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ELECTRICAL INSULATOR REQUIREMENTS
FOR MIRROR FUSION REACTORS

ABSTRACT

-In this report, we discuss the
requirements for mirror fusion elec-
trical insulators. Insulators will
.be required at the neutral beam
injectors, injector power supplies,
direct converters, and superconduct-
ing magnets. Insulators placed at
the neutral beam injectors will
receive tue greatest radiation expo-
sure, 1014
0.3 to 3 Gy/s (10° to 10° R/h) of

Direct

to 10"'6 neutrons/mz's and

gamma rays, with shielding.
converter insulators may receive the
highest temperature {up to 1300K),
but low voltage holding requirements.
Insulators made from organic mate-
rials [=,g., plastics) for the magnet
coils may be satisfactory. Immediate
conductivity increases of all insula-
tors results from gamma irradiation.

With an upper limit to gamma flux

exposures of 300 Gy/s in a minimally
shielded region, the conductivity
could reach 10_6 S/m. Damage from
neutron irradiation may not be
serious during several years' ex-
posure. Surface changes in ceramics
at the neutral beam injector may be’ ‘
The interior of the in-

Jector will contain atomic hydrogen,

serious.

and sputtering may transfer material
away from or onto the ceramic insu~
lators. We are also concerned about
unknown and potentially damaging in-
teractions between irradiation,
electric fields, tomperature gradi-
ents, cycling of temperature, surface
and Joint veactions, sputtering,
polarization, and electrotransport
in the dieclectrics. Materials re-
search to deal with these problems

is needed.

INTRODUCTION

All mirror fusion reactors will
require electrical insulators. 1In
this report, we discuss the require-

ments for insulators in mirror fusion

machines and the adequacy of insulator

materials under the conditions w2

expac. .

Mirror fusion reactors are being
developed in stages, which are now
progressing from preliminary physics
experiments to an ultimste experi-
mental puwer reactor (Table 1).
Operating conditions we envision

for these reactors are shown in



Table 1. Characteristics of mirror fusion machine.

: Total
’ Construction neutron Duty
Machine by flow/s cycle Remarks
. 2% 1IB Finished Small Short Demonstrates
Lo energy scaling.
BB II-T Finished Small Short Demonstrates
steady state,
METF 1978-1981 1()17 1-2 s Prototype for
(Formerly nx) FERF,
FE!!F]' »2 1985 3.6 % 1()18 Continuous For reactor
engineering atudies.
Hybrid 1985 2.1 % 1()20 Continuous A 600 MWe machine,
generates 700 kg
Pu/y.
Experimental 1990 7.2 % 102°  continuous A 100 Mée machine,
power reactor makes use of FERF
technology to
increase efficiency.
DT, reference ? 1022 Continuous This 500 MW machine
design sets a goal for all
previous machines.
‘ 1-5
Table 2, The basic geometry of
the mgnetic'coill and enclosed plasma
‘common. to z11 mirror fusion machines
is shown in Fig. 1; more detailed Plasma

- features of mirror machinee are
. 111ustrnted in Fig.. 2 through 6.
" These nchinea require electrical Coils

f:lnsulation at four locations.

1. Neutrsl beam injector, which
bnupplicu fuel to the plasma.
.2, Beam inj ector‘po,we: supplies.

.. 3. Direct converters that convert
‘\,1on lolklge from the plasmn into
) ¥ ueeful current. - '

: : Fig. 1., The yin-yang geometry of
it t:l ts to
4. superconduc na nagne the magnet coils and plasma common

_'ccﬁfinc the plllll- e : to all mirror fusion machines.




Table 2. Radiation fluxes® at three positions in wmirror fusion machines.

Machine Injectors Converters Magnets
MFTF Small Ncne Small
(formerly MX)
FERF Neutrons: Not applicable Neutrons: 1012
Hybrid 1016 at end wall for FERF; Gammas: 3 x 10-3
possible for
hybrid-~1like
experiment
power reactor.,
Experimental Neutrons: Neutrons: trapped Neutrons: 1!)13
power reactor 8 x 1016 out 2 Gammas: 0.15
(unshielded} Ions: 0.25 MW/m".
1014-1016 Cammas: 3.
(shielded)
Gammas?
20-300
(unshielded)
0.3to3
(shielded)

Reference
design

Similar to experimental power reactor.

8Neutron fluxes measured in n/mz's; gamma ray fluxes are in G /s
(1 Gy/s = 3.6 x 105 R/h).

Injector
Blanket segment /‘/:,
\
4 ]
Magnet coil

Fig. 2.
sential features.

A mizror reactor, showing es-
Blanket gegments

with attached conduits that would
lead from the blanket segments to
the turbines are shown.



15 each 20 keV, 50 A D° injectors and
2 gach 80 keV, 46 A D° injectors
with rmagnetic shielding

LHe cryopanel with
LN, chevron shield

15 each 20 keV, 50 A D° injectors and
2 aach 80 keV, 46 A D° injectors
with magnetic shielding

Fig. 3. Configuration of the neutral beam injectors for the MFTF (MX) main
chamber. Injectors will be similarly positioned for other mirror machines.
Start-up beam energies would be 20 keV. Continuous operat.on would be at

80 kevV,.

as a reaction fuel has eliminated the
need for this :insulation.
Insulators at the four main lo-

) k ]ﬂhrdesigning mirror fusion reactors,
; ,_uéieﬁfists previously thought that
g;l;getﬂéql insulation would also be
"::negéssiry t. reduce the currents

géngra'tgd by flawint 1liquid 1ithium as a result of the neutron and gc
ray radiation and other unusual con-

ditions descrited below. The require-
ments for insulators we outline below

cations must meet special requirements

. used as a metal breeder‘matqrial.
S ﬁ&%gr, theproposed use “oif a non-
_condui:t:lﬁg 1ithium ! céni:oﬁﬁd'f‘suéh as
' iol:l&»litﬁ:h,_m ber _;lé_r;e,»' ("!’..i.’zﬁeé()a)' chould only be regarded as guidelines

4




Neutralizer Energy recovers
celf (D, gas) electrodes {converzer)

Positive ion
source .

Fig. 4. Schematic of typical neutral~beam positive lon injection system
being constructed for the MFTS and Tokamak mirror machines. Instead of a

direct converter, a sweep magnet will be used in MFTF to clean inneutralized
ions out of “he neutral beam.

. s Energy recovery
L ~uble Stripping cell electrodes (converter)
charge {metal vapor P " \
exchange or laser) N : .-
Positiveion ~ Accel  cell (Cjcell)  Accel 200 keV e?:rt"sve PC;:::S"E
source grid grid
Y =0 -5
-—=» p* —
[] -] » D* \ ?‘ > D
: e pt | \ —— D7
o > D+ \ 3
[o]
——I I——-| % Generator
—15kV Vg
Fig. 5.

Neutral beam injector negative ion system.
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(a)

-80-kV ccrona shield
. Grounded frame
Grounded, ferromagnetic,
arc-chamber fiange Grid
insulator
. \ S S
N

Triaxial feed through (1 of 2) —EL/
(Insulator)
Anode channel -/ Filaments Suppressor grid
. wire holder
Entrance grid plate
(b)
Bellows Extractor Arc chember

7
N
i
2
Y

— S

R
e eyt D

N

Magnétic shields Isolation valve Vacuum wall

P

. ;Figs 6. A current design for a neutral beam injector to be used with the
*": Tokamak Fusion:Test Reactor or ihe MFTF. In (a), the arc chamber shown is
designed’ t cupy a mirnimum cross-sectional area. In (b), the placement
of ‘the arc chiavber within the outer magnetic shield is shown. 'The grid
s~ “insulators-will need to support 80 ky; filament insulators would need only
. support 50 V. o0l ¢

= ‘ . : ) ~6—



because they are being continually
changed and the designs can be
modified to accommodate available
materials. Alternatively, the
unusual combination of influences
such as electric fields, radiation,
mechanical constraints, and surface
bombardment by atomic hydrogen may
gometimes cause deterioration in ways
we have not previously encountered.
On the other hand, more completely
understanding such interactions may
uncover new applications for insula-
tors. The problems we anticipate

with insulators are outlined below.

Four Insulation Necds

Neutral Beam Injectors

The positions of the neutral beam
injectors around one mirror machine
are shown in Fig. 3. They will face
the most severe radiation exposure
because they are cloesest to the
plasma,

The neutral beax injectors supply
energized D and T atoms as fuel to
the plasma. These atoms are first
given a high kinetic energy as ions
and are then neutralized without
diminishing their energy.

injection scheme (Fig. 4), positive

In one

ions are first accelerated followed
by electron exchange as they pass

through a region of D neutral atoms.

-7~

In another scheme (Fig. 5), the
positive D and T ions are converted
to negative ions when passed tﬁtough
Cs vapor at a pressure of 0.04 to
0.4 Pa(3 x 107% to 3 x 1072

These negative ions would be acceler-

Torr).

ated to high energy and the excess
electron stripped off the D orT
ion by passage through a second
stripping gas or by a photon strip-
ping using laser light irradiation.
When greater neurral beam energles
are needed, this scheme becomes more

attractive than the method based on

+
D

or T+-
One tentative design for the
injector includes a direct converter
for the recovery of energy from that
part of the ion beam that has not
been neutralized. This converter
(Fig. 5) is different from the direct
converter placed some distance from
the reactor core and fed from plasma
leakage as discussed below. The
direct converter within the injectov
would be exposed to the highest
neutron flux because it would be at
that end of the injector closest to
the thermonuclear plasra.

The problems facing the neutral
beam injectors are:

¢y Highest neutron and gamma flux
of the four main insulat-r locations.

® Hydrogen plasma and scattered
hyvdrogen atoms may attack surfaces

of oxide ceramic insu.ators.



& Cesinm vapor moy attac™. oxide

ceramic insularcors.

Lijocter Powes Supplies

We would best locate the injector
pewer supplies (Fig., 7) nearest the
injectors to minimize Ohmic heating

these supplies will incorporate
solid-state components such as
silicon-con:rolled rectifiers, zener
diodes, and ¢eramic insulatozs.
Becsuse such sclid-state components
are aeveral orders of magnitude more
sengitive to radiation than ceramic

losses in the bus bars. However, components, their limits of radiation
Thyrittor
Cireult contacior supdo‘.!z l'ramfomm‘
AT > > >
broaker l=l7kA-— R Neutralizer
o 83300"
[ '

L34 __fL L E ! + D° =834 A
=T o il | HI jotesa POl
...rL-.‘L i '| f__"

Contactor _/ Tungeten
filamants
Thyrittor ]
£ote signals Potentiol
‘ g
tormer
Voltaga Current
reguiator !—-—" mror
tilament voltage
data
Compute: Computer
inpur filsment current
dats
Clrenit
bresker
=T~ oy
- =1 wpply _L4
.‘?‘v‘l — + §0V 2.0 kA
H l Accelsration
r'\ 1 —HB" T -
Coamtactor |m.',,m I5kV 126 A
Acceleration -
Bt (o
50KV 1254 [V 25A
Electron -1_‘
suppressor +
ool ;
Iskv_25A
J
Mg. 7. Proposed electrical circuits for the FERF neutral besm power supply.

Solid state components will limit the exposure tolerance and require
shielding for moct of the FERF system, but should be as close as possible to
the tungsten filaments to reduce line losses.




dosage will determine the degree of
shielding for the power supplies, and
the insulators will be used within

thelr exposure tolerances.

Direct Converters

The direct converter 1s designed
to recover energ).v from ions that leak
Figure 8 11llus-
trates the energy distribution (flux)
The position o€ the

from the plasma.

of these :I.ons.6
direct converter is shown in Fig. 9;
it 18 relatively remote from the

reactor, and the 'lux of neutrons is

suppressed by a neutron trap. The
converter diverts the ions magnet-
ically but traps the uncharged neu-
trons. Neutron and gamma radiation
fiuxes in the dirgct converter will
therefore be low. The charged par-
ticle fluxes will be reduced to a
tolerable level by magnetic expansion
that increases the cross section of
the leaking plasma.

The direct converter recovery
scheme 1s shown in Figs. 10 through
12.

may reach ~4 MeV.

In the converters, the o~energles

The range of such

W, w AW
Reactor ion neutron FWHM
> (keV) {MeV} {MeV}
S | FERF 80 14.2 16
T Fusion-fissior: 100 14.2 1.8
> | Power reactor 200 144 25
5 | . -
f =
Y
k=
=
=]
4
0
K
[1]
t Alpha
g particies
c
k-]
&
-]
5 D—T neutrons
g Fig. 3. Fluxes of lons and
E neutrons from D-T plasma,
> D—D neutrons W ion and W neutron are
average lon and neutron
| . . L [ energy, AWFwHM 15 the
5 10 14 spread of neutron energy
¢ 2 18 full width at half '
Energy W — MeV maximum,

-9-



Beam area, 3 m?
Flaid, 6 T (Tesia)

Fig. 9.

Expander vacuum tank

Superconduc\mn
sotenoid

Reflector

Absorber

Heat shield

Vacuum
pUmping
space

Elevator

Diffusion
pumps

—

2

Beam arss, 1000 m'
Field, 16 mT

Elevated view of single converter (collector array) unit with part

of vacuum tank cut away to show internal features.

ions in iron is about 5 um so they
can be easily stopped before reaching
the insulators, where they might
otherwise cause surface damage. The
average energy of D and T ions in the
power reactor is expected tr be

. ~200 keV, and they can also be
shielded out.

Insulators in the direct con-
verters may have to operate at a high
.temperature, ~1273K (1000°C). Part

. of the ion energy may be recovered
‘as Hea(: 86 a heat exchanger and tur~
bine voﬁld be used. To obtain a high
‘thermodynamic efficiency, we may need
" this high operating temperature,
Here, we would :be concerned with
th'e‘rnll.effects, such as the runaway

conduction caused by Ohmic self-
heating. However, there is available
space in this part of the machine to
include many different insulator

types. For example, 1t is possible
to use large insulators with rela-

tively small voltage gradients.

Magnets

Superconducting magnets will pro-
vide the magnetic field for confining
the plasma. Between the magnet coil
windings, the preferred insulators
are made from organic materials such
as epoxy-fiberglass and polyethylene
teraphthalate (Mylar), or polyimides
{Vespel and Kapton). The voltage
gradients in the magnets will be
small, and they will be shielded

' ‘ o L ~10-



+90kV +80.2kV + 180 kV

-138kV

oV E

//

AN

1384V ot 8.8kv 180 kv
BOA 833A 125 A 05 A
power supply 76 MVA power supply power supply

L | il

480 Vac powesr

180 kvdc, $17 A, 76 MW

A muee
Y Wamw 80MVA to ion sources

—
b ‘-lrR \\ \-&R \1}\ ™ i‘\;i“\i%\}

Power factor capacitorn

120 kVeac, 75 MVA to other loads

*

AC harmonic filter

Fig. 10. Schematic representation of electrical circuits of direct converter.
The 90-kV venetian-blind power is converted to alternating current by
solid-state inverters and transformers to 120 kV. Arrows indicate positions
requiring electrical insulators.

-11-



Secondary

Elgetron efectran
reflector Firstion suppressor Second ion
qrid collsctor grid colfector
V=0V V =138 kV V= +980kV- /-v-+aozkv V=+180 kv
026mm * 0.63 mm dism J’ 1.3 mm dism
dem N
. 0.13mm . \
5.08 cm -— S
. s o, =0.18 cadions i
- - ©2% N \
_L._- PR, B D\ Pumping
@ [ space
Baset % 3092 radions ~
89% §
o
. 5.08 em ~
L—LMem -~I -_— l1-7.81:"\
—] 12.7 cm
24,1 om —ef 44.6 cm ; 58.4 cm
I 134.6 cm
Fig. 11. Collector and grid array. The wire grids at the left (dotted lines)

reflect the electrons and allow ions tc pass through the venetian~blind

collector.

The blind appears transparent to the incoming ions but opaque

to the ions reflected by the secund collector.

Radiation
Ceramic

against direct radiation.
 levels are shown in Table 3.
" materials will be considered only if
such organic insulators prove to be
unsatisfactory.
One problem we may encounter is

the buildup of stored energy in the
:I.nsulator polymers from neutron and
gamma irradiation. This energy might
appear as free chemical radicals,

- which would bhe unreactive at cryogenic
. temperatures but explosively reactive
: ‘Occasional annealing of

the, insulators may avoid this
prublem.

Two other problems that must be
solved are firat, radiolysis—induced
release of gases, which may foul the
helium in the refrigeration system
or fracture the insulator from inter~
nal pressure when the system is
warmed above the gas evaporation
point, and second, a Loss of mechan-
ical integrity (crumbling) of the
insulators leading to clogging of

coolant channels.

«]12-



o) {¢) {3
DD JD || s
' o
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* * /—Ribbon
! Labyrinth seal
Vacuum lines
Brushes '
///\’///f
Insulator
-~
h S LidI A4
Insulator st ‘elds
- ' 17T
=T T Tt
| 1
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Fig. 12.

seals, brushes to remove current, spools and drives.

can be replaced without shutting down the converter.
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" Tablz 3. Energy deposition and fluence of neutrons and gammas in FERF magnet.
Radiation Flux Max fluence (30 y)
v >10 MeV neutrons 0.3 x 1()13 n/mz's 0.3 % 1022 u/m2
.A1l neutrons 9.6 % 1013 n/m *s 9.6 x 1022 n/u?
0.5 MeV gammas 1.4 x 1022 y/ules 1.4 x 10?2 y/ul
' (3 %10 -3 Gy/s)
Max. energy deposited in magnet
Mi/m> % 1070 z
Neutrons 32 22
Gammas 113 78
Max, energy deposited in materials
Lucite
Neutrons 130 89
Gammas 16.8 11
Fiberglasa/epoxy
Neutrons 31 56
Gammas 24 44
Copper
Neutrona 18 13
Gamxas 125 87

NEUTRAL BEAM INJECTOR INSULATORS

iz the present conceptual designs
of mirror reactors, fueling is
: accoml:l.shed by injecting neutral
atoms. of D and T into the systenm
(Figs. 3-7). In Table 4, we list
the injection energies of three
“reactors. -
. Neutral benn. w111 be energized
by :I.on:l.z:l.ng D lnd T, and accelerat~
ing, focu;j?ng, and neutralizing them

-l4-

Table 4. Energles of neutral D and

T atoms injected into

plasma.
Injection enmergy, keV
D T
MFTF (formerly 80 -
MX)
FERF 65 100
Power 200 200
reactor




at high energy. Future designs will
nrovide for trapping unneutralized
ions or recovering their energy in a
direct converter.

High-voltage insulators will be
required for the cathodes and accel-
decel electrodes of the ion sources.
These insulators must be vacuum tight,
must not outgas too much, and must
insulate enough that leakage currents
do not cause serious power loss or
overheating. The insulators in the
ion source and the direct converter
may be unshielded from the neutrons
originating in the reaction plasma.

If necessary, some shielding could

be provided or berds in the beam line
nay obstruct a direct line of sight
between the ion source and the

plasma. Thus,
to design a machine that can be
modified to meet whatever limitations
the materials may present.

we must be flexible

Geometry

The fuel injectors in the experi-
mental power reactor will have
several common insulator needs.

@ Feedthrough insulators will
isolate the terminals that supply
current to the cathodes. These will
be hollow cylinders, a few centi-~
meters in diametev and length.

@ Bushings will be used to insulate
the throughbolts holding the ion

source electrodes together. These
will be hollow cylinders with shoul-
The dimensions will be a few
centimeters in diameter and several
hundred millimeters in length.

® The electrodes in the accel-decel
stack will be isolated from each
other by insulators with the general
shape of an automobile valve cover-~
gasket.
tenths of a meter up to a meter on a
side, by a few millimeters to centi-

ders.

The size will be several

meters thick, Grooves will be cut
perpeadicular to the potential
gradient to lengthen the surface

leakage path.

Operating Conditions
Radiation Fields

We plan to position the tnjectors
so that they will have a free path
to the center of the plasma; however,
the insulators need not be in a
direct line of sight. In the FERF,
they will he located ~5 m from the
plasma. In the larger mirror power
reactors, this distance is ~20 m.
For the FERF, the direct flux of
14 MeV neutrons (n) on the insulators
%111 be between 1014 and 1016

depending on their location and the

n/mz-s,

amount of shielding afforded them by
structural supports. The direct,
unshielded 14-MeV neutron flux in the
power reactor would be about 10]'7

2
n/m *s. Shielding will reduce this

-15-



flux to 10°%-10!® n/ules. The in-

sulators will also be exposed to

016

lower energy neutrons resulting from
scattering, gamma rays, and secondary
x rays. These fluxes are presently
being calculated.

be protected from most ion and elec-

The insulators can

tron bombardment by properly design~
ing the electrodea. _Elect:rode shield-
ing like that shown in Fig., 12 would
be possible.
ations zhould be possible within the
available space so that the insulatore
would stand cff the voltage while
being protected from the full flux

Other geometrical vari~

of unshielded neutrons.
Temperature

The heat load on the insulators
originates from the filament, the arc,
accelerated ion impinging on the
electrode grids, blackbody radiation
from the plasma, and naclear h.ating
from gamma and x rays. We may wish
to keep some electrodes hot to allow
for the release of H and He atoms em-
bedded in them from the reaction plasma
because if they remain embedded, they
would cause blistering of the metal
Although the exact operating
temperatures are not known, we plan to

- surface.

water cool the area near the contacts
between the insulators and the metal
parts. Te-éerature gradients within
the insulators can be reduced by
fnhieidiug ‘t:u.con'ltrdl heat input and

- by di_atributihg . he_at : s:lnké .

[

16—

Swirounding Medium

Inside the ion sources there wil:
be a preasure of 1 Pa U_h—z Torr) of
Dor T.
verter, pressure will be 10-1 to
10"2 Pa. The ion beam density may
reach 100 to 500 A/a” (6 x 107" to
3 x 1022
ciable fraction of these ions are

In the injector direct con-

iona/mz-s). If any appre~

scattered or impart some of their
kinetic energy to residual H or Cs
atoms by collision, the exposed elec-
trode and insulator surfaces will
erode from sputtering. Sputtered
material from metals or insulators
will change the characteristics of
the inéulator surfaces onto which
they are thrown. Surface conduction
of such modified surfaces may be
seriously increased.

In the charge~exchange portion of
the reactor, the Cs vapor density of
0.04 to 0.4 Pa corresponds tc the
vapor pressure over the liquid metal
at 370 to 400K; i.e., this vapor will
condense on exposed surfaces cooler
Thus,

insulators may be subject to coating

than these temperatures,

by Cs vapor or possibly streaming
liquid Cs metal (melting point 312K).
This may etch the surface or render
it conducting.

The external environment has not
yet been established. It may either
be atmospheric or pressurized 602 or

SFﬁ gas. The external gas will be



partly ionized by the radiation
fields.

from Sl<"6
would resct chemically with almost

The dissociation products
might include F atoms that
any material surface. Such dissocia-
tion in an energetic neutron field
will 1likely differ from dissociation
in an x-ray field, where the useful-
ness of Sl"6 has been established.

Stresees

Compression stresses in the in-
jectors will be maintained high
enough to hold a vacuun seal with
metal gaskets. Large thermal stresses
may be avoided by careful design,
i.e, choosing metals with proper

thermal expansion coefficients.

Electrical Requirements

The potential gradients along the
surfaces of the insulators may be as
high as several kilovolts per milli-
meter. Breakdown should be prevented
and leakage minimized both in the
bulk and over the surface. The con-
ductivity should not exceed about
10°% s/m (107%/9cm) 1f ohmic heat-
ing 1:: not to be serious under the

expected voltage gradients.

Cycliag Time
The temperature and voltages may
be cycled several times each day in

the FERF.

pumps on the injector system in a

To recycle the cryogenic

power reactor, it may be necessary
to shut down the ion source. Not
all injectors would be running at any
moment; some might be in a cryogenic
pumping mode while others might be
recycling, 1.e., being cleaned out.
The possibility of recycling is now
under discusaion.
Lifetime

An injector 1lifetime of at least
six months is desired; it is diffi-
cult and dangerous to change ion
sources because tritium contamination

and neutron activation will occur.

Suitable Materials

In much of the following discussion,
aluminum oxide (A1203) i8 used as a
Al1,0, 18 better

273
characterized than'most other ceramic

reference material.

materials in terms of its behavior
under irracdiation, and it is a prin-
cipal ingrrdient of the more expen-
sive commercial insulator ceramics.
The behavior of alumina and other
commercial ceramic materials under
radiation exposure has been reviewed
by Bauer and Bates,9 who include data
on BeO, Mg0, HO,, 510,, Y,0,, AIN,
BN, S:I.3N4, glasses, and other mate-

rials.
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EVALUATION OF THE PROBLEM

The main questions we need to
answer are first, for how long will
the insulators support the potential
gradients on the accel~decel atacks
(electrical properties) and second,
how long will they remain vacuum
tight (mechanical properties)? We
will first discuas effects of flux
and then those of fluence (flux over
time). Flux will affect the elec-
trical but not the mechanical prop~

erties. Fluence will affect both.

Initial Voltage Holding
_ Capability—Flux Effects

Assuming the neutral beam injector

insulators operate satisfactorily in
the absence of the radiation fields,
~ we should consider whether the pres-
ence‘. of the fieldw will have any
,.:.vscrio'us'pronpt effects ~— that is,
‘effects that depend on the instan-
: 'tanéous f1lux ‘and not upon the
accumulated fluence over. ‘time. Such
: possible effects ate: (1) increased
bulk conductivity due to ionization
and puclear heating within the in-
‘sulator, (2) reduced breakdown
-strength, and (3) increased conduc~
P tiv:[ty ‘due to ionization in the gas

v.u:ting the :insulators. kS

-«18-

Bulk Conductivity

Rapid changes in bulk conductivity
(photo conductivity) result primsrily
from the ionization due to gamma
radiation (photoelectric =ffect and

This has been
10-13

5t

The increase in conductivity ¢ can

Coupton scattering).
studied extensively for Alzo

be directly related to the exposure
dose rate ¢. The conductivity in-
crease at room temperature is given
by 0 = 4 to 250 x 10°11
conductivity 1s expressed in S/m, and
dose vate ¢ is expressed in Gy/s.

In equivalent units, ¢’ = 1,1 to

70 % 10 -18 ¢', where conductivity is
(9°cm) , and dose rate ¢' is R/h.
The roentgen R 1s d..fined as .102 Gy,
1072 3/w, or 6 x 1013 ev/ca®. This
range in the coefficient ¢' reflects

¢, where

the results of different authors and
material purities. For comparison,
the normal ionic conductivity of
Al,0. at room teumperature is ~10712
to 10 10
For gamma rays of 1 MeV, 1 Gy/s
(3.6 x 10° R/h) 1s equivalent to a
£lux of 2 x 10%° In
this relationship, we take into

S/m, depending on purity.

photons/m2°s .

account the range of gamma rays and
the fact that they deposit only part
of theilr energy at one point. For
0.5 MeV gamma rays, 1 Gy/s is equiva-

lent to 3.6 X 10]'5 photons/mz's.



Assuming a gamma flux of 300 Gy/s
(1.1 % 108 R/h), an upper reasonable
1imit for the Reference Design Mirror
Fusion Reactor, with an energy of

1 MeV and a coefficient of 2.5

x 1013 %, the photoconductivity

at room temperature could be O

- 1.0 x 1078 s/m.

The assumed gamma flux is iarger
than we expect for most exposed in-
gulators (Table 2). With such a flux,
however, the conductivity is still
within the range allowable if Ohmic
heating is not to be too great. 1In
a design of an injection system by
Hamilton et aZ.,ll' the steepest
voltage appears to be a 58 kV/0.03~-m
gap for which the current I through
the insulator at room temperature

would be about

Yo

1 1 ,

where A and 1 are area and length.

Solving,

L8P 210 v aox 1078 s/my (O m) (0.02m)
0.03 m

a 40 mA.

A current of 40 mA (a small fractiomn
of the power supply capability)
amounts to ~2 kW of Joule heating in
the insulator, or ~3 HW/m3. ocher
oxide insulators are comparab1e12 to

A1203. at least at gamma fluxes of

~5 % 106 R/h; the magnitude of the
compton effect is nct sensitive o
material.

Another scurce of heatiny, is from
gamma rays. Assuming 1 MeV gamma
rays, the heating in A1203 is given
approximately by

P (Hﬂ/m3) w2 X 10-8 ¢ (photons/m2°s).

16 photons /mz- 8,

For a flux ¢ of 10
this amounts to 2 ml/m3. about half
as much as from Joule heating. How-
ever, the tempecature increase from
both causes will lead to higher
electrical conductivity and to more
Joule heating. There will be addi-
tional heat input from the filament,
arc, and accelerated ions striking
the grids. The operating temperature
of the insulators will be establighed
by a balance between the heat put
into the system and the conduction

of heat away from it.

Breakdown

The electrical conductivity of
oxides in radiation fields increases
rapidly with temperature by the
following e:f:pression]'5

(1) 2)

A

r ™ ~ N
S =04 exp(-ullk'r) + So2 exp(-uzlm')

(3)
i

+ 87" exp(ou i)
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where (1) represents ionic - _nduc-
tivity, (2) represents impurity con-
ductivity, and (2) represents photo-
conductivity. TFrom this, there is a
rough exponential increase in elec-
tri-~al conductivity with decreasing
1/T. The thermal conductivity, on
the other hand, decreases with tem-
perature approximatély as 1/T. If
the heat input from all sources
(nuclear, Joule, and heat conducted
and radisted i.to the insulator)
exceeds the heat conducted away, a
‘catastrophic thermal breakdown (run-
away conduction) will ~ccur. During
runaway conduction, the temperature
rises rapidly until electrical break-
It is difficult to
calculate the conditions for this
without a detailed knowledge of the

system's gecmetry, thermal environ-

down occurs.

ment, and radiation fluxes.
indicate that this
process 1is important above ~80K

in A1203.

Experi-

mental reéultsl6

‘Below this temperature, breakdown
can occur by elecg}on valanches.
In a strong field, a few electrons
‘may gain enough energy to impart some
of their energy tc the valence elec-
‘trqns in the solid and to inject them
into the conduction band. In turn,
‘these may excite other valence eiec-
~ trons, céusing the avalanche. The

" aeffect of radiation on this process

<20~

has not been studied, and it is dif-
ficult to make predictions about 1it.

Gaseous Coaductivity

Assuming the injJector contains
pure hydrogen at 10-4 Pa pressure,
and the electrode spacing is set to
prevent avalanche ionization in the
gas, the electrodes and spaces be-
tween will act as integrating icniza-
tion chambers. Ne; lecting gaseous
diffusion and recombination, the
current collected inside the injector

18 given by

I(A) = 4.3 x 107 » volume (m>)
x ¢ (Gy/s).

For a volume of 10“-3 m3 and a dose
rate of 500 Qy/s at 1 MeV, the cur~
rent would be ~0.2 a4, which is
insignificant ccupared to the dielec-
tric leakage (up to 50 mA, in

6 x 10'“ m3 as calculated previ-
ously). If the environment outside
the injector were 1 X% 105 Pa (1 atm)
of dry air, the density of ion pairs
would be 7.6 % 104 greater. The cur-
rent in this situation would pe ¢ =
siderably larger, but not by this
full amount, because it does not take
into account ion recombination. This
should be investigated further for

the gas to be used.



Lorg-Term Voltage Holding—
Fluence Effects

The next problem is the cffect

.cumulated radiation may have on the
voltage hciding of insulators.
Possible effects from accumulated
radiation include (1) changes in the
bulk electrical conductivity, (2)
change in thermal conductivity that
will affect “he onset of runaway
electrical ce- 'retion, (3) reduced
breakdown strength from retained
damage, and (4) increased surface
conductivity caused by hydrogen
isotopes injected into the insulatore
and metal atoms sputtered onto the

insulator surfaces.

Bulk Electrical Conductivity
Results of studies on bulk con-
ductivity changes in irradiated in-

10,14; such

sulators are conflicting
changes depend on insulator material
purity and grain size. The conduc-
tivity in alumina has been reportedll‘
to increase by one order of magnitude
over 700-1100K after irradiation with
1026 n/mz. Prompt conductivity
changes (Compton effect) will prob-
ably dominate the changes for mcst

or all of the usable lifetime of the

insulator.

Thermal Conductivity axd Rusaway
Conduction
The thermal conductivity of many

ceramlc materials is decreased after

:er.:uiiat:j_cm.9 This effect decreases
at high temperatures, where the
intrinsic thermal conductivity then
tends to decrease. Moreover, an-
nealing of radfation damage may occur
at high temperatures (above ~50% of
the insulator melting temperature).
However, at 973K and 8 X 10?'5 n/mz,
thermal conductivity in alumina may
decrease threefold.” ' Thus, run-
away conduction may occur at only
one-thira .. the power luput, which
would otherwise have caused such
electrical breakdown in alumina not

exposed to radiation.

Avalanche Breakdown

We have not found published in-
formation on this topic. If avalanche
breakdown is the dominant process
(1ikely below 800K), the presence of
fractures and bubbles of helium may
reduce breakdown strength by concen-
trating the electric field at inter-
faces, or increase it by reducing
the mean free paths of avalanche

electrons.

Surface Conductivity

Injected hydrogen raises the sur-.--
face conductivity of ox:l.des.]'9 The..
injector insulators now used, however,
could be shielded from H+ bombardmert.
Sputtered metal will likely beacome a
oroblem, but little is known about
the total sputtering rates from

neutrons.
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Vacwum Tightness stresses in the material and lead to
gross fractures. These effects have

Neutron fluence can cause vacuum been studied in the thermionic power

leaks from insulator swelliﬁg. Data generation program.ls'z} The main
on swelling of insulators is pre- differences for our application are
sented in Fig. 13 for fission neutron (1) the temperature of operatior,
apectra.g’zo Expansion of metals which should be lower for the
might typically be ~1% at 1026 n/mz, injectors, (2) the neutron spectrum‘
but in metals and ceramics, expansion which contains a 14-Me¢ component,
depends upon temperature, composi- and (3) the increased helium genera-
tion, grain size, neutron energy tion in the ceramlic due to the higher
spectrum, and fluence. (n,a) cross sections at higher

For ceramics with a noncubic neutron energles.
crystalline structure “1203 and Be0), The swelling and grain separation
radiation-induced growth in a par- of Al,0, under neutron bomdardment
ticular crystallographic direction depends strongly on the material
can lead to gseparation of the indi- temperature, purity, and grain size.9
vidual grains, and hence, to inter- Best results are obtained with high
granulai fissures. Also, when a purity and small grain size. For
ceramic is constrained, radiation- temperatures below 373K, grain

induced swelling can produce increased boundary separation is not observed
up to doses of ~8 X 1025 nlm2

. (2 > 0.1 MeV), assuming a Watt (pure
Mica _ fission) neutron spectrum. The

volume swelling is about 2% at the

& 8

BeD highest neutron fluence. From 383

 Volume exparsion — %
o

5+ : Aly04 to 598K, grain boundary separation
ok -] begins at a fluence of about 3
. Y203 25 2 .
-5 %107 nfm (E > 0.1 Me¥). At g
1023 102 10% 10%  fluence of about 7.5 X 10°° n/m
‘Neutrons/m?2 (E > 0.1 MeV), swelling {s more sev-

. . ' ere, reaching more than 5%.
Fig. 13. 'Swelling of some materials
as a function of neutron irradia-
‘tion. Data is mostly for E > 0.1 MeV fusion neutron spectrum will be
Lndorqgf_dt;mgera;::;-ulflat; fo;'az:(), greater thar that of a fission spec-
fo%, laz:l.c; from Ref. 20, trum. In the absence of data, we

The damage effectiveness of the
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will use a factor of 3 for A1203.
Under these conditions, there is a
fluence limit of about 1025 n/m2 for

A1203.

section of ~1.2 b (120 inz), the He

concentration (assuming 1/8 of tht

For a helium production cross

neutrons are in the 14 lfeV peak)
would be about 300 ppnm A.'lzo3 at this
fluence. The helium will probably
have a small effect on swelling and
pore formation at this concentration
for temperatures not much above 373K.
Therefore, for a flux of 1016

n/m2 s (the high estimate for the
neutral beam injector components) the
insulators might maintain their vac-

uum tightness for one or more years.

Outgassing

Gases will be produced in the
insulators as a result of n,p and
n,a reactions rnd chemical breakdown
(radiolysis) of the oxide material.
This may not be a serious problem
because the amount of gas will be
small compared with the volume of D
and T put through the injector. How-
ever, oxygen atoms have a stronger
affinity for electrons than hydrogen
or cesium atoms, and the electron
transport in slightly contaminatad
DT plasmas might differ from trans~

port in pure gases.

MATERIALS RESEARCH

It is yet difficult for us to
predict the behavior of insulator
materials in the environments of
proposed mirror fusion reactors.
Over time, there will be changes in
thermal conductivity, composition
(cor tamination by transmutation
products), microstructure, surface
properties, and stored energy
resulting from radiation damage.
Cycling the temperature, electric
field, and radiation flux may cause
changes different from steady-state

operation. Gradients in temperature,
mechanical stress, radiation damage,
and changes in conductivity may pro-
duce damage in a location of a reac~
tor that we would not expect. Inter-
active effects between processes such
as these may produce phenomena that
have not previously been studied.

For axample, electrical charges known
to exist on crystal dislocations may
modify their motion through a solid
in an electric field to produce a new

type of creep behavior, ar radiation
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e

staken from several sources

damage in a dielectric exposed to a
high electric field may differ from
that in an electrically unstressed
material. Joints between metals and
ceramics will require specfal atten-
tion in radiation fields. We do not
know 1f the different densities of
material in a gamma field induce
electric charge distributions that
glve fields different from those
expected.

In che following sections, we
disciz=~ those areas for which we feel
new research is needed.

Radiation Flux and Fluence

The dielectric breakdown strength
of typical ceramic materials should
be measured as a function of radia-
tion flux and fluence. We are not
aware that such measurements have

been made. Studies of the alkali

" halldes as model materials might be

helpful since they have been well-
characterized in other ways.

Amorphous Materials

The radiation sensitivity of

‘amorphous materials needs to be

studied further.
correlation between radiation sen—

sitivity and grain size.?? The data
: 23-27 e

Figure 14 shows a

ug-
gest that material with zero grain
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Fig. 14. Neutron dose required to
produce microcracks in BeO during
irradiation at 323-373K as a
function of grain size.

size might be only slightly radiation-
sensitive. Aside from this, grain
boundaries can serve first, as paths
for accelerated diffusion and ion
migration in an electric field, and
perhaps second, as points for precip-
itation of electrolytically formed

metals in a polarizing field.
Dopants

Recent experiments suggest that
selected doping may suppress radia-
tion damage in Hgoza (Fig. 15).
3tudies of the effects of hydrogen
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Fig. 15, Optical absorption spectra

at 77K of (a) pure and (b) Li-doped
Mg0 crystals, both irradiated to a
dose of 6.4 x 1020 n/m?,

on the radiation sensitivity of
silica glass suggest strong effects
of dopants, but there are conflicts
in the results: soaking a specimen
in high-pressure hydrogen before
irradiction has been found to en-

0,31 its sensi-

h‘ance29 and xauppress3
tivity to the radiation.

Other resu1t532 suggest that
b drogen soaking can reduce the con~
centration of damage centers in ma-
terials by 2 to 3 orders of magnitude.
In this study, it was found that
silica purity influences the extent
of damagé. In Fig. 16, the spin den-

gities measyred by electron spin

resonance (ESR) are plotted as a
function of y-ray radiation, reactor
neutron fluence, and 14 MeV neutron
fluence. Two silica types were
studied: Suprasil 1 containing

100 ppm OH, 100 ppm Cl, and ~1 ppm
metallic impurities, and Suprasil W1,
containing 0.4 ppm OH, 200 ppm C1,
and ~1 ppm metallice. The differences
between the slopes indicate that the
two silica types are damaged
differently from radiatien.

Radiation Types

The effects of different types of
radiation need to be differentiated.
As 11lustrated in Fig. 17, gamma rays
and slow neutrons produce a different
damage ESR signal than than produced
by 14 Hev neutrons in Suprasil Wl.
This figure shows the appearance of
a new ESR line in neutron-bombarded
Suprasil Wl compared with y-bombarded
Suprasil W1.
been observed in the damage produced
in Al1,0

273
neutrons.

Small differences have

between reactor and 14 MeV
These fluences are small

compared with those expected in a

fueion reactor, and the meaning of

this result is yet unclear. However,

we expect that the He and H buildup

in materlals exposed L0 14 MeV

neutrons will contribute to radiation -

damage in ceramics in ways that do

not normally occur with lower energy

neuvtrons.
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Surfaces and Interfaces

" The behavior of insulator surfaces
and interfaces needs to be studied.
The effects of atomic hydrogen on the

: ox:l.des of magnesium and aluminum have

. been notedlg, and are 1llustrated in
"-Pig. 18. Ae hydroéen bombardment time
. is increased, the‘. resigtance of both

: ‘ ~ Sub=

sequent to Ib‘omba'rdment, it was ‘found

oxides si.inil'ai;i‘yv deé;éasés .

1010

26—

|
1019 1020 102 1028
Reactor core neutron fluence — n/m?

102!

Fig. 16. ESR (spins/cm3) of Suprasil
Wl and Supracil 1 silica after
irradiation with (a) 60co gamma
rays, (b) reactor neutrons, and (c)
14 MeV DT neutrons.

that the electrical resistance could
recover to the original value on
exposure to air. Other hot atom
reactions may be important, such as
reactions of He+ or Cs+ adsorbed on
surfaces. Sputtering that transports
material from one surface to another
will surely affect surface leakage.
The interaction of the insulator
surface with the field gradients in:

the neutral beam injector may have
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Fig. 18, Effects of H+ bombardment
on the resistance of aluminum and

magnesium oxides.
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“an important effect on the quzlity
of beam focusing.
emission from surfaces bombarded with

Secondary electron

ious and electrons from the region
of the beam path may change surface
potentials and potential gradients.
A common procedure for controlling
surface arcing is to add a thin layer
of a semiconducting material (chromate,
titanate, stannate) to bleed off local
charge buildnp. Such materials may
have an effect on the secondary
electron emission, and this needs to
be studied.
Interfaces between ceramics and

metals should be studied in the

14 MeV neutron environment. Enhanced
reactivity of materials under fission
neutron irradiation has been
obépfved.“ Recoil atoms from neutron
collisions or neutron sputtering can
implant material to a depth of nearly
1 pm from one part of a couple into
' "the other, Surf&ces treated in this
. way can be chemically more reactive
than the initial surface. On exposure
_ of such surfaces to the atmosphere
during occasional shutdown for

. repairs, the’ adsorption of moisture

“ and other impurities from the air
_ could be much greater then antici~
pated'-"with the’ result that long .
_ vacuun pumpdown and bakeout would be
neceasary before the outgassing level
was low enough for useful operation

of the neutral beam injector.

Internal surfaces in polycrystalline
materials (grain boundaries), and
external surfaces may become centers
for helium precipitation, precipitation
of transmutation products, and paths
for relatively rapid ion migration
in an electric field.

Mechanical Constraints

Effects of mechanical constrainte
on insulators should be studied since
they may become important if the in-
sulators swell under irradiation.
Pressures exerted by swelling materials
can reach 100 to 200 MPa or more.

As shown in Fig. 19, these pressures
are large enough to change the con~

ductivity of some metal oxide

varist:ors.35 If the conductivity of
80 .
pos T T T |,._,,- T
w0l -
5 01 " =
!l / /' i
£ st -
S of
4r 140 70 280
9'9“"7 MPaf FMPa f P A
2 .
, / / .
102
Current — A
Fig. 19. Effect of pressure on

electrical properties of 2~ to 3-mm
thick Zn0o + 1/2% B1,0, varistor
specimen.
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an insulator around an angular metal
joint is not homogeneous, the
isopotential lines may become dis-
torted and produce local voltage
gradients that are larger than

anticipated.

Polarization

Polarization of insulators sub-
jected to radiation and continuous
electric fields should be measured.
Electrolytic decomposition of
dielectrics in strong fields while
being irradiated may occur, producing
perturbation at the interfaces of
initially clean metal-ceramic
interfaces.

It has been shown36
combined effect of an electric field

that the

and a temperature gradient is to
produce a nonlinear field gradient
with the peak field shifted to regions
where the strong fields may least be
tolerated. This results from the
temperature-dependent mobility of the

current carriers.

Composite Materials

Composite materials cften have

attractive properties, i.e., greater

strength in certain stabilized
zirconlas, easier fabrication in
The be-

havior of these under irradiation

machinable glasses, etc.

needs to be studied because their
interesting properties often result
from their microstructure, which
night be changed. Michinable glass,
for exanple, contains mica particles,
but as shown in Fig. 13, swelling of
mica is larger than many other ma-

terials during neutron irradiation.

Theoretical Limits Estimates

It would be worthwhile to estimate
the theoretical limitations on in-
sulators without regard to specific
materials. Low-Z materials would be
useful for insulators because their
low electron density make them less
sensitive to gamma-induced conduc~
tivity (Compton effect) and because
they often have good thermal con-
ductivity. One such material is BeO.
On the other hand, low-Z materials
tend to huve large cruss-sections for
n,o reactions. Such general para-
metric studies may suggest other
directions for materials research on
insulators for fusion reactor radia-

tion fields.
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‘problem.

to be studied.
- mentioned the possible effect of the

DISCUSSION

The deve.opment of adequate in-

sulator materials for fusion reactors

will be an iterative progression.

At prasent, the geometry is not
clearly defined, but it can probably
be modified to accommodate the needs
of the materials available. New
materials may relax shielding or

other geometry requirementa. This

may then shift the danger of possible

component failure to another part of
the machine,
been concerned with phenomena in
mat:ér:l.als, ‘but the fabrication of
materials in the sizes required for

In this report, we have

large machines wiil also be a serious

indicate a need for involved and

All of these considerations

coordinated effort for the development

of effective insulators.
The system as a whole will have
For example, we have

' ‘ingulator surface conduction and

secondary electron emission on neu~
‘tral beam injector focusing. Other
component interactions must be taken

-~ into account. Will the partial

deterforation of one component 1ead

o to the breakdown of another? If

=30~

breakdewn does occur, will the
release of the large stored energy
and high voltage with large stored
charge cause damage to critical
parts?

Materials research has progressed
to a point where information is
available on single effects such as
swelling as a function of a single
variable such as radiation. More
complex relationships are being
investigated as parts of stulies of
magnetohydrodynamics (MHD) power
tesearch (electrical and high tem-
perature), thermionic reactor fuel
elements (radiation and electric
fields), and ceramic fuel elements
in fission reactors (transmutation
and temperature gradient effects).
The phenomena observed in these
studies will all appear in some of
the components of fusion reactors.
A long history of experience in ma-
terials behavior will determine the
reliability and success of these
Ma-
terials research would clarify the

components of mirror machines.

uncertainties discussed in this
report and guide us in coping with
yet unknown problems.



CONCLUSION

With the materlals commercially
available, it is conceivable that we
can build the necessary insulators
for wirror fusion machines that will
withstand the extreme radiation and
temperature we anticipate. In those
portions of the reactors with the
most severe environments, we inay be
able to modify the exposure to
further protect the insulators.
Nevertheless, we must allow for
occasional breakdown and replacenent.
The proper design of an insulating
systen for mirror fusion machines
will require further study because

too little 1s presently known about
the interactions between processes
such as electrical breakdown, ionic
migration, radiation damage, effects
of electrical fields, temperature and
stress gradients, interfaces and
gurfaces, and high enerzy neutron

radiation,

The materials research that would
help us to assess the effects of
radiation and temperature on mirror
fusion insulators should be initiated
soon. This complex evaluation is a
crucial preliminary step in mirror

fusion reactor design.

ACKNOWLEDGMENTS

We have benefited from the techni-
cal advice and discussions with
Ralph Moir, Gustav Carlsom, Gordon
Hamilton, Robert i.elson, James Rinde,
Joel Fink, and Clarence Hoenig at LLL,

and with Frank Clinard at LASL (chair-
man of the DMFE Sub-Task Group on
Insulators and Ceramics). We also
acknowledge the invaluable editorial

agsistance of Christopher Dant at LLL.

~31~



9.

“10.

11,
‘12,
13.

REFERENCES

H. T. Batzer, Conceptual Desiyn of a Mirror Reactor for a Fusion
Engineering Research Facility (FERF), Laurence Livermore Laboratory,
Rept. UCRL-51617 (1974).

R. W. Moir, Surfaee Bomdardment Rates for Mirror Fusion Reactor Designs,
Lawrence Livermore Laboratory, Rept. UCRL-77799 (1976).

R. W. Moir, Progress in the Conceptual Design of a Mirror Hybrid Fusion
Fission Reactor, Lawrence Livermore Laboratory, Rept. UCRL-51797 (1975).
R. H., Balwer, M. V. Calderon, S. M. Hibbs, and T. A. Kozman, Preliminary
Conceptual Engineerivy Design Considerations for the MX Machine,
Lawrence Livermore Laboratory, Rept. UCRL-77233 (1975).

W. L, Barr, R. W. Moir, A Preliminary Design of a Venetian Blind Direct
Energy Converter for Fusion Reretors, Lawrence Livermore Laboratory,
Rept. UCRL-74636 (1973).

G. A. Carlson and R. W, Moir, Fuel P .ating and Leaking in Mirror Reactors,
Lawrence Livermore Laboratory, Rept. UCRL-77846 (1976).

K. W. Ehlers, K. H. Berkner, W. S. Cooper, J. M. Haugran, W. B. Kunkel,
B. A, Prichard Jr., R. V. Pyle, and J. W. Stearns, 120-keV Neutral Beam
Injection System Development, Lawrence Berkeley Laboratory, Rept.
LBL~4471 (1976).

A. W. Molvik, E. D. Baird, K. H. Berkner, W. S. Cooper, T. J. Duffy,

K. W. Ehlers, J. Fink, D. Gardner, and C. Wilder, 4 Compact 80-keV
Neutral Beam Module, Lawrence Livermore Laboratory, Rept. UCRL-79682
Q977).

A. A, Bauer and J. L. Bates, An Evaluation of Electrical Insulators for
Fusion Reactors, Battelle Columbus Laboratories, Rept. BMI-1930 (1976).
V. A, J. Van Lint et al., IEEE Trans Nucl. Sei. 17 200 (1970).

C:. D. Dau and M. V. Davis, Nucl. Sei. and Eng. 25 223, (1966).

D. J. Huntley and J. R. Andrews, Can. J. Phys. 46 147 (1968).

I. T. Mayer, Summary of Radiation Effects on Thermionic Insulator

Materials, NASA Rept. TN D-4414 (1968).
G. W. Hamilton, W. L. Dexter, and B. H. Smith, 4 Deeign Study of a
Neutral Injection System for the Fusion Engineering Research Facility

h (FERF), Lawrence Livermore Laboratory, Rept. UCRL-75547 (1974).

=32-



15.

na
&
.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.
27.

28.
29.

30.
31.

3z,

33.

M. V. Davis, "The Effect of Environment on Ceramic Insulators for
Nuclear Thermionic Applicatione,” in Nuelear Applications of Nonfission-
able Ceramics, A. Roltax and J. H. Handwerk, Eds. (American Nuclear
Society, New York, 1966), pp. 229-246.

E. J. Britt and M. V. Davis, "Dielectric Breakdown in Electrical
Insulators Used in Thermionic Converters," in TEEE Thermionice Conseraion
Specialiat Conference Record (1971), p. 137.

W. H. Reichelt et al., "Radiation Induced Damage to Ceramics in the
EBR-II Reactor," in IEEE Thermionic Conversion Speeialiet Conference
Record (1970), p. 39.

W. H. Reichelt et al., "Effect of Fast-Neutron Irradiation on Ceramics
and Ceramic-Metal Seals," in IEEE Thermionic Convergion Specialiste
Conference Record (1971), p. 128.

L. B. Griffiths, Nature 188 42 (1960).

D. S. Billington and J. H. Crawford, Radiation Damage, in Solids
(Princeton University Press 1961), p. 237.

G. W. Keilholtz, R. E. Moore, and H. E. Robertson, Nucl. Technol. 17,
234 (1973).

R. S. Wilks, J. Nuclear Materials 26 137 (1968).

F. J. P. Clarke, R. S. Wilks, D. H. Bowen, J. Nucl. Mat. 14, 205 (1964).
C. G. Collins, J. Nucl Mat. 14 69 (1264).

G. L. Hanna, G. T. Stevens, B. S. Hickman, Austr. A‘.omic Energy Comm,
Rept. AAEC-E127 (1964).

B. S. Hickman, A. W. Pryor, J. Nucl. Mat. 14 46 (1964).

B. S. Hickman, Studies in Radiation Effects Vol. 1 (Ed. G. J. Bienes,
Gordon Breach, New York), p. 72 (1966).

Y. Chen. and M. M. Abraham, J. Amer. Ceramic Scc. 59 101 (1976).

E. J. Friebele, R. J. Ginther, and G. H. Sigel, Jr., Appl. Phys. Letters
24 412 (1974).

S. P. Faile and D. M. Roy, Mater. Res. Bull. 5 385 (1970).

R. DiSalvo, D. M. Roy, and L. N. Mulay, J. 4dmer. Ceramic Soc. 55,536
(1972).

M. J. Moran, Investigation in Silicate Glasses: 1. Radiation Damage,
2. Optical Nonlineurity, Lawrence Livermore Laboratory, Rept. UCRL-52251
(1976). -

J. M. Bunch and F. W. Clinard, J. Amer. Ceramic Soc. 51 275 (1§74).

w33



34. H. Gaus, H. Migge, and K-D. Mirus, "Implantation of Environmental Atoms
into Solids by Neutron Collisions in Reactors", Radiation Effects 18,
79-86 (1973).

35. J. Wong and F. P. Bundy, 4ppl. Phys. Let’ers 29 49 (1976).

36. A. S. Blum and L. Mancebe, Advanced Fueled Fuaion Reactors Suitable for
Direct Brevrgy Conversion Project Note: Temperature Gradient Enhancement
of Eleciric Figlds in Inasulqtors, Lawrence Livermore Laboratory, Rept,
UCID~-17149 (1976).

O N



