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Abstract

A neutronics analysis using the Monte Carlo method is carried out for the
end-plug penetration and magnet system of a tandem mirror fusion reactor. De-
tailed penetration and magnet three-dimensional configurations are modelled.

A method of position dependent angular source biasing is developed to ade-
quately sample the DT fusion source in the central cell region and obtain flux
contributions at the penetration components.

To assure cryogenic stability, the barrier cylindrical solenoid is
identified as needing substantial shielding of about one meter of a steel-
lead-boron carbide-water mixture. Heating rates there would require a
thermal-hydraulic design similar to that in the central cell blanket region.
The transition coils, however, need a minimal 0.2 m thickness shield. The
leakage neutron flux at the direct convertors is estimated at 1.3 x 1013
n/mz‘s), two orders of magnitude lower than that reported at the neutral beam
injectors for tokamaks (around 1017 n/(mz's) for a 1 MW/m? 14 MeV neutron wall
loading). This result is obtained through a coupling between the nuclear and
plasma physics designs in which hydrogen ions rather than deuterium atoms are
used for energy injection at the end plug, to avoid creating a neutron source
there. This lower and controllable radiation leakage problem is perceived as
a potential major advantage of tandem mirrors compared to tokamaks and laser

reactor systems.



I. Introduction

The present work is concerned with the neutronics shielding aspects of
the barrier regions and end plugs of a tandem mirror reactor (TMR).

The WITAMIR-I conceptual design is a D-T fusion cycle TMR which aims at
maximizing 'Q (the ratio of the fusion energy to the injected energy), to a
value of 28, while retaining the features of a near term commercial reactor of
3000 MW of DT fusion power (1530 MWe). Both radiofrequency and neutral beam
injection plasma heating are used, as well as direct conversion of ion energy
to electricity. The potential for steady state operation, the much simpler
blanket/shield and central cell coil design (compared to tokamaks), and the
potential of burning advanced fuels such as D-D and D—3He, are some of the
attractive features of TMRs.(l) As shown in Fig. 1, the system comprises a
central cell surrounded by solenoidal magnets and end plugs consisting of
magnets of complex geometrical configurations. Neutral beam injection and
radiofrequency heating are done outside the central cell. This is a major
advantage from the shielding polnt of view compared to other fusion concepts.
In the TMR case, the neutral beam injectors and the radiofrequency heating
ducts will not be in direct line of sight of the central cell fusion plasma
neutrons and as shown in Fig. 2, the D-T reaction reaches a zero value at the
center of the end plug. The barrier cell will have a less intense source
which will irradiate the heating units for this region. Injection of D into
the end plug as is used in a previous design(z) for plasma heating is inten-—
tionally avoided in favor of H ion injection heating. This eliminates signi-
ficant DD and DT neutron production at these positions, and avoids serious
neutron leakage through plasma heating penetrations, a problem that is generic

to other fusion concepts. For example, Jung and Abdou(3) report neutron
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fluxes at the end caps of neutral beam injectors for a tokamak design of the
order of 1017 (n/mz's) for a 1 MW/m? 14 MeV neutron energy wall loading.
Ragheb, Klein, and Maynard(4’5) report neutron fluxes of the order of 1014
(n/m%*s) after the second beam reflection in a laser-driven ICF reactor. The
latter flux is estimated to lead to a 10° rem/hr neutron dose rate at this
position for a 14 MeV neutron source strength of 1021 (n/s).

In spite of this advantage, the end plug in the TMR is still subjected to
neutron bombardment by neutrons born in the central cell portion of the re-
actor. In particular, the barrier cylindrical solenoid will need adequate
shielding against these oncoming neutrons. The yin-yang, transition and
recircularizing coils will also be subjected to leaking neutrons. The direct
convertor at the end of the end plugs will see both line of sight and scat-
tered neutron radiation from the central cell. The present study was under-—
taken to quantify the radiation shielding and leakage problems in the end plug
of a typical TMR. To deal with the complexity of the three—dimensional geo-
metrical configurations, Monte Carlo was used for the treatment of the
problem. The MORSE Monte Carlo Code was used(6), as well as cross section
data sets by Ford III et al. (7 and Abdou et al.(8) The geometrical model
will be exposed in Sec. II including an analysis of a method of position
dependent angular source sampling that was developed to adequately sample the
central-cell neutron source. Results of calculations are discussed in Sec.
IIT.

II. Calculational Model

II-1, Geometrical Configurations and Material Compositions

Figure 3 shows the actual geometry in the end plug, and Fig. 4 the geo-

metrical model adopted for the calculations. Because of symmetry, half the
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central cell is considered in the calculation with a reflecting boundary
condition at its center. The half length of the central cell is 46 m and the
plasma radius is 1.35 m. A clearance of 0.2 m was left between the plasma and
the first wall. The blanket (region I) was divided into two zones 1 and 2 of
0.1 and 0.653 m, respectively. The entire end plug penetration was surrounded
by a 0.1 m penetration shield thickness with the composition in Table I, and
having the shape shown in Fig. 4. This shield is constricted in a conical
shape inside the cylindrical solenoid and is divided for estimation purposes
into four zones 3, 4, 5, and 6 in its converging part (II), and one zone 7 in
its diverging part (III). The cylindrical solenoid (V) is divided into six
detector zones: 9-14. Its composition is a homogenization of magnet materi-
als as shown in Table I.

The penetration shield for the front transition coil (IV) is designated
as zone 8, and takes the form of a parallelepiped that starts with a wide base
and then is constricted to a thin slit of 0.34 m width and 4.42 m length.
Through this slit the magnetic field lines take the form of a fan and enter
the yin-yang coil region (VII). In this region the penetration shield is
divided into two zones 16 and 17. The end part shield for the second recircu-
larizing coil is designated as region VIII (zone 18). To quantify the neutron
leakage from the system, the penetration is ended by an end plug slab (VI) of
the same material as the penetration shield. Notice that the penetration
shield undergoes two perpendicular squeezes into thin slits so that the end
slab sees in direct line of sight a small solid angle of the central cell
neutron source.

The first transition coil is modelled in its exact dimensions as shown in

Fig. 5 and is designated as region IX (zone 19).



Table 1

Material Compositions and Elemental Mixes Used in Calculations

Region Composition Nuclide Density

[atoms/barn.m)] x 10~2

I, Blanket Pb 2.381-02
90v/o Lij7Pbgy Breeder and Coolant L1 4.512-03

+ 10v/o Ferritic Steel (11 w/o Cr 6L 3,658-04

+ 89 w/o Fe) Fe 7.678-03

Cr 1.019-03

IT. Shield Fe 4,607-02
60v/o Ferritic Steel + 15v/o Pb Cr 6.115-03

+ 15v/o B4C + 5v/o HyO Pb 4,945-03

10y 3.270-03

g 1.308-02

12¢ 4.,087-03

Iy 3.337-03

164 1.668-03

I1I. Magnets 2im 3.629-02
60v/o Al + 30v/o Cu + 10v/o He Cu 2.547-02

‘e 1.836-03

IV, First Wall Fe 7.678-02
Ferritic Steel (11 w/o Cr Cr 1.019-02

+ 89 w/o Fe)

V. Reflector Fe 7.294-02
95v/o Ferritic Steel Cr 9.682-03

+ 5v/o H,0 Coolant 1y 3.337-03

16 1.668-03




§=65°
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Figure 5. Geometry of one of the transition coils.



We concentrate our attention in the present work on developing the
methodology to adequately sample the central cell neutron source as shown in
the next subsection and study its effect on the end part of the penetration,
in particular the constriction part (region II), recircularizing (IX), and
cylindrical (V) coils, as well as the leakage from the system at the slab plug
(VI). These are the parts to be most affected by the central cell neutron
source. Future studies will also have to consider the yin-yang coils and the
second recircularizing coil, and the contribution to the neutron production
(even though much smaller than in the central cell) at the barrier region
(regions II, III, and IV).

IT-2, Position Dependent Angular Source Biasing

The total DT fusion power of the reactor is P¢ = 3000 MW. This corre-

sponds to a source strength of:

P_.C
_ f 6 [14 MeV neutrons]
S =175z x 10 second (1)

where C is a conversion factor of Joules to MeV (0.62418 x 1013). Substi~
tuting for the different factors we get: S = 1.063 x 1021 (n/sec)., This

corresponds to a l4.1 MeV neutron wall loading of:

14.1 ) x 1
17.62 21(1.55)92

3000 x ( = 2.68 Mi/m> .

Our flux estimates will be given in units of [n/m? * source particle] so that
absolute flux values can be obtained by multiplying by S * AQ/4m to get the
fluxes in units of [n/m2 sec]. We considered one quadrant of the geometry in

our modeling so that AQ/4w = 1/8.

10



The first column of Table II shows that sampling the neutron source uni-
formly and isotropically in the central cell fails to lead to any flux esti-
mates at the end parts of the penetration and at the first recircularizing
coil, even when larger numbers of histories were used. Thus it was necessary
to develop the technique of position dependent angular source biasing as
explained below. The technique is an extension of the well-known method of
angular source biasing, where the angular biasing of a source particle will
depend on its position in the penetration.

First an axial position z is sampled uniformly along half the penetration

length from the distribution function:

dz _ dz

—_ . (2)
fﬁdz L

p(z) =

(We experimented with biased source position sampling with an isotropic source
without the same improvement effect as in the case of angular source biasing.)
Second, the solid angle subtended by the penetration end from that posi-

tion z is calculated as:

2

_ _rds _ rr sin 0d6d¢ _

Q = fdﬂ = f—— = f 5 27 (1 cosel).
r r

Writing down the expression for cos 6; in terms of the penetration radius R,

cell length L (see Fig. 6), and axial position z, we get:

1

M’

Q= 2n [1 - ] . (3)

11



Table II

Scalar Neutron Fluxes [n/m2 * source particle] x 1074

For Isotropic and Forward Biased Source

Sampling in Different Reactor Regions (2000 histories)

Region

Zone

Isotropic Uniform

Source in Central
Cell

Forward Biased,
Uniform Source
in Central Cell

II.

III.

Iv.
V.

vi.
VII.

VIII,
IX.

Blanket Central Cell

Barrier Solenoid Front
Shield

Barrier Solenoid Back
Shield
Transition Coil Shield

Barrier Solenoid

Penetration Plug
Yin-Yang Coil Shield

End Part Shield

Transition Coil

~N OO W

o]

10
11
12
13
14
15
16
17
18
19

2.5771-05(0,027)*
8.7237-06(0.009)
5.7600-06(0. 154)
4.9386-06(0.160)
4.1473-06(0,218)
3.0498-06(0.202)
1.9361-07(0.240)

5.5724-08(0,439)
6.5995-07(0.269)
3.4467-07(0.374)
7.0234-08(0.469)
9.6962-08(0.830)
9.2967-08(0.720)
2.0241-08(0.573)

3.7952-05(0.096)
6.6793-06(0.091)
5.2856-06(0.174)
3.1065-06(0.233)
2.3040-06(0.197)
2.5236-06(0.273)
1.1663-07(0.307)

3.1038-08(0.760)
1.2934-07(0.314)
1.5548-07(0.294)
1.9865-07(0.378)
9.4308-08(0.520)
3.9598-08(0.685)
3.7901-09(0.924)
1.7648-09(0.592)
3.9392-09(0.722)
5.5289-09(0.924)
1.3640-10(0.570)
4.0982-10(0.922)

% , .
Numbers in parentheses are fractional standard deviations.

12
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For an isotropic source, the probability of a particle emerging within @

is:
_ f
P; Ty (4)

and the probability of a particle emerging in the solid angle (41—Q) will in

turn be:
= - = __&
Py = 1 Py 1 4 ° (5)

One can assign arbitrary probabilities p] and pj), for particle births in
either Q or (4m—Q) solid angles, provided their statistical weights wy and wy
are adjusted according to:

PP Y

It
o
p—

} (6)

Py ¥y

such that:

v v =

Substituting from Eqs. 4 and 5 into Eq. 6, we get:

14



} (7)

As an example, if @ = 2w, with p] = 1 and p} = 0; implying wy; = 0.5, this is a

case of forward source biasing. If P} = 0.9 and pj = 0.1, then the source

particle weights would be w, = Z:  (1/0.9) = 0.5555, and

_ 2w 1 _ = =
L Wl vl v i 5.0. In both cases the probabilities P = pp = 0.5 are
preserved.,

In our calculations, we experimented with several values of pi and p) and
chose p} = 0.9 and p) = 0.1. This choice leads to particles reaching the
reactor extremities without collision 90% of the time and particles suffering
at least one collision before reaching these zones 10% of the time. In this
way, contributions from all particles will still be obtained. This is thought
better than considering purely forward source biasing without the other compo-
nent., Figure 6 shows these choices of the cosine of the angle 9, where direct
particles are favored with respect to indirect particles. In this case the
source statistical weight adjustment for direct and indirect moving particles

will be respectively:

(8)

15



by use of Eqs. 3 and 7.

A radius is then sampled for the source particle from the distribution

function:

2nrdr - 2rdr
fRZWrdr R2
o

p(r)dr =

and an azimuthal angle from the distribution function:

p(¢$)dé ='—;gi“ =_E%$

)
I, dé

(9

(10)

where we are using one quadrant of the geometry with reflecting boundaries to

account for symmetry.

The last step in the source sampling is the sampling of the polar angle.

For direct directions this is sampled using the distribution function:

2 d
0(9) = g sin 6 d6

2nf 1 sin 9 do
o

which samples isotropic vectors within the conical half angle:

-1

8, = cos [ (L - 2)

1 .

/&2 + (L - z)2

In the same way for indirect directions,

p(0) = 2w :1n 0 de .
2% f sin 6 d6
61

16

(11)

(12)



Where the above methodology is applied, contributions to different parts
of the end plug penetration can now be obtained as shown in Table II, even for
small numbers of particle histories (2000 histories). In the next section we
discuss the application of the developed methodology to obtain quantities of
interest in the penetration.

I1I. Discussion of Results

ITII-1. Scalar Flux Distributions

The methodology developed in the last section succeeds in obtaining esti-
mates in the end plug penetration caused by the central cell neutron source.
Table III shows these results and their corresponding standard deviations for
2000 and 8000 particle histories, for a penetration shield thickness of 0.l m.

For the case of 8000 histories, at the penetration plug (region VI) we
get an estimate of the flux with 367% fractional standard deviation which is
quite good for our type of survey calculations. Using the source strength
estimate for this particle design from section I1.2, we can estimate the

leakage neutron flux as:

1.063 x 102!

8

x 9.8492 x 10710 x 10™ = 1.31 x 10%¢a/n? - )

where the division by the factor 8 accounts for using one quadrant of the
geometry in our modeling. This identifies the need for adequate shielding at
the end of the penetration to avoid serious activation of the charged particle

direct—energy convertor beyond this point. As shown in Table IV, the contri-

~11
bution to the scalar flux there is 4.7178 x 10 = 57 from direct line of
-10
9.8419 x 10

sight 14 MeV neutron radiation, the rest being intermediate energy group

17



Table IIT
Effect of Increasing the Number of Histories
on the Flux Estimates in the Central Cell and End Plug of the TMR.

Uniformly Distributed, Forward Biased Source in Central Cell.

[n/m2°source particle)] x 10

-4

Effective Penetration Shield Thickness = 0.1 m.

Region Zone 2000 Histories 8000 Histories
I. Blanket Central Cell 1 3.7952—05(0.096)* 4,1262-05(0.043)
2 6.6793-06(0.091) 7.7188-06(0.043)
II. Barrier Solenoid Front 3 5.2856-06(0.174) 5.2437-06(0.085)
Shield 4 3.1065-06(0.233) 4.8442-06(0.099)
5 2.3040-06(0.197) 3.7601-06(0.124)
6 2.5236-06(0.273) 2.3820-06(0.147)
III. Barrier Solenoid Back 7 1.1663-07(0.307) 1.4502-07(0.227)

Shield

IV, Transition Coil Shield 8 3.1038-08(0.760) 3.4541-08(0.276)
V. Barrier Solenoid 1.2934-07(0.314) 2.4778-07(0.185)
10 1.5548-07(0.294) 2,0933-07(0.250)
11 1.9865-07(0.278) 1.9423-07(0.230)
12 9.4308-08(0.520) 7.6307-08(0.318)
13 3.9598-08(0.685) 4.8229-08(0.352)
14 3.7901-09(0.924) 3.4796-09(0.404)
VI. Penetration Plug 15 1.7648-09(0.592) 9.8492-10(0.360)
VII  Yin-Yang Coil Shield 16 3.9392~-09(0.722) 2.0527-09(0.615)
17 5.5289-09(0.570) 3.1262-09(0.655)
VIII. End Part Shield 18 1.3640-10(0.570) 7.2900-11(0.333)
IX, Transition Coil 19 4,0982-10(0.922) 3.4235-09(0.825)

*
Numbers in parentheses are fractional standard deviations

18



Different TMR Regions.

Number of Particle Histories:

Table 1V

Total, Thermal, and 14 MeV Group Neutron Flux Components in

8000.

Effective Penetration Shield Thickness = 0.2 m.

-4

[n/(m?* source particle)] x 1077,

Total Scalar

Thermal Group

14 MeV Group

Region Zone Flux Flux Flux
I. Blanket Central 1 4,0225-05 9.4417-11 8.3862-07
Cell 2 7.6330-06 1.7644-11 3.3045-08
II. Barrier Solenoid 3 4,6877-06 2,1065-12 1.9958-07
Front Shield 4 3.1426-06 7.8637-12 9.0889-08
5 2,0096-06 2,3138-12 3.4453-08
6 1.1431-06 3.4976-12 8.5859-09
III. Barrier Solenoid 7 8.9974-08 4,7289-14 1.1205-10
Back Shield
IV. Transition Coil 8 3.1736~-08 1.3962-15 9.0361-11
Shield
V. Barrier Solenoid 9 6.3143-08 1.2200-13 1.3733-11
10 4,1566-08 3.3235-12 1.6357-12
11 3.5821-08 8.0941-13
12 9.2307-09 1.8568-14
13 8.9983-09
14 6.9132-10
VI. Penetration Plug 15 9.8419-10 4,7178-11
VII. Yin-Yang Coil 16 2.6279~12 1.6843-14
Shield 17 9.5934-10 2,3358-12
VIII., End Part Shield 18 4,5833-11 9.4176~-13
IX., Transition Coil 19 1.0475-11

19



components, since the thermal neutron components would have been absorbed
along the penetration.

As previously done in a laser—-fusion reactor(s) penetration the incor-
poration of boron in the material of the penetration liner would reduce this
leakage, e.g., by use of Boral. The use of a flux trap at this point seems
also necessary at the location of the penetration as suggested for a similar
system in reference (5). The charged particles to the direct convertor can be
bent using magnets as suggested by Moir, Barr and Miley(g), to let the
neutrons fall into the flux trap.

A matter of previous concern was the tapered portion of the barrier sole-—
noid shield. On the one hand, this part sees the whole length of the central
cell source in a line-of-sight manner, but on the other hand it sees the
neutron source from one side only compared to a first wall point, which sees
it from both sides so that an estimate of the flux was needed. Our calcula-
tions show that the flux there will be less than at the first 10 cm of the
blanket in the central cell. In fact, from Table III, in zone 3 of the

-6
barrier solenoid front shield the scalar flux is: 5.2437 x 10 T~ 12.7% of

4,1262 x 10
that at the first wall. From Table IV, the 14 MeV group flux ratio is

1.9958 x 1077

= 23.8%.

8.3862 x 107/
The transitional coil (region IX) coil received an average flux of

(multiplying the values of Table III for 8000 histories by the source

strength):

1.063 x 1021

8

x 3.4235 x 102 x 10% = 4.549 x 10*° (a/m? + &) .

This is substantial and means that the originally chosen penetration shield

20



thickness of 0.1 m is insufficient,

The effect of altering the material thickness of this penetration shield
on neutron fluxes in the magnets surrounding the penetration will be studied
by varying the effective optical thickness of the penetration shield rather
than changing the actual geometry. This is achieved by modifying the macro-

scopic cross section by a factor n as:
Z=nl =nqNg (13)

where: I, I, are the modified and original macroscopic cross sections(lz),

respectively,
N, is the original nuclide density,
o] is the material microscopic cross section.

For an optical thickness of the original system:

2 =_.t_= tel (14)
o Ao o

where: t is the geometrical thickness,
A, is the original material mean free path,

the modified optical thickness will be (using Eqs. 13 and 14):
g=f=tz=ntz = . (15)
A o o
Thus the complicated task of changing a complex three dimensional geometry can
be replaced by the simple task of modifying the mixing of the cross section by

a factor n multiplying the number densities of the materials in the code

21



input; this will lead to the increase of the optical thickness of a given
region n times.

Table V shows the results of this type of calculation where the effective
penetration thickness is increased for 0.l m to 0.2 m by the use of n = 2 in
Eq. 15. This increase in the shield thickness leads to about an order of
magnitude attenuation of the scalar flux at the barrier solenoid (region V),
and to two orders of magnitude attenuation at the first transition coil
(region IX).

III-2, Estimated Required Penetration Shield Thickness

We use as a criterion for the magnet shielding that the limit on local
nuclearly induced resistivity increase does not exceed 10% of the unirradiated
value assuring cryogenic stabilization(ll). Cryogenic stabilization requires
that the heat transfer from the stabilized conductor matrix must be sufficient
to transfer the Joule (IZR) heat generated in the stabilizing material when a
flux jump occurs. Since the magnet conductor currents must remain constant,
an increase in Joule (IZR) heating will occur through an increase of conductor
resistance. The consequences of superconducting magnets going normal in a
fusion reactor are likely to be grave, due to the large amount of energy
stored in them, and the activation radioactivity in the adjacent components.
This makes stabilization of superconducting coils in fusion reactors an
important consideration.

For Al and Cu at 20 K the resistivity is:

5.4 x 10—5 K oem |,

]

Pa1

7.7 x 10-5 K e m .
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Table V
Effect of Doubling the Optical Thickness of the TMR

End Plug Penetration Shield on Fluxes at Magnets

(8000 Histories).

[n/mz‘source particle] x 1074,

Region

Zone

Effective Shield Thickness (m)

0.10

0.20

I,

II.

I1I.

Iv.

VI.
VII.

VIII.
IX,

Blanket Central Cell

Barrier Solenoid Front
Shield

Barrier Solenoid Back
Shield
Transition Coil Shield

Barrier Solenoid

Penetration Plug
Yin~-Yang Coil Shield

End Part Shield

Transition Coil

~N Oy B W

10
11
12
13
14
15
16
17
18
19

4.1262-05(0.043)

7.7188-06(0.043)
5.2437-06(0,085)
4.8442-06(0.099)
3.7601-06(0,124)
2.3820-06(0.147)
1.4572-07(0.227)

3.4541-08(0.276)
2.4778-07(0.185)
2.0933-07(0.252)
1.9423-07(0.230)
7.6307-08(0.318)
4.8229-08(0.352)
3.4796-09(0.404)
9.8492-10(0.360)
2,0527-09(0.615)
3.1262-09(0.655)
7.2900-11(0.333)
3.4235-09(0.825)

4.0295-05(0.035)
7.6330-06(0.031)
4.6877-06(0.090)
3.1426-06(0.104)
2.0096-06(0,115)
1.1431-06(0.191)
8.9974-08(0,206)

3.1736-08(0.276)
6.3143-08(0.411)
4.1566-08(0.451)
3.5821-08(0.774)
9.2307-09(0.496)
8.9983-09(0.777)
6.9132-10(0.728)
9.8419-10(0.548)
2.6279-12(0.527)
9.5934-10(0.977)
4.5833-11(0.369)
1,0475-11(0.874)

*
Numbers in parentheses are fractional standard deviations



The maximum allowable increase according to our stated criterion will be:

=AM s54x10% 0 e

- - -6 .
(SpCu = '1‘0—- 7.7 x 10 ].ﬂ m .

An allowable flux level ¢, at the magnets can be calculated, as suggested

by Lee in Ref. 2, from:

=% 1
Ya = T7dy £, (16)
where: t,. is the required irradiation time (sec),
Y 1is the neutron fluence (n/mz),
dp/dy is the slope of the relationship between p and w’(Z)

~ 2,210 x 10720 ¥ =1 £ g,

n/m2

= 6.500 x 1072° iﬁli%fﬁ for Cu.
n/m
Annealing at room temperature produces 85% recovery in Cu and complete
recovery in Al, even though the influence of cyclic irradiation is uncertain.
Thus, if we want a one year time span between room temperature anneals of

cyrogenic aluminum, the allowable flux level at the magnets must be:

5.4 x 1070 1

= X ~ = 7.747 x 10' n/(n®es)
2,210 x 10 3.154 x 10

$,(A1) =
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and for copper:

7.7 x 1078 1

¢a(Cu) = =5¢ ¥ 7 = 3.760 x 1012 n/(m20s) .
6.5 x 10 3.154 x 10

Since Al has a value of ¢, lower than that for Cu, for a conservative design,

we use the value of ¢, for Al.

If we assume a flux attenuation of the form:

= -X_ X 7
b = ¢, exp (- LX) (17)
where: A is an attenuation mean free path,
¢ and ¢, are assumed measured at the center of two penetration shield
thicknesses y and x respectively, such that y > x;

then we can estimate a local flux attenuation coefficient from:

- X

X = L] 18
For y = 0¢2 my, x = 0.1 m, as used in Table V, we can estimate local values for
A as shown in Table VI for the magnet regions of interest. Using these calcu-

lated values of A, one can now calculate a shield thickness y for a given

allowable flux ¢, from

%
y=%x+ 2\ 1In — ., (19)
%2

For the x = 0.1 m case results from Table V, values of the required penetra-

tion shield thicknesses are shown in Table VI,

25



Table VI
Required Penetration Shield Thicknesses to Attenuate
Scalar Flux in Magnets to Allowable Limit:

9,(Al) = 7.747 x 1011 n/m2-g,

Region Zone ¢o( g ) o ; ) A(m) Required
mos mes Local Shield
x=0.1m y=0.2m Attenuation Thickness
Mean Free (m)
Path
V. Barrier 9 3.292+17 8.390+16 0.0366 1.05
Solenoid 10 2.781+17 5.523+16 0.0310 0.89
11 2,581+17 4,760+16 0.0296 0.85
12 1.014+17 1.227+16 0.0235 0.65
13 6.408+16 1.196+16 0.0298 0.77
14 4,624+15 9.186+14 0.0310 0.64
IX. Transition 19 4,549+15 1.392+13 0.0086 0.25

Coil

Po Yox
(L)
_ 2\
| 9= ¢, e
! I
| f -
| |
] ]
] |
l l
et %~
-‘—-——-———y—————"
|yx |
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Based on the chosen criterion it appears that about 1.05 m of shield
thickness will be sufficient to shield the cylindrical solenoid of the barrier
coil, particularly its zone 9.

The shielding for the transition coil, however, needs only 0.247 m of
shielding with the composition of Table I.

III-3. Heating Rates in Different Penetration Components

Table VII shows the heating rates due to neutrons both in units of
MeV/source neutron, and as volumetric heating rates in units of MW/m3. It can
be noticed that thé barrier solenoid shield has a high volumetric heating rate
(5.8 MW/m3) that is comparable to that at the central cell (8.1 MW/mB). As a
consequence this part of the shield will require a special thermal hydraulic
design similar to that of the first wall/blanket region. The heating rate
drops to low values in other parts of the penetration, and no substantial
cooling is needed there. These estimates need to be supplemented by estimates
of y=-ray heating for an exact determination of the nuclear heating. The sum
of the total nuclear heating and the nuclear-induced 2R heating through the
increase in resistivity must then be made to be a fraction of the 12R heating
in the unirradiated coil, through adequate shielding.

In parts of the shield with low volumetric heating rates, low cost
concrete or lead mortar shielding(A) can replace the more expensive steel,
lead and boron carbide shielding mixture used in the present study.

I1I-4. Atomic Displacements and Gas Production Rates

The atomic displacement rates in units of displacements per atom per year
are shown in Table VIII for the Al and Cu constitutents in the magnets for two
thicknesses of the penetration shield of 0.1 m and 0.2 m. For comparison, the

atomic displacement rates at the blanket first wall in the central cell are
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Table VII

Heating Rates in Different Penetration Regions.

Effective Penetration Shield Thickness: 0.2 m.
Region Zone Volume MeV Per MW/m3 Fractional
Source Standard
m3 x 1016* Neutron Deviation
I. First 0.1 m 1 1.160x10° 4.431+00 8.132+00 0.033
of Central 2 9.330x107 2.395+00 5.465-01 0.037
Cell Blanket
II. Barrier 3 1.418x10° 3.836-02 5.759+00 0.075
Solenoid 4 1.607x10° 2,841-02 3.763+00 0.090
Front Shield 5 1.311x10° 1.582-02 2,569+00 0.106
6 9.642x10% 6.042-03 | 1.332+00 0.162
III. Barrier 7 9.020x10° 4,897-03 1.156-01 0.165
Solenoid Back
Shield
IV, Transition 8 1.440x10° 2,348-03 3.,471-02 0.238
Coil Shield
V. Barrier 9 1.910x10° 6.581-04 7.335-03 0.440
Solenoid 10 1.910x10° 3.959-04 4.413-03 0.416
11 1.910x10° 2.274~04 2.534-03 0.668
12 1.910x10° 8.692-05 9.688-04 0.509
13 1.910x10° 7.326-05 8.165-04 0.654
14 1.910x100 3.057-06 | 3.407-05 0.707
VI. Penetration 15 3.610x10° 3.385-05 1.996-03 0.437
Plug
VII. Yin-Yang 16 5.660x10° 1.224-06 4,604-06 0.404
Shield 17 5.660x10° 2,752-04 1.035-03 0.974
VIII. End Part 18 1.440x10° 3.977-06 5.879-05 0.364
Shield
IX. Transition 19 3.650x10° 2,319-07 1.353~06 0.852
Coil

%
Volumes pertain to one quadrant of the geometry.
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Table VIII
Atomic Displacement Rates in Magnet Components (dpa/year)

Effective Penetration Shield Thickness = 0.2 m

Region Zone Al in Magnets Cu in Magnets
Barrier Solenoid 9 1.477-01 8.192-02

10 6.860-02 4,093-02

11 4,311-02 2.803-02

12 1.924-02 1.068-02

13 2,927-03 2.623-03

14 5.552-05 1.773-04
Transition Coil 19 2.952-05 1.595-05
Stainless Steel in first 0.1 m of

Central Cell Blanket 1 4,472+01

Effective Penetration Shield Thickness = 0.1 m

Region Zone Al in Magnets Cu in Magnets
Barrier Coil 9 4,712-01 3.110-01

10 2,201-01 1.570-01

11 2,841-01 1.874-01

12 1.444-01 8.569-02

13 5.020-02 3.666-02

14 9.031-03 5.286-03
Transition Coil 19 1.233-04 1.043-04
Stainless Steel in first 0.1 m of

Central Cell Blanket 1 4.566+01
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shown for the two cases of 0.1 m and 0.2 m shield thickness. This again
identifies the barrier solenoid as an area that needs better shielding, since
the ratio of displacement rate there in region IX to the dispacement rates at
the central cell is only ~ 1072, It can be noticed that Al sustains higher
displacement rates than Cu. As shown in Table IX it will also sustain higher
He gas production rates than Cu (although less in terms of H gas production),
which may lead to swelling probelms, unless properly shielded.

As a check on our calculations of the required shield thickness in the
last section, we use the following more recent equation for the radiation
induced resistivity (pr) for Cu:(g)

~563d

G ps(l— e ) Qem (20)

where: pg = 3 x 1072 Q.m, is the saturation resistivity,

[a N
[

the total number of displacements.
If we consider a value of p,. of 10%Z of the saturation resistivity for Cu,
then:

p. =3 x 10—10 Qem
r

This 1is about a 657 increase 1in the resistivity of Cu at 80 kG: 4.6 x 1010

8)

f*m, and according to Abdou,( requires a change of the conductor surface
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Table IX

Gas Production Values in Magnet Components (appm/year).
Effective Penetration Shield Thickness = 0.1 m.

Hydrogen Gas Production

Region Zone Al in Magnets Cu in Magnets
Barrier Solenoid 9 1.712400 1.924+00

10 1.504-01 3.407-01

11 1.845-01 3.280-01

12 3.108-02 1.616-01

13 8.940-02 1.397-01

14 5.516-03 6.780-03
Transition Coil : 19 2,549-05 2.995-04
Stainless Steel in first 0.1 m of

Central Cell Blanket 1 7.081+02

Helium Gas Production

Region Zone Al in Magnets Cu in Magnets

Barrier Solenoid 9 7.913-01 2,430~01
10 6.148-02 2,016~-02
11 8.800-02 2,710-02
12 1.378-02 4,421-03
13 3.598-02 1.105-02
14 2.627-03 7.981-04

Transition Coil 19 4,308-12 0.000+00

Stainless Steel in first 0.1 m of

Central Cell Blanket 1 1.673+02
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width by less than 30% to keep the operating current constant. Such modifi-

cation can practically be done without much difficulty. Thus if:

P _
Lo0.10=1-¢703 |
pS

we get as a value of the allowable dpa in Cu:
-4
da = 1.871 x 10 dpa .

Concentrating our attention on zone 9 of the barrier solenoid, and in

analogy to Eqs. 17 and 18, we can estimate a local dpa attenuation coefficient

from:

A= = X [m]

T2 In @_7d) (21)

where: d and d, are the dpa values calculated at the center of two shield

thicknesses y and x respectively.

From the results of Table VIII we can estimate A for zone 9 as:

\ = 0.2 - 0.1
2 1q 30110 x 10_2
8.192 x 10

T = 0.037 m

>

which is not much different from the value obtained for the scalar flux local

attenuation coefficient in zone 9 as: 0.033 m. Again, in analogy to Eq. 19,

we can write for the required shield thickness to reduce the dpa to the

required value d, as:
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«
]
b
+
N
>
l—l
]

(22)

which leads to:

1
A

3.110 x 10
1.871 x 10

y =0.1+2x 0,037 In

0,649 m .

or: y

This value pertains to Cu, which was noticed to undergo less displacements
than Al. For a conservative design (and since no data were located for Al for

an analogous equation to Eq. 25), we obtain the corresponding value for Al as:

4,712 x 10
3,110 x 10

v - o dpa (Al) _
y y dpa (Cu)

1
= 0.983 m

0.649 x : ,

which is not much different from the result obtained in the last section as
1.050 m for Al, and checks the validity of our calculations in the last
section depending on two data sources.

IV. Conclusions and Recommendations

We analyzed in this paper the problem of neutron leakage through the end
parts of a tandem mirror reactor, and the shielding of the associated magnet
system at this position. The central cell, end plug, and associated magnet
system were realistically modelled in a three—dimensional way, and the Monte
Carlo method was used in the calculations. To get significant contributions
at the end-plug components from the central cell neutron source, a method of

position dependent angular source biasing was developed, and applied
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successfully. The suggested approach may prove useful in similar radiation
streaming problems in fusion reactors.

The penetration shield thickness was varied and the required shield
thicknesses were determined so as to ensure cryogenic stabilization in the
coils. The cylindrical barrier solenoid is identified as requiring careful
shielding in the range of 1 m thickness of a steel-lead-boron carbide~water
shielding mixture. This shield will also be subjected to a large volumetric
neutron heating (5.8 MW/m3) that is comparable to the one in the blanket at
the central cell (8.1 MW/m3). Thus this part of the shield will need thermal
and hydraulic designs similar to those in the central cell. The other magnets
in the penetration, however, do not need so much shielding. For example, the
first transition coil only needs about 0.2 m of shielding. Another signifi-
cant result of our study is the estimate of the flux at the direct convertors:
1.3 x 1013 n/(mz's). This 1s two orders of magnitude lower than that re-
ported(B) at the neutral beam injectors in tokamaks of around 1017 n/(mz's).
This result stems from the possibility in tandem mirrors of injecting hydrogen
ions in the end plug for plasma heating instead of deuterium ions. This
avoids the creation of a DT or a DD neutron source in the end plug region.
This encouraging result toward solving the radiation streaming problem in this
fusion system was arrived at by close collaboration between the plasma and the
shielding designers. This is of course possible in other fusion concepts once
the radiation streaming problem is clearly identified at an early stage in the
design. The lower radiation leakage in this system is perceived as a po-—
tential major advantage of tandem mirrors compared to toroidal systems and
laser reactor systems. We think it can be further reduced by dumping the

leakage neutrons at the end of the mirror into a neutron flux trap, and
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directing the charged particles into the direct convertors through flux di-
verting coils. This idea needs further investigation and would lead to even
less neutron leakage and consequently, to minimal activation in the direct

convertors.
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