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H I G H L  I G H T S   

 
 

● Experimental stopping data has been obtained by using Heavy Ions Elastic Recoil Detection Analysis technique with Time of Flight spectrometer. 

● A new semi-empirical stopping formula based on LSS theory has been proposed for 28Si, 27Al and 24 Mg ions in Formvar foil. 

● This expression well fit the experimental stopping data at low energy in LSS domain. 
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We have determined continuous stopping power of heavy ions in thin Formvar foil for 28Si, 27Al and 24Mg 

ions over an energy range of (0.1–0.5) MeV/nucleon. Heavy Ions Elastic Recoil Detection Analysis (HI- 

ERDA) technique coupled with time of flight (ToF) spectrometer has been used to measure energy loss of 

charged particles in this thin absorber. Lindhard, Scharff and Schiott (LSS) theory compared with the 

corresponding determined stopping values in Formvar, shows significantly large deviations. However, a 

novel semi empirical expression has been proposed here and tested for better stopping power 

calculations at low velocity in the ion energy domain of LSS theory for 28Si, 27Al and 24Mg ions crossing 

thin Formvar foil. The results were compared to the obtained experimental stopping power data, 

predictions of LSS theory and also to those generated by SRIM-2010 computer code. The obtained results 

exhibit good agreement with experimental data. 

 
 

 

 

1. Introduction 

 

Over several decades, a large number of theoretical and 

experimental works (Nastasi et al., 1996; Chu et al., 1977; Ziegler 

et al., 1980; Sigmund, 2006; Ziegler, 1980; Bardos and Gavrilenko, 

1986; Oguri et al., 2007; Xiting et al., 2000) have been devoted to 

investigate the variation of stopping power as a function of ion 

kinetic energy for a great variety of materials of different natures. 

In particular, the energy loss of heavy ions in compound materials 

has received special attention recently (Diwan et al., 2008, 2010; 

Mizohata et al., 2012; Neetu et al., 2009) due to its widespread use 
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in materials science and ion beam applications. With the increas- 

ing use of ion beam based analytical techniques, the energy loss 

phenomenon has gained importance. As energy loss is one of the 

main factors limiting depth resolution, accurate information on 

energy loss is important for the applications of Rutherford back- 

scattering spectrometry (RBS), elastic recoil detection analysis 

(ERDA), nuclear reaction analysis (NRA) etc. in material analysis 

(Zhang and Weber. 2009; Strub et al., 2006; Zdravko et al., 2008). 

For this, different nuclear techniques have been improved for 

better energy loss measurements, as: ion transmission, RBS, 

HIERDA coupled with TOF spectrometer. 

Following our investigation in slowing down phenomena of light 

and heavy energetic ions crossing polymeric foils (Ammi et al., 1997, 

2000, 2002, 2004; Mammeri et al., 2012), we analyze in this paper our 

experimental stopping results obtained for 28Si, 27Al and 24Mg through 
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thin foil of Formvar. The present study is the continuous work that we 

have started in 2011 (Ammi et al., 2011), concerning stopping power 

determination of heavy ions crossing polymeric foils by using HIERDA 

technique coupled with TOF spectrometer. This spectrometer, devel- 

oped and assembled for HI-ERD analysis at iThemba Labs, is well used 

for energy loss measurements (Msimanga et al., 2012, 2013) for 

obtaining stopping power curves for several ions and absorber foils 

simultaneously over a continuous range of energies. 

In the present work, we have determined electronic stopping 

power (Se) values in Formvar foil for 28Si, 27Al and 24Mg, ions at 

low energy (0.1–0.5 MeV/nucleon), and we would like through this 

work to describe our obtained stopping data by the well known 

theories developed for electronic stopping power at low ion 

energy. For this, we analyzed the theoretical model developed by 

Lindhard and Scharff (1961) for stopping power at low velocity. 

This model uses the Thomas–Fermi statistical model to describe 

the atomic structure and predict (Se) values proportional to the 

projectile velocity. Lindhard et al. (1963) theory is found to provide 

reasonable descriptions of the main features of the electronic 

stopping phenomena at low projectile velocities. The obtained 

stopping data have been compared to the predicted values from 

SRIM-2010 code (Ziegler et al., 1985) and to the calculated ones 

generated by the well known model of electronic stopping power 

in the low velocity region, given by the so-called Lindhard, Scharff 

and Schiott (LSS) formula (Lindhard et al., 1963). 

The Lindhard and Scharff theory has been used to make a 

comprehensive analysis of LSS formula through comparison with 

the corresponding experimental stopping data in the energy 

domain (0.1–0.5 MeV/nucleon). In this energy region the electro- 

nic stopping power is proportional to the ion velocity and for 

systems with different atomic numbers Z1 a Z2 (where Z1 and Z2 

are the ion and the target atomic number, respectively) the LSS 

formula gives a fairly good average value of electronic stopping 

power. However, for given projectile–target combinations, a light 

discrepancy can be observed between experimental data and 

calculated ones generated by LSS formula. In our opinion, the 

discrepancy observed may be attributed to the fact that in LSS 

formula, some physical parameters are not taking into account for 

the evaluation of electronic stopping power, such as: charge state 

concept. Through the present work, we have suitably modified the 

LSS formula (Eq. (1)) of electronic stopping power that can be used 

in various projectile–target combinations at lower energies. For 

this and in order to give a best description of our obtained 

stopping data, we attempted to modify Eq. (1) by inserting in this 

equation the effective charge of incident ion Zn and an exponential 

fit function f ðEÞ. The validity and accuracy of this new approach is 

discussed in the light of new experimental data. 

where ζ is a correction factor of order of Z
1=6 

; a and N are Bohr 

atomic radius and atomic density, respectively; Z2 and Z1 are the 

atomic number of target material and incident ion. v and v0 are the 

incident ion and Bohr velocity. 

 
2.2. Semi empirical formula 

 
Our proposed semi empirical approach is based on LSS theory 

(statistical model of atoms) and underlines the following points. 

 
2.3. Correlation factor 

 

ζ is approximated to be equal to Z
1=6 

in LSS formula, in our 

proposed semi empirical formula, ζ is taken equal to Za , where a 

is a free parameter. We will see later that the value of a will be 

very close to 1 (a ffi 1). 

 
2.4. Effective charge 

 
The first physical parameter that we have taken into account in 

our approach is the effective charge Zn of heavy ion penetrating 

solid matter. We know that at low velocity, when an ion pene- 

trates matter, the projectile cannot be fully stripped of its elec- 

trons. Thus the projectile nucleus is accompanied by a cloud of 

electrons which partly screens the positive charge. The interac- 

tions between the ion and electrons of the target atom depend on 

the charge state of the projectile, so a proper treatment of the 

stopping power should take contributions from different charge 

states and charge-exchange effects into account. This effective- 

charge concept (Northcliffe., 1960; Bohr., 1941) has been widely 

accepted as a model to explain stopping data. 

The charge variation of the ion due to electron capture and loss 

at low velocities is usually of minor concern for hydrogen and 

helium ions but dominates the behaviour of heavier ions. The 

various energy loss formulations employ empirical/semi-empirical 

relations to determine the effective charge and the accuracy to 

which stopping powers can be calculated mainly depends on the 

goodness of fit for the given effective charge expression. We have 

adopted the expression given by Northcliffe and Schilling (1970) 

for effective charge evaluation. Based on Bohr concept, Northcliffe 

and Schilling (1970) made a semi-empirical tabulation of electro- 

nic stopping power values for heavy ions in different targets. 

Northcliffe and Schilling proposed the following semi-empirical 

relation for determining the effective charge of heavy ions Zn , 

Zn 
¼ γZ ð2Þ 

where the effective charge fraction γ is defined by: 
  ! 

2. Theoretical approach 

 

2.1. LSS formula 

 
In general and in order to explain the slowing down of the 

projectile in matter, the statistical parameter S is defined as the 

     
     v     

!
 γ ¼   1   exp      

v0 Z
2=3 

So the effective charge of heavy ion is taken as: 

    
v   

!! 
Zn 

¼    1   exp Z 

ð3Þ 

 

 

 

ð4Þ 
1 

probability that describes the energy dE lost by the particle through a v0 Z
2=3 

thickness of material dX, S is given by the relation: S ¼  ðdE=dXÞ. 

Following the spirit of the Thomas–Fermi model (Fermi and Teller 

(1947)) of the atom, Lindhard, Scharff and Schiott proposed to 

evaluate the stopping cross section of an atom from the energy-loss 

function of a free-electron gas. The electronic stopping cross-section 

of low velocity (v o v0 Z
2=3 

) heavy ions can be calculated as follows: 

where Z1  the atomic number of the ion is, v is the ion velocity and 

v0  is the Bohr velocity. 
Based on the previous items, we propose through this work the 

following relation to evaluate the electronics stopping power ðSe Þ 

for heavy ions crossing solid targets at low energy regime (LSS 

domain). ðSe Þ is given as: 

 

dE
 

 

8 
 
¼ ζe      8    π   e2      a0       N 

 
Z1 Z2 

9 

>=  
v 
  

 

ð1Þ 
ðSeÞ ¼ ðS′LSS Þ  f ðEÞ ð5Þ 

 dx  e Z2=3 2=3  3=2 v0
 where ðS′LSS Þ is the stopping power defined by LSS in Eq. (1) where 

>: 
1   

þ Z
2 

>; Z  is replaced by Zn given in Eq. (4) and ζ ffi Za . So ðS′ Þ is given 
1 1 e 1 LSS 

1 

>< 
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by the following relation. 
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ðS′LSS Þ¼ Za     8    π   e2      a0      N 

 

 
Zn Z 
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ð6Þ 

passing through the target stopper foil is determined from the 

measured ToF between the timing detectors T1 and T2, and the 

exit energy E2, tagged by the Si surface barrier detector (SBD) is 

Z2=3 2=3 v0 determined  from a coincident TOF obtained in  a second run 

>: 
1   

þ Z
2 

>; without the stopper foil. 

and f ðEÞ  is an exponential function expressed as: 

  1   
f ðEÞ ¼  

1 þexpðbEÞ 

 

 
ð7Þ 

 

 

3. Data analysis 

where b is a adjustable parameter. So the expression proposed to 

evaluate the stopping power at low energy for heavy ions is given 

by Eq. (8) as follow. 

In Fig. 2, T1 and T2 are the measured flight times with and 

without the stopper foil respectively and the impinging (E1) and 

exit (E2) energies in keV are given by: 

2 ( 

ðSe Þ¼ Za      8    π   e2       a0       N 
Zn Z 2 

) 
v 1 E1 ¼ 

1 
M       

LTOF   

 
 2 T ðnsÞ ð9Þ 

ðZ2=3 2=3  3=2 v0 1 þexpbE 1 

1    þ Z2    Þ 

ð8Þ 1 

E2 ¼ 
2 

M   

   
LTOF   

 2
 

T 2 ðnsÞ 
ð10Þ 

2.5. Experimental method 

The set of stopping power data has been deduced from energy 

The energy loss ΔE of recoil (or scattered) ion of mass m after 

passing through the stopper foil is then given by: 

loss measurements of Si, Al and Mg ions traversing Formvar thin ΔE ¼ E    E 
 M 

"   
LTOf ¼ 

 2         
LTOf 

2 
#

 
  ð11Þ 

foil. The HI-ERDA setup at iThemba Labs (Cape Town) is installed 

on a beam line connected to a solid pole injector cyclotron (SPC2) 

1 2 2 T 1 ðnsÞ T 2 ðnsÞ 

equipped  with  ECR  ion-source,  where  a  range  of  low  energy 

( r 0.34 MeV/nucleon) light and heavy ions is available. 

The TOF—Energy spectrometer was partly mounted inside the 

flight flange at an angle of 301 to the incident beam direction. It 

consists of a TOF detector; built from two tilted timing detectors 

mounted in chevron configuration a flight distance of 0.584 m 

apart, and a silicon surface barrier detector (SBD) positioned about 

where, M in this instance is the mass of Silicon ion. The stopping 
power at the mean ion energy  (Eav ) in the  foil  was calculated 

by dividing the energy loss ΔE by the foil areal density (ρΔx) 

(ρ represent mass  density,  Δxis  the  foil  thickness,  and  Eav ¼ 

E1 ðΔE=2Þ; where E1 is the incident energy (before crossing the 

Formvar foil). As a result, the stopping power S ¼ ð1=ρÞðdE=dxÞ 

(differential energy loss per unit path length), is taken as  Δ E . 

6 cm behind the second time detector for energy measurement 

(Fig. 1). The first time detector T1 is located inside the target 

chamber, close to the target, and the second one T2 is towards the 

ΔE M 

S ¼ ρΔX 
¼ 

2ρΔX 

"  
LTOf      

2
 

T 1 ðnsÞ 

   
LTOf 

T 2 ðnsÞ 

 2 
# 

end of the flight flange. More details for experimental set-up are 

given in Ammi et al. (2011), Msimanga et al. (2012). 

The essence of this method is to record both the energy and 

time of flight (ToF) of the ions while constantly alternating the 

measurements with and without the foil. Since the ToF, unlike the 

energy, is measured before the passage of the ion through the foil, 

we can match the events recorded with and without the foil even 

when the spread of energies of the initial ions is very large. In this 

way, 28Si, 27Al and 24Mg ions over a continuous range of energies 

from 0.1 to 0.5 MeV/nucleon are produced for the energy loss 

measurements. 

A 27.5 MeV 84Kr projectile ion beam was used to recoil Si, Al 

and Mg ions from suitable target samples (SiO2, Al2O3 and MgO) 

into the ToF telescope. The energy E1 of the recoil species before 

 
 

 
Fig. 1. Schematic setup of TOF-ERDA spectrometer at iThemba Labs, with addi- 

tional foil for measurements of energy losses. 

The used Formvar foils were prepared as previously (Mammeri 

et al., 2012) from a polyvinyl formal powder of high purity 

(99.99%) purchased from SIGMA-Aldrich (South Africa) Company. 

It was diluted in chloroform at a concentration of 1.5% in solution. 

A drop of this solution was dropped on water surface and a thin 

foil was created. The thin foil was allowed to dry and then was 

scooped from the water and gently put in a clean  aluminum 

holder. The film thickness was defined by normalizing the energy 

loss of alpha particles through the films over a wide energy region 

to the SRIM-2010 values, which result in 49.2 mg/cm2 with uncer- 

tainty of less than 3%. The uncertainties resulted from the time 

calibration, the drift of the Si detector response due to the 

radiation damage, geometrical variation, recoil angle, and counting 

statistics,  are  too  small.  In  addition  to  the  foil  thickness  error 

 

 

Fig. 2. Overlapped TOF-ERDA coincidence maps of scattered 
28

Si with and without 

thin Formvar as stopping foil. 

>< 
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estimate, there is also an uncertainty associated with the energy 

loss measurement. Energy with (E1) and without (E2) the stopper 

foil is calculated from the measured TOFs (T1) and (T2), respec- 

tively. The time calibration procedure for TOF detector has been 

well described in our previously published work (Ammi et al., 

2011). This approach takes advantage of continuous energy spectra 

to calibrate the Si detector using the TOF spectrometer for each 

channel over the whole measured energy region. 

 

 

4. Results and discussion 

 

The electronic stopping powers S of Formvar foil, which is 

experimentally determined for 28Si, 27Al and 24Mg ions over the 

energy range from 0.1 MeV/nucleon to 0.5 MeV/nucleon, is sum- 

marized in Figs. 3–5. No experimental data have been found in the 

literature to make any possible comparison to our obtained 

stopping data for 28Si, 27Al and 24Mg in thin Formvar foil. 

In order to check the experimental validity of presently semi- 

empirical approach, the experimental stopping data are compared 

to the calculated stopping power values determined by Eq. (8), to 

those generated by LSS formula Eq. (1) and SRIM-2010 computer 

code, where the measurements were performed for the Formvar 

target thicknesses of 49.2 mg/cm2. It is clearly shown that from 

theses Figs. 3–5, the calculated stopping power values based on 

our  semi-empirical  formula  (Eq.  (8))  in  the  energy  range  0.1– 

0.5 MeV/n provide excellent agreement with experimental ones 

 

 

Fig. 3. Comparison of experimental stopping power values for 
7
Si ion (star) in 

Formvar with data from Eq. (8) (solid lines), SRIM-2010 predictions (dashed lines) 

and LSS theory (dot lines). 

 
 

 

Fig. 4. Same as in Fig. 3 but for 
27

Al. 

 

 

Fig. 5. Same as in Fig. 3 but for 
24

Mg. 

 

 

and those calculated by SRIM-2010 code. However, a significant 

discrepancy has been shown between the values calculated by the 

well known LSS formula and those obtained experimentally or 

given by Eq. (8) and SRIM-2010 code. In order to confirm the 

validity of our approach, we have compared the calculated values 

of electronic stopping power generated by our approach (Eq. (8)) 

to those published by Paul. (1999) for 28Si in Ag foil, 27Al in Mylar 

and 24Mg in Ta foil, in LSS domain. It is apparent from Fig. 6a–c 

that the calculated stopping power values using the semi- 

empirical formula (Eq. (8)) are in good agreement with H. Paul 

stopping power data in all these solid targets (Mylar, Ag and Ta), 

however, a large discrepancy has been observed with stopping 

power values calculated by LSS formula. 

From  Table  1,  we  can  see  clearly  that  the  values  of  the 

adjustable  parameters  are  more  or  less  constant  (a E 1  and 

b E 3) for 28Si, 27Al and 24Mg heavy ions crossing thin Formvar foil. 

Further, it is interesting to note that for all the projectile–target 

combinations  considered  in  the  present  study,  the  calculated 

stopping  power  values  based  on  the  present  semi-empirical 

approach (Eq. (8)) are normally within acceptable limits with 

those obtained experimentally or calculated using SRIM-2010. 

Energy loss measurements with HIERDA-TOF experimental set- 

up, is a powerful method for obtaining continuous stopping power 

curves and accurate stopping power determination. The high 

number of experimental points obtained during this work, allow 

us to provide a semi-empirical approach with accurate evaluation 

of the stopping powers values. 

 

 

5. Conclusion 

 

The electronic stopping powers in Formvar thin foil have been 

determined for Si, Al, and Mg ions at low energy region (0.1– 

0.5 MeV/n) in validity of LSS domain. Based on HIERDA-TOF 

spectrometry a continuous stopping power curves have been 

provided. Following our investigation on experimental slowing 

down processes of charged particles crossing compound materials, 

this study gave a new set of stopping data. In this present study, 

we have suitably attempted to introduce a semi-empirical formula 

by taking into account in our approach the effective charge  of 

moving ions concept and exponential fit function. In order to best 

describe the slowing down process which occurs at low energy 

region, we have proposed a new expression (Eq. (8)) to evaluate 

the electronic stopping power at low energy in LSS domain. The 

stopping powers values generated by the proposed semi-empirical 

formula have been compared to our obtained experimental stop- 

ping data, to data calculated by SRIM-2010 computer code and LSS 
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Fig. 6. Comparison of previous stopping power data (Paul, 1999) (star) for 
28

Si in Ag 

foil (a), 
27

Al in Mylar (b) and 
24

Mg in Ta target (c), together with SRIM-2010 

predictions (dashed lines), LSS theory (dot lines) and, Eq. (8) (solid lines). 

 

 

Table 1 

Free parameters obtained in our proposed semi-empirical formula (Eq. (8)) for 

stopping powers calculation of 
28

Si, 
27

Al and 
24

Mg ions crossing Formvar foil in the 

energy range 0.1–0.5 MeV/n. 

 
nucleon to 0.5 MeV/nucleon, and so if further experimental work 

proves our approach to be correct, the electronic stopping power 

for ions at low energy for different target/projectiles combinations 

can be calculated accurately. 
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b 3.21170.021 3.51770.024 3.25870.05 
 

 

 

 

formula. Excellent agreement has been obtained between our 

semi-empirical formula stopping powers values and  those 

obtained experimentally or determined by SRIM-2010 computer 

code, while a large discrepancy is observed with LSS formula 

stopping powers values. The same trend has been observed 

between stopping power values calculated by our proposed for- 

mula and those compiled by H. Paul. 

It can be concluded that the new expression (Eq. (8)) can be 

employed for stopping power calculations for different target/pro- 

jectile combinations in the energy domain validity of LSS theory. 

In the present paper, we have given a set of fitting parameters 

used in our proposed semi-empirical formula, theses fitting para- 

meters are more or less constant for 28Si, 27Al and 24Mg heavy ions 

crossing thin Formvar foil over the energy range from 0.1 MeV/ 

  
Free parameters Ion  

 28Si 27Al 24Mg  

a 1.02270.002 a ¼ 1.02770.002 1.04270.006  
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