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ABSTRACT

By assuming that incident ions are scattered in

a single wide angle collision and that the energy
loss in the solid is due only to interaction with
electrons, an expression for the number of ions
back-scattered from a surface is derived, Measure-
ments have been made of the energy distribution

of protons and deuterons back-scattered from tit-
anium and niobium. Good agreement is obtained
between the measured and calculated energy distri-
butions both in general shape and in the absolute
values of the number of particles back-scattered
from titanium, In the case of niobium there is

evidence that multiple scattering is taking place,
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1. Introduction

It has been shown both experimentally (van Wijngaarden
and Duckworth, 1962) and theoretically (Lindhard and Scharff,
1961) that the energy loss rate of fast ions in solids can
be attributed to two separate processes. For ions with low
velocities the energy loss to lattice atoms is dominant,
while for ions with high velocities the energy loss is

primarily to electrons.

The rate of loss of energy to electrons has been

calculated by Lindhard and Scharff (1961) using a statisfical
model, and a simple analytical form has been obtained for

the range of velocities v < v (where v, is the velocity of
an electron in the first Bohr orbit). In the case of
hydrogen ions moving in solids, the electron loss process

is dominant above energies of 1 keV (while v = ¥ at 25 keV
for hydrogen and 50 keV for deuterium). However, this does
not preclude the possibility of a small number of scattering
collisions, and where.such collisions give rise to large
angular deflections then reflection of back-scattering of
incident ions can occur. These back-~scattered ions have been
observed by a number of investigators (cf. Carter and Colligon,
1968) and in recent years the cut off in the energy spectrum
has been used as a method of determihing the atomic masses

of the elements in a target material (Davies et al. (1967),
Patterson et al. (1965)). Patterson et al. (1965) have
given the differential form of the energy distribution of
back-scattered ions, but because only an approximate

empirical expressioh was available for %% at the high energies

then of interest only qualitative agreement between theory
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and experiment was obtained. Recently Behrisch (1968) has
measured- the energy and angular distributions of protons
back-scattered from copper, though again at energies above
those at which the Lindhard and Scharff theory is applic-
able. Morita et al. (1968) have measured angular and

energy distributions of protons scattered in copper and gold
in the energy range 6 - 40 keV and compared them with a

single scattering theory using empirical data for the

energy loss process. The present paper sets out to calculate
the energy and angular distribution of ions back-scattered

in a single collision in the energy range where the

Lindhard and Scharff theory applies, and then goes on to
compare the results with experimental measurements of the
energy distribution of deuterium ions scattered from

titanium and niobium targets. A preliminary report of the
present paper has been published (McCracken and Freeman 1968),

though an error of a factor 3 in the absolute value of these

earlier results has since been discovered.

Piw Theory

Let us consider an ion normally incident on a target,
where the atomic number and mass of the incident and target
atoms are 24y Mgy 2, and m, respectively. Let us assume
that the incident ion slows down in the target material
without undergoing any scattering, that it is then scattered
by a single scattering event through a large angle and that

it returns to the surface without further scattering.

From the theory of Lindhard and Scharff the rate of

energy loss is given by

1
= z, Z 1
g5 6 - é 8ﬂne2ao J% = KE?Z sws LL) -

= & 2
d= — "1 (2,5+2,%)

nofw
m

where n is the density of ions in the solid, a, the
Bohr radius, and E' is the energy at which the ion
velocity equals the velocity of an electron in the
first Bohr orbit. From (1) we obtain the

energy of the ion for any distance x travelled within
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the solid, E(x) = (4@0-% Kx)2, where E_ is the initial ion
energy, and hence we obtain the probability of a scattering

event in any element of length dx
~dg = no [}JEO—% Kx)z, é] dw dx . vin G2)

where o(E, 8) is the differential scattering cross section

derived from the appropriate interaction potential.

In the collision the ion will have a discrete energy
loss and will then continue to lose energy continuously at
a rate given by Equation (1). We will denote the energy
remaining after the collision by RZEC, where Ec is the
energy before the collision and R is given byrthe usual

expression for elastic collisions calculated from the

conservation of energy and momentum.

m,y cosB + J m22-m125in28
R.: - m+m --07(3)
P

If the energy of the ion when it returns to the surface
is Es then it can readily be shown that the depth at which
the scattering event took place is given by

L 2 (.RJEO—JES)

2 K{R—sechH) -ee (4

and hence using (2) we obtain the probability of an ion
being scattered and emerging from the solid with an

enerqgy ES

]
R-sech ’ KES%(R—seCB)

i

JES—JE sech 2 n dw dE_
N(E_)dw dE_ = 0© ( .

saw kD)
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When the ion beam 1s incident at an angle @ with respect
to the normal the corresponding distribution in the plane of

the ion beam is

JES-JEOCosﬁsec(B+$)\2
R-cosysec (8 +v) ,

n dw dES

N(Es)dw dES =0 ( 8

T
KEsz(R—cosmsec(8+$))

wa w  (6)

If one assumes that simple Rutherford scattering applies
to the collisions of interest then
z 22 2e4
_i<_12_)
o(E, 8) dw = TE 2 cosec

4 .

(%) a

and one obtains for normal incidence

4 ..
f(z)ethlcosec K %-) (R-secd)3dw dE .
ees (T)

N(Es)dw dES = 7
128ﬂaOJES (JES—JEOseCG)

2 3
_ , 6 3., 502
= 24 22(21 +2, Iy
2 2
hydrogen isotope bombardment of most metals z,3 << z,° and
2
5 e

where f(z) It is noted that for

so f(z)z

In fact only in a comparativély few situations, when
using low z targets, will both therion velocity and the
screening be low enough that the Lindhard and Scharff and
the Rutherford equations be good approximations simultaneously.
In the comparison with exPériment described later, we have
used the screened coulomb differential scattering cross
section as calculated by Everhart et al. (1955).

Nevertheless the expression for N(E) given in Equation (7)

is useful in giving a simple analytical description of the
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back-scattering behaviour of hydrogen and deuterium ions at

low energies.

In some experiments the total number of back—scattéred
ions have been measured réther ﬁhan the enerqgy or angular
distribution. It is therefore of interest to integrate
Equation (7) to obtain the total number of back-scattered

ions N with energy greater than E.

TE

(R—sec9)3sin8 de dE

[Ponce yan an_ - Ealetye j "%

64a
% E = E 51n%\2/)JE (JE VT secg)?
' T }
f(z)ez,_.@1 j —sind (" R-sech ; 1 - (1-sech)> go--- (8
e g Yy B 1-sec(8) e 3
96 a E 2 2 Sib Q-2_> (W T —sech)
o o | -
3
-3

- -1.42 x 10”3 f(z) I(8) E,~ where E is in kV, and the

integral is written as I(8).

The integral I(8) has been evaluated numerically as a

function of for values of R and is shown in Fig. 1.

E
E
© E
Of course for low wvalues of T where E is less than 1 keV
o

and the energy loss to lattice atom is therefore appreciable,

Equation (8) is a very poor approximation.

Calculated Values for N for hydrogen (or deuterium) ions

TE
striking a number of metals at normal incidence are shown in
Fig. 2. The earlier provisos concerning the application of

Rutherford scattering of course apply, so that the results at

high z, or Z, and low ehergy should be treated as a qualitative

1
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indication only. The curves have been dotted in the
region where screening makes a reduction of more than 10%
in the differential scattering cross section, as calculated
by Everhart et al. (1955). The full curves have been
calculated using the values of I(8) when R = 1.0. This
introduces a slight error in NTE for light elements, though

even for aluminium (where R = 0.93 to 0.96) N is only

TE

about 10% high. The values of Npp for aluminium and
beryllium have been separately computed, integrating I(9)
with the correct values of R inéluded as a variable, and

these are shown in Fig. 2 also.

The calculated values of NTE may be compared with the
experimental values obtained by a number of investigators

shown in the following Table.

Measurements of total number of back-scattered ions'N

T
NT% '
Incident h
Target Particle Energy Theory Exp. Method
ey All ch
. charge
BarneL. Si O 20 0.7 3 Energy giates
(1966) loss: measured
Panin Mo £ 7 20 o
(1962) Mo B 35 3 2.3 Current Only +ve
Measure- ions
Fogel {%o H' 22 6 1.56 e measured
et al. - ‘
(1960) Mo H 22 6 2.03

In the first result quoted in the Table the percentage

of incident ions back-scattered has been estimated
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indirectly, but all charge states are taken into account.
Results taken by current measuring techniques have to be
interpreted very carefully to allow for secondary and
tertiary reactions with the collector as discussed by
Kaminsky (1965). Moreover, by current measurement one can
at best measﬁre those ions which are back-scattered in 2
charged state, while neutrals go undetected. Hence ‘some
correction for charge exchange has to be made as discussed
later. The very small variation in reflection coefficient
with energy in the results of Panin is probably due to the
product of decreasing scattering cross section and

increasing charge exchange cross section ratio 001/010.

3. Experiment

The apparatus used to measure the energy distribution
of back~scattered ions is shown ianig. k. The primary
beaﬁ is produced, accelerated and mass analysed in an
e.m. separator (Freeman et al., 1960). The target is
mounted in a chamber differentially pumped with respect to
the separator using sputter ion pumps and maintained at a
pressureg r~ 10_8 tort . The incident beam strikes the
target at 45° with respect to the normal and the back-
scattered ions which are emitted in a direction normal to
the target surface are analysed with a conventional 30 cm
radius, 90° sector magnetic field, mass spectrometer.

Ions are detected by single particle counting techniques

using a scintillation detector similar in principle to

that described by Daly (1960). The high voltage electrode



has been modified so that the ions are accelerated by
25 kV directly onto it so that 100% detection efficliency

should be maintained over the whole energy range.

The energy spectrum of the secondary ions is measured
by scanning the magnetic field with all electrodes in the
target chamber at ground potential. A momentum spectrum
is thus obtained which can readily be corrected to an energy
spectrum if-thé mass of the scattered ion is assumed and the
fesolution of the system known. The measured resolving power
at half peak height was 380. 'The effective solid angle
submitted by the detector to the target was estimated to be
3.2 x 107° steradians, and 1s probably accurate within a

factor of 2.

Two targets, one of niobium and the other titanium,
were used. Both were of minimum purity 99.9% and were
prepared from‘standard sheet by degreasing'and heating in
vacuum to 700°C. Surface erosion due to sputtering is
expected to clean the target and to be the principal factor
controlling surface conditions during the experiments.

A primary beam curreht of about 5 YA was used on a target
2

area of 0.025 cm™. The target temperature was maintained

in the range 100 - 200°c.

4. Discussion

Results are shown in Fig. 4b of the energy distribution
of D ions scattered (as D' ions) from the titanium and
niobium targets. The relative error on the basis of the
counting statistics is better than 2 8% for titanium and

% 5% for niobium. The absolute error depends primarily



on the estimate of the effective solid angle subtended

by the detector. The results can be compared with the
energy distribution calculated from Equation (6) and the
differential scattering cross section for screened coulomb
collisions as calculated by Everhart et al. (1955), Fig. 4a.
There is seen to be agreement between the experimental
values of the cut off, and the values calculated on the
basis of a single scattering model to better than 0.5%

in all cases.

In comparing experimental and theoretical distributions
allowance must however be made for charge exchange in the
target. Secéndary negative ions have been detected and
it isrlikely that secondary neutral atoms are also produced.
Measurements have been made by Phillips (1955) of the
fraction of an inéident proton beam which was transmitted
through thin targets in Various charged states, as a
function of energy. Unfortunately no measurements havé
been made of the fraction transmitted through titanium or
niobium as positive ions. However, the behaviour of the
five ‘metals investigated by Phillips was very similar, the
fraction of positive ions increaéing linearly with enerqgy
in the range 4 - 50 keV. A linear relationship was
therefore assumed for titanium and the total number of
particles back—scattered in all charge states was then
calculated ffom the expeﬁimental results using the linear
relationship which gave the best fit with the E_' = 60 keV
- theoretical curve for titanium, i.e.

% DT = 67 + 3.8E where E is in keV vee ()
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Since the percentage of protons measured by Phillips at

50 keV was in the range 58 = 74% there appears to be a
discrepancy in the absolute values of the experimental and
theoretical results of about a factor 4. Part of this may
be accounted for by the uncertainty in the estimate of the

solid angle subtended by the detector.

Corrections calculated from Equation (9) have been
applied to both titanium and niobium results for comparison
with theory as shown in Fig. 4a. It is seen that there is
good agreement with titanium, less good with niobium. No
single correction curve could produce agreement between the
three experimental and theoretical niobium results. It must
therefore be concluded that a single collision model is not
adequate in this case, due to the higher z than in titanium
and therefore the greater probability of multiple collisions.
The fall off in the measured distribution at very low energies
is also probably due to multiple scattering and thus a signi-
ficant energy loss to lattice atoms. However, there is also
the possibility that the linear correction for charge
exchange is not a good approximation for niobium. It was
found that with niobium the shape of the energy spectrum
depended more critically on surface conditions than for
titanium and that in an unbaked vacuum system the slope of the
energy distribution was steeper than results after thorough
degassing.

Measurements of the enerqgy spectrum of scattered hydrogen
ions show very similar behaviour to those for deuterium even

at energies up to 50 keV, where the Lindhard and Scharff

energy loss formula, Equation (1), is not expected to hold.
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The absolute value of the scattered hydrogen ion spectra
is slightly higher than the deuterium spectra, but is
within the reproducibility of the absolute values of the
counting rates, i.e. ¥ 5_8%. On the basis of Equation (6)
one would expect the proton spectra to be ~ 3% higher

for niobium and ~ 6% for titanium.

A more direct comparison with theory should be
obtained by measuring ions scattered in all charge states.
Some recent measurements of this type have been made by
Behrisch (1968) on the back-scattering of protons from
copper using a silicon surface barrier detector. The
primary energy in this case was 120 keV so that ;imple
Rutherford scattering will be applicable. However, at
this energy the ion velocity will be much greater than
¥ and hence the Lindhard and Scharff expression for

af will not strictly apply. Nevertheless, good agreement

dX

is obtained between experimental results and the distribu-
tions calculated from Equation (7) (modified for non-
normal inciaence). Results for the angular distribution

are shown in Fig. 5. A normalization factor of 3.1 has

been used to obtain the best fit.

it is interesting that, despite the target being a
single crystal, the theory gives a good overall £ik &6
the distribution apart from the channelling directions.
The poorer fit at low scattering angles is probabiy due
to surface réughness, since these particles are being

emitted at grazing angles.
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5 Conclusion

At iow energles a significant number of protons and
deuterons incident on solid surfaces are back-scattered.
Both the angular and enerqgy distributions seem to be quite
well described by a model taking separately into account
a continuous energy loss process in the solid and a single
elastic scattering event. In the case of niobium the
atomic number z is sufficiently high apparently for
multiple scattering to make an appreciable contribution. The
absolute number of scattered ions measured experimentally is
greater than that calculated and the discrepancy after
allowing for charge exchange is slightly greater than the
estimated error, although with the geometry in the present
experiment this estimate is difficult to make precisely.
In the experiments by Behrisch on copper where the geometry
is simple andrno charge exchange corrections have to be made
the experimental results are also a factor of 3 higher than
the calculated ones. Thus it is possible that there
is a contribution from multiple scattering events in the
case of titanium and copper, though the effect on the

shape of the spectra is small.

There is still a difficulty in calculating- the
proportion of ions back-scattered in the charged state.
The direct comparison allowed between theory and experiment
when all charged states are measured makes it desirable to
extend the techniques used by Behrisch to lower energies
where the Lindhard and Scharff thecry applies. It would

also be interesting to extend the theory to two or more
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collisions to see whether there should be a significant

contribution from multiple scattering.
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Fig.1
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Integral 1(d) as a function of energy for different energy losses in the scattering collision
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Fig.2 (CLM- P 195)
Number of ions backscattered with an energy greater than 1keV

assuming Rutherford scattering
— — Uncorrected for energy loss in scattering collision
—-——-— Corrected for energy loss in scattering collision
----------- Effect of screening greater than 10%
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Fig. 5 (CLM-P195)
Angular distribution of H* backscattered from single crystal copper
Theory

------------------ Results from R. Behrisch (Can.J. Phys., 46,527, 1968)












