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Methods
–Rutherford Backscattering (RBS) 
–Ion channeling
–Elastic Recoil Detection Analysis (ERD) 
–Particle induced X-Ray Emission (PIXE) 
–Nuclear Reaction Analysis (NRA)
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Ion-material interaction

The high energy ion deeply (several μm) penetrates the solid material. 
Interaction with the electrons and nuclei (Fig. 1). 

Ion beam sources
-accelerators (linear accelerator or cyclotron)
-Ion beam analysis techniques: since 30-40 years
Several techniques can be used in the same laboratory.

Example: 
2 MeV energy He accelerator (Fig. 2): 
–ion source
–accelerator
–after magnets, collimators and energy separation: 

– beam diameter:~1-5 mm; divergence ≤ 0. 003o
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Common features

–High depth resolution (μm). 
–We obtain quantitative 
information 
–High element (isotope) 
sensitivity
–Non destructive techniques

Rutherford-backscattering (RBS)
First scattering experiment: 
Rutherford, 1911. 

Experimental setup (Fig. 3): 
–sample, goniometer stage, 
–solid state detector: 
semiconductor (Si). 
Energy sensitivity, resolution:
 ΔE≈  12 keV. 
Geometrical setup: tilted by 
~170o 
–processing electronics (multi 
channel analysator). 

RBS
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Theoretical background
Collision with the atoms of the target material.
Elastic scattering by the atoms near the surface of the sample  (Fig. 
4)

Ion:  

Target material: 

Usually:

After the collision: 
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K kinematic factor
(in laboratory coordinate 
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If Θ and M1 are fixed and Eo is known then by measuring K (E1) , M2 can 
be determined. This makes the possibility of element analysis. 
  

2dM
dK The energy resolution depends on this. 

It’s decreasing with the mass is, and 
increasing with the scattering angle.
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-σR scattering cross section: 
In the case of Coulomb-interaction, it’s the Rutherford-cross section, 
the formula for backscattering:

),,( 21

22
21

,

MMf
E

eZZ

d

d

oE

R

o





















 



Z1, Z2 is the number of electrons of the ion and target.
The detectors ion yeald depend on the cross section.

The definition of the scattering cross section:

where Nt = areal density of atoms (N is the 
density of atoms of the target, t is the depth 
of penetration), 
dQ/Q is the ratio of the ions scattered in the 
small dΩ small solid angle around the Θ angle 
and Q is the number of ions. 
Dimension:  „area”/„solid angle”: 1 
barn/sr=10-24 cm2/sr. 

 













  dQ

EdQ

Ntd

d

oE

R 1,1

,





8

The source for the conventional RBS experiments: 
- He ions (alpha-particles) with 2 MeV energy or protons with 1-2 
MeV energy.
– the resolution  is better if the ions are heavier (but the depth of 
penetration is smaller). 
– the sensitivity is larger if E is smaller (more ions are scattered in 
the Θ angle, but the ∆E energy width is smaller) . 

Energy loss of ions: 
This is determining the penetration depth. If the atoms are not 
located on the surface, we have to take into account the energy 
loss of ions too.

a.Stopping power of the nucleus
 Friction force:

b. Stopping power of the electrons
This dominates in the  MeV range. 
Bethe-Bloch-formula 
(average energy loss on unit length)
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v  velocity of the ion  
m  mass of the 
electron 
N density of the target 
atoms 
I=kZ 2 , k average  
excitation potential: 
10 eV.  

nm

eV
Se 



9

Stopping cross section 
This is characterizing the energy loss: 
 

It depends both on the atoms of the ion and the target.
Usual dimension and order of magnitude: 1015 eVcm2. 











dx
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N

1


Bragg’s rule for calculating the stopping cross 
section of compounds, where the atomic 
concentrations of the elements are m, n: 

  BA
nm nmBA  

ε is given in tables (statistic 
method). 

Energy straggling 
The energy loss caused by the electrons is a 
statistical process. After moving a distance x  in the 
target material, the energy spectrum of the initially 
monoenergetic ion beam is broadening.
It is the most important limiting factor for the depth 
resolution!
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Identifying the elements 

(We examine first near the surface, where 
there is no energy loss due to the 
penetration.) 

should be larger than the energy resolution 
of the system.
The energy resolution depends on: 
–resolution of the detector, 
–straggling, 
–energy width of the ion beam. 
The spectrum is characterizing the detected 
ions as a function of the energy of the 
backscattered ions. 
The higher is Z for the target, the higher is 
the energy of the backscattered He ions. 
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Example (Fig. 5): 
θ=170o  , 2,8 MeV  He ions, 
Energy resolution of the 
detector ΔE:  12,5  keV 
Cu, Ag, Au monolayer on Si 
substrateIf Θ1 , M1 , Eo is known, by measuring K, M2can 

be determined. 
Limiting factor: for heavier elements, the 
K(M2 ) values are close to each other, so
is small. The separation of the peaks 
corresponding to the elements: 

2dM

dK



11

Example for the resolution: 

- ∆ E1 = 11.6 keV . This cannot be 
resolved.

                                  ∆ E1 = 22.8 keV. This can be resolved. 

0058.0),( 74
184

79
197  WAuK

0114.0),( 2928  SiSiK

Possibilities for increasing the 
resolution: 
–         is increasing with Θ.

– Larger Eo. On the other hand σ is 
smaller and the probability for 
nuclear reactions becomes higher. 
– By cooling the Si detector, the 
resolution is increasing(δE=10 keV). 

– Other type detector, e.g. magnetic 
spectrometer 
(δE=1-2 keV).

– Applying heavier ions (more 
expensive). 
– The resolution is increasing if M1 is 
larger. 
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Measuring the thickness
RBS spectrum of a layer with 
thickness d consisting of A atoms 
on B (lighter) substrate. (Fig. 6). In 
optimal circumstances the signal 
from A and B is separated (due to 
the different masses). 
We obtain ions with energy E1 =KEo 
from the outer surface of the layer. 
We obtain ions with energy E’ from 
the inner surface (E’1 < E1).

So the thickness ∆z of the layer can 
be calculated from ∆E.  

The tipical depth resolution in the 
case of Si detector:  20-30 nm. 

This can be increased if the incident 
beam is nearly parallel to the surface, 
in this case the path in the target is 
increasing, so ∆E increases. 

  zNE  
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Measuring the chemical composition
In the case of identical target atoms, the ∆Y number of ions scattered 
into the energy channel with ∆e (the effective value for the stopping 
cross section is [ε]): 

The ratio of the steps corresponding to the A, B atoms: 
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So the ratio of the densities can 
be determined by measuring 
the steps. 

Example: 
Composition of YBaCuO high 
termperature superconductor 
measured by He ions with 2 MeV 
energy (Fig. 7):

12.3;86.1 
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Chemical composition as a function of 
the depth
The formula for ∆Y is also valid if 
∆Y(NA (z)) is the function of the 
depth. The yields from different 
depths are corresponding to 
different energies. So, by 
measuring the energy dependence 
of the yield, the distribution of the 
depth of the element A can be 
determined. 
Example: diffusion profile for Si 
sample, 250 keV As implantation, 
heat treated. 
RBS parameters: Θ=170o , ∆Ω 
=0.4.11 msr. , Q= 1. 5 1014 ion 
(Fig. 8). 
The NAs (z) curve can be calculated 
from the measured counts. (Fig. 9)
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Properties of the conventional RBS (2 MeV He) experiments
–absolute method, there is no need for reference (standard) 
samples, 
–fast (~10 mins) and simple, 
–non-destructive method, 
–the depth resolution can be measured by 10-20 nm resolution,
–for heavier atoms the resolution is lower, 
–satisfactory sensitivity in the case of heavier elements in light 
matrix ~10-4, weak sensitivity in the case of lighter elements in 
heavier matrix ~10-1. 

Methods for eliminating of the disadvantages
Heavy ion RBS: by applying heavy ions (Li, C, O, Cl etc.) the 
resolution can be increased.

The energy separation for different ions: Fig. 10. 
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In the figure the calculated 
energy separation - which is 
proportional to dK/dM2(M2) - is 
plotted as a function of the 
target mass, and we also see 
its dependence on M1.
It can be seen, that the 
resolution is significantly 
better for heavier ions. 
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The resolution can be further 
increased by using other 
detectors: 
-gas detectors, 
-TOF (knowing the mass, by 
measuring the time of flight, the 
energy can be determined). 

Example: 
25 MeV  35Cl heavy ion RBS+TOF 
experiment. 
It can be seen that the resolution is 
so good that the Ag isotopes can be 
resolved (Fig. 11). 
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Non-Rutherford Backscattering
If E He >3 MeV, then not only the 
Coulomb-interaction is present, but 
the elastic interaction with the 
nucleus exist too. It has resonance 
type cross-section. The cross section 
of light elements (e.g. proton, O) is 
increasing (in the case of some 
specific energies).

Example: Fig. 12 shows the 
scattering cross section of O atoms. 
It is used for light element analysis. 
The non-Rutherford cross section of 
protons is also resonance type, so it 
can also be used for light element 
analysis. 
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Example: 
YBaCuO − high temperature 
superconductor. 1,5 MeV proton beam 
scattered by O atoms (resonance of 
the cross section). By using 1,5 MeV 
protons the heavier elements cannot 
be resolved, but O is resolved (Fig. 
13) 
(We have seen earlier on Fig. 7 that 
by using 2 MeV He ions, the O content 
could not be determined.)
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Channeling effect
So far the sample was either amorphous or crystalline with random 
orientation (Fig.  14a). However, if the direction of the incident ion 
beam is parallel to a crystal plane (Fig. 14b) or crystal axis (Fig. 
14c), there is a huge difference, a free way is opening for the ions. 
In these cases the ion can pass far away in the target material, 
there will be only small angle scattering with focussing geometry 
(Fig. 15). 
Theoretical description of channeling: Lindhard (1965). 
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(The computer based models give 
results close to the experiments.) 

Example: 
100 keV proton in Au single crystal, 
the incident is along the <100> axis 
(Fig. 16). 
This explains the reduced number of 
backscattered ions if the incident 
beam has some special direction.
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A schematic RBS spectrum is plotted in Fig. 17. The measured 
counts are plotted as a function of the incident angle near a 
major axial direction. The number of counts has a minimum 
at the axial direction. 
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Properties of the channeling effect
The surface is usually covered by a thin amorphous layer due 
to the polishing and oxidation. If there is no such layer, then 
there is an atomic row near the surface which has a different 
structure compared to the bulk material due to the effect of 
surface reconstruction and this is resulting in a higher surface 
yield. This explains presence of the surface peak, which can 
be observed because the background is significantly reduced. 
 

This is characterizing the channeling effect:

It is the ratio of the detector yield (Y) in the channel (ch) 
direction and random (rand) direction. It has a minimum 
value as a function of the incident angle.
 χmin depends on the depth. The surface peak is usually 
followed by a minimum. It depends on the quality of the 
single crystal. It’s value in a good single crystal:
The angular dependence is plotted on Fig 17b. The typical 
value for the FWHM:  Ψ 1/2 <1o

Fig. 17 shows the peak corresponding to heavier 
substitutional atoms near the surface.  Ψ ½ is also plotted as 
a function of the incident angle.

rand

ch

Y

Y


05.002.0min 
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Applications of the channeling effect

1. Determining the position of impurites
The impurities can be either 
substitutional or interstitial alloying 
elements. 
By measuring the ψ angular 
dependence of χ(ψ) it is possible to 
determine the type of the impurities 
(Fig. 18). 

-In the case of substitutionals (if the 
position and the thermal vibration are 
the same), the χ curves for the 
matrix and impurities are 
identical(Fig. 18a). 
-In the case of interstitials, the 
position is different to the lattice 
position, then the χ curves are 
differents (Figs. 18b and 18c). 
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Fig. 19 shows the χ curve of a real measurement in Cu3Au 
interstitial alloy. It’s an ordered alloy, so there are Cu and Au 
channels e.g. in the <100> direction. Due to the different charges 
of the two alloys the FWHM values of the χ curves are different. 



In the case of interstitial alloying the 
angular dependence of the matrix 
and solute atom can be significantly 
different depending on the position 
of the interstitial atom in the lattice. 
The difference can be used to 
determine the position of the 
interstitial in the crystal (Fig. 18d). 
Based on the difference, for example 
in fcc crystal we can decide whether 
the position of the alloying atom is 
tetrahedral or octahedral. The shape 
of the χ curve is different depending 
on the direction of the ion beam (Fig. 
20). 

27
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2. Examination of the crystal defects
The effect of channeling is weaker if there are disordered crystal 
defects (e.g. vacancies, interstitials, dislocations) present in the 
lattice. 
Example:  Si single crystal, after 200 keV B ion implantation: 

Fig. 21 shows the RBS spectrum in random and <110> direction 
before and after ion irradiation. 

It has double effect:
The irradiation creates disordered regions (vacancies and 
interstitials) and the ions flying in the channels are scattered in 
these regions leading to a peak in the RBS spectrum. Fig. 21b 
shows that the position of the peak is in good agreement with the 
theory describing the depth distribution of crystal defects (it 
shows the energy transferred to the lattice which is proportional 
to the number of crystal defects).
On the other hand the ions scattered on the crystal defects are  
leaving the channels (dechanneling) and can be further scattered 
on the deeper regions too. This effect increases the background.
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3. Examining light atoms in 
heavier matrix

Due to the low background, 
small (otherwise 
undetectable) signals can 
also be measured.
Therefore it is possible to 
measure small signals 
emerging from the bulk 
background, so it is possible 
to measure the distribution 
or quantity of lighter atoms 
in heavier matrix.  
Fig. 22 shows an example: 
the RBS signal of O and C 
atoms can also be observed 
(Si matrix). 

30
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4. Examining surface effects
The channeling can be used to examine surface 
effects. 
It’s using the surface peak which is indeed coming 
from the surface atoms, since due to the shadow cone 
effect, the atoms located deeper are covered by the 
surface atoms (if the direction of the beam is the 
channel direction). (See Fig. 23). 



The sensitivity of surface methods 
can be further incrased by the 
Channeling-blocking method. 
If the channeling effect is not 
measured from a random detector 
position, but the direction of the 
detector overlaps with (other)  
atomic row, then χmin is 
significantly smaller, than in 
simple channeling experiments 
(Fig. 24). 
The background is significantly 
reduced and the surface peak is 
emerging from the background. 

32



Examples for surface examination 
The atoms of the surface layer are 
moving compared to the ideal crystal 
position due to the effect of relaxing.
This is the effect of surface reconstruction. 

By using the channeling-blocking method 
the positon of the reconstructed atoms 
can be determined. 
Example: schematic figure of RBS spectrum. 
Fig. 25 shows the surface peak, bulk 
scattering and the peak of impurities. 
As a function of the detector angle the 
backscattered yield of the surface peak 
and bulk material is measured at 
different energies. The angular 
dependence of the surface peak and 
matrix is different, the minimums differ 
by ∆Θ =1-2° because the blocking of the 
reconstructed peak differs from the bulk. 
The displacement of reconstruction can 
be determined from ∆Θ. 

The position of adsorbed atoms (adatoms) can be 
determined in a similar way. 33
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Detecting elastically recoiled atoms (ERD) 
The ERD method can be optimally used to detect heavier alloying 
elements in light matrix. If the matrix is heavy and the alloying elements 
are lighter there are some difficulties: the small yield cannot be observed  
because of the high background level. Therefore the ERD technique was 
developed for lighter elements. The principle of the measurement: we 
detect the elastically recoiled atoms from the sample (Fig. 26). The 
kinematic factor can be expressed for a surface atom in laboratory 
system: 

Kinematic factor:
Λ=0.3-0.7

Since the detector is located near the direction 
φ= 00, the detected particles can be either the 
incident ions and recoiled atoms coming from 
the sample. Since  M1 > M2 (the ratio is usually 
between 3 and 20) it is easy to separate the 
ions and the recoiled atoms. For the deeper 
atoms, the effect of stopping is important.



Rutherford- scattering cross section

This is determining the number of 
recoiled atoms.
 

The energy of the recoiled atom: 

In the ERD experiments, there is 
no simple relation between the 
mass and energy of recoiled 
atoms because we are detecting 
different atoms. The yield and 
energy depends on the atom and 
strongly depends on the depth 
and stopping forces. Each 
element has its own depth scale. 
The depth is increasing from right 
to left (Fig. 28). The separation of 
elements is not easy because of 
the overlappings. The yield 
depends on the cross-section. 
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-We usually place a high energy ion filtering foil before the detector. This 
way it is simpler to separate the recoiled atoms from the ions, but there is 
further δE energy loss.
Emeas=Eo-δE, therefore the Emeas(z) dependence can be determined.
-The separation based on the mass is based either on the difference of the 
depth scale or we can use a detector which can identify the mass too (e.g. 
TOF). 
-The dependence of the concentration on the depth can be determined 
from the change of the measured signal in a similar way than in the case 
of the RBS method. 
Characteristic parameters and tipical values:
Energy of the incoming ion beam:  few MeV
Solid angle of the detector:  ~10-3 Sr
Maximum sensitivity: ~10-4

Precision of the concentration measurement: few %. 
Methods of background stripping and mass separation:
-Absorbent foil can filter out the heavier particles (higher stopping). 
-The mass separation can be done by using TOF measurement.We apply 
two detectors separated by L distance. The first detector can be e.g. a 
thin C foil. The ions hitting the foil create secondary electrons which can 
be measured by Ampere meter which starts the stopwatch. The second 
detector could be e.g. a Si detector measuring the energy and stopping 
the stopwatch. Knowing the energy and the time, the mass:
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Example of application (Fig. 29):
-Sample: Cu film, thin LiOH layer on both faces. C and He 
implantation before measurement
-ERD measurement with 30 MeV  35Cl beam
-Detector postition: φ=0o

-Light element detection with good energy resolution (the Li 
isotopes are separated)
-The atoms scattered from front (F) and back (B) face are well 
seprarated 
-The depth distribution of the elements can be determined from 
the  spectrum
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PIXE (Proton-Induced X-Ray Emission)

The principle of the method: by using a proton beam with 
1-10 MeV an electron vacancy is created on the inner 
shells of the target atoms. During relaxation X-rays are 
emitted which is characteristic to the element (in a 
similar way than in the case of electron or X-ray 
luminescence). 

Properties: 
-The radiation has low background (bremsstrahlung). It is 
lower by a factor of 102- 103 than in the case of 
conventional excitign by electrons.
-In the case of thin films, for Z>12 the quantity of the 
elements can be measured be a precision of 0,1-1 ppm. 
-Lower limit for element detection: 10-6 - 10-16 g 
(depending on the element).
-Fast and inexpensive method (for example we can detect 
20 elements in the sample during a few minutes). 
Cheaper than the conventional chemical analysis. 
-Sample size: 10-100 μg. 
-Non-destructive method (can be used in archeology). 
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Experimental setup (Fig. 30) 
-E proton=1-10 MeV.  Beam size: 10-50 mm². I=1-30 nA.
-The current is measured by a Faraday-cup
-5 μm Al foil is used to increase the homogeneity of the beam (diffuser). 
-The material of the chamber has low Z number (e.g. plexi, stainless steel) in 
order to obtain a lower background. 
-Sample changer. 
-Si(Li) semiconductor X-ray detector.  (Tilt angle: 135° or 90°). 
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Comments: 
-The Si(Li) detectors can be applied for E~1-100 keV (Fig. 31). 
It can be seen that we have to use other detector for light elements. 
(KAP =kalium-ammonium-phosphate crystal, proportional detector 
with wires etc.) 
-The signal is processed by a computer and a multi channel 
analysator (MCA). 
-There is no need for vacuum. The beam can be driven through a thin 
foil window for example in the case of biological samples or larger 
objects. 
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Example:
Typical PIXE spectrum. 
a. Spectrum of hair (Fig. 32). 
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b. PIXE spectrum for a fly ash particle (Fig. 33). 
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Quantitative measurement 
In the case of thin samples:
The number of measured X-ray photons: 

- Np: the intensity of the proton beam, 
- σ(Ep): ionisation cross section
- ω: Kα or Lα ionisation efficiency, 
- b: fraction of detected X-rays, 
- ε: detector efficiency, 
- N/A: the number of atoms in 1 gram material
(N Avogadro-number,  A: atomic mass number) 
-M (Z)/S: mass corresponding to unit surface. 

We usually compare to a standard 
sample (the precision will be higher). 
Tipycal calibration curve (Fig. 34)
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