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The energy spectra are reported for secondary ions from molybdenum and beryllium targets, 
bombarded with the 7.5- 80 keV ions Ht. fG, He+, N't, N1, ot, 02, co+, 'A.r+, Ar2+. Calculations 
of the detailed structure of these spectra are given. The validity of the classical mechanics 
description of the mechanism of ion emission is confirmed. 

REQUIREMENTS of many branches of science 1 2 

and technology have stimulated studies of the 
phenomena occurring duriqg bombardment of 
solid surfaces with various medium -energy atoms 
or ions. Investigations of the energy spectra of 
secondary ions produced by such bombardment 
yield information on the interaction between the 
incident particles and the lattice atoms. The 
present paper reports an experimental study of 
the energy spectra of secondary ions emitted on 
bombardment of metal targets with 7.5-80 keV 
ions. 

APPARATUS AND EXPERIMENTAL TECHNIQUE 

The apparatus used is shown schematically in 
Fig. 1. A target 1, made of molybdenum or beryl
lium strip 0.1 mm thick, is bombarded with mono
energetic ions of known masses, produced, by a 
mass monochromator described earlier.C1] The 
target temperature is raised by a heater 2. The 
ion beam (10-8-10-3 A/cm 2 density) is incident 
at an angle of 45° to the target surface. The energy 
spectra are obtained for ions emitted within a cone 
whose axis is perpendicular to the primary beam 
and has a vertex angle of 20°. 

To avoid the effect of stray electric and mag
netic fields the target was placed in the center of 

FIG. 1. Apparatus used to measure the energy distribution 
of secondary ions. 

two concentric soft-iron spherical electrodes 3 and 
4 with apertures covered by molybdenum grids of 
90% penetrability. Preparation of the target for 
measurements was the same as described in [1]. 
Most of the measurements were carried out on 
targets heated to 1300° K and cleaned by preliminary 
ion bombardment.[!] The pressure of the residual 
gases in the measurement chamber was kept at 
( 1- 3) x 10-7 mm Hg. The energies of the second
ary ions were determined with a paraboloidal elec
trostatic analyzer 5, designed by R. I. Sobolev 
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FIG. 2. Dependence of 8~ on E/E0 for Ar+ on Moat various 
primary energies E 0 : 1) 10 keV; 2) 30 keV; 3) 40 keV; 4) 80keV; 
5) 30 keV, Ar+ on cold Mo. 

using the theory of axially symmetric focusing 
fields developed by Malov.[ 2] The principal advan
tage of this analyzer, compared with the Hughes
Rojansky instrument, was its ability to focus on 
the receiver slit 6 all the secondary ions which 
left the target within the specified cone; this in
creased the sensitivity considerably. The focusing 
was obtained by using curved deflecting plates. 

The resolving power of the analyzer was D. E/E 
~ 80. The current recorded by the ion receiver 7 
was measured with an electrometer amplifier 
which had a sensitivity of 10-15 A/division. The 
current Ian was recorded on photosensitive paper 
by a two-coordinate galvanometer, as a function of 
the potential difference Uan between the analyzer 
plates. Appropriate conversion of the record gave 
the energy spectra of the secondary electrons in 
the form o~ (E) oro~ (E/E0), where o* is the 
ratio of the current within the cone of the vertex 
angle 2cp, of secondary ions (positive or negative), 
with energies ranging from E to (E +D..E), to the 
current of primary ions with energy E0• 

The graphs show o~ as the ordinate with units 
7.14 x 10-13 A/IJ.A · eV. The abscissas represent 
secondary-ion energies in electron-volts or as 
fractions of the primary-ion energy. 

RESULTS 

Over three hundred energy spectra were ob
tained for secondary positive and negative ions 
formed on bombardment of various metal targets 
with the 7.5-80 keV ions H!, H2, He+, ct, Ni, N;, 
ot, 02, co+, Ar+ and Ar2+. A detailed analysis was 
made of the spectra obtained on molybdenum and 
beryllium targets. It was found that the energy 
spectra of the secondary ions depended very 
strongly on the experimental conditions: on the 
energy of the primary ions E0, the mass of the 
primary ions m 1, the mass of the target atoms m 2, 

the pressure of the residual gases at the target, 
the type of these residual gases, the temperature 
of the target, and the cleanness of the target sur
face. For secondary ions with comparatively 
large energies (E/Eo > 0.1), the o* (E) curves 
could be roughly divided into three groups. 

A typical representative of the first group is the 
energy spectrum o~ ( E/E0 ) of the positive second
ary ions produced by bombardment of molybdenum 
with Ar+ ions of various energies, shown in Fig. 2; 
for the sake of brevity this case will be referred 
to as "Ar+ on Mo." A characteristic feature of 
the first group is a system of maxima clearly 
visible above a curve that falls continuously with 
increase of the secondary ion energy. Some of 
these maxima occurred also on the descent follow
ing a rise in the curve (Fig. 7 ). Figure 2 shows 
that with increase of the primary ion energy the 
secondary energies rise as well. Measured as a 
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FIG. 3. The distribution 8~ (E/E 0) for H; on Mo: 1) E0 =7.5 
keV; 2) 15 keV; 3) 30 keV; 4) 8~ for E 0 = 30 keV. 
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FIG. 4. The distribution 8~ (E/E0) for Ar + on Be; E 0 =80 
keV, 

fraction of the primary-ion energy, the abscissas 
X1 of the first maximum on the right were found 
to be practically identical for all E0• The numeri
cal values of X1 were different for different ratios 
of mt /m2 but they were constant for a given ratio 
m1 /m2, e.g., X1 = 0.41 for Ar+ on Mo. The ratios 
of the abscissas of other maxima to X1 were con
stant: Xt: x2: x3: ... : Xn = 1: t;2: t;3: ... : Yn. 
The number of maxima increased on increase of 
Eo; it was five for Ar+ on Mo at Eo = 80 keV. 
As E0 increased the secondary-ion current at x 1 
fell and the limiting energies of the secondary ions 
rose approximately proportionally to E0• Adsorp-

0 100 zoo 300 400 

tion of gases in the target raised the number of 
slow ions and reduced the number of secondary 
ions in the regions of x 1 and X2. The reported 
dependence of the number of secondary ions on 
their energy was observed in all cases when m 2 
> m 1 except when mdm1 .<; 25. 

These exceptional cases belonged to the second 
group of secondary-ion spectra. A typical 
o$ (E/Eo) distribution for this group is that of II! 
on Mo, given in Fig. 3. The energy spectrum is 
dome-like with a peak displaced toward lower ener
gies and reduced in magnitude on increase of E0• 

The limiting energies of the secondary ions of this 
group are very close to E0 ( Eum /Eo ~ 1). It was 
found that if the ratio of the masses of the inter
acting atoms was reduced the second group of 
energy spectra gradually approached the form of 
the first group. For example, when mdmt = 24 
in the case of He+ on Mo, a sharp peak appeared 
in the region E/E0 ~ 1 superimposed on the dome
like curve. 

The third group included the energy spectra 
with fit > m2. Here the number of secondary ions 
decreased smoothly with increase of their energy 
( Fig. 4 ) . If the target surface was not clean the 
number of ions with small energies became greater. 

Studies of the energy spectra of negative ions 
showed that they were somewhat different from the 
spectra of positive ions and that 6(p < 6~ for pure 
targets. For example the o-;p ( E/E0 ) curve for 
Ar+ on Mo had no maxima and was similar to 

.fOO E,eV 

FIG. 5. The distribution 8~(E) for Ar+ 
on Be: 1) E 0 = 10 keV; 2) 20 keV; 3) 30 keV; 
4) 40 keV; 5) 80 keV. 
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FIG. 6. The distribution Bin (E) foro+ on Mo (curve 1), for 

+ + T 1 
He on Mo (curve 2), for H 2 on Mo (curve 3); E 0 = 30 keV. 

positive-ion spectra of the third group. In other 
cases when m 1 < m 2 some maxima were present 
in the case of negative ions but they were not very 
pronounced (curve 3 in Fig. 7). 

For the slow secondary ions, the initial portions 
of all the energy spectra had maxima between 5 and 
30 eV. The positions of these maxima did not de
pend on the primary-ion energy but on the target 
material and the state of its surface ( cf. o~ (E) 
curves for Ar+ on Be in Fig. 5 ). With increase 
of E0 the magnitudes of the peaks for the positive 
slow ions were reduced; in the case of Ar+ on Mo, 
however, the converse was observed. Contamina
tion of the target, e.g., by cooling to room temper
ature at p = ( 1 - 3) x 10 mm Hg, produced a con
siderable rise of o~ and a displacement of the 
slow-ion peak. A cold Mo target bombarded with 
Ar+ ions yielded a o~ slow-ion peak (at 30 eV) 
which was ten times greater than for a hot target 
(at 5-6 eV). When m 1 « m 2 <II! on Mo, Fig. 6 ), 
a clean target emitted no slow ions and the spec
trum began from about 100 eV; slow ions appeared 
only when the target was contaminated. 

A maximum was also found in the region 
100-400 eV which increased in magnitude with 
increase of E0 and with the cleanness of the target 
surface. Its position depended on the target mate
rial: 80 -100 eV for o+ on Mo ( Fig. 6) and 
200-300 eV for Ar+ on Be (Fig. 5 ). In the 
100-400 eV range the values of o~ rose with 
E0 (Fig. 5) if the bombarding particle was other 
than hydrogen. Figure 6 indicates that o~ rose 
also on increase of the incident-ion mass. 

When molecular ions (If2, N2, 02) were used, 
the maxima and other features of the secondary
ion energy spectra were the same as for mona-
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FIG. 7. The. distribution 8~ (E/E 0) for co++ N~ on Mo, 
E0 = 30 keV (curve 1); the distribution 8~ (E~E 0) for N~ on 
Mo, E0 = 22 keV (curve 2); the distrubution 8cp(E/E0) for 
co+ + N~ on Mo, E0 = 30 keV (curve 3). 

tomic primary ions of half their energy. If the 
molecular ion was more complex, e.g. co+, the 
secondary-ion energy spectrum was also more 
complex ( cf. curve 2 in Fig. 2 and curve 1 in 
Fig. 7). 

The secondary-ion energy spectra were inde
pendent of the initial charge of the bombarding 
ions, for example Ar+ and Ar2+ gave the same 
results on Mo. 

DISCUSSION 

Many features of the observed energy spectra 
can be accounted for by assuming that incident 
atoms interact with target atoms in the same way 
as in the elastic scattering of free atoms. Inter
action between ions and electrons (excitation and 
ionization) is neglected. Secondary particles con-

. t f . t' 1 ( - 0 + 2+ tc ) s1s o pnmary par 1c es mv m 1, m 1, m 1 , e , 
which have experienced single or multiple colli
sions with lattice atoms, and of variously charged 
lattice atoms or surface contaminants, including 
primary particles captured by the lattice. The 
emitted lattice atoms, m2, m~, m2, mf, etc obtain 
their energy either by collision with primary ions 
or by a relay mechanism involving transfer of 
energy between successive lattice atoms. Our 
discussion of charged secondary particles applies, 
in general, to neutral secondaries as well. 
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FIG. 8. A diagram for calcu
lation of limiting energies: 1) tar
get, 2) analyzer; V 0 is the initial 
velocity of primary ions, and V is 
the velocity of secondary ions. 

To interpret the energy spectra of secondaries 
we must use the laws of energy and momentum 
conservation in collisions. The energy of a parti
cle with mass mt after a collision with a particle 
m2 at rest is given by 

E1 = E0 (I + at2 (cos ()1 ± Y a2 - sin2 ()1 )~. (1) 

where 9t is the angle of deflection of the primary 
particle mt from its initial direction of motion in 
the laboratory system of coordinates; a= m2fm1• 

It follows from Fig. 8 that in our case ( 90° - cp) 
s; 9t s; ( 90° + cp ). Therefore, the lowest and high
est ener~s ( Et >urn of the particles that enter 
the analyzer after single collisions with the lattice 
atoms are given by 

(EI)Hm'= E0 (I+ at2 (±sin tp ± Jf a2 - cos2 cp) 2 • (2) 

Substituting mt = 40 and m 2 = 92 -100 into Eq. (2) 
we can find the limiting energies of the Ar+ ions 
scattered in the direction of the analyzer after 
single collisions with Mo target atoms. If these 
energies are expressed in relative units, taking 
Eo = 1, we find that 0.333 s; ( Et /Eo) s; 0.498 and 
the mean value is Et/E0 = 0.41. The abscissa of 
Xt in Fig. 2 has this value of 0.41 and the greatest 
part of the Xt peak lies within the limits of Et /Eo 
just specified. Similar conclusions for other com
binations of masses mt and m 2, including Hi on 
Be, give equally good agreement between the ex
perimental limits of Xt and the calculated values 
of ( E2 >urn /Eo. It is therefore clear that when mt 
< m2 the maxima Xt on 6* ( E/E0 ) curves are due 
to primary ions scattered once by the target atoms. 
The absence of such maxima in the spectra 
6(p ( E/Eo) for Ar on Mo and Ni on Mo confirms 
this conclusion since argon and nitrogen atoms do 
not form negative ions. 

If the bombarding atom has a strong affinity for 
electrons, maxima appear also in the negative ion 
spectra, for example Oi on Mo (Fig. 7 ). 

The reason for maxima at the abscissas Xt, x2, 
X3 etc, which are in the ratio of 1 : t/2: t;3 : ••• : Yn, 

becomes obvious when it is realized that in the 
transformation of the Ian = f ( Uan) into o± ( E/Eo) 
all the secondary ions were taken to be sirfgly 
charged. In fact these maxima represent loss of 
one, two, three, etc electrons in the process of 
scattering. Since the probability of electron loss 
rises with increase of the particle velocity, the 
number of maxima should rise with E 0 as in Fig. 2 
and in similar spectra for other combinations of 
fit< m2. 

Substitution of the values of a and 8t for Hi 
on Mo (mt « m2) into Eq. (2) shows that among 
the reflected ions there should be groups with 
energies close to E0 ( 0.975 < EtfE0 s; 0.986 ). 
Ions with such energies are represented by the 
experimental curves in Fig. 3. 

The third group of spectra was found only in 
two cases: either when mt > m 2, or when m 1 
< m2 if the incident atom had no great affinity for 
electrons. This is in full accord with our model 

' 
since in the case mt > m2 the particle mt cannot 
be deflected by an angle greater than Bum = sin-ta. 
Thus the inequality sin-t a < ( rr /2 - cp ) can be used 
as the condition of the absence of maxima (Fig. 1). 

The coincidence of the spectra of secondary 
ions produced by diatomic (If2, 02) and monatomic 
(1ft and or ) ions when their energies are in the 
ratio 2/1 confirms the conclusion of many investi
gators that incident molecular ions are dissociated 
in the interaction with the target. The presence of 
very small numbers of ions with energies E > 0.5E0 

in such spectra also shows that some ions ( 02 or 
H2) are reflected without dissociation. Extension 
of these ideas to more complex molecules makes it 
possible to interpret the spectra of secondary ions 
produced by them (Fig. 7), 

Since secondary-ion spectra extend over a wider 
range than that given by Eq. (2), it is necessary to 
consider not only single collisions but also other 
processes by which secondary ions can be formed, 
Simple calculations, similar to that just given, show 
that secondary particles contain groups of ions 
(or neutral atoms ) which enter the analyzer after 
successive scattering from two, three or more 
atoms of the target (or its contaminants). The 
number of collisions depends on the angle of ob
servation and on the relationships between mt, m 2, 
Z1 and Z2, as well as on the initial energy of the 
incident ions. For Ar+ on Mo, within the range of 
energies employed, the analyzer can receive ions 
which suffered not more than three collisions. On 
decrease of mt and Z1 the number of collisions 
increases and in the case of Hi on Mo most of the 
secondary ions are multiply scattered; this alters 
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the energy distribution curve quite considerably 
( Fig. 3). There is also a contribution from ions 
of the target material and its contaminants; this 
will be discussed below. 

In contrast to spectra of the first and second 
types, particles in the spectra of the third type in
clude practically no reflected ions at sufficiently 
large values of E0• For example, in the case of 
Ar+ on Be these ions can enter the analyzer only 
after seven collisions ( 80° : 13° ~ 7), and their 
energy should not exceed 0.04 E0 

= [ ( 1 +a )-1 cos 9lim ]14Eo. However, the observed 
spectrum of secondary ions, shown in Fig. 4, ex
tends up to E > 0.2E0• Consequently ions of that 
spectrum must be formed by ionization of the tar-' 
get or contaminant atoms which have received suf
ficient kinetic energy to eject them from the target; 
this kinetic energy is supplied by collisions with 
primary ions (including reflected ones ) or with 
target atoms which have experienced collisions 
earlier. 

The energy and momentum conservation laws 
yield the following expression for the energy E 2 
transferred from an incident atom of mass m 1 to 
an atom of mass of m 2 at rest: 

E 2 = 4m1m2 (m1 + m2r 2E0 cos2 y12 = K12E0 cos2 r12. (3) 

where y 12 is the angle between the velocity vectors 
of the primary ion before collision and the second
ary particle (m 2) after collision. Using a repre
sentation similar to that shown in Fig. 8, we find 
that (rr/2 - cp) sy12:::::: rr/2. Consequently the 
energy transferred to particles that move toward 
the analyzer immediately after collisions with the 
primary ions lies between the limits 

0 < E2 < Kr2E0 sin2 <p. (4) 

It follows that under our experimental conditions 
we have 0 :::::: E2 :::::: 0.03E0 for any combination of 
masses m1 and m 2. In many cases the energy E2 
is comparable with the energy necessary to dis
place a lattice atom Ed,CSJ and these displacement 
energies should therefore be included in any anal
ysis of the energy spectra of ejected particles. 
Brinkman [4] calculated the energy distribution for 
such displaced atoms. This distribution is given 
by the following simplified expressions 

dn I dE= C I £2 when Ed< E2 < Kr2Eo, (5) 
dnl dE= 0 when E2 <Ed, 

where n is the number of atoms displaced in all 
directions, and C depends on the masses and 
atomic numbers of the interacting particles, the 
number of primary ions and their energy. Of the 
particles represented by Eq. (5) we are interested 

only in those which leave the target in the direction 
of the analyzer and which are ionized. The energy 
spectrum of such ions differs from that of Eq. (5) 
because the probability of electron loss rises with 
increase of the ejected ion velocity. The limiting 
energies are slightly altered. On tbe surface of a 
real target there are always atoms (target and 
contaminants) with different binding energies and 
these energies may vary with the direction of dis
placement. Therefore, the lower limit of the 
measured spectrum may be rather indefinite and 
the peak may not be as sharp as indicated by 
Eq. (5) ( cf. Fig. 5). If there are few or no foreign 
atoms on the target, then the position of the maxi
mum nearest to the coordinate origin of o$ (E) 
curves is governed by the binding energy of those 
atoms in the target surface ejected in the direction 
of the analyzer. On increase of E0 the contribution 
of ions ejected from deeper layers of the target 
becomes more and more importan~ Consequently 
a second maximum appears on 6~ (E) curves and 
its position is governed by the displacement ener
gies of atoms in the interior of the target. For o+ 
on Mo (curve 1 in Fig. 6) this second maximum 
occurs at 80 -100 eV, near the energy threshold 
for sputtering of Mo by ions.C5J For if+ on Be 
(Fig. 5) a similar maximum occurs at 290-330 
eV, indicating that the energies of displacement of 
beryllium atoms lie in this range. 

According to Eq. {4) the energies of ions knocked 
out by first collisions with primary ions do not ex
ceed E 2 = E0K12 sin2cp = 0.018 E0 =1440 eV for 80 
keV Ar+ on Be while for 80-keV Ar+ on Mo the 
limit is 0.0254 E0 = 2000 eV. However, Fig. 4 shows 
that the secondary ions included particles with 
energies up to 0.22 E0, indicating an important 
contribution from secondary ions formed from 
atoms which received their energy by the relay 
transfer mechanism. 

The energy acquired by a particle at the n-th 
stage of the relay is given by 

(E2)n = E0Kr2 cos2 Y12 · K2a cos2 Y2a· .. Kn. n+r cos2 Y n, n+r. (6) 

where Kn, n+t = 4mnmn+t/(mn + mn+t) 2; Yn, n+t 
is the angle between the vectors of the pre-collision 
velocity of atoms with mass mn and the post-col
lision velocity of particles with mass mn+l· The 
expression {6) is valid if the distance between 
atoms m 2 and mn+t before collision is small com
pared with the distance between the target and the 
analyzer (the situation can be represented sche
matically as in Fig. 8 ). In order to be registered 
by the analyzer the displaced atom mn+t should be 
ionized, the sum of the deflection angles y should 
satisfy 
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.rt/2 - c:p <:; (Yl2 + Y23 + 0 0 0 + Yn. n+1) <:; rt/2 + c:pl (7) 

and the energy transferred at each relay stage 
should exceed Ed. An analysis of Eq. (6) and of 
these conditions indicates that the energy of the 
secondary ions received by the analyzer lies 
within the range 

0 <:; (E2)n < EoK12 K2a o o ° Kn, n+l cos2 n ( 1t ~ Zt:p). (8) 

Substitution of the values of K12, K23• ... , 
Kn, n+t• cp and n into Eq. (8) and comparison of the 
result with Fig. 4 shows that the third and further 
stages of the relay energy transfer do not contrib
ute materially to emission. The limiting value of 
the energy transferable to target atoms which are 
subsequently ejected can be found by assuming 
that the relay energy transfer chain is infinite 
(n-oo, Yi- 0, (E2)lim = K12E0 ), and that K23 
= K34 = ... = Kn, n+t = 1, since m2 = m 3 = ... 
=mn+to The probability of ejection of such ions is 
extremely small and, therefore, the actual ener
gies of the emitted atoms are considerably smaller 
than ( E2 him. This conclusion is confirmed by the 
results of Stanton,[G] published after the present 
paper was finished. 

Our analysis shows that the energy of Mo ions 
or atoms ejected by Ht ions in the direction of the 
analyzer should not exceed 0.0425 E0• ·This con
firms the suggestion that most secondary ions rep
resented by the spectrum in Fig. 3 were produced 
by multiple collisions. This suggestion is valid 
only for clean targets. If the target surface is 
contaminated with atoms lighter than Mo, for 
example by carbon, then some of the ejected Mo 
atoms can acquire greater energies because 

(E2)lim = KH, cKc,MoE0 = 0,284°0.408£0 = 0,116£0 • 

This model accounts also for the absence of 
slow ( 0-100 eV) secondary ions on bombard
ment of clean molybdenum targets with H2 ions 
of 30 keV energy (Fig. 6 ). A 30-keV H2 ion can 
accelerate directly an Mo atom toward the anal
yzer by giving it an energy not greater than 19.3 
eV; this follows from Eq. (3) if dissociation of Ift 
is allowed for. Since the energy of displacement 
of the Mo atoms is roughly equal to 100 eV, a 
single collision with H! cannot direct an ejected 
Mo atom toward the analyzer. In the second 
stage of the energy relay process Mo atoms can 

obtain energies up to 180 eV but only those with 
energies greater than Ed ~ 100 eV can leave the 
target because most of these atoms are below the 
uppermost surface layer of the target. 

CONCLUSIONS 

The results obtained have confirmed satisfac
torily the interaction model suggested by many 
workers, that atomic particles of medium energies 
( 1-100 keV) collide with atoms in the solid prac
tically as if the latter were free particles. 

Calculations of the energy limits of various 
components of secondary ion emission have ex
plained some details of the emission mechanism. 
They have also accounted for many features of the 
energy spectra of secondary particles reported 
here and by other workers investigating secondary 
ion emission, sputtering, radiation effects and gas 
evolution from surfaces bombarded with atoms or 
ions. For example, the suggestion of several 
workers that most molecular ions are dissociated 
on impact with a target surface has been fully con
firmed. It has been found for the first time that 
ions reflected from the target are further "stripped." 
An earlier suggestion that secondary ion emission 
is independent of the initial charge of the bombard
ing ion has also been confirmed. 
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