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1. Massa: A COMPUTER PROGRAMME TO DESCRIBE ION MOTION IN 
SINGLE-CRYSTALS. 

This programme can be used in several kinds of studies concer­
ned with the passa ge of charged ions in single crystals. In the following a 
version is presented with reference to the axial blocking. This beca use the 
programme was originally written as an aid in the interpretation of lifetime 
measurements, exploiting the axial blocking, made by a Bologna-Harwell 
group(1). Anyway the programme structure may be easily adapted to diffe­
rent phenomena under investigation (e. g. channelling radiation damage, 
flu x pea king ('tc. ) and to several kinds of crystal lattices. 

Some advantages were found in computer simulations of ions mo­
tion in c rystals , with respect to analytical techniques(2), mainly as for the 
possibility of changing easily the general conditions under which 'phenomena 
take place. 

The ultimate limitation of s uch a technique is given by the quite 
long computer times required to obtain an accurate enough statistics, which 
can make this procedure too expensive. 

Description of the model (schematic). -

The programme may deal with three kinds of crystal structures 
among the most frequently used in the experiments: face-centered cubic 
(f. c. c. ), body-centered cubic (b. c. c. ) and diamond. The main axes of each 
structure were considered , i. e. < 100), <' 1l 0'), <Ill>. The programme li 
sting of this report refers to a f. c , c . structure. 

Charged ions are supposed to follow classical trajectories(3) wi­
thin a regulare crystal lattice and to interact with crystal a toms through a 
central Thomas - Fermi potential. We assume also that the ions have only 
one important interaction at a time: for each interaction the deflection is 
computed by the impulse approximation, 

Lattice atoms are allowed to oscillate, by thermal vibration, 
around their equilibrium positions. 
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As for the blocking, the starting plane of every ion is randomly 
chosen within the crystal, while the position in this plane is the one of the 
first scattered atom. 

If one is concerned with compo und nuclear lifetime effects this 
position is corrected by a displacement weithted on a suitable exponential 
position distribution, which depends on th e lifetime and on the recoil velo 
city of the compound system. 

The ion emerging direction is randomly chosen within a rotation 
cone of prefixed width centered around the blocking axis. 

More physical details abo ut t he model can be found in ref. (4) and 
in references therein. 

The programme classifies the ions leaving the crystal according 
to their direction with respect to the blocking axis and gives the ions distrl 
bution on a plane perpendicular to the blocking axis; beside this it calcula­
tes some quantities often used in literature. 

Language and speed. -

The programme has been compiled in Fortran IV for use on the 
CDC 6600 computer at Centro Interuniversitario dell'Italia Nord Orientale 
(Casalecchio-Bologna). l\. time of abouL 365 sec. is required to follow 1000 
ions trajectories through a 1000 atomic planes thick crystal (i. e. 14441\ 
for an Ag crystal, -< 110) axis). 

The programme. -

In the first page of the listing all the quantities can be found 
which may be adapted to the particular conditions of i n terest. In the follo­
wing the meaning of the non-trivial symbols is explained. 

ASSE This parameter as to be fixed equal to 100., 11 0., or Ill. if one 
is concerned respectively with <100>, < 110'>; or < Ill ) axis. 

NMAX The value of this parameter gives the number of incident ions 
(this number has to be fixed according 10 the statistical accuracy 
required). 

NPRO This parameter is connected to the crystal thickness through the 
following definition: 

NPRO 
= c rys tal thickne s s 

DIMZ (R) 

o 
(A) 

where DIM,!'; (see later) denotes the distance, in the crystal, betw~ 
en two adjacent atomic planes perpendicular to the axis. As the 
first ion-atom collision may take place everywhere within the cry-

I . 0 ,,&.u 
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stal, the number of the atoms which are taken into account in a 
single trajectory is between 1 and NPRO. 

NOSC The value of this parameter gives the number of thermally vibr~ 
ting atoms along each trajectory. In the programme these NOSC 
vibrating atoms are adjacent and ordered starting from the atom 
with which the first collision take~ place. 

A PER This parameter gives the half width (in rad. ) of the rotation cone 
where ions can be emitted. 

RANGX}The range of every atomic potential is assumed to be a rectaw;le 
RANGY on a plane perpendicular to the row. RANGX and RANGY (in X) 

measure the sides of this rectangle. 
TA U In lifetbme effect studies this parameter is given by the product 

'i"' (in A), where", is the mean lifetime of the compound system 
and vJ. is the component of th e recoil velocity normal to the row. 
In absence of lifetime effects TA U has to be set equal to O. 

SCAT l With reference 1:0 Figs. 4 and 5, the values of these parameters 
SCAX \ denote the dimensions of the intervals where ions leaving the cry 

stal are classified. 

The programme works in terms of a polar reference frame, 
whose axis lies along the row. The sense in which the ion moves into the 
crystal is assumed as positive. With reference to Fig. 1, aX and Ely den!2. 
te the "components" of a on a plane normal to the row. In the low-angle 
approximation (which it; usually widely satisfied) 

- 1 (6y ) P = tg 
aX 

( 1 ) 

Fig . l 

% 

X 

BLOCKING 
AXIS 
~ 

ll; 
r ~ 1 

FIG. 1 - Reference frame to follow the ions through the crystal. 
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Ions leaving the crystal are classified in two ways: according 
to their 9 (i. e. withou t reference to rp) and according to their [9X ' 9y J 
respectively. The programme computes the values of the corresponding 
intervals, according to the chosen dimensions (SCAT, SCAX). Successi 
vely the programme computes the Thomas-Fermi screening parameter 

(2 ) 

where tt Planck constant/2.1t 
m, e electron mass and charge 
Z l' Z2 atomic numbers of colliding particles 

and the root mean square displacement due to thermal vibrations , in each 
direction 

(3 ) 
2 

x 

2 
3li. T 

= ---

where k Boltzmann constant 
M crystal atomic mass, in a. m. u. 
e crystal Debye temperature, in oK 
T crystal temperature, in oK. 

It follows that the position probability density of an atom along a 
direction (e. g. X) may be written as 

. exp [ - x2 /2 :ZJ 
P{x) = ,r 

V 2 .1t x2 
(4) 

An exponential law is assumed in the case TAU f 0 for the de­
cay of the nuclear compound states 

(5 ) 1 - J P(s) = = exp I -sis s _ 

where s is the distance of the compound nucleus from the r ow and s = v ... t" -

~ TA U. The programme no w is ready to follow the first ion through the cry 
stal. The emission direction of the ion is randomly chosen within a cone 
(see the definition of APER) by means of the subroutine RANF which gener~ 
tes random numbers between 0 and 1. 

If TA U = 0 the emission position is tempo rarely set in a point of 
the row; if TAU f 0 this position is obtained from the exponential distribu ­
tion 5. 

The numbe r of atomic planes along the path of the ion is then ran 
domly chosen between 0 and NPRO. 

. I 
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The emission position is then corrected for thermal vibration 
by means of the distribution 4, following the method of ref. (5). 

The ion maintains its direction up to the next atomic plane, 
where its position with respect to the row is computed. With reference to 
Fig. 2 X I is set equal to O. 

1---- 0 I M Z----j 

BLOCKING 
AXIS 

BX=XO+DBX+TETX * OIMZ - Xl 

FIG.2 - How the programme computes 
the ion-atom impact parameter (each 
dimension). 

In this figure the way to 
choose the atom interacting with 
the ion is also shown: let us supp~ 
se that the ion was coming from a 
plane. and it is now in a plane 0; 

as a first step the programme co~ 
putes to what dashed rectangle the 
ion belongs, and its impact para­
meter with respect to the corre­
sponding atom. 

y 

If the atom with which 
the ion interacts is allowed to vi 
brate Xl is computed as outli­
ned above (the same procedure 
holds for the Y direction). For 
each ion - atom interaction a 
translation of the reference fra 
me is performed, displacing the 
origin on the row to which the 
colliding atom belongs. Of cou£ 
se this translation depends on 
the crystallographic axis invol­
ved. Fig.3 shows, for instance, 
the structure corresponding to 
an < 110> axis: along the Z axis, 
planes with atoms 0 alternate 
with planes with atoms 0 . 

OIMX 

H 

~- -t--: --~--~ 
I I I I I 
I 0 I 0 I 0 I 0 I 
I I I I I 
, ' I , ... 
~ - - ~ - - -t- - -~ - ---; 

I I I I 
! 0 I 0 I 0 I 0 I 
I I I I 
~ __ • __ ~ __ _ + ___ e 
I 1 I I 
I I I I 
i 0 I 0 I 0 1 0 1 
! I I I I • ___ • __ + __ .. __ e 

I QIMY 

x 

If the ion is inside the 
range of the atomic potential (as d~ 
termined by RANGX and RANGY) 
the deflection is computed by the 
impulse approximation, assuming 
for the Thomas - Fermi potential 
the expansion given by Moliere: 

FIG. 3 - Maximum atomic ranges in a 
plane perpendicular to the crystall~ 

graphic axis. 

(6) 
= ZjZ2 e 2 

E a TF 

bx ~ 6b 1. 2 b 3b -j 
- O. 6 K I (- -- ) + O. 66 K j (--) + O. I 05 K I (---) b ,a TF 8TF a

TF 
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where b, bx 
E 

impact parameter and its projection on X axis 
ion energy, in the centre of mass frame 
modified Bessel functions of order one. Kl (x) 

A similar formula holds for t:,eY' Bessel functions are compu­
ted by the subroutine BESK. 

cedure is 
In this way a new set of ex' ey ' G and <p is obtained and this pr.£ 
repeated for each atomic plane crosseG by the ion. 

As pointed out above, ions leaving the crystal are classified in 
two ways: i) according to the values of [Gx ' 8y 1, ii) according to the va­
lues of e (in this classification ions cc..rresponding to positive and negative 
ex values are separately considered). 

The ion distribution in 8 is then normalized to unit solid angle. 
The last quantities computed by the programme (which may be used to so­
me comparison with literature quoted data) are: 

a) the Lindhard' s critical angle 

(7 ) 1/1 = 
1 

where d is the distance between the. axis atoms. 

b) The Lindhard's half width at half maximum of the blocking dip 

(8) 

where C is a constant in the range 1 - 2. 

Page l of the print-out shows the ions distribution on a plane 
normal to the row, which is understood at the centre of the square. The 
printed numbers represent the contents of square intervals of side SCAX. 

In Fig. 4 the relationship is shown between the crystal axes and 
the reference frame of Fig. l. 

If TA U i 0 t he programme assumes the displacement of the 
compound system to be in the positive sense of the X axis. This is why 
in the classification according to 9, contributions due to positive and ne­
gative 9x values are separately considered (Fig. 5). The angular width of 
the 9 intervals is SCA T. 

Page II of the print -out collects the contents of the 72 9 inter­
vals' ordered according to the numbers shown in Fig. 5. Such a distribu­
tion can be easily reduced to the usual representation (see Fig. 6). 

Page III of the print-out gives the normalized 8 distribution. 



SCAX 

H 
axl. Z= <100> 

y <01;> 
++++I-j . - . - t-

- )21- 1-

axis Z 5 <110> 
Y 110) 

axis Z.= <111> 

' . 
••• 

•• 

<ala) 

(011 ) 

x 

(a 01 > 

x 

(11 a) 

x 

7. 

FIG. 4 - Relationship between crystallogr~ 
phic axes and reference axes as assumed 
in the print-out representation of the [ex ' 
9y 1 classifi~ation. 

SCAT 
H 

y 

FIG. 5 - Classification according 
to . 8. The position of the crystal-

~x <0 lographic axes is the same as in 
Fig. 4 . 

. 
• • 

20 15 10 !S o !!i 10 15 20 
·3 

10 rlld. 

FIG. 6 - A typical blocking dip, 
as obtained from the 9 distribu ­
tion of page II of the print-out. 
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In the last page of the print -out the values of the Thomas -F er­
mi screening length and the one dimentfonal root mean square vibration 
amplitude are collected, together with the values of the Lindhard's criti ­
cal angle and half width a t half maximum. 

The programme is provided of some internal checks to test if 
th e assumptions (e. g. impulse approximation) are fulfilled by the particu 
lar conditions under investigation. 
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Oli-IEt><SION TETU(72). T~TUi (30) .K(30'30) .Kl (1'>4) .K2(l44) 
R~AL MASSA • LATO PAG E 1 

C 
C**~*~.oo*#o***o***o*** o****o*.****~*oo**~o****oo*o*o***o*o*********i~*OO**~O*#*D 

C PARAtlETERS " 
C~*o**n*****i~*OO*****"******oo***********D*********~* ********o*****************it 
C 
C 

C 
C 

c 
C 

c 
c 

C 
C 

c 
C 

C 
C 

C 
C 

c 
c 

c 
c 

c 

CRYSIALLOGRAPHIC AXIS 
ASSE=llO. 

NUMH~ R OF IONS TRAcKED THROUGH THE LATTICE 
:~Hi\X;lOOOO 

H~X IMUM .NUHHER OF CROSSED PLANES 
NPRO~lOOO 

N UM~~R OF VIBRATING LATTICE ATOMS , FOR EACH ION 
~US(;=IGO 

lUI, "1{\X HlUt~ ['IlSSION ANGLE ( RAn) 
'\~£H;o.OIB 

CRYSTAL TEMPERATURE ( K ) 
TC MP=293. 

O~~YE CRYSTAL TEMPERATURE ( K ) 
TOU'=221. 

rlASS OF HiE LATTI CE A I I1HS (Mil) ) 
tIASSA;l tl7. 

III utilc i~U"IOER OF I f/I:: l(JN 
zi =1 ". 

A TOtd c I~Ul"HlER OF THE fl TOilS 
Z2:'::'I? • 

C IUN ENERGY IN TrlE CENTHE OF MASS FRAME ( MEV ) 

c 
C CUdIC LATTICE CONS TANT ( ANGSTROM) 

Li\TU=4.00b 
C 
C RNNUl nF TilE ATOMIc POTENTIAL ( ANGSTROM 

R~HbX=LATO/SQR T(B.) 
RAI,GY=LI\TO/2. 

c 
C ATOMIC DISTANCE ALONG THE AXIS ( ANGSTROM) 

OlLl=lATO/SQRT!2.) 
C 
C M~AN DISPLACEMENT of THE COMPOUND SYSTEM ( ANGSTAO~ ) 

TI<U=O. 
C 
c INTERVALS DI~ENSION FOR rETA CLASSIFICATION ( RAO ) 

S~Ar=O.OOI 



c 
c 

C 

c 

C 

INTERVALS DIMENSION FOR TETAX AND TETAY CLASSIFICATION ( RAD ) PA GE 
S~M(=0.OO I5 

GAln =ZJ <>Zc/ERG 
IF (tjl,RT.GT.3333 .) GO TO 42 
IF (APER.GT.D.09) GO TO 44 
'lFUO=!) 
If' (IISSE .EQ.l00. ) ASSIGN 220 TO NASSE 
If (ilsSE.EO.lI0.) ASSIGi-J 220 TO NASSE 
I~ (/155E.[0.111.) ASSIGN 320 TO NASSE 

C COMPU TE TH E POSITION OF THE TETA INTERVALS 
TqUIll=SCAT 
DO 1 J=2t72 
L=J-l 

1 TETUIJ)=TETUIL)+SCAT 
C 
C CUM PUTE THE POSITION OF THE TEIAX AND TETAY INTERVALS 

TETUl(I)=-14.·SCAX 
DO 4 J=2,30 
L=J-l 

4 TETUl(J)=TETUlIL)+sCAX 
c 
C P~ T EQUAL TO 0 THE CONTENTS OF ALL THE INTERVALS 

C 

DU 2Jd,30 
DO 2 1=1,30 

2 K I,I,!) ,,0 
0(1 36 J=1,1'.4 
K1 IJ i:;Q 

36 K2 IJ) =O 

C CUMPUTE TH[ THOMAS_FER MI SCREENING LENGTH 
ATF~D.8B53.0.529.IZl·.(2./3 ')'Z2·. (2 ./ 3.) )··(-0.5) 

C 
C CO,~PU TE A ONE DIIIENSIO NA L ROO T MEAN SQUARE VIBRATION AMPLITUDE 

C 

SIG l=S QR T«2.417DTE MP).(1.+(TDEB/TEHP) •• Z/36.)/(MASSAO1.66~(TDE8)· 
It~~))*lU. 
N~=l · 

C RANDO MLY CHOOS E FI ~ET~EEN 0 AND 6.28318 
5 r,tJC=Rt,I'JF 10.) 

r L=6; 2iJ31bi>II~C 
C 
C RANDOMLY CHOOSE COS(TE TA ) BE TWEE N COS (APE II) AND CO S IO) 

AUC=RANF(O.) 

C 

C01E=AUC* ll.-C OSIApER»+COSIAPER) 
S(TE =SQ RT Il.-COTE* .Z) 

C COM PUTE TETAX AND TETAy 
T~TX=COSlfl )·S ETE/COTE 
TETY=SIN IFI) DSETE/COTE 

C 

c., 



C 

C 

[lISPL~CEI1ENT FIWI1 THE. AXIS FOR TAU [t,lUAL TO 0 
DtlX=O . 
pUr=o. 

C DISPLACEMENT FROM ThE AX IS fOR TAU NOT EQUAL TO 0 
I\tlC=K{\I ,iF (0.) 
DdX=-TAUDALOG(nBC) 

C 
C RANOOflL Y CHOOSE TtiE E,'1ISSrObi PLANE UETI,EEN 0 AND NPRO 

3 4 At'C=R~NF(O.) 
NA= INT( AOC*FLDAT!NpRD )) 

C 

PAGl 

C RRNUONLY CHDOSE THE POSITIO N OF THE EHITTING ATOM (THERMAL VIYRATION) 
r,tIC=RANf' (0.) 

ArSC1=flA NF (0.) 

XIU=6.2831BS3·nBCl 
Y!D=SQRT(-2.*ALDG(n8C)) 
~U=SIGl·Y ID·COS(XID) 
YU=SIG1"YIU-SIN(XID) 
NNA=l 

C 
C COMPUTE THE l~rACT PAR~METER ON THE NEXT PLANE 

It: (ASSE-II0.) 230.2 31.232 
C 

3' 

C*O~*"t~O **C~OO***O****ft****~**##DO*******~********O*****~*o~***o~~****o**i~******~~ 
C FACE CENTIIEU CUd lC STRUCTURE 
CO*~* RO***D~~~O** * u*~*O*(~i~~~ O*****G*****o~*~o*u**(~~ U ***~***********Q****O**O*D* *l~* 

c 
23 0 D IMX=L~TO/SQRT(8.) 

01 1>1¥=O 1. 'I;; 
a!MZ~LATO/2. 
Ov TlJ Zlu 

23 1 O Iil~=LA10/S QR T(8.1 
Dl·· .. iY::.Li~TO/2. 

2~O 

220 

III e,Z = D I'll: 
GO TO 210 
D1 MX=L~rD/SQRT(Z.1 
Dl,IY=LATO·SQRT(3./B.) 
Dl tIZ=LATO/SQRT(3.) 
OLl IfPi =2. "D I :,1 X 
D LJ HI Y = 2 • "0 1 f'IY 
HJHI),=3."OI ~lX 
TLJII1Y=3."[1I'lY 
OLl I "iI, =~. , <'D 1 fiX 
(~0 I r·rr =L: .• i.~O r ,,\ )' 
I~ (~ANGX.GT.OIMX.OR.RANGY.GT.DIMY) GO TO 41 
Xl= O. 
Yl=O; 
~A=OI~Z·TETX-Xl+XD.DUX 
8 Y=DIHZ*rETY-Yl+YD.DBy 
a=S QRT( BX · u 2+9Y·-2) 
GO Tv NASSE(22Q,320) 
IF (I\ BS(lJX ).GT.QDIHX.OR.ABS(8y).GT.<.lOIIW) GO TO 5 
IE (bY.LE. (-DOIMY)) Go TO 201 
I~ (dY.LE.O.) GO TO 202 
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C 

2Gl 

202 

21)3 
204 

205 

206 

207 

320 

3U1 

303 
3 i) (~ 

3 06 

309 
2:.1 E! 

I~ (HY.LE.DDIMY) Go To 203 
8Y=llV-TD1MV 
GO TI) 204 
BY=t>Y+TDPly 
GO TO 204, 
S y"tlY +0 HIY 
GO TO 20't 
ilY=I:<Y-DIHY 
IF ([JX.LE. (-DOli-IX)) GO TO 205 
If (tlX.i_E.O.) GO TO 206 
IF (UX.LE.DD!.'I!.) Go TO 207 
RX=iiX-TD I clX 
GU TO ZQll 
aX=t>A.TD)HX 
GO TU 20tJ 
el;"LJA+i)IMX 
l;O TO 208 
8t;=l)X-D H1X 
GO TO 208 
tI Y=HY-LATO/SQR[(24.) 
IF (!\SS ((jX) .GT.C~DhlX.Oii.ABS (BY) .GT .QOIiW) 
l~' (nY.LE. (-ODI,l¥)) GO TO 301 
I~ (llY.LE.O.) GO TO 202 
Ie (\;lY.LE.DDI'IYl Go To 303 
BV=I:lY- TOlfly 
GU TO 204 
fJY"'8Y+ TDI,~Y 
G0 TO 30t, 
llY=bY-oH1Y Ie (tlx.l.Eo (-TOUIX)) (;0 TO 306 
If' ("X.LE. 1-,Jll-1X)) GO TO 307 
r~ ItJX.LE.DFlX) GD TO 208 
IF IHX.U:. rDI.~X) Go Tu 309 
aX"tP\-QO H1X 
Gu TU 208 
~X=B;; .QDIMX 

GU TU 2DB 
tlK=I;X+DDll-1X 
G0 'I U ZoO 
dA=H)(-OfJ I ,'Ix 
8=SU~ 1·(~Xi·*2+By o*2) 

PAGE 4 

GO TU 5 

c**t*a**itit*o*O#*o*~t*******fto***o**O***Qi~*D*O*O*O*i~o**Ct*O*~~*i~*i.***'~i.****~. ***l.*~.*O 

C 

C 
C 

C 
C 

IF (ABS(I:lX).LE.RAI'GA.M;[l.AUS(tJy) .LE.RANGY) GO To 13 

o~r OF THE RANGE NO CHANGE IN rETAx AND TETAY 
[lTE1X=o. 
OTETY"o. 
GO TO 19 

13 r~l<r'="NA'l 
It (!;NiI.GT .NOSC) GO To l't 

MODlfIE THE IMPACT PARA~ETER FOR THE THERMAL VIBRATION 
'\l'C=RAiJF (0. ) 



C 

i\t3Cl=RANF(O.) 
X1U=6.2B31B530A8Cl 
YII)=SQRT(-2.·A~OG(ADC) ) 
Xl=SIGI"Y1D*COS(X1D) 
Yl=SIG1DY10"SI N(X10) 
3 1;=8X- X I 
J1=dr'_y) 

C CUMPUTE THE ~E~LECTION 

c 

14 CUSTA=J4.4E-6.ZI.Z2/(E~G.ATF) 
1'1= I 
XY::6.~~B/,\TF 

C~LL BESK(XY,~.BK'rEH) 
bLI=oK 
XY=I.2*fl/ATF 
CALL gESK(XY,N,BK,jEH) 
8t.2=liK 
~ 1=3. *I</f, TF 
C~I_L-B~SK(~Y'N'BK'IER) 
;'1I:--j =tjK 
OESSEL=O.6 D BE I+0.6&ot3EZ+O.I05*dEJ 
DtETk=cOSTA.HESSEl*dA/~ 
Ot ETY=COSTA o 8ESSEL*UY/8 

c COt·jPUTE Til:'; 'JEVI TETi! , rETAX , TETAY , FI 
19 TlTX=TFTX+OTETX 

Ti::lY=TETY'DTETY 
TETA= S~RT(TETX··2 +T[TY·.2) 
f-l=A'j ~'J IT!: TY ITET X) 
IF .!TETA.Lr'.O .(l9) GU Ttl ,.3 
"j fuO=,fur}+1 
Gil rD 21 

43 dP.=i\:H4-1 

20 

I~(N~.GT.NPRO) GO TO 2U 
XU =.>; 1 
Y():Y 1 
DdX ~LiX 

(lIIY."y 
Gu ,-0 200 
It(1~T~. GT.T:'T U(72)) GO TO 21 

PAG~ 

It (AasITEH). GT,T[TUl (30).OR.;loSITETY).GT.TETUI (30)) GO 1022 
C 
C 

24 
25 

21> 
27 
22 

28 
29 

CLASSIFIE THE ION ACCURUING TO THE OUTPUT AljGLE 
() U 2'+ /,11=1.3 1) 
It (TETX.LE.TETU1( ,j! )) GO TO 2~i 
c{J,\nl ~~UE . 
Ou 20 1-12=1,30 
IF !TETY .LE.TETLI I (l·j2 )) GO TO 27 
CUNT r ,<UE 
K(;.Il '1-12) =K (IH ,HZ) +1 
[lU 20 1'1=1.72 
If(TETA.LE,TETU(il)) GO TO 29 
CU,;J r fluE 
IF(TErx.LE.O.) N=73- N 



IFni':Tx.GE.O.) N=72+N 
KI (") "Kl (N) +1 

<I IJI:: =I,E.j 
It (~E.LE.N~AX) GU TO 5 

C 
C ~UkMALIZE TETA DISTRIBUTION 

AK"3.1416 D TE TU(I)/2. 
K~(72)=INT(FLOAT(KI (72) )/AK) 
KZ(73)=lIH(FLOAT(KI (73) )/IIK) 

c 

au j2 J=2,72 . 
L=J-l 
J\K=3.1416*(TETU(J).TETU(L))/2. 
~~1=7J-J 
,'J2=-r2'·J 
K2(1,1)=UiT(FLQ,U(KI (NI) )/Alq 

32 K~("2)=INT(FLOAT(KI (N2) )/IIK) 

C CllIWUn: H IE Lli'IDiiIIRD S CRITICAL liNGLE 

c 
c 

PSjl=S~HT(ZI·Z2D39.4b4/(DILI·£RG·137.))·lO. 

COIWUlE TilE HWH,1 

PAGE 

PS lfl=rSIIDSQRT(0.5DALOG(3. DATF*.2/( (SIGI~1"142)··2·ALOG(2.))·I.)) 
c 
C PRINT 

Pi{INT 100 
PRji'iT 102 
DU 31 1=5,26 
Il=31-) 

31 PHIIH 103 , (K(JdIl 'J=5,26) 
PRINT 100 
PRHH Iv4 
PRiNt 105 , (Kl (J) ,J=I 01441 
PRII,T 100 
f'F:lI"r 106 
f'f<Hl l IO~; , (KZ(JI,J=I'I'.4) 
f'RHIT 100 
PI<l"j- IG7 • ATr 
PRlI~T no , SIGI 
PRJIH III • PSI! 
PI<JN T 112 • PSI'I 
IF ("FUO.NE.u) PRINT 115 , NFIJO 
GO TO '.0 

'<-I P'{INT 113 
GU TO ',0 

42 f'RII"T llt, . 
GU TO ,,(1 

'>4 PRXNT 116 
40 CUNTI,\:UE 

sfop 
Iv!) FURt-1i\ T (U1),II) 
IC2 FORMAT (15X,DTWO DIMENSIONAL DISTRIBUTION OF THE IONS.) 
1~13 F CJ fH1"T (/.2K.30I4) 
104 FUHt-1A T (111111,35X,*T[1A ANGULAR DISTRIBUTION-"II,I) 
1~5 FU~t-1~ T (20X,1017./1 
106 FORMAT (/I,35X.-NORt-1ALIZED TETA ANGULAR DISTRIBUTIOND,'IIII') 

" 



107 FORMAT (111/II,lOX,~THOMAS-FERMI SCREENING LENGTH~,5X'F9.5,JX,uANG 
iSrROil~) . 

110 FORMAT (111111,IOX,-ONE DIMENSiONAL ROOT MEAN SuuA~E VIBRATION AMP 
1~ITUOE*,5X'FI0.6,3x,uANGSTROMU) 

III FURMAT (111/11,10X,·~INDHARD S CRITiCAL ANG~E*,5X'FIO.5,3X,.MIL~IR 
iADD) 

112 FOHMAT (IIIIII,IOX,*HALF WIDTH AT HALF MAXIMUM*,5 k,FII.5,3X,*HILLI 
iRAO-) 

113 FORMAT (IHl,lllll,jOI,*THE RANGES OF ADJACENT ATOMS ARE SUPERIMPOS 
lEU UNE UPON T~E OTHER.) 

114 FURMAT (Irll,IIIII'IOX,DIMPULSE APPROXIMATION IS NOT ACCURATE ENOUG 
IH*) 

liS FURMAT (1/1/1,101,15,. IONS HAVE 8EEN TAKEN OFF BECAUSE TETA ~AS 
iG~EATER T~AN 5 DEGREES.) 

116 FUHM~T (IHl,IIIII,]OX'.THE ANGULAR WIDTH IS TOu BIG FOR THE ~OW AN 
]GLE AppROXIMATION-) 

END 
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loP'" 
C" 
eD 

n,o UF1E ~ SI O';AL DISTRIB UTION OF THE IO NS 

1 

1 

1 

400 

295 

5 14 33 

3 12 30 32 

9 23 33 21 IB 32 13 10 30 15 25 24 28 

6 21 28 25 21 25 15 18 33 14 26 36 18 

9 9 29 40 21 28 36 19 26 33 23 24 12 

702 

6 5 11 

6 34 28 

1 

2 

6 

8 , 15 2 5 25 27 21 11 22 23 33 13 4 14 24 29 20 

o 

2 

1 

3 

12 16 30 33 3C 16 4 20 27 23 17 CO 22 29 25 6 16 46 23 21 10 17 

18 25 24 25 2 9 43 8 7 35 26 20 19 25 31 6 7 19 24 18 22 31 9 

10 9 21 25 26 33 24 9 16 28 19 15 22 14 12 22 35 24 24 23 14 15 

27 23 19 11 19 28 29 18 9 17 lti 12 22 6 29 28 24 30 11 34 35 18 

17 18 31 23 23 13 24 32 20 6 11 11 7 15 30 13 21 27 27 35 20 18 

28 44 25 20 34 24 28 16 17 6 0 3 3 10 21 32 28 31 27 31 26 25 

7 8 12 12 14 IS 22 23 14 2 1 o 2 5 25 24 10 15 12 16 9 12 

8 13 12 15 18 17 22 13 11 2 3 o 1 6 21 12 24 17 15 14 9 10 

27 32 26 27 23 29 23 25 18 6 4 2 9 9 23 20 44 37 37 27 32 24 

20 25 26 32 24 14 28 26 16 15 12 16 5 19 28 27 14 26 34 26 17 25 

18 25 24 17 10 13 27 32 10 16 19 16 15 8 27 29 17 24 18 14 35 18 

15 6 21 25 30 35 29 8 13 29 21 11 40 23 10 22 23 28 22 20 13 20 

16 33 25 26 26 30 6 10 36 24 19 20 19 38 10 11 34 24 23 21 18 8 

13 18 20 23 26 16 5 21 25 27 24 18 34 26 26 6 16 30 25 20 18 

2 14 22 22 21 2 7 30 26 21 22 16 28 23 31 12 9 27 33 25 21 

o 3 25 25 8 5 26 26 27 21 16 20 27 16 27 31 5 5 29 20 4 

o 

1 

1 11 

1 1 

6 4 19 37 25 17 34 14 18 27 18 23 32 15 6 

o 5 19 26 27 14 27 10 14 17 18 25 22 32 11 

4 7 2 

o 1 1 

7 

1 

o 

o 

o 

"" ~ 
t'J 

H 



PAGE II 

TETA ANGULAR DISTRIBUTION 

0 0 0 0 0 0 0 0 0 0 

:) 0 ~ 0 0 0 1 0 0 0 

U 0 0 0 1 1 0 1 0 1 

1 0 0 0 1 0 2 0 0 2 

1 0 4 5 3 2 3 6 8 11 

21 2'1 70 249 463 479 1+31 432 434 388 

366 299 296 26 2 228 195 152 94 36 8 

If 1 ~ 0 13 26 73 145 171 239 

290 275 336 36 1 3B3 425 451 454 443 511 

257 59 3'1 11 14 2 '+ 4 2 4 

0 1 2 3 0 1 0 1 1 0 

2 0 1 0 1 0 0 0 0 1 

1 0 0 0 0 0 0 2 0 0 

0 0 1 a 0 0 0 0 0 0 

1 0 0 0 

lt71 



PAGE III 

NORMALIZED TETA ANGULAR DISTRIBUTION 

0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 5 0 0 0 

C 0 0 0 6 6 0 7 0 7 

7 0 0 0 8 0 17 0 0 19 

lU 0 43 55 3'. 24 37 77 lOB 155 

310 419 1142 4284 81.21 '.1240 8u51 94tl3 10233 9880 

10130 906" 9917 9811 9076 %49 8796 664 9 3274 10 18 

848 636 0 0 1655 2364 5163 8391 8373 10143 

10710 921'> 10185 9 99 2 9752 10 020 9900 9323 8546 9294 

!t421 963 574 162 198 2·7 51 49 2'. 46 

0 10 20 30 0 9 0 B B 0 

ib 0 7 0 7 0 0 0 0 6 

E> 0 0 0 0 0 0 1 1 0 () 

i) 0 5 0 0 0 0 0 0 0 

4 0 0 0 



PAGE IV 

THONAS-FERMI ~CqE£NING LENGTH .12506 ANGSTROM 

ONE DIMEN5ION4L ROOT MEAN SQU4RE Vl~RATION AMPLITUDE ANGS TROM 

LINDHAR) S CRITIC~L ANGLE 9.68 083 HILLIRRD 

8.72785 HILLIRAO 

3 IONS H_VE UEEN TAKEN OFF BECAuSE TETA WAS GREATER TllnN 5 DEGREES 

41 5 




