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ABSTRACT 

The purpose of this report is to study the validity of the 

Rutherford Scattering Law. Both the angular and energy dependence of the 

. scattering cross-section are checked, also comparison between the absolute 

cross-sec:ion determined experimentally and the theoretical cross-section 

is made. 

Here we study the scattering of helium and oxygen ions with energies 

varying from 0.5 to 2.0 MeV from thin bismuth targets made by implanting 

40 keV bismuth ions in low Z(si1icon) substrate to doses of 1016 ions/cm2. 

The implantation process was made on the Isotope Separator and the scatter

ing exper i n~nts were made on the Van-de-Graff accelerator of the SSS branch 

of the AECL. The scattering angles considered here range from 90 0 to 160 0 

and a special geometrical arrangement was used to enable us to measure the 

scattering angle accurately. Also the report contains a brief description 

of the different sources of errors during target preparation (implantations) 

and the scattering experiments. 
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CHAPTER 1 

INTRODUCTION 

The elastic scattering of ions and atoms is widely used now as 

an analytical probe in the field of Solid State Science. In such applica-

tions using nuclear backscattering, it is generally assumed that the 

Rutherford cross-section is valid. However, not much work was done to 

verify the accuracy of these cross-sections experimentally. Only few 

papers wel~e published for the study of the scattering of low Z ions, and 

one of these is Rutherford's own work.(l) 

There are two different extremes in the study of the validity of 

Rutherfor law. The first is the scattering at large separation distance 

between the bombarding ion and the scattering atom where the screening 

effect of orbital electrons is large (separation distance of the order of 

the electronic orbit diameter, i.e. ~lO-8 cm). The second is the scatter

ing at very small separation distance(of the order of the nucleus diameter, 

i.e. ~lO-12cm) where the bombarding ion penetrates the nuclear barrier and 

we have anomalous scattering. The separation distance is proportional to 
Zl Z2 

the value of (E sin2 8) and so this is the parameter that controls the sep-

aration distance. 

Recently H.H. Anderson et al(2) studied the differential cross

section for elastic scattering of 300-2000 keY H+ and 300-500 keY He+ and 

Li+ through 3°_15° by gold target. They used thin (34-220 mg/cm2) vacuum

deposited polycrystalline gold foils. From the energies and scattering 
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angles they considered, it is clear that they studied scattering at 

large separation distances. On the other hand, J.F. Ziegler and J.E.E. 

Bagli n(2) studied the elastic backscattering of He+ from a variety of 

thin films containing Si, Al, 0) and N for He+ energies ranging from 

te.5 MeV. I~ this range, the helium ions are able to penetrate the nuclear 

barrier and will be affected by the nuclear forces beside the usual Coulomb 

fi e 1 d. 

In this report, we study the elastic scattering of 500-2000 keV 

He+ and l lJOO keV 0+ through 90 0 1600 b b' h t - Y lsmut argets. So we will cover 

the range of separation distances between the above two extremes. 

In the previous work by Anderson, and by Ziegler, they used self

supporting thin targets; the thickness of these targets is hard to be 

measured accurately. So, instead of that technique, we produced a thin 

Bi target by uniformly implanting Bi ions in a low Z (silicon) substrate; 

the Bi ions penetrate the substrate to a certain depth which is known. 

Since in the backscattered spectra of both He + and 0+ ions from these targets 

we have a clear energy separation between the Bi peak and the edge of 

Si spectrum. Therefore by fixing the window of a single channel analyser, 

we can observe the counts due to scattering from Bi alone. Knowing the 

scattering angle and the energy of the incident ions, we can examine the 

validity of both the angular and energy dependence of the Rutherford law. 

Also, from the geometrical arrangement of the target and detector, we can 

get the absolute value of the scattering cross-section at each energy and 

scattering angle and compare this with the theoretically calculated cross-

sections. 
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In Chapter 2, the basic theoretical treatment of the Rutherford 

scattering is discussed, and also the method followed in determining the 

scatteri g cross-section from the experimental data and in checking the 

validi ty of the angular and energy dependence of the observed counts. In 

Chapter 3, we explain the method for preparing our Bi targets and the 

sources of error that might occur during the implantation process, also 

the corrections requjred in our calculations due to the finite penetra-

tion of Bi ions through the Si targets. This latter point involves calcula

ting (a) the projected range of the Bi ions and (b) the energy lost by 

helium and oxygen ions in traversing the Si layer to the depth of the B1 

atoms during the subsequent scattering experiments. In Chaper 4, the main 

scattering experiment is discussed in detail with the description of the 

experimental arrangement and the reason for choosing this arrangement. The 

ion current measurements are discussed, and the explanation of the technique 

used i n making our measurements. Also in this Chapter, we discuss the 

different sources of error and the experimental work done to check their 

effect on our results. Finally, in Chapter 5, we make a tabulation of the 

complete analysed experimental data and the discussions and comments on these 

results cCincerning angular and energy dependence, absolute magnitude of 

scattering cross-section compared with theoretical value and the repro

ducibi l ity of the output we obtained. 
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CHAPTER 2 

RUTHERFORD SCATTERING 

In this Chapter, we include the basic theoretical treatment of 

the Rutherford scattering. From the interaction yield, it is possible to 

find the value of the experimentally determined scattering cross-section. 

A brief description for the corrections required due to the energy loss 

by ions in penetrating the silicon layer until it reaches the bismuth 

atoms locations. Also included is the procedure required to check the 

angular and energy dependence of the scattering cross-section. 

2. 1 Ruth(~rford Law 

In this section only the main equations that will be used are 

presented without complete mathematical derivations. The complete theore

tical treatment can be found in most nuclear physics textbooks. (4) 

Tbe relation between the scattering angle e in the lab. system an 

the scattering angle e in the C.M. system is given by 

Ml . 
sin(e - e} = - Slne 

M2 
(2-l) 

where Ml and M2 are the masses of projectile and target atom respectively. 

The collision diameter b, which equals the closest distance of 

approach in a head-on collision,is expressed as 
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(2.2) 

where Zl and Z2 are the atomic numbers of projectile and target respectively 

and IZ1Z21 is the absolute value of Zl Z2' e is the electronic charge, V 

is the projectile in i tial velocity in the lab. coordinates, and Mo is the 

reduced mass of the system of particles and is defined by 

(2-3) 

Substituting the value of Mo and putting y = Ml/M2 in Equation (2-2), 

therefore 

(2-4) 

where E i s the initial projectile energy = } Ml V2. 

Tht~ impact parameter x in terms of the collision diameter and the 

C.M. scat"ering angl e is given by 
b e 

x = "2 cot 2" (2-5) 

The differential cross-section for scattering of Ml into the solid 

angle dw ~ 2n sine de in the lab. coordinates will be called do ~ ~ (e)dw. o 
The fraction of the incident particles which are scattered by a very thin 

foil containing N target praticles M2 per square centimeter is N ~ o( e ) dw. 

These are the same particles which, in the C.M. coordinates, are scattered 

in the solid angle dn = 2n sine de 

If the differential cross-section, ·do, is called ~ o( e ) dn in the 

C.M. coordinates, then 
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d201T = ~ ( e) sin8d8 = ~ (e) sine de o . 0 
(2-6) 

The differential cross-section ~o(e) dn for an impact parameter 

between x and x + dx is simply the area of a ring of radius x, and 

width dx, which is 21TXdx. Then from Equation (2-5), we have 

do :: ~ (e) dn b e) b 2 e de = 21Txdx = 21T(2 cot 2 2 csc 2 2 0 

b2 cos(e/2} b2 1 dn (2-7) = 1T 4 3 - de = 16 
sin4(e/2) si n (e/2) 

Substituting the value of the collision diameter b from Equation 

(2-4), we get 

2 
do Zl Z2e 2 1 
dn = ( 4E) (1 +y) -...-'4 '--

sin (e/2) 

Z Z 2 
= 1.2926 x 10-27(~) (l+y) 1 cm2/sr. (2-8) 

sin4(e/2) 

in Equation (2-8), the energy E is in MeV. 

This cross-section can be transposed to the lab. coordinates when 

y, i.e. M1/M2, and hence the relationship between 8 and e, is known from 

Equation (:2-1). In the general case, we have for the differential cross-

section in the lab. coordinates, 

sine de 
do = So (e) dw = ~o(e) sin8 d8 dw (2-9 ). 

From Equations (2-l), (2-8), and (2-9) we can obtain the following 
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expression for the differential cross-section in the lab. coordinates, 

do = ~o( e ) (1 + r 2 + 2r cose}3/2 dw 1 + Y cose 

1.2926 x 10-27 Z Z 2 1 [(1 + 12 + 2r cose )3/2] 
= (¥) (1 + y) 

sin4(e/2) 
dw 1 + Y cose 

Actually in our work we will evaluate the value of the scattering 

cross-section per unit solid angle in the C.M. system theoretically and 

experime tally and examine the agreement between theory and experiment. 

2.2 Interaction Yield 

If the number of bombarding ions incident on the target is 10 with 

incident energy Eo' the yield of backscattered ions at a certain angle e 

(in the l ab. coordinates) is determined by the scattering cross-section 

correspondi ng to thi s angl e and the i on energy at the scatteri ng si te Es. 

(2-10) 

Es is slightly smal ler than Eo' as we will see in the next section. Also, 

this yield ~lill be proportional to 1
0

, and to N'(the number of Bi ions per 

square centimeter, measured perpendi cul ar to the i nci dent beam di recti on. If 

cp is the angle between the incident beam and the normal to the target, .then 

N' = N/coscp , therefore we have 

(2-11 ) 

where 0lab.(Es, e} is the microscopic scattering cross-section at energy Es 

and scattering angle cp in the lab. coordinates. 
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From Equation (2-9) we can put Equation (2-11) in terms of the 

C.M. cross-secti on, therefore 

N [(1 + r 2 + 2r cose}3/2]w I = 10 cos cp so(Es ' e ) (2-12) 1 + Y cose 

where w is the solid angle subtended by the detector at the target. Equa

tion (2-12) gives the experimentally determined scattering cross-section 

per C.M. steradian ~ o(Es' e) which, if the Rutherford Law is exactly 

valid, will be the same as that calculated theoretically from Equation (2-8). 

2.3 Energy Loss Correction 

In this section, we discuss, qualitatively, the reason for this 

energy loss correction. The complete evaluation of the magnitude of this 

loss will be given i n Chapter 3. 

In this work we are studying the scattering from thin Bi targets made 

by implan t ing Bi ions into 5i substrates, as will be explained in Chapter 3. 

Therefore " our scattering process does not occur on the surface of the sub

strate, but at a depth corresponding to the Bi penetration profile; we must 

therefore determine the mean projected range of these ions in the 5i sub

strate . On bombarding these targets with high energy ions, such as He+ and 
+ o , they lose certain amount of energy in 5i layer before reaching the Bi 

location and being scattered. 

Knowing the projected range Rp of the implanted Bi in the Si sub

strate, the initial energy Eo of the bombarding ion, and its stopping power 
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S in the Si, the ion energy just before scattering from Bi will be given 

by 

E = E - S R so' p (2-13) 

In calculating the scattering cross-section theoretically from 

Equation (2-8), we have to substitute the exact value of the energy at the 

scattering site which is Es and not Eo' 

In practice, we select approximately the required energy Eo from 

the Van-de-Graff panel, calculate the exact energy at the scattering loca

tion Es from Equation (2-13), and then calculate the theoretical cross

section corresponding to Es rather than Eo' 

2.4 Angular and Energy Dependence 

Substituting the theoretical value of so(Es ' e) in Equation (2-12) 

from Equation (2-8), we get the following form of the yield equation 

, Z Z 2 
I = I N [1.2926 x 10-27(~E 2 (1 + y) 1 

o cos~ s sin 4 (e/2) 

2 3/2 
[(1+y +2ycos e) Jw (2-13) 

1 + ycos e 

Therefore, for a certain target-projectile combination we have 

111 
I = c (-2) [cos~ 4 

Es sin (e/2) 

2 3/2 
(1 + Y + 2y cos e) J 

(1 + Y cos e) 
(2-14) 

where C is a constant given by 



10 

The Equation (2-14) assumes the validity of Rutherford's Law. 

Therefore, we can make use of this relation to check both the angular 

and energy dependence of the Rutherford Law. 

For angular dependence we will have a fixed value of energy Es ' 

therefore the yield equation becomes 

I = C1 [c~s<p ---"4r-=-1_
sin (e/2) 

(1 + y2 + 2y cose)3/2] 
(1 + ycose) J 

(2-15) 

where C1 is a constant. So changing the scattering angles and recording 

the observed counts for each position, from Equation (2-15), we can check 

to what extent the angular dependence is correct, since dividing the 

counts observed over the quantity in square brackets should give a constant 

value for the different scattering angles at fixed energy and the same 

target-projectile combination. 

For energy dependence the same is done except the angular term is 

constant and we vary the energy Es. Therefore the rate equation takes 

the fo rm 

I = C' 1 
1 

n s 
(2-16 ) 

So mUltiplying the observed number of counts by the square of the 

corresponding energy at the scattering location Es ' this will be a constant 

(C'I) i f the energy dependence is exact. 

The scattering experiment was done using different targets and 

therefore the number of implanted Bi ions per square centimeter, N, will 

be different. This was done to check the reproducibility of our results. 

Therefore in checking angular and energy dependence for these runs with 
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diffe rent targets, we have to include the value of N as a variable in 

our rate equation. 

All these calculations are put in the final tabular form in 

Chapter 5. 
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CHAPTER 3 

HEAVY ION IMPLANTATION 

In this Chapter, the preparation of thin Bi targets is explained. 

In Chapter 2, we discussed the need to evaluate the finite penetration 

of the implanted ions through the Si substrate and the energy lost by 

the bombarding ions in the scattering experiments until it reachs the 

Bi layer. Here we make the complete calculations for the Bi ions range and 

the energy lost by the He+ and 0+, which are the only ions used in our 

scattering experiments, in the Si layer. At the end of the Chapter, various 

sources of error in the implantation process will also be discussed. 

3.1 Target Preparation 

It is hard to make a self-supporting uniform thin target, and it is 

difficult to measure its thickness accurately. To avoid these difficulties 

we used a different technique in preparing our targets. This was done by 

implantation of our heavy ion (Bi) in a low z(silicon) substrate, and there

fore by uniform implantation we obtain a thin Bi target for our scattering 

experiments. 

The Bi ions were produced by evaporating Bi metal and then accelerat

ing these ions to the i mplantation potential of 40 kV, the beam is deflected 

by the analyzing magnet in the isotope separator and is focused as a vertical 

line at the target position. To achieve uniform implanation, the beam is 
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swept evenly in the horizontal direction over the area of the target 

defined by the beam defining aperture. The current integrator connected 

to the target holder records the absolute number of microcoulombs of beam 

hitting the target. 

For our scattering experiments we made two different targets with 

different implanted doses, as follows 

Target Number Implanted Dose Implanted Dose Target Chamber 
( llC/ cm2) (Ions/cm2 ) Pressure (Torr) 

1 316 1 .9687 x 10' 5 1 x 10-6 

2 1625.5 1.0127 x 1016 2 x 10-6 

3.2 Projected Range of Implanted Ions 

The implanted Bi ions penetrate the 5i substrate and do not stay 

right on the surface as we mentioned in section 2.3. Calculation of the 

projected range of these implanted i ons is necessary for the energy loss 

evaluation in the next section. 

In our calculat ions we will make use of the tables made by K.B. Winter

bon.(5) For Bi-209 penetration through 5i-28, we have from table (I), p.12 

e: = 0.000664 

p = 0.0249 

k = 0.1158 

per keV 

per .ll9/cm2 

where E, p, and k are dimensionless energy, range, and electronic stopping 
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parameters respectively. 

For our implantations, the Bi ions energy was 40 keV, therefore 

£ = 0.000664 x 40 = 0.02656 

and by interpolations in table (II), p.28, we have 

for £ = 0.02656 and k = 0.1158, p = 0.1328 

Since p = 0.0249 Rtotal 

where Rtotal is the total range, therefore 

Rtotal = ~:6~~~ = 5.337 ~g/cm2 

The relation between the projected range Rp and the total range Rtotal 

is given by(6) 

M2 -1 
= (1 + 3M ) 

1 

here M1 = mass of bombarding ion (Bi) = 209, 

M2 = mass of bombarded substrate (Si) = 28 

Therefore 

Rp = 0 .96 Rtotal 

= 0.96 x 5.337 = 5.110 ~g/cm2 

Since Si density - 2.42 gm/cm2, therefore 

o 
i ~e. The projected range of 40 keV Bi ions in Si is about 200 A. 
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3.3 Energy Loss Calculations 

+ + The calculations will be done of the energy loss of He and a in 

going t hrough the calculated projected range of Bi, i.e. 5.11 ~g/cm2. The 

. He+ energies that will be considered are 2.0, 1.0, and 0.5 MeV, but for 
+ the case of 0 , we consider only the 1.0 MeV case since these are the 

energies that will be used in our scattering experiments. 

From Equation (2-13), the energy lost by the bombarding ion is the 

product of the stopping power and the projected range. For the evaluation 

of the stopping power, we will use the tables by Winterbon(5) for the case 

of 1.0 MeV 0+ since this is in the region where these tables are good. On 

the other hand, these tables are not good for He+ and we have already direct 

experimental data by J.F. Ziegler and W.K. Chu(7) which we can use. 

(a) Energy loss by helium ions: for He+ penetrating Si targets we 

have the following values for the stopping power for different energies, 

ENERGY ,(MeV) 

2.00 

1.00 

0.50 

S,(eV/1015 atom/cm2) 

49.26 

66.30 

70.62 

To change the dimensions of the stopping power from (eV/1015 atom/cm2) 

to (MeV/~g/cm2) we multiply by the conversion factor 21.5 x 10-6.(8) 
It should be noted that the energy lost by the ions depends on the 

angle ~ between the di rection of the incident beam and the normal to the 

target, and therefore will be different for different scattering angles in 
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the same energy region. For the sake of completeness we calculate the 

energy lost for each scattering angle at all energies considered. The 

values of the angle ~ for different scattering angles will be shown in 

the next Chapter. Therefore, the actual amount of energy lost is (SRp/cos ~ ) 

since t he actual distance the ions penetrate before reaching the Bi layer 

is Rp/cos~. In the following table the energy lost to the nearest keV 

ENERGY , .(rvEV) 

2.00 

1.00 

0.50 

SCATT. ANGLE,(OEGREES) 

160 

140 

110 

90 

160 

140 

110 

90 

160 

140 

110 

90 

~,(OEGREES) ENERGY LOST,(keV) 

-20.35 6 

- 0.35 5 

29.65 6 

49.65 8 

-20.35 8 

- 0.35 7 

29.65 8 

49.65 11 

-20.35 9 

- 0.35 8 

29.65 10 

49.65 13 

(b) Energy loss by oxygen ions: neglecting the nuclear energy loss with 

compared to the electronic loss, the electronic stopping is given by(5) 

S = k = k e: 1/2 
e ap 

To convert this dimensionless energy loss to the usual dimensioned 
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quantities, we have 

aE = Q.. ae: (keV/l1g/ cm2 ) aR e: 3p 

For 1.0 MeV 0+ incident on Si substrate, we have 

3e: = 0.1845 (59.022)1/2 
3p 

= 1.4178 

and therefore, 

aE = 0.1400 (1.4178) 
aR 0.0590 

= 3.3620 keV/llg/cm2 

Again we calculate the actual energy loss for different scattering 

angles for 1.0 MeV 0+ (to the nearest keV) 

ENERGY, (MeV) 

1.00 

SCATT.ANGLE, DEGREES) ¢,(DEGREES) ENERGY LOST,(keV) 

160 

140 

110 

90 

-20.35 

- 0.35 

29.65 

49.65 

18 

17 

20 

27 

Subtracting these energy losses from the initial ions energy (Eo)' 

gives us the actual energy at the scattering site (Es) on which we make 

our calculations for the theoretical cross-section as discussed before. 
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3.4 Sources of Error 

Now we discuss briefly the different sources of error that may occur 

during the implantation work and will certainly affect the scattering 

.experi ments. 

(a) Uniformity of implantation: one of the main disadvantages of 

the se l f-supporting thin targets is the difficulty of obtaining a uniform 

target in this way. Sweeping the beam across the target accomplishes the 

uniformity of implantation. 

Before starting the scattering experiments, a uniformity check test 

was done on the first Bi target. Considering a certain point in the im

planted area as a centre of coordinates, we recorded the counts for the 

backscattered He+ from different points taken at different locations in 

the (x,y) plane, the dimensions were in millimeters in both directions. The 

beam energy was 1.00 MeV, and the scattering angle was 1600 for all the 

points. The target was mounted on a goniometer which allows movements in 

the horizontal and vertical directions. The counts from the center point 

(0,0) were repeated 8 times to get an average value for the counts for a 

fixed count rate on Hollis probe (100,000 Hollis counts were considered). 

The fun ction and work of the Hollis probe will be described in the next 

Chapter. The average counts per 100,000 Hollis counts were 3708. The follow

ing table shows the counts at the different points and the % deviation from 

the ave rage counts. 
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SCATT.POINT COUNTS/l00,000 HOLLIS COUNTS % DEVIATION 

(0,0) 3708 0.0 

(1.5,0) 3662 -1.24 

(3.0,0) 3708 0.0 

(-1.5,0) 3880 4.64 

(-3.0,0) 3690 -0.49 

(0,1.0) 3768 1.62 

(1.5,1.0) 3722 0.38 

(-L5,1.0) 3837 3.48 

(0,-1.0) 3778 1.89 

(1.5,-1.0) 3707 -0.03 

(-1.5,-1.0) 3670 -1 .02 

From this table it is clear that most points are within I(counts) 

statist ics which is about 1.6%, only 2 values lie outside twice the sta

tistical accuracy which is acceptable. Therefore, we conclude that the 

uniformity of our targets is good. 

(b) Neutral-atom component: in the 40 keV energy range, the Bi ions 

have a large cross-section for capturing an electron (from a residual gas 

atom) and become neutral atoms. These neutral atoms, if formed after the 

ion beam was deflected by the isotope separator analyzing magnet will hit 

the target without being counted by the beam integrator. 

J. Pring1e(9) did some experiments to check this neutral-atom com

ponent of the beam. He applied a positive retarding potential of 35 kv on 

the target while implanting 40 keV (Sb, Hf, Te) ions. In addition to the 
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5-keV range profile of the implanted ions, he noticed a tail due to the 

40-keV neutral-atoms component. Extrapolating this tail, the neutral

atom component was found to vary from 0.5 to 1.0%. 

However, during Pringle's work the pressure in the target chamber 

was about 6 x 10-6 torr, while in our implantations it was 1 x 10-6 and 

2 x 10-6 torr. There fore, since the neutralization probability/cm is 

directly proportional to the pressure, we can assume the neutral-component 

of the beam to be ~0.5% in our implantations. 

(c) Current measurement: to measure the ion beam current, a Faraday

cup is mounted around the target. Precautions must be made to prevent the 

secondary electrons, which are generated by stopping the ion beam, from 

escaping through the entrance aperture of the Faraday-cup. Therefore, a 

negative bias of 120 V is applied on a grid plate outside the Faraday-cup 

to suppress the secondary electrons. Actually part of these secondary elect-

rons escape from the Faraday-cup and this causes inaccuracy in the current 

measurement. On the isotope separator, the current measurements are accurate 

to about 1%. 

(d) Sputtering: one more source of error in the implanted dose measure

ment is caused by sputtering especially when we implant high doses of the 

heavy ions (in the 1016 range). At the beginning of implantation, we have 
. . 

only sputtering of Si atoms, but as the implantation process continues, some 

of the Bi implanted ions will also be sputtered. 

Now we make a rough estimate of the sputtering loss. The thickness of 

Si target removed due to sputtering i s given by(lO) 

t = S.A x 0 X 0.0621 
p 

o 

A 
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where t is the thickness sputtered away, S sputtering coefficient of Si 

by Bi (rv5 atoms/ion), A is the atomic weight of Si (=28), p is the Si 

density and 0 the implanted dose in~A2 min(l ~A2 min = 4 x 1014 ions/cm2) 
em cm16 2 

substituting in the above equation gives (for 10 ions/em dose) 

o 

t '" 20 A 

Assuming that the range distribution has a Gaussian shape, we have the 

range straggling (ref.6, chap. 2), ~R given by, 

R 0 

~R = -L = 80 A 2.5 

Therefore from these estimates we can conclude that about 0.1 % of 

the implanted ions have been sputtered away. 

Actually, the range profile i s skewed inside the material which will 

cause sputtered quantity less. Alsowe might have enhanced diffusion. There-

fore as a rough estimate, we can assume a sputtering loss rvO.5% 
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CHAPTER 4 

EXPERIMENTAL SCATTERING MEASUREMENTS 

The main scattering experiments are discussed in this Chapter. 

First the experimental arrangement is described. The experiments made 

for the energy cal i bration with the complete analysed results are also 

described. Also the ion current measurements by calibrating the Hollis 

probe against the Faraday-cup; this part will include the mechanism of 

the work of Hollis probe. The limitations on the count rates of the 

detectors and how to achieve these counts are given. Also, a description 

of the scattering from the Bi implanted layer and the method followed for 

the calculations of the required parameters. Finally, as we did in Chapter 

3, we di scuss the di f ferent sources of en'or and the experi ments done to 

check them. 

4.1 Experimental Arrangement 

Figure 4.1 . shows the experimental arrangement. The dashed lines 

indicate the incident and backscattered beams. The Hollis probe is labelled 

A, B is the Faraday-cup, C is the target and its holder, 0 is the target 

detector aperture, E is the arm connecting the detector aperture to the 

goniometer, F is the target detector, and S are the beam collimating slits. 

Since the main purpose of this work is to check the angular and 

energy dependence of Rutherford law, as well as the absolute magnitude of 
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the scattering cross-section, therefore the fir~t task was to develop 

suitable calibration techniques for accurate measurement of the scattering 

angles and energies, so as to study the backscattering at different angles 

and different energies. 

0 
F 

~~~ E 
S ~---

A ---- -.... 

-- ~-------- --- - - --- - --------

c 

Figure 4.1 Exper imental Arrangement 

In the target chamber, the most accurate way to measure the scattering 

angles is to mount the detector on an arm rigidly vixed to the goniometer, 

so th at the scattering angle is varied by rotating the top goniometer flange 

and we can determine this angle accurately. 

The length of the arm on which we mounted the detector, i.e. the 

distance between the detector aperture and the target is 7.982 cm, and the 

aperture diameter is 2.25 n~. The refore, the solid angle subtended by 

the detector at the target is 
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2 
w = i (~:~~~) = 0.000624 Sr. 

Before starting the scattering experiments, we made an accurate 

meas urement of the angle between the detector arm and the beam direction. 

This was done by rotating the detector arm, and consequently the target 

(the detector was removed during this experiment) anti-clockwise from its 

initial position as shown in Fig. 4.1 (the beam is perpendicular to the 

target) until the beam passed through the center of the detector apertu re 

and recorded the reading of the top flange. We obtained the following 

readi ngs (we considered the readings on the right part of the flange to be 

negative): 

READING CURRENT CONDITION 

-34.4° - Goes to zero 

-39.2° - Sta rts to ri se from 
zero 

-39.9° - Reaches max. value 
-40.8° - Starts to fall down 

from max. 
-41. 5° - Goes to zero again 

REASON 

Beam is intersected by the detector 
arm 
Beam starts to go through the 
aperture 
Beam is fully in the aperture 
Beam starts to leave the aperture 

Beam is intersected by the other 
side of the detector arm 

From these readings we find that at 39.55° the beam is at ha1f

maximum in the rising part, and at 41.15° it is at half-maximum in the fall

ing part, i.e. the aperture corresponds to 1.6° angular deviation. Therefore, 

the exact angle between the detector arm and the beam direction is (39.55 

+ 1.6) = 40.350 
2 

Before proceeding further we list the different scattering angles 8 

considered and the corresponding value of the angle ~ between the incident 
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beam and the perpendicular to the surface. Figure 4.2 shows the diffe rent 

angles in our arrangement in a general position 

Figure 4.2 Different Angles Involved in the Scattering Experiments 

The angles 0 and x between the incident beam and target surface, 

and the reflected beam and the target surface should always be greater than 

30° so as to minimize multiple scatteri ng. The scattering angle e is 

(l80° -ex) 

e ~ .0 

160° -20.35° 11 0.35° 

140° - 0.35° 90.35° 

110° 29.65° 60.35° 

90° 49.65° 40.35° 

The value of the angle x is fi xed (49.65°) and the minimum value of 

the angle 0 is seen to be ~40°, corresponding to the 90° scattering angle. 

The reason for choosing 160° as the largest scattering angle is that the 

Faraday-cup prevents further movements of the detector arm if we try to go 

to large scattering angles. 



26 

4.2 E ~rgy Cali brati on Experi ments 

Since one of the main purposes of this work is to check the energy 

dependence of Rutherford Law, and the scattering cross-section is inversely 

proportional to the square of the energy. Therefore, to obtain good results 

we have to know the energy accurate ly. 

The machine energy is read f rom the Differential Voltmeter on the 

main consol. Two different techniques have been used for checking the 

settings of the Differential voltmeter and to determine the exact energy 

corresponding to each setting. 

The first technique involves the A1 27 (p,a) nuclear reaction, where 

we make use of several sharp resonances of this reaction at accurately 

known energies. Therefore, the energy corresponding to a certain resonance 

will be the exact value of the energy for the Differential Voltmeter setting. 

In determining the resonance condition, we take the counts half-way in 

the rising part of the y counts at that resonance. .This calibration was 

done twice and the following table sunmarizes the results of these two runs. 

RUN NO. D.V. SETTING, (MeV) RESONANCE ENERGY, . (MeV) ( D.V. 
Ecalib. 

) 

1 2.009 l.095 1 .0120 

1.406 1.3867 1.0139 

0.999 . 0.992 . 1.0065 

2 1.407 1 .3867 1.0146 

1.001 0.992 . 1 .0091 

From this table it is clear that the agreement between the two runs 
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is better than 0.3%. 

In the second technique we use the 5.486 MeV alpha particles from 

an Am24l radioactive source for calibrating the linear Pulse Generator . 

Then, by comparing t he backscattering spectrum of protons from gold targets, 

(two different targets were used, the firstw~ a thin gold film deposited 

on a carbon substrate, and the second was a thick gold foil), with suitably 

chosen Pulse-Generator spectra, we can find the exact values of the energy 

corresponding to each Differential Voltmeter setting. Now we describe how 

the calculations procedure goes and then summarize the results from differ

ent runs in a tabular form. 

First the Pulse Generator was set at 5.486 MeV, and the pulse peak 

was exactly in the same channel as Am241 alpha particles. To find the exact 

value of the energy corresponding to this Pulse Generator setting we have 

to subtract the amoun~ of energy lost by the Am24l alphas in the detector 

dead gold layer which has a thickness of 700 A, i.e. ~135 ~g/cm2. This 

amount of energy lost was calculated by knowing the stopping power of gold 

targets for 5.486 MeV alpha particles(8), and this energy loss is 30 keV. 

Therefore, the exact energy for the Pulse Generator setting at 5.486 MeV 

is 5.456 MeV, (This correction is applied only to the first run, in the 

subsequent runs, we set the Pulse Generator at 5.456 MeV and by adjusting 

the normalizing potential we can make this pulse in the same channel as the 

5.486 alphas, in this case no corrections will be made to the Pulse Generator 

settings). Since the Pulse Generator is linear, a correction factor of 

~::~~ , i.e. ~0.995 must be multip l ied by each setting to get the exact energy 

corresponding to that setting. 
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Now the backscattered spectrum of protons from gold at different 

. Differential Voltmeter settjngs, i.e. different protons energies, was 

collected (scattering angles were 160° for the thin gold targets and 140° 

for the thick .target). Also pulses of different energies from the Pulse 

Generator were collected. From the Pulse Generator settings and the collected 

backscattered spectra we can find the energy corresponding to the gold peak 

(thin target), and the mid-point of the gold edge (thick target) by deter

mining the channel in which this peak (or edge) lies and calculating the 

energy corresponding to this channe l from the Pulse Generator. Each cal

culated energy is now multiplied by the correction factor mentioned before 

to account for the Pu l se Generator calibration (for the first run only in 

this work). Then to these corrected energies we add the amount of energy 

lost by protons in traversing the thin (135 ~g/cm2) dead gold layer on the 

detector surface(8), and thus obtain the proton energy just after scatter-

ing from gold. Since the proton loses 0.0195 of its initial energy in 

scattering at 160° from gold, (and 0.0178 of its initial energy at 140°), 

we can determine, therefore, the initial proton energy before scattering, 

which should be the exact energy corresponding to the specific Differential 

Voltmeter setting. 

The following table summarizes the results for the different runs 

after performing all t he required cal culations 

RUN NO. GOLD TARGET USED D.V . ,(MeV) Eca1ib.,(MeV) 

1 Thin 2.04 1.9889 

1 .406 1.3865 

( D.V.) 
Eca1ib. 

1.0257 

1.01~ 
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RUN NO. GOLD TARGET USED D.V.,(MeV) Ecal ib.' (MeV) ( D.V.) (cont'd) 
Ecalib. 

1.00 0.9835 1.0168 

0.51 0.5058 1.0083 

2 Thick 2.04 1.9805 1 .0301 

1.406 1.3806 1 .0184 

1.00 0.9765 1.0241 

0.51 0.5028 1 .0143 

3 Thick 2.04 1.9732 1 .0338 

4 Thick 2.04 1.9772 1.0318 

1.00 0.9806 1.0198 

0.51 0.5056 1.0087 

From this table, it is clear that the energy calibration using thick 

targets are reproducible to better than 0.4%. But these values are about 

1% less than that for the thin target. 

Comparing these values of calculated energies to those given by the 

A1 27 (p,a) calibration, we notice that the thin target energies are about 

1% higher and the thick target energies are about 2% higher. 

Actually the calibration using the A1 27 (p,a) nuclear reaction should 

be the best since the energies for the different resonance are accurately 

known , and the method itself is straightforward and needs no calculations. 

But in our calculations for the energy dependence and the total Rutherford 

scattering cross-section, we will use the values of energies calibrated 

by the thin film target as intermediate values between the other two ' cases. 
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4.3 Ion Current Measurements 

The ion current is measured by the use of a Faraday-cup which 

determines the amount of charge corresponding to the incident ion beam. 

Since it is not possible to use the Faraday-cup and the target simultan

eously (the Faraday-cup completely intersects the beam and prevents it 

from hitting the target), therefore, the Faraday-cup is made removable as 

shown in Fig. 4.1 and a coupling between the Faraday-cup and the target is 

used. This coupling is called the Hollis probe which is a thin gold layer 

° of th i ckness about 700 A deposited on a aluminium foil, the side of the 

foil facing the beam is cut at 45° inclination and the scattering from 

this probe is taken at a scattering angle 90°, as shown in Fig. 4.3 in 

which A is the Hollis probe, G the detector, H the detector aperture, and 

S are the beam collimating slits. 

S 

------~--------~ 
A 

I 
I 
I 
t 
I 
I 
I 
I H -O-G 

The Hollis probe oscillates continuously across the beam during both 

the Faraday-cup calibration and the scattering experiments. Therefore by 

continuously intersecti ng the beam at a constant speed, by using an external 
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motor, the counts for the 90° scatterings are detected by the detector G 

in the bottom of the target chamber. 

An aperture (H) of 1-3 mm diameter is put over the Hollis probe 

detector to limit the total count rate with the probe in the static posi

tion (i.e. the Hollis probe completely intersecting the beam) to less than 

3000 counts/sec in order to avoid undue noise and dead-time losses. A 

similar counting restriction (i.e. <3000/sec) applies to the main detector, 

and this is partly accomplished by the apertures on the detectors and partly 

by adjusting the magnitude of the ion current. 

For ion current measurements, the Hollis probe is calibrated against 

the Faraday-cup to find the number of Hollis probe counts for a certain 

amount of charge collected by the Faraday-cup, then we find the number of 

the counts from backscatt2ring of the target corresponding to a certain 

number of Hollis probe counts. From these two measurements, we can deter

mine the number of incident ions on the target, and hence the number of 

backscattered ions per microcoulomb of charge collected by the Faraday

cup, i.e. 6.23 x 1012 ions incident on the target, these calculations will 

be done in the next Chapter. 

The counts from the Hollis probe were determined by the settings of the 

window of the single ·channe1 analyser. Two different ways of these settings were 

made, the first we considered only the counts due to the gold peak of the 

spectrum, but to get better statistical accuracy, the window settings(lower 

disc.) was made wider to allow for a part of the aluminium spectrum to be 

counted. 
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The charge collected by the Faraday-cup is determined by the Beam 

Current Integrator. The la-turn Trip Level control was always set to 

the value 100 (full-scale setting), then the number of times (clicks) 

the integration circuit must recycle to provide the necessary integration 

period, this was taken between 1 and 3 clicks. Now for determining the 

amount of charge (Q) collected for a full-scale (100) Trip Level setting 

Q = 100 x Electrometer Scale x No. of Clicks 

where Q is in Coulombs. A negative potential of 300 V is applied to the 

Faraday-cup for secondary electrons suppression. 

4.4 Backscattered Spectrum 

Since the Bi ions are implanted in low Z substrate (Si), therefore 

the backscattered spectrum is composed of two distinct regions, a continuous 

low energy part with a sharp edge due to scattering from Si and a peak at 

much higher energy due to scattering from Bi. 

In this work we are studying the backscattering from Bi ,and therefore 

a window width is set to accept only the counts from the Bi scattering (the 

peak in the spectrum). In setting the window levels, it is important that 

the lower edge of the window does not include the part of the spectrum from 

Si (since Si edge is not vertical and there is a tail extended to higher 

energies) in the low energy side of the peak especially when the incident ion 

energy is 0.5 MeV. Also we must be sure that the window always includes 

the Bi peak for all the scattering angles since the Si edge moves towards 

McMASTER UNIVERSITY LIBRAR'ti 
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the higher energy side in a larger rate than the Bi peak for smaller 

scattering angles (90°), so the separation between the Bi peak and the Si 

edge becomes smaller and the Bi window might include some of the Si 

counts if not set properly to account for this factor. 

In the scattering experiments, we record the counts from Bi scatter

ing corresponding to a certain amount of counts on Hollis probe. The 

number of counts on Hollis probe is chosen so that the counts from both 

the Hollis probe and the Bi target are large enough to give better statis-

tical accuracy. 

4.5 Calculations Procedure 

In this section we discuss how to use the data taken from the experi

mental work and apply it to check the validity of the Rutherford law as was 

shown in Chapter 2. 

The number of backscattered ions (I) in Equations (2-12), (2-15) and 

(2-16) will be those corresponding to a number of incident ions equivalent 

to 1 ~c on the Faraday-cup, i.e. 10 in Equation (2-12) is 6.23 x 1012 ions. 

In our experiments, we have the number of backscattered ions (1 1) for 

a certain number of counts on the Hollis probe (1 2), From the Hollis probe 

calibration, we get 13 counts corresponding to an amount of charge q llC on 

the Faraday-cup. Therefore the number of backscattered ions (I) per 1 llc 

is given by 

(counts/llc) 
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The detailed calculations and results will only be given in its 

final form in the tables of Chapter 5. We will follow exactly the proce

dure explained in details in Chapter 2. 

4.6 Sources of Error 

As we did in the previous Chapter, we now discuss the different 

sources of error during the scattering experiments. 

(a) Energy of the Machine: as we mentioned in section 4.2, it is 

very important to know the energy of the incident beam accurately. But 

from the energy calibration of the machine and due to our choice of the 

thin gold film calibration, we would expect an error of about ±l % in the 

energy used in the ca l culations. 

(b) Hollis Probe: as mentioned in section 4,3, the Hollis probe is 

used as a coupling between the Faraday-cup and the target for ion current 

measurements. Therefore, the counts given by the Hollis probe should be 

accurate. In the first calibrations we used the counts from gold scattering 

only (gold peak), .bu t this requires long counting time to obtain good sta-

tisti cal accuracy. We changed this scheme and made the window wider to 

include part of the aluminium spectrum which gives good statistical accuracy 

in short time. But as the beam continues hitting the Hollis probe, a carbon 

spot i s formed on the gold film and this causes a change in the counts 

obtained. Therefore we often moved the Hollis probe to allow the beam to 
o 

hit a new spot. Another factor is that the gold film, which is about 700 A, 

might not be uniformly deposited on the aluminium substrate and this will 

cause deviations in the counts of the beam deviates a short distance from 
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its actudl path or when we move the foil to a new spot. 

Another problem we noticed is that the zero setting of the Electro

meter microammeter needed to be adjusted at frequent periods during the 

run. This, if not adjusted, wil l cause an error in the amount of charge 

collected. We expect that this might require readjustment during the 

same count, which is impossible, and therefore may contribute some error 

in the calibration. 

The observed Hollis probe counts were reproducible to about ±2% for 

the 2 MeV ions. But for the 0.5 MeV case, it sometimes becomes more than 

3%. To reduce these fluctuations, we made the Hollis probe calibration 

before and after each scattering point and took the average of these differ

ent calibrations as the correct counts for the Hollis probe. 

We tried to replace this technique for ion current measurements by 

building a copper screen cage around the target, and therefore we can 

replace it instead of the whole system of the Hollis probe and the Farady

cup. This screen is used to suppress the secondary electrons which resulted 

from the stopping of the ions by the target (a negative potential of 300 V 

was applied on the screen). But when this arrangement was checked against 

the usual Faraday-cup system using He+ at energy 2 MeV, the region in which 

the Hollis probe works properly, we found that the Hollis probe counts were 

always less for the new proposed arrangement (target-Screen) by about 5%. 

This difference is caused by the fact that, inspite of the negative potent

ial on the screen, some of the seconda~ electrons escape through the open

ings of the screen. 

Therefore due to these problems in the Hollis probe, we expect an 
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experimental error of about ±2%. 

(c) Charge Exchange: after the accelerated ions leave the magnetic 

field they are composed of singly charged ions. But there is a certain 

probability that some of these ions lose (or capture) an electron and become 

double charged (or neutral). In the MeV energy range, the cross-section 

of the ion to lose an electron is much higher than that to capture an 

electron. The probability that an ion will lose its single charge state 

is given by 

where Gloss and 0capt. are the cross-section to lose and to capture an 

electron respectively, Ncc is the number of gas molecules per c.c., and ~ 

is t he path length after the magnet. Since Ncc is proportional to the 

pressure of the system, therefore the operating pressure greatly affects 

this phenomena. 
-17 -16 2 The values of Gloss range from 10 to 10 cm lion, and the highest 

1 b d f l'S n·3 x 10-16 . G 11 'h' h f va ue 0 serve or oxygen v enera y Gloss lS 19 er or 

heavier particles. 

We did an experiment for testing the pressure effect on Faraday-cup/ 

Hollis probe calibration using He+ and 0+. The following table summarizes 

the experiment done. The pressure is recorded in the target chamber. 

From this experiment, it is clear that, unless the recorded vacuum in 
-6 the t arget chamber is better than 2 x 10 torr, we can expect a significant 

error due to the charge exchange phenomena. Under our operating conditions 

(~ 2 x 10-6) this error is estimated to be $1%. 
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Ions Pressure, (Torr) Hollis Counts/ ~ c 

He+ 5.8 x 10-5 1588 

5. 1 x 10-5 1687 

4.8 x)10 -5 1729 

4.0 x 10-6 1879 

3.0 x 10-6 1837 

2.8 x 10-6 1887 

2.4 x 10-6 1902 

2.1 x 10-6 1833 

1.8 x 10-6 1891 

1.7 x 10-6 1927 

1.6 x 10-6 1909 

1.5 x 10-6 1886 
0+ 2.2 x 10-5 219560 

1.2 x 10-6 240433 

(d) Target-Detector Geometry: in the evaluation of the absolute 

scattering cross-section, we need to know the exact value of the solid angle 

subtended by the detector at the target. This means the exact measure of 

the detector aperture diameter (this was measured using a drill of known 

diameter) and length of the detector arm (using a pencil-shape pointer 

and measuring its length by a vernier caliber). In this work, we expect 

an er ror of about ±O.S% in each of these measurements. 
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CHAPTER 5 

RESULTS AND DISCUSSIONS 

The complete analysed final results of the scattering experi

ments are put in the form of tables. The analysis of the experimental 

data follows exactly the theoretical framework in Chapter 2, and making 

use of the calculations made in Chapter 3 for the energy lost by the 

ions in penetrating the Si substrate. These tables are followed with 

a discussion of the results we obtained and the final conclusion. 

5.1 Resul ts 

The results are put in 3 tables, Table I for angular dependence, 

Table II for the energy dependence, and Table lIT for the absolute scatter

ing cross-section (experimentally and theoretically). Tables marked by 

the letter "A" are for He + scatteri ng from Bi, and those marked by the 

letter "B" are for 0+ scatteri ng from Bi too. In Tables I and II, the 

last column is the normalized counts (for angular dependence and energy 

dependence respectively) per Bi implanted ion. This column is done as 

a check for the reproducibility of the results using different targets. 

For these calculations, we used these values for the required 

parameters: 

( ) He+/Bl" tt" a sca erlng: 
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(b) 0+/8i scattering: 

M, = 16 M2 = 209 

Z1 = 8 Z = 83 2 

It shciuld be noted that the scattering angles listed in the tab l es 

are the laboratory scattering angles. It should be transformed to the 

C.M. angles using Equation (2-1) before being used in the calculations. 
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Table I(A) 

Angular Dependence t He+/Bi Scattering 

Run & D.V . , Scatt. Backscattered Counts Counts/ Nann. for Norm. 
Tar- MeV Angle , per H.P~ Counts ~c Ang. Dep for Bi 
get Degrees I Density 
No. (xlO-15 ) 

1 ,1 2.04 160 6616/10,000 on H.P. 78.93 72.35 36.75 I 140 7490/10,000 on H.P. 89.36 72.40 36.77 
110 14869/10,000 on H.P. 177 .4 72.20 36.67 I 

90 42706/10,000 on H.P. [509.5J* [85.62 J* \ [43 .49 J* i 
I I 

i 1.04 160 5367/10,000 on H.P. 295.1 270.5 137 .4 
140 5846/10,000 on H.P. 321.4 260.4 132.3 
110 11577/10,000 on H.P. 636.5 259.1 131.6 

90 28598/10,000 on H.P. 1572 264.2 134.2 

2,2 2.04 160 8282/100,000 on H.P. [380.5J* [348.0J* [34.4J* 
140 9598/100,000 on H.P. 443.1 360.0 35.5 
110 14997/80,000 on H.P. 886.6 360.8 35.6 
90 18304/40,000 on H.P. 2180 366.4 36.2 

0.51 160 5956/40,000 on H.P. 6859 6288 620.9 
140 6590/40,000 on H.P. 7483 6062 598.6 
110 . 6715/20,000 on H.P. 15186 6181 610.3 

90 16321/20,000 on H.P. 37529 6307 622.8 

3,2 2.04 160 16727/80,000 on H.P. 393.8 361.0 35.65 
140 19169/80,000 on H.P. 450.8 366.0 36.07 
110 19004/40,000 on H.P. 896.2 364.7 36.02 

90 23523/20,000 on H.P. 2224. 373.7 36.90 

4,2 0.51 160 14879/80,000 on H.P. [6351]* [5822J* [574.9J* 
140 17055/80,000 on H.P. 7493 6071 599.5 
110 17287/40,000 on H.P. 14959 6088 601.2 

90 83518/40,000 on H.P. 37821 6356 627.7 

*Anoma10us counts 
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Table I(B) 

Angular Dependence, O+/B; Scattering 

Run & D. V . , Scatt. Backscattered Counts Counts/ Norm. Norm. for 
Tar- MeV Angle , per H. P. Counts j.lC for Bi Density 
get Degrees Ang. (x10- 15 ) No. Dep. 

1,2 1.00 160 11330/100,000 on H.P. 2700 2775 274.0 
140 12779/100,000 on H.P. 3042 2775 274.0 
110 20096/80,000 on H.P. 6047 2757 272.3 
90 24926/40,000 on H.P. 15192 2859 282.4 
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Table II (A) 

Energy Dependence, He+/Bi Scattering 

Run & Scatt. D. V., Eo Es Counts/ Norm. for Norm. 
Tar- Angle , MeV MeV MeV lJC Energy for Bi 
get Degrees Dept. Density 

"No. (x10-15 ) 

1 , 1 160 2.04 1.9889 1 .9832 98.93 310.4 157.7 
3,2 2.04 1.9889 1.9832 393.8 1549 152.9 
1 ,1 1. 04 1.0222 1. 0144 295.1 303.7 154.2 
2,2 0.51 0.5058 0.4969 6859 1693 167.2 

1 ,1 140 2.04 1.9889 1 .9835 89.36 351.6 178.6 
2,2 2.04 1.9889 1.9835 443.1 1743 172.2 
3,2 2.04 1.9889 1.9835 450.8 1774 175.2 
1 ,1 1.04 1.0222 1. 0149 321.4 331. 1 168.2 
2,2 0.51 0.5058 0.4974 7483 1851 182.8 
4,2 0.51 0.5058 0.4974 7493 1854 183.1 

1 ,1 110 2.04 1.9889 1.9827 177 .4 697.3 354.2 
2,2 2.04 1.9889 1.9827 886.6 3485 344.2 
3,2 2.04 1.9889 1.9827 896.2 3523 347.9 
1 , 1 1.04 1 .0222 1.0138 636.5 654.2 332.3 
2,2 0.51 0.5058 0.4962 15186 3738 369.1 
4,2 0.51 0.5058 0.4962 14959 3682 363.6 

2,2 90 2.04 1.9889 1.9806 2180 8552 844.5 
3,2 2.04 1.9889 1.9806 2224 8723 861.4 
1.1 1.04 1.0222 1.0110 1572 1607 816.3 
2,2 0.51 0.5058 0.4928 37529 9115 900.1 
4,2 0.51 0.5058 0.4928 37821 9186 907.1 



Table III(A) 

Absolute Cross-Section per Steradian, He+/Bi Scattering 
I . 

Run & D.V., Eo Scatt. E Exp. cross- Theor. cross- % Deviation 
Tar- Mev Angle, s section section [{Ex~.-Theor.) 

MeV x 100] 
get Degrees MeV (xl0- 24 )cm2/sr. ( -24) 2 Theor. 
No. 

xl0 cm /sr. 

-

1 , 1 2.04 1.9889 160 1.9832 10.03 9.787 2.43 
140 1 .9835 12.02 11.83 2.52 
110 1.9827 20.41 19.98 2.15 

1.04 1 .0222 160 1 .0144 37.49 37.40 0.222 
140 1 .0149 43.26 44.80 -3.43 
110 1. 0138 73.25 76.41 -4.14 

90 1.0110 133.02 136.8 -2.78 

2,2 2.04 1.9889 140 1.9835 11.73 11.83 0.026 
110 1.9827 19.83 19.98 -0.73 

90 1 .9806 35.86 35.65 0.575 

0.51 0.5058 160 0.4969 169.4 155.9 8.65 
140 0.4974 195.8 186.5 4.97 
110 0.4962 339.7 316.1 6.47 

90 0.4928 617.2 575.8 7.20 

3,2 2.04 1.9889 160 1.9832 9.70 9.787 -0.879 
140 1.9835 11.80 11.83 0.571 
110 1.9827 20.05 19.98 0.345 
90 1.9806 36.41 35.65 2.12 

4,2 0.51 0.5058 140 0.4974 196.0 186.5 5.12 
110 0.4962 334.6 316.1 4.88 
90 0.4928 622.0 575.8 8.04 



Table III(B) 

Absolute Cross-Section per Steradian, OiBi Scattering 

Run & D. V . , Eo Scatt. E Exp. cross- Theor.cross- % Deviation 
Tar- MeV Angl e, s section section [(Ex~.-Theor.} 
get MeV Degrees MeV ( -24) 2 ( -24) 2 Theor. x 100J 
No. xlO cm /sr. x10 cm /sr. 

1,2 1.00 0.9835 160 0.9652 742.7 693.9 7.02 
140 0.9664 873.1 813.9 7.27 
110 0.9638 1411 1331 6.03 
90 J 0.9570 2506 2311 8.42 
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5.2 Discussions 

Here we discuss each item we have checked its validity alone, but 

first we discuss the reproducibility of the experimental results we 

obtained. 

(a) Reproducibility: the extent to which our results are repro

ducible can be shown in Table 1. The only two energies for which we 

repeated the runs are the 2 MeV and 0.5 MeV, with different targets for 

the first and the same target for the second. Also we repeated some 

counts in the last 3 runs for He+ and for the 0+ run. From the counts 

we obtained (the 5th column of Table 1, and the repeated runs), we can 

see that the counts are reproducible to ±2%, except for the anomalous 

counts observed (counts in square brackets in all the tables). These 

counts will be put in Table 1 only and excluded for the other tables. 

(b) Angular dependence: As we see from the last two columns in 

Table leA), the angular dependence deviates from that predicted by Ruther

ford law by about twice the reproducibility limit (±2% ). The same per

centage of deviation from the theoretical predictions are also observed 
+ for the case of a (Table l(B)). 

(c) Energy dependence: From the last two columns in Table II(A), 

the energy dependence for the 2 MeV and 1 MeV deviates by twice the 

reproducibility limit and about 2.5 times the reproducibility for the 

0.5 MeV case. 

(d) Absolute cross-section: In the last column of Tables III(A) 

& (B), we evaluate the percentage deviation between the experimentally 
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determined cross-section and the theoretically calculated cross-section. 

As shown in this column, the average deviation is about 2%. But for the 

0.5 MeV He+ and 1 MeV 0+ cases, the experimental cross-section is much 

higher than the theoretical, both these cases .are the largest impact 

parameters collisions where we expect deviation from Rutherford law. 

However, this trend is opposite to what would be expected due to the 

effect of screening of atomic electrons. Th~ reason for this opposite 

condition might be due to multiple scattering with Bi atoms, but the 

effect of multiple scattering should not be so high. 

It should be noted that these validity estimates are only based 

on the experimental data we obtained and no adjustment is done to account 

for the different sources of error discussed in the previous chapters. 

5.3 Conclusion 

We examined the validity of Rutherford Law by studying the 

scattering of He+ and 0+ from Bi, both the angular and energy dependence 

were checked and the results obtained do not vary much from the repro

ducibility of the different runs. The magnitude of the absolute cross

section was compared with the theoretical vaiue. The experimental values 

lie within the reproducibility limits (±2%). This made us conclude that 

the different sources of error have opposite effects on the overall counts. 
+ + The 0.5 MeV He and 1.0 MeV 0 cases, the largest impact parameters studied, 

showed higher values of the absolute cross-section than the theoretical 

value (about 5% higher) which is contradicting with what would be expected 
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from the screening effect of orbital electrons. More work is required 

to find the reason for this contradiction. 

The targets used were made by implanted 40 kV Bi ions in Si 

substrate and therefore we obtained a uniform thin film of Bi for the 

scattering experiments. 
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ABSTRACT 

As an introduction to a larger study of ion bombardment phenomena 

on metal surfaces, we apply the Monte-carlo technique to calculate the 

range distribution and back-scattering of keV ions from ·metal surfaces. 

Lindhard theory is used to calculate both the ion-metal atom scattering 

and the electron stopping power. The program can be used over a wide range 

of reduced energies (.1 < e: < 30) limited only by the validity of the 

Lindhard theory. A sample calculation of hydrogen scattering from alum

inum is presented. 
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1 . 1 In troduct ion 

CHAPTER 1 

Introduction and Review 

In this report, a Monte-Carlo program is described and sample 

problem demonstrated for the calculation of projected range distributions 

and back-scattering of light Kev ions incident on amorphous solids. This 

particular report is the beginning of a larger study of ion bombardment 

phenomena on metal surfaces. 

The Monte-Carlo method has been chosen to calculate range distribu

tions and back-scattering since, 

(1) the Thomas-Fermi cross section can be conveniently used for the 

reduced energy range O. 1 < = < 30, 

(2) electron stopping can be treated for v < Vo using the Linhard 

model, 

(3) the "surface correction" for the range distribution is auto

matically incorporated into the calculation, and 

(4) both the angular and the energy distributions of the scattered 

particles can be determined. 

The main disadvantage of this method is that a large number of part

icles must be followed to obtain sufficient accura~y. 

After a brief review of the current work on back-scattering on Chapter 

2, we discuss the particle interactions and the energy loss mechanisms. In 

Chapter 3, the detailed calculations of the ions back-scattering will be 

established using the Thomas-Ferrrri potential. In Chapter 4, we will put the 
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computer results of the calculations and the conclusion. The computer pro-

grams that were used will be listed in the appendix. 

1.2 Review: 

Most of the work done on ion bombardment of solids was devoted to the 

range calculations, the spatial distribution of deposited energy, and the 

sputtering calculations. Among the Monte Carlo calculations for the ranges 

of energetic atoms in solids O~ S. Oen et al. (1963) used the Monte Carlo 

technique to find the ranges using Bohr potential: 

V(r) 

where 

and the screening length is given by 

1/2 
a = k a /(Z 2/3 + Z 2/3) 
B H 1 2 

. where aH :: the first Bohr potential (0.5290 A). In the above Zl and Z2 are the 

atomic numbers of the pri mary and struck atoms, respectively. The factor k 

which was introduced as an adjustable parameter; this was taken as unity. Also 

0.5. Oen et a1. presented in (1964), Monte Carlo calculations using the Thomas

Fermi potenti a 1 : 
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where ¢TF(x) is the Thomas-Fermi screening function, the screening length 

aF was represented by 

They employed the Sommerfield approximation to the Thomas-Fermi screening 

function: 

h 122/3 were al = , a2 = 0.8034 , and a 3 = 3.734 are the values of constants 

determined by March. In this paper they compared their calculations for 

. both the Bohr and Thomas-Fermi potentials and found that the experimental 

results lie between the ca l culated results of the two potentials, but they 

found that the thomas-Fermi potential gives a somewhat . better over-all descri p

tion of the true interatomic potential. 

G.M. McCracken and N.J. Freeman (1969) derived an expression for the 

back-scattering of Kev hydrogen ions in solids by assuming that the incident 

ions are scatte~ed in a single wide-angle collision and that the energy loss 

. in the solid is due only to interaction with electrons. They assumed also 

that Rutherford scattering applies to the collision of interest and used the 

differential scattering cross-section 

o (E, e) dw 
224 

1 Zl Z2 e 4 e 
= 16 ( 2 ) cosec (2) dw 

E 

where E is the ion energy and e the scattering angle. They rendered the 

deviations from experimental results due to the fact that the incident ion may 
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undergo multiple scatterings rather than a single scattering event. 

A. Van Wijngaarden et al. (1971), studied the energy spectra of 

Kev back-scattered protons. The model used to derive the theoretical energy 

distribution of projectiles back-scattered from an uniform film was: each 

back-scattered projectile is scattered at an angle 8L in a single hard 

nuclear collision. During its travel from the film surface to the scattering 

site and back, the projectile gradually loses energy in many electronic 

collisions and in small-angle nuclear collisions, but its direction of motion 

,is ,not significantly affected. Also, there was a difference between theory 

and experiment on the low-energy side, and they referred this difference, 

especially for thick films to multiple scattering in nuclear collisions and 

from non-uniformiti es i n film thickness. 

The moments method using an Edgeworth expansion was discussed by 

J. Bottiger et al. (1971), where they used the penetration profile F(x) 

as a function of depth x in an infinite target to calculate the reflection 

coefficient R which was defined as the fraction of the beam that has a nega-

tive penetration depth, i.e. 

R • J 0 F(x) dx 

-00 

They also included connections to the calculated values due to electronic 

stopping and surface effects. They obtained satisfactory agreement between 

measurements and calculations. 

A Monte-Carlo technique was used by K. Guttner et al. (1972) for calcula-

tions of the back-scattering of high-energy heavy ions from metal surfaces. Their 

fundamental method consisted of following single particle histories in metal 
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films of known thi ckness. The atoms in the fi 1 m were assumed to be in no 

regular order, an assumption being satisfactorily fulfilled by polycrystalline 

foils. Each ion traverses several layers without any reflection but with 

continuous energy losses by excitation and ionization of the atomic electrons. 

At the end of each of these paths the particle suffers a deflection interact

ing with only an film atom at the moment. The length of the paths and the 

scattering angles were selected by random numbers applying mere classical 

formulaes. The potential used was: 

Zl Z2 e
2 

V(r) = r exp (-ria) 

where the screening parameter a was given by Bohr as 

= a I(Z 2/3 2/3 1/2 
a H 1 + Z2 ) 

on the assu me d potential they fitted a screened Coulomb potential, 

a 
V(r) = E (-..f. - 1) c r 

where Ec and ac are constants. 

Satisfactory agreement with known experi me nts was obtained. 
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CHAPTER 2 

Interactions Between Atoms 

We are considering in this work two types of interactions betvJeen 

the incident particle and the target atom. The first one is the elastic 

scattering collisions with atomic nuclei and all the particle deflections 

from its original path are considered to be due to this interaction process. 

The second is the inelastic interaction, or inelastic energy loss due to 

excitation of atomic electrons, this is a continuous interaction process and 

predominates at high particle energies. Due to these two interaction pro

cesses the projectile will eventually lose its enel"gy and suffer deflections 

from its path. We will consider the elastic collis i ons in more detail and 

for the electronic enel~gy loss will make use of the work of Linhard and Scharff 

(1961). 

2.2 Elastic Collisions: 

We assume that collisions between the incident particle and the lattice 

atoms can be treated classically by isolated tvJO body events, then our problem 

will be the complete determination of the trajectory of the projectile when 

acted upon by the interatomic force between the projectile and target atom 

with which it is in collision. The trajectory of the projectile may be 

depicted as in figure 2.1. In the absence of any force of interaction F(r) 

between the partners (primary and struck or target atom) the primary would pass 

within a minimum distance p, known as the impact parameter, from the struck 

atom and continue undeflected. 
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Path of projectile 

Impact parameter p 

pi (1 +A) 

Laboratory 
scatteri ng 
angle 

, Path of the centre 
" r- - - '" X <)0 of mass 

"-<. 
Path of target atom 

Initial location of target 
atom 

Fig. 2.1: The scattering of a projectile by a target atom 

However, because of the force F(r), where r is the distance between the 

partners), the primary is deflected through an angle ~ measured in the lab-

oratory system, and the struck atom moves away at some angle x to the original 

direction of the primary. Energy is patently transferred from the pri mary to 

the struck atom and the amount of energy transferred or remaining with each 

collision partner can be calculated. 

2.2.1 Energy Transferred and Projectil e Deflection Angl es: 

In this section we are going to put the equations governing t he in t er

action process, the details of the derivation can be found in ilIon bombardment 

of solids, Carter & Colligon". Figure 2.2 shows the different velocities in 

both laboratory and centre of mass systems. 
Vl 

Fig. 2.2: Velocity vector diagram in the centre of mass system 
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obtain 

(2.1 a) 

(2.1 b) 

where A = M2/Ml 

It is evident that the relation between the scattering angle ~J is 

the lab. system and 8 in the C.M. system is 

tan 1jJ = 
Vl sin 8 

= A sin 8 
+ A cos 8 (2.2 a) Vc + Vl COS 8 

7T 8 and x = 2 - 2 for the struck atom in the lab. system (2.2 b) 

The energy lost by t he primary in t he collision, T, is equal t o that 

gained by the struck atom, and from equation (2.1 b) vie can get, 

(2.3 a) 

or in terms of the pri mary energy Eo' 

T = (1 -a) Eo sin2 8/2 (2.3 b) 

where 

a = 

In a head-on collision between partners (x = 180°) i.e. the struck atom 

moves parallel to the original direction of motion, 8 = - 180° and the motion 
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of the primary is reversed. The maximum energy transfer in such a collision 

is thus 

(2.4 a) 

and therefore 

(2.4 b) 

The minimum energy transfer, fo'r a collision at grazing incident is zero. 

But for our later calcu l ations we will consider a cut-off energy as the min-

imum energy transfer to overcome the singularities that appear in the integrals 

for the cross-sections as will be seen in Chapter 3. 

The energy E2 retained by the primary in a collision of deflection 

angle 8 in thus 

. 

E2 = Eo[l - (1 -a) sin2 8/2J (2.5 a) 

The deflection angle in the lab. system can be found from the vect or 

resolution in figure 2.2, which leads to the relation 

cos 1/1 
E2 1/2 E 1/2 

= 1/2 {( 1 + A) (-) + (l - A) (~) } 
Eo E2 

or in terms of the C.M. system scattering angle, 

cos 1/1 = A cos 8 + 1 
1/2 

[A2 + 2A cos 8 + 1J 

(2.6 a) 

(2.6 b) 
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Now, how can we calculate the scattering angle in the C.M. system 

for a given interaction potential between the incoming particle and the struck 

atom. The interaction force between collision partners F(r) can be thought of 

as composed of two terms: one attractive, which is of importance only at 

large interatomic distances and represents the cohesive forces which bind the 

crystal, the other which is repulsive dominates over the close interaction 

distances with which we are concerned. The repulsive force increases rapidly 

with decreasing internuclear distance . If the interatomic potential is 

represented by V(r), therefore F(r) = ~r {V(r)} increases rapidly at low 

separations between the forces centres. G. Carter and J.S. Colligon present 

the expression for the scattering angle 8 in C.M. System which is 

e = 7f - 2p du (2.7) 

where p is the impact parameter, u = ~, and ER is the primary energy measured 

with respect to the centre of mass, i.e . 

A 
1 + A Eo (2.8) 

for a real primary energy Eo' and uo is the value of u for which the denominator 

of equation (2.7) vanishes. 

In this work we are considering the interaction potential V(r) is that 

of a Thomas-Fermi potential, which is given by Oen and Robinson (1964). We plug 

this potential in equation (2.7) and solve the transcendental equation, 



- 11 -

for Uo and then perform the integration numerically. But for computation 

convenience and saving computing time we use another approach to calculate 

the scattering angle in the C.M. system depending on the use of random numbers 

for determining the fraction of maximum energy transferred and from the rela

tion between the scattering angle e and the energy transferred, equation 

(2.4 b), we can determine the scattering angle. ' This will be shown in Chapter 

3. 

2.2.2 Thomas-Fermi Cross Section: 

The differentia l cross section for energy transfer for a Thomas-Fermi 

interaction potential, Winterbon et al. (1970), is given by, 

where 
2 

t = E: TIT m' 

T = yE m ' 
E = initial energy, 

T = recoil energy, 0 ~ T ~ Tm, 
. 2 

y = 4 M,M2/(Ml + M2) , 

Ml = mass of incident particle, 

M2 = mass of struck atom, 
M2E Zl Z2 e2 -1 

E: = (M + M ) (a ) 
1 2 

(2.9 a) 

(2.9 b) 
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Zl = atomic number of incident particle, 

Z2 = atomic number of struck atom, 

a = screening radius, 

f(t l /
2

) is a function that depends on the assumed form of the 

screening function 

We shall follow Linhard et al. (1968) and use the screening radius 

where 

a = 0.8853 a
o 

Z-1/3 

Z2/3 = Z 2/3 + Z 2/3 
· 12 

. = n2/me 2 = 0.529 ~ ao 

(2.10 a) 

(2.10 b) 

The function f(t l / 2) has been calculated for the collison of neutral 

Thomas-Fermi atoms. The following analytic approximation will be used, 

-3/2 
f(t l / 2) = 1.309 t l / 6 [1 + (2.618 t 2/ 3)2/3] 

we have from (2.9 b), 

2 2 
t = E T/T = E X m 

where x = T/Tm,and hence we get 

2 dt = E dx 

Substituting back in equation (2.9 a), we have 

(2.11) 
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2 1/6 
f (x, £) = 1.309 ___ -J{c.::..£-'X-C-L) ____ --;;;-;-;:;-

3/2 
[1 + {2.618 £4/3 x2/ 3)2/3] 

Therefore, 

do = 1.309 
2 

2 1T a dx (2.12) 

Now, to get the total cross section, we integrate over all possible values of 

x, i.e., all possible values of energy transferred. 

Since T varies from a to Tm, therefore x must vary from a to 1. 

Hence, 

I 

1 

o = 0.6545 1T a2 dx (2. 13) 

£2/3 x4/3[1 + (2.618 £4/3 x2/ 3)2/3]3/2 
o 

As we see the integral in the R.H.S. does not depend on the speci fic 

collision partners, and we will perform it first for different values of t he 

reduced energy £ , and ca 11 thi s integral Y{d 

= I 
1 

Y{£) dx (2.14) 3/2 
£2/3 x4/3[1 + {2.618 £4/3 x2/ 3)2/3] 

0 

We notice that at the lower limit of the integral we will have a 

singularity. To overcome this singularity we determine a cut-off energy by 

assuming that the potential tends to zero at Rc which is the atomic radius, 

instead of infinity, a reasonable value of x that gi ves resonable results is 

taken as xmin = 0.001, i.e. 
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y (E:) __ J1 dx (2.15) 

0.001 

Now, since the energy E and the reduced e.nergy e are related as 

shown in (2.9 b), there fore we can find the values of E which correspond 
I 

to the calculated values of Y{ e), in other words, we can obtain Y (E). But 
I 

these values of Y (E) wi ll differ from Y{s) in the sense that it depends on 

the collision partners. 

2.3 Electronic Energy Loss: 

At low energies ionic collisions with atoms are largely elastic. Bu t 

at higher ion energies the electronic excitation becomes incr~asingl y i mp ort

ant. The rate of loss of energy to electrons has been calcul ated by Li nha rd 

and Sharff (1961) using a stat istical model, and a simple analytical form has 

been obtained for the range of velocities v ~ vo (where Vo is the velocity of 

an electron in the firs t Bohr orbit). In the case of hydrogen ions moving in 

solids, the elect ron loss process is dominant above energies of 1 Kev (wh ile 

v = Vo at 25 Kev). However, this does not preclude the possibility of a small 

number of scattering collisions, and where such collisions give rise to l arge 

angular deflections then reflection or back-scattering of incident ions can 

occur. 

The rate of electronic energy loss that will be used in the forth

coming calculations is that given by McCracken and Freeman (1969) based on the 

theory of Linhard and Scharff. 

dE = _ K E 1/2 
dx (2.16) 
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where K is a constant given by, 

K = Z 1/6 
1 3/2 

(Z 2/3 + Z 2/3) 
1 2 

? 1 1/2 
8 1TNe ..... a

o 
(-. ) 
E 

(2.17) 

where N is the density of ions in the solid, ao the Bohr radius and E is 

the energy at which the ion velocity equals the ve l ocity of an electron in 

the first Bohr orbit, this equals 25 Kev for hydrogen. 

From equation (2.16) we obtain the energy of the ion for any distance 

x travelled within the solid, 

1 2 
E(x) = (~ -"2 K x) (2.18) 

where Eo is the initial ion energy. 

We se~ from equations (2.16) and (2.18) that the electronic ene rgy loss i s 

a continuous process throughout the path of the particle, whereas the nucl ea r 

collisions are not conti nuous and happen according to certain interaction cross 

sections, so in the next chapter we will establish a model for the two energy los s 

processes. 
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CHAPTER 3 

Projected Range and Back-scattering 

3.1 Introduction 

This is the major chapter i n which we will develop a model for 

calculating the back-scattering of hydrogen ions. Here we consi der both 

energy loss mechanisms, namely, electronic energy l oss and nuclear collisions 

energy loss. The main idea is to develop a scheme that takes into account 

the continuous energy decrease of ions due to electron interactions , and 

consequently the continuously changing nuclear collision cross section. We make 

use of the random number technique as will be shown. The nuclear collision 

cross section is that for a Thomas-Fermi potential. 

3.2 Calculation of Nuclea r Collision Positions: 

The usual way to find the nuclear collision location is the use of the 

mean free path concept. The mean free path, which is the average distance 

between interactions, is the reciprocal of the macroscopic scatt ering cros s 

section which is energy dependent, and so will be continuously varying i n our 

case due to electronic energy loss. The alternative scheme which will be 

used in our calculations is developed as follows: 

From the continuous energy loss due to electronic collisions , \'Ie ha-.;e 

1 
E(x) = (~ -"2 K x) (3.1) 

K is the constant defined in Chapter 2. 
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The ion will move in the solid until its energy reaches a minimum value, 

this value will be taken 25 ev which corresponds to the threshold energy 

for atomic displacement, at this energy we consider the ion to be absorbed. 

If we assume that the distance at which the ion is absorbed is xmax which 

corresponds to ion energy Emin ~ 25 ev. The probability of at least one 

nuclear scattering occurs is PN and is given by, 

I 

PN = 1 - exp { - N a( E) dx } (3.2) 

o 

where N is the atomic density of the target material, and a(E) is the scattering 

cross section as a function of energy (and consequently a function of distance). 

This probability varies from 0 to 1, and so if we choose a random number q, 

therefore, if q ~ PN, no nuclear scat.tering will occur and if q < PN, we will 

have at least one nuclear scattering . Hence, the probability that we have a 

nuclear scattering at distance x « xmax ) is given by, 

(_ f x 
I 

q = 1 - exp N a(E) dx } (3.3) 

0 

Since, 

I'max I J\ I 

+ I'max 
N a(E) dx = a(E) dx N a(E) dx 

0 0 x 
therefore equation (3.3) becomes, 

J xmax 
I 

+ rax 
I 

q = 1 - exp { - N a(E) dx N a(E) dx } 

0 x 
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q = 1 - exp (- JX
max 

N a(E) dx'jexp ( IXmax N a(E) dX' j 

o . x 

Therefore, substituting from equation (3.2) into equation (3.4), we have 

q = 1 - (1 - P
N

) exp ( JX
max 

N a(E) dx'j 

x 

From which we get, 

x 
f

X

max 
N a(E) dx = ln [1 - g ] 

1 - PN 

But we have for the continuous energy loss due to electronic collisions, 

dE _ K E1/2 
dx - -

Therefore, changing variables in equation (3.6) we obtain 

i . e. 

I 

N a(E ) dE 
K(EI)1/2 

I 

N a(E ) dE 
K(EI)1/2 

= ln [~ - g ] 
PN 

(3.4) 

(3.5) 

(3.6) 

(3.7) 
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If we put the integral in L.H.S. of equation (3.7) by the expression R(E) 

Therefore, 

R(E) ~ r I I 

N o(E ) dE 
K{E')1/2 

Emin 

Now, we can rewrite equations (3.2) as 

I I 

PN = 1 - exp ~ ) dE } = 1 - exp{ - R(Eo) } 
K(E )1/2 

and going back to equation (3.5) we get 

q = 1 - (1 - PN) exp {R(E) } 

= - exp {- R(Eo) } exp {R{E)} 

= 1 - exp {R(E) - R{E o)} 

Therefore 

R(E) - R(Eo) = ln [1 - q] 

(3.8) 

(3.9) 

. (3.10) 

To summarize the equations that will be used in the calculation we find 

that we will deal with the following four equations, 

1 2 E(x) = (IE - -K x) o 2 (3.1) 



ana 

I
E 

R(E) = 

Emin 

I 

N cr (E ) dE 
K(E')1/2 

P = 1 - exp {- R(E )} N 0 

R(E) - R(Eo) = 1n [1 - q] 

- 20 -

(3.8) 

(3.9) 

(3.10) 

Now, we can set up the steps to be followed for dete rmining t he nucle ar 

scattering positions: 

1. We tabulate values of R( E) for different energi es .from equat ion (3. 8) 

2. We determine PN from R( Eo)' equation (3.9) 

3. Choose a random number q and check q < PN 
4. From equation (3.10) we find R(E), and consequently E(x) from the 

fi rst step. 

5. Using equation (3.1) we can determine the position of nuclear 

scattering x after knowing E(x) from t he fourth step. 

3.2.1 Tabulation of R(E): 

For the tabulation of R(E) for different values of energies we have to 

evaluate the integral, 

R(E) = 
J

E I 

!LqJE ) dE 
K( EI) 1/2 

E . mln 

I 

This can be done in two steps, the first is to evaluate the cross section cr (E ) 
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for different values of energies, this was done in (2.2.3), and then plug 
I 

these values of o(E ) in the above integral to evaluate R(E). 

Hence, the integral for R(E) takes the form, 

R(E) = 

I 

2 0.6545 1Ta N 
K 

if we put F(E ) = I I 1/2 
Y(E )/(E) ,therefore 

R(E) = 
2 0.6545 1Ta N 

K 

I I 

F(E ) dE 

dE 

(3.11) 

Now, we can calculate the values of R(E) for different values of energies . 

So, we can go through all the steps required to determine the nuclear collision 

location. 

3.3 Scattering Angle in the C.M. System: 

To calculate the scattering angle in C.M. system 8 , we have to evaluate 

the integral in equation (2.7) 

8 = 1T - 2p 
J

uo 
du 

a 

and as we saw, this requiresthe solution of a transcendental equation to evaluate 

the value of the upper limit of the integral u. Since, for the Thomas-Fermi o 
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potential we will not be able to evaluate the integral analytically, there

fore we will suggest another alternative scheme " for the calculation of e . 

We have the differential scattering cross section for energy transfer 

in equation (2.12). Since the energy transferred T varies from Tmin (the cut

off energy) to Tm (the maximum energy transferred) and consequently x varies 

from xmin to 1. Therefore we find that the ratio 

JT do 
T . mln 

I 

will vary from zero to 1. Choosing a random number q which is uniformly dis-

tributed from zero to 1, we find 

JT do (3.12) 
T . 

q = mln 

JTm 
do 

T . mln 

The denominator of this equation is actually the total scattering cross 

section. Equation (3.12) 

qly(£) = I X 

0.00 

can be rewritten in the form, 

dx (3.13) 

The integral on the R.H.S. of equation (3.13) is evaluated for differ-
I 

ent values of x. So, according to any random number q we can find the value of 

x which satisfied equation (3.13). We assumed that, 
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and therefore by using equation (2.4 b), we find that 

sin2 (e/2) = x (3.14) 

from this equation we can find the scattering angle in the C.M. system e. 

3.3.1 Nuclear Scattering Collisions in the Lab. System: 

d1 2 

) ----• , • 
:....-~ --- dl ....-

Fi g. 3. 1 : Ion 

3 

1/J1 
d' 2 ..-c 

transport 

·4 ; ...... . 
I • ., 
"\1<1>0- .... 

2 I\~ ') \, ---
~ I ;:.' '. 

I · : 
" . -

I ', .. ' 
I 
I 

d3 .. 
inside the solid 

In figure 3.1 we represent two collision processes. The particle 

begins at point 1 (at the surface) with energy Eo' By calculating the location 

. of first collision as explained before, we can determine the energy of the 

particle before and after collision at point 2. The angular deflection 1/J , 

from the original direction is determined from equation (2.6 b). Then we 

repeat the same steps to determine the second scattering event at point 3. At 

this point we have, in addition to the deflection angle 1/J2' an azimuthal angle ¢ 
, , 

which varies from 0 to 2n . Therefore by choosing a random number q we find 

that the angle ¢ is determined by, 

, , 
¢=q .2n (3.15) 
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To find the projected range of the particle we evaluate the projection 

of each traversed distance on the original direction. So the projected range 

before the second collision is given by, d, where 

(3.16) 

and before the third collision d is given by, 

(3.17a) 

where the angle a is found from the equation, 

cos a = cos ~ l cos ~2 + sin ~l sin ~2 cos ~ (3.17 b) 

For computational work we put ~ l = a , before the third collision and 

proceed in the same previ ous way. 

3.4 Description of the Complete Computation Work: 

This section may be a summary of the whole work described before, and 

in addition to this we describe the calculated parameters and method of cal

culations. 

First for the given initial energy Eo we determine the first nuclear 

collision location, and evaluate the energies before and after the collision. 

In the same way we proceed to the second and third collision, ... etc. At 

each point we calculate the projected range from equation (3.17 a). Also, at 

each location we check whether the projected range is negative or positive, in 

the former case, the particle is back-scattered and in this case, we determine 

the back-scattered energy and back-scattering angle that the outgoing particle 
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makes with the original direction. To find the back-scattered energy ·we first 

determine the distance from the last scattering to the surface, OS, if we 

assume that we are considering the scattering number J, therefore 

OS = d(J-l)/cos $1 (3.18) 

and the back-scattered energy will be given by equation (3.1), where x = OS . 

If, on the other hand, the projected range is positive we check the particle 

energy with a certain minimum value, taken in our work as 1 Kev, this is done 

just for saving computer time~ In the exact case, we must consider all inter

actions until particle energy reaches minimum value, namely, 25 ev. 

After finishing the history of the first particle we repeat the same 

procedure with the re ma ining particles, with the same initial conditions, and 

therefore will be able to find the average number of back-scattered particles 

and their energy and angular distribution. 

Also, the same work will be repeated for different initial energies to 

discuss the effect of initial particle energy on the ions back-scattering. 
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Chapter 4 

Sample Calculation 

In this chapter the computation results are listed and plots for the 

outputs are also given. In these calculations, we are considering two differ

ent cases for the initial energy of the incident particles, namely, 5 Kev and 

10 Kev hydrogen ions and the target material is aluminum. 

For the calculation of reflected particles we consider collisions until 

the projected range reaches 500 Angstroms for the 5 Kev particles and 1000 

Angstroms for the 10 Kev case. Also, we are considering the whole range of 

particles for the calculation of the projected range for the 10 Kev ions to 

be compared with the work of Schiott (1966) as a check for our work. In both 

cases, we are considering interactions only for energies greater than 1 Kev. 

These approximations are made only to save computer time, since each run takes 

a considerable amount of computer time. 

The computer programmes that were used in this work for calculating 

Y, R, reflection, and projected range will be listed in the appendix. 
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Initial Energy : 5 Kev 

Number of Part i cles: 1000 
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Particle Number Back-scattered Energy, 

4 1.69 
20 0.56 
83 1.14 

110 1.65 
146 0.17 
191 1.42 
284 1.15 
314 1.94 
323 0.06 
333 1.71 
389 1.29 
442 1.34 
464 1.17 
476 2.20 
559 1.28 
567 1.61 
575 1.43 
607 2.44 
680 2.81 
705 1.99 
766 1.84 
863 1.26 
996 3.19 

Number of back-scattered particles = 23 

Reflection coefficient = 2.3% 

Kev Back-scattering Angle, 
Degrees 

33.8 
66.9 
53.6 
38.9 
51.5 . 
48.9 
21.8 
47.9 
81.1 
50.8 
45.0 
32.4 
79.3 
58.9 
11.4 
44.8 
44·.7 

I 

37.4 
51.2 
46.6 
39.0 
6.6 

80.8 



Initi al Energy: 10 Kev 

Number of Particles: 1000 

Particle Number 

4 

152 

335 

458 

684 

689 

703 

794 

803 

925 

- 43 -

Back-scattered Energy, 
Kev 

1.30 

2.18 

2.39 

1. 15 

1.12 

3.27 

2.67 

1.28 

1.19 

1.49 

Number of back-scattered particles = 10 

Reflection coeff icient = 1 .0% 

Back-scattering 
Angle, Degrees 

26.2 

57.6 

36.6 

50.2 

5.2 

70.3 

64.8 I 
47.1 I 
69.2 

46.4 
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4.2 Conclusion 

A computer code utilizing three random numbers for collision 

distance and scattering angles (9, t ) has been developed for light ion 

penetration and scattering on random targets. The average projected 

range and straggl i ng are in good ,agreement with the resul ts of Schi ott 

(1966). However, we have very approximate statistics here since only 

200 particles are considered. 

The computation time utilized on the CDC-6400 machine is large. 

We have approximately 10 collisions computed per sec. We could increase 

the collision computation rate if we fitted the tables of "R" to a poly

nomial exapns i on. 
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. I " . •• / • ~ .. .' . " " . 

"', .. ' '\: " ', 

PROGRAM TST(INPUTtOUTPUT,PUNCH,TAPE5:INPUT~TAPE6~OUTPUTtT APE1=PUNC 
1 H) 

.~ 

C CA1.cULATIO ~1 OF Y AND R . _______ £XTF.RNAL-~UN~ __________________________________________________________ __ 

c 

c 

COMMON EPS . . o Hoi ENS ION E ( 4 0 0 ) ,y ( 4 0 0 ) • F ( 40 0 ) ,E 1 (30) ,X ( 30) ,R ( 30 , 
CALCUl.ATION OF REDUCED CROSS SECTION . 
READ(S'l) Al'A~ ,Z l,Z2 . 
Z=(1 I D~(?1/3.)+ z~~~ (2./3 . »~~(3./2.) 
A IS THE ~CR EENING RADIUS 
A=O.8~1~rO ffl5 ~~ .E-n8~7~~(-1!~~') ______ -"C ... 1 = A 2L + D Z 1 ~ Z 2 " ( 4, 8 ~.L) "::'~":':'''L?..L) ____________________________ _ 

C=Cl~ .602 ~ 'E- 9 

t~~O~~545~Of8853~"2"0,529" 1 ~~~ 08"(25 ''' 1 .~ 0?1~l,E.Oq , .... 0 ,5/(8," (4. 8 
1~lOE-IO)""2 * (Zl OO (2. 3.).Z~I"(2./3,"·'l0.5/(Zl""(7./6.'~Z2) ...... .. 

N= J=O . 
O.f;PSl:O,Ol ______ ~OEP.S2=~0~.~1------__________________________________________________________ -
EPS=O. 
~t~~8:g~1 
XL3=O.1 
XU1=O.Ol 
XlJ2=0.1 
XU3=1. 

______ nl~~~~O~~.------------------------------------------------------------------
OIV?=l'O. 
nIV .,=HO. 
DO 100 1=1.100 
EPS=EPS+DEpSl 
J=J+l 
CALL SIMPS (FUN,X1.1 ~X IJl o(')!Vl ,Y l ) 
CALL SI MPS (FUN,XL2,XU~'DrV2,Y2) 

______ ICALI~SJU1~5~EllN~ L1'X~~~IV~3~.y~3~)----------------______ . ____________ ___ 
Y(J)=Yl+Y2+Y3 
N=N+ l 
E (N) =FCPS/C 
WRIT~ 6,;» EPS.E (N) "y '(J) 
CONTINUE 100 

~~188 ____ 00_2.00 _ 1 =...lD LL4'LlO ...... O"'--____________________________________________ _ 
EPS=EPS+DEpS2· 
J=J+l 
N=N+l 
CALL SIMPS CFUN,X LI ,XU, ,DIV1 , Yl ) ....... - ..... .. .. --.-- .. - - .. --........ ---.-. -_ .. __ .... _._ . . - . _ . ... - ........ . 
CALL SIMPS (FUN,XL2.XU2,DIV2,Y2 ) 
CAl.L SIMPS (FUN , XL3 ,XU3,DIV3,Y3) 
Y(J) =Y l +y2.Y3 

--~~~-~:P-S/-~C~---------------__________________ ___ 
WRIT£(o, ?) EPS,E(N),Y(J) 

200 CONTINU E 
WRITE(6,3) 

\ '. 

.' " " . 

---~ .. ~, --.-~- - , . . _
/' . • • _ t 

. .' ;".. . .f';;; ...... : 
.. 

. ',.' \ 

I ',. 
, t · ,1 .'" ,: . : 

I', J' 

'·r· 

. " , 
• ; I t 

'. I " 
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c TARULATION Of R fOR DIffEREN T ENERGIES 
QO 300 1=1,400 , 

300 j~I)=Y(I)/(E(I)~1.~021~I.E-09)~~0.5 

O[)O=o. 
~_ VEN=O. 
DO 1 1=3,99,2 

- ,,· 10 EVEN=FVEN+f(l) 
DO 20 1=4,98.2 

. : 
" , 

20 OOO=OOO+F(I) . . -
X(J)=(E(3)-E(?»~1.6021*I.E-09/3.*(F(2).4.*EVEN.2.*ODD+F(lOO» 

------~D0-4 V 1=10 0 ,390.10 
J=J+l 
000=0 
EVEN=O. 
K=I+ I 
L=J+9 
00 30 Il=K,L,2 

30 EVfN~EVEN+f(Il) 
______ ~~~-+.~G~--------------------------------------~-------------------------

N=I+8 
00 40 I2=M.N,2 \ . 

40 OOO=OOO+F(fi. ) . - . • . . 
400 XIJ)=XIJ- +(E(I+l)-E(t»*1.6021*1.E~09/3 • • (F(I).4. ·EVEN.2. * OOD. F ( 

11+1U» 
DO 5 1l \.J 1=1,30 

500 fH!b=C 2 "X(J) 
d5 AUO 1=100,390,10 
JJ=JJ+1 

600 E1 (JJ)= E (I) 
WRITE(6.4) (E1(1).1=1,30) 
WRITE(6,3) 
WRJTE(6,4) (R(TltT=1.30) 
WRITE(7,S) (F.(1),y = 1, 4 00) 

___ wR+.rU7_.5> (Y (r I . T= l ,40 0) 
WRJTE (7, 6 ) (E l (I) tI=J..t30) 

1 ~~~~~+~~~ro.1R~~l:lrl,~O) 
? FOR MA T (3 (5 X, E i 2.6 ) I) '. -- - -----------______ .__ ______ .... ____ . _________________ ____ ._ --.. -__ --______ _ 
3 F'ORMAT<lI) 
4 FORMAT(5X rE 12.6/) 
5 fORMAT(6 E

2
?!6) 

----46~f4)f:m AT (e; 1- • () ) 
STOP 
END 

., 

.. ' 

.. .' " . . I '. . ,. 
. , I . , ' . 

. " ',.' ;:. . . ':!'il-r:' , . 
I I ",' ,~ . I . I • 

1 .' '.,' .' , 
, . :.'.' . , 

,'.' I • • 
• I ~. 

~ ', '. I ~, I 

, " 
, ' 

. , , 

" . , 

.' . 

I . t" 



c 
c 

c 
c 
c 

c 
c 
c 

• t ... "I ~ 

DO 400 N= ,luO 
\<'RTTE:.( 6,S ) N 
WRITE(6.3) 
NN=O 
E J =E 11 
K=1 
.):: 1 

" ,., ", ::-. _.52- ~.- .... _. _ .. - .. ". - " .. .. - .. _.. ..0 0 " -
., -. - . _ .. " 

E!:.Slp ) =0 . 
------~(rSI r.)=O~.----------------------------------------------------------------

c 
c c 

500 

800 
801 

PHI =I ': , 
PR (,J) = O. 
EPSI SCATTERING ANGLE TN .LAB .. SYSTEM ____ . ______ ._. ____ . __ .. __ . __ .. ___ .. ____ " . _ .. __ .. , 
PH I A Z HIlJTHAL ANGLE 
PR PROJECT ED RANGE 
flO HUO 1=1.30 
1f(El-[(I)) 802.801,800 
CONTINUE 
fl=E(!) 
RO aR (I) 

--------~--------------..,..\ ~, ---~, -.-. -, --...... ~--..,.....-~. - -- -,.....--_._-
f. • • I 

. ' • I • , . 
. ! ' 0 I . r 

t " , 0 

1 "1' , 

'. I, 

,. ' 
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• 
GO TO R03 

.-- ' 802 RO=RCI-l)+(RCI)-RCI-l»/(E(I' -E (I-l). · (EI-E(I-l}) 
803 J=J+l 

CALL FRANON CI<Nl 1 1',0) 
IFCRN1.EQ.l.) GU TO 400 

------~DEL~=ATD~(1.-RN1~J~~~~-----------------------------------------------

Rl=RO+DELR 
DO 600 1=1,30 
IFCR1-RCI)J 6UZ,601,600 -- -. 600 CONTI NUE .. -' . . - .. --.- .. . . 

601 Rl=RCI) 
E13=E(I) 
GO TO 603 

---002 EB=E(~~)~+~(~E~(~I~)~-~E~(~l~-~1~)~)~7~(R~(~I~J-~R~(~I=-~1~)~)~+~(~R~1~-~R~(~I~-~1~J~)'---------------------
603 EPS=C~EB.l.6021 •• 1E-08 

~~c~§:Ei(iJ~00123'1Z2'121 ' 
.-. ""1Z1 CONTINUE 

122 EB=El (H 
Y1B=Y1CI~ 
GO TO 124 

--~1~2~3~Yl~=Y1{~+(YllI)-Yl(I-1J"(El(I)-El(1-1)'·(EB-E1(1-1» 
124 DCK)=2.·(1.6021·.1E-08)·~.5/EK·CSQRT(EI)-SQRT(EB » 

C D(K) IS ACTUAL DISTANCE TRAVERSED RY ION 
PReJ)=PR(J-l)+ OCK)· CCOS(EPSIC1 } ) · COS(EPSI(ZlJ+SINCEPSI(l»·SINCEPS 

-... ..-. - . _. 1 I (2) ) "COS C PHI) ) 
WRITE(6,6) PR(JI 
Ql=COSCEPSI(1)} . 
~l=COS(EPSI Cl»·COS(EPSI(Z)+SINCEPSI{1)t·SIN(EPSI(2»·COSCPHI} 

------~Q~=sTN1EPSI( 1)·COS(EPS I(2jJ+COS(EPSI( IJ J.SIN'EPSI(2J)·COS(P HI) 
IF(QU 39,33,39 

c 

33 EPSI(1)=PI/2. 
GO TO 18 ·--'-- 39 IFCQ1.NE.l.0 .ANO.Ql.NE.-l .0t GO TO 17 ' - .-.. ..... . ...... ... -.. '- - . ... -- . 
IFeQl.NE.l.Ut GO TO 43 
EPSI(l)=O. 
GO TO 18 43 EPSI{l)~=~pnI~------~----------------------------------------------------

C 

GO TO 18 
17 EPSI(1)=ATAN«el.-Ql· 4 2)/Q1··Z)· •• S. 

IFCQ1.GT.O.) GO TO 18 
IF(Q2) 38,37,37 

37 F.PSI(l)~PI-F.PSI(l) 
GO TO 18 

38 EPSI(l)=PI+EPSI(l) 
16 IF{VRCJ) 22,22,23 
22 M=M+l 

BACK-SCATTER ING ANGLE IS EPSI(11 
OS=-PReJ-1) ICOS( EPS l(U) 

.-. _. _- DS=ABS (OS) 
C OS IS THE OISTA NcF TO THE SURFACE 

EBK=(SQRT(EI ·l.6U21·.1E-08) -O.S ·EK·OS ) ··Z/(1.6u21 4 .1E-08) 
EBK BACK-SCATTERING ENERGY c 
BA=EPSI(I) +180 .7PI 
BA=180.-BA 

.' 

'. , 
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C BA IS THE BACK-SCATTERING ANGLE IN DEGREES r -'" WRITE(o,9) EBK,BA 
WRITE(o,3) 
W~ITE(6,1U NN 

______ -rW~R1TE(o,~3r)----------------------------------------------------------GO TO- 4LJ 0 
23 1F(EB.GT.1.) GO TO 180 

GO TO 400 

--C 160 g~t~uL~~~g~ d~N§C!t¥~RING ANGLE IN G.M. · SYSTEM 
RI=RNZ·Y1B . 

G R1 IS PROPORTIONAL TO INTERACTION RATE 
Y(1)=O. 
X(1)=O.OOI 
XL=O.OOl 
D1V1=10. 

. OIV2=20. 
------ 0 I V 3 = 2 0 • 

XtlU=O.Ol 
. X(3U= O.1 

X{5U=i .. 
OXl=(X( 11)-X(1)J/OtVI 
OX2=(X'31)-X(1 1»fOIV2 
OX3 ={X(51)-X(31»/OIV3 
DO 110 1=2,11 --.--.---- X (I) = X (! -1) +OX 1 
XU=X CI) 
CALL SIMPS (FUN,XL,XU,4.,Y(I)' 
Y(I)=YCI-i) +Y(!) 
XL=xa 
IF(RI.LE.Y(I» GO TO 140 

110 CONTINUE 
DO 120 1=12,31 .-- --- ... -.. -. X (I) =X (1-1) fOX2 
XU=X(I) 
CALL SIMPS (FUN,XL,XU,4.,Y(I). 
ytI)=Y(I-i) +Y(IJ 
xL-XU 
IF(R1.LE.Y(I» GO TO 140 

120 CONTINUE 
DO 130 1=32,51 

'-_.- .-. -. X (I ) = X CI - 1) + 0 X 3 
XU=X (I) 
CALL SIMPS (FUN,XL,XU,4.,Y(I» 
Y(!)=Y(I-1) +Y(I) 
XL=xO 
IF(RI.LE.Y(l» GO TO 140 

130 CONTI NUE 
140 DO 700 1=1,51 . IF(R1-Y(I» 702,701,700 -... -------.-- .. ------... ... -- ........ _-
700 CONTINUE 
701 RI=Yf I) 

Ff=X(IJ 
GO 10 703 

702 FT=X(I-1'+(X (I)-X(I-l)J/(Y(I)-Y(I-1J'.(RI-Y(I-1») 

.' , • I 

I . 

• 

,-

\ .. 
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-------------------.---------------------------------- .. - -- - ~- -----

C 

... 
FT=(T/TMAX) IS FRACTION OF MAXIMUM ENERGY TRANSFERRED 

703 IF(FT.NE.l.0) GO TO 57 
THETA=P! 
GO TO 58 

57 THETA=2.·ATAN«(FT/(1.-FT).··o5) 
58 Q={A~~~EIA)+1.J7(A··2+2.·A·COS(IREIA'+1.J··.5 

IF(!) 19,53,19 
53 EPSI(KI=PI/2. 

GO TO 83 19 IFCO.NE.l.0.AND.O.NE .. -l.0) ··· GO TO 63 ........ -.---.-- - ---.. ------ .... -- .. 
IF(O.NE.l.0) GO TO 77 
EPSI<KI=O. 
GO TO 83 7? EPSI(KJ~=~P~Ir-------------------------------------------------------------
GO TO 83 

63 EPSI{K)=ATAN«(1.-0··2)/O··2)··.5) 
63 EI=EB~(1.-(1.-ALPHA)"FT) 

..... C " .. E I PAR TIC LEE N ERG Y AFT ERN U C LEA R COL lIS ION 
NN=NN+l 
IF(EI.GT.l.) GO TO 170 
GO TO 400 170 CALL FRAN~DrrN~(~R~N~3~,~1~,~O~)'--------------------------------------------------
AK=FLOATCK) 
PHI=2.~PI·RN3·(AK-l.) 
K=2 _.-_. __ ... PR(J-l)=PReJ) ........ --...... - ----- ... -.-.-.. -.--.---.-.-.---.-.-- ... -.----- -.-.. -- ..... . 
J=1 
GO TO 500 

itOO CONTINUE 
WRrfE(6,lJ M 
WRITE(6,3) 

1000 CONTINUE 
1 FORMAT{ 2FI0.7,2F4.1,F6.31 

... , .... _.- .. 2 FOR MAT ( 5 X , .. I NIT I ALE N ERG Y = .. , F 5 • 2 ) 
3 FOR.MA T (/ I ) 

~ it FORMAT(E12.6) 
____ ~5 FO R MAT(5X, ~PA K:~TrI=C =L=E~N=U~M~B=E~R~ __ ·~,~I~it~) ________________________________ __ 

6--nml1ATT5'X',-TTZ$ 6 ) 
7 FORMATC5X 1· NU MBER OF BACK-SCATTERED PARTICLES=.,Iit) 
8 F"ORMAT(bE 2 . 6) 
9 FORMAT(5X,·BACK-SCATTEREO ENERGY=.,E12.6,5X,.BACK-SCATTERING 

-'- -_.-., 1=",F8.4/) 
11 FORMAT(5X,·NUHBER OF COLLISIONS 

STOP 
END 

ANGLE 

-------------------------------------------------------------------------------~ 

. -, ... . 

• 
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SU8ROUTINE SIHPS(FUN,XL,XU,OIV,Y) 
~ -- . - . H=(XU-XL)/OIV ' . 

X=XL 
Y=o. 
NUH=OIV/2. 
00 1 r=l,NOM 
Y=Y+H/3. · (FUN(X)+~.·FUN(X+H~+FUN(X+2.·H'. 

1 X=X+2.·H 
RETURN ' 

.. . 

-----.--- ..... END ' . --- - -----.. ----- - ---.-- --------.---.. - ---- --- - -.-- - - - --.. -... .... . --. .. -.. -

, FUN=X l+X3 
RETURN 
END 

o. 

----_ . . _-_._---_._----- -------- ,.. -- _._ .. _---------------_. - ...... -- - ' ----- -_ . . - -- - - .- - - . 

. _--_.- -- -_ . . .. . _----- _ .. ----
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