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Heavy ions elastic recoil detection analysis coupled with time of flight spectrometer (HIERDA_ToF-E) 

have been used to measure energy loss of charged particles in thin absorber. The stopping power of heavy 

ions has been determined in Mylar for 28Si, 27Al, 24Mg, 19F, 16O, 12C and 7Li ions over a continuous range of 

energies 0.14–0.80 MeV/nucleon. The ions were recoils from the bombardment of different samples 

(Si, MgO, Al2O3, LiF and C) with a 27.5 MeV Kr+ beam. The energy loss of the recoil atoms is measured 

with and without additional foils placed in front of a Surface Barrier Detector (SBD). The energy of indi- 

vidual ions is determined from its ToF data; the exit energy after the stopping foil is measured using the 

SBD detector. We have compared our stopping values to those predicted by SRIM-2008 computer code, 

ICRU-73 stopping data tables, MSTAR calculations and to the published data from literature. The results 

show good agreement with limited existing data but indicate a large deviation among the predicted the- 

oretical values at the low energy side of the stopping maximum peak. 

   
 

  

 

1. Introduction 

 
Heavy ion stopping power values are needed in many fields of 

physics including ion implantation, nuclear physics and especially 

ion beam based materials analysis. Electronic energy loss of 

charged particles in materials is one of the fundamental mecha- 

nisms accountable for materials response. For over a century, the 

stopping of energetic ions in matter has been a subject of great 

experimental and theoretical interest [1–6]. The largest uncertain- 

ties associated with experiments are often due to incorrect stop- 

transmission technique have been improved in order to give a bet- 

ter description of the slowing down parameters variations in com- 

pound materials. All the obtained results published in the 

literature have been compared to the theoretical models of the 

stopping power (i.e., Bethe-Bloch theory [13]) or by the SRIM code 

elaborated by Ziegler et al. [7] and to the compiled data found in 

the ICRU49-73 report [14,15] or Helmut Paul compilation [8], 

where the famous additivity rule proposed by Bragg and Kleeman 

[16] for stopping powers Sc in compounds, estimated by the linear 

combination of the stopping powers of the individual elements 

ping power values, especially close to the stopping power curve (Sc ¼ 
Pn

 ni Si ), was reasonably verified in several compounds sub- 

maximum. For a lot of projectile/target combinations, the empiri- 

cal data are scarce. Therefore, exact measurements of the energy 

loss of ions in matter provide valuable information: First, the data 

can be used directly to obtain more precise analysis data if the pro- 

jectile/target element combination is the same as in the energy loss 

measurement. Second, the results might be used to modify the ref- 

erence data set of SRIM [7] and related codes [8]. 

The slowing down of ions in mono-elemental targets has been 

studied extensively both experimentally and theoretically [1,2] 

by different research groups over the world. In the last decade, 

so many works have been published around the interaction of 

energetic ions with compounds ([9–12] and Refs. therein), where 

several experimental nuclear techniques, RBS, NRA, ERDA, ToF or 
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mitted to different incident particles at various energies with devi- 

ations, less than 20% are taken into account in all stopping powers 

calculus. 

In the present work, we have used a powerful method based on 

the combination of Time-of-Flight (ToF) spectrometer and elastic 

recoil detection analysis (ERDA). This method recently developed 

for HI – ERD analysis at iThemba Labs [17], is well used for mass 

separation [18], depth profiling of light elements [19] and further 

adapted for energy loss measurements [20–23] by obtaining con- 

tinuous stopping power curves with the versatile capability of 

cyclotron. There can be a significant advantage to measuring stop- 

ping powers over a continuous range of energies, several groups 

are employing different techniques e.g., recoil of atoms, scattering 

target to produce broad continuous ranges of particle energies and 

simultaneously measure the stopping powers over the range of 

energies. By registering the full ToF-E matrix, we are able to obtain 
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continuous stopping power curves for several ions and absorber 

foils simultaneously. 

During just a few days of beam time, we have determined elec- 

tronic stopping power values in Mylar, Formvar, and Zirconium 

oxide 28Si, 27Al, 24Mg, 19F, 16O, 12C and 7Li ions in the energy range 

0.14–0.80 MeV per nucleon. Such huge amount of data is impossi- 

ble to present in one publication. Therefore we have decided to 

concentrate here only on Mylar absorber that has been intensively 

studied in the past. The rest of the results (Formvar and Zirconium 

oxide) will be published together in a dedicated paper. The ob- 

tained stopping values are compared with the stopping predictions 

from the recent version of stopping and range of ions in matter 

(SRIM-2008) code [7], as well as with previous experimental stop- 

ping data [24–32]. 

2. Experimental and analysis approach 

For energy loss measurements, the recoiled atoms from differ- 

ent samples (Si, MgO, Al2O3, LiF and C) were used. This enables 

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

Si, 
27

Al, 
24

Mg, 
19

F, 
16

O, 
12

C, and 
7
Li ions elastically. 

Elemental bulk samples of Si, Al O , MgO, C and LiF are used to 
the simultaneous determination of the energy loss of several ele- 

2    3
 

ments. The HI-ERDA setup (ToF-E, spectrometer) at iThemba Labs 

(Cape Town) is installed on a beam line connected to a solid pole 

injector cyclotron (SPC2) equipped with ECR ion-source, where a 

range of low energy (60.34 MeV/nucleon) light and heavy ions is 

available. It consists of a Time-of-Flight detector, built from two 

timing detectors, MCP1 and MCP2, a flight distance of 0.584 m 

apart and a silicon surface barrier detector (SBD) positioned 

6.5 cm behind the second time detector for energy measurement 

(see Fig. 1). More details for experimental set-up are given in Ref. 

[33]. 

Timing signals are produced in microchannel plate detectors 

create energetic target recoils. In this way, 28Si, 27Al, 24Mg, 19F, 16O, 
12C and 7Li ions over a continuous range of energies from 0.14 to 

0.80 MeV per nucleon are produced for the stopping measure- 

ments. In a typical two dimensional (E, ToF) coincidence map, sig- 

nals from different recoil atoms are well separated due to mass 

dependent velocity. As can be observed from Fig. 2, good mass sep- 

aration has been obtained for different types of recoil ions. This 

observation allowed us to measure energy loss over a continuous 

range of energies for thin absorber and to compare our results to 

those published [35] or calculated by the SRIM-2008 code. The 

mass resolution (DM) of ToF spectrometer is given by: 

(MCP) chevron configuration due to electron emission induced by 

recoil atoms that pass through the thin foil [34]. Time-of-Flight is 

measured between the two time detectors where the first detector 
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provides a start signal. Signals from MCP are directly sent to the 

constant fraction discriminator (CFD) input. CFD provides a start 

and stop signals for the time to amplitude converter (TAC) unit. 

Signal from the energy detector is used in the coincidence with 

ToF signal. The stopping foils are fixed on the push-rod designed 

for changing the foils in front of the silicon detector which could 

be reproducibly moved into and out of the particle path, and 

mounted between the second time detector and the SBD (Surface 

Barrier Detector). The energy of individual ions prior to impinge- 

ment on the foil is determined from its ToF data; the exit energy 

after the stopping foil is essentially measured using the SB Detec- 

tor, for which every channel has been calibrated using ToF data 

without the stopping foil [35]. 

where (DE) is the energy resolution of the SBD detector, (Dt) and 

(Dl) are, respectively, the time resolution and the flight length 

uncertainties. As can be seen from Fig. 4, the mass resolution of 

ToF spectrometer used at iThemba Labs is approximately equal to 

1 over the mass range of 7 < M < 28. 

 
2.1. Time calibration 

 
To calibrate the ToF detector, the high-energy (short time) edge 

positions and widths of corresponding recoils spectra of each 28Si, 
27Al, 24Mg, 19F, 16O, 12C and 7Li ions from the surface layers of C, 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Schematic setup of ToF-ERDA spectrometer at iThemba Labs, with additional 

foil for measurements of energy losses. 

 
Fig. 3. Overlapped ToF-ERDA coincidence maps of scattered 

28
Si with and without 

thin Mylar as stopping foil. 
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The energy loss DE is then calculated from: 
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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 divid- 

ing the energy loss DE by the foil areal density qDx (q represent 

mass density, Dx is the foil thickness and Eav ¼ E1 
DE where E1 is 

the incident energy before crossing the Mylar foil). As a result, the 
stopping power S ¼  ð1ÞðdEÞ (differential energy loss per unit path 

Fig. 4. Overlapped ToF-ERDA coincidence maps of scattered 

without Mylar foil, for mass resolution. 

16O, 27
Al and 

28Si 
length), is taken as: 

" 

q   dx 

 

2 2
#

 

S ¼ 
DE 

¼  
M LToF LToF ð8Þ 

qDx 2qDx T1 ðnsÞ T2 ðnsÞ 

Al2O3, MgO, LiF and Si are determined in the time spectra by fitting 

an error function to the high-energy (short time) edge Tedge(ch) in 

the time spectra [36]. 

 
Tedge ðnsÞ ¼ a1   Tedge ðchÞ þ a0 ð2Þ 

 
where Tedge(ch) is the fitted time channel number and Tedge(ns) is 

the calculated ToF in ns corresponding to the edge as follows: 

 
1 

M1 
2
 

The film thickness was defined by normalizing the energy loss 

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

the SRIM-2008 values, which result in 235.5 lg/cm2 with uncer- 

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

ibration, the drift of the Surface Barrier Detector response due to 

the radiation damage, geometrical variation, recoil angle, and 

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

error 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), 

Tedge ðnsÞ ¼  

 

where 

2Eedge 

 
 

4M0M1 

— DEdet 
  LToF ð3Þ 

respectively. The time calibration procedure leads to 3.4% uncer- 

tainty in each of E1 and E2. The overall uncertainty in the energy 

loss is then 4.8% and if this is combined with the 3% uncertainty 

in the foil thickness, one gets 5.7% uncertainty in the calculated 

Eedge ¼ E0 
 

 

ðM0 þ M1 Þ
2
 

cos2 u ð4Þ stopping powers. 

The time calibration parameters a1 and a0, are obtained from a 

time calibration procedure described before and the fitted values of 

a1 and a0 are, 0.71 ± 0.03 ns per channel and 152.80 ± 8.34 ns, 

respectively. E0 and M0 represent the energy and mass of the pri- 

mary ion 84Kr+ from the accelerator, respectively (see Fig. 1). A cor- 

rection DEdet for the small energy loss in the carbon foil of the first 

time detector MCP1 was applied. This quantity was evaluated 

using Ziegler et al.’s SRIM-2008 code with 9.0 lg cm 2 as thickness 

for carbon foil timing detector. 

 
2.2. Data analysis 

 
The time versus energy diagrams for the Si particles that are 

registered in the ToF-E system, with and without Mylar foil, are 

shown in Fig. 3. The energy of individual particle prior to impinge- 

ment on the stopping foil (E1) is determined using the ToF data T2 

from the upper curve (without foil), and the exit energy (E2) is 

determined by T1 from the lower curve (with foil), based on Si 

particles that have the same response in the SB Detector, for 

which every channel has been calibrated using ToF data without 

the stopping foil present [37]. This approach takes advantage of 

continuous energy spectra to calibrate the SB Detector using the 

ToF spectrometer for each channel over the whole measured en- 

ergy region and eliminates the error resulting from nominal en- 

ergy calibration of the SBD, where parameterization of a simple 

function is generally used to convert measured channel number 

to energy [38]. As a result, the stopping power measurements 

uncertainty is reduced. The impinging and exit energies in keV 

are given by: 

3. Results and discussion 

 
In the present investigation, the energy loss of 28Si, 27Al, 24Mg, 

19F, 16O, 12C and 7Li ions crossing thin Mylar foil has been measured 

over the energy range from 0.14 MeV/nucleon to 0.80 MeV/nu- 

cleon, and the experimentally determined electronic stopping 

powers are summarized in Figs. 5–7 together with different stop- 

ping power tables ICRU-73 and SRIM-2008, MSTAR [7,8,15] codes 

and with other experimental data taken from Paul’s data base [39]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5. Experimental stopping power values for 

7
Li ion (circles) in Mylar, together 

with SRIM-2008 predictions (solid lines), ICRU 73 data (dot lines), MSTAR 

calculations (dashed lines) and data from literature [24,25]. 
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Fig. 6. Experimental stopping power values for 
12

C (a), 
19

F (c) and 
16

O (b) ions in 

Mylar foil, together with SRIM-2008 predictions (solid lines), ICRU 73 data (dot 

lines), MSTAR calculations (dashed lines) and data from literature [26–32]. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 7. Same as in Fig. 6 but for 

24
Mg (a), 

27
Al (b) and 

28
Si (c) ions in Mylar foil, 

together with SRIM-2008 predictions (solid lines), ICRU 73 data (dot lines), MSTAR 

calculations (dashed lines) and data from literature [29,32] in Mylar foil. 

 

The present measured stopping data in MeV mg 1 cm2 unit are Table 1 
Fitting coefficients (Eq. (9)) to the experimental stopping data of ions in Mylar foil for 

well described by the following empirical expression [40]: 

 
 1 
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where A1 to A5 are fitting coefficients and E expressed in unit of keV/ 

nucleon. The fitting coefficients for each ion and the corresponding 

valid energy region are given in Table 1 to enable easy implementa- 

tion into other applications. 

The stopping power  tables  for  heavier  ions  than  helium 

(3 < Z1 < 18) in various stopping materials presented in ICRU-73 re- 

port [15] have been produced with the PASS code, which imple- 

ments the binary stopping theory of Sigmund and Schinner 

[41,42]. The theoretical stopping power predictions have been used 

for comparing the calculated stopping power values with the cor- 

responding experimental data. The most popular software package 

SRIM-2008 developed by Ziegler et al. [7] provides a set of data for 

stopping and range of ions in matter. Electronic stopping powers 

are deduced from those of protons by means of an effective charge 

theory of Brandt and Kitagawa [43]. 

Paul et al. [8] developed a stopping power code called MSTAR 

based also on effective-charge concept for which stopping power 

data of helium ion from ICRU Report 49 [14] have been used as a 

reference data. It produces stopping power for ions (3 < Z1 < 18) 

in various stopping materials. 

At higher energies, the present Li experimental stopping data 

(see Fig. 5) lie to those calculated by SRIM-2008 code and to 

those 

Ion 
7
Li 

12C 16O 19F 24Mg 27Al 28Si 

Emin 392 182 188 165 156 160 146 

Emax 709 517 592 500 446 470 436 

A1 0.069 1.423 0.453 1.389 0.837 0.649 0.225 

A2 0.995 0.338 0.626 0.418 0.567 0.635 0.853 

A3 3.109 700.000 111.558 13.308 30.632 91.113 480.047 

A4 0.171 0.006 0.030 2.344 0.432 0.044 0.006 

A5 0.607 -0.0002 0.082 -5.437 0.216 0.546 0.050 

 



 
 
 
 
 

tabulated in ICRU-73 and MSTAR tables. The obtained results pro- vide 

new data of Li stopping power crossing Mylar foil, in the re- gion of 

0.4–0.7 MeV/nucleon. 

Small deviations between the experimental data and predicted ones 

are observed for C, O and F ions in Mylar at energies around the 

stopping peak, as shown in Fig. 6. However, as has been re- ported 

in Ref. ([35] and refs. therein), the stopping of light ions in 

compounds shows greatest deviations from Bragg’s rule [16] at the 

stopping peak; it may be attributed to chemical effects. In this study, 

we did not observe this great deviation for C, O and F ions crossing 

Mylar compound. However, on the low energy side of the stopping 

peak, large discrepancy is observed (around 30%) between predicted 

SRIM-2008 values and those tabulated in ICRU-73 or calculated by 

MSTAR code. 

At low energies (0.15–0.45) MeV/nucleon below the stopping 

peak, we have compared the obtained stopping data for Mg, Al and 

Si ions crossing Mylar foil, to SRIM-2008 calculation, MSTAR and to 

the ICRU-73 report data tables (see Fig. 7). The measured 
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data lie systematically close to the SRIM-2008 calculation in this 

energy region. As in Fig. 6, a large discrepancy between predicted 

SRIM-2008 values and those tabulated in ICRU-73 or MSTAR codes 

is also observed for Mg, Al and Si ions at low energy side below the 

stopping peak. This finding is consistent with those reported by 

Paul [44]. In this energy region (i.e., from 0.15 to 0.45 MeV/nu- 

cleon), the SRIM-2008 code underestimates the stopping power 

for heavy ions (3 6 Z1 6 14) and provides good prediction at higher 

energies. The used codes (SRIM-2008, MSTAR and ICRU-73 data ta- 

bles) compared to our determined stopping power values for Li, C, 

O, F, Mg, Al and Si ions crossing Mylar foil, provide a good 

agreement between each other at higher energies, while at lower 

energy, MSTAR calculations and ICRU-73 stopping data deviate 

significantly from SRIM-2008 predictions. 

Energy loss determination based on HIERDA-ToF information is 

conceptually different from other approaches [45] that rely on a 

nominal calibration of the SB Detector. It is worth emphasizing 

the importance of using ToF spectrometry to determine energy 

loss. By using the SB Detector to only tag identical energies with 

and without the stopping foil, the energies of the particles exiting 

the stopping foil are more accurately determined by the ToF spec- 

trometer, which has much better resolution and linear responses to 

heavy ions over the energy region studied. 

 
 

4. Conclusion 

 
Following our investigation on experimental slowing down pro- 

cesses of charged particles crossing compound materials, this 

study gave at least for some target/projectile combinations a new 

set of stopping data, where the reliability and repeatability of the 

used experimental approach are demonstrated. The energy loss 

of particle in the stopping foil is obtained only by the ToF informa- 

tion, which leads to an accurate determination of energy. In the 

whole energy range of the present study, electronic stopping 

power have been determined by measuring energy loss for 28Si, 
27Al, 24Mg, 19F, 16O, 12C and 7Li ions in Mylar foil over a continuous 

range of energies 0.14–0.80 MeV/nucleon, using Time-of-Flight- 

ERDA technique. The obtained stopping data are compared with 

predictions based on SRIM-2008 code, ICRU-73 report and MSTAR 

calculations. The obtained stopping data of 19F, 16O and 12C ions in 

Mylar that describe the stopping power variation around the stop- 

ping peak, can be regarded to be in reasonably good agreement 

with the theoretical predicted values from SRIM-2008 and MSTAR 

code or ICRU-73 data tables. 

For 27Al and 24Mg ions, the determined stopping values are in 

good agreement with MSTAR calculations, ICRU-73 report and with 

comparable data from literature when they exist. However, com- 

parisons with SRIM-2008 code revealed systematic discrepancy 

at lower energy range 0.14–0.45 MeV/nucleon. We observed also, 

at low energy side of the stopping peak a large deviation (30%) be- 

tween ICRU-73 data tables, MSTAR values and calculated ones pre- 

dicted by SRIM-2008 code. 

The results demonstrate that this analysis procedure, based on 

ToF data, is a highly precise method for determining the stopping 

power of a wide range of elements over a broad continuous energy 

regime at or near the stopping peak, where more reliable data are 

needed to advance theoretical models. By simply replacing the 

stopping foil with any self supporting foil, the stopping power in 

elemental or compound targets can be determined with good pre- 

cision for a variety of ions over a wide range of energies. 
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