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Abstract

The divergence of a neutral beam due to imperfect magnetic shielding
of the gas cell neutralizer is considered. Coupled kinetic equations for
the ion and neutral velocity distribution functions are solved. The de-
flection and divergence of the neutral beam are obtained from moments of

the neutral distribution function.



I. Introduction

A fundamental requirement for neutral beam injectors used to heat
and fuel fusion experiments is the ability to produce intense beams with
Tow divergence. A lower Timit on the attainable beam divergence is set
by the ion temperature in the source used to generate the ion beam.
Additional beam divergence is introduced by the single beamlet optics]'3
of the ion accelerator and by imperfect steering of individual beamlets

4,5 One must also consider the effect of

of multiaperture extractors.
stray magnetic fields from the fusion experiment. Such fields may produce
adverse effects on the ion source operation and are an additional source
of beam divergence. The present paper treats the divergence of a neutral
beam due to imperfect magnetic shielding of the gas cell neutralizer.
We will consider the idealized neutral beam injector shown schematically
in Fig. 1. We assume that i) a monoenergetic,perfectly collimated beam
of singly ionized (positive) atomic ions are extracted from the source
and accelerated to velocity vy in the x-direction, ii) individual beamlets
from the source are focused on a common focal point so that the source,
as viewed from the focal point, can be considered a point source, iii) the
neutralizer cell is coupled directly to the ion source so that cold gas
escaping from the source provides the charge exchange medium for neutralization,
iv) infinite vacuum pumping is provided downstream of the neutralizer so
that the beam composition beyond the neutralizer is unchanged in the
drift space between the neutralizer and the target plasma, v) the cold
gas efflux through the neutralizer is described by molecular flow so that
the neutral density decreases linearly along the neutralizer, and finally
vi) the transverse magnetic field B0 in the y direction is uniform through-

out the neutralizer of length L.



The physical origin of the stray magnetic field induced beam divergence
and its qualitative dependence on beam energy can be described in advance
of the detailed formulation and solution of the problem to follow.

Consider an ion of mass m and charge +e with velocity iz perpendicular

to a uniform magnetic field Bo‘ Let Lex be the mean free path for charge
exchange in the neutralizer cell. At very Tow energies (below a few keV),
91> the cross section for electron loss is very much smaller than 910

the cross section for electron capture. Thus at Tow energies, once the

ion is neutralized it remains a neutral until it interacts with the target
plasma (Fig. 2). For small deflections, the average perpendicular velocity
will be V, = %, 9 where 2, =q Bo/(mc) is the ion gyro frequency. At
distances large compared to Loy the average angular deflection will be

— -1 .
28 = tan "(v,/v;) = g

ox Qi/vi’ In addition to this net average deflection,

there will be a beam divergence due to the distribution of transverse
velocities which in turn is due to the distribution of charge exchange

path lengths. At intermediate and higher energies, 901 becomes comparable
to and exceeds 910" In this case the net average deflection and divergence
will be larger, as a dynamic equilibrium develops between electron capture
and loss (Fig. 2).

II. Beam Neutralization

Consider the neutralization of a monoenergetic, singly ionized positive

atomic ion beam. The charge exchange neutralization process is described by

dF
_0 O]O F

o
]

+-00]F0, (])

ar = %1 Fo 910 Fs o (2)



where 90 and 0gp are defined above, F, and Fo are respectively the jon

and neutral fractions of the beam, and
T = f nn(x')dx' (3)

is the thickness of the target neutral gas with density profile nn(x’).
For a close coupled neutralizer cell operating in the molecular flow

regime6, the neutral density will vary as

n.(x) = n,(1 - x/L) (4)

where ny is the neutral density at the source end of the neutralizer and
where we have assumed that the neutral density at the downstream end of
the neutralizer is very much less than N, We insert Eq. (4) into Eq. (3)

to find

n(x) = nL [(2) - 2227 . (5)

|

If one solves Egs. (1), (2) for the inital condition F+(ﬂ = 0) = 1, subject
to the constraint F0 + F, = 1 imposed by particle conservation, one obtains

the well known result

FO = Fog {1 - exp ['(00] + 010)'"']} s (6)

where

(e}
% 10
P19 (7)
0 019 * 9

is the maximum possible neutralization fraction, i.e., the fraction which

would be obtained in a neutralizer with infinite target thickness. The



final deflection and divergence of the neutral beam due to a transverse
magnetic field in the neutralizer region will depend on F:. In Figure 3
we plot F§ versus beam energy for hydrogen, deuterium, and tritium using
data from Ref. 7.

In a practical neutral beam system one is limited to a finite target
thickness, so that F0 at x = L will be less than F:. In fact, vacuum pumping
and space considerations may limit the maximum practical neutralization
fraction to a value significantly less than F:. We will define € to be the
ratio of actual neutralization fraction to the maximum possible neutralization

fraction, i.e.,

Clearly, if the neutral beam system js to be efficient, € must be as
close to unity as possible. From Egs. (5)-(7), we then find that for
a specified €, the neutral density at the source end of the neutralizer

must be given by

= _ 22”(]-8) (9)

n s
0 ZGO]+0105L

so that finally the neutral profile is given by

-2
_Aan(1-¢ X
nn(x) = TEéIIE%ETE'(] - EJ for 0 <x <L, (10)

0 for x < 0and x > L .



IIT. Kinetic Equations for Beam Divergence

We wish to determine the distribution of transverse velocities of
neutrals exiting the neutralizer cell. The kinetic equations for the

ion and neutral distribution functions fi and fo are

of .
i > > e ,~ > _
W+v-Vfi+R(vx—B)) . VV f1 —\)O-I fo"\)-lo f'l s (]1)
of
0 > g =
Tt—-'*’ vV «V fO = \)-lo f_i - \)0] fo . (]2)

where V10 and Vg1 are respectively the collision rates for electron
capture and loss. If the ion beam is initially directed in the x-

direction with velocity Vs and interacts with a transverse magnetic

field in the y-direction, then with vaB =N a8 v the steady state
kinetic equations are
8f. af.
i i _ (13)
s F %, = M G fo - 910 T
afo
3% - " (010 5 - og fo) - (14)

In obtaining Eqs. (13) and (14) we have assumed that B is small enough
that the velocity in the x-direction is unchanged to first order.

If we now insert Eq. (10) into Egs. (13) and (14) and use the definition
of Fz from Eq. (7) we find (for 0 < x < L)



of . of . -2
1 1 _ Q/n(]'E) X oo 00
o T8 3V, - L - [Q ta - Fo) fo - Fo f31 > (15)
of -2
o _ n(1-¢) X oo o

Finally, we introduce the dimensionless variables

X=T > (17)
Y
_ 'z
W-m, (18)
i
and the definitions
ci = (1-F)an (1 -¢)2 (19)
1 o} ?
co = F2oan (1 - a)_z (20)
2 0 >
to obtain (for 0 < x < 1)
8fi afi
afo
_33(.- = (] = X) [Cz f'l - C_i fO] . (22)

We assume that the initial beam incident on the neutralizer cell at
x = 0 is fully ionized and perfectly collimated. The initial conditions

are thus

fy (O.w)

I
o
-
—
N
w
~——

fi (0,w)

I
o
P
=
g
——
N
S
g



We now solve Egns. (21) and (22) for fo (x.w). The beam deflection
and divergence can then be obtained by examining fb(]’W)’ which is the
distribution of transverse velocities of neutrals at the end of the
neutralizer region. The coupled set of Egs. (21) and (22) can be
combined to yield a single, second order hyperbolic partial differential
equation for fo(X,w). The general analytic solution of this equation
s not tractable by elementary methods and we will resort to a numerical
solution for the general case, However, it is possible to obtain
an analytic solution for the Timiting case F: > 1.

ITI. Analytic Solution for F: = ]

For the limiting case Fz = 1, we have ¢y = 0 and ¢y = 1In (1-5)'2 =

C, and thus Eqns. (21,22) become

of . of .,
i i _VE
—é)(_-’-_é—v-\l_—_ - C(1 X)f.‘ > (25)
3f0 )
a—X— = C(]‘X)f.i . | ( 6)

In this form it is possible to separate variables and obtain a solution

using Fourier transforms. We define the Fourier transform pair

m =00
fi(xow) = (—21—)—]72— [ 6(x.q) §% dqq . (28)
iy -00

We transform Eq. (25) to obtain

3—3— + Rig + C(1-x)] 6 = 0 , (29)
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which has the solution
6(x-a) = 6(0,a) exp[-(C = iq)y + 5 C %°] . (30)

We transform the initial condition, Eq. (24) to obtain

6(0,) = — 77 - (31)

(2m)

The inverse transform obtained from Eq. (28), using Egqs. (30), (31) is then

Fi00w) = slw-x) exp[C(md - )1 (0<x <) . (32)

Finally, we combine Eqs. (26) and (32) and integrate fromx = 0 to x = 1,
using the initial condition Eq. (23) to obtain the distribution of transverse

velocities of neutrals exiting the cell. The result is

Fo1aw) = | ¢ (1-w) expIC (° -W)] , 0<ws<l,

(33)
O forw<Oandw>1.

We will compare this analytic solution for F: = 1 with the numerical solution
which will be obtained in the next section.

IV. Numerical Solution for the General Case

For the general case in which F: < 1, we solve the coupled set Egs.
(21), (22) numerically using an explicit finite difference method. Grid points
with spacing 8x and éw are constructed in the region 0 < x <1, and 0 < w < 1.
The values of fO(X,w) and fi(x,w) at the grid point (Xj’ wk) are denoted by
fo(j,k) and fi(j,k) where X5 = j(8x) and W = k(sw). The coupled set of

Egs. (20), (21) are differenced and solved according to

fi(jsk+]) - fi(jsk) + fi(jsk) - fi(j'1:k)

6X Sw = (]-Xj)[clfo(j_]’k)_CZ fi(j']ak)]5 (34)
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fo(jsk'ﬂ) - fO(J’k)
6x

= (1-x.

3 Loy F5035K) = ¢ £(5LKT . (35)

j

In Fig. 4 we show solutions for the neutral velocity distribution at the
exit end of the neutralizer, i.e. fo(l,w),for e = 0.95 and a range of
values of F:. These solutions were obtained with 100 grid points along
the x-axis and 100 grid points along the w-axis. Also shown in Fig. 4 as
a check on the numerical integration is a comparison with the analytic
result, Eq. (33), for the special case F: = 1.

As Fz decreases, fewer ions are neutralized and the total area under
the curve fo(l,w) decreases accordingly. More important to the present
discussion are the broadening and displacement of the distribution to higher
transverse velocities which occur as F: decreases. As F: decreases, an ion
entering the neutralizer remains ionized and is deflected by the magnetic
field for a greater average total path length before being exiting as a
neutral.

V. Neutral Beam Deflection and Divergence

The neutral beam mean deflection and divergence can now be obtained
from the neutral beam distribution. The mean deflection <8> far from the
neutralizer is given by <6> = tan'] (<Vz>/vi) X <Vz>/vi where <v,> is the
average neutral velocity in the z direction and we have assumed that

<V,> << v From Eq. (17) we have

2.L <w>
<e> = __1___.__ . (36)
Ve
i
in which
1 1
<w>=z— [ wf (1,w) dw , (37)
o0 0
eFO o}
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and where we have made use of the normalization

]
[ f,(w) dw = eF: , (38)
0

which can be obtained from Equations (21), (22).

Similarly we can obtain a measure of the neutral beam divergence <A8> from
2.L <(aw)?>1/2
<AG> = , (39)
Vi

where

1
<(Aw)2> = <w2> - <w>2 =-%; f W f0(1,w) dw - <w>® | (40)
eF 0
0
While Eq. (40) provides a good measure of the beam divergence for cases where
Fz is close to unity, it underestimates the divergence for small values of

[o e}

FO. The reason for this is that if F: is small, fo(l,w) is very broad and
velocity moments higher than second order become significant. Since the
intrinsic beam profiles of most neutral beams is Gaussian in nature], we
will define an "equivalent Gaussian divergence" half angle (Ae)q such that
85% of the neutrals lie between <6> - (Ae)g and <6> + (Ae)g. Tﬁis equivalent
Gaussian half angle is given by

(16) = 81E_£éﬂl§ , (41)

g Vi

where we compute (Aw)q numerically from

<w> + (Aw)

J

using the normalization Eq. (38).

f (T.w) dw = .85 er , (42)
<wW> - (Aw)g
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In Figs. 5-7 we plot the values of <w>, <(Aw)2>]/2, and (Aw)g versus

F: for different values of €. These values are obtained respectively from

Eqs. (37), (40) and (42) using the numerical solutions of Eqs. (34), (35).

2.1/2

Note that while <(Aw) and (Aw) are comparable for FZ close to unity,

e 1/2

(Aw)g is as much as 60% larger than <(Aw) for small Xz. Consequently

we will use only (Aw)g as a measure of the beam divergence.
VI. Discussion
In the design of neutral beam systems it is usually required that the

maximum angular deflection (A8) = Lﬂi/vi be small in comparison with the

max
intrinsic beam divergence or in comparison with the beam acceptance angle.

The results of the present investigation (see Eq. (41) and Fig. 7) indicate
that the above criterion for beam divergence is overly conservative by a
factor ranging from three to six.

If one expresses BO in gauss, L in centimeters and the neutral beam
energy Eb in keV then one obtains from Eqs. (36) and (41) the mean angular
displacement <6> and the "Gaussian equivalent" half angle divergence (Ae)g

1/2

<6> (degrees) ($E> BoL <w>
= . (43)
79.8 [E, (kev)]'/? ()

(Ae)q (degrees) g

where mp is the proton mass and m is the mass of the beam ions. For typical
values of L and E,, the mean angular displacement calculated from Eq. (43) is
of order 0.02° to 0.1° per gauss of stray magnetic field Bo‘ For Bo as large
as 10 G this simply requires a steering offset of 0.2° - 1.0°. Of greater

importance is the beam divergence obtained from Eq. (43). In Table I we show
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values of (A8) /B0 for several past, present and proposed neutral beam injector
systems.8']6 Also shown in this table are values of the stray magnetic field
which have been measured or calculated in some of these systems. 8,9,12,15

It is necessary that the beam divergence due to the stray magnetic field be

much less than the intrinsic field free divergence (typically one to two

degrees) of the neutral beam system. [In those systems for which residual

magnetic fields have been reported,8’9’]2’]5

this requirement is
conservatively satisfied, especially in the design for the MX12

injectors (see Table I).
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Figure Captions

Schematic diagram of the idealized neutral beam injector, and

the assumed cold neutral gas density profile in the neutralizer.
Particle orbits through the neutralizer at high and low energy.
Equilibrium fraction F_ of H%, D° and T° in Hy, Dy and T, respectively
(data taken from Ref. 7).

The distribution oftransvefse velocities of neutrals at the end

of the neutralizer for different values of the equilibrium fraction.
Average normalized transverse neutral velocity.

Root mean square transverse neutral velocity.

Equivalent Gaussian transverse neutral velocity width.
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