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synopsis 

Measurements on the charge states of Ar and Cu ions resulting from collisions of 
30-90 keV Ar+ ions with Cu vapour are presented as a function of scattering angle. 
The results are compared with calculations according to a statistical model for the 
distribution of inelastic energy loss among the electrons of the collision partners. 
Expressions for the degree of ionization using a staggered ionization potential model 
have been derived. The treatment is largely based upon Russek’s model and may be 
compared with Everhart’s description of the Ar+ --f Ar collision. The amount of 
inelastic energy, according to the model, necessary for the multiple ionization, is 
compared with earlier measurements. 

This paper, together with the inelastic energy measurements constitutes a phe- 
nomenological description of the Ar+ --f Cu collisions. 

1. Introdwtion. Much research has been carried out on the analysis of heavy 
particle collisions in the keV region. These studies were primarily concerned 

with binary encounters between an ion and an atom in a gas13 2). 
On the other hand, also binary collisions of ions with atoms situated on 

a metal surface were studied+5). An important conclusion could be drawn 

from the comparison of collisions on a metal and in a gas. The kinetic 
energy of scattered particles and also the inelastic energy loss, dissipated 
over both partners, during a collision between a fast ion and a target atom 

do not depend on the physical state of the target. However, the charge 
state of scattered particles depends strongly on the nature of the target. 
It was reported some years agoa) that the mean charge of Ar ions scattered 

from gaseous Cu atoms is in the order of 5 for scattering angles larger than 
30” and primary energy of 90 keV, whereas this mean charge is 2.5 for the 
case of scattering from a metal. 

In order to explain these differences an analysis of the Ar+ on Cu (gas) 
collision will be given in this paper and the Ar+ on Cu (metal) collision will 

be discussed in the following paper. 
The model used in this paper to describe the collision of an Ar+ ion with 
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a free Cu atom is the model introduced by Everhart ant1 Kess;el7), which 
is an extension of Kussek’s description of atomic collisions. Coincidence 
techniques could not be used, because in case of a metal target one of both 
collision partners always disappears into the target. ‘Therefore, no detailed 
information about the collision process can bc cxtractetl from the m(~asuw- 
ments, but a yhenomenological description can 1)~ given. 

We studied the reaction 

Ar+ + Cu (gas) + Arm+ + C.u?~-i --\-- (BZ + PI ~ 1 ) c 

for scattering angles 91 between 0” nncl 105” and primary c)ncbrgies betwwn 
30 and 90 keV. 

2. Appar&~. The ion accelerator, scattering chamber ant1 analyzing 
system is described already in connection with measurements of the in- 
elastic energy loss of Ar I- ions in collision with gasc~ous and solid CLI targets 5). 

The ! Mo 

are kept 

cu-vapour _ 

Fig. 1. View of oven and cm-rent supplies. 
crucible is heated by electron bombardment from tungsten filaments 

at 1 kV with respect to the crucible. Radiation shields and cooling 

are indicated. 

, which 
system 
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To produce Cu vapour an oven is inserted in the scattering chamber 
(fig. 1). It consists of a molybdenum crucible which is heated by electron 
bombardment. The primary ion beam is directed into the crucible, the 
scattered particles leave the crucible through a slit, after which they enter 
a region between grounded plates (not indicated in the figure) on their way 
to the diaphragm of the analyzer. It is necessary to construct this field- 
free region to make sure that the filament potential (1 kV) does not disturb 
the ion trajectories. 

A chrome1 alumel thermocouple regulates the filament current so that the 
oven temperature can be stabilized within 2°C in the temperature region 
lOOO”-1250°C. The partial pressure of the Cu vapour in our experiments 
was in the order of IO-4 torr. To be sure that the vapour pressure was low 
enough to work under single collision conditions, scattered ion intensities as 
a function of pressure were measured. A linear dependence of intensities on 
pressure was found. 

The scattered ions pass an electrostatic energy analyzer and are de- 
tected by a Bendix particle multiplier. Neutral particles reach a detector 
by a hole in the analyzer plate. 

We assume the multiplication factor of the multiplier to be independent 
of the charge of incoming ions. For slow ions (kinetic energy < 2 keV) this 
is certainly not the case, because acceleration of charged particles near the 
anode of the multiplier becomes important. 

There is evidence for this effect in the measurement of intensities of slow 
recoil particles. 

3. 1Mea~urement.s. We define the fraction P, of scattered particles with 
charge n as the yield of n-times charged particles divided by the yield of 
these particles summed over all charge states. 

It is measured as a function of scattering angle for 4 different primary 
energies. P, values for projectile particles are given in fig. 2a. 

It is observed that for increasing violence of the collision, higher charge 
states become predominant. This occurs for fixed primary energy with in- 
creasing scattering angle and for fixed scattering angle with increasing prima- 
ry energy. 

The neutral species are not indicated in some cases, they could not be 
measured accurately as a result of a large background (presumably photons). 
This introduces an error of some percents in the region of scattering angles 
2”-IO”. 

Similar measurements on recoil Cu ions are presented in fig. 2b for three 
primary energies. Now the most violent collisions resulting in high-charge 
states occur for decreasing scattering angles with fixed energy and also for 
increasing primary energy with fixed scattering angle. The results for CU 
are much more fragmentary than for Ar for two reasons. Firstly, in the 
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Fig. 2. Measured P, functions 71s laboratory scnttcring angle. 

a) P, functions for scattered Xr for 4 primary energies. 

b) P, functions for scattered Cu for 3 primary energies. 

The curves are drawn through points, measured with intervals of 4”. 

region of small scattering angles (p’ < SO’) the differential cross section for 
scattering of a recoil into q~ is small (compared to the cross section for 
scattering of a projectile particle into angle q~), so an intensity problem 
arises. 

On the other hand, the region of scattering angles near 90” corresponds 
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Fig. 3. 
a) P, functions plotted vs mean charge fi for Ar. 

Experimental points taken at 4 primary energies are combined in each curve. 
b) P, functions plotted vs +i for Cu. Experimental points for 3 primary energies are 

combined in the curves. 
Figure 3 is derived from fig. 2 by determining fi for each q. 



with very low energies (recoil particle energy is proportional to cos? q0) of 
scattered recoil particles for which the efficiency of the particle multiplier 
decreases below unity. Reacceleration of ions near the multiplier entrance 
grid plays a role here. As a result the measurements of relative ion intensi- 
ties are not reliable in this angular region. 

The experimental results may be combined in t\vo ways in order to 
establish a comparison with a theoretical model. Nre plot P,i as a function 
of the mean charge ,1, defined as fi = C nP, , the result is that for both 
Ar and Cu this yields a universal set of curves, in which the positions of 
points arc independent of primary energy (fig. 3). Comparison of fig. 3a and 
fig. 3b even indicates that the fraction of tz times charged ions as a function 
of ti does not differ markedly for Al- and Cu. A sensitive test consists in 
comparison of intersection points of different Pi curves in fig. 3a and fig. 3b. 
Experimental points are indicated in fig. 3. The reproducibihty of the points 
is about 10% of their value for Cu and better than 1 O;h for Ar. 

A second type of information can be obtained by plotting ~1 KS the mean 
total inelastic energy loss Q. 

Fig. 4. The mean charge of Ar and Cu as a function of the mean total inelastic energy 
loss &. 

Points are determined for different primary energies I<~. 
x : Eo = 40 keV, c 1: 60 z= 60 keV, 0: E0 = 90 kc\:. 
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We can determine A vs scattering angle from fig. 2; the dependence of 

0 on scattering angle is also knowns), combination yields Z as a function 

of Q. 
Curves Of ??A, and ?icu vs Q are given in fig. 4. 

Also in this case 3 different primary energies result in a universal curve 
for the two ion species under consideration. 

4. Phenomenological model for the Ar+ on Czd collision. We shall describe 

our measurements on the basis of the statistical model of Russek, extended 

by Everhart et al. 7). The physical background of this model is: 
1) The two approaching particles form a short living molecule, in which 

excitation of electrons takes place. Not in every collision at a certain 
primary energy and scattering angle the same inelastic energy is dissipated, 

but there is a distribution in inelastic energies. 

2) The inelastic energy is distributed among the collision partners when 
they separate, both in an auto-ionizing state. 

3) After separation de-excitation and electron emission takes place. In 

some cases a fast electron is emitted, according to the prediction by Fano 
and Lichtenay 10). The remaining part of the inelastic energy is statistically 
distributed among the outer shell electrons, according to Russek’s model. 

We shall concern ourselves with a brief outline and a simple illustration 

of the statistical theory for the ionization probabilities. 
The problem consists of randomly distributing an amount of energy E 

among N electrons and finding the probability that n electrons receive more 

energy than their respective ionization potentials. 

4.1. Uniform ionization potential. In a simple approximation we 
take all ionization potentials equal. In fact the problem now reduces to a 
well known problem related to the random division of an interval. An inter- 

val of length E is divided into N subintervals by N - 1 points chosen at 
random on the line. The probability Pz that exactly n of the subintervals 

will exceed Eion (which is the uniform ionization potential) is given bylr) : 

for n = 0, 1, . . . . N, with the requirement: 

This is Russek’s formula (ref. 8, formula 6) for the rtth ionization proba- 
bility. 

As an illustration for the derivation of (1) we treat the case that all N 
electrons over which the energy is distributed, are removed. We shall derive 



the expression for 3’;: for the general case of nonequal ionization energies. 
The energy E is distributed among N electrons and let the energy received 
by the k-th electron be Ek then we have to find the probability that Eli 2 El, 
for k = 1, . . . . N, in which EI, are relevant ionization energies. In the final 
expression all Ek will be taken equal for the uniform ionization potential 
case. We assume a uniform probability density P(E1, &Tz, . . . . E,_l), with 
the condition 

E, = E - C Eli 2 0. 
k-1 

The volume in the N - 1 dimensional phase space is given by 

1 EN-1 
(N - l)! 

and we have therefore 

Physically, this means that the matrix element for a transition from an 
initial (auto-ionizing) state to the final state in which an electron receives 
E, does not depend on E. _ 

We can calculate the-probability for N-fold ionization by 

h-ft22-fi,L..fi.v I<-g1-& .ILv l’:-~I-~:2...~:N~2-1~‘~ 

=J J . . j P(E1, E2, . . . . EN_1). 

h; 1 I:‘2 /:(N I 

.dJJl,d&.d+(i _!!L!$>“. (3) 

The integration intervals are determined by the requirement El, > Ek, 
while on the other hand the sum of all Ek’s has to be E. WC need N - I 

integrals because the chaise of the first N - 1 energies determines the Nth. 
In case of a uniform ionization potential all El, are equal to Eiorl. Here PAj 
reduces to 

(4) 

which satisfies relation (1). 
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An advantage of this method over Russek’s derivation lays in the fact 

that the partition of energy E into units E, with subsequent limit of E to 

zero is avoided. The functions Pz plotted 11s +i can be found in Russek’s 
paper (ref. 8, fig. 8). At a first glance they seem to describe the results 
Arf -+ Ar and also our results (fig. 3) rather well. However, the dependence 

of Pz on excitation energy is incorrect, as may be expected from the rather 
crude assumption of a uniform ionization potential. 

4.2. Staggered ionization potential. Also exact formulas for the 
ionization probabilities for the more realistic case of ionization potentials 

depending on the number of escaped electrons can be derived. 

Russek assumes a simultaneous ionization of n electrons, which therefore 
(because of symmetry) all lose an energy equal to the mean of the first n 

ionization energies. This mean ionization energy appears to be a function 

of the inelastic (excitation) energy. 
In contrast to this model we think that there exists a certain time order 

in which electrons receive energy. We label the electron which receives 

energy first as 1 etc. Let its energy be El and let the rtth ionization energy 

be E, as before. Now we are able to write down the ionization probabilities. 
The simplest case is, when no ionization occurs, only excited states result, 

which may de-excite by photon emission: 

Pf = P(El < El, Ez < El, . . . . EN < El). _ _ (5) 

The single ionization probability becomes 

P~=(P(E~<E~,...,EN-~<E~,EN~E~)+ 

+ P(~I -c El, . . . . EN-2 -=-E EL EN-1 2 EL EN -=C E2) + .a. + 

+ P(gl 2 El, E2 < E2, . . . , EN < E2)). (6) 

It consists of N terms, the first of which describes the possibility that the 

first N - 1 electrons receive an energy, not sufficient to overcome El and 
the last electron escapes. The last term indicates ionization of the first 
electron, the remaining N - 1 electrons receiving an energy less than E2. 

Generally, the probability for w-fold ionization is a sum of (z) terms. 
Mathematical expressions can be obtained for these terms. 

The following relationship holds : 

P(E < Ek) = P(E > 0) - P(E > E,t). (7) 

By repeated application of (7) all terms in the expressions for the ionization 
probabilities can be written as linear combination of terms P(E12 el, 

E2 2 e2, . . . . &,, 2 e,), in which the ef may be ionization energies or zero, 
these terms containing no “<I’ relations. 

For these terms we already derived expression (3). The result is that all 



ionization probabilities in the staggered ionization energy case can bc 
written as a linear combination of terms of the form (3). 

For the ionization energies we use the simple approximation Et = kEl, 

which means that after removal of k - 1 electrons the effective charge 
which the next electron experiences is k times the charge acting upon the 
most weakly bound electron. In this case a closed expression can be given 
for the ionization probabilities: 

This distribution satisfies the normalization condition 

(8) 

The coefficients c(i, .i; /z) originate from the repeated application of (7) and 
they can easily be found by recursion: 

c(i, i; I?) = c(i - 1, i; k) + c(i, j - 1 ; k - i), (9) 

with initial conditions : 

c(i, j; k) = 0 if 6, j, or h is negative 

c(i, 0; lz) = c(0, j; k) = S[Jk for non-negative i, j and k. 

Because we use ions as a projectile, we also have to calculate ionization 
probabilities of an ion, PC (ion). Kow the lowest energy which electrons 
need for ionization is the seconll ionization potential. 

The result is: 

Av--IL 

1’: (ion) = C (-l)j ,,y i >: 
:;-- I, ( .I 

;rl(Il+l)+llj 

X c ~($8, i; )H, - ;YZ(PZ + l))( I - (M + II + 2j) El/E)“-1. 
!)L m?n(ni 1) 

(10) 

After the formation of the quasi molecular complex, it is not known which 
of the particles is missing the electron. 

Let the electron-capture probability during the collision 1~ a, then the 
resulting expression for the fraction of n times charged ions is: 

P, = aPf + (1 - a) Pi--,’ (ion). (11) 

P, is a function of n, N, the first ionization potential El, the capture proba- 
bility a and the amount of excitation energy E which the atom (or ion) 
receives during the collision. 
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Fig. 5. P, functions for Ar, calculated from formula (1 l), plotted as a function 

excitation energy E, dissipated in Ar. 

of 

Surprisingly, calculation of expressions (8) and (9) and combination by 
(11) for different capture probabilities showed that P, is nearly independent 
of a. 

In the case of a symmetric collision (for instance Ar+ -+ Ar) it is reason- 
able to take a = $, but in our case (Ar+ + Cu) a is unknown. Therefore the 
independence of P, on a is a favourable circumstance. 

As an illustration of a calculation of P, functions by formula (11) we 
show in fig. 5 ionization probabilities of Ar as a function of excitation 
energy E. For this case N = 8, El = 16 eV and a = g. 

5. Distribution in inelastic energy. It is known from measurements by 
Kessel et al. 1) and Snoek et al. 5) that the total inelastic energy Q dissipated 
during the collision in both scattering partners for fixed impact parameter 
and primary energy shows a broad distribution. 

Everhart et al. 7) assume this distribution to be Gaussian and measured 
the width as a function of Q, the mean of the distribution. 

The inelastic energy is shared by the collision partners, the distribution 
in Q resulting in distributions in the excitation energies which both partners 
receive. In case of identical collision partners the width of the distribution 



in excitation energy in one particle can be related to the width of the distri- 
bution in total Q. Again, in our unsymmetrical case it is not known in which 
way Q is distributed over both particles. Filippenkol”) indicates that the 
ratio of energies given to the two particles is the ratio of the number of 
outer-shell electrons in the collision partners. In the case of Cu which has 
one (4s) electron in its outer-shell this rule seems hardly applicable. 

Therefore we made the assumption that both partners receive half of the 
mean total inelastic energy-Q. The normalized distribution in excitation 
energy E around the mean E = i& is given 1~~ 

(14 

If i? = $0 and if both distributions are Gaussian, the width a(_@ is related 
to the width in the distribution of Q like7) a(E) = 2%(Q). 

lfeasurements of G(Q) KS & for the case of Ar+ --f Cu are presented in 
ref. 5, the result is that g(B) is approximately linearly dependent on ,@: 

U(E) = 0.43E. (13) 

It is interesting to note tllat the cast: Xri + Ar leads to roughly the 
same relation between o(E) and E’, see ref. 7, fig. 3a. 

Mark that the assumption i? = A@ is only made to obtain o(E) and is of 
minor importance for the calculation of P, curves. 

6. Comparison of calculated and measured P, functiolzs. ‘We calculate the 
ionization probabilities, resulting from statistical distribution of inelastic 
energy, which itself is normally distributed, in the following way: 

Pm(E) = j Pn(E) f(E) dE, (14) 

in which P%(E) and f(E) are given by expressions ( 11) and ( 12)) respectively. 
For the case of Ar we evaluate (11) with N = 8 and a = 4, the K-th 

ionization potential we take as k times the first, El, which is 16 eV. In 
Russek’s paper it is shown that this is a rather good approximation. 

Xow we plot P, IX fi, these curves are compared with the measured ones 
in fig. 6a. 

For Cu we took N = 11, thus assuming the ten 3d electrons and a 4s 
electron to partake in the distribution of energy, because the closed 3d 
shell shields the deeper laying 3p and 3s shells. 

The choice of N, however, is not so important for the following reason. 
It is observed that the distribution P:’ (formula (8)) becomes nearly inde- 
pendent on N for N > 7. In fact the P:y are closely approximated by a 
normal distribution around G, the width not depending on N. 

The ionization potentials are taken as k times 10 eV, which overestimates 
the first ionization potential (7.8 eV), it correctly describes the second and 
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Fig. 6. Comparison of theoretical (formula (14)) and experimental P, functions for 
Ar (a) and Cu (b). 

Calculated curves are full lines. 
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underestimates the next potentials (EZ = 20 eV, Es = 36 eV, higher po- 
tentials are not known). 

Figure 6b compares calculated and measured Prr. functions for Cu. 
For the higher-charge states, the calculated values lie generally above 

the measurements. Apart from the imperfections in the model, this may be 
due to charge changing of highly charged scattering products in the vicinity 
of walls and slits. This charge changing is the most probable for the higher- 
charge states (see following paper-la)). 

7. Fast electrons. It is known that violent atomic collisions produce exci- 
tation of inner shell electronsg). Direct evidence is provided by the oc- 
currence of fast electrons. The probability for Ar L-shell excitations has 
been measured for the Ar’ --f Ar case as a function of ~0, the distance of 
closest approach in the collisioni). Here electrons with energy near 200 eV 
occur. In the case of Arf + Cusorid 200 eV electrons resulting from Ar L- 
shell excitations also have been measuredlo). Radiation from Xr L-de- 
excitation has been found recently for the case of Arf +- Cusolid (ref. 14). 

On the other hand, a steep rise in the curve of mean inelastic energy 
loss 0 US YO has not been found for Arim + CLI collisions. Probably because 
of the dissimilarity of the electron clouds of the colliding atoms in the 
Arf + Cu case the structure is spread out over an extended region of ~0. 
Consequently we cannot estimate the probability for the creation of an L- 
shell vacancy. 

In the P, curves, presented in this paper, one does not observe discon- 
tinuities also indicating a spreading of the effect. Experimental evidence, 
therefore, is insufficient to incorporate the occurrence of fast electrons in 
the calculation of the P,, curves. 

8. Consistency check of the model and conclusio~z. Plotting of P, curves vs 
mean charge obscures the dependence on the excitation energy. We have, 
however, an indirect way to compare the dependence of P, on excitation 
energy (as calculated) with the dependence of the measured P, on the total 
inelastic energy Q. 

The experimental dependence of 0 on ri is known for Ar and Cu (fig. 4). 
We are also able to calculate separately for both Ar and Cu 110~ much 
energy is needed to create a mean charge ??A, in Ar and Ac,, in Cu. The sum 
of these calculated energies must add up to Q. 

In fig. 7 is indicated the part of Q which is received by Ar and the, fraction 
used by Cu. The sum yields 90 to 105% of 0 for a large region of Q. In the 
uniform ionization potential EAT/Q alone already exceeds 100% for a uni- 
form ionization potential of 30 eV. So in conclusion it may be stated that 
the used model sufficiently well describes the results. 

On one hand the charge state probabilities are reasonably well described 
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1 I I 
0 4bO 800 1200 -+a kV) 

Fig. 7. Fractions of mean total inelastic energy, dissipated in Ar and Cu, respectively, 
E&Q and Ecu/Q. The sum (EAT + Ecu)/0 is also indicated. 

and on the other hand it is shown that nearly lOOo/o of the total inelastic ener- 

gy loss is consumed into both partners for excitation and ionization. 
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