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Scattering of molecular and atomic ions with energy (I-2)X lo4 eV by a metal surface is investigated. The 
energy spectra of the scattered ions obtained by bombardment with various ions are measured and compared. 
It is established that the atoms that make up a molecular ion are scattered differently than the corresponding 
atomic ions impinging one by one on the metal surface. The differences are attributed to scattering of one of 
the atoms contained in the molecular ion by another atom of the same ion. 

PACS numbers: 79.20.N~ 

INTRODUCTION 
In experiments on fast-ion scattering by metals the 

targets a r e  usually bombarded by atomic ions. Molecu- 
lar  ions a r e  extremely rarely used in these experi- 
ments. In essence, all that is known of the scattering of 
fast molecular ions is that they a r e  dissociated by im- 
pact against a surface, and the dissociation probability 
is very high, so  that the scattered beam contains a frac- 
tion of 1% of the molecular ions and the energy spectra 
of the scattered ions have sharp peaks that correspond 
to the scattering of atomic fragments of the molecular 
ion by the target atoms (see Ref. 1). 

The formal picture gives grounds for assuming that 
the scattering of a fast molecular ion reduces simply 
to scattering, by the target atoms, of the constituents 
of this ion, and the latter a re  individually scattered 
independently of one another, i.e., a s  if the correspond- 
ing atomic ions were to arrive a t  this surface one by 
one. The extent to which this representation is true, 
however, is not clear. This can be established only 
by comparing the experimental data obtained by bom- 
barding a surface with molecular ions directly with 
the results of experiments in which the same target 
is bombarded by atomic fragments of the considered 
molecular ions. We do not know of any such studies, 

duoplasmatron type. The separations of the ions of the 
required species and the shaping of the main beam were 
effected with a magnetic mass separator with average- 
trajectory radius 25 cm and rotation angle 90". The 
energy of the bombarding ions was varied in the interval 
from 5 to 30 keV. 

The scattering chamber, 400 mm in diameter and 
250 mm high, was made of stainless steel. It was 
evacuated with a titanium getter pump and a diffusion 
pump. The pressure of the residual gases in the scatter- 
ing chamber was usually (1-2) x lo-' Torr. The target 
was placed at the center of the chamber. Its surface was 
cleaned before each measurement by bombardment with 
argon ions from the auxiliary ion source. 

The radius of the equilibrium trajectory of the electro- 
static analyzer was 450 mm, and the deflection angle 
was approximately 150". The height of the analyzer 
sl i ts  was 10 mm, and their widths could be varied from 
1 to 20 mm. The energy line width a t  the analyzer out- 
put, when the ion beam from the mass separator was 
incident on its input sl i t ,  was approximately 0.3% (see 
Fig. 3). The electrostatic analyzer was connected to 
one of the vacuum nipples located on the lateral cylin- 
drical surface of the scattering chamber. This made it 
possible to select a particular scattering angle. 

with the exception of Ref. 2 ,  where some data a r e  given 
for hydrogen ions. The ions were registered with an open electron multi- 

plier, while the spectra were registered with an auto- 
We describe below the results of a comparison of the matic x-y recorder. 

energy distributions of a scattered stream of particles 
obtained by bombarding targets with molecular ions 
and their atomic fragments. We used in the experi- 
ments various ions and targets of various metals. The 
revealed regularities have, in our opinion, a sufficiently 
common character. 

EXPER lMENT 

The experimental setup is shown in Fig. 1. The 
apparatus consisted of three main parts: a) device for 
shaping the beam of bombarding ions, b) a scattering 
chamber with a se t  of targets, c )  an energy analyzer for 
the scattered ions. 

FIG. 1 .  Experimental setup: 1) source of bombarding ions, 
The bombarding-ion beams both the main one used for 2) separating magnet, 3) auxiliary ion source, 4) target, 

measurement and the auxiliary one used to clean the 5) electrostatic energy analyzer, 6)  detector, 7 )  preamplifier, 
target surface, were produced by ion sources of the 8) automatic x-y recorder, 9) analyzer power supply. 
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FIG. 2. Energy spectra of scattered ions in bombardment of 
a gold target by the following ions: 0' with energy 11.43 keV 
(e), 0: ions with energy 22.86 keV (0); 3=40°, ff =2O0. The 
peaks of the singly scattered O+ ions were made of equal 
height. 

The targets were bombarded by beams of singly 
charged molecular ions N;, O;, C o t ,  CO; and by beams 
of atomic ions Nt , C t  ,O t  , which were fragments of 
these molecular ions. The energy of the bombarding 
molecular ions was in most  cases 20 keV, while that 
of the atomic ions was chosen every time to equal the 
kinetic energy possessed by the given ion when it 
bombarded the target  and was par t  of the molecular 
ion of the corresponding species. Fo r  example, for  
comparison with the spectra obtained in bombardment 
by CO; ions, we used C +  and 0' ions with respective 
energies 6 and 8 keV. 

Typical energy spectra a r e  shown in Figs. 2-7. When 
the bombardment was by atomic ions, the spectra ob- 
tained were quite ordinary: they contained peaks of 
beam ions scattering without stripping, peaks of beam 
ions scattered with stripping, and peaks of ionized atoms 
of the target-recoil atoms produced in pair collisions 
with the incident ion. 

FIG. 3. Energy spectra of the scattered ions in bombardment 
of a copper target by the following ions: NC with energy 
10 keV (o), Ng with energy 20 keV ( 0 ) ;  a! =20°, 9=40°. The 
peaks of the singly scattered NC ions are made equal in height. 
On the right side is the energy spectrum of the bombarding 
ions. The dashed lines show the calculated positions of the 
peaks without inelastic-collision angles. 

FIG. 4. Energy spectra of the scattered ions in bombard- 
ment of a gold target by the following ions: a) COC with 
energy 10 keV, b) 0' with energy 11.4 keV, c) Ct with energy 
8.6 keV. The peaks of like ions are equalized in height; 
a! =20°, 9=40°. 

In the ca se  of bombardment by molecular ions, the 
spectrum contained peaks corresponding to scattering 
of the i r  atomic fragments by metal atoms and to scat ter-  
ing both without and with stripping, a s  well a s  peaks of 
recoil atoms produced in pair  collisions with these 
fragments. The number of molecular ions unaffected by 
scat tering was negligibly smal l  (at scattering angles 
la rger  than 15-20"). 

If the target  is bombarded by homonuclear molecular 
ions, say  0; (Fig. 2) o r  N; (Fig. 3),  the spectra contain 
a s h a r p  peak corresponding formally to scattering of 
0' ions of energy half the initial energy of the molecular 
ion by the target. In experiments with non-homonuclear 
ions, e.g., C o t  o r  CQ' (Figs. 4 and 5), the spec t ra  
contain peaks corresponding to scat tering of each atomic 
fragment, i.e., of the 0' and C t  ions, by the target  
atoms. The c r e s t s  of a l l  the peaks observed in scat ter-  
ing of molecular ions a r e  close to the positions of the 
c r e s t s  of the peaks observed in the energy spec t ra  in the 
scat tering of the corresponding atomic ions, although 
full coincidence was not observed in a l l  cases. 

FIG. 5. Energy spectra of scattered ions in bombardment of 
a gold target by the following ions : a) COz+ with energy 
22 keV, b) 0' with energy 8 keV; c)  CC with energy 6 keV. 
The peaks of like ions are equalized in height; a =20°, 8-40". 
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FIG. 6. Energy spectra of scattered ions in bombardment of 
a titanium target by nitrogen ions: Nt with energy 20 keV (0) 
and N+ with energy 10 keV (a). The peaks are equalized in 
height; f f=20° ,  8=40° .  

The shapes of a l l  the peaks in the spectrum depend 
substantially on which ions, molecular o r  atomic, 
bombard the target. In the spec t ra  obtained by bom- 
bardment with atomic ions, the right-hand high-energy 
slope of the peak of the "singly" scattered ions of the 
beam approaches the abscissa axis steeply, almost  
perpendicularly, s o  that its intensity decreases rapidly 
to a vanishingly low value. In experiments with mo- 
lecular ions, the right-hand slope of the single sca t te r -  
ing peak approaches the abscissa axis slowly and te r -  
minates in a long tail. This tail extends towards higher 
energies s o  f a r  that a noticeable intensity is observed 
even a t  energies greatly exceeding the initial kinetic 
energy possessed by the corresponding ion when i t  
bombarded the target  while st i l l  part  of the molecular 
ion. 

The peaks of the recoil atoms and the peaks corres-  
ponding to scattering of the beam ions with stripping 
differ greatly in these two cases. For  example, the 
peak of 0'' ions (Fig. 2) has a clearly pronounced 
ledge on the right in the case  of bombardment by mo- 
lecular  ions, whereas in the case  of atomic bombard- 
ment this ledge vanishes and the peak itself is much 
narrower. We note that in this spectrum there  a r e  no 

FIG. 7. Energy spectra of scattered ions in bombardment of 
a gold target by nitrogen ions: a) Nz with energy 24 keV, 
b) Ni with energy 16 keV, and c) N+ with energy 8 keV. The 
peaks are equalized in height; a! = 20°, 3 =40°. 

FIG. 8. High-energy sections of spectra in bombardment of 
targets of different metals by Nt ions (0-Xu, a -Rh, A-Au, 
A-Ti). The "tails" of the energy spectra are plotted in such 
a way that their heights are equal at the main peaks. Em,, is 
the energy corresponding to the position of the main peak. 

ledges whatever on the right-hand slope of the peaks of 
the ions scat tered without stripping. The 0" peak in 
the spec t ra  where the 0' peaks a r e  equalized in height 
is almost  twice a s  high in the case  of atomic bombard- 
ment, but the a r eas  under these peaks a r e  approximate- 
ly equal. 

The peak widths corresponding to scattering of atomic 
and molecular ions differ greatly in the case  of heavy 
targets ,  such a s  gold o r  rhodium; these differences 
vanish on going to targets  with smal l  Z (cf. Fig. 7 with 
3 and 6). Thus, e.g., the spectra obtained by bombard- 
ing a graphite target  with molecular and atomic nitro- 
gen ions hardly differed from each other. 

In contrast  to the foregoing, the target  material has 
practically no effect on the high-energy part  of the 
spectrum, i.e., on the tai ls  adjacent on the right s ide 
to the single-scattering peaks in the case  of bombard- 
ment by molecular ions. To emphasize this circum- 
stance,  Fig. 8 shows in a logarithmic scale the high- 
energy sections of the spec t ra  obtained by bombarding 
targets  of different metals. 

As seen  from the s a m e  figure, the lengths of the 
energy-distribution tai ls  a r e  strongly influenced by the 
energy of the bombarding ions: the experimental points 
obtained f o r  different targets  a t  three values of the 
primary ion energy a r e  distinctly bunched near three 
curves correswnding to  these energy, regardless of 
the bombarded target. On the contrary,  the rat io of the 
widths of the peaks of the scat tered ions is not noticeably 
influenced by a change in the primary-ion energy. 

DISCUSSION 

Thus, a detailed comparison of the energy spec t ra  
obtained by bombarding a number of targets ,  in one 
case by molecular and in the other by atomic ions, de-  
monstrates the pronounced difference between these 
spectra. The difference a r e  connected with the singu- 
lari t ies  of the scattering of the molecular ions. In most 
general outline, these singularities lead to the appear- 
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ance of scat tered particles that have an  energy higher 
as well a s  lower than that they would possess if the 
scattering of the atoms constituting the molecular ion 
a t  the instant of scattering, were perfectly analogous 
to the scattering of the corresponding atomic ions 
arriving a t  the surface of the metal one by one. As 
follows from a comparison of the energy spec t ra ,  for 
most scattering particles the absolute value of the ob- 
served energy difference is not particularly large. This 
is evidence that the principal part  of the interaction 
between atoms combined into a molecular ion and metal 
surface i s  scatteringof eachof these atoms by the target 
atoms, just a s  in the case  of bombardment by atomic 
ions. In contrast to atomic ions, however, atoms in 
molecular ions have some additional possibility of mo- 
mentum exchange. This possibility might be provided 
by scattering of one of the atoms in the molecular ion 
by its other atom, which a r r ives  a t  the target  surface 
f i r s t  and slows down earl ier .  Let  us refine this, a t  
f i r s t  glance primitive, mechanical model of the evolving 
process. Scattering of one of the atoms contained in a 
molecular ion (we cal l  this the second atom) by the 
other, f i r s t  atom can either follow the scattering of this  
second atom by the metal atom, precede ii, o r  e l s e  be 
intermediate between the two successive scat terings of 
the second atom by the metal atoms. I t  is important 
to note that this additional scattering of one atom of 
the molecular ion by i ts  other atom can,  in principle, 
make possible those double collisions of the incident 
atom with the metal  atoms, which were  impossible in 
the absence of this additional scattering (i.e., in case  
of bombardment by atomic ions). 

Elementary calculations of the energy loss in elastic 
paired collisions can show that this additional scattering 
of constituent atoms of a molecular ion by each other 
can in principle lead to ei ther  a decrease  o r  an increase 
(if paired double collisions with the metal atoms begin 
to be realized) of the scattered-ion energy compared 
with the energy possessed by the ion scat tered only by 
one metal atom. I t  turns out that  these energy changes 
a r e  such that in principle they can explain the observed 
broadening of the spectra.  

The existence of high-energy tai ls  of the spec t ra  
cannot be attributed to a n  increase of the multiplicity 
of the collisions with the metal  atoms. To explain them 
it must be assumed that in the course of the scattering 
by the target  atoms a considerable momentum transfer  
takes place from one of the molecular-ion atoms to the 
other. 
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