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Abstract

Recently renewed attention has focused an the problem of helium ash accumulation in

burning Fusion plasmas, originating from both newly derived ignition criteria (e .g. /1/ )

for point reactor models and frorn results of elaborate transport rode calculations (e .g.

/2/ ) . Both approaches identify the repenetration of recycled helium atoms back into the

piasma core as one of the critical processes . In order to facilitate numerical analysis of

this problem and for reference purposes, we have compiled newly derived relevant

atornic and surface data in handy Formats, similar to those routinely used in the analysis

of the neutral hydrogen rccycling p c ss so far /36/ In fräs report wv[ provide 4

collisional-radiative atornic data package for the interaction of helium atorns with a

thermalized electron background, and a surface reflection model for helium atoms or

ions incident onto stainless steel, graphite and tungston target surfaces . This model
cornprises, as function of incident energy and angle, the reflection probability and the

fully 3 dimensional distribution in velocity spare of the reflected particles .
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1 Introduction

Helium, as the ash of the D-T fusion process, is one of the eomponents necessarily
present in a steady burning D-T fusion reactor plasma. A decisive parameter controlling
the fuel dilution problem is the ratio THe * /T E of the global helium particle confinement
time ("life time") over the energy confinement time . This ratio needs to remain suffi-
ciently below 15 for steady burning /1/ . Depending an the re-penetration efficiency of
unpumped helium partiales front first wall components, T H ,* may include a contribution
originating from recycled helium partkles . In the first phase of this recycling process,
the helium partieles are neutral and interact with the background plasma predominantly
via inelastic wilisions such as ionisation or eharge exchange . Their concentration in the
plasma is in most cases small enough to permit to neglect elastic coffisions between these
partiales themselves, Under these circumstances this recycling process can readily be
investigated by means of the powerful tools developed in the field of linear transport
theory, such as fully three-dimensional Monte Carlo Codes (/7, 8, 9/), provided that the
relevant atomic data and surface interaction proeesses are not only identified and suffi-
eiently weil known, but are also put in handy formats for convenient use in these very
complex computer codes.

Therefore, in this report, we compile such data and we stick to exactly those data for-
mats, which are already widely used in plasma edge computer transport models.

In the following section 2 we briefly describe the multi-step eiectron impact ionisation
and recombination model for helium atoms, and the format of the data (the lauer being
identical with the forrnat of the data collections 13/ and /4/).

Section 3 deals with the surface reflection data for helium atoms and ions from carbon,
stainless steel and from tungston surfaces . For comparison and completeness we have
retained all earlier databases of the same forrnat (refs ./5/ and /6f) in the new database
presented here. The present database contains the old ones as a subset and extends them
to inelude data for more target projectile combinations . Again we have used a well
known forrnat to present the data (see refl . /5/ and 76,1 ), which may look somewhat

awkward but happens to be the optimal choice for implementation of these recycling
models in Monte Carlo algorithms. This is because, generally, random sampling front
multidimensional distributions is carried out in Monte Carlo procedures by resorting to
inverted conditional distributions (quantiles) . Such data are derived from random sam-
ples of test-particle trajectories, which are obtained by computing histories of a beam
of partiales incident onto the surface, penetrating the solid and being reflected . For the
data compiled in the new database we have replaced the "histogram quantile approach'
described by G .Bateman in refs:. 5 ., by the 'consistent conditional quantile estimators'
derived by C .J .Stone (ref. :I I :) . This is just a different statistical method for estimating
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the saure parameters of conditional distributions . Thus the trieaning of the corresponding
numbers is identical in refs ./5/, /6/ and in this report.

section 4 then is a compilation of graphical presentations of the various multistep heli-
um collision rate coefficients obtained from the model deselibed by Fujirnoto in ref./I0/,
as well as the fitting coeflicients.

Finally, in section 5, we have plotted and printed examples of a few selected aspects of
the full helium surface reflection model, namely particle and energy reflection coefficients
in the plots and a table of one complete distribution function of reflected heliurn parti-
des for a monoenergetie beam of helium atoms or ions normally ineident onto a
graphite, stainless steel and a tungston target, respectively. Including such distribution
functions for all target projectile cornbinations and incident beam energy and polar an-
gles in this report, which are available in the cornplete database, or plotting all relations
between the five variables La Lt, Gout and hat (see section 3) would render this re-
port too volurninous . The full databases are, however, available from the First author of
this report, e .g. an file by electronic mail.
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2 Collisional-radiative modal for heuen. atoms

The multisstep ionisation and recombination model for helium atoms in a Maxweffian

electron Background presented here has been developed, originally, by T .Fujimoto
(ref./10/) . We have used his model to derive the effective rate coefficients needed in he-
lium transport calenlotions. No changes whatsoever have been mode to the physical

model, but, as compared to what is described in /10/, we have neglected the inelastic

neutral-neutral interactions, ie . we have solved a linear System of rate equations only.

Furthermore we have eliminated the transport terms in Fujitnoto's equations (particle
diffusion). lt is, instead, the purpose of this work to provide the effective rate coeffis

cients needed to carry out such transport analyses by existing general neutral gas trans-

port (Monte Carlo) codes . Monte Carlo code allow to study transport effects (including

the nonlinear neutral neutral interactions, ref/12/) in muckt greater detail . Such codes (as
e.g. the EIRENE code, reff7/) communicate with atomic and molecular databases in an

automatted procedure . Therefore, dato fits like the ones presented here have sirnply to

be added to existing dato collections and can then be included in transport studies

without need for any modification in the Monte Carlo codes.

Before we proceed to explaM the forme of the date derived here, we briefly generalise

tnatters for reference purposes and to set the framework for deriving rnultisstep collision

dato for other neutral particle plasma interaction proeesses:

Let there be rn different neutral particle species (e .g. different exited levels of one par-

tieular neutral atom, but also different neutral atoms). is the density of the back-

ground plasma collision partners (electrons or ions)

The rate equations for these m particle species with regard to a particular set of collision

proeesses "k" then read

d
dt n

l	< V >k ni np + <

	

>k21 .' n2 . np + < V >krn1

	

np +

nm - < rrv >k,1,p." n 1 . np + < uv >k,2,,„,, n 2 np + - < av >k r, 0

	

np + o.c.

The term o.c. stands for "other contributions", such as (inhomogeneous) source terms

(e.g . volume recombination proeesses, which are included in this report, see beine), or

other linear collision terrns due to different collision proeesses (e .g. eharge exchange) not

considered here. Transport terms (convective) are included in the total tirne derivatives

on the left-hand side of the equations.

In what follows we will otnit the collision type index k . The remaining indices i,j in the

above rate coefficients indicate a collision process of species i with the haelegound par-

2 Collisional-radiative model for helium atoms
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fieles, which results in one new neutral particle of species j . Correspondingly, the first

rate coefficient in the first equation (for species 1) and the last coefficient in the second

equation (for species m), respectively, cornprises all proeesses of the first (or the last,

respectively) species with the background partieles, which lead to any other of the m

distinct neutral species considered here, or to a total lass from the community of these

m species.

The key assumption underlying a multi-step collision model is then, that for sonne of

these rn particle species, e .g. for those labelled by the species indices

rn, mT +1, mT + 2, . . ., rn, saure of the collision frequencies <

	

. np, i = 1, m, are

d
very large compared to -dt tn(n,).

Then, for these pärtieles the total derivative

d-
dt nj

can be neglected compared to the right hand side of the rate equation.

A multi-step collisional model for the one particular set of proeesses, e .g . for electron
impact ionisation and reeombination, is then derived by excluding all other contributions

mentioned in the equations above from consideration. What results is a system of
m mT linear algebraic equations, supplemented by the mT (transport-) equations for

those particle species, for which the total time derivative could not be neglected com-

pared to collision frequeneies . Taking these first MT densities as (known) pararneters,

one obtains a system of m - mT inhomogeneous linear algebraic equations for the un-
knowns nn, T ,,, . . .,

	

with the coefficients being algebraic functions of the rate coeffi-
cients < el.v ,,>‚±‚i, i= 1, . . ., m - rnT , j = 1, . . ., mT, arid of the densities . . ., nr, T . Terms
containing these latter T densities are the inhomogeneous part in this System, which may

be compieted by further inhomogeneous terrns independent of these densities (e .g. the
volume recombinations terms or other contributions from species not considered here).

One then solves this system of linear equations for

	

i = 1, , in-mT and inserts the
solutions

nrnl, +i (e o-v >rnT + i,j , time . . ., n rnT , otherinhomog.terrns) , i = 1, 2, . . .m - mTj = 1,2, . . .,tn

into the transport equations (i .e . into those MT equations which still contain the sub-
stantive tune derivative).

This then fmally eliminates the densities nfl, T ;, i= 1, 2, . . ., m-m T from the transport
equations for the species rn,, j= 1, 2, .e, MT.

The resulting coefficients < (7v

	

in the reduced system

d

	

*
dt n, = <

	

n p + + < riv >
rn T l nrnT

n, + other contributions

for i= 1, 2, .e, MT are then the multi-step collision rates for the set of neutral-plasma
interaction proeesses considered.

For the data in this report, we have considered rn = 59 eleetronic levels of the helium

atorn, and have retained transport equations for mT = 3 distinct neutral helium atom

species . These three particle species considered are helium atoms in the ground state
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(1 IS), and helium atorns in the two metastable states (2 IS) and (2 [ 3S) . This is re-
ferred to as "formulation 1', as in ref /10/.
To faeilitate neutral gas transport ealeulations, we also provide the data using the saure

cross-sections, but with rnT =-- 1 and ground-state atoms as the only retnaining species
with transport terms.

In this case, only one neutral helium atom speeies has to be considered in the neutral
gas transport equations . Datei belonging to this model are refered to as "formulation 11",
(loc. cit .)

The processes and data included here are rate coefficients for exitation and de-excitation
by electron ixnimmt between all 59 levels, spontaneous transition probabilities, electron
impact ionisation from each level and the invers 3 body recombination coefficients, fur-
therrnore radiative and dielearie recombination to each level.

The following levels have been grouped together:
for prineipal quantum numbers n � 7 all levels are treated as individual levels, except
those with orbital angular rnornentum 1 > 3, These latter levels with the saure n are
grouped together to form a single level . Thus, since there is a singlet and a trielet systern,
these are 1 + (2 + 3 + 4 + 4 + 4 + 4) 42 = 43 levels.
For 8 n �„ 10, all of the S,P,D, . . . levels are grouped together, ie . adding another (1 +
1 + 1)*2 = 6 levels to the systern.
All states with 11 � n � 20 are approximated by the hydrogenic levels having statistical
weights twice those of hydrogen . This provides the final 10 states for the system of 59
rate equations.
Finally, the levels 21 < n � 26 are assumed to be in loeal thermal equlibrium and are
computed from the Saha-Boltzmann relation.

All these collisional-radiative coefficients have been computed over a wide range of
electron densities and temperatures, using the cross-sections compiled in ref ./ 10/.

The data have then been fitted to double polynomials of the form:

ln < eyv

	

=

	

ln«Te) Ini(ne )

The fitting coefficients

	

are given in section 4, for each particular coeffieient . rn is the
electron density, in units such that ne- -=. rr, . 10' is in units of particles/cm 3 .

	

is the
electron temperature in eV.
Also included there is information concerning the errors involved, but, to be precise,
these absolute and relative errors refer to the data fitting procedure alone, and not to the
accuracy of eross-seetions or other physical Parameters in the model derived by
Fujimoto. For a discussion of those the reader is refered to ref./10 .f.

Note that the format of the fits is identical to that of sonne of the fits in the data-bases
/3: and '4/, namely to the format used there for rate coefficients (bearn Maxwellian
background) for inelastic interaction processes between two heavy particles in a
hydrogenic or helium plasma background, e .g, for Charge exchange or ion impact
ionisation collisions . Such rate coefficients depend an two pararneters, the (beam) neu-
tral particle's energy and the (Maxwellian) target plasma ion temperature (loc . cit .).

2 Collisional-radiative model for helium atoms



Here we have Chosen exactly the saure presentation e but with replacernent of the de-

pendence an the beam particle's energy by the plasma (electron) density dependence

(this is the origin of the nornenclature used in the tables of fitting coefficients below, in

pa.rticular of the terrn E-index, which now should, more suggestively, read n.-index).
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3 The TREV1 code surface reflection database

For details concerning the physical assumptions, the format of the datahase , and the
random sampling procedure, whieh allows orte to generate the distribution of reflected
particles from the data given hexe, we refer the realer to the earlier works /5/ and /6/
on the saure issue.
Whereas in ref. /5/ the data are based on MARLOWE code calculations, they are ob-
tained using the TRIM Monte Carlo code in ref./6/ and in this report . The TRIM code
assurnes an amorphous target, while in the earlier MARLOWE code a crystal target
structure is retained . In the TRIM code, the "krypton-carbon potential" is used,
whereas in MARLOWE usually the "Moliere potential" is ernployed.
The MARLOWE data (/5/) had been produced on the Basis of 20,000 particle histories
for each incident energy and angle. The TRI M ealeulations have been performed with
200,000 caseades for each such incident bearn, both in ref ./6/ and in this report . Thus the
statistical relevance of the rnore recent TRI M data can be expected to be better, but the
trends should be sirnilar as with the MARLOWE code data.

The only difference of this present date compilation to the ones presented in /6/ is the
choice of different targetsprojeetile combinations in this report. However, for compar-
ison, we have keilt the Plots for particle and energy reflection coefficients in section 5
also for the previous daue The complete databases had been set up in refs . /5/ and /6/
for the following targetsprojectile combinations:

D onto Fe (ref./5/, MARLOWE code, "Histogram quantile estimator")
T onto Fe (dito)
He onto Fe (dito)
H onto Fe and H onto C (ref./6/, TRIM code, "Histogram quantile estimator")
D onto Fe and D onto C (dito)

We have now added the following combinations:

D onto W (this report, TRIM code, "Stone quantile estimator")
T onto Fe and T onto C (dito)
He onto Fe and He onto C and He onto W (dito)

All these databases (including the old ones), are available from the ferst author, e .g . by
electronie mail.

Sonne of the physical input parameters specified for the TRIM code ealeulations for
these combinations are Iisted in the table below.

3 The TRIM code surface reflection database
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target density (g dis 1 . energy (eV) surf. bind. energy (eV)

e 7 .87 30.0 0 .0

He

	

C 2.26 25.0 0.0

TFe 7.87 17 .0 1 .0

T

	

C 2.26 25 .0 1 .0

He -+W 19.30 35,0 0.0

w 19.30 35.0 1 .0

Distribution firnetions for back-scattered partiales are available for incident energies of

1, 2, 5, 10, 20, 50, . . . 5000 eV, and for incident polar angles of 0, 30, 45, 60, 80 and 85

degrees against the surface normal.

The distribution function for back-scattered partiales in veloeity space is presented by

tables of conditional quantile functions, as explained in /6/ (although not mentioned

explicitly there) . They comprise a table of 5 numbers for the backscattered energy dis-
tribution (corresponding to 5 randorn numbers 0 .1, 0 .3, 0 .5, 0.7 and 0.9, a table of 25

number for the polar ern.ission angle (5 rows of 5 numbers each, each row corresponding

to one energy value sampied from the previousiy mentioned energy distribution) . Finaly
there is a block of 125 number for the azimuthal distribution, 5 Blocks consisting of 5

rows of 5 numbers each. The choice of a block is made with the same random number

as used for the energy, the row number within one block is selected using the second

(polar angle) randorn number, and the colurrm in this row is determined then by a third

random nurnber.

Three examples of such tables, for an incident energy of 200 eV and for normal inci-

dence, are shown in section 5, for He onto C, onto Fe and onto W, respeetively . The Full
database for one particular target - projectile combination consists of 84 such tables (12

incident energies and 7 incident polar angles).

Use of these tables has been explained in /5/ and /6/ . However, the examples for the one

particular triple of random numbers given in refs . /8/ and /6/ are wrong . For the three

randorn nurnbers cxii, - 0 .3, w2 = 0.5 and = 0 .9 chosen as an example in /6! and for the

incident energy of 200 eV and the incident polar angle of 30 degrees, the energy of the

reflected particle should be 91 .665 eV (as correctly stated in /6/) brat for the polar and

azimuthal angles ß and (1) one trittst find cos ß =- 0 .778114 and cos (1) = 0 .942824in this
case. The same triple of random numbers, for example applied to the table an page 66

(helium onto carbon, 200 ev, normal incidence) would yield :

	

26 .905 eV,
cos ß = 0 .83113 and cos (1) = 0.94738.

The correct interpretation of the data can be checleed e .g . using the fast that for the ex-

ample tables printed in this report, the resulting azimuthal distribution raust be isotropic,

due to the normal incidence of the particle beam in the particular eases chosen hexe (and
e.g. in the faulty example in ref. /8', where this would not be the case).
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4 Plots and fits of the rate coefficients

This section is taken from a users rnanual deseribing an atornie and moleeular dato file
AMEIR (D.Reiter, unpublished) linked to the EIRENE code . The EIRENE neutral gas
transport Monte Carlo code autornatically reads data from the flies described in refs.
/3,4/, selected by the user for each run by specifying labelling indices (as described in
rer./7i) . AMEIR comprises further data, such as collision-radiative models or processes
not included in refs . /3,4/ and is set up in an identical Format.
In this report we present the multi-step heliurn ionisation and recombination data con-
tained in the data collection AMEIR. All results in this section are based an the model
and data compiled by T .Fujimoto (ref./10,». The resulting multi-step ionisation and re-
combination data fits haue, until now, been distributed to:
Univ. Stuttgart (K .Behringer)
Max Planck Institut Garching (R.Schneider and S .Bosch)
Oak Ridge National Laboratory (J .Hogan)
JET Joint European Torus (E .Deksnis)
Princeton Plasma Physics Laboratory (R .Schneider)
Univ. Düsseldorf (J .Uhlenbuseh)

4 Plots and fits of the rate coefficients
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Reaetion 2 .3.9a

Helium collisional-radiative ionisation rate, ref ./I0/, formulation 11, i .e.
metastable levels implicitly included in effective rate coefficents.

dt
nHe(I 1 IS) -

	

nHe(l 1 IS) e n e < av >elf (Te , ne) + other terms

ln < av >eff (Te, ne) =

	

bij ln«Te ) lnj(n e/ 10 8 )

fitted frorn Fujimotos data in the range

� Te

	

1O

108 < ne < 10' 6

computed according to formula 12a for S in ref./10/

1', in eV

ne in cm-3

10
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Reaetion 2.19b

Helium collisional-radiative ionisation rate, ref ./10f, formulation 1, i .e.

ground level (1 l 1 S) and metastable levels (2 IS) and (2 1 3S) must be

accounted for explicitly in separate transport equations.

dt n
He(l 1 IS)

	

nHe(l 1 IS) ne < av >eff (Te, ne) + other terms

In < av >en- (T,, ne)

	

bij n«Te) lni(ne/ 104)
i,j - o

'1", in eV

ne in cm-'

fitted from Fujimotos data in the range

1 �

	

� 104

10« ne < 1016

computed according to formula 7 for 1( 1 in ref./I0/
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Reaction 2.3.9c

Helium collisional-radiative ionisation rate, ref ./10/, formulation 1, i .e.
ground level (1 1 1 S) and metastable levels (2 IS) and (2 1 3S) rnust be
accounted for explicitly in separate transport equations.

-4--
dt n

He(2 1 IS) = nHe(l 1 IS) ne • < av >eff (T,, ne ) + other tanne

ln < av > eff (Te, ne) =

	

b11 n«Te) Inj(n e/ 108 )
1 ,j=8

Fe in eV
ne in cm-3

fitted from Fujimotos data in the range

1 .� 'Fe .� 104
10 8 < ne � 10'5

computed according to formula 7 for k 12 in ref./10/
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Reaetion 2 .3.9d

Helium collisional-radiative Ionisation rate, ref./10/, formuiation 1, i .e.
ground Iewl (1 1 IS) and metastable levels (2 1 S) and (2 13S) raust be

accounted for explicitly in separate transport equations.

	 n He (2 1 3S) = n1-Je(' IS) o fle < av >eff (Te, ne) + other tenns
dt

In < av > eff (Te , ne)

	

b ij ln«Te) Inj(ne/ 10 8 )
=o

Te in eV

ne in cm- 3

fitted from Fujirnotos data in the range

� Te
10 8 < ne < 10' 6

computed according to formula 7 for 1( 13 in ref./I0/
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Effective Ionisation and Excitation Rates

for Helium Atoms in Ground Level (1 1S)
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Reaction 2.3.9e

Helium collisional-radiative ionisation rate, ref./10j, formulation 1, i .e.
ground level (1 1 IS) and metastable levels (2 1 IS) and (2 13S) must be
accounted for explicitly in separate transport equations.

dt n He(l 1 IS) = niie(2 ( IS) 6 11, < av > eff (Te, ne) + other terrns

In < av > eff (Tee ne )

	

b, j in'(Te) ni(ne/10 8 )
=o

T e in eV
n e in cm-3

fitted from Fujimotos data in the range
1 � Te �, 104
108 < ne < 1016

computed according to formula 7 for k 21 in ref./10/
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Reaction 2 .3.9f

Helium collisional-radiative Ionisation rate, ref ./10/, fomuilation 1, i .e.
ground level (1 1 1 S) and metastable levels (2 1 IS) and (2 1 3S) must be
accounted for expiicitly in separate transport equations.

nHe(2 IS) =

	

nHe(2 1 IS) • n e < av >eff (Te, nie) + other terms

In < crv > ert- ( -Fe, ne) =

	

ln(Te) Inj(ne/ 1 Og)

T e in eV
ne in cm-3

fitted from Fujimotos date in the range
1 � '1', � 104
10g � ne � 10'6

cornputed according to formula 7 for k 2 in ref./I0/

d
t
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Effective lonisaticn Excit . and Deexcit_ Rates
for Helium Atoms in Ivletastable Leve{ (2 1S)
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Reaetion 2 .3.9g

Helium collisional-radiative ionisation rate, ref./I0/, formulation 1, i .e.
ground level (1 1 IS) and metastable levels (2 l IS) and (2 13S) misst be
accounted for explicitly in separate transport equations.

nHe(2 1 3S)

	

nHe(2 1 IS) 4, ne < 5V >eff (Te , n) + other termsdt

ln < crv >eff (Tee ne)

	

b ij n«Te) 1ni(ne/ 108 )
-

1', in eV
in cm-'

fitted fror Fujimotos data in the range
1 �,. Te � 104
108 < ne < 10'6

computed according to formula 7 for kn in ref./10/
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Reaetion 2,3,9h

Helium collisional-radiative ionisation rate, ref./ l0', foimulation 1, i.e.

ground level (1 1 IS) and metastable levels (2 1 IS) and (2 1 3S) raust be

accounted for explicitly in separate transport equations.

d n He(1 IS) = nHe(2 3S) e ne < av > eff (Te , n,) + other terms

In < av >eff (Te, ne)

	

b ij n«Te) Inj(ne/ 10k )
J=

Te in eV

11, in cm-'

fitted fromm Fujimotos data in the range

1 � Te � 104

10g < ne< 1016

cornputed according to forrnula 7 for 1(31 in ref./
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Effective Deexcitation arid Ionisation Rotes
for Helium Atoms in Metostable Level (2 3S)
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Reaction 2.3 .9i

Helium collisional-radiative ionisation rate, ref./10/, formulation 1, i .e.
ground level (1 1 IS) and rnetastable levels (2 1 3S) and (2 1 1 S) misst be
accounted for explicitly in separate transport equations.

nHe(2 1 IS) = n He(2 1 3S) ne < av > eff (Te, ne) + other tenns

in < av >eff (Te , ne )

	

bi; lf`(Te) 1nj(ne/108)
,i-0

in eV
11, in cm- 3

fitted from Fujimotos data in ehe range
1 � Te � 104

10 g � ne � 10' 6

computed according to fo Lnula 7 for k32 in ref./10/

d
t
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Effective Deexcitation and Ionisation Rates
for Helium Atoms in Metastable Level (2 3S)
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Reaction 2 .3.9j

Helium collisional-radiative ionisation rate ref ./10/, formulation 1, i .e.
ground level (1 1 IS) and rnetastable levels (2 1 IS) and (2 3S) must be
accounted for explicitly in separate transport equations.

In < av >eff (Te, ne)

	

b i; ln«Te) 1nJ(ne/ 108)
o

Te in eV
ne in cm-'

fitted from Fujimotos data in the range
1 �. Te � 104
108 < ne < 10'6

computed according to formula 7 for k 3 in ref./10/

d
t He(2 1 3S)

	

nHe(2 3S) • ne < av >eff (Te, ne) + other terms
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Reaetion 2.3.13a

Helium collisional-radiative recombination rate, ref ./10j, formulation 11,
i .e . metastable levels implicitly included in effective rate coefficents.

d nHe(l 1 IS) = nHee e 11, < av >eff (Te 9 ne) + other terms
dt

In < av >eff (Te, ne)

	

b ij ln'(Te) Inj(ne / 10»
i,

	

o

T e in eV
ne in cm -3

fitted frorn Fujimotos data in the range
�

	

� 104
10 8 < ne < 1016

computed according to formula 12b for in ref./10/
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Effective Ionisation and RecornbinatIon Rates

for Helium Atoms, Ground State . Formulation 11
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Reaction 23.13b

Helium collisional-radiative recombination rate, ref ./10/, formulation 1,
i .e . ground level (1 1 IS) and metastable levels (2 1 S) and (2 1 3S) must
be accounted for explicitly in separate transport equations.

n He(l IS)

	

ne < o-v >eff (Te, ne) + other terms
dt

In < av >eff (Te, ne)

	

bij 1ni(Te) Inj(ne/ 10 8 )
i,j=0

Te in eV
ne in cm-'

fitted from Fujimotos data in the range
1 .� Te � 104

10« ne < 1016

computed according to formula 7 for k 01 in ref./I0/
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Effective Recombination Rotes for Helium intc
(1 IS) ,(2 IS) and the (2 3S) Levels

10°

10

cn

10

~~~!•wlww. .	 . . .u	 ...a._anR:11 I.MMIMlw .MM

	

:__..ü1.4~~i• ~ wMM~ ~wwli~

	

~i~üil

	

>ur. .uff

	

.a.. iil

	

n.m....äiiss«no. al•nilfil

	

n~i~11

	

~1A ![Ifll

	

1 .l.IIl

	

1I~~~uII1

	

11#n Ifu 1•np111 ••u1I~1uOOOMI0buIii •RUil
1111uBI1U1IM1I111iii 01uuuu i

	

00111
•1I11 IZI1I111111 U1 1I1I11I111I1

iiiiiiii•uiiiiiiiiiiiiiiiiuiiiiiiii...Mw» ulEi
wlIMwwl#IFuAAi

iw ~l. .wlE
1E'lI

lwM.wiw
IRi #i 71MIIIt11H

	

IIROwMAlIlR li.l.l
IO»Mielt011- .~iwAlie»WSIK .MM.I MMMi m

u11 n
ng

-
X11.1.8.111 nII~1 lr01iil~M111i»iiil~-MM•u•M1ill
171•~~iUIUI~1

	

U11t111•

	

lui•If

	

IAA lIi11

	

1 ..Iu1II

	

.Iu11IMSO1M•UUIH M1S1U>•• •np i

n►'~1~~A1~111~1~~/1111~»~1~1fi11~i~1~~1~11~111'
i ►' •M 11 ~ !u11III~/U lfthI •I1III 1.

I I iIl

	

h I

	

l11 II~UII I H

t»men :....'Aw• w•SR.«i..i.m/•sfi1inzie :euwewIMMi__ ...M_IwwM__wtiwli.(
Mwwl.ww poi

	

ilrrr.rli u..oe .liwuemes:Iwwawmame l.iiwr .lieidme.rrwla
iA1IM 11 M Ar ln;".'~lllllllr11r11 E111.*.'Jl lit'li~~1N i~w Itil€l~ r r fli i

llwIl111w1 nfui11~Ml~in[Is'#:1

	

..ii11 ./Irll.
~••1ui11e'' ~L. luIIt1W1e• •:III~~10U H1I

	

1H1H1111

	

1 l 11' I_'Oi ► l11iII

	

~ 11i1T

1111111112111111iLl:iM AH ,
aMM.M.ialMIMMMMIM.MM . ....E#MAww ... ...l ..s...i . .i.M~

	

.... wr. Mi tii1;A.}/ ., .tn

	

>Il	

	

I•eunünil.3

	

MlIMNwllwrwlr. .wlilli.ne.ia ;eltGe .%.i1i.www NME]NM? ma*

~I8Ii8i11i13iilliwill:_wä111i1111Allwr 1►liA'l#IA~Al81>•3liiiä

8111118.III/M ltil/l IwI0111A11 B111.•► i ii1Ml1111w .MUI1

~Ilr1~If~lII~~lll1Ii111#I10II1O1O1wI1SIN nI< n%,M'11III.##11

11NIMM•Ui1l11

	

U11II11~•111I111 '~~.i fi/1I111

	

•1O11IIIIU1I IIIIIM ' 11II1

	

'~~ ~111II

IIII~ lIfUIIIIIIIIIIIII IIIIIIII ~

Mi.iMIt3 .Ml.1Mwil••Ul.N

	

••• II

	

MMJIMIMllli.M3iIM.1

	

~.tn7iI4

1 __l.iil1ffli UM1111:u181Ill-__. ..I..I___Ii1#iII

• IllllflllnuiIII1 >~IllU•BI1>~I111111A#•/I11 1 .11u•1i

11M1U1IMOHIUfI11231312O1O1II i111M1•OI1 UM1B1I3M•1UM1n1111

»lOS1IM1IMIUM1.11111111111 1 nä8111MII11•Rn1I111.

uuuiut11uuuiiii1~nu i[Ii1~•uuiin

nUIIIIIIN1IIIIII UI 1II~UIIIIII

UIIIIIIIIIIIIIIl/UI flhIIIIIIH

-13

10 -1

10 1	10 2	10 3

Electron Temperoture (eV)

10"

ne/cm -3

1 .OOD+16

0 1 .000+14

x 1 .00D+12

1 .00D+10

+ 1 .001)+06

4 Plots and fits of the rate coefficients

	

33



Reaction 23.13c

Helium collisional-radiative recombination rate, ref./10/, formulation 1,

i .e. ground level (1 1 IS) and metastable levels (2 1 1 S) and (2 13S) must

be accounted for explicitly in separate transport equations.

d
n He(2 1 IS) =

	

ne < av > e n, (Te, fle) + other terms
dt

In < av >eff (Te, ne )

	

bi; n«Te) Inj(ne/ 108)
0

Te in eV

ne in cm- 3

fitted from Fujimotos data in the range

1 � Te � 104

10« ne < 10'6

computed according to formula 7 for k 02 in ref./I0/
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Reaction 2 .3.13d

Helium collisional-radiative recombination rate, ref ./10/, formulation 1,
i .e . ground level (1 IS) and metastable levels (2 1 1 S) and (2 1 3S) raust
be accounted for explicitly in separate transport equations.

d
nHe(2 1 3S)

	

nHe, 11, < av >eff (Te, ne) + other terms
dt

In < av >eff (T e , ne) =

	

b ij 1n'(Te) Inj(ne/ 10g )
1,]=

Te in eV
ne in cm- 3

fitted from Fujimotos date in the range
1 �

	

10g � ne � 10 16

computed according to formula 7 for k03 in ref./ 10/
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Reaction 2 .3 .9a

	

e + He(II1S) T e + He+ + e

E-Index :

	

0 1 2

T- Index:

0 -4 .217997777548D+01 5 .308536269042D-01 -5 .163843759221D-01

1 2 .390126229236D+01 -1 .442302296011D-01 1 .340706380316D-01

2 -1 .183992855878D+01 -6 .856861237956D-02 6 .709472555483D-02

3 3 .746697037397D+00 2 .974643959266D-02 -3 .111630914777D-02

4 -7 .761864343928D-01 -2 .274921798849D-03 5 .8443002205071-03
1034547765269D-01 -1 .093457655764D-03 -4 .5899141033861-04

6 -8 .519306375832D-03 3 .535235205836D-04 -6 .970371667345D-05

7 3 .940560712077D-04 64 .08468140026813605 1 .696603852592D-05

8 -7 .830408444828D-06 1 .663310015710D-06 69 .005920982810D-07

E-Index :

	

3 4 5

T-Index :
0 2 .249204355960D-01 64 .9336054109130-02 5 .8884421852001-03

1 -7 .922244520712D602 1 .999797994644D-02 62 .4487721688251603

2 68 .698993813677D-03 65 .5170982207150-04 9 .736680866748D-05

3 5 .326819190097D-03 -1 .195233864863D-04 1 .165198358115D-06

4 61 .053095130748D-03 61 .8208752289041-05 8 .021211665253D-06

5 1 .684856854619D-04 -1 .0375669121441-05 2 .568259348736D-07

6 -2 .7688398855321-08 4 .603341649760D-07 67 .3719702319730608

7 -3 .16727172339411-06 3 .8667033367411-07 -2 .962644283520D-08

8 2 .189887422486D-07 -3 .158217019174D608 2 .796286749443D-09

E-Index :

	

6 7 8

T-Index:
0 -3 .845848804577D-04 1 .290157551072D-05 -1 .738938663602D-07

1 1 .506589284939D-04 -4 .438433590211D-06 4 .886256046456D-08

2 4 .39884289105713-06 -7 .780926660129D-07 2 .1146892274021608

3 -4 .349539318953D-06 3 .8606672523541}-07 69 .1063123053150-09

4 1 .783666353262D-07 -4 .749670477829D-08 1 .290755321282D-09

5 -6 .4989957249541-08 5 .2591268367121-09 -1 .127903123194D-10

6 7,8112375948170-09 -3 .130240133956D-10 3 .200841194466D-12

7 1 .468494639868D-09 -5 .091819124346D-11 9 .288123525032D-13

8 -1 .546349651813D-10 5 .095422137830D-12 67 .6400224580181-14

Max .

	

rel .

	

Error:

Mean rel .

	

Error :
0 .7827
0 .1953

%

7.

= 1 .000E+08, Err-max = 0 .2965

= 1 .000E+10, Err-max = 0 .3947

P = 1 .000E+12, Err-max = 0 .7827

P = 1 .000E+14, Err-max = 0 .7270

P = 1 .000E+16, Err-max = 0 .5267

4 Muts and fits of the rate coefficients
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Reaction 2 .3 .918

	

e + He(IIIS) T e + He+ + e

E-Index :

	

0 1 2

T-Index:
0 -3 .8682168002700+01 -9 .8053384958360-03 1 .0189928050570-02

1 1 .9519083295170+01 2 .8746453089360-02 -2 .292429982772D-02

2 -9 .237751759241D+00 -3 .4100777313040-02 1 .996672948434D-02

3 2 .832316073767D+00 2 .17634883622213-02 -9 .5650219831010803
4 -5 .7344284745010-01 -7 .750954383577D-03 2 .663823918982D-03
5 7 .481498131493D-02 1,586653961599D-03 -4 .42680378742517-(14

6 -6 .0199238545040-03 -1 .853905088040D-04 4 .3307759894480-05

7 2 .712351398665D-04 1 . 148878748432D-05 -2 .309358145590D-06

8 -5 .2311728455461-06 -2 .929955418126D-07 5 .2081952235140-08

E-Index :

	

3 4 5

T-Index:
0 -4 .1280360743810-03 8 .4767176583080-04 -9 .6136142489080-05

1 8 .2662396690200-03 -1 .6385575901020-03 1 .853357970573D-04

2 -5 .651974184461D-03 9 .935349892875D-04 -1 .0555624722781-04

3 1 .949226022459D-03 -2 .753492869743D-04 2 .6157735244400-05

4 -3 .4339390082900-04 2 .8574407344410-05 -2 .0023672484500-06
5 2 .7838077160450-05 1 .2021880537960-06 -1 .7366830490460-07

6 -3 .9597505243850-07 -4 .452889799376D-07 2 .177363372184D-08

7 -6 .6536826033580-08 2 .5283827793730-08 1 .2806635476620-09
8 2 .451654723868D-09 -2 .0546581744770-10 -1 .478794916776D-10

E-Index:

T-Index :

6

	

7 8

0 6 .0903911048391-06 -2 .01705569377611-07 2 .7207831995370-09

1 -1 .1863482011440-05 3 .989126304292D-07 -5 .4607954958030-09
2 6,4403074041000-06 -2 .0397929762740-07 2 .564068422545D-09

3 -1 .438878579504D-06 3 .7662934735I3D-08 -3 .096137288656D-10

4 7 .1019837507430-08 1 .1361803199840-09 -9 .2143115581I3D-11
5 1 .1779110563790-08 -8 .7282069833110-10 2 .569821779029D-11
6 2 .6535030794590-10 3 .3938833889231-12 -1 .2230452361751-12

7 -3 .103448536767D-10 1 .2947507264711-11 -1 .3900802046751-13

8 1 .876781391364D-11 -7 .876195431393D-13 1 .0814054289210-14

Max .

	

rel .

	

Error:
Mean rel . Error :

0 .4789 %
0 .1276 %

P = 1 .000E+08, Err-max = 0 .4521

P = 1 .000E+10, Err-max = 0 .4566

P = 1 .000E+12, Err-max = 0 .4569
P = 1 .000E+14, Err-max = 0 .4762

P = 1 .000E+16, Err-max = 0 .4597
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Reaction 2 .3 .9c

	

e + He(II1S) T e

	

He(21S)

E-Index

	

0 1 2
T-Index :

0 -4 .04593410618318+01 1 .897748701790D-02 -2 .018557671772D-02
1 2 .020178553245D+01 -1 .604827521421D-02 1 .838297235860D-02
2 -9 .959758069051D+00 4 .936385922325D-04 -6 .363462021662D-03

3 3 . 114010425084D+00 9,231476371297D-03 -4 .993073776888D-03
4 -6 .581797570145D-01 -3 .772270379715D-03 2 .143339196071D-03

5 9 .259978456780D-02 6 .549569060506D-04 -3 .018332624476D-04
6 -8 .248551199952D-03 -6 .398429580978D-05 2 .078106783503D-05
7 4 .186352139437D-04 4 .043306359226D-06 -1 .269824404134D-06
8 -9 .186648649581D-06 -1 .350567572811D-07 6 .268985808577D-08

E-Index:

T-Index :

3

	

4 5

0 8 .126937214373D-03 -1 .644452798934D-03 1 .839756014609D-04
1 -7 .443809617021D-03 1 .416480678197D-03 -I .412832755892D-04
2 4 .200242132318D-03 -1 .031796603229D-03 1 .261940593216D-04
3 6 .518933399831D-04 1 .575864400101D-05 -9 .492697344398D-06
4 -3 .588153289421D-04 2 .399712143608D-05 -1 .029001778375D-06
5 2 . 123895295956D-05 3 .608884909283D-06 -3 .957010271719D-07
6 2 .930602478394D-06 -1 .268449450975D-06 9 .938776178258D-08
7 -1 .772758786445D-07 6 .542253283235D-08 -2 .441433837883D-09
8 -7 .480568781185D-09 9 .713464809450D-10 -2 .790244190175D-I0

E-Index :

	

6

	

7

	

8
T-Index :

0 -1 .154629989357D-05 3 .810164923796D-07 -5 . 140206740778D-09
1 7 .583144415205D-06 -2 .066347697234D-07 2 .236730413069D-09

2 -8 .432456081284D-06 2 .989433130580D-07 -4 .414325935867D-09
3 8 .627961879177D-07 -3 .744074960086D-08 6 .707183091869D-10
4 6 .410297955765D-08 -2 .482906874399D-09 2 .5210729295521-11
5 -1 .789086357767D-09 1 . 112712155072D-09 -2 .710635660661D-11
6 1 .072528292601D-10 -2 .474738876383D-10 6 .489706891150D-12
7 -4 .215983455846D-10 3 .599785261962D-11 -7 .832597058288D-I3
8 3 .612595105210D-11 -1 .911578017747D-12 3 .571817781693D-14

Max .

	

rel .

	

Error:
Mean rel . Error :

0 .5595 %

0 .2120 %

P = 1 .000E+08, Err-max = 0 .3783
P = 1 .000E+10, Err-max = 0 .4121
P 8 1 .000E+12, Err-max = 0 .4213
P 8 1 .000E+14, Err-max = 0 .4436
P = 1 .000E-f-16, Err-max 8 0 .5595

4 Plots and fits of the rate coefficients

	

41



Reaction 2 .3 .9d

	

e + He(II1S) T e + He(23S)

E-Index :

	

0 1 2

T-Index:

0 -3 .887045587045D+01 1 .320693157991D-01 -1 .389950792688D-01

1 1 .93476922171713+01 -2 .6633975220501-01 2 .412268070743D-01

2 -9 .1263034748540+00 1 .1103935873510-01 -1 .902661950413D-02

3 2 .7158429411850+00 -8 .9469449673161-02 5 .6821652341358-03

4 -5 .6495582639631-01 4 . 196989442372D-02 -5 .2481416414610-03

5 7 .8681956371761-02 -9 .510261396794D-03 8 .491716947007D-04

6 -6 .831171492071D-03 1 .1632641949161-03 85 .4699616790370-05

7 3 .3218711255531-04 -7 .737603075484D-05 4 .9506493522891-06

8 -6 .9163503700801-06 2 .2258756350611-06 -3 .3112059203120-07

E-Index:

T-Index :

4

	

53

0 5 .6304526563931-02 -1 .1539374287490-02 1 .312801217552D-03

1 -9 .455116049141D-02 1 .893841211186D-02 -2 .0880059301671-03

2 2 .053372165053D-03 -2 .6470927654961-04 1 .5662067082501-05

3 2 .2238296494961-03 -4 .1839795896221-04 3 .5445678898531-05

4 1 .0517849815591-04 -3 .8491640264201-05 1 .0833224852901-05

5 1 .356635823502D-04 -2 .203481398962D-05 5 .9103793021381-07

6 -3 .6576417196831-05 5 .4338040314391-06 -1 .8699759358851-07

7 1 .5351020288951-06 -3 .223361061477D-08 -4 .4903188888180-08

8 5 .043235502459D-08 -2 .266106853493D-08 4 .540876095623D-09

E-Index :

	

6 7 8

T-Index:

0 -8 .3976221888081-05 2 .8234416048731-06 -3 .877800886269D-08

1 1 .2816912456881-04 -4 .1062468955381-06 5 .353854830965D-08

2 5 .9765970746151-07 -9 .741685073732D-08 2 .640420907301D-09

3 -2 .5220306430031-06 1 .3807492624721-07 -3 .145423155796D-09

4 -5 .3386468936951-07 -1 .322231044792D-08 9 .1195132970240-10

5 -7 .319917600855D-08 1 .0957636757351-08 -3 .5366855135131-10

6 7 .7357581379151-09 -1 .230202317121D-09 4 .3628319358561-11

7 4 .244101798295D-09 -1 .0310536811I5D-10 -1 .8388919479161-13

8 -3 .6542162736571-10 1 .2199473567601-11 -1,3352197582650-13

Max .

	

rel . Error:

Mean rel . Error :

1 .5416 %

0 .5496 %

P = 1 .000E+08, Err-max = 0 .9268

P = 1 .000E+10, Err-max = 1 .2753

P = 1 .000E+12, Err-max = 1 .5416

P = 1 .000E+14, Err-max = 1 .5365

P = 1 .000E+16, Err-max = 0 .2034
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Weaction 2 .3 .9e

	

e + He(211S) T e + He(IIIS)

E-Index :

	

0 1 2
T-Index:

0 61 .207424672727D+01 69 .994639248939D-01 1 .429837802275D-01

1 1 .163836430631D-01 2 .776514252871D-02 2 .018763208501D-01
2 5 .669255962960D-02 7 .452739655873D-02 -1 .125478594445D-01

3 -5 .297570717798D-02 -3 .941740747595D-02 3 . 192310600602D-02
4 1 .4859913360240-02 4 .904897829382D-03 -3 .214602936437D-03
5 -2 .195960385057D-03 6 .248188202923D-04 -4 .7591394303141-04
6 1 .869889237493D-04 -2 .176544687989D604 1 .495047658139D-04

7 68 .748413171936D-06 2 .0497236962481605 -1 .370848936448D-05
8 1 .754983816834D-07 -6 .694445206791D-07 4 .424631396107D-07

E-Index:
T-Index :

3

	

4 5

0 5 .565008759495D-03 -3 .9401903731461-03 4 .913049997067D-04
1 67 .4020719520650-02 1 .223659870603D-02 61 .116926465296D-03

2 3 .222240517662D-02 -4 .208373161535D-03 2 .664678638003D-04
3 -7 .9441199873851-03 8 .913468684927D-04 -3 .4102651936591605
4 8 .946871169908D-04 -1 .251071485760D-04 6 .487744454150D-06

5 7 .2424306244653-05 4 .5238343864311-07 -5 .248314781573D-07
6 -3 .013655820437D-05 2 .3437712500863-06 -6 .477057246291D-08
7 2 .935543595930D-06 62 .7780624719380-07 1 .3305362182731-08
8 -9 .8179482486163-08 1 .026143294413D-08 -6 .0077067816483-10

E-Index :

	

6

	

7

	

8
T-Index :

0 -2 .968517684755D-05 9 .173744513982D-07 -1 .186216922096D-08

1 5 .811685159463D-05 -1 .617817154792D-06 1 .8693619355691-08
2 -6 .230439805111D606 -8 .925883775427D-08 4 .675608679106D-09
3 -1 .53150960840511806 1 .617778263960D-07 63 .5573548840340-09

4 1 .5252584766571-07 -2 .479845848678D-08 5 .9611868326800-10

5 1 .023683043496D-08 1 .323524123113D-09 64 .4469721678970-11
6 6 .061074460715D-10 66 .4294529676381-11 2 .3701402041611-12
7 -4 .0354162427741-10 1 .127215729116D611 -1 .9919670372610-13
8 2 .346954503200D-11 66 .635938965469D613 9 .727886292274D-15

Max .

	

rel .

	

Error:

Mean rel . Error :

0 .1171 %
0 .0261 %

= 1 .000E+08, Err-max = 0 .1067
P = 1 .000E+10, Err-max = 0 .0904
P = 1 .000E+12, Err-max = 0 .0928

P = 1 .000E+14, Err-max = 0 .1098
P = 1 .000E+16, Err-max = 0 .0641

4 Plots arid fits of the rate coefficients
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Reaction 2 .3 .9f

	

e + He(2t18) T e + He+ + e

E-Index :

	

0 1 2

T- Index:

0 -1 .202741972924D+01 -9 .920958704112D-01 2 .083851177308D-01

1 1 .158628327919D-01 1 .183164058464D-01 7 .206462010314D-02

2 3 .989415757835D-02 1 .682271876089D-02 -3 .745675105724D-02

3 -3 .432838025282D-02 -2 .581406098103D-02 1 .157399266293D-02

4 6 .989474750355D-03 7 .158667514435D-03 -2 .578453090364D-03

5 -5 .166283800973D-04 -1 .011889738021D-03 3 .715555743353D-04

6 -8 .581628432270D-06 7 .427999576700D-05 -2 .682971542421D-05

7 3 . 156588398285D-06 -1 .891647873905D-06 1 .867231354869D-07

8 -1 .217087648166D-07 -2 .648797940556D-08 4 .676925061589D-08

E-Index :

	

3

	

4

	

5

T-Index:

0 -1 .8964607279031-02 2 .494406432018D-04 9 .056015624054D-05

1 -3 . 192009139768D-02 5 .627551527403D-03 -5 .4887956720763-04

2 9 .537878511914D-03 -1 .097349562953D-03 6 .934816319253D-05
3 -1 .357239370719D-03 -5 .334178827141D-05 2 .335939650806D-05

4 3 .216930136825D-04 -2 .878075950746D-06 -2 .681077679108D-06

5 -7 .007491811239D-05 7 .548046383090D-06 -5 .085723633572D-07

6 6 .076731387298D-06 -7 .622803270229D-07 5 .170683445447D-08

7 4 .495006480686D-08 -3 . 108517827283D-08 5 .961737786705D-09

8 -1 .893751278414D-08 4 .352113527464D-09 -5 .680957590846D-10

E-Index :

	

6

T-Index :

7

	

8

0 -7 .341754903377D-06 2 .286441582484D-07 -2 .616593463127D-09

1 3 .128356640531D-05 -9 .801802478296D-07 1 .303662342433D-08

2 -2 .657384142377D-06 6 .366064054308D-08 -7 .474947571659D-10
3 -1 .949969529203D-06 7 .157331249974D-08 -1 .040701423464D-09

4 2 .472178617519D-07 -9 .704502513665D-09 1 .590102350721D-10

5 2 .107367554795D-08 -3 .649201514278D-10 -1 .963724537786D-12

6 -1 .606790119708D-09 -5 .524601070496D-12 1 .14184884994ID-12

7 -5 .259446965106D-10 2 .273028241962D-11 -3 .932425436990D-13

8 4 .105293255809D-11 -1 .540566297887D-12 2 .355148085757D-14

Max .

	

rel .

	

Error:

Mean rel . Error :

0 .0981 %

0 .0210 %

P = 1 .000E+08, Err-max = 0 .0796

= 1 .000E+10, Err-max = 0 .0686

P = 1 .000E+12, Err-max = 0 .0850

P = 1 .000E+14, Err-max = 0 .0480

P = 1 .000E+16, Err-max = 0 .0487
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Reaction 2 .3 .9g

	

e + He(2{1S) T e + He(213S)

E-Index :

	

0 1 2

T-Index:

0 -1 .511448746198D+01 7 .531890904535D-02 -8 .45639981920311-02
1 1 .0709693894541-02 -6 .062478554254D-02 6 .874103935543D-02
2 61 .3954615916990-01 2 .635286259824D-03 -7 .036122920828D-03
3 2 .3596383212321602 -2 .657667176845D603 2 .385933368832D-03

4 63 .1427927266050-03 2 .630709926327D-03 -1 .178159030423D-03
5 4 .142948865832D-04 -8 .809577686607D-04 2 .902302538549D-04

6 64 .664485317036D-05 1 .636294024362D-04 -6 .334426647840D-05
7 3 . 198619021089D-06 61 .4898655953611-05 6 .9698833634161-06
8 69 .2105344860660-08 5 .052050348793D-07 -2 .634983416661D-07

E-Index :

	

3 4
T-Index:

0 3 .607444969385D-02 67 .78138800283113-03 9 .32288890676213-04
1 62 .68974476392513-02 4 .926113953913D-03 -4 .6531971683521604
2 2 .179083661270D-03 -1 .7670171265881605 66 .157257347008D-05

3 65 .5774769745250-04 -1 .275353360967D-05 1 .608284415353D-05
4 1 .620197365696D-04 -1 .083865193294D-06 -6 .606722574035D-07

5 1 .326447203889D-07 68 .829417070073D-06 8 .755989519740D-07
6 5 .408654475545D-06 3 .408674881752D-07 -1 .308182363778D-08

7 -1 . 1855886898041-06 1 .264938670224D-07 -1 .6352784128321-08
8 5 .586727779480D-08 -7 .835167394489D-09 9 .4998238125541-10

E-Index:

T-Index :

6

	

7 8

0 -6 .274151754506D-05 2 .211957635565D-06 -3 .168537919889D-08
1 2 .2684427692161-05 -5 .138707719867D-07 3 .708293773713D-09
2 8 .1278142207251-06 -4 .03957512351211607 7 .122582514900D609
3 -1 .784315125421D-06 7 .776171411468D-08 -1 .2153396579781609
4 -4 .568378562096D608 7 .464244861341D-09 -2 .065294632996D-10
5 64 .1541606284080-09 -2 .355134345715D-09 7 .0608333864931611
6 67 .678444932462D-09 6 .538113952770D-10 61 .4903665315920-11
7 1 .706033175906D-09 68 .782303548590D-11 1 .6594497064621612
8 68 .0871442134390-11 3 .646748870809D-12 -6 .388330667751D-14

Max .

	

rel . Error:
Mean rel . Error :

0 .2564
0 .0438

7

P = 1 .000E+08, Err-max = 0 .0359

= 1 .000E+10, Err-max = 0 .0655
P = 1 .000E+12, Err-max r: 0 .2564
P = 1 .000E+14, Err-max = 0 .1417

P = 1 .000E+16, Err-max = 0 .0911

4 Plots and fits of the rate coefficients
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Reaction 2 .3 .9h

	

e + He(2I3S) T e + He(1!IS)

E-Index :

	

0 1 2
T-Index:

0 -1 .828030576392D+01 6 .433818828786D-02 -7 .758306566276D-02
1 1 .156310348191D+00 5 .121810596974D-02 -1 .857415421411D-02
2 -5 .011218555982D-01 -7 .782750526554D-02 2 .505399654721D-03
3 6 .695452624604D-02 8 .510208598474D-02 -2 .946382648843D-02

4 3 .407177022782D-03 -3 .248956012406D-02 1 .160067496520D-02
5 -2 .695290239110D-03 6 .2169536534120-03 -1 .905801137986D-03

6 4 . 155088902340D-04 -6 .087292712653D-04 1 .087495375701D-04
7 -2 .893943877939D-05 2 .597583206102D-05 4 .799508472029D-06
8 7 .869605930906D-07 -2 .626120201773D-07 -5 .227352569820D-07

E-Index :

	

3 4 5
T-Index :

0 2 .925420787733D-02 -5 .009957809565D-03 4 .117062711576D-04
1 6 .793500637976D-03 -2 .339030051553D-03 4 .209865018948D-04
2 9 .337798585020D-03 -2 .391857648400D-03 2 .604628848663D-04
3 3 .010233024141D-03 2 .867677906795D-05 -3 .099973245667D-05
4 -1 .445379275028D-03 7 .883283990752D-05 -3 .5456600695180-07
5 1 .764320509600D-04 61 .032222101838D-05 1 .380370413270D-06
6 1 .2742443329810-05 -2 .527809560138D-06 -7 .435614649216D-08
7 -4 .585387999800D-06 7 .238087533625D-07 -3 .638679181237D-08
8 2 .571206291023D-07 -4 .189232810777D-08 2 .991557498656D-09

E-Index :

	

6 7
T-Index:

0 -1 .3957255589120-05 2 .391903225558D-08 5 .538611494891D-09
1 -3 .718037428874D-05 1 .563013215133D-06 -2 .517301761932D-08
2 -1 .516443382061D-05 4 . 746055519269D-07 -6 .337647726099D-09
3 3 .3187112692170-06 -1 .684731786109D-07 3 .304517033736D-09
4 -4 .685571189862D-07 4 .045289843261D-08 -1 .017369763840D-09
5 -8 .611285754029D-08 5 .378854611142D-11 7 .731806986192D-11
6 2 .314524715113D-08 -9 .495199222319D-10 9 .171678010026D-12
7 -1 .751387100970D-10 5 .588984505646D-11 -9 .762800515610D-13
8 -9 .157822128575D-11 7 .258982651300D-13 8 .148833848929D-15

Max .

	

rel . Error:

Mean rel .

	

Error :
0 .5138 %

0 .1116

P = 1 .000E+08, Err-max ;7.- 0 .1198
= 1 .000E+10, Err-max = 0 .2034

P = 1 .000E+12, Err-max = 0 .4686

= 1 .000E+14, Err-max = 0 .3503
P = 1 .000E+16, Err-max = 0 .0901
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Reaction 2 .3 .9i

	

e + He(2(3S) T e + He(211S)

E-Index :

	

0 1 2

T-Index:

0 -1 .7445988478820+01 -1 .7203021766071-02 2 .22978083312117-02

1 7 .3171325281350-01 1 .59994330017817-01 -1 .8898914283971-01

2 -4 .8156566785921-01 -9 .3994666059341-03 3 .033316260334D-02

3 1 .284746216145D-01 -2 .356165638651D-02 1 .3067425866761-02

4 -2 .525585319524D-02 7 .696802401640D-03 -4 .129163532088D-03

8 3 .888217870120D-03 -1 .085606386640D-03 3 .410885750382D-04

6 -3 .3059552461080-04 9 .9080974011091-05 -9 .464037595364D-06

7 1 .7812527748131-05 -7 .435807656553D-06 1 .7757702624020-06

8 -4 .1644672270761-07 3 .000214626857D-07 -1 .5540445040760-07

E-Index:

T-Index :

3

	

4 5

0 -1 .12592074935217-02 2 .894091789735D-03 -4 .1080507367571-04

1 8 .4408368982233-02 -1 .8885645915340-02 2 .318423586451D-03

2 -1 .8954103883851-02 5 .02175852670417-03 -8 .73755331865217-04

3 -2 .186544273533D-03 3 .557911182485D-06 3 .2733604417991?-05

4 8 .455840523042D-04 -8 .0637639797201-05 4 .3787006167160-06

5 -8 .4163149464823-06 -7 .6856217389781-06 8 .4059766549641-07

6 -8 .2911244086271-06 2 .00501234252819-06 -1 .37498697756217-07

7 88 .368477366919D-08 3 .307024597323D-08 -1 .33863715222511-08

8 4 .8342608518661-08 -1 .0937432710370-08 1 .5673202674371-09

E-Index:

T-Index :

6

	

7 8

0 3 .2251874025461-05 -1 .293813248731D-06 2 .05828354703711-08

1 -1 .57996191851317-04 5 .59398947865719-06 -8 .0127782215950-08

2 4 .8000736130910-05 -1 .73287934572917-06 2 .4951199438971-08

3 -3 .3379851221241-06 1 .330737043089D-07 -1 .9200668737701-09

4 -2 .186754332833D-07 1 .0345061557191-08 -2 .224364848370D-10

5 -1 .1393971181120-08 -1 .720999937475D-09 5 .6229375135601-11

6 -9 .285680330303D-10 4 .087362153532D-10 -1 .087263058672D-11

7 1 .6870252144340-09 -8 .6591730992470-11 1 .5886041314351-12

8 -1 .2606264820770-10 5 .136346980720D-12 -8 .232834921993D-14

Max .

	

rel . Error:

Mean rel . Error :

0 .2065 %

0 .0362 %

P = 1 .000E+08, Err-max = 0 .0429

P = 1 .000E+10, Err-max = 0 .0847

P = 1 .000E+12, Err-max = 0 .0889

P = 1 .000E+14, Err-max = 0 .1900

P = 1 .000E+16, Err-max = 0 .1099

4 Plots and fits of the rate coefficients
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Reaction 2 .3 .9j

	

e+ He(213S) T e+ He ++ e

E-Index :

	

0 1 2

T-Index:

0 -1 .70492404154413+01 -1 .26631610369517-01 1 .433449004291D-01

1 8 .68598212168413-01 1 .26048761442513+00 81 .322191350637D+00

2 1 .85094385569513-01 67 .646641175203D-01 7 .305566429011D-01
3 -1 .250502139825D-01 2 .974864530179D-01 -2 .485562205285D-01

4 7 .084740479405D-03 -7 .51441797758513-02 5 .23851856147411-02

5 4 .623288484133D-03 1 .283135333880D-02 -7 .288566622195D-03

6 -1 .02181925196312-03 -1 .54960059985413-03 8 .090570536783D-04

7 8 .35094638717411-05 1 .16945542764413-04 -6 .57933683876611-05

8 -2 .48725847189511-06 -3 .87521232600312-06 2 .44848431998813-06

E-Index :

	

3

	

4

	

5

T-Index:

0 86 .62025668050211-02 1 .59186549766112-02 82 .13865291442811-03

1 5 .314009025388D-01 -1 .08390867171ID-01 1 .225064409296D-02

2 -2 .62693743795812-01 4 .810409373038D-02 -4 .877671356316D-03

3 7 .5905882810331?802 -I .187591210543D-02 1 .02624098657711-03

4 -1 .23640921289317- 02 1 .4539993563311}-03 -9 .263734939861D-05

5 1 . 120316703087D-03 -4 .70142003043313805 -2 .345587448080D-06

6 -1 .04436039756512-04 2 .57632790465013-06 2 .98493746921013-08

7 1 .183327773107D-05 -1 .304161779171D-06 1 .50134623969212-07

8 -5 .80780514232311-07 8 .94013711452613-08 -1 .049433252219D-08

E-Index :

	

6 7 8

T-Index:

0 1 .60306829714113-04 -6 .200471476734D-06 9 .58680874239512-08

1 -7 .739313086389D-04 2 .555715396676D-05 -3 .43507353824213-07

2 2 .75988165389313-04 88 .15633612059413806 9 .815775708103D-08

3 -4 .9042233976471-05 1 .209618564822D-06 -1 .20031723657513-08

4 3 .37294762127512-06 -7 .81898341876711-08 1 .09035174298113-09

5 1 .202526920573D-07 8 .23663181042911-09 -3 .780930043029D-10

6 4 .7568516015091}-08 -4 .674347156739D-09 1 .172200668053D-10

7 -1 .45945960878811-08 7 .52321302363211-10 -1 .458930131881D-11

8 8 .29569454173413-10 -3 .57886164196911-11 6 .17346940889711-13

Max .

	

rel . Error:

Mean rel . Error :

1 .4571 %

0 .2971 %

P = 1 .000E+08, Err-max =9- 0 .8346

P = 1 .000E+10, Err-max = 1 .4571

P = 1 .000E+12, Err-max = 1 .3178

P = 1 .000E+14, Err-max = 0 .7926

P = 1 .000E+16, Err-max = 0 .2980
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Reaction 2 .3 .13a

	

+ He+(ls) T He(1S) + n

E-Index :

	

0 1 2

T-Index:

0 -2 .8719833442450+01 89 .9141310343700-02 1 .0842439751410-01

1 1 .3621296667510+00 2 .7382975418310-02 83 .524151102144D-02

2 85 .7903906603560+00 3 .172178715881D-02 9 .095572872849D-02

3 5 .1620394549790+00 89 .6179545868450-02 86 .8662588017661-02

4 82 .0136330961603e0 6 .218605169131D-02 1 .7381027986890-02

5 4 .128641032784D-01 81 .7487525183050-02 -1 .489847587575D-03

6 -4 .6764779740323802 2 .4177760125433803 5 .4812804031413806

7 2 .778979909772D-03 -1 .599754429937D-04 9 .2273901845130807

8 -6 .779276041243D-05 4 .001368464975D-06 2 .2110048594981-07

E-Index :

	

3

	

4

	

5

T-Index:

0 -3 .523991395855D-02 5 .628945235626D-03 84 .53013806481011804

1 -1 .827058558362D-02 8 .9855695697400803 -1 .5200517375611-03

2 -4 .185502630748D-03 -3 .6587640675731-03 7 .9324863253550-04

3 1 .307834384986D-02 89 .2702661835590-04 -2 .9989905117980805

4 83 .7587693113563803 4 .5019443913371-04 -2 .767755199217D-05

5 2 .2837012926753804 -2 .164815607608D-05 5 .6963151039860-07

6 1 .958530370608D-05 -4 .500334405522D-06 5 .9802562866800-07

7 -1 .028775844416D-06 2 .0427402255745-07 -3 .063616637462D-08

8 -7 .6937751818110-08 1 .454031124718D-08 -1 .2010792647593-09

E-Index:

T-Index :

6

	

7 8

0 1 .7154371146250-05 -1 .918314963260D-07 82 .3301520880380-09

1 1 .220371641647D-04 -4 .725637327483D-06 7 .1108797087600-08

2 -6 .6067103698710-05 2 .487923231744D-06 -3 .53535738098211-08

3 6,3563044485823-06 -2 .4007799195810807 2 .46753480112253609

4 1 .221237893224D-06 -5 .304233209262D-08 1 .19262649896411-09

5 -2 .0028975902660-08 4 .209692339178D-09 -1 .4897298883941D-10

6 -3 .920678176108D-08 1 .0448535029300809 -6 .9836841883870-12

7 2 .4676882746863-09 -8 .753939337119D-11 1 .0815301268690-12

8 4 .211655052209D-11 -4 .9188397689583-13 -1 .37427639271811-15

Max .

	

rel .

	

Error:

Mean rel . Error :

15 .0091 %

3 .2387 %

P = 1 .000E+08, Err-max = 15 .0091

P = 1 .000E+10, Err-max = 13 .9342

= 1 .000E+12, Err-max = 9 .9548

P = 1 .000E+14, Err-max = 6 .1937

1> = 1 .000E+16, Err-max = 0 .7118

4 Plots and fits of the rate coefficients
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Reaction 2 .3 .13b e

	

He+(ls) T He(IIIS)

	

hn

E-Index :

	

0 1 2

T-Index:

0 -2 .932450239883D+01 -1 .725214936087D-02 4 .20950739733ID-02

1 1 .368459463821D+00 -7348584212824D-02 -3 .321889449021D-02
2 -5 .057940093488D+00 2 .531332526084D-01 -1 .925988688740D-02
3 4 .437755591817D+00 -2 .369773678428D-01 2 .411850401784D-02
4 -I .704236205062D+00 9 .630485149239D-02 -6A71157814419D-03

5 3 .430644471030D-01 -2 .061167258227D-02 7,487855629993D-04

6 -3 .809452269361D-02 2 .434745940239D-03 -I .722706965522D-06

7 2 .218026788496D-03 -1302211895379D-04 -5 .165559630643D-06
8 -5 .301589276464D-05 3 .780661493099D-06 2,647213620732D-07

E-Index

	

3 4 5

T-Index:

0 -I .843883199649D-02 4 .330069861940D-03 -5 .571398183907D-04

1 2 .246769961570D-02 -6 .920109284335D-03 1 .034704067336D-03

2 -I .562041938975D-03 2 .844891620769D-03 -5 .840417169956D-04

3 -6 .245247150004D-03 1 .707788608782D-04 8 .828047075521D-05
4 2 .150122229030D-03 -1A97306644340D-04 2A87453868437D-06

5 -2 .352870835454D-04 2 .32139693944ID-05 -1 .669051074965D-06

6 -1 .929788529702D-06 1 .001774243168D-06 7 .435769683477D-08
7 1 .9990430072I4D-06 -3 .211502011021D-07 8 .114609805127D-09

8 -9 .897241177277D-08 1 .504658532546D-08 -5 .883462440247D-I0

E-Index :

	

6

	

7

	

8

T- Index:

0 4 .006413547865D-05 -1 .48876659035ID-06 2 .211904689519D-08

1 -8 .066726007499D-05 3 . 137222500010D-06 -4 . 796687278784D-08
2 5 .166332348737D-05 -2 .133727041895D-06 3 .3621467961I4D-08

3 -1 .099721749926D-05 5 .0149793950I9D-07 -8 .105197770220D-09

4 4 .904814231191D-07 -2 .358575243153D-08 2 .498171028400D-10
5 1 .745034668357D-07 -1 . 128396994326D-08 2 .586295673609D-10
6 -3 .342032519922D-08 2 .451263340785D-09 -5 .477602284810D-11
7 2 .41462576423ID-09 -2 .022906627308D-10 4 .590099192405D-12
8 -6 .465233005227D-11 6 .18150771412ID-12 -1 .430061439345D-I3

Max .

	

rel . Error:

Mean rel . Error :

15 .0191 %

3 .1731 %

P = 1A00E+08, Err-max = 15 .0191

P = 1 .000E+10, Err-max = 13 .2500

P = 1 .000E+12, Err-max 9 .1496

P = 1 .000E+14, Err-max = 5 .9654

P = 1A00E+16, Err-max = 0 .4782
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Reaction 2 .3 .I3c e + He+(ls) T He(211S) + hn

E-Index :

	

0 1 2

T-Index:

0 -3 .2905949691570+01 5 .9363772042700-01 -5 .786568026984D-01

1 1 .2891185553180+00 -7 .322821510173D-01 5 .2163139080160-01

2 -4 .5811161306050+00 4 .3592348264000-01 -1 .8796840095911-01

3 3 .97502308043011+00 61 .1356073372490601 -2 .0937871952911-02

4 -1 .5117442961910+00 9 .273954721890D-03 3 .091151170807D-02

5 3 .0066945440451-01 -7 .0986720208280-04 -6 .524345786670D-03

6 -3 .2912822738420-02 4 .6743230340461-04 3 .252 7585284110-04

7 1 .885862263038D-03 -7 .894912660673D-05 3 .0233507090861-05

8 -4 .4305018093510-05 3 .8019096015180-06 -2 .5223135948981-06

E-Index :

	

3

	

4

	

5

T-Index :

0 2 .219812747147D-01 -4 .3019925872180-02 4 .645717376756D-03

1 -1 .4695248541361-01 1 .7581789489961-02 -6 .5534803151011-04

2 4 .1564894749890602 -1 .6535804745290-03 -5 .7402351773601-04

3 4 .4495104837110-03 67 .0993917628330-04 1 .1404829455631-04

4 -6 .4479345623700-03 5 .521339815402D-04 -1 .2153850491130-05

5 1 .1902086323810-03 -8 .5358447402870-05 1 .1003430696400-06

6 7 .6621787118991-06 -1 .00339475306117-05 9 .1336767443410-07

7 61 .6938365113350-05 2 .9983000234990-06 -2 .1342685202850-07

8 1 .0089330434770-06 -1 .637662372864D-07 1 .1948605743971-08

E-Index :

	

6 7 8

T-Index:

0 -2 .827549938027D-04 9 .0989678647430-06 -1 .2042121308171-07

1 -3 .9115032344130-05 3 .8386993927810-06 -8 .4323880085141-08

2 8 .2524353188941-05 -4 .1743299592640-06 7 .461274593602D-08

3 61 .015903498277D-05 4 .067368927608D-07 -5 .9561937764941-09

4 -1 .7435978144830-06 1 .504881645494D-07 -3 .516856295239D-09

5 3 .283228084253D-07 -2 .7773577696561-08 6 .855090395029D-10

6 -3 .246510016651D-08 1 .0211666369201-09 -2 .826061022812D-11

7 5 .4489047495501-09 1 .0260645551330-11 -1 .3722957115830-12

8 63 .5721996258760-10 1 .3530285691500-12 7 .810473188768D-14

Max .

	

rel . Error:

Mean rel . Error :

12 .8697 %

4 .3370

= 1 .000E+08, Err-max = 12 .8697

= 1 .000E+10, Err-max = 11 .9497

P = 1 .000E+12, Err-max = 11 .0229

P = 1 .000E+14, Err-max = 9 .4995

P = 1 .000E+16, Err-max = 3 .0136

4 Plots and fies of the rate coefficients
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Reaction 2 .3 .I3d e + He+(ls) T He(213S) + hn

E-Index :

	

0 1 2

T-Index:
0 -2 .956247006586D+01 4 .857379877013D-01 -4 .698385090723D-01

1 2 .226655583858D+00 -5 .008925977592D-01 4 .4090722775I713-01

2 -8 .386271074322D+00 -6 .680555751755D-02 1 .358293373473D-01

3 7 .802551872732D+00 1 .513454163302D-01 -2 .382523353494D-01

4 -3 . 176066118073D+00 -2 .915513853670D-02 8 .389442053277D-02

5 6 .790403187679D-01 -8 .583336134054D-03 -8 .339355078342D-03

6 -8 .005018693268D-02 3 .501616009283D-03 -8 .108811483383D-04

7 4 .936833057738D-03 -4 .038202701566D-04 1 .917972012272D-04
8 -1 .245931475232D-04 1 .550754095349D-05 -8 .944775549284D-06

E-Index : 4 5
T-Index:

0 1 .816491812551D-01 -3 .584007722558D-02 4 .00858262858I13-03

1 -1 .490076771833D-01 2 .428208422290D-02 -2 .197248681202D-03

2 -4 .192264845130D-02 6 .681287810863D-03 -3 .474715517406D-04
3 7 .034251548002D-02 -9 .653541471324D-03 3 .950052472624D-04

4 -2 .5949119349I7D-02 3 .785834072023D-03 -1 .721024156646D-04
5 3 .100772841149D-03 -5 .641898835295D-04 3 .146400786804D-05

6 1 .226453809803D-04 9 .772361084934D-06 -I .22079133728813-06
7 -4 . 737671071626D-05 4 .334084847132D-06 -1 .8623857827I5D-07

8 2 .3643805489I2D-06 -2 .583267263336D-07 1 .313403535033D-08

E-Index :

	

6 7

T-Index :
-2 .56228939156ID-04 8 .707904177549D-06 -1 .215806872260D-070

1 1 .109906018249D-04 -2 .900632901582D-06 3 .027934182965D-08

2 -1 .076950834118D-05 1 .529234802310D-06 -3 .663757563702D-08
3 2 .408158683211D-05 -2 .450750101163D-06 5 .482201735529D-08

4 -8 .229247133546D-06 9 .35145486258ID-07 -2 . 147970339341D-08
5 1 .0224598552I813-06 -1 .480508733520D-07 3 .599099499020D-09

6 -8 .112983260770D-08 1 .090170350156D-08 -2 .7773490260550-I0
7 6 .415033848685D-09 -3 .093185955060D-10 7 .6254083712640-I2

8 -2 .624838999683D-I0 -6 .850467836445D-13 5 .598594440202D-14

Max .

	

rel . Error:
Mean rel . Error :

21 .5948 %
5 .8841 %

= 1 .000E+08, Err-max = 21 .5948

P = 1 .000E+10, Err-max = 19 .9186
P = 1 .000E+12, Err-max = 19 .0835

P = 1 .000E+14, Err-max = 9 .1815

P = 1 .000E+16, Err-max = 1 .4432
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5 T

	

: Database for surface reflection

5 TRIO : Database for surface reflection

	

53



rti e Reflection

	

effic e t

0 de e

E°0E

	

9E+09
119 (J1«)

4€ H -> Fe TRIM -+- H -> C, TRIM

45 dsgrws

iE

	

lE+Q4
80 erde

54



Energy efle U n Coefficient

30 degrwm

tE~
r

	

-

	

' 1
1E-1E!

	

1E-02

	

1E-0

	

1E403

	

1E+31
Olell

45 dcogr

	

80 degrete

1E+33

	

1E+31
36 3431

1 IE-

0 dmgr
70 drgrea

lEeoi
1e

	

A}

!tim ,
IE^03

	

I$-

	

1e:QI IE+4E1
0404

1E-43

"' H -> Fe, MIMM H -> C, TR1M

5 TRIM: Database for surface reflection

	

55



Particle Refiection

	

l

	

nt

lach

	

i
12>

30 degree

et>	 -i
1£-43

	

1E^^6I

	

E- 1

	

1E+w

	

4E+$F4

	

4E-~

	

E-e

	

E-41

	

1[+a

	

E+RF
Oen

	

O

45 drgrse

1% 9

	

9

	

IE-i1

	

1E+«

	

1E+65

3 taid,

SEC
ia

E+iil
0.i

11- 1

	

%£-Ctt

	

11-41

	

fE40i

	

11441
ID

4E- D °> Fe, TRIM -4- D -> Fe, MARLOWE -0.- D -> Of TRIM

56



5 TRIM: Database for surface reflection

	

57



Partiele Reflection Coefficient

58



Energy R f e ti n

	

effici nt

0 de a 30

1E-dzffi

degram

tE-EE1E-13 E 1E4
15

-- T ->

Ogd5
1EaRP

-äE- T -> Fe, TRCM

	

Fe,

	

OWE

	

T --> C, TRlM

45 deer e

F&tl~	 °
1E-ßL~ 1E... 1E-WW

	

1E:Q1
Eh

1E-43

	

9E-«E

	

1E-Qt

	

1EFW

	

1E+01

5 TRIM : Database for surface reflection

	

59



Particle

	

fl c l n Coefficient

30 der

um-

..,.e,

	

O'®6	 T

	

r
1E-43

	

1E-

	

t[-4

	

1E40

	

1E101

	

1E41

	

1E201

	

lt:41

	

IEAttI

	

E+p1
iig

45 degrwe

1E40

	

1E441
fätge)

BIM	
111.41

	

IE

	

Iß -91

	

IE449

	

kfeettE^w19f-

IE-4S

	

IE-QR

	

C

	

Eid	

	

IE#tf

	

ic•ie

	

lt -«g	tEat

	

tE-41

	

tE#

	

1C% T
>In

	

et edle

-W- He -> Fe, TRIM
1	

-
-1- He -> C, TRIM -4- He -> Fe, MARLOWE

60



5 TRIM: Database for surface reflection

	

61



Particle

	

l c U

	

Coefficient

Ode s

	

30 degree

os-

Lib i
1E40

	

`ä~i'	-4'i

	

046

45 eng

	

50 degn»

am-

-bi

	

WS«

	

Ih«
giWil

70 de 80

	

iddgr

Lea-

um-

D -) W, TRIM

tim



5 TRIM: Database for surface reflection

	

63



Putide

	

fl ti

	

ff ci nt

en

	

lr«n
ag

	

gg'

tE-4 Iam

am,

digre4

	

80 depr

«-if

64



5 TRIM : Database for surface reflection

	

65



Helium onto carbon target, E0=200 eV, ANG= 0 degrees

2 4 .00 6 12 .01 0 .20E+03 0 .0 0 .11E+00 0 .24E-01 10 .0 200000

C Inverted energy distribution
C (quantile function tabled for 0 .1, 0 .3, 0 .5, 0 .7 and 0 .9 quantiles)

0 .86414E+01 0 .26905E+02 0 .43856E+02 0 .59996E+02 0 .82007E+02

C Inverted polar angle distribution, given energy
C (ie . conditional quantile function, same quantiles as above)

0 .61352E+00 0 .75826E+00 0 .84999E+00 0 .92188E+00 0 .97674E+00
0 .57659E+00 0 .73506E+00 0 .83113E+00 0 .90403E+00 0 .97086E+00
0 .57714E+00 0,73299E+00 0 .84048E+00 0 .91348E+00 0 .97378E+00
0 .52994E+00 0 .66439E+00 0 .75469E+00 0 .84715E+00 0 .94346E+00
0 .33700E+00 0 .47723E+00 0 .60191E+00 0 .72579E+00 0 .88494E+00

C Inverted azimuthal angle distribution, given energy and polar angle
C (ie . conditional quantile function, same quantiles as above)
-0 .94324E+00 -0 .62802E+00 -0 .82661E-01 0 .50682E+00 0 .95462E+00
-0 .92445E+00 -0 .52295E+00 0 .94094E-01 0 .64643E+00 0 .95988E+00
-0 .92733E+00 -0 .46665E+00 0 .12289E+00 0 .58376E+00 0 .96444E+00
-0 .93250E+00 -0 .58820E+00 0 .19434E-01 0 .60021E+00 0 .95166E+00
-0 .95800E+00 -0 .64451E+00 -0 .45557E-01 0 .51675E+00 0 .95085E+00
-0 .94829E+00 -0 .61805E+00 0 .19761E-01 0 .59977E+00 0 .93774E+00
-0 .93764E+00 -0 .53840E+00 0 .33347E-01 0 .61223E+00 0 .95474E+00
-0 .93399E+00 -0 .51122E+00 0 .16679E-02 0 .55914E+00 0 .94738E+00
-0 .94354E+00 -0 .58778E+00 0 .12855E-01 0 .62943E+00 0 .96353E+00
-0 .91705E+00 -0 .54982E+00 0 .62269E+01 0 .61494E+00 0 .95915E+00
-0 .94385E+00 -0 .63014E+00 0 .34900E-01 0 .60136E+00 0 .94134E+00
-0 .93611E+00 -0 .50737E+00 0 .12150E+00 0 .66963E+00 0,96225E+00
-0 .96130E+00 -0 .56080E+00 0 .56574E-01 0 .62074E+00 0 .95313E+00
-0 .93865E+00 -0 .61092E+00 -0 .40448E-01 0 .53153E+00 0 .94804E+00
-0 .94713E+00 -0 .58003E+00 -0 .27125E-01 0 .54711E+00 0 .93807E+00
-0 .95549E+00 -0 .58220E+00 -0 .15810E-01 0 .57924E+00 0 .96813E+00
-0 .95513E+00 -0 .60101E+00 -0 .89646E-02 0 .53945E+00 0 .93961E+00
-0 .94982E+00 -0 .55167E+00 0 .13471E+00 0 .66427E+00 0 .96975E+00
-0 .94337E+00 -0 .58065E+00 0 .25216E-01 0 .58432E+00 0 .95075E+00
-0 .94550E+00 -0 .63559E+00 -0 .12697E+00 0 .53197E+00 0 .92356E+00
-0 .93143E+00 -0 .50348E+00 0 .19768E-01 0 .60767E+00 0 .95874E+00
-0 .92693E+00 -0 .54340E+00 0 .36631E-01 0 .61340E+00 0 .93977E+00
-0 .95998E+00 -0 .57459E+00 0 .34936E-01 0 .60228E+00 0 .95475E+00
-0 .93356E+00 -0 .53523E+00 -0 .30616E-01 0 .57869E+00 0 .93628E+00
-0 .95022E+00 -0 .63709E+00 -0 .71986E-01 0 .59146E+00 0 .93093E+00
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Helium onto iron target, E0=200 eV, ANG= 0 degrees

2

	

4 .00 26 55 .85 0 .20E+03

	

0 .0 0 .41E+00 0 .20E+00 3 .0 200000

0 .29280E+02 0 .74713E+02 0 .10820E+03 0 .13337E+03 0 .15360E+03

0 .57109E+00 0 .72830E+00 0 .82973E+00 0 .90847E+00 0 .97159E+00
0 .51966E+00 0 .69501E+00 0 .80434E+00 0 .89115E+00 0 .96758E+00
0 .49051E+00 0 .66744E+00 0 .78444E+00 0 .88004E+00 0 .96317E+00
0 .49402E+00 0 .67248E+00 0 .78891E+00 0 .88461E+00 0 .96628E+00
0 .37892E+00 0 .53755E+00 0 .63741E+00 0 .72912E+00 0 .84610E+00

-0 .95055E+00 -0 .60755E+00 -0 .29623E-01 0 .56422E+00 0 .94575E+00
-0 .94833E+00 -0 .57921E+00 0 .27192E-01 0 .58679E+00 0 .95183E+00
-0 .95434E+00 -0 .57193E+00 0 .72011E-02 0 .59732E+00 0 .95735E+00
-0 .95303E+00 -0 .55111E+00 0 .36184E-01 0 .59242E+00 0 .94528E+00
-0 .94519E+00 -0 .60680E+00 -0 .11571E-01 0 .58290E+00 0 .94539E+00
-0 .94538E+00 -0 .56985E+00 -0 .64138E-02 0 .59048E+00 0 .94449E+00
-0 .93903E+00 -0 .56379E+00 0 .13820E-01 0 .57552E+00 0 .96393E+00
-0 .95462E+00 -0 .58806E+00 -0 .82367E-02 0 .58042E+00 0 .95545E+00
-0 .949685+00 -0 .57790E+00 0 .32441E-02 0 .59225E+00 0 .94291E+00
-0 .94615E+00 -0 .57092E+00 0 .45833E-01 0 .60324E+00 0 .94420E+00
-0 .95467E+00 -0 .60720E+00 -0 .19548E-01 0 .55152E+00 0 .95043E+00
-0 .94427E+00 -0 .56198E+00 -0 .20832E-02 0 .57027E+00 0 .95116E+00
-0 .94961E+00 -0 .59604E+00 -0 .20978E-02 0 .57460E+00 0 .94732E+00
-0 .94765E+00 -0 .58538E+00 -0 .81930E-03 0 .60238E+00 0 .95318E+00
-0 .94783E+00 -0 .55878E+00 0 .34058E501 0 .61148E+00 0 .95388E+00
-0 .94638E+00 -0 .57687E+00 -0 .93667E-02 0 .56545E+00 0 .94439E+00

-0 .94993E+00 -0 .60076E+00 0 .22940E-02 0 .58825E+00 0 .95014E+00
-0 .94637E+00 -0 .57961E+00 0 .35661E-01 0 .60703E+00 0 .95832E+00
-0 .94902E+00 -0 .58853E+00 -0 .23349E-01 0 .57767E+00 0 .94663E+00
-0 .95238E+00 -0 .58536E+00 -0 .14723E-01 0 .57677E+00 0 .94241E+00
-0,94485E+00 -0 .59745E+00 -0 .27317E-01 0 .56327E+00 0 .94872E+00
-0 .95666E+00 -0 .61211E+00 0 .36352E-02 0 .58355E+00 0 .95284E+00
-0 .94786E+00 -0 .58319E+00 0 .54993E-02 0 .59385E+00 0 .95561E+00
-0 .94137E+00 -0 .59946E+00 0 .31979E-02 0 .58852E+00 0 .95262E+00
-0 .93971E+00 -0 .58582E+00 -0 .12678E-01 0 .60170E+00 0 .95100E+00
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Helium onto tungston trget, E0=200 eV, ANG .= 0 degrees

2 4 .00 74183 .85 0 .20E+03 0 .0 0 .58E+00 0 .36E+00

	

3 .0 200000

0 .43973E+02

0 .53080E+00

0,10190E+03

0 .70324E+00

0 .13730E+03

0 .81162E+00

0 .16100E+03

0 .89613E+00

0 .17854E+03

0 .96890E+00
A

	

i'..RA'4r-i.AA
s,

	

,rs.a
A 44414r4AAr...'

	

, n
A 7A4ePr4-AA A

	

API'A2r-f.AA
e.o

A A4I4Ar .B.AA

0 .46212E+00 0 .64745E+00 0 .77302E+00 0 .87363E+00 0 .96011E+00

0 .45067E+00 0 .63464E+00 0 .76441E+00 0 .86651E+00 0 .95874E+00
0 .34568E+00 0 .51152E+00 0 .64541E+00 0 .77458E+00 0 .91378E+00

-0 .95050E+00 -0 .56841E+00 0 .14149E-01 0 .58921E+00 0 .94449E+00
-0 .95488E+00 -0 .59122E+00 -0 .22324E-01 0 .59076E+00 0 .95185E+00

-0 .94698E+00 -0 .58082E+00 -0 .13563E-02 0 .57193E+00 0 .93962E+00
-0 .95122E+00 -0 .59128E+00 0 .33591E-01 0 .59735E+00 0 .94955E+00

-0 .94857E+00 -0 .58588E+00 0 .24137E-01 0 .60840E+00 0 .94931E+00
-0 .95077E+00 -0 .56454E+00 0 .73217E-02 0 .58843E+00 0 .95028E+00
-0 .95343E+00 -0 .58543E+00 -0 .31713E-03 0 .57346E+00 0 .94998E+00
-0 .95036E+00 -0 .59379E+00 -0 .19266E-01 0 .57702E+00 0 .95444E+00

-0 .95189E+00 -0 .57847E+00 0 .18880E-01 0 .59287E+00 0 .95393E+00
-0 .95062E+00 -0 .58377E+00 0 .21074E-01 0 .59435E+00 0 .96101E+00
-0 .95112E+00 -0 .60508E+00 -0 .33430E-01 0 .57233E+00 0 .94606E+00
-0 .94612E+00 -0 .57800E+00 0 .67463E-02 0 .58379E+00 0 .95066E+00

-0 .95422E+00 -0 .60156E+00 -0 .15950E-01 0 .60125E+00 0 .95246E+00
-0 .94528E+00 -0 .58429E+00 0 .28716E-01 0 .61003E+00 0 .95375E+00

-0 .94456E+00 -0 .58349E+00 0 .91998E-02 0 .57783E+00 0 .94462E+00
-0 .95268E+00 -0 .62499E+00 -0 .67304E-01 0 .55825E+00 0 .94892E+00
-0 .95258E+00 -0 .57805E+00 -0 .24066E-01 0 .59901E+00 0 .95005E+00

-0 .95403E+00 -0 .58690E+00 0 .31209E-02 0 .58977E+00 0 .95801E+00
-0 .95192E+00 -0 .59407E+00 -0 .52821E-02 0 .57739E+00 0 .94775E+00
-0 .95300E+00 -0 .58533E+00 0 .19852E-01 0 .59794E+00 0,95376E+00
-0 .95293E+00 -0 .60204E+00 -0 .26899E-01 0 .58785E+00 0 .94388E+00
-0 .95996E+00 -0 .58294E+00 0 .18827E-01 0 .61464E+00 0 .95665E+00
-0 .94066E+00 -0 .59033E+00 60 .71149E-02 0 .59032E+00 0 .95070E+00
-0 .95213E+00 -0 .57357E+00 0 .10825E-01 0 .59172E+00 0 .95163E+00
-0 .94484E+00 -0 .57545E+00 -0 .21530E-01 0 .58932E+00 0 .94792E+00
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