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STOPPING OF CHARGED PARTICLES
IN DENSE ONE-COMPONENT PLASMAS

In this paper, we examine the energy losses of charged particles, moving at different initial velocities
in an electron fluid. It is illustrated that the stopping power at high velocities lies below the asymptotics
of Bethe-Larkin. At low particle velocities, v, the dependence of energy losses on velocity in the random
phase approximation behaves rectilinear. In the current article, we use the method of moments, which
allows us to determine the stopping power of a non-ideal plasma without small-parameter expansion.
The universality of this approach is that it allows one to use for calculations various effective potentials
of interparticle interaction. Another important advantage of the approach is the opportunity to determine
the dynamic characteristics of Coulomb systems by obtained static ones, that can be found from the
solution of the Ornstein-Zernike equation in the hypernetted chain approximation, using the potentials
specified in the work. The peculiarity of calculations in the method of moments application consists in
the determination of so-called Nevanlinna parameter-function, included in the computed relations. In
this contribution, we employ an empirical expression for Nevanlinna parameter-function.

Key words: one-component plasma, stopping power, method of moments, Coulomb system,
Nevanlinna formula.
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TbifbI3 6iPKOMNOHEHTTI MAA3MaAaFbl 3apsSIATAAFaH
6OALLIEKTEPAIH, TeXEeAYi

ByA >XKymbICTa 8pTypAi 6acTankbl XXbIAAAMABIKTAPMEH KO3FaAaTblH SAEKTPOHAbI CYMbIKTbIKTafbl
3apsATaAFaH GOALIEKTEPAIH SHEPreTUKAABIK, WbIFbIHAAPbI KAPACTblpbIAaAbl. XXOFapbl XbIAAAMABIKTaFbl
TexeAay KabineTi beta-AapkuMH acMMMNTOTUKACbIHAH TOMEH XKaTKaHbl ADAEAAEHTEH. v OOALLEKTEPAIH
TOMEHT| >KbIAAAMABIKTAPbIHAQ L -AiH DHEPreTUKaAbIK, LbIFbIHbIHbIH, TOYEAAIAIr XaoCTbIK, pa3arapAblH
>KYbIKTaybl >KYMbICbIHAA KOPCETIATEHAEN TY3Yy Cbi3biKTbl 00Aaabl. OCbl eckepTyAe Kiwi napamerp
GOMbIHLLIA bIAbIPAYAbl MariAaAaHOal, MAEaAAbl EMEC MAA3MaHbIH TeXeAy KabiAeTiH aHblKTayFa MyMm-
KiHAIK GepeTiH MOMEHTTEp BAICi KOAAAHbIAAAbI. bepiareH aaicTiH ambebanTbiAbIFbl GOALLIEKAPAADIK,
©3apa CepAeCcyAiH ecenTeyAepi YliH apTYpAi 3peKTUBTI NOTEHUMAAAAPbIH KOAAAHYFA MYMKIHAIK
6epeai. MOMEHTTEpP BAICIH KOAAAHBIM, eCENTey XXYPri3yAiH epekllUeAiri ecenTik KaTblHacTapFa TYCeTiH
HeBaHAMHHA napameTp-PYHKUMSACBIH aHbIKTayAblH, KaXeTTiAiri 6oAbin Tabbiraabl. Ocbl Makarasa
OYpblH YCbIHbIAFAH KaTbIHAC KOAAAHbIAADBI. BepiAreH 8AICTiH MaHbI3Abl APThIKWbIAbIFbI >KYMbICTa
KOPCETIAreH MOTEHLMAAAAP KOMEriMeH runepTisbekTi >KybikTayaarbl OpHwTenH-LiepHuk TeHaeyiHiH
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LietwiMiHeH TabblAybl MYMKiIH 60AATbIH €CEenTeAreH CTaTUKaAbIK, KYAOHABIK, XXYHMEAEPAIH AMHAMMKAABIK,
cunaTTamaAapbiH aHbikTay 60AbIN TabblAaAbl.

Ty#in ce3aep: 6iPKOMIMOHEHTTI NAa3Ma, TexkeAy KabiAeTi, MOMEHTTED SAICI, KYAOHADIK, XKYiie,
HeBaHAMHHA popMyAachl, WbIFbIHAAP YHKLUMACDI.
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TopmorkeHHne 3apsKeHHbIX YacTuL,
B MAOTHOM OAHOKOMITOHEHTHOM NAa3me

B AaHHOM paboTe paccMaTpMBAIOTCS SHEPreTUUECKME NOTEPH 3aPSIXKEHHbIX YaCTULL B SAEKTPOHHOM
SKMAKOCTU, ABMXKYLUMXCS C Pa3sAMUHbIMKM  HaYaAbHbIMM CKOPOCTSIMM. [loKasaHO, 4YTO TOPMO3Has
CMOCOBHOCTb Ha BOAbLLIMX CKOPOCTSIX AEXKMUT HMXKE aCUMMNTOTHMKM beTa-AapkmHa Kak 6bIA0 NPUBEAEHO
B paboTtax Apyrmx aBTopoB. [MokasaHO, UTO MPM MaAbIX CKOPOCTSIX U YacTuL, 3aBUCMMOCTb 3Hep-
reTMYecKnx NoTepb OT v BeAeT cebs MPIMOAMHENHO, Kak 3TO ObIAO MOKA3aHO paHee B C AUIAEKTPUYEC-
KOW (pyHKUMEN B MPUOAVMKEHMM XaoTudeckmx pa3. B HacTosliern 3amMeTke MCMOAb3YETCS METOA
MOMEHTOB, KOTOPbI MO3BOASIET OMNPEAEASITb TOPMO3HYIO CMOCOOHOCTb HEUMAEAAbHOM MAA3Mbl, He
MCMOAb3YS Pa3AOXKeHUs MO MaAOMy MapamMeTpy. YHMBEPCAAbHOCTb AAHHOTO MOAXOAA MO3BOASET
MCMOAb30BaTb AASl PacyeToB pasAMuHble 3(PeKTUBHbIE MOTEHLMAABI MEXYaCTUUYHOrO B3aUMOAEN-
ctBusl. OCOBEHHOCTBIO BbIUMCAEHUI C UCMOAb30BaHMEM METOAQ MOMEHTOB SIBASIETCSI HEOOXOAMMOCTb
OnpeAeAeHusl Tak HasblBaemol MnapamMeTp-pyHKUumMM HeBaHAMHHbI, BXOASLLE B pacyeTHble COOT-
HolleHusi. B AaHHOWM CTaTbe MCMOAb30BaHO COOTHOLLUEHWE, MPEAAOXKEHHOE Hamu paHee. BadkHbiM
AOCTOMHCTBOM AQHHOTO TOAXOAQ SIBASIETCS BO3MOXKHOCTb OMPEAEAEHUSI AMHAMUYECKMX Xapak-
TEPUCTUK KYAOHOBCKMX CMUCTEM MO PACCUUTAHHbIM CTATUYECKMM, KOTOPbIE MOTYT 6biTb HaMAEHbI U3
petueHus ypaBHeHus OpHiuteiiHa-LlepHuke B runepuenHomM npubAMKEH1M C MOMOLLIO MOTEHLIMAAOB

YKa3aHHbIX B pa60Te.

KAtoueBble CAOBa: OAHOKOMMOHEHTHAsl MAa3Ma, TOPMO3Hasl CMOCOOGHOCTb, METOA MOMEHTOB,
KYAOHOBCKas cuctema, popmyaa HeBaHAMHHBI, (hyHKUMS NOTEPb.

Introduction

One of the challenges of the statistical plasma
physics is the description of the transition from
collisionless to collision dominated regimes in
different Coulomb systems, of the crossover from
classical to Fermi liquid behavior in dense plasmas
[1, 2]. We refer to strongly coupled plasmas
characterized by a wide range of variation of
temperature and mass density spanning a few orders
of magnitude. Under such conditions thermal,
Coulomb coupling, and quantum effects compete
between them and impede the construction of a
bridge theory capable of including of all of these
effects in the description of static, kinetic, and
dynamic properties of the above systems of high
relevance for inertial fusion devices [3] and
advanced laboratory studies, e.g., in ultracold
plasmas [4], electrolytes and charged stabilized
colloids [5], laser-cooled ions in cryogenic traps [6],
and dusty plasmas [7]. In Nature strongly coupled

plasmas app ear in various settings as well, e.g. in
white dwarfs and neutron stars [8].

The scientific and technological revolution that
began in the last century has greatly increased the
energy needs of mankind [11]. This led the scientists
to turn to one of the most promising areas in the
energy sector — energy production using the reaction
of controlled thermonuclear fusion due to the fusion
of light nuclei with the consequent release of
enormous amounts of energy. One of the problems
that arise in connection with this problem is the
heating of the plasma to high temperatures. If,
initially, there were used powerful lasers [12, 13] for
this purpose, recently beside that beams of charged
ions [14] have also been used.

The experiments, related to the interaction of
the plasma and the ion beam moving in it,
stimulated the development of theoretical
methods for determining the energy losses of a
charged particle in a plasma medium, i.e. the study
of the so-called stopping power of the plasma due
to the polarizational losses.

52 Xabapuibl. @usuka cepusicel. Ne2 (65). 2018



Arkhipov Yu.V. et al.

Polarizational losses

In 1930, Bethe developed a formula for the
energy loss by a fast particle, assuming that the
atoms of the medium behave like quantum-
mechanical oscillators [15]. Later, Larkin [16] had
shown that in the case when fast ions penetrate the
electron gas, a similar formula is applicable, but
with the replacement of the average excitation
frequency by the plasma frequency w,:

dE Zew \ 2mv
e O i 2 [ Ml (1)
dx v>u v ha)p

where Z,e and v are the charge and velocity of
particle, respectively.

The polarization mechanism is used to calculate
the energy losses of a fast particle passing through
the Coulomb system in disregard of the collision and
ionization losses. In 1959, Lindhard received an
expression, relating the energy loss due to
polarization with the dielectric function of the
medium [17]:

2 Z 2 © kv
dE—(—”@j%J.a)Img"l(k,a))da)- (2)

de ' %k

This ratio gives the relationship of polarization
energy losses of a moving charged particle in a
plasma with the longitudinal permittivity of the
medium &(k, @). From his view, we can conclude
that the loss of energy of the test charge in the
plasma does not depend on the mass of particles and
depends only on its charge and velocity.

Formula (2) for the calculating of the
polarizational losses of the test charge, moving in
the plasma, is valid in the one-particle
approximation, in which the deceleration of the ion
beam is represented as the deceleration of single
ions not interacting with each other. This
approximation is valid for ion flux densities of many
smaller medium densities, which is performed for
most modern experiments.

In this paper, we investigate the stopping power
(2) of a one-component hydrogen Coulomb system
for the dielectric function, found by the method of
moments [18].

ISSN 1563-0315

Plasma parameters

The potential of the interparticle interaction is

2

o(r) ==,
r

and to describe the state of the plasma, the
parameters of coupling and density are respectively
used

The Wigner-Seitz radius is entered here as

a=R/3/4xn,

where e — electron charge, kz — Boltzmann constant,
T — temperature, agp — Bohr radius, n — plasma
concentration.

Method of moments

In order to study the properties of non-ideal
plasma with the parameters of the coupling and
degeneration of the order and more than unity, we
should use the non-perturbative method of moments
[18], which does not require any small parameters.

This method allows one to determine the
dielectric properties of the Coulomb system, using
the first few moments of the loss function,

Lk, o) =—llm ! , 3)
o &(wk)

which can be calculated through the potential of
interparticle interaction and the static structural
factors of the system. The latter can be computed
from the solution of the Ornstein-Zernike equation
in the hypernetted chain approximation (HNC) [19].

We can write the Nevanlinna formula that
determines the dielectric properties of the medium
in the form of [18]:

1 —
elk,0)
o’ (0+Q(k))
(o’ — o, (k) + 0(k)(@" + ] (k))

4)

=1+
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Here o (k)=C,(k)/C,(k), @ (k)=C,(k)/C,(k),

and  Q(k) = —= 2"

V2 o,k
Nevanlinna class, obtained in [20]. The parameters
are defined as the power frequency moments of the
loss function:

is the function of the

C (k)= 1 T o ' Ime” (k,w)dow.  (5)
7[ —0

Evaluation of moments allows us to write
explicit expressions for them, based on the
following considerations. The zero moment is
obtained using the quantum potential [21] by the
dielectric response method [22]:

2 4
K Y
C (k) = P}
0 q4K2 +q214+K214
where
x=+6r, y=(12r)", (6)

and ,371 =k, T is the temperature of system in

energy units.

The second frequency moment of the loss
function, according to the f— sum rule [18], is equal
to the square of the plasma frequency of the system:

C,=aw. ©)

0.012
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=
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%
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Dots are calculated data by formula (2), the solid line is the
asymptotic form of the Bethe-Larkin (1)

(@)

The expression for the fourth sum rule is written
as follows

C,(k)= ' (1+ K(k)+U(k)). (®)

Below are the designations of the values
included in (8)

K(k) — <Ulh >2 k + (i) k_22 s (9)
a)ﬂ wl’

:(I/Zﬁzn)sz[S(p)—l]f(p,k)dp’ (10)

0

2. .
<Ulh> is the square of average thermal velocity

of electrons, m — their mass, ## — Plank’s constant,
and

K =p)), |p+]
3

F(pk)=5/12—(p* 1 4k*)+ .
8 pk |p—k|

Obtained results

Figures 1-3 present the results of calculations of
polarizational losses of heavy charged particles in a
one-component plasma in a wide range of velocities
(a) and particularly at low velocities (b).

0.0020
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=
=
L
2
& 0.0010
i
0.0005 /
0.0000
0.00 0.05 0.10 0.15

ufom
Dots are calculated data by formula (2), a solid line is a

v
straight line C —, where C = 0.003
v

(b)

Figure 1 — Stopping power at I' = 0.05 and rs = 2.5256
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Figure 3 — Stopping power at I' = 1.1 and rs = 2.5256
the asymptotics of the Bethe-Larkin, and for small

velocities the curves are in good agreement with
theoretical calculations, obtained with using of the

From the above plots that describe the stopping
power of one-component plasma in the wide interval
of the coupling parameter, it is possible to conclude
that the good agreement of calculation results with  ideas of [23].
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Conclusion

The corresponding evaluated data in the part
indicated by the letter (a), which represents the
dependences of energy losses in one-component
plasma on the velocity of projectiles, are always
below the asymptotic Bethe-Larkin curve (1) just as

straight line. The last statement in the random phase
approximation was proved in [23].
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