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GUIDING OF ELECTRON BEAMS BY HOLLOW CONDUCTING CHANNELS

1. Introduction

An electron beam propagating inside a metallic pipe experiences
magnetic centering forces caused by return currents induced in the pipe
wvall. This has led to the suggestion that an annular conducting channel,
created by a laser or other means, could guide and possibly stabilize
relativistic electron beams propagating through dense gases.1-3 A
potential application is in inertial confinement fusion reactors where
multiple beams from isolated diodes propagate through several meters of a
dense shielding gas toward a common target.4 Advantages of hollow-channel
guidance over other proposed sc:hemesl"7 are that it is electrodeless and
requires no additional power supplies, it is compatible with the need for a
dense shielding gas, it improves beam stability, it can be used
repetitively, and the laser light producing the channel can lie outside the
target and need not interact with it.

In this paper vwe provide a theoretical basis for hollow-channel
guidance and for the major processes affecting it. The analysis is
restricted to gas densities sufficiently high that a scalar conductivity
adequately describes the channel electrical properties. To understand the
interaction between a beam and hollow channel, we consider a rigid-rod beam
that is displaced from the channel axis but propagates inside. The
displaced beam experiences a transverse force that is termed "tracking" if

the force acts to center the beam in the channel, and is termed

5¢R "detracking” otherwise. The magnitude and duration of the force are
i)
4 2 computed analytically and are used to estimate the channel conditions
hP )
! needed for successful guidance. Several channel configurations (thin and
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thick annuli, rarefied annuli, and a magnetic cage) are considered.
Preliminary computer simulations are presented to support the analysis.
All cof these tracking schemes are passive in that they rely on channel
currents induced by the beam. Not discussed is active magnetic guidance
from channel currents that are externally driven. Thé dynamical response

of the beam to the channel forces will be presented in a later paper.

2. Tracking in a Metallic Pipe

To illustrate the nature and magnitude of magnetic tracking, consider
a beam propagating inside a perfectly conducting, hollow metallic pipe.
Injection of the displaced beam into the pipe induces an image current and
charge on the pipe. The pipe return current Ic magnetically repels the
beam current Ib’ vhile the distributed pipe charge 0c electrostatically
attracts the distributed beam charge Ib/ﬁc. Here Bc is the axial beam
velocity which is taken to be everywhere constant. If the pipe is
evacuated and infinitely long with no conducting end plates, 0C > Ic/ac
and the electrostatic forces overcome the magnetic forces to order
7—2 =1 - 62 << 1. The net transverse force on the beam is then weak but
detracking and propels the beam into the pipe wall. Self-forces similarly
cause the beam to slowly expand.

If the pipe is filled with dense gas, the beam will ionize the gas and
generate conductivity o, in the immediate vicinity of the beam. This
conductivity shorts out the electrostatic fields and forces on the beanm,
vhile simultaneously freezing in the magnetic fields and forces. As a

result, the beam begins to magnetically pinch and track the pipe center

within a charge neutralization time given by

T, = 1/4Re (1)
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Beam ionization causes o, to rise rapidly so that the charge-neutralization
time for an intense beam in a dense gas is typically subnanosecond. Ve
shall henceforth generally ignore electrostatic effects unless explicitly
stated otherwise.

To determine the magnitude of the magnetic tracking force, consider a
beam of fixed radius a, that lies wholly inside a pipe of inner radius
a_ > a. The beam is displaced to an off-axis location y < a.-a,. In
addition to the pipe current Ic’ the beam induces a return plasma current
Ip in the ionized gas. If the beam and plasma currents are assumed to be
azimuthally symmetric about the displaced axis r, =Y the axial vector

potential from these currents is given by

I(|r,-y D L)-y
Ayy(r) = ——— 1n[ 3

d

Cc

2
] (2)

vhere d is a scale length determined by the boundary conditions and
I(|g,-y|)is the net current flowing vithin a radius |r -y| about the y
axis. Observe that the beam-centered plasma current Ip produces no net
tracking force on the beam, although it does alter the magnetic pinch force
on the beam. Any asymmetry in the plasma current would, of course, produce
additional tracking or detracking forces. We show in Sec. 3 that these
forces are often small provided the plasma conductivity o, remains centered
about the beam. Forces from the plasma currents become important, however,
once the beam begins to track (or hose).

Because the beam and plasma currents reside off axis, the induced pipe
current IC is distributed asymmetrically. This asymmetry gives rise to a
magnetic centering force on the beam that can be computed by replacing the
pipe by an image line-current Ic located at L, = 1'. The image line-

current generates an axial vector potential given by8
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] (3)

fﬂ' wvhere d’ is another normalization length. The pipe boundary condition for

I
By _c
- Aga(ry) = g ln[

v the total vector potential is

A =0 (4)

z1 * 822

) at r = a.. Combining Eqs. (2)-(4) produces, after some algebraic

L manipulation, the following results:
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(6)
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0 d'/d = a/y (7

‘gﬂ vhere I = Ib + Ip is the net current. The total current, Ib + Ip + IC,
e equals zero.
The image line-current Ic located at y’ repels the beam current Ib

g located at y with a distributed force given by

", 2 Iple , 2 Ipla
Ny En=3— 7 WV=--FT 53¢ (8)
wd < |y -yl ¢ ag-y

The average magnetic tracking force per beam electron is thus

. 28 _n (9)
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vhere Nb = - Ib/eﬂc is the beam line density. Result (9) characterizes the
maximum magnetic tracking force that a hollov conducting channel can exert
on a beam. Note that Fm attains a magnitude comparable to the average
monopole pinch force, Fo = eBIn/abc, as the displacement y -+ a. -ap.

Although the transverse beam force is tracking, the transverse force
on the counter-flowing plasma current Ip is detracking. In a dense gas the
plasma channel does not physically displace, but the plasma electrons
instead establish a Hall electrostatic field to offset the magnetic

detracking force:

(10)
vhere Vd is the axial plasma-electron drift velocity. This Hall field
produces a weak detracking force on the beam electrons which can be ignored

to order

eEH/Fm = vd/Bc << 1. (11)

The force would be tracking if the beam and plasma current-carriers were
oppositely charged. The Hall effect also produces a slight lateral shift
in the plasma current that has a yet weaker influence on tracking.

3. Tracking in a Conducting Gaseous Annulus

Replacing the metallic pipe with a preionized and conducting gaseous

annulus introduces three new features. Two arise from the finite

conductance of the annulus. The third arises from the tenuousness of the

annulus which permits beam electrons to easily penetrate it.
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q The first new feature is that electrostatic fields between the inner

g and ou-er radii of the annulus are no longer fully suppressed. These

;g fields reduce the return current carried by the annulus and thereby reduce
S the magnetic tracking force on the beam. Although the channel charge and
E; corresponding electrostatic detracking force are similarly reduced, an

S additional detracking force arises from bipolar charging of the channel.

@ Positive and negative charge sheaths form on the inner and outer channel

% edges, respectively, to produce an electrostatic detracking force that is
? the analogue of the tracking force produced by solid channels.9 A very low
t conductivity in a hollow channel thus produces a net beam force that is

Ef initially detracking although weak.

§ The second new feature is that magnetic flux diffuses through the

; resistive annulus. Any azimuthal asymmetry in the channel current thus

? relaxes on a finite channel dipole decay time To1- Because a symmetric

channel current produces no fields or forces on beam electrons inside the
channel, the channel tracking force relaxes on Tq- The integrated channel
i current Ic relaxes on a channel monopole time Teo which is usually longer,
N Tco > To1®

Spreading of the beam through the gaseous channel is the third new
feature. A circular ring of beam current which lies entirely outside the
channel produces zero electromagnetic field inside the ring, due to the
A assumed azimuthal symmetry of the beam. Such a ring thus experiences zero
. net force from the channel. A ring which passes through the channel always

experiences, however, a detracking force caused by channel reiurn current

flowing outside the ring; see Fig. 1. The net magnetic force on a beam

with an extended radial profile is thus comprised of a tracking component

- -,

from beam rings inside the channel, and a detracking component from beam
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) rings intersecting the channel. At late times only the detracking

component survives. The detracking effect from the beam wings was ignored

o
. in deriving Eq. (9).

%% These new features suggest that a conducting annular channel can

:%3 strongly guide an electron beam only if three conditions are met. First,
R the channel should have sufficient conductivity o, to suppress internal

F% ) electrostatic fields: typically,

o

’::: 4noa /c 2 1 (12)

‘%ﬂ vhere a_ is the inner channel radius. Othervise, electrostatic detracking
: { of the beam head may take place.

2} Second, the magnetic tracking force from the channel current should
;; persist longer than the electrostatic detracking force from the channel
{& charge. Strong magnetic tracking can thus occur only if the channel

5:: magnetic dipole decay time exceeds the beam charge-neutralization time,

QJ T > Tg- (13)

"' . 10

::; At the beam pinch point where

4ucbabp/c =1, (14)

) condition (13) reduces with the help of definition (1) to

b
3 T.1 > abp/c. (15)
$ Here abp is the beam radius at the pinch point.
s The third condition is that the annulus should lie outside the beam to
o minimize magnetic detracking by the beam wings:
:; »
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y a. > abp + Y. (16)

v

d If the latter condition is not met, the hollow channel can act as a solid

o channel and eject the beam via magnetic repulsion from the opposing channel

current. Increasing the inner channel radius to much beyond requirement
{ (16) decreases, however, the tracking force as Eq. (9) demonstrates.

Optimal beam guidance is therefore expected to occur when
1< ac/abp < 2. (17)

When conditions (12), (15) and (16) are satisfied, the net force on
B the beam head is tracking and remains tracking (in dense gases) to beyond
) the pinch point. After the pinch point, magnetic coupling forces become
A strong and can overcome any residual detracking force arising from beam-
channel overlap. The coupling forces thus cause the beam body to follow
the head. These same coupling forces also give rise to the resistive hose

instabilityll’12

briefly discussed in Sec. 3.4.
3.1 Linearized Analysis

Investigating the consequences of condition (15) requires computation
> of the channel dipole decay time Toqp To compute this time and to analyze
Y the problem in further detail, we use Ampere’s law for the axial vector

potential Az:

Y 2 4 aAz
= - — - 0 =5 18

V1A, & [y - o 57 (18)
i where Jb is the beam current density, o is the plasma conductivity, and
) { = ct-z is the distance behind the beam head. Here we have employed both
N the ultrarelativistic frozen approximation,
L
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and the magnetostatic approximation,

) aAz
he-REh-ws-g -

vhere Ez is the axial electric field and ¢ is the electrostatic potential.
The neglect of ¢ is strictly justified only within the annulus itself,
vhere bnccgc/c > 1, and behind the pinch point, where 4"’5‘b’° > 1. Ahead
of the pinch point, our results for the magnitude and duration of the
magnetic channel tracking force still apply, at least approximately, when
expressed in terms of the channel current Ic; in this region, howvever, Ic
depends strongly on ¢. Not computed in this analysis are electrostatic
effects (such as detrackihg by channel charge) which are complicated by the
dynamics of space-charge neutralization.

To simplify the problem, we consider small displacements y << a, < a,
and divide the plasma conductivity into two components. The component %
is azimuthally symmetric about the beam axis =Y vhile the component o,
is azimuthally symmetric about the channel axis E - 0. As discussed in
Secs. 4 and 5, processes such as avalanching and high-order chemistry
effects can complicate and modify this separation of ¢. Here ve ignore
these complications and perform a straightforward linearized azimuthal

expansion about the channel axis:

Az(r,e,C) = Ao(r,t) + Al(r,C) coSO + ... (21a)
an
Jb(r,G,C) = Jb(r',C) = ¥ 5 cosO + ... (21b)




90,

ab(r,G,C) = ab(r’,C) -~y 5;? coSO + ... (21c)
vhere r’ = |£l - y|. Ve treat the dipole terms as small perturbations and

set r' = r. Inserting expansion (21) into Eq. (18) then yields

le
A

13 3Ao aAo
ra i - Jy - (op + 9) 3T (22)

for the monopole potential Ao’ and

4n dA 9A

aJ
1393 _ 4n b _b_o 1
rar 7 g [yar‘ya ac*("b*")ac] (23)

ol
™~

for the dipole potential Al‘

Each beam electron experiences a transverse magnetic force given by

Eme = -eB Y.LAz' (24)

The average tracking force for the entire beam is thus

Jy -
2. Jb -,
Fm = - eBJ[d r-L N y Y'_LAZ

J dA A
= - eﬁ[dr r J-de TQ [cose -a—r—z _ §in® 5-95] (25)

where y is the unit displacement vector. Substituting expansion (21) into

Eq. (25) produces

aJ, 3dA
_ _ esn 19 b “o
Fm =~ 1, [dr ‘[Jb(r Srh) -y o } (26)
(o]
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Integrating both terms by parts and using the dipole boundary condition,

i.i: G— g? tAl) = 0, (27)

ve obtain

Fo= $2 Jdr[i

- e
|w

» (o7

[

oA
co) v Ghead) o

Here the beam radial profile is defined by

r

ib(r,c) - Jdr 2nr 3y (r, /I, (8. (29)

(o]

Substituting expressions (22) and (23) into Eq. (28) produces

R 8J dag, dA oA
- 2nep b _b_o 1
Fm c dr Ib Y o Y o 3 +( % * ac) T
o
aib %,
+Y 37 Jb - (ob + cc) 3T (30)

Integrating the first two terms by parts reduces this to

Y a1 A . A
F -Z?ﬂ‘[dr[I o =1L L5 =2 1"] (31)

vhere

[0}
Alb = Al +Y 35 (32)
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Result (31) for the average magnetic deflection force Fm has the

following physical basis. T;e first term in the integrand, ib o, aAl/ac,
represents the contribution from channel dipole currents that produce the
channel tracking force previously described. The second term,

-y aib/ar . aAo/QC, represents the channel detracking force caused by
overlap of the beam current (Jb = aib/ar) and the channel current

-

(JC =- 0, aAo/ac). The last term, Ib % aAlb/ac, arises from plasma

current in the beam-centered conductivity T+ This plasma current produces
a net transverse force on the beam only if it is asymmetrically distributed
with respect to the beam. Here Alb is the dipole potential for an
expansion about the beam axis L, =y This potential is defined by

Eq. (32) and satisfies

36c 3A° aAlb
rAlb = — |y T 3—C._ + (db + Gc) —ac . (33)
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3.2 Thin Annulus ("Resistive Pipe")

The magnitude and duration of the tracking and detracking components
of Fm can be computed using Eqs. (22), (23), and (33). To further simplify
the problem, consider first a narrow channel with a specified distributed

resistance RC(C):
oc(r~C) = &(r - ac)/ZnacRc(() (34)

where 8 is the Dirac delta function. Inserting this form into Eq. (23),
applying boundary condition (27) and definition (32), and performing two

radial integrations yields for the channel dipole potential

12
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¢ A A
4n 1 ) 0
Al(ac,C) = - I dr rJ;r ;:E [oc 3¢ * y TS (Jb -9 32—]
] r )
9A
)
*"b?i["l*yﬁr—)J
2I(a_,Q)
l 3 c
= - Ko 3T @D + - ——
¢ c
a ®
c
4n d
- a—c—c -[ dr r‘[dr Gb 'sz Alb' (35)
o r

Here the net current flowing just inside the channel is given by

2
)
I(a_,0) = j dr 2ne (3 - o 37 8 ) (36)
0
Inspection of the term on the left and the first term on the right of

Eq. (35) indicates that Al(ac,C) relaxes on a characteristic dipole decay

length given by
ety = 1/Rcc. (37)

The channel dipole current and tracking force relax similarly.
Applying the same technique to Eq. (22) yields for the channel
monopole potential

2 1n(b/ac) 3

b

A3 D) = - — o frAota ¢ E[ F 1wy 0w
a
(o

NIFO‘-

13




vhere b > a, is the monopole boundary radius and I(r,l) is the net current,

exclusive of the channel current, flowing within radius r:

r
9A
I(r,l) = Jdr an(Jb - 9 529). (39)
o

Inspection of Eq. (38) indicates that the channel monopole potential,

field, and current relax on a characteristic monopole decay length given by

et = (2/Rcc)1n(b/ac). (40)

The channel monopole and dipole decay times are thus related by

TCO/TC1 =2 ln(b/ac). (41)

The boundary radius b in these equations is where the monopole

electric field falls to zero:
Ezo(b,C) = 0. (42a)

In the magnetostatic limit considered here, we impose the equivalent

condition that
A =0 (42b)

for all r > b. In the absence of external return-current structures, as
vas assumed for the dipole boundary condition (28), the monopole boundary
radius b equals the vacuum radius bvac where the conductivity becomes too

lov to neutralize the space-charge fields. Typically,

4nor/c € 0.1 (43)

for all r > bvac > a.. If a metallic pipe or similar structure is present

at a radius b the boundary b equals the lesser of bpi e and bva .

pipe’ p c

More importantly, the dipole boundary condition (28) must then be replaced

14
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with the requirement that Al(b y&) = 0. This requirement gives rise to

pipe
an additional magnetic tracking force caused by return currents induced in
the pipe.

Ve have thus far shown that the channel tracking force, as represented
by the first term in the integrand of Eq. (31), relaxes on a channel dipole
time tcl = 1/RCc2. The second term, which represents a detracking force
from beam-channel overlap, relaxes more slowly on a channel monopole time
T > Tq” The detracking force is small, however, if the overlap is

small. From Eqs. (31), (35) and (38) one can showv that the ratio of the

overlap detracking force to the tracking force is initially given by

P /F | = mals (a_, 0/ (a,0) <1 (44)

vhere Ib(ac,C) is the beam current within r = a.. This result can also be
inferred by using Fig. 1 to estimate the detracking force from beam-channel
overlap and comparing it to the tracking force given by Eq. (9). For the
infinitesimally thin channels considered here, the net channel tracking
force is maximized for Bennett or flat-topped beams when a, = ap. For
channels of finite breadth, maximum tracking is generally realized when
condition (17) is satisfied. If a, > Zabp + Yy, the detracking force can
usually be neglected altogether.

Ve have yet to assess th~ last term in Eq. (31) which represents the
dipole force arising from plasma current induced in the beam-generated
conductivity O This component of the tracking force was neglected in the
nonlinear derivation given in Sec. 2. We show here that such neglect is
often well justified, provided the beam is rigidly displaced. This
component becomes important, however, once the beam begins to track or

hose.
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is the beam-centered resistance per unit length. Equations (46) and (47b)

indicate that Alb relaxes on a characteristic dipole decay length given by

2
CTyy = 1/Rbc = uabab/c. (49)

The detracking force from dipole currents in the beam-centered conductivity
% [i.e., the last term in Eq. (32)] thus relaxes on a time Ty =
(Rc/Rb)tcl. This detracking is short-lived and can be neglected if

Rb >> Rc' as is usually true in the beam head.

In evaluating the characteristic relaxation times for Alb and
Al(ac,C), ve neglected the coupling between them. Such coupling alters the
actual relaxation times and thereby alters the tracking force. The maximum
effect that Alb has on Al(ac,C) can be estimated by using Eqs. (46) and
(47b) to compute an approximate upper bound for 8/3( Alb:

9A (r/a ) 9A,(a , Q)
1b [ ‘ b 1'%c
— & o ——— — ——— . (50)
[3( Jmax 1—r2/2a§ Rc] 18

Substituting this upper bound into Eq. (35) produces

2I(a_, Q)
1 3 y et
Al(acC) = T Rc 3T Al(ac’C) * a c
c c
3 2p
4n b| @ r
+ 3 [:—:—] 3T Al(ac,C) J dr rj’ dr % T35 7 (51)
a_c c 1-r /2ab
o r

where the limits in the integrands have been changed to reflect the

assumption that o, » O for r > a,. For flat ¢,, we can readily evaluate
b b b

the integrals and rewrite Eq. (51) as

R—C —_ac = a - '"C' - Al(aC’C) (52)
C Cc

Nlﬂl
(oI, ] [= g ¥ ]

b

] 1 aAl(ac.C) Ly ZI(ac,C)

17 Preceding page missing from
original film.
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vhere a = 1n(16) - 2 = 0.77. 1In this example, Al(ac,C) thus relaxes on a

time T ' that is somewhat shorter than <t = 1/R c2:
cl cl c

14

T /Ty =1-a (ab/ac)2> 0.23. (53)

For a, > 1.5 ay, Tc; > TCI/Z. Moreover, if Rb > Rc as is usually true in
the beam head, Tc; T regardless of the ratio ac/ab.

The accelerated relaxation of Al(ac,C) increases the maximum channel
tracking force while decreasing its duration. The increase in magnitude
represents the reactive response of the conducting channel to the
detracking current induced in e The net tracking force is nonetheless
wveakened. In the absence of beam-channel overlap, the maximum net tracking

force is given from Eqs. (31), (50), and (52) by

F(max)= [ 0.23 ] ZeByI(ac,C)

m 2,2 2 :
1-0.77ab/ac a_c

(54)

Here we have assumed flat J (i.e., ib = rz/ag) for r < a, . Except for the
term in square brackets, Eq. (54) represents the linearized equivalent of
Eq. (9) in the limit y << a_. The term in brackets represents the maximum
reduction in the tracking force from dipole currents in T If Rb > Rc’

no reduction occurs, and the term in brackets should be set to unity.

3.3 Thick Annulus

Consider now the opposite limit of a broad, hollow conducting annulus
for which g, = 0 for r < a.. If we neglect both beam-channel overlap
(ab < ac) and all effects from dipole currents in % Eqs. (23) and (31)

reduce respectively to .
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1
c 3T (56)

2ne
szTE‘[dra

a
(o

Here wve have used definition (32) to rewrite and eliminate all terms
containing % aAlb/ac from Eq. (23), and have set ib =1 forr > a, in Eq.
(31).

By integrating Eq. (55) twice, we obtain with the help of Eqs. (27)

and (39) for all r a.,

r (- -]
A 9A
4n 3 _o 1
ray = - 2F Jarr [ar [V by o 5 + o 5T
[o) r
® 3A
2y 2nr e §
= Z 1,0 - 2 ] ar o, 3T <"
aC

where we have used the fact that o, = 0 for r < a,. Combining this with

Eq. (56) yields

]

eBA. (r, Q)
ZeBZI(r,C) _ 1 (58)

r

F _(2)

rec

for all r ¢ a,. This equation demonstrates that diffusion of the internal
dipole potential A1 controls the evolution of the channel tracking force.

At late times, A, -+ 2yI(r,L)/rc while Fm 2+ 0.

1

To estimate the characteristic relaxation rate for Fm, ve take 9. to be

flat and constant:
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o (r) = %o H(r-ac) (39)

where H is the Heaviside step function. The solution to Eq. (55) for
r > a, and for constant or slowly varying I(ac,C) is~then given by

2
2yI(ac,C) -Mo_ r /ct

Al(r,C) = _rc_ e . (60)

Because A1 must be everywhere continuous, Eqs. (58) and (60) may be

combined at r = a. to produce

Pn(0) = ————
a c
[

2
2efByI(a ,Q) -no__a’ /cl
¢’ l1e € . (61)
The characteristic relaxation length for the tracking force produced by a

broad hollow channel of inner radius a, and conductivity L is thus

2
ety = Ma, aco/c. (62)
Note that the tracking force in broad channels does not follow the simple
exponential decay [exp(-(/ctcl)] predicted for narrow channels. The slow
decay in broad channels occurs because the dipole channel tracking current

diffuses radially outward before it decays. The diffusion is reflected in

Eqs. (60) and (61).
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3.4 Optimal Channel Parameters

Ve nov restate the channel parameters needed to effect strong magnetic
tracking at the beam pinch point. We consider both broad and narrow
conducting annuli and arbitrarily assume that the beam radius at the pinch
point, as defined by condition (14), is abp = 3 cm. This is the main beam
parameter that influences the choice of optimal channel parameters.

The optimal inner channel radius is given by condition (17), which is a
compromise between channel tracking and the detracking caused by beam-
channel overlap. A reasonable choice is a, = 5 cm for abp = 3 cm.

The minimum channel conductivity needed to subdue internal channel
electrostatics is given by condition (12): %o > c/4uac =5 x 108 s_1 for
a, = 5 em. This iypically corresponds to a channel ionization fraction of
nec/ng > 2 x 10'7 vhere LI is the channel electron density and ng is the
gas density. The gas is thus weakly ionized. The low degree of ionization
suggests that the channel could be created using a laser to ionize a seed
gas added to an inert base gas.2

For thin annuli of width 8ac << a. the magnetic conditions (15) and

(37) impose an upper bound on the channel resistance:

Rc < 1/abp c. (63)

This condition insures that magnetic tracking outlasts and dominates

electrostatic detracking. For abp = 3 cm, a channel resistance of

RC < 10~11 s/cm2 = 10 Q/cm is sufficient. To obtain low Rc for GaC <« a,

requires, however, a channel conductivity much higher than stipulated by

condition (12):




e

4nacoac/c = Z/Rcéacc > 2a /8ac > 1. (64)

bp

v

Such high conductivity is difficult to establish and maintain in dense
K gases. Narrow conducting hollow channels are thus often impractical for
tracking (particularly if formed by lasers or similar gas-ionization
. methods).

For broad channels of width 8ac > a_., condition (64) is replaced by

Ancco ac/c > 4 abp/ac (65)

wvhich is derived using Eqs. (15) and (62). In the present example,
condition (65) is only slightly more stringent than condition (12) and is

—1. The total channel resistance still satisfies

satisfied for o > 109 s
co
b condition (63). Note that channel conductivity generated outside r = 2ac
|
¥ is of little benefit to tracking (although it can aid beam stability). i
Satisfying the magnetic condition (15) provides two additional |

Y benefits. One is that the channel dipole decay time T is larger than

four times the beam dipole decay time Tp1 2t the pinch point Cp:
Tcl > abp/c = 4tbl(Cp). (66)
Magnetic detracking from dipole currents in o, can therefore be safely

0 neglected up to and somewhat beyond the pinch point.

A second and potentially more important benefit is the impact that

™

condition (66) has on beam stability. The most virulent instability is

beam hose which develops when a nonrigid beam displacement gets out of

phase with the induced restoring forces. The phase delay and growth rate
for this instability are governed by the dipole decay time.ll A hollow
conducting channel increases the dipole decay time and thus imposes an

upper bound on the hose growth rate. In the beam head where 9 >> T

22

".". A= PR e e

Pt Lo N

d 5 J";J o, ~ L L “} 1~' ' v "l Tl T ;’.'--.'-.r-- ..-‘ -, -(: - ( .
BRI LR L D DT Lt A 00 SO N Y A M T X h{M" "5.‘_1:..'.5.".;'..‘('.&.&.'.3".;'.;.1.‘.. AT




AR,

.

CORRIRANE- —

hose develops as a resistive wall instability with a growth rate

-1

proportional to T In the beam body where % becomes large and

11,12

b1 > T.1’ the usual resistive hose instability develops with a

grovth rate proportional to Tbl-l' A hollov channel can thus reduce hose
grovth in the beam head, and thereby indirectly reduce hose growth (but not
the growth rate) in the beam body. A hollow channel additionally lessens
hose instability (and axisymmetric instabilities) by reducing the
destabilizing plasma return current in the immediate vicinity of the beam.1
Although the present analysis is restricted to rigid beams, we note that
the stabilizing influence of hollow channels has been observed both

1,13 2,14

numerically and experimentally.”’

4. Alternative Schemes

A variation on the resistive pipe is a magnetic cage14 consisting of a
ring of three or more solid conducting channels encircling the beam. A
four-conductor cage is depicted in Fig. 2. The azimuthal asymmetry of the
cage strengthens the tracking force along some directions but weakens it
along others. At late times when the channel current has become equally
distributed, the force becomes detracking for beam deflections between
adjacent channels, even in the absence of beam-channel overlap. The beam
head nonetheless tracks and guides the beam body. The cage is thus an
acceptable alternative to smooth annular channels, although it does
slightly degrade tracking and requires a higher degree of local gas
ionization to obtain a given net resistance Rc' The ability of a cage to

guide and stabilize a beam was demonstrated experimentally by Raleigh and

14 . s
Fernsler using four resistive rods.
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¥ Creating high channel ionization for either the pipe or cage mode can
:% be a formidable problem. One means of circumventing this problem is to
’ utilize avalanching in the space-charge fields of the beam.2 The space-
'i charge fields peak off axis and are capable of creatinmg high conductivity
7 outside an intense beam. If a rarefied or weakly preionized hollow channel
b
)
surrounds the beam, preferential avalanching can transform the channel into
> a good conductor.
fo
:{j The degree of rarefaction or preionization required to create a
LN
S conducting channel suitable for tracking can be estimated as follows.
': Avalanching causes the conductivity outside the beam to grow according to
b,
: : c 3 o=p Vo (67)
s
i. o~
;: where p is the local gas density and V(E/p) is the reduced avalanche rate.
-:j Here we have dropped the convective terms (as is often done in simulations)
)
e because they little affect the final conductivity. Also dropped is beam
X direct-production on the assumption that Jb 20 forr > a, > ay .
:x‘ In the low-conductivity regions (4nor/c << 1) outside the beam, the
%
\. dominant electric field is the radial field Er which in axisymmetry evolves
J
. | as
- 3 4no 3
:.: rYd Er e El‘ = 3¢ Be. (68)
RN
N4
" If avalanching is to be effective, the azimuthal magnetic field Be changes
‘)
T little during the breakdown process. Dropping the right-hand side of
~
:: Eq. (68) and setting the total electric field E = Er allows us to combine
A
and integrate Eqs. (67) and (68) to obtain
s
"n.
e
RS,
) 'n
-
o
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4no(r,8) = 4no (r) + I %— S(E/p). (69)
E
Here ci(r) = o(r,0) is the preexisting conductivity, E(r,Z) is the
instantaneous electric field, and Eo(r,C) is the effective initial field

given by

E (r,8) = By(r,8) = 2I(r,%)/rc. (70)

Because Be is not truly constant, Eqs. (69) and (70) actually represent
only an approximate upper bound for the conductivity o outside the beam.
The equations are fairly accurate, hovever, in the region of greatest
interest where 4nor/c = 1.

If the initial preionization is small, the final conductivity after

breakdown is given by

V(E/p) >> 4nc (71)

&~
=

Q
[,

[

°
tu|o.

where the breakdown field strength in air is Eb/p = 30 kV/cm-atm. That o¢
is largely independent of o5 indicates that preionization alone is unlikely
to produce a well-defined hollow conducting channel suitable for tracking.

Potentially more effective is a low-density channel for which the
product pr is small within the channel but large everyvhere outside the
channel and beam. If V is a strong function of E/p, as usually true, ¢ is
large only within the channel. According to Eq. (71), the channel

conductivity produced by avalanching is then limited to

.0 )

' G,
e t’.«.’v'ﬂ‘l" ‘




4me, < 4mog(a ,0) < o, G(EO/pc) (72)

where Pe is the channel density and

Eo = Eo(aC,C) = ZI(ac,C)/acc. (73)
To obtain high conductivity satisfying condition (12) over a broad channel

thus typically requires
pc v(Eo/pC) >> c/ac. (74)

Condition (74) together with Eq. (73) defines an allowed range for the
channel density Pe in terms of the avalanche function Vv, the inner channel
radius a. and the net current I(ac,() evaluated at the pinch point Cp.

The maximum channel density allowed by condition (74) depends sensitively
on the pinch-point current I(ac,Cp) which evolves slowly as the beam head

erodes. The ambient gas density at r < a, should satisfy

p > 2 p (75)

to produce a well-defined channel.

The use of avalanching to produce hollow conducting channels has a
second important advantage that is not readily apparent from the preceding
axisymmetric analysis. A displaced beam introduces azimuthal asymmetry
into the channel space-charge fields. This asymmetry is amplified by the
avalanche function VW(E/p) to produce a channel conductivity o, peaked
nearest the beam. The asymmetry in 9. erhances the asymmetry in the
channel return current and thus enhances the channel tracking force. The
nonlinear character of v can produce a strong asymmetry in o that could

raise the tracking force by more than a factor of two. At late times, the
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force remains tracking. Even channels that are weakly preionized but not
rarefied may be capable of producing modest tracking forces via asymmetric
avalanching. Asymmetric avalanching is likely, however, to degrade beam
stability.

Although channel rarefaction can produce strong tracking, it is not an
energy-efficient process. The hydrodynamic energy required to halve the
ambient gas density is orders of magnitude higher than the ionization
energy required to create the necessary channel conductivity directly.
Tracking experiments in rarefied channels of modest length may nonetheless
be practical if direct gas ionization techniques are not readily

available.15

5. Other Effects

Ve describe here several other effects that can influence tracking.
The first is beam rise time. If the beam current rises slowly, it
generates conductivity % gradually so that the pinch point, as defined by
condition (14), occurs late in the beam pulse. If the pinch point occurs
at a location Cp >> CTiyr the tracking force is reduced by the fraction
(ctcl/cp) << 1, as suggested by Eqs. (61) and (62). To minimize this

reduction, the channel dipole decay time should therefore satisfy

cT 1 > T .

c p (76a)

This imposes an additional constraint on either or both the channel
resistance RC and conductivity 9o’ 23S required by either result (37) or

(62). For a pencil beam with a constant rise rate ib’ the pinch point
1/2

occurs at Cp <c (ab/2kib) . Condition (76a) is thus typically satisfied
provided
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: \1/2
T > (abp/Zka) . (76b)

Here abp is the beam radius at the pinch point, and k is the direct-

production coefficient defined through the relationship

-

acb
T (77)

In nitrogen, k = 5 x 107 cm/statcoulomb.
Even if condition (76a) is satisfied, the tracking force at Cp still
falls with increasing rise time because the beam current at Cp falls. For

example, for a pencil beam with constant ib’
I(a,l ) <T.(C) < (I, a /2k)"2 (78)
c’p/ = "b*7p’ = b b ’

The decrease in the tracking force is partially offset, however, by an
increase in the tracking duration. Moreover, a short beam rise time (i.e.,
large ib) can degrade tracking by initiating avalanching in the inductively
generated axial field Ez. On-axis avalanching causes a, to rise rapidly so
that the pinch point moves forward and Ib(Cp) and the tracking duration are
reduced. Optimal beam rise time for maximizing the tracking force at the
pinch point is thus expected to occur when the on-axis field EZ(O,Cp) = Eb
where Eb is the gas breakdown field strength.

A second influence on tracking is a dipole chemistry effect arising

from field dependence in the plasma-electron mobility u. Hubbard, et al.16

first discovered this effect in hose studies. A usually adequate

expression for the conductivity is

o = eneu (79)

vhere Ny is the plasma-electron density. The mobility is defined by

t

(A
X}

s
[ W0
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U= Vd/E (80)

vwhere vd(E) is the plasma-electron drift velocity. Straightforward
linearization of the plasma current density, Jp = o = en vy, reveals that

the dipole equations (23) and (31) are more accurately represented by

A 0A
9 13 _4n o8 _9 a_|.e
or r 3r rA1 T e [y or ~Qb - % 32 ] *Y % o [3( ]

A,
1
+ [°b1 + °c1] 3T (81)
and

- -
- %A 3l Y.
2nep B § b, 0
Fn = ¢ I dr [Ibucl 3¢ ~ Y 3t % 3T
o

(82)

+ I —_

- Ay
b°bl 3¢ |’

respectively, where the effective "dipole" conductivities are defined by

o,1 E eng iy (83)

and

0.1 ® eNg My- (84)

Here Nee is the plasma-electron density in the channel, LR is the plasma-
electron density generated symmetrically about and by the beam, and Y4 is

the differential mobility given by

v aln(v )
d m
E - [1 " 3n(E) }“ (85)
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wvhere v, = eE/mevd is an average momentum-transfer collision frequency for
the plasma electrons. Not included in these equations are azimuthal
asymmetries in "ob caused by avalanching as discussed in the previous
section.

The principal change introduced by Eqs. (81) and (82) is that the
dipole decay times T and Tp1 are determined not by the conductivities o,
and % but by the effective conductivities %1 and %1 If the collision
frequency v increases with field E, as is typical of most weakly ionized
gases, the dipole decay times are reduced. The reduction is modest,
however, in gases such as nitrogen where 0.5 ¢ ud/u < 1. Increasing the
channel ionization by a factor of two or so is thus often sufficient to
insure that condition (15) for T remains satisfied. 1In unusual17 or
highly ionized gases, uy can exceed y and the dipole decay times are
increased. Ir some gases, My can be negative but the plasma currents are
then inherently unstable. In all cases the tracking force never exceeds
the value predicted by Eq. (9).

A third effect on tracking is channel fill-in. For some applications,
channel fill-in cannot be avoided, and hence a truly hollow channel
configuration cannot be maintained. Hollow channels produced by laser
preionization, for example, suffer from laser refraction and diffraction
wvhich cause the laser beam to optically distort.

The effect of channel fill-in on tracking can be assessed by adding a
constant floor conductivity, T for r < a_. If the fill-in conductivity
is low (4nafac/c <1 and o¢ << oco), channel tracking is probably improved
because o¢ weakens or eliminates deleterious electrostatic effects. If o
is large, however, it produces an overlap detracking force given according

to Eq. (31) by
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(86)

(87)

is an average axial electric field. Because the monopole field,

Ezo - - aAo/SC, usually varies slowly with r, the average field satisfies

= [I(ag,0) - I,(D)/[nags, + male]. (88)

E
Z0

If we define the peak channel tracking force by

2
Ft = ZeayI(aC,()/acc, (89)
wve find that
F (0 - I(a,0)( ae
Ft I(a » Q) azc 2

%t * ®b%
This equation indicates that channel fill-in does not appreciably degrade

tracking unless it causes the net current inside the channel to fall below

I(a_, &) ¢ I1,(8)/2. (91)

In that case, the net force can become detracking and eject the beam from
the channel.

At beam injection, condition (91) is satisfied and the net channel
force is detracking, provided Anofac/c > 1. The plasma currents in of that
cause detracking then relax while the net current I(aC,C) grovs. For
% + 0, the characteristic relaxation time for the detracking force to

decay and I(acC) to grow is given by
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2 2
tf - nacuf/Zc . (92)

As I(ac,C) grows, the tracking force from dipole currents in o,
develops. The development of this tracking force is hampered, howvever, by

its relaxation on a characteristic time T1° Only if

Ty (93)

can the tracking force fully develop and overcome the detracking force
caused by plasma currents in Og- According to Eqs. (62) and (92), a broad
hollow channel of conductivity 0., can therefore produce strong tracking

only if the fill-in conductivity satisfies

9 < cco/2. (94)

Conversely, if the fill-in conductivity exceeds fifty percent of the off-
axis peak conductivity, detracking is likely. Hubbard and Slinker13 have
performed numerical simulations that confirm this prediction.

A fourth effect that can degrade tracking is azimuthal nonuniformity
in the channel. Nonuniformity caused by laser hot spots, preferential
avalanching, or other means should not be too disruptive provided the
nonuniformity is mild. The principal effect is to displace the effective
‘channel center and to produce detracking in the beam body, much as occurs
in the magnetic cage. An example of strong nonuniformity is a three-
conductor or four-conductor cage with one conductor missing. In that case,

the absence of conductivity over a broad region would lead to violent

ejection of the beam.
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A dynamical effect that invariably degrades tracking is beam

expansion. Gas scattering, ohmic losses, and finite beam emittance all
cause the beam head to expand and flare radially outward as it advances.
This flaring pushes the pinch point Cp backward so that the beam head

continually erodes.m’19

Because the channel tracking force is of finite
magnitude and extent, any given beam slice experiences a positive tracking
force for only a finite time before erosion sweeps past. If the duration
is too short to allow the beam to respond, tracking is curtailed. The

curtailment is small only if the erosion rate satisfies

dz_ ot
t
d—zﬂ < Tl (95)

Here ACt characterizes the extent of the tracking region, and

—
—

z, = § (mcH2yrr ()1 (96)

characterizes the axial distance required for the tracking force Ft to
deflect the beam. For hollow channels with ACt = thl’ erosion can

typically be neglected only if

Mo IA P
%1 > 78 [W] & e

vhere IA = Bymc3/e is the Alfven current. Erosion is usually most severe
for lov-energy beams and often seriously threatens channel tracking.

A related problem is the rise in the beam radius abp at the pinch
point as the beam nears the end of its range. Unless the channel radius a,
increases with propagation distance z, abp will eventually exceed a.. The

beam is then likely to be ejected from the channel or suffer rapid erosion.
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Loss of the beam is inevitable. Such loss is generally of little

consequence, however, because the loss occurs only after the beam has lost

most of its energy and has begun to rapidly expand.

6. Numerical Simulations

Preliminary numerical simulations using the DYNASTY field solver20
have partially confirmed the preceding analytical predictions. Typical
results for the net tracking force are presented in Fig. 3. In these
simulations the beam was displaced by 0.05 cm from the channel center with

a beam current density given by
J. (r,l) = (1 /uaz)ex (—rz/az)tanh(C/C ) (98)
blfr & = Lipe’ My eXP b r’

In all runs avalanching was turned off, to aid comparison with theory, and

the beam parameters were: peak current I = 10 kA, radius a, = 0.5 cnm,

bo b
rise length Cr = 15 em, and direct-production coefficient k = 8.8 x 10_4
cm/statcoulomb.

In curves a and b of Fig. 3, the preexisting conductivity for the

annular channels was given by

o (r) = o 0exp[—4(r-rc)2/8tz] (99)

[

with arc =r, = 1 cm. The use of steeper profiles for o, led to numerical
difficulty. Despite the presence of both substantial channel fill-in and
substantial beam-channel overlap, the tracking force was large. In curve a
vhere Anocoab/c = 5 (with RC = 6 Q/cm and CTy = 2 cm), a peak tracking
force of 160 Gauss per cm of beam displacement was reached at

L = 5 cm. Detracking occurred beyond { = 18 cm, but this should be offset

by strong body-head coupling. Indeed, channel fill-in caused the pinch
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§\& point Cp + 0 in this example. Raising the channel conductivity to

88

g = . =

% : Auocoab/c 50 (with Rc = 0.6 /cm and ety 20 cm) caused the tracking
e force in curve b to continue rising until it peaked at 575 Gauss per cm at
5 »

K- ; C=17.5 cm.

Stﬁ‘ : Curves c and d were derived for a magnetic cage consisting of four
- solid channels, each displaced symmetrically 1 cm from the cage axis and
P

'qs each wvith a Gaussian radius of 0.5 cm. The net cage resistance in curve c¢

was Rc = 6 @/cm while in curve d, Rc = 0.6 Q/cm. Comparison of curves a
and ¢ and curves b and d demonstrates that the four-conductor cage degraded
> the tracking force produced by an equivalent smooth annulus by < 20%.

[raY In curve e, a low channel conductivity of Anccoab/c = 1 was used,

-~ spread over a broad annulus from r = 0.5 to 5 cm. The tracking force was

-, reduced but still large and peaked at 36 Gauss/cm. The tracking force

» o r;“

‘
ﬁ? persisted for a surprisingly long time. Whether this persistence is an

artifact of the code or accurately represents the diffusive decay of the

=

%3 y
AL

tracking force remains unclear.
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7. Summary

The preceding analysis and simulations have shown that hollow channels
of even modest conductivity can produce strong tracking forces on
relativistic electron beams propagating inside. Such thannels have the
added advantage of improving stability in the beam head. The combined
traits of strong tracking and improved beam stability make hollow channels
particularly attractive for both long-range and short-range guidance of
charged particle beams.

The principal requirements for successful hollow-channel tracking are
high conductivity and conductance in a channel that lies outside the beam.
Dipole chemistry effects, slow beam rise, and moderate channel fill-in or
nonuniformity may weaken the tracking force but rarely eliminate it. The
principal practical obstacles are creating the channel and finding a
stable, slowly eroding mode of beam propagation.

Although preliminary numerical simulations have partially confirmed
the analysis, further numerical work is required. Static simulations are
needed to assess the impact of avalanching on rarefied or weakly preionized
channels, and to study the effects of dipole chemistry, beam rise, and
channel fill-in and nonuniformity. Dynamical simulations, such as those
begun by Hubbard and Slinker,13 are needed to study beam stability, beam
erosion, loss of beam particles that lie outside the annulus, and the
behavior of the beam once the pinch point expands outside the channel.

We mention in closing that hollow-channel tracking has been
successfully demonstrated in the laboratory by Leifeste, et al.2 and by
Raleigh and Fernsler.la Leifeste, et al. used a hollow Nd:YAG laser to

preionize an annular channel in nitrogen doped with diethylanaline.
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Successful guidance and beam transport were achieved at a gas pressure of
1 Torr with only moderate beam hose. More recently, Raleigh demonstrated
beam guidance and partial stabilization at pressures up to 40 Torr in air

using a cage constructed of four resistive rods.
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Figure 1.

Hollow-Channel Tracking. A displaced electron beam propagates
in an annular conducting channel bounded by the heavy concentric
circles. A symmetric ring of beam current (dashed circle in a)
entirely inside the channel experiences a net tracking force
initially and zero force later. A beam ring (b) entirely
outside the channel always experiences zero net force. A beam
ring (c) intersecting the channel always experiences a net

detracking force caused by channel return current flowing
outside the ring (shaded area).
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channels are arranged in a square configuration to guide an

: electron beam (dashed circle).

)

!

k)

3,

:

R

-~ 41

a

v':."._,}‘f q ', o‘r .‘ “_ 2 Jh )‘“ (RIS

K

g P - .-

Ca™ = -
ot anth a*l'e n..\a'u' wl AR ) Win .
RO R SN 0. . W 'c ’ "‘s' nhn"'ﬂ " *"gl ‘s ] R B '.?*al'.':@(“g"’:lk;{tﬁﬁtj{ . a~;i;‘g‘.:~.|:‘e|lli‘£&§‘-s‘:§




- rr

. . Ry
X o S

o? T

1

(Gauss/cm)

200t |/

e g T
S

Lol wll vt

3 Figure 3. Channel Tracking Force. The net transverse force F. on a rigid-
i rod beam is plotted versus g for: (a) a smooth anniilar channel
s with R = 6 @/cm; (b) the same annulus but with R_ = 0.6 Q/cm;
(c) a four-conductor cage with R =6 Q/cm; (4) thie same cage
@ with R = 0.6 Q/cmj and (e) a smSoth annulus with hnocab/c =1 .
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