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ABSTRACT 

A machine calculation using an IBM-704 High-Speed Calculator wad 
used t o  determine the sputtering produced by high-energy (N llOO-kev) 

deuterons incident on copper metal. 
action between incident and l a t t i c e  par t ic les  was taken to be Coulonib, 
anti subsequent l a t t i c e  ion - l a t t i c e  ion interaction potential  t o  be 
hard sphere, The value of the sputtering r a t io  i n  th i s  energy range 
was found t o  be in agreement w i t h  that  predicted. by a theory of 
Goldman and Simon, Various suggestions are  given t o  improve the 
machine calculations and t o  include a screened Coulomb i n i t i a l  inter-  
action which would enable the code t o  be used for lower energy fncident 
par t ic les .  

The i n i t i a l  ~ i s p l l a c ~ e ~ t  inter-  
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ion energies a b ~ ~ r :  about 50 Kev, where the range of %be ~~~~~~~% ion da auch 
greater than that of %he knock-on partfclles, This s i  Effying feature meant 
that  it was possible to obtain a closed e ~ r ~ ~ s ~ ~ ~  for the  s ~ ~ t ~ ~ ~ i ~ g  ratfo, 
alfhough it was cosaJe@%ured tha t  i t s  accuracy was p r ~ b a ~ ~ y  ~ i ~ ~ ~ e d  t o  the 

of the r a t i o  on gross ~ ~ a , ~ t ~ t i e $  such a8 %he energy> 
incident angle of the ~ ~ ~ ~ a r ~ i ~ g  ion, In the abaence of e ~ e ~ ~ ~ ~ ~ a ~  data 

in t h i s  energy range, it was proposed to @beck &he ~ a ~ i ~ ~ ~ ~  o f  the ~ e s ~ 1 ~ ~  
given i n  R e f .  1, by m e a m  of a Monte Carlo ca lcda t iono  Ira. a&&ftion, such a 

code may be useful for  direct ~ o ~ p u ~ 8 ~ i ~ n  fn the kwer energy ranges, 
Seetion I T  of t h i s  report a, general tlegcription of the ~ h ~ ~ ~ y  of the ~ ~ n t e  
Carlo caHcuPation is given and i n  Section H I T  the de ta i l s  of the ~ c ~ d ~ ~  

In  

code are given, 

tioxl.8 in the code, which, however, have not as yet b$;w carried out,. The 
results of the machine ~ a ~ ~ ~ H a ~ i o ~  are given in Sections V and VI: and these 
are compared with those of RefI 1, 

Section IV contains same suggeEte8 ~ ~ r ~ ~ e ~ ~ ~ t s  ~ n d  modl.flca,-= 

The c ~ ~ c ~ ~ s ~ ~ ~ ~  are given in Section VIIS 

11. GEMERA% THEORY OF M 

We begin by considering a suff ic ient ly  large number of r e ~ a t i ~ e ~ y  high- 

energy ions incident a t  wme given angle on the surface of a so l id ,  
of the following, for i1l,zestra%ion, the incident ions were chosen %o be 
deuterors and the bombarded material, chosen t o  be copper, 

placement mean free path of the incident deuterons i s  much greater than 
tha t  of %he primariee produced by the interaction between the d ~ ~ ~ e ~ ~ ~ ~  am3 

the l a t t i ce  particles,' it is necessary to consider only the f i r a t  primary 

prodmed by the  incident ion@. A t  &he energies of intereat  (above 50 kev), 

In all 

Since the dis- 

1. kp. 21- c4oldmars and A. Simm, P h y ~ ~  Reve -2 111 9 3  (1958)~ 

P 
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and c 

me energy ma a ~ r ~ ~ ~ i ~ n  OP the  a a ~ ~ ~ r  ~ W L ~ C P C X  ~ e ~ ~ ~ ~ e ~  

the approprfate d i s ; ~ ~ i ~ ~ t ~ o ~  f ~ c ~ ~ o ~  (Ego 1) by t reat ing %he l a t t i c e  ion$ 
as free particles;. 
the  binding energy of the lat%icee I1"Le a ~ p ~ ~ ~ ~ ~ t ~ ~ ~  we uae is t o  subtract 
the l a t t i c e  particla binding energy from the energy a e ~ ~ ~ ~ ~ ~  on the basis 
of the dfstribaatSon ~~~~~~~ but re ta in  the d ~ ~ e ~ ~ ~ ~ ~  sf %be par t i c l e  as 
previously dete-ned, 
the ions. 
ions, which, because of tha low average energy of the primarlaa ( N LOO ev), 
are taken t o  be hard sphere in natureg isotropic  in $he ~ ~ n ~ ~ r - o f ~ ~ s ; ~  system. 

If these coQlisions t ransfer  suff ic ient  energy t o  the  bema particles to 
overcome the binding energy of %he lattice, %hen a, secondary pa r t i c l e  i s  
produced whose history must alao be folbwed,  

The energy was then teated. $0 ~ e e  RE f &  was greater thaxs 

'1[Pkne new energy and the d i r ~ ~ t i ~ ~  now charac%erize 
B e  primary ion than undergoes e l a s t i c  ccal%fsfons wi%h the l a t t i c e  

The m e a n  free path betwwx~ 



3 

I .  

I -  

collisions of the copper atoms is computed using particle energy of 200 ev, 
corresponding to the average energy of primary particles displaced by a 
beam of 500-kev deuterons, 
path see Section IV. 

For a more proper choice of this mean free 

After each collision the energy and the direction of the primary 
particle and a possible secondary are computed, When the energy is degraded 
below the surface potential (5 ev), the particle is considered to have died, 
and we turn our attention to the history of the next particle in sequence, 
This is continued until all particles, primary and secondary, are accounted 
for from birth to death, 

After the histories of all the displaced particles are computed, 
separate analysis routines are used to determine the sputtering ratio, that 
is,the number of particles which escape from the surface of the material, 
relative to the number inci&& However, a discussion of these analyses 
is sufficiently detailed to be postponed until the next sec%Ion. 

1111 DESCRIPTION OF T€IE CODE 

A. Histories 

Figure 1 is a flow-chart depicting the history of the primary and all 
the secondary particles produced by a single deuteron as programed for the 
IBM-704. The data for the particles resulting from a collision, which are 
stored for later analysis on Tape 3, are 

1. 
2. 

39 

4. 

5-7 * 
8. 

Number of the deuteron from which each particle is descended, 
Geneology number which specifies the intermediate particles 
from which each particle is descended, 
Z, the distance in the direction of the surface from the 
birth of the primary to the point of collision (see Fig. 2 ) *  

'm' 
the particle or of any of its ancestors (see Fig. 2). 
X, Y, and Z components of velocity. 
Speed of the particle. 

the maximum penetration in the direction of the surface of 
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DEUTERON COLLISION 
PRODUCES 

PRIMARY ION 

SET N = 4 
SET I = I  

NAME PRIMARY 
" ION I "  

I Yes I 

SUFFICIENT ENERGY ? PRODUCED ? 

N + i - N  
NAME DAUGHTER 

" ION N I' 

Fig. 1 .  Flow Char t  for  the Monte Carlo Calculation o f  t h e  Histories o f  t h e  Displaced Part icles. 

L 1 
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INCIDENT ION 

PRIMARY BIRTH 

DAUGHTER BIRTH 

Fig. 2. Diagram Il lustrating the  Creation of  a Primary and a Secondary Particle and 
Depicting the Quantities I, Zm, Zj and 8 .  
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9* Energy of the par t ic le .  
10. Cos6, the directional cosine t o  the n o m 1  t o  the surface 

(see Fig. 2) .  

Items 1-10 a t  a pa r t i c l e ' s  b i r t h  and a t  i t s  death only are also stored f o r  
later analysis on Tape 4. 

The program ca l l s  for various items of input infopmation t o  be Loaded 
in to  the machine on IBM cards, These items include number, energy, an& 
direction of the  deuterons t o  be considered, masses and mean free paths of 
incident and bombarded particles,  l a t t i c e  binding energy and surface potent ia l  
and numerous additional instructions, a l l  of which can be chemged t o  modify 
the program i n  accordance with the suggestions of the next section, 

B. Analysis 

Two types of analysis codes were run with approximately equal results. 
In the  more simple tr ial ,  the b i r ths  and deaths recorded on Tape 4 were 
ut i l ized.  Increasing distances of the surface from the primary b i r t h  point 

were chosen i n  an arithmetic progression and f o r  each distance tihe data for 
the b i r th  and death of each par t ic le  were tested t o  determine if Zm was 
greater  than the chosen distance, 
then i f  the pa r t i c l e  were produced a% the depth, it would have escaped. 
probabili ty of production depends, of course, on the mean free path of the 

deuterons but because th i s  i s  so large compared t o  tha t  of the primary 
particle,  we can assume uniform production i n  depth, 
then determined i n  a straightforward manner. 

t h i s  case, for each selected distance, Z the pa r t i c l e  after each col l is ion 

might escape with a probabili ty e -~Z-Zj/XC0S6) , (Z =- 0),7 where A. i s  the mean 
free path of the copper atom, 
as described i n  the  previous paragraph- 
for determining the angular wd energy dis t r ibut ions of the sputtered 
par t ic les ,  

If the mswers were no and yes, respectively, 
The 

The sputtering r a t i o  was 

A second analysis uses the data for each col l is ion stored on Tape 3. In  

JJ ' 

These probabi l i t ies  are summed. and weighted 
This analysis also has provisions 
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IV SUGGESTED MCD%FICATPOHS T 

" Perhaps the most important change in the program which is needed in 
order to extend its validity to lower incident energies and lighter weight 
targets is to change the first interaction from aa ordinary Cou$omb to a 
screened Coulomb interaction. This involves mainly replacing the normalized 
distribution function of Eq. 1 by the corresponding 

d 

i 

k being the screening "constant." 
k 4 1  and f - f. 
been started but *only preliminary results have been obtained at this time, 

Note that in the limit of high energy 
An analysis using this new distribution function has sc 

It may be entirely possible to extend the sputtering calculation in 
this manner to much lower energies than $0 kev and thus to be able to check 
the results of the calculation with available experimental information, To 
be sure, the assumption of only one primary produced per deuteron would not 
be valid at low incideat ion energies but; this modification has been built 
into the codeo 

It might also prove beneficial to be able to write the mean free path 
of the knock-on particles as an algebraic function of the energy and thus 
have the code compute the mem free path of these particles after each col- 
lision, instead of assuming an average mean free path corresponding to an 
average energy, as has been done heretofore, 
accomplished in this direction also, 

Preliminary work has been 

An additional analysis routine has been suggested which would analyze 
the energy and angular distribution of the sputtered particles in terms of 
appropriate Legendre functions. 
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ma program was rm on the IBM 704 Located a t  the Oak Widge Gaseous 
Diffusion Plant. In each of %bee cases9 500 deuterons w e ~ e  allowed &O 
bombard the surface of metaUic copper a t  n o m 1  incM.ence* %e energy 
of the incident deuterons ~ m s  varied i n  the tknreg caseso 
r a t io  and displacement mean Tree path a t  each energy are  tabuBatad in 
Table 1, No exact value of the variance of %he sputtering m%fo as a 
function of the  random. number ms obtained. However, preI..imLnsry results 
indicate tha t  t h i s  variance, for  a choice of" $00 incident pa:rtfcl@s, was 

no greater than a few percent, 

The sputtering 

Some work w a s  also done on determining the anergy ax& amgnlar distribu- 
These results,  which &re preliminary i n  t i on  of the sputter& par%icless 

nature, nevertheless are interesting wad are given i n  Table 2, 

resu l t s  of f ive  different mas of f i fky  n o m % l y  -.incident deuterons of 
100 Kev energy were analyze8 using the second routine descri'bed in Section 111 Bo 

Table 2 contains the percentage of sputtererl par'i;iele,z xi th  anergy a d  angle 
of emergence i n  given eFergy and angle range as a f.lu?.clion. of t he  t o t a l  
number of sputtered particles.. 
energy lesh; than 200 ev9 ana approximately 80% of" the particles emerge 
a t  an angle OS less than 45 deg w i t h  the  a o m l ,  

"Phe averaged 

We note tha t  90$ of the par t ic les  possess 

It W Q d d  a lso prove beneficial  %hb de%emirxe the dependance (sf %he 
sputtering r a t i o  on the angle o f  incidence and rmss of the Incident particle,  
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Table 2 

A. Number of Sputtered Par t ic les  with Energies i n  200 ev 
Energy Ranges as a Percent of the  Total Number of 
Sputtered Par t ic les  (100 Kev Incident Deuterons) 

Energy Percent of' Total 

0-200 ev 

200-400 

400-600 
800-1000 

Above 1000 

90.0 

3.9 
1e9 
0.9 
1.2 

€3. P5umber of Sputtered Par t ic les  with Directional Cosines 
i n  2 Ranges as a Percent of the Total Number of 
Par t ic les  (100 Kev Incident Deuterons) 

te red  

Cos6 Percent of Total 

0-.2 

-2- .4 
*4-,6 

.8-1.0 

3.2 

9.9 
27.8 
30.4 
28.7 
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and on the mass of the target par t ic les .  Such work, however, has not as  
yet been undertaken, although the code makes provision for t h i s  extension. .I 

VI, COMPARISON WITH THEORY 

In Referebee 3, %he energy dependence of the  sputtering rat io ,  R, was 

predicted t o  be 

( 3 )  

The exact expression for R i s  given by Ref, 1, Eq. 22, The predicted sput- 
te r ing  r a t i o  as a function of energy i s  plot ted as the upper l i n e  of Fig. 3 .  
For comparison we have also included the values of the sputtering r a t i o  
determined by the computer calculation and joined these by a smooth curver 
We note tbat at the high-energy end the computed curve can be so constructed 

as t o  give the energy dependence predicted by Eq, 3 .  
corresponding t o  higher energies, the computed curve i s  consistehtly about 2/3 
that of the theoret ical  one. If one takes in to  account the assumptions in- 
volved i n  obtaining the  theoret ical  prediction of the sputtering ratio, t h i s  

agreement i s  quite satisfactory.  
can best be explained as  the  fac t  t ha t  fewer secondary par t ic les  are produced 
by each primary than determined from the theory as detailed i n  R e f ,  1, 

* 
A t  the two points 

The discrepancy between the two calculations 

Am 
analysis of the computer data tends t o  confirm th is  hypothesis, 

VI1 t coNcLusIoN 

A t  t h i s  tirtle there would appear t o  be reasonably good agreement between 
the theory and machine computed results for  the sputtering r a t i o  a t  high 

energies, both as t o  the energy dependence of the sputtering r a t i o  and the 

absolute magnitude of it, 
t o  determiae i f  t h i s  agreement pers i s t s ,  
the‘program w i l l  be used t o  extend the cslculations t o  a lower energy and 
i n  an e f fo r t  t o  get direct  comparison with experiment, 

F’urther work should be done at  higher energies 
The modifications suggested i n  

* 

4 
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Fig. 3. The Sputtering Ratio as a Function of Energy in the Range 30-500 kev. 
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