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1. Introduction

The detection of light elements in materials
presents many difficulties, and some standard
techniques (e.g., Rutherford backscattering) are
difficult or impractical. The present paper reviews
attempts that have been made to find general and
reliable methods of profiling light elements in a
way similar to the Rutherford backscattering spec-
trometry.

Nuclear reactions have been used for many
years to detect and profile many of the light ele-
ments'). In general, a specific beam such as a pro-
ton beam has been used to detect a particular iso-
tope like 0 through a particular reaction, here
B0(p, ®)'°N. The same beam can sometimes be
used to detect other elements. One approach to
the problem of finding a general method of light
elements detection would be to find an ion beam

capable of inducing, in most light nuclei, nuclear
reactions suitable for analysis.

In order to be of analytic interest, methods of
this type must meet the following general criteria:
(1) good selectivity, i.e., an easily recognizable
spectrum with a few well separated levels showing
up in a relatively background-free region; (2) good
depth resolution; (3) reasonable cross section.

We will now discuss two techniques which gen-
erally meet these criteria: (a) ®Li-induced nuclear
reactions?) and (b) detection of light nuclei recoil-
ing after being hit by a heavy incoming ion?).

2. SLi-induced nuclear reactions

SLi is a weakly bound nucleus. This character-
istic explains why all (°Li, p), (°Li, d), and (°Li, «)
reactions on nuclei between Li and Ne have pos-
itive Q values, generally above 10 MeV for (°Li, p)
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Fig. 1. Particle spectra from the 9Li bombardment of a 45 nm carbon layer on a thick aluminium backing. The top spectrum
was obtained with a 19 um mylar absorber in front of the detector; and the bottom spectrum, without absorber. The numbers
refer to the energy levels of the residual nuclei. The RBS spectrum of 6Li can be observed at Jow energy in the bottom spectrum.
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Fig. 2. Particle spectra from the bombardment of a natural boron target. Since it had been exposed to air for a considerable time,
oxygen and carbon are clearly seen. The top spectrum was taken with a 350 um detector which did not stop protons of energy

exceeding 7 MeV or deuterons above 9 MeV.

and (°Li, @). This property is the main reason to
choose a Li beam for analytical purposes.

2.1. SELECTIVITY

The high Q value ensures that the reaction pro-
ducts of interest will genecrally have a higher en-
ergy than the scattered °Li beam (fig. 1). The reac-
tion products together with the backscattering
spectrum can sometimes be observed without an
absorber. Even if it is necessary to use an absorber
to stop the high flux of scattered °Li ions, the
higher energy protons, deuterons, and alphas will
easily go through; and their resolution will not be
greatly deteriorated. Fig. 1 also shows that at
6.5 MeV, an aluminium matrix does not contri-
bute to the reaction products. Since this is only
3 MeV below the Coulomb barrier for °Li on Al,
one can appreciate the rapid drop in cross section
below the Coulomb barrier.

In cases where many light nuclei are present, it
is sometimes necessary to distinguish among the
various reaction products. This can be done by
varying the detector thickness so that protons or
deuterons lose only part of their energy in the
sensitive region of the detector (fig. 2). Other more
sophisticated devices such as a 4E—F counter tele-

scope can also be used?®) to identify precisely the
type of reaction products.

2.2. DEPTH RESOLUTION

The depth resolution is best characterised by the
depth factor defined as
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Fig. 3. Experimental setup in the reflexion geometry. Ef(x) is
the energy of the outgoing particle on leaving the target; and
E; (x), its energy when reaching the detector. In the absence
of an absorber, £ (x)=FE, (x).
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Depth factor £ and depth resolution without (4y) and with (4,) absorber for various reactions used in the detection of 160
in copper at beam energy £y (0). F( and A" are calculated for a detection angle 8= 165° and a target tilt angle 8; =0°. F@

and 42 are for §=40° and 8, =65°.

Reaction E; (0) F Fo Ag’ AEAP Ag)
{MeV) (MeV-cm?/mg) (MeV.cm?2/mg) (nm) (nm) (nm)
d,p 1.0 0.19 0.65 118 206 60
X, 4.0 0.90 - 25 - -
6Li, p 6.0 0.59 2.39 38 66 16
6Li, 6.0 0.73 3.46 30 95 20
614, 6Li 6.0 1.63 - 20 - -

where (d£/dx), and (dE/dx), are the mean specific
energy loss of the incoming and outgoing parti-
cles®). The kinematic factor is here an approxima-
tion implying a linear relationship E, = kE, +E' be-
tween the energy of the particles just before and
after the reaction. It is generally valid, over the lim-
ited energy range under consideration. With this
approximation the outgoing particle energy is giv-
en by

E,(x) = kE,(0) + E'—Fx.

Table 1 shows the depth factor F of various reac-
tions used for detecting '°O in copper at 165°,
with the estimated depth resolution if a mylar ab-
sorber is used to stop the elastically scattered ions.
The stopping-power tables of Northcliffe and
Schilling were used to obtain values of dE/dx °).
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Fig. 4. Particle spectrum from the bombardment of a thick Be
target. The arrows represent the calculated energy of the par-
ticles coming from the surface. The width of the py peak is
approximately 1 MeV, corresponding to a probing depth of
9 um. With the p, peak, 3.7 um can be explored.

Because °Li-induced reactions are usually highly
exothermic, it is good to work at forward angles
where the kinematic factor is larger. In table 1 we
have indicated the value of 40°. Depth resolutions
of a few hundred Angstroms can be obtained in
this manner.

The maximum depth that can be explored depends
on the spacing between the energy levels and on the
rapid drop in cross section as the energy of the °Li
particle decreases below the Coulomb barrier. In
general the maximum depth is about a few mi-
crometers. For instance, in fig. 4 the energy differ-
ence between p, and p, is 0.41 MeV. With a depth
factor of 0.11 MeV/um, this energy difference
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Fig. 5. Excitation function (lab) of the reaction '2C(®Li, x) at
165°.
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corresponds to a thickness of 3.7 um. The peak
corresponding to p, would permit the probing of a
larger thickness, but its small cross section nor-
mally prevents its use.

2.3. CROSS SECTION

*Li-induced reactions generally have cross sec-
tions between 0.1 and 1 mb/sr. With a beam cur-
rent of 10 nA of ®Li* and a detector solid angle
of 10 msr, this cross section gives a count rate of
about 0.1 count per second for quantities lying be-
tween 107 and 10'® at/cm?. With optimized con-
ditions, it is possible to profile 10" at/cm?.

Some cross sections have been measured in the
energy interval of interest. Fig. 5 shows the curves
for SLi+'2C at 165°. They are typical of ®Li-in-
duced reactions. They present marked but rather
smooth variations with energy, and there exist re-
gions where these variations are minimum so that
the analysis does not require complicated unfold-
ing procedures.

In conclusion, we can see that °Li can be a
useful beamn for materials analysis. It can be used
for conventional
ments, and at the same time it can induce nuclear
reactions useful for detecting and profiling light
elements. Since the energy needed is only 6 MeV,
suitable beams can be produced with small accel-
erators (as °Li**). Finally, it is worth mentioning
that even in isotopic form, it is inexpensive as
feedstock for the ion source.

3. Elastic recoil detection analysis

One unsatisfying aspect of SLi reactions comes
from the cross sections: they are rather small
when compared with Rutherford cross sections;
they tend to vary in a seeming by arbitrary man-
ner with angle and energy; and they have to be
accurately known, which is not always the case.
From that point of view some of the simplicity
and beauty of Rutherford backscattering spec-
trometry is lost. One way to improve that is to
look at the light nuclei recoiling after being hit by
a heavier ion. This is the principle of the second
technique of profiling light elements which we call
“elastic recoil detection analysis™. When a light
nucleus elastically scatters a heavy incoming ion,
it recoils with an energy given by

_ AM M, 241
E, = E; [(—————MI+M2)2 cos 6} = kE,,

backscattering on heavy ele-

J. L'ECUYER et al.

where the symbols have the same significance as
in fig. 3. If the collision takes place at depth x, the
energy of the recoils coming out of the target will
be

E5(x) = kE,(0) — Fx.

The recoils of course come out only in the forward
direction and an absorber will be necessary to stop
the large flux of scattered incident ions so that
upon reaching the detector the energy of recoils
will be

E,(x) = kE;(0) — Fx — AE,,

where 4E, is the energy loss in the absorber. It
should be noted that &, F, and 4E, depend on the
type of recoiling nucleus. This method is dis-
cussed below from the points of view of selectiv-
ity, depth resolution, and sensitivity.

3.1. SELECTIVITY

The selectivity is given by the variation in the
kinematic factor k. k is small for M, very different

E2(°)
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Fig. 6. Energy of the particles reaching the detector at 20° after
being hit by various ion beams. The curves link recoils with
an equal number of protons and neutrons. Curves A and B are
for a 30 MeV ¥Cl ion beam. In curve B, a 10 yum mylar ab-
sorber was used to shield the detector from the scattered 33Cl
ions. All the specifically identified points belong to this curve.
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from M, and is equal to cos? 6 for M, =M,. The
best selection is obtained near 0° where cos 8 is
equal to one. However, the necessity of using an
absorber will modify drastically the energy of the
recoils in the detector. This property is shown in
fig. 6 for recoils ejected from the surface by var-
ious ion beams available at our machine. Since the
absorber is just thick enough to stop the scattered
incident ions, it is clear that recoils with mass,
and therefore energy, close to that of the incident
ions will lose most of their energy in the absorber.
Accordingly the energy of the recoils will go
through a maximum. The height and position of
this maximum for a given incident ion beam de-
pend on the angle and absorber thickness. We
thus have a folding spectrometer. Possible ambi-
guities can however be lifted by a change in angle
or foil thickness as exemplified in fig. 7. It is clear
that ¥Cl at 30 MeV gives a wider range of outgo-
ing energies and is a better choice from that point
of view.
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Fig. 7. Spectra of particles recoiling at various angles, from a
silicon target containing small quantities (~10!6 at/cm?) of
IH, 2D, 12C and !60. The incoming beam was 35Cl at
30 MeV.
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3.2. DEPTH RESOLUTION

The depth resolution depends on the type and
energy of the incident beam, as can be seen from
the definition of the depth factor given above. An
increase in the mass of the incoming ion increases
its specific energy loss but tends to decrease the
kinematic factor so that the product k(dE/dx), re-
mains fairly constant at least for the lightest de-
tected nuclei when the energy of the incoming
beam is chosen so as to maximize (dE/dx),. Fig.
8 shows the depth resolution that can be obtained
at a detection angle of 20° for different particles
incident on an aluminium matrix. The energy res-
olution of the system depends on the detector
(20 keV for protons to 100 keV for F), the kine-
matic broadening, and the straggling in the mylar
absorber, which we estimated from the Bohr for-
mula’). Since with our machine **Cl represents
the best overall choice, we have also estimated the
depth resolution for a detection angle of 30°. It is
interesting to note that the expected resolution is
essentially the same for all elements (with the ex-

(nm)

Ax ‘ “ 1

\ ’ 35(;1, G=20°
\_\ / * [
6 — — ¢ ' ,

NNTR— -

ST T e — s
—— b 4 Br,9=20°
4 i ! ! T ‘ ﬁ
2 ’ ‘
2 3 4 5 6 7 8 9 D

Zz

Fig. 8. Depth resolution near the surface for various elements
present in an aluminium matrix at detection angles of 20° and
30°. The curves are for nuclei with an equal number of pro-
tons and necutrons, bombarded by F at 10 MeV, 35Ci at
30 MeV and 7?Br at 40 MeV. Mylar absorbers of 7.1 ym,
10 um, and 8.6 um respectively were used to shield the detec-
tor. The angular opening was 0.5° for °F and 0.25° in the
other cases. The 'H depth resolution for 3Cl at 20° is esti-
mated to be 12 nm.
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Fig. 9. Spectrum of the recoils from a copper target implanted with 4He. The 'Hg and 'Hp peaks come from the presence of
I'H at the front and back of the thin copper target. The shape of the *He peak is characteristic of a high-dose implantation.

ception of 'H). This comes from the fact that the
increase in the depth factor coming from the kine-
matic factor k is nearly exactly compensated by the
degradation in resolution from the straggling in
the mylar absorber.

3.3. CROSS SECTION

With a 30 MeV ¥Cl beam, the energy in the
center of mass system is well below the Coulomb
barrier for any element so that the cross section
can be calculated from the Rutherford formula. It
gives roughly constant cross sections of 1 b/sr for
recoils at 20° and 2 b/sr at 40°. Therefore quanti-
ties of 10'¢ at/cm? yield count rates of 0.1 count
per second for solid angles of 1 msr and beam in-
tensities of 1 particle-nA.

One interesting application is the detection of
‘He, which is somewhat difficult to perform by
nuclear reactions. Fig. 9 shows the result of a pro-
file measurement of helium implanted at 25 keV
in copper. Here the target was thin, and the profile
was obtained by transmission. The two peaks are
characteristic of a high-dose implantation, and
electron microscope studies indicate that they

coincide with the formation of blisters®) (fig. 10).
Calculations of the retained doses lead us to be-
lieve that the double peak is in fact due to a de-
pletion of the profile curve coming from the re-
Jease of helium accumulated in the blisters.

4. Conclusion

By virtue of its simplicity, its generality, its ex-
cellent depth resolution, and its sensitivity, the re-
coil analysis method is potentially more interesting
than SLi-induced reactions, at least if one has ac-
cess to the heavy-ion beams required. The probing
depth will, however, generally be smaller than
with ®Li beams since the necessity to go to ex-
treme forward angles requires a strong target tilt.
The recoils analysis is particularly well adapted for
the very light nuclei (such as “He) which are us-
ually difficult to profile by other methods.

The authors are pleased to acknowledge the fi-
nancial assistance of the National Research Coun-
cil of Canada and of the Quebec Ministry of
Education. '
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Fig. 10. Depth profiles of 25 keV 4He ions implanted in copper
films at room temperature at various doses. (Bottom) Low
dose, (0.625-2.87)x10'7 He/cm?. (Middle) Higher dose,
(4.93-7.8)x 10'7 He/cm?. The dashed curve is the expected
profile at 3x10!7 He/cm? based on an assumed sputtering
yield of 0.5 Cuatom/He ion. (Top) High dose, 12.5x10!7
He/cm?. No surface effect is detectable at low dose, but
abundant blistering occurs at and above 4.93%x 107 He/cm?2.
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