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Abstract 

The article presents a thorough discussion of the applications of the Nuclear Reaction Analysis (NRA) method for 
investigating aging effects in gas-filled detectors.  This technique is particularly efficient in a quantitative evaluation of 
the presence of light elements (oxygen, carbon, nitrogen, etc.) in the gold coating of the anode wire.  The NRA method 
is also adequate for determining light element distribution with a depth measurement over a range of more than 1 µm.  
Such data are especially important in studies of gas-discharge avalanche plasmas because they are a starting point for 
most aging processes.  The sensitivity of NRA to these elements is very high – about 5×10-2 %.  Application of NRA in 
our aging investigations gave us a reliable confirmation of the key role of oxygen in the wire-swelling mechanism and 
demonstrated the kinetics of oxygen transport into the depth of the gold coating. 

  © 2001 Elsevier Science. All rights reserved 
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1.Introduction 

The study of physical and chemical phenomena 
taking place in thin films and near the surface of 
solids requires a quantitative determination and 
localization of trace elements within the depth of 
the material.  Knowledge of the quantitative depth 
concentration provides information on diffusion 
phenomena, the radiation damage of an irradiated 
material, and the reemission of foreign atoms 
(carbon, nitrogen, oxygen, etc) from the 
environment [1, 2].   

The nuclear physics methods using low-energy 
(1-3 MeV) proton and deuteron beams of 
electrostatic accelerators developed more than 30 

years ago have been successfully applied for the 
purposes mentioned above [2, 3]. Nuclear Reaction 
Analysis (NRA) and Rutherford Backscattering 
Spectrometry (RBS) are used to investigate the 
element composition and the depth concentration 
profiles of atoms in thin films and the near-surface 
region of solids without their destruction. RBS is a 
good technique for obtaining quantitative elemental 
analysis in the near-surface region of materials [3]. 
However, analysis of low-Z elements (carbon, 
oxygen, etc), which are implanted into the matrix of 
medium and high-Z elements, is limited for this 
technique because the scattering cross-sections are 
proportional to Z2. That is why oxygen may be 
detected only if that concentration is at least five 
times more than the concentration of gold [2, 3]. 
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Therefore, the RBS technique can be used only for 
analysis of elements starting from calcium (Z ≥ 20).  

 The NRA method proved to be more suitable 
for both detecting and quantitatively evaluating 
contents of oxygen and of other light-mass elements 
(lithium, boron, carbon, nitrogen, fluorine) as a 
function of depth in a heavy matrix, such as gold, 
tungsten, etc. [2, 3].  The principal advantage of 
NRA is that the detected reaction products usually 
have greater energy than particles elastically back-
scattered from the heavy matrix. Thus the signal 
from the light element is detected in a range of the 
energy spectrum where the background is normally 
low.  

We applied the NRA to investigate the depth 
concentration profiles of light elements (carbon, 
nitrogen, oxygen, fluorine, etc) in gold-plated 
tungsten wires with a diameter of 25 to 50 microns. 
These wires were used as anode wires in straw 
tubes that were subjected to aging tests. The total 
doses accumulated with the aged wires were up to 9 
C/cm per wire. The drift tubes with these wires 
were operated with different gas mixtures, which 
contained gas components such as Xe, Ar, CO2, and 
CF4. The general principles of the NRA method are 
presented below.   

2.Nuclear Reaction Analysis technique. 

 For detection and quantitative evaluation 
of carbon, nitrogen, and oxygen contents as a 
function of depth in the gold, the following nuclear 
reactions with deuterons were applied [2, 4-6]:   

12C + d → 13C + p + QR   (1) 
16O + d → 17O + p + QR  (2) 
14N + d → 15N + p + QR  (3) 
14N + d → 12C + α + QR,  (4) 

In these reactions, QR is the energy released in the 
reaction. 

As one can see in Fig. 1a, these reactions do not 
have a resonance structure in the energy range of 
0.7–1.1 MeV.  To measure the fluorine 
concentration, we used a resonance nuclear reaction 
(Fig. 1b) with protons [2, 7]: 

19F + p → 16O + γ + α + QR. (5) 
  The characteristics of the above-

mentioned reactions at typical energy of deuterons 
and protons are presented in Table 1. These nuclear 
reactions demonstrate that the type and energy of 
emitted particles are characteristic of specific 
elements.  

The reactions are exothermic, and thus the 
exiting protons and α-particles have higher energies 
than the incoming ions, which are impinging on the 
target. This allows us to absorb completely the 
beam ions with a few microns of aluminum foil 
placed in front of the semiconductor detector, 
which is used for detection of the final-state 

particles. Due to the Coulomb barrier, the energy of 
the bombarding ions is not sufficient for nuclear 
interaction with elements of higher atomic numbers 
(such as Al). Hence, the protons and α-particles 
produced in the interaction with light elements are 
detected practically without background. In the case 
of oxygen [4], a source of background could be 
competing nuclear reactions with other light nuclei, 
such as 11B, 14N, and Si. However, the correct 
choice of experimental conditions, such as beam 
energy and particle kinematics, allows easy 
rejection of the contribution of these reactions in 
the background.  

2.1.Experimental set-up. 

The NRA was carried out at the PNPI 
electrostatic accelerator with a maximum energy of 
1.6 MeV [8]. The scheme of the experimental set-
up is presented in Fig. 2. A frame holding the 
investigated wire was fastened to the target 
apparatus of a vacuum chamber. A deuteron beam 
of 0.9 MeV was used to analyze the oxygen 
distribution as a function of depth, while a 1.0 MeV 
beam was employed in the case of carbon and 
nitrogen, since the differential cross-sections of 
nuclear reactions have a plateau at these energies 
(Fig. 1a). The diameter of the beam spot on the 
wire was about 4 mm. The beam current through 
the wire was about 3-5 nA. The heat consumption 
of the irradiated wire was 0.01 - 0.02 W/cm. The 
number of deuterons that passed the wire was 
evaluated with the current integrator.  

The nuclear reaction products (protons) were 
detected by a surface-barrier Si(Au) detector 
positioned at an angle of  θ =135o to the beam axis. 
The acceptance area of the detector was 1.5 cm2. 
The detector was located 6 cm from a sample. To 
suppress the background from the scattered 
deuterons, we shielded the detector with an 
aluminum foil with a thickness of 11 µm 
(3 mg/cm2). The energy resolution of the 
spectrometer (Detector + Absorber) was 
∆E = 50 keV for Eα = 5.5 MeV.  

To measure the distribution of light elements 
along the wire, we scanned the target with the 
beam. The vacuum in the chamber was produced  
by a vacuum pump. 

2.2. Technique of non-resonance nuclear reactions. 

The method is based on the analysis of the 
energy spectra of emitted particles and makes it 
possible to determine a light-element concentration 
profile. Schematics and nomenclature for the (d,p) 
or (d,α)  nuclear reaction processes in a sample 
target and the reconstruction of the resulting energy 
spectra are presented in Fig. 3. The energy spectra 
of the protons or α-particles produced by the (d,p) 
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or (d,α)-reactions at a constant energy of deuterons 
was measured using a semiconductor detector. No 
nuclear reaction occurs on the tungsten and gold 
nuclei themselves, due to the high value of atomic 
number Z. 

 The energy of a detected proton resulting 
from a reaction (d,p) at a depth t depends on the 
relationships between the beam particle energy and 
the path traveled by the emitted particles. A 
reaction that takes place near the surface of the 
specimen will yield protons with higher energy than 
a reaction that occurs at a greater depth.  

  The energy-depth relation may be deduced 
from the fact that the measured energy of a proton 
produced at depth t depends on the energy loss of 
deuterons reaching depth t and the energy loss of a 
proton in traversing the sample before it reaches the 
detector. To calculate this relation, a sample is 
sliced into thin layers with thicknesses ∆ti (Fig. 3). 
The energy of deuterons Ed(t) with incident energy 
Ed(0) at the depth t1 is given by the following 
equation: 
 
EQUATION MISSING HERE 
 

Where Sd(t)  is the stopping power of  a 
substance for deuterons and t1   is the path length of 
deuterons in the target. 

 The energy Ep(Ed) of protons resulting 
from a reaction (d,p) is given by the well-known 
kinematics expression [7]: 

 
Ep(Ed(t)) = Md·Mp·Ed·{2cos2θ+B+ 
      +2cosθ·[cos2θ+B]1/2}/(M+Mp)2 ,     (7) 
 

where B=M·(M+Mp)·(QR/Ed-Md/M+1)/(Md·Mp),θ is 
the angle between the beam direction and the 
detector direction, and Md, Mp, M are the masses of 
incident particle, outgoing particle, and final 
nucleus, respectively.   

The energy of a proton in the detector EF(t) is 
given by presented below equation (8): 

 
 
 
where Sp(t) is the stopping power of a substance 

for protons, t2 = t1/cos θ  is the path length of 
protons in the target, and tAl the thickness of the 
aluminum foil-absorber. 

Using tabulated stopping power data [9], the 
EF = EF(t) dependence can be calculated from  
equations (6) – (8).  

These calculations may be simplified because in 
our case the energy loss of particles is relatively 
small [9] compared with their initial energy (see 
Table 2). 

This approximation appears to be quite 
reasonable if  we take into account that the stopping 
powers have a linear dependence on the energy and 

vary less than 15 % over the relevant energy ranges: 
0.7÷1.0 MeV for deuterons, 1.0÷1.6 MeV and 
2.7÷3.1 MeV for protons.  

 In this case the energy scale can be converted 
into a linear depth scale. To a first order 
approximation, Ep(t) can be expressed in the 
following way (9): 

 
Ep(E(t)) = Ep(E0) - (∂Ep/∂Ed) ×(E0 - Ed(t)),         

(9) 
 
where Е0 is the deuteron energy in a beam. 
 
EF(t) = EF(E0) – GNR ·t,            (10) 
 
where GNR = (∂Ep/∂Ed)·Sd+Sp /cosθ.             

 (11) 
 
Hence, according to equation (8) we have eq. 

(10), where GNR is an effective energy loss related 
to a single length.    

The derivative (∂Ep/∂Ed) is calculated from eq. 
(7), and GNR depends on energy losses of deuterons 
and protons, reaction kinematics, geometry of 
experiment, and elemental composition of 
investigated sample. 

As shown in Fig. 3,  we sliced the investigated 
sample into thin layers to provide the calculation. 
The thicknesses ∆ti are related to the energy 
intervals ∆Ei of the experimental spectrum via this 
equation: 

∆ti = ∆Ei / GNR                    (12) 
 
In order to demonstrate the good match between 

the exact calculation results and the linear 
approximation of the energy-depth relation, we 
have computed both approaches. The results 
obtained for a gold sample with 5% admixture of  
light nuclei (carbon; nitrogen and oxygen), 
produced in the reactions 12C(d,p)13C, 14N(d,p5)15N, 
and 16O(d,p1)17O, are presented in Fig. 4. As 
indicated by the solid line, the linear approximation 
is practically valid for depths up to 2 mg/cm2. For 
larger depths the approximation (10) is not correct 
(dashed line) due to an increase of the particle 
energy losses. In these cases the exact expression 
(6)-(8) must be used. 

The ideal energy spectrum Y(EF)  of the detected 
particles is given by the equation: 

 
Y(EF(t)) · dEF = C(t) · I · σ(Ed(t)) ·∆Ω · dt ,            
(13)     

 
where C(t) is the concentration profile of the 

investigated element, i.e. the number of  atoms of 
this element per cm3 at the depth t; I is the number 
of incident particles; σ(Ed(t)) is the differential 
cross section for the angle θ; and ∆Ω is the solid 
angle of a particle detection. 
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As one can see from (13), the number of  proton 
counts ∆Y(∆EF) in an energy interval ∆EF of the 
experimental spectrum is proportional to the 
element concentration at depth t and to the reaction 
cross section for the energy of the deuteron at this 
depth σ(Ed(t)). The concentration profile can be 
computed if the excitation curve σ(Ed) has already 
being measured, or by comparing with a sample 
containing a well-known element composition. 
Because of energy spread effects, the energy 
spectrum obtained experimentally is somewhat 
different from the one obtained from equation (13). 
The real spectrum can be computed from the 
convolution of the ideal spectrum Y(EF), the 
resolution function of the experimental system, and 
the straggling distribution [2].  

To estimate the sensitivity of the NRA technique 
for the element concentration, we calculate the 
yield (Y) of particles emitted from an investigated 
sample with equation (13). These results are 
presented in Table 1. The required time T for a 
measurement is calculated as follows: 

T = NP / (Y · IB),   (14) 
where NP is the number of emitted particles 

reaching the detector. To obtain a precision of 3%, 
it is enough to collect just NP = 1000 events;   

Y [Counts/1µC] is the yield of emitted particles 
from a 1×1016 at/cm3 surface layer of an element for 
a solid angle ∆Ω = 0.1 sr at θ = 1350; and    

IB [µA] is the beam current from the target 
(wire).  

Taking into account that the beam current, 
collected from the thin anode wire, does not exceed 
IB = 0.01 µA and Y = 28 Counts/ 1 µC, the time 
needed to collect the necessary statistics to measure 
the oxygen concentration at a level 1×1016 at/cm3 in 
the gold matrix is quite reasonable at T = 60 min. It 
leads us to conclude that the sensitivity of the NRA 
technique for the element concentration 
measurements is about 1×1016 at/cm2.  

The accuracy of the element concentration 
measurements is determined by the following 
parameters: 

- the accuracy of the beam intensity 
measurement, which is determined by the total 
charge measured with the current integrator, and 
does not  exceed 3%; 

- the accuracy of the known differential cross 
section for the considered nuclear reaction, which is 
estimated to be about 3% [4-6];  

- inaccuracies in the geometry of the experiment 
(∆Ω and θ), which doesn’t exceed 1%.  

In total, the final accuracy of the element 
concentration measurements is better than 5%. 

The thickness of the layer that can be 
investigated depends on the range of particles in the 
sample (for protons and deuterons) and in the 
absorber (for protons and α-particles). The 
thickness of the gold or tungsten that can be 

studied, as obtained from calculations, does not 
exceed 5-6 µm.  

It is important to note that the effective energy 
loss in gold for protons and deuterons in the 0.5-
3.0 MeV energy region are known with a precision 
up to 3 % [9].  

The depth resolution δt of the method is 
determined by energy spread effects δE(t) related to 
the real experimental set-up and can be calculated 
from (12) as:  

 
δt = δE(t) / G;                          (15) 
 
where  
 
(δE(t))2  =  (δEspec)2 + (δEbeam)2 +  
+(δEgeom)2 + (δE(t)str)2;            (16) 
 
and δE spec is the resolution function of the 

spectrometer; δE beam is the energy resolution of the 
beam; δE geom is the energy spread distribution due 
to the geometry of experimental set-up, and δE str (t)  
is the straggling distribution of particle energy in 
the sample. 

The resolution function δEspec of the 
spectrometer includes both the detector resolution, 
which is 25 keV for E α = 5.5 MeV, and the 
straggling distribution of energy δEstr(Al) in the 
aluminum absorber. The energy spread of the beam 
is very small and doesn’t exceed δE beam  = 0.1 keV 
[8]. The spread δEgeom takes into account the 
dimensions of the detector, the distance between 
detector and sample (target), and the kinematics of 
the nuclear reaction. For our set-up we calculate 
δEgeom = 16 keV. For a near-surface region of a 
gold sample with thickness 2 mg/cm2 (about 1 µm 
depth) the spread δE str (t) doesn’t exceed 30 keV 
[2].  

The contribution of δEstr(Al) was so strong that 
the final energy resolution of the spectrometer 
reached δEspec  ≅ 50 keV  for  Eα = 5.5 MeV.  

Considering the G values that are presented in 
Table 1, it is clear that the NRA technique allows 
us to evaluate the light element content (oxygen) in 
the gold coating of the tungsten wire with a depth 
resolution better than 0.15 µm up to a depth of 1.0 -
1.2 µm.  At depths of more than 2.5 mg/cm2 the 
straggling contribution gets visible [2] and it needs 
to be taken into account in the analysis of the 
obtained data.    

2.3.Technique of the resonance nuclear reactions. 

As mentioned before, to investigate the fluorine 
content and depth profile in the sample, the 
resonance nuclear reaction 19F(p,αγ)16O is used. 
This reaction has a very high resonant cross section 
at Eres = 874 keV and Eres = 935 keV with the 
widths δEres= 5.0 keV and δEres= 8.6 keV, 

(6) 
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respectively (Fig. 1b) [7]. The energies of the 
emitted γ-rays are 6.13, 6.92 and 7.12 MeV. 

The direct observation of the concentration 
profile can be obtained from nuclear reactions that 
exhibit a sharp resonance in the reaction cross 
section curve because the cross section σ(E) as a 
function of projectile energy E is negligible for off-
resonance conditions with a narrow peak at a 
certain energy value Eres ± δEres/2. The experimental 
set-up for this nuclear reaction process in a sample 
is presented in Fig. 5. 

The depth profiles are obtained by total yield 
measurements of γ-rays or α-particles step-by-step, 
with incident energies equal to and slightly higher 
than the resonance energy, i.e. by “shifting” the 
resonance through the sample. The energy 
resonance Eres and the proton beam energy Eb at 
depth tres where this resonance occurs, are given by 
the equation: 

 
 

 
 
where (dE/dt)p is the energy losses of protons in the 
sample. The depth tres, where the resonance occurs, 
can be calculated from the following equation:  
 

tres = ( Eb – Eres )/(dE/dt)p  (18) 
 
Since the energy dispersion of the beam particles 

in the electrostatic accelerator is much smaller than 
the resonance width (∆Ebeam = 100 eV at  Eb = 1 
MeV) [8], the depth resolution can be calculated as 
 

δt = ∆Eres / (dE/dt)p      (19) 
 

The δt is equal to about 0.1 mg/cm2  (Table 1). The 
intensity of the secondary particles (often γ 
photons) is proportional to the number of atoms of 
the element to be determined. 

3. Electron technique for thin films 
investigation. 

The analyses of anode surface after aging are 
usually performed using a scanning electron 
microscope with X-ray emission (0-10 keV) 
spectroscopy (SEM/XEM) [1, 10]. The SEM/XEM 
analysis yielded information on the morphology on 
the wire surface by imaging the scattered and 
secondary electrons, and on the atomic composition 
of a very thin surface layer by employing X-ray 
fluorescence spectroscopy. The SEM/XEM analysis 
has a good spatial resolution (less than 1 µm), but 
cannot provide the quantitative evaluation of the 
element content in the depth of the material. This is 
practically impossible because of the strong X-ray 
absorption by the wire material. 

The attenuation of X-rays emitted by different 
elements in gold is presented in Table 3 [11]. It is 
seen that the attenuation power of X-rays of the 
light (carbon, nitrogen, oxygen and fluorine) and 
heavy (gold, tungsten) elements are quite different. 
The gold and the tungsten radiation can go out even 
from a depth of 1 µm of gold, while the light atom 
radiation could be detected only from very a thin 
upper layer (about 0.1 µm) of material. Moreover, 
identification of carbon is not a simple procedure, 
as it is likely that its signal (EX = 0.28 keV) occurs 
in  a region with high levels of  background. The 
problem is that the secondary and scattered 
electrons, which are braking in the sample and the 
window of the detector, create a continuous 
background of bremsstrahlung. Its intensity, for 
instance, rises by more than ten times going in 
energy from  0.5 keV to 0.2 keV.  

Due to the these reasons, one can conclude that 
XEM analysis cannot evaluate even the ratio 
between the light and heavy element contents.  

4. Combination of different techniques for aging 
investigations. 

A comparison of the SEM/XEM, Rutherford 
Backscattering Spectrometry (RBS) and Nuclear 
Reaction Analysis (NRA) methods is presented in 
Table 4. As one can see, the combination of these 
methods looks very promising to perform aging 
investigations of detector materials as these 
methods effectively complement each other. 
Parameters, which are of principal importance for 
each of the methods, are indicated by a gray 
background.     

Experimental results, which clearly demonstrate 
the efficiency of the NRA method as applied in 
aging investigations, can be found in [12-15]. 

5.Conclusion. 

1. The principle advantages of the Nuclear 
Reaction Analysis (NRA) are:  

1.1. An opportunity to study, without etching, 
the depth profile of atomic composition for thin 
films and surface layers of solids. Thanks to ion 
braking the energy of the exiting particle gives the 
information about the depth where that reaction 
occurs. This method looks very promising and is 
unique due to its high sensitivity, the lack of 
etching, quantitative evaluation of the light element 
content, and the large depth reached. 

1.2. This technique allows us to evaluate the 
light element content not only in the gold coating of 
a wire (~1 µm), but also in the tungsten.  

1.3. The sensitivity of the proposed method for 
carbon, oxygen, and nitrogen is about 5•10-2 %. The 
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precision of the quantitative evaluation of the 
element content depends on the accuracy of the 
known differential cross section for the considered 
nuclear reaction and is estimated to be about 5%. 

2. Using the NRA method, in combination with 
SEM/XEM analysis, we can obtain much more 
precise and complete information about the aging 
processes in detectors. 

3. From the NRA data in our aging 
investigations we inferred the following principle 
conclusions. 

3.1. We demonstrated the key role of oxygen in 
the wire swelling mechanism and the kinetics of 
oxygen transport into the depth of the gold coating 
[12, 13].      

3.2. The NRA method gave us an opportunity to 
detect unpredictable shape (or tail) distributions of 
the oxygen concentrations along the wire [14].  

3.3. Measurement of the oxygen concentration in 
the gold coating can provide an excellent method to 
compare the aging resistance of different wires, 
which are intended to be used in gas-filled detectors 
under high accumulated dose.  
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Table 2. The stopping power of gold and aluminum for deuterons and protons. 
 

Substance Ed 
[MeV] 

|Sd| 
[keV/mg/cm2] 

Ep 
[MeV] 

|Sp| 
[keV/mg/cm2] 

Gold  0.9 95 1.6 51 
Gold 1.0 90 3.0 38 
Al (absorber) - - 1.6 130 
Al (absorber) - - 3.0 80 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Measured 
element 

 

 

Types of 

nuclear 

reactions 

 

Emitted 

Energy 

 

QR 

[MeV] 

 

Beam 

Energy 

 

Ebeam 

[MeV] 

 

Thickness 
of the 

aluminum 
absorber in 
front of a 
detector 

tAl 

[mg/cm2] 

 

Energy of 
emitted 

particles, 

 

Ep(Ed(t=0)) 

[MeV] 

 

Effective 
energy loss, 

 

GNR,  

[keV per 

mg/cm2] 

 

Depth 
resolution, 

 

δt 

[mg/cm2] 

 

Differential 
cross section, 

 

dσ/dΩ 

[mb/sr] 

 

 

Yield  

a) 

Y 

[Coun
ts 

per 

 1 µC] 

 
 

C 

 

 

12C(d,p)13C 

 

2.72 

 

1.0 

 

 

3 

 

3.0 

 

114 

 

0.44 

 

 

30 

 

180 

 

 

 

N 

 

 
14N(d,p5)15N 
14N(d,α0)12C 
14N(d,α1)12C 

 

 

1.30 

13.6 

8.14 

 

 

1.0 

1.0 

1.0 

 

 

3 

3 

3 

 

1.8 

10.0 

6.8 

 

170 

270 

360 

 

0.31 

0.19 

0.14 

 

6 

0.07 

1.1 

 

35 

0.4 

5.9 

 

 

O 

 

 
16O(d,p0)17O 
16O(d,p1)17O 

 

1.92 

1.05 

 

 

0.9 

0.9 

 

3 

3 

 

2.4 

1.6 

 

165 

180 

 

0.3 

0.28 

 

0.74 

4.5 

 

 

5 

28 

 

 

F 

 

 

19F(p,αγ)16O 

 

8.114 

 

1.25 

 

6 

 

6.8 (α) and 

~7 (γ) 

 

(dE/dt)p= 

=65keV/ 

mg/cm2 

 

0.1 

 

 

0.5 

 

3 

Table 1. Nuclear reactions, which are used to measure carbon, nitrogen, oxygen, and fluorine content in the gold. 
a) Yield/ 1µC from a 1⋅1016 at/cm2 surface layer of element for solid angle ∆Ω = 0.1 sr at θ=135o. Charge 1 µС corresponds to 6.25·1012 

particles for protons and deuterons. 
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Table 3. The attenuation of X-rays in gold. 
 

Attenuation       I(x) / I(0)=e-µ⋅x 
 

 
 

Element 
 

Energy of 
X-ray, 

Ex 
[keV] 

Coefficient of  
attenuation, 

µ 
[µm-1] 

 
x = 0.1 µm 

 

 
x = 0.2 µm 

 

 
x = 1 µm 

 
Gold 2.2 2 0.82 0.67 0.091 
Tungsten 1.8 3 0.74 0.55 0.050 
Fluorine 0.68 17 0.18 0.033 3.7 · 10-8 
Oxygen 0.52 23 0.10 0.01 1.0 · 10-10 
Nitrogen 0.39 29.5 0.052 0.0027 1.5 · 10-13 
Carbon 0.28 29 0.055 0.0030 2.5 · 10-13 

 

Table 4. Comparison of the SEM/XEM, RBS and NRA methods for 
aging investigations of  gold-coated tungsten wire. 

 
 
 
 

Technical 
Characteristics 

 
 

 
Different techniques for thin films investigation 

 

  
Scanning Electron 

Microscopy with 
X-ray Emission 
Spectroscopy 
(SEM/XEM) 

 
Rutherford 

Backscattering 
Spectrometry (RBS) 

 
Nuclear 
Reaction 
Analysis 
(NRA) 

 
Elements identified C – U Li – U Li,Be,B,C,N,O,F 
Morphology of surface Yes None None 
Lateral (space) resolution < 1 µm ~3 mm ~3 mm 

Sensitiviy 
 

For the middle and 
heavy elements  
(Z> 20)   

 
=1015 at/cm2 
(in gold) 

 
=1·1012 at/cm2 
(in gold) 

The nuclear 
reactions for these 

nuclei are  forbidden at 
this  energy of ions 

 For the light 
elements ( Li, B, C, 
N, O, F) in the gold 
matrix 

 
Only element  
Identification 

 
= 1·1020 at/cm2 

(Oxygen in gold) 

 
= 1·1016 at/cm2 
(Oxygen in gold) 

Accuracy of the element 
concentration measurements 

Only element  
identification 

 
~ 5 % 

 
~ 5 % 

Thickness of investigated layers in 
the gold matrix 

Not more  than 0.1 
µm( at the electron 
energy of 10 keV) 

 
up to 6 µm 

 
up to 6 µm 

Depth resolution in the gold matrix Equal to thickness 
of investigated layer 

up to 0.1 µm up to 0.1 µm 

Depth analysis Destructive Non-destructive Non-destructive 
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Detector 

     

?ti ?t1 ?ti+k 

t1 
ts 

t2 

φ = (π – θ) 

Deuteron beam (Ed(0))

Absorber 

EF(t) 
Ep(t) 

EF(E0) 

Ep(E0) 

Sample 

Fig.3. Schematics and nomenclature for the (d,p)
nuclear reaction process in a sample.  
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Fig. 4. Variation of the energy of the detected protons EF
with depth t, at which the 12C(d,p)13C, 14N(d,p5)15N  and 
16O(d,p1)17O reactions take place (E0=0.9 MeV, θlab = 135o), 
computed for the gold sample with 5% admixture of a light
nucleus( a –oxygen, b – nitrogen, c –carbon).  The 
calculation using GNR is the continuous line. Exact 
calculations are dashed lines 
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Fig.5. Schematics and nomenclature for 
resonance (p,αγ) nuclear reactions in a sample.  
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Fig. 1a. Cross section of the 12C(d,p)13C (dashed line), 14N(d,p5)15N (dotted line) and 16O(d,p1)17O  (solid 
line) nuclear reactions at θlab = 135o [4-6]. Arrows indicate the applied energies for carbon, nitrogen, and 
oxygen. 

Fig.  1b. Overall view of the 19F(p,αγ)16O excitation curve at θlab = 90o, normalized to a 3.8 µg/cm2

fluorine target, 60 µC per point; 3” x 3” NaI(Tl) detector at 7 cm; detected Eγ > 4.7 MeV [7]. 
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Fig.2. Schematic representation of the experimental set-up in the Nuclear Reaction Analysis. 
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