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ABSTRACT

The results of recent developments in the theory of fluctuations in
a plasma shows that the previously used theory of bremsstrahlung is incom-
plete and the exact expressions for bremsstrahlung should include the transition
bremsstrahlung. The collective effects in bremsstrahlung known previously as the
Debye screening cffect are changed to a qualitatively different structure, which
removes the cffect of the ion polarization in bremsstrahlung and introduces new
effective polarization which depends on effective ion charge and electron velocity.
The paper contains new explicit expressions for collective effects in bremsstrahlung
replacing it by an effective polarization which depends both on average ion charge
and electron velocity. The results may be relevant for application in dense plasma
where the wavelength is larger than the Debye length. It is shown that for the
problem of photon transport in the solar interior the correct collective corrections
to the bremsstrahlung change the opacity only by ~ —0.2%, less than was cal-
culated previously when the collective effects in bremsstrahlung where estimated
without taking the modern results of plasma fluctuation theory into account.




1. INTRODUCTION

The problem of collective effects in bremsstrahlung is rather old. The collec-
tive effects in bremsstrahlung were first considered in [1]. Independently a new
effect called the transition bremsstrahlung was investigated for the first time in
[2,3,4] it was not quite clear its relation with collective effects and the shielding
effects considered in [1]. Later it was proved that to use the shielding effect in
bremsstrahlung is wrong both from a physical point of view and from the point of
view of a correct analytical description of the effect. These results are discussed
in detail in the monograph [5]. Until the present time nevertheless in applica-
tions very often the old approach is used. For example in the recent paper [6]
bremsstrahlung is treated with a so-called shielding factor due to electron-ion cor-
relations. These results were applied to the problems of dense plasma in the solar
interior [6].

We give a brief summary why the approach of the shielding factor is incorrect
and what role is played by the new ecffect of transitional bremsstrahlung. The
transitional bremsstrahlung from a physical point of view is a very simple effect
described by coherent oscillation and wave emission of the ion screening cloud
in the electron-ion collisions. This coherent oscillation almost cancels the effect
of the screening of the ion field in the process of bremsstrahlung [5]. The last
statement was illustrated in [5] by numerous examples and is true not only for
bremsstrahlung in plasmas. The question then arises whether all collective effects
in bremsstrahlung can be reduced to transition bremsstrahlung and what is the role
of screening? The answer came from the recent development of the fluctuation the-
ory of plasmas where it was realized that the proper description of bremsstrahlung
can be obtained only with a nonlinear theory of fluctuations which was known (see
[7]) but leads to a very cumbersome expressions. The general expressions are not
so easy to use in practical applications and the physical meaning of the results ob-
tained in fluctuation theory was not clear. Only recently a proof was obtained [8]
for the general statement that the fluctuation theory gives exactly the sum of the
matrix elements of the shielded usual bremsstrahlung and matrix element of the
transition bremsstrahlung. Thus the fluctuation approach (which is only correct
for such a system as a plasma) proves that there exists no other collective effects in
bremsstrahlung but the transition bremsstrahlung if the screening effect is taken
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into account in the usual bremsstrahlung. The most important point is the possi-
bility of cancelling parts of the matrix elements describing bremsstrahlung which
is nothing but interference of two processes of emission and which leads to the can-
celation of the effects of shielding by the transition bremsstrahlung. This means
that all collective effects in bremsstrahlung should be reconsidered. The mathe-
matical basis for this is given by the results of [4] in which explicit expressions for
the matrix elements for both processes of bremsstrahlung were given and one can
start to use them to derive explicit expressions which can be used in applications.
This problem is the aim of the present paper. We will be able to give a simple and
explicit expression for amplitudes of both processes and illustrate the effect of can-
celation in amplitudes of bremsstrahlung. The results obtained are quite different
from that used before for the bremsstrahlung in electron-electron and ion-ion col-
lisions. In electron-ion collisions the collective effect appears to be determined by
the dielectric function for electron velocity but not the ion velocity as it was previ-
ously. This leads to a stripping ie, not dressed, effect discussed in detail in [5]. The
factor which determines the collective effects we obtain depends on the average
ion charge and this reflects the new physical process of transition bremsstrahlung
which also depends on the average ion charge. This paper contains for the first
time a correct explicit expression for collective effects in bremsstrahlung which can

be used in applications.

The collective effects are very important for transport of radiation in the solar
interior where the maximum frequency of radiation (determined, for instance, by
the Planck distribution in the solar interior) corresponds to a wavelength which
is larger than the Debye length [12.13]. We have re-examine most of the possible
collective plasma effects for different processes (alltogether about 10 processes) and
find that previously existing calculations were not correct. The aim of this paper is
not only to give a general expression for bremsstrahlung but also re-examine there
role in the solar interior. Thus we re-examine here one of the collective effects
among others which can be important in the solar interior. As a result we find
that the collective effect in bremsstrahlung contributes less to the solar opacity
as was previously thought, (this situation is not true for the other effects). Since
from the point of view of plasma theory the previous investigation of collective
effects in bremsstrahlung in the solar interior were not correct, the present paper
presents the first proof that they are not large. On the other hand all the collective
corrections to the opacity in the solar interior appears to be of the same sign, and
in this case one needs to make a sum of all the corrections to have a realistic
estimation of the total effect. In this case the calculated contribution of collective
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effects in bremsstrahlung to the value of the solar opacity should be counted among
other contributions.

Obviously our general results will have other applications in plasmas, but we
concentrate on the problem of photon transport in the solar interior where we find
that the collective effects in bremsstrahlung are not as important as previously
thought.




2. COLLECTIVE EFFECTS IN BREMSSTRAHLUNG

In a plasma each charge is screened by a cloud of equal and opposite charges
distributed in a volume of linear dimension ~ d (Debye length). The effect of the
screening clouds (collective effects) change both the scattering cross-section and
the cross-section of bremsstrahlung decreasing the scattering on electrons. The
collective effect in scattering increases the scattering on ions (i.e. on the screening

electron clouds of the ions) which becomes the dominating scattering process for
A > d and is of order [9,10].

<Z>
kS VN 1
TTTr<z>T (1)
where

8 et
= =7
3 m2ct

ar

is the Thomson cross-section and

Sz @

is the “mean charge” of the ions of charge Z; and number density n;.

< Z >=

We should expect similar qualitative changes also in bremsstrahlung since
the physics is similar: not only is the central charge displaced in the field of
another charge (the field of an incident wave in the case of scattering) but also
its screening cloud [5]. If the field of a charge is decomposed into harmonics
and considered in a sense as a superposition of (virtual) waves, the analogy of
bremsstrahlung and scattering is obvious. In fact it is known that the probability
of bremsstrahlung can be written as the product of the probability of particle
collisions and the probability of scattering of the harmonics of the field (virtual
waves) into electromagnetic radiation. It is clear therefore that we should expect
the same qualitative changes appearing in bremsstrahlung.

It is known that identical particle collisions in vacuum give a negligible con-
tribution since (in the dipole approximation) the rate of bremsstrahlung is pro-
portional to (r—j;;- - %) and therefore vanishes for like particles.

But in a plasma for the ion-ion or electron-clectron collisions the collective

effects (the displacements of their screening clouds in the collision) can give an
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appreciable contribution, expecially for A ~ d when the dipole approximation is
not valid (notice that the case A ~ d is of particular relevance in the sun’s interior
where the condition A 3> d is valid only for the lowest frequencies of the radiation
spectrum, close to the plasma frequency).

In the following we shall therefore consider not only the emission due to
electron-ion collisions but also due to ion-ion and electron-electron collisions.

In collisions all types of waves can be emitted, including longitudinal plasma
waves [1].

In the present paper we start with a general approach using matrix elements
of bremsstrahlung given in [4]. A big advantage in using the results of [4] is that
they can lead to explicit expressions for collective effects in bremsstrahlung of
electromagnetic waves which was previously not given in the literature in the form
useful for applications.

Here we will consider the case of electromagnetic waves using an approach
valid for any polarization of the emitted wave.

We shall make the following assumptions to simplify the general expression
of ref.[4];

1) cmission is treated as a classical process for the small impact parameters
when the collective effects are important.

2) the velocities v,,vg of the colliding particles are non-relativistic;

3) the phase velocities of the waves are much larger than the particle velocity

Wi

T > Va, Vg8 (3)

The first assumption is valid for

hk < mv (4a)
hg € mv (4b)

where ¢ is the momentum transferred from one colliding particle to the other
colliding particle during the process of bremsstrahlung (¢ is the momentum of a
virtual wave).

From (4a) we have

w
hwy < mv? (-rz-) (5)
For electromagnetic waves wy/k ~ ¢ and for thermal particles equation (5)

becomes




Wl

hwr < T (—i) (6)

L

where T is the thermal energy (temperature in energy units) and vy =
(T/m)3 the thermal velocity.

Eq. (5), combined with eq. (3), means that the energy of an emitted photon
can be of the order of the particle energy and condition (3) is still valid. For
instance in the sun’s interior where iw ~ T at the maximum of the Planck dis-
tribution,eq. (6) shows that condition (3) is still valid. Our assumption (1) is
therefore really a consequence of the assumptions (2) and (3), but only for the
emitted waves (i.e. (4a)). Condition (4b) is an important assumption. The re-
sults obtained here are expressed as an integral over all virtual momentum ¢ and
lead for electron-ion collisions to a logarithmic divergence which we will treat by
introducing ¢maz. The lowest possible ¢ is determined by the conservation law
in the process of bremsstrahlung and for electron-ion collision is of the order of
£t where v is the relative electron-ion velocity (practically the electron velocity
since the ion velocity is usually much slower than the electron velocity). Thus our

results for bremsstrahlung in electron-ion collisions will contain the logarithm

Imaz?
In——
W

An important point for applications is that in the case qmazr > % (as it is
for the solar interior) and for q of the order of gma: the collective effects in
bremsstrahlung are important. Thus we can join our results with the known
results for bremsstrahlung when the collective effects are neglected. This gives
qmaz of the order of - (the quantum uncertainty principle gives an estimate
even without any deep considerations). But in principle there is no problem to
join the two results to find an exact value of the numerical coefficient under the

logarithm i.e. the logarithm becomes

muv?

1
nhu

This problem can thus be solved in a simple way for electron-ion collisions.

For bremsstrahlung electron-electron or ion-ion collisions the problem is even
simpler since the final integral with collective effects included converges in q and
thus gmar does not play a significant role.

The second assumption (v/ ¢ € 1) makes all calculations much easier since
in this case only the electrostatic virtual fields are important. The corresponding
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total probability of bremsstrahlung is given in reference [4] (p. 260), for an emitted
wave of wave-number £k, frequency w; and unit polarization vector é¢ (o stands
for the type of polarization) it is given by

2
|68 - (M + MP +M“ﬂ)| .
Waﬁ(k’ﬂ_) = 2(2“) ] 5 [awzca 3 6(‘-"&- -k “Vo +‘_1 ) (Ea - P.ﬂ)) (7)
b | ——=

Jw ] w=wg

where q is the wave-vector of the momentum transferred in the collision and

EZ,;.- = Eij(w,k)ez:ezj (8)

where €;;(w, k) is the plasma dielectric tensor. For electromagnetic waves

2
t _ (212 21, 2 _ 4me'n.
Wi _‘(C k +wpc)2 ? Wpe =

(9)

e

and, neglecting the thermal effects in the dielectric tensor we simply take

2

w
E:.k = e(w) =1-= wp; (10)

The vectors M® and M* in eq. (3), given in reference [4] (see eq.s (5.60) and
(5.61)), account for the oscillation (displacement of trajectory) of one charge (a or
B) in the screened field of the other (8 or a). The oscillations and emission of the
screening clouds of particles a and 8 are taken into account in M*? (eq. (5.66) of
reference [4]).

Here we shall derive expressions for these vectors using our assumptions (1-3).
For M from ref. [4] we write

Mg = (27)%ep A (9)Gii(g)vf (11)

where eg is the charge of particle 8 with velocity v#, Gj; is the Green function
of the field and we use here only its longitudinal part given by

. 4mg;q

Gji(g) = —i z 12

. (2 'Eﬁ)qu_g-gp g (2
and then
. 4mg;

G-;vl = e 13

HEB qug-uﬂ,q ( )
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where €, ) is the longitudinal part of the dielectric permittivity. Using eq.(13)
eq.(11) becomes

_i{4m)C@r)es A (9a)g; (14)

a _
MZ = 2¢
q Y549

1

The tensor Af;(g) is given in reference [4] (eq. 4.143) and using the conserva-

tion law

g0, =¢q-v5— (wf —k-2v,) (15)

from the é-function in eq. (7), we find

A(9)g; = (16)

1/2
v2 /
e2(1--=2

. : wf e .
1. 7 k. W
armar ey % (k0= Farw) + 1~k (0 Fu )|

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

A further simplification comes from using our assumptions (2) and (3); from
cq. (15) for wf > k- v, it follows that

wg wg
q>—" —+
|2 - ..Q,@l Vo
i.e.
2 o
VoWwy v, Wi
q> -

Using these simplifications in eq.(16) the second term in square brackets is
w§ gi, the first term can be neglected since it is of order kv, < w§ and vovg/c? < 1t
then we find from eq.(14)

2
M® = — 41rege,3 p (17)
WrMaQ €g.u,,9

This matrix element contains the screening in €gv, ¢ and is often used in calcu-
lations of collective effects in bremsstrahlung. We will see that due to interference
effects the correct factor entering in the collective effect contains the electron, but
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not the ion velocity in the dielectric permittivity € and thus describes the stripping
of electron screening for high electron velocities.
With the same simplifications we also find for the other colliding particle

dmeqch

MP = (k —g) (18)

wimplk — g|?€(k—g)-v_,Ik-gl

In this case the a particle is light (electron) and the 8 particle is heavy (ion)
and therefore this matrix element can be neglected. But this is not the case of
ion-ion and clectron-electron bremsstrahlung where the collective effects change
drastically the emission power.

In the absence of the screening effects e r >~ 1, ¢ > &k we have

Ma +Mﬁ ~ eqeg (_&._. == _e_'..a..) q (19)

me Mg
which reproduces the known result of negligible bremsstrahlung for e, /mqy =~
eg/mg.

For M°? (sce eq. 5.66 and 6.43 in reference [4]) and using our assumptions
we can substitute &;; for §;;(1 — k- v/w) + k;jv;/w in all factors in eq. (6.43) of
ref [4] and w for w — k - v in the denominator of the first factor, if we also assume
that only the electrons contribute to the nonlinear current (i.e. ignore the ion

contribution which is of the order of m;!) we find after a lengthy calculation

(e)
47recaeﬁ_g e(ﬁ"g):‘_’n'&'.’ll -1

Mo =
ok o 2
WEMeq“€g-vp,q €(k—q)-n, kg

+

dreeqeg(k — g) e =1

20
wime|k — 2125&—3)-30.[£—gl €g-v,.9 (20)

where e is the electron charge, e‘(jl)k =1+ Y‘(_ﬂ is the electron susceptibility

and

ok =1+ x0% + ) x0h (21)

i
is the plasma susceptibility with xfd'z giving the contribution of type-iion. The
expression (20) is completely new and was not given previously in the literature.
From (20) it can be seen that it gives the results very similar to (17) and (18) and

can never be neglected.
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A comparison of eq. (17) and (18) with eq. (20) shows that in general the
contribution of the screening clouds M @f to bremsstrahlung is important since the

expressions in brackets can be of the order of one.
Next we shall find expressions for the total M* + M Py MP entering eq. (7)

for the probability, for the three possible collisions.
a) electron-electron collisions: ( v and v’ are the velocities of two colliding

electrons).

: (i)
' ' ' 473'63 1 Zx k—gq)-v |k—
M) = M+ M + M =— < L el

mcwz‘?zfg-z‘ g €(k—g)-v,|k—g]
are*(k — q) 1+ Xg.;:,q (22)
mewyf |k — 2]26(.&—3)-2.I£—gl €g-v'\q

It should be noted that this expression is quite different from that used in
the present literature. It can also be directly found from the fluctuation theory of
plasmas (see [8,11]).

b) ion-ion collisions.

Due to the ion mass in the denominator we can neglect eq. (17) and (18) and
only the contribution of the screcning clouds eq. (20) is important (v and v’ are

the velocities of two colliding ions)

(e)
ool oot 4 3Z§Z{ X(k— v, |k—
M(u ) :M" — e id (k E)_L g|+

MW q*€q.v g E(k—g)-n,lk—g|

STk —q)  Xearg

o 2 (23)
mewy |k — g €(k—q)-v,lk—q] €g-v',q

c)electron-ion collisions
Let a be the electron and f the ion, then we can neglect eq. (18) (due to the
ion mass in the denominator) and, denoting the electron velocity v and the ion

velocity v', we find

(i)
4me’Zig 1+ LiX(-g) v kgl +
mcwngeg_-}_t’.q €(k—g)-uv,|k—g|

4med Zi(k — g) X_(,;it,q

mewg |k — _‘llzfg-g',g €(k—g)-v,lk—q|

M(ci) =_M-e +Mci —

(24)
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For longitudinal waves (& = k/k,w{ = wf =~ wy.) these expressions lead to
the well known results of [8]. Here we shall consider the case of transverse waves
(wf = w},é7 -k = 0) and use them in eq. (7) to find the emission in the following
section.

We conclude this section with some comments on equations (22-24).

First notice that these expressions satisfy the known relation between scat-
tering and bremsstrahlung discussed in the introduction. In fact the scattering
cross-section (taking into account the collective effects) is proportional to |M,cq:|?
where [9,10]

(9)
@ o € oo oy 1T 2 Xomt (k)
Micar = m (8" - eie) it (R=L")

for scattering on electrons, and

()

. 2 X p
() o € (aox o'\ rw—w(E-R)w
MO~ o et ae
me = E G (kk)

for scattering on ions.

Thus the bremsstrahlung matrix elements can be expressed through the scat-
tering matrix clements. From M(¢¢) in eq. (22) we can sce that the two terms
describe two cffects. The first term gives the appearance of the harmonic ¢ from
the field of the electron with velocity v' and scattering on the other electron (with
velocity v). The second term gives the appearance of the harmonic (k — g) from
the ficld of the electron with velocity v and scattering on the other electron (with
velocity v').

The same can be seen in M%) (eq. 23) where either one of the ions scatters
the harmonic appearing from the field of the other ion.

Notice that both _M(“') and M{ﬁ') are invariant for ¢ & k —¢. The term
M (e (eq.24) describes both the scattering on an electron (first term) and the
scattering on an ion (second term) of the harmonics in the field of an jon or an
clectron respectively.

Finally without collective effects only the electron-ion collision term survives
(sec eq. 19) with the first term in which the collective effects in scattering are also

neglected (¢ ~ k) and v' ~ 0, i.e.

4med Z,-_q_

Mewrq2eg g

M(‘”) —collective ™ (25)

—non
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The comparison of this expression with eq’s (22-24) shows how important the
changes can be in bremsstrahlung due to properly taking into account collective
effects.
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3.SPl0NTANEOUS AND STIMULATED EMISSION

We are interested in the total emission rate of electromagnetic radiation from

a unit plasma volume particularly in the frequency domain

1
T T/ ¢ \*?
Wpe <w< ‘E < -r: (UT,) (26)

which is the frequency range relevant to the solar interior.

The total intensity of emission is given by [3]
Q=Qc+ E Qei + Y Qi (27)
i,
where

&k dq
Qaﬁ—]hwlvvoﬁ(":Q)(.) )3 (2 )3

and where fq(v) is the distribution function of particles of type-a in the

fa(ve)fp(up)d vad v (28)

plasma, normalized to the number density n,

na=/fc.(g“)dzva (29)

For transverse waves we use the identity (in the following we use the notation

wr =w)

2
kidk = %— v e(w)dw (30)

and defining the emission Qgg in the frequency range dw as

Qap = [ Qap(w)dw (31)

we find from eq’s (28) and (30) that

3

fiw? i d*q
Qup(w) = Va0 [ Waplle ) Gk Folw)folap)Fvatos g ks (32)

where df);. is the solid angle associated with k.
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Then from eq. (27) we get

Q(w) = Qee(w) + Z Qei(w) + ) Qisr(w) (33)

i,i’
for the total intensity in the frequency interval dw.

The stimulated emission (or inverse bremsstrahlung) produces an absorption

of waves with a damping rate (see ref. [3])

T = 7§ + Z'r;_‘ +y A (34)

i’

where

= T‘la fWag(k,g) [(f(yp) — fvg — %)) f(ra)+
h(k — q)

Mq

)) f(gﬂ)] d*vadivg (gﬂ_‘;s (35)

(f(ya) ~ f(va -

where f(v,) is the distribution function and the probability W,z is given by

eq.(7).
Encrgy conservation requires

2
P2 P% B [Ea — h(k - 3)] " (23 - h2)2

hwy,
2Zme  2mg 21 2mg Rkt

where P, = Mal, is the particle momentum. For the clectron-ion case, ne-
glecting the small transfer of momentum to the ion, and for Maxwellian distribu-
tions the term in square brackets in the integral eq. (35) becomes

flo)fe:) [1- 5]

and 4§! can be written in the form

(352)

_ —(1 — ") / Weille, 0o (20) i@ )& vedvi s (2 )3

' or, comparing with (32) integrated over the solid angle, it is given by

i 1= [ 2722
Twi+/e(ws)

Y = 3 (/T Q“(w’“)‘ (29

where




. 1 .
o= — £ dS)
For the e-¢ and i-i cases the relation between v°# and Q®f can only be found
for hk < p and fig < p (which means fiw; < T), in this limit we can expand

1) - fo -2y BB 01D . Ranyiw)

m m dv

such that in the integrand of eq.(35) we find

e 2 Qusn)
T e/

which only coincides with eq.(36) in the limit fiwy /T < 1.
In the following we shall find that only the e-1 bremsstrahlung is important
and then use the more general relation given by eq.(36) to relate emission to

absorption.

4. COLLECTIVE EFFECTS IN SPONTANEOUS

AND STIMULATED BREMSSTRAHLUNG

We consider separately the three cases.
1) clectron-ion bremsstrahlung.

Using ¢q.(24) in eq.(7) and then eq.(32) we get

Qei(w) =
Ve(w)et Z?2 . ’
= --n.fzc);;ﬂ,g /f( )(H)f( )(El)diiqudevdBvlé*[w _g .yr _ (L: _2) 'EIFk,q(E:Q')
e
(37)
where
1 2 145, (i) (e) ?
' EIE X gl i X(&-g)-_tz,L’s—gl Xg-_v_',q
Fk,q(ﬁ:l’. ) = k2 2 2 k 2 (38)
Ifﬂ'.ﬂ'aqf(ﬁ—g)'ﬁ»l&—g[[ q |—— - gl
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We now make the following simplifications; the ion susceptibility correspond-
ing to the clectron velocity (uv) is small and can be ignored with respect to 1;
the electron susceptibility corresponding to the ion velocity (v') is practically the

Debye screening, ie.
Y ) 3

2

W&~ P
v’ 2
LR

We can also neglect the ion velocity v’ in the §-function.
Then we have, using Maxwellian distributions for f(¢)(v), fi(v') and integrat-
ing over the component of velocity perpendicular to g and to (k — g) respectively

Qci(w) =

_ Vew)eZinin, f
B m2c3n? N3 \/_

e qdQFiqg(y,y')8(w — |k — gloreV2y)dydy'
(39)

where

2 2

.l pe
2£ Lq’v

F_fgg(y,y') = Win,

w?
02 [1+ g + 3, D w ()| o+ b W)

where y and y' are the normalized velocity components parallel to k£ — g and

q respectively, i.e.

v
Y= U =
Vavre ! |L—q1 V= oV g

and W (y) is the plasma function, from the susceptibilities can be written as

v
W(y)=1-— 2ye"y2/ e’ dt + i/mye ¥ (41)
0
From the é-function in eq.(39) we see that for k ~ ¢

w = ck ~ vreqy

ie. y ~ ¢/vre and e~¥" becomes negligible, we can then assume k < ¢ in the
integral and simplify it to find
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Qei(w) =

w2 2
672, . + v
=1_36 e(w)ezzs, n,n,,/d —_ ( T}—g) Sdyl,
mee 1+ W)
(42)
where
dy'
q _/ \/_ w?_ Z2n; 2 (43)
|1+ q’u +Z|E%!'_“V ’)I

The y'-integral (the ion contribution) is well known from the theory of scat-
tering and is given by
1
Iy = o2 o2 (44)
(1455 ) 1+ 720+ < 2>)]

where < Z > is given by eq.(2).Then from eq.(42) we have

D> Qeilw) =
fe(w)ctn? < Z > / (1 % Uge )dq eV §(w — qure V2y)
9"V,

2.3 w w?
m?e VT [1 + q—,f—;—(l-{- <Z >)] ll i q_zii—vv(y)

Performing the y-integral using the é-function and then introducing the new

d1
vZ, 2%

variable to transform the g-integral

w

\/évTe q

T =

(45)

we finally find

Z Qci("‘") =

2 Uz
" © 4 e==" (14 2% 22
=or ( £ )nzez\/e(w)<2>] = ( )

P ¢ (5] (=) 2
V2% \VTe Zmin T [1 +2—:L;(1+ =g >)a:2] 1+ 2;,’?5‘-9-‘2 W (I)|
(46)
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This result differs from previous ones on collective electron-ion bremsstrahlung
(scc e.g. Bekefi [1], Ichimaru [14]) for the contribution of the screening clouds of
the colliding particles (transition bremsstrahlung) which is included here for the
first time.

In the classical description for the probability the g-integral is taken between
Gmin and @mqz (the Bethe-Heitler limit). In our case we point out that since for
q ~ Qmaz it is € ~ 1 (negligible collective effects) then we can take the known
results from single particle emission to define gmaq. the same Bethe-Heitler value
of the non-collective treatment and join the collective and single-particle results
for some ¢* < @maz-

Starting from the expression for the emitted power (eq.(37) of ref. [8]) but
not performing the integration over the perpendicular component of the electron
velocity (as done in ref.[8]) but only over the ion distribution and the angle between

v and q using the é-function, the result is

16 e®n2(Z) s e T 1 [Ime= dg
Quiw) = 3 e / B /m D) @)

wlere
2

14+ 54

’q) = w! qsz‘ w2 3 (48)
1+ + (2D | L+ e W (el

< Z > in the cffective ion charge, and the limits of integration for the transferred

H(w

momentum ¢ can be found from the quantum conservation laws (v’ is the clectron

velocity after the emission)

2'_‘%5(2—2'); o= Tzex/v2+v'2—2vv’cos9 (49)
and
2
2 2 Me

Then

M. ] 2hw) _m, , 2hw
Jmin = % (‘U v me) 3 Qmaz——h—(v'i" Ve — e (51)

Notice that in most applications, including the solar interior we have the result

2 2 32 2
Woe ~ wpeh ~ hwpc (52)
ImazVTe mevp, v T
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and therefore near the upper limit (¢ =~ gmaz) H(g,w) =~ 1 (no collective
cffects).The corrections are therefore essential only for w << chz and this is
the most important domain for the contribution to the opacity. Integrating by
parts eq.(47), using H(w, gmaz ) = 1 (see 52), introducing y = 72-":; and changing

variable to 1
=§[y+\/312‘—z] (53)

Qu =28 . \/Ee n2(Z)/e(w) Fo (54)

m2cdvr,

the result is

where F q(w) is given by

oo . 1 2“:.: 2
fcal(w) = ﬁe—(z-i-z)’ 1+ s
o [+ 250 <2 50| 1+ 2w

(55)
where z = hw/T
The absorption coefficient is given in terms of the emitted power (eq.36) and

the result is

o _ 8T €< Z>nic
27k = or
\/i 'v'fl'c)‘i‘"’:i

When collective effects are neglected (H = 1) the g-integral in (56) can be

(1 — ) Feot(w) (56)

performed and the function F.q(w) of (54) becomes

o2
-_Iu’ ! []
Folw) =2 cl:r e—(z+E) = L +

(o o]
Loz //%nn_.._, v, v—2v'
[

dv (57)

where v’ is given by eq.(49) and the second cquality can easily be proved
by integrating by parts and using the substitution (52), eq.(54) with Fp(w) is
the known non-collective result for electron-ion bremsstrahlung and Maxwellian
clectrons.

Equation (54) represents one of the main results of this paper and differs
significantly from previous attempts such as the treatment of Ichimaru’s [14] to
include plasma collective effects in bremsstrahlung. In particular equation 9.132 of
Ichimaru [14] does not contain < Z >, the effective Z value for the plasma, in the
denominator. He also has W(z) = 1 for all values of z. The result obtained in [14]
only includes the screening of the ion field for all electron velocities. This is the ef-

fect of permanent shielding irrespective of the electron velocity which is not correct
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for high electron velocity. The result obtained in the present paper shows that the
screening cffect is completelly cancelled by the effect of emission from the oscillat-
ing cloud and what is left is a new effect of redressing the screening cloud as soon
as the electron velocities become larger than the electron mean thermal velocity.
The oscillation of the electron cloud is also included in [1 +2° 14+ < Z >)z ]
in the denominator. The result of [14] can be written by cha.ngemg Font Y0 Four

where
oo
Frr= [ Feter (14—
vifz * 142522

Fig.1 shows the difference between the result obtained from Ichimaru [14] and our
result for < Z >=1,4,7 and 10 (Figures 1a, 1b, 1c, 1d respectively) by plotting

fcol’(“)) f _ }—SC"(w)

fcol= fow) - fg(w)

as function of w/wy.,.

The solid curveis our case and the dotted line is obtained from equation 9.132
of Ichimaru. In all cases there is a significant difference for small values of :::—e,
as w/wp. increases both curves asymptotically approach 1. The main difference
is that Ichimaru’s result overestimates the value of radiation emitted and thus
reduces the opacity more than our result.

2) clectron-clectron bremsstrahlung.

We now use ¢q.(22) in eq.(7) and then from eq.(32) we have

Qee(w) = (58)
_ w:f;c:’ / Fe(@)fe(0)dPvd' d* qd Ul — g o' — (k — g) - ] Fi o(2,0')
where
Fiq(v,0") =
_ %L’k x2|2 [1+ 2 x(_-sr) v.L—qll 1 + 2 xq v',q] 2(59)
kzlfg-z',qf(.&—g);t_'.[é—gllz q* |k — gf?

Again neglecting the ion susceptibilities (calculated for electron velocities)
and taking
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€z.v,z ™ ( ) =1 + PC W(J) (60)
- = vTc

for z = g or z = k—g, the normalized parallel components of electron velocities
being given again by eq.(40), we find with similar calculations

Qee(w) =

Ve)ebn? eV’ [ ey
L = / - ] = dy'§(w — gV2vrey’ — |k — g|V20rey) Fr (v, 9 )d’q

wim?

(61)

with

3k x gl*|k? — 2(k - g)?

Fk._g(ya y') = p)
kgl — gl (14 # W) (1+ 2= W)

(62)

Changing ¢ — g+ 3k in the g-integral it is then easy to see that (for w ~ ck)
from the conservation law (§-function) it is

-

and we can then neglect k with respect to q; the integral over angles can be

done such that

(k- 9)? 2 8 124
/ T2 (k x q) ko-—-l—sﬂ'Lq

and we finally have

Qee(“’) =

ST e [ 0y [ 74 [ S /oty )
15 m2c3wpe 1 NZ3 VT lg% + W(y)|2lg? + W(y')|?
(63)

where we have introduced the new variable
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(vTe)
q= q
Wpe

It can be scen from eq.(53) that compared to Q.i(w), Qee(w) is of order
(vre/c)?wpe/w and can therefore be neglected.

3) ion-ion bremsstrahlung.

Using eq.(23) we find that the integrand of Q;i(w) contains the factor

(e) e) |
x(&‘j)'!’.nlﬁ*ﬂl _ Xg-v'q
q° |k _212

Using the same approximations as in previous calculations

(o) Whe . (o) . pe
X(k~g) v lk—g] = Ik — gf2o2,’ Xg-v',g = oL,

the result is zero for the lon-ion bremsstrahlung.

To next order in the susceptibilities, i.e.

€

K o

(1 + z\/—\/—LvTe)

we find

!M(ﬁ')l2 ly —'|?
UTe
where 3,3’ are defined in eq.(40). When integrated with the distribution
functions of the ions to find Q;; the result is v3. /v = m;/m. smaller then Q.;.

The ion-ion bremsstrahlung can therefore be neglected.

5. Discussion of the results

{ We have succeeded for the first time to give a complete analytical description
of collective effects in bremsstrahlung. It is shown that the collective effects in
clectron-ion collisions can not be described by some factor due to the screening
'. effects as used previously. An important difference between ours and previous
results is that we take into account the oscillation of the ion screening cloud. The
results then become dependent on the effective ion charge < Z >. This dependence
is absent in previous work. The partial cancelation in the matrix elements due
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to the oscillation of the ion cloud diminishes the actual contribution of collective
cflects in the total bremsstrahlung. The difference with previous results is also that
the screening factor (see (48)) contains the electron thermal velocity in W. For
all electrons with velocities larger than the average thermal velocity the screening
becomes negligible (the stripping effect of [5]).

In the case of a Maxwellian distribution the contribution of the tail thermal
electron appears without screening. But even for electrons with velocities much
less than the mean thermal velocity the other factor (1+ <Z> q—:"%:) survives
and describes the changes due to transition bremsstrahlung. The contribution of
collective effects in total bremsstrahlung absorption becomes very important for
the frequency close to the electron plasma frequencies. For example for parameters
in the solar interior the reduction of the total bremsstrahlung coefficient is about
30%. But the effective frequencies responsible for energy transfer in the solar inte-
rior are "T“" ~ 3.8 and h—‘;f’—’- ~ 0.2. The collective effects as can be seen from eq.(55)
decrease with w. We make an accurate numerical investigation of the possible
change to the solar opacity due to collective bremsstrahlung corrections found in
this paper. The numerics in general need precise calculations of complex integrals
with high accuracy. Our results show that the change in the solar opacity due to
collective bremsstrahlung is only -0.2% which is less than in previous calculations.
The decrease of the total change in opacity is due to the correct treatment of col-
lective effects including the effect of particle redressing (stripping of the shielding
cloud). For a complete description of all collective effects in the solar interior that
we are studying the result obtained is important as a first proof that the collective
cflects in bremsstrahlung in the solar interior are small. Other results concerning
a substantial increase of ion-ion and electron-electron bremsstrahlung should also
be included in further applications of the collective effects in bremsstrahlung. An
important point is that the ion-ion bremsstrahlung is proportional to Z4. For high
Z plasmas this bremsstrahlung can exceed the usual one.

The main difference between our results and those of previous calculations
which only includes screening of the ion field for all electron velocities that do
not take into account the fact that screening decreases for energetic particles. In
fact for electron velocities larger than the thermal velocity these electrons are
not screencd. Previous results calculated using static screening overestimate the
effect of bremsstrahlung resulting in a smaller opacity. Our result which takes into
account the velocity dependence on screening. There is a significant difference for
small values of L:‘,JT as one would expect since collective effects are more important.
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Figure Captions
Figure 1. (a,b,c,d) represent the scattering including the full collective effects
Jeot solid line and including only the screening of the ion field, f,., dashed line,
for different effective valuesof < Z > a)< Z >=1,b) < Z >=4,¢) < Z >= 1T,
and d) < Z >= 10. The scattering is normalized to Fo(w) when collective effects
are neglected. the result of Ichimaru’s corresponds to the dashed curve ie for

screening.
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