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Abstract

The electron-electron collision effects on the electron-ion bemsstranhlung process are
investigated in warm Lorentzian plasmas. The effective electron-ion interaction
potential is obtained by including the far-field terms caused by the electron-electron
collisions with the effective Debye length in Lorentzian plasmas. The bremsstranhlung
radiation cross section is obtained as a function of the electron energy, photon energy,
collision frequency, spectral index, and Debye length using the Born approximation for
the initial and final states of the projectile electron. It is shown that the non-
Maxwellian character suppresses the bremsstrahlung radiation cross section. It is also
shown that the electron-electron collision effect enhances the bremsstrahlung emission
spectrum. In addition, the bremsstrahlung radiation cross section decreases with an

increase of the plasma temperature.
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The electron-ion bremsstrahlung processes [1-7] have received much attention since
these processes have been widely used in plasma diagnostics in various astrophysical
and laboratory weakly coupled plasmas. Many of the characteristic properties of
plasmas would be understood by knowing the velocity dependence of the distribution
function of plasma particles. It is shown that the isotropic Maxwellian plasma is in
thermal equilibrium which implies that it no longer contains free energy and, hence,
there are no energy exchanges between plasma particles. However, in numerous cases
of astrophysical and laboratory plasmas, the coupling of the external field with the
equilibrium plasma often generates superthermal electrons departed from the
conventional Maxwellian velocity distribution [8-10]. Moreover, it has been shown that
the far-field potential terms of a test charge apart from the ordinary Debye-Hickel
screening term has to be included in order to properly describe the particle interactions
in collisional plasmas [11,12]. Hence, the electron-ion bremsstrahlung process in
collisional non-Maxwellian plasmas would be quite different from those in collisionless
Maxwellian plasmas due to the influence of the non-Mxwellian character and electron-
electron collision effects. Thus, in this paper we investigate the physical properties of
the electron-ion bremsstrahlung process in warm collisional Lorentzian plasmas. The
effective screened potential model [12] including the additional far-field potential due
to electron-electron collisions apart from the ordinary Debye-Hiickel shielding term
with the effective Debye length is employed to describe the appropriate screened
electron-ion interactions in collisional Lorentzian plasmas. The nonrelativistic Born
approximation [1] is employed for both the initial and final states of the projectile
electron to obtain the electron-ion bremsstrahlung radiation cross section including the
electron-electron collision and non-Maxwellian effects..

Using the second-order nonrelativistic perturbation analysis [3], the differential

electron-ion bremsstrahlung cross section d’c, can be written as

d’c, = do. -dW_, 1)

where do is the differential elastic scattering cross section:
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v, is the initial velocity of the projectile electron, V (q) is the Fourier transformation

of the electron-ion interaction potential V (r):
V(a) = [d°re v (r), 3)

q(=k,—k,) is the momentum transfer, and k, and k, are the wave vectors of the
initial and final states of the projectile electron, respectively. Here, dW,  is the
differential probability of emitting a photon of frequency between @ and w+d® in the
solid angle dQ:

a 2 dw

aw, =~ Z|e q —dQ, (4)
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where a(=e*/hc=1/137) is the fine structure constant, A(=#/mc) is the Compton

wave number, m is the electron mass, and € is the unit photon polarization vector. By
integrating over the directions of the radiation photon, we then obtain the following

form of the bremsstrahlung cross section:

1

d’c, =
3B (m )
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since the summation over polarizations gives the angular distribution factor sin’@,
where @ is the angle between k, and g, and g,=v,/c.

In various astrophysical and laboratory plasmas, the important departures from the
equilibrium Maxwellian distribution function would be expected due to the strong

external disturbances. These so-called superthermal electrons escape the ordinary



Maxwellian distribution corresponding to the bulk of plasma electrons, which can be
illustrated more effectively by the Lorentzian velocity distribution [8,10]. Moreover, an
exquisite work by Hasegawa, et al. [8] has proved that the equilibrium plasma
distribution function in the presence of the superthermal radiation field resembles the
Lorentzian distribution function. In Lorentzian plasmas [10], the characteristic energy
E, is expressed by E_=[(x-3/2)/]E,, where x is the spectral index, E; =k;T, k;
is the Boltzmann constant, and T is the plasma temperature. It is also shown that the

effective Debye radius A_ in Lorentzian plasmas [10] can be represented by A_=7, 4.,

where 7 =[(x-3/2)/(x-1/2)]"> and A, is the conventional Debye length in

Maxwellian plasmas. In addition, the effective screened potential [12] of a moving test
charge in warm collisional plasmas has been obtained by the Poisson equation and
linearized collision operator C, in the full BGK model [13] with the plasma dielectric
function including the effects of electron-electron collisions. Using the effective
potential model [12], we then obtain the screened interaction potential V, ., (r) between
the electron and ion with nuclear charge Ze including the influence of electron-electron

collisions in warm collisional Lorentzian plasmas when v, <o, :
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where y is the angle between v, and r, v, =u 0, u.=[(x-312)/ k", v, =2p0,,

w, is the plasma frequency, and v is the electron-electron collision frequency. As

shown, the effective interaction potential V, ., (r) comprises the additional terms due to
electron-electron collisions apart from the ordinary Debye-Huckel screening potential
(-zZe? Ir)e " . After some mathematical manipulations in the cylindrical coordinates
such as r=pp+122 with p-7=0, the Fourier transformation of the electron-ion

interaction potential in collisional Lorentzian plasmas is obtained as follows:
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where G(=q/a,) is the scaled momentum transfer, a, (=a,/Z) is the Bohr radius of
the hydrogenic ion with nuclear charge Ze, a,(=#/me?®) is the Bohr radius of the

hydrogen atom, A _(=4,_/a,) is the scaled effective Debye length, "(=va, /v, ) is the

scaled collision frequency, and \7(6) is the scaled Fourier transformation of the

interaction potential:
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where the first term in the right-hand-side represents the Fourier transform of the

Debye potential. Then, the bremsstrahlung cross section can be rewritten in the

following form:

16 a’a’
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where E(=mo./2Z%Ry) is the scaled energy of the projectile electron and

Ry(=me*/2h*~13.6eV) is the Rydberg constant. It has been known that the

bremsstrahlung emission spectrum would be investigated through the bremsstrahlung



radiation cross section [14] defined as d’y,/dzdg=(d°c,/#dwdd) e , where

g=(hw!Z%Ry) is the scaled radiation photon energy. After some mathematical
manipulations, the bremsstrahlung radiation cross section d y, /de due to the electron-

ion interaction in warm collisional Lorentzian plasmas is obtained as followings:

dy, _16aa
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where qmm[z(ko—kf)az]=\/l§/2—\/(l§—§)/2 is the scaled minimum momentum

transfer and g, [=(k, +k,)a,]=VE/2++/(E-£)/2 is the scaled maximum
momentum transfer. The electron-ion bremsstrahlung radiation cross section d y, /d&

in units of za> including the electron-electron collision effects is then found to be
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where E,=E,/Z’Ry . If we neglect the electron-electron collision effects in
Lorentzian plasmas, i.e., the case of the ordinary Debye-Hiickel potential with the

effective Debye length A_, the electron-ion bremsstrahlung radiation cross section

dy,/de becomes

' 3 a 7 )2
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In order to investigate the effects of electron-electron collisions and non-Maxwellian

character on the electron-ion bremsstrahlung process in Lorentzian plasmas, we set

E <E; since the interaction potential [Eq. (6)] would be valid for v,<v_. Figure 1

shows that the scaled bremsstrahlung radiation cross section 6_7,[=(dy, /dg)/za’]

as a function of the scaled photon energy £ and spectral index x. As it is seen, the
bremsstrahlung radiation cross section decreases with an increase of the radiation
photon energy. It is also shown that the bremsstrahlung radiation cross section
increases with increasing the spectral index. Hence, we found that the non-Maxwellian
character of the Lorentzian plasma suppresses the bremsstrahlung emission spectrum.

Figures 2 and 3 represent the bremsstrahlung radiation cross sections 0, , as functions

of the radiation photon energy & for various values of the electron-electron collision
frequency v for small and large values of the spectral index, respectively. From these
figures, we found that the electron-electron collision effects enhance the
bremsstrahlung emission spectrum. It is also found that the collision effects slightly
decrease with increasing the radiation photon energy. Figure 4 represents the three-

dimensional plot of the bremsstrahlung radiation cross section 0.y, as a function of the

scaled collision frequency v and spectral index x. The electron-electron collision
effects on the bremsstrahlung radiation cross section are found to be more significant
for large values of the spectral index. Thus, it is expected that the collision effects are

more significant in Maxwellian plasmas. In addition, Figure 5 shows the



bremsstrahlung radiation cross section 0_%, as a function of the spectral index x for
various values of E,. As shown, the bremsstrahlung radiation cross section increases

with an increase of E, . In addition, the temperature effects are also found to be more

significant for large values of the spectral index. Hence, it can be also expected that the
electron-ion interactions in Maxwellian plasmas including electron-electron collisions
produce stronger bremsstrahlung emission spectra than those in Lorentzian plasmas.
From this work, we have found that the effects of electron-electron collisions and non-
Maxwellian character play significant roles in the bremsstrahlung emission spectrum
due to the electron-ion interactions in Lorentzian plasmas. These results would provide
useful information on the bremsstrahlung emission spectrum in warm collisional

thermal and non-thermal plasmas.
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Figure Captions

Figure 1. The three-dimensional plot of the scaled bremsstrahlung radiation cross

section 0_%, as a function of the scaled photon energy & and spectral index x for

A, =50, E=10, E, =20, and v =1.

Figure 2. The scaled bremsstrahlung radiation cross section 0, %, as a function of the

scaled photon energy & for k=2, 1,=50, E=20, and E.=30. The solid line

represents the result for =0, the dashed line for v =1, and the dotted line for v=2.

Figure 3. The scaled bremsstrahlung radiation cross section 0_ %, as a function of the

scaled photon energy £ for x=9. The conditions are the same as in Figure 2.

Figure 4. The three-dimensional plot of the scaled bremsstrahlung radiation cross

section 0_%, as a function of the scaled electron-electron collision frequency v and

spectral index « for 1, =50, E=20, £=10, and E, =30.

Figure 5. The scaled bremsstrahlung radiation cross section 0. %, as a function of the
spectral index x for A, =50, E=20, £=10, and =1. The solid line represents the

result for E; =30, the dashed line for E, =40, and the dotted line for E, =50.
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