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Abstract: Annular energy distribution, AED is a concept deduced from radial dose, RD, 

that enables estimating the distribution of secondary electrons in a given medium due to 

ion bombardment. The AED for 337 ions impeded in some distinct targets with biological 

nature or used in electronic circuits estimated. Gallium arsenide (GaAs), Lithium Niobate 

(LiNbO3), Pancreas and Thyroid targets investigated for different equal LET groups of 

ions of the same LET (keV/µm). AED, shell annular energy distribution, SAED, the 

corresponding maximum annular energy width, rMAEW, and the total annular energy 

distribution for different targets per nm, TAED for those ions in these different targets 

determined. 

Keywords: Radial dose; Katz radial dose; annular energy distribution; energy distribution at nm scale; 

LET   

1. Introduction 

The interaction of radiation with matter has the capability of direct or indirect ionization of 

atoms and molecules (Nikjoo et al., 2012), Thus, the interaction with spacecraft, satellite parts’ 

body, power production solar cells, and astronauts overspending their period in space, produces 

secondary electrons (δ-delta rays) that have initial energy above some arbitrary threshold value, 

Thus, there is a high probability that most of the electrons’ power will spread over a wide range 
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around the ion track (Oda and Lyman, 1967), which decreases the efficiency and the lifetime of 

the electronic circuits. It may give false estimations of data and information for such devices as 

solar cells, sensors, and detectors.  

Solar cells have been made from varied materials that serve different purposes. It gives the 

option to increase the Gallium arsenide (GaAs) space cells’ efficiencies by up to 26.2 % at some 

conditions (Algora et al., 2001; Iles, 2000). These cells are applied for space missions that do not 

strictly require cells with both higher efficiency and better radiation stability (Bailey and Flood, 

1998). lithium niobate (LiNbO3) is widely used in integrated and guided-wave optics because of 

its favorable optical, photorefractive, and thermal properties (Bazzan and Fontana, 2015; Staebler 

and Amodei, 1972; Weis and Gaylord, 1985) . NASA allows individual programs to set design 

requirements so that no individual astronaut will exceed their career permissible risk for radiation 

exposure-induced death from cancer (Snyder, 1997).  

Radiation therapy is one of the most widely used therapies for malignancies. The 

therapeutic use of heavy ions, such as carbon, proton, and helium has gained significant interest 

due to their advantageous physical and radiobiologic properties as their direct interaction with 

tumors and to avoid organs at risk of exposure around tumors’ locations compared to photon-based 

therapy. There are currently 13 centers treating patients with carbon ion radiotherapy, with many 

of these centers publishing promising safety and efficacy data from the first cohort of patients 

treated (Malouff et al., 2020).  

Analytical and numerical methodologies are implemented to estimate ion energy transfer 

to surrounding media. Ion tracks are composed of a narrow track "core" of a few nanometers in 
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diameter of severe damage, this core is surrounded by a significantly larger and less damaged 

(∼100 nm) track "halo" (Wang et al., 2022). Monte Carlo, MC simulation codes are used to 

determine the microscopic energy deposition due to heavy ions in the medium. Geant4-DNA code 

became the most used code available (Incerti et al., 2014). High-energy ion’s radial dose can also 

be calculated using other MC codes (Fromm et al., 2021) as well. 

Radial dose distribution, RDD(r) in the vicinity of ion tracks has many applications, for 

example, ion-induced modification of materials (Kiefer, 2008) or for estimating the single event 

upset damage on electronic devices due to heavy ions (Boorboor et al., 2015). Medium radiolysis, 

damage to DNA by radiation, radiotherapy planning, ion transport software, and estimation of the 

cell survival rate for heavy particle cancer therapy are other applications based on RDD(r) 

calculations (Nikjoo et al., 2016). Radial dose distribution, RDD(r) has been calculated 

analytically using different approaches. Katz’s amorphous track model was proposed ( Cucinotta 

et al., 1996; Cucinotta et al., 1999; Katz, 1978; Kobetich and Katz, 1968; Waligórski et al., 2015; 

Waligórski et al., 1986). In parallel, the local effect model (Chatterjee and Schaefer, 1976), and the 

classical collision model (Kiefer and Straaten, 1986). Recently, the radial dose distributions were 

studied by Awad et al (Awad et al., 2022; Awad and Abu-Shady, 2019, 2020; Awad et al., 2018).  

Recently it has been updated by introducing the annular dose (AD) concept based on radial 

dose distribution, RDD (r) (Awad et al., 2022). The annular energy distribution per nanometer, 

AED, for a given ion was introduced (Awad et al., 2023). This concept exposed the energy 

distribution around the ion and map the energy distribution at the nanoscale better than the ordinary 

radial dose. 
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Tracing and discussing the energy distribution at a nanometer scale around equal LET ions 

in some distinct targets of biological and electronic circuits interest is the aim of the present work. 

The concept of  AED is deeply discussed by studying 337 ions forming 20 different equal LET 

groups of ions with a wide energy domain (≈1 to 200 MeV/n) in four different targets. Katz radial 

dose formula and Butts-Katz range energy (R-E) relation used in the calculation. Annular energy 

distribution, AED, and shell annular energy distribution, SAED, for these groups were determined. 

AED peaks at certain shell widths were determined. This width is called the ion’s maximum 

annular energy width, rMAEW, and corresponding to total annular energy distribution, TAED, was 

determined for all ions under study. 

2. Calculations  

Secondary electrons produced due to ion bombardment and the spatial distribution of 

energy deposition are dictated by their number, energy, and corresponding range (Waligórski et 

al., 1986). The range, R of emitted electrons in a medium is following approximately (Butts and 

Katz, 1967) the empiric law:  

                                   𝑅 = 𝑘 𝑇/𝜌,                                                                          (1) 

where R, is in (m), T is the electron energy in (MeV), 𝜌 is the medium density given in (kg/m3) 

and the k coefficient results from fitting where 𝑘 = 0.1. The energy transferred to secondary 

electrons due to the ion hit as a function of the ion's relative velocity, β is expressed as follows:  

                                                 𝑇 =
2𝑚𝑐2𝛽2

1−𝛽2 ,                                                                       (2) 
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Once T is determined for a given ion, the corresponding range, R, can be obtained from Eq. 1  

Radial dose distribution, RDD(r) is the energy deposited per unit mass by a charged particle 

within a concentric cylindrical shell of infinitesimal thickness, dr at distance r from the ion path 

and unit length of depth (arbitrary chosen=1 nm), for details please refer to (Spohr, 1990). The 

RDD formula was suggested by Katz and co-workers (Waligorski et al., 1986) to compute the 

RDD in (Gy) using the MKS system at any radial distance, r as follows: 

                          𝑅𝐷𝐷(𝑟) = 𝑁𝑒
𝑍∗2𝑒4

(4𝜋𝜀0)2𝜌𝑚𝑣2

1

𝛼𝑟2
(1 −

𝑟

𝑅𝑒𝑓𝑓
)

1

𝛼
,                                            (3) 

for T < 1 keV α = 1.079 and for T ≥ 1 keV α = 1.667,  𝜀0 is the permittivity of free space, ν is the 

velocity of incident ions. e and m are the electron charge and mass, respectively. Ne is the number 

of electrons per unit volume of the target and Z* is the effective charge of the ion according to 

Barkas’ formula (Barkas, 1963); Z∗ = Z(1 − e−125βZ
−

2
3). The number of electrons per unit volume 

of the target Ne (1/m3) is not the same for all targets, it is a function of atomic number ZT, mass 

number AT and density of the absorber (Korcyl, 2014; Spohr, 1990). 

                                                        𝑁𝑒 =
𝜌𝑍𝑇

𝐴𝑇
 𝑁𝐴,                                                                   (4) 

where ZT target atomic number, AT target mass number in (kg/mole), and NA is Avogadro’s 

number = 6.02×1023 (atoms/mole). One can get from the previous Eq. 4, for example, Ne for water 

target = 3.34×1029 (1/m3). 
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The ion LET is the total energy density around the ion path in 2π directions and it can be 

determined from the radial dose (Blakely et al., 1984; Cucinotta et al., 1996; Waligórski et al., 

2015) as follows:  

                           𝐿𝐸𝑇 = 2𝜋 ∫ 𝑟 𝐸(𝑟)𝑑𝑟
𝑟=𝑅𝑒𝑓𝑓

𝑟=𝑅𝑚𝑖𝑛
                                                          (5) 

𝑤here E(r) is the radial dose distribution in terms of the energy density distribution 

(Energy/volume). For the integration, the lower integration limit was always chosen greater than 

zero to avoid singularity and it was kept at r = 0.1 (nm). The upper integration limit should be 

adjusted in such a way that the LET calculated by Eq. 5 equals the ion’s LET obtained by the SRIM 

code, (Ziegler et al., 2010). Thus, the effective range, Reff was obtained. 

To trace the distribution of energy per nm around the ion path, the annular energy 

distribution, AED is introduced (Awad et al., 2023), it gives the energy distribution at any point 

around the ion trajectory over 2π directions. The total AED is the ion’s LET. Thus, AED is the 

detailed annular energy distribution delivered by the secondary electron at the nanometer scale 

around the ion trajectory over 2π directions. AED in 
𝐽

𝑚
 using the MKS system can be defined 

(Spohr, 1990) in terms of the energy density E(r) and details of ions and target parameters as 

follows: 

    𝐴𝐸𝐷 (
𝐽

𝑚
) = 2𝜋𝑁𝑒

𝑍∗2𝑒4

(4𝜋𝜀0)2 𝑚𝑣2𝛼2 ∫ ∫
1

𝑅2
(1 −

𝑟

𝑅
)

(
1

𝛼
−1)

𝑑𝑟 𝑑𝑅
𝑟=𝑅𝑚𝑖𝑛

𝑟=0.1

𝑅=𝑅𝑒𝑓𝑓

𝑅=𝑅𝑚𝑖𝑛
                      (6) 
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AED is easily converted to 
𝑒𝑉

𝑛𝑚
 and it depends on the shell width, Rmin. For AED calculation, 

starting limit was chosen at r = 0.1 nm, and the final limit was chosen at r = Reff (nm) and is kept 

fixed throughout the whole calculation. AED at any position or width is thus controlled by 

choosing r = Rmin (nm) and the distance between  r = 0.1(nm) to r = Rmin(nm) is called the annular 

energy width, AEW. Rmin is thus controlling the width and you change every time, and you can 

compute AED for each nanometer or more as you wish. Thus, Rmin is varying from r = 0.1 nm to                     

r = Reff (nm). AED integrates (summed up) the radial energy for many shells around the ions. When 

AED is plotted as a function of the annular energy-dose width 𝑟 = 0.1(𝑛𝑚) ⟶ 𝑅𝑚𝑖𝑛(𝑛𝑚) a peak 

is found. This peak is at a certain radius called the maximum annular energy width, rMAEW. The 

code written for Eq. 6 with consideration of the Ne in Eq. 4 for the various targets, enables these 

calculations. An algorithm was constructed to calculate the above integration numerically by using 

the Mid-Point Method of integration using Fortran and Python programming languages. The shell 

annular energy distribution, SAED, is determined by subtracting two annular energies of width 1 

nm of two successive annular widths (1 nm apart). Simply, subtract the nth annular energy of width 

1 nm from the (n+1)th annular energy of width 1 nm which allows a difference between those two 

energies.  

3. Linear Energy Transfer, LET groups 

337 ions bombarded in different targets are having biological nature and electronic circuits 

components. Gallium arsenide (GaAs), Lithium Niobate (LiNbO3), Pancreas and Thyroid targets 

were studied. Twenty (20) different equal LET groups at 25, 65.05, 150, 500, and 1000 keV/μm, 
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were composed in different targets, and SRIM code is used. Examples of some groups are given 

in different targets in Tables 1-4. Ion’s energy is widely studied from ≈ 1 to 200 MeV/n. The 

electronic energy loss at the surface of the foil LETSRIM (keV/μm) is considered only.  

 

Table 1.  Groups details for gallium arsenide target. 

Group 

LET 

Ion 

E/n 

β Z* 

R 

(Butts-

Kattz) 

nm 

R(eff) 

nm 

Maximu

m 

Annular 

Energy 

Width 

(rMAEW) 

(nm) 

Total 

Annular 

Energy 

Distributio

n (TAED) 

(eV/nm) 

(KeV/μm) 
(MeV/

n) 

G-1 

25 

1 H 1 4.3 0.1 1 176 173.6 109 115.8 

 

2 He 4 28.9 0.2 2 1212 1173.1 733 70.9 

3 Li 7 85.5 0.4 3 3691 3527.1 2205 58.8 

4 Be 9 187 0.6 4 8491 8064.1 5040 54.9 

G-2 

65.05 

2 He 4 8 0.1 2 330 323.8 202 248.9 

 

3 Li 7 24 0.2 3 1004 973.9 609 190.8 

4 Be 9 49.2 0.3 4 2086 2011.1 1257 172 

5 B 11 89.8 0.4 5 3886 3720.1 2325 156.5 

6 C 12 152.5 0.5 6 6810 6476.1 4048 144.8 

7 N 14 256.4 0.6 7 12036 11354.1 7097 133.9 

G-3 

150 

2 He 4 2.3 0.1 2 95 94.1 59 850.1 

 

3 Li 7 7.8 0.1 3 323 316.9 198 573 

4 Be 9 15.5 0.2 4 644 629.6 394 519.5 

5 B 11 29.6 0.2 5 1243 1205.1 753 433.3 

6 C 12 48.3 0.3 6 2046 1971.1 1232 393.7 

7 N 14 74.6 0.4 7 3200 3064.1 1915 361.3 

8   O 16 107.4 0.4 8 4686 4468.1 2793 343.5 

9  F 19 150.7 0.5 9 6723 6384.1 3990 328.9 
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10 Ne 20 207.6 0.6 10 9519 9007.1 5630 317.8 

G-4 

500 

3 Li 7 1.1 0 2.8 44 43.7 27 3650.4 

 

4 Be 9 3.1 0.1 3.9 130 128.4 80 2420.7 

5 B 11 5.8 0.1 5 239 235.2 147 2104.4 

6 C 12 9.3 0.1 6 386 378.7 237 1904.2 

7 N 14 14.3 0.2 7 594 580.4 363 1711.1 

8   O 16 21.1 0.2 8 879 854.7 534 1535.8 

9  F 19 29.3 0.2 9 1227 1188.1 743 1417.7 

10 Ne 20 38.7 0.3 10 1628 1571.1 982 1345.7 

11 Na 23 51.3 0.3 11 2176 2089.1 1306 1251.4 

12 Mg 24 61.9 0.3 12 2640 2535.6 1585 1254.1 

13 Al  27 82.3 0.4 13 3548 3381.1 2113 1140.9 

14 Si  28 96.3 0.4 14 4177 3985.1 2491 1155.4 

15 P  31 117.9 0.5 15 5173 4921.1 3076 1116.6 

16 S  32 147.8 0.5 16 6584 6228.1 3893 1056 

17 Cl  35 169.8 0.5 17 7647 7243.1 4527 1068.6 

18 Ar 40 213.7 0.6 18 9831 9252.1 5783 1007.8 

G-5 

1000 

5 B 11 1.8 0.1 4.6 73 72.4 45 5988.8 

 6 C 12 3.3 0.1 5.8 137 135.3 85 4909.3 

7 N 14 5.4 0.1 6.8 223 219.5 137 4264 
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8   O 16 7.7 0.1 7.9 318 312.4 195 3979.7 

9  F 19 10.8 0.2 8.9 447 437.9 274 3653.6 

10 Ne 20 14.3 0.2 9.9 554 542.8 339 3672.6 

11 Na 23 18.7 0.2 10.9 780 760.1 475 3218.9 

12 Mg 24 23.7 0.2 11.9 992 964.3 603 3056.5 

13 Al  27 31.8 0.3 13 1335 1289.3 806 2721.7 

14 Si  28 37.9 0.3 14 1594 1538 961 2679.4 

15 P  31 45.7 0.3 15 1934 1861.1 1163 2579.2 

16 S  32 55.1 0.3 16 2341 2246.1 1404 2474.1 

17 Cl  35 63.6 0.4 17 2713 2601.1 1626 2452.7 

18 Ar 40 77.2 0.4 18 3317 3165.1 1978 2313.1 

19 K  39 83.5 0.4 19 3598 3444.5 2153 2404.8 

20 Ca  40 97.5 0.4 20 4232 4041.1 2526 2329.5 

21 Sc 45 110.5 0.4 21 4829 4607.1 2880 2308.6 

22 Ti  48 125.9 0.5 22 5547 5285.1 3303 2271.6 

23 V   51 144.8 0.5 23 6440 6121.1 3826 2216.3 
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24 Cr 52 165.1 0.5 24 7416 7036.1 4398 2175.5 

25 Mn 55 184.5 0.6 25 8370 7938.1 4962 2166.9 

26 Fe 56 208.8 0.6 26 9579 9073.1 5671 2138.2 

 

 

 

Table 2. Groups details for lithium niobate target. 

Group 

LET 

Ion 

E/n 

β Z* 

R 

(Butts-

Kattz) 

nm 

R(eff) 

nm 

Maximu

m 

Annular 

Energy 

Width 

(rMAEW) 

(nm) 

Total 

Annular 

Energy 

Distributio

n (TAED) 

(eV/nm) 

(KeV/μm) 
(MeV/n

) 

G-1 

25 

 1 H 1  4.0 0.1 1.0 206.0 202.6 127.0 25.0 

 

 2 He 4  51.4 0.2 2.0 1,329.0 1,282.1 801.0 25.0 

 3 Li   7  173.1 0.4 3.0 3,937.0 3,746.1 2,342.0 25.0 

 4  Be 9  354.4 0.5 4.0 8,717.0 8,245.1 5,154.0 25.0 

 5  B 11  732.0 0.7 5.0 20,012.0 18,740.1 11,713.0 25.0 

G-2 

65.05 

 2 He 4  7.3 0.1 2.0 376.0 367.7 230.0 65.0 

 

 3 Li   7  21.4 0.2 3.0 1,105.0 1,068.1 668.0 64.9 

 4  Be 9  43.3 0.3 4.0 2,261.0 2,171.4 1,357.0 65.1 

 5  B 11  78.0 0.4 5.0 4,147.0 3,953.5 2,471.0 65.0 

 6  C 12  129.7 0.5 6.0 7,077.0 6,702.1 4,189.0 65.0 

 7   N 14  211.6 0.6 7.0 12,027.0 11,296.1 7,061.0 65.1 

 8  O  16  338.4 0.7 8.0 20,408.0 19,043.1 11,903.0 65.1 
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G-3 

150 

 2 He 4  2.3 0.1 2.0 116.0 114.5 72.0 150.0 

 

 3 Li   7  3.5 0.1 3.0 181.0 179.8 112.0 150.2 

 4  Be 9  15.0 0.2 4.0 773.0 750.7 469.0 150.0 

 5  B 11  26.3 0.2 5.0 1,360.0 1,313.1 821.0 150.9 

 6  C 12  42.5 0.3 6.0 2,220.0 2,131.1 1,332.0 149.6 

 7  N 14  64.9 0.4 7.0 3,427.0 3,267.7 2,043.0 150.0 

 8  O 16  92.5 0.4 8.0 4,955.0 4,704.1 2,940.0 150.0 

 9  F 19  128.4 0.5 9.0 7,002.0 6,619.1 4,137.0 150.1 

 10 Ne 

20  
173.5 0.5 10.0 9,678.0 9,119.1 5,700.0 150.1 

 11 Na 

23  
246.1 0.6 11.0 14,217.0 13,287.5 8,305.0 150.0 

G-4 

500 

 3 Li   7  1.2 0.1 2.9 60.0 59.4 37.0 499.1 

 

 4  Be 9  2.9 0.1 3.9 149.0 146.8 92.0 499.5 

 5 B  11  5.4 0.1 4.9 278.0 272.6 170.0 499.9 

 6  C 12  9.0 0.1 6.0 462.0 450.8 282.0 500.0 

 7   N 14  13.9 0.2 7.0 716.0 694.7 434.0 500.0 

 8   O 16  19.8 0.2 8.0 1,021.0 986.5 617.0 500.0 

 9  F 19  25.9 0.2 9.0 1,340.0 1,292.8 808.0 500.0 

 10 Ne 

20  
34.1 0.3 10.0 1,771.0 1,702.8 1,064.0 500.0 

 11 Na 

23  
45.1 0.3 11.0 2,356.0 2,252.9 1,408.0 500.0 

 12 Mg 

24  
54.1 0.3 12.0 2,841.0 2,718.1 1,699.0 499.4 
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 13 Al  

27  
71.3 0.4 13.0 3,780.0 3,587.1 2,242.0 499.9 

 14 Si  

28  
83.2 0.4 14.0 4,437.0 4,215.1 2,635.0 500.2 

 15 P 31  101.2 0.4 15.0 5,447.0 5,158.1 3,224.0 500.2 

 16 S  32  125.2 0.5 16.0 6,816.0 6,420.1 4,013.0 500.2 

 17 Cl  

35  
143.6 0.5 17.0 7,891.0 7,441.1 4,651.0 499.8 

 18 Ar 

40  
178.3 0.5 18.0 9,966.0 9,336.1 5,836.0 499.8 

 19 K  39  195.5 0.6 19.0 11,024.0 10,374.1 6,484.0 500.2 

 20 Ca  

40  
233.8 0.6 20.0 13,425.0 12,592.1 7,871.0 500.0 

G-5 

1000 

 5  B 11  1.7 0.1 4.6 87.0 86.0 54.0 1,000.2 

 

 6  C 12  3.0 0.1 5.7 156.0 153.7 96.0 999.1 

 7  N 14  5.0 0.1 6.8 256.0 251.2 157.0 1,000.2 

 8   O 16  7.3 0.1 7.8 375.0 366.7 229.0 1,000.2 

 9  F 19  10.5 0.1 8.9 537.0 522.8 327.0 1,000.1 

 10 Ne 

20  
13.9 0.2 9.9 716.0 694.9 434.0 1,000.0 

 11 Na 

23  
17.8 0.2 10.9 916.0 886.9 554.0 999.9 

 12 Mg 

24  
21.9 0.2 11.9 1,129.0 1,091.7 682.0 1,000.0 

 13 Al  

27  
27.7 0.2 12.9 1,435.0 1,381.9 864.0 1,000.0 
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 14 Si  

28  
33.3 0.3 13.9 1,731.0 1,663.9 1,040.0 1,000.0 

 15 P  31  40.2 0.3 15.0 2,097.0 2,010.1 1,256.0 999.0 

 16 S  32  48.1 0.3 16.0 2,516.0 2,404.1 1,503.0 1,002.2 

 17 Cl  

35  
55.5 0.3 17.0 2,917.0 2,785.1 1,741.0 1,000.7 

 18 Ar 

40  
67.0 0.4 18.0 3,542.0 3,365.1 2,103.0 999.8 

 19 K  39  72.4 0.4 19.0 3,840.0 3,661.1 2,288.0 999.3 

 20 Ca  

40  
84.1 0.4 20.0 4,487.0 4,266.1 2,667.0 1,000.5 

 21 Sc 

45  
95.2 0.4 21.0 5,105.0 4,849.1 3,031.0 1,000.8 

 22 Ti  

48  
107.9 0.4 22.0 5,826.0 5,527.1 3,455.0 999.4 

 23 V   

51  
122.9 0.5 23.0 6,688.0 6,332.1 3,958.0 999.3 

 24 Cr 

52  
139.7 0.5 24.0 7,664.0 7,241.1 4,526.0 999.6 

 25 Mn 

55  
155.5 0.5 25.0 8,595.0 8,117.1 5,074.0 1,000.3 

 26 Fe 

56  
174.5 0.5 26.0 9,737.0 9,184.1 5,741.0 999.9 

 27 Co 

59  
195.1 0.6 27.0 10,998.0 10,363.1 6,477.0 999.8 

 28  Ni  

58  
222.2 0.6 28.0 12,694.0 11,929.1 7,456.0 999.8 
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Table 3. Groups details for pancreas target. 

Group 

LET 

Ion 

E/n 

β Z* 

R 

(Butts-

Kattz) 

nm 

R(eff) 

nm 

Maximu

m 

Annular 

Energy 

Width 

(rMAEW) 

(nm) 

Total 

Annular 

Energy 

Distributio

n (TAED) 

(eV/nm) 

(KeV

/μm) 
(MeV/n) 

G-1 

25 

1 H 1 1.2 0.0 1.0 241.0 237.1 148.0 104.5 

  

2 He 4 7.4 0.1 2.0 1547.0 1491.1 932.0 66.3 

3 Li   7 20.0 0.2 3.0 4231.0 4026.1 2517.0 56.0 

4  Be 9 39.2 0.3 4.0 8364.0 7906.1 4942.0 52.4 

5  B 11 68.9 0.4 5.0 14929.0 13993.2 8746.0 48.8 

6  C 12 111.7 0.5 6.0 24735.0 23009.8 14382.0 46.1 

7  N 14 176.7 0.5 7.0 40433.0 37254.9 23286.0 43.3 

8   O 16 270.8 0.6 8.0 64822.0 59290.7 37060.0 41.5 

G-2 

65.05 

2 He 4 2.2 0.1 2.0 456.0 445.4 278.0 220.5 

  

3 Li   7 6.2 0.1 3.0 1305.0 1259.9 788.0 176.1 

4  Be 9 12.8 0.2 4.0 2696.0 2577.5 1611.0 153.9 

5  B 11 21.0 0.2 5.0 4435.0 4227.7 2643.0 148.7 

6  C 12 33.2 0.3 6.0 7065.0 6686.1 4179.0 138.0 

7   N 14 49.6 0.3 7.0 10651.0 10002.1 6252.0 128.8 

8  O  16 69.3 0.4 8.0 15024.0 14043.1 8778.0 124.1 

9   F 19 94.0 0.4 9.0 20632.0 19198.1 12000.0 120.1 

10 Ne 20 124.0 0.5 
10.

0 
27644.0 25632.1 16021.0 117.2 
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11 Na 23 169.2 0.5 
11.

0 
38565.0 35421.1 22140.0 110.6 

12 Mg 24 209.6 0.6 
12.

0 
48737.0 44858.1 28038.0 111.9 

13 Al 27 304.6 0.7 
13.

0 
74072.0 66899.1 41815.0 101.4 

G-3 

150 

2 He 4 0.6 0.0 1.9 132.0 130.2 81.0 682.0 

  

3 Li   7 2.1 0.1 2.9 442.0 431.3 270.0 497.9 

4  Be 9 4.7 0.1 4.0 984.0 950.1 594.0 409.1 

5  B 11 8.1 0.1 5.0 1694.0 1627.1 1017.0 376.1 

6  C 12 12.5 0.2 6.0 2628.0 2512.1 1570.0 353.7 

7  N 14 18.0 0.2 7.0 3795.0 3613.1 2258.0 337.8 

8  O 16 24.6 0.2 8.0 5210.0 4943.1 3090.0 326.1 

9  F 19 32.8 0.3 9.0 6984.0 6599.1 4125.0 313.3 

10 Ne 20 42.4 0.3 
10.

0 
9052.0 8526.1 5329.0 304.5 

11 Na 23 55.3 0.3 
11.

0 
11901.0 11132.1 6958.0 287.8 

12 Mg 24 66.1 0.4 
12.

0 
14314.0 13408.1 8381.0 291.1 

13 Al  27 87.1 0.4 
13.

0 
19056.0 17642.1 11027.0 267.7 

14 Si  28 101.0 0.4 
14.

0 
22260.0 20671.1 12920.0 273.1 

15 P 31 122.7 0.5 
15.

0 
27341.0 25288.1 15806.0 266.0 

16 S  32 152.8 0.5 
16.

0 
34555.0 31702.1 19815.0 253.3 

17 Cl  35 174.9 0.5 
17.

0 
39972.0 36773.1 22985.0 257.4 

18 Ar 40 218.3 0.6 
18.

0 
50954.0 46442.1 29029.0 244.5 
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G-4 

500 

5 B  11 1.5 0.1 4.5 305.0 298.0 186.0 1711.3 

  

6  C 12 2.4 0.1 5.6 508.0 494.5 309.0 1569.4 

7   N 14 3.7 0.1 6.7 779.0 755.2 472.0 1450.8 

8   O 16 5.2 0.1 7.7 1097.0 1060.5 663.0 1381.2 

9  F 19 7.6 0.1 8.8 1586.0 1522.1 951.0 1243.8 

10 Ne 20 9.9 0.1 9.8 2080.0 1989.1 1243.0 1188.6 

11 Na 23 12.1 0.2 
10.

8 
2546.0 2435.1 1522.0 1188.6 

12 Mg 24 14.8 0.2 
11.

8 
3114.0 2974.1 1859.0 1168.2 

13 Al  27 18.0 0.2 
12.

8 
3796.0 3617.1 2261.0 1137.8 

14 Si  28 21.0 0.2 
13.

8 
4437.0 4228.1 2643.0 1139.9 

15 P 31 25.3 0.2 
14.

9 
5369.0 5098.1 3187.0 1096.3 

16 S  32 30.2 0.2 
15.

9 
6413.0 6068.1 3793.0 1058.1 

17 Cl  35 35.2 0.3 
16.

9 
7501.0 7080.1 4425.0 1034.1 

18 Ar 40 42.2 0.3 
17.

9 
9010.0 8452.1 5283.0 981.6 

19 K  39 45.5 0.3 
18.

9 
9744.0 9181.1 5739.0 1018.2 

20 Ca  40 52.6 0.3 
19.

9 
11308.0 10617.1 6636.0 988.4 

21 Sc 45 58.9 0.3 
20.

9 
12701.0 11918.1 7449.0 983.6 
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22 Ti 48 66.2 0.4 
21.

9 
14320.0 13418.1 8387.0 972.2 

23 V 51 74.5 0.4 
22.

9 
16198.0 15144.1 9466.0 956.0 

24 Cr 52 83.7 0.4 
23.

9 
18280.0 17053.1 10659.0 940.1 

25 Mn 55 92.0 0.4 
24.

9 
20172.0 18817.1 11762.0 939.8 

26 Fe  56 102.0 0.4 
25.

9 
22483.0 20943.1 13090.0 930.2 

27 Co 59 112.3 0.5 
26.

9 
24889.0 23165.1 14479.0 924.7 

28  Ni  58 126.1 0.5 28 28133.0 26097.1 16312.0 903.9 

29 Cu 63 138.5 0.5 
29.

0 
31105.0 28826.1 18018.0 897.9 

30 Zn 64 152.7 0.5 
30.

0 
34536.0 31954.1 19973.0 888.7 

31 Ga 69 167.0 0.5 
31.

0 
38036.0 35168.1 21982.0 884.7 

32 Ge 74 183.1 0.5 
32.

0 
42027.0 38814.1 24261.0 878.5 

33 As 75 200.9 0.6 
33.

0 
46503.0 42895.1 26811.0 871.7 

34 Se 80 221.4 0.6 
34.

0 
51777.0 47668.1 29795.0 861.7 

35 Br 79 243.3 0.6 
35.

0 
57483.0 52844.1 33030.0 854.3 

G-5 

1000 

7  N 14 0.2 0.0 3.5 40.0 39.8 25.0 7693.5 

  

8   O 16 1.5 0.1 6.6 304.0 297.7 186.0 3629.9 

9  F 19 2.2 0.1 7.7 453.0 442.3 276.0 3354.7 

10 Ne 20 3.2 0.1 8.9 665.0 646.2 404.0 3035.8 

11 Na 23 3.9 0.1 9.9 820.0 797.0 498.0 3045.6 
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12 Mg 24 5.2 0.1 
11.

0 
1080.0 1046.3 654.0 2865.6 

13 Al  27 6.6 0.1 
12.

1 
1386.0 1338.1 836.0 2706.9 

14 Si  28 8.1 0.1 
13.

2 
1709.0 1645.9 1029.0 2606.7 

15 P  31 9.9 0.1 
14.

2 
2086.0 2003.1 1252.0 2502.9 

16 S  32 11.9 0.2 
15.

3 
2512.0 2405.3 1503.0 2411.2 

17 Cl  35 13.9 0.2 
16.

3 
2933.0 2804.1 1753.0 2364.8 

18 Ar 40 16.4 0.2 
17.

4 
3447.0 3286.3 2054.0 2289.8 

19 K  39 17.8 0.2 
18.

4 
3746.0 3580.1 2238.0 2357.1 

20 Ca  40 20.4 0.2 
19.

4 
4299.0 4101.1 2563.0 2304.1 

21 Sc 45 22.7 0.2 
20.

4 
4795.0 4573.1 2858.0 2298.5 

22 Ti  48 25.5 0.2 
21.

4 
5406.0 5148.1 3218.0 2262.9 

23 V   51 29.2 0.2 
22.

5 
6197.0 5883.1 3677.0 2187.7 

24 Cr 52 32.9 0.3 
23.

5 
6994.0 6624.1 4140.0 2138.2 

25 Mn 55 36.1 0.3 
24.

5 
7696.0 7286.1 4554.0 2128.1 

26 Fe 56 39.9 0.3 
25.

5 
8512.0 8048.1 5030.0 2103.5 
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27 Co 59 43.8 0.3 
26.

6 
9372.0 8852.1 5533.0 2082.2 

28  Ni  58 48.7 0.3 
27.

6 
10434.0 9832.1 6146.0 2037.9 

29 Cu 63 53.0 0.3 
28.

6 
11395.0 10729.1 6706.0 2024.5 

30 Zn 64 58.2 0.3 
29.

6 
12533.0 11780.1 7363.0 1995.2 

31 Ga 69 63.2 0.4 
30.

6 
13660.0 12826.1 8017.0 1977.8 

32 Ge 74 68.4 0.4 
31.

6 
14826.0 13910.1 8695.0 1964.6 

33 As 75 74.3 0.4 
32.

7 
16154.0 15135.1 9460.0 1943.5 

34 Se 80 80.6 0.4 
33.

7 
17578.0 16447.1 10280.0 1922.9 

35 Br 79 87.2 0.4 
34.

7 
19077.0 17827.1 11143.0 1904.5 

36 Kr 84 96.2 0.4 
35.

7 
21145.0 19686.1 12305.0 1853.2 

37 Rb 85 102.9 0.4 
36.

7 
22688.0 21117.1 13199.0 1849.9 

38 Sr 88 110.2 0.4 
37.

7 
24393.0 22690.1 14182.0 1841.9 

39 Y 89 119.0 0.5 
38.

7 
26468.0 24579.1 15363.0 1820.6 

40 Zr 90 129.1 0.5 
39.

8 
28852.0 26730.1 16708.0 1792.6 

41 Nb 93 136.9 0.5 
40.

8 
30708.0 28460.1 17789.0 1796.8 

42 Mo 98 149.1 0.5 41.8 33648.0 31091.1 19433.0 1762.3 

43 Tc 97 160.0 0.5 42.8 36309.0 33505.1 20942.0 1747.7 

44 Ru 102 170.8 0.5 43.8 38963.0 35927.1 22456.0 1739.6 

45 Rh 103 186.0 0.6 
44.

8 
42756.0 39294.1 24561.0 1705.7 

46 Pd 106 196.2 0.6 
45.

8 
45327.0 41686.1 26056.0 1712.6 
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Table 4.   Groups details for thyroid target. 

Group 

LET 

Ion 

E/n 

β Z* 

R 

(Butts-

Kattz) 

nm 

R(eff) 

nm 

Maximum 

Annular 

Energy 

Width 

(rMAEW) 

(nm)  

Total 

Annular 

Energy 

Distributio

n (TAED) 

(eV/nm)  (KeV

/μm) 

(MeV/n

) 

G-1 

25 

1 H 1 1.1 0.0 1.0 237.0 233.2 146.0 105.9 

  

2 He 4 7.3 0.1 2.0 1539.0 1484.1 928.0 66.5 

3 Li 7 19.9 0.2 3.0 4212.0 4008.1 2505.0 56.1 

4 Be 9 39.0 0.3 4.0 8328.0 7874.1 4922.0 52.6 

5 B 11 68.6 0.4 5.0 14866.0 13937.1 8711.0 48.8 

6 C 12 111.2 0.4 6.0 24618.0 22907.1 14318.0 46.2 

7 N 14 176.0 0.5 7.0 40256.0 37099.1 23189.0 43.3 

8   O 16 269.4 0.6 8.0 64434.0 58955.1 36850.0 41.6 

G-2 

65.05 

2 He 4 2.2 0.1 2.0 452.0 441.6 276.0 222.0 

  

3 Li 7 6.2 0.1 3.0 1298.0 1253.4 783.0 176.6 

4 Be 9 12.8 0.2 4.0 2689.0 2570.9 1607.0 153.9 

5 B 11 20.9 0.2 5.0 4414.0 4208.6 2631.0 149.1 

6 C 12 32.5 0.3 6.0 6909.0 6551.1 4095.0 140.6 

7 N 14 49.5 0.3 7.0 10608.0 9964.1 6228.0 129.0 

8   O 16 69.0 0.4 8.0 14957.0 13983.1 8740.0 124.3 

9  F 19 93.6 0.4 9.0 20545.0 19121.1 11952.0 120.3 

10 Ne 20 123.6 0.5 10.0 27532.0 25532.1 15959.0 117.4 

11 Na 23 168.4 0.5 11.0 38382.0 35262.1 22041.0 110.7 

12 Mg 24 208.5 0.6 12.0 48460.0 44617.1 27888.0 112.1 

13 Al  27 303.0 0.7 13.0 73610.0 66507.1 41570.0 101.6 

G-3 

150 

3 Li 7 2.1 0.1 2.9 439.0 428.5 268.0 500.2 

  

4 Be 9 4.7 0.1 4.0 980.0 946.7 592.0 409.5 

5 B 11 8.1 0.1 5.0 1691.0 1624.1 1015.0 375.9 

6 C 12 12.5 0.2 6.0 2625.0 2509.1 1568.0 353.5 

7 N 14 17.9 0.2 7.0 3784.0 3602.1 2252.0 337.8 

8   O 16 24.5 0.2 8.0 5193.0 4927.1 3080.0 326.3 

9  F 19 32.8 0.3 9.0 6966.0 6582.1 4114.0 313.6 

10 Ne 20 42.2 0.3 10.0 9020.0 8497.1 5311.0 305.0 
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11 Na 23 55.2 0.3 11.0 11875.0 11108.1 6943.0 288.0 

12 Mg 24 66.0 0.4 12.0 14278.0 13375.1 8360.0 291.2 

13 Al  27 86.9 0.4 13.0 19005.0 17595.1 10998.0 267.7 

14 Si  28 100.7 0.4 14.0 22185.0 20604.1 12879.0 273.3 

15 P  31 122.4 0.5 15.0 27249.0 25206.1 15755.0 266.2 

16 S  32 152.3 0.5 16.0 34441.0 31602.1 19753.0 253.5 

17 Cl  35 174.3 0.5 17.0 39830.0 36646.1 22906.0 257.6 

18 Ar 40 217.5 0.6 18.0 50760.0 46270.1 28921.0 244.6 

G-4 

500 

6 C 12 2.4 0.1 5.6 502.0 488.8 306.0 1581.8 

  

7 N 14 3.7 0.1 6.7 772.0 748.7 468.0 1459.4 

8   O 16 5.2 0.1 7.7 1089.0 1053.0 658.0 1387.1 

9  F 19 7.5 0.1 8.8 1580.0 1516.7 948.0 1245.3 

10 Ne 20 9.9 0.1 9.8 2075.0 1984.8 1241.0 1190.0 

11 Na 23 12.1 0.2 10.8 2539.0 2428.4 1518.0 1188.6 

12 Mg 24 14.7 0.2 11.8 3104.0 2964.8 1853.0 1169.7 

13 Al  27 17.9 0.2 12.8 3781.0 3603.1 2252.0 1140.1 

14 Si  28 20.9 0.2 13.8 4417.0 4210.1 2632.0 1142.9 

15 P  31 25.2 0.2 14.9 5339.0 5071.1 3170.0 1099.7 

16 S  32 30.0 0.2 15.9 6374.0 6033.1 3771.0 1061.9 

17 Cl  35 35.1 0.3 16.9 7465.0 7047.1 4405.0 1036.6 

18 Ar 40 42.0 0.3 17.9 8970.0 8417.1 5261.0 983.7 

19 K  39 45.3 0.3 18.9 9699.0 9141.1 5714.0 1020.9 

20 Ca  40 52.4 0.3 19.9 11259.0 10573.1 6609.0 990.1 

21 Sc 45 58.7 0.3 20.9 12645.0 11867.1 7418.0 985.1 

22 Ti  48 65.9 0.4 21.9 14259.0 13363.1 8353.0 973.6 

23 V   51 74.2 0.4 22.9 16124.0 15079.1 9425.0 957.7 

24 Cr 52 83.4 0.4 23.9 18201.0 16982.1 10615.0 941.6 

25 Mn 55 91.6 0.4 24.9 20076.0 18732.1 11708.0 941.7 

26 Fe 56 101.6 0.4 25.9 22380.0 20852.1 13034.0 931.9 

27 Co 59 111.8 0.5 26.9 24773.0 23063.1 14416.0 926.6 

 28  Ni  58 125.5 0.5 28.0 27990.0 25972.1 16234.0 905.6 

29 Cu 63 138.0 0.5 29.0 30964.0 28701.1 17940.0 899.1 

30 Zn 64 152.1 0.5 30.0 34376.0 31814.1 19885.0 890.1 

31 Ga 69 166.6 0.5 31.0 37921.0 35064.1 21917.0 885.0 

32 Ge 74 182.6 0.5 32.0 41892.0 38694.1 24186.0 879.0 

33 As 75 200.3 0.6 33.0 46351.0 42756.1 26725.0 871.9 

34 Se 80 220.8 0.6 34.0 51599.0 47508.1 29695.0 862.1 
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35 Br 79 242.5 0.6 35.0 57283.0 52661.1 32916.0 854.4 

G-5 

1000 

8   O 16 1.4 0.1 6.6 298.0 292.0 183.0 3669.7 

  

9  F 19 2.1 0.1 7.7 441.0 430.8 269.0 3409.0 

10 Ne 20 3.1 0.1 8.9 657.0 638.7 399.0 3054.5 

11 Na 23 3.9 0.1 9.9 812.0 789.4 493.0 3062.0 

12 Mg 24 5.1 0.1 11.0 1071.0 1037.8 649.0 2878.1 

13 Al  27 6.6 0.1 12.1 1378.0 1330.7 832.0 2714.8 

14 Si  28 8.1 0.1 13.2 1701.0 1638.4 1024.0 2612.0 

15 P  31 9.9 0.1 14.2 2081.0 1998.5 1249.0 2504.5 

16 S  32 11.9 0.2 15.3 2507.0 2400.5 1500.0 2410.4 

17 Cl  35 13.9 0.2 16.3 2928.0 2799.1 1750.0 2362.6 

18 Ar 40 16.3 0.2 17.4 3437.0 3277.1 2048.0 2290.6 

19 K  39 17.7 0.2 18.3 3735.0 3570.1 2232.0 2359.2 

20 Ca  40 20.3 0.2 19.4 4283.0 4086.1 2554.0 2307.8 

21 Sc 45 22.6 0.2 20.4 4776.0 4555.1 2847.0 2301.8 

22 Ti  48 25.4 0.2 21.4 5380.0 5125.1 3203.0 2267.5 

23 V   51 29.1 0.2 22.5 6172.0 5860.1 3663.0 2191.8 

24 Cr 52 32.8 0.3 23.5 6969.0 6601.1 4126.0 2140.2 

25 Mn 55 36.0 0.3 24.5 7673.0 7265.1 4541.0 2129.9 

26 Fe 56 39.8 0.3 25.5 8488.0 8026.1 5017.0 2105.0 

27 Co 59 43.7 0.3 26.6 9342.0 8825.1 5516.0 2084.9 

 28  Ni  58 48.5 0.3 27.6 10396.0 9798.1 6124.0 2041.5 

29 Cu 63 52.9 0.3 28.6 11360.0 10697.1 6686.0 2025.4 

30 Zn 64 58.0 0.3 29.6 12495.0 11745.1 7341.0 1995.9 

31 Ga 69 63.1 0.4 30.6 13624.0 12793.1 7996.0 1978.3 

32 Ge 74 68.2 0.4 31.6 14784.0 13871.1 8670.0 1966.1 

33 As 75 74.1 0.4 32.7 16103.0 15088.1 9431.0 1944.7 

34 Se 80 80.4 0.4 33.7 17527.0 16400.1 10251.0 1923.9 

35 Br 79 86.9 0.4 34.7 19013.0 17768.1 11106.0 1905.4 

36 Kr 84 96.0 0.4 35.7 21085.0 19631.1 12270.0 1853.9 

37 Rb 85 102.6 0.4 36.7 22620.0 21056.1 13161.0 1851.3 

38 Sr 88 109.9 0.4 37.7 24319.0 22623.1 14141.0 1843.2 

39 Y 89 118.7 0.5 38.7 26381.0 24500.1 15314.0 1821.7 

40 Zr 90 128.7 0.5 39.8 28757.0 26644.1 16654.0 1793.6 

41 Nb 93 136.5 0.5 40.8 30617.0 28376.1 17736.0 1796.9 

42 Mo 98 148.6 0.5 41.8 33537.0 30990.1 19370.0 1763.0 

43 Tc 97 159.4 0.5 42.8 36170.0 33381.1 20865.0 1749.0 
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44 Ru 102 170.3 0.5 43.8 38854.0 35828.1 22394.0 1740.1 

45 Rh 103 185.4 0.6 44.8 42610.0 39164.1 24479.0 1706.7 

46 Pd 106 195.7 0.6 45.8 45184.0 41556.1 25975.0 1713.0 

47 Ag 107 209.4 0.6 46.8 48690.0 44729.1 27958.0 1701.6 

48 Cd 114 221.8 0.6 47.8 51882.0 47663.1 29792.0 1702.0 

49 In 115 238.3 0.6 48.8 56160.0 51511.1 32197.0 1686.5 

 

4. Results and Discussions 

4.1  Radial dose  

A fundamental step in RDD calculations is to make sure that the integration limits of the 

total annular energy density of Eq. 6 at width (𝑟 = 0.1 (𝑛𝑚) ⟶ (𝑟 =  𝑅𝑒𝑓𝑓)(𝑛𝑚) will yield the 

ion’s LET applied in all targets as illustrated in Fig. 1. The effective range, Reff (the upper 

integration limit) was thus determined. Fig. 1 shows that LETs calculated by the present work are 

identical to the tabulated electronic LETSRIM for the 20 groups of ions in all targets.  

The ratio between the determined effective range, Reff to the total range R of the secondary 

electrons, 
𝑅𝑒𝑓𝑓

𝑅
 for the different ions of different square relative velocity β2 is given for all targets 

in Fig.2. As the ion velocity increased as Reff decreased.  

 



Annular Energy Distribution for a Group of Ions ….                                                                             Authors: Awad et al  

 

 
 
Journal of Faculty of Science (Menoufia University). Vol. 27(1), (2023), 62-100.                                                                -86- 

 
 

 

Fig. 1 The calculated LETPresent versus tabulated LETSRIM are almost identical for the 20 groups in 

all targets under investigation.  

 

Fig. 2 The ratio between the effective range, Reff to the total range R for the different ions in 

different targets of relative velocity β2. 
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The radial dose distribution for the low energy 2 MeV/n p and C in Gallium arsenide 

(GaAs), Lithium Niobate (LiNbO3), Pancreas and Thyroid, p and C in water is calculated by using 

the Butts-Katz range energy relation and compared with experimental and Geant-4 MC data are 

given in Fig.3 & Fig.4. The radial dose calculations for carbon in water agree with experimental 

data (Faïn et al., 1974) as well as Monte Carlo simulation (Incerti et al., 2014) and is given as an 

example. 

 

Fig. 3 Calculated radial dose for 2 MeV p in GaAs, LiNbO3, Thyroid and Pancreas, and p in water is 

compared with experimental (Faïn et al., 1974).  
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Fig.  4 Calculated radial dose for 2 MeV/n C in GaAs, LiNbO3, Thyroid and Pancreas, and C in 

water is compared with experimental (Faïn et al., 1974) and Geant-4 MC data (Incerti et al., 2014).  
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Fig. 5 a- Annular energy distribution, AED for GaAs (G-3) target as a function of the annular 

energy width, rAEW. The ion’s maximum annular energy width, rMAEW for each ion is 

indicated by the dashed vertical lines. b- Shell annular energy distribution, SAED as a 

function of the annular energy width, rAEW for GaAs (G-3)  target as a function of the 

annular energy width, rAEW. 

The curves in these figures present a peak called the ion’s maximum annular energy width, 

rMAEW, and this width was determined for all groups and all targets. These growth rates are ion’s β, 

Z* dependence as will be shown later. Ion’s maximum annular energy width was determined for 

the 337 ions in different targets. Annular energy (dose) distribution per nm is thus mapping the 

dose distribution around the ion and clearly shows the difference between ions of the same. 
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Fig. 6 a- Annular energy distribution, AED for Thyroid (G-3) target as a function of the annular 

energy width, rAEW. The ion’s maximum annular energy width, rMAEW for each ion is indicated by 

the dashed vertical lines.  b- Shell annular energy distribution, SAED as a function of the annular 

energy width, rAEW for Thyroid (G-3) target as a function of the annular energy width, rAEW. 

 

4.3 Shell annular energy distribution, SAED   

Shell annular energy distribution, SAED is the annular energy deposited in width equals 1 

nm and is obtained by subtracting two successive annular energies of width 1 nm and 1nm apart. 

0.0 2.0×103 4.0×103 6.0×103 8.0×103 1.0×104 1.2×104

0

100

200

300

400

500

G-3

A
n

n
u

la
r
 E

n
e
r
g
y
 D

is
tr

ib
u

ti
o
n

, 
A

E
D

 (
e
V

/n
m

)

Annular Energy Width, rAEW(nm)

Thyroid(a)
  Li 

  Be

 B

 C

 N

 O

 F

 Ne

 Na

0 1×103 2×103 3×103 4×103 5×103 6×103 7×103

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

  Li 

  Be

 B

 C

 N

 O

 F

 Ne

 Na

G-3

Annular Energy Width, rAEW (nm)

S
h

e
ll

 A
n

n
u

la
r
 E

n
e
r
g
y
 D

is
tr

ib
u

ti
o
n

, 
S

A
E

D
 (

e
V

/n
m

)

Thyroid(b)



Annular Energy Distribution for a Group of Ions ….                                                                             Authors: Awad et al  

 

 
 
Journal of Faculty of Science (Menoufia University). Vol. 27(1), (2023), 62-100.                                                                -91- 

 
 

The code written for Eq. 6 allows these calculations. Fig. 5b & Fig.6b present the SAED for ions 

of GaAs (G-3) and Thyroid (G-3) targets. One can observe the lower the ion energy, the larger the 

height of the shell's annular energy distribution, SAED, as expected. The higher the ion energy, 

the larger the annular energy width over which the energy is distributed. The energy distribution 

per nm decays drastically as a function of width with different rates, depending on the ion. Thus, 

the shell annular energy distributions for the different ions are not the same even though ions have 

the same LET (same group) for a variety of different targets. SAED reaches zero energy exactly at 

the so-called maximum annular energy width, rMAEW. The rMAEW for 337 ions of 20 groups was 

calculated to represent different targets either biological or used in industrial. The shell annular 

energy distribution is ion’s β and Z* dependent as will be explained later. 

4.4  Maximum annular energy width study with ions and targets’ parameters 

The shell width at which the annular energy distribution per nm reaches its maximum is 

the radius at which the shell annular energy distribution becomes zero. This position is the rMAEW 

and it is the key to understanding and applying the annular energy distribution concept in any 

application. The position rMAEW was determined for the 337 ions covering an extended energy 

range (1-200 MeV/n) in various targets. This energy range covers many ion applications in 

medicine, industry, and space. The studied 337 ions give good statistics, deep learning, and more 

appliable process about this concept. The peak position is different for the different ions in the 

same group of the same LET as illustrated before. 

The ratio of rMAEW of the secondary electron to its effective range, Reff for a given ion was 

determined as 
𝑟𝑀𝐴𝐸𝑊

𝑅𝑒𝑓𝑓
 . This ratio is surprisingly found at ≈ 63 % for the studied ions of all targets 
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under investigation as shown in Fig.7 with the ions β2. Light ions with low energy of the studied 

337 ions are showing a little increase or decrease in this ratio.  rMAEW showed a monotonic 

increasing function with the square of the ion’s relative velocity, β2 (Fig. 8) for all targets. As 

expected, the maximum annular energy width increases as the ion energy increases not all ion’s 

energy was covered, therefore, the fitting equations were considered of rMAEW with the ion’s 

relative velocity β2 give the expected rMAEW for any ion’s energy. Tables 5-6 show the polynomial 

fitting equation of rMAEW with ions’ β2 for the different targets. 

Table 5. The fitting parameters of the fitting equations of rMAEW. 

rMAEW Polynomial Fitting Equations (y = a + b1x+b2x2) 

Target Constants R2 

GaAs 

a = 38.40005 

b1 =10107.63415 

b2 = 20430.46571 

0.99973 

LiNbO3 

a =101.96706 

b1 = 10859.37601 

b2 = 30535.57497 

0.99901 

Pancreas 

a = 233.79385 

b1 = 48787.65444 

b2 = 104576.14612 

0.99955 

Thyroid 

a = 255.79088 

b1 = 48581.20876 

b2 = 104935.46237 

0.99961 

Table 6. The fitting parameters of the fitting equations of TAED. 

TAED Linear Fitting Equations (y = a + bx) 

Target Constants R2 

GaAs 
a = 1.10731 

b = 1.05126 
1 

LiNbO3 
a = 0.66751 

b = 0.88397 
1 

Pancreas 
a = 0.07354 

b = 0.25929 
1 

Thyroid 
a = 0.09123 

b = 0.25879 
1 



Annular Energy Distribution for a Group of Ions ….                                                                             Authors: Awad et al  

 

 
 
Journal of Faculty of Science (Menoufia University). Vol. 27(1), (2023), 62-100.                                                                -93- 

 
 

 

Fig. 7 The 
𝑟𝑀𝐴𝐸𝑊

𝑅𝑒𝑓𝑓
 as a function of the ion β2 for the 337 ions. Light ions show a little increase or 

decrease in this ratio. 
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Fig. 8 Ion’s maximum annular energy width, rMAEW, shows a monotonic increasing function 

with the square of the ion’s relative velocity, β2 for all targets. 
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respectively. To deduce the total annular energy distribution for any ion at any (Z*/ β)2  in the 

studied targets, a linear relation is deduced as given in Fig. 9 and Table 5 shows the linear fitting 

equations of TAED with ions (Z*/ β)2 for the different targets. 

 

Fig. 9  Linear relations between the ion’s total annular energy distribution, TAED, and (Z*/ β)2 

for targets. 
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5. Conclusion 

Annular energy distribution per nm, AED, is a new concept that can be used to estimate 

the energy deposited by any ion in any target. AED was calculated for a wide range of ions (337) 

of different energies (from 1 to 200 MeV/n) forming 20 different equal LET groups (from LET= 

25 to LET=1000 keV/μm) in various targets. Based on Katz (radial dose distribution) and Butts-

Katz R-E relation, the Annular energy distribution model was deduced. Even though equal LET 

ions can produce almost equal radial dose distribution, it has been found that energy distributions 

around the ions of the same LET are not the same in different compound targets. Annular energy 

distribution for equal LET ions shows different growing rates (slope) and wider distribution 

widths with different peak widths, rMAEW.  

Annular energy distribution, AED, variation with the annular width 𝑟 = 0.1 (𝑛𝑚) →

𝑟 =  𝑅𝑚𝑖𝑛(𝑛𝑚) for the different ions shows a clear peak at a specific width. At this width, the 

shell annular energy distribution, SAED is found to drop to the zero-energy deposited for the 

distinct targets under investigation. This peak width for the 337 ions bombarded in different 

targets was determined.  

The ratio of maximum annular energy width, rMAEW of given ions to the corresponding 

effective range, Reff was determined as 
𝑟𝑀𝐴𝐸𝑊

𝑅𝑒𝑓𝑓
 and it was showing an almost equal ratio of ≈ 63% 

for all the studied ions in all studied targets. 
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The maximum annular energy width over which the energy is deposited is an ion as well 

as a target dependent. rMAEW shows an increasing monotonic function of the square of the ion’s 

relative velocity, β2. 

The total annular energy deposited by 337 ions bombarded in nine different targets was 

estimated. It was found that TAED shows a monotonic linear function with the ion (Z*/ β)2. 

TAED is in 
𝑘𝑒𝑉

𝑛𝑚
 order of magnitude. The TAED can be determined for all targets at any ions’ (Z*/ 

β)2.  
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