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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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GLOSSARY OF SYMBOLS
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Description

Thomas-Fermi screening radius

Bohr radius = 0.529 A

Atomic mass number of incident ion
Atomic mass number of target ion
Distance between atoms in a row
Interplanar distance

Electronic charge

Electron rest mass

Atomic density

Total number of incident ions
Numbers of backscattered ion
Numbers of dhénneled ion

Axial rms vibrational amplitude

Incident ion velocity

Bohr velocity = 2.2 x 108 cm/sec.
Transverse enerqgy

Reduced transverse energy
Critical transverse energy

Absolute temperature; Energy trans?
ferred

Interatomic potential .

Characteristic angle for axial channel-
ing (high energy case)

Characteristic angle for axial channel-
ing (low energy case)



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 incident 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.

Atom rows

Yon

o O
O O
O O
O O
O O

Trajectory

O. O
O O
O O
O O
o O

FIGURE 1.1 - CHANNELING



This effect is commonly known as the channeling effect.

Figures 1.2 and 1.3 illustrate typical range distributions

in amorphous térgets 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



2. GENBRAL 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 profile of the implanted 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 electrons 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 théoretical treatment, at low

energy, where the stopping power is proportional to ion



velocity, electronic stopping is assumed to be of the

form [1,2]:

dE _ _ 1/2

ax = K E
where K is given by

2,2
X - 3 1/6 172
-1
(212/3 + 222/3)3/2
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Qo (ET

1/2

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

a, is the Hobr radius, E' is the energy at which the ion
velocity equals the velocity of an electron in the first
Bobr orbit, E is the ion energy, zl(zz) is the atomic number
It is

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

convenient to express the above equation in terms of dimen-
sionless parameters p and € so that equation (2.1) becomes

de _ _ 1/2
dp = K €
4 M.
where p = RNMzwa2 1 5
(Ml + M2)
_ EaM2
€= 2
Z Zze (M1 + M2)

1

Ml’M being the masses of the projectile and target respect-

2

ively, R is distance and a is the Thomas-Fermi screening

length and k is defined as

(2.1)

(2.2)

(2.3)
(2.4)

(2.5)
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2.1.2 Nuclear Stopping

Nuclear stopping is obtained by solving numerically
the Thomas-Fermi equation where the differential cross section

of energy transfer is given by [3],

do = naz _dat _ f(tl/z) (2.7)
2¢3/2 | |

1/2

where t = gsin(6/2) and 6 is the scattering angle in COM

(centre of mass) system, a is given by

2/3

~1/2
2 (2.8)

a=0.468(2,%3 + 2
1/2, . . .
and f(t ) is approximated by the expression

£(e1/2) = 1.309 2611 + (2.618¢2/3)2/3)73/2 (2.9)

2.2 Channeling

When an ion is incident on a solid in a direction
close to the direction of én‘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.



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.

wc = critical angle

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



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.
For an isolated row, the expression for static and

planar potentials are

Vaglp) = —%— fwa[(p2 + 221/2) g, (2.10)

Vo (p) = n fo 2mRvI(p? + R®)1/?] ar (2.11)

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

the areal density‘of atoms in the plane.
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FIGURE 2.2 - CONTINUUM POTENTIAL MODEL



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 tfajectory. It was
found that at high energy condition, i.e. E > E' where
E' is given by

E' = 2%

2
lzze /d

the criteria for stable trajectory is
: : 1/2
< vy = 22,262/ (Ea)) Y/
At low energy condition, E < E',

bo< vy = 15V g/t

where w1 and wz are applicable with E = E’

Il

In the planar case ¢1 0.9311)a

where wa = (21Tzlz2e2aNdp/E)l/2

and dp is the planar distance.

(2.12)

(2.13)

(2.14)

(2.15)



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 in 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 [5],

TrNdzp2 /‘Z pA e2 2 Aexp(€) - 1

d <E > _ ax[ “172
dz E°C2a2 \ d A(exp(€) - 1)
(Aexp(s) + 5)(1 - exg(—e)) (2.16)
A

and the expression for £ due to electronic collisions is

3 2
A 2mev NdEeﬂao/leze

2 .
o o, fleg 2o -
dz ' E,v, \ a z | Aexp(8) - 1)

[exp(—é)](l exp(-§>) (2.17)
A A
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where
c? = 3
| 2 2 |
a o=l | (2.18)
re
r? = (nam) "t (2.19)
7 = (ZZ/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 in
" 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 d is used to determine the
location of nuclear scattering [6,7]. A second random
number d, is used to find the scattering angle in COM
system. The energy transferred and the scattering

angle is related by

2

= gin

(6/2)

!-3|H

m

where T = YE,

_ 2
Y 4M1M2/(Ml + M2)
The azimuthal angle ¢ is determined by the
third random number q, so that ¢ is given by B

¢ = 2mq,

For a given initial energy E, 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 [8] that for subsequent
collisions the new scattering angles after n+l colli-

sons in the laboratory system are given by

i

cos (en cosencosel - 51nencos¢151nel (3.5)

+1>

sin (¢n+l) (cosen31n¢ncos¢151nel + cos¢n31n¢lslnel

+ 31n6n31n¢ncosel)/51nen+l (3.6)

The projected range is

n
P = § (actual distance)ncos(en (3.7)

+1)

(2) A check is made at each collision to
determine (i) whether the projected range is negative
or positive. In the former case the ion is considered
to be backscattered. (ii) whether the ion falls within
a channel direction. 1If 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,

A (E,,T) £ (¢€) (3.8)

Q-lea
N

o

i

A

m>
\%
i

Be(Eo,T) fe(g) (3.9)

. where ~v _ Aexp(E) -1 ~ 2 _ _a 3 |
fn(e) = A{exp (5] = 1)(Aexp(e) + §)(l exp( €)/An) (3.10)
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Ay _ Aexp(€) - 1 _ _a exp (-£€)
£.(8) = Aoy =17 (1 - exp(-8)/A) (=0 (3.1D)

For a given temperature and incident energy,

equations (3.8) and (3.9) becomes

<€>n, = Anfn(e) (3.12)

g_;:_<e>e =ane(s) ’ (3.13)

Addition of equations (3.12) and (3.13) yields
the total rate of increase of the transverse energy <£€>.

Therefore,

<E> = Anfn(e) + ane(e) (3.14)

Q.alm
N

Equation (3.14) can be solved numerically on
a computer to give the penetration depth. The ion is
considered to be dechanneled when the transverse energy
exceeds the critical value, i.e. when € > £€*, where €%

is given by
Ca (3.15)

(23/2y)a

% =

The procedure is continued until the ion history

is terminated.



4. COMPUTATIONS AND RESULTS

Two éomputer 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, its orientation is
determined by the steps as described in Section 3. 1If 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-channeling - 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 enerqgy, it is considered to be scattered continu-
ously as before until the ion history is terminated, or be
stopped inside the channel. 1In 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 energy
of 2.7 Kev were traced for 300 particles.  Typical results
of the projected 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.



- 15 -

o
=
(%)

(H',5i)

o
=
(=]

o
B

o
w

o

DEPTH (um)

T |
0 1 2 3 4

Incident Angle (degrees)

FIGURE 4.1 - CALCULATED PENETRATION DEPTH OF
A CHANNELED ION VERSUS INCIDENT ANGLE
(E,=1.2 Kev)

0.30
+ .
fg (H' ,s1)
Z20.20
£ 0.10
B o.
[ea]
(]
0-0 i ] T T "
0 1 2 3 4

Incident Angle (degrees)

FIGURE 4.2 - CALCULATED PENETRATION DEPTH OF
A CHANNELED ION VERSUS INCIDENT ANGLE
(E,=4.6 Kev)



DEPTH (um)

- .16 =

(H',81)

0 1 2 2 4
Incident Angle (degrees)

FIGURE 4.3 - CALCULATED PENETRATION DEPTH OF )
A CHANNELED ION VERSUS INCIDENT ANGLE
(E,=20 Kev)



NUMBER

60

40

20

- 17 -

(ut,81)

NT?3OO

___—r___r‘—“ NB=36, NC=26

T |
0 500 1000

Depth {(Angstrom)

FIGURE 4.4 - RANGE DISTRIBUTION OF (H+,Si) AT
INCIDENT ENERGY OF 1.2 Kev
(CRYSTALLINE CASE)



NUMBER

- 18 -

60
', si)
N_=300
40 . T
Y NB=41
20
0 : '
0 500 . 1000

Depth (Angstrom)

FIGURE 4.5 - RANGE DISTRIBUTION OF (H+,Si) AT
INCIDENT ENERGY OF 1.2 Kev
(AMORPHOUS CASE)



NUMBER

80

60

40

20

_19_

(He,Si)

NT=300

NB=30, NC=16

¥

0 . 500 | 1000
Depth (Angstrom)
FIGURE 4.6 - RANGE DISTRIBUTION OF (He,Si) AT

INCIDENT ENERGY OF 2.7 Kev
(CRYSTALLINE CASE)



NUMBER

80

60

40

20

- 20 -

— ] , (He,S1)

NT=3OO

1
0 500 1000
Depth (Angstrom)
FIGURE 4.7 - RANGE DISTRIBUTION OF (He,Si) AT

INCIDENT ENERGY OF 2.7 Kev
(AMORPHOUS CASE)



- 21 -

5. CONCLUSIONS

A computer code, incorporating a Monte Carlo
technique and the directional effect of crystalline solids
has been developed to investigate the dechanneling of
energetic ions in crystalline solids and hence to 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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708 NA=
MB=g
GO TO 780
707 NA=8
NR=16
GO TN 750
709 NA=16
NR=24
GO Tn 750
711 - NA=24
NR=32
750 DO B00 T=NMANR.
TFLFT=F(I)) RN2480N71 4800
a00 CANTINUF
801 EI=F (1)
RO=R(1)_
GO TO 803
R02 RO=R(I=1)1+(R{II=P(I=1)Y/(F(I)=E(I~1))X¥(ET=-E(I-1))
RO3 CALL FRANDN (RN1s140)
IF(RNlanoll’ Gﬂ Tﬂ hOO
DEFLR=ALNG(T e =PMNT)
R1=RO+DFLR
IF (R1.LTR(1}) GO TO 400
IF(RTI=-RIR)) 605+:605,606
606 IF(RTI=R(1A)) A0T+60T 608
608 [FIRI=R(24)) ADO4609+4610
610 IF(R1-R(32)) 6116119612
617 NA=3D
NR =40
GO TN 017
605 MA=1
NR=8
, GO Tn 911
507 NA=8
MR=16
GO TN 911
~r0Q NA=14
NR=27
GO TO 911



611 NA=24
NR =32
511 PN 600 T=NAsNA
IF(RTI-R(I)) 60246015600
600 CONTINUIE
601 R1=R(1)
FR=F (1)
GO TO 6073
602 ER=F(I-1)+(F(T1)=F(T=1))/(R(I)=R(T=1))%(R1=P(I=-1))
6073 EPS=CONG6OIHER
124 DIKY=CONIDL/FKX(SORT(FTI)-SCRT(FER))
IF(D(K).LT.%.F-OR) D(K)=7.5F*OR
C ND(K)Y TS ACTUAL DISTANCFE TRAVFRSED RY TN
AA=STNIDFTAY*SIN(FHT Y
RR=SINI(DFTAY*COS{FHT)
CC=COS(NFTA)
PX=D(K)*AA
PY=D(K)*BR
PZ=D{K)*CC
PRZ2=PPRZ14+P7Z
DRY?=PRY ] +PY
PRX2=PNX1+PX
PRP=PRZ2*41F+07

L=PRP
L=L+1
18 IF(PRZY) 22922273
22 M=M+1 :
C RACK-SCATTERING ANGLE 1S EPSI(1)

NS=-PRZ1/CNS{EPST (1))
NS=ARS(DS)

C DS 1S THF DISTANCFE TO THE. SURFACF
FRE=(SORT(FTHCOMD D)= 6AFKEDS ) # %D /COND D
ERKT=FRKT+FERK

C ERK BACK-SCATTERING ENERGY
BA=PI-FPSI(1)

RAY=PHI (1)
RAT=RATH®IRG,, /P
RA=RA%1R0, /0]
ANGT=ANGT +BA

'e NA IS THF RACK-SCATTFRING ANARLF M DFGRFFES

WRITE (6£4+9) FRK +BAsBA]
L10=TFIX(FRK#104¥+1,
FMDISTLI0Y=FNDISTILIO)+1.
IF (PALT.20.) FNO3O(LTION=FDO30(1L10)+1, 4
TF (PAGAT e300 e e ANNGRALLT604) FRRATA0ILINI=FNROAC(ILIOY+T,
TF (RALGF«60s) FDACQD(LIN)I=EDARO2N(LIN)+],
IFIFRKLTEMIN) FMIN=FRYK
IF (FBKOGTLFMAX) FMAX=FRK
WRITF(6,3)
WRITF(6+411) NN
WRITE (642)
GO TO 400
22 TF(FR«GT Ne1 ) GO TO 181
PRPP(L)Y=PPPP (L )+,
GNn TN 400
1RO CALL FRANDM (PN2sTs0)

C CALCULATICMN NOF SCATTERING AMGLE IN CoaMe SYSTEM

IF (FPS5—-.1) RR4777s777



an K1=1

A Tn 10

777 IF (FPS=1e) 4494233,43337

44 KI=IFIX{EDPS*]10,)
[IF{(FPS-EPSARR(K]))eGTaeN?) Kl=K1+1
GN TN 19

3373 K1=TFIX(EPS}+9 »
IF((EPS-FEPSARRIKTI )} eGTaehH ) K1=K1 +1

19 IF(RN2-.005)R9,90,90
po V=1
G0 To 910
a0 IF (RN2«GFae95) GO TO Q1R

K2=TFIX(RN2%*1000,/5,.)
Gn 70 919 ‘ ’
Q1R IF (RN?2.CT.e295) 60 TO 917
K2=TFIX{RN?2¥1000,/8,)
K3=K2+1 ' '
THETA1=THET (kD50 )
THETA?=THFT (v 2,1 1)
THETA=(THETATH (RN =F KMV X{THF TA2=THFETAT I/ (F(KaY-F(K2)))%PT/180.
GO Tn 916 -
al7 K2=TFIX{(RPNP?-a008)/,00C5)+199
K3=K2+1
THFTA1=THFT(K?.%K1)
THETA?=THFT (¥ 24K 1)
THFETA=(THFETAT+ (RN2=F (K2 )Y ¥ (THFTAS=THFTATY/(F{KR)=F(X2)) ) %P1 /1N,
GO TN 014
Q1@ THETA=THFT(K? K1) %P /180,
0164 FT={SIN(TREFTA/D ) 1%%2,
TVART =A#CNSITHET M)
52 N=(TVAR] +la )/ (AR#D+2 4 #TVARY +] o ) HH 4B
EPST(K)Y=ACOS(Q)
-~ TVARD?=14-ALPHA
92 FI=FR¥*¥(7]4- TVARD®FET)
C F1 PARTICLF FMFRAY AFTFR NUCLFAR COLLTISION
Y:?u*(FI*]06021*10E“OQ)*%05/EK
FCOL=FR®TVARP%FT
FCOLTIL)=FCOLTLI+FECOL
TF(FCOL«GTL0405) FCOLF(L)=FCOLE(LY4+FCOL
177 NN=NN+1
IF(FTAT.0.1TY G T 170
PRPP (1 )=PROP ([ )+1,
AN TN 400
170 CALL FRANDN (RN7241,0)
PHI(K ) =D ¥PTHRN?
Ul=FpPST(1)
Up=FpSsI(2)
V1=PHI{1)
V2=PHI (7))
NETA=ACOS(COT{UII*CNSIUPYV=STNIUIYXCOSIV2Y#STNILI2))
D11 =STMILDY#STNIV?)
U12=COS(U2y#SINILTY
U13=STNIU2) %NSV )Y 2CNnS(1T1)
NEHT=ATAN(UT I/ (124U T3)) '
FHI=DIHT+V]
TF (FHILLTLUa) GO TO &0
N TN A2
AN FHI=24#NT4FH]T
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63 IF (FHIWAT(2%¥DT)Y) GO TN A1
G0 TO 43
H1 DO 66 T=1s00
X=FHI-T%*24%P]
TF (XeGTal2.%PTY) GN TO 66
Gn TN g5
66 CONTINUF
65 FHI=X
43 AA=SINI(DETA)*SINIFHI)
RR=SIN(NFTA)Y*COS(FHT)
CC=CNS(DFTM)
FRSTA=DFTAx®10, /D]
PHIA=FHI*¥180./P1
162 IF (PHTAGLF. 24eANNPHTALAFL.358,) GO TO 51
' ITF (PHTIAWL Te e e ANNJPHT A GF, IRR1,) GO TO 51

IF (FPSIALLE. Pe e AMDGFPSTALGF, 158, ) O TO &3
IF (FPSTAWLLF. 147e¢ AMD o FPSTALGE, 137.) GO TO 54
6N TO Q0

54 1F (PHIAWLE. 47 ¢ e AMD G PHIAGGE o 43, GO TO 131
IF (PHIAGLLT. 2234 e ANDGPHIASGF 313,) GO TO 132
IF (PHIAGLE . 02 e e AND¢PHIALGF . 82.) O TO 133
Gn Tn 80

53 IF (PHTA.LF. 1370 e ANDWGPHTIAGGF s 122,) GO TO 124
IF (PHIAGLF. 47 ¢ « ANDWPHTA SGF o 43,) 0O TO 135
GO Tn 80 :

51 IF (FPSIACLFa 2eeANDFPSIALGF. 358,11 a0 T0 136
IF (FPSIACLF et 7eeANDJFEPSTALGFL43,) GO TO 137
60 TN 8]0

121 FHD=ARS(FPSIA-130,0)%¥P1/120.
G TO 140

132 FHN=ARGS(FPSIA=129,0)1%P1 /180,
GN TN 140

133 FHD=ARG(FPSTA-120,0)%¥PT /180N,
GA T 140

134 IF(FPSIACGF3584) FPSIA=360,~FPSIA
FHD=ARS(FDPSTIA=0.)%PT/180,
GO TO 140

125 TF(FPSTALGF358,) FPSTA=3AN,-FPSTA
FHND=ARC (PSS AN 2D /12N,
GN TN 140

134 TFI(FPSTIAFe388,) FPSTA=260-FPSTA
FHD=ARS(FPSIA=0) %01 /180,
GA TN 140

127 FHD=ARS(FPSTA-45,0)1%P1/1R0,
GO TO 140

ad GNn TN 24

140 WRTITE (As772)
WRITE (£47)
MAL =P 4 1

IF (FHD«LF«Da02&) N TO 20
FP=FT#FHD**7 %] 4602 1%7 (F=00
FT=FP*(T/(71%72% (4 4R3#,1F=09)3#%2))
FRFEA=10

N 114 T=1aMP

W=ZMAX /NP

H=(I-1)%W



114

201

36
142

400

000

WRITE (64+94) FT

CALL RUNVUTIFTTsWeFT)
TF (HeGTLYY 60 TN oM
IF (FTLGCTLFC)Y AN TN 116
CANT [ NUIF

GN TN 116

H=Y

E1=0,05
AA=STIN(DFTA)*SIN(FHI)
RR=STIN(DFTA)XCOS(FHI)
CC=ARS(COSIDFTAY)
PX=AA*H

AV L AW

©72=CC#*H
PRX2=PRX1+PX
PRY2=PRY1+PY
PRZ2=PRZ1+P2Z
WRITF (6+6) PZ
DRINT (Hy46) PRZD
DPEP=PR7 2%, 1F+07
| =PPRP
L=L+]
PRPP (L) =PRPP{L) +1.
EPSI(11=DETA
PHI(1)=FHT
PRZ1=PRZ7
DRY1=PPYD
PRX1=PRX)
K=
GO TO 800
CONTINUE
VRITE(697) V-
WRITF(6s2)
WRITF (6+75) MM
WRITE (643)
RSN =M
AFRK=FRE T /RSN
WPTTF{Aa14) AFR¥
WRTTF(6s2)
AANG=ANGT /RSN
WRTITE(6+15) AANG
WRTTF(6s2)
WRITF(As172)
WRTTF(Ae2)
DA 900 1 =1+380
WRITF(6512) PRPP (L)

- CONTINUF

WRITE(6+3)
TOTMNP =10,
El=1e7 :
TRTEN=TOTNP*E]

WRITF(As16)

DO 910 L=1,50
ETOTA(LY=FCOLTLY/TOTEN
WRTITF(Rs?METATA(L)
COMTINUF

WRITE(6+3)

WRITE(As21)

28



920

1001
2000
1000
1001

2001

3002

3003
3004

f1004

DB/ ~JPU P WN =
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DN 920 L= ]950

FCOLA(L)*FCOLF(L)/TOTEN

WRITE(6+20) ECOLALL)

CONTINUE

WRITE (6s3)

WRITE (6+1003)

FORMAT (5X+%NOs OF PARTICLES PER ENERGY INCREMENT#*)

WRITE (6+3)

WRITE (653000)

FORMAT (5Xs*ENERGY INTFRVALS*s X s%*NO o OF PARTICLES*#/12Xs*(EV)*)

DO 1000 I=1,50

J10=1%*100

J20=410-100

PRINT 1001s J20sJ10ENDIST(I)

CONTINUE

FORMAT (7TX s 14 y%— *914912X9F10 4)

WRITE (693) .

WRITE (6+3001)

FORMAT (5Xs#CLASSIFICATION OF BACK-SCATTERED 'PARTICLES ACCORDING*/
15X s%#TQ THE BACK-SCATTERED ENERGY AND THE BACK-SCATTERING ANGLE. *)

WRITE (64+3)

WRITE {(6+3002)

FORMAT (5X>*ENERGY INTRVALS*,5Xs%#N0Os OF PARTICLES#*,5X,*NO. OF PART
1ICLES *95X9%N0Os OF PARTICLES#/11Xs#(EV)#,16Xs*¥0-30%517Xs%*30-60%17X
19%60=-90%)

DO 3003 I=1s50
J20=J10-100

J10=1%100
WRITE (653004) J20+J10,EDO30(1),ED3060(1)HEDKD90(T)

CONTINUE

FORMAT (TXs1ts%— *9IQ9IOX’F10 4911XsF10,4912XsF10. 4)

WRITE (693) ,

WRITF (6+1004) EMINsEMAX A

FORMAT(5Xs*MIN., RACKSCATTERED FNERGY=%sF15,7/5Xs#*MAX, BACK-SCATT
1ERED ENERGY=#3E1548)

FORMAT(2F104732F4415F643)

FORMAT(SX 9*INITIAL ENERGY=%sF%.2)

FORMAT(//)

FORMATI(E1246)

FORMAT{5X o #PARTICLE NUMBER¥*)

FORMAT(B5XsE1246)

FORMAT (5X s ¥*NUMBRER OF BACK-SCATTERED PARTICLFS=%,14)

FORMAT(6E1246)

FORMAT (65X s ¥BACK~SCATTERED ENFRGY=%#3F12,695X s *BACK-SCATTERING ANGLE
1=%#9FB8+435X s *BACKSCHAZIMUTHAL ARGLE=%¥3F844/)

11 FORMAT(5Xs#NUMBER OF COLLISIONS *s13)

12 FORMAT({5XsF842)

12 FORMAT(5Xs#PROJECTED RANGE —- NUMRER/100 ANGSTROMSH*)
14 FORMAT{S5X s ¥AVERAGE SCATTFRFD ENFRGY=%¥3E1246)

15 FORMAT(5X+s#AVERAGF SCATTFRFD ANGLE=#5FB844)

16 FORMAT(5Xs*DAMAGE ENERGY FRACTION/100 ANG*)

20 FORMAT(5X9E12.6)

21
110
921
927

27
5a

FORMAT(5X s #DAMAGFE EMERGY FRACTION/100 ANGsGTL.05 KEV*)
FORMAT(3XsF94595XsFT7e595X3F7e5)

FORMAT (66X o % THETAX 99X s #EPS*# 98X s #¥RANDe NO#*)

FORMAT {6Xsl4)

FORMAT (5Xs12s4X92F15.10C)
FORMAT (s8Xs#+COL NO. NDISTAMCE AMGLE*)



71
72
72
74
75

C
21
913
94

C

C .

C

C

C

C

C

C

C

C

¢

C

C

C

C

C

c

c

%

FORMAT(GXs4F1U046)
FORMAT(EX42E124.6)

FORMAT (85X+*TON HITS A CHANNEL®),

30 -

FARMAT (5XsF124695XsF1245)

FORMAT (85X e*NUMBFP NF CHAMNELED

FORPMAT (6X
FORMAT (110}
FORMAT (F12e6)
STOP

END

SUBPROGRAM FNsFPoCN)

FUNCTION FNI(X)
COMMON BsCEsCN

Xl—(B*FXD(X)—].)/(R*(FXP(X)—1o))

X2=R*EXP(X)+2e/72,

X3=(1e=EXP(=X)/B) %33,

FN=XI1#X2*¥X3%CN
RETURN
FND

SUBPROGRAM FE(EPSCF)

FUNCTION FE(X)
COMMNN R4 CFE s CM

XT=(B*FXP(X) =1 )/ {RE{EXP{X)=~T4))

X7 =FXP(~X) /R
X3=14—FXP(=X)/R
FF=X1%X2%X3%CF
PETURN

FND

TOTAL

FUNCTINM FTT(X)

COMMON Ry CF 4 CM

FTT=FN(XY+FF (X)
y=CN Z=Ck

RETURN

FAD

SURRQUTINFE RPUNKUT

4TH ORNER RUMGF-KUTTA

SOLVING 1 ST ORDFR NDIFF.

METHOD FOR
FOUATINON

SUBROUTINEG RUNKUT(FsHsX)

PFAL K1e¥ D2 KR yW4
H=STrEP S172F X=
v1=F(X) i
Ko=F (X+Hx¥1/2)
KR=F (X+Hxk2/2)
Ko=F ( X+H¥3)

=T

X=XAHHH (K1 +2#K24+2RK3+KL) /6

D/\PTICI 552*9 14)

sF10e735XsF124435X9E1264)



C
C
C GLOSSARY
C
C .
C 21 ATOMIC NUMRER OF INCIDFNT ION
C z2 ATOMIC NUMBER OF THE STRUCK ATOM
C Al ATOMIC WFIGHT OF THE INCIDENT ATOM
C A? ATOMTIC WFTGHT nF THF STR'Cv ATOM
C AD ATOMIC DENSTTY OF CRYSTAL
c AV AVOGADRO'S MUMRER
C AMF=MASSL OF FLFCTRON
C v ROHR 'S RADIUS
C PHIC CRITICAL ANGLE
C EP TRANSVERSFE ENERGY
C ET REDUCED TRANVERSE ENERGY '
C FO TNTTTAL FNERGY OF JINCIODENT PARTICLE IN KEV
C AT THOMAS-FFRMT SCRFENTNG RADTUS
( .
C
C
RETHRN
END
' 6400 END OF RECORD

04,014276628.,086000002,0144002433
Ne1NTNNNF-NR
5.421F=08
100

+239314F+03
«29L6H0F+03
«3229A5E+03
«343480E+03
«357901E+03
«26R3ASE+02
3THOPRE 40
«3B421TF+03
«290437E+07
«29B5R72F+07
6 H93TE4+073
«484LLOQE+03
C4OLROIE+03
«501564F+073
«BNAIRRF+07
«500833F+0"7
«B12600F4+01
«514R50F+03
«516699F+07
«51R754F+07
+5106R]F+02
«BP0T72TF+03
c521727F+03
«BP260RF+03
.523300F+073
«R24NAPF+03
«524716F+03
«5257R4E+03
e H25T79QFE+02
«526269F+07



«BPAR620F+0R
«e527008F+07
«52T7H59F+07
«e527796E+03
«528100E+03
«528300F+073
«528670FE+03
s MPRADPAE+(7
«eH291ANDF+NA
«529382F+07
e MM RGTOF-01
« 1R0724F+00
e 284601E+00
2« A794ARE+0O0C
et T743235F+00
eRFAAPO2F+00
e AARLHNAOFL0ON
e 78202AF+0O0
«253203F+00
e QURATNOE+00
f423854E+01
« TEPR4IF+0]
« 1NRIRZF+0O?
«1410R1E402
¢ 1739RNE4+02
«P06B79E+07
«230777F+072
P T26THREHQD
«3N65T7RE+07
e 2224 TLEHOD
«3712T72F+02
N4 PTIE+0?
«tRT71T7NF+0?
wH470068F+07
«S0PORTF+0D
«536RALKE+0?
«RAERTHHEHD?
«601663E+02
e BRORAPF 0D
AATHLADE+D?
« 7O0NRRAEHNY
e 7337265RF+072
e THH1R6E+CD
e 799055E+07
«B31954F+02
«BROLARRDEHOD
«BOTTETIFH0?
«O20AK0F+0?
. «363549F 402
e QO0KHLTEHUD
END OF FILF



GUSR, v : KoK e KWOK

FTN. :

LGN

' 6600 FND NF RFCARD '
PROGRAM TST (INPUT,0OUTRPUT s TAPES=INPUT»TAPEA=OUTPUT)

C

C

c CALCULATION OF CHANNELING LENGTH

C

C MAIN PROGRAM

C

C

EXTERNAL FEsFMSFT
COMMON RosCFE s CN
INTEGER FREND
(43 READ(&8 1) ATsAD 7217272 sRHD
READ (5y 2) E1
READ (5+94) RHOAX
READ (5,94) T
READ (5,93) NP
WRITE (642) Al
WRITFE (As2) A2
WRITE (6s2) 71
WRITF (6s2) 22
WRITFE (642) RHN
WRITE (651) AlsA?s21972sRHD
WRITE (hs 2) FI
WRITE (6s94) PHOAX
WRITE (5+94) T
WRITE (6+9272) NP
PI1=3.,141522K5
AV=Coe&2252%1 4 0F+2¢
+D=RHO¥AV/AD
FK=Re ¥PT¥ADK (2 o 0¥ ¢ 1F=00)1%%0% ,520% 4 1F~07/{05 #1,/021%41F-0R) %0 5%
121 #3307 /6o VHLD /(2 1% R (D /2 V+20¥ X (Da/ 2, ) )V ¥¥(2,/D,)
Y=SORT(ET#1,6021%1,F~001%2,0/FK
WRITE (6s2) FK
WRITE (6s2) Y
ZMAX=Y
FHD=0.0
DO 100 M=1,20
FHD=0.00254+FHD
WRITF (692) FHD
G=3+%%0e5
2=(21%%(2e/3a)+722%%(2e/20) )% (3e/2)
AT=0,4685#1,F-08%Z%x(~14/34)
RO=(AD®#T#PTI)%¥%(14/24)
FP=FI#FHN®#*2%] ,60721%] ,F~0G
FT=FP¥(T/(Z1%#22%(4,8%.1F-00)1%x%x2))
DHIT=(2e¥Z1%72% {5 o030 1E=C0)%%2/ (EI%18021% 1E-0R%T) ) ¥X0,5H
R=34#AT*%2/(ROX%2)14+1.0
V(P *EI#1,6021%,1F-08/A1)1%%0,5
PHIC=(G¥AT/ (D« #%0s5%T)#PHI1 ) ¥%*0,5
AMEF=0,11%1.F-7R
VO=247%1,0E+00
/\OSO. F\?R*.‘ .E"‘OP
FTA=Z1%%1e/6
CNT2(PT*ANET®%2 ) /{FT#71 ,60071%7 40F-00%G¥x2#ATR%D)



DO NN

- 34 =

CN2=(Z1%22% (L eR%1E-00)*%2/T7)
CN=CN1#CN2*¥RHOAX#*D
CR1=2 dMAMEXADXTHRETAXP I HXANQ/(FI* 1602137 OF-CaxVQD)
CFE2322/2 '
CE3=V*x3
CE=CE1%#CF2#CN2*CF3
EC=G*AT/ (Do **] ¢5*TH*DHI )
WRITE (64+92) .
a2 FORMAT (%#71#s 7Xs%DFEPTH%*s11Xe*¥ENERGY TRANS#s32X % DE/DX3*)

FREQ=10
DO 114 T=1sNP
W=ZMAX /NP
H=(1-1)%W
WRITE (6+94) FT
CALL RUMKUTI(FTsWsET)
IF (HeGTWeY) GO TO 115
IF (FT.GT.FC)Y GO T0O 200
IF(+.EQ.FRFNIGO TO =1
GN IO 114

27 WRITF (As01) HeETSFTLFT)
FREN=10+FREN

114 CONTINUE

1 FORMATI(2F104792F441sF643)
? FORMAT (5XsF12.6) '
91 FORMAT (110)
a4 FORMAT (F12e6)
Q1 FORMAT (% #98XsF 104798 XoF124495XsF12e4)
GO To 200 :
115 H=Y
P00 WRITE (6+91) HsFTHFT(ET)
100 CNONTINUE
SToP
END

SURPROGRAM FN,FPsCN)

FUNCTION FN(X)

COMMNN B, CEsCN -
X1=(BHFXPIX) =1 )/ (BHEXP(X)=1a))
X2=R#¥EXP(X)+24/3
X3=(1e—EXP(=-X}/R)®%3,
FN=XT1#X2#X3xCN

RETURN

END

SUBPROGRAM FE(FPsCE)

FUNCTINN FF(X)

COMMNON Ry CF s CN
X1=(REFXP{X) =11/ (RE(FXP(X)~14))
X2=EXP(-X)/B :
X3=1a-EXP(-X)/R

FE=X1%X2%¥X3%CE



RETURN
END

TOTAL

oNaRaNg!

FUNCTION FT(X)
COMMON RyCES»CN
FT=FN(X)+FF (X)
Y=CN Z=CF
RETURN

END

M)

SURROUTINE PUNKUT
4TH ORDFR RUNGE-XUTTA METHOD FOR
SOLVING 1 ST ORDFR DIFF. FQUATINON

s Ve NaNANS!

SURRAUT INF RUNMKFUT(FsH e X)
REAL K1sK2eK 39K

H=STFP SI1ZF X= FT
Kil1=F(X)

K2=F ( X+H*K1/?)

K3=F (X+H*K2/2}
Ka=F ( X+H¥K?3)

X=X+H¥ (K14+2%K24+2%K3+K4L ) /6

M
=

‘GLOSSARY

Z1 ATOMIC NUMBFR OF INCIDENT ION

22 ATOMIC NUMBRER OF THFE STRUCK ATOM
Al ATOMIC WFIGHT OF THF INCIDENT ATOM
AD ATOMIC WFIGHT OF THF STRUCK ATNM

AD ATOMIC NENSITY OF CRYSTAL

AV AVOGADRO'S NUMRER

AME=MASS OF ELECTRON

Vo BOHR 'S RADIUS

PHIC CRITICAL ANGLE

Fp TRANSVERSF FNERGY

FT REDUCED TRANVFRSF FNFRGY

Fo INITIAL FMIFRGY OF INCIDFNT PARTICLE IN WEV
AT THOMAS—-FFRMI SCREENING RADIUS '
PFTURN

END

' 6400 FNN OF RFCORD
01.014276628.,086000001,014.002.373
1e2
Ne 107000E=08
5,431E-08
, 100
' END OF FILF
' END OF FILF
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