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ABSTRACT 

The motion of energetic charged particles inside 

a crystalline solid is strongly dependent upon the orien

tation of the ion beam and target. This effect is commonly 

known as the "channeling" effect. In this report, the 

development of a computer code is presented which simulates 

the 3-D ion scatterings experienced by energetic particles 

moving in a crystalline solid. A Monte Carlo technique is 

incorporated in the code to calculate scattering angles, 

range distribution, backscattering distribution and angular 

distribution of incident ions. The Thomas-Fermi interatomic 

potential is used for binary collision process and the 

continuum potential is used for the potentials experienced 

by the channeled ions inside crystal lattices. 
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1. INTRODUCTION 

When an energetic ion strikes a solid target, 

many possible physical phenomena, such as Rutherford 

scattering, secondary electron emission, sputtering, X
ray production, energy-loss processes etc., can occur. 

If the target material is homogeneous and isotropic and 
has a random lattice structure, then the yields of these 
phenomena are not strongly ·orientation dependent~ How

ever, when the target material is monocrystalline, there 

is a probability for the incid~nt to traverse along the 

open spaces between atomic rows or planes and to be 
steered by a correlated series of gentle small angle 

collision provided by the crystal lattices. Figure 1.1 

shows schematically this effect. 

0. 0 0 0 0 
Atom rows 

0 0 0 0 0 
Trajectory ----0 0 0 0 0 

0 O· 0 0 0 

FIGURE 1.1 - CHANNELING 
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This effect is commonly known as the channeling effect. 

Figures 1.2 and 1.3 illustrate typical range distributions 

in amorphous targets and crystalline targets respectively. 

The suppression of nuclear loss accounts for the long 

penetrating 'tail' as shown in Figure 1.3. 
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FIGURE 1.2 - SCHEMATIC OF PROJECTED RANGE FOR 

AMORPHOUS TARGETS 

Depth 

FIGURE 1.3 - SCHEMATIC OF PROJECTED RANGE FOR 

CRYSTALLINE TARGETS 
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2. G~ THEORY 

2 .1. ' Ion Penetration in Amorphous Solids 

For an amorphous solid in which the directional 

effect of the crystal lattice can be· ignored, the range 

distribution is approximately gaussian in shape (see 

Figure 2.1) and can be characterized by a mean range and 

a straggling about this mean range. An understanding of 

the range pro~ile of the implant~d ion requires a detailed 

knowledge of the energy loss processes that slow down the 

traversing ion in the solid. In this calculation, the 

energy loss of the incident ion in the target consists 

of two independent categories of energy loss mechanisms. 

(1) Nuclear stopping - kinetic energy of the 

incident particle is transmitted to the 

target atom due to collisions. This is 

usually refer to as elastic scattering 

since the total energy of the ion-target 

pair is conserved and the interaction 

between incident and target atoms causes 

scattering of the incident ion. 

(2) Electronic stopping - energy loss as a 

result of the interaction of. the ion 

with the el~ctrqns in the target atoms. 

Each of these energy loss mechanisms will be taken 

up in greater details in subsequent sections. 

2.1.1 Electronic Stopping 

Based on LSS's theoretical treatment, at low 

energy, where the stopping power is proportional to ion 

•. 
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velocity, electronic stopping is assumed to be of the 

form [1,2]: 

dE 
dx = -

where K is given by 

K = z 1/6 
1 

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

S7TN 2 (1 )1/2 e a 0 E' 

Where N is the number of target atoms per unit volume, 

a 0 is the Hobr radius, E' is the energy at which the ion 

velocity equals the velocity of an electron in the first 

(2 .1) 

(2.2) 

Eobr orbit, Eis the ion energy, z
1

(z
2

) is the atomic null).ber 

of the projectile (target) and e is electronic charge. It is 

convenient to express the above equation in terms of dimen

sionless parameters p and £ so that equation (2.1) becomes 

d£ 1/2 
- = - K £ dp 

where 

£ = 

M1 ,M2 being the masses of the projectile and target respect

~vely, R is distance and a is the Thomas-Fermi screening 

length and K is defined as 

(2.3) 

(2.4) 

(2.5) 

•. 



2.1.2 

- 5 -

K = 
0 0793 Z l/2 Z l/2 (A +A ) 3/ 2 

. 1 2 1 2 . 
~e (Z 2/3 + z 2/3)3/4 A 3/2 A 1/2 

1 2 1 2 

~ ~ z 1/6 
~e 1 

Nuclear Stopping 

(2.6) 

Nuclear stopping is obtained by solving numerically 

the Thomas-Fermi equation where the differential ·cross section 

of energy transfer is given by [3], 

do = na2 dt f (t1/ 2 ) 
2t3/2 

where t 112 = £sin(8/2) and e is the scattering angle in COM 

(centre of mass) system, a is given by 

and f (t112 ) is approximated by the expression 

2.2 Channeling 

When an ion is incident on a solid in a direction 

close to the direction of an open channel and at an angle 

smaller than the· critical· angle, it will undergo a series 

of correlated small angle collision with the lattice atoms. 

(2.7) 

(2.8) 

(2.9) 
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A repulsive force is provided by the lattice atoms., causing 

the ion to move across the centre of the channel to the 

opposite channel wall. Figure 2.1 illustrates the influence 

of the lattice atoms on a channeled ion and the critical 

angle for channeling. 

w = critical angle 
c 

for channeling 

FIGURE 2.1 - CRITICAL ANGLE FOR CHANNELING 

Consequently nuclear stopping is suppressed and 

electronic stopping dominates. The ion can then penetrate 

more deeply into the target. 

2.2.1 Continuum Potentials 

The continuum model was first presented by Lindhard [4] 

to describe the interaction potentials between channeled 

particles and atomic rows or planes. In this model, the 

periodic potential of an atom row or plane is replaced by a 

potential averaged over a direction parallel to a row or 
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plane so that the potential due to a string of atoms is 

uniformly smeared out along the row. Therefore, it is 

possible to describe the motion of an ion in the plane 

transverse to the string or in the line transverse to 

the plane as in the planar case. 

The continuum potential depends only on the dis

tance p from the row (or plane) and not on the position 

z along it. This implies conservation of momentum in 

the z direction and the trajectory of the ion can be 

described completely in a plane transverse to the string. 

Fo~ an isolated row, the expression for static and 

planar potentials are 

where d is the distance between atoms in a row and n is 

the areal density of atoms in the plane. 

____ J d L_ Lattice 
--, 1· Atom 

.... -··---··----·----"'--------·--· -~-·------·· 1·---~-- i_.. - -- -....- --

1 I 
p I I (p2 

I ~-------I /,.,. 
Incident /j/ . 
Ion / 

• • 

/ -----·-·-···· ..... - ....... ,,·. ____ . _____ _.., 
l/J \/' z 

/ 

FIGURE 2.2 - CONTINUUM POTENTIAL MODEL 

·. 

(2.10) 

(2.11) 
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2.2.2 Critical Angles 

The condition for the validity of the continuum 

model is when the ions remain relatively far from the 

atomic strings with a low transverse angle to them. The 

continuum approximation breaks down when the ion enters 

at an angle larger than the critical angle or when the 

ion has gained sufficient transverse energy to penetrate 

into the core of the string of atoms by overcoming the 

potential barrier and thus becomes scattered as in the 

amorphous case. 

The critical angle used by Lindhard is referred 

to as the maximum angle at which a trajectory could be 

incident on a row or plane of atoms and deflected by the 

row or plane to sustain a stable trajectory. It was 

found that at high energy condition, i.e. E > E' where 

E' is given by 

2 E' = 2Z Z e /d 
1 2 

the criteria for stable trajectory is 

At low energy condition, E < E', 

where ¢ 1 and ¢ 2 are applicable with E = E' 

In the planar case ¢1 = 0.93¢a 

where 

and d is the planar distance. p 

•. 

(2.12) 

(2.13) 

(2.14) 

(2.15) 
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2·.3 Dechanneling 

In the continuum model, the transverse energy 

of a channeled ion is considered to be constant. However, 

when the thermal vibrations of the lattice atoms are 

taken into consideration, the transverse energy, E , of 

the ion changes with time due to interactions both with 

the electrons iri the solid and the vibrating lattice 

atoms. The transverse energy may becomes larger than the 

critical value for stable channeling. The expression for 

the average rate of increase of the transverse energy due 

to the vibrating lattice is [S], 

2 2 7 Aexp(~) - 1 A TINd · p . zl :2e d <E > ax 
dz n = 

E 0 C2 a 2 A (exp(£) - 1) 

{Aexp(E) + t}(1 - exEi-€)) 
3 

and the expression for ~ due to electronic collisions is 

d 
dz 

•. 

(2.16) 

(2.17) 



- 10 -

where 

c2 = 3 

c 2a 
2· 

A = -2- + 1 ( 2 .18) 
ro 

2 (Ndn) -l (2.19) ro = 

z = (Z2/3 + z2/3>3/2 (2.20) 
1 2 
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3. COMPUTATION TECHNIQUE. 

The main features of this computer code are: 

(1) The Monte Carlo technique incorporated ln 

the calculation uses 3 random numbers at each collision 

to determine the direction (i.e. the scattering angles), 

energy of the emerging· ion and the distance between 

collisions. A random number q1 is used to determine the 

location of nuclear scattering {6,7]. A second random 

number q 2 is used to find the scattering angle in COM 

system. The energy transferred and the scattering 

angle is related by 

where T = YEo m 

= sin2 (8/2) 

The azimuthal angle ¢ is determined by the 

third random number q 3 so that ¢ is given by 

¢ = 27Tq 3 

For a.given initial energy E0 we _determine the 

first nuclear collision location (i.e. the distance bet

ween collision·and the scattering angles), energy after 

collision, energy transferred and the projected. range. 

Once the first location has been determined, further random 

•. 

(3 .1) 

(3.2) 

(3.3) 

(3.4) 
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· numbers are generated to find the second collision 

location. It can be shown 18] that for subsequent 

collisions the new scattering angles after n+l colli

sons in the laboratory system are given by 

sin (A- ) !Pn+l = (co~ensin¢ncos¢ 1sine 1 + cos¢nsin¢ 1sine 1 

+ sin8nsin¢ncose 1 )/sin8n+l 

The projected range is 

n 

(3. 5) 

( 3. 6) 
•. 

p = ~ (actual distance)ncos(en+l> (3. 7) 

(2) A check is made at each collision to 

determine (i) whether the projected rang.e is negative 

or positive. In the former case the ion is considered 

to be backscattered. (ii) whether the ion falls within 

a channel direction. If so, the ion is considered to be 

channeled. The range of a channeled ion is evaluated 

as the followings. 

Equations (2.16) and (2.17) can be put into 

the following forms, 

where 

d 
dz 

<E> A 
n· = A ( E 0 , T) · f ( e: ) 

.n n 

Aexp(£) - 1 A 2 A I 3 
fn (£) = A(exp(~) _ l) (Aexp(s) + 3 ) (1 - exp{-e:) A) 

( 3. 8) 

( 3. 9) 

( 3. 10) 
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For a given temperature and incident energy, 

equations (3.8) and (3.9) becomes 

d 
dz 

= A f (€) 
n n 

= B f (£) n e 

Addition of equations (3.12) a-nd (3.13) yields 

the total rate of increase of the transverse energy <£>. 

Therefore, 

d <£> 
dz 

= A f (£) + B f (€) n n n e 

Equation (3.14) can be solved numerically on 

a computer to give the penetration depth. The ion is 

considered to be dechanneled when th~ transverse energy 

exceeds the critical value, i.e. when£ > £*, where £* 
is given by 

The procedure is continued until the ion history 

is terminated. 

( 3 .11) 

(3.12} 

{ 3 .13) 

·. 

(3.14) 

{3.15) 
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4. COMPUTATIONS AND RESULTS 

Two computer programs have been developed; one 

for the amorphous case and the other is essentially the same 

except for the consideration of the directional effect. The 

former was used for comparison purposes. In the latter, the 

crystalline solid is ·assumed to have a diamond structure with 

seven open channels. When an energetic, positively charged 

ion starts to make its way into the solid, it~ orientation is 

determined by the steps as described in Section 3. If the 

orientation of the incident ion does not lie in a channeled 

direction, the ion is considered to be scattered as in amor

phous case. However, if in the meantime, the ion is scattered 

into a channeled direction, the ion is considered to be 

channeled. This phenomena - quasi-ch~nneling - describes the 

transition from a random trajectory to a channeled one. All 

energy loss processes and depth penetration are calculated 

corresponding to those as described in Sections 2.2 and 3. 

The channeled ion may subsequently either be dechanneled and 

if upon emerging from the channel, the ion still possesses 

sufficient energy, it is considered to be scattered continu

ously as before until the ion history is terminated, or be 

stopped inside the channel. In both cases the ion history 

is considered to be terminated if the energy of the ion is 

less than 25 ev. 

To test the code, trajectories of (H+,Si) at 

incident energy of 1.2 Kev and (He,Si) at an incident e~ergy 

of 2.7 Kev were traced for 300 particles. Typical results 

of the projecied ranges in both cases are shown in Figures 

4.4 through 4.7. Comparisons of the projected ranges in the 

amorphous cases with the crystalline cases showed that deeper 

penetrations were recorded. Also, in both cases, backscatter

ing yields were reduced in the crystalline case. 

·. 
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5. CONCLUSIONS 

A computer code, incorporating a Monte Carlo 

technique and the directional effect of -crystalline solids 

has been developed to investigate the dechanneling bf 

energetic ions in crystalline solids and hence td calculate 

the projected range. The code was tested using H incident 

on Si and He incident on Si. Comparisons of results with 

those obtained using an amorphous code showed that penetra

tion depths were enhanced and backscattering yields were 

reduced as well. The results obtained were reasonable and 

satisfied the objective of this study. 
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G=3•**0.c; 
Z=CZ1**<2./~.l+Z?**C2./3.))**<3./2•> 
AT=0.4685*l·E-08*Z**(~l./3.l 
RO=<AD*T*PI>**Cl.12.) 
PHI1=<2.*ZI*Z2*(4.R*0.1E-09J**2/(El*l·60?1*.l~~oa*T))**0.5 
R=3•*AT**2/CR0**2>+1.0 
V:C2.*EI*1•6021*•1E-08/All**0•5 
PHIC=CG*AT/(2•**0•5*T)*PHI1>**0•5 
AMF.=9.11*1•E-28 
V0=2.2*1.0E+08 
A0=0.528*1.E-08 
ETA=Zl**I.16. 
CNl=<PI*AD*T**2J/(E!*l.6021*1•0E-09*G**2*AT**2l 
CN2=CZl*Z2*(4.A*•lE-09l**2/T) 
CN=CNl*CN2*RH0AX**2 
CE1=2.*AME*AD*T*~TA•PT*AO/CEI*l.6021*1.0E-0G*VOl 
CE2=Z2/Z . 
CF3=V*~"3 
CE=CEI*CE2*CN?*CE~ 
EC=G*AT/f2•**1•5*T*PHI1> 
****************************************************************** 
WRITEC6,5) 
WRITEC6t3l 
EMIN=EI 
EMAX=O. 
Dl"1 400 N=l t'300 
WRITE (6,922) N 
NN=O 
EI=l.2 
K=l 
ANGL=O• 
EPSICU=O• 



Fr">ST(?)=n. 
PHT(l)=O. 
PHT(?)=O. 

PRJ=O. 
DETA=O. 
FHI=O. 
PRXl=O. 
PRY1=0. 
PR71=0• 
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C EPSI SCATTERING A~GLE IN LAR SYSTEM I~ RAOS 
C PHI AZIMUTHAL ANGLF 
C PR PR0JECTED RANGE 
500 IF(EI-E<PJJ 705,705,705 
7 0 6 I F ( F I -F .( 1 6 ) ) 7 0 7 , 7 0 7 , 7 0 R 
70A !F(FJ-F(?4)) 700,7Qo,7]0 
71n tFCFT-F(1?)1 711,7]1,71? 
71/ Nt\=3? 

NR = t~ 0 
·r,o TO 7SO 

1ns l\.!A=l 
NR=R 
Gn TO 750 

707 l\!A=8 
r-..IR=16 
GO TO 750 

709 l\l/\=16 
l\!R=2l~ 

r,n Tn 750 
711 f\! I\=? 1~ 

NR=1/ 
750 on AOO I=NA,~R. 

TF(FJ-F(J)) RO?,R01,R00 
POO ('nNT J l\HIF 

R01 EI=FCI) 
RO=RC I) -
GO Tn A03 

RO? RO:.-:R( I-1 l+(R( I J-R( J-1) J/(f( I J-FC I-1) )-*CEI-E( I-1 J) 

R03 CALL FRANON CRNl,J,OJ 
IFCRN1.En.1.1 Gn TO 400 
JJFLP=/\LrlG ( 1 • -PN1 l 
Rl=RO+DFLP 
I F ( R 1 • L T • R ( l l l G 0 T 0 l~ 0 0 
IF(RJ-R(R)) 605,AOS,606 

A06 !F(Pl-P(lAJ J 607,A07,6CR 
60A IFCR1-R(?4)) 60G,609,610 
610 IF(RJ-R(3;:>)) 61Jd,11•612 
A 1 ? NA='l.? 

l\IP,=ti-0 

Gn TO () 1 1 
NA=l 
"'-'8= ,9 
GO Tn Q]] 
NA=8 
~IP= J 6 
(j() rn q 1 ] 
1\1/\=1 6 

"' r = ;u~ 
Gn TO <) 1 l 

•. 
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611 NA<?L+ 
l\'P="',/ 

011 nn 600 I=NA,~R 

c 

IR 

IF(Rl-R(J)) 60/,601,600 
600 cnMTINtlF 
601 R1=R(Il 

FR=FCil 
GO Tn 601 
ER=E( I-J J+(f( I )-F( I-1 l )/(P( t l-R< T-1) )~:-(Rl-R< I-1 J) 
EPS=CON601~f-EP 

n(K)=CON1?4/FK*(SORT(Fll-SCRT<FR1) 
IF<nCK).LT.5.F-~8) D(K)=7.5F-OR 
[)(Kl T.~ f\CTIJl\L nTSTANCF TRAVFRSFI! PY Tr.N 
AA=SJN(nFTAl*SIN(FHTJ. 
RR=SINCnFTAl*COSCFHTl 
CC=COS (nFT /\ l 
PX=nCK)*/\A 
PY=DCK)*R~ 

PZ=DCKJ*CC 
PPZ/:f"PZ]+PZ 
DPY?=f"PYJ+PY 
PRX?=PDXJ+PX 
PRP=PRZ?*.1F+07 
L=PRP 
L=L+l 
IFCPRZ?l 72,7z,73 

?. 2 ~·,,=M+ 1 
C RACK-SCATTERING ANGLE IS EPSIC11 

ns=-DR71/(0S(EPSI(1)) 
OS~ARS(f"'JC,) 

c ns Is THF f) rs T A"!CF TO THF .SURF ACF 
~PK=(SORT(FI*CON??)-.S*FK*OS)**?/CO~?? 

FRKT=FRKT+F.P)K 
C FPK RACK-SCATTERING EN~RGY 

8/\=PI-FPSI C 1) 

RAl=PHJ(l) 
P fl 1 7= r /\ 1 ~f- 1 R (; • I P I 
RA=PA*lRO./CT 
f\ M G T = f\ ~l GT +RA 

c flfl. rs THr RA.(K-SCCITTFRING ANGLF T~l IJFGRFrS 
WRITE (A,91 FRK,AA,RAl 
L10=IFIXC F."P.K.-ino. 1+1. 
FMDIST(L10l=Fr-..JDISTCL10l+1 • 
IF (nA.LT.~0.) Fno~n(L10l=FD010(L10)+1. 

IF (PA.G[.30 •• AN~.PA.LT.AO.) F~3nA0(L101=Fn?r~C(L10)+1. 

TF CPA.GF.AO.J ~nA000(L10)=FDAOG~(L11)+1. 

IF(FRK.t_T.FMINJ FMIN=FRK 
T F ( F R K .• GT • F MI\ X l n~ A X = FR '< 

'A'r.:.> I T F ( 6 ' 3 l 
WR I T F ( 6 , 1 1 J "l "l 
\•J R I T E ( 6 , ~ ) 
Go rn 4no 
TF<FR~Gr.r.]0) Gn TO 1R0 
PRrP(L}~PPPP(l_)+l. 

G0 T0 t+OO 
1 R 0 C A L L F P f\ N n ~ .. 1 ( P l\l 2 , 1 , 0 ) 

C CALCULATI~N OF SCATTERTNG ANGLE IN C.M. ·SYSTEM 
IF (FPS-.1) P,R,777,777 

•. 
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PR 1(1=1 
Gn Tn 10 

777 JF (Frs-1.l t~to111,11'1 

4 4 .K l= I F T X ( f P s-x- 1 U • ) 
IF( (FPS-EP.S/\RR(K1)) .Gr •• n)) Kl=Kl+1 
Gn Tn ]_q 

~~~ K1=IFIXCFP5)+9 
JF((EPS-EP5APR(KJ)).GT •• S) Kl=Kl +l 

19 JF(RN2-.0r51Rq,qo,qn 
pq K?=l 

r,n rn 01n 

oO TF (Rf''P•GF •• 9S) GO TO 91R 
K?=TFIX(R~?*I000.15.) 
Gn TO G19 

01R IF (RN2.GT •• 99S) Gn To 917 
K?=IFIX(RN?*lon0.1~.) 

K1=K2+1 
THFT/\l=TPrT(l</,1(1) 
TH[T/\?=THFT(v~,~1) 

THf:TA=:(THFT/\1+(RN...,-F-(K?) l~(-(THFT/\:'-THFT;".1 J/(F(K~)·-F(K?)) l-*PJ/JPO. 
G0 TO 016 ·. 

0]7 K2=IFJX((RN?-.on~J/.UOOS1+199 

K3=K2+1 
THFTA1=TH~T(K?,K1) 

THFTA?=THFT(V1,Kl) 
THFTA:(THFTA1+(RN?-F(~?))*(THFTA~-THFT~1 )/(F(K1l-F(K?ll )*PT/lRO. 
Gn Tn nl(-i 

010 THETA=THFT(K?,Kl l*PI/JRO. 
o 1 A FT= ( S I r-.-1 ( TH FT f\ I? • ) ) * * 2 • 

TVARl=A*CnS(THFTtl 
SR ~=(TVAP1 +J.)/(/\**?+2.*TVARl 

E PS I ( Kl =I\ COS ( Q l 
TV/\R2=1.-ALPHA 

T-V/\.R?*FT) 
( I=" T D A R T I ( L F n I r R r:. y f\ F T F R ~I L I c L F f', R c Ol L I q n ~l 

Y=?•*(Fl*1•60?1*l·E-09)**•5/fK 
F C n L = F fJ, * T V I\ P ? ~:- F T 
FCOLT(Ll=FCnLT(l_)+FCOL 
T F ( FCOL. GT. 0. 0 5) FCOL F (·L) = FCOL r ( L} +FCC"L 

17? NN=NN+l 
IF(Fr.r;r.n.11i c;n rn 17n 
PDrP(L )=Dr:>PP(L_)+1. 
r, h rn . 1f oo 

1 70 C/\LL FPt\~lfl"l ( ~.~",, 1, 0 l 
PH I ( K l = ? • -~- r I ~~ R "l ~ 
U1=FPSI(1) 
U?=FPSJ(/) 
Vl=PHI(1l 
V?=Pfll(?) 
fl r:- T A :::- "· r n s ( (" n .-:: ( t J 1 ) * '. ,..., s ( u ? ' - c; T N ( lJ 1 ) ~'.- r () s ( \I ? ) ~~ .S T ~ .. • ( l J / ) ' 
t J 1 1 = S T ~I ( 1. J ? ) -l\- (:. T f\l ( V ? ) 
lJ 1 ? = C () S ( l J? ) ~~ S I '\I ( l Jl ) 
l '11 = S I ~, ( U? l ,'{- c 0 S ( \I? ) ~~ C n S ( U 1 l 
IJ F H I = /\ T .A. ~.I ( U 1 l I ( U 1 ? + lJ l 1 ) l 

FHI=DFHT+Vl 
TF (FHI.LT.! 1 .) GO TO AO 
r;n Tr! 6"' 

r-in fHT=?.-i~or+F 11 T 



c 
c 
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A3 IF (FHI.GT.(?.*DTJ) Gn T0 61 
(,0 Tn 43 

6 1 fl (' 6 6 J = 1 ' ;- '.·'., 
X=FHI-I*?.~~PI 

TF (X.GT. ( ? • .,·wr)) (jf') To 66 
Gil T0 65 

AA rn"IT T "HJF 
6S FHI=X 
41 AA=SIN(nFTAJ~SIN(FHIJ 

RR=SJN(n!='TA)*rOS(FHTJ 
CC=CnS < rwr /\' 
FPSTA=nFTA*lPO./PT 
PH T A = F H. I * 1 A 0 • I P I 

15? IF (PHTA.LF. ? •• ANn.PHTA.Gf.35A.J GO TO SI 
IF (PHJA.L~. ? •• ANfl.PHJ~.GF. 3SR.J GO TO ~1 

IF <FPSIA.LE. ? •• AND.FPSTA.G~. 3~A. , GO rn ~3 
I F ( F p s I I\ • L F • 1 ti-] .• • fl}\' r. • !'.:": p .s ·r /\ .• r; F • 1 ·:n • ) G () T 0 r:, 4 
Gn TO RO 

5 t+ I F ( P H I A • L [ • 
IF (PHIA.L:-. 
IF (PHI.A.LF.· 
Gn Tn r.o 

e:;3 IF (PHT/\.I_~. 

IF (PHT/\.LF. 
GO Tn 80 

4 7 • • A "l 0 • PH I A • G E • 
123 •• AND.PHIA.GF. 
(J? •• AND.PHIA.GF. 

137 •• ANn.PHI~.Gr. 
47 •• /\ND.PHTA.G[. 

43.) GO TO 131 
313.J GO TO 132 

AP.} GO TO 111 

J?. ~. ) 
43.l 

GO T 0 1 3 tf 
GO TO 1'35 

51 IF (FPSIA.LF. 2 •• AND.FPSIA.GF. 358.l GO TO 136 
IF (FPSIA.LF.47 •• AN~.FPSTA.GF.43.) GO TO 117 
Gn Tn so 

1~1 FHD=~BS(FPSIA-]1Q.OJ*PI/1RO. 

c;n rn 1. 1, o 
11? FHn=ARS(FPSTA-1~0.01*PT/1Rn. 

Gn Tn 11-i-o 
111 FHD=AqS(FpSJA-1~0.0)*DI/lPn. 

G n T n 1 '• r' 
134 IF(FPSIA.GF.1SA.J FPSIA=360.-FPSI/\ 

FHn=APSCFDSJA-~.)*PT/lRO. 

Gn Tn 140 
l~S TF(FPST~.GF.1~A.l ~PST~=~6n.-~PSTA 

F~O=Aq~(rPSJt-n.)*DT/1R0. 

r;n rr- 1 t, n 
13~ TF(FPSIA.~F.1SR.) FPSJf=160~-FD~TA 

FHD=ARS{FDSJA-0.J*DI/JPO. 
G0 T0 ]40 

117 FHD=ARS(FPSJA-4~.0)*PT/lPO. 
GO TO l t4Q 

QO r;n Tn 1A 

1 1+ () I·/ D I T F ( f., ' 71 ) 
\tJ R I T r- ( 6 , -:: ) 
~1~,1=M\1+l 

IF CFHD.Lf.n.0?6) ~n TO ?01 
FP=FT*FHD**?*l.60?1*1.E-OG 
FT=FP*(T/(11*7?*(4.R*.lF-09)**?1 l 

FPf0=1n 
n r- 1 1 t+ I :::: 1 , ~,, r 
h'= 7..',1A.X/1'.•,p 
H = ( I - 1 ) * \~! 

·. 



\~J R I T F ( 6 , Q 4 l F T 
(!\LL RU r--w UT ( F T T , \,1J, FT ) 
T F ( H. (, T. y ' r,0 T n ? n 1 
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Jr (FT.r-T.C() r.n Tn 11A 
114 c0r--HTNIJF 

Gn Tn 116 
2n1 H=Y 

EI =0. Or:; 
·~ 1 ·1 6 A A= S I N ( D FT A ) * S T N ( F H I } 

RR=SJN(nFTAl*COS(FHil 
CC=A8S(C05{DFTA}) 
PX=A .. 1\*H 
.~Y=~8*H 

OZ=((-ll-H 
PRX?=PRX1+PX 
PRY2=PRYl+PY 
PRZ2=PRZ1+PZ 
WRITF (6,6) PZ 
DRir>JT (6,6) r?Z_;:> 
DPP=fHJ7?~~-.1 F+C17 

l_=PPf" 

L=L+l 
PRPP(L)=PRPP(L) +l. 

36 EPSICll=DETA 
14? PHl(lJ~FHI 

PRZl=PPZ? 
Dr?Yl =PRY.? 
PRXl=PRX? 
K=2 
GO TO SOO 

400 cmH I r--n IF 
It.' R I T E ( 6 , 7 J Vi · 

\oJ R I T E ( 6 ' '3 ) 
h1RITF (6,75) MM 
vJ R I T F ( 6 , 1 ) 
P sr--.1=rv~ 
J\ F P. K = r f"l k'. T IP .S ~1 
\\! D I T F ( 6 .. 1 I+ ) /\ F P. I( 
\.1JPITF(f.i,?) 
/\ A. ~·! G = /\ f\1 r, T I f ".'l S ~\ 
~·.J R I T E ( 6 , 1 5 J f\ A N r, 
\'1 R T T F ( 6 , ~ 1 
1.rJR IT Ff 6 .. 11 J 
~~.' P I T r < 6 , '2, l 
on 000 L=1,1i;n 
WRITF(6,]?l PRPP(L1 

. q 0 0 · C 0 ~lT I ~·' L.Jr . 
h'RTTE(fi,1) 
T n. H 1 r = 1 r) • 

EI=l .? 
HHFN=TOPJP*F I 
WRTTF(6,1f.J 
on 010 L=1,c;o 

. r:- T n T A ( L ) = F ( n L T ( L ) I T n T n.1 
\,\IP TT I=' ( r-,,? n) r. T 0 TA ( L ) 

01 0 CNJT I NUF 
\•J R I T E ( 6 , ?, ) 

\ 1J R I T E ( 6 ' 71 ) 

•. 



- 29 -

Dn 9?0 L=J ,c:;o 
ECOLACL)=EC0Lf<L>ITOTEN 
WRITE(6,20) ECOLA<L> 
CONTINUE 
WRITE (6,3)· 
WRITE C6tl003) 

,oo~ FORMAT (5Xt*NO. OF PARTICLES PER ENERGY INCRE~ENT*) 
WRITE C6t'3) 
WRITE (6,3000) 

~ooo FORMAT (~Xt*ENERGY INTFRVALS*t ~Xt*NO • OF PARTICLES*/1?Xt*(fV)*) 
DO 1000 I=lt50 
JlO=I*lOO 
J20=Jl0-100 
PRINT ioo1, J20tJ10tENDISTCI) 

10.00 CONTINUE 
1001 FORMATC7Xtl4t*-*t!4tl2XtF10.4) 

WRITE C6t3). 
WRITE C6t300J) 

~001 FOR~AT C5X,*CLASSIFICATION OF BACK-SCATTERED.PARTICLES ACCORDING*/ 
15X,*TO THE BACK-SCATTERED ENERGY AND THE BACK-SCATTERING ANGLE.*) 

WRITE C6t3l 
WRITE C6t3002) 

-~00? FORMAT C5X,*ENERGY. JNTRVALS*t5X,*NO. OF PARTICLES*t5X,*NO. OF .PART 
lICLES *'5Xt*NO. OF PARTICLES•/11X,*CEV>*'l6Xt*0-30*'17Xt*30-60*17X 
lt*60-90*) 

DO 3003 I=l,50 
.J20=J10-100 
J10=I*I00 
WRITE C6t3004) J20tJ10tED030Cil,ED3060(!),ED6090(I) 

3003 CONTINUE 
3004 FORMAT cjx,I4t*-*tI4tlOX;FI0.4tllX,Fl0.4,12XtF10.4) 

?1 
110 
q21 
.en'? 

.'? 7 

WRITE (6,3) 
WRITF (6,1004) E~INtEMAX 
FORMAT<~X,*MIN. BACKSCATTERED fNERGY=*,El~.7/5X,*MAX. BACK-SCATT 

IERED ENERGY=*tE15·8> 
1 F0RMATC2Fl0e7t2F4.ltF6.3) 
2 FORMATC5X,*INITIAL ENERGY=*,F5.2) 
3 FORMAT(//) 
4 FORMATCE12.6) 
5 FORMATC5Xt*PARTICLE NUMBER*) 
A FnRMATC~XtEl?.6> 
7 FnR~ATCSX,*NUMBER OF BACK-SCATTERED PARTICLFS=*tl4> 
8 FORf\~A TC 6E 12 • 6) 
o FORMATC5Xt*BACK-SCATTERED EN~RGY=*tE12.6,5X,•BACK-SCATTERING ANGLE 

l=*tF8.4t5Xt*BACKSC+AZIMUTHAL ARGLE=*tF8.4/) 
11 FORMAT(5Xt*NUMBER OF COLLISIONS *tl3) 
12 FORMATC5X,F8.2) 
1~ FOPMATC~X,*PROJECTED RANGE - NU~RER/100 ANGSTROMS*) 
14 FnR~ATC5Xt*AVERAGE SCATTFRFD ENFRGY=*tE12.6) 
1c; FOR~AT{5Xt*AVERAGF SC/\TTFRFD ANGLE=*tF8.4) 
16 FORMATC5Xt*DAMAGE ENERGY FRACTION/100 ANG*) 
20 FOR~AT(5X,EJ2.6) 

FORMAT(5Xt*DAMAGE EMERGY FRACTIOM/100 ANGtGT.05 KEV*) 
FORMATC3XtF9.5t5XtF7.5t5XtF7.5) 
FORMATC6X,•THETA*t9Xt*EPS*t8Xt*RAND. NO*> 
FOR"'1AT C5Xd4) 
FOR~AT C5XtI,,4Xt?F15el0) 
FOR~/\T c~X,*CGL NO. Dl~TANCE 



c 

c 

71 FnP~AT(~X,4FlU.6) 

72 FnR~AT(SX,3Fl2.6) 
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7 ~ F (W ~.~I\ T ( C) x ' -)~- r 0 N H I Ts A ci ~ \ N NF:: L ~i- ) 

74 FnRMAT (SX,r1~.6,SX,Fl?.~) 

7 ~ F n RM I\ T ( c:; X , * f\: LPv~ R Fr. n F CH f'. ''-'~ff L F D P /\ P T I CI ES= * ,I td 

91 FnP~AT (6X ,FJ0.7,5x,F12.4,5x,E12.4) 
9~ FORMAT (110) 
q4 FORMAT (Fl2.6) 

STOP 
END 

c sunPRnGRAM FN,fP,(N) 

( 

( 

FUNCTTOl\l FN(X) 
COMW1N R, CE, C~, 
Xl=(R*EXPCX)-J.)/(R*CFXP(X)-].)) 
X?=R*FXPCX)+?.I~. 

X3=(1.-EXP(-X)/8)**~· 

F N = X l * X 2 * X 3 * C "I 
RETURN 
FND 

C SURPROGRAM FF(FP,(f) 
c 
c 

c 

F LJ NC T I n "l FF ( X ) 
c n 'N\·~ n r"\1 11 , c E , c ~ 1 

Xl=(R*FXPfXJ-l.)/(R*CFXP(XJ-1.)) 
X?=r-XPC-X)/n 
X~=l .-FXP<-X) /R 
r r = x 1 -lf- x ? -:~ x 'A, -l~ c r 
PFTUON 
END 

C TOT.AL 
·c 
c 

F I _I ~1 C T T n r" F T T ( X ) 
c n~-ftr·N1 "l P, c F, n.1 
F T T = F f\l ( X ) + r F ( X ) 

C Y=CN Z=CE 

( 

( 

RETURN 
F ~~[) 

( S U fl R 0 tJ T I ~·' F 0 lJ ~-! K U T 
( L~ T H (l R r" F R R !.I W; F - f(lJT T /),_ ~,1 F T H 0 IJ F 0 R 
( SOLVING 1 ST 0QnFR OIFF. FOUAT~nN 

c 
SU f.W 0 U T I N [ D U ~,J '< l JT ( F , H , X ) 
PF/\L K.1,V/,l(~,!-U• 

r ~/ H = s T F r s T 7 F x = J:" T 
1<1=F(X) 
k'?=F( X+H*k'] /?) 
k' 1=F ( X+H:~v? I?) 
K4=F ( X+H·H._..3) 
X = X + H ~~ ( K 1 + 2 -:~ V. ;2 + 2 ~;. ~~ 3 + I( L~ ) I 6 • 

·. 



( 

c 
C GU:SSAPY 
c 
( 
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C Zl ATOMIC NU~RFR OF INCIDFNT ION 
C Z2 ATOMIC NUMBER OF THE STRUCK ATOM 
C Al ATO~IC WFIGHT OF.THE INCIDENT ATO~ 
( A? /\TOMTC ltJFTGHT nF THF STR~l(V r,Tc;t'-·1 
( AD AT0~T( f)FNSTTY nF CRYSTAL 
C !1 V f\ V M·i.tdW () ' S ~JU V P. FR 
C AMF=MASS OF FLFCTRON 
c vr, RnHR•S RADIUS 
C PHIC cr.HTIC1\L ANGLE 
C EP TRANSVERSF ENFRGY 
C ET RFDlJCED TRANVERSE ENERGY 
C FO INITIAL FNFRGY OF JNCIDFNT PARTICLE IN KEV 
C fl T T H <JM .f\ S - F FR ~11 T SC R F F N HJ G R f\ n T U S 
( 

( 

( 

RFTI JQ~.J 
END 

6400 END OF RECORD 
04.014?7662A.OR600000?.014.002.33 
n.1.01"'n0F-nA 

5.4~1F-OR 
] 0 () 

.239-=3J4F+03 
• ?·q 4 61+ () F + 0 1 

.173qr,c;E+Ol 

.343t+ROE+03 

.357901F.+0~ 

.16R3QSE+01 

.175qpc;r·+o1 

.1Rt+217F+01 

.190437E+O~ 

.19SR7~F+01 

.t+6L+Q17F+03 

.484490[+03 

.4<14A9?f+03 

.5015A4F+01 

.t;0f.i?P5F+O~ 

.'509R'nF+O".) 

.SJ?600F+01 
• s lt+8SOF+01 
.5166GGF+OJ 
• r::> 1 P. ? s t+ F + O 1 

.i:;1osRJF+01 

.s;>07?7F+01 

.S717?7F+03 

.S??608F+01 
• s7·:n00F+01 
.c;74nppF+01 
.5.24716F+03 
• f:J25?Rt+E+CJ1 
.5757qqE+U~ 

.5?6?AOF+01 

•. 



• r::. ?AAQf)f +O 1 

.527001)F+01 
• S ? 7 t~ 5 q F + 0 1 
.5?7796[+0) 
.5?R109E+03 
.52R300F+01 
.5?R670E+01 
.tj?RG/1F+0".l 
.S?Gl60F+IJ1 
• 57038/r-+01 
.0t+RA70F-OJ 
• l R o 7 11~ F + 0 O 
.284601E+OO 
.170468[+00 
• t+ 7 4 1 3 5 F + 0 0 
• c:,r-,rpO?F+OO 
.f-,A40"0F+00 
.7r::.Po~hF+OO 

•Pt;1P01F+OO 
.04RA7C1F+OO 
.t+73R"1L~E+O] 

• 7ti?R41~+01 
.1t1R1R1F+07 
.1410R1f+07 
.17~0R()F+02 

.?OAR79F+O? 

.210777F+02 
• .?7?676E+0? 
.3oc;c:;7i:-;[+O? 
• ~ ~ P t+ 7 l~ F + O ? 
.171~7?F+O? 

.4nt+/71 F+O? 
• !J- 1 7 ] 7 f) f-~ + 0 ,? 

elt 7006PF+0? 
.i;o7qr-,1F+O? 
.SV)Pfi6F+0? 
• c; 6 R 7 6 t, E + 0 2 
.6016A1E+0?. 
• f, ~I~ C::, (-., / ~ + 0 ? 
• 6 6 7 t~ A 0 r~ + 0 ? 
.1oo~c;of+O? 

.711?t:)RF+02 

.7661')6[+0? 

.7G90S5E+02 
• wn qc::;4F+o2 
.R6LtRC::.?f+f)? 
.Ro77r:-;1F+O? 
• 0 ~ 06S OF +0 7 
.961c;L,0F+O? 

• o q 6 '~ 4 7 F + 0? 
END OF FILF 
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GUSR. 
FTl\l e 

K.K.KWOK 

I G() • 

c 
c 

6400 FND nF RFC0Rn . 
PROGRAM TST (JNPUT,oUT~UT,TAPE~=INPUT,TAPF6=0UTPUTJ 

C CALCULATION OF CHANNELING LENGTH 

c 
C ~AIN PROGRAM 
c 
c 

EXTERNAL FE,FN,FT 
CO~MON R, CE, 01 
I ~HEGFP FREO 
REAf)(i:;,1) A1 ,A?,Zl ,z?,RH() 
REAf) (c;, 2) ET 
READ (5,q4) PHOAX 
RF AD .( c; , q 4 ) T 
RF.AD (5,93) MP 
WR I TF C 6, 2 l t- 1 
WRITF (f,,?) A? 
WRITE (6,2) Zl 
1/JPITF (6,?) 72 
vJ R I T F ( f. ' ? ) p H n 
WRITF (6,]} Al,/\?,z1,z2,RHO 
WRITF (f,, ?) FI 
WRITE (6,94) PHOAX 
WRITE ((,, 91+ > T 
WR I T E ( 6 ' 9 1 ) l\l P 
PI=3.141502AS 
AV=0.62'?CJ2*1 •0F+?l1 
+f)=RHO*!\V//\? 
EK=q•*PI*AD*(~.q*•1F-0o)**?*•c;'0*•1F-07/(?~.*1·A0?1*•1E-0R)**O.~* 

1Z1**C7.IA.J*Z2 /CZ1**<2.1~.1+Z?**C2.1~.)J**(1.I?.) 
Y=SORTCEI*l.6021*1.E-09)*2.0/FK 
vJRITE (6,2) FK 
WRITE (6,2) Y 
ZMAX=Y 
FHD=O.O 
D n 1 0 0 ~1 = 1 , 2 n 
FHD=0.00;?t;+FHfJ 
\,,JRJTF Un2) FHf) 
G=3•**0.5 
Z=CZl**C?.13.J+Z2**C?.13.>>**<~.12.J 
AT=0.46R5*1.F-0R*Z**(-J.13.) 
RO=CAD*T*PI>**Cl.l?.J 
FP=FT*FHD**2*1.60?1*1·~-rq 
FT=FP*(T/(Zl*Z?*(4.R*·lE-09)**7) l 
PH11=(?•*Zl*Z?*(6.R*0•1E-0o)**'/(EI*1·~0?1*.lE-0R*T)l**O.s 
R=~•*AT**2/CRO**?)+].O 

V=(?.*fl*1.602J*.1E-0R/Al>**0.5 
PHIC=(G*AT/C?.**0•5*Tl*PHI11**0.5 
/\ME=9.11*1.F-?P 
V0=?.?41-J .OE+OP 
f\ 0. = 0 • c; 2 8-¥-- 1 • E -0 R 
FT fl.= Z 1 ~~* J • I A • 
CN1~CPI*An*T**?)/{FT*,•A~?l*l•OF-00*G**?*AT**?) 

·-



c 
c 

c 

c 
( 

(" 

c 
c 
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CN2=(Zl*Z2*(~.A*.1F-09l**2/TJ 

CN=CNl*CN?*RHOAX**2 
CF1=?.~AME*AD*T*FTA*PI*AO/CFI~,.A0?1*1.0F-ro*VOJ 

CF?1Z?/Z 
CE3=V**3 
CF=CF1*CF~*CN2*CF1 
EC=G*AT/(?•**l.5*T*PH!1) 
\.VRTTE (6,9?.l 

9? FORMAT (*1*'7X,*DEPTH*,11X,*ENERGY TRANS*,1X'* DE/DX*) 

~1 

114 

1 
? 

9~ 

04 
cq 

115 
?00 
1 00 

FREO=J.0 
DO 114 I=hNP. 
W=ZWiAX /r--.1p 
H=C!-l)*W 
WRITF (6,94) FT 
CALL RUNKUTCFT,W,ETJ 
IF CH.GT.VJ GO TO 115 
IF CFT.GT.FC) GO TO 200 
IF(+.EO.FRFQ)GO TO ~1 

Gn TO 11A 
WPITF (A,01 J H,~T,FT(FTJ 
FREO=lO+FREO 
cnr·H I NUE 

FORMAT(2Fl0.7,?F4.1,F6.3) 
FOR~AT (5X,Fl2.6) 
FOR'v1AT ( IlOJ 
Ff"r.>PAT (Fl?e.A) 
FORMAT (* 4,~x,r10.7,~x,F1?.4,SX,F1?.4) 

GO TO 200 
H=Y 
WRITE (6,91) H,FT,FTCFTJ 
CnNTINUF 
STOP 
END 

SUPPROGRA~ FN,FP,rNJ 
FUNCTIOM FM(X) 
cm~~.ftON R 'CF' p,1 
X 1 = ( B*FXP ( X J -1.) I ( B* ( FXP ( X )-1 ·)) 
X2=R*FXPCXJ+2.13. 
X3=(J.-EXP(-X)/Rl**3• 
F "-1 = X 1 * X ? * X 1 -lf· Cf\! 
RFTUPM 

C SUBPROGRAM FFCFP,CFJ 
c 
c 

FU~KTTON FF( XJ 
((')W'1()~! P, CF' U\! 
Xl=(R*FXPCXJ-1.J/(R*CFXP(X)-1.)) 
X2=EXPC-XJ/B 
X3=1.-EXPC-X)/8 
FE=Xl*X2*X3*CE 

·. 



~ . 

c 

RF.TURN 
E"1D 

C TOTAL 
c 
c 

c 

c 
c 

FUNCTION FTCX} 
COMMON s,cE,CM 
FT=FN(X)+FF<X) 

Y=Cf\' Z =CF 
RFTURM 
END 

C SUBROUTINE PUNKUT 

- 35 -

C 4TH ORDER RUNGE-~UTTA METHOD FOR 
C SOLVING 1 ST ORDFR DIFF. FQUATTON 
c 

CM 

( 

c 

S U P. R (") U T I "lF R ti ~' l( U T ( F ' H ' X ) 
REAL Kl,f<?,K?,K4 
H=STEP SIZF X= FT 
Kl=F(X) 
K2=F<X+H*Klf?) 
K'3=F( X+H*K.2/?) 
K4=FCX+H*K3) 
X=X+H*CK1+2*K2+2*K1+K4)/6. 

C ·GLOSSARY 
c 
c 
C Zl ATOMIC NUMRFR OF INCIDENT ION 
C Z2 ATOMIC NUMRFR OF THE STRUCK ATOM 
C Al ATOMIC WEIGHT nF THF INCIDENT ATO~ 
c A '? AT m,.1 I c \~/ F I ~HT n F TH F s TR l JC I( ,AT() M 
C AD ATOMIC DENSITY OF CRYSTAL 
C AV AVOGADRO'S NUMRER 
C AME=MASS OF ELECTRON 
C VO ROHR•S RADIUS 
c 
( 

c 
c 
c 
c 
c 
c 

PHIC 
FP 
FT 
En 
AT 

CRITICAL t\NGLE 
TRA~SVERSF F~ERGY 

R FD U (FD TR M.1 VF P 5 F F r'lF PG Y 
H"l T I AL F "'FR G Y n F HI C I D Fr-H P ti rn .I CL F I N v. F V 
THO~AS-FFR~I SCREENING RADIUS 

~ PFTURt\l 
END 

6400 FN~ 0F RFC0RD 
t 0 1 • 0 1 4 ? 7 6 6 2 R • 0 R A 0 0 () 0 ')1 • 0 l l~ • 0 0 2 • 1 3 

1.2 
0.107000E~08 

t:;.431E-0R 
100 

FND 0F FTLF 
' END OF FIL.F 

'· 
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