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Losses of neutral beam injected fast ions due to adiabaticity’ breakmg processes
in a Fleld Reversed Conﬁguratlon
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Department of Electronic Engineering, Gunma University, Kiryu, Gunma 3 76-8515, Japan

* Satellite Venture Business Laboratory, Gunma University, Kiryu, Gunma 376-8513, Japan

Losses of neutral beam (NB) injected fast ions from the confinement region of a Field-Reversed Configuration (FRC)
with a strong magnetic mirror are numerically analyzed for parameters relevant io'NB injection experimcnis on the FIX (FRC
infection experiment) device [T. Asai et al., Phys. Plasmas 7, 2294 (2000)]. Ionization processes of beam pariicles are
calculated by the Monte Carto method. The confinement of beam ions is discussed with the concept of accessible regions that
resirict the ion excursion and are determined from two constants of motion, the kinctic encrgy and cafionical angular
momentum, in the case of an axisymmetric and a steady state FRC without an electrostatic ficld." From the culculation of the
accessible regions, it is found that all the fast ions suffer from the orbit loss on the wall surface and/or 1he cnd loss. Single
particle orbits are also caleulated to find a difference of confinement properties from the results by cmpln_\f-fing the accessible’

regions. The magnetic moment is observed to show non-adiabatic motions of the beam ions, which cause a gradual orbit Toss

on the wall even in a case that-a strong magnetic mirror is applied. The results show that the correlation of the magnetic

moment disappears as the fast ions experience the density gradient around the separatrix surface and the field-null points.

L INTRODUCTION

Ficld-Reversed  Configurations'  (FRCs)  have no
appreciable toroidal field and are self-sustained by the

toroidal plasma current. Consequently, their plasma beta is

extremely high. The averaged beta va]ue(ﬂ) is in the range’

0.82-00.92, which i estimated from the

relation” {#)=1-x7/2 and the experimental results of
x, (the ratio of the separatrix radius 7, to the wall radius r, )
being in the runge 0.4-0.6." The synchrotron radiation loss
thut is 4 donunant energy loss mechanism in a high
temperature fusion plasma is mitigated in this high beta'FRC
plasma. The conceptual design study of a D-"He fueled FRC
ARTEMIS™,

fusion reactor, is based on an elegant

utilization of surplus power. The toroidal plasma current of

the FRCs, which sustains a poloidal magnetic field for

plasma confinement,
anomalous resistivity'. Therefore, improvement of particle,
momentum and energy confinements is a key isstie for the
fusi0n application. Also, technologies of external inputs of
particle, momentum, and- energy should be developed to

sustain the FRC plasma al a steady state.

 however, soon decays due to an-

The experiment of neutral beam (NB-)"inj'ectinn into un
FRC was started at the FIX (FRC injection experiment)
device® in-order to 'impr'nve thé confinements, and some new
results are obtained.”" The NB injection prolongs’ up to
240 % the e-folding FRC lifetimé,® 7 and 2 stabilization
mechanism induced by NB injcctionﬁmbahl}-‘ reduces the
level of global motion'"; it is « possibility of improvement iif
confinemients. Electron healing is - also oBserved bv the
Thomson scaltering diagnostics.'" It is in'lcrcsling 10 studv a
deposition power dénsily t6 " electrons and its influence on
global behavior.

In order to understand the effect of the NB injection un
global characteristics of FRC, a detailed analysis on beam’
ion motion is necessary. High-energetic beam ions ofien
travel the open mirror region, ie., outside the separatrix.
Thus-the beam ion confinement depends on the strength of
magnetic mirror. Therefore, u study of beam ion motion in
various equilibria of FRC, in particuldr a computation on
beam jon trap in different magnetic mircor, 5 of grear
importance: In Refs. 6 and 7, the trapped fraction of béam

iofis was- numerically calculatéd. "Asai’s work showed its
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dependency on the mirror ratio Ry ; it is increasing up to
100 % as Ry —9. A definite description of the trapped
duration time of beam ions in an FRC, however, is not
shown in both Refs. 6 and 7. The collisionless pitch angle
scattering in the vicinity of X-point causes a non-adiabatic
ion motion, and resultantly the ion orbit becomes ergodic as

213 g
2 Y gince the

it passes through the neighborhood of X-point.
stochastic beam ions can travel all over an accessible region
and thus are gradually lost from the mirror end throat or wall
surface, the definition of heam ion confinement time is
indispensable to estimate cffects of NB injection. Recently,
using a Monte Carlo code, Lifschitz er al. showed
numerically the driven current, power and momentum
transferred to FRCs by NB injection.'* In their equilibrium
model, the Grad-Shafranov equation 1s solved only inside
the separatrix, and the approximated form is employed for
the wuter field. Therefore, the fast ion motion in the
magnetic mirror field is difficult to discuss with their model.
Furthermore, they calculated for the tangential NB injection
(i.c., the beam path is perpendicular to the geometric axis) at
the midplane; injection. geometry is the same as the
ARTEMIIS design and different from the FIX's arrangement.
Since an experimental report on tangential NB injection is
unavailable so far, a comparison with experimental results is
impossible and validity of numerical calculation is never
estimated. In the present paper, a numerical computation of
beam jon motion in the FRC equilibria with different mirror
ratio, which is similar to the FIX experiment, is carried out
ty show o non-adiabaticity exhibited in the NB injected fast
ion motion; it causes a deleterious orbit loss on the wall
surface even if we apply the strong magnetic mirror field ta
reduce the end loss. A detailed analysis with respect to rapid
changes of magnetic moment due to non-uniformity of FRC
plasma is provided.

The organization of this paper is as follows. In Sec. II, we
will describe our calculation model and explain the beam ion
loss criteria using the concept of accessible region. Results
from the numerical calculations of the particle motion and
discussion on the beam ion loss due to the adiabaticity

breaking process of beum ion motion are presented in Sec.

II. Section.1V is devoted to summarize conclusions, .

H. COMPUTATIONAL MODEL

The calculation is carricd out in order o comparce with
the NB injection experiment on the FIX device. The
computational model of NB injection into the FRC is
schematically drawn in FIG. 1. The NB particle goes along
the direction of diamagnetic plasma current; it is the positive

directton along the azimuthal coordinate in the present case,

_The NB is injected at an angle of ¢ toward the geomciric

axis (i.e., the z-axis), and it is shifted from the axis by o
lengthb . Although in the FIX experiment the NB particics
are dispersed in the Gaussian distribution around the heam
axis,’ a straight and non-disperscd beam path is assumed in
the present calculation. To discuss the cffect of the injection
angle ¢ on the beam ion confinement. three typical injection
angles are applied. Parameters used here .urc shown in
TABLE [. These parameters ure almost the same as those of
the experimental setup on the FIX device éxccp[ the length

of the confinement region (1.8 m for the FIX case).

A. Tonization of neutral beam
NB particles are ionized by the following three
processes:
1) the charge exchange,
2) the direct ienization due to an impact of a plasma
- particle (i.e., an ion or an cleciron).
3) the indirect ionization through the excitation
PTOCEsSes.
The dominant ionization process is the charge exchange, In
order to consider the cxcitation process, a two-step
calculation is necessary, which complicates the calculation.
Moreover, since the cross-section of excitation process is
much smaller than others, therefore we neglect this: the
charge exchange and direct ionization process are tuken inlo
account in the present calculation. The interactions between
plasma particles and beam particles are calculated by a use
of the Monte Carlo method. In this scheme, an ionizaiion

event takes place when the incquality

no’(vf}vrAz =& (1}
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is satisfied. Here, the quantities # and ¥ are the number
density for a species of impacting particle, such as plasma
ions, and the absolute value of relative veiocity between an
NB particle and the impacting plasma particle, respecti;vely.
The total ionizaiion cross-section o equals o, +0y ,
where 7, and o ; are the charge exchange cross-section and
the direct  jonization  cross-section, respectively. The
experimenta! data for e, between a hydrogen atom and its
ien (including the pair of deuterium atom and deuterium ion)
is chosen from Refs. 15-24 and those of oy are cited from
Rets, 17 and 25-27 for the ion impact and Refs.28-31 for the
clectron  impact. The impact cnergy dependence of
cross-section is expressed by several analytical curves; each
of them is given in an appropriate energy range so as to fit
well 10 the experimental data. The time interval A2 for
gencration of random numbers is short enough that the value
norlv, Jo,Ar is less than unity and is long enough to reduce

the caleulation time. Thus we choose

0.01
& = ———
ol Pu¥Ne
where n,,, oy, and wvygare the number density at the
field-null ~ O-point, the reference cross-section (i.e.,

1.0x 107" m® that nearly equals the value-of o, at the
impact energy of 10 keV), and the speed of NB particle. The
uniform random number & is generated by the M-sequcnce32,
which supplics a good uniformity to generate the random

numbers,

B. Equilibrium

The density #r, which is used in the inequality (1), is
estimated  from the totat pressure p=n,T, +m;T; = 20T ,
where T is the plasma temperature assumed to be uniform in
the present study. The FRC equilibria are obtained by

solving the Grad-Shafranov equation for the flux function y:

"i(ld_w)*dwh.um?d—". ©

arlr ar gz dy

Using the symmetry glr.z)=w(r,-z), we solve ‘Eq. (2)
inzz0. The pressure p as a function of y is given as

foltows:

ay+ayy +ayp’ vaw’ =p o) pa0
by exp(blw)a Pou (W) @ <0

wherea s and b s are coefficients which are set so as the

plw)= ()

current density and pressure at the separafrix W cometl

smoothiv. Therefore, we apply the conditiuns:
pule =0)=po.lw=0),

dpin /dl,b' = dl-’nm /d.wL;-zll ;

y;=|.l

dzpin /dw2|lﬂ=t] =d2pm_“/dzp:' )

gr=1)

Also, we give the values of pressure at the separatrix uand
the wall. One degree of freedom remuins 10 be specitied. and
this controls the equilibrium state. The tlux function at the
wall is given by

¥ Oszscz,

!/J(r“._.I)= Rl.rt +1 I—R,,., . z -3,
e + i, L8 Tl z= oz,
¢ .

3 .
2 - Zmir — 2

(4)
Here,- z_ is the axial length from the midplanc to the
mirror end, i.c., the half length of the confinement region,
z.is' the axial position at which the mirror field critically
influences, and R, is a control parameter for the mirror ratio

defined by the formR,, = |T/)(f‘w'.-3'mir Jtw,, | The flux function

on the mirror end plane (i.e., z =z ) satisfiesap f0z =0,
An example of contour lines for the obtained flux function is
shown in FIG 2.°In order to equate the obiained ficld
strength with the experimental one. the flux function on the
wall'and midplane 1w, is estimated here from the following
relation that is used in the excluded flux analysis:

¥ =J:-w rB.dr = 82“" (r\f —r_\.:)f EL;;“:(I -x_f). (3)

~

Stricily, the magnetic field B. is non-uniform in the vicinity

of the- separatrix. The non-uniformity, however, is
concentrated in a thin edge layer. Thus an error arose from
the above estimation is safely small, Moreover, in order for
the pressure profile in the edge layer to coincide with the
experimental redults from the FIX device seen in Ref. 33, the
separatrix bela value and width of edge tayer on rthe

midplane are set to 0.53 and 8 cm respectively.



C. Beam ion motion
After suffering from the ionization process, the
NB particles then become high-encrgy beam ions and start a

Z

gyrating motion. The kinetic. energy K =(1/2ymu* and

canonical  angular  momentum
determined by the initial position and velocity at the instance
of wnizaiion. These two guantities are constants of motion
in the axisymmetric FRC without the clectric field and at a
steady state, With a use of the two constants of motion,
beam 10n accessibility is restricted in the region where the
inequality

Py ~qu(r, )’

KzUlrz)= ( (6)

2mr?
is satisfied, where Uf{r,z) is the effective potential known

as the Stérmer potential™. This region is referred to as the

1201335

“accessible region . The NB particles are assumed to
be mono-energetic in the present .siudy, and then the values
of K are the same for all the test beam jons. On the other
hand. the .values of F, are distributed, because the initial
azimuthal velocity v, and beth the position _and flux
function #¢ are determined randomly by the probabilistic
ionization process. Therefore; the accessible regions- are
different among every test particles. The accessible region
can be used for estimation of the confinement of fast ions. If

the region is open to the mirror throat, the particle is able to

travel to the mirror point. Thus it may sometimes suffer from

the end loss. Let us describe the end loss criterion, The.

radial position r, .. of the bottom for the effective potential

-Illln
U{r.z)on the mirror end plane-(i.e.,z =.z_. ) is the solution
(4]
dupr -
-r ?l ﬁ ’Iq l,!'f( Z mir ) (7)

Note that .we consider. the case that i = 0 inside the

separatrix, The.end loss criterion is then written’

K * < mir . : ;
K > ( £ q;pﬂ(lrn‘;n )) . | (8)

min
The beam ions with the accessible region contacting with the
wall may also suffer from the wall loss. The wall loss

criterion is

Py =mugr+qy . are

R =Blau ()
ol .
Thérefore, depending on the two constants of motion K and
Py, the shape of accessible region is found to be open or
close at the mirror point toward outside the confincment
system and to be contacting or not to be comtacting with the
wall. Four-typical calculated accessible regions of st ions
are presented in FIG. 3. An ion with high K bui small £, bas
two loss.channels, the end and wall loss, us seen in FIG. 3 (a}
An jon with lower K and the same P, as the case of FIG. 3
(a) becomes to have.only the end loss channcl. On the ather
hand, an ion with a positive and-large P, is inaccessible 1o
the mirror. point [see F1G. 3 (c & d)].

The loss criteria described in Eqgs. (8) and (9) are valid for
perfectly. stochastic ions (i.e., the ergadic ions). However, a
beam ion with the open accessible region is not alwavs lost
because of the adiabatic motion und mirror confinement.
Therefore, it is necessary to caleulate the orhit of beam jon
for a detailed discussion. An NB _injected fast ion orbit is

traced by a numerical integration of equation of motion:

dv ..
—= B). 10
m— .c_i_.(vxr) o (w)

The electrostatic field is neglected in the present calculation,
We employ the Adams method for the nimerical integration
of Eq. (10).

Suppose that a beam ion exhibits regular, integrable, or
adiabatic behavio.r and does not strike against the wall
before the first bounce at the magnetic mirror. It can he
confined even in the case of the open or wall contucting
accessible region. We showed that plasma ions in the cdye
region of FRC, however, suffer from the adiubuticity
breaking process at the vicinity of field-null x-points,'>
The magnetic moment g = (1/2)mv7 /B jumps abruptly as
it passes. through the x-points, and is changed 10 another
nearly, constant value. We also showed in Ref, 35 thal
plasma. ions confined inside the separatrix tend to be in
stochastic motion. Therefore, ebservation of the magneiic
moment. and a study for statistical properties of ihe abrupt

change of magnetic moment are important to show the beam’

ion confinement and estimate the effects of NB injection on
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heating and current drive, etc.

III.  RESULTS AND DISCUSSION

Following the explanation of computational procedure, the
calculation of position and velocity  at- an instance of
ionization of NB particle is carried out. Then, we will be
able 10 discuss confinement of the beam ions using the
concept of accessible region. Assuming the ergodic orbits,
we classify the toss channels without the orbit calculation.
For a detailed discussion on adiabaticity in the beam ion

motion, orbits of the beam ions are calculated.

A. lenization

We compute the ionization process of NB particles by the
Munte Carlo method. The number of test particles. is 10,000,
which 15 many enough to teduce a statistical crror. Injection
beam cnergies are 3 and 10 keV in the present case. More
general specification of energy is to use a normalized energy.
When K, =g |, |°/(mr])is chosen as the reference
vitluc of encrgy, the normalized energies, K/ K, are _0.707
for 3 keV and 2.36 for 10 keV, where the flux function on
the wall and midplanc |y, |is easily transformed into the
external magnetic field B, with the aid of Eq. (5). The
ex o M and x, are 0.05 T, 0.4 m and 0.58,
respectively. In FIG. 4 for 3 keV and FIG. 5 for 10 keV, the

values in By, (3), B

histograms of the number of test NB particles NV with respect
to the heam path length s, the flux functiony , the canonical
angulur momentum £, , and the azimuthal velocity v, are
shown in order 1o find a detail of interaction between NB
and plasma particles and to find the initial condition ot; the
heam on motion,

It appcars from FIGs. 4(d) and 5{d} that large fraction of
purticles is ionized when they carry the largest azimuthal
velocity, Therefore, the most frequent jonization occurs on
the x-axis in FIG. 1, i.e., the most adjacent position to the
geometric axis. The NB particles enter the separatrix inside
at s of about 1.0 m and go out at s of about 1.8 m. Compared
with the 1)-keV particles, the 3-keV. particles are .ionized
frequently before they reach the maximum.ionization point.

However, more than 30 % of 10-keV particles still remain

after the maximum ionization point, because the ionization
frequency is lower in higher impact energy range. Allhuugﬁ
we assume mono-energetic NB particles here, values of the
canonical angular momentum are distributed as shown: in
FIGs. 4(c) and 5(c). Since the beam ion loss criteria given in
Egs. (8) and (9) depend on the value P, . the distrihution
of B, gives the confined beam ion fraction with o use of the

concept of accessible regions.

B. Accessible regions and velocity space particle loss of
high energy ions

We described the less eriteria in Sec. Ii-.C; they depend on
the two constants of motion, the kinetic cnergy K and
canonical angular momentum F, . As we described before,
though K is a fixed value, values of £ are distributed: the
distribution is determined by the condition at the instance_of
ionization. Therefore, the velocily space particle logses ™ 57
of fast. ions can be found from Egs. (8) and (%) without
calculating an orbit of a fast ion. TABLE H shows the
classification. of . confincment . and losses. of neutral | heam
injected fast jons, which is madé using the criteria of Eyx.
(8) and (9). The number of test particles is written ‘in thix
table. It is found that both 3-keV and 10-keV ions suffer
from orbit losses.on the wall. and also found that no fast jons
are confined, Note that all the beam_ions are Jos, if. they
exhibit stochastic behavior in their motion. All the 3-keV
ions are end lost at Ry, of 2. Huwcve_r, the number of end loss
ions decrease suddenly in the case that R,=4. On the other
hand, the sudden decrease is found for the [0-keV. ions in
the case that, R,=6. A higher mirror ficld is found  be
effective to reduce the end loss; its effectiveness s
depen_dent on the beam encrgy. On the contrary 1o the end
loss, the wall loss is. out of control by the mirror field: it is
controllable only by the injection beam encrgy. It is
necessary to use NB particles carrying less than 3-keV in
order to.suppress-the wall loss. Suppose that the vajues of
Fyrange from 0.1 to 0.2 as shown in FIG 35 (¢). Using the
criterion of Eq. (), we find that the NB injection less than
2.3-2.7 keV energy is needed for confinement of fast ions in

the FIX’s casc.
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C. End and wall losses .due to. adiabaticity breaking
processes -

Varying the value of R, i.e., changing the mirror ratio, we
cal¢utated various FRC equilibria so as to show confinement
dependerices of fast ions on the mirror ratio. Single particle
orbits in prescribed FRC equilibria are calculated. Initial
conditions of the calculation are given from the results of
jonization processes by the Monte Carlo method. Numerical
error of the integration is ‘checked using a conservation of
two constants of motion, K and P,,. The deviations

_ K@) -K() _R)-£0)

KETRO) T RW

are less than [OY for all cases, which-are small enough to
obtain relisble results. Figure 6 shows the typical orbits of
{a} 3-keV and (b) L0O-keV-fast ions in the FRC cquilibrium
with R, of 10. Radial-extent for L0-keV fast ion orbit is
apparently wider than for-thé 3-keV ion. In the present case,
however, the 3-keV jon goes into the mirror region deeper. It
is found visually that the 10-keV ion at last suffers from the
orbit loss o the wall, On the other hand, the 3-keV ton is
calculation

confined up to the end of the orbit

lime tew, =100 . where =q|w,|/mr] . Both the
10-keV and 3-keV ions are found to bounce axially several
times in the mirror region. Also, one can find easily that the
inns cross frequently the separatrix. This implies that the fast
ions often feel a sharp variation of the magnetic field.
Adiabaticity of plasma particle motion originates in the
negligible change "of- the magnetic field in one cyclotran
maotion:  Fast - jons in® FRCs, however, travel in the
non-uniform field, and thus are subject to ‘adiabaticity
breaking processes. Observation of the magnetic moment
cun show clearly ‘the processes. Time evolutions of the
magnetic moment are presented in FIG, 7(a) for the 3-keV
ion and FI1G. 8(a) for the I{)}-keV ion, and the synchronous
flux function (b) and positions (c¢) are also presented. The
magnetic mdment junips when the fast jon crosses the
separatrix ‘or passés near the x-points, This is because
non-uniformity of the magnetic field is ¢onsiderable inside

the separatrix rather than outside the separatrix excepl in the

vicinity of the x-points. Therefore, we might consider that an
FRC is a source of the non-adiabatic motion of the fast ions,
Because of the non-adiabatic motion of fast ions, these ions
are lost gradually on the wall surface or from the mirfor
point. Figure 9 shows that the confined fast jon fraction in
percentage r observed at their each mirror refleciion, The
injection angle is the same as the FIX cxperiment
(i.c.,19.3"). Here, Ny stands for the number of mirror
reflection. Injeclion‘beum encrgies are (a) 3. (hy 10and (o)
14 keV. The mirror reflection is defined here as
v”(t + At)' v“(r) <0 and I/)'(I + Ar) <{),

where At is the time interval for numerical integration of the
equation of motion. Except for the case of "R, of 2, ihe
3-keV ions are confined well till ¥y = 10. For highér cnergy
NB injection as shown in FIG. 9(b) and (c), however, the
confined fractiona decreases for every value of R, Loss
than 10 % of fast ions remain in the confinement &ystem
atNy =10

One can find that for the 10-keV ions the best confinement
is‘not in the case of R, =10but £, =8 . This sugpests that the
effects of mirror field on the 10-keV beam ion confinement
are saturated at R, =8. Accessible regions of’ H0-keV ions

become close at the mirror

points  for the  case

‘that R, =8 and 10 as shown in  FIG. 3 (¢). Thercfore, o

stronger magnetic mirror than R, =8is ineffective 10 the
suppression of the end losses. On the other hand, the wall
loss on lhe-midplané is independent of the magnetic mirror,
because the criterion Eq. (9) is independent of the magnetic
mirror. Therefore, for the case of R, of both 8 and 10, the
end loss is completely suppressed and the difference
between them arises from the frequency of the wall toss. The
result of largere for R, =8and 10-keV jons shown in FIG
9(b) implies that the number of wall loss ions due to orhil
deflection by adiabaticity breaking processes is lesser for the
case of R, of 8 than for 10. The frequency of the wall loxs
may “depend on the magnetic structure and statistical
property of the beam ion motion.

In order to -c]hrify the non-adiabatic motion of heum jons.
we observe the correlations of the magnetic moment at the

mirror reflection. The results areé shown in FIG. 10, Since (e
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magnclic moment keeps nearly constant around the mirror
reflection puint [see F1Gs. 7 and 8], the point is chosen for
observation of the magnetic moment in the ‘present study.
The horizontal axis of each figure is the magnetic moment at
the first mirror reflection g, and the vertical axis is the one
at (a)(b) the second ge», (c) (d) the third ;13; and'(e) (f) the
fourth g, of the reflection. The 3:keV ions are shown in
FIGs. 10 (a), (c) and (¢) and the 10-keV ions are shown in
FIGs. 10 (b), (d) and (f). Note that if the magnetic moment is
conserved com.pletely, the plotted points should be on the
straight line g, = t4, tt;and g, I g correlates with g, ty,
and ge, . the neighboring points in g are plotied also at the
ncighboring points in - g6, tty, and g, . Consequently, if the
magnctic moments afe correlaled, we can see a series of
correlated points visually as a connected curve; it is shown
as 4 waving curve in FIGs. 10(a), (c), and (e) for the case of
3-keV ions, and in FIG; 10 (a) alone for 10-keV ions. On the
other hand, the wavilhg -curve disappeats in FIG. 10 {d) and
(f) for the 10-keV ions; and ‘thus' the correlatiori of the
magnetic “moment " vanishes because of “the adiabaticity
breaking processes. Due o' this ‘perfect $tochastization, the
fast ion orbits ‘become ergodic, -Thererforc,_ the loss ¢riteria
Egs. (8) and (9) by the cofcept of accessible regions are
valid. Note that no confined beam ions are found in TABLE
[ for the injection beam energy of L0 keV. This result is
consistent with the fact & — 0 as N increases as shown in
FIG. 9. In'Ref. 6, thc'trappeldlfraciion of beam ions are
shown, whére more than 60% of beam ions have béen found
10 he trapped. This result is different from the present one.
The differcnce may arise from the condition t6 judge the
confinement of beam ions. The lrapp-éd duration time of
beam ion may be different, although no definite déscription
of the trapped duration time of trap is prévided in Ref. 6.
Dependency of the confined beam ion fractiona on the
injection angle ¢ is also examined. This study supplies-a
proposal for more effective ‘NB injection. The two ofher
injection ungles arc chosen: for the case Iheitqﬁ =8.09, the
beam is directed toward the field-null O-point (i.e., the
magmnetic axis), and for the casé that¢ =11.3, the Beam is

directed toward the «center of confinement region

(i.e.,r =0andz = 0). The confined 14-keV ion fraction e is
shown in FIG 11. For both ihe injection angle of
(2)8.09" and (b)11.3°, « decreases morce rapidty than for
the case 0f19.3%in FIG. 9 (). The current expefimenial
setup of NB injection on the F1X device is found to be more
effective than our prametric choice. 7

To make a comparison of the current result with the
experiment carried out on the FIX device, let us define o
dimensionless ~effectiveness parameter.  The  cisemblic
avefaged number of the axial onc-way motion until the heam

¥

ions are lost are calculated as
- 11 :
- a(N ;
_ M
V)= Y Ny
Ny =1

If we assume the effects of the NB injection is

—1)- (V) ;
100 |

proportional to the averaged trapped duration of beam jons,
we can ecstimate the effectiveness of NB injection
qualitatively by the value of {¥,)". The comparison wiih the
experimental results repofted in Ref. 6 i$ made in FIG.12.
To compare with Ref. 6, R, shoald be transformed into the
customhry mirror ratio Ry, . Assuming a uniform magnctic
field both on the midpla’ﬁc and outside the separatris £, und
on the mirror end throat fy, . the customdry mirror
ralio Ry = By /By, 15 Ry =(l—.\'3)R;’,, . Typical v in oour
caleulation is about 0.38, then Ry = 0.67k,, . The mirror rasio
dependence on(N,) for 10- and 14-keV ions and the ratio of
the configuration life time z,, with and without NB injection
shown in Ref. 12 are présented. The beam energy is 14 kev
in the case of Ref. 12. The effectiveness parameter (¥, ) for
10- and 14-keV ions are gradually increased as the mirror
ratio goes higher. The value of (¥, ) for 10-keV, however, is
saturated at Ry =5 . It seems that (N,) keeps rising
in Ry = 7. From this figure, a higher magnetic field is found
1o be more effective to trap the fast jons, ahhnugh they are
Iost on the wall eventually. The degree of its effectivencss is.
however, dependent on the beum cnergy. The sudden
increase of the effect of NB il'IjC'Cil'().[.l is  ohserved
experimentally at Ry =8 ; it may be resulicd from
nonlinear electromagnetic effect. It is difficult to explain the
abrhpt increase in improvement of confinement at Ry =8by

the present analysis. A self-consistent electromagnelic and



beuam ion Kinetic model is needed to predict an experimental

behuvior.

IV. CONCLUSIONS

The neutral beam (NB) injection into the Field-Reversed
Configuration has been analyzed oumerically, The
calculation parameters are relevant to the NB injection
experiment on the FIX device. lonization processes of beam
particles are calculated by the Monie Carlo method.
lonization through the charge exchange processes is found to
be dominant: 85 % for 3 keV and 80 % for 10 keV beam
cnergy. The accessible regions that are delermir;ed from the
two constants of motion, the kinetic energy and the
canonical angular momentum, have been calculated to give
the loss criteria. The neutral beam injected fast ions have
two loss channels: the loss on the surface of the wall (the
wall loss), and/or the loss from the mirror end point (the end
losses). With a use of the loss criteria derived by the shape
of accessible region, no fast ions are found to be confined
for the beam energy of 10 keV, It is found that the end loss is
suppressed by the strong mirror field and the wall loss
channel however still exists. The loss criteria by the
accesstble regions are based on the assumption of the
non-adiabatic motion and ergodic orbits for the beam ions.
For o detailed discussion, single particle orbits have been
culculated to show an  adiabaticity or non-adiabaticity
exhibited in the beam jon motion. The magnetic moment is
found to be changed stochastically near and/or inside the
scparatrix. Moreover, the calculation of the correlation of
magnetic moment at several instances of mirror reflection
shows clearly the non-adigbaticity of beam ion motion.
Thercfore, the loss criteria by the shape of the accessible
region are found to be valid, unless we consider the trapped
duration time of beam ions. It is found from the single
particle orbii calculation that the trapped fraction of beam
ions is gradually decreased as they experience the mirror
reflection: It occurs even in the case of a strong mirror field,
hecause the wall orbit loss is.never suppressed by the mirror
field. Although the strong dependence of effectiveness of the

neutral beam injection on the mirror ratio reported in the

FIX experiment is also observed in the present calculation.
however, a detailed analysis on such as the power deposition.
heating, current drive, and stabilization, remains (0 be

carried out in a near future.
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Table 1. Geometry, plasma, und NB parameters,

Tables

Parameters Symbois Values
" Incident angle ¢ 8.09, 11.3 and 19.3 degrec
Impact parameter b 0.1lm ‘
* Beam energy E, 3,10, and 14 keV
External magnetic field By 0.05T
Plasma temperature T=T+T, 150 (L00+50) eV
Number density at O-point n 5.0%X10" m*
Wall radius Fu D4m
Hall length of confinement region Z i

2.0m

Table [1. Classification of ionization processes of NB particles and of confinement and Josses of last ions,

3 keV 0 keV

R, 2 4 6 8 0 2 4 6 s 1

Charge exchange 8510 8582 8479 8457 8B4SO 7073 7,938 7886 7901 7906
Lanization by ions 13 10 16 10 602 oSt 662 o 644
lonization by electrons 1477 1404 1499 1521 L301  [394 1357 1370 1367 1342
Towl ionized particles A 10,000 9996 9,994 9992 9991 9969 9946  99I8 986 9897
Confined ions 0 0 0 0] ‘0 0 () 0 o U' | 0
End lost ions 0 0 0 0 0 o 0 00 0
Wall lost ions 0 7,102 7984 8410 8523 0 0 6476 8343 8918
End & wall lost ions 10,000 2894 2010 1582 1468 9969 9946 3442 1553 974
Wall striking partictes B 0 4 ¥ 8 - 79 . 31 54. 82 -1(14 108
Toral st particles A+B 10,000 10,000 10,000 10,000 10,000 10,000 10,000 010000

L0000 100

.
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The confour intervals are 0.02 for inside the scParatnx and 0.2 for outside the sepamtnx The IIOI‘ﬂ]dIlZCd SEPUrairix

is (a) 0. 67*and (b) 0.33. -

'-’.'

radius r, /r, =x '50.38 for both and the normalized half length (€ /2)/2

o

mlr

.‘ : (n,]_

00 "'"ﬁz/'z;n;, - 1.0

FIG. 3. Four typical accessible regions for re]atlvely hlgh encrgy lons The kmehc energy K and the cannmcat angular
momcntum P,, are (a) K;’K(, -O 5 and A /P.qu -0003 (b) K/K“ = 0 4 and F, /P,m = (J 005 , ((_) 1\’/1\[, w 0.603 and

B, 1Py =01, and (d) K/K, —0 5 and P,., ! Pay ~01 The reference values for normallzatlon Ky dnd P, are
Ky=q" |, |"/(mryand B,, =q|w, |- The flux function on the wall and mtdplane|tp“ |is transformed nto the externgl

magnetic field B, with the aid of Eq. (3). In all the cases, R, =10.
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