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SYNOPSIS

Under neutron and/or gamma absorbed dose-rates typical of fusion reactor
conditions, common ceramic insulators such as A1,03, Mg0, MgA1,03, etc.,
exhibit a significant instantaneous decrease in their DC resistivity. Ceramic
insulators in 1ightly shielded normal-conducting magnets, direct convertors
and first wall applications are shown to be the most affected. Depending on
conductor design, magnet location, absorbed dose-rate and applied voltages, it
is demonstrated that the resulting leakage currents in the ceramic material
are potentially capable of producing significant Joule heating rates which may
Tead to thermal runaway and subsequent insulator destruction.

In section 2, the theoretical background for this effect is presented and
the rather sparse experimental data base reviewed.

In section 3, recommendations are given for computing worst case
radiation-induced conductivity increases as a function of absorbed dose
rate. The possible ameliorating influences of long term fluence damage are
then discussed.

In sections 4 and 5, the practical consequences of ceramic resistivity
degradation are quantitatively assessed by consideration of resulting leakage
current Joule heating in the extruded conductor of a typical normal-conducting
magnet. Relationships are derived to compute dose-rate-dependent leakage
currents and Joule heating rates as a function of several magnet parameters.

In general, the dose-rate-induced Joule heating rate per unit volume is shown

2

to scale as ~ Vo

Dr/s2 where D,. is the absorbed dose-rate and Vo is the
voltage applied across a characteristic insulator dimension of §. Finally,
the relative contributions of dose-rate-induced Joule heating and direct
nuclear heating are assessed in a parametric study which indicates that the

magnitude of leakage currents capable of leading to thermal runaway effects



are critically dependent on the design of the magnet or insulator assembly.
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1. INTRODUCTION

Current conceptual designs of fusion engineering facilities and power
reactors based on the tandem mirror principle have specified the requirement
for barrier and/or axicell mirror solenoids producing very high magnetic
fields. Requirements for on-axis fields in the range ~ 12 to 28 teslas are
typical. For example, in the TASKA tandem mirror fusion engineering
facility,(l) barrier fields of 20 T were specified. Similarly, in the Mirror
Advanced Reactor Study (MARS)(Z) and the Tandem Mirror Technology
Demonstration Facility Study (TDF)(3) currently in progress, mirror fields of
~24 - 28 T and 15 T, respectively, are required. Due to the critical field
1imit of present day superconductors, production of these large magnetic
fields necessitate the use of hybrid solenoids. In such hybrid designs, an
outer superconducting solenoid produces up to ~ 14 T of the required axial
field, while a concentric normal-conducting copper insert coil supplies the
balance. Although it is economically advantageous to minimize the bore radii
of both solenoids for a given axial field, the minimum inner radius for the
superconducting coil is determined by the neutron and gamma shielding
necessary for reducing nuclear heating, stabilizer resistivity-degradation and
organic insulator strength losses to specified design Timits. However,
current designs for the inner normal-conducting solenoids contemplate their
operation with Tittle or no shielding between the first wall and the inner
windings of the coil. Requirements arise, therefore, for the identification
of potential radiation-induced failure mechanisms and estimations of resulting
coil lifetimes.

One feature of high field normal-conducting magnets which has been
identified as a critical component in determining coil behavior and 1ifetime

under irradiation is the inorganic ceramic insulation. In the TASKA study(l),



for example, an extruded conductor design employing compacted Mg0 powder
insulation was selected. By contrast, the normal-conducting insert coils for
MARS(Z) and TDF(3) will probably utilize solid polycrystalline spinel
(MgA1204).(4) Other ceramic materials which have been considered for normal-
conducting magnet insulation include alumina (A1203) and silicon nitride
(SigNg) (see, for example, Clinard's contribution on ceramics for fusion
technology in Ref. 5).

Two major radiation effects have been identified which are potentially
capable of Timiting the operation and expected 1ifetimes of these ceramic
insulators. First, long term neutron fluence damage induces swelling and, in
some cases, microcracking in the ceramic matrix. A review of these effects is
given by C]inard,(24) while recommendations for neutron fluence limits for the
common ceramic materials under fusion reactor conditions can be found in an
associated pub]ication.(s) The second radiation effect is that the DC
conductivity of the ceramic insulation can be increased significantly by the
concurrent absorption of ionizing radiation. Depending on the conductor
design, magnet location and incident radiation levels, the resulting leakage
currents in the ceramic material can produce deleteriously large Joule heating
rates leading to thermal runaway and subsequent insulator destruction. Note
that, unlike long term neutron fluence damage, this latter effect is dependent

on the instantaneous neutron and/or gamma dose-rate absorption in the

ceramic. It is a potential problem, therefore, as soon as the fusion plasma
is brought up to operating power.

In this report, the rather sparse data base for radiation-induced
conductivity effects in ceramic materials is reviewed and recommendations are
given for computing worst-case radiation-induced conductivity increases as a

function of absorbed dose-rate. The consequences of resistivity degradation



and resulting leakage currents are then quantitatively assessed by
consideration of resulting Joule heating loads in typical extruded conductor
designs.

[t should be noted that, in addition to tandem mirror hybrid solenoids,
there are several other areas of fusion technology in which ceramic dose-rate

conductivity effects need to be assessed. Some examples are:

1. The unshielded normal-conducting magnets with ceramic insulation employed
in the limited-lifetime disposable toroidal devices such as the RIGGATRON
(see, for example, Bussard and Shanny(7)).

2. Bundle divertor coils which are usually designed to be operated with
little or no shielding due to iron ripple losses (see, for example,
Schultz{13)),

3. The direct convertors at the end of tandem mirror fusion devices. These
convert plasma charged particle energy to DC electricity and employ
ceramic insuators with stand-off voltages in the region of tens to
hundreds of kV (see, for example, Ref. 22 and 23).

4. Ceramic current breaks in tokamak first walls.

5. Ceramic insulators on the first wall of theta pinch reactors (see, for

example, Ref. 19 and 21).

Typical absorbed dose-rates for the ceramics insulators in some of the

above will be considered in section 4.



2. A REVIEW OF THE EXPERIMENTAL AND THEORETICAL BACKGROUND

The primary mechanism for the conductivity increase in a ceramic
insulator, for a given instantaneous absorbed dose-rate, is that the
deposition of neutron and/or gamma ionization energy in the bulk of the
ceramic can excite valence electrons across the band gap into the conduction
band. At typical operating temperatures for normal-conducting high field
magnets (i.e., ~ 50-150°C), thermal excitation of charge carriers will be
negligible compared with those produced by any moderate radiation field.

The generation rate of electron hole pairs would be expected to be
proportional to the dose-rate, although a fraction of these carrier pairs will
undergo germinate recombination. The remainder, while free, increase the

conductivity by an amount Ac as

Ac = e(nnun + npup) (1)
where Mpshp = electron, hole number densities
“n’"p = electron, hole mobilities

electronic charge.
Loss of these charge carriers will mainly occur from electron-hole
recombination and trapping at defect sites.

Van Lint et a1.(19) have examined these recombination effects and
concluded that the conductivity increase Ac is proportional to dose-rate with
a proportionality constant k in the range 1079 to 1013 (Qm)-l/(Gy/s).* Note,

however, that k is a function of both the temperature and accumulated fluence

* 1 Gy/s = 102 rads/s



damage (see later).

Davis(g) measured the conductivity of a number of solid ceramics in a
gamma field of ~ 1.4 x 103 rad/s (14 Gy/s) and found conductivity increases
of ~ 103. For powdered ceramics, conductivity increases appear to be
approximately an order of magnitude worse for the same absorbed-dose. For
example, Lynch(g) reports a factor of 103 increase in the DC conductivity of
powdered Mg0 at 475 K for a gamma dose rate of only ~ 102 rads/s (1 Gy/s).
C]inard(ls) suggests that the degraded electrical performance of powdered
ceramics may, in part, be due to ionization of the trapped compressed gas in
the sintered powder matrix.

Klaffky et al.(11) have measured the radiation-induced conductivity of
single crystal Alp03 (alumina) as a function of temperature and dose-rate.
Their results are summarized in Fig. 1. It can be seen that Van Lint's
prescription of a linear dependence of conductivity-increase with ionizing

dose-rate is reasonably well obeyed, especially around T = 200°C.
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3.  COMPUTATION OF DOSE-RATE DEPENDENT CONDUCTIVITIES

3.1 Computational Method

In view of the fact that very Tittle experimental data is available on
radiation-induced conductivity increases in ceramics, especially at high dose
rates, it is recommended that, following Van Lint, a conductivity increase
proportional to dose-rate be assumed. Proportionality constants will be
determined from Klaffky's results for solid Al,03 and, due to the lack of any
further experimental evidence, will be assumed to apply to those common
ceramics with initial high resistivities (e.g., MgO, A1,03, MgA1,04, SigNg but
not SiC). In addition, a worst case analysis should take into account the
additional dose-rate resistivity degradations encountered in powdered ceramics

(see above). Accordingly, the following algorithm is suggested:

Ao(Dr) = f k(T,¢t) Dr (2)
where Ao = conductivity increase in (szm)"1
k(T,¢t) = proportionality constant, a function of both temperature T

and neutron fluence ¢(En)-t

D,. = absorbed dose-rate in Gy/s (1 Gy/s = 102 rads/s)

f = powdered ceramic
enhancement factor

10 for sintered powdered ceramics

1 for solid ceramics.

The following values of k, averaged from Klaffky's results above, are

suggested:



k(T=20°C,0) 8.10x10-10 (am) "L/ (Gy/s)

k(T=60°C,0) - 1.42x1079 (am)~1/(Gy/s)
k(T=100°C,0) - 2.42x10~2 (am)~1/(6y/s)
k(T=200°C,0) - 2.58x10~2 (am) "L/ (Gy/s)

Although more precise values can be obtained by a parametric least-squares fit
to the data in Fig. 1, this is not really warranted in view of the present
uncertainties in the data base. This is particuarly true when applying
equation 2 to other ceramics in different configurations and under different
conditions (see section 6.6 for further discussion).

The value of the steady state conductivity o under irradiation is,

therefore,
G(Dr) =0, * Ao(Dr) (3)

where Oy = initial unirradiated conductivity. However, for common

ceramics (Mg0, A1,03, MgA1,04, etc.), values of c, in the range

10'10 - 10'13 (Qm)'1 are typica].(12) Therefore, in radiation fields
resulting in absorbed dose-rates greater than ~ 0.1 Gy/s (10 rads/s), the
steady state conductivity under irradiation (i.e., the reciprocal of the dose-
rate degraded resistivity) will be given by equation 2.

Fig. 2 illustrates the dose-rate degraded resistivity expressed by
equations 2 and 3, where the ceramic resistivity pI(Dr) is plotted as a
function of the absorbed dose rate D, for constant irradiation temperatures of
20°C, 60°C and 100°C. The shaded region indicates the regime for non-
irradiated ceramics where typical resistivities are in the region

13

of ~ 1010 - 107" Qm (see above).
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3.2 The Influence of Long Term Fluence Effects

It was noted above that k is a function of both temperature T and neutron
fluence damage ¢(En)-t. Long term fluence will promote structural changes
within the material which are capable of altering the electronic properties of
the insulator. Introduction of trapping, recombination or scattering centers
will increase the resistivity at any instantaneous absorbed dose-rate, while
defect states produced within the band gap will have the opposite effect.

For the common ceramic materials, the effect of long term fluence damage
is expected to be generally beneficial in respect of reducing dose-rate
effects.(lo) For example, samples of Al,03, previously irradiated in neutron

2

fluences of ~ 1022 n cm™ “, exhibited instantaneous dose-rate conductivities of

approximately two orders of magnitude less than previously unirradiated
samp]es.(ls)
Although Tong term fluence appears to reduce instantaneous dose-rate
conductivity effects, many ceramic materials exhibit drastic decreases in
thermal conductivity under long term irradiation. This is due to the fact
that radiation-induced defects are capable of scattering phonons by which heat
is conducted. In the case of A1203, for example, room temperature thermal
conductivity is reduced ~ 70% by an accumulated fluence of ~ 1022 n cm'2
(E > 0.1 MeV) performed at 925 k.(16) Lower irradiation temperatures result
in a greater degradation of this property. Thermal conductivities of Mg0 and

(16,17) in fluences of ~ 1022 n cm'2

SigNg are similarly significantly reduced
(E > 0.1 MeV). One exception to this trend appears to be MgA1,0, (spinel).
This has inherently good neutron damage resistance and, in single-crystal
form, exhibits essentially no change in thermal conductivity(ls) after
irradiation to ~ 1022 p cm2 at 925 K and 1100 K. In polycrystalline form,

spinel exhibits ~ 30% reduction in thermal conductivity under the same

10



irradiation conditions.(ls) Decrease in thermal conductivity is an important
consideration in assessing the consequences of dose-rate-induced electrical
conductivity effects, since it will exacerbate thermal runaway effects in the

insulator (see later).

11



4. PRACTICAL CONSEQUENCES OF DOSE-RATE CONDUCTIVITY INCREASES

4.1 Some Examples of Relevant Fusion Systems

It is now instructive to assess ceramic dose-rate conductivity increases
in three typical fusion irradiation situations as follows:
1. The unshielded normal-conducting insert coil for the MARS hybrid mirror
so1enoid.(2)
A 1-D neutronics analysis for a preliminary design of this coi],(zo)

for a fusion wall Toading of 4 MW m~2

, yielded a peak absorbed dose-
rate in the spinel (MgA1,04) insulator of ~ 8.15 x 103 Gy/s
(8.15 x 10° rads/s). Applying equation 2 at a temperature of 100°C
(a typical coil operating temperature) gives Ao = ¢ =
1.98 x 1074 (Qm)'l. This is equivalent to a worst case radiation-
induced resistivity of 5.05 x 103 am.

2. A conceptual design for the unshielded ETF bundle divertor coil.(13)
According to Schu]tz,(13) the powdered Mg0 insulator sustains an
absorbed dose-rate of ~ 5 x 104 Gy/s per MW m=2 of wall loading.
From equation 2 for T = 100°C, a worst case radiation-induced

resistivity of 8.26 x 102 om per MW m~2

of wall loading will result.
3. The first wall ceramic insulator in the reference design of the Reverse
Theta Pinch Reactor (RTPR).(21)
During the 0.1 s thermonuclear burn, this insulator is subjected to
an instantaneous dose-rate of ~ 7 x 10° Gy/s. At this time, the
ceramic is not required to retain its insulating properties. However
10 s later it must withstand the electrical stress of the next
implosion-heating pulse. At that time, the residual ijonization dose-

rate is down to ~ 2 x 102 Gy/s. Again from equation 2, this

translates to a worst case degraded resistivity of ~ 2.07 x 10° am.

12



One might now ask: so what? The worst case radiation-induced
resistivities above are still apparently a factor of ~ 1010 - 1012 greater
than the resistivity of typical copper conductors at this temperature (the
resistivity of pure Cu at 100°C is 2.24 x 10-8 om, while that of OFHC hardened
Cu is ~ 3.29 x 10'8 am). The consequences are, however, very important with
respect to the leakage currents and resulting Joule heating in the ceramic
insulation. As will be seen in the next subsection, this is especially true
for the more conventional types of high field normal-conducting magnets which
are wound with a one-piece extruded conductor.

4.2 Application to Extruded Magnet Windings

Fig. 3 is a schematic view of a square-section extruded magnet winding.
The winding is seen to consist of a central copper alloy conductor with
integral water cooling channel, surrounded by an insulating layer of Mg0
compacted powder ceramic. A metallic outer sheath is included for structural
integrity. The power supply voltage Vo is applied across the conductor as
shown, while the outer sheath is operated at ground potential.

The series resistance of the copper conductor between its ends is

Rc S PeTT (4)

]

where p conductor resistivity

c
= winding length
b x b = cross sectional dimensions of conductor
Aw = cross sectional area of coolant channel.

The total Joule heating rate in the conductor is thus simply

13



*1etjuajod punoub 3e st yaeays 4a3no
wsm *4032Nnpuod |yl 40 spua 8yl ssoude pal|dde
SL "A abejloa A1ddns usamod ayy BuLputm 13ubeuw
BuL3oNpuOd [RWAOU PIPNAIXD UR JO MILA DLIBLIBYDS € aunblLy

..o\.,..____

4 ___

(Mv vauw)
TINNVHI
1NVT009

H1V3HS
d3dNNOY9

/(\
24,

lY/M//]

— HOL1VINSNI
JINVYH3D

[ T40L12NANOJD N)

p—

—

[/




2
Vo 2
wC - VO/RC = B.C—'Q (b - AW) . (5)

In the case of radiation-induced resistivity degradations in the ceramic
insulator, it is necessary to consider leakage currents flowing across the
insulator from the central conductor to the grounded outer sheath. However,
the potential difference across the insulator is Vo at one end and zero at the
other, with a distribution V(x) as a function of x along the length of the

conductor given by
V(x) = v, (1 - x/8) . (6)

Consider an incremental length dx of winding at a distance x from the
supply terminal at Vo' The insulator conductance of this incremental section

is

= b
dCI(Dr) = 4°I(Dr) 5 dx (7)

where 8 insulator thickness

]

°I(Dr) insulator conductivity which is a function of the absorbed

dose-rate Dr

and where, to a good approximation, this shunt conductance is taken to be four
slabs of insulator of cross-sectional area bdx and thickness & connected in
parallel. The resulting Joule heating rate in this incremental section of

ceramic is, therefore,

iy (0, x) = V¥(x) dc (D) . (8)

15



Substituting for V(x) from equation 6 and for dC; from 7, and integrating over
the Tength 2 of the winding gives the total Joule heating rate in the

insulator as

v2hse

WD) = [ i, x) =% o (D). (9)
1 S IR0 St N I
Making the substitution from conductivity to resistivity as
pI(Dr) = 1/°I(Dr) (10)
and dividing by equation 5, yields the ratio of the Joule heating rate in the

ceramic to that in the conductor as

W 4 P bs?

1
(D) = (11)
N LR ey

where p_ = conductor resistivity

pI(Dr) insulator resistivity (a function of the dose-rate D)
2 = winding length

b x b = cross-sectional dimensions of conductor
A, = cross-sectional area of coolant channel

§ = insulator thickness.

Equation 11 can be expressed explicitly in terms of the dose-rate D,. by

substituting for p; (Dr) from equations 2 and 10, thus

W b2 fk(T,¢t)Dr

RIS P 12
c b -Aw

16



where f, k(T,¢t) and Dr are defined in equation 2.

Possibly a more interesting parameter for the ceramic is not the total
Joule heating rate Wy (D,) but the Joule heating rate per unit
volume, NIV (Dr’ x), which is a function of position x along the winding
Tength. Accordingly, dividing equation 8 by the ceramic differential
volume 48bdx and substituting for dC; and v2(x) yields the insulator Joule

heating rate per unit volume as
(13)

This has a maximum value at the supply voltage end of the winding (i.e., at

x = 0) of
max Vg
wI (Dr) = . (14)
) pI(D )8
r
Explicitly in terms of the dose-rate, Dr’ this becomes

V2
max _ 0

Finally, dividing equation 13 by the Joule heating rate per unit volume
in the conductor (wc = Vg/(pczz)) gives the ratio of Joule heating rates per
v

unit volume in the insulator and conductor as

W
IV Pc (2-x)2

__.(D’x)=
wCV r pI(Dr) 62

(16)

which has a maximum value at x = 0 of

17



W, max

I p 2

wV (0,) =-——ﬁ§—y-&f . (17)
Cy PPyl s

Explicitly in terms of dose-rate, this becomes

W, max

v (D.) = p. 22 £ K(T,ét) D_/6° (18)
"W;__— r Pe 3 r

v

4.3 Discussion

Consider the implications of equations 11 through 18. From equation 11,
it can be seen that, for a given supply voltage V, and dose-rate degraded
ceramic resistivity Pl (Dr)’ the ratio of the Joule heating rate in the
ceramic insulator to that in the conductor increases as the square of the
winding length 2. The same comment applies to the maximum value of the ratio
of the Joule heating rates per unit volume from equation 17. Now one method
of reducing Joule heating in the conductor winding is to increase the winding
length 2 for the same supply voltage Vo'* Since the winding current decreases
as 1/4, the power dissipation decreases at the same rate, while the total
ampere-turns per unit length are conserved (increasing the winding length for
constant V, is equivalent to decreasing the current density while increasing
the winding cross section). However, while the conductor Joule heating is
decreasing for increasing length, that for the insulator is increasing due to
the increasing cross sectional area of the shunt resistance (see equation
7). The net result is an increase in Wi/We or Wy /wI (max) which scales

v °C
as 22.

*Note that in the conceptual design of the MARS tandem mirror reactor,(Z)
conductor Joule heating rates in the normal-conducting inserts of the hybrid
mirror solenoids will be in the range of 50-100 MW! Therefore, during coil
design optimization, there is a strong incentive to minimize this conductor
power dissipation.

18



The most important parameter for the ceramic insulator is the maximum
Joule heating rate per unit volume, given by equation 14 or 15. In view of
the fact that the thermal conductivity of typical Mg0 ceramic insulation
material is only ~ 1/166 that of Cu at room temperature,(14) there exists a
maximum heating rate in the ceramic, above which thermal runaway effects will
result in insulator breakdown. Under thermal runaway, the radiation-induced
Joule heating Toad in the ceramic cannot be accommodated by the magnet coolant
flow. The resulting deleterious temperature rise in the insulator leads to
thermal excitation of additional charge carriers which contribute to
additional Joule heating in the insulator, thus stimulating further charge-
carrier release in a positive feedback mode. The onset of thermal runaway
effects can be seen in Fig. 1 where there is a large increase in conductivity
for temperatures greater than ~ 1000 K.

With regard to thermal runaway, it is important to note that the total
heating rate in the ceramic insulator includes contributions from both Joule
heating due to dose-rate-induced leakage currents and nuclear heating from the
absorbed dose-rate directly. Since the absorbed dose-rate is simply the
energy deposited per second per unit mass of material, the nuclear heating

rate per unit volume in the insulator is, therefore,

N

Wy

(Dr) = g Dr (19)
v

where e is the ceramic density. Accordingly, combining equations 15 and 19,

the maximum value of the total heating rate per unit volume of insulator is

19



total (D)

wI Maximum dose-rate- Nuclear heating rate
v
= induced Joule heating + per unit volume
rate per unit volume (N? (D))
(wmax (D )) v
Iv r
i.e.,
V2
total _ 0
U, (0 =0 (g FK(Taet) +e) (20)

Just which of these two heating rates will dominate depends on the relative

2

i k(T,ot)/s2 and e as follows:

values of V

If

2

2 K(T,¢t) /62 > ¢ , (21)

v

then dose-rate-induced Joule heating is the dominant effect. If

vg fKR(T,ot)/6 < ¢ , (22)

then nuclear heating is the dominant effect. This will be considered further
in the next section.

One final parameter of interest is the magnitude of the leakage currents
flowing in the insulator. Accordingly, employing equation 7, the incremental
current dI{(x) flowing across the differential portion of insulator of length

dx at a position x along the conductor length is

dl{(D,, x) = V(x) dC(D) = 4 V(x) o (D) %dx ) (23)

20



Integrating along the length ¢ of the winding gives the total dose-rate-

induced leakage current flowing across the insulator as

2bV0 L

Explicitly in terms of dose-rate, Dy, this becomes

= b
II (Dr) =2 f k(T,¢t) D 3

Vo2 . (25)

r 0

The conventional current flowing in the conductor winding is
IC = Vo/Rc

where V, is the supply voltage and R. is the total conductor winding
resistance. Accordingly, dividing equation 25 by I. and substituting for R.
from equation 4 yields the ratio of the total leakage current in the insulator

to the conventional current in the conductor winding as

I bg
(D) =2p_ fk(T,ot) D . (26)
T ¢ r G(bz-Aw)

Note that the leakage current in the insulator becomes comparable to the

conductor supply current when the winding length approaches:

2 1/2
s(b -Aw)

2 (D)~ (5 5. FRIT,487 D) (27)

21



For convenience, a definition of the symbols employed in equations 2

through 27 follows below:

absorbed dose-rate (Gy/s)

powdered ceramic enhancement factor

conductivity - dose-rate proportionality constant (see
equation 2)

dose-rate-dependent conductivity ((Qm)-l)

dose-rate-dependent resistivity (am)

length of magnet winding

length variable in winding direction measured from x = 0
at the supply voltage V,

cross sectional area of conductor

cross sectional area of coolant channel

insulator thickness (see Fig. 3)

power supply voltage

resistance of conductor winding

conductance (271)

Joule heating rate in insulator due to leakage currents

Joule heating rate in conductor

Joule heating rate per unit volume in insulator due to
leakage currents

Joule heating rate per unit volume in conductor
density of ceramic insulator

nuclear heating rate per unit volume in insulator
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total

maximum value of the total heating rate per unit volume in
insulator (due to both nuclear heating and leakage current
Joule heating)

dose-rate dependent leakage current in insulator

magnet supply current in conductor winding
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5. A QUANTITATIVE EXAMPLE OF DOSE-RATE INDUCED JOULE HEATING

5.1 A Representative Conductor Design

For a quantitative assessment of the implications of equations 11 through
18, consider Fig. 4. This illustrates a cross section of the conceptual
magnet winding for the ETF bundle divertor taken from Schu]tz,(13) and
represents a typical extruded conductor design.

Substituting the dimensions from Fig. 4 into Equations 17 and 18 gives
the maximum value for the ratio of Joule heating rates per unit volume of

insulator to conductor as

wI max 2
v _ -2 3 - ~-10 2
—WZ;——-(DF) 1.14 x 10 5}75;7' 2.75 x 10 Dr L (28)

where & is in meters, D. is in Gy/s, and where Pe and K(T,0) have been
evaluated at 100°C which is assumed to be a suitable upper bound for the
magnet operating temperature.

Fig. 5 graphs equation 28, where wIV/wCV is plotted as a function of the
conductor length & for constant values of the absorbed dose-rate D,.. The
shaded area indicates the regime for non-irradiated ceramics (i.e., Dr = 0),
where values of unirradiated resistivities are typically in the range 1010 ¢o
1013 Qm.(lz) The consequences of dose-rate resistivity degradations are now
clearly seen. For example, an absorbed dose of ~ 105 Gy/s yields an
insulator/conductor resistivity ratio of 1.25 x 1010, apparently a very large
difference. However, a winding length of only ~ 180 m of the conductor shown
in Figure 4 would be required for equal values of the maximum Joule heating
rates per unit volume in the insulator and conductor. Computing the length of

winding required for equal currents in the insulator (leakage) and conductor,

via equation 27, yields 2 ~ 440 m. It would appear, therefore, that the
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Teakage current drain on magnet power supplies is unlikely to be a problem
except for very long winding lengths or very high absorbed dose-rates. This
computation of the leakage current assumes that all the insulation is subject
to the same absorbed dose-rate. In reality, inner layers of the coil comprise
an effective radiation shield for the outer layers, thereby reducing the
absorbed dose-rate in the latter. This factor will be discussed further in
section 6.5.

5.2 The Relative Contributions of Nuclear Heating and Dose-Rate-Induced Joule

Heating

As discussed in section 5, the most important parameter to compute for a
particular magnet design is the maximum value of the heating rate per unit
volume in the ceramic insulator. As shown above, this heating rate has
contributions from both dose-rate-induced Joule heating and direct nuclear
heating. Substituting the dimensions from Fig. 4 into equations 14 and 15

yields the Joule heating contribution as

2
v
max _ -1 o _ -9 2
wIV (DY‘) = 3,46 x 10 W = 8.37 x 10 VO DY' (29)

where w?ax is in units of W cm'3, D, is in Gy/s, V, is in volts and where
v

temperature dependent parameters have been evaluated at 100°C (see above).

0

Equation 29 above is for radiation-induced Joule heating only. To
compute the total heating (i.e., radiation-induced Joule heating plus nuclear
heating) equation 20 must be employed. Accordingly, substituting the

parameters from Fig. 4 into equation 20 together with a typical value for the
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density of the powdered Mg0 insulator of 3.22 g/cm3* yields the maximum value

of the total heating rate per unit volume of insulator as

ot (o ) = p (8.37 x 107° V2 + 3.22 x 107%) (30)
v r r 0
where, as above, w?ota] is in units of W cm‘3.
v

Figures 6 and 7 graph equations 29 and 30, respectively. In Fig. 6, the
maximum heating rate per unit volume in the insulator due to radiation-induced
Joule heating only is plotted as a function of the terminal supply voltage V,
for constant values of the absorbed dose-rate D,.. The shaded area indicates
the regime for non-irradiated ceramics. In Fig. 7 the maximum value of the
total heating rate per unit volume in the insulator, due to both radiation-
induced Joule heating and nuclear heating, is plotted as a function of the
terminal supply voltage V, for constant values of the absorbed dose-rate Dy..

It can be seen from Fig. 7 that, at low terminal voltages, the dominant
contribution to the total heating rate comes from nuclear heating alone as
evidenced by the flat portion of the curves. At higher terminal voltages, the
plots begin to turn upwards showing the increasing contribution of radiation-
induced Joule heating which scales as Vi.

The relative contribution of the two heating methods is expressed by the

relationships in equations 21 and 22. Both donate an equal contribution when

*This value is obtained from the density of solid Mg0 (3.58 g/cm3) with the
assumption of a typical packing fraction of 90%.
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) 562 1/2
Yo = Fxrree?) - (31)

Solving this for the conductor design in Fig. 4 for T = 100°C gives
V0 =620 V . (32)
Above this voltage, the radiation-induced Joule heating in the ceramic

insulator will dominate; below this voltage the dominant effect is nuclear

heating. These domains are indicated in Fig. 7.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1 General Conclusions

It has been shown that under absorbed dose-rates typical of fusion
reactor conditions, ceramic insulators will exhibit a significant decrease in
resistivity. Although these dose-rate-degraded resistivities were seen to be
still a factor of ~ 1010 - 1012 greater than the resistivity of copper, the
implications were shown to be important with regard to leakage currents and
resulting Joule heating in the ceramic material.

In the case of extruded magnet windings it was shown, by equations 26 and
27 and the results in section 5.1, that the drain on the power supply due to
leakage currents is unlikely to be a problem except for very high absorbed
doses or very long conductor lengths. However, in section 5.2 it was
indicated that the maximum value of these leakage currents may be sufficient
to Tead to Tocalized thermal runaway in some configurations. For a given
absorbed dose-rate, this will depend critically on the design of the magnet or
insulator assembly and on the magnitude of the stand-off voltage.

6.2 Edge-Cooled Ribbon Wound Magnets

In the case of unshielded normal-conducting magnets which employ a bare
copper alloy ribbon conductor with ceramic insulators between turn-to-turn and
layer-to-layer, the effect is expected to be less significant than for a
magnet employing an extruded winding due to the relatively low layer-to-layer
voltage. In this case, nuclear heating would be expected to be the dominant
heating mechanism for any given absorbed dose-rate.

For example, one possible design considered for the normal-conducting
insert coil for the MARS(Z) hybrid mirror solenoid has been a magnet of this
type with a terminal voltage V, of ~ 6000 V and comprising ~ 25 1ayers(4)

(i.e., a maximum Tayer-to-layer voltage of ~ 240 V). Assuming approximately
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the same insulator thickness (8) as that in Fig. 4, it can be seen from Fig. 7
that such a magnet would be operating in the "nuclear heating dominant"
regime.

6.3 Magnets Employing Extruded Ceramic Insulation

In the case of magnets wound with extruded conductors of the type
considered in sections 4 and 5, the situation is more serious. Here, the
ceramic insulation at the high voltage end of the winding is required to stand
off the full supply voltage between the center conductor and the outer
grounded sheath (see Fig. 3). Due to the relatively Tow thermal conductivity
of the insulator, the maximum heating rate per unit volume will be limited to
a few tens of W/cm3 (and probably to the low end of this range(zs)) although
the actual design 1imit will depend on the heat transfer properties of the
winding cross section.

Consider the typical extruded conductor winding shown in Fig. 4.
Reference to the set of parametric curves for this winding in Fig. 7 indicates
that at an absorbed dose-rate of ~ 10% Gy/s (certainly not an upper limit for
some fusion systems - see section 4), terminal voltages must be reduced
below ~ 700 V in order to 1imit the insulator heating to below
100 W/cmd!

6.4 Direct Convertor Insulators

In the case of direct convertors, which will be incorporated in the end
cells of tandem mirror devices (see section 1), there may be a similar
problem. Generally, the radiation fields (and thus absorbed dose-rates) in
the end cells are considerably less than those in the central cell and
barrier/mirror regions. However, the direct convertor insulators are required
to stand off voltages in the region of tens to hundreds of kV. Therefore, in

view of the fact that radiation-induced Joule heating rates scale as Vg (see
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equations 14, 15 and 20), leakage currents need to be carefully assessed in
any conceptual direct convertor design.

6.5 Methods of Reducing Dose-Rate Conductivity Effects

What methods are available to minimize dose-rate induced conductivity
increases and resulting deleterious Joule heating in ceramic insulators?
Since, as was shown in section 4, such Joule heating scales approximately
as ~ Vg Dr/az, where D. is the absorbed dose-rate and V, is the voltage
applied across a characteristic insulator dimension of § (see equations 14, 15
and 20), it would seem expedient to reduce the first two parameters or
increase the latter. Unfortunately, for normal-conducting magnets, there is a
design conflict here, since small values of & are desirable for high conductor
packing fractions (i.e., high current densities), while unshielded coils
(implying large Dr) are desirable from an economic standpoint (see section 1).

With regard to reducing the supply voltage Vys One method is to employ n
parallel windings of length %/n, each carrying a current I, rather than one
winding of length & carrying this same current. This requires a supply
voltage for each separate winding of only 1/n of that required in the latter
case. However, it also necessitates a current supply bus to the coil capable
of a current capacity of n times that of the latter case. Optimum design is,
therefore, a trade between several conflicting requirements.

One effective means of reducing dose-rate-induced leakage currents
depends on the fact that these currents scale as the product of Vg and Dr'
While for an unshielded coil and given first wall neutron environment, the
peak value of D, is fixed, it is important to notice that the coil itself is a
good radiation shield. Siting the high voltage portion of the windings at the
back of the coil would result in a significantly lower value of D,. for a given

value of Vo'
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6.6 The Need for Further Experimental Data

One final important point should be noted in this work. The analysis in
this report has been conducted using a relatively simple algorithm for
computing dose-rate dependent conductivities (i.e., equation 2). This
algorithm is based on experimental datalll) for one type of ceramic material
(A1503) in one configuration (single crystal) and for a relatively limited
range of absorbed dose-rates induced by one specific radiation type
(electrons). How this data translates to other ceramic materials (e.g., MgO,
MgA1,04, Si3Ng, etc.) in different configurations (e.g., single crystal,
polycrystalline solids, compacted powders, etc.) under different radiation
conditions (e.g., energy-dependent neutron and/or gamma fluxes, etc.), is not
at all clear. Therefore, in view of the current requirements of the U.S.
fusion program, there would appear to be an urgent need for a systematic
experimental program, such that adequate parametric data can be obtained on
instantaneous dose-rate conductivity effects for a wide range of materials and

conditions.
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