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Abstract

A toroidally linked mirror system is proposed as a neutron source. The mirror core
has the favorable feature of a high plasma beta in a relatively small volume. A low beta
highly elliptical toroidal linkage prevents rapid electron thermal loss and enhances the
power efficiency from ~ 2%, typical for previous designs, to 30%-40%. The following
specific problems are discussed: low-3 toroidal MHD equilibrium, finite-8 distortion of
the plasma column, radial electric field, particle drift orbits, rotational stability, beam

ion kinetics, cross-field transport.
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I. Introduction

Previous studies of a mirror-based beam-target neutron source!~3 have emphasized that the
proven high 3 (8 is ratio of plasma pressure to magnetic field pressure) containment inher-
ent in mirror systems is highly advantageous for testing materials in a fusion environment.
Particularly, these systems satisfy the following basic requirements of a “good” neutron

source 4

1. Relative simplicity and low cost (both capital and operational).
2. Providing the desired fluence in reasonable time.
3. Providing the same 14 MeV secondary neutron spectrum as that of a fusion reactor.

Generally, due to rapid electron thermal loss along magnetic field lines, the electron
temperature, T¢, is low in open-ended beam-target systems. This condition limits the hot
(beam) ion energy lifetime and correspondingly the source power efficiency both of which
are proportional to T%/2. If T, can be improved, a major upgrade in efficiency arises.

To prevent the rapid thermal end loss, toroidal mirror devices have been proposed in the
past.® Here we consider a variant of this idea where we consider a low-4 toroidal linkage of the
target plasma where the cross-section of the linkage is elliptically shaped. We estimate that
such a linkage allows an enhancement of T, of up to 2keV in comparison with 0.2 — 0.4 keV
discussed in the previous mirror-based beam-target neutron source proposals,>® which in
turn improves the power efficiency @ from ~ 2% to 30%-40%. The enhanced efficiency
also allows more flexibility and reliability of the neutron source with respect to different
materials test regimes. For example, it allows for a given injection power of P, ~ 50 MW,
an increase in the exposed neutron test surface from 0.2 m? to 3m?, as well as a wall loading

of up 10 MW/m?. The neutral beam injection power density will be reduced by a factor of
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~ 20. In addition it is possible to slightly reduce the plasma density and the magnetic field
compared to previous designs.

The advantages achieved in our proposal are primarily through two parameters. The
first is that the ratio ps/p: is large, typically 10, where pj is the pressure of the mirror
confined hot (beam) ions and p, is the pressure of the toroidally confined target plasma.
The high value of ps/p; allows us to sustain a toroidal equilibrium in the simple toroidally
linked system without any additional stellarator windings or toroidal current. The second
parameter is a high ellipticity (E > 10) of the plasma cross-section in the toroidal linkage
cells. High E-value gives an essential improvement of equilibrium conditions, enhances the
toroidal A3 limit by a factor of ~ 10, reduces neoclassical transport and improves some other
technical parameters.

In the following sections we will discuss the key issues of the our proposal: low-8 MHD-
equilibrium of the toroidally linked beam-target plasma, finite-8 distortions of the plasma’
column, radial electric field, particle drift orbits, rotational stability, cross-field transport,

beam ion cooling and scattering, relaxation of warm passing (scattered) ions.

II. Magnetic Configuration and low-g MHD Equilib-
rium

The magnetic configuration to be discussed is shown in Fig. 1. It consists of four individual
or, equivalently, two parallel pairs of minimum-B mirror cells (midplane cross-sections 2, 6,
8, 12) linked by two semitori with cross-sections having high ellipticity (4, 10). The smallness
of p;/ps allows us to use a purely toroidal magnetic field for the linkage. This field conserves
the strong ellipticity (E > 10) of the mirror end fans (cross-sections 3, 5, 9, 11) along the
toroidal cells. The magnetic field in the mirror region is produced by conventional Yin-Yang
or baseball coils. The toroidal field is produced by elliptical planar coils. The manufacture

of such coils is not a problem for modern technology.®
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The first problem to be discussed is the plasma equilibrium in a toroidally linked mirror

system (TLMS). An anisotropic plasma equilibrium is determined by the following equations:
V.- P=jxB, (1)
VxB=j, (2)
where j is the plasma current and B the magnetic field. The pressure tensor is of the form:

P = (pir+ p:)X+ (pry — pro)bb (3)

b = B/B and X is the unit dynamic. The longitudinal component of Eq. (1) is automatically
satisfied if p| and p, are calculated using a distribution function which depends on the
integrals of motion. From the transverse component of Eq. (1) it follows, using standard

techniques,” that:
jr=[(py~ps)(b x &) + b x Vp.] /B, (4)
k=(b-V)-b=-bx(Vxb).

The longitudinal current jj is found using V - j = 0 and this leads to the relation

5 13

Z5 (B + b= )| = =b - (5 X V)(oy + pu)/B* 5
with s the distance along a field line. Equation (5) must satisfy the following condition when
the field lines are closed:

ds

2 (b x&)-V(p+p)=0, (6)

where the integration is along a field line. Equation (6) is the most important condition of
equilibrium. It allows us to find the main characteristics of the pressure distribution across
field lines using conventional expansions with respect to low 8 and paraxiality.

The proposed TLMS exhibits the reflection symmetry relative to plane 1-7 and plane

4-10 (see Fig. 1). Due to this symmetry jj must vanish at the cross-sections 1,4,7,10. Thus
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it is sufficient to consider one quarter of the system (between cross-sections 1 and 4). Then
Eq. (6) reduces to
%4 ds .
[ S b xK)-Vip+p)=0. (6)
s B .
We invoke a rather reasonable paraxial approximation to describe a minimum- B system.”®
In addition, we assume low-8 (8 = 2p/B? < 1). It can then be shown”® that Eq. (6') im-
i)lies that the constant p, contours in the midplane of a single minimum-B mirror cell have
to be concentric circles and j) only has a quadrupole component. In the case of TLMS the
toroidal drift will generate a dipole component of jj in the toroidal cell. According to Eq. (6')
this current must be closed in the mirror cell. This is achieved if the center of the hot ion
pressure distribution shifts from the straight axis of the mirror cell.

To calculate this shift we introduce a coordinate system shown in Fig. 2. In the paraxial

approximation a mirror cell magnetic field is to be described by two independent functions
B(2), o(2): L .
es- 2252,

B B
-—z(7+q> ; By=—y(7—q) ,

where the prime means d/dz. Following standard procedures,”® we solve the field line equa-

(7)

B,

tion dz/B, = dy/B, = dz/B, and find that the field line coordinates z(z), y(z) are given

by
S BI?Z).GXP{“/:%“}’ ®
e (U7 L

The subscript “0” corresponds to the mirror cell midplane (z = 0). The curvature and the

toroidal cross-section ellipticity take the form:

b x & ~ §2'(z) - %y"(z) , | (10)




E= y(ﬁ) = exp{Z/OL/Z%dz} . (11)

The magnetic field will be modeled by the expressions:

z

z —L
L] ’ ‘I(Z)=quOS7r— —_—< z<

— . 12 ~
B(z) = By [1+(R 1)sin® 7 775 5
with R = B;/ B, the mirror ratio.

By assuming a shifted parabolic pressure profile at the mirror midplane we obtain the

following pressure distribution:
~ 1 2 2 = 1 2 2
Pr=Pr(2) {1~ = [(mo— Aol +38] ; » pe=Pr (1= [(@0— Ao) +yo]} (13)

where zo(z, 2), yo(z,2) and Ag(z) are to be substituted from Eq. (8), pr = par + pa- The
function p,(z) is to be determined by an angular spread of the hot ions in the velocity space.
For estimates, we shall consider py(z) = pro(1 — 42%/£%)'/? where £, < L.

In the toroidal region, £ X b is in the y direction so that the toroidal part of the integral

in Eq. (6') is easily calculated in the lowest order of paraxiality

/2 d( 2% [R
2/0 KtB?(bxn)-vpt_wﬁt; = (14)

where ds = d{/k; with k; the average toroidal cell’s curvature and 8; = 2p;/B%. In the
expression for the mirror part of the integral we assume that the hot plasma is shifted from
the magnetic axis by an amount A,. Then from mirror cell symmetry, dimensional analysis
and neglecting terms of the order p;/pro, one can estimate the expression for the mirror part
of the integral:

/L/z dz Yolo

L2 IB_P (b X K,) . Vph, = _,BhO Wﬂh (15)

The effective curvature on the field line where pj is maximum is Ag/#¢%, where £ ~ L (more
precisely £ depends on magnetic field strength and pressure distribution along field lines, but

for the purpose of our estimates we take R = 2, E = 12, £, < L, wherein we find £ ~ L/3).
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More precisely £ depends on the magnetic field strength and pressure distribution along the
field lines which requires detailed calculations for precise evaluation. For R = 2, £ ~ 12
and £, < L we find £ =~ L/3 which will be the value we shall use for the estimates presented
below.

Substituting Egs. (14) and (15) into Eq. (6), we obtain

™ 22 ﬁt

Ao = ——.
RVRE ¢h pro

Assuming ¢, ~ 4.0a, £, = 0.15L, and that A, does not exceed ~ 0.2 a, we find the following

(16)

restriction from Eq. (16):

oy T £ 3 17
Pi ~ RVRE Dol ' (an

It follows from hot ion kinetic analysis,® that the effective hot ion temperature T}, = €;/3,

where ¢, ~ 160keV, is the optimum value of the neutral beam energy. Thus for the desirable
value T, ~ 2keV, the inequality (17) will be equivalent to nao/n; > 2.5. This slightly reduces
the power efficiency in comparison with the case n; 3> nyo (see below).

To avoid having a shift Ao and its correspoﬁding restriction on the hot-particle to cold-
particle density ratio, it is reasonable to compensate the toroidal cell curvature by élightly
bending the mirror cell axis, as shown at Fig. 3. In thi”s case Eq. (6') takes the following

form in the lowest order of paraxiality:
T Aol [R |
- Zﬂhofhﬂm - _ﬂho 7N + B¢ i 0 (18)

where k., is an effective curvature of the mirror cell axis. Ag vanishes if «,, is chosen as

follows:

Dt 4
R S 19
m = ro LLRVEE (19)

For the above parameters and nyo =~ n,/2, Eq. (19) takes the form &, ~ 0.4 L~!, which

demonstrates that the needed mirror cell axis curvature is rather small. To create the above

curvature, it suffices to slightly tilt the Yin-Yang coils relative to one another. It is important
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to note that the joint effects of mirror ratio R and ellipticity £ produce a gain factor of order

10 in Egs. (16) and (19).
ITI. Finite-8 Distortions of the Plasma Column

There are two kinds of finite-3 effects to be expected in the TLMS equilibrium. The first
is caused by a dipole jj generated in the toroidal cell and it affects the solution in the low-
est order of the paraxial approximation. "I“he dipole jj can significantly distort the plasma
equilibrium in the toroidal cell and considerably restrict the toroidal 8;. The second kind of
finite-3 effect is caused by the quadrupole jj generated mainly in the mirror cell. For conven-
tional mirrors, these effects have been investigated in detail.” It was found that quadrupole
currents can considerably distort the shape of the plasma cross-section, but they do not pre-
vent Bpo from becoming of the order of unity. In the toroidal region it is reasonable to expect
that the quadrupole jj influence is considerably less than the dipole j; influence. Therefore,
as a first step, we evaluate only dipole j effects.

First we calculate jj in the toroidal cell using Eq. (5) and the boundary condition
Jile=rj2 = 0 (see Fig. 2). To lowest order of B and paraxiality we then find

. (T 45, R z? v*R
= <§ _C> Ba? BV (1 2 fE-ag) (20)

where H(z) is the Heaviside step function. This current generates poloidal magnetic field
which perturbs the field line equation and causes a displacement of both field lines and
plasma from their zero beta positions. By neglecting toroidicity and writing the perturbed

poloidal field as B, = e; X Vi), we obtain
A=y . (21)

Equation (21), with j;; determined by (20), can be solved analytically in two particular cases,

corresponding to either circular or strongly elliptical cross-sections.
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that inside the plasma a—”— R >

In the case of high ellipticity (£ > 1), it is sufficient to consider only the external solution

of Eq. (21). Now, taking the parallel current to be in a narrow layer, we find

, R (. ¥ R\"y *R
J”zzB*\/;<1—zz-E> H(lm%g)é(m), B*=ZBtﬁt<12r--¢)/E.(22)

The solution of Eq. (21) for which B(z,y) is bounded at infinity, takes the form:

‘”:%B*“@/_t ¢de\1— ¢ In [w2+ (y—éa\/E_/—Rﬂ . (23)

B, = —0t/8y is continuous at z — 0, so that one can write B, inside the plasma as follows:

B p / edw‘_‘l - 24)

Bz = E:z:

int

ext x—0

The expression for Eyf takes the form:

ext

~

By|

ext z—0

= B* E - ] -=—=— Sgnx s BTN (25)

From Eq. (25) it follows that B o 18 Of the order of B, and has jump at z = 0. This means

aB:

, where j| is determined by Eq. (20). Thus, taking
into account that By is an odd function in z, it is easy to obtain for By inside the plasma:

B, _B* R (26)

int

The mirror cell curvature is much less than the toroidal curvature so that in the mirror

cell

2(8)~

everywhere in the mirror cell except in the short hot ion region where j; drops rapidly to

zero. Taking into account Eqs. (27) and (20), one can write jj in the mirror cell as follows:

. B(2)p: |R T3 ys

where zo(z, 2), yo(z, z) are determined by Eq. (9).
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The mirror cell plasma cross-section varies from being strongly elliptical (£ > 1) to
circular. Nevertheless, this variation does not alter estimates of the overall field line dis-
placements. To see this, note that from Eqs. (21) and (28) we obtain for B near the mirror

midplane where the cross-section is circular:

(29)
~ B* Yy R
By=—4—0"(;§ B*0=7fBoﬂt\/;-
The field line displacements are determined by the following expressions:
dAg, B,  dbDs, B,
dz B’ d2 B’ (30)

Taking into account Eqs. (24) and (29), we find that the differential displacements (30) along
a field line varies by a factor of order of unity. However, for t.he rough estimates we use, we
can ignore this variation and use the high ellipticity expressions (24) and (26).

Field lines are anchored by the hot ions near the mirror midplane, therefore the field line
displacements vanish near the mirror midplane, and are a maximum at the center of the

toroidal cell ({ = w/2). In accordance with Eq. (30):

B

Ags z% (2L + /) . (31)

|

max

Note that the high ellipticity reduces Ag by an order of magnitude.
Assuming that the material boundaries limit the maximum displacement to be less than

the half width of the elliptical plasma a/+/ RE, we obtain the following toroidal 8 limit:

8 |E a
ﬁtﬁ;\/—;m (32)

which gives a 8; < 10% for typical parameters; a rather attractive result. According to

Egs. (24) and (26), B and correspondingly Ap are poloidally nonuniform. As a result finite-

p toroidal plasma cross-sections take on bean (or banana) shapes as shown in Fig. 4.
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IV. Radial Electric Field Effects

As the system we have described has no rotational transform, the microscopic description of
equilibrium implies that the bulk of the particles have orbits which close inside the plasma
because of particle drift motion. We need to discuss the particle drift motion in detail.

The only physical way closed drift surfaces arise at low beta is because of poloidal electric
fields. This field explicitly drops out from fluid MHD considerations. However, it strongly
affects the single particle drift orbits, especially in regard to transport. A qualitative analysis
“allows one to conclude that due to different drift orbits of passing (toroidally confined)
particles compared to trapped (mirror confined) particles, a radial polarization of the plasma
column is induced which causes poloidal E x B rotation of the plasma.

To simplify the problem we project the particle drift motion along field lines at the
mirror cell midplane. The equilibrium electrostatic potential & has to be constant ‘along
field lines with an accuracy of up to a logarithm of the longitudinal density variation. Thus
the projected E x B drift motion is independent of particle position along a field line. It
is reasonable to expect that the ® = const and the p = const contours are circular at the
midplane. Contrary to E x B drift, the field line curvature drift depends on the particle
pitch angle and the particle energy. Thus it must be different for different particle species.

Under the above assumptions, the equations of motion of passing ions in terms of mid-

plane coordinates, take the form:

dz ' d
20—~y % = (z0 — Ag)Qs — Vai\/R/E ,
(33)
} 2 +2 2
Q¢>=-£Boﬂ; VBi=v—J"“—v”'/%t,
To d’f‘o 2we;

where Ag is a shift of the ® = const contours from the mirror axis. We have assumed
that the projected motion onto the midplane circulates at a uniform rate at a fixed ro. The

electron equations of motion have the same form as Eq. (33), but the curvature drift velocity
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VB, is different. It readily follows from Eq. (33) that the drift contours of passing ions and

electrons are circles with the centers shifted by

Vei |R
(34)
B Vae \/E
A=A — W VE "
The equations of motion of the mirror-trapped hot ions take the form:
d o ’ d
= g —yofan, 2= (z— Ae)e + 20
35
Bh = 2"‘)che2 ’

where we have used for the curvature in the mirror cell k¥ = ¥r/£2%, with r a radial coordinate

and T is a unit vector. Again the drift contours are circles with shifts of the center given by
Ay = A@Q@/(Q@ + QBh) . (36)

When [Qs] > (Qps) it is almost obvious that (A4), where (...) is velocity space averaging,
must be physically identical to the MHD displacement Aq which was discussed above. This

assumption follows from the quasineutrality condition on an arbitrary flux tube:

ony, on; on,
f (3:00 (An) + 52 (83) (A)E) 0. (37)
For [Qs| > (84), Eq. (37) is readily reduced to
~ A ( QBh) D
Ap— {1 — = 38
pho q)gz Q(p R\/ﬁ' ? ( )

where in the central cell we have taken A; = A, = Ag. Combining Egs. (16), (36), and
(38), we find (As) = Ao. Thus an MHD consideration of the equilibrium problem is formally
correct when [Qg| > (Qps). If the last condition is not satisfied, we can expect an appearance
of additional kinetic effects. The minimum potential difference §® between the center and

edge is determined by just satisfying the inequality, which gives,

65‘1) S Th 2_2-
T. 2T, 2 -

(39)
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An upper allowable limit of §® is determined from stability with respect to the rotational
mode. To estimate it, we use a standard approach based on an “effective gravity.”!® The
E x B drift produces a destabilizing inertial force which is to be described by the following |
effective gravity g = roQ2%. It must be stabilized by the hot ion component which is acted
on by the mirror curvature-driven effective gravity: gn = —7o (v?), [2£2. For stability the

flux tube averaging of the density weighted total effective gravity must be negative:

r 1 2L
+ m; go Ny (EBt/ct +BO(R+1)) <0. (40)

Mhp gh nhB

Therefore, the upper limit of 6@ takes the form:

_171/2
e§® | R By kilyat 4k, LR \ 7'
T. © [7’ pe 0 (1+ 7r(R+1)) ’ .

where p;o = (T3/ m;)l/ 2/wjo is target ion gyroradius at the midplane and we take T, =T; =1T.
For typical parameters of the neutron source, the right side of the inequality in Eq. (41) is
5-8. Thus the inequalities (39) and (41) determine a rather wide range of acceptable 6.
We should also note that the conventional curvature-driven flute mode will be stabilized
by hot ions for all reasonable parameters. The equilibrium shift needs to be accounted for
in estimating stability. Consider the conventional function U which is the d¢/B integral

weighted by the longitudinal distribution of pressure:

2
. Prt AN
ol -» (1 262)+2Bmt (HKK/FE) ' (#2)

In equilibrium the radial pressure distribution has to be centered at a field line (pressure

axis) where the condition VU = 0 is satisfied. This determines the position of the pressure

center in the midplane:
p. £
Profy RVRE

Flute stability corresponds to the negative second derivative of U:

Yoc = O ) Toc = AO =7 (43)

d?U prln Pt K¢
_ P Pt ke 4
72 = B2 T "B ERE " (44)
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Hence we obtain the following stability criterion:

Pk szct
7 > L. R°E (45)

which is readily satisfied.

The next important problem, to be discussed is neoclassical transport. According to
Eqgs. (34) and (36) the shift of the particle drift trajectories has a term A = A — Ag
which depends on particle energy and pitch angle. This term produces nonhomogeneous
drift orbits and therefore causes neoclassical transport of particles and energy. The origins
of neoclassical transport are well known and have been investigated both for closed!! and
open’ magnetic confinement systems. However, neoclassical transport in the TLMS has
several special features which need specific consideration.

Neoclassical transport of the hot particle is not important because the hot ions slow
down too rapidly for significant diffusion to occur. However, the lifetime of the thermal
plasma is determined by cross-field transport and we therefore only discuss the neoclassical
transport of the target plasma. Contrary to tokamaks and stellarators, neoclassical transport
in the TLMS primarily involves the toroidally confined passing particles. The role of the
banana width is the quantity Ae,,—, which depends strongly on the electric field. According

to Egs. (34) and (39), the maximum value of A, is estimated as

~ T. |R
| < 2—",/— .
IAC{‘I S 2:“53[ Th E (46)

As a rule, electrons and ions exhibit different regimes of drift orbit collisionality. Colli-
sionality of the drift orbits is determined by the value of Q¢T, where 7 is the corresponding
Coulomb collision time. In the next section the following parameters are found to be appro-
priate: n; = 7.4 x 10°m™3, T, = 2keV, a = 14cm, By = 4 T. We obtain from Egs. (39)

and (41) that 0.02 < |Q¢7.| < 0.6. Thus electron orbits are strongly collisional, and electron
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neoclassical thermal conductivity is estimated as follows (see Ref. 7):

A 2
= (Bellome)” %Vﬁen—@ , (47)

X
¢ 27, E

ne
Note that X.|, is independent of 6@, but strongly dependent on T, scaling as T7/?. Under

the above conditions the ion orbits are in the low collisionality regime [Qg7;| > 1. Then we

obtain for X|

A? kiat ¢ T; \?
~2r, " 2REm (65@) ' (48)

nc

Thus X;|,, essentially depends on 6@, and its maximum value can exceed X,| . by as much

as \/2m;/m..

To estimate the self-consistent electric field, we need to discuss cross-field diffusion. It

X;

should be noted that diffusion in the TLMS is not automatically ambipolar, because ion-
ion and electron-electron collisions cause independent diffusion. There are no restrictions

caused by momentum conservation. Therefore, the pitch angle dependence of 5,,; provides

the additional diffusion, with the diffusion coefficient D, ; .being comparable to the thermal

conductivity coefficient X, ;. To satisfy the ambipolarity condition, we need to have D, = D;

and correspondingly X, ~ X;. This allows us to estimate Q¢ and 6@ from Egs. (47) and (48):

2m;\ /4
IQM‘IN( ) ,

(49)

~7

ed®|  2a <2m,~>1/4
T .

prweT; \ me

For the above plasma parameters, Eq. (49) gives |e6®| ~ 3T,. This value is within the
interval of acceptable 6@, in the inequalities in Eqs. (39) and (41). The resulting 69 is
rather high, and thus the potential well has strong effects on the diffusion and more precise
calculations are needed to obtain correct numerical coeflicients. However, it is obvious that

to achieve ambipolarity, D; and X; will be reduced to values comparable to D. and X..

Therefore, we conclude that both electron and ion neoclassical thermal conductivity must
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be of the order of X., which is determined by Eq. (47) and takes on the rather low value of
X. ~ 0.05 m?/ sec for the above plasma parameters. We would like to emphasize again that

high ellipticity E improves plasma confinement as it reduces X, X; values.

V. Sustaining a Hot Ion Component and Parameters
of the Neutron Source

Sustaining a trapped hot ion component in the good curvature region is the most reliable
aspect of our concept because it has been successfully demonstrated experimentally. Its
implementation has been discussed in detail, for an open-ended neutron source,?? and for the
closed trap Drakon, which is stabilized by an anisotropic pressure anchor.® All the appropriate
formulas are available in Ref. 9 and here we only present brief remarks and final results.
When e,/Te > (mp /m¢)'/® the hot ion distribution function is formed mainly by ion
slowing down due to electron drag.?®® The fast ion drag prevents appreciable pitch angle
broadening of the initially injected beam and thereby allows confinement of the hot ion
density distribution in the mirror regions. Assuming £4;/L =~ 0.14 and R = 2 and using

results of Ref. 9, we have obtained the effective hot ion temperature:

muv? 1
Th(—==) =7 50
e .
and a critical ion energy ex below which scattering into the loss cone becomes important:
2
x = % 10T . (51)

Using the expressions for the distribution function and for the lifetime of the hot ions,'* the

neutron power efficiency is as follows®:

P_N _ Ny G(Eb)

— 3/2 9
Pi nt'l‘nh 7 Tc ) (5 )

Qn =

where P, is the input injected power, Py the power produced from neutrons, 7T, is expressed

in keV, and G(e;) has a peak value Gax =1 at €, = 160keV.
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The hot ion scattering to the loss cone in a closed magnetic trap (contrary to an open trap)
produces an additional population of warm passing (scattered) ions. The warm ions might
produce some undesirable effects, such as an increased f; that can induce MHD instability, a
limitation of MHD equilibrium, or an enhanced neutron flux in the toroidal cell. The warm
ion kinetics have been investigated earlier for Drakon.'? The results of this investigation
allow one to infer the following warm ion temperature T, and density n, for the neutron

source:

Ty = (mv?/3), = 2.7T, ;

ny __O012RG o (53)
_— _—__L _ZE_L ~ . . . .
nh (2Kg + R+1 )

Thus B, < f;. The neutron flux produced by warm ions appears to be ~ 20% of the target
plasma neutron flux Fj;. Thus, it appears that the warm plasma component does not cause
any significant undesirable effect.

Now we have almost all the relations needed to create a self-consistent model of a linked
mirror neutron source. However, two additional issues still need to be addressed. They are
the toroidal beta limit with respect to ballooning modes and the determination radial heat
transport when drift instability is accounted for. Both issues need further theoretical and
experimental investigations. For now, we take the desirable and acceptable values of T,
B and total injected power Py which ultimately needs to be compatible with constraints
imposed by ballooning stability and drift wave transport.

Estimates of the Linked-Mirror Neutron Source parameters are given in Table I. The
magnetic system parameters were chosen by taking into account previous minimum-B cell
designs®* and assuming that a mirror cell neutron shield thickness must be of the order of
0.6 m. Neutron wall loading and total injected power were chosen approximately the same
as in previous neutron source projects.>® However, thgre is no problem in increasing Fivp up
to 10 MW/m?. Taking into account that there are four separated test cells in TLMS, it is

possible to provide different Fyy, in the different cells simultaneoﬁsly. Here the value of P, is
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determined by operational cost only, and it could probably be increased up to 100 MW. The
D° beam energy is 160 keV which is optimal and now available.! The ratio n;/n; = 2 allows
B: to be reduced without causing a considerable reduction of the power efficiency given in
Eq. (52). For neutron wall loading estimates we have assumed that radius of the testing wall
is a,, ~ 1.3 a.

Using the results of the previous sections, we have estimated the plasma parameters in
TLMS which are presented in Table II.

First, we compare the self-consistent 8; = 0.018 with the equilibrium beta limit 8, < 0.06
determined by (32). We see that there is a “safety factor” (the ratio of the critical beta value
to the self-consistent f value) of ~ 3.

To estimate a cross-field transport “safety factor,” it is convenient to introduce a “global”
thermal conductivity coefficient X, which would allow a desirable target plasma to be sus-

tained for a given Pi,:
P

X, = .
ol 167n: To(2L + 7/ k) (54)

For the above parameters, we find that X, =~ 0.3 m?/sec which is comparable with experi-
mentally observed values in tokamaks. Formally, we are able to estimate a transport “safety
factor” as ay = Xu/2X,|,. ~ 3 where X|,_, is determined by Eq. (47). However, the tem-
perature dependence of ay is very strong: ay ~ T."%2. Due to this strong dependence, the
exact value of ay is unimportant. T, will be fixed near T, ~ 2keV if anomalous X is not

appreciably more than Xy = 0.3m?/ sec.

VI. Conclusion

As has been emphasized,' the serious development of the fusion program will require exten-
sive materials testing experiments with high intensity neutron sources with neutron energy

spectra similar to what would be in a fusion reactor. We think that the linked mirror neutron
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source discussed in this paper exhibits all the advantages inherent in a mirror based beam
target neutron source.! It may provide more than 10 times higher neutron power efficiency
than a conventional mirror source and it is still more compact and intense than a tokamak
fusion reactor.

We should emphasize that most of the basic physical principles of the source have been
proven experimentally; e.g. MHD and kinetic stability, high beta (8 ~ 1), quasi-steady-
state operation in the beam-target regime have been demonstrated in 2XIB!? and TMX*
experiments. The experiments**® have also confirmed that classical hot ion slowing down
scaling??® is produced when the drift cyclotron loss-cone mode is suppressed by the target
plasma. Quite significantly, GAMMA-6 experiments'* have demonstrated a highly elliptical
equilibrium (E = 17) in a long straight cell terminated by two quadrupole hot ion anchors
with parallel end fans. This observation is extremely important, as the elliptical toroidal
link is essentially the new aspect of our proposal. A careful documentation of elliptically
shaped central cells in tandem mirror machines would be extremely useful for this concept.

The hot ion density ns ~ 1.5 - 102 m® has also been achieved experimentally.'® Today,
neutral beams with e, &~ 150keV are available at JET' with pulse times of 10-20 seconds.
The extension to steady-state operation is considered straightforward. Experience in man-
ufacturing large Yin-Yang superconducting coil is also available.® The main problems that
need to be solved both theoretically and experimentally are the determination of the balloon-
ing B; limit and whether there is anomalous target plasma cross-field fransport as a result
of drift wave turbulence. Nevertheless, the above estimates are based on relatively modest
assumptions for achieving interesting plasma parameters for a neutron source. More realistic
preliminary conceptual designs and intermediate scale experiments are certainly needed to

guarantee the reliability of the proposed neutron source.
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Figure Captions

1.

Structure of magnetic field lines in the toroidally linked mirror system. Cross-sections

2, 6, 8, 12 correspond to minimum-B mirror cell midplanes.

Coordinate frame. Point z = y = z = 0 corresponds to the center of the mirror cell
midplane.
Plane view of the TLMS with bent mirror cell axis. Cross-sections 2, 3, 8, 12 correspond

to mirror cell midplane.

Finite-beta distortion of the toroidal cell cross-section. a) low-8; b) finite-£.
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Table I

Estimated “Neo-Classical” Parameters of Linked-Mirror Neutron Source

Number of mirror cells 4

_ Central magnetic field By 4T
“Quadrupole field gradient b, 5T/m
" Toroidal magnetic field B; 8T

" Mirror cell length L 4m
Toroidal axis curvature x; 0.5 m™!
Maximum neutron wall loading Fyp, 7 MW /m?
Total injected power P, 50 MW
D° beam energy & 160 keV
Electron temperature 7, 2keV
Ratio of hot component length to edge radius £/a 4
Target to hot ion density ratio n;/ny 2

Table II: Plasma Parameters

Neutron power efficiency Qu 0.27
Neutron exposed surface Sy 1.9m?
Hot component length £ 0.55 m
Midplane edge radius a 0.14m
Peak hot ion density 3.7 102 m—3
Target plasma density 7.4 -102° m—3
Peak mirror beta £ 0.46
Toroidal beta f; 0.018
Toroidal cell ellipticity £ 12
Mirror cell axis curvature &,, 0.11 m™!

Total toroidal cell neutron flux Fi; + Fn,, 1.7 kW/m?

24



''''''''''
.~ e

\\\\\\\\\\\

\

(O |
\"‘
3
\\§\\\. N
R
\!!"'\
\“
0‘\.
L)
4 o .
o.s' \\\\\
“‘ [qV] !
Vi
\ !!Si.t\
WA |
o
“-“\\‘\-\- - SN SN AN v
NN

)




2 ainbi4




¢ ainbi4







