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The influence of an external magnetic field and a temperature of an electron gas on energy losses of a charged
massive particle is taken into account in the framework of quantum-field approach. The analytical expressions of
real and imaginary parts of the dielectric susceptibility of the electron gas in the external magnetic field are
obtained. Energy losses of the heavy charged particle in the electron gas in the magnetic field are numerical

calculated. Results of the numerical calculations are verified by analytical expressions obtained in work [1].

PACS: 52.25.Mq, 52.40.Mj

IINTRODUCTION

This article continues research of energy losses of
heavy charged particles in an electron gas in an external
magnetic field within quantum-field methods [1-5]. The
influence of a temperature of the electron gas [2] and
the external magnetic field [1] on energy losses of the
charged massive particle is concidered in the framework
of quantum-field methods from the first principles.
These factors are crucial for experiments on electron
cooling [6, 7] and nuclear fusion [8].

Energy losses of the heavy charged particle in the
electron gas in the external magnetic field are calculated
numerically in the research. In section 3, analytical
expressions of real and imaginary parts of the dielectric
susceptibility of the electron gas in the external
magnetic field are obtained with the temperature of the
electrons considered. In section 4, the results of
numerical calculations of energy losses for the cases

o, | w, =10°...10° are presented. The results of the

numerical calculation are compared to the analytical
results obtained in work [1].

1. ENERGY LOSSES OF THE HEAVY
CHARGED PARTICLE IN THE ELECTRON
GAS

Energy losses of the heavy charged particle are
determined by the properties of the medium of electrons
[1, 2].
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where K(IZ, a)) is a susceptibility of the electron gas.

The susceptibility of the magnetized electron gas within
the quantum-field method can be written as [1]
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distribution function; g is the chemical potential; k is
the wave vector, o =eHmc is the Larmor frequency
of the electron in the magnetic field H ;
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is the energy of electrons in the external magnetic field.
For the final numerical calculation is more
convenient to use dimensionless variables so we
introduce some notation:
» dimensionless momenta of an electron and an

&

ion
P_
r= P si= 1 ®)
mv, mV,
* a dimensionless wave vector
V
q=k—2 )
@q
» dimensionless frequencies @, and @
= wiH; w= g; (8)
@y Wy
+ a dimensionless temperature
Te
= . 9)
mV¢
The susceptibility in dimensionless variables is
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Values of V, and @, are determined according to
parameters of the task.
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1.1. DISTRIBUTION FUNCTION Ny,p,

A 0z axis is directed along the external magnetic
field. The movement of the electron beam also
coincides with the axis 0z . Taking into account eq. (5)
one can write distribution function in a form
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Te 2mT,
In dimensionless variables n,,

(12)

p is written as:
z
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The electron energy distribution function has to
satisfy the normalization conditions [1]
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Substituting eq.(13) into eq.(14) and carrying out
integration and summation, we obtain
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In a weak magnetic field limit w — 0 the equation
(15) can be simplified to the nonmagnetic form [2, 4].
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2. THE SUSCEPTIBILITY OF THE
ELECTRON GAS IN THE EXTERNAL
MAGNETIC FIELD
2.1. INTEGRATION OVER p,

Integration over p, in the expression for the

dielectric susceptibility eq.(10) occurs as in the case
without a magnetic field [4, 5]. A final formula is
written as
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22. A .(a) FUNCTION

A general solution of the A .(a) function eq.(3)

with using recurrence
polynomials [9]
(N+DL, 1) =@n+1-x)L,(x) —nL,4(x) (21)

relations of the Laguerre

is

A,s(8) = a® op(-a2)s (@?)Ls (a%). (22)
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Let moving on from the summation over (v,v') to

the summation over (v,s = v—v'). Imaginary and real
parts of susceptibility are written as
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Let use equation from [10] to sum expressions (23)
and (24) over v
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3. NUMERICAL CALCULATIONS

Numerical calculations were performed for the
following parameters: the electron Langmuir frequency

is wp=29-10%s7", the electron temperature is
T, =103eV, the ratio of the cyclotron and plasma

frequencies h=a, /@, =10..10°. It is a case of the

strong magnetized electron gas.
The depending of dimensionless energy losses
S on the velocity of the projectile particle V; is

presented on Figs.1,2 in the case V,®H . The
temperature of electron gas T, is isotropic. Energy
losses —dE /dt is normalized to e”w3/V, , the velocity
of the projectile particle V; is in units of V.
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Fig. 1. Dependency of energy losses —dE /dt on the
velocity of the projectile particle V;. Number of terms
taken into account to sum: dotted line with squares
corresponds index of summation s = 0; triangles
corresponds s = 1; cirles corresponds s = 2; with
rombuses corresponds s = 3; with stars corresponds
s = 4. Electron gas temperature is T, = 1036V .

A solid curve: the magnetized electron gas without
temperature, after [1]. Energy losses are in units

ew IV, . Velocity V; is in units V, =10°%cm/s

Fig. 1 exhibits the dependency of energy losses on
velocity of the projectile particle with parameters:

h=10*, p<1. Dotted lines with squares, triangles,

70

circles, rhombuses and stars correspond to sum of the
zero (s = 0), the zero and the first (s=1), the zero, the
first and the second (s =2), the zero, the first , the
second and the third (s=3) terms in eq.(23), (24),
respectively. The solid curve corresponds to the analytic
dependence of energy losses of the heavy charged
particle in the approximation of a cold electron plasma
(T, =0), obtained in [1].

Fig. 1 shows that it is sufficient to sum first few
terms in the dielectric susceptibility to obtain energy
losses of the heavy charged particle in a magnetized
electron gas for parameters h=10%T, =107%eV .
Results of numerical calculations confirms the
analytical curve (see solid curve in Fig. 1), obtained in
[1] for the case of high velocities of the incident
particle, v2/V;? = 1.

On Fig. 2 results of numerical calculations with
parameters h=10* (a line with empty figures) and

h =10° (lines with filled figures) are compared.
Fig. 2 shows that only the term with the number
s =0 (a line with filled squares) gives a contribution to

energy losses for parameters h =10° (3 >1) . The next

term with the number s=1 (a line with filled
rombuses) does not change results of calculation. The
further increasing of the magnetic field does not affect
the change in energy losses.
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Fig. 2. Dependency of energy losses —dE/dt on
the velocity of the projectile particle V; for different
values of h: h=10° filled squares correspond index of
summation s = 0, filled rombuses correspond s = 1;
h=10* empty squars correspond s = 0. Electron gas
temperature is T, = 10~3eV . Energy losses are in units

ewi IV, . Velocity V; is in units V, =10°cm/s

CONCLUSIONS

The effect of the electron gas temperature and of the
external magnetic field on the energy loss of heavy
charged particles is calculated within of quantum field
theory. Analytical expressions of the real and imaginary
parts of the dielectric susceptibility of the electron gas
are obtained. Dependencies of energy losses on the
velocity of the projectile particle are numerical
calculated for parameters of the electron gas

wp =10°s7" and @, =10'2..10"s7".
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A transverse motion of electrons is suppressed by the
external magnetic field for o, =10"%s™,

Energy transmitted by the projectile particle to the
electron gas is not sufficient to ensure that electrons
could move to another Landau level. Therefore, the
contribution to energy losses gives only the term with

s=v—v =0. The result of numerical computation at
high speeds limits of the projectile particle, v2/V;? = 1,

is in good agreement with the analytical results obtained
in the research [1].
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BJUSIHUE BHEIIHET'O MATHUTHOI'O MOJISI HA SHEPTETUYECKUE MOTEPU 3APSKEHHOM
YACTHUIBI B JIEKTPOHHOM I'A3E

A.B. Xenemensa, P.U. Xonooos

B pamkax KBaHTOBO-TIOJIEBOTO IOAXO/A YYTCHBI OJHOBPEMEHHO BJIMSHHWE W MArHUTHOTO MOJIS, M TEMIEPATyphI
3JIEKTPOHHOTO Ta3a Ha JSHEPreTHYecKHe MOTepH TSDKENOM 3apsHkeHHOH dwacTHmbl. IloiydeHBl aHaIUTHYECKHE
BBIDOKCHUS JUIsI MHUMOM M pealbHONW dYacTel IUIJIEKTPUYECKOH BOCHPHUUMYHMBOCTH. UMCICHHO ITOCYHMTAaHBI
9HEPreTHYECKUe MOTEPH TOKENON 3apsDKEHHON YacTHIBI B JIEKTPOHHOM ra3e BO BHEIIHEM MAarHUTHOM IIOJIE.
Pe3ynbpTaThl YUCIEHHOTO CYE€Ta BEpU(HUIIMPOBAHBI AaHATUTHYECKIMHU pe3ynbTaTaMu paboTsl [1].

BILIMB 30BHIIITHBOTI'O MATHITHOI'O TOJISI HA EHEPTETHYHI BTPATH 3APSII)KEHOI
YACTHUHKMU B EJIEKTPOHHOMY I'A3I

O.B. Xenemensa, P.1I. Xonoooes

VY paMkax KBaHTOBO-TIOJILOBOTO MiJIXO/ly OJJHOUYACHO BPaxOBaHU BIUIMB SIK 30BHIIIHBOTO MarHiTHOTO TOJIS, TaK i
TEeMIEPaTypy EJIEKTPOHHOIO Ta3y Ha €HEePreTH4YHi BTPATH BAXKKOI 3apsKeHOi 4acTHHKH. OTPHMaHO aHaNiTHYHi
BUpa3HW U1 ySIBHOI Ta MIMCHOI YacTHH IiCNEKTPUYHOI CHPUHHATIMBOCTI. YHCENBHO MiApaxoBaHi €HEPreTUIHI
BTpaTH BaXXKOI1 3aps/DKEHOI YACTHHKM B CJIEKTPOHHOMY Ta3i B 30BHIIIHBOMY MarHiTHOMY noui. Pesynerati
YHCEIBHOTO PO3PaxXyHKY J00pe Y3roKYIOTECS i3 aHAITHYHUMH Pe3yJIbTaTaMu, OTPUMaHUMH B poOoTi [1].
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