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ABSTRACT

Starting from the cross-sections for the free-free radiation
obtained within the relativistic Born-Elwert theory, we calculate the
spectral and polarization properties of the hard X-ray continuum
(hi/ > 50 KeV) for plasmas containing fast electrons with an anisotropic
velocity distribution. The physical and geometrical quantities of our model
are oriented towards the future lower-hybrid current drive (LHCD)
experiments on Tore-Supra. Our parameter space covers parallel and
perpendicular temperatures, the nuclear charge of the ions (mainly Z = 14
and 28), the cut-off energy of the electrons, the radial current profile
and the viewing angle. Extensive calculations open on the optimum
conditions for polarization measurements and also give guide-lines for the
quantitative interpretation of data under real plasma conditions.

A second part of this report will treat with the operational
principles and expected performances of hard X-ray polarimeters.
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1. INTRODUCTION

During lower hybrid current drive (LHCO), toroidal!y
propagating radiofrequency waves create a tail of energetic electrons
carrying a dominant part of the plasma current. This anisotropy at high
energies (up to a few hundred keV) in the velocity distribution leads to
polarisation /1, 2/ and intensity changes /3, 4/ of emission lines, and
creates a hard X-ray continuum /5, 6/. Measurements of the spectral
characteristics of this bremsstrahlung continuum on both the PLT /7, 8/ and
the Alcator C /9, 10/ tokamaks have led to the description of the
anisotropy by the so-called three-temperature model.

This paper completes the earlier spectral studies of the hard
X-ray continuum /11-13/ by considering also the polarization properties,
another signature of anisotropic electron distribution functions. We will
concentrate on photon energies 50 keV < hi/ < 600 keV, where the free-free
continuum from the interaction of the energetic, or suprathermal, electrons
with target ions dominates all other types of radiation.

This paper is organized as follows. In section 2 we recall the
model for the distribution function of the suprathermal electrons and give
the anole-resolved, polarization-specified cross-sections. We also briefly
address the problem of the validity of the Elwert-Born theory used here, by
comparing the data with the results of more rigorous calculations. In
section 3 we present the results (intensity and polarization) for mono-
energetic electrons beams, covering a wide range of electron and photon
energies (50-500 keV). Section 4 contains the results for more realistic
electron distribution functions, described by a two-temperature model. In
particular we discuss there the expected polarization as function of the
parameters of the model. Finally, in section 5 we fully enter into
realistic tokamak conditions by calculating line-of-sight integrated
intensities and polarization. These calculations are done for a given
impurity concentration and nuclear charge. The necessity to do so stems
from the fact that, at the photon and electron energies considered here,
the electric charge of the target ion is the nuclear charge, rather than
the ionic charge (which would lead to a simple Zeff-scaling for the total
intensity). As the cross-sections go (roughly) with the square of the
charge, comparable contributions to the total intensity come from the



working gas, medium-Z (oxygen, carbon) and high-Z (iron, nickel)
impurities, given their relative concentrations (typically 1 % for O and C,
0.1 % for Fe and Ni).

Finally, in the annexe we will briefly address other types of
radiation such as the continua from free-bound processes and from electron-
electron scattering.

In a futur report (part II) we will discuss the layout of a
practical X-ray polarimeter.



2. BASIC FORMULAS

We adopt the geometrical notations shown in Fig. 1, where Jf1 is
the momentum of the incident electron and Ic is the wave vector of the
photon. The distribution function of p~j is supposed to have cylindrical
symmetry aroqnd the x'-axis, or direction of the local toroidal magnetic
field. The x-axis lays in the Ic x' -plane, y' is parallel to y, and z is
parallel to k. The axisses labelled sj/ and Ŝ  are polarisation vectors,
defined as being parallel and perpendicular to a given k Jf1 -plane,
respectively. The angle notations are self-explanatory.

The following relations hold :

Coso * COST; cos£ + sinrj simp sin£ (1)

tga « sinij cosip (cosn sin£ - sin»? sincpeos^)"^ (2)

2.1 Electron distribution function

The total energy of the electron is defined by :

W
E - 1 + - y (3)

«o c

where W is the kinetic energy of the electron,

The momentum of the electron, normalized to mQc writes :

(S)



Other useful relations are :

p . { JL_ (JL_* 2) ) (6)
c mo c

cp cp
v » /Jc - - - - rT7y (7)

E (1 + p2)1/2

The energy of the photon is written in units of mQ c2 :

.
«o c

Indices 1 and 2 will be used for the incoming and scattered
electron, respectively.

For the distribution function of the suprathermal electrons of
density ns(r) we adopt the familiar three- temperature model /11/ :

f (p j , r) dpj dr/ dtp - ns (r) f (p j ) dpj dT? dy (9)

where :

2 - 2
^

'// 1J.

p
f(Pl) - Cn pf sin I7 exp(- J. (— - + -—-)) (10)

i ' 1

T// and Tj_ are parallel and perpendicular temperatures,
respectively, normalized to m0c . They do not depend on space coordinates.
By convention :

T// - Tp for O < rj < •= (forward temperature)

» Tg for •= < r\ < K (backward temperature)



Cn normalizes f(pj) to 1. For an untruncated distribution
function Cn writes :

Cn - (2»3,-l/2 T1-I (Tpl/2 + T8VZ)-I

For T 1-Tp- Tg and P1 « 1, f(pj) converges to the classical
maxwellian distribution.

In what follows we will not distinguish between T1 and T8, i.e.
we use in fact a two-temperature model specified by Tp and T1.

2.2 Cross-sections for Bremsstrahlunq

As already said in the introduction, we will concentrate on the
dominant contribution tg^hard X-ray continuum radiation (hi/ > 50 KeV), i.e.
the free-free radiation from Ihe interaction of suprathermal electrons with
thermal target ions with density n^. See the annexe for other types of
radiation.

As the calculation of line-of-sight-integrated intensity and
polarisation properties involves four numerical integrations over PJ, 77, y
and r (to be repeated for each impurity species), it is desirable to avoid
the need of lengthy atomic physics calculations for the cross-sections,
i.e. to use analytical, relatively simple expressions.

For the medium-relativistic range of energy (50 KeV <
W < 1 MeV), the only available formulae are those derived in the Born
approximations. With the notations given above, the double differential
cross-sections for radiation with polarization vectors S// and Sj_ (Fig. 1)
are given by /14/ :
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d(hv) dQ 8« h»/
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p~! - k - (P* + k2 - 2 P1 k

A 1 - E 1 - P1 cos9

Vy I - exp - 23TJ/1 UfZ OtZ
• ta X

V1 1 - exp - 230/2 ^1 #2

r0 - classical electron radius ; a - 1/137
F£ is the Elwert factor

Expressions lia, b are already summed over the direction of the
scattered electron (with momentum P2) and their meaning is : cross-section
for the emission into the solid angle dfl of a photon with an energy between
hi/ and hi/ + d(hv) in a specified polarization state.

The polarization, P, is defined by :

P
d2 a// - d2 <TJ_

d2 a// + d2 oj_

It is important to note that for the specified energy range
(50 keV < W1 < 1 MeV), Z is the full nuclear (not the ionic charge) of the
target (classically speaking, the incoming electron penetrates into the
innermost electron orbit and interacts with an exact point charge ; for
details on orbital screening and nuclear form factors, see /15/). The
consequence is that the emission coefficients for a real plasma are not
simply Zgff-times the coefficients for a pure hydrogen plasma of equal
electron density and temperature (Z - n " ^ 2
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The Born-approximation calculations and the (non-relativistic)
Coulomb correction factor FE require (ZnaZ/̂ ), (27raZ/02) « 1- However,
even where these conditions are strongly violated, as is the case here, the
Born approximation corrected by F^ gives quite good results.

Lee et al. /16/ have made an extensive comparison of the angle-
averaged, total (i.e. summed over polarization states) Elwert-Born cross-
sections (EB) with the results of their elaborate exact-Coulomb approach
(EC^. For Z - 13 they find 0.94 < EB/EC < 1 for the conditions
50 keV < W1 < 500 keV and 0.1 < hv/Wj < 0.9. The excellent agreement
between the theories tends to worsen at extremely high values of Z
(EB/EC - 0.55 for Z - 79, W1 - 500 keV, 111//W1 = 0.9).

These results give some confidence in the Elwert-Born theory
for medium values of Z(<30), as also noticed by Elwert and Haug /18/.
However, we are interested in angle-resolved cross-sections and
polarization.

With the exception given below we have not found data from
elaborate theories to be compared with our EB calculations. These data
concern the case Z = 28, W1 = 50 keV, hj/ » 47.5 KeV and where calculated by
Lamoureux, Jacquet and Pratt (LJP) /17/, again within the EC-approach (the
authors also study the angular distribution and polarization of the
continuum emission in anisotropic plasmas in the presence of electron-
cyclotron resonance heating). The LJP data for the cross-section (angle-
resolved, summed over polarization states) and polarization are shown in
Fig. 2 and Fig. 3, respectively, together with the EB-results calculated
with eq. (Ua,b). For the cross-sections, there is quite good agreement
between the EC and EB data for 8 > 30*. For the extreme forward direction
(9 < 10*) the EB data are too low by a factor of 2-3. However, this region
has a modest weight under tokamak conditions ; see section below. Because
of the sin9-weighting factor, the angle-integrated cross-sections, too, are
not affected by this discrepancy. We have calculated 513 mbarn/keV for EC
and 465 mbarn/keV for EB.
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The polarization calculations are shown in Fig. 3. At all
angles Pg8 > ?£C, the most important disagreement (PEB/PEC * 2*3^ being
confined to the regions of extreme forward (9 < 15') and bac. *-' emission
(9 > 150*). Little intensity is found in these regions (consider the factor
sino!) most of the photons being generated in the range 9 » 30*-100", where
both theories~predict high polarization (0.85 ± 0.07).

Concluding this section we recognize that we do not have enough
data from elaborate theories (for example from the EC approach of
Lamoureux, Pratt and associates) in order to estimate the validity of the
tokamak-on'ented EB-calculations given below (Z - 1-30 ; Wj, hi/ - 50-
1000 keV). It is hoped that it will be possible to derive correction
factors to the EB cross-sections when more data from EC calculations become
available.
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3. MONO-ENERGETIC ELECTRON BEAMS

Before discussing the results of the Elwert-Born calculations
for suprathermal electrons of density ns with a distribution function f(pj)
as defined above, it is instructive to start with mono-energetic beams
(index b), i.e. f(pj) is replaced by a Dirac peak at P1 with r\ * O, a - O
and £ - 9.

In Fig. 4 to 9 the polarization Pb is shown as function of 9
(Fig. 4-7) or 111//W1 (Fig. 8 and 9) for various values of Wj.

The general features are the following :

i) Pb does not depend on Z (as is evident from the structure of
eq. Ua and lib).

ii) Pb is negative at low values of the fractional photon energy
. The higher the value of Wj, the higher the value of
of the point of cross-over (Pb = O) ; Pb may approach the

value +1 in the very tip region (hi//Wj - 1).

iii) With increasing electron energy W1, the maximum of Pb(9) is no
longer found at 8 * 90* (as it is for dipole radiation), but
shifts to the forward direction. For example
Pb(40')/Pb(90*} - 0.97 for W1 - 50 keV, - 1.5 for W1 - 250 keV
(both values calculated for IwXW1 » 0.8).

The volume emissivity '(summed over polarization states) is
defined by :

d2ax/ d2aj_ Cp1

d(hv) dQ d(ht/) dQ (1 + p2)1/2

We also define :

* ^b
€ * _.
b Z* ns ni

The division by Z2 takes out most of the Z-dependence, i.e.
depends on Z through the Elwert factor only.
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€£ is shown In Fig. 10 to 13. From, these figures we retain the
rapid decrease of e£with increasing photon energy. Typically, e£ decreases
by two orders of magnitude between hi//Wj « 1 and hi//Wj - 0.8. It is
interesting to note that at all values of electron and photon energies,
observation in the forward direction (30* < 9 < 60*) is benefic (Fig. 13).
As already stated, these angles also favour the polarization at high photon
energies. In Fig. 14 and 15 we show some of the data (Pb and ££) in polar
coordinates.
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4. SUPRATHERHAL ELECTRONS

We now turn to the bremsstrahlung from electrons with the
distribution function f defined by equations 9 and 10 (index f for P and
e*). B0 (or the x'-axis) being a symmetry axis for f, the radiation
components e*f and e*f are defined with respect to the (ïc, 8o)-plane,
rather than the (k, P1) plane.

We have :

* Y r y /-Plmax <*!e
/ff * 2 f drj I cos^œ d<p I

-«/2 Pimm (1+p2,l/2 d(|n,)dQ

/ f/2
 9 Plmax .Cp1 dV

+2 y dJ? y COS2Od(P y - 1—f(P1,T6,
«/2 -«/2 Pimin

/2 Plmax Cp1z+2 y an J s i n a

O -»/2 Pimin

+2
7 ?/2 2 Plmax Cp1 d2aj_
y dr/ y sinzo dip y -- ±_f(Pl J8

»/2 -»/2 Pimin 1/2

* O O

e, . : substitute cosS by sin'a, and vice versa., .

(13a)

(I3b)

Here we have made use of the fact that 9 and j a \ are invariant

against the substitution <p —*- x-<p. We remember that in the two-temperature
model Tg » Tj_.
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The limits of integration, plmin and Pimax, are given by a
threshold condition and by a cut-off energy, Wc, for the distribution
function, respectively ;

- (k

U
Plmax ' (-^-J ('m0 c* m0 c-

The polarization, Pf, is defined by

WC , WC

The Elwert factor depending on both Z and PJ, Pf will also
depend on Z, unlike Pj5.

The summation of contributions from different values of p^
greatly modifies the emission properties with respect to those of a mono-
energetic beam. For example, consider a distribution function with
Tp - 500 keV, TL * 5 keV and a cut-off energy Wc - 600 keV. Although, in
velocity space, we have a beam-like structure with a mean kinetic energy
<Wj> - 250 keV, both the polarization Pf and the emissivity €f (»e*f + ejjr)
differ from the values (P̂ , f£) for a truly mono-energetic beam with
W1 * 250 keV.

The situation is shown in Fig. 16 and 17. With respect to Cf
and e£> the most important difference exists, of course, in the region
hi/ > 250 keV, where the mono-energetic beam does not produce photons.
However, in the region hi/ < 200 keV, where the emissivities are much
higher, the two model distributions produce very similar spectra which
might not be distinguished by experiment. Fig. 17 tells us that the
polarization measurements provide complementary information about the type
of distribution function.
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4.1 Dependence on the angle of observation

In Fig. 18-20 we show Pf(£) and Sf(C) for the conditions
Tp - 750 keV, T1-SO keV, hi/ - 100, 250 and 400 keV, Z - 28 and a few data
for Z - 14.

As expected from the results for mono-energetic beams, a high
degree of polarization exists for high energy photons (hi/ - 250, 400 keV)
observed in the forward direction (Fig. 18). The maximum of Pf(O is
generally found in the interval 30* < | < 75*, the benefit from the
observation at £ < 90* being quite important. For example, for
HJ/ « 400 keV, the polarization may be unobservable at £ - 90* (0.07) but
quite confortable at £ - 45* (0.39). The observation in the forward
direction also gives higher count rates (Fig. 19). In fact, e| continues to
increase for £ — ̂- O, in contrast to the mono-energetic beam cases ;
compare the lob structures of e£ and ej£ in Fig. 20 and 15, respectively. In
practice, a compromise between polarization and emissivity has to be found.
A detailed inspection of Fig. 2Oa, b, c suggests that the optimum angle for
polarization measurements may be near £ = 60* for low energy photons
(Fig. 2Oa) and near £ = 30* for hard photons (Fig. 2Oc). This qualitative
conclusion is valid for other values of Z or Tj_(not all these data are
shown in the figures in order to conserve clarity).

As we must discuss the dependence of Pf and €f on the other
parameters (hi/, Tp, Tj_), we will restrict the values of the observation
angle £ to 30* and 60*.

4.2 Dependence on the photon energy

In Fig. 21 and 22 we show the results of the Pf(hi/)
calculations at $ * 30* and 60* for various values of Tp and Tj_. From these
figures we learn that, as long as we have polarization measurements in
mind, the high photon energy region (say, hi/ > 150 keV) is recommended.
However, even at the high-energy limit (hi/ -*• 600 keV) Pf becomes small
for Tp/Tj_ < 5. The results of the calculations of e|r(hi/) are shown in
Fig. 23. We notice, that in the region of high photon energies, the spectra
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become straight lines in a logarithmic scale, similar to the soft X-ray
spectra of isotropic, low-temperature plasmas. For further discussion it is
convenient to introduce a fictive or spectral temperature, Tsp, defined
by :

T » - (̂ L)"1 C*SP

4.3 Dependence on Tp and T1

Having restricted the discussion to the observation angles 30*
and 60*, and to high photon energies (hi/ > 200 keV), we now address the
dependence of Pf and e| as function of Tp (Fig. 24 and 25), Tj_(Fig. 2<ï and
27) and TpXT1 (Fig. 28 and 29). From these figures we deduce the following
features.

i) Pf may be quite high, exceeding 0.5, for suprathermal electrons
of low forward temperature, even if the anisotropy parameter
TpXT1 is relatively low (Fig. 28 ; T1 - 20 keV, 2 < TpXT1 < 8,
i.e. 40 < Tp < 160 keV).

ii) If the values of Tp are limited to the interval
300 < Tp < 900 keV, as suggested by experiments, Pf may take
significant values (0.1 - 0.3) ; it is a weak function of Tp,
but may be quite sensitive to T1. For example, for T1 » 50 keV,
Pf decreases by 10 % only when Tp is increased from 300 to
900 keV, Pf takes the values of 0.32 and 0.12 for T1 - 20 and
80 keV, respectively (Fig. 26a).

iii) For extremely high forward températures (Tp > 2 MeV) Pf is no
longer measurable (< 0.1), even if the anisotropy is quite high
(TpXT1 = 20 ; Fig. 30).
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Iv) With 300 < Tp < 900 keV, the spectra] temperature takes values
between 50 and 90 keV but, for a given photon energy and
observation angle, is not a sensitive function of Tp or TL
(Fig. 25, 27, 29, 30). In other words, unless absolute
intensity calibration is available, the parameters of the model
can not be extracted safely from the photon spectra.



21

5. LIME-INTESRATED EMISSION

Having discussed the local quantities Pf and e*f in quite
general terms, we now specify both the source geometry and plasma-relevant
quantities to what might look like a typical LHCD experiment on Tore Supra.

The density of the suprathermal electrons is given by the
generalized parabola :

ns<r> - ns,
r - R3 2

max

with (O ; 2RS - Rp) < r < Rp. Here Rp is the plasma radius (85 cm) ; R5 is
the radius of maximum supra-thermal electron (and current) density ; 0S a
peaking parameter. Three examples of possible density profiles are shown in
Fig. 31.

Although a particular charge-state of an impurity element may
have a shell-like radial distribution (see Fig. 32 for Ni ions), the total
density of a given impurity may be taken as a centered parabola (Fig. 31) :

) ) S r < Rp

The apparent (surface-) radiance, B, is defined by :

B = Z2 |e* (C(D) ns(l) H1(I) dl (16)

Here again it is of practical interest to calculate a reduced
B . Unlike £f, which was given for one electron and one target nucleus per

•J *

cm , B is calculated for a LH-driven current of 1 MA and one target
nucleus per air at r » O.
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The units of B* are [photons cm/keV sr s MA]. The numerical
relations are :

B"z2ni,n.ax<cin~3) • B (17)

And :

RP
Ip(MA) - 4*2 10'6 e c / rns(r)dr

plmax PJ COST? f(pj)

(18)

19

c ' 3.101U cm/s.10
f(pj) depends on rj (equation 10) ; e * 1.6 10-1* As ;

For a given plasma current, ns max of equation 14 depends on
Tp, Tj_, R3, Rp, 0S and Pjmax (or the cut off energy Wc). As an illustrative
example we have for Ip - 1 MA, Tp = 750 keV, Wc = 600 keV and Rp = 85 cm :

Rs
0s

Ti » 50 keV
TL- 150 keV

O
2

6.5

18

40 cm
2

4.1

11.3

65 cm

4

7.4

20.5

TABLg 1 - ns>max (10
10 cm'3)

The line of sight is taken in the equatorial plane, making an
angle I0 with the magnetic axis (Fig. 33). As long as C0 > 53*, the angle £
between the line and the local magnetic field (local symmetry axis)
continuously decreases from outside to inside (table 2) thus giving more
weight to the high-field plasma region (the emission diagrams are forward
peaked ; Fig. 20). For £0 < 53* the line-of-sight no longer intersects the
plasma sheath near r - -85 cm.
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*0

«min
(r— 85 cm)

^rnax
(r-85 cm)

30*

.

SO*

53*

O

63*

60*

36*

69'

TABLE 2 - extreme values of the angle £

5.1 Dependence on the radial profile cf supratherinal electrons and
on the angle of observation

From the considerations on emissivity and polarization
(section 4) we know that the observations must be done in the (mildly)
forward direction. In toroidal geometry, observation at £0 < 90* leads
logically to a dependence of the polarization on the radial profile of the
LHCD electrons. This dependence of P on R5 exists at any set of values (hi/,
Tp, Tj_, WQ) as shown in Fig. 34 and 35, where the plasma current has been
set in the plasma center (R5 - O, 0S - 2) and in two cylindrical shells
(R3 - 40 cm, 0S = 2 ; R5 * 65 cm, 0S - 4). At the viewing angle £Q = 60*,
the dependence of P on R5 is relatively weak for hs/ < 400 keV (Fig. 34). If
we assume that a rough estimation of the current density profile will be
obtained from multi-cord intensity measurements in the poloidal plane, we
are left with a quite strong dependence of P on TL. At £0 - 30* the
situation is quite similar as long as the LH-current is not extremely
peripheral (R5 = 65 cm). At this angle, the radiance is more than 10-times
the radiance at £0 * 60*, most of this figure being due to the lob effects,
rather than to the extension of the integration path (which intersects the
magnetic axis twice).
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The results of the B*-caldilations for £0 » 60* and 30* are
shown in Fig. 36 and 37, respectively. At a given angle £0, the curves
B*(hi/) with Rs, Tj_ (and Z) as parameters look very similar, besides a
multiplicative factor. Indeed, if we define a spectral temperature, Tsp,
by :

1SP dhf

We find only a minor sensitivity to these parameters, as shown
by table 3.

""\̂ o
Rs (cm) "̂̂  \̂ ^

O

40

€5

T1 50 keV

150 keV

Tj_ 50 keV

150 keV

Tj. 50 keV

150 keV

30'

83.5

84.7

82.8

84.4

73.4

77.4

60'

66.1

71.7

67

72.2

71

74.4

90*

51.2

59.3

51.2

59.3

51.2

59.3

TABLE 3 - Spectral temperature (keV) calculated for
TF - 750 keV, hi/ * 250 keV, Z = 28

With respect to the large decrease of B* with increasing R5 {at
a given £0) we notice that due to the normalization to a LH-current of
1 MA, the number of electrons along a line-of-sight in the equatorial plane
decreases, when the current is pushed from the plasma center into a
cylindrical shell. In addition to this, the target density, n^, is also
reduced at the periphery.
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5.2 Dependence on photon energy

As we have shown that P may be quite sensitive to Rs at the
observation angle C0 - 30', and on the other hand, too small to be measured
for £0 « 90*, we restrict, the further discussion to f0 - 60*. P and B* as
functions of hi/ are shown in Fig. 38 and 39, respectively. Regardless the
value of Tp, polarization measurements should be feasable for hi/ > 150 keV,
the best compromise between P (Fig. 38) and 8* (Fig. 39) being around
hi/ » 250 keV.

5,,3 Dependence on photon energy

P is shown as function of Tj_ and Tp/T[_ in Fig. 40 and 42,
respectively, for a particular set of the geometrical and physical
quantities £0, Z, 0S, R3 and Wc (spectral temperatures are given in Fig. 41
and 43). Although we deal now with line-integrated quantities, the
following conclusions are very similar to the results found for the local
radiation (section 4.3).

i) If a high degree of polarization is observed, say
P « 0.5 ± 0.05, we have inevitably Tj_ < 30 keV and, roughly,
2 < Tp/Tj_ < 10. A good measurement of the spectral temperature
permits to refine these statements. For example, Tsp - 40 keV
would indicate a high degree of anisotropy, i.e. Tp/Tj_ > 5, and
consequently, the forward temperature must lay in the interval
100 < Tp < 300 keV.

ii) For the high values of the forward temperature suggested by
experiments (Tp > 500 keV), the measurement of P permits to
specify the absolute value of the perpendicular temperature.
Only a rough knowledge of Tp is needed, which may be obtained
from the spectral temperature (Fig. 41). As a specific example,
let us take 750 keV < Tsp < 900 keV and hi/ » 250 keV. P is now
quite sensitive to Tj_, taking the values of 0.3 and 0.1 for
!i.» 35 and 110 keV respectively. P * 0.2 is a particular point
in Fig. 40, in the sens that it indicates Tj_ - 75 KeV, strictly
independent of Tp. In principle, a precise measurement of TS_
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may lead here to a good indication on Tp
70 keV points to TF - 400 keV or - 1 MeV,
(Fig. 41).

Tsp - 60 keV or
respectively

iii) A weak polarization (P < 0.1) indicates a high perpendicular
energy (Tj. > 100 keV).

iv) The spectral temperature is not a sensitive function of Tp and
1I it will
60 < Tsp < 80 keV.

normally take values within the interval
Taken alone, it is not an interesting

quantity to be measured. However, if it can be obtained with
high accuracy (5 %), it is a useful ingredient for the
interpretation of polarization measurements in terms of Tp and

IL-

5.4 Dependence on the cut-off energy

Our model of the distribution function includes a cut-off
energy, Wc, of the electrons, a consequence of the maximum parallel phase
velocity of the LH-waves. Figures 44 and 45 show P and B as function of
h»>, with Wc as the curve parameter (Wc = 400, 600, 800 keV, »). Both
quantities depend critically on the value of Wc (see also table 4).

wc
(keV)

400
600
800
ID

hv = 200 keV
P

.34

.23

.17

.14

1SP

49

60
63
65

hi/ = 300 keV
P

.49

.30

.21

.15

Tsp

44

51
79
85

TABLE 4

An accurate measurement of Wc (if it exists) is a pre-requisit
for a safe interpretation of observed polarizations and spectral
temperatures in terms of Tp and Tj_. Fig. 45 tells us that B* drops off very
fast at photon energies 50 to 100 KeV below Wc. A photon detector with 10 %
energy resolution is required for the measurement of W.
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5.5 Dependence on the nuclear charge

For all our results on the polarization for plasma -relevant
conditions we have indicated the nuclear charge of the target (within the
Born -El wert theory P is strictly indépendant on Z for mono-energetic
electrons only). However, the dependence of P on Z has been tackled only
marginally (see Fig. 18, 19 and 36). We come back to this problem in
Fig. 46, which shows P for different radial distributions of the
suprathermal electrons and for the two extreme options : i) ,nth Fc for
Z - 28 and ii) Fc-I. Obviously, the knowledge of Z is necessary for the
interpretation of experimental data.

However, this is not a strong constraint, since, in practice,
it is possible to specify the dominant class of impurities in the plasma
(medium or high Z).

For a real plasma, the total radiance (for a LH-current of
1 MA) writes :

B - 2. n. Z2 B*i i,max i i

where n^ max is the density (cm~^ ; summed-up over ionization stages) of
the impurity species i, and Z^ is the nuclear charge.

According to our conventions, B̂ * depends on Z through the
El wert factor F^. Therefore the spectral temperature, Tsp,

Tsp - - .-' B*

depends on the "chemical" composition of the plasma, unless F^ is ignored.
Calculations show, that this dependence is quite weak. In table S we give
Ts_ for 4 extreme cases of practical interest.
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R3-Q
R5 - 65 cm

Tsp (keV)

FE (Z » 28}

66
71

F E - I

63
67

TABLE 5 - Dependence of Tsp on the Elwert factor
for hv * 250 keV
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6. COHCLUSION

The hard X-ray bremsstrahlung continuum (hi/ > 50 keV) emitted
by a plasma containing supra-thermal electrons with an anisotropic velocity
distribution is polarized.

For LHCO-experiments on tokamaks, the optimum angle of
observation is around 60* with respect to the magnetic axis, and the most
promising photon range is hi/ > 200 keV. Within our present knowledge and
model distribution functions of LHCD-plasmas, the degree of polarization,
P, may be quite significant (P < 0.5). P is very sensitive to the
perpendicular momemtum of the supra-thermal electrons, described by a
perpendicular temperature Tj_. Typically, we have P « 0.3 and 0.1 for
Tj_ - 50 and 100 keV respectively. Extensive calculations have shown, that P
depends on the nuclear charge of the target ions (impurity species), the
radial LH-current profile and the cut-off energy_(or maximum momentum) of
the electrons. A safe interpretation of P-measurements in terms of the
perpendicular energy requires only a modest input from other diagnostics
(dominant impurity species, rough estimation of the current profile).
However, the cut-off energy must be measured with good accuracy.

Acknow!edqment : the authors are indebted to M. LAMOUREUX for helpful
discussions on this paper.
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A N N E X

We briefly address the main processes for continuum emission
which add to the free-free radiation (ff) of suprathermal electrons (s)
interacting with ions (i). Considering also the free-bound continuum (fb)
produced by recombination, and allowing also for thermal electrons (e) as
incoming and target particles, the following radiation processes have to be
compared : ffsi, ffei, ffse, ffee, fbsi and fbei.

As we are interested in orders of magnitude, we will compare
angle-averaged emission rates, rather than referring to a particular
example of geometry of observation and plasma anisotropy as adopted in the
above. However, this does not mean that in all types of LHCD experiments we
can get out of considering the real geometry and a rigorous treatment of a
particular radiation process.

For the plasma conditions expected in the LHCD-experiments on
Tore Supra, the following conditions hold :

ffsi » ffei » ffee
ffsi » fbsi » ffbei
ffsi > ffse

We will justify, and comment on, these relations in the
following.

ffsi » ffei and fbsi » fbei

These two relations do not derive from the nature of the cross-
sections involved, but follow from the relative densities of the high
energy electrons from the suprathermal and thermal distribution functions,
fs(E) and fe(E) respectively (both are normalized to 1). Consider the
ratio :

p _ "s
ne
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where ns and ng are the densities, and where :

f2F(E1, E2) - f(E) d£

is the fraction of the electrons with a kinetic energy between Ej and E2.

For a typical LHCD experiment we take T6 - 3 keV, Tp - 300 keV,
Tj_ - 5 keV, Wc - 600 keV and ns/ne => 10'3.

Then :

F5 (50 keV, 600 keV) » 0.6
F6 (50 keV, «) - 3.1O-7

and therefore R » 1.

ffei » ffee

Although it is not of practical interest here, we mention that
Haug /19/ has calculated the electron-electron bremsstrahlung in a hot,
thermal plasma. He finds that for T6 = 10 keV the e-e emission exceeds 10 %
of the electron-proton emission at photon energies above 40 keV. In a
typical plasma with Te - 3 keV containing impurities, ffee is quite small.

ffsi » fbsi

We have to consider the recombination from all ionization
stages of an impurity species with nuclear charge Z. An upper limit for the
total intensity is obtained by supposing that the impurity species is fully
ionized. From standard textbooks :

fb 2 i XH z2 i XH z2
(-* ) exp (-* )

ff n n2 k T6 n2 k T6
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where n Is the principal quantum number of the recombined state ;
XH • 13.6 eV. Further simplification leads to :

fb XH Z2
-- < 2u for u - -s- < 0.1
ff n2 k T6

Although these expressions concern non-relativistic electron
energies (and temperatures), they should give the right order of magnitude
for the situation we treat here. For k Te - 300 keV (i.e. the minimum value
of k Tp suitable for the modelling of the suprathermal electrons) and
Z - 28, we get :

!!!l>200
fbsi •

Finally, we mention that the polarization of recombination
radiation has been treated by Milchberg and Weisheit /21/ in the dipole
approximation.

ffsi > ffse

We consider both ions and thermal electrons as targets for the
incoming high-energy electrons. At any photon energy, the ratio of the
corresponding continuum intensities is :

I n. da .
ffsi m j J 3J
ffse ne d<jse

where nj is the total density (i.e. summed over ionization stages) of the
impurity species j ; ne is the (thermal) electron density. The cross-
sections da are the angle-integrated double-differential cross-sections
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Neglecting the Elwert factor, we write :

I n Z2. „2 Anffsi 1 J J Z uasiIlil - (J ) x ( il)
ffse nB d(7epQ CC

- R1 x R2

R2 is strictly independent of Z.

In a series of papers, Haug /18-20/ has investigated electron-
electron and electron-proton bremsstrahlung. From his data we deduce that
R2 takes values between 1 and 2 for the high temperatures used for
modelling the suprathermal electrons ; i.e. in a pure hydrogen plasma, ffse
may not be neglected. Rj is comparable to, and slightly greater than, Zeff
in plasmas where the heaviest impurity elements are almost fully ionized.

In conclusion, ffsi/ffse - 2-10.

The results of this very crude estimate should motivate the
calculation of double-differential, polarization-specified cross-sections
for the e-e bremsstrahlung.
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