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ABSTRACT : In this report, we study the diffusion of X rays, in the energy range
50 keV - 500 keV, by the inner wall of a tokamak. In a first preliminary approach, we
describe the wall reflectivity by a single phenomenological parameter - the ratio between
the number of photons emerging from the wall and the number entering - and determine
the proportion of the reflected contribution to the detected radiations. Various emission
profiles and plasma positions in the tokamak chamber have been considered. The
contribution of multiple reflections has also be investigated. We show in this simple
model, that the wall reflectivity can lead to spurious conclusions for a peaked radial
profile in the vicinity of the plasma edge. The next step is devoted to the resolution of the
radiation transport equation in solid matter in order to have a quantitative estimate of the
previous phenomenological parameter. As an heterogeneous medium is considered -
carbon tiles brazed on an iron bulk -, the solution is determined by a numerical
Monte-Carlo method. We show that the reflectivity is greatly enhanced by a carbon layer
between 50 keV and 150 keV, even for a thickness of one centimeter. The reflectivity is
then nearly indépendant of the energy of the entering photons up to 500 keV, and lies
between 0.15 and 0.4 from a perpendicular to a nearly tangential incidence. Angular
corrections for a direction of observation perpendicular to the reflecting surface have also
been considered. Finally, a fully description of the X-ray reflectivity in the high energy
range has been performed, taking account of the toroidal geometry and the exact solution
of the radiation transport equation. Comparison between theoretical and experimental
results obtained with the Tore-Supra high energy X-ray spectrometer has been done. A
strong reflectivity effect is observed for the more peripheral line of sight when the plasma
emission profile is peaked. There is a good agreement for the total number of detected
photons with an energy greater than 100 keV. We can give also a successfully description
of the measured energy spectrum which lies up to 200 keV when the photon energy
spectrum of the plasma determined from the central chords extends up to 500 keV. A
procedure to determine the energy threshold above which the photon energy spectrum is
free of the reflected contribution is proposed.
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INTRODUCTION

During lower hybrid frequency heating in tokamak discharges, a non-maxwellian
tail of high energy electrons is formed [1-3]. This tail carries the plasma current. Utilizing
the fact that relativistic electrons emit bremsstrahlung,.it is possible to determine, with the
X-ray emission in the 50-500 keV range, radial profiles of the hot electrons as a function
of their energy [4,5]. For this purpose, an array of five BGO scintillators has been used
to collect the high energy X-ray spectra emitted along lines of sight perpendicular to the
magnetic axis, during lower hybrid current drive on the large tokamak Tore-Supra.

Facing the plasma, the internal chamber of the tokamak acts as a diffuser for the
incoming radiations. During the propagation time in the solid matter, both the direction
and the energy of the incident photons are modified by Compton type interactions. Part of
them are also absorbed in the course of their trajectories because of the photoelectric
process. Only a fraction of the incident photons can then escape the medium, and be
reemitted towards the plasma. The "number albedo", defined as the ratio betwen the
number of photons emerging from the internal chamber and the number entering, allow to
quantify the reflectivity of the first inner wall of a tokamak.

From simple topological considerations, it is obvious that X-ray spectra measured
in a tokamak are always the sum of both the plasma and reflected contributions. The ratio
between them depends on the location of the line of sight and its direction with regard to
the plasma position. As the chord lenght in the plasma decreases, the contribution of the
inner wall becomes larger. Thus, one can overestimate the intensity of the integrated
radiation flux and also misinterpret the energy dépendance of the X-ray spectrum of the
plasma. This can lead to spurious conclusions for the radial profiles of the plasma X-ray
emission, particularly in the vicinity of the plasma edge where interesting local effects are
expected during lower hybrid current drive.

This study has been carried out to estimate the energy spectrum of the X rays
diffused towards the plasma by a tokamak inner wall, and to determine quantitatively the
ratio between the plasma and the reflected contributions for a given direction of
observation. The outline of this report is organized as follow :

- In the first section, we introduce a simple description of the wall
reflectivity effects on the X-ray measurement. For this purpose, we restrict ourself to a
cylindrical geometry and take a phenomenological "number albedo", indépendant of the
energy and the direction of the photons entering the reflecting surface. We determine the
proportion of the reflected contribution to the detected radiations for various emission
profiles and plasma positions in the tokamak chamber. The contribution of multiple
reflections is also investigated. With the same approximations, we calculate the
broadening of the measured X-ray profile which results from the inner wall reflectivity in
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an exact toroidal geometry. Results for the Tore-Supra<*> high energy X-ray spectrometer
are presented, for various profiles of the plasma X-ray emission.

- In the section 2, we calculate the "number albedo", for various types of
medium - iron bulk, carbon bulk and a carbon layer on an iron bulk - by solving the
radiation transport equation in solid matter with a numerical Monte Carlo method.
Angular and energy distribution of the emerging photons are determined as a function of
their initial direction and energy before entering the reflecting surface. The effective
"number albedo" is derived for a direction of observation perpendicular to the inner wall.

- A refined model which takes account of both toroidal effects and the
effective "number albedo" is discussed in section 3. Theoretical X-ray spectra which
include the reflected contribution are presented for various plasma emission profiles.
Comparison with experimental results obtained on Tore-Supra are presented.

Ail calculations arc done wilh circular polo Ida I section, but numerical codes are written for general D-

shapes chamber and elliptical plasmas.



1. Wall reflectivity for high energy X ravs in a tokamak.

1.1. Wall reflectivity in cylindrical ..geometry..

1.1.1 Miscellaneous considerations.

As a preliminary step, we study the influence of the wall reflectivity on the X-ray
measurement along a line of sight, in a cylindrical geometry. We take an oversimplified
model, considering an homogeneous and isotropic plasma emission in space. The
"number albedo" is a simple parameter wich is indépendant of the energy and the
direction of the photons before they enter the reflecting surface. All the memory
concerning the energy arid direction of the incident photon is then lost during the random
walk in solid matter (isotropic scattering), and thus the direction of emergence is
uniformly distributed in the half-space towards the plasma. In the frame of these crude
assumptions, it is possible to derive the most important features of the first inner wall
albedo, without any tricky geometrical considerations.

The number of photons nso entering the internal chamber per unit surface and time
from the plasma is given by the relation :

2
Jtap.nv = 27t.aj.nso

where nv is the number of photons emitted by the plasma per unit volume and time, ap

and a; respectively the plasma and the internal chamber radii (ap < aj). The plasma and the
internal chamber have the same revolution axis (Rp = Rj). Corrections due to multiple
reflections of the radiations in the chamber are neglected at this step.

Considering a line of sight perpendicular to the revolution axis and characterized
by a constant geometrical extent gE(<), a wall "number albedo" R, the number of photons
N5 emerging uniformly from the internal chamber in the half part of the space and
collected by the detector per unit time is :

_ P-sQ.gE-RJM5

2ic

( > g£ is defined as—-j-, where si and sa are the surfaces of the diaphragms, and lc ihe distance between
Ic

them.
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The number of photons Np coming from the plasma per unit time is given by the classical
expression :

where lp is the chord length in the plasma (lp £ 2.ap).

The total number of photons detected NT = Np+ N5 is then :

I" R.a
Nr = N nJl+-

The enhancement factor —T- , due to the wall reflectivity, increases as the chord
3J-1P

length of the line of sight inside the plasma becomes shorter. A line of sight crossing the
plasma at the periphery is then more sensitive to the wall reflectivity than a central one.

R-a2

The factor—r- is also function of the radial size of the plasma aD. However, theBÏ.IJJ r

dépendance is not simply proportionnai to ap
2 ; the chord lenght lp is itself a function of

ap because the location of the line of sight with regard to the plasma center is fixed. Let dp

be the distance between the line of sight and the plasma center (dp £ ap), Ip is given by
the expression :

= 2.a

and,

So long ap » dp, the enhancement factor—-r- is linearly dependant of api and a

reduction of the plasma radius leads to a decrease of the wall contribution compared to the
plasma one. Nevertheless, below ap = V2.dp, the chord length lp decreases more rapidly

R.a
than the plasma radius, and then —r- increases very rapidly (figure 1). As the radial

**i'*p
plasma size is limited by the internal chamber radius a;, a reduction of the reflected
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contribution to the measured X-ray emission can only be expected within the interval
[ai;V2.dp]. If dp is the distance between the more peripheral line of sight and the plasma
center, for Tore-Supra experimental conditions, a reduction of the radial plasma size leads
always to an increase of the reflected contribution 0/2.dp = 0.72 m, and the usual plasma
radius ap is 0.7 m).

1.1.2. Contribution of the multiple reflections,

For the central line of sight, it is possible to estimate the upper limit of the
reflected contribution to the measured X-ray emission. Taking ap = aj and lp = 2.ap, the
enhancement factor is always lower than R/2. Neglecting the multiple reflections on the
internal chamber, the relative pan of the wall contribution fs = NS/NT does not exceed
33% with R=I. This proportion increases as multiple reflections are considered. It is
obvious that 2jr.aj.nsk = 27C.ai.nSk-i.R, where nsk is the flux of the photons which have
been k-th reflected. Summing over all terms, the number of photons entering the internal
chamber per unit surface and time nst is now :

k=- k=»
-> V- . v -, r>ic ^Jt.aj.nso27t.a;.nst = 2, 2n.ai.nsfc = 2, 2n.ai.nso.Rfc =

k=0 k=0 l-R

If R « 1/2, only the first order term is relevant, and nsl = nso- Corrections are
necessary for higher values of R (R = 1/2, fs = 25% without corrections and fs = 50%
with corrections).

The quantity nsl is calculated at a stationnary regime and integrates all the past
history of the plasma X-ray emission. There is a balance at each time between the source
term represented by the plasma, and the loss term corresponding to the internal chamber.
Without loss term, R = 1, the number of photons increases without any limitation inside
the chamber, leading to the divergence of nsl. However, R = 1 is an ideal limit, and in
real system, R is always lower than one.

1.1.3. Influence of thjjlasma jojitionjn^ihe intemal charnber.

Up to now, the plasma and internal chamber axis have been considered with the
same revolution axis. If there is a spatial shift of the plasma in the chamber, the nst value
is no longer uniform on the wall surface, but depends on 9, the polar angle (figure 2a).

For a given "number albedo", the fraction of reflected photons varies with the amplitude
of the shift, and the angle between the shift and the line of sight directions. However, this
9-dependance is progressively reduced as R becomes larger than 1/2, by the dominant
contribution of multiple reflections.
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1-1-4. Effects of a radially inhomogeneous emission.

All results which have been derived for an homogeneous plasma X-ray emission
can be extrapolated to the case of a radially inhomogeneous emission. The density of
emitted photons nv must just be replaced by the corresponding mean value <nv> over the
plasma volume. However, a more refined analysis has to be made in this case, as the
mean value of nv along the chord, nv, is not constant and equal to <nv>. Thus, we must
distinguish two cases : if the condition nv ̂  <nv> is fullfilled, one may expect an increase

of the reflected contribution to the X-ray measurement ; if however nv 2; <nv>, then a
decrease is expected. The sensitivity to the X-ray reflectivity for peripheral lines of sight
such as nv ^ <nv> is then enhanced when the plasma emission is strongly peaked, and

the effect is reversed in these conditions for central lines of sight because nv S <nv>.

1-1.5. Modification of the first inner .wall, reflectiyity with a radiation sink.

The reflected contribution may be strongly reduced if there is a hole at the
crossing point between the internal chamber and the line of sight. The number of photons
N8

1 emerging from the bottom of the sink and collected by the detector is given by the
relation :

_ n5o.a.(hd.Sd).gE.R _ N Xfh x
- - Ns.Mhd,sd)

where hj and sj are respectively the depth and the surface of the sink as presented in
figure 2b; nso' is the new value of the photon flux at the bottom of the sink. At the limit
hjj -» O or Sd -» O, the proportional factor A.(hd,Sd) between nso' and nso is close to 1 and
nsu' - nso- If hd2 » sa, ^(hd.Sd) can be approximated roughly by the solid angle ratio

Sd / 2it.ld2 associated to the sink. Thus, N5' is reduced compared to N5, by a factor

^(hd.Sd). The resulting enhancement factor is then given by the new expression

R.ajsd

- - — — . For Tore-Supra, three of the five lines of sight are facing the upper port (see
27t.ai.lp.hd

appendix 1). For them, Sd/ 2rc.ld2 = 0.08, and the contribution of the reflected X rays can
be always neglected.



1.2. Numericalsimulations in toroidal geometry,

1.2.1. Calculation of..the photonflux .corning JTom.the,plasma on.the internal
chamber.

The number of photons §Nso entering per unit time an elementary surface 5s of
the internal chamber and coming from the plasma is given by the expression,

8N50 =
JAQ

AV

nv(rp) dfl.dV

where nv(rp) is the density of photons emitted per unit time by the elementary plasma
volume dV at radius rp, under the solid angle AQ. The integration is performed over all
cells of the plasma volume AV which are facing the surface Ss. As in the previous
section, we consider an isotropic X-ray emission in space, and neglect any dépendance
with the photon energy.

At the limit 8s -» O, the ratio 8Nso/8s = nso gives the radiation flux on the internal
chamber. Because of the toroidal invariance, nso has only a poloidal dépendance, nso(9),
where 8 is the usual poloidal angle (figure 2a). From simple geometrical considerations,
HsO(O) > nso(n), as the plasma volume facing the elementary surface 5s for 0 = K is lower
than for 9 = 0.

Numerical calculation of nso(9) has been performed for the case of Tore-Supra

tokamak, with various X-ray emission profiles, nv(rp) = nv(0).(l-r^)a, and positions

of the plasma in the chamber. The normalized ratio -a''n^ M '-1 indépendant of
aj.nv(0)

the mean value of the X-ray emission over a poloidal section, is reported as a function of
9 in figures 3a,3b and 3c.

As expected, in toroidal geometry nso(0) > nso(n) (figure 3a). Thus, a line of
sight perpendicular to the toroidal axis is less sensitive to the wall reflectivity if it crosses
the plasma horizontally rather than vertically. However, the 9-dependance of nso is quite

small when toroidal axis of both the internal chamber and the plasma are identical : 20%
between the inner and outer side of the internal chamber. The largest 9-dependance is

obtained for a flat radial X-ray emission. When the peaking of the X-ray emission
increases at the plasma center, a slight reduction of the difference between nso(0) and
nso(Jt) is observed. This can be allowed to a simple geometrical effect : when a
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increases, the mean distance between the core plasma emission and the internal chamber
becomes larger, and progressively the global set-up is close to that of the cylindrical case
(ap/Rp -> Q),

Plasma shift leads to significant changes of the 6-dependance of nso, whatever is
the radial profile of the plasma X-ray emission (figures 3b and 3c). Both vertical - up,
down - and horizontal - left, right - shifts of the plasma relative to the internal chamber
have been considered/Numerical calculations show that nso(6=7t/2) remain constant for

an horizontal plasma displacement, and that H5Q(Q=O1Jt) are insensitive to a vertical shift
of the plasma. These results remain similar for a strongly peaked X-ray emission, but the
amplitudes of the modifications for nso(6) are slightly reduced.

In order to check the consistency of the numerical calculations, we calculate the
density of photons nv

c(0) emitted by the plasma in all directions per unit time, by
integration of nso(6) over all the internal chamber surface. For a circular poloidal section,
we have the balance equation :

2jc2.Rp.

which can be reduced to :

.rp.drp = 2K. I ns(6).ai.[Ri + ai.cos(e)].d9
JO

<(0) = (Ct+,1)'ai . I ns(6).[Ri + ai.cos(e)].de
/O

The ratio nv
c(0)/nv(0), where nv(0) is the initial value taken for the calculations, is

plotted in figure 4. There is a good agreement within 10% between nv
c(0) and nv(0).

1.2.2. Influence of'.multiple reflectionsin the internal .chamber

Effects of multiple reflections on the internal wall have been investigated for
various plasma positions in the chamber with a "number albedo" R = 30 %. The direction
of the emerging photons is uniformly distributed in half space. Only the case a = O (flat
X-ray emission) is considered, but for a peaked plasma X-ray emission, results are
similar. Self-consistent calculations are performed until nsfc(0) is lower than 1% of
nso(9) : four iterations are necessary to reach this lower limit with R = 30%. Results are
presented in figures 5a-g.
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As expected, multiple reflections lead to a significant enhancement of the photon
flux per unit time on the internal wall, whatever the position of the plasma in the chamber
(figures 5a-e). The enhancement factor is close to the value determined for the cylindrical
case (1/1-R = 1.43), and is 0-dependant (Figure 5f); This can be allowed^fcTa large

sensitivity of nso(9) to the plasma position, while OsJc(O)Js nearly indépendant to this

parameter for all k > 1 (figure 5g). The contribution of multiple reflections, proportional
to R/l-R, is then only a function of the mean plasma X-ray emission per unit volume and
time, nv(0)/oc+l, and of the geometrical characteristics of the toroidal chamber. If R is

large enough (R > 1/2), the 9-dependance of nst(9) is mainly given by the multiple

reflections terms.

Numerical calculations show that the 9-dependance of nsfc(9) is indépendant of k

for k > 1. This is due to the combining effects of an isotrppic diffusion of the photons
towards the plasma. The ratio nsjc(0)/nsk(n), which is greater Uian one, is also larger than

the ratio nso(0)/nso(rc) for all k > I. It is only a geometrical effect which can be allowed

to the toroidal curvature of the internal chamber. Thus, multiple reflections lead to a larger
increase of the wall reflectivity on the outer side rather than on the inner side of the
internal chamber. For the upper and lower sides of the internal chamber (0 = Jt/2,3it/2),

the increase of reflectivity is given roughly by the enhancement factor determined in the
cylindrical geometry.

1.2.3. Determinationof the proportion of reflectedI X rays for a line QfLsight.
Application to the Tore-Supra spectrometer.

In the frame of the assumptions described before, we calculate the ratio
fs = NS/NT for the Tore-Supra X-ray spectrometer. We take a low "number albedo"
value, R = 10%, and thus neglect the multiple reflections in tne internal chamber. For
these calculations we neglect also the existence of the upper port which acts for the three
more central lines of sight as a efficient dump for the reflecting X rays. The ratio fs is
plotted in figure 6a for the five lines of sight labelled A-B-C-D-E from the high field side

to the low field side of the tokamak (see appendix 1), and a plasma centered in the
chamber. Flat and peaked X-ray emission have been considered, a = O, 1, 2, 3.

For lines of sight A, B and C, the contribution of the reflected X rays is always
lower than 5% and decreases as the plasma emission becomes more peaked, as expected.
For the line of sight D the sensitivity to the wall albedo is more pronounced, but remains
always lower than 7%. A large fs value is only observed for the most peripheral line of
sight E, and a = 3 : 25% of the measured X-ray emission comes from reflections on the

internal chamber. Moreover, fs is an increasing function of a for the two lines of sight D

and E. For larger R value, fs increases rapidly : with R = 0.25 and a = 3, and neglecting

again contributions of multiple reflections, fs(C) = 8%, fs(D) = 16% and fs(E) = 46%.
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As fs is not constant from one line of sight to another, the plasma X-ray radial
emission nv(rp) extracted from measured data may be wrong : in figure 6b is plotted the
initial X-ray profile nv(rp) and a possible X-ray profile nv

exP(rp) determined in order to
take account of the additional contribution arising from the reflections. We show that
reflected X rays can be interpreted as coming from a flat ring of relatively high emissivity
near the plasma edge. The width of this ring is typically 0.2*a.

Modifications of the ratio fs with various shifts - horizontal and vertical - of the
plasma are also investigated for R = 10% and a = O, 3. Results are reported in figures
6c-f. For lines of sight A, B, C, and D, whatever the plasma position, the reflected
contribution is always lower than 10%. A large sensitivity is observed for the most
peripheral line of sight, E, and the larger reflected contribution is obtained for an
horizontal plasma shift towards the low field side of the torus : fs = 46%. For other
cases, fs lies between 15% and 30%.
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2. Calculation of the "number albedo" for photons in the SO-SOO keV
range.

The "albedo number" R has been introduce in the preceeding section as a
phenomenelogical parameter, indépendant of the energy and the direction of the photon
entering the inner wall of the tokamak. Moreover, we have considered that the direction
of the emerging photons is uniformly distributed in the half-space towards the plasma,
neglecting energy and direction correlations during the random walk of the photon in the
solid matter. Within these crude assumptions, we have shown for the Tore-Supra
spectrometer, that reflecting contributions to the measured X-ray emission can lead to a
wrong determination of the plasma X-ray profile emission at the plasma edge.

—>
The "number albedo" R is generally a rather complicated function of both ko,&o>

—>
koutPoui the energy and direction of th* eruoing and emerging photon. It also depends
on the type and the geometry of the materials used for the first inner wall. In order to
determine the dépendance of R with these various parameters, we must solve the
transport equation of the radiation inside the solid matter.

2.1- Description of elementary..processes experienced by X rays.

The elementary processes experience by X rays as they travel through matter
result from the electric and magnetic forces which the radiation exerts on the electric
charges and currents within the matter. When the photon of energy ko lies between
50 - 500 keV, two types of interactions are predominant : Compton scattering and
photoelectric absorption. Pair production is neglected, as it is only possible for photons
with energy above 2.mcc

2 = 1022 keV, sufficient to provide the rest-mass energies for
electrons and positron that are created. Coherent Rayleigh scattering is dominant under
the conditions of low momentum transfer, even for high energy photons. However, there
is only a narrow cone of forward directions where this process predominates, and the
total cross-section integrated over this cone is négligeable for most purpose.

2.1.1. Compton scattering.

Compton interaction deals with X-ray scattering by free electrons. The binding
energy of the atomic electrons is assumed to be low enough in order to consider electrons
free of bonds and initially at rest. Theses assumptions are reasonably well fullfilled for
photons with a large energy compared to the ionization energy of inner-shell electrons. At
the interaction time, part of the photon energy ko is transferred to the electron, while its
trajectory is modified. The angle of deflection from the direction of incidence 6C is given
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by the well-known Compton relation :

14

For a given photon energy ko, the energy.of the secondary photon ki lies between
JSL

i ^ 2.k0+
and kimax = ko- It is always lower than the energy of the primary

photon.

The differential cross-section has been derived by Klein and Nishina [6] in the
frame of the relativistic quantum dynamic? For unpolarized photons, we have :

k
k02 k0/

where dfl = 27C.s inO c .d6 c , and re is the classical electron radius

(jcre
2 = 0.249 10"24 cm2). The differential cross-section — - is reported as a function

of 6C in figure 7 for ko = 50 ke V, 200 keV and 500 keV. It is peaked for ec = O, and
thus, the probability emission of the secondary photon is mainly in the direction of the
primary photon (forward emission). This relativistic effect becomes larger with
increasing the primary photon energy.

Reporting the Compton relation between 6C and ki, ko into the cross-section
expression, we have finally :

do,
-TT-dk,

= itr..-
ko ki
i~ + IT- +K, K0

- 2

2.1.2. Phptoelecrric.absorption.

The photoelectric effect is a process in which a photon is absorbed by an atom and
one electron jump into an excited quantum state. It is a rapidly increasing function of the
atomic number Z, because high-Z atoms have a strong nuclear attraction, and thus,
inner-shell electrons are subject to strong forces capable of resisting to the X-ray
disturbance, an essential condition for the absorption process [6]. The absorption
decreases rapidly as the photon energy ko increases, except at edges where it is sufficient
to raise the electron into a state of the continuous spectrum. Thus, photoelectric
absorption is predominant for photons of low energy.
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For photon energy ko well above the K-edge of the atom, and in the
non-rclativistic case, the total cross-section is given by the relation :

'O'nh =
m ,C2\7'2

where ttf = 1/137 is the fine structure constant.

In the relativistic regime, ko ̂  500 keV, the absorption takes place very near the
nucleus, where the electrons move with relativistic velocity. Here the density is much
larger than predicted by non-relanvistic mechanics, and the decrease of aph with ko is

slower than ko'"2 : <Jph = ko'1.

The photoelectric absorption of X-rays is often followed by emission of an X-ray
photon of the characterisitic line spectrum of the atom (fluorescence). The energy of these
photons ranges up to several hundred keV for heavy elements. The probability that in a
photoelectric process a photon is emitted rather than an Auger electron - fluorescence
yield - becomes larger with increasing the energy of the photon to be emitted. However,
secondary X rays may be neglected, if we have only interest to photon energies much
larger than ionization energy of K-electrons of the medium. Thus, for iron, we have
IK = 9 keV, and IK « 50 keV [7].

Finally, bremsstrahlung may be emitted by secondary electrons. However
secondary X rays resulting from this process can also be neglected, as the probability of
the photoelectric absorption is only predominant for photons energy lower than IR- The
energy of the secondary photon is then much smaller than the lower limit of the
interesting photon energy range.

The relative importance of Compton scattering and photoelectric absorption can be
determined for a given medium, by comparison of the narrow-beam attenuation
coefficient n(ko) for the two processes. If there are N identical atoms per unit volume,

then, Hc(ko) = N.ac, |iph(ko) = N.<rph and the total narrow-beam attenuation coefficient is

W(ko) = Mc(ko) + Hph(kfl)- In figure 8a and 8b are presented Hc(ko), Hph(ko) and ^c(ko)
for carbon and iron [1O]. As expected, the photoelectric absorption is only dominant for
low energy photons. However, for iron, the contribution of this process remain
important up to ko = 100 keV compared to the Compton one, because |4.ph(ko) is
proportional to Z5 while Hc(ko) is only proportional to Z.
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2-2. Penetration angl diffusion of X rays in matter.

Given a distribution of X-ray sources within the material, the problem of
penetration consists of determining the intensity and spectrum of the X rays which flow
in each direction and at each point of this material. It is sufficient to solve the problem
seperately for sources of monoenergetic photons of different energies, and for point
sources of collimated photons, because radiation from different sources propagate
independantly, and any source can be regarded as an aggregate of point collimated
elements.

The flow of X rays is completely determined by the solution of a transport
equation. This equation describes the balance between the numbers of photons of given

energy ko and direction QQ entering and leaving an infinitesimal volume (see figure 9)

[7]:

.f(r,Qo,ko)+ I dki J
/ Jin

Q0.Vf(î,Q0,ko) = -H(ko)

+ S(r,Q0,ko)

-» -» —» -»
where f(r ,Qo-^o) is the flux of photons of energy ko and direction ÎÎQ a* P°int r of the

—» ~>
medium. The term g(Qo.ko,&i,ki) describes the photon scattering of energy ko and

-» —»
direction QQ into tne energy ki and direction fl\. This kernel is just the differential cross-

section of the Compton process — multiplied by the number of electron per unit
dJq.dQ

-» —»
volume N.Z, and the deflection angle is given by the relation cos6c = Qo-^l- The

-» -» -» ->
source term is S(r,Qo.ko). while -ti(ko).f(r,i2o.ko) is the classical narrow-beam
attenuation.

—» —»
In the transport equation, the coefficient u.(ko) and g(Qo.kO#l.kl) are

complicated functions of ko and 0C. Simplified analytical schematizations of these
functions can be utilized within limited ranges of values of the variables, but any detailed
solution of the transport problem is likely to require some numerical calculation, even for

analytically specified PXk0) and g(Qo.ko,^l,ki).

Various numerical method can be used to solve the X-ray transport equation in
matter with more or less success depending on the boundary conditions of the problem

30
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[7]. Before to specify the most adapted method for the albedo problem, it is usefull to
have a deeper insight of the chain of all microscopic events. The production and
penetration of secondary X rays produced by Compton scattering constitutes the main
non-trivial feature in the analysis of X-ray penetration. The complexity arises from the
relation between the energy of the secondary .photon and its direction. Thus, the transport

-> -> -»
equation is a Fredholm type integral equation: the photon flux f(r_,Qo,kp).at the point r

of the medium is then function of all photons interactions considered jointly.

A general approach to the transport equation consits of determining separetly the
flux of primaries and the photons scattered once, twice... .This order of scattering
approach leads to the Neumann series in powers of the kernel of the transport equation,

-»-» ->-» ->-> -»->
fo(r,£io,ko)r fl(rAo.ko), f2(r,Qo.ko)---. where fj(r,£îo,krj) is deduced from

— » — » — > — » — » — »
fj.l(r,i2o,ko) by replacing f(r,Qo,ko) by fj.i(r,Qo,ko) in tne integral term, and

-> -> -> -»
fj(r ,f2o>ko) elsewhere in the transport equation. The term S(r ,QoJtQ) must be remove,

-» -» -» -» -» -»
except for determining f j ( r , &o,ko), as fo(r ,Qo.kfl) = S(r A)-M- ̂ 6 general solution
is then given by summing all contributions :

f(,Q0,ko)

The first few scattering processes have the effect of smoothing out in space and
energy the initial distribution of X-ray flux. As k] < ko, k2S ki ..., photons accumulate
in the lower portion of the spectrum. However, this accumulation is limited on the low
energy side by the onset of the photoelectric absorption. The series can then be cut at a
finite value n.

Determination of the iterative process can be performed by semi-analytical
procedures when seperation of variables can be made, using all the symétries of the
problem. This is the case for infinite homogeneous media. For problems with lack of
symetry, where geometrical effects are strongly coupled with physical processes,
accurate results can only be obtained by constructing model trajectories of photons
according to the Monte Carlo random sampling method.

The determination of the wall albedo in a tokamak is typically a problem where
geometrical effect have a great importance, owing to the oblique penetration effect and the
non-homogeneous medium (carbon tiles on an iron bulk).

2.3. Monte-Carlo simulation.

The Monte Carlo method may be regarded as a numerical procedure for evaluating

X-ray distributions by an order of scattering approach : fj(r,Qo»ko) is determined

31
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collision by collision. It is more general, however, than the order of scattering procedure,
in that it provides estimates of the correlation among successive states in a photon
history.

The history of a photon undergoing multiple scatttering can be described by an
array of coordinates :

r i , -T2, ••• TJ, ... , rn
- _ » - - - » - -» -»
QI, Q2, ... Qj Qn
ti Ifi K * Ir •«n. |f »^> ••• "\9 *•• ï"ll

Sl, S2, ... Sj, ... ,Sn

where r j, Qj, kj describes the position, direction and energy of the photon just before the
j-th collision. The coordinates Sj indicates the photon survival at the j-th collision. The
n-th collision is an absorption which ends the photon history.

-» -»
The set of coordinates UJ = (TJ , Qj, Sj) is representing the state of the photon

immediatly before the j-th collision. A photon history consisting of a sequence of states
ao, ai, <*2, -•• aj' ••• an> can be regarded as generated by a Markov process. This
process is determined by a transition probability density V(Oj, otj+i) between two
successive states. The transition probability density \y is related to X-ray scattering and
absorption processes. With a given a\ initial state, it is then possible to determine by
succesive iterations the final state Otn. The sampling procedure is repeated until statistical
fluctuations of interesting quantities - distributions - obtained by scoring the model
trajectories are low enough. As the accuracy of the random sampling of trajectories is a
slowly increasing function, proportional to the square root of the sampling size, a large
number of calculation is often necessary.

The transition between otj and Oj+ 1 states can be broken into a number of
separated events :

- Survival : a collision results either in absorption or in scattering. The probability

of a photon to be absorbed at the j-th collision is 1 - ] . Thus s; = O and the photon

history is terminated. With probability ' , the j-th collision is allowed to be a
HT(kj)

scattering, Sj = 1 and the history is continued.

- Energy change : the energy change is determined from the normalized Klein-
Nishina cross-section which gives the probability of a photon of energy kj to be scattered
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with energy kj+i. A refined sampling procedure as been used in order to reduce the
calculation time consumption (see appendix 2).

- Change of direction : the energy change determines the the scattering deflection
angle 0C- It is given by the relation :

All azimuthal deflections resulting from the scatttering being equally likely, the azimuthal
scatttering angle Xj+l is determined by selecting a uniform random angle between O and

n. In the coordinate representation, Qj = sinCj.sincjij L

s, cosCj J

and the coordinate of Q+I are

-
related to Qj by expressions (see figure 10) :

/j+i. sinCj.cosXj.t-i

- Change of position : the distance Ij between the j-th and the j+l-th collision has

the distribution function f(lj) = n.-r(kj-i-l)-e ^ ^- The collisition takes place at
- * - » — »
r j+i = r j + Ij.Qj+i. If the photon crosses the limit between two different media, it is
necessary to change the position where the collision takes place, as path-lengths are

different. The direction of the photon remain unchanged. Thus, FJ+I is just given by the
— » — » -»

relation T J + I = r j + (Iji + lj2).Qj+t, where Iji is the distance between the j-th collision
and the boundary between the two media, and Ij2 the distance between the boundary and
the j+l-th collision.

2.4. Numerical results

The radiation transport equation has been solved for three types of wall : iron,
carbon, carbon tiles brazed on an iron bulk. We consider an semi-infinite medium in a
slab geometry, as the stopping length I5 of photons which is close to 2/|4.T(ko) is much
lower than the internal chamber minor radius a;. For a iron medium, and ko = 500 keV,
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= 0-65 cm'1, and I5-3.1 cm. For Tore-supra, a; = 80 cm, and it is possible to
neglect the curvature of the internal chamber, even if we consider carbon tiles which are
one centimeter thick.

The projection of typical photon trajectories in the XoZ plane for the case of
carbon tiles on an iron bulk is reported in ̂ figures ,lla-d. ItJs_obvious_fronithese
diagrams that geometrical effects are intimetely coupled with the basic physical
processes : in one case, an emerging photon trajectory is limited to the carbon tile,
wheras in another case, part of the trajectory takes place in the iron bulk.

2.4.1. Number albedo for iron bulk, carbon bulk and carbon riles on an iron bulk.

Numbers albedo R for iron bulk, carbon bulk, and carbon tiles on an semi-infinite
iron bulk have been calculated. Results are reported in figures 12a-c for incident photons
of 50 keV - 500 keV. The energies of outcoming photons have been considered on a
slightly larger intervall, 30 keV - 500 keV, but conditions for application of the Monte-
carlo simulations remain valid. Various angles of incidence have been also investigated :
C = - Ci = O (normal incidence), 45, 80 (nearly tangent incidence) degrees (see figure
10). We only consider the azimuthai angle <JM = O, as the direction of observation
perpendicular to the medium surface is a symetry axis.

Carbon medium has a high level of reflectivity (0.4 - 0.7), owing to the large
Compton scattering contribution. It is nearly insensitive to the photon energy, except for
low energy photons where the onset of the photoelectric absorption becomes apparent.
The albedo number is strongly dependant of the angle of incidence. This is the
consequence of the oblique penetration effect : it increases as the angle of incidence
become tangent.

Iron medium has a lower reflectivity (0.1 - 0.4) even if the density of the material
is Tour times larger than that of the carbon medium. It arises from the large contribution
of the photoelectric absorption due to the high Z value of iron (Z = 26). As a
consequence, the number albedo is an increasing function of the photon energy. For
50 keV photons and a perpendicular incidence C = O, the albedo number is close to

0.01, whereas it is 0.1 for 500 keV photons. A flat plateau is reached for photons with
energies higher than 250 keV. A large sentivity to the angle of incidence is observed, as
for carbon medium.

The addition of one centimeter thick carbon tiles on the iron medium strongly
modify the dépendance of the number albedo with the photon energy in the range
50 keV - 250 keV. There is a strong enhancement of the number albedo compared to
the iron medium alone, and thus R is nearly indépendant of the energy of the incident
photons between 50 keV and 500 keV. For photons of high energy, there is only a slight
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increase of R (0.4 -» 0.5) for C = 80 degrees. As for the other media, there is also a
strong dépendance of the number albedo with the angle of incidence.

2.4.2. Angular dépendance of the reflectivity. Determination of the angular
correcting factor for the direction perpendjc^

Photons emerging from the first inner wall are not isotropically distributed in the
half-plane towards the plasma (and the detector). The mean number of interactions
suffered by a photon along its trajectory if low enough in order that the position and
direction of emergence remain correlated to that of the entering photons. In figure 13 is
reported the mean number of collisions, which lies between 1.5 and 2.2 for photo.a
energies 50 - 500 keV. For photons entering with an azimuthal angle <j> = O, the direction
of emergence is mainly in the forward direction at high energy, <f» = TC, and close to the
isotropic case at low energy. Such an effect is observed, as shown in figure 14.

Thus, the "number albedo" R is not relevant when only a specific direction of
emergence is considered. In order to determine Rj. for a direction perpendicular to the
plane, we must calculate the angular correction factor Rc with the isotropic emission as
reference. It is determined by the relation :

D r dn(C>R- = I11n - 2_

^ C-*o dQ

where - is the distribution of emerging photons per unit angle. For the isotropic
dQ

case, — — - = 1. The expression — — is calculated by dividing -̂ -̂  with sinÇ for six
dQ dQ dÇ

values of C between 0.07 and 0.3 radian in order to reduce the statistical error. It is not
necessary to take account of the anisotropy in <)> for the emerging photons, as the detector

axis is a local axis of symetry. The distribution — — is reported for two cases in figure
dÇ

15. We observe for the perpendicular incidence a significant departure from the isotropic
case for photons of low energy.

The angular correcting factor Rc is given in figure 16 as a function of the energy
of the incident photons and for various angles of incidence. It is nearly indépendant of the
photon energy in the interesting range, and decreases as the incidence angle becomes
tangential. This can be allowed to the forward emission effect. The resulting effective
number albedo in the perpendicular direction (detector direction) RI = R.Rc is then
nearly not sensitive to both the energy and the angle of incidence of the entering photons,
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excepted at an incidence close to the tangential one (figure 17). The crude assumptions
made in the first section are then justified.

The mean number albedo RI is close to 0.25. The internal chamber has a high
level of reflectivity, and thus a large fraction of the X rays detected by the peripheral line
of sight comes from the albedo effect (= 50% with a = 3 for the line of sight E of

Tore-Supra).

2.4.3. Penetration ,depth i and 1 non-local effects.

The penetration depth lp of emerging photons can be easily calculated for various
energies and angle of incidence. Results are presented in figure 18 for ko = 50 and
500 keV, and C = O and 80 degrees. The penetration depth is restricted to the carbon
layer for ko = 50 keV, whereas for ko = 500 keV, it extends up to 2 cm and a pronounced
peak is observed close to the boundary between the two media. For low energy photons,
Ip is very sensitive to the angle of incidence, as 2/|ic(ko) » dc (dc is the width of the
carbon layer, and p.c(ko) the narrow beam attenuation coefficient in carbon). For
ko = 500 keV photons, this effect disappears as the iron medium in infinite.

With the knowledge of lp, it is able to estimate roughly the order of magnitude of
the number albedo R. It is given by the simple relation R = M-c.lp. For photons of low
energy (ko ~ 50 keV), R = 0.3*0.5 = 0.15, and for photons of high energy
(ko = 500 keV), R = 0.15*1.5 = 0.2. Theses values are closed to the calculated ones
with the Monte-carlo method.

The emergence of the photon takes place generally at a distance I6 from the initial
entering point at the wall surface. The distance decreases exponentially with a
characteristic length close to le = (Ji0)"1, excepted for photons of high energy and nearly
tangential incidence (figure 19). This non-local effect can be usually neglected if the size
of the photon source is large compared to the radius of the interesting wall surface facing
the detector, including the characteristic length Tc. However, for numerical calculation it
is often necessary to consider a finite surface 5s of radius Sr. The number of photons
emerging towards the detector 5Nj. is then given by the relation :

5s' 5s"

where 5Ns'o is the number of photons entering the surface 5s' > 5s, 5s" the effective
surface where the photons are emerging, 5s" > 5s1, RI the "number albedo" in the
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direction perpendicular to the surface, and ge the usual geometrical extend of the
SS2

detecting device, gg = , • with L the distance between the surface and the diaphragm
2n.Li

on the detector side. The effective surface Ss" is determined by the integral :

f+f . -gu
A

- -
8s" = 8s' + I e . r . d r - 8s1 + e ' . U .

A

and at the limit Sr »Te, 8s" = 8s1.

2.4.4.

Energy spectra of the emerging photons, whatever the angle of emergence, are
given in figure 20 for ko = 50 keV and C = O, 60 degrees. There is a narrow peak at
kout = 42 keV which arises from Compton back-scattering after one collision. It is the
boundary between two different parts : at lower energies, the reflected photon have
suffered at least more than one collision, and at higher energies, there are contributions of
both single and multiple collisions.

The shape of the energy spectrum is nearly indépendant of the angle of incidence
in the multiple scattering part. Above the single back-scattering limit, a significant
sensitivity is observed which arises from the anisotropy of the compton scattering cross-
section, as single scattering is dominant. Thus, a small hump appears for C = 60 degrees

47 keV, which can be ascribes to the forward emergence limit.
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3. Petermination of the reflected X-ray contribution in a tokamak device.
Comparison with experimental results.

As described in the previous section, part of the energy spectrum is sensitive to
the arigle~of incidence of photons on the first inner wall, whereas the "number albedo" Rj.
is nearly insensitive to both the the angle of incidence and the energy of the entering
photons. The détermination of the energy spectrum of the photon reflected by the inner
wall in the range 50 keV - 500 keV needs then to integrate the contributions of all plasma
cells, which represents a considerable amount of calculations.

In order to overcome this difficulty, we consider that the photon flux which enters
the elementary surface 5s is homogeneous, and that the distribution of the angles of
incidence is indépendant of the position on 5s. In this frame, and considering that the
direction of observation is perpendicular to the tangential plane of the wall, it is possible
to sépare the tokamak calculation part from the resolution of the radiation transport
equation. The only connection between them is given by the distribution of the angles of
incidence, n(C), the energy spectrum of the entering photons n(ko), and the absolute flux
of photons entering the considered surface.

With this definition, n(C) is indépendant of the photon energy, and therefore, any
anistropy of the X ray emission is neglected. Nevertheless, this assrmption is not too
restricting as long as the direction of observation is locally an axis of symerry for the
radiation transport equation in matter : n(C) is then mainly function the plasma emission
profile and the position of the plasma inside the chamber.

3.1. Simulations of the energy spectrum in the range 50 - 500 kgV.

The distribution of the angles of incidence n(Q for the lines of sight B (central)
and E (peripheral) is reported in figure 21 for a peaked a = 3 and a flat emission profile
a = O with a plasma centered in the chamber. Vertical and horizontal plasma shifts have
been considered, but for a = 3, n(C) remains unchanged.

The energy distribution function of the entering photons n(ko) is considered to
decay exponentially with a characteristic energy KQ. Thus the normalized distribution
n(ko) is given by the relation :

n(k0) = - . e
k0

where komin is the minimum photon energy. The variation of n(ko) is reported in
figure 22 for k0min = 50 keV and k0 = 150 keV.
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The complete X-ray spectrum which is the sum of the plasma and the reflected
contributions is reported in figure 23 for the case of carbon tiles brazed on an
semi-infinite iron bulk. We consider the most peripheral line of sight of the Tore-Supra
high energy X ray spectrometer (E) and a peaked plasma X-ray emission (a = 3). As the

reflected energy X-ray spectrum extends up to 200 keV, the "measured" energy X-ray
spectrum is only modified at low energy. If we consider the energy dépendance of the
"measured" spectrum between 50 keV and 500 keV, the characteristic energy is then

ÎCQ = 80 keV (dotted dashed line), twice less than the real characteristic energy (dotted
line).

Similar calculations have been done with a flat plasma X-ray emission profile
(a = O). We show that corrections due to reflections on the interna! wall are négligeable

in this case (see figure 24).

When the carbon layer is removed, the reflected X-ray spectrum is modified
(figure 25). We observe an increase of n(k) between 100 keV and 200 keV, and a
decrease a? lower energy. However, the upper limit of the spectrum at 200 keV remains
constant. Between 100 keV and 200 keV, the Compton scattering is dominant for both
carbon and iron media. As it is proportional to the atomic number Z, the increase is

7.
roughly of the order of the ratio y* ron = 4. It is then not possible to expect a reduction

of the rrodification of the energy spectrum of the plasma emission, as the decrease of the
number albedo which results from the removal of the carbon tiles (see previous section)
is just cancelled by the increase of reflectivity hi the range 100 - 200 keV. Beiow
100 keV, the photoelectric absorption becomes rapidly dominant for the iron medium
due to the 7? dépendance, and a sharp decrease is observed.

3.2. Comparison withi experirnental,results..

Theoretical results have been compared to experimental data. We consider the
Tore-Supra shot #3362, where 525 kW of RF power have been injected into the plasma.
The average electronic density is <nc> = 1.05 1O+13 cm'3, and the toroidal field
BT = 4.5T. This shot has been considered for the large energy range of the measured
spectra for the central lines of sight, which extends up to 500 keV approximatively
(figure 26).

The number of photons detected with an energy greater than 100 keV and
normalized to the value of the central line of sight, Nvx/NVB. is reported in figure 27. The
absorption of radiations by materials along the line of sight is négligeable in this energy
range. The variation of Nvx/NVB from one line of sight to another is similar to the
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normalized plasma volume Vvx/VvB which is explored (figure 28), except for the line of
sight E where a slight increase is observed compared to the line of sight D.

As a first step, we determine a local plasma X-ray emission profile in order to
reproduce the integrated measure for the lines of sight A, B, C and D, with the constraint

k > 100 keV. The best fit is obtained with a dépendance of the type (-1 - (rp/ap)
4) ,

corresponding to a flat profile for|rp/ap| S 0.2 (figure 29). The extrapolated value

NvE/NvB of the number of photons such as k > 100 keV and arising from the plasma is
then negligable for the line of sight E (figure 27).

As the slopes of the photon spectra for the lines of sight A, B and C are similar,
we neglect any variation of the X-ray energy spectrum with rp. A good fit is obtained for
the central line of sight B with TCO = 90 keV, (figure 30), considering a simple
exponential decay.

Numerical calculations show that nearly all the detected X rays for the line of sight
E are arising from interactions with the wall. The number albedo is close to 0.22.
Without any more assumptions, it is possible to give the right order of magnitude of
NvE/NyB by a factor 2 (figure 27). Moreover, it is also possible to reproduce fairly well
the energy spectrum down to 70 keV (figure 31). The discrepancy at lower energy can be
ascribed to the change of slope of the plasma photon spectrum which is not well fitted by
a simple exponential decay below 100 keV (figure 30). Corrections due to multiple
reflections have been neglected, as after successive reflections, the resulting X-ray
spectrum is shifted down to low energies, which are not relevant for the present analysis
(build-up effect).

This analysis show that photons with an energy larger than 200 keV are coming
from the plasma. The normalized number of photons detected with an energy greater than
200 keV is reported in figure 27. In this case, we observe that the shape of Nvx/NVB is
close to that of the normalized plasma volume which is explored Vvx/VvB. even for the
line of sight E. The number of photons coming from the plasma at the periphery is not
négligeable, but is ten twelve times lower than for the central chords. We must then
correct the initial profile given in figure 29 for rp/ap > 0.7 and k > 200 keV, and a new
determination of the wall contribution with the corrected plasma emission profile allow
then to obtain a fully consistant interpretation of the experimental data.
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4. Conclusions.

In this report, we have considered the diffusion of X rays back to the plasma by
the inner wall of a tokamak, and determined the reflected contribution for a given
direction of observation.

In a preliminary approach, we have described the wall reflectivity by a single
phenomenological parameter, the ratio between the number of photons emerging from the
wall and the number entering. The scattering processes inside me wall are considered to
be isotropic, and indépendant to the energy of me incoming photons. Within these crude
assumptions, we have calculated the proportion of the X rays which are reflected in a
given direction of observation. Various emission profiles and plasma positions in the
tokamak chamber have been considered. The contribution of multiple reflections has also
be investigated. The plasma position strongly modify the poloidal dépendance of the
phoion flux on the inner wail. The contribution of once reflected X rays is then very
sensitive to this parameter. However, this effect is smooth out by multiple reflections, if
the "number albedo" is large (> 0.5). In this case, corrections due to multiple reflections
are important and lead to a large increase of the reflected contribution.

We show in this simple model, that the wall reflectivity can lead to spurious
conclusions concerning the X-ray emission profile in the vicinity of the plasma edge,
when it is peaked (a = 3) : the reflected contribution can be interpreted as if it was
coming from a plasma ring of high X-ray emissivity above rp/ap = 0.80. In these
conditions, with R = 0.1, the reflected contribution reaches 25% if the plasma is centered
in the chamber, for the most peripheral line of sight of the Tore-Supra spectrometer, and
this proportion increases up to 46% when the plasma is shifted by five centimeters in the
low field side. If the plasma X-ray emission is flat, the reflected contribution is nearly
always négligeable compared to the plasma one for all lines of sight of the Tore-Supra
spectrometer. A radiation sink reduces significantly the reflected contribution, and then
for the Tore-Supra high energy spectrometer, the three more central lines of sight are free
of reflected X rays. Finally, a reduction of the plasma size does not lead to a decrease of
the reflected contribution for the two peripheral lines of sight of Tore-Supra.

The next step deals with the resolution of the radiation transport equation in the
solid matter in order to have a quantitative estimate of the previous phenomenological
parameter. All correlations along the random walk between the energy, position and
direction of the photon are considered. As the real medium is heterogeneous - carbon
tiles brazed on an iron bulk -, the solution is determined by a numerical Monte-Carlo
method. A carefull analysis of the microscopic processes which occur in the solid matter
is made. We show that the reflectivity is greatly enhanced by a carbon layer between 50
keV and 150 keV, even for a thickness of one centimeter. The reflectivity is then nearly
indépendant of the energy of the entering photons up to 500 keV, and lies between 0.15
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and 0.4 from a perpendicular to a nearly tangential incidence. Angular corrections for a
direction of observation perpendicular to the reflecting surface have also been considered.
The effective number albedo RI which is derived is close to 0.25 and nearly indépendant
of both the energy and the direction of the incoming photons.

Finally, a fully,description of the X-ray reflectivity in the high energy range has
been performed, taking account of the toroidal geometry and the exact solution of the
radiation transport equation. Comparison between theoretical and experimental results
obtained with the Tore-Supra high energy X-ray spectrometer has been done. A strong
reflectivity effect is observed for the more peripheral line of sight when the plasma
emission profile is peaked. There is a good agreement for the total number of detected
photons with an energy greater than 100 keV. We can give also a successfully description
of the measured energy spectrum which lies up to 200 keV when the photon energy
spectrum of the plasma determined from the central chords extends up to 500 keV.

Analysis of X-ray spectra in the range 50-500 keV requires to determine carefully
the energy threshold above which the reflected contribution becomes négligeable for the
peripheral lines of sight. Thus, it is necessary to use a systematic procedure to have a
consistant interpretation of the data, before to compare them with plasma emission
models. The proposed one is to choose an approximate plasma radiation profile in order
to fit the data measured by the lines of sight free of reflected contributions (central
chords). Then, considering that the energy spectrum measured by the central line is
indépendant of the position in the plasma, we calculate the energy spectrum of the
reflected X rays for the peripheral lines of sight and determine the energy threshold. Only
photons which have an energy greater than this threshold energy can be used for the
plasma emission analysis, and new profiles have to be considered to fit the corresponding
part of the data.
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5. Appendix.

5.1. Experimental set-up.

The high energy X-ray spectrometer is an array of five BGO scintillators. They
allow to explore the plasma along five chords which are respectively at rp/ap = 0.0 (B),
0.2 (A), 0.33 (C), 0.52 (D), 0.71 (E) when it is centered in the tokamak chamber. The
experimental set-up is given in figure 32. The two more peripheral lines of sight D and E
are crossing the inner wall of the tokamak at polpidal angles respectively 6 = 130 and

6 = 146 degrees, whereas the three other are viewing the upper port.

The vacuum window is a two millimeters thick aluminium sheet. X rays
attenuation is then négligeable above 50 keV. A calibration system allow to check the
proportionnality between the energy and the channel number of the histograming
memory. We use y-ray sources at three different energies nearly equally spaced between

O and 1 MeV. All detectors are set in a large box of lead (thickness = 10 cm), in view to
reduce the noisy non-collimated radiations. The collimated X rays are detected through
small diaphragms (4> = 3.5 mm).

5.2. Random deviates : numerical procedure.

The sampling of photon histories requires the selection of random deviates from a
number of different distribution. All are calculated from uniform deviates which are just
random number lying within a specified range (O to 1 generally). In order to reduce the
computer time consumption, it is necessary to use all refined techniques. There are
mainly based on the transformation method which requires the knowledge of the inverse
of the cumulative distribution function, and the standard rejection method proposed by
von Neuman [8]. In some cases, it usefull to combine the two methods.

Let x a random variate so that the probability of generating a number between x
and x + dx, denoted p(x).dx, is given by :

p(x).dx=
O otherwise

+00

with the condition of normalization /p(x).dx = 1. The transformation method allow to
-OO

determine the relation y(x) between a given random deviate y and x, with the desired
distribution function p(y) = f(y). As ! p(y).dy I = I p(x).dx | from distribution theory,
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and p(x) = 1, it is just necessary to solve the differential equation :

P(y) =

If F(y) is the indefinite integral of f(y), i.e. the cumulative distribution function
associated with f(y), we have then : - - - - - — ---------

y(x) = F1W

This technique has been used both for the sampling of the azimuthal angle %j of

the Compton scattering, and the mean free path Ij between two interactions. Hence, Ij is
given by the simple relation :

L = - ,} . . ln(x)
J HT(kj+i)

The rejection method is a powerful technique for generating random deviates
whose distribution function f(y) is known and computable. It is more general than the
transformation method as it is not necessary to know the inverse of the associated
cumulative distribution function F-

Let fmax the maximum value of f(y) over the intervall of variation [ymin; ymaxl-
Two uniformly distributed random deviates yi and y2 are sampled, within the intervall
[yminî ymaxl for the first one and [O; fmax] for the second. If y\ and j'2 are such as the
relation y2 ̂  f(yi) is fullfilled, then we put y = yi, and the distribution function of the
random deviate y is f(y). If the condition y2 ̂  f(y i) is not fulifilled, the couple (yi,y2) is
rejected, and the procedure is repeated until it is verified. The rejection rate in this
example depends on the characteristics of f(y) and is equal to :

'•11 -- 1 - . J f(y).dy = 1. .
fmax-(ymax " ymin) I fmax-fymax

It is possible to combine the advantages of the two selection methods described
above with the use of a more adapted distribution function g(z) whose inverse of the
associated cumulative distribution function is known G'1. The function g(y) is such as
g(y) > f(y), and has the same shape everywhere. We reduce then the rejection rate
associated with the sampling of y2. It is a variation of this technique which has been used
to sample the energy of the photon after Compton scattering [9]. We have plotted in
figure 33 the rejection rate using a standard rejection method and the modified technique.
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