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Power deposition by neutral beam injected fast ions in Field-Reversed Configurations
Toshiki Takahashi, Takayuki Kato, Nactaka Iwasawa* and Yoshiomi Kondoh

Department of Electronic Engineering, Gunma University, Kiryw, Gunma 376-85135, Japan
* Satellite Venture Business Laboratory, Gunma University, Kiryu, Gunma 376-8515, Japan

Effects of Coulomb collisions on neutral beam (NB) injected fast ions inte Field-Reversed Configuration (FRC)
plasmas are investigated by calculating the single particle orbits, where the ions are subject to the stowing down and
pitch angle collisions. The Monte-Carlo method is used for the pitch angle scattering, and the friction term is added to
the equation of motion to show effects of slowing down collision such as the deposited power profile. Calculation
parameters used are relevant to the NB injection on the FRC Injection Experiment (FIX) device. It is found that the
dominant local power deposition occurs in the open field region between the X-point and the mirror point because of a
concentration of fast ions and a longer duration travel at the mirror reflection point. In the present calculation, the
maximum deposited power to the FRC plasma is about 10 % of the injected power. Although the pitch angle scattering
by Coulomb collision destroys the mirror confinement of NB injected fast ions, this effect is found negligible. The loss
mechanism due to non-adiabatic fast ion motion, which is intrinsic in non-uniform FRC plasmas, affects much greater

than the pitch angle scattering by Coulomb collision.

Keywords: Field-Reversed Configuration, neutral beam injection, Monte Carlo method, slowing down collistor, power

deposition, non-adiabatic motion

L INTRODUCTION

The confinement of a Field-Reversed Conﬁguraﬁoﬁ
(FRC) plasma is anomalous'; in both the theoretical and
experimental investigations, it is a major issue for the FRC
plasma as well as the global stability against the tilt
modez_'g. Besides the anomalous transport coefficients (i.€.,
the resistivity, diffusivity, and viscosity), the steep density
gradient and considerable current density at the separatrix
cause a deleterious transverse flow; these are shown in an
experimental observation of a rapid decaying FRC’s
separatrix radius in a few 100 ps.'” In the case of the
the
the

resistive  plasma, for instance, there exisls

perpendicular flow  velocity  written  in
form:u, =-7(jxB)/B?, where u, is the perpendicular
flow velocity, 7 is the resistivity, j is the current
density, and B’ is the magnetic field. The theoretical
study'' shows that the hollow current profile (i.e., the

small j at the magnetic axis and the large j at the

scparatrix) promotes the stability, and recent particle
simulation® presents that the FRC plasmas are relaxed to
have the hollow current profile; this enhances the
transverse transport. Since the inhomogeneity is intrinsic
in the high-8 FRC plasmas; for development of an
FRC-based fusion reactor a technique to control the
profile ahd to improve the confinement is indispensable to
investigate.

The Neutral Beam Injection (NBI) into the FRC plasma
has been camied out on the FIX (FRC Injection
Experiment) device'” at Osaka University so as to improve
the confinement.'® '*® In the FIX device, the FRC plasma
is formed in the formation section and translated to the
confinement chamber. The Neutral Beam (NB) particles
are injected obliquely at an angle of about 19 degree to the
geometric axis befor¢ and in the translation phase. The
ex-perimental results showed that the NBI is effective to

prolong the FRC lifetime estimated by the e-folding time
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of the separatrix radius. According to Ref. 16, reduction of
the level of global wobble motion is found by the
experiment, and theréfore, the energy and particle losses
due to plasma-wall interaction may be suppressed. They
proposed that an ion ring current sustained by the NB
injected fast ions in the neighborhood of the field-null
X-point suppresses th¢ FRC corc plasma precession
motion around the geometric axis because of the Lorentz
attraction force between the ion ring current and the
toroidal current. By the NBI, however, the controltability
of the current density has never been reported as yet in the
FRC experiment,

In Ref. 17, we calculated orbits of NB injected fast ions
into the FRC plasma in equilibrium state. It has been
shown that the fast ion exhibits a non-adiabatic motion
due to non-uniformity of the FRC plasma; the scale length
of magnetic field variation is comparable to the Larmor
radius of fast ions. Even when a strong mirror field is
applied in order to reduce the end loss rate of fast ions, the
orbit loss on thé wall surface has been found not to be
suppressed; this is clarified that the accessibility of fast
ion to the wall surface and the non-adiabaticity in its
motion. The. accessibility to the wall surface in a fixed
equilibriumn magnetic field is controllable by the injection
beam energy. Hence, parametric surveys of the most
effective beam energy in terms of the deposition power
and drven current by fast ions are important. The
collisions between the fast ions and plasma paﬁicles,
however, are neglected in Ref 17. Therefore, direct
comparison of our results with those from experiments is
difficult. In the present paper, the slowing-down cellision
is considered as a friction term in the equation of motion
of fast ions. The fast ion confinement is affected by the
pitch-angle scattering, which mary cause more rapid orbit
loss on the wall. Thus the effects of this scattering should
be analyzed by a detailed calculation. A Monte Carlo
method is employed in order for the pitch-angle scattering
to be taken into account in the fast ion orbit calculation.

The organization of this paper is as follows: In Sec. II,

we will describe the calculation of fast ion orbit

considering the Coulomb collisions and explain how to
measure local power deposition. Calculated power
deposition profile and effects of Coulomb collision, in
particular the pitch angle scattering is presented in Sec. IIL

Section IV is devoted to summarize conclusions.

IL. COMPUTATIONAL MODEL

Computation is carried ont mainly for the NB
injection experiment in the FIX device. Equilibria of FRC,
which are obtained by solving the Grad-Shafranov
equation, and. NB injection parameters are the same as Ref.
17. In order for the pressure profile in the edge layer to
coincide with the experimental results seen in Ref. 18, the
separatrix beta value and width of edge layer on the
midplane are set to 0.53 and 8 cm respectively. The mirror

ratio is controlled by the parameter of boundary condition
of the Grad-Shafranov equation R, = |y(r,,. 2 )/ v .

where , is the flux function at the wall and midplane.
Assuming uniform magnetic field both on the midplane
and outside the separatrix B, and on the mirror end

throat B, , the customary mirror ratio R, =B,,/B, is

Ry =(1-x})R,, wherex,is the ratio of the separatrix

radius to the wall radius on the midplane. Typical x, in our
calculation is about 0.58, then Ry, = 0.67R,, . Contours of
calculated pressure are shown in Fig. 1, where values of
the normalized pressure p/p, : p, =¥, I* /(Zpor‘f).are
indicated. The values of R, is (a) 2.0 and (b) 10, and the
normalized pressure at the separatrix is set to be 5.0 for
bath The
E, =(£,/2)/r,, where £, is the separatrix length and 7, is
the separatrix radius, is 5.8 forRW =2and4.6 forRu, =10,

cases. obtained separatrix elongation

and the racetrack separatrix shape can be clearly seen here.
It is shown that a strong mirror field contracts the edge

layer near the mirror end.

A. Beam Ion Orbits with Coulomb Collisions
After the ionization process, the fast ions move in a

prescribed equilibrium field without an electric field,
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which is calculated from the Grad-Shafranov equation.

The equation of motion for fast ons is written in the form:

dv
m—=qg(vxB)—mv, v,
df Q( x ) sl

where mand g are the mass and charge of the fast ion

(1)

(i.e., proton), respectively. The friction force due to the
slowing down collision is taken into account in Eq (1).

The slowing down collision frequency vV is

ngdadsh m
Z dnetmlv} m_ﬁ}i(x) @)
x '\f dt, x=
rl( I 2le9
where A, v, nand7T are the Coulomb -logarithm, the

speed, the number density and the temperature in Kelvin,
respectively. The subscript @ means the beam ion
and £ stands for a species of background particles. The
typical value of Coulomb logarithm is about 13 for the NB
injection experiment in the FIX device. In the present
calculation, the temperature is assumed to be uniform, and
here”, =100eV and 7, =50 eV. Vanation of the plasma
density . is therefore calculated from the equilibrium
pressure asn(r,z) = p(r,2)/(T; +T,).

This slowing down frequency has two useful limits:

Z ngla eﬂA E—3/2
8\/—#50 ,f
24T,
for U?, >>—2 ,J_E‘zlmﬂvfI
mg 2
Va =) 2 2 3/2
nge, eﬁA m, mg
Z ] R T
7 3T Cgymy mg 7
2kT
for v2 << £
My

When the background particles are electrons alone, the

slowing down timel/v, estimated by Eq. (1) is 370us

for the beam energy of 10 kéV. On the other hand1/v,; is
11 ms for the background deuterium ions, which is about
30 times longer than for the electrons case. Therefore, the
slowing down du¢ to electrons is found to be dominant.
The beam ion orbit is traced by a numernical integrarjon. of

Eq. (1). In addition to the slowing down cellision, the

pitch angle scattering is also taken into account in the
present study. According to Ref 19, the Monte Carlo
method is employed for simulating the pitch angle

scattering. The pitch angle is changed as follows:

Ay = A~ v,2)£ [~ 2]

where,

3

A=v,/v=cosf, and v, is the pitch angle

P

_L dn |1
(l Zx)ﬂ(x)+ de:2

and 7 is the time interval for generating the random

collision frequency:
naqaqph

"p=z 213

7 BmEgm, v,

)

number to determine which sign in Eq. (3) is applied. In
the present study, the characteristic beam ion cyclotron
timel/w, = mrl lg|w, [)=2m/(gB,(1-x})]is chosen
as 7 in order for the non-dimensional value v, 7 to be much
smaller than unity. The typical collision frequencies of
beam protons at a given their energy is shown in Fig. 2,

where subscript e and i stand for the background electrons
and ions respectively. For the pitch angle scattering, v,; is
found about 4 times higher thanv_, , and thus the pitch
angle scattering between beam protons and background
deuterium ions is dominant. When B, =0.05 T, the NB
energy £, =10 keV, and the

injection density

n=5.0x10"" m”, the value of v,7is about 1.86x107°.

When  a generated random numbér R is ranging
ind<R<0.5, the plus sign in Eq. (3) is employed for
pitch angle diffusion; the minus sign is used for the else
case 0.5 < R <1. As we use the cylindrical coordinates

system to describe the equation of motion, the pitch angle

should be expressed by B,,B, and 7,,v,,v, . The
relation is defined in the following way;
a=tan™'(B,/B,), v=40}+0}+0
v, =vcosd,, v =vsing,
U, =y sin@+v,,cosa )

v, =0 cosa-v,sina
Uy =0, SN, U =0V, COS{P.

The geometry of the velocity and magnetic field in
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ther—zp!ane is shown_ in Fig. 3, wherea is the angle
between the magnetic field line and the geometric axis
(i.e, z -axis), V|, is the perpendicular velocity projected
onto ther -z plane, and v is the parallel velocity. The
gyro-phase¢ that can be described in the perpendicular
plane to the magnetic field is shown in Fig. 4. Although
the pilch angle 8, is changed due to the collision, the
gyro-phase ¢ however is assumed to remain the same
value at the instance of the collision. If we know v, 01, @,
and a, the velocity componentsv, , v, andv, that are
necessary for the calculation of fast ion orbit are all

determined.

B. Power deposition by fast ions

Due 1o the slowing down collision, fast ions gradually
lose their kinetic energy. The lost kinetic energy is
deposited to the plasma particles, dominantly to electrons,
and FRC plasma is heated through a thermalization
process. We will calculate local energy deposition power

by fast ions. Equation (3} is equivalent to

% =-2v,E, E= %mvz
" Thus the encrgy loss of a fast ion for As is
AE = —2v, EAt |
The deposition energy to plasma electrons is then -AE by
a test fast ion. In order to compare the depbsition power
with experimental results of FIX device, the deposition
power is estimated by multiplying a weight w :
AP [W]= AE [J]x w(l/sec]
The particle
ratedN /d/ divided by the number of test fast ions. A local

weight is equal to the injection
deposition power is calculated by summing over AP in
each measuring cell, which is shown schematically in Fig,
5. The volume of measuring cell AV is

AV =2mrArAz

A local deposition power per unit -volume s
therefore AP/ AV . According to this estimation, ‘without
an orbit loss on the wall or end loss, total deposition

power to FRC plasmas is ideaily £, xdN'/df . When the
particle injection rate dN /dr is1.5x 10%° [1/sec] (= 24 A)

and the beam energy £, is 10 keV, then the injection
power is 240 kW. However, a fast .ion suffers from the
orbit loss or end loss, and then the total deposition power

decreases.

L RESULTS AND DISCUSSION

The injection beam energy and mirror ratio are changed
in order to obtain the most effective injection parameter
where the NB power deposits to the plasma particles
effectively. A test beam ion is traced until it is lost from
the end throat or on the wall surface. The mirror ratio is
controlled by the parameter Rv . Figures 6 and 7 show the
local deposition power profile in r-z plane (i.e., quarter
cross section of FRC confingment device) for the injection

energy £, of 8 and 10 keV respectively, The particle

injection rated¥N /dtis fixed to be 1.5x10% [1/sec]. In

" the present calculation, the values of R are 2, 4, 6, 8, and

10, and the corresponding results are shown from the top
of Figs. 6 and 7. The pitch angle collisions (Eq. (3)) are
neglected here. The region where is painted by white color
shows that the energy of fast ions is highly deposited in
the region. The white dashed lines in Figs. 5 and 6 indicate
the separatrix. In a case of R, =2and of both 8 and 10
keV, almost all of the fast ions are lost directly and the
energy of fast ions is deposited only on their single path
from the ionization point to the mirror end. Fast ions can

excurse deeply in the mirror field region in the case

that R, =2and 4. Therefore, a stronger magnetic mirror

than Ry, of 4 is effective to reduce the end loss ions.

Dominant power deposition is found to take place outside
the separatrix and in the region where fast ions bounce by
the magnetic mirror. The axial velocity of ions decrease
near the mirror reflection point, and thus the ion reside
here for a long duration. Moreover, since fast ion orbits
are focused around the mirror region, the fast ion
population is larger here than the midplane. Further, the
plasma density in the edge region is considerably high in
the present equilibrium model. The separatrix beta value
,BS' = p, / p,, where p_and p,, are the plasma 'p:essure at

the separatrix and at the magnetic axis (i.e., the field-nuil
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O-point) is set to be about 0.53 in the current calculation,
which is the identical condition with the experiment
carried out on the FIX device.'® Hence, when the uniform
temperature is assumed, the density in the edge layer is
high enough to slow down the fast ions. Because of the
reasons mentioned above, it appears consequently that the
fast ions deposit their energy to the plasma particles in the
edge and mirror region of FRC plasma. It is noted that for
8-keV beam ions the highest deposition to plasma
particles is occurred in the case of notR, =8and 10
"butR, = 6. This is surprising because we belicve a higher
magnetic mirror confines beam ions better and suppress

the end loss rate. The orbit losses on the wall, however,

still happen even in the case of higher mirror field. A.

statistical property of the mirror reflection and sudden
change of the pitch angle is important to know how
frequent the orbit loss takes place. For R, =10, fast ions
go frequently toward the wall around the midplane and
often suffer from the orbit losses. Resultantly, the
deposition power to the plasma is not high.

To see this clearly, we present the total deposition power
by fast ions into FRC plasrﬁa in Fig. 8(a); it depends on
the mirror ratic and injection beam encrgy. The
percentages of deposition power P against the injection
power P, are presented in Fig. 8(b). Figure 8(c) shows the
ratio of the deposited power into electrons F, to the total
deposited power P . In Fig. 8, the solid circle, square,
diamond, and triangle represent the injection encrgy £, of
8, 10, 12, and 14 keV, respectively. The highest deposition
power of about 18.8 kW is achieved atR, =6 and E, of 8
keV; it is about 10 % of the injection power (= 190 kW),
The peak of deposition powerb for E,.of 8 keV is at
R, =6,for E of I0keVisatR, =7, and for E,of 12
keVis at R, =9. On the other hand, as the mirror field

becomes higher, the deposition power is found to increase
gradually for the 14-keV ions.. Judging from the
accessibility of fast ions to the mirror end, the 8-keV ions
can never travel to the end’in the case thatR, 26 The
14-keV ions, however, is accessible to the mirror end and

is lost until 'Rw =10 . Therefore, as the mirror ratio

increases, the deposition power by the 14-keV ions is
increased gradually because of their longer mirror trap. As
we mentioned in Sec. II A, the slowing down frequency by
electrons is 30 times higher than the one by ions, when the
beam energy is 10 keV. Therefore, the energy transferred
1o the electrons is about 97 % of the total deposited energy.
This seems consistent with the result seen in Fig. 8(c). If
the beam energy is decreased, the slowing down collision
frequency by ions is increased as shown in Fig. 2. This
appears slightly for the injection energy of 8 keV and
R, > 4 because the ratio F, / P is decreased. The beam is
confined well enough .£o be slowed down, and then the
slowing down by ions becomes remarkable.

We find the highest efficiency is obtained when the beam
energy 15 8 keV. In Fig. 9, the dependence of trapped
fraction of fast ions in percentage & on the number of
mirror reflection N, is shown for the highest efficient 8
keV injection. It is found thater is decreased as the ions
experience the mirror reflection. The largest & is obtained
forR, =6 it is consistent with the result seen in Fig. 8.
From our previous work'’, the fast ions are found to be
lost on the wall surface due to their non-adiabatic motion,
even when a strong mirror ficld is applied. A non-uniform
FRC plasma is the origin of the collisionless pitch angle
scattering of NB injected fast ions,

As is shown in Figs. 6 and 7, the beam energy is
deposited mainly in the peripheral region; it is not
favorable to heat effectively the core plasma. In Fig. 10,
the percentage of deposited power inside and outside the
separétrix is shown. When R, =2, the deposited power
is transferred into the interior of the separatrix. At R, =3,
NB power for E,, of both 8 keV and 14 keV is distributed
equally inside and outside the separatrix, and the power
deposited outside the separatrix excesses forR, >4. As
the beam energy is increased, the total deposition power
and the internal deposited power are decreased; it is
ineffective to heat the core plasma,

To examine the effects of piich angle scattering by
Coulomb collision, we define the parameter of increment
{or decrement) of total deposition power & as
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P-P
%100 [%].
P

where F, is the total deposition power to the plasmas in the

&=

case that both the slowing‘down collision and pitch angle
collision are taken into account, and 7 is the same as is
shown in Fig. 8(a) (i.e., the case that the slowing down

collision alone is considered). Dependence of the

parameter & on the mirror ratio R, for various injection
energies is shown in Fig. 11. The plots of £ are found to
be scattered, and then no significant tendency is observed
from this figure. Generally, Conlomb collisions enhance a
loss rate of fast ions, because tﬁey break the fast ions’
adiabatic ion motion; this is important for the mirror
confinement. However, the fast ions exhibit intrinsically a
non-adiabatic motion in non-uniform high-beta FRC
plasmas. Resultantly, the beam ion orbit is ergodic, and a
change of trajectory by pitch angle collisions is not so
important. The present result shows that the effect of
Coulemb collision on the power deposition is settled in at
most ~15% <& <+5% . For R, <4, the pitch angle
collisions increases slightly the deposition power, because
they suppress a little beam ion’s direct end loss. On the
other hand, in the case that R, > 6, pitch angle collisions
rather worsen the efficiency of NB injection. Further,
fraction of confined fast ions at the number of their mirror
reflection is presented in Fig. 12 to find how the Coulomb
collisions affect the duration of mirror trap. The
calculation is done for (a) the highest efficient case (i.e., 8
keVandR, =6) and for (b) 10 keV and R, =6. In Fig.
12, comparison with the collisionless case is made, where
the slowing down collisions are also neglected. Although a
slight difference between the collisional and collisionless
case can be seen, almost the same gradual decrease is
found for both 8 and 10 keV.

Iv. SUMMARY

Effects of Coulomb collisions on neutral beam (NB)
injected fast ions into Field-Reversed Configuration
(FRC) plasma§ have been investigated with the aid.of the
calculation of single particle orbits. The slowing down and

pitch angle col]isioﬁs have been taken into account.
Injection geometry in the present calculation is similarly
arranged to the FIX (FRC Injection Experiment) device.
This calculation is done for the beam energy of 8, 10, 12,
and 14 keV. It is found that the power of fast ions is
deposited dominantly in the open field region between the
X-point and the mirror point because of a concentration of
fast tons and a longer duration travel at the mirror
reflection point. About 40 % of the deposited power into
the FRC plasma is found to be delivered inside the
separatrix. The highest efficient case is the injection
energy of 8 keV and the mirror ratio R, = 6; the obtained
deposited power to the FRC plasma in this case is 10 % of
the injected power (see Fig. 8). Although the pitch angle
scatterings destroy the mirror confinement of NB injected
fast ions, this effect is found insignificant; it has been
shown from a comparison of the trapped fraction of fast
ions with and without collisions {cf. Fig. 12). According to
our previous work'’, the non-adiabatic fast ion motion
influences much greater than the pitch angle Coulomb
collisions.

Recent experiment shows that a global motion of FRC is
suppressed by an NB injection, which may improve the
confinement of FRC plasmas.' In order to clarify the
mechanism of the suppression, corﬁputational study is
needed. A Self-consistent hybnid or particle simulation
remains for a future study to reproduce 3 dimensicnal
FRC global motions and its stabilization by NB injeclted

fast ions.
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FIG 2. The slowing down collision frequency v, and the
pitch angle scattering frequency v, of beam protons vs. the
beam energy E, . Here T, =100eV , 7,=50eV ,
andn =5x10" m™. Thick solid linev,, is for slowing
down by clectrons, dotted line v, is for by slowing down
by ions, thin solid linev,; is for pitch angle scattering by

ions, and dashed linev,, is for pitch angle scattering by

electrons.
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FIG 3. Magnetic field and beam ion velocity projected

onto r-z plane.

FIG 4. Gyro-phase and geometry of perpendicular
velocity projected onto the perpendicular plane to
magnetic field.
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FIG 6. Local power deposition profile in r-z plane (i.e.,
quarter cross section of confinement region). NB injection
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