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Scattering cross section of relativistic electrons through the
Coulomb potential MDCS
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» Pa3paboTtan HOBBIN A(PPEKTUBHLIN aIrOpUTM pacdeTa
HOPMAJIM30BAaHHOTO MOTOBCKOTO JU((HEPEHIIUATBEHOTO
ceuenuss (HMJC) paccesHus PEIISITUBUCTCKHX
AJICKTPOHOB KYJIOHOBCKHM IOTEHLIMAJIOM Ha OCHOBE
IPEIJIOKEHHOTO  aBTOpaMM TOYHOI'O MPEACTaBIICHMS
JAHHOIO CEYEeHUsS B  TEPMHMHAX  MOTTOBCKHX
IaprurajIbHbIX aMIUIMTYH (CM. CICAYIOIIWM CJIaug,
pe3ynbTaThl pacdyeTa NpeacTaBiIeHbl Tabaumamu 1, 2).



R (0)=" PR R o R = B O R R+ IR

n
R, (0)2 4sin’ (20/2)[

_ 4sin2(0/2){

E2(F+F)(Fy +F)+ (F+F)(F Fl'*)] =

& 1R, P+ |Fy [ +&%[ 2Re(RF;) + R | +2Re(F'F; )| T

2
IR, =2 |F, fe—L
4 4tan(012)

4sin®(012)| & n° 2 2
R. = + =1— 0/2 =R
’ 2 [4 dan?(0r2) | P O12=Rs




Table 1: Comparison of the R(#) values obtained by different methods for the scattering
of electrons on nuclei of charge number Z=80 (R,,: summation up to N=200; Ry
summation up to N=80; R,,(?: summation up to N=150 of the series «reduced» with m=2 by

Sherman’s method*)

0/B 0.2 0.4 0.5 0.6 0.7 0.8 0.9
30° Ry=1.02 R,=0.991 |R,=1.04 Ry=1.09 |R,=114 |R,=1.19 R,=1.26
R,®=101 |R,®=1.00 |R,=103 |[R,®=1.08 |R,@=1.15 |R,@=122 |[R,®=1.29
60° R,,=0.986 R,~=112 |R,=1.28 R,=139 |R,=152 |R,=168 R,=1.82
Remy =0.979 | Rupy =1.12 | Rey =127 | Ry =142 | Ry =1.55 | Ry =1.67 | Ry =1.78
R,®=0979 |R,@=1.12 |R,®=127 |[R,@=141 |R,@=155 |R,@=167 |[R,®=1.78
90° R,,=0.956 R,=138 |R,=1.62 R,=169 |[R,=174 |R,=183 R,=1.93
Repy =0.963 | Ry =141 | Ry =158 | Ry =1.71 | Ry =1.80 | Ry =1.86 | Ry =1.89
R,?=0.963 |R,@=141 |R,@=158 |[R,@=171 |R,®=1.80 |R,?=186 [R,?=1.89
120° |R,=1.35 R,=179 |R,=L.75 Ry=179 |R,=182 |R,=167 R,=1.42
Ry =133 | Ry =1.75 | Rey =181 | Ry =1.79 | Ry =1.72 | Ry =1.60 | Ry =1.44
Ry®=133 |R,®=175 |R,@=180 [R,M®=179 |R,@=172 [R,@=1.60 |R,®=1.44
150° |R,=1.95 R,=2.13 |R,=1.89 Ry=175 |R,=1.66 |R,=133 R,,=0.817
Ry®=193 |R,®=206 |R,=195 |R,@=176 |R,@=150 |R,@=118 |R,®=0.810

*Sherman, N., 1956. Coulomb Scattering of Relativistic Electrons by Point Nuclei. Phys.

Rev. 103, 1601-1607.
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Table 2: Comparison of the R(#) values obtained by different methods
for the scattering of electrons with an energy of 10 MeV on nuclei of
charge number Z=47

R 15 30 45 60 75 90 105 | 120 | 135 | 150 | 165 180
Ry 1.116 | 1.215|1.256 | 1.226 | 1.122 | 0.958 | 0.753 | 0.533 | 0.324 | 0.154 | 0.042 | 0.0032
Riny | 1.116 | 1.215 | 1.256 | 1.226 | 1.122 | 0.958 | 0.753 | 0.533 | 0.324 | 0.154 | 0.042 | 0.0032
Rigz | 1118 | 1.214|1.255 | 1.225 | 1.123 | 0.959 | 0.753 | 0.532 | 0.323 | 0.153 | 0.043 | 0.0041
Rywwm | 1.14311.228 |1 1.240 | 1.171 | 1.042 | 0.867 | 0.667 | 0.463 | 0.2/8 | 0.131 | 0.036 | 0.0032
Rwe |1.105]1.140|1.108 | 1.020 | 0.886 | 0.724 | 0.549 | 0.377 | 0.224 | 0.105 | 0.029 | 0.0026
Reg 10.98310.933|0.854|0.751| 0.630 | 0.501 | 0.372 | 0.252 | 0.149 | 0.069 | 0.019 | 0.0026




m The results obtained are compared with the results of
the calculations by other exact and approximate methods
In wide ranges of the ion nucleus charge number Z, electron
energies, and their scattering angle (Figure 1).

[IpoBecHO  COMOCTABICHHE  PE3yJbTaTOB  PacueToOB
YKa3aHHOTO CCUCHMS TOYHBIMH U  HNPHOIMKCHHBIMH
METOJaMH B IIHPOKUX JUAMla30HAX 3HAYCHHH 3apsSg0BOIO
ypciaa sapa uWoHa Z, JHEPruil DSJISKTPOHOB M yIjla HX
paccesuus (Pucynok 1).
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Figure 1: NMDS computation by approximate (blue-green lines) and exact methods (red
discrete line) as a function of the scattering angle of electrons with energies of 0.005 MeV,
1 MeV and 10 MeV on nuclei with the charge numbers Z 13, 47, and 90.



* [JokazaHO, YTO TOTJA KakK JUIS JIETKMX 3JIEMEHTOB BCE€ METOMBI
JAKOT YAOBJICTBOPUTEIBHOE COIIacKe (JIEBBIM CTOJIOEI] PUCYHKOB),
a IS TSOKEIbIX  DJEMEHTOB  MNPUOIMIKEHHBIE  METOJbI
HEIPUMEHUMBI (MpaBbld CTOJIOEI]), pPacyeThl, MNOJYYECHHBIC Ha
OCHOBE HOBOTO TOYHOTO MPEJCTABJICHUS, a4 TAKKE MPEACTABICHUS
Mortra, KpailHE HEYJOOHOIO B BBIYMCIMTEILHOM OTHOIIECHHUH
(BepXHsisl KpacHas JMCKpETHas JIMHMA), Jal0T IPEKPACHOE
coracue  BO  BCEHW  pacCMarpuBacMoOM  3apsOBOM W
SHEPTETUYECKON 00JIaCTH.

= |t is shown It is shown that while all approximations give fairly
accurate results for light elements (left column) and the
approximate methods are not applicable for heavy elements (right
column), the computations based on the new exact representation
and also Mott representations, which is extremely computationally
Inconvenient (upper red discrete line) give excellent agreement in
the entire charge and energy region considered.



Conclusions

e A new exact representation for the normalized MDCS is proposed that reduces the
calculation of the NMCS in terms of the Mott series F, (8) and G,(8) to its calculation in
terms of F,,(0) alone, excluding the most slowly converging series in the NMCS
computation.

® Numerical results are obtained on the basis of the obtained formula and the following
exact and approximate expressions for the normalized Mott cross section: i) the
conventional Mott-exact ‘phase-shift’ formula (point-charge nucleus, no screening), ii) the
approximate Lijian—Qing—Zhengming expression, iii) the Johnson—Weber—Mullin formula ,
Iv) the McKinley—Feshbach expression , and v) the Mott—Born result.

e An intercomparison of the obtained numerical results is presented in the range of nucleus
charge number from Z = 13 to Z = 92 for electron energies from 0.005 MeV to 10 MeV and
scattering angles over the range of 0—180 degrees.

®|t is shown that while all the methods discussed give sufficiently accurate results for low-Z
nuclei in the entire range of energies, the approximate Mott—Born, McKinley—Feshbach,
and Johnson—Weber— Mullin methods are not applicable for high-Z nuclei at the same
energies.
® The results of the rigorous methods considered are remarkably consistent.
Thus, we can conclude that the both methods, the rigorous method suggested in this work
and the approximate Lijian—Qing—Zhengming method, can be recommended for practical
® calculations of the normalized Mott cross section R(6).
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New efficient algorithms are developed
to compute the exact Mott and total
Mott and Bloch corrections to the Bethe
formula for average ionization energy
losses by heavy relativistic ions in solids
based on previously obtained analytical
results



Expression for the Mott corrections to the Bethe—Bloch
formula in terms of the Mott partial amplitudes*

(da) (da)
dE i dE i

2 k(k e 1) & fz (k) (k)
AL =— Fp 1= 1E71%),
st = o E e B 12 = 1E1)

k=0

mc?p?
Almvsrr = Amt(Ze?)? ll—I}(l) :
&

dE,

P = ( 18 e (et el = it ( 1) [k + (e + DD,

bt i) Sk F'k+1+in)’ Y

c = g-imp I'(px — in) () _ im0~ ”7) s=1 p=vk2-Z72a2

*Voskresenskaya O.O., Sissakyan, A.N., Tarasov, A.V.,, Torosyan, G.T. JETP Lett.
1996, 64, 604—607.



Bloch’s correction as a series

o k+1 1
5 k+12+n2 k+1

Total Mott-Bloch’s correction as a series

z : k(k+1)+€ W 0 k+1 1
MBVSTT = [ 2k +1 | "l I)Jr(k+1)2+772 k+1




It Is shown (1) great computational advantages of the developed
method over the standard method for computing the exact
Mott corrections, (ii)) an excellent agreement of the obtained
values of total Mott—Bloch’s and Lindhard—Serensen’s
corrections over the Z and g ranges 6 <Z <114 and 0.85 <
p< 0.99 (Tables 3.1 and 3.2), as well as (iii) an excellent
agreement of the obtained Mott corrections with the corrections
computed by an alternative Lindhard— Serensen method in
the entire range 1 < y < 15 of the gamma factor considered
(Figs. 1A, 1B), and (iv) a sharp contrast of the exact results with
the results of known approximate methods (Figs. 2C, 2D, 2E)
having very limited range of applicability for medium-Z
(Fig. 2, left) and high-Z (Fig. 2, right) ions (see below).
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Figure 2: Mott’s corrections obtained by the rigorous Lindhard—Serensen (A) and the
proposed (B) methods, as well as the approximate methods of Jackson and McCarthy
(C), Morgan and Eby (D), and Ahlen (E) over the range 0.0500 < 8 <0.9999 for Z =
52 (left) and 92 (right).



Table 3.1: Lindhard-Serensen’s correction in the point nucleus approximation and the
Mott-Bloch correction obtained by the VSTT, MT, and ME methods over the Z and
pB ranges 6 <Z <114 and 0.85 <p<0.99.

B/Z 6 12 26 36 52

0.85 |AL,5=0.059 AL, 5=0.120 AL 5 =0.267 AL, 5=0.377 AL, 5 =0.562
ALyystr =0.059 | ALygysrr =0.120 ALyysrr =0.267 ALyysrr =0.377 ALyysrr =0.562
ALy =0.061 ALy =0.110 ALy =0.258 ALygyr =0.380 ALygyr=0.583
ALygme =0.065 ALygme =0.125 ALygme =0.269 ALygme =0.379 ALygme =0.564

090 |AL,=0.063 AL, 5=0.128 AL, =0.288 AL ¢=0.411 AL ¢ =0.621
ALygystr =0.063 | ALygystr =0.128 ALygystr =0.288 ALygystr =0.411 ALygystr =0.621
ALysgpr =0.065 ALygyr=0.111 ALygpr =0.273 ALy =0.409 AL gy =0.644
ALygve =0.069 ALygve =0.125 ALygve =0.293 ALygve =0.413 ALygye =0.622

095 | AL, =0.067 AL, 5=0.136 AL, 5=0.309 AL, 5 =0.443 AL, 5 =0.676
ALygystr =0.067 | ALygystr =0.136 ALygystr =0.309 ALygystr =0.443 ALygystr =0.676
AL g, =0.067 ALyg)r=0.118 AL g, =0.284 ALygyr=0.434 ALygyr=0.701
ALygve =0.073 ALygye =0.143 ALygve =0.313 ALygve =0.443 ALygve =0.675

097 |AL,=0.068 AL, 5=0.139 AL, 5=0.317 AL, 5=0.455 AL, 5=0.698
ALygystr =0.068 | ALygystr =0.139 ALygystr =0.317 ALygystr =0.455 ALygystT =0.698
ALy, =0.068 ALy =0.119 ALy, =0.288 ALy =0.443 ALy =0.723
ALygve =0.076 ALygve =0.146 ALygve =0.321 ALygve =0.457 ALygve =0.705

099 |AL,=0.070 AL, 5=0.142 AL, 5=0.325 AL, 5 =0.467 AL, 5=0.718

ALy, =0.069

ALyyg,7-=0.120

AL g7 =0.291

ALz, =0.451

ALygyr =0.744




Table 3.2: Lindhard-Serensen’s correction in the point nucleus approximation and the
Mott-Bloch correction obtained by the VSTT, MT, and ME methods over the Z and
S ranges 6 <Z <114 and 0.85 <f<0.99.

B/Z 60 80 92 104 114

0.85 AL, 5 =0.659 AL, 5=0.903 AL, 5=1.040 AL 5 =1.145 AL 5=1.170
ALygystT =0.659 ALygystr =0.903 ALygystr =1.040 | ALygystr =1.145 [ ALygysrr =1.170
ALy =0.681 ALy =0.912 ALy =1.039 ALy =1.157 ALygyr=1.251
ALygve =0.662 ALygve =0.914 ALygve =1.051 ALygve =1.150 ALygme =1.17

0.90 AL, 5=0.733 AL 5 =1.024 AL, 5=1.196 AL 5=1.338 AL, 5=1.392
ALyysrr =0.733 ALyysr =1.024 Alygystr =1.196 | ALygysrr =1.338 | ALygysrr =1.392
ALy =0.762 ALy =1.042 ALy =1.199 ALy =1.346 ALy =1.462
ALygme =0.736 ALygme =1.033 ALygme =1.202 ALygme =1.343 AL ygme =1.392

0.95 AL, 5 =0.802 AL, ¢ =1.140 AL 5 =1.345 AL, 4 =1.527 AL ¢ =1.614
ALygystr =0.802 ALygystr =1.140 ALygystr =1.345 | ALygystr =1.527 | ALygysrr =1.614
ALy =0.838 ALygpr=1.169 ALygyr=1.354 ALy =1.529 ALy =1.667
ALygve =0.804 ALygve =1.148 ALyeve =1.354 | ALygyme =1.534 ALygme =1.613

0.97 AL, 5=0.829 AL 5=1.184 AL s =1.404 AL 5 =1.601 AL =1.702
ALyysrr =0.829 Alyysr =1.184 Alygystr =1.404 | Alygysrr =1.601 | ALygysrr =1.702
ALy =0.867 ALy =1.218 ALy =1.415 ALy, =1.600 ALy =1.746
ALygme =0.831 ALygme =1.196 ALygme =1.419 ALygme =1.723 ALygme =1.723

0.99 AL, 5 =0.855 AL 5=1.228 AL, 5 =1.461 AL s =1.675 AL, 5=1.789

ALygysrr =0.855
ALy, =0.896
ALygve =0.889

ALygysrr =1.228
ALy =1.266

ALygysrr =1.461
ALygyr=1.474

ALygystr =1.675
ALy =1.671
ALygve =1.719

ALygysrr =1.789
ALy =1.825




» The developed algorithms provide simple and
efficient computation of the specified corrections to
the 1onization energy losses by relativistic heavy ions
passing through matter, which is relevant in many
areas of nuclear physics, astrophysics, and physics of
elementary particles.



Bethe's stopping power formula
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Bloch correction

Bloch, F., 1933. Zur Bremsung rasch bewegter Teilchen beim Durchgang durch Materie. Ann.
Physik. 16, 285-320
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AL, = Enﬁz {[1.725 + 0.527 cos x] +[3.246 — 0.4515°] +
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Ahlen, S.P,, 1978. Z,’ stopping-power formula for fast heavy ions. Phys. Rev. A 17, 1236-1239.

AL, =In[f(Z,B)]
f(z,B) =1+ {0.222592,8 —0.0429488 +(0.6016 + 5.15289 3 - 3.732938° ) Zax
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Matveev, V.I., 2002. Effective stopping of relativistic composite heavy ions colliding with atoms.
Tech. Phys. 47, 523-528.
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Mott corrections to the Bethe—Bloch formula in terms of the Mott partial amplitudes. JETP
Lett. 64, 604—607
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The Lindhard-Serensen correction for pointlike nuclel

B 1S | k-1 . k+1 " i
ALLs:_+_sz SiN° (S — Ji_y) + ———SiN" (5 =4 4) + 2 2,2 2y 2
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) T 2ip k - |§ k, k > 0,
o =@ —argl'(p, +1+in)+—(U-p), € = , | =

« — D g (pk 77) 5 ( pk) P, — ”7 {—k -1, k<0.
Lindhard, J., Serensen, A.H. 1996. Relativistic theory of stopping for heavy ions.
Phys. Rev. A 53, 2443-2456.
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Figure 3: Lindhard—Serensen’s correction (A) in the point nucleus approximation and
the Mott— Bloch correction obtained by the VSTT (B) MT (C), and ME (D) methods over
the range 0.15 </ < 0.995 for Z =6 (3.1), 52 (3.2), and 92 (3.3).



Relative difference between the Lindhard—Serensen and Mott—Bloch corrections

SAL = ALMBVSTT B AI—Ls 100%
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Figure 4. Dependence of the relative difference between the Lindhard—Serensen and
Mott—Bloch corrections on the upper summation limit N (for Z =118, p = 0.6).



Figure 4.1: Dependence of the relative difference between the Lindhard—Serensen and
Mott—Bloch corrections on the upper summation limit N (for Z =118, g = 0.6).



Difference between the Lindhard—Serensen and Bloch corrections

Bloch correction as a series

0
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Table 4. Difference between the Lindhard—Serensen correction in the point nucleus
approximation and the Bloch correction, as well as the Mott correction (10) obtained by

the VSTT method for Z=92 over the p range 0.1 <p <0.9.

S 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
AL g |0.0372735|0.139856 | 0.293763 | 0.485402 | 0.703029 | 0.936563 | 0.177409 | 1.418710 | 1.655487
ALyystr | 0.0372735| 0.139856 | 0.293763 | 0.485402 | 0.703029 | 0.936563 | 0.177409 | 1.418710 | 1.655487




Numerical results for stopping power
S, =—dE / (pdx)

Table 5 : Electronic stopping power S(E) in MeVcm?gl, calculated without AL, with the
total Mott—Bloch corrections ALyg50 s ALygas ALygy @Nd ALygy sy as well as with the
Lindhard— Serensen correction AL, ¢ In comparison with experimental data from [8].

Low-Z particles.

Projectile | Target So SmBIM SuBa SmBMmT SupvssT Sts Experiment
50 Be 0.125035 | 0.125933 | 0.126061 | 0.126004 | 0.126022 | 0.126022 0.125+0.002
690 C 0.137066 | 0.138077 | 0.138220 | 0.138156 | 0.138178 | 0.138178 0.138+0.004

MeV/u Al 0.122963 | 0.123937 | 0.124076 | 0.124014 | 0.124035 | 0.124035 0.123+0.004

(B=0.819) Pb 0.082791 | 0.083591 | 0.083705 | 0.083655 | 0.083671 | 0.083671 0.084+0.002

Be 0.573850 | 0.582735 | 0.585039 | 0.583828 | 0.584732 | 0.584732 0.578+0.016

e Ar C 0.628435 | 0.638435 | 0.641029 | 0.639665 | 0.640683 | 0.640683 0.640£0.019
985 (0.629)

MeV/u Al 0.568963 | 0.578608 | 0.581110 | 0.579794 | 0.580776 | 0.580776 0.584+0.019

(B=0.874) Cu 0.494021 | 0.503157 | 0.505526 | 0.504280 | 0.505210 | 0.505210 0.494+0.016

Pb 0.386315 | 0.394237 | 0.396292 | 0.395211 | 0.396018 | 0.396018 0.389+0.012




Table 6 : Electronic stopping power S(E) in MeVcm?g?, calculated without AL, with the
total Mott—Bloch corrections AL,z » ALygas ALygyr @Nd AL\gysTT S well as with the
Lindhard— Serensen correction AL, ¢ In comparison with experimental data from [8].

Medium-Z particles.

Projectile | Target So Sueim SmBa SusMT SmBvssT Sis Experiment
86 1.
36 S ] = - ¥ ol i | - - -
900 Be 2.34572 2.40567 2.43801 2.43794 2.43738 2.43738 2.432+0.037
MeV/u (2.438)
(p=0.861)
Be 5.48721 5.65418 5.70788 5.82166 5.81012 5.81012 5.861+0.076
(5.488) (5.812)
I;EXE C 6.01291 6.20084 6.26128 6.38934 6.37635 6.37635 6.524+0.084
-30 (6.014) (6.378)
MJE*T . Al 5.40084 5.59110 5.64940 5.77291 5.76038 5.76038 5.806+0.121
{B=ﬂ-339) (5.404) (5.755)
Cu 4.70236 4.87404 492916 5.04624 5.03438 5.03438 5.077+0.066
(4.703) (5.036)

Scheidenberger, C. etal ., 1994. Direct Observation of Systematic Deviations from the Bethe
Stopping Theory for Relativistic Heavy lons. Phys. Rev. Lett. 73, 50-53.
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Figure 6: lonization losses of relativistic (p = 0.839) Xe particles in the Be, C, Al, Cu, and Pb targets

(left to right): experimental (A) and calculated values with the corrections AL, ¢ (B), ALygys17 (C),
ALyga (D), and AL, ,g5 (E).



Conclusions

® Numerical implementation of the VSTT method based on the calculation of the Mott exact
cross section is given and the preference for using this method instead of the standard method
of integrating the Mott cross section is demonstrated for the case when the lower integration
limit tends to zero.

® Using the latter result, the Mott correction (AL,,) and the total the Mott—Bloch corrections
were computed for the ranges of a gamma factor of approximately 1 < y < 10 and the ion
nuclear charge number 6 <Z <114,

® The Lindhard—Sorensen corrections in the point nucleus approximation and also the
difference between the Lindhard—Sorensen and Bloch corrections (AL, ¢ 5) were also calculated
in the y and Z ranges under consideration.

® |t is shown that the difference between the Lindhard—Sorensen and Bloch corrections and the

Mott correction obtained by the exact in Za VSTT method coincide up to the seventh decimal

digit over the range of approximately 1 < vy < 15.

In contrast by the two above-mentioned rigorous methods, the approximate methods have a
very limited range of applicability and either (i) give a large difference in the AL,,values (as,
for example, the Jackson—McCarthy method in the y range about from 1.01 to 15), or (ii) have
an incorrect threshold behavior (e.q. the Morgan—Eby method in the y range from 1 to 2), or
(iii) are characterized by an uncertain accuracy (for example, Ahlen’s method in the y range
about from 1.01 to 15, which also gives non-physical negative values at y less than 1.01) for
medium and high Z materials



For low Z materials, these methods give the AL,, values rather close to those obtained by
rigorous methods.

e Calculation of the total Mott—Bloch correction (AL,,;) by the VSTT methods and the
Lindhard—Sorensen correction (AL, ) over the y and Z ranges 0.01 <y-1<10and 6 <Z <114
gives excellent agreement. The relative difference between these two corrections is less than
0.1% at the upper summation limit N > 600.

® \\e also showed that the results of stopping power calculations obtained by the LS and VSTT
methods coincide with each other also up to the seventh significant digit and provide the best
agreement with experimental data, while the approximate methods of Ahlen and
Jackson—McCarthy give understated values in comparison with the experiment for
intermediate-Z particles (Z = 36, 54).

Thus, we can conclude that at intermediate energies, when a heavy ion can be
considered as a point-like particle, both methods, the method based on calculating the

Mott-exact cross section and the Lindhard—Serensen method, can be successfully
used in electronic stopping calculations for relativistic heavy ions.



|-3 Corrections to the higher
moments of the relativistic ion
energy-loss distributions beyond the
Born approximation

0.0. Voskresenskaya*
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Journal of Astrophysics & Aerospace Technology, 6, 65, 2018, DO1:10.4172/2329-
6542-C6-033; arXiv:1810.00542 [hep-ph]




= Based on the representation of the Mott corrections to the Bethe-Bloch formula in
the form of rapidly convergent series of quantities bilinear in the Mott partial
amplitudes, an algorithm is proposed for computing the most important
parameters of the average energy-loss distributions of relativistic ions in the
Mott approximation.

= Using its implementation, the parameters of the energy-loss distributions were
calculated for incident charged particles of charge number Z from 5 to 95 and
relative velocity f from 0.05 to 0.95.

= The relative Mott corrections &, to the Born values of the central moments and
normalized central moments of the particle average energy-loss rates in the
irradiated material were also computed.

It is shown that the relative Mott corrections 8, to the Born central moments
w, g (N = 2,4) of the distributions can reach several hundred percent for heavy
relativistic ions.
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Figure 7: Relative Mott’s corrections &, to the Born central moments p, g (n =
2,4) of the energy-loss distribution of incident charged particles: Z dependence
of 6,(n) for B = 0.75 (at the left) and B dependence of &,(n) for Z =92 (on the
right).



I-4 Some Approaches to the Energy-
Loss Straggling Calculation
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= Some exact and approximate methods commonly used to
calculate corrections to the Bethe stopping formula are
modified and adapted by the authors to the calculation of
the energy loss straggling (ELS).

= An intercomparison is carried out for results of approaches
developed in the present work.

= An excellent agreement obtained between the results for
ELS, calculated with an exact method previously proposed
by one of the authors and the results of the Lindhard—
Serensen method for moderate relativistic energies.



Table 7 Relative correction to the first Born
approximation ¢ on the data of works
[Lindhard and Serensen, 1996] [1] and
[\Voskresenskaya, 2018] [2] for £ =0.75 (1)

0.0486257 0.117467 0.210810 0.333171 0.489170

0.0486257 0.117467 0.210810 0.333171 0.489170

el 70 80 90 100

0.683263 0.919165 1.19858 1.51831 1.86377

0.683263 0.919165 1.19858 1.51831 1.86377



* Thus, when using the limits N = 3000, the results of
calculations according to [Lindhard and Serensen, 1996]
and [Vosrresenskaya, 2018] coincide up to the seventh
decimal digit over the range of approximately 1 < y<15.

The calculation time for ten values of the relative
correction according to [Lindhard and Serensen, 1996]
was 37 seconds, and according to [Voskresenskaya, 2018]
It was 15 seconds. Therefore, and also because of the
simpler expression, in our opinion, it is preferable to use
the method developed in [Voskresenskaya, 2018].

Lindhard, J., Serensen, A.H. 1996. Relativistic theory of stopping for heavy ions.
Phys. Rev. A 53, 2443-2456

Voskresenskaya, O. 2018. Journal of Astrophysics & Aerospace Technology, 6, 65.
DOI:10.4172/2329-6542-C6-033; arXiv:1810.00542 [hep-ph]




