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Abstract

Clean carbon probes have been exposed at different positions to the
plasma in the limiter shadow of TFR 600 for a certain number of
discharges. After exposure the probes have been analysed with the
D(3He, p)aHe nuclear reaction in respect to the amount of trapped
deuterium. The results have been compared with trapping curves

for deuterium in carbon obtained under well defined conditions.
This allowed to get information about the ion temperature, the ion

density and the ion fluxes for the plasma in the scrape off region.
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Zusammenfassung

Zur Bestimmung von Ionentemperatur, Ionendichte sowie den Ionen-
fliissen wurden reine Kohlenstoffproben fiir eine gewisse Anzahl
von Entladungen dem Deuterium-Plasma im Limiterschatten von

TFR 600 ausgesetzt, Die im Kohlenstoff aufgesammelte Menge Deu-
terium wurde mit Hilfe der Kernreaktion D(3He,p)4He bestimmt. Die
Ergebnisse wurden sowohl mit Aufsammelkurven, die mit einem Deu-
terium Ionenstrahl unter wohl definierten Bedingungen gemessen
wurden, als auch mit berechneten Aufsammelkurven verglichen. Die-
ses Verfahren erlaubt eine Bestimmung des Jonenflusses zur Probe
und damit eine Abschdtzung der Ionentemperatur und der Ionen-—

dichte des Randschichtplasmas.




Introduction

In present-day high temperature:plasma experiments the central plasma

is generally well diagnosed /1/ while the plasma in the scrape off region,
defined by a limiter or the separatrix of a divertor is only little
investigated, experimentally and theoretically /2-5/. This plasma is in
direct contact with the limiters, the diverter plates and the first wall
and represents the boundary condition for the central plasma. Thus it
plays a major role for the particle and energy balance of the central
plasma ,i.e. recycling, fueling and exhaust and the introduction of

impurities from the first wall as well as the temperature gradients.

One successful scheme to study this plasma is the use of collection

probes in QWAASS experiments /3-14/. Here well defined solid probes

are inserted into this region and exposed to discharges. After exposure
they are retracted and the particles collected in the surface layers during

the discharge are detected by Auger Electron Spectroscopy (AES), Secondary

Ton Mass Spectrometry (SIMS), Flash Desorption (FD) or by Rutherford
Backscattering (RBS) and Nuclear Reactions (NR). QWAASS experiments
are similar to Langmuir probe experiments where the electrons (and ions)

are collected and detected by current measurements /3/.

In this work we report about QWAASS experiments using clean carbon
probes which have been exposed to the plasma in the limiter shadow
of TFR 600. The deuterium trapped was determined as a function of the

radial position of the probe and the number of discharges. A comparison



of the trapped amount with the results of trapping experimentg per—
formed with well defined ion beams and with calculated trapping

curves allows to give an estimate of the plasma temperature as

well as the density and deuterium fluxes in the scrape off plasma /15/.
Hydrogen trapping in the first wall of high temperature plasma experi-
ments has first been described by Martin and Lewin at the A2 Stellarator
/16/ and has been investigated meanwhile at several plasma experiments
/12-24/. Measurements of hydrogen trapping in clean well defined

probes as Carbon or Silicon exposed to the scrape off plasma have

first been described by McCracken et al. /14, 18/ and have recently

been performed at most tokamaks./12, 15, 25-28/. However, for an evaluation
of these measurements to get the plasma parameters the trapping

behaviour of the materials has to be known in detail.

Experiments

TFR 600 is a tokamak without a copper she'il and has a major radius

of 98 cm /29/. The vacuum vessel with an inner radius of 26 cm as well
as the limiter, which was at a radius of a = 20 cm, are made of Inconel
625. After Taylor type discharge cleaning a zéff of | to 2 has been

reached. The tokamak discharges used in these experiments were run

in deuterium and can be roughly characterized by a plasma current

Ip = 200 kA at a toroidal field of BT « 4T; they lasted for about

O]3 cm—3 a

100 to 120 ms with a mean electron density of Eé ~ 4 ,

.
central electron temperature of Te(o) 2~ 1200 eV,and a central ion

temperature of Ti(o) ¥ 400 eV. The reproducibility of the plasma
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parameters from shot to shot was rather poor probably due to the

plasma position being not well enough controlled.

The probes exposed with the QWAASS device at floating potential

were highly polished Si-samples with an evaporated layer of 120 nm
Carbon., The position at which the probes were exposed to the plasma

in the limiter shadow is shown schematically in fig. 1/11/.

The side Q8 facing the ion Q8 facing the ion drift direction (ion side) is
225 degrees and the side Q2 facing the electron drift direction (electron
side) is 135 degrees from the main limiter. The probes were located

14 cm below the mid plane of the torus; they were large enough

(0.8 cm x 5 cm) so that a radial profile could be obtained in each
measurement. The probes were composed of two pieces so that both

(the electron side and the ion side) could be analysed independently.
Three sets of samples were exposed, the first set for 3 discharges,

the second for 8 discharges and the third for 24 discharges. After
exposure to the deuterium plasma the samples were retracted, let up

to air and transported to Garching. Here they were analysed using

the D(BHe, p)QHe nuclear reaction and Rutherford backscattering

/23, 30, 31/. The latter gives the amount of heavy impurities deposited

and the results are published already in previous papers /4,11/.

The results for the amount of trapped deuterium are shown in Fig.2

and 3. The absolute amount of trapped deuterium in the probes on the
electron side as a function of the minor radius for each set of discharges
is plotted in Fig.2., It shows a decrease of the trapped deuterium with
increasing distance from the plasma. For the case of 24 discharges the

results for the electron side are also introduced. More close to the plasma

less deuterium is trapped while close to the first wall more deuterium
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is trapped than on the ion side. However, the differences are

below 30 Z. In Fig. 3 the same results are plotted as a function of

the number of discharges for 5 different positions relative to the
plasma. The amount of deuterium trapped does not increase linearly with
the number of discharges, the curves show a bending indicating

less trapping for an increasing number of discharges. This behaviour

is more pronounced for large radii)i.e. more close to the first wall

than at the plasma edge defined by the limiter.

In order to interpret these data, they have to be compared with the
results of trapping measurements using well defined ion beams /32, 33/
and with the calculations simulating the bombardment of the probes in

the plasma /28, 33, 34/.

Trapping Experiments and Calculations

If energetic particles (ions or neutrals) impinge on a solid, part
of them are backscattered /35-37/, while the other part is slowed down
in the solid and generally trapped depending on the solubility and

diffusivity of the gas atoms in the solid.

Trapping of low energy deuterium in amorphous carbon has been recently
investigated experimentally /33/. The implantations were performed
both with a single energy and with a simulation of a Maxwellian energy
distribution corresponding to a temperature T, at normal incidence.

This is given by: - E/KT

dl'(E) = Po T e dE (1)




where dI'(E) is the differential and B the total particle flux, E
the energy of the particles incident on the sample and k Boltzmann's
constant. If the bombardment takes place in a plasma at density n the

total ion flux to the solid probe is given by

kT.
_ i 1/2
Fp=n ( 2% m ) (2)

Here m is the mass of the ions and Ti the ion temperature of the

plasma. For single energy bombardment the trapped amount rises first
linearly with the implantation fluence until a transition to saturation
occurs, which means that for each incident particle one is reemitted.

For implantation with the energy distribution again a linear increase

of the trapped gas is found for low doses. For higher doses a bending
occurs and the trapped gas increases with a smaller slope, saturation 1is

not reached up to doses of 1019 D/cmz.

The measured trapping curves could be reproduced by calculations using
the following model. The range distribution of the implanted deuterium
in amorphous carbon was calculated with the computer simulation program
TRIM /38, 39/. It was further assumed that all particles coming to

rest in the solid are trapped until a saturation concentration is
reached. At further bombardment the particles coming to rest at the
saturated depth are reemitted. For deuterium implanted in carbon at
room temperature good agreement with the measurements was obtained

if saturation was assumed to occur for a ratio of deuterium to carbon

of nD/nC = 0:3:




In this model the details of the tramsition to saturation depend on the
range distribution of the ions in the solid. For single energy implantation
in the energy range below a few keV, which is of interest here, the

range profiles are well defined and relatively flat /30, 39, 40/. The
critical concentration is reached at all depths for nearly the same fluence
giving the fast transition to saturation. As the range of the ions in

the solid increase with the energy, the total amount of gas trapped at
saturation depends on the bombardment energy /30, 32/. If the range
distribution of the incident particles has tails like for the implantation
with a broad energy distribution, the transition to saturation occurs

only slowly.,

For particles having a Maxwellian energy distribution and an isotropic
distribution for the angles of incidence no simulation experiments

for the trapping have been performed up to now. In this case the
differential flux dr(e, E) of particles incident on a plane is

given by

2E -~ EJET

di'(e, E) =T : 5 e sin® cose® de dE (3)
(kT)

o]

where © is the angle of incidence in respect to the surface normal.
For this case again the TRIM-program was used to get the range distri-
bution of the ions in the solid. Trapping curves have been calculated
using the same model and the same saturation concentration as in the

case of normal incidence.

The results for all three cases of deuterium trapping in carbon

for an ion energy and for an ion temperature of 150 eV are plotted
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in Fig. 4. The abscissa is the total ion fluence ¢ after the discharge
time given by @ = rst. The trapping is always lower than 100 7 due to

the backscattered particles.

For single energy implantation the trapping rises first linear with the ion
. 16 2 ;
fluence until at = 3 x 10 D/cm” a bent to saturation occurs. The

experimental points /33/ show reasonable agreement with the calculated

curve.,

For implantation with a Maxwellian velocity distribution at "normal"
incidence bending starts already at a lower dose, however, saturation

9 2

is not reached up to doses of 10] D/cm”.

For an isotropic Maxwellian distribution the reflected fraction is higher
due to the oblique angles of incidence. This gives lower trapping at

low implantation fluences. However, the bending to smaller trapping
occurs at higher implantation fluences and more deuterium can be

trapped at the higher fluences than for the case of "normal"

incidence. This can be understood from the range distributions calculated
with TRIM. For a given energy the range of the ions in the solid does

not decrease with cose for oblique angles of incidence but remains nearly
constant up to very gracing incidence. Only the reflection coefficients
increases with the angle of incidence. Thus the isotropic incidence
distribution (equation 3) gives larger ranges than the "normal"

incidence distribution (equation 1).

Plasma Parameters in the Limiter Shadow

In order to determine the plasma parameters and particle fluxes in
the limiter shadow for the discharges investigated in TFR 600 the amount

of trapped deuterium at different radial positions have been compared
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with the calculated trapping curves obtained for different ion temperatures
taking a Maxwellian energy distribution with an isotropic distribution

for the angles of incidence. The results are shown in Fig.5. The best

fit between the measured amount of trapped deuterium at the three

radial positions r and the calculated trapping curves is obtained for

the values summarised in Table 1. While the plasma temperature Ti(r) and
the particle fluences 4 are obtained directly from fig.5 the plasma

density is calculated using equation (2).

Discussion

The values obtained for the ion temperature are in good agreement with
the results for the neutral particle temperature in this region, obtained
from the Da—Doppler broadening /41/, while the particle densities and

fluxes are somewhat lower than expected.

However, the uncertainties in the experimental values and in the eva-

luation of the data have to be regarded in detail:

= In the QWAASS experiments all deuterium atoms hitting the probes
during the discharge contribute to the amount of trapped deuterium.
The fluxes during the start and the end of the discharge may be com-
parable with the fluxes during the flat top but probably have lower
energies. This means that in these measurements some mean ion

temperature is obtained.
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We have assumed that the plasma in the limiter shadow can be described
by a Maxwellian distribution. This may be only a first approximation

as the real energy distribution is not yet known.

The plasma in the limiter shadow is in direct contact with the first
wall and the limiters where ions get neutralised /36/. A certain con-
centration of neutral particles will thus be present in this region.
These may also not have a Maxwellian distribution and may not be in
thermal equilibrium with the plasma /42/. However, detailed measure-
ments with the QWAASS set up using diaphragms in front of the
collector have shown that the contribution of neutral particles to

the amount of trapped deuterium is small /43/.

A further complication for interpreting the measurements is the pre-
sence of a sheath potential in front of the sample. This gives the
particles an additional energy component normal to the surface re-
sulting in higher trapping. It would mean that the temperatures ob-

tained present an upper limit.

The transport of the samples through air before analysis does not
seem to influence the results.It is known that D is trapped stable
in carbon at room temperature /32/ and the built-up of an impurity

(co, HZO) layer on the surface would not influence the results.

In the simulation experiments carbon in the form of PAPYEX is used
while for the trapping probes at TFR 600 evaporated carbon films
were applied. The two different kinds of carbon may show a different
saturation concentration, but the differences expected are below the
other experimental uncertainties. More detailed measurements are

necessary.
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During the discharge also a layer of Fe, Ni, and Cr is deposited
on the QWAASS probe /4, 11/. This increases the reflection coeffi-
cient especially for the very low energy deuterons, resulting in

lower trapping of D. This effect has also to be looked at in detail.

The range profiles for deuterium have been calculated with the TRIM
program using Moliére potentials and Lindhard's stopping powers.
Several cases had also been calculated with the more refined program
MARLOWE (amorphous) /39/ using the same input parameters as for TRIM.
For the values of interest here good agreement was found between the

results of both programs.

It is not yet established whether the deuterium is trapped within

the range profile or the damage profile of the incident ions. This is
important for the concentration of deuterium at saturation, however,
it does not enter directly into the results of the experiments re-

ported here.

Recently trapping curves for D in amorphous carbon have been calcu-
lated also by Cohen and McCracken /12, 34/ using a different approach
than in this work. The ranges of the D implanted with an isotropic
Maxwellian distribution were calculated from the mean range and the
range straggling obtained by Brice for the case of normal incidence.
For obtaining the range distribution at oblique angles of incidence
the mean projected range was assumed to be shortened by cos 8, while
thestraggling was assumed spherically isotropic centered around the
range of the ions. These assumptions give shorter ranges at oblique

angles of incidence then the TRIM calculations. The model to cal-
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culate the trapping curves from these range distributions and the
saturation concentration was the same as used here. Due to the
lower ranges lower trapping is obtained for the isotropic than for
the normal incidence Maxwellian distribution. The opposite effect
was found in this work for high enough fluences. The application of
these trapping curves for the evaluation of trapping measurements
in carbon at PLT, gave thus higher ion temperatures and higher

deuterium fluences /12/.

All calculations have been performed for ideally flat surfaces. Rough
surfaces decrease the reflection yield. This means that the trapping
curves calculated may show too low trapping compared to reality. The

effect gets especially large for oblique angles of incidence.

In these experiments only the information of the total amount of
trapped deuterium is used. So far we have not used the depth distri-
bution of the trapped deuterium, since the depth resolution of the
nuclear reaction technique applied here of about 100 to 200 R is not
sufficient. However, it was demonstrated recently that depth pro-
files with better depth resolution can be obtained by SIMS depth pro-
filing /12/. These profiles can be directly used to get the ion
temperature even after only one exposure. The total ion flux and the
ion density can also be obtained if the total amount of trapped
deuterium is measured. The simultaneous use of both methods probably

would give the best results.




_13_

Summary

Detailed measurements of the amount of trapped deuterium in clean carbon

probes which had been exposed for a certain number of discharges to the

plasma in the limiter shadow of TFR 600 have been compared with deuterium

trapping curves obtained under well defined ion bombardment conditions.
From this comparison mean values for the ion te-perature, the ion fluxes
and densities are obtained which are in reasonable agreement with other
estimates. The results deviate, however, from the results of similar ex—
periments performed recently /12/ but evaluated with slightly different

assumptions /34/. These differences have to be clarified.

The technique applied here could be extended to more refined measure-—
ments as the time dependence of the plasma parameters or the magnitude
of sheath potentials in front of the probes. Further, depth profiles
should be measured for ion beam simulations and in the QWAASS probe
measurements to get more and additional information. A disadvantage of
the method used here is till that the analysis to get the plasma para-

meters took a relatively long time.

Acknowledgements

It is a pleasure to thank S.A. Cohen and G.M. McCracken, who are per-—
forming similar experiments, for discussions and encouragement. We

are grateful to our colleagues B.M.U. Scherzer and W. Poschrieder for
many valuable contributions and suggestions. We also wish to acknowledge

H. Schmidl and H. v. Seefeld for assistance during the measurements.




_14_

References
/1/ TFR Group, Nucl.Fusion 18 (1978) 647
¥2l R.Behrisch, J.Physique 38 (1977) C3-43
/3/ S.A. Cohen, J.Nucl. Mat., 76/77 (1978) 68
/4/ P. Staib and G. Staudenmaier, J. Nucl. Mat. 76/77 (1978) 78
/5/ G.M. McCracken and P.E. Stott, CLM-P 573 (1979) to be published
in Nucl. Fusion (1979)
/6/ P. Staib, R. Behrisch, W. Heiland and G. Staudenmaier,
Proc. 7th Europ. Conf. on Contr. Fusion and Plasmaphysics,
Lausanne, Sept. (1975) 133. ?
17/ P. Staib and G. Staudenmaier, J. Nucl. Mat. 63 (1976) 37 |
/8/ H.F, Dylla and S.A. Cohen, J. Nucl, Mat, 63 (1976) 478
19/ Equipe TFR, Proc. Int. Symp. on Plasma Wall Interact.
Jiilich, Oct. 1976, CEC Report (1977) p. 59.
/10/ G. Dearnaly, G.M. McCracken, J.F. Turner and J. Vince,
Nucl. Instr. Meth. 149 (1978) 253.
/11/ G. Staudenmaier, P. Staib and G. Venus, J. Nucl.
Mat. 76/77 (1978) 445.
/12/ S.A. Cohen, H.F. Dylla, S.M. Rossnagel, S.T. Picraux,
J.A. Borders and C.W. Magee, J. Nucl. Mat. 76/77 (1978) 459.
/13/ G.M. McCracken, G. Dearnaley, R.D. Gill, J. Hugill,
J.W.M. Paul, B.A. Powell, P.E. Stott, J.F. Turner, and
J.E. Vince, J. Nucl. Mat. 76/77 (1978) 431.
[14/ S.K. Erents, G.M.McCracken, and J. Vince, J. Phys. D, Appl.
Phys. 11 (1978) 227.
/15/ TFR Group, Bull. Am. Phys. Soc. 23 (1978) 802
/16/ G. Martin and G. Lewin, J. Vac. Sci. Technol. 3 (1966) 6



/17/

/18/

/19/
/20/

/21/

122

/23/

/24 )

125/

/26/

_15_
W. Koppenddrfer, M. Minich, J. Sommers, Proc. 6th Int. Symp.

Plasma Physics and Controlled Fusion Research, Berchtesgaden

1979, IAEA-CN /E13-1/.

G.M. McCracken , Proc. of Symp. on Plasma Wall Interaction
Jiilich 1976, published for European Communities by Pergamon

Press, Oxford (1977) p. 339.

E. Marmar, J. Nucl. Mat. 76/77 (1978) 59.
G.M. McCracken, S.J. Fielding, S.K. Erents, A-Pospiezeczyk and
P.E. Stott, Nuclear Fusion 18, (1978) 35.

C. Sofield, J. Singelton, E.S. Hotston and G.M, McCracken,
J. Nucl. Mat. 76/77 (1978) 348.

G.M. McCracken, D.H. J. Goodall, L.B. Bridewell,

G. Dearnaley, J.H. Shea, C.J. Sofield and J. Turner,

7th Int. Conf. on plasma physics and controlled Nuclear
Fusion Research, Innsbruck, 1978, paper CN/37/N5 to be
published IAEA Vienna.

B.M.U. Scherzer, R. Behrisch, R.S. Blewer, H. Schmidl

and T.F.R. Group, Proc. 10 th Symp. on Fusion Technology,
Padua, Italy Sept. 1978, to be published.

G.M. McCrakcen, 1st Topical Meeting on Fusion Reactor
Materials, Miami, Jan. 1979, to be published in J. Nucl.
Mater. 1979,

H.F. Dylla, S.A. Cohen, S.M. Rossnagel, C.W. Magee,

S.T. Picraux, and W.R. Wampler, Bull. Am. Phys. Soc. 23
(1978) 894,

R.A. Zuhr, B.R. Appleton, J.L. Moore, U.E. Schow,

J.B. Roberto, C.W. White and S.P. Withrow, Bull. Am.Phys.

Soc. 23 (1978) 791.




_16_

/27/ G.L. Kellog and J.A. Panitz, Ist Topical Meeting on Fusion
Reactor Materials, Miami Beach, Jan. 1979, to be published
in J. Nucl. Mater. 1979.

/28/ W.R. Wampler, S.T. Picraux, S.A. Cohen, H.F. Dylla,
G.M. McCrakcen, S.M. Rossnagel and C.W. Magee, Ist
Topical Meeting on Fusion Reactor Materials, Miami Beach,

Jan. 1979, to be published in J. Nucl. Mater. 1979,

/29/ TFR Group, Plasma Physics and Controlled Nuclear Fusion

Research, Proc. 7th Int. Conf. Innsbruck, Aug. 1978, paper A6.

/30/ R.S. Blewer, R. Behrisch, B.M.U. Scherzer and R. Schulz,
J. Nucl. Mater. 76/77 (1978) 305.
/31/ R. Behrisch, R.S. Blewer, H. Kukral, B.M,U., Scherzer,
H. Schmidl, P. Staib, G. Staudemmaier and TFR Group,
J. Nucl. Mater. 76/77 (1978) 437,
/32/ R.A. Langley, R.S. Blewer, J. Roth, J. Nucl.Mat. 76/77 (1978) 313
/33/ G. Staudenmaier, J. Roth, R. Behrisch, J. Bohdansky,
W. Eckstein, P. Staib, S. Matteson and S.K. Erents, J. Nucl.
Mater. 1979.
/34/ S.A. Cohen and G.M. McCracken, J. Nucl.Mater. 1979.
/35/ 0.S. Oen and M.T. Robinson, Nucl.Instr. Meth. 132 (1976)
647
/36/ W. Eckstein and H. Verbeek, J. Nucl. Mater. 76/77 (1978) 365
faill U. Littmark and A. Gras-Marti, Appl.Phys. 16 (1978) 296
/38/ J.P. Biersack and L.G. Haggmark, to be published

/39/ W. Eckstein, H. Verbeek and J.P. Biersack, J. Appl.Phys. (1979).




/40/
/41/

/42/

/43/

_]7_

H.E. Schidtt, Mat. Fys. Medd. 35 No 9 (1966)

P, Platz, Rapport d'activité du groupe de Recherches,
Fontenay—-aux—Roses (1978).

F. Wagner, H.M. Mayer, Proc. of Symp. on Plasma Wall
Interaction, Jiilich 1976, publ. for Europ. Comm. by
Pergamon Press, Oxford (1977) p. 149,

P. Staib and G. Staudenmaier, to be published.




_18....

TABLE 1: Parameters for the plasma in limiter shadow obtained in

these measurements

r (cm) 20.1 22 1 23.6
[rapped after 2.7 x 1010 {795 % joi® 0.95 x 10'°
24 shots
(D/cmz)
fIUence ateer 2 x 1040 i35 1007 1é 17
24 shots 18 17 = 3 x 10
4 (D/cm?) 1 x 10 5% 10

n(— ) 8 x 10'° to 6 x 10" w il s 507
oL 8 17 i - :
4 x 10 2 x 10
kTi (eV) 50 + 10 30 + 10 = 10
-3 10 10
ni(cm ) 4 x 10 to 3 x 10 to &~ 1 x ]011
2 x IOI] 1.3 x lOll




Figure Captions

Fig. 1

Fig.2

Fig.3

Fig.4

Fig.5

Schematic view of horizontal cross section of TFR 600
showing the location of the probe with respect to the limiters

and other structures.

Radial profile of deuterium trapped in a carbon sample ex-

posed in the limiter shadow region.

Deuterium trapped in carbon as a function of the
number of discharges. The data are taken from Fig.2 for 5
different mminor radii indicating the distance from the

plasma edge at a = 20 cm.

Calculated trapping curves for 150 eV deuterium in carbon

for the cases: (....) Single energy at normal incidence,

(— — —) Maxwellian energy distribution at normal incidence
Eq. I,(

icidence, Eq. 3. For the first case experimental values /33/

3

) Maxwellian energy distribution and isotropic

are also introduced.

Calculated trapping curves for deuterium in carbon for an
isotropic Maxwellian distribution at 6 different temperatures,
The experimental values from fig.3 are introduced with a

best fit to the shape of the curves.
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