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Abstract: Stopping power, range, and time of proton in
water, lung, bladder, and intestinal human tissues are cal-
culated using density functional theory and Beth’s relati-
vistic equation in range of proton energy (0.01-1,000 MeV).
The experimental data extracted from SRIM-2013 program
were used to proton to the same human tissues applied in
the MATLAB-2021 program, and the mean ionization poten-
tial of water and the studied tissues is calculated using
Gaussian 09W program. A good agreement has been found
between our calculations for stopping power, range, and
time of protons in the studied human body tissues and
SRIM-2013 program calculations.
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1 Introduction

Proton beams are used in radiotherapy to treat cancers
effectively. The precise dosimetry of proton radiation is
dependent on a detailed information regarding proton
stopping power and range values in the substance of
interest [1-7]. Calculating the stopping power and range
of charged particles in matter has long been a topic of
study and experimentation. In radiation physics, chem-
istry, medicine, microdosimetry, proton treatment, and
biology, simple yet precise information on the stopping
power and range values for protons is commonly required.
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Stopping power and range information are crucial for
characterizing phantom and radiation detector materials
[8]. Many scientists have investigated proton stopping
power and range in various organic materials [9,10]. How-
ever, stopping power and range data encompassing tissues
are uncommon; therefore, stopping power and range infor-
mation of body tissues for protons are required, especially
in proton treatment. The electronic stopping power, which
is based on inelastic collisions with the target’s electrons,
contributes the most to the total stopping power for pro-
tons. Nuclear stopping power, on the other hand, contri-
butes the least to overall stopping power and is only impor-
tant at extremely low energies due to elastic Coulomb
collisions with target nucleons. For example, nuclear stop-
ping power contributes to more than 1% of overall stop-
ping power only at energies below 20 keV for protons in
water [11].

The research aims at the possibility of adopting pro-
tons in the treatment and diagnosis of some defects in
human tissues by calculating the stopping power, range,
and stopping time of protons in these tissues and by
studying the charge distribution based on the theory of
density function.

2 Theory

The best extending formula for average energies, Bohr [12].
The effective charge Z;° of projectiles was provided. Yarla-
gadda et al. and Brandt [13,14] have detailed in full the Bohr
criteria of abstraction. All outer shell electrons attached to
the moving ion in orbitals with velocities less than u are
removed off the target, according to the criteria. The criteria
should, at the very least, be relevant to the target atom,
taking into consideration the symmetry between the projec-
tile and the target. Consider the effective atomic number Z;*
and effective mean excitation energy I* for the target elec-
trons, both of which are affected by the projectile’s energy.
The summed corrections for Z, should be Z;° and I* at
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Table 1: Mean ionization potential of water, lung, bladder, and intestine
by different basis sets
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Table 3: Stopping power calculations S, for proton in water and
studied human body tissues

Tissue Basis sets
3-21G  6-31G 6-311G LanlL2DZ LanL2MB SDD
Water 88.19 88.98  89.05 88.84 86.75 88.83
Lung 137.82 139.60 139.56 129.24 125.01 137.79
Bladder 138.34 140.06  140.01 129.34 125.14 137.32
Intestine 135.56 13718  137.14 131.69 127.32 136.29

higher energies, which are nearly similar to the inner shell
adjustments; nonetheless, the values of I* differ from those
of I, which are considered energy independent. The Bethe
modified formula is rewritten as [15]:
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in which the effective atomic number Z* (Z stands for Z;
and Z;) relationship can be calculated as follows [16]:

Z* = 471Ir2p(r)dr, )

T

where r is the distance from the nucleus, rj, is determined
from the Bohr stripping criterion v = bvg (r,) = bh[31%p
(r,)]"3, where vg(r) is the velocity of the projectile or target
atom’s Thomas-Fermi orbital, b is a constant of propor-
tional about 1.26, and p(r) is the electronic charge density
distribution in atom. The effective mean excitation energy
I* is given by the Lindhard and Scharff hypothesis [17]:
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Proton Stotal (MeV cm?/g)
energy -
(MeV) Water Lung Bladder Intestine
0.01 -9844.7612 -11141.9148 -11162.6750 -11074.2823
0.02 -2148.9928 -3056.8217 -3067.0356 -3021.4691
0.05 606.9184 106.6873 102.6895 121.6411
0.07 818.1915 424.9167 422.0841 435.8114
0.1 858.1965 556.2108 554.2450 563.9954
0.2 706.5357 529.5924 528.6260 533.6390
0.5 429.4418 344.9190 344.5410 346.6196
0.7 345.3144 281.3256 281.0579 282.5620

270.3860 222.9037 222.7179 223.7854

163.1681 136.7943 136.7029 137.2512
5 80.2856 68.3110 68.2752 68.5028
7 61.3826 52.4420 52.4165 52.5815
10 46.0344 39.4787 39.4609 39.5784
20 26.1813 22.5899 22.5810 22.6421
50 12.4774 10.8319 10.8283 10.8546
70 9.5776 8.3298 8.3271 8.3467
100 7.3013 6.3611 6.3592 6.3736
200 4.4982 3.9303 3.9292 3.9376
500 2.7463 2.4073 2.4068 2.4116
600 2.5582 2.2439 2.2433 2.2478
700 2.4285 21312 2.1307 2.1349
800 2.3353 2.0503 2.0499 2.0538
900 2.2664 1.9906 1.9902 1.9940
1000 2.2143 1.9456 1.9452 1.9489

* = an ( 2
InI* = ZI In[yhawy(r)]rp(r)dr, 3)
1
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Figure 1: Charge density distribution of elements in water and studied human body tissues.
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where y = J2 for Z = 30, and wp(r) is the local plasma
frequency (4me’p(r)/m)¥? A criterion was proposed by
Lindhard and Scharff: 2mv? > yhwp(r). However, for the
time being, the Bohr stripping criteria are preferred.

Stopping power of composites and tissues is given as sum
of stopping powers of its constituent elements according to
the Bragg equation [18]:

Scom(E) = ZW,’SI'(E), 4)
1
where w; is the weight ratio of each element in compound,
and S;(E) is the stopping power in element.
The stopping range (R) is the distance traveled by the
incident particle in the target material. In proton therapy,
the range values are also determined as the distance between
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Density functional theory to study stopping power of proton = 3

the starting point of the target’s surface and 80% of the Bragg
peak. The particle range in the target material can be deter-
mined using the continuous slowing down approximation [19]:

0
1
R(E) = {-@dﬁ ®)

The stopping time is defined as the time required to
stop the charged particle in a medium, and it can be cal-
culated from the following integral relationship [20]:

0
1

t(E) = j - — dE ®)
E

vS(E)

where v is the ion velocity.
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Figure 2: Stopping power calculations for proton in (a) water, (b) lung, (c) bladder, and (d) intestine.



Wejdan A. Jasim and Rashid O. Kadhim

. proton in Water
10 : y :

SRIM
DFT x1.2
Fitx1.4

1 0-6 L L L L

1072 107! 10° 10 102 10°
Energy of proton (MeV)
(a)
. proton in Bladder
10 T T T T
SRIM
DFT x1.2
Fitx1.4

DE GRUYTER

. proton in Lung
10 T T T
SRIM
DFT x1.2
Fit x1.4

10-6 1 1 I L
1072 107! 10° 10° 102 10°
Energy of proton (MeV)
. proton in Intestine
10 T T T
SRIM
DFT x1.2
Fit x1.4

10-6 1 1 | 1 10-6 L 1 L L
1072 107" 10° 10" 102 10° 1072 107" 10° 10" 102 10°
Energy of proton (MeV) Energy of proton (MeV)
(c) (d)

Figure 3: Range calculations of electron in (a) water, (b) lung, (c) bladder, and (d) intestine.
Table 2: Weight ratios of elements in water and studied human body tissues

Tissue H C N 0 Na P S cl K
Water 0.112 — — 0.888 — — — — —
Lung 0.007 0.089 0.031 0.846 0.003 0.004 0.007 0.008 0.006
Bladder 0.007 0.081 0.026 0.858 0.003 0.004 0.005 0.007 0.008
Intestine 0.008 0.099 0.022 0.858 0.002 0.002 0.002 0.005 0.003

3 Results and discussion

The mean ionization potential was calculated for the con-
stituent elements of water and studied human tissues using

Gaussian 09W program for a number of basis sets, which
are 3-21G, 6-31G, 6-311G, LanL2DZ, LanL2MB, and SDD; the
mean ionization potential calculations are listed in Table 1
in eV units.
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Figure 4: Stopping time calculations of electron in (a) water, (b) lung, (c) bladder, and (d) intestine.

Figure 2, Section a, shows the relationship between the
charge density distribution of orbital electrons in the
atoms of the elements that make up water and the studied
tissues in (e/ap) unit, and the ratio of the radial distance to
the Bohr radius ag, while Section b shows the relationship
of the electron charge density distribution with the energy
of the proton. The charge density distribution curves con-
tain several peaks representing the centers of the electronic
shell in each atom, and all curves start from zero where the
nucleus of the atom is, and we also note that the hydrogen
atom has the lowest value for the distribution of the elec-
tronic charge density because it contains only one electron,
which makes its contribution to stopping the proton. The
proton in the studied human tissues is very few, while the

Density functional theory to study stopping power of proton == 5
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atoms of chlorine and potassium have the largest number of
electrons among the constituent atoms, so they have the
greatest values for the distribution of charge density, which
makes their great contribution to stopping the proton.

The stopping power, range, and stopping time are cal-
culated in Table 3 and Figures 1-3) using the Bethe formula
and density functional theory (DFT) for water, lung, bladder,
and intestine with a proton energy range from 107 to
10®MeV, whereas the Bethe equation (equation (1)) was
used to calculate the stopping power of each of the elements
that make up the water and lung, bladder, and intestine,
then the stopping power for each of water and tissues was
calculated from the Bragg equation (4), and the weight ratios
are listed in Table 2.



6 —— Wejdan A. Jasim and Rashid 0. Kadhim

The calculations of the stopping power of water, lung,
bladder, and intestine are represented in Figure 2 in Sec-
tions a—d respectively, the black curve represents the cal-
culations of the global program SRIM-2013, the blue curve
represents the calculations of the relative Beth equation
using the DFT, and the red curve represents the calcula-
tions of the curve-fitting formula. All calculations for the
blue and red curves have been multiplied by coefficients
to show the difference between the curves because they
are very similar. The calculations of the stopping power
are directly proportional to the energy of the projectile
(proton), as it increases with the increase of energy up to
the maximum value of the stopping power. Else, then, the
stopping power decreases with increasing proton energy.
The correlation coefficient between the practical calcula-
tions of the SRIM-2013 program and the theoretical calcula-
tions are listed in each section of Figure 1. The values of the
correlation coefficient show a good agreement between the
calculations of the SRIM-2013 program and the calculations
of the current study, especially in the high-energy region
(1-1,000 MeV).

The range and stopping time calculations calculated by
equations (5) and (6) for water, lung, bladder, and intestine
are represented in Figures 2 and 3 in Sections a—d, respec-
tively, and in the same order and colors as Figure 1 for
stopping power. The range and stopping time are directly
proportional to the energy of proton, as they increase with
the increase in energy. The correlation coefficient between
the practical calculations of SRIM-2013 program and the
theoretical calculations is listed at the bottom of each sec-
tion of Figures 2 and 3, and they show the complete agree-
ment between the calculations of the SRIM-2013 program
and the calculations of the current study.

The ratio of the stopping range to the stopping time is
directly proportional to the energy and at the same time
is inversely proportional to the stopping power, which is
included in the theoretical relations to calculate the range
(equation (5)) and the stopping time (equation (6)).

And at the energies in which the process of ionization
and irritation occurs, the effect of the denominator (stop-
ping power) is greater than that of the numerator (energy),
and at high energies, the effect of energy is clear in the
results (Figure 4).

4 Conclusions

Through the research results that we reached to calculate
the total stopping power using the Bethe equation by DFT
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and with an energy range (0.01-1,000) MeV, it was found
that the stopping power increases at low energies less
than 0.1 MeV and decreases with the increase in energy
greater than 0.1 MeV, where it was found through calcula-
tions that they depend on the speed projectile. By calcu-
lating the Bethe equation to calculate the total stopping
power in the studies tissue, it was found that results
of the curve match are close to the practical results of
SRIM-2013 with approximately equal correlation coefficients
R.=009.

Conflict of interest: Authors state no conflict of interest.

Data availability statement: The most datasets generated
and/or analysed in this study are comprised in this sub-
mitted manuscript. The other datasets are available on
reasonable request from the corresponding author with
the attached information.

References

[11  AshleyJC. Optical-data model for the stopping power of condensed
matter for protons and antiprotons. ] Phys: Condens Matter.
1991;3(16):2741-53.

[2] Bethe H. Zur theorie des durchgangs schneller korpuskularstrahlen
durch materie. Ann Phys. 1930;397(3):325-400.

[3]1 Bragg WH, Kleeman R. XXXIX. On the a particles of radium, and
their loss of range in passing through various atoms and mole-
cules. Philos Mag Ser. 1905;10(57):318-40.

[4] Bunge CF, Barrientos JA, Bunge AV. Roothaan-Hartree-

Fock ground-state atomic wave functions: Slater-type
orbital expansions and expectation values for Z = 2-54. At Data
Nucl Data Tables. 1993;53(1):113-62.

[5] Cabrera-Trujillo R, Cruz SA, Oddershede J, Sabin JR. Bethe theory of
stopping incorporating electronic excitations of partially stripped
projectiles. Phys Rev A. 1997;55(4):2864-72.

[6] Dawidowska A, Ferszt MP, Konefat A. The determination of a
dose deposited in reference medium due to (p,n) reaction occur-
ring during proton therapy. Rep Pract Oncol Radiother.
2014;19(1):S3-8.

[71 Emfietzoglou D, Kyriakou I, Abril I, Garcia-Molina R, Petsalakis ID,
Nikjoo H, et al. Electron inelastic mean free paths in biological
matter based on dielectric theory and local-field corrections. Nucl
Instrum Methods Phys Res, Sect B. 2009;267(1):45-52.

[8] Ferrari A, Ranft ], Sala PR, Fasso A. Fluka: A Multi-particle Transport
Code: (Program Version 2005). Cern; 2005.

[9] Grande PL, Schiwietz G. Convolution approximation for the energy
loss, ionization probability and straggling of fast ions. Nucl Instrum
Methods Phys Res, Sect B. 2009;267(6):859-65.

[10] Hanson KM, Bradbury JN, Cannon TM, Hutson RL, Laubacher DB,
Macek RJ, et al. Computed tomography using proton energy loss.
Phys Med Biol. 1981;26(6):965-83.



DE GRUYTER

1]

2]

(3]

[14]

[13]

Hanson KM, Bradbury JN, Koeppe RA, Macek R], Machen DR,
Morgado R, et al. Proton computed tomography of human speci-
mens. Phys Med Biol. 1982;27(1):25-36.

Bohr N. On the notions of causality and complementarity. Science.
1948;2(3-4):312-9.

Brandt W. Atomic Collisions in Solids. Vol. I. New York: Plenum
Press; 1975. p. 261.

Yarlagadda BS, Robinson JE, Brandt W. Effective-charge theory and
the electronic stopping power of solids. Phys Rev B.
1978;17(9):3473-83.

Salvat F. Bethe stopping-power formula and its corrections. Phys
Rev A. 2022;106(3):032809.

Density functional theory to study stopping power of proton

[e]

(7

(18]

(9]

[20]

—_— 7

Sugiyama H. Electronic stopping power formula for intermediate
energies. Radiat Eff. 1981;56(3-4):205-11.

Tufan MC, Koroglu A, Gumus H. Stopping power calculations for
partially stripped projectiles in high energy region. Acta Phys Pol A.
2005;107(3):459-72.

Thwaites DI Bragg’s rule of stopping power additivity: A compila-
tion and summary of results. Radiat Res. 1983;95(3):495-518.
Kheradmand SM, Machrafi R. Development of a new code for stop-
ping power and CSDA range calculation of incident charged particles,
part A: Electron and positron. Appl Radiat Isotopes. 2020;161:109145.
Turner JE. Atoms, radiation, and radiation protection. Germany:
John Wiley & Sons; 2008.



	1 Introduction
	2 Theory
	3 Results and discussion
	4 Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


