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1. INTRODUCTION

In this note, we extend the calculation of ijon loss due to collisional
upscattering in the core of the Polywel1*®/SCIF device to include effects of ion-
ion scattering in the rest of the device.

As the ions transit through the device, collisional processes, such as
upscatter or deflection, can alter their velocity distributions, leading to
Maxwellization of initially moncenergetic distributions, or isotropization of
initially anisotropic distributions. These effects can contribute to ion loss
mechanisms. In a previous note,1 we considered the effect of upscatter due to
core collisions on the ion "loss" rate. The ions which are upscattered to higher
radial velocity make a larger radial excursion into regions of higher magnetic
field, and may be deflected by the B-field to the extent that they will no longer
converge to the center of the device. In that sense, they are "lost" to the
dense core which produces the bulk of the fusion reactions in the device.

In this note, we consider the effects of ion-ion collisions outside the
core and estimate the loss rates due to associated loss mechanisms. We consider
the scattering in azimuthal velocity of ions in the bulk of the device, where
the radial ion energies are much larger than the azimuthal energies.
Perpendicular deflection and conversion of radial to azimuthal velocity by
collisions could lead to a degradation of the®on focus. We also consider the

effects of thermalization in the edge region of the device, where the ion energy

is lTow and of the order of the ion birth energy. -::'.‘s:::.zo’
X A
IC 248 0 }
. Yoiiaowiesd 0 |
DTIC QUALITY Wozomng e ifeatien
.' Bv_. ..
| Distr ‘1wt fen/
Amua? 1lity Cod—eu
1 |_ 1Avail anijor
Dist | Spectal

w

- ——— e ———




2. COLLISION FREQUENCY PROFILE

The spatial profile of the ifon-ion collision frequency in the Polywell*®/
SCIF device is discussed in this section. We first summarize the model results
for the ion energy and density profi‘les.z'4

As a first approximation for the motion of a test ion in the device, we
assume the ion undergoes conservative motioﬁ in a one-dimensional (in the radial
direction, denoted by r) nonlinear electrostatic potential well (see N. A. Krall,

Ref. 2). The ion is born with an energy Eo at a location r The total energy

o
of the particle is conserved:

E; = % m, (vi + vi) + . (1)

Here Ei is the total energy, Ve and v, are the radial and azimuthal ion

velocities, and U is the electrostatic potential energy, given by
U= -eld(r) - d(r)] . (2)

We assume the electrostatic potential has the following spatial form:

4
$(r) =6 (R . (3)

Here ¢max (rc) is the value of the potential at r = e

dimension of the dense core. [The magnetic field, which is in the z-direction

, where e is the radial
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in this slab-1ike model, enters in this approximation only in the determination
of the integer p, with typically p = m,5 where B = B(R)(r/R)'".] The particle
angular momentum is also conserved; rv .L(r) = constant.

The test fon radial energy profile is then approximately (for r < ro)

\

\L

rp
Er = efpay [[Rg] - (ﬁ)p] +E, Lﬁr/b;”' (4)

ol S o1
-ed .o [1 . (,‘;)"] + E, for r, = R ).%11(‘)*&@ :

The ion azimuthal energy profile follows from conservation of angular momentum

<, 2 we) o

2 &

1.2 1.2 | 1S

E = amv, ~3mMVy, [r_] W = (5)
- % mivio (%)2 for o ® R ’

where vm(r) is the ion’s azimuthal velocity at birth.

As a model for the radial dependence of the ion density in the Pol ywel1™/
SCIF device we use the following expressions g’en in Section 3 of N. A. Krall,
Ref. 3 (here it is assumed that To = R)

1/2
ng = n, [;%%] / (%)2 Tedge >ro>r. (6)
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2.1 COLLISION FREQUENCY PROFILES e 7

A. CORE

The core region, of radial dimension Ter is defined as that region i~ which

e¢max - Em (R/rc)z. From Eqs. (4) and (5), the radial and perpendicular

" M energies in the core are comparable, of the odfer of “max' The core density
22 VBV 45 fairly flat, of the order of n - (3/2) n{“(r‘f R) (ed,,/E,) /2. Since the

e

fons in the core region are fairly isotrogm, ion-ion collisions could-lead to
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where In A= 74+2.3 'logm[E?/z(eV)/(nc/1014cm3)1/2] is the Coulomb Togarithm

for the core region.

B. BULK

The bulk region of the device is defined as that region in which r is

greater than the core Te but less than the edge radius r where the ion energy

edge
slows down to a value of the order of its birth energy. Ign this region, the ion
radial energy E. is given by E, = ed . [1 - (r/R)P] = edpaxll - ("/R)3] for p
«me 3. The ion perpendicular energy is giva by EL - wmax(rc/r)z, and thus
decreases radially outward much faster than Er' In the bulk of the device,
therefore, the fon energies are anisotropic, and the effect of collisions might
be to 1sotropize the energy distribution, converting radial to perpendicular
energy. From Eq. (6), the ion density in the bulk region of the device

essentially decreases outward as (rc/r)z, with a weak additional r dependence
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from the functional form of the electrostatic potential, which tends to make the
density distribution flatter than l/rz beyond about the R/2 point of the device.

The ion-ion collision frequency in the bulk of the device is then

AY

8/’ ﬂ GZ 1/2(e¢ )2

max
In Apie ni(r - R)Ecl,/2

Tiibk =

@2 [1- @ . R0

for p = 3.

The ratio of the collision time in the bulk of the device to the collision

time in the core is
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Defining the edge region of the device as that region in which the ion
radialwslows down to a value of the order of the its birth energy, that is, Er

= Eg = edpo,[1 - ((R - rgqee)/RIP], the thickneg® of the region, R - rgqgy = A,

is given by Ar - (]/p)(Eo/e¢max )R. In this region, the radial and azimuthal

energies are comparab]e, so that the energy_ Aistrlbution is again near]y
comparable, so tha: e ¢ ain n
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The ratio of the collision time in the edge of the device to the collision

time in the core is
‘_/"——_\\ . ~ 2.0

éa;ax) In & ) (%)

2.2 COLLISION DENSITIES
A figure of merit for assessing the relative importance of ion-ion
collisions in different regions of the device is the ratio of the ion transit

time t, . through the region to the collision time 7.. in the region. This

ii
essentially gives the number of collisions, Nco11’ that the test ion undergoes
in a particular region of the device‘per transit.] The transit time is given by

Ar/vr for a particular region, of dimension Ar, where v = (ZEr./m)l/2 for that

region.

The number of collisions in the core per pass is then
E 1/2 m, 1/2
R (=) (75— : (16)

max max

(N.o11)e =
coll’c Tiic

The ratio of the number of collisions in the edge region to the number of

collisions in the core per pass is

L 4
(Ncol1)edge 12 *%max, 7 Aedge 7
corle 03 ( E ) 4 ) . w)




As representative values for the bulk region, we take r = R/2. Then the
ratio of the number of collisions in the bulk region to the number of collisions

in the core per pass is approximately . ‘ W™ ’“)}W
N(Jf &L
(N

colbk R, E /I Abk
N

coll’c FZ e'ﬁmax’ in A,.)

(18)

From the above, we see that the number of collisions is highest at the edge
region, where the low energy ion distribution is relatively isotropic. The
number of collisions is lowest in the bulk of the device, where the radial ion
energy is high, and where the energy distribution is highly anisotropic, with

Er > El.




3. PERPENDICULAR DIFFUSION IN THE BULK OF THE DEVICE

Perpendicular deflection due to scattering in the bulk of the device could
lead to isotropization of the anisotropic ion distribution. From conservation
of angular momentum (without scattering), rv_L(r) = constant. An increase in

the azimuthal ion velocity, Av , is related to an increase in the core
4

convergence .rad‘ius, Arc, by’ - Kp <b o y‘{uq,(ﬁ.{n., - 4:_ ({. - 4 Qo-4y
) ﬁvfg) e (19)
4 rC

Thus isotropization in the bulk region of the device could degrade the ion focus.

In this section, we estimate the rate at which ions are "lost" to the dense core

2\ S
in the sense that they converge to a Eﬁnﬁ»ﬁcﬂ:@_hrger core radius. o]

——— /
Since the change in ion velocity in a single pass through the device is

;; small, we treat the perpendicular def'lect@(a diffusion pro@ velocity

- \__-——“—__ _____
favs 1/ . . 1 P o s -
NP space, as in our previous note.” We use a continuity equation in velocity space

Nl as the basis for the loss proces
s,
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The ion "loss" rate is then estimated from

R Leunne ane four FEED
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where Av* is the increase in the test jon azimuthal velocity which is related
to the increase in the core radius by Eq. (19) above.

As in our previous note, we approximate the components of the diffusion
tensor with the expression obtained when the background ions, denoted by a

—— e

subscript 2, are isotropic and have a Maxwellian distribution. The test ion is

denoted by a subscript 1. The perpendicular [tb the direction of the initial
velocity (before the collision) of the test ion] component of the diffusion

tensor is then6

2.2

s- ese,n,In A v &, (v,/v )]
17272 1 1'V'1 72
D = () - , (22)
- Bxeom§v1 [ V2 2(v1/v2)
where & is the error function, defined by f
2 2 f 23)
$(x) = & I exp(-{€)d¢ . (
- }
$ defi
and #; 1is defined by pd‘”ﬁf
C 4
$(x) = #(x) - f% exp(-xz) - $(x) - x g% . (24)

For x = 1,7

& (x)/2x% « 0.214
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#(x) - &, (x)/x% = 0.629 . (25)

We assume that the background ions in the bulk of the device are described by

a Maxwellian distribution with a temperatdgé;J? cgrrespondung to the rad1a1
mthese energetic ions The effective perpendicular d1ffuswn

<:;;:;’ coefficient in the device is obtained from Eq. (22) by multiplying it by the
i

~ fractional time that an ion spends in transiting the bulk region of the device.

J
As a representative value for the loss rate due to d~flection in the bulk "00{)

)
wel) - e 2
Rlods of the device, we evaluate the loss ratg using r = R/2. ) We assume the background

—c
‘fogs in the bulk region have a uniform density ny (r = R/2) given by <EEi/
o £, 12
ng (r=R/2) = 3n.(r= R)(;aaz;) ’ (26)

and a radial energy given by Er The transit time for a test ion in

e¢max'
the bulk region is then of order of 1/2 its transit time through the entire

device. The effective perpendicular diffusion coefficient is then

‘) *1‘”1/V2)] 2

V2
D -
1eff © 3 711bk(r = R/2) 2 e ) [ (vz) Z(VI/VZ)Z

" 4
Writing Tiibk evaluated at r = R/2 in terms of the collision time in the core

of the device, using Eq. (14),

) il(vl/vz)] (28)

0ot - § (gg2) 7 v2 (32 [9(—)-———;
le max Tile 2 V1 | Y2 2(vy/vy)

11

~




He{estimate]the ion "loss" time, in the sense of ion focus degradation,

as the time for (Avl/v*), and thus (Arc/rc) to become of order q, where q is a

number comparable to or greater than 1. Then Av,_- qv, - qv  (R/r) = 2qv at
- r=R/2, and Av, - ZQ(EO/MMX)I/ZVZ. 2. on 1_oss"?rate can then be estimated
from /
- -16 ¢° 7, , a
Yoss ” D .¢¢ iic 2 l§ Y1, él(vl/vz)]
B —_—
5 Y2 2(vy/vp)?
"'i o}ﬂ/@
2
- 27 q Tiic for Vi = Vo . (29b)
Now
1 Tije = 1sec & g~ @,{j
(@
14
€95, (10 kev)1*/2 o)
n (1023) 7+ 2.3 log [e¢37 eV)/m(loucm )
c 10 max
4 ..
For experimental parameters such that e¢max 10 kev, e = 1012 cm’3, tla’

dvine,
loss eate is of order 30 q2 sec. For reactor grade parameters such that ePrax

P 4o
- 100 keV, ne - 1018 cm'3. the ion loss—ta:t.é due to this collisional process is
of the order of

AR
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2 -5 _ 31
Tloss ~ 30 4° 3 x 107 sec - q° ms , (31)

~1lms forq=1

We note that since the loss rate is proportional to (Avl)z, which is
procportional to (Arc)z, an increase of a factor q leads to an increase in the

loss time by a factor qz.
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4. THERMALIZATION BY COLLISIONS AT THE EDGE

A test ion spends approximately the same amount of time transiting the core

region as it does transiting the thinner edge region. That is,
h VS be“u~ b’

6 /2 m 172
(ty,), /ve - R (e¢ ) (zeg—) , (32a)

max max

£
22 h‘-/v,"_'l = (llc)(LJ. dNe) zyz% RV Vzi%_
"

ZAre 1/2

1
(ttr)edge - _V;_ ('3;;;) (?E_) “p (typ)e - (32b)

From Eq. (15) the ion-ion collision firequency is larger at the edge than in the

core, viz.,

[7-1
Tite _ Eo 1L_/\< }(/”nz ’

(53

iic max ! A/\,Jv’

In this section we estimate whether the ion distribution would thermalize
in the edge region. The Maxwellization time scale is of the order of the ion-
jon self collision time Tiie The amount of time that a test ion spends in the
edge region is the transit time through the region (ttr)e times the number of
passes through the device.

For experimental parameters such that ne - 1012 cm'3, Eo ~-5eV, e¢max -
10 kev, Tije ~ 1 sec « (E /edp..) -5 x 10°% sec. The ion transit time through
the edge region would be of the order of 10 ns for R = 100 cm. Assuming 104

transits through the device, a test ion would spend about 10'4 sec in the edge

region, less than the ion-ion collision time. /
5
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For reactor-grade parameters, however, such that ne - 1018 cm'3, e¢max -
100 keV, E, - 5 eV, 7., ~ (3 x 107> sec) « (E/ed,,,) - 1.5 ns. The ion transit
time through the edge region would be in this case of the order of 1 ns for R
= 100 cm. Thus in several passes through the device, the ijon distribution at

the edge might be thermalized.
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