 - 2.79 - 0.050694 1.1006844 

k 
00 

1.0926599 - 52.00 - 0.9518 . 1.0921399 - 48.998 - 0.8972 1.0916499 

; 



TABLE ( 3.~ 

FOUR FACTOR INTERPRETATION OF FUEL TEMPERATURE COEFfICIENTS OF REACTIVITY 

FOR FRESH FUEL 


p2. raceter Tf = 926K 6x .10
5 l x . "x I .1053 T • 

f 951K . 
Tf = 976K 

s6x .10 l 
. x 

. ax I .105
2 T _ 

I lOOlK 

Tc 
.... 

= 1026K 

f 

~ 

0.9657983 

1.4351251 

- 0.25 

13.44 

~ 0.005177 

+ .187301 

0.9657958 

1.4352595 

- 0.25 

+ 15.08 

- 0.005177 

+ 0. 210136 

0.9657933 

1.4354103 

p 

E. 

1,
::,,._ 

co 

0.8466270 

1. 854396 

1. 2737200 

- 44.5 

- 3.10 

- 58.99 

- 1.051230 

- 0.057120 

- 0.926263 

0.8461820 

1.0854086 

1. 2731301 

- 43.8 

- 3.33 

- 56.7599 . 

- 1.035238 

- 0.061359 

- 0.89166002 

0.8457440 

1. 08537 53 

1. 2725625 

w 
:..o 



TABLE (3. 5) continued 

FOUR FACTOR INTERPRETATION OF FUEL TEMPERATURE COEFFICIENTS OF REACTIVITY 
:FOR FRESH FUEL 

para:::eter 
T+: 

J.. 

= 1026K D.x .10
5 1 

x 

. ax I _10s 
cl Tf 1051K 

Tf = 1076K 
5

6x.10 l 
x 

. ~ ::: I .105 
c 

1 f llOlK 
I == 

-'
1126K 

f 

T: 

p 

s 

1. 
!'-. 

00 

0.9657933 

1 .. 4354103 

0.845744 

1. 0853753 

1. 2725625 

- 0.28 

+ 13.28 

- 41. 70 

- 2.47 

- 54.25 

- 0.0057983 

+ .185034 

- 0.986114 

- 0.0455142 

- 0.8536103 

0.9657905 

1.4355431 

0.845327 

1. 0853506 
. 

1. 2720200 

- 0.07 

+ 15.85 

- 41. 00 

- 4.48 

- 52.994 

- 0~0014496 

+ .2208223 

- 0.9700388 

- 0.082554 

- 0.83322 

o. 9657898 

1. 4357016 

0.844917 

1.0853058 

1. 2714901 

~ 



TABLE (3.6) 

fQUR FACTOR INTERPRETATION QF fUEL TEMPE~TURE COEffICIENTS 
REACTIVITY FOR (MOL) 

parar::eter T+=
.L. 

= 926K 5
ill{ .10 .!_ 

x . 
3 XJ 105
3 T • 

951K ·. 
Tf = 976K 

5
D.x.10 .!. 

x 
. ~ 1 .105 

c Tf lOOlK 
T 

f 
:::: 1026 

f 

ri 

p 

s 

k 
:::0 

0.9574967 

1.1313547 

0.8401390 

1.0817529 

0.9844990 

- 2.07 

+ 14.77 

- 42.10 

- 3. 72 

- 41. 998 

- 0.04323 

+ 0.26110 

- 1. 00222 

- 0.06878 

- 0.85319 

0.9574750 

1.1315024 

0.8397180 

1. 0817157 

0.9840790 

- 1. 87 

+ 14. 54 

- 41. 00 

- 3.6 

- 40.604 

- 0.03906 

+ 0.25700 

- 0.97652 

- 0.06656 

- 0.82522 

0.9574573 

1.1316478 

0.8393030 

1.0816797 

0.9836730 

" 


.r::. 
~ 



TABLE (3.6) Continued 

FOUR FACTOR INTERPRETATION FO FUEL TEMPERATURE COEFFICIENTS 
REACTIVITY FOR (MOL) 

para:::eter 
""' = 1026K- f 

/., 105 
__. ... l:. 8 x I 105 

x . 8 T .c 10 5 lK. 
J. 

Tf = 1076K D.x . 105 l. ~ .10s 
x c T,.. 

r 101K 

= 1126KT c 
;._ 

f 0.9574573 - 2.03 - 0.042403 0.9574370 - 1. 74 - 0.036347 0.9574196 

r 1.1316478 + 14.66 + 0.2590912 1.1317944 + 15 .13 + 0.26736 1.1319457 

p 0.8393080 - 40.10 - 9.95555 0.8389070 - 39.40 - 0.93932 0.8385130 

E 1. 0816 797 - 3.47 - 0.064159 1.0816450 - 3.45 - 0.06453 1.0816101 

k 0.9836730 - 39.502 - 0.803156 0.9832780 - 38.000 - 0. 772920 0.9828980 
co 

" 

~ 
l'-.l 



TABLE (3.7) (a) 

RELATIVE THERMAL ABSORPTION IN FRESH FUEL AT 
DIFFERENT FUEL TEMPERATURES 

Tf = 926 K D:.x.10
4 

Tf = 1026 K D:.x.10
4 

Tf = 1126 K 

Xe-135 

Th-232 

U-233 

U-235 

Pu-Z39 

2.634677 x 

1.816000 x 

2.227218 x 

2.141414 x 

2.689200 x 

10-2 

10-1 

10-1 

102 

10-1 

- 0.7456 

- 5.5200 

- 5.2580 

- 0.5687 

+ 2.7600 

2.627221 x 10-2 

1.810478 x 10-1 

2.221959 x 10-1 

2.135727 x 102 

2.691956 x 10-1 

- 0.737 

- 3.4700 

- 5 .1710 

- 0.5571 

+ 5.8780 

2.619848 x 10-2 

1.807015 x 10-1 

2.216788 x 10-1 

2-130156 x 102 

2.696834 x 10-1 



TABLE (3. 7) (b) 

RELATIVE RESONANCE ABSORPTIONS FOR FRESH FUEL 

AT DIFFERENT FUEL TEMPERATURES 

Tf = 926 K !:..x.104 
Tf = 1026 K !:..x.104 

Tf = 1126K 

Xe-135 

Th-232 

U-233 

U-235 

Pu-239 

3.194433 x 10-6 

4.892550 x 10-2 

2.951279 x 10-2 

1. 568996 x 10-3 

9.109470 x 10-3 

- 0.0001 

+ 8.2040 

- 006250 

- 0.0427 

- 0.0198 

3.188065 x 10-6 

4.974593 x 10-2 

2.945029 x 10-2 

1.564721 x 10- 3 

9.107489 x 10-3 

- 0.0001 

+ 7. 7756 

- 0.6055 

- 0.0409 

- 0.0235 

3.181729 x 

5.052349 x 

2.938974 x 

1. 560628 x 

9.105142 x 

10-6 

102 

10-2 

10- 3 

10-3 

" 

~ 
~ 



TABLE (3.8) (a) 

RELATIVE FAST NEUTRON ABSORPTION IN (MOL) FUEL 


AT DIFFERENT FUEL TEMPERATURES 


Tf = 926 K 6x.104 Tf· = 1026 K 6x.104 
Tf = 1126 K 

Xe-135 

Th-232 

U-233 

U-235 

Pu-239 

6.4057 x 10-15 

1.4919 x 10-2 

2.1197 x 10-3 

1.5201 x 10-4 

9.9325 x 10-5 

0.0000 

- 0.0400 

0.0000 

0.0000 

- 0.0012 

6.5910 x 10-15 

1.4915 x 10-2 

2.1197 x 10-3 

1.5205 x 10-4 

9.9201 x 10-5 

0.0000 

- 0.0800 

+ 0.0040 . 

+ 0.0005 

+ 0.0008 

6.5953 x 10-15 

1. 4928 x 10-2 

2.1202 x 10-3 

1. 5210 x 10-4 

9.9275 x 10-5 

~ 
v. 



TABLE (3.8) (b) 

RELATIVE RESONANCE ABSORPTIONS IN (MOL) FUEL 

AT DIFFERENT FUEL TEMPERATURES 

Tf = 926 K £\x.104 
Tf = 1026 K L\x .10

4 
Tf = 1126 K 

Xe-135 

Th-232 

U-233 

U-235 

Pu-239 

-78.5160 x 10 . 

4.8122 x 10-2 
. -2 

2. 4587 x 10 

L4132 x 10-3 

9.3456 x 10-4 

· 
0.0000 

+ 9.0300 

- 0.3910 

- 0 . 3450 

- 0.0390 

1. 8423 x 10-6 

4.9025 x 10-2 

2 . 4548 x 10-2 

1. 4097 x 10-3 

9.3162 x 10-4 

0.0000 

+ 7. 7 500 

- 0.4460 

- 0.3180 

- 0.0100 

1.8407 x 10 

4.9801 x 10 

2.4503 x 10 

1. 4066 x 10 

9.3057 x 10 

-6 

-2 

-2 

-3 

-4 

,t:,. 
(j\ 



I>TABLE (3.8) (c) 

RELATIVE THERMAL ABSORPTIONS IN (MOL) FUEL 

AT DIFFERENT FUEL TEMPERATURES 

4 
 4
!::.x.10!::.x.10 Tf = 1026 K Tf = 926 K Tf = 1126 K 

2.15180 x 10-2 
 2.14560 x 10-2 
 2.14250 x 10-2
Xe-135 - 0.6200 - 0.3100 

2.54457 x 10-1 
 2.54124 x 10-1 
 2.53815 x 10-1
Th-232 - 3.3340 - 3.0883 

2. 77060 x 10-1 
 2.76748 x 10-1 
 2.76368 x 10-1
U-233 
 - 3.1200 - 3.8000 

2.80240 x 10-2 
 2.79734 x 10-2 
 2.79264 x 10-2
U-235 
 - 0.5060 - 0.4205 

3.82690 x 10-2 
 3.84300 x 10-2 
 3.86009 x 10-2
Pu-239 + 1. 6100 
 + L 7100 




TABLE (3.9) 

RELATIVE THERMAL NEUTRON PRODUCTIONS IN FRESH 

FUEL AT DIFFERENT TEMPERATURES 

Tf = 926 K f>.x.10 4 
Tf = 1026 K 6x.104 

Tf = 1126 K 

U-233 

U-235 

Pu-239 

5.070597 x 10-1 

4.462734 x 10-2 

5.262953 x 10-1 

- 12.0697 

- 1.2150 

+ 4.0106 

5.058529 x 10-1 

4.450584 x 10-2 

5.266964 x 10-1 

- 11. 8539 

- 1.19618 

+ 4.3890 

5.046676 x 10-1 

4.438622 x 102 

5. 271353 x 10-1 

. ;::. 
m 
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3.2.b Discussions Based on the Four Factor Formula 

To aquire a more sound understanding of the physical mechanisms 

which govern the behaviour of the fuel temperature coefficient of reactivity, 

the results are now discussed in terms of the four factor · formula fork : 
00 

The definitions of the factors used here are given in (1-6), and 

the upper boundary of the thermal region is arbitrarily chosen at 0.625 eV. 

The individual values of the parameters have significance only if comparisons 

with other calculations are to be carried out. The separation of the multiplication 

factor k into the four parameters f,n,p ands is only justified in this 
00 

context as a means of expressing the results of the detailed multigroup 

calculations and of understanding their physical significance. 

(i) The Fast Fission Factor£: 

An increase in temperature tends to flatten the thermal flux in 

the fuel, because of the decreased absorptions in the thermal region; this 

in effect decreases the escape probability for thermal neutrons from the 

fuel regions increasing thermal productions. Fast absorptions remain almost 

constant with a change in t'emperature. As a .consequences decreases with 

fuel temperature increase. 

This argument could be followed by observing the absorptions in the 

different energy ranges from tables (3.7) and (3.8), where the absorptions 

of important nuclides in the fuel are shown normalized to one absorption in 

the total system, for the cases of fresh fuel and the case of (MOL). 

It is quite notable that in the fast neutron energy range (above 
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9.118 KeV) ther e is almost no change in fast absorptions with the temperature 

change, whi l e most of the changes take place in the resonance region (between 

0.625 eV a nd 9.118 KeV) and in the thermal energy range (below 0.625 eV). 

It is inte resting to note that thermal absorptions increase in Pu-239 and Pu- 241 

nuclides. The reason is that the thermal spectrum hardening enhances 

abso r ption in the Pu-239 resonance at 0.297 eV, with partial half widths 

of r 39 meV, r = 61 meV and r = 0.22 meV, and the Pu-241 resonance at y f 	 r 

0.25 eV with ry = 43 meV, Tf = 59 meV and Tr 0.055 meV [10], to absorb more 

thermal neutrons . However, changes in E are generally small and contribute 

with about 5-8 percent of the total net effects on the fuel temperature 

coefficient of reactivity. 

(ii) · The Regeperation Factor n: 

From table (3.9), which shows the thermal neutron production for 

the different fissile materials, we can see that the production rate for 

U-233, U-235, Pu- 239, at different temperatures, is almost proportional t o 

the absorption rate at the corresponding temperature. However, other non-

fissile nuclides exist, which absorb neutrons at a decreasing rate with 

temperature causing the total value of n to increase with temperature. 

Hence n is expected to have a less positive cofficient of reactivity as the 

enrichment of the fuel increases. 

(iii) 	 The Resonance Escape Probability p: 

The temperature dependence of the resonance escape probability p 

is entirely due to the resonance integral I . Increasing the fuel temperature 

i ncreases the effective resonance integral through Doppler-broadening of t he 

resonances in Th-232 and hence decreases the resonance escape probability pe 
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These deduct i ons are qua lifi ed thr ough observa t i ons of the i ncrease of the 

resonance absorption of Th- 232 in t able s (3.7(b), (3.8)(b). 

The presence of Boron in the moderator absorbs more thermal 

neutrons and hence more neutrons have higher energies causing more resonance 

absorptions. When the fuel temperature increases the Doppler-boradening 

effect becomes more notable in the fresh fuel with boron control case. 

This is evident from comparisons of tables (3.4) and (3.5). 

(iv) The Thermal Utilization Factor f 

From the tables shown one notices that changes inf with temperature 

are generally negat i ve and small. The thermal diffusion length increases 

with temperature; and as the diffusion length increases, the flux in the 

fuel region tends to flatten, that is, the depression of the flux across 

the fuel region becomes less pronounced, and this leads to a smaller value 

of the thermal absorption in fuel relative to the total thermal absorptions 

in the system. It is seen from tables (3.7) and (3.8) that generally 

thermal absorptions in the fuel normalized to one absorption in the system, 

decreases with _increasing temperature. However, there is a compensating 

effect of the Pu-239 which shows increased absorption with temperature due 

to its thermal . resonance. 
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4. COOLANT TEMPERATURE COEFFICIENT 

OF REACTIVITY 

4.1 General 

The coolant temperature coefficient of reactivity describes the 

change in reactivity associated with a change in coolant temperature and 

includes the appropriate change in coolant density. The effect of the change 

in coolant flow area with coolant temperature is neglected, because it is 

gneerally small. An increase in coolant temperature results in a reduction 

in coolant density and in a hardening of the neutron spectrum due to 

increased upscattering from the light nuclides in the coolant. 

4.2 Discussion of the Results 

Generally the increase inn and p with temperature provides 

the major contribution to the positive coolant temperature coefficient of 

reactivity. 'When the coolant temperature increases and the neutron spectrum 

hardens, more neutrons are now absorbed in the Pu-239 thermal resonance. 

This explanation is confirmed by the relative thermal absorption rates given 

in Table (4.3)(a). Since the thermal resonance of Pu-239 has a large fission 

width, the corresponding thermal production increases with a corresponding 

increase in the value of n. The relative fraction of thermal absorptions 

in the system increases with temperature, which means an increase in the value 

of p with temperature. These effects are observed from table (3.1). 

With increased irradiation the concentration of Pu-239 decreases 

due to burnup, and more thermal neutrons are now available for absorption by 

other nuclides. Thus the thermal absor~tion in Pu decreases while those 

~ 

in other nuclides increase with increased irradiation, as demonstrated by 
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tables (4.3)(a) and (4.4)(a). The ensueing effects are a decrease in the 

value of n and an increase in the value of p with increased irradiation as 

can be observed from tables (4.l)(p) and (4.L)(c). 

The temperature coefficient of p decreases with irradiation from 

-5 -1 5 1+ 0.9923 x 10 °C in the (MOL) case to+ 0.7345 x 10- °C- in the (EOL) 

case. 

For the fresh fuel condition with boron control in the moderator , 

-5 -1the coolant temperature coefficient at 498 K becomes 1.8226 x 10 °C , for 

the (MOL) fuel case it becomes 2.61679 x 10-50 c-l while it becomes 2.7734 x l0-5°C-l 

for the (EOL) fuel case. 

Table (4.1) shows the contributions to the temperature coefficient 

of reactivity from t he four factors at different coolant temperatures o 

Table (4.2) shows the relative absorptions, in the thermal and resonance 

neutron energy ranges, for important nuclides at different. temperatures and 

i rradiation cases . 



TABLE (4 .1) (a) 

FOUR FACTOR INTERPRETATION OF COOLANT TEMPERATURE COEFFICIENTS 


IN FRESH FUEL WITH BORON CONTROL 


Parameter T = 473 K 
c 

4/Jx.10 .!. -~ I .105 x oT 
c 498 K 

T = 523 K 
c 

f 

T/ 

p 

l 

k 
00 

0.8188737 

1.4362787 

0.8419420 

1.10037627 

1.0896300 

+ 2.9440 

+ 4.8110 

+ 4 a480Q 

+ 1. 947100 

+ 15.3000 

+ 0.719036 

+ 0.669926 

+ 1.064206 

+ 0.353897 

+ 2.808293 

0.8191681 

1.4367598 

0.8423900 

1.10057098 

1. 0911600 

• 

u, 
~ 



TABLE (4 .1) (b) 

FOl:R FACTOR INTERPRETATION OF COOLA.i.,T TEHPERATCRE. COEFFI CIE:;TS 

IN (MOL) FUEL 

Parameter = 4 73 K I 
c 

4 
t-.x .10 1 d x .10s 

c) Tx 
c 

498 K 

T = 523 K 
c 

c 
.J.. 

77 

p 

( 

k 
co 

0.95716521 

1.13062667 

0.83845400 

1.08137015 

0.98120420 

+ 1.2674 

+ 6.0968 

+ 4.1600 

+ 1. 5604 

+ 12.8880 

+ 0.264824 

+ 1. 07848 

+ 0.9923 

+ .28860 

+ 2.62697 

0.95729195 

1.13123635 

0.83887000 

1. 08152619 

0.98249300 

l,'1 
l,'1' 



TABLE (4 .1) (c) 

FOUR FACTOR INTERPRETATION OF COOLA.1~T TEMPERATURE COEFFI CIENTS 

IN (EOL) FUEL 


1 d x 
-Parar:1eter I T = 473 K 6x .10 
 . 105 
I 
 T = 523 K 

c x 3 T 
 cI 
4 I 


c 498 K 

f I 0 . 95400973 
 + 0.9303 + 0.195029 0.95410276 

1. 04227628 + 2.6300 + 0.504665 1. 042539 28
77 

I
p 0.84407200 + 3.1000 + 0.734534 0.84438200 
( 1. 0816 7798 
 + 2. 2084 
 + 0.4083291 1. 08189882 
k 0.90784800 + 8.3666 + 1.843172 0.90868466I
00 

V1 
O'\ 



TABLE (4. 2) (a) 

RELATIVE THERMAL ABSORPTION IN FRESH FUEL 

WITH BORON CONTROL 

T = 473 K c 
4

!:.x.10 T = 523 K c 

Xe-135 2.208261 x 102 + 4. 9715 2.257977 x 10
2 

Th-232 1. 528079 x 101 + 33.9017 1. 5619812 x 10
1 

U-233 1.875487 x 10
1 + 42.1311 1.917618 x 101 

U-235 1. 802093 x 102 + 3.8951 1. 841044 x 102 

Pu-239 2.289790 x 101 + 67.3065 2.357097 x 101 

,, 

v, 
'1 



TABLE (4.2)(b) 

RELATIVE RESONANCE ABSORPTION IN FRESH FUEL 

WITH BORON CONTROL 

T = 47 3 K 
c 

46x . 10 T = 523 K 
c 

Tn- 232 

L~- 233 

C- 235 

Pu- 239 

5.051475 x 10-2 

2.925717 x 10-2 

1. 554834 x 10-2 

9.064095 x 10'""'.3 

+ 1.1841 

+ 4.2424 

+ 0.2155 

+ 1. 2010 

5.063316 x 10~2 

2.968141 x 10-2 

1.576382 x 10-3 

9.184190 x 10-3 

v, 
co 



TABLE (4.3)(a) 


RELATIVE THERMAL ABSORPTION IN .(MOL) FUEL 


T = 473 K 
c 6x . 10 4 

T = 523 K 
c 

Th- 232 2 . 5 72121 x 10-1 
- 2 . 2562 2.569864 x 101 

U- 233 2.895630 x 101 
- 1.0746 2.894556 x 10-1 

U- 235 2.827216 x 10-2 
- 0.4092 2.823124 x 10-2 

Pu- 239 3 . 775647 x 10-2 + 4 . 6766 3.822413 x 10-2 

If> 

V1 

'° 



TABLE (4.3)(b) 


RELATIVE RESONANCE ABSORPTION IN (MOL) FUEL 


T = 473 K 
c D.x.10 4 

T = 523 K 
c 

Th-23 2 4.719041 x 102 
- 4.0523 4.678518 x 102 

U-233 1.181524 x 10-2 + 0.3009 1.184533 x 102 

U-235 1.170550 x 10-3 + 0.0276 1.173310 x 10-3 

Pu-239 8.077277 x 10-4 + 0.02086 8.098138 x 10-4 

O'I 
0 

;.'~.s: 

,.;.." 



TABLE (4.4) (a) 

RELATIVE THERMAL ABSORPTION IN (EOL) FUEL 


T = 473 K 
c 

46x .10 T = 523 K 
c 

Th-232 2.829107 x 10-1 
- 0.4994 2.828608 x 10-1 

lJ-233 3.190773 x 10-1 + 1.0817 3.191855 x 10-1 

U-235 3.155375 x 10-2 
- 0.2443 3.152932 x 10-2 

Pu-239 9.276658 x 10-4 + 0.1449 9.421583 x 10-4 

,, 

~ °' 



TABLE (4.4)(b) 


RELATIVE RESONANCE ABSORPTION IN (EOL) FUEL 


T == 473 K 
c 

4
.6x . 10 'T' - ~ ?"< p 

~ - .) ...., !).,. 

c 

Th- 232 4.640199 x 102 - 4.0307 4. 599892 x 
-210. 

U- 233 1.143967 x 102 + 0.2693 1.146659 x 10-2 

U- 23 5 1.143759 x 10-3 + 0.0250 1.146254 x 10-3 

Pu- 239 1.789867 x 10-5 - 0.0813 0.976576 x 105 

(j'I 
N 
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5. COOLANT VO ID COEFFIC IENT OF REACTIVI TY 

The coolant void coef f ic i ent of r eactivi ty is normally defi ned 

as the cha nge in react i v i t y per percent voids in t he coolant. The total 

change i n r eactivi ty i f the coolant is completely removed is often called 

the void effect. 

In the calculation of the void effect, the reactivity is calculated 

with the coolant present and with the coolant absent; and the void effect 

is calculated as the difference of the corresponding reactivities. In order 

to demonstrate the influence of the different factors in the four factor 

formula, the following procedure is followed. 

Since k ~ sp nf 
00 

then 6k 
00 

where average values are used. The reactivity 6p, due to total voiding can 

be expressed as follows: 

+-~-P_ ( 5 . 1 ) 
pl+p2 

where the indices 1 and 2 refer to with coolant present and without coolant 

respectively . 

It is to be expected that in case of k very close to unity, the 

last erm reduces to 2.0 and (5.1) would be the same as equation (1.5) 

derived before. The effect of changes in the non-leakage probabilities is 
C> 

not studied here. 
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From table (5.1), it can be noted that the values off and p 

increase when the coolant is r emoved. The changes in f and p f orm t he 

larges t contributions to the void effect. The contribution from E is a l ways 

positive while tha t from n is negative. 

Voiding of the coolant tends to soften the thermal neutron 

spectrum wi th the consequent loss of thermal absorptions in the thermal 

resonance of Pu-239 and an increase of thermal absorptions in other nuclides, 

as it is evident from tables (5 .1) (a) , (5. 2) (a), (5. 3) (a). 

The thermal fissions decrease with loss of coolant due to the 

decrease in the Pu-239 thermal resonance absorption. On the other hand 

voiding incr eases absorption in the fuel for the energy band above the 

resonance region due to reduced macroscopic coolant cross-section. 

Consequently , € increases with voiding as depicted by table (5.1). 

The change in resonance escape probability can be discussed 

qualitativel y on the basis of the familiar expression (11): 

Novo . p exp - [ 	 I ] (5. 2)
effViE;,iEi~ 

l n,pot 

where No : number density of absorber atoms 

vo : volume of fuel region 

i
V ,i=l •• • ,n :volume of slowing down region i 


- i 

E;, 	 , i=l , ••• , n : Average logarithmic energy decrement for slowing down region i 

Ei : Macroscopic potential scattering cross-section for slo~ ing down r egion
n,pot 


Ieff : Effective resonance integral. 


i 
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The effect ive resonance integral can be written as (1) 

T - T )] (5. 3) 
0 

where 	 A,B Mater ial dependent parameters 

so Surface area of fuel pin 


Mo Mass of fuel pin 


c Dankoff-correction factor 


so 
c+d(M°) = roughly a constant (1) ' (12).er 

T Temperature in degrees Kelvin 


T Reference temperature in K 

0 

A reduction in coolant density reduces the macroscopic cross-section 

of the moderator and hence increases the Dancoff-correction factor (table 2.9, 

ref o (12)). This decreases the resonance integral and consequently increases 

the resonance escape probability. This is shown in table (5.1). However, 

the change in the resonance escape probability is dependent on the relative 

magnitude of change in the resonance integral and the slowing down per 

absorber atom. 

_1
Setting 

Novo --	 (5. 3)x 

1
effThen, p = exp - ( ) 	 (5.4)x 

I 
( eff ) 	

1
And~ dp exp -	 (Ieff dX - Xdleff) (5. 5)x . x7 

For well moderated lattices, i.e. large X, the negative change 

in the effective resonance integral dominates and the resonance escape 
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probability increases wi t h decreasing coolant dens i t y , wherea s f or highly 

undermodera t ed cells , i . e . small x , a change in coo lant density makes an 

apprec iable cha nge t o the slowi ng down per resonance absorber a tom a nd 

the re s onance e scape pr obab i lity decrease s wi th coolan t density. 

The large i ncrease i n f not i ced from table (5.1) is essentially 

due to the increase in absorption of the f uel with voi ding as explained 

before. 

The decrease in the value of n, as shown in table (5.1), is due 

to the loss of thermal absorptions in the Pu-239 thermal resonance and the 

consequent decrease in thermal neutron production; as in tables (5.1) (a), 

(5.2)(~) , (5.3)(a). 

For fresh fuel case, with boron control in the moderator, the 

total void effect amounts to 12.0274 mk. For (MOL) case, the total void 

effect is 11.9706 mk; while for (EOL) fuel case the corresponding value is 

8.4875 mk . 

The main reason for the smaller void effect for the (EOL) case 

as compared with the (MOL) case, is the large reactivity loss at the Pu-239 

t hermal resonance thorough softening of the neutron spectrum. This can be 

seen from t ables (5.2), (5.3) and (5 . 4). 



TABLE ( 5. 1 ) (a ) 

FOUR FACTOR INTERPRETATION OF THE COOLANT VOID EFFECT 
FOR FRESH FUEL WITH BORON CONTROL 

PARAMETER T =473 K c 
bX· 10 3 VOID EFFECT CONTRIBUTION ·103 NO COOLANT 

f 

n 

p 

E 

K 
00 

0.819527 

l. 437059 

0.842867 

1. 100748 

1. 092660 

+6. 172 

- 3. 169 

+6. 181 

+2.033 

+15.900 

+6.817 

-2.006 

+6.639 

+1.677 

+13. 127 

0.825699 

1 . 4 33890 

o.849048 

1. 102781 

1. 10856 

" 

(;\ 

....J 



TABLE (5.1) (b) 

FOUR FACTOR INTERPRETATION OF THE COOLANT 

VOID EFFECT FOR (MOL) FUEL 


PARAMETER 
-

T =473 K c ~x-10 3 VOID EFFECT CONTRIBUTION •]03 NO COOLANT 
.. 

f 

n 

p 

£ 

K 
00 

0. 957580 

l. 131643 

0.839602 

1.081783 . 

0.984234 

+2. 403 

;..2. l 01 

+5. 129 

+2. 116 

+8.693 

+2.535 

-1. 661 

+6. 16 l 

+1.977 

+8.895 

0 . 959983 

1.129542 

0.844731 

1. 083899 

0.992827 

,, 

co °' 



TABLE (5. 1) (c) 

FOUR FACTOR INTERPRETATION OF THE COOLANT 
VOID EFFECT FOR (EOL) FUEL 

PARAMETER T =473 K c 

-

b.X• 10 3 VOID EFFECT CONTRIBUTION •103 NO COOLANT 

f 

11 

p 

e: 

K 
00 

O. 954 359 

1 .042747 

o.844938 

1. 082208 . 

o. 909968 

+2.580 

~0.528 

+3. 770 

+2.340 

+8.055 

+2. 954 

-0.554 

+4.871 

+2. 372 

+9.642 

0.956939 

1.04221 9 

0.848708 

1. 084557 

0.918023 

t, 

°' '° 



TABLE (5.2)(a) 


THERMAL ABSORPTION . IN FRESH FUEL WITH BORON CONTROL 


Tc= 473 K 6x.103 without coolant 

Th-232 1.550910 x 101 + 4.7404 1. 598314 x 10-1 

U-233 2.026227 x 10-1 + 5.6435 2.082662 x 10-1 

U-235 1.8207231 x 102 + 0.5935 1. 880074 x 102 

Pu-239 2.324618 x 101 - 3.4735 2.289883 x 10-1 

TABLE (5. 2) (b) 


RESONANCE ABSORPTION IN FRESH FUEL WITH BORON CONTROL 


Tc= 473 K 6x.103 without coolant 

Th-232 4.694376 x 102 
- 4.8235 4.212019 x 102 

U-233 1.381239 x 102 + 0.5988 1.441124 x 102 

U-235 1. 299963 x 10-3 + 0.0526 1. 352604 x 10-3 

Pu-239 7.828417 x 10-3 + 0.156289 7.984706 x 10-3 

-..J 
0 



----
,,....., _,.----...__ 

TABLE (5.3)(a) 

THERMAL ABSORPTION IN (MOL) FUEL 

3 without coolant 

1 

6x.10Tc= 473 K 

2.601478 x 102.569948 x 10-1 + 3.1530Th-232 

2.926822 x 10-1 

U-235 I 2.822271 x 10-2 

2.895746 x 10-1 + 3.1076TJ-233 

2.864173 x 10-2+ 0.4190 

3.741268 x 10-23.857808 x 10-2 - 1.1654Pu-239 

TABLE (5.J)(b) 


RESONANCE ABSORPTION IN (MOL) FUEL 


Tc= 473 K 6x.103 without coolant 

Th-232 4.613100 x 10-2 - 4.6090 4.152971 x 10-2 

U-233 9.831298 x 10-3 + 2.5024 1. 233369 x 10-2 

U-235 1.178232 x 10-3 + 0.0406 1. 218793 x 10-3 

Pu-239 8.135709 x 10-4 + 0.0284 8.419675 x 10-4 
-...J 
~ 

, 




, .,--.., / ~ 

TABLE (5. 4) (a) 

THERMAL ABSORPTION IN (EOL) FUEL 

Tc= 473 .K 6x.103 
without coolant 

Th-232 2.829779 x 10-1 + 2.2360 2.852139 x 10-1 

U-233 3.194419 x 10-1 + 2.0769 3.215188 x 10-1 

U-235 3.152946 x 10-2 + 0.3154 3.184483 x 10-2 

Pu-239 9.535197 x 10-4 - 0.0307 9.228653 x 10-4 

-

TABLE (5.4)(b) 


RESONANCE ABSORPTION IN (EOL) FUEL 


Tc= 473 K 6x,103 without coolant 

Th-232 4.535278 x 10-2 - 4.5674 4.078539 x 10-2 

U-233 1.151661 x 10-2 + 0.4034 1.192005 x 10-2 

U-235 1.150894 x 10-3 + 0.0382 1.189085 x 10-3 

Pu-239 1. 803630 x 10-5 + 0.0007 1.876119 x 10-5 

-...J 
N 

• 
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ABSTRACT 

This work has been done with the purpose of studying the 

validi ty of Bragg Kle€man rule which states that for combinations of 

element s, the atomic stopping cross-sections are additive. The validity 

of Bragg Kleeman rule for low energy He ions has not been conclusively 

tested for solids. In this work, the comparison with the experimental 

stopping power of SiC with the additive stopping powers of Si and Chas 

been made experimentally. 

A thick target technique in the experimental evaluation of the 

stopping powers is used. This method has some simplicity over the thin 

target techniques. 

A calibration of the McMaster University Van-de Graff accelerator 

was done. Experiments were conducted later using the calibration curves 

produced. 

The report contains a brief account on different sources of errors 

due to the Van-de-Graff accelerator calibration and due to stopping power 

experiments. 

ii 
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CHAPTER 1 

INTRODUCTION 

Presented here is the experimental-theoretical technique of 

measurements of the stopping power of He ions in silicon, carbon and 

silicon carbide with initial energies ranging from 1.02 MeV to 2.22 MeV. 

A modification of the technique originated by Wenzel and Whaling 

[l] and recently repeated by others[2] has been used. Due to the interest 

in the energy range of the ions from 1.0 MeV to 2.5 MeV for backscattering, 

channeling and radiation damage experiments, the Bethe-Bloch formalism of 

the stopping cross-sections with semiempirical modifications to comply with 

experimental data have been used. Others[3] have used the Lindhard-

Winther formalism which is less relevent in the range of interest indicated, 

as will be shown later. 

Recent measurements for other light elements[3],[4],[5] to generate 

fitting parameters for a semiempirical equation for the stopping cross

section dependenc~ on energy have been used. The method followed is basic

ally the Fletcher-Powell optimization method [6] with the aid of the 11 gen

eral program for discrete least pth approximation [7]. Optimality criteria 

indicated the good representation of chosen fitting function. 

In the second chapter, a discussion of different theoretical models 

posed for the purpose of stopping cross-sectio~ evaluation is presented. 

The l imits of applicability of each equation and the suitability of the Bethe

Bloch equation for the energy range of interest are discussed. Corrections 
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to the original Bethe-Bloch equation are discussed also and a presenta

tion of a shell correction factor based on the idea of adjusted parameters 

like adjusted .ionization potential is made. 

In the third chapter, reference is made to the need for semiempirical 

type of calculations as a guide to experimental data rather than the abso

lute dependence on theoretical models. In this chapter, such criteria for 

optimization and acceptance of the semiempirical parameters are discussed. 

In the fourth chapter, the energy calibration experiments are 

presented and a least-squares calibration curve is produced. The energy

calibration is based upon 4Be(p,n) 5B reaction threshold and the A1 27 (p,y)Si 28 

resonances. Sources of error are also indicated. 

In the fifth and· sixth chapters, a determination is done for the 

stopping cross-sections using the thick target technique and the semiempirical 

curves produced before. The merits of thick target technique are discussed. 

The incorporation of theory with experimentally available information gave 

more reliable data. 
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CHAPTER II 

THEORETICAL STOPPING CROSS-SECTION MODELS 

2.1 	 He Ions Energy Loss 

He ions traversing matter may lose energy by the following inter

actions [8]: 

(a) 	 Excitation and ionization of the electrons in the atoms ~nd 

molecules of the absorbing material are the dominant mode of 

loss by moderate and low energy He ions. 

(b) 	 Inelastic nuclear collisions become quite significant at high 

He ion energies and .contribute heavily to the total energy loss. 

(c) 	 Elastic interactions occur, in which the He ion transfers 

kinetic energy to the struck atom. 

(d) 	 Photon emission due to particle deceleration in atomic fields 

is the least important of the He ion energy-loss process. This 

interaction is commonly called Bremsstrahlung. 

For the high-energy region (approximately more than 1 MeV) the 

well known Bethe equation is applicable while for the low energy range (approx

imately less than 0.4 MeV) the Lindhard-Winther formalism is applicable. For 

the high energy range, a correction for the nonparticipatjng inner shell 

electrons can be made. The contribution of elastic nuclear collisions to 

the total energy loss is less than 0.1 per cent at 0. 1 MeV and is even less 

significant at higher kinetic energies. For that reason, such elastic 

collisions have not been considered. 

When 	 it is compared with the ionization and excitation energy loss, 
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He ion Bremsstrahlung is completely negligible at the energies considered 

here and so has not been included. For instance, emission of virtual 

photons and Bremsstrahlung is only a fraction of l per cent at 10 BeV, 

drops sharply at lower energies, and is insignificant at the minimum ioniza

tion energy, which depends on target material (2.182 BeV for Al). 

2.2 The Lindhard-Winther Equation 

The energy loss of a fast moving heavy particle of charge z1e, with 

velocity v, in a uniform electron gas of density n, is given by: 

2 4 
dE _ -4 TI z1 e 
dx - n L(n,v) (2-1)2 mv 

where L(n,v) is a dimensionless number and is a function of the electron 

density, n, and ion velocity, v. For the high velocity limit, L has the 

form of log (2 ~v2), and ~~ , therefore, has the form of Bethe-Bloch type 

energy loss. At the low velocity limit, Lhasa v3 dependence and~~ 

·is proportional to the ion velocity. 

For a fast ion moving in a medium of N atoms/cm3, each stopping atom 

has a spherical average electron density p(r). The stopping cross-section 

can be written as: 

2 4 
_1 dE _ 4 TI z1 e . 2

p(r) L~ ,v) 4 TI r dr (2-2)e: - · N dx - 2 
mv I 

2The charge distribution part of the integrand of (2-2), p(r) 4 n r 

is related to the wave functions of a given atom z2 by 
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(2-3) 


where wnA and PnA (r) are the occupation number and the radial wave function 

of the nA orbital and it is normalized such that 

2I4 n r p(r)dr = z2 

and the Hartree-Fock-Slater radial wave functions or the simpler Thomas

Fermi distributions can be used here. 

The stopping number Lin equations (2-1) and (2-2) has been studied 

in great detail by Lindhard and Winther using quantum mechanical perturba

tion treatments on a free-electron gas model. In order to find the asymp 

totic form of the function L(p ,v), we define the Fermi velocity, vF' which 

relates to the Fermi energy, EF' by 

h21 2 2 2/3 (2-4)E F = ~ m v F = 2m ( 3 1T P ) 

At the low ion velocity (v ~ vF·), L(P ,v) is proportional to v 3 , 

i.e. stopping is proportional to v. 

2 312L = C (X) (:{_) 3 = (L) .c
1

(X) y (2-5)
1 VF 3 

where 

and the analytic form of c1(X) is given as: 

1 21 + ~ x2 1 - - x 
c (X) = 

1 {log [ 3 
2 J - 3 } (2-6)

1 2 + ~ x2x2 ( 1 ~2 3- 3 
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One can use (2~5) and (2-3) and numerically integrate (2-2) in order to 

obtains • 
a 

2.3 The Bethe-Bloch Equation 

The Bethe Equation for the energy loss from atomic ionization and 

excitation is: 

1 dE 4 TI 
2 2 z1 e z2Ndx = mC2 2 . {loge
6 Iadj(l - s/)1 + 2m 

---+ (~)2 
M/,..,_1---s--x-2 

l . c. 
_ S2 _ 1 1 ~}z - 2 (2-7)

2 

where 

= effective charge of the ionzl 

c = velocity of light in vacuum 

e ~ electronic charge in e.s.u. 

m = rest mass of the electron 

= rest mass of the impinging ionMl 

N = number of atoms per cubic cm of the material 

= atomic number of the stopping material z2 

I d. = the adjusted ionization potential a J 

s = ratio of the incident particle velocity to the velocity_ 

of light z 
I = the sum of the effects of shell corrections on stopping
i Ci 


power 


~ = the polarization effect correction term 
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The form of this equation published by Livingston and Bethe in 

1937 [9] neglects the small effects of the square root term within the 

logarithm. This term is quite close to unity except at very high energies. 

For example, omission of the term increased the energy l~ss at 1000 MeV 

by only 0.017 per cent in Al [8]. For this reason, this term in the calcula

tions done was neglected since the energy range of interest is less than 

3 MeV. 

In order that the derivation which results in equation (2-7) be 

valid, the energy transferred to an atomic electron must in general be 

greater than the binding energy of that electron in its atomic shell. This 

condition can be partially removed by appropriate use of the shell correc

tions discussed later. 

The incident He ion must also be represented accurately by a point 

charge and a point mass. This is the case for all the energies presently 

under consideration. Although it is not a rigorous requirement, another 

useful indication of the low-energy validity of equntion (2-7) is the 

numerical value of the logarithmic term, which should be greater than zero. 

This requires that the kinetic energy of the He ion be: 

I d.ME· > - a Jm -4~ 

In all cases,studied, this is true for He ions with energies above 

0-5 MeV. Now a discussion is made for two parameters relevent to our work. 

namely the polarization effect and the adjusted ionization potential. 

(a) The Polarization Effect 

The perturbation of the field of the passing He ion which is caused 
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by the electric polarization of the surrounding atoms results in a 

reduction of the energy lost by the charged particle. This effect has 

been discussed in · detail by Fermi and others [10]. The energy loss is 

usually reduced by less than a per cent at very high energies. It is 

reported by J.F. Janni [8] that the stopping power for protons at 1000 

MeV in copper is reduced by 0.5 per cent and is insignificant for very low 

density materials, such as gases, at standard temperature and pressure. 

For elements having higher atomic numbers, the medium is less 

strongly polarized because most of the atomic electrons are more tightly 

bound. 

In the calculations done exclusion of this effect is made in the 

range of interest based on the foregoing discussion. 

(b) The Adjusted Ionization Potential 

Reference [8] made a general survey and selected values of the 

adjusted ionization potential for elements from theoretical and experi

mental evaluations available from the literature. 

Linear interpolation was used in some cases where the adjusted ioniza

tion potential was not known. 

Theoretical estimates using hydrogenic wave functions and approxi

mation techniques would be expected to give good results for very low atomic 

number elements. 

The inconsistency and variance of the ionization potentials, and the 

fact that the experiment is a guide for theoretical work, made it possible 

to think in a factor to lump all the inconsistencies in the adjusted 
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ionization potential and the shell corrections. 

A method will be described later which simplifies calculations 

with the final aim of experimental-theoretical harmony. 

Many experimental determinations of the adjusted ionization potent

ial are inaccurate because both the multiple scattering and non-participation 

of the inner shell electrons in the stopping process have not been accounted 

for with sufficient accuracy. 

However, Bloch found that for elements with sufficiently large atomic 

numbers, the adjusted ionization potential should be proportional to the 

atomic number according to the following relation [11]: 

I ·= KZ, K % 10 
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CHAPTER 3 

PROPOSED SEMIEMPIRICAL METHOD FOR THE STOPPING CROSS-SECTION 

3.1 Other Methods Used Previously 

W.K. Chu and D. Powers [4] in 1969 assumed an empirical relation of 

the form Ea=~ ln(BE) to exist for the stopping cross-sect~on. A least 

squares fit was done for a portion of the experimental measurements. The 

parameters A and Band the region of validity of the curve was given. 

Defficiencies in the fit, i.e. accuracy, limitation of its range of appli

cability and the nonconsideration of theoretical models might affect its 

validity. 

J.F. Ziegler and W.K. Chu [3] in 1973 combined previous calculations 

for the Lindhard-Winther theory with existing experimental values of 

stopping cross-sections, to produce semiempirical values of stopping 

cross-section for 4He ions for all elements for the energy region of 400

4000 KeV. 

The semiempirical method used here is different from proposed method 

and could be summarised as follows: 

(a) The measured experimental values of the stopping cross-sections 

have been used in order to interpolate for the unmeasured values. 
) 

(b) For the low and mid-Z elements, an average of the experimental/ 

theoretical ratio is made of nearby solid target values for each energy, 

and the unknown values are calculated by multiplying the theoretical values 

by these averages. 

(c) For high-Z elements, it was found that full energy range 
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experimental values exist only for 4 elements, namely, Dy, Ta, W, Au. 

Also, an additi'onal 5 elements, namely, Gd, Hf, Ir, Pt, Pb, have 2000 KeV 

values. So for all elements above Z = 58, a two-step approach was used. 

The full energy ratios were used to obtain the shape of the values to 

be calculated, with the 2000 KeV value normalized to unity. The magnitude 

of the curve was made by averaging the 2000 KeV ratios for nearby elements. 

The final value was made by multiplying, for each energy, the normali·sed 

shape average, by the magnitude average, and that by the theoretical s 
Cl 

value. 

Analytic least squares polynomial fit to the semiempirical values 

were made on the form: 

5 
\ 	 I Eis = l a. 	 (3-1)

a 1i=o 

Accuracy of Mentioned Methods 

No way could be established to verify the accuracy of the proposed 

method, however, one may easily find the following defects: 

(1) 	 The ratios of experimental/theoretical values reported is by 

no means a guarantee of the method because it was noticed that 

with the increase of atomic number, especailly in light elements, 

there were fluctuations of this ratio. 

(2) 	 The analytic function described is a polynomial which has a 

large number of coefficients, typically six. 

(c) 	 The least squares method used does not allow one to have a 

uniform error throughout the whole energy range and might be 
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inefficient if compared with other methods based on optimiza- . 

tion criteria. 

(4) 	 The use of the Lindhard-Winther ·incorporating Hartree-Fock

Slater isolated-atom wave functions for the target atoms is 

unjustified in the high energy range (E > 1 MeV) [8] and 

resort to Bethe-Bloch formalism should be done. Lindhard

Winther theory was found not accurate to 30% for 4He in matter 

for the energy range 1.4 - 2.00 MeV [12], [5]. 
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3.2 	 Optimization and Acceptance Criteria for the Semiempirical Method 

3~2~1 General 

Least pth approximation is preferred because of its advantages like 

flexibility, efficiency; its versatility with the use of gradient optimiza

tion methods, and its practicability. 

Least pth approximation with a sufficiently large value of p can 

result in an optimal solution very close to the optimal minimax solution. 

3.2.2 	 The Error Functions in the Gener~lised Least pth Objective 

Define real error functions related to the upper and lower specifica

tions, respectively, as follows: 

D,. 

eu(z,iµ)= Wu(~) [F(z,~) - Su(1J;)] 	 (3-2) 

D,. 

e1(z,l/J)= w1(¢) [F(t,l/J) - s1(1J;)] :, (3-3) 

where 

F(¢,1JJ) is the approximating function (actual) 
f\., 

5u (iµ) is an upper specified function (desired) 

Wu(~) is an upper positive weighting function 

sl (1/J) is a lower specified function (desired) 

w, (1JJ) is a lower positive weighting function .

3.2.3 	 Discrete Approximation 

The functions evaluated in (2-2), (2-3) are evaluated at discrete 

values of 1/J, therefore it is appropriate to consider discrete approximation. 

In this case, the error norm is defined as: 

$ p < (3-4)00 
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where 

e(¢)~ (e (~) e2(¢) 
'v 1 'v 'v 

l;:b (1,2, .... , n) 

the process of minimizing I!el IP is called discrete least pth approxima
'v 

tion . In the case of fitting a curve to experimental data, discrete 

approximati on may be the only approach possible. 

One notices here that in the special case when p=2 is set, one 

arrives at the well known least squares approximation. 

In our analysis, we followed a two-way procedure; one was to choose 

a certain function and then increase the value of p, while the other was 

to fix a high value of p and then choose suitable conceivable types of 

function for the energy range of interest. Our acceptance criteria, how

ever, is to find the least possible value of I!el IP irrespective of our 
'v 

way of search. 

3.3 Computer Programs Used 

Interested readers are referred to the sophisticated program in 

reference [13], however suitable modifications in the main program, the 

sub-routine FCTAPP, and the function FUNCS(X, IINT) were made and they are 

listed in Appendices [A], [BJ and [CJ respectively. 

3.4 Results and Conclusions 

3.4. 1 Approach 

As indicated before·, if·one uses the accurate quantum-mechanical 

theory, the result for the average rate of loss is as in equation (2-7). 

CK(l/n) is a correction term for binding in the K-shell, and 
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m E v · 2 
n = (3-5)2 C(z -0') v )

M(Z ""er) Ry 0 

where Ry= Rydberg constant 

cr = screening constant (approximately 0.3 for light elements) 

such that (Z -O')e gives the effective source strength of the field in 

which the K electrons move. 

In the low-energy range, the Born approximation for heavy materials 

would fail, since the inner electrons move at very high velocities compared 

to the incident ions, and a correction for binding in the inner electron 

shells must be applied. This is done by subtracting the number CK from 

the logarithmic term in the Bethe-Bloch formula [9], [14]. The CK correc

tions have been calculated by Walske [15] and a sample of his results is 

as follows: 

Values of CK for Carbon 

Proton Energy (Mev) CK 

0.6 0.900 

0.8 0. 972 

1.0 0.981 

l. 2 0.951 
1.4 0.901 

1.6 o. 852 · 

1.8 0.800 

2.0 0. 758 

2.2 0.716 

2.4 0.678 

2.6 0.638 

2.8 0.597 

3.0 0.570 
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A conversion of the energy of the proton into the corresponding 

energy of the He ion was done and a high degree polynomial to represent 

the values of CK at any needed energy was used. However, inaccuracies 

in the theoretical stopping power might happen because of neglecting 

L, M, Nand even O shells effect on the stopping phenomenon [8]. The 

procedure here followed the idea of adjusted parameters like the adjusted 

ionization potential to fit experimental data. For elements with close 

atomic numbers, like light elements in our case, one can accept the values 

of CK for a medium Z element, multiplied by a correction factor to 

increase or decrease the amplitude of the CK shape. The choice of a 

suitable correction factor is shown to compensate for the effect of other 

shel l s with adequate practical accuracy. 

Fig. (1) is shown to manifest our approach. The Lindhard-Sharff 

theoretical model is shown to deviate greatly from experimental evalua

tions of the stopping cross-section even at a 4He ion energy of 6.4 MeV. 

The Bethe-Bloch model is in good agreement with experimental results for 

high energies if one considers all the inner shell contributions. We 

varied the correction factor f, obtained different theoretical curves for 

the high energy region, fitted this analytical portion with best available 

experimental data for light elements in the low energy re~ion [3], [4], [5], 

[8], [12] and we ended up with an accepted fitting function together with 

a suitable adjusted shell correction factor. 

Our theoretical calculations were checked with those of J.F. Janni 

[8] for the case of proton stopping and were then extended fJr the case of 
.He + ions. A FORTRAN IV program for the execution of theoretical calculations 

as in Appendix [DJ. 
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3.4.2 Results for Carbon, Si and Other Light Elements 
(i) Carbon: (z = 6) 

2Table (3-1) Fitting Function: A(l)XE + A(2)XE + A(3)/E + A(4)/E 2 

Case 
p A(I) I le 11 Shell !Max. Error I Energy forNo. Correction (MeV/cm) Max. Error 

Factor (MeV) 

1641. 2928 
A 2 - 423.8346 893.91926 1. 350 441.9437 l. 10 

3899.3055 
-1089.2446 

1885.7554 
B 100 - 509.7386 286.9473 1 .350 284.289 l. 10 

3914.7927 
-1115.1262 

A{l)Table (3-2) Fitting Function: loge(A(2)XE)E 

Case p A(I) I le 11 Shell I Max. Error I Energy for 
No. Correction (MeV/cm) Max. Error 

Factor (MeV) 

A 2 3372.2520 1397.6553 0.05 625.7513 l. 10 
3.6859 

B 100 3476.9394 535.5507 0.05 531.4677 l. 10 
3.9683 

c 2 3058.1025 735.2316 l. 35 343.929 0.3868 
3.8978 

D 100 3004.8029 266.6094 1.35 264.5976 0.6646 
3.6409 
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Table (3-2) continued 

ca'se A(I)p I lel I Shell !Max. Error! Energy
No. Correction (MeV/cm) for Max. 

Factor Error(MeV) 

E 2 3049.6842 726. 1607 1. 5 346. 1055 0.3868 
3.9056 

f 100 3000.6194 273.4068 1. 5 275.066 0.6646 
3. 9716 

Table (3-3) Fitting Function: A~l) log (A(2)XE) + A(3) + A(4)/E 

Case p A(I) I lel I Shell !Max. Error! Energy 
No. Correction (MeVI cm) for Max. 

Factor Error(MeV) 

A 2 305.8103 
4.0041 
0.0 

-82.2190 

735. 231 1. 35 343.929 0.3868 

B l 00 3004.8029 
4.0785 

266.6094 1.35 264.597 1. l O 

-0.0 
-82.2432 

Table (3-4) Fitting Function: A~l) 1og (A(2 )XIE) 

Case p A(I) I !el I Shell !Max. Error! Energy 
No. Correction (MeV/cm) for Max. 

Factor Error(MeV) 

A 2 6116. 2051 735.2317 1.35 343.929 0.3868 
1. 9743 

B 100 6009.6059 266.6094 1. 35 264.597 1.10 
1 . 9921 
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(ii) Silicon: (z = 14) 

Table (3-5) Fitting Function: A~l) loge(A(2)XIE) 

Case p A(l) 11 e II Shell !Max. Error! Energy 
Correction (MeV /cm) for Max. 
Factor Error(MeV) 

A 2 4146.6150 
2.0675 

536.7375 l.35 238.0822 0.558 

B 100 4040.4882 
2.0805 

202.4576 l. 35 200.6747 0.558 

Table (3-6) Fitting Function: A(l)XE + A(2)XE2 + A( 3) + A( 4)
E E2 

Case p A(l) I!el I Shell !Max. Error! Energy
No. Correction (MeV/cm) for Max. 

Factor Error (MeV) 

A 2 1238. 2114 398.7133 1. 2 215.6395 0.4570 
-290.5439 
2516.7628 
-626.8983 

B 100 1451.4769 128.2667 1. 2 126.9814 0.4570 
-352.6531 
2230.4630 
-532.22146 

c 100 1463.1446 127.0044 1.35 125.7379 0.558 
-352.7294 
2220.4856 
... 529.0318 

D 10,000 1467.2504 125.1742 1.35 125.1616 0.558 
-354.1757 
2218.200 
0528.441 
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Table (3-7) 	 Fitting Function: A(l) log (A(2)XE)
E e 

Case p A ( 1 ) I le 11 Shell IMax. Error I Energy 
No. Correction (MeV / cm) for Max. 

factor Error(MeV) 

A 2 3748.6802 915.206 l. 35 545.8587 0.558 
2.2667 

B 100 3718.3288 408.5799 1.35 405. 7422 . 0.558 

(iii) Other Light Elements - Element: Chromium 

Table 	 (3-8) Fitting Function: A(l)XE + A(2)XE~ + A(3)/E + A(~) 
E 

Case p 	 I lel I Shell IMax. Error! Energy
No. 	 Correction lMeV /cm) for Max. 

Factor 	 Error(MeV) 

A 2 1866.4296 1272.647 0.5000 640.1835 1.10 
-358.5016 
7975.3750 

-2590.6506 
B 100 2669.7028 512.1625 0.5000 351. 0 1. 10 

-592.4148 
6219.1098 

-1543.5867 

Table (3-9) Fitting Function: A(l)XE + A(2)XE 2 + A( 3) + A( 4)
E E2 

Case p A(l) I lel I Shell IMax. Error I Energy 
No. Correction (MeV /cm) for Max. 

Factor Error (MeV) 
A 2 	 1137. 3978 815.279 1.10 412.453 l. 10 


.-286.7014 

3155.2586 

-866.6937 


B 10 	 1115. 3277 341.807 1. 10 ·317 .1211 1.10 

-295.6817 

3433.7462 


- lOl 5. 167 
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Table (3-10) Fitting Function: A(l)XE + A(2)XE2 + A~3) + A(~) 
E 

Element: Aluminum (z = 13) 

Case p A(l) I lel I Shell IMax. Error I Energy 
No. Correction (MeV / cm( for Max. 

Factor Error(MeV) 

A 2 1498.5903 430.8776 1. 35 151. 037 1.10 
-350.3043 
2680.3357 
-674.0859 

B 100 1585.6345 123.5215 1.35 122.3419 1. 10 
... 377.3379 
2644.3094 
-676. 0116 

Table (3-11) Fitting Function: A(l)XE + A(2)XE 2 + A(3)LE + A(4)/E 2 

Element: Vanadium (z = 23) 

Case p A( 1) II e 11 Shell IMax. Error I Energy 
No. Correction (MeV/cm) for Max. 

Factor Error(MeV) 

A 2 1251.5204 1604.9369 -1.50 745.5665 1. 10 
-222.4222 
7964.8571 

-2440.8343 
B 10 3151.6622 679.647 -1.50 424.0 1. 10 

-790.9572 
4974.3751 
-991. 1833 
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Table (3-12) Fitting Function: A(l)XE + A(2)XE2 + A( 3) + A( 4) 
. E E2 

Element: Magnesium (z:: 12) 

Case p A(l) II e II Shell IMax. Error I Energy 
No. Correction (MeV / cm) for Max. 

Factor Error(MeV) 

2 727.2314 
-157.6849 
2346. 1951 
... 630.2697 

175.8997 1. 35 78.45 0.9228 

100 863.5656 
... 200.9679 
2228.9009 
588.8079 

68.86 1. 35 68.1465 0.4893 
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3.4.3 Conclusions 

Out of the foregoing results, one can draw the following pertin

ent conclusions: 

(1) Extensive study for different fitting functions for a re

resentative group of light elements results in a suitable function on 

the form (A(l)XE + A(2)XE2 + A~3) + A(~)) for all cases studied except 
E 

carbon data which seems more likely to fit the form (A~l) loge(A(2)XE)) 

used before in reference [2], however, the difference in the error norm 

is not significant (Tables (3-1-B) and (3-2-0)). 

(2) The results shown led us to consider the function (A(l)XE 

+ A(2)XE2 + A~3) + A(~))asan e1ficient one for light elements. This is 
E 

evident from the relatively small number of optimum coefficients used, 

the smaller values of the error norm and maximum error especially for 

higher values of p. 

(3) The inner shells correction factor is found to be most effective 

for the highest atomic number element considered (Vanadium) and a value 

of - 1.5 has to be introduced. For close atomic number elements in the 

periodic table, an optimum adjusted value of 1.35 was found to be efficient. 

For the same element, a change from 0.05 to 1.50 did not produce drastic 

effect in the error norm and maximum error, (see Table (3-2) cases B,D,F.) 

(4) Increase of the value of pis observed to reduce the acceptance 

levels, namely the error norm and maximum error, but showed saturation in 

effect for very large values of p. For this particular reason, most com

parisons were done between the least squares case (p = 2) and a large value 
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of p (usually p = 100). Very large values of p like 106 might produce 

minimax solution (equal error over entire energy range) [13], however, 

this error cannot be less than relevent experimental error. 

(5) As indicated by Fig. (2), and the result that most maximum 

errors are associated with the least value of energy considered theoretically, 

one is led to the acceptance of the Bethe-Bloch model and not the Lindhard

Winther model for our energy range of interest. 



25 


Measured energy dependence of the stopping cross-section for He+ ions in Si 
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CHAPTER 4 

MCMASTER VAN-de-GRAAFF ENERGY CALIBRATION 

4.1 	 Energy Calibration Methods [lJ 

The problem of energy calibration is of fundamental importance. 

There are several methods of the voltage measurements, however, the method 

used in this work involved the use of magnetic deflection of the particle 

beam to calibrate its energy. The Van-de-Graaff is a KN 3 MeV terminal 

voltage accelerator and the generating voltmeter is used to measure terminal 

voltage. However, for experiments sensitively dependent upon energy, the 

energy of the particle has to be known accurately. 

The method calibrated the proton energy scale by nuclear reson

ances and nuclear threshold data. Certain reactions have extremely high 

resonances at definite proton energies, and the yields from such reactions 

show either sharp peaks or threshold values. 

Two 	 reactions were involved: 

(a) 	 Finding and detecting all possible resonances in the reaction 

Al27(p,y) s/8., 

(b) 	 Finding the threshold value of proton energy in the reaction 

4se9(p,n) 5B.9 

4.2 	 Experimental Arrangement 

Al 27( ) 5.28 R 4 2 	1 p,y esonances. . 1 

There are up to 40 known resonances in the Al 27 (p,y) s; 28 reaction, 

but with the present apparatus only 3 strong resonances could be detected. 

Reference [16] indicates the presence of strong resonances at 
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E = 991.82 ± 0.1 KeV, E = 1381.3 ± 0.3 KeV and E = 1388.4 ± 0.3 KeV.p p p 
There is another relatively strong resonance at EP = 1118.4 ± 0.2 Kev. 

The strength of the resonances is given by a parameter indicated 

as {(2 J + 1) rpry/rd} which is proportional to the probability of proton 

absorption multiplied by the probability of gamma emission. This factor 

is important as to the selectivity of pertinent resonances, and is used as 

a guide as to the energy scale scanning in the calibration experiments. 

Measurement of the magnetic field was carried out using a Gauss-

meter, Bell Model 620. The Gaussmeter was zeroed and adjusted each measure

ment. Two different Gaussmeters were used for magnetic field measurement, 

one for the 4se9(p,n) 4s9 threshold reaction, and a new one for Al 27 (p,y) Si 28 

resonances detection. A correction of the readings of the old Gaussmeter is 

done as follows: 

D.V. 

Reading 0.8 0.85 0.90 0.95 1. 00 1. 05 1.10 1.15 1. 20 1.40 1. 50 


~o1d(KG) 2.60 2.70 2.76 2.82 2.89 2.95 3.01 3.08 3.12 3.32 3.42 

Bnew(KG) 2.42 2.50 2.60 2.69 2. 72 2.80 2.88 2.92 3.00 3.22 3.32 

Difference 
(Gauss) 180 200 160 130 170 150 130 160 120 100 100 

The average value of the difference= 147 gauss, hence we corrected 

the readings for the 4se9(p,n) 4s9 threshold reaction by subtracting 147 

gauss from each of them so that we use directly the new Gaussmeter. 

The major difficulty in detecting the A1 27 (p,y) Si 28 resonances . is 

the discrimination of the high level of background associated with the reaction. 

http:resonances.is
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It is known that the decay energy of the gamma quanta have a spread of 

values, however, energies below 1.78 MeV are not considered to correspond 

to the resonances of the reaction. For a complete analysis of the per

centage branching from every excited state above 1.78 MeV one can look at 

reference [16]. With a gain of 50 of the spectroscopic amplifier, base 

· line setting of 4.7, current of 100 NA, window setting of 0.3, we obtained 
60the c 60 standard source gamma spectrum shown in Fig. (4.1). The c 

0 0 

standard source has two peaks at energies 1.173226 ± 0.04 MeV and 1.332483 

± 0.046 MeV respectively [17]. With the same settings indicated, we find 

from Fig. (4.1) that an energy of 1.173226 MeV occurs in channel #60 and 

an energy of 1 .33248 MeV occurs in channel #80. 

Supposing a linear relation between energy and channel number (which 
~ 

turned out to be a correct assumption as verified later in chapter 5), we 

can easily see that most of the gamma quanta coming out of this reaction 

will be recorded around channel #136. So the discriminator level ' and the 

width of the window were set to allow only gamma quanta of energy 1.78 MeV 

be recorded (see Fig. (4.3)). The discriminator level was set to corres

pond to channel #134. 

The output gamma counts were taken after 40 µC integrated dose to 

allow good statistics. Fig. (4.2) shows the resulting spectrum. It was 

possible to detect only three strong resonances with relative strength con
dsistent with {(2 J + l) rpry/r } in reference [16]. 
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4.2.2 4Be9(p,n) 5B9 Threshold Reaction 

9Here a 4Be target was used, a detector angle of 90°, and a 400 nA 

current to give sufficient statistics. The experiment was carried out 

twice and the two sets of data were used to give correct threshold value. 

The threshold value of this reaction is known to be at 2.059 MeV (16]. 

Figure (4.4) shows the results of this experiment. The threshold 

value was found to take pl.ace at a digital voltmeter setting of 2.325 MeV. 

The measured magnetic field density using a Hall probe equals 3.98 KG. The 

magnet current was recorded to be equaling 3.2 amps. Now after necessary 

corrections for the magnetic field we can see that the reading of 3.98 KG 

corresponds to a reading of 3.833 KG on the new Gaussmeter. 

We can now arrange the different results in a form of a table to 

draw the energy calibration curve which is the relation between the actual 

energy of the ion beam and the magnetic field intensity. 
Eact.82B Eactua 1 EDVM EDVM 

0.00 0.0000 0.000 0.000 1. 000 
2.65 7.0025 0. 991 0.925 1. 072 

2.76 7.6176 l .118 1. 025 1. 089 
3.04 9.2416 1. 386 1.250 1. 108 
3.833 14.6689 2.058 2.325 0.875 

These results are shown schematically in Fig. (4.5), a least squares 
82 ' 

straight line was computed. Let y =~,mass= mass of the ion and mp=
(JlL)
m 

mass of proton. Let X represent the egergy. Then a linear relation of the 

form y = C +ax could be supposed. 
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As a test of experiment, the constant C should be small and the 

largest error should not be too great so that one can say that linearity 

supposition is a good fit. 

Results of computations show that C = - 0.1172 (KG 2) a= 7.046 

(KG2/MeV). The maximum error was found to be 3.92% at the energy of 

2.058 MeV. 

4.3 Sources of Error 

1. The A1 27 (p,y) Si 28 experiment was repeated twice because we were not 

successful in detecting any of the gamma peaks the first time. The main reason 

is the sensitivity of the experiment to th~ discrimination level. As can be 

seen from Fig. (4.3), the decay scheme is complicated and one has to be 

careful in setting his discriminator level to a value slightly less than 

1.78 MeV to reduce background. 

2. Great care should be taken into consideration each time one makes 

measurements on the Gaussmeter because it works with a Hall probe. This 

probe should be placed as close as possible to the magnetic field and should 

be moved to all pQssible positions in space and the maximum attainable read

ing is the acceptable value of the magnetic field. Considerable errors might 

take place if the Gaussmeter is not zeroed at the beginning of each set of 

readings and the foregoing procedure is followed. 

4. The 11 peak-to-total 11 ratio which represents the fraction of the 

total counts, in a gamma ray pulse hightspectru~, which occurs in the main 

peak corresponding to the full energy of the incident gamma, is though to 

be low in our case. Several means are available for improving the peak-to

tota1 r a ti o . These include (a) use of quite a large NaI(Tl) crystal perhaps 
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911 x 10 11in diameter high, (b) surrounding a medium-size NaI(Tl) crystal by 

an antjcoincidence tank which responds to gammas escaping from the NaI(Tl), 

and (c) use of a multiple crystal compton or pair spectrometer. The use of 

large NaI(Tl) crystal is probably the most direct method for increasing the 

peak to total ratio [18]. 

A schematic diagram is shown in Fig. (4.6), which represents the 

experimental setup used for the gamma ray detection and counting. 

4.4. Models of Instruments Used 

(i ) Van de Graaff KN 3 MeV High Voltage Engineering 

(ii ) Bell Model 620 Gaussmeter 

(iii) ORTEC Model 462 Specroscopic Amplifier 

(iv) CANBERRA Model 1436 PHA 

(v) ORTEC Model 439 Current Digitizer 

(vi) HARSHAW NaI(Tl) Scintillator, Scintillation Type 12512-X 
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Chapter 5 


THICK TARGET TECHNIQUE FOR MEASUREMENT OF STOPPING CROSS-SECTION 


5. 1 Thick Target Technique 

Nuclear backscattering has become a widespread tool for solid 

state analysis. Use of thick targets in backscattering experiments is 

much simpler than thin targets because of the problems encountered in the 

preparation and density uncertainies in thin targets. 

If E is the energy of the incident ion, then the energy E1 of
0 

the ion after being elastically scattered from the target surface is 

given by 

(5. 1 ) 


where 
M1 case M - M l 

s 2 ( 2 1)]2 (5. 2)+ [(M + M ) + M + M 
l 2 l 2 

M1 is the mass of the incident particle, M2 is the mass of the surface

scattering atom, and es (= 140°) is the laboratory scattering angle. 

A schematic representation of nuclear backscattering from an 

elemental film is shown in Fig. (5.1) along with the resultant energy 

spectrum of backscattered 4He particles. The incident 4~e beam has an. 

energy, E , and the backscattered ions have an energy Ef(l) if they scatter
0 

from the surface, and an energy Ef(2) if they scatter from a depth 6X from 

the surface. The yield spectrum shown displays how these energies are 

related, and defines the maximum backscattered energy difference, 6E. 
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From equation (5.2) and the schematic diagrams of Fig. (5.1 ), 

one can easily derive the following relationships: 

or 

6E = NX[K2 
s (in)+ !secel s (out)] (5.3)

a a 

where N = number .of atoms of target/c.c. 

X = penetration distance in cm. 

Let areal density 

2~PA= NX atoms/cm 

then 

where B(pA) is defined as the areal density backscattering factor. 

The target yield is simply proportional to the nuclear scattering 

cross-section, a, the number of impinging 4He ions,~' the detector solid 

angle, Q, and the areal density PA· This relationship could be put in the 

form: 

Counts= a Q Q o E B(pA~ (5.5) 

where B(pA) is defined as: 

(5.6) 
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In the experiment carried out here, the scattering angle is 140° 

and the detector solid angle of 0.00317 s.rad. 

5. 2 Backscattered Spectrum . 

When an· energetic beam of light atomic particles impinges on a 

solid, a fraction of the projectiles are scattered back from the solid. 

This phenomenon is commonly known as Rutherford backscattering. 

The actual penetration of the energetic beam of particles depends 

on the energy of the projectile and the stopping power of the target for 

high-speed projectiles~ The energy of the backscattered projectile can 

then be accurately related to the depth in the target of its scattering 

site and hence to the stopping power of the material. 

Recent nuclear microanalysis has been carried out on many heavy 
. 4 

metal films and compounds by means of the nuclear backscattering of He 

ions. To obtain the composition and impurity content of thin, inter-

metallic films, it is necessar1 to know the energy loss of the probing 

He4 ions in the films. 

A modification of the technique originated by Wenzel and Whaling 

[1], (2], [12] is used. A presentation of a detailed analysis of 4He 

backscattering from a thick target of Si will be given ~o illustrate the 

analytic technique. 

Thick ·targets of Si, SiC, C and V together with a thin film of 

silicon sandwiching a very thin layer of Ta were placed on a rotating disc 

covered with an evaporated layer of Au. The design of the rotating disc 

permitted same-conditions measurements for the five different targets 

together with backscattering measurements from the thin gold layer. 
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Reproducibility of the channel number corresponding to the surface 


backscattered energy was verified by measurements on the thick Si 


target and the thin Si film. An evaluation of the surface channel num


ber was made using this technique within 0.5%. 


For the spectra of the different thick targets at different He4 


ion energies, through the high energy .plateau, a least squares fit of an 


analytic function was done of the form [19],[12]: 


Counts= A(l) + A(2)/C + A(3)/C2 (5.1) . 

Where A(l), A(2), A(3) are fitted constants and C is the channel 

number. The choice of the suitable portion of the curve for fitting is 

not done intuitively. The high channel number of the curve is not included 

in the fit to eliminate isotopic effects~ surface roughness and possible 

alignments in the surface grains. 

Each time a spectrum was collected for Si and SiC, the ~ilt angle 


was varied to check that the resulting spectrum is a random spectrum. 


A typical spectrum is shown in Fig. (5.2) together with the f itted 

curve. An error diagram for every spectrum is made in the first run on 

the digital computer from which one can define the best portion of the 

spectrum for fitting, then a second run of the computer program (Appendix 

[E]) is made to produce the fitting curves of the different targets. 

The fitting curve is extended out over the rounded edge. A straight 

line is drawn through the leading edge. Another auxiliary straight line 

· is drawn by doubling the slope of the leading edge line. The intersection 

of the auxiliary straight line with the extention of the fitting curve 

gives two important parameters; the surface yield and the surface energy 
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channel number. The steps described above are shown in Fig. (5.3) 

through to Fig. (5.6). 

For the gold layer, instead of fitting the high energy plateau 

with the function described, a tangent was drawn to that part of the 

curve. To increase the accuracy of this method, the number of back

scattered counts is increased such that the auxiliary line is nearly 

vertical and the inaccuracies in the intersection of the tangent and the 

auxiliary line is reduced. All figures drawn are for a calibrated energy 

of the 9He ions of 2.22 MeV. 

Figure (5.7) indicates the method used for the thin Au layer 

deposited on the Al disc. 

5.3 Linearity of the Detection System 

To find the channel width for the 256 multichannel pulse height 

analyser (o E in KeV/channel) it is assumed that the pulse hight analyser 

is linear. A relationship is assumed of the form: 

C = C + a E
0 

where 

C = channel number 

E = energy of the backscattered 4He ion. 

C and a= constants for the linear relationship
0 

Actually 6 Eis the inverse of the slope of the assumed straight line. 

For each particular value of the incident 4He ion energy, a set 

of graphs are drawn just like those shown for the energy of 2.22 MeV. 



" I 
0 
..
x 
(/) 
..µ 

§ 
0 u 

CARBON Q = 30 µc 

28 


24 
 \ Surface yield= 1430 


·\Surface channel #

20 
 = 72 .0 


16 


12 


8 


4 


0 0 90 100 


CHANNEL NUMBER 

Fig. (5.3) 

VANADIUM Q = 20 µc 

10 


8 


6 


4 


2 


Surface yield= 8450 

Surface channel # = 193.8 

I I I 

\ 

I 
I 

150 160 170 180 190 200 

CHANNEL NUMBER 


Fig. (5.5) 


7 


6 


5 


I 

0 

..- 4 
x 

(/) 

..µ 

§ 3 

0 
u 

2 


7 


6 


5 


4 

I 


0 

..

x 3 

(/) 

..µ 
!:: 
:J 

8 2 


1 


SILICON Q = 20 µc 

Surface yield= 5155 

Surface channe1 #= 151.3 

I I . I I 
110 120 130 140 150 160 170 


CHANNEL NUMBER 


Fig. (5.4) 


(SI+ TA+ Sl) Q = 20 µc 

\ 

Surface yi e 1 d = 5614 

.surface channel # 
= 151.3 

110 120 130 140 150 160 170 

. CHANNEL NUMBER 

Fig. (5.6) 



47 

Fl G. ( 5 - 7) 


Gold I a y er on A I b a c kin g , Q = 2· 0 µ, C 


6 

·5 

v 
'o 
x 

4 
(J) ... 

z 
::::, 
b 
(.) 

3 

2 

'2 

0 

Surface channel # = 240.5 

1 

200 220 240 260 
Ch.anne I number 



48 

~ ?~.mmary of the results is as follows: 

E = 2.22 MeV
0 

Element c Si v Au 

Surface Channel Number 72 151. 3 193.8 240.5 

Backscattered Energy 
(MeV) 0.639 1. 332 1. 678 2.058 

. , E
0 

= 2. 01 MeV 

Element c Si v· Au 

Surface Channel Number 60.6 128.4 163.7 204.0 

Backscattered Energy
(MeV) 0.579 1. 208 1. 518 1. 862 

E =·l.65 MeV 
0 

Element c Si v Au 

Surface Channel Number 50.8 107. 2 136.95 170.5 

Backscattered Energy 
(MeV) 0.476 0.990 1.248 1. 53 

E = 1 .53 MeV
0 

Element c Si v Au 
"' 

Surface Channel Number 45.9 95.2 120.6 151. 3 

Backscattered Energy 
(MeV) 0.431 0.918 1. 155 1.. 418 
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E = 1.25 MeV 
0 

Element c Si v Au 

Surface Channel Number 37.46 78.23 100.2 124.5 

Backscattered energy 
(MeV) 0.36 0.75 0.994 1. 158 

E = 1.02 MeV
0 

Element c Si . V Au 

Surface Channel Number 30.75 60.2 75.9 92.6 

Backscattered energy 
(MeV) 0.294 0.612 0.772 0.946 

A least squares linear relationship is applied for each value of 

.the impinging 4He ion energy and the following results are obtained: 

E (MeV) co a
0 

2.22 -5.26 119. 5 
2.01 -4.90 111. 5 
1.65 -3. 881 113. 3 
l.53 -0.6469 104.6 
1. 25 -2.391 109.0 
l. 02 · +2.607 94.90 

The spectroscopic simplifier gain is constant throughout the whole 

set of experiments at a value of 50. Typical beam currents varied from 

5 nA to 50 nA. The losses in the detection system are typically from 0% 

to 5%. 
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CHAPTER 6 

RESULTS AND DISCUSSIONS 

6.1 Data Analysis and Results 

6.1.1 Stopping Cross-sections of C, Si and V. 

From the previous chapter, equations (5.5) and (5.6), one can 

proceed through the calculation of the stopping cross-section. The value 

of oE, the energy per channel, could be d~termined as the inverse of the 

linear relationship between the channel number and energy of recoil particle. 

The nuclear scattering cross-section per solid angle is calculated using 

Rutherford•s law (20]: 

da 
an (6.1) 

where 

(1 = nuclear scattering cross-section 

Q = solid angle in C.M. system 

= atomic number and energy of projectile respectivelyz,' El 


atomic number of target nucleus
22 = 

y = M1/M2, mass ratio of projectile to target nuclei 

e = scattering angle in C.M. system 

Equation (6.1) can be transposed to the lab coordinates, and the 

following expression for the differential cross-section in the lab coordi

nates is obtained, 



51 

3 
Z Z 2 2 

. do= 1.2926 x 10-27 ( 1 2)2 (1 + y) 1 [(1 + Y + 2 Y cos~) J 
El sin4(1Ji/2) 1 + y COSlJI 

(6.2) 


where 

lJJ = scattering angle in lab_ system 

· E = projecti 1e energy in MeV1 

w = solid angle in lab system · 

From equations (5.5) and (5.6), chapter 5, we have the following 

relationship for the calculation of the stopping cross-section using thick 

target technique: 

cr Qn E oE/counts 2
0 15 

e = Ef _ sece E [E (E )/ (E )J ev/(10 atoms/cm )(6.3) 
a o Theo f ETheo o 

Instead of using theoretical calculations to obtain the ratio 

[£Theo(Ef)/ETheo/E
0 

)J in equation (6.3) [12J,a semiempirical approach has 

been followed as described in chapter 3. 

The following equations, which are consistent with discussions and 

conclusions of chapter 3, have been used: 

(i) Carbon, p = 100, shell correction factor= 1.35 

~; = 1885.7554 E - 509.7386 E2 + 3914.7927/E - 1115. 1262/E2 (6.4) 

(ii) Silicon, p = 100, shell correction factor= 1.2 

E2~! = 145l.4769 E - 352.6531 + 2230.473-/E - 532.2215/E2 (6.5) 

~! is (MeV/cm) 
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Figure (6.1} shows [s ,(Ef)/s ,(E }J for He4 ions impinging semi semi o 
on C and Si targets. From this figure, one can noti'ce the very slight 

variation with impinging He4 ion energy in case of Si targets and the large 

rate of increase for C targets. This might be reflected in the larger 

expect~d error of this ratio due to an error in the He4 ion energy for 

l_ow energies and the consequent poor reliability on theoretical data [12] 

for low z targets. 

The phenomenon of secondary electron emission is of importance in 

the determination of t he actual i on beam charge. The number of secondary 

electrons emitted per positive ion is denoted by Y;· 

Variation of the supression potential on the target was observed to 

have considerable effec t on t he amount of charge collected ~ Levelling off 

of the bias potential effect on collected cha rge occurred in the voltage 

range of 480 volts to 780 vol t s. To verify a value of Y;:: 0.7 an independent 

experimental measurement of Vanaduim stopping cross section for He4 ions 

was made wi th t he same geometry and supression potential of 600 volts. 

Recent experimental data from J .F. Ziegler and W.K.Chu [3] was used 

to compare results obtained for V. 

A correction factor of 1.7 is used to find out the actual charge 

collected by dividing the collected charge by this factor. Vanaduim stopp

ing cross sections obtained this way are in experimental agreement with 

. recent measurements as shown in Table {6.1). 
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Table (6.1) Stopping Cross~sections for He in V 

Energy(MeV) Present Experimental E 
in [ev/(1015 atoms/cm2)Ja 

Extrapolated Experimental 
from [31 in 
[ev/(1015 atoms/cm2)J 

E 
a 

1.02 84.251 88.0 
1.25 80.537 84.5 
1.53 76.00 79.5 
1.65 72.00 78.0 
2.01 78.265 71~0 
2.22 77.371 68.5 

Using the same factor of 1.7 to correct for the effect of secondary 

electrons emitted on the collected charge, calculations of the stopping cross

sections are made for Si and C and the results are shown in Tables (6.2), and 

(6.3). 

The experiments were made with a detector solid angle, n, of 3. 17 

msr, a scattering angle, e, of 140°. 

Define the following parameters: 

cr = nuclear scattering cross-section cm 2 

n = Q/q = number of particles collected 

a= slope of linear relationship as defined in chapter 5. 

oE = 1/a MeV/channel 

Y = surface yield obtained by methods of chapter 5 

R = [Esemi(Ef)/Esemi(Eo)J 

Then Table (6.2) is obtained as follows: 
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Table (6.2) Stopping Cross-sections of C for He4 Ions 

y e: in+na e: inCl REo Ef ClCl 

· this .report · ref. [3](Mev)(MeV~ 

1. 911 xl 0-25 36.00.294 1.25xlo14 8650 41. 28821.02 94.9 0.900* 

1.273xlo-25 33.81.25 0.360 2.5xl014 9250 1. 000* 4L 2175109.0 

8.5xlo-26 30.76650 39.07461.53 0.441 2.5xl014 104. 6 1. 026 

7.3xlo-26 29.251.65 0.476 2.5xlo14 5160 37.5432113.3 1. 107 

4.92xlo-252_01 25.90.579 1.875x1014 2538 1.28 34.790111.5 
264s035xlo.. 24.02.22 0.612 1.25xl014 119. 5 1430 1. 368 30.0 

*obtained from measurements in ref. [3] to increase reliability in low energy 
range as in fig. (6.1) + extrapolated values to correspond to present energies. 

Table (6.3) Stopp"ing Cross-sections of Si for He4 Ions 

E 
0 Ef cr n a y R e: 

Cl 
in e: 

a 
in+ 

(MeV) (MeV) this report ref.[3] 

1.02 0.612 1. l 5xl 0-24 1. 25xl O 14 94.9 17550 1. 068 · 88.55/44* 66.0 

1.25 0~750 7. 6615xlo25 1.25x1014 109. 0 14400 l. 078 62.2126 61. 5 

1.53 0.918 5. ll 3xl 0-25 1.25xl014 104.6 11050 1. 079 56.3425 56.20 

1.65 0.990 4.394xlo-25 l.25xl014 113 .3 8550 1. 081 50.0851 54.25 

2.01 1.206 -252. 963xl0 . l.25xlo14 111.5 6640 l . 101 50.2843 49.00 -

2.22 1.332 2A29xl 0- 25 1 .. 25xl014 119. 5 5155 l. 127 48.7630 48.00 

* anomalously h~gh value 

+ extrapolated values to correspond to present energies 
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6.1.2 Stopping Cross~settion of SiC 

Calculation of the experimental stopping cross~section of SiC for 

He4 ions has been made using random spectra of a SiC sample. A least squares 

curve is fitted to each distinct part of the spectrum with an analytic 

function of the form: 

Counts= A(l) + A(2)/C + A(3)/C2 

The relevant points to be fitted in each part are chosen using the 

. error d·; a gram produced by the computer program in Appendix [E] but generally · 

are in the intermediate range in each part. A representative sample result 

is shown in fig. (6.2). The fitted spectrum is extended both directions as 

shown. At channels that correspond to the surface energy for C and Si, 

calculated from preceding chapters, a vertical line is drawn and inter

sections with fitted curves give surface yields of Si and C in SiC. Typical 

results, followi_ng this method, are: 

Collected charge= 1.25 x 1014 .He4 ions 

Calibrated energy of He4 ions= 1.53 MeV 


Difference in counts of the two fitted curves due to Cat channel #45.9 = 


11098 - 10162 = 936 counts. Si surface yield in SiC = 7690 counts 


The same geometrical factors are used in obtaining SiC spectrum as 


those for Si and C targets at the same initial He4 ion energy, E . Calcula

0 

tions of C and Si stopping cross-sections for He4 ions are now straight forward 

using a density of 3.217 gm/c.c. for SiC [17]. SiC is known to be stoichio

metric according to Lely [23] for crystals grown at 2500-2600°C; if there is 

a deviation of stoichiometry at all, it should be less than 10-5 atomic per 

cent [24]. In a cubic centimeter of SiC, the Si to C atoms, an atoms ratio 
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of 1:1 exists. 

Then, 

me No m No 
-12-.O..........l...,......,11,_..,..5 - s - 28. 068 

where 

No = Avogadro ~s number · 

me ,ms = masses of C and Si in a cubic cm of Si C respectively 

Let sic= density of SiC, then 

me= 0.300 Psic 

ms= 0.700 Psic 

A calculation of the ratio of the number of C atoms in SiC to the 

number of C atoms in pure C per cm3 could now be calculated and this is also 

equal to the ratio of areal densities of C. Let this ratio be R, then 

0.3 x p . x No/12.0011
5R - lC 

c - Pc x No/12.0011 

= 0.3 x 3.217/2.22 = 0.434 

while for Si, this ratio is: 

0.7 x psic x No/28.068R = _____,;;__;_:...._____ 
s Psi x No/28.068 

= 0.965 

From equation (6.3), in case of constancy of all parameters used in 

the calculation except the number of collected particles, the counts and the 
2number of atoms per cm , we can write the relationship in the form: 

Q .pA 15 2 
. (6.6)ea= K counts [ev/(10 atoms/cm)] 

http:3.217/2.22
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where K is a constant for the same energy .of the particles and the same 

geometry. 

Now if we let subscript 1 represent the case of pure silicon or 

carbon and subscript 2 represent the case of silicon or carbon in SiC, 

then: 

15 2[ev/(10 atoms/cm)] 

From this simple equation we can proceed to the calculation of the stopping 

cross-sections of Si and C in their compounded state. 

Using the numbers given before, then, for Si: 

· 15 2 
£ (1.53 MeV) = 78ol [ev/(10 atoms/cm)]
a2 . 

and for C 

15 2 
£ (1.53 MeV) = 60.03 [ev/(10 atoms/cm)]
al 

Values of the stopping cross-section of SiC calculated this way ~re 

put in Table (6~4). The stopping cross-section of carbon in SiC is not 

calculated using this method for low energies (l.02 MeV) and for high energies 

(l.01 and 2.22 MeV) because of the rapid rate of decrease of the spectrum 

in the first case and of small difference in counts in the high energy range 

in the second case. 
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Table (6.4) Comparison of SiC Stopping Cross-sections 

[ev/(1015 atoms/cm2)J 

psic using Bragg's psic Calculated %Error 
Rule Directly 

1.25 103.4341 147.5 29.2 
1.53 95.4371 138.13 30.8 
1.65 87.6283 137.0 36.l 

6.1 .3 Validity of Bragg-Kleeman Additivity Rule 

From the figures presented in Table (6.4), one could see the devia

tion of the stopping cross-section of SiC calculated directly from that 

calculated using Bragg-Kleeman additivity rule. Above 1.00 MeV, the calcu

lated stopping cross-section lies below the measured values by more than can 

be expected from experimental error. Consequently when reliable values for 

stopping cross-sections are required, it is preferable to measure them 

directly in the material of interest and in the appropriate physical state, 

rather than to compute them from data available for the constituent atoms. 

6.2 Discussions and Sources of Error 

As indicated from fig. (6.1) the rapid increase in the ratio of 

[Ea(Ef)/£a(E )] for low energies and low z elements might introduce errors
0 

in the stopping cross section calculations. For this reason, the first two 

ratios in Table (6.2) were obtained from previous experimental measurements 

[3]. Slight variations might exist in the value of Yi for different targets 

and independent experimental arrangement may verify its constancy for different 
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targets as stated by D.J. Rose and M. Clark I21]. 

Stopping cross-section calculations in this report of C for He4 

ions are higher than those given by J.F. Ziegler and W.K. Chu [3], however, 

other experimental sources, e.g. Ward Whaling [22], give even higher values 

for C. Impurity content, s.urface roughness, structural faults and other 

carbon crystal structure effects might account for the differences in stopp
. 4 

ing cross-sections of C for He ions from reference to the other. 

In the low energy range (< 1.25 MeV), the energy per channel should 

not be too large and this could be controlled by the gain of the spectro

scopic amplifier, while in. the high energy range (> ·2.01 MeV) the number of 

collected ions should be increased to allow better statistics. 

6.3 Conclusions: 

As an extension of the work the technique followed to develop semi

empirical relations for light elements could be extended to the heavier 

elements by using other shapes factors of the inner · shell corrections. 

As a conclus i on, the differences between the values of the stopping 

cross-sections of SiC calculated using Bragg-Kleeman additivity rule can 

not be attributed to experimental errors and hence one has to measure 

stopping cross-sections directly if critical values are needed. 
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APPENDIX [AJ 


PROGRAM TST CINPUT,OUTPUT,TAPE5=INPUT,TAPE6=0UTPUT)
HAIN P~OSR .~M 

DIMENSION A (5) ,AST~TC5) ,G (5) ,YC5) ,PY(5) ,OUM1(5) ,DU~2(5) ,GRA0(5), 
1 E P S C 5 > , H < 3 0 ) , X X C 3 , 1 0 0 ) , N U M B ( 1 5 0 ) , n~U M 8 < 1 5 0 } , X C 1 5 J ) , X 1 ( 1 5 0 ) , 
2ERRORC150),EHELP(150) 1APC150) IPAC100) ,CKCZO) ,ESM(lGO)

COMMONIXXX/E 1 Z,ROtAVtA1,XM E1 Z~,X MP 1 C,CK,XI,DEN,E NI,COR 1 NF,H,N 
READ (5,1)E,L, ~0 ,AV,A1,X:-1E,L Z,xMP, c, (C K(I) ,I=1,15) ,xr,u~ N,ENI, COR, 
WRITE C6 1 1) E , Z , ~0, AV, A 1-, X ME , Z Z , X MP, C, (CK CI) , I= 1, 15) , XI, 0 EN, EN I, COR 
REA0(5 c>NF M,N
WRITE<l,z>N~,M,N . 
WRITE(6,5) · · 

REAO <5,109) CESMCI> ,I=i,70)

HRITEC6,110)(ES MCI>,I=1 70') 
CALL F~LPOCA,ASTRT,G,Y,PY,OUM1,0UM2,EPS,H,GRAO,NUMB,XX,X,X1,ERROR,

3EHELP,APfINUMB,IPA)
CALL EXI 

1 FORMATC8E1J.4)
2 FO~MAT(16I5) 
5 FORHATC1H1> 

.09 FO~MATC10A8)
L10 FO~MATC7((30X,10A8)/))

END 

'I 
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APPENDIX [BJ 

- . . ·~ 	 ,-. .. ....-.._, ... 

SUBROUTINE FCTAPP<X,K,A,APP,GRAD,IINT,INOIC) 

5U1ROUTINE WHICH C~LCULATES APPROXIMATING FUNCTION ANO ITS GRADIENTS 
WITH ~ESPECT TO VA~IA3LE PARAMETERS 


DIHENSI ON A ( 1) , GRAD C1) 


)0 	 ~gpJ~cif~~La~~il~~QJ~{3)/X+AC4)/(X•X>
RETURN . 

JO 	 GRAOCU=X 
GRAO C2) =XJt·X 
GRAOC3)=1./X
GRA0(4)=1./(X•X)
RETURN 
ENO 

.,. 



c 
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·I 
t 

64 


APPENDIX [CJ 


FUNCTION FUNCSCX,IINT) 

·FUNCTION SU8PROGRAH WHICH DEFINES UPPER AND LOWER SPECIFIED FUNCTION 
DIMENSION CKC20),A(25>,BC10),EN(25) 
COMMON/XXX/E,Z 0Ro,AV,A1 0XME{zz 3XMP,C,CK 1 XIlDEN,E NI~COR 1 NFiMtN 

A1rBoi~125~~io 6~,io6g~i0~8~ioo~~1oi~~foi6~io1~~{0}~~10~~~fo3i~t53o ,
B1040,1040{1050f1050,1060,1060,1070,1070,1080,1080,1090,10gQ,

1001C~f~g:i1~gg~JiN . 	 · . YN=RO•AV/A1
00 15 I=1,NF
IFCI-1)300,444,300

444 ENCU=ENI 
GO TO 15 


300 J=I-1 

ENCI>=ENCJ)+OEN

15 CONTINUE 
CALL LESQCA,B,EN,CK,M,N)
RETA=X 
ALEX=8C1)+gc2>•RETA+B{3)•RETA•RETA+8C4>•RETA••3+9(5)•RETA~•4

1+-8(6)'f RE TA'""5 
V=SQRTCC3.2E-6)~X/XHP)
BETA=V/C
FAX=ALEX.Y.CO~ 
FAC1=ZZ•ALOG(2.•XME•v•v1cxr•c1.-BETA•BETA))-BETA•BETA)-FAX
FAC2=YN•4.•PI ~ cE••4)•Z•Z/(XME•v•v>
FUNCS=FAC1~FAC2/(1.6E-6)
RETURN 

1002 FUNCS=1e82•1840. 
RETURN 

l003 FUNCS=1.82•1?gQ.
RETURN 

l004 FUNCS=i.82•1740. 
RETU RN 

. 005 FUNCS=l.82~1710. 
RETU~N 

006 	FUNCS=i.82~1660.
REfUq_N 


007 FUNCS=i.82•1560. 1 

RETURN 

008 	FUNCS=l.82~1470. 
RETU~N 

009 	FUNCS=1440.•1.82 
RETU RN 

010 	 FUNCS=4000. 
RETURN 

020 	 FUNr.S=4040. 
RETURN 

)30 	 FUNCS=.0350E+05 
REfURN 

140 	 FUNCS=.0370E+05 

REfU~N 


150 	 FUNCS=.0380E+05 
RETURN 

60 FUNCS=.0385E+05 
RETURN 

. ... continued 

http:FUNCS=1440.�1.82
http:FAX=ALEX.Y.CO
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70 FUNCS=.0360E+05 
RETURN 

80 FUNCS=.0340E+05 
Rf TURN 

90 FUNCS=.G3000E~04 
RETURN 

.00 FUNGS=.O 
RETURN 
ENO 

, 


·i 
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. i 

PROG~AM TST CINPUT,OUTPUT,TADE5=INPUT,TAP~6=0UTPUT)
O Ht ENS I ON CK C2 u ) , AC2 5 ) , 8 C10 ) , EN C2 5 ) , ~ N 2 C2 0 Q ) , ALEX C2 DO ) , EGYPT C2 0 0)

1 FAXC2 J O} ES ~1 C1JO)
106 READ (5,1r E,Z, ~ O,AV,A1, XME,ZZ,XMP,C, CCKCI), I=i,13) ,XI,DEN,ENI,ENI2

1,0EN2,CO R,'.JCO~ 
WR~TE( G,~>~ 1 Zi RO,AV,A1,XME,ZZ,XMP,C,(CKCI),I=1,13) ,XI,OEN,ENI,E~I2

1 1. 0 .__ N2 1 C O r--,_, .J c J -, . 

KE AOC :J, 2} NF, r-: , ~J, NF?., I FF 

HRIT E C6,2) NF,M,N, NF2,IFF

•~RITE CS, 5)
READ (5,1Qg) CESMCI) ,I=1,70)
WRITE:C E1 7 110> CES~(I> ,I=i,70)
WRITEC6 3) 
p I =3 • 1 L+ l 5 g 2 6 5 
YN=RO~AV/Al
00 111 II=1,IFF
COR = COR.+-ClCOR. 
00 15 I=1,NF 

IFCI-1> 3C0,444,300


444 ENC1l= ~NI 
GO TO 17 

300 J=I-1 . 
ENCI>= ENCJ> +DEN 

17 V=S)~Tc2.•c1.6 E-6)~EN(I)/XMP) 
BETA=V/C 

F AC 1 =Z 7 ~ ALO G ( 2 • • X :-1f: -¥- V"" V I ( X I -\f. ( 1 • - 3 ET A~ 

FA C 2= Y ~J-\f- 4 • 'f. PI .If. ( F. • .._ 4 > ~ Z+ Z I CX M::"' V"' V > 

ELOSS=FAC1~FAC2/(1.6E-6)
WRITEC 6 ,4)EN<I>,ELOSS 

15 CONTI t'W E 
HRlTEC6 5)
CALL LlSQ<A,9,EN,CK,M,N> 
00 - 16 J=1,NFZ
IFCJ-1)333,500,333

500 EN2(1)=ENI2
GO TO 18 

333 I=J-1. 
ENZ (J)=EN2(I} +OOJ2 

18 V=S0RT((3.2E-6) ... EN2CJ)/XMP)
BET A= VIC 

. 

f3 E TA ) ) - :3 ET A• 8 ETA ) - C K CI ) 

ALEXCJ)= S C1)+8C2>•~N2(J)+3(3)~EN2(J)~EN2CJ)+3(4)•EN2(J)•~3
1+BC5) 4 EN2CJ)~~4+ 8 (6 )•EN2CJ>•~5


FAXCJ>=ALEX<J>•COR 

FA C 1 =Z Z .\!-ALO G < 2 • "'X t1 E ._ V .._VI C XI• ( 1 • - SET A• RETA) ) -3 ET A.._ 9 ET A ) -FAX CJ) 
FAC2=YN•4.~Pr•c~~+4)~Z•Z/(XME•v•v> 
EGYPT(J)=FAC1•FAC2/(1.6E-6)
WRITZ.(h,4) ~~2(J), EGYDT(J) 
CALL PLOTPT(EN2CJ),EGYPTCJ>,4) 


16 CONfINUc: 

CALL OUTPLT 
00 112 JJJ=1,NF
EN2CJJJ)=E~2(JJJ)
ALEXCJJJ}=ALEX<JJJ)
FAXCJJJ)=FAX(JJJ) 

g:t~ ~t8l~f~f~~~~~~::~e~Ji33~r~~t,
112 CONTINUE 

..... continued 
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CALL OUTPLT 
HRITf: ( 6 ,_107) COR 

111 CONTINUt 
GO TO 1 06 

1 FOR MAT(8 E 1 8 .4)
2 FO RM ATC16I5)

3 F O C?. [· I AT < 5 C X, SHE f~ ~R G Y , 1 5 X t 7 H CO~IO X > , / / , 5 0 X, 5 H CME V) , 1 7 X, 6 H ~1EV IC r1, I I) 

4 F O Rd AT ( I+ 8 X, E 1 0 • 4-, 11 X, E 1 U. 4, I I) 

5 FORl1ATC1H1> 


107 FOR MATC1 H1,///,5 0X,18(2H•~>,l,50X,1H"',.._L-SHELL CORRECTION FACTO~~ 
1~3X,Fn.3 1 1~~,/,5GX,18(2H••> ,//)

109 t-O R!-1 ATC1 UA!1) 
110 FO R~ATC7CC30X,10A8}/J)

END 
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J;J NN NNNN NNNN NNNN N:'JN NNNNNNN NN NN NN NNNNNN NNN NNN NN~jN~iNNNNN N~J NN NN ~jN Nt~NN N 

PR() GR M·' T ST CI NP UT , 0 tJ TP UT t T AP~ 5 =I N DU T ,_ T AO E 6 =0 UT PU T) 
OI :·IENS I O\! A C1 5 ) , 0 C1 Q> , Y C5 GO) , E C5 J Q > , E t C5 QC) , X { 5 J J ) , I Y CS J G) , C C5 0 0 )

1 , E S~-i C2 :~ti ) 
506 RE~n cs ,s :1 >II,N,M,IFF,NN 

REA'l ( 5 , :303 ) lX U, XNI , XINT, nxrr 
R.E.0.0 C5 ,SC 0 > CE Si'l (I>,I=l,~ O)

WRIT:: cs,6 :2 >II 

WRIT E <6 , 5 2 -3 ) C:: SM CI) , I= 1, 8 J) 

Rr.Ci.rl CS ,S C2 ) CIYCI) ,I=1,N)

X(1)::XJ NT 
DO 8~8 I=1,N 

IF<I-:!.) 3G , 3J ,4 2 


40 XCT>=X(I-U+CJXIT

30 Y{I)=IY(T) 


CALL PLOTPTCXCI),Y(!),35) 

888 CO'HI~ . UC: 


CALL OUTPLT 

DO 3]:3 I =1,~ 

333 	~CI>=1./X(I)
CALL l ~ S1 CA,R,E,Y, ~ ,N) 
MP= t \+1 
rlR.ITE (6, 1 8(; 1> PHI), I=1,:1P) 
SU1··=. C 

. DO 	 777 I=1, N 
f. f. CI > == C9 ( 1 ) + 1 C2 > IX <I > + ~ ( 3 > I ( '( CI ) ~ X CI ) l -Y <I ) > .v--\! 2 
G/\ll PLOT PT()( (I), Et (I), 35) 

7 7 7 	 S U .1 :: SlW. + E ~ ( I) 

WRIT ~ ( 6 ,1 JC2 )S lrn 

CALL OUT 0 LT 

00 g gq I=1,~ 

C <I>= 8 C1) + n ( 2 > /X (I>+ 9 C1 >IC XCI> .. X(I>)

C:, ll PLOTPT (X(I),C(I),15) 


9 9 9 	 C O:'H It·! '. 1:: 
CALL OUTDLT 

XN =Xt :I 

wr.:rr [ CG, 5C4> 
D O 1 Q :!' =1. , 1'! :'~ 

XN ==Xt.+r)Yt~ 


· YY= ':l. C1) + J ( 2 ) /X ~ +'3 ( 3 ) I CXN"XN)

1C HP. IT~(~,~~:5)X~J,YY


IFCIT-IF =) S~6 , 5J 7,5C7

5 0 1 F OR.i< l\ T ( °.. I 3) .,· 

5 u2 F O ~ ~·' ~ T ( 1 C· I A ) 

5 0 3 F O°. ~·\ t1 T ( ;i, =- 1 ;: • 4 ) 

504 FO '<:-' t1.T(1-11,3 !J '<,~CHA ~JNE L tWh8~R. COUNTS\t,/1) 

5 Q5 F ') ~ ;·i !\ T C3 2 X , c1. 0 • 4 , 2 GX , E 1 0 • 4 I I > 

5 0 P, F OP:/ AT ( L .A8 ) 

6 0 2 F (n ~·!1T < 1 -, 1 , 11- ~ ,\ SE STU IJ v • , I 4 , "CU RV c FI TT TN G 3 Y T -f E. LE AS T SQ U~RES 


1 r : THOn I "-J T; ~ F() ~ ,., Qc C( ~ +~ I E+C I ( t: , E ) ) ) :tJ. I I I ) 
1 Ci C1 ~ 0 ~ ;.'. AT ( 1 :-11 , 5 '< , 2 Y~ = ? F 1 5 • 8 , 1 5 X, 2 H 3 =, F1 5 • 8 , 1 5 X , 2 HC=, F 1 5 • 8 / ./ I ) 
10 C2 F O'< :·: l\ T (1 :- X , ll-- THE L E 11 S T SU~ 0 F Si1UAR ~S I S Jf. . , F 1 5 • 8 I I) 

50 7 	 STf')P 
E: NU 

http:CO'HI~.UC
http:Rr.Ci.rl
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