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IPP III/40 K.McCormick Cross sections and rate
coefficients for the inter-

action of a monoenergetic
neutral lithium beam with a
Maxwellian plasma.

Abstract

Cross sections and rate coefficients for the interaction of

a monoenergetic neutral lithium beam with a Maxwellian plasma
are presented. Experimentally determined cross sections from
the literature are used for the ionization of lithium atoms

by electron impact and by charge exchange on protons as well

as for the excitation of the Li(2s-2p) line by electrons. The
analytical expressions of Gryzinski /1/ are employed to compute
the cross sections for the ionization of lithium by ions and
for the excitation of the Li(2s-2p) line by ions. The calcula-
tions are done for electron and proton temperatures in the
range 10 eV to 10 keV with the lithium beam energy being varied
as a parameter between 4 and 100 keV.

111




List of Symbols and Frequently Used Constants

hy

E 'Ei

i

M

n_,ng

'Ep

;n

Number of photons emitted per cm3 per second in
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Introduction

With the advent of the neutral lithium beam as a diagnostic
tool /2,3/ for high temperature plasmas, it has become necess-
ary to consider the various cross sections for beam-plasma
interactions which lead to beam attenuation and to excitation
of the resonance line of atomic lithium. Knowledge of the rel-
evant cross sections can serve as a guide in selecting the
appropriate beam energy for a given measurement objective

and plasma. This is particularly important for plasmas of
large radius or high density where the attenuation can be-

come quite significant if the beam energy is not optimized.

For the diagnostic purposes mentioned in /2,3/ we are interested
in computing the intensity of the collisionally excited lithium
resonance line as a function of beam position in the plasma.
For beam interaction with a multi-component plasma, this in-

tensity th in units of photons/cmB-s -4 ster. is given by

e

na: +)
Ny ) = nenE:.L eXp[— !Jned-'l‘d‘o] E n_J :.'<0"Y) exc 45
J

th

where ny is the number density of the j species,‘gﬁ“v>exc

the corresponding excitation rate for the Li(2s-2p) line,

; o
ng the electron density, n;
in the beam were there no plasma present, and the exponent

the density of lithium atoms

takes into account the attenuation of the beam as it traverses
the path.ﬂthr’ough the plasma.Note that ngs nj,¥°.v)exc — T

|
+) Formula (1) may also be written as

Np, (1) = %Jb n, exp[-ljn dl]z: i <fv>exc

where J, is the equivalent neutral beam current density

=n°.v 2
Li'b™ "




are all functions of position in the plasma. q& is the total

cross section for beam attenuation by all plasma species,

1
G-+ ¥ oo
T ne J 3.k (2)
:]gk
where 03 i is the effective cross section for beam attenuation
by the j£h species by the kth process (either icnization, k= ;
or charge-exchange k=cx) and
k
~ k _ j(ﬁ"v)
Gx= Tess = ; ' (3
b

vy being the beam velocity. As an example, for the special case

of a Zeff = 1 plasma (ne = np), 0& takes the form
= 1 i i CXY_ i i CX
T vy [ STV + p(W) = p<W> ]_ eTore pTeff ¥ pTess -

From Egn. (1) we see that one may define an effective mean free

path Aeff for 1/e beam attenuation as

which becomes, for the case where G} is not a function of £,

.
he 7

e

Neff =

Ee being the line-averaged density over the path £.



Measured cross sections from the literature are available
for the excitation of the Li(2s-2p) line by electrons, and
for ionization of lithium atoms by electron impact and by
charge exchange on protons. For ionization and Li(2s-2p)
excitation by ions, a theoretical cross section must be
used. In this case, the analytical expressions of Gryzinski
have been employed. Because the Gryzinski formulations are
simple and provide reasonable agreement with the known cross
sections involving electron interactions, they are used in
all calculations below with the exception of the charge ex-
change cross section. Here a fitted curve is utilized since

the Gryzinski expression does not fit the experimental data.

First, the general formulas for computing the reaction rates
of a monoenergetic beam with a Maxwellian plasma are summar-
ized. The Gryzinski analytic forms are then described, fol-
lowed by a comparison to the experimental data when it exists.
Next, the calculated rate coefficients and effective cross
sections are presented in graphical form along with a brief
discussion of their principal features. Finally, some dia-
gnostic possibilities suggested by examination of the various
cross sections are listed.

All numerical calculations are carried out to an accuracy

better than 0.5 %, which is far more precise than the Gryzinski

theory or any of the experimental measurements.

General Formula for the Rate Coefficient

Referring to Fig.1 consider a monoenergetic beam of velocity

N
VL along the vy axis interacting with target particles of mass
m and velocity v , the ensemble of which has a Maxwellian ve-

locity distribution characterized by a temperature kT. The
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Fig. 1 Velocity Vector Diagram for the interaction of a

monoenergetic beam of velocity #L with a plasma
particle of velocity'#.

rate coefficient {¥V) for a particular type of interaction with
cross section OYvr) is given by

o0
(TV) = jd3v v,) v_£(v) (4)
o

where Ve is the relative velocity between the interacting plasma
particle and the beam, and f(v)d3v is the plasma distribution func-

tion in velocity space. For a Maxwellian distribution

2
f(v) = — o~ (V/W) w? = 2kT (5)

(MY w)3 T

In spherical coordinates

d v = v2 Sine de d¢ dv,



and from the law of cosines

1
B a3 o2 2
v, = (vb + v 2v vy Cose) °, (6)
so that for a Maxwellian plasma
2% © i)
1 2 -(v/w)2
(Cvy) = ——— |ag fdvv e fdoSino TV v, (7)
(IJ:I-‘- W)3 o o o

Because of cylindrical symmetry, the integration over ¢ may

be carried out immediately. We then obtain

1 o0

(ovy = (BKL)2 [dl e fde sine T(X) X_ (8)
o
1
where ( %%%)2 =v = average target paticle velocity
X = v/w
- 1
Ap = vo/w = ( 1}:2) 1 el 2X_XbC056)2
Xb = v /w.

Equation (8) gives the reaction rate coefficient as used
for calculations in this report. It remains to determine
the cross section UYXI) in terms of the normalized relative

velocity xr
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Cross Sections

The principal advantage of the Gryzinski formulation is

its ease of calculation combined with the surprisingly

good agreement with experiment in many cases. In addition

to Gryzinski's original work, comparisons between theory

and experiment for electron and proton ionization are made

by Freeman and Jones/4/, and for proton ionization by Garcia
and Gerjuoy /5/. As illustrated in /4/, the agreement for
electron interactions is generally excellent. Proton inter-
actions are less accurately described, but for the lack of a
better analytical theory or experimental measurements, the Gry-

zinski cross sections are employed here.Charge exchange cross sec-
tions are totally inadequately described by Gryzinski - see
Garcia and Gerjuoy /6/ for comparisons between theory and
experiment - and so the experimental data for protons charge

exchanging on neutral lithium is used.

Gryzinski Cross Sections for Electrons

3.1.1 Ionization

According to Gryzinski the analytic form for single ionization,

.th

by an electron, of the i shell with ionization potential Ui

for a target at rest, is

T
i _ o)
eC"l - U 2 gl(x) (9)
i
where
T, = 6.56 x 10" 14ev2cm?

]

=1 (x=1, 3/2 el 12
g; ()= (X7 {1+3(1 s=)Inf 2.7 +(x-1) _‘[}

x = Ee/uri



E_ = kinetic energy of bombarding electron

U, = binding energy of the orbital electron.

The total cross section is given by the summation of the

cross sections for each shell. For lithium this assumes

the form
2
T = ) o, (10)
2=1

where for the 1s electrons Uq1g= 55 eV and n, = 2.

for the 2s electron Ujg= 5.39 eV and n; = 1.

The 1s shell potential is taken from Cauchois /7/. Single
ionization of the 1s shell contributes about 1 % to tTl

e
at Ee = 80 eV and about 12 % at Ee = 1 keV.

3.1.2 Li (2s-2p) Excitation

Taking into account the fact that the majority of transitions
from the high energy levels of lithium pass through the 2p
levels, the cross section for the 2s-2p transition is ap-
proximately equal to the cross section for the excitation

of all levels of lithium. Using this approximation Gryzinski

obtains
FR6 (i e (1: &) (11)
a = Q H - Q ;
e U U UI
exc exc
where
i e ,_ [e) Lo B8 5 2 o B 2. Y .
Qi) = 2 21D {y4—3(1 o anl 2. 2xe) )
exc eXc exc




=1

€1 =
Qs g = @7

and [& = 5.39 eV

U = Excitation energy for the 2s-2p transition = 1.85 eV

y = Uexc/Ui = 0.343

The correction to etrexc due to the exchange process has not
been included as it increases the cross section only slightly
and then only at such low electron energies that the effect

is of no importance for the plasmas considered in this report.

3.1.3 Experimental Measurements for Electrons and Comparison
to Theory

From Fig.2 we see that there is excellent agreement between
the Gryzinski ionization cross section and the experimental
results of Aleksakhin et al /8/, Zapesochnyi et al /9/ and
McFarland et al /10/. Jalin's /11/ data lies roughly a fac-
tor of two lower than the Gryzinski curve and the other ex-
perimental points and for this reason is not used to modify
the Gryzinski curve.

Figure 3 illustrates the good agreement between the experimental
results of Leep and Gallagher /12/, Hughes and Hendrickson /13/,
Hafner and Kleinpoppen /14/ and the Gryzinski curve for Li
(2s-2p) excitation. It should be noted that Hughes and Hen-
drickson, using a method proposed by Seaton /15/, put their
measurements on an absolute basis by comparing the Li(2s-2p)
curve to an absolutely determined Na(3s-3p) curve by Christoph
/16/. The Hafner and Kleinpoppen measurements are also re-
lative and have been normalized here to those of Hughes and
Hendrickson. Leep and Gallagher obtained experimental results

out to 1404 eV, their values being generally about 5 % larger



than those of Gryzinski in the range 100 - 1400 eV. The
cross sections measured by Aleksakhin /8/ (Kiefer /17/)

are substantially lower than the Gryzinski values. Never-
theless, if the slow fall-off with increasing energy is
extrapolated to higher energies, which one must do in order
to compute excitation rates, then one obtains cross sec-
tions larger than those predicted by Gryzinski. Altogether,

this serves to demonstrate the caution with which such curves
should be used with respect to the absolute values.

The fitted curve is of the form

E.—1:85

B 1.81
e

ci = 139 x 10_16 In (0.81 Ee) cmz.

e

Gryzinski Cross Sections for Ions

3.2.1 Ionization

th

The cross section for ionization of the i shell of a

target at rest by a particle of mass my (mi>>me) and

charge Zi, with a bombarding enerqgy Ei' is given by

g, =— G (=) ' (1.2}
1

6.56 x 1012 22 oy2 cp2

oL
I




E 1 xl '3' ] 1
i = 1 > 1 1. 1+x"
G(??—x' [1+x'r{1+x‘ + %(”&')11’[2'” "'2]] [1'E] ["(i) +X]

m E,
x' -_——g _l
m, T
_ i 1
K = 4x [1+.1/2]'
X

This equation is valid above the apparent threshold «21,

which for the 2s electron yields upon solving for Ei'
E; = 78.2 MiUi = 0.422 M, kev

where Mi is the weight of the bombarding particle in atomic
mass units. As in the case of electrons, the total ioniza-
tion cross section is obtained by summing the cross sections
for the single ionization of each shell. For protons, single
ionization of the 1s shell makes up about 1 % of po‘i at

Ep = 25 keV and about 10 % at Ep = 500 keV.

3.2.2 Li(2s-2p) Excitation

Once again,taking into account that the majority of transi-
tions from the high energy levels of lithium pass through
the 2p levels, the Gryzinski formula for excitation of the
Li(2s-2p) line by ions becomes

0' E. y E.
i . I L) - Bon;
Ue:-:c exc Ue:»‘:c Uy &

]

U E, 1 g 2 ' 3
G(U : 5 =) %' [15}{' {1+xx' Y+§(1+°%)ln[2'7+ X'ZJ]D-'%]

. [1_(51) 1+x']

(13)



Ey
G(1; 'U_') = -02
i

and Ui = 5.39 eV.

The apparent threshold for excitation is given by X2y,
which yields

E; = 11.5 UM, = 0.062 M, keV.
ivi : §

The correction to io.exc due to the capture process is not

included in Eqn.(13) as it makes only a negligible difference

in the case of a resonant line.

3.2.3 Discussion of Gryzinski Results for Ionization and

Li(2s-2p) Excitation by Ions

The theoretical results for single ionization and Li(2s-2p)
excitation by protons (Zi = 1) are presented in Figs.4 and 5.
For purposes of comparison the corresponding curves for elec-
trons are also plotted. One sees, as is to be expected, that
for high energies (Ep) 105 eV) the proton and electron cross
sections are identical, when compared at the same velocity,
so that in this energy range the proton cross sections are
probably reasonably reliable. On the low energy side, which
is where one would be in an experimental situation, the
Gryzinski curves generally predict too large a cross section
and the form is not always correct - see /4,5/ for comparisons

for H,He,Ar,Ne and Kr.

None the less, even in the low energy range the curves are
useful for predicting general trends and the rough order of
magnitude of the cross sections.For example,referring to Figs.4

and 5 we see that with increasing energy the cross sections for




.1

ionization and excitation can become quite appreciable. In

particular, since Gg' is proportional to Z?, high Z ions will
1

invariably begin to play a non-negligible role for relative

velocities in the range of 108 cm/s.

Charge Exchange of Li® on Protons

For charge exchange interactions, an analytic curve of the
form pd‘cx(Ep) =3x10"1° E; [keV] &> Ep cm? has been
fitted to the experimental points of Griebler et al /18/
and Il'in et al (19). Should the cross section, in contrast,
actually be non-zero at Ep==0, then use of the analytic
curve will lead to an underestimate of pcrcx at low proton
energies. We note also that Gruebler et al indicate an
uncertainty of about ¥ 40 % in their measurements, and

that the difference between /18/ and /19/ can be more than

a factor of two, but not always in the same direction.

Rate Coefficients

Electrons

The expression for eVi Egns. (9)-(10) [‘eo_exc' Eqgn. (11)] must
be substituted into Egn.(8) to compute the ionization (excita-
tion) rate for electrons. For lithium beams and electron
temperatures of practical interest in fusion-oriented plas-
mas, the relative velocity is determined to a very good ap-

b* Thus

Vs Var the integration over © may be carried out imme-

proximation solely by the electrons i.e. ve)> v

diately in Egn. (8) and we obtain

0
(rv) = ¥ f aze” %z O(z)

Z_ .
min

(14)




where
2 Ee
Z‘:X =T—
e
Ui ? Uexc
Z ., = — for ionization, and for excitation
min T T
e a
Ee Te
0 (z) is derived by substituting x = S .2 e in Egns. (9)
i i

and (11).

The rate coefficients {¥Vv) for ionization and excitation
are plotted in Figures 7 and 18 respectively. In Fig.18 one
sees that, in comparison to the Gryzinski curve, the fitted
curve yields a substantially larger rate coefficient at high
electron temperatures. This is due to the slower fall-off
rate of the fitted curve with increasing energy and demon-
strates the sensitivity of the rate coefficient to small

changes in the form of the cross section at low energies.

Tons

4.2.1 TIonization and Li(2s-2p) Excitation

Since the ionand lithium masses are of the same order of
magnitude, one cannot make the simplifying approximation
vi)> Vids Accordingly, the Gryzinski cross sections must
be rewritten in terms of the relative velocity for use in
Egn. (8) . From Egn.(12) we have

=]

1. %o "
u; 2u; i

Replacing Vi with Yoy = I;Wi, x' becomes

2 m T,
r

_ T T2 _ kT
_m:.L Xr Tiev]_e '

<




which may be directly substituted into the expressions for

ionization, Egn. (12), and excitation, Egn. (13).

The rate coefficients for ionization and Li(2s-2p) excita-
tion by H+ and He2+ are shown in Figs. 8,9,19 and 20. The
rate coefficients for other ions of charge Zi and mass mi
may be taken from the proton curves by reading off at the
equivalent groton temperature of8Teq = Ti g? and multi-
plying by Zi' For example, for O * ions with'a temperature
of BOO eV we have Teq-(1% ) 800 = 50 eV, which at a beam
energy of 8 keV gives (d"v}i= 10'80m3/s. Finally, multi-
plying by (8)2 we obtain 6.4 x 10~7 cm3/s as the ionization
rate for 800 eV O8+ ions on a 8 keV lithium beam.

For purposes of comparison and for use in the case of a low
energy lithium beam where vi)) Vb is a good approximation,
the rates for ionization and excitation by electrons and

protons for Vi, = O are presented in Fig.17.

4.2.2 Charge Exchange of Li® on Protons

The fitted curve for charge-exchange of protons on lithium
is expressed in terms of the proton bombarding energy Ep.
This may be converted to a relative energy Er for use in
Eqn. (8) by substituting Vs for Vp. Thus E_ = l-mp V; be-

P 2
comes

The exchange rate coefficient for the lithium beam energies
4-30 keV and 40-100 keV is given in Figures 10a and 10b re-
spectively.



Effective Cross Sections and Comments

The effective cross sections, ngf= (rv)/vb, for single

2+ and for

ionization of lithium by electrons, protons, He
charge exchange of protons on lithium are shown in Figures
11,12,13 and 16 respectively. The following trends may be

observed:

a) Ionization by Electrons

Because the ionization rate is independent of beam energy,
increasing the beam energy always leads to a decrease in
eQr;ff . For very low beam energies, thermal for example,

—14c

eavéff is so large (??10 m-2) that significant beam

penetration could be expected only for low density (ne«1013

plasmas, such as exist at the boundary of a Tokamak plasma.

b) Ionization and Li(2s-2p) Excitation by Ions

For Tp € 1 keV, the effective cross section for ionization
by protons increases with increasing Tp and beam energy

i -15
(pq'eff £ 10

cmz) . Above Tp‘.“.'1 keV, increasing the beam
energy leads to lower cross sections, but still prclaff?‘ 10~

For ions with mi))mp, iqgff increases with increasing Eb
for the range (Ti==10 eV - 10 keV) of ion temperatures in-
dicated. Furthermore, as is demonstrated in Fig.14 for
Eb==10 kev, iaiff is essentially independent of the ion
temperature for Ti$_1 keV. At higher beam energies this
temperature independence will hold to even higher tempera-
tures. Hence to a good approximation, ioiff may be taken
directly from Fig.15 (Li beam bombarding target ions at

rest) using the relationship

: 3 6 3
1@ee = " 23

cm

15

_3)

sz




The same holds true for the excitation rate where

exc _ exc 2
REAY = ;o) 25

exc 2

and Li(O“V) is read from Fig.21. Because of the Z§
i exc

dependence [Eqn.(12) and (13ﬂ_, both iagff and i(a‘v)

can become quite large for highly charged ions when the

beam energy is high.

c) Charge Exchange on Protons

Below Tp:.?OO eV, the effective charge exchange cross sec-
tion increases with increasing beam energy for Eb& 30 keVv.
Still higher beam energies lead to a decrease so that for

X -15__2 > : : _
Eb > 100 keV, pOefs £ 10 cm~. For Tp,.?OO eV it is al

ways advantageous to increase the beam energy. Note that
for nb,,100 keV the effective cross section is largely in-
dependent of the proton temperature. Inthis case pogﬁf may
be directly read from Fig.6, where the conversion Eb =
= (m /m JE_» 7 E_ must be made.

S oM o p
In summary, for low beam energies in conjunction with plasmas
where T.3 1 keV and Tp((Te, beam attenuation will occur pri-
marily due to ionization by electrons and charge exchange.
As one increases the beam energy to the 30 keV region, the
attenuation cross section also increases (G&~48}{1O—15cm2!),
charge exchange being by far the most important process.

Still further increasing the beam energy leads to a de-
crease 1in p<70§f so that, at least theoretically, for
E 2 100 keV the cross sectlon for ionization bv protons

(max d'ff “ 10 w5 cm ) becomes larger than that for

p
charge exchange and G} lies in the range 1-2x 10 15cmz.
For plasmas where Te3,1 keV and Tp&,Te, the situation

is similar with the exception that an increase in beam

energy always leads to a decrease in 0%.

d) Impurity Ion Effects in More Detail

If Zeff>>1, then attenuation due to ionization by and charge



exchange on impurity ions can become significant. Indeed,
depending on the exact plasma composition and particle
temperatures, it can happen that the above mentioned bene-
ficial effects gained by increasing the beam energy are
more than negated by the effects due to impurities. To
quantify these statements somewhat we consider the ex-
pression for U& [Eqn(12)] for the case of a single impurity
species,

9
I
g
14
8
+
o b

. n. .
CX 1 1 CX
[ p"sz *opVess | T n_ [iVeff * ic’eff]'

We see that the presence of impurities leads to a "proton

deficiency", i.e. np( n_ . That is to say, there are fewer

protons on which chargeeexchange can occur, so that for
plasmas and beam energies where proton charge exchange is
otherwise the dominant beam attenuation process, the pre-
sence of impurities can lead to a smaller 0&. The extent

of this effect depends, among others, on Zeff and Zi. Using

the relationships

n n Z2
sz=—1—Zn.z? = B, 11
e n o [y n, B
J
n = n + n
e P i“i
we find
"p _ % T Zegs
n Z. - 1 g
e i

(15)

(16a)

(16b)




from which it follows that for a given Zeff' the "proton

deficiency" is greatest for small values of Zi’ e.g. for

6+ 8+

light elements such as C and O . Thus, for the situa-

: i X :
tion where ia;ff and T are relatively unimportant,
heavy impurities are more detrimental to beam penetration

than are light ones.

At high beam energies (Eb~n100 keV) where the relative ve-

locity is determined for both protons and impurities by the

"elsz =

lithium beam velocity, we may write (see section 5b) n

> i 2
= Lic}'-L Zi, so that

o = . (17)

poc;Laff 2eff 1i¥

m:! L‘U:

a.

T=eof;ff =

15 .2

& K10 Cemy

For E, - 100 keV, using Figures 11, 15 and 16, oVofs

b

i [0)'4 -15 2 ;
Liol“~pqéff 10 cm”. Therefore, when Zeff>)1, even without
considering charge exchange on impurities, 0& is predicted

to be quite large in spite of the high beam voltage.

With regard to the excitation rate at high beam energies,

referring to Egqn. (1), and section 5b we may write

1 exc_ exc, 1 2 exc_ exc exc
?‘;anf;rv) =L {TV) +ne E n,z2; ; TV) _e(rv} e 14TV . (18)
. i

J
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Note that for lower beam energies where vbs)ub is no
longer strictly valid, Egn.(18) gives values for the
total excitation rate which are too low. Examination

exc
p = 20 kev, Li(o-v}

cm3/s, which is comparable to the excitation

of Fig.21 shows that already for E
:‘:.4x10-7
rate due to electrons (Fig.18) for typical Tokamak plasma
conditions. Hence if Zeff))1, then one would expect ex-
citation to occur largely on impurities for Eb3_20 kev. It
should perhaps also be pointed out that for very large beam
exc__,10-6 cm3/s, so that if Z_c”1, the
possibility exists that even for moderately dense plasmas

(ne) 1013cm_3) the 2s and 2p states will become equally

energies [ {TV)

populated, i.e. the lithium resonance line will go into
saturation.

As a final comment with respect to the influence of impuri-
ties, it must be kept in mind that here the Gryzinski theory
does not adequately describe the cross sections for ionization
and excitation at low relative velocities. Cross section values
near the peak (Ebv~100-300 keV) are probably accurate within

a factor of two, but at lower energies these values can easily
be in error by much more than a factor of two. Nevertheless,
the general trends predicted are certainly accurate. Quanti-
tatively, with respect to the charge exchange cross section

for impurities, little can really be said. To date, there are
no reliable theories which could furnish a basis for the cal-
culation of such cross sections in the energy range of interest
(say, E, € 300 keV). In addition, the task of taking into ac-
count the multitude of charge states present in a plasma and
the possibilities for charge-exchanging into the various ex-
cited states further complicates the problem.

Some Diagnostic Possibilities

In addition to the diagnostic application /2,3/ (Measure-
ment of the current density profile in a Tokamak) for neutral

lithium beams which motivated the calculations in this report,
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examination of Eqgn. (1) in conjunction with the wvarious
cross sections presented here suggests other diagnostic

possibilities:

a) Measurement of Local Density Fluctuations

For the case where Li(2s-2p) excitation is due primarily

to electrons, i.e. low beam voltages, Egn. (1) may be written

. o exc _ (19)
Nhy = PelLi e TV exp[ J neUfI,df] :

The Li(2s-2p) excitation rate (Fig.18) is a weak function

of temperature; thus insofar as beam attenuation is unimport-
ant [Jne V&dl*«T], local fluctuations in n_ will be exactly
mirrored as fluctuations in the photon emission rate Nh»’ a
quantity which can be easily measured. Such conditions would
prevail, for example, for low-density laboratory plasmas

(ne< H312cm_3) or at the border regions of a Tokamak plasma.
Should Zeff))1, then measurement of th at high beam ener-
gies could yield information on impurity ion density fluc-

tuations.

b) Measurement of the Density Profile

Again referring to Eqn.(19), for the case where e((rv)exc is

a weak function of position, i.e. where T, does not vary
strongly, and beam attenuation is negligible, measurement
of th as a function of position will yield a profile pro-
portional to ng- The measurement becomes absolute to the
extent that n2, and e<o__v>exc

Li
method is available to calibrate the profile at one point.

are known, or if another

This effect could probably well be used in the boundary
region of a Tokamak plasma where the above conditions hold
and the density is so small that Thomson scattering becomes
difficult.
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c) Measurement of the Ze Profile

) i
Referring to b), insofar as the excitation rate is determined
largely by impurities at high beam energies, comparison of a
th profile for high beam energies to a similar profile at
low beam energies could yield information on the relative
Zeff profile [see Egns. (1) and (18)]. An absolute measure-
ment gf Zeff can be carried out only if e(o‘v)exc, Li(q-y) RhE
and n;, are precisely known.

d) Measurement of the Plasma Line Density

The above diagnostics were based on observation of the lithium
resonance line intensity as a function of position. Line-
averaged information may also be gained by directly measuring
the beam attenuation. Specifically, examination of Eqgn. (1)
shows that the beam attenuation nLi/ngi over a path R is

given by
nLi = @ -Jneer‘e

One sees immediately that, for the special case where q&

is known and is independent of position, the line-averaged
electron density may be calculated from

£ no.
ﬁ=—ljndf= 1 ln(ﬂ.
e 4 e 9 U& n; .
fo)

The accuracy with which Ee may be determined depends largely
on the precision to which 0& is known, which in turn depends
on the reliability of the relevant cross sections presented
in this report. Should Zeff) 1, then matters become more

complicated if not impossible since the cross sections for




charge exchange on impurities are not known. More detailed
examples of diagnostic capabilities, which may be extended
to lithium beams, using beam attenuation are to be found

in /20,21/ for hydrogen beams and in /22/ for a potassium

beam.
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