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Abstract

The processes which dominate the passage of neutral particle
beams through a fully ionized hydrogen plasma are analyzed
from a diagnostic point of view. In particular He and Ne beams
are considered as they are the most penetrating ones which

can give pronounced limiting angle scattering.

The dependence of attenuation on Te' Ti of a He beam and the

scattering of a Ne beam are discussed in more detail.




Introduction

As almost every plasma parameter can affect the passage of

a neutral particle beam, it should be possible to evalue

almost any plasma quantity from the passage of such beams.

Limitation, however, arises from the following facts:

1)

2)

3)

4)

the penetration depth is limited by ionization and charge

exchange.

the functional dependence on plasma parameters is generally
complex and may be not very pronounced.

In general the cross-section for Coulomb interaction of a

beam particle of nuclear charge Z_e with a target ion

B
of charge ZTe is proportional to (ZBZTeZ)2 which attributes
a very important role to the presence of high Z impurities.
(In some situations, a virtue can be made out of the necessity

and a tool for impurity diagnostics is obtained).

Often the interpretation of the observed attenuation, angular
distribution, energy spectra etc. in terms of plasma para-
meters suffers from a lack of accurate knowledge of the
cross-sections involved.

Generally plasma diagnostics by neutral particle beams is still

in a very early stage of its development and it is to be ex-

pected that applications will show up in the near future which

are not foreseen at the moment.




Ionization by Electron Impact

For the beam particles we can define an effective attenuation
cross-~section by

{Cmi V> Og; = cross-—sectim? for ionization (1)
" by electron impact

O;E = \/
B
v = relative velocity = \4”&

vb = beam velocity

Tonization from the ground state is usually considered to be

w for

the dominant process. However, the cross-sections o,
excitation into state VY are often comparable in order of
magnitude and the effective cross-section for two-step pro-
cesses will be of the order 2 &% as soon as the mean free
paths ?L,‘,; for ionization frvom states V¥ stay below the
length of plasma traversed by the beam. It seems unlikely that
the inclusion of stepwise ionization will change the total
rate by much more than a factor 2 in most situations but one
should be aware of this uncertainty whenever several mean

free paths of plasma have to be traversed.

We have observed that the cross-sections for ionization
from ground state can be approximated by

c En = En/E

Sy E & (2)




where UM(EM) is the maximum value. This approximation des-
cribes rather well the experimental curves /1/ for H, H2,
He, Ne in the range of electron energies to be considered.
With this approximation the integration over a Maxwellian
distribution can be carried out analytically /2/ yielding
; e 3 L4 E (P2
40—\./) = O_v. — X x-':(._._tl)
i ‘xt.(.fﬂ M\/FT- K‘( )} K .T
with 1 % . = \if2
X' K (x) — x v, _.(zrr.;‘.ﬂ)
i [2 .2 ~ 1 at X, =132 ¢
\/IGKLVFKK()(’] -~ ™
In the log-log plot of Fig. 1 the curves obtained from Eqg. (3)
are parallel to each other. For the elements Ar, Kr, Xe /1/
only the position of the maximum is indicated. In these cases
the approximation by Eg. (2) is not quite as good but may
still yield a reasonable estimate.

(3)

Charge Exchange and Ionization by Ion Impact

For energies e « 10 keV/nucleon charge exchange is dominant,
whereas proton ionization prevails for ¢ > 100 keV/nucleon.
In Fig. 2 both cross-sections have been added to a single
curve. The references used are, CE:H°/2,3,4/, He/5,6/

Ne/6/ pr: 8°/7,8/, He/6,9/, Ne/9,10/. The possibility

of excitation and subsequent ionization also exists for proton
impact but for non hydrogenic beams the beam velocity will

usually be in a range where charge exchange is more important.

The ionization due to impact by multiply charged impurity
ions is difficult to assess. If a Zz—dependence of the cross-

section is assumed and if the beam energy stays well below




the maximum for proton impact, it can be hoped that in

moderately contaminated hydrogen plasmas ( 29_” <33 )

this process does not change the absorption substantially.

Dependence of Absorption on e

The 5—1/2 decrease of electronic absorption and the steep

rise of ionic absorption combine to curves with a dip or a
rather flat plateau in the intermediate region. This dip is
most pronounced for large T, and low T; as shown in Fig. 3.
The curves of this figure are only half-quantitative in nature.
They are based on the rates for ionization of hydrogen by
proton impact given in /11/ and use has been made of the

fact that (UCE + o__) -z 2 (o

PI'He in the region of

p1 H°
interest.

Disregarding effects which may arise from the presence of

high Z impurities Fig. 3 demonstrates that once T,, n, are known
this dependence could be used for a rough determination of an
average <Ti> taken along the trajectory. For comparison
another beam could be used which traverses the same length and
the € of which is chosen in the region of intersection. Cali-
bration of the probing beam (chosen at lower energies) against
this reference beam could then be made at low values of T,

where the absorption depends little on T, and beam energy.

Depending on the dimensions of the plasma region to be probed

as well as the ranges of T; and T, it may be possible to

find beams of atoms (or molecules) which are more suited for |
this kind of {T:;» determination than He.

Scattering

In the following only multiple scattering and elastic single
scattering is considered whereas inelastic scattering is ignored.




Abramov et al. /13/ have shown that - under rather general
assumptions - elastic scattering by an angle 7% in the labo-
ratory leads to a Gaussian energy distribution of half-width
AE given by

I/
AE = 419‘[57/‘\&-\2] 2—/ '19‘«‘ (4)

where T is the temperature of target particles A = M, /M
and where the beam velocity is assumed to be large compared
to the thermal velocity.

For an atomic mass ratio A > 1 a maximum angle T9‘M given
by
“n . = I/A (5)

-
exists beyond which beam particles cannot be scattered
if the target particles are initially at rest. Thermal
motion will dissolve this sharp limit into a Gaussian
distribution of width

<(19_19M)1> = T /A } (&-19“)«19«1 6)

which is multiplied by a factor ’lgh\/’6L to account for

"radial diffusion". While Eq. (6) is based on a simplified
argument a rigorous calculation for He has been made by Afrosimov
and Kislyakov /14/ who proposed limiting angle scattering

as a diagnostic tool.

We investigate in more detail the single scattering and
multiple scattering regions.

Single Scattering.

When viewed from the laboratory ( é%,duJ) the Rutherford
cross-section in the CM system (8, dQ) becomes
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In Eg. (7) x is related to {% by

x)
fatd = XD L ®)

[1+1/at+ eX /AT " - A

Combining (7) and (8) yields the angular distribution in the
laboratory. By separation of dS_/cwwe have normalized the
cross-section to right-angle scattering in the CM-system
leading to an angle 49; in the L-system given by

A1
O, = £ with O -, > 1/24% (9)
This procedure is reasonable as the singularity at x = - 1/A

is of the type ( 42;~‘19_)'1/2 and will easily be washed
out my multiple scattering (see below).

Multiple Scattering.

This process leads to a distribution of scattered beam inten-
sity close to the beam axis given by

..1_91/(131
el Lpie 20 2 s T
ao & S (10)

ith 2_ mC:L T
- S (4 2; AZ_ e ¢ )'Ntm

where NtMS is the number of pa.rticles/cm2 traversed.

From Eg. (10) it can be seen that multiple scattering can
be used to determine the mean value '(Zi)along the beam trajectory




once the density profile is known.

For comparison with (7) we define an effective cross-section

d ot =°_(_£*l°/2 NVt enDIe | (11)
dw  dv

where tssis the depth of the scattering volume which is viewed
from the detector. Curves calculated from Egs. (7), (11) and (10)
are shown in Fig. 4. Multiple scattering tends to wash out

the limiting angle in the same way as does target particle
temperature. However, instead of (1} %> from Eg. (10),

we should now use the value <'B- 2> (19) 2 for angles
projected into the plane of scattering. From Eq. (6) the

minimum detectable temperature due to multiple scattering

will then be about

T ¥ AELU /2 e AVE (12)

Impurities.

For a heavy impurity ion (2™ , M¥ ) with A% = MB/M"<< ;
we find from Eq. (7) a back ground of single scattering at
19wM of the magnitude

X
dCYx' Py 22

e _ (13)
ds.  (A*)A
whereas for light impurities with 1 & ‘Kﬁ( A we have approxi-
mately
de™ . (a)* LAY o 2%
a6, A* S (A-H):'(A’-.J.;)VL A¥A (14)

Comparison between He and Ne beams.

From Eg. (12) the sensitivity of a Ne beam is 5 times lower
than for a He-beam of same energy. Moreover from Pig. 2 it

has considerably smaller penetration capacity. Nevertheless
there are properties also which favour the Nebeam. From Eg. (7)

the scattered intensity is higher by a factor 2= 55. Ln




addition the small value of ’L}M = 3° would allow to collect
the entire azimuth with a conical arrangement.

Despite of this increase in total intensity the contribution
from impurities will be about five times smaller for Ne than
for He as may be seen from Egs. (13) and (14). This is true
if the Rutherford angular dependence oK sin~? (e/2) still
holds. Making use of the classical relation between impact

parameter b and CM-angle © /15/

T
vt 4g(0r2)
and supposing very heavy ions for which /u = MB' e %19‘ ’
we find for N chosen at > = 1/A K1 and Z_= AB/2
M B
*
: L
b, i O g . W08 (15)
1 2 &
'If b, becomes larger than the atomic radius a & 1,4 Z; 1/321,:,
m(AB) _l/3ao (where ag is the Bohr radius) the beam atom be-
comes partly screened by its electronic shell. Equating a to
bM from Eq. (15) shows that this is the case for
Y -l
» 3~
2z 440 Ag A ¢ (16)

mect

*
For e‘/meczi& 1/50 screening should set in at 2 16. Therefore
the impurity contributions from Moxz and MOZZX as shown

in Fig. 4 in fact may be exaggerated.

If collisions with bM 2~ a would have a large probability

for ionization or exitation into a state which is more likely
to be ionized, this would of course be another very fortunate
chance to get rid of high 2 impurity background.




Finally, energy discrimination of the charge exchanged
beam could be helpful to reject undesired background.

Beam particles which are scattered at small angles from
targets which are several times heavier suffer almost no
energy loss whereas the loss from cold protons is AEO = E/A
around which the distribution for hot protons according to
Eq. (4) is centered. The fact that the charge exchanged Ne
beam has a greater magnetic stiffness than the charge ex-
changed He beam should facilitate discrimination from low
mass number background.

Conclusions

Thedependence of neutral beam absorption on plasma parameters
has been demonstrated. For electronic ionization from ground
state an approximate analytical expression has been derived
which is useful for simple atomic configurations. The depen-
dence of beam absorption on proton temperature is demonstrated
in the case of a He beam.

An example for the profile of a Ne-beam is shown of which

the multiple scattering as well as the scattering beyond the
limiting angle could be used in diagnostics. It is shown that
for limiting angle scattering a Ne beam offers some attractive

possibilities of intensity collection and background rejection
whlch deserve to be weighed against its lower temperature sen-

51t1v1ty and penetration capacity when comparison with a He beam
is made.
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Figures

Fig. 1 Rates for ionization from ground state as given
by Egq. (3) in text

Fig. 2 Attenuation cross-sections for Hq—, Fe- and Ne beams

Fig. 3 Variation of the attenuation of a He beam with
beam energy for various proton:- temperatures

Fig. 4 Scattering profile of a 200 keV Ne-beam
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du/ dw Regions of Scattering for Ne on H*
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Fig. 4 Scattering profile of a 200 keV Ne-beam




