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‘- FUSION PLASMA LOSSES DUE TO THE
CHARGE EXCHANGE OF INJECTED NEUTRALS*

David J. Bender and Gustav A. Carlson

Lawrence Livermore Laboratory
ABSTRACT

The interaction of a neutral beam, consisting of full, half and
third energy components, with a mirrcr plasma is analyzad. The
beam-plasma interaction is assumed to cccur via ionization and charge
exchange collisions. The plasma was approximeted as being spherical in
shape, having a uniform density, isotropic velocity distribution, and a
mirror plasma energy distribution. It was found that to a first
approximation, for plasma energies less than 100 keV, the charge
exchange power poss (per injected atom) of the half energy component
is at least twice that of the full energy component. For the third
energy component, the loss is at least three times that of the full
energy component. For some plasma conditions, the neutral beam can act

as an energy sink for the plasma due to these charge exchange losses.

- *This work was performed under the auspices of the United States Energy . g
Research & Development Administration. f
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INTRODUCTION

The use of neutral beam injection to heat and sustain magnetically
confined plasmas is a technique that is widely employed in presnnt
fusion experiments and is proposed for future fusion reactors. The
injected neutral beam is attenuated in the plasma by ionization and
charge exchange collisions. The fraction of the beam that is unattenuated
(the penetrating beam) plus the charge exchange neutrals that do not
undergo ionization emerge from the plasma and impact the wall surround-
ing the plasma (the first wali). Modeling of the neutral beam-plasma
interaction is required to determine the mass and energy deposition
rates in the plasma aia on the first wall. Charge exchange has the
particularly troublesome aspects that (1} it results in an additional
heat load on the first wall, and (2) a given injected neutral may
charge exchange with a more energetic plasma ion, resulting in a net
energy loss from the plasma.

The anticipated needs of fusion research ard technology will
require injected neutrals with energies in the range of 10-500 keV.
Present sources produce neutral beams with a particle energy distribution
that is strongly peaked at several distinct values [1, 2]. The primary
components of the beam occur at full energy (EO) and at one-half (EO/Z)
and one-third (30/3) the full energy. The energy distribution of the

reutral beams may be expressed as

3
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where EO is the energy coordinate for the injected neutrals, § is the

Dirac delta function and Ioj is the current of the jth

component.
Since the charge exchange crpss section increases with decreasing
collision energy in the 10-500 keV regime, the half and third energy
neutrals have the potential for an increased amouns: of charge exchange
with the plasma as compared to the full energy neutrals.

A previous analysis [3] has examined.the interaction between a
monoenergetic neutral beam and a magnetic mirror plasma, where the
injected energy was equal to the most probable plasma energy (that is,
the energy corresponding to the peak of the plasma energy distributicn).
In the present study, the analysis is extended to include the Tow energy

components of present day neutral beam sources.

DESCRIPTION OF THE BEAM-PLASMA INTERACTION

Tne target for the feutral beam is assumed to be a spherical plasma
of radius rp. and the neutral beam is injected diametrically across the
plasma as shown in Figure 1. Since the injected neutrals do not undergo a
significant number of collisions with one another, the interaction of
each beam component with the plasma was analyzed separately, and the
results superposed to determine the net beam-plasma interaction. Each
component of the injected beam is modeled as a monoenergetic scurce
with energy Eﬂ/j and having a particle current given by Ioj' The beam
cross section AO is assumed to be small compared to (nrs).

The primary mechanisms that attenuate the injected beam are assumed

to be ionization and charge exchange collisions between the injected
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neutrals and the plasma ions. The injected neutrals that do not undergo
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a collision emerge from the plasma and are termed penetrating neutrals. :
Thase injected particles that experience jonization collisions are trapped in

the magnetic field and contribute a net energy and mass addition to the plasma.

An injected neutral that experiences a charge exchange collision creates a

new neutral that has a velocity vector equal to the ion velocity vector before

the collision. This "first generation” charge exchange neutral can be
subsequently ionized and trapped, can escape from the plasma if it does not
undergo a collision, or may experience another charge exchange collision,
resuiting in a "second generation" charge exchange neutral. The possibilities

for the history of a second generation charge exchange neutral is the same

as for the first generation, giving rise to successive generations of
charge exchange neutrals. In the present study. consideration is given to }
only the first generation charge exchange neutrals, in that it is assumed

that these particles are.either ionized or escape from the plasma. The

creation of subsequent generations of charge exchange neutrals is neglected;

this is an acceptable approximation when the charge exchanye mean frze

path is of order, or larger than, the plasma dimensions. Also, it should

be noted that this approximation results in an upper bound on the

number of charge exchange neutrals escaping from the plasma.

BEAM-PLASMA INTERACTION MODEL

" The objective of the present analysis is to formulate a model that

determines the fraction of the inji.cted current that is not trapped in

q
1
i
3
1

the plasma. This quantity is required (1) to size the neutral beam

injectors (plasma physics considerations specify the required trapped

current}, and (2} to provide adequate heat removal capability in the

reactor first wall, which must absorb the energy of the neutrals emerging
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from the plasma.

In this study and its precursor [3], the details of the beam-plasma
geometry, the spatial ion density distribution, and the ion angular
velocity distribution are not included, The resulting model, though
incomplete, preserves the most significant prysical aspects of the beam-
plasma interaction as described below,and provides approximate results
for use in preliminary design studies.

The spherical plasma is assumed to have a uniform density np of a
single ion specie, an ion energy distribution fp(Ep), and an isotropic
velocity disg¢ribution. The determinatiorn of the energy distribution is
coupled to the injection problem, in that the gross characteristics of
the ion energy distribution in a mirror fusion plasma is determined by
the energy of the (trapped) injected neutrals. This result is a consequence
of the fact that the neutrals are the primary energy source for the plasma,
and thermalization of the ions does not occur before they escape from the
magnetic well. Thus, mirror plasma energy distributions are typically
quite peaked at the injection energies. In this study, an approximate
approach has been employed. We assume a specific functional form for
fp(Ep),which was calculated on the assumption of a monoenergetic neutral
source. Thus the assumed distribution function does not reflect the
effects of charge exchange or the source contributions of the half and
the third energy netrals. However, the assumed distribution function
should be sufficiently accurate to yield useful results for the situation
where the full energy component contains most of the beam power (< 100 keV
for present neutral beam sources).

In the following development, we first determine the rate at which
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the collisional processes in the plasma attenuate the injected beam,

and then evaluate the two components of the neutral current escaping

from the plasma: the penetrating neutrals and the charge exchange neutrals.
Referring to Figure 1, the injected neutral current, I, at a position

x in the uniform plasma may be expressed in the form [4, 5]
I(x) = 1 e .

Here, 10 is the injected current at x = o and A is the total collisional

mean free path for an injected neutral,

i RS N
A Acx )‘i (3)

where the subscripts "cx" and "{i" denote charge exchange and ionization,
respectively.

For an arbitrary collisional process, denoted by the subscript "s",

the mean free path for the neutral is

v

0
A = N (4)
s ancsvc/
where vo s the speed of the injected neutral, Yo :JZ_Eo-’mo’ m, is the
mass of the injected particle and(csvais the rate coefficient for the

process "s". The rate coefficient is an integral of the product IVe

over the velocity distributions of the two colliding species, where i

Vp ) is tne relative speed between the colliding particles,

TR
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In the present situation invalving the collision of a monodirectional
monoenergetic neutral (that is, one of the injected beam components) with

a plasma which is assumed isotrogic in velocity space, the rate coefficient

becomes [4]

m™
- 1 o]
<c(_vc\) -ffp(Ep) [2 jvc cs(vc) sing deJ dEp. (6)
]
where 8 is the angle between the neutral particle ard ion velocity vectors.

The collision velocity is

Ve = (vg + ';23 'Zvovp cose)wz, (7)

i i - JE /n i i ass .
where vp is the ion speed, vp— {ZEp/mp, and mp is the ion m

Introducing the nondimensional space coordinate

£= X (8)
=
"
the injected neutral particle current in the plasma, Eq. (2), becomes
ey = 1, e7Y6, (9)
0
where‘ the plasma attenuation parameter, v, is defined as
v (10)

T
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This quantity can be Pewritten explicitly in tevms of the rate

ceefficients as

[( ADTIAD, ] . ()
v
)

y = (rbl)
where L = 2r The attenuation coefficient can, therefore, be
4
separated into the prod.ct of the plasma line density, npz, and a
function dependent on the energetics of the collisional iateraction.
The quantity in brackets in Eq. (11) is an energy averaged cross sectiofs

op(Ege E’p) =(<_<E.C)_:__<.?£V_CD, . (12)

o

and is a function of the jnjection energy, Eo, and the characteristic
plasma energy, Ep (which will be explicitly defined later in the develop-
ment).
The fraction of the neutra) beam which peretrates the plasma
may now be evaluated directly from Eq. (9) by setting £ = 1. Far

the jth component of the beam, this fraction is
1. _
&8, (13)
0J

where ij is the jt" current component that penetrates the plasma and

1Y
¥j is the plasma attenuation coefficient for Eo = Eolj.

The geometric variables for formulating the charge exchange loss
from the plasma are shown in Figure 1. We consider the collision of
neutra’ particles of velocity vy With the plasma ions at a position x on
the beam axis. The rate of producticn of chirge exchange nzutrals

which have velocity ve-~tors in the interval (3b.d3b) is
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3"cx(x’;p) = Mol ["pfp(vp)dv J CexlVe) (14)

where "o(x) = l(x)/voAo is the injected particle density at point x,

and the quantity in brackets is the ion density in the (Vp,d7p) interval

of velocity space. Transforming the isotropic ion velocity distribution
to the coordinates (Ep,9.®) yields,

> R
fp(vp)dvp fp(Ep)dEp . gy sine de d¢, (15)

where ¢ is the azimuthal angle. Invoking the azimuthal symmetry of the
preblem, Eq. (14) is integrated over ¢ resulting in an expression for the
rate of production of charge exchange neutrals at the position x with

energy in the interval (Ep,dEp) having direction in the interval (0,ds)

2: - 1.
e, (x.Ep00) = no(x) [npfp(Ep)dEp .3 smsde]vcccx(vc) (16)

The rate of escape of these first gemeration charge excnange neutrals from

the plasma 1is

-yt
(r WXy E ,8) = & A, (xoE ,e) e s (17)

~

where y is shown in Figure 1, and is the path length from the point of
origination of the charge exchange neutral to the plasma surface. In
Eq. (17), Ag is the ionization mean free path for the charge exchange

neutral, H

U ]

l 29. A ' ingl ot ' :
3 ff (€ )[ / Ve °i("c) sing'de dEp’ {(18) !
AP L ]
!
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where

V(2 4 (12 oy utemcat \I/2
c (vp + (vp) 2vpvpcose ) . (19)

The prime indicates an integration over the plasma velocity coordinates

with respect to a neutral having velocity vp and direction 8. The

differential flux of neutrals in the class (Ep, dEp) and (6,d8) through ;
the surface dAp, due to charge exchange reactions in the differential :
volume dV centered at x, is then

(20)

3 -4
d lcx(x,Ep,e) = d ncx(rp,x,Ep,e) dav,

where dV = A dx. Using the previously developed r:lations, the differential
o

charge exchange particle flux through the plasma surface may be expressed

as :
Ey o (v v, =(v& + y/x*) ?

3 - 9 cx''c’'c i : 5
g1 JE ,8) = =5~ E dt, 21 :
x| 8Epe8) = 3 A e fp(Ep)sing dE de de,  (21) :
where i

<ovc>T =<a‘.vc>+<ccxvc>, (22)
The energy flux carried by the escapinyg charge exchange neutrals is the

product of the particie flux and the particle energy Ep.

3 -
9P, (5:E58) = Epdl (E,E 50). (23)

The total particie and energy loss from the plasma due to charge

exchange is now found by integrating Eqs. (21) and (23) over space,

e Ll

enargy and angle,
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1 T -
- 31 e (24)
]Cx _/ f f d !CX(’.ED'G)’
=0 9=0 .:p =0

w

] m
35 ¢ 125
Py =/ / / Epd ch(,,Ep,e). [25)

20 4= E =
ODO

Equatious {14) - {25) have been formulated for an injected beam of

arbitrary energy Eo and current lo. To obtain results for the specific

beam describe¢ by Eq. (1), the equations must be evaluated for the energies

=""=‘ =
E0 EO/J (i = 1,2.3) and currents ID Ioj' The total charge exchange

current power losses are then the sum of the three components,

3
1 I
LX . £xi (26)
Iy Z Xj(l )
1 ol
i
3 -
Pﬂ =z : wj(ch;) s (27)
) j=1 )

where the current and power fractions in the beam, Xj and wj. respectively,

are defined as
Y5 = Ioj/ID' (28)
(29)
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and
N
®0i =(ED/3) Loj7 (30}
3
= 3
P, = Pos? {37)
. 3= 1
2 (32)
32
Io =Z Ioj'
i=1

The total neutral beam current and power escaping the plasma is due

to charge exchange and penetration and is found by summing the two con-

tributions,
I [ 1
_ll=_191+re, {33)
o o o s
P. P P
e (34)
[4] V] <X

where the penetrating contributions are

I .
2 - xj(TEl), (35)
7] = 1 oj
3 P :
P Bl (36) ' :
- s - P
2y () -

Note thatQﬂ,j;Poj> = (’p‘/10j>’ since these particles emerge from the

J
plasma with the energy at which they were injected,
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CALCULATIONAL RESULTS

To apply the model developed above, it is necessary to specify the
plasma energy distribution, the velocity dependent cross sections, and
the plasma parameters "o and £,

The piasma energy distribution is selected to be typical of & mirror
plasma Sustained by a monoenergetic source. The following expressions

for a mirror ratio of R = 3, given by Riviere [4], are used.
f(ep) =0 ep < 0.18; ¢, > 2.5

= - 2 -
f(sp) 1.316 e, * 2.831 € 0.4574 0.18 < €y < 1 (37)

f(e,) = 1.684 -1.0526 [-3.69 + 5e -ss]]’z 1<e, <25

Here, ep is a normalized plasma energy,

=L, (38)

and Ep is the most probable plasma energy (i.e., the energy corivesponding

to the peak of the plasma energy distribution), which we equate to the

energy of the full energy component of the injected beam,

E =F. (39)

The data for the ionization and charge exchange cross sections for
hydrogen have been curve-fit by Riviere [4]. The equations for the

s , : : 2
jonization cross section {in units of cm ) are

Togyq o; = —0.8712(]0910E2) 2 4 8.156 (1091055) -34.833, (40)

103 < e < 1.5 0 10°,




-13-

. 3.6 x 10"
T S
EC

" 5 .M
5 Tog 0. 1686 ) 1.5 x 10% < f < 10°. (a1)

The quantity Eﬁ is the collision erergy, in eV., of the proton-hydrogen

atom collision pair,

H_ 1 2 42)
Ec =2 ™Y (
where e is the electron charge and my the proton mass. Since the
cross section for this process is only a function of v, ie., ri(vc), Egs.

(40) and (41) can be used to evaluate the cross section for an iorizing

collision between any of the hydrogen isotopes, as long as it is noted
that Eg is not the actual collision energy but rather is the quantity
defined in Eq. (42). The curve-fit was used belaw 103ev, although
Riviere did not show data in this energy region. For charge exchange,

the cross section (in units of cmz) is

2
0.6937 x 10'”[1 -0.155 logyq Eﬂ y

- -, E_ > (43}
TQ(EE) 3.3 c

o
cx 1+ 0.1112 x 10

where, again, Eg is defined via Eq. (42}. For Eg < 102, Ty W3S
evaluated at EZ = 102. The values of the two cross sections calculated
from these curve fits are shown in Figure 2. It can he seen that
below 10 keV {equivalent hvdrogen collision energy, Eg), the neutral-jon
interaction is dominated by the charge exchange mechanism. Between 10
and 100 keV, ionization and charge exchange are the same order of

magnitude, with jonization becoming increasingly more important with

increasing energy. Above 100 keV, jonization is dominant.
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Using these cross sections, the plasma attenuation parameter can
be evaluated, and this guantity is shown in Figure 3 for the three beam
components as a function of most probable plasma energy for a plasma line
density of 10]5 cm'z. These parameters are decreasing furctions of
plasma energy, as would be anticipated from the energy dependence of
the total cross section shown jn Figure 2. The curves appearing in
Figure 3 are convenient for estimating tha beam-piasma coupling via Eq,
(13). Since Y, is linear in npl (see Eq. [11]), the curves in Figure
3 may be used to obtain Yj for any plasma simply by multiplying the
value obtained from the figure by the line density in units of 10]5 cm'z.

O0f those neutrals that c¢-1lide with the plasma, determined by
the parameter yj, some are ionized and trapped and the remainder are charge
exchanged. To examine the comparative magnitudes of these two processes,
it is useful to examine the quantity

3 p S c>j
which is the mean free path for a neutral of energy %o/j underqoing process
"s", normalized on the characteristic plasma dimension. I% is convenient
to generalize this quantity by multiplying it by the plasma attenuation

coefficient, Yj’ which removes the plasma line density from the result,

A)s
(M), = E_éll.Yj- (45)
$°J 2
This density independent mean free path is just a function of collisional

energetics,
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_ Woveyr) | (46)
(As)j h ((psvc )g

and is shown in Figure 4 for the fonization and charge exchange reactions.
The value of (Asll)j is thus simpiy obtained by dividing the value of (As)j
from the figure by Yj‘ Using plasma data from conceptuzl mirror reactor
studies [6, 7, 8] yields values for the plasma attenuation coefficient in
the range 1 2 yj < 10.

The significance of the nondimensional mean free nath is that (As/l) << 1
indicates a strong beam-plasma interaction via collisional mechanism "s"

and (As/n) >> 1 implies a weak interaction. Bearing ix mind the range

aof yj cited above, it can be seen from Figure 4 that at low plasma energies

"

{E,
and the charge exchange neutrals will have a Targe probability of escape

< 50 keV), most of the beam attenuation occurs due to charge exchange,

from the pfasma due to the large ionization mean frec path. With

increasing energy, jonization becomes a stronger effect and charge exchange
Tess important. Above approximately 100 keV, the beam atteiuation fs caused
primarily by ionization.

We may therefore summarize our semi-quantitative picture of the
beam-plasma interaction in the following fashion. The neutral beam
attenuation is a decreasing function of most probable plasma energy, Ep,
in the range 10 £ Ep < 500 keV. However, at the lower energies, the
comparatively large beam attenuation is caused by charge exchange, with
the resulting neutrals escaping from the plasma and thus yielding no net

addition to the plasma. With increasing energy, ionization accounts for

L SO

-

R TR
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an increasing fraction of the beam attenuation, and above approximately 100 keV,
charge exchange becomes a second order effect as compared to ionization.

Note that the quantities that quantify these concepts,(yj), ()‘1./1)j and

(Acxli)j can be readily evaluated for any plasma from Figures 3 and 4 by

specifying the plasma line density, npl, and the plasma energy, Ep.

Having established a physical picture of the irteraction, we are now
in a posit:on to interpret the results of the compleie formulation, as
given by Eq's. (24) and {25). The charge exchange current loss from the
plasma, normalized to the injected current, is plotted as a function
of Ep for the three beam components in Figure 5. 1In this figure, "
was ""~1d constant. At a given value of ’Ep, the curves for the three

components correspond to interaction with the same plasma, i.e., the same

value of npz as determined from £q. (11). The charge exchange loss is

a strongly decreasing function of Ep as was anticipated from the charge
exchange mean free path argument presented previously. The larger charge
exchange ioss for the J = 2 and 2 components as compared to the j = 1
component is also explained from Figure 4, where it is seen that the haif
and third energy neutrals have smaller charge exchange mean free gpaths
than the full energy neutrals,

The total current loss from the plasma (charge exchange plus pene-
tration) is shown in Figure 6. For the primary beam component, this curve
is about .05higher than the corresponding charge exchange curve in ¥igure
5, since e-3 = 0.05. There is a slightly smaller difference between the
charge exchange and total current loss curves for the other two beam
compunents because of the larger values of vy (shown in Figure 3) for

these components.
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The power loss from the plasma for the three components, normalized
Q- to the injected power of the component, is shown in Figure 7. These

results illustrate a very detrimental condition caused by the two beam

N
components not at the primary energy: these nevirals, for low Ep are

an energy sink rather than source for the plasma. This situation occurs

because most of the ions in the plasma have energy greater than the

energy of the injected neutrals in the half and third energy beam

components. Thus charge exchange collisions between these neutrals

and plasma ions result, on the average, in the release from the plasma

of a more energetic neutral than was injected.
The net charge exchange interaction of the beam with the plasma,

which is the weighted sums of the three components given in Eq's. (26)

and (27), are now evaluated. The current and power fractions, X5 and

; QB. are taken from [1,9] and are typical of the LBL positive ion
neutral beam source [10]. The current fractions are shown in Figure 8

up to an energy of Eo = 200 keV; abave this energy, positive jon sources
become too inefficient for use in a reactor system [6]. The power
fractions are related to xj via Eg. (29).

The charge exchange current loss for the total beam, Eq. (26),
is shown in Figure 9 for the range of plasma energies and plasma , i
attenuation coefficients of interest. At low energy. the charge exchange

loss displays a maximum at ' = 3, and at high energy, the loss is a

decreasing function of Yq:
The charge exchange loss from the plasma is significant only when ' i

(1) the normalized charge exchange mean free path (Acx/l) is small,

ot g i B . I
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causing significant charge exchange attenuation of the injected beam,
and (2) the normajized ionization mean free path (Ai/z) is large,
preciuding ionization and trapping of the charge exchange neutrals.
The values of these two quantities can be evalus.. from Figure 4,
where the mean free path A/ is obtained by dividing A by y. For
the 1ow energy range of Figure 9, significant charge exchange attanuation
of the injected beam occurs over the range of Yy skown since (Acx/z) <1,
The Yy = 3 curve exhibits a higher fractional 1oss than the Y = 1
curve since at this larger ¢ there is more charge exchange attenuation,
and the fonization mean free path is large enough to allow most of the
charge exchange neutrals to escape from the plasma. The = 10 curve
lies below the Y= 3 curve because in this case the ionization mean
free path is small enough to cause ionization of a significant fraction
of the charge exchange neutrals and thus prevent their escape from the
plasma. At the higher energies, the jonization mean free path is small
enough that the charge exchange loss decreases as ¢ increases.

The charge exchange power loss for the total beam, corresponding
to the curves of current in Figure 9, are shown in Figure 10, The
power loss at low energies associated with the half and third energy
beam components (shown in Figure 7) result in a net power removal by the

Ny
beam from the plasma for E < 15 keV and Yy = 3 and 10,

p
CONCLUSION

It was antjcipated that charge exchange losses due to the half
and third energy components of present day neutral beams would be larger
than the full energy beam component based on the following cunsiderations:

(1) The charge exchange cross section is a decreasing function
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of energy. Thus a lower energy neutral, i. e., half and
third energy, will have a larger probability of a charge

exchange reaction than a full energy neutral.

(2) Since most plasma ions have greater energy than the half
and third energy neutrals, charge exchange re2~tions between
these particles can result in a net energy loss fram the

plasma.

These =ffects have been quantified in the present analysis, and a

range of plasma conditions typical of mirror reactors were examined

with the model. It was found that for plasma energies < 50 keV, there
are some conditions where the half and third energy neutrals cause a
net energy removal from the plasma. To a first approximation, for
plasma energies less than 100 keV, the fractional charge exchange
power 10ss (ch/Po)j of the half energy component is at least

twice that of the fuil energy component, and for the third energy
component, thz loss is at least three times that of the full emergy
component. Consideration of the design of mono-energetic neutral

beam sources 15 strangly indicated by this analysis.

as sevis
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FIGURE CAPTIONS

Beam-plasma geometry.

Ionization and charge exchange cross sections.
Plasma attenuation parameter for D injected into D+.
Density independent mean free path.

Fractional current loss of injected beam due to charge exchange
for D injected into D7.

Fractional current loss of injected beam due to charge
exchange and penetration for D injected into

Fractional power loss of injected beam due to charge exchange
for D injected into D*.

Current fractions in the positive ion neutral beam.

Fractional current loss for the sum of the 3 beam components
due to charge exchange for D injected into D%,

Fractional power joss for the sum of the 3 beam components due
to charge exchange for D injected into D*.
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