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ESTIMATION OF NEUTRAL-BEAM-INDUCED FIELD

REVERSAL IN MFTF BY AN APPROXIMATE SCALING LAW

J. W. Shearer

ABSTRACT

Scaling rules are derived for field-reversed plasmas whose ¢imensions are
common multiples of the ion gyroradius in the vacuum field. These rules are
then applied to the tandem MFTF confiquration, and it is shown that field
reversal appears to be possible for neutral beam currents of the orc :r of 150

amperes, provided that the electron temperature is at least 500 ev.

1. Introduction

This report was originally intended as a rough draft for a more
comprehensive document on all conceivable field-reversal experiments in the
tandem MFTF. That larger document, however, is not ready. In this report I
discuss some scalirg concepts that I think are particularly useful for
planning field-reversal experiments, and I apply them to neutral beam
experiments in the tandem MFTF. As described in the summary, the results are
encouraging, even after some discounting of the inherent optimism of the

scaling model.
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2. Some General Scaling Rules for Field-Reversed Plasmas

The field-reversed mirror plasma is assumed to be stabilized by the
effects of the finite gyroradius of the plasma ions. Thus, for scaling

purposes, it is usefui to consider plasmas whose dimensions are low muitipies

of an average ion gyroradius a;:

. (ZRTi) 12
a, = z— (1)
i B0 Ri
where Bo is the initial magnetic field, Ti is the ion temperature, and
R.j is the classical radius of the hydrogen ion:
2 2
Ri = e /MM C (2)

where A is the atomic weight and MH is the protorn mass.

Various anaiytical models of the distribution of density and field over
the field-reversed mirror are possible, such as the "Hills' vortex" '
formu]ation.1 However we wish to establish scaling relations that are more
general thanm a particular model, and this is done by defining a basic unit of
length sa;» where s is the "size factor". We do assume axisymmetry based on
the cylindrical coordinates r, Z.

Define the dimensionless scaling coordinates p and ¢ in terms of the

basic length scale sa:

p:r-lsai CEZ/sai (3)
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and then consider the plasma volume V

R(Z) L
vV = f 2rmrdrdZ (4)

where R(Z) is the radius of the separatrix between open and closed field
1ines, and where L0 is the half-length of the plasma. Assuming symmetry

about the midplane, and substituting from equation (1) and (3), one finds:

3 3/2,,3
V= Sy S Ti IB0 (5)

where Sv is the "volume shape factor".

32 P
S = dx (é—“) f pdpds (6)
1
0

v
¢}

where p(Z) is the separatrix radius in the dimensionless coordinates and [
is the plasma half-length in those coordinates. Thus, the volume scales with
size s, temperature Ti and field Bo’ as shown ir equation (5), independent

of the particuiar field-reversal model adopted.

Next, consider thc meximum plasma density o at the null point:

o (i) () (i)

i
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where the plasma £ and the electron/ion temperature ratio Te”i are
constants of the chosen plasma model. One can immediately see that the
max imum density is a function cof Ti and Bo’ but is independent of s.

Now consider the total number of ions N:

N= fndv -n, ff(r.Z) dv (8)

where F{r,z) is the density ratio nln0 throughout the plasma volume V. One
then proceeds in just the same manner as for equation (3) through (6),

obtaining:
= 3 ;1/2
No=Sy s T IBD (9)
where SN is the corresponding shape factor:

p(l) 1

1/2 [}
2k
sﬂ=£_L_R ad (—4——1 ; ,T,) f ff(p,::) pdpdt (10)
i e’ i 0 (]
Next, the total plasma energy W is given by:
3 35312 :
H=-2—k Ti“ +Te/Ti) N=SW sT T, /B0 (11}
where
S =3k(1+T /TS (12)
w2 e’ i’ °N



The field-reversed flux wh is obtained by integration at z=0 from the

ring axis out to the magnetic axis radius R0

R
0

d'R:f (Bz) 2mrdr (13)

0

Define the model-dependent field ratio b, (p) = B {r,0)/B ; and then one

finds:
2
Yp = Sy s” T,/8, (14)
where the corresponding shape factor is:
K ]
Sy = dm - b(p) pdp (15)
i Q
The ring current I is another integral:
n(z) Lo
I= f f Jg drdz (16)
o] -Lo

where Jg is the azimuthal current dersity. This can then also be writlen in

a similar way:



I=5S s T}’Z (17)

I

where the shape factor §; is:

1]
Nl

1z P4 Jo fan. b
_k _r__=z
(2R1.) ]; f st ~ar) % (18)

¢]

where we have made use of the relationy x B = 4 #+ J. Note that the magnetic
field Bn cancels out for this particular parameter.

If there is a toroidal field Bg, then the toroidal flux wb inside the

separatrix is defined

R(z) L

o]
%:f f By drdz (19)

0 -L0

In the same way, one derives the result:
¥, = S, s% T./8 (20)
(A i

where

pig) g
sp = & [ f by dpdZ (21)
ta
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An important parameter for the calculation of the efficiency of neutral

beam absorption is the line density:

+é
ndl = n, sa; [ f(é) d¢ (22)
3

where (&) is the density ratio (see equation 8}, and & is the dimensionless
scaling coordinate along the path 1 of the neutral beam. For scaling

purposes, using equations (1) anc (7), we obtein:

B
fndl = Sn] 3 'T—‘f-’? (23)
i
where
\172 *
1 1 B
S0l = Ty (Zk R, ) (1 * TeITi) f (&) d¢ (24)
-¢

Looking ahead to the reactor implications of field-reversed plasmas, one
should consider the fusion power rate PF‘ For the case of a

deuterium-tr 'tium reactor, this rate can be written in the form:

Pr = £ 0 (1-f;) (f;) nozf £ gy (25)
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where EF is the fusion energy release, fT is the tritium fraction, and

ov is the reaction rate, which is a known function of the ion temperature. As

for previous parameters, this can be written:

3 _ou
Pr = S s 172 B, (26)
i

where the shape factor SF is:

(1-F)(Fr E2) [,\1/2 [, \3/2 2 P&,
S, - %(5) (;_) (TJ'QT) f f ip,8)pdpdz (27)
. 0 o)

In the temperature range 25 keV < 11 < 60 keV, the ratio EiﬂTi 172 is -
almost a constant for the DV reaction. Therefore, orne concludes that the ‘
fusion power scales with field B and size parameter s.
In summary, these equations provide a framework for scaling a given
field-reversed piasma model from one experiment to another. The "shape" of
the plasma remains a constant when it is measured in units eof the ion
gyroradius, and then the only variable parameters are the size, the
temperature, and the magnetic field. The validity of this scaling rule

depends on the assumption that the principal physical properties of the plasma

are primarily a function of tne ion gyroradius parameter.
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3. Choice of I1lustrative Model Geometries

In order to apply the general scaling rule to a specific MFTF exarmple, a
simplified version of the fieid-reversed reactor studies plasma model was
used.2 As illustrated in Figure 1, it consists of a hollow cylinder of

mzjor radius R, minor radius a, and half-length L, given by the foliowing

eguations:

R=5S_ a=S§5, sa, (28)

—
|

[74]
-0
]

[ 7, ]
v
Y

where the minor radius a is chosen to be the basic unit of length, and where

S, and SL are the "shape parameters" of this plasma model. The shaded

R
area in Figure 1 contains plasma at a uniform density N, completely
excluding the magnetic field. There is no toroidal field anywhere. The
plasma beta is assumed to be unity and the electron temperature is assumed
small (Te<< Ti) so that it can usually be neglected. The shape factors

for this model are displayed ‘n Table 1.

Three different size plasmas were selected for detailed evaluations;
their scaling input parameters are shown in Table 11. The "SMALL" plasma is
based on estimates made for the BETA-II experiment1 and on the ideal plasma
size derived in calculations that took into account electron and Ohkawa
currents.3 The "MEDIUM" plasma is the one that was used in earlier

estimates of field reversal in the MFTF plug magnet.4 The "LARGE" plasma is

taken from the fieid-reversed mirror reactor study.z
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The temperatures for the "SMALL" and "MEDIUM" models are lower than for
ion temperatures in the corresponding open field line (f< 1) plasmas, This
choice conforms with computations done for the MFTF plug magnet.4 Also,
some “"typical® numerical values are shown in Table II fer four particular
cases.

In Figures 2 and 3 there are plots of plasma radius, energy, reverse
flux, and line density versus the maanetic field for the three different size
plasmas shown in Table Il. Labeled points on these graphs correspond to the
four "typical" experiments, where "P" means the MFTF plug, und "C" means the
MFTF center cell.

For each plasma model, the size, energy, and flux all scale inversely as
the field, and the line density increases Jinearly with the field. These
trends favor high magnetic field experiments, but one should reserve judgement
until more plasma parameters are evaluated. It i 1+- ayident that there is
a large difference in plasma energy between the projected reactor scale
experiment and estimates made for smaller scaled plasma sizes. Present
field-reversed theta pinch experiments are in the "SMALL" to "MEDIUM" size
range, and there are no experiments being done at the "LARGE" size.

The "SMALL" size plasma is of particular interest because it approximates
the ideal size for the initial production of field reversal by neutra’ beam
injection.3 Thus, in Figures 4 and 5, this model has been used to plot the
same four parameters (radius, energy, flux, and line density) versus
temperature at four different magnetic field values. As ore should expect,
all of these parameters (except the line density) are increasing functions of
the temperature. This plasma model will be used f- ‘urther discussions of

buildup and diffusion in the next section.
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4. Neutral Beam Buildup Requirements

For buildup purposcs, the trapped ion current IT must exceed tpe steady

state ion rate loss rate frov the plasma:

where q is the ion charge and T is the ion loss time. For each loss praocess,
an estimate of nt leads to a corresponding minimum requirement for the trapped

ion current IT.
Before reaching the field-reversed condition, one must satisfy open field

line requirements, as described by the 2XIIB experimental group.5

nr = 1.3¢ x 1012 133’2 (30)

Then, equations (29) and (30) can be rewritten in terms of the parameters of

the model as follows:

3 1/2
Iy = Sty 8 B,/T; (31)

where ITM stands for the mirror-trapped piasma current, and where the shape

factor STM is given by:

=
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St = (%)112 (Tal_)m(msn )2 10—1212 S 5L (32)
" i eli 1.39 T,

Strictly speaking, the vaiues of £ and the plasma shape may change during
field 1ine closure, but these differences are neglected here.

Baldwin and Fowler assessed the neutral beam field requirements, and
found that adding an impurity to the plasma can prevent current cancellatior
by electrons near the fieid nu11.3 This effect then should permit the
plasma to beccme field-reversed near B = 0 (8= 1), provided the trapped

current exceeds a minimum value [TO’ given by:

ig=aNa, {Rr a) (33)
where equation (33) is an approximation to Table I of the above report3,
where the impurity fraction & is defined by:

a=(n,/n) 1 (z-1) (34)
where the "skin-time" Tok is given by:
- an R (35)

Tsk

where n is the classical collisional plasme resistivity:
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. 3,4 3/2
n= yeilro n, = 5 x 10 .’Te (36)

where Yoi is the electron collision frequency, and "o is the classical
electron radius. The numerical approximation assumes Inp A =15,
Next, we solve equations (33-34) for ITO and write the result in the

form of our scaling notation:

1/2
I70 = S1o Bo/T; (37)

where the “shape factor" STO also involves the impurity fraction ea and the

electron temperature TP:

1z 4 S

e 103 G 2 L 1

S0 = 5 X 10 7 (W) (‘"_2) (u—m) (38)
i SR T

The factor s has canceled out; the current minimum lTO is independent of
this scaled size parameter.

Now compare the open field line trapped current ITM with the
impurity-trapping conaition ITO' Both of these currents scale as

(Ba/Ti 1z Te 3’2) and thus their ratio is:

A3 ey (s sp)le (38)
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For this model, the two currents are equal for rather small plasmas. For

example, at & = 0.1, we find s SR = 1.75, corresponding to s = 0.70 and a
plasma radius Rp = Rta = 2.5 a;- This is somewhat smalier than the
previous estimate3 of Rp = 3.5 a;, but tte agreement is probably close

enough consideriﬁb the roughness of both models.
Figure b is a plot of these two currents; it shows that ITM is the
governing minimum current requirement for most plasmas. such as the SMALL

model of Table 1, where s = 1.2. Figure 7 displays this trapped current

requirement versus field BD and ion temperature Ti for the BETA-II
environment (Te = 0.1 keV) and the MFTF environment (Te = 0.5 keV). The
lower values for MFTF are a vivid illustration of the importance of the

electron temperature. Also note that higher magnetic field experiments

require higher currents, even though the tatai particle number N is Tower.

Another important consideration is the time scale to approach the
field-reversed state3, which is of the order of the skin time (equa. 35).

In terms of the previous scaling parameters, this is:

2 2
Sep S TilBo

TSK == USK

where the shape factor SSK is:

4n 2k 2 - 3/2
S = —2& _ (2K} ¢ 2
SK 5 x 103 (Ri) R e

il

P

gy

TS
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Note the strong dependence cf this time scale on the size s and the field

B . Figure 8 is a plot of the skin time for the same range of conditions as
the trapped current results of Figure 7. Comparison of the results shows that
as one tries to find plasma conditions permitting a lower trapped current, one

increases the time scale. In fact, the total reguired charge Q scales as:

s T

Q= Tyy 1o ™~ 1”2/30 (a1)

Note that ( scales as the fifth power of the plasma size.

3. Field- eversal Possibilities for tne Proposed MFTr-8 Configuration

It has recently been proposedb’7 to expand the MFTF project from a
single mirror experiment to a tandem mirror configuration. Assuming that this
preposal is accepted, one must re-examine the revised configuration for
field-reversal possibilities.

tach mirror pluy of the tandem confiquration would have the <ame magnetic
field configuration as the early design, and almgst as many neutral beams will
be available (20 startup and 23 sustaining beams). Consequently, the
previously-described MFTF field-reversal experiment4 could still be done.
For the plug, we take Bo = 29 kg, average neutral beam energy EB = 60 kV,
ion temperature Ti = 40 keV and electron temperature Te = 0.5 ch.4’8
Then the beam absorption efficiency n, = 0.7, as given by eduation (A12) of
the Appendix, where o, = a; = 2.39 x 10—16 and g, = o; =

4.0 x 10_16. For the SMALL plasma model (at s=1.2), the cpen field line
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trapped current (equa. 32 or Fig. 6} then must exceed its minimum value of
120 amp, and the corresﬁonding beam current should be 120/.7 = 190 amperes.
This beam current estimate is low by comparison with the 2X.IB
experiment.3 However, in that case, one had B0 = 7 kg, Ti = 10 keV, and
Te =~ .1 keV, which corresponds to a trapped current [see equa. (31) - (32)]
which is more than 8 times larger, or ~ 980 amperes. From equation (Al2) of
the Appendix, one finds np = .82, 50 the minimum beam requirement is ’
estimated to be = 1200 amperes. The actual experiments were in the range
400-500 amperes of beam current, and did not achieve field reversal.
The major reason for the lowered current roquirement in the MFTF
experiment is the higher electron temperature. It should also be emphasized
that vnese MFTF plug plasma parameters pose a severe requirement for the

neutral beam focusing., The outer plasma radius Rp for the SMALL plasma is:

Rp = R*a = s(SR+1) a; = 4.2 a, (42)
which is about 8.5 cm for B = 20 kg, T, = 40 keV. However, the minimum
width of the beam, as given in the original MFTF propnsa]g. is 15 e¢m. Thus,
only for head-op aiming would the beam even approach the maximum line density
which was used in our beam efficiency estimates. Tangential aiming would be
even less efficient.

Next, consider the time scale for field-reversal buildup, as given by
equations (34) - (40), using this same SMALL plasma model. Using the MFTF
plug parameters, one finds a time constant ok = 33 miliseconds, which is

much less than the half-second time duration of the sustaining beam pulse.
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For the 2X1IB parameters, one obtains Tk = 6 milliseconds, which is of the
same order of magnitude as the duration of that experiment., Thus, both the
beam current and time constant comparisons favor the MFTF experiment.

A previous trapped current estimate for the pluga was in the range of
600 amperes for a 10 kG experiment, but this estimate was based on the MEDIUM
size plasma model, for which the piasma volume is about 5.5 times larger than
the SMALL model, for the same field and temperature. Using this volume
factor, and correcting for the lower field, one obtains 280 amperes for the
trapped current. The remaining differences with the previous estimate are a
more optimistic procedure for estimating nv, and a lower adopted value for the
plasma beta. 1In addition to the higher current requirement, the MEDIUM size
plasma at the lower field would have a much longer time scale for field
reversal., Again using equations (39) - (40), one estimates ok = 500
nilliseconds for this case, which is equal to the sustaining beam pulse
dur ation.

Previous current requirement estimates for field reversal in the TMX
central ceH10 were in the range of 50-200 amperes Using the SMALL plasma
model with BO = 2 kG, Ti = 10 keV, and Te = 0.2 keV, this scaling theory
gives a trapped current estimate of 290 amperes. The plasma radius at this
low field, however, is 42 cm, and the beam absorption effigiency (np = 0,3)
corresponds to a beam current requirement of 960 amperes. These results are
higher than the earlier estimates10 because they were made with a higher
magnetic field, and a larger plasma rad.us.

A more attractive place for a field reversal experiment than any of the

6,7

above locations is the center cell of the proposed MFTF tandem. It has a

high magnetic field (10 kg), large radius, and high energy ion beams. It
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offers the possibility of better control of tne boundary conditions at the

separatrix of the field-reversed region —- both by better plasma control and

by better magnetic field control. The plasma on the open field lines is

confined (at least partially) by the potential barriers at the plugs. CLven if
this confinement is not as ideal as in a conventional tandem mirror

experiment, any increase in piasma density or pressure at the separatrix

should lead to less drastic gradients there. This effect is sometimes

described as immersing the field-reversed ring in a "bath" or "soup" of

additional plasma, The magnetic field of the center cell is more controllable

than in the plugs because the individual coil currents can be separately

adjusted, and there is room inside them to insert auxiliary apparatus such as

Ioffe coils, stellerator-1ike windings, or conducting walls.
The neutral beam current reguirements for the central cell resemble the
plug case; the principal difference being the lower magnetic field of 10 kg.

Using the same bzam energy and temperatures, the SHMALL plasma model estimate

is then 60 amperes for the trapped current. However, the beam absorption

efficiency is lower, about m=0.45, so the corresponding beam current should

be 133 amperes, which is not very different from the plug current estimate. As

emphasized above, this low estimate for the required trapped current is based

on the assumption that the electron temperature is high {and the nT trapping

time is long) for the open field lines. In addition, one must remember that

the neutral beams will focus into a fairly small volume; from equation (41)

one finds that the outer radijus Rp== 17 cm. Thus, the 15 cm wide beam has

more aiming flexibility tham it did for the plug plasma (at 20 kB). The field
reversal time scale is also greater than for the plug; T = 130 milii-

seconds, which is less than the 560 millisecond neutral beam pulse time.
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In Table III most of the results of this section are displayed together.
The ion temperatures are hotter than the corresponding plasmas of Table II
because they were intended to be more representative of the conditions at the
beginning of field reversal, closer to the open field line values. Note that
all of these estimates are based only on the SMALL plasma model; ro attempt

was made to estimate the anticipated increase in plasma size after the

initiation of field reversal.

6.  Summary

By using some simplified approximate scaling rules, it has been shown
that neutral-beam-induced field-reversal experiments are more promising in the
MFTF tandem central cell than in the plugs (Yin-Yang coils) or in the TMX or
BETA-II experiments. The required neutral beam buildup current is the lowest,
the plasma radius is not too small for the width of the beam, and the time
scale to achieve field reversal (the “skin time") is shorter than the beam
time. In 2XII1B, the current requirement exceeds the installed capability of
the experiment. In TMX, the time scale exceeds the neutral heam pulse
length. In the MFTF plug, either the plasma is awkwardly small, or else the
beam current and pulse length requirements are too close to the design maximum
of the installation. Furthermore, the MFTF tandem central cell is large
enough to permit the installation of shaped conducting walls {for boundary

conditions}, and of additional field-shaping coils.
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TABLE 1

Shape Factors for [1lustrative Model

(See Fig. 1 and Equa. 28 of text)

Vo Tume Sy = [ x (2K/R,) 32 Se 5y

(a) S my: (2R 312 s, SL]

Total lons

Reverse Fiux S =

Plasma Energy(a) Sy = [3/2 (ZKIR )3/2 Sg S

Current s; = | g @YY (s 2+ (52 ¢ 5 2+ (5p1) ]

Toroidal Flux S9g= 0
Line Density!®)(®) Spp = [(lln) (2/kRi)”2J
Fusion Power(a) S¢ = [ (1/4x) (2/k)1/2 (1/!21.)3/2
(E¢) (Fp) (1-F7) 5, sL]
(a) .
B=1.0 and Te << Ti

(b) Maximum lipe density normal to the axis at the midplane.
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Ffield-Reversed Piasma Model Parameters

Parameter Symbol
Scaled Size s = a/ai
Major Radius Ratio SR = R/a
Half-length Ratio SL =L/a
Ion Temperature (keV) Ti
Plasma Beta B
Atomic Number A
“Typical” Experiment

Maximum Field (kG) B
Minimum Radius (cm) R+a
Minimum Volume (Titers) v

Minimum Energy (kjoules) W

Ring Current (megamp) 1

Plasma Model

SMALL MEDIUM LARGE
1.2 3 5
2.5 2 2
6.25 3 6
7.5 20 64
1.0 1.0 1.0
2. 2. 2.
Bl MFTF Reactor

—
Plug CTR
(P) {C)

i0 20 10 40
7.5 12.5 25. 19
3.75 12. 98. 81
2.24 29. 58. 775.
0.23 0.51 0.51 2.6



Estimates of Field Reversal Neutral Beam Buildup Parameters

24—

TABLE 111

Bo (kG)

Ti (kev)
Te (keV)
Eg (keV)
Rp {cm)
"ok (msec)
BEAM (msec)
Lipap (ame)

1
BEAM (amp)

Using the SMALL Plasma Model

2X118

and

BETA-11

10.
0.1

15.

12.

980.

1200,

210.
20.

290.

960,

500.
120.

190,

130.
500.
60.

133.



GEOMETRY OF ILLUSTRATIVE MODEL
Similar to Ref. 2, but without end cap corrections and with unifarm

density isiside shaded volume.
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Fig. 3



RADIUS & ENERGY VS MAGNETIC FIELD
FOR THREE SCALED PLASMAS
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LINE DENSITY & REVERSED FLUX VS MAGNETIC FIELD
FOR THREE SCALED PLASMAS
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RADIUS & ENERGY VS TEMPERATURE

FOR SMALL PLASMA MODEL
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LINE DENSITY & REVERSED FLUX VS TEMPERATURE

FOR SMALL PLASMA MODEL
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TOTAL TRAPPED CURRENT VS SIZE PARAMETERS s
FOR SMALL PLASMA MODEL
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NEUTRAL BEAM OPEN FIELD LINE CURRENT
VS ION TEMPERATURE FOR VARIOUS FIELDS
AND ELECTRON TEMPERATURES
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TIME SCALE (“SKINTIME"”) VST, AT TWO T FOR SMALL PLASMA
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APPENDIX

An Improved Approximation for Beam-Trapping Efficiency

In earlier worka, an approximate model for beam trapping efficiency was
used which assumed that the incident ion energy of the neutral beam was equal
to the avercqe plasma jon energy. This model has been improved by dropping
that assumption; it is necessary to do this because these two energies can be
far apart, especially in the case of the plasma-gun-produced target.1 The
improved approximation is rederived here.

Consider a neutral beam incident on a plasma target, and define the

absorption integral M:

R
M= (o, +gx)f ndl (Al)
)

where n is the plasma density, 1 is the bgam path, R is the plasma radius,

o; is the total ionization cross-section, and o, is the charge exchange

cross-section. For the usual velocity ordering case:

Vg > Ug 3> Uy (A2)

one obtains o, and 9, from the standard tables:

ve
ai = “ii(EB) + U—B U'ie (TE) (A3)
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(A9)

For a normally incident neutral beam, the total interaction fraction FM is
then given by:

_ 1 _ =M
F2M =1 e (A5)

where the factor 2 is needed because the beam goes in and out of the plasma.

Let f1 be the fraction that is ionized:

i
fl!ql +ax F2M (A6)
and let fx be the fraction that is charge exchanged:
fo=
o= o o, FEM (A7)

Now consider the "second generation” of neutral particles formed by this
charge exchange process. These particles carry the average plasma energy,
rather than the beam energy, and they are born inside the plasma. We

approximate their interaction fraction FM by:

' M
=1-¢™M (AB)
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where no factor of 2 is needed because these particles are already inside the
plasma and merely have to get out. Also, all of these secondary particle
quantities are primed to distinguish them from the primary beam. Thus, one

ran write down their ionization fraction.

f, & ——— Fy (A9)

F o= ————1L1—-FM {A10)

Now we are ready to formulate the particle trapping efficiency np for

the infinite number of generations of neutral particles-

L] 1 ] 1 1
np=f1.+fx{fi+fx [fi'*fx(fi*-....)]}

1
S ft 1 (A1)
1-f,

Expressing this equation in terms of the cross-sections, one gets:
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i (A12)

F r
2M
= g. to —
Up o; X 0, i X \d + ax (I_FM)

This is the desired result for the particie trapping efficiency np. In
the special case where the beam energy equals the plasma ion energy, it yields
the earlier approximation.4

A separate expression is required for the energy trapping efficiency
nE, when the beam energy differs from the plasma erergy. A simple way to

derive it is to evaluate the fraction of energy which is lost from the

plasma. From the initial beam this loss fraction fL is:

(A13)

In addition, there are secondary neutrals lost, each of which carries away, on
the average, the energy ratio E'IEB where E' is the average plasma energy

and EB is the beam energy. This secondary loss fraction is:

f, =fx-g—’;~ (1 - FM) JLl + (1 +f; (1+ J) (A18)
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Then the energy trapping efficiency ne is:
]
mg=l-f - f

c, tg
X (A15)

In the special case where E' = EB’ this expression also yields the earlier

approximation.



