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ABSTRACT

The TFCX conceptual designs call for the con-
struction of the reactor torus through the use
of “"ple-shaped™ segments for mechanical and
maintenance congiderations. The use of this
concept results {n hot spots in the inboard
section of the torodial fleld (TF) coils due
to neutron and photon streaming through the
slots between the segments. This work studies
these effects on the nuclear responses in the
TF coils and introduces design solutions to
reduce the {mpact on the reactor design.

[. [NTRODIUCTION

In most of the fusion reactor atudies,l'5
the ghield systems addressed only two types of
shields. These are the bulk shield for the
plasma chamber and the penetration shields for
the large openings in the first wall. The
iaportance of these two types of shields
results from their direct impact on the reac~
tor cost. The economic analyses show that
their capital cost representa 8 to 16X of the
total direct cost.':* However, there {8 an-
other «class of shielding problems which
recelved wmuch less atteation from the fusion
design community. Theae shielding problems
have a major impact un the reactor performance
and require design modifications to moderate
thelr {mpact. They result from neutrons and
photons streaming through small penetrations
or slots required for the design. For exam-
ple, slots between reactor segments l(ampact the
performance of toroidal field coils and the
radiation exposure levels {nside and ourside
reactor halls. Algso, small penetrations, of
less than 100 cm¢ in the cross sgection ares,
are required for diagnostics and fueling.

Receatly, an {interesting ttudy6 wvas per-
formed on neutren streasing chrough several
types of circular diagnostic penetrations in a
fusion reactor shield, In this study, the
shield coneisted of graded layers of steel and
water with a total thickness of 130 cn
producing a total neutron flux attenuation

of 5 x 107%. These layers were stacke? to
form a cylinder where a glane source was lo-
cated in the front of the first layer repre~
senting the firat wall. A vacuuem boundary
condition was uged on all outer surfaces. The
use of a S5-cm radius straight-through circulzcr
penetration in the shield reduced the total
neutron flux attenuation factor to 1 x 107~ at
the penetration exit, Thi{e change in the flux
level at the outer shield surface will cause
about six order of magnitude local increase in
the nuclear heating, the radiastion damage in
the reactor components, 2ad the rcadiation
exposure.

Another study7 was carried out to deter-
mine the neutron dose rate through straight
and eingle bend slots with various thicknesses
in a one-meter-thick shield (80 Type 316
steel and 20% water by volume). A uniform
plane source with & cosine angular distribu-
tion and 14 MeV neutron energy were employed.
The results of this study’ showed four order
of magnitude i{icrease in the neutron dose rate
due to 5-ca straight slot relative to the
unpenetrated shield. Adding a single bend of
60° to this slot reduced this increase in the
dose rate to a factor of 300 instead of the
four order of magnitude.

This paper studfer, for the first time in
any fuslon reactor atudy, the neutron and pho-
ton sircaming in the inboard asection of toka-
mak reactor using the TFCX as a vehicle for
the etudy.. The TFCX conceptual designs call
for the construction of the reactor torus
through the use of “pie-shaped™ segments for
fabrication and wmaintenance considerations.
The use of chis concept results {n slota
between the reactor segsents causing hot spots
{n the inboard sectfon of the torvoidsl field
coils from radistion stresming. This work
quanti€ies the change L[n the nauclear re-
sponses, auclear heating, fluence, insulator
dose, and astomic displacement In the copper
stabilizer, as a function of the slot width
and fintroduce possible design solutions to
reduce the impact on the reactor designs.



[l. GEOMETRICAL MODEL AND SOLUTICN PROCEDURE

As aentioned before, two types of slolLs,
straight end siagle bead with widths of 3, S,
and 7 cm were considered for each. The redial
butld up of the TFCX geometry with a 60 cm
inboard shield thickness at the wmidplane is
shown 1a Table 1. The shield composition
given {n Table 1 {s based on the optimization
study of the TFCX bulk shield. The {nboard
shield consists of 80X type 316 steel and 20%
water by volume with 2 cm boron carbide, with
0.7 density factor, at the back of the
shleld. The boron carbide acts as a sink for
the low energy neutrons which reduces the neu-
tron absgsorption i{n the toroidal fleld coils
and consequently the nuclear heating. The
outhoard shield is {ncluded in the geometrical
model to {nsure the right boundary conditions
for the {nboard section of the shield. In
order to carry out this study, esach slot was
{mplemented 1in the (nbcard section of the
shield as shown 1in Figs. 1 and 2. For the
stralght slot, the geometrical model uses a
15° slice representing one half of a reactor
segment which makes use of the reactor sym-
metry. The boundary conditions are vacuum at
the outer surface of the outboard shield and
specular reflection on both sides of the slice
under consideration. In the vertical direc-
tion, the geometrical model has no spatial
variation and specular reflection on the top
and bottom of the geometrical model. Such a
choice of the boundary coanditions produces the
maximum nuclear responses expected in toroidal
field coils due to slot streaming at the mid-
plane. The neutroa soutrce has a uniform dis-
tribution over the plasma volume and an {iso-
Lroplic angular distribution. The source Iis
located between R = 294 and 506 cm and has the
same height of the geometrical model. In the
case of the single-bend slot, the slice has a
30° angle as shown in Fig. 2.

The transport calculations were performed
ustng the Monte Carlo code MORSE®  wich P3
legendre expansion for the scattering cross
sections. A 67-multigroup cross section set
hased on ENDF/B-IV (46~neutrons and 21-pho-
tons) collapsed from the CTR llbrary9 was
used. The MACKLIB1O was employed to calculate
the nuclear rerponses in the TF coils.

In all the calculations, the {nboard
shteld and the TF coils were subdivided {nto
small zones to facilitate the use of geometric
splitting and Russi{an Roulette variance reduc-~
tfton sgchemes. Also, the subdivisions were
utilized for tallying the nuclear responges.
In the source saampling process, a biasing
technique was eaployed to increase the number
of neutrons generated near the slot area.

I1I. RESULTS AND DISCUSSIONS

Monte Carlo calculstiona w:re carried out

in a parametric fashion for the two slot types
congidered in this study as well as ancther
case without any slot. The 24° angle of the
single bend slot was chosen based on fabrica-~
tion and replacement considerations. The
track length estimators were used to calculate
the nuclear responses reported 1a this
paper. Each zone used for tallying 18 divided
into two sections. The first section {8 fac-
ing the slot exit, the hot sgpot, because ir 1is
expected to have the maximum nuclear responses
for the cases under consideration. The second
aection {s the rest of the zone away from the
slot exit. The case without the slot gives a
reference to compare the relative changes (n
the nuclear responses tesul:ing from the
existence of the slots in the inboard section
of the reactor.

Table 2 gives the nuclear heating (and
the fractional standard deviation) in the TF
col) case and the front section of the winding
material normalized to 1 MW/m* neutron wall
loading at the first wall. The straight slots
with 3, 5, and 7 cmn increase the nuclear heat-
fng in the Bection of the TF coil which does
not face the slot by factors of 5, 14, and 26
relative to the no slot case, respectively.
Also, a similar increase has occutred (n the
TF coll winding materfal.

Such an 4dncrease in the nuclear heating
has a significant impact on the design of the
TF coils and the refrigeration power required
for removing the hest load. Bending the slot
as shown {n Fig. 2 reduces this increase 1a
the nuclear heating by a factor of two.

The sgection of the TF coil facing the
alot exit gets a larger local {increasa 1in the
nuclear heating as given {n Table 2. This
increase relative to the no slot case is given
in Table 3 and it s defined as the nuclear
heating factor. This local increase in the
nuclear heating effects the cryogenic svabil-~-
ity of the coils and it should be considered
in the TF coil design.

The atomic displacement {n the copper
stabilizer and the radiation dose 1n the
thermsl {nsulator normalized to 1 HW.y/a‘ are

given {n Table 4. These responses have
changes siailar (o the nuclear heating dis-
cussed above. The increase {in the copper

atomic displacement at the slot exit will
increase the copper resfistivity which sggra-
vates the local heating problems ({in this
area. Again, this change in the copper resis~
tivity can be accommodated by using s copper
stabtlizer which fncreases the coil thickness,
or it can be partially annealed out by waraing
the coil, or the slot geometry can be rede-
signed to reduce the radiation etreaming. The
change {a the {nsulator dose i{s more serious
because the rasdiation damasge caused by high
dosea 1e {rreversidle and limits the operating
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TABLE 1. RADIAL BULLDUP AND MATERIAL COMPOSITION FOR EACH ZONE
Zone Zone Radius (cm) | Width Composition
Nunbers Description From To (cm) Volume percentage
F__‘__- - 4
1 TF nagnet 161 189 28 5X NbTi, 23X Cu, 45X Type 316
2,3 189 191 2 steel, BY epoxy
4,5 Magnel case 191 196 S 100Z Type 316 steel
6,7 Thermal insulator 196 203 7 12 epoxy
8,9 Vacuum vegsel 203 213 10 100X Type 316 sceel
21 Gayp 213 216 3 Vacuum
10 Shieid jacket 216 218 2 1002 Type 1316 steel
11 B,C 218 220 2 100X B,C (0.7 density faccor)
12-16 Inboard shield 220 274 54 80X Type 316 steel, 20X HZO
17 First wall 274 276 2 50X Type 316 steel, 50% HZO
18 Graphite 276 281 5 100% graphite
Scrape-of f 281 294 13 Vacuun
23 Plasma 294 506 212 Vacuuwm
Scrape-off 506 513 7 Vacuum
19 Flrst wall 513 515 2 50 Type 316 steel, 50 H20
20 Qutboard shield 515 545 30 80Z Type 316 steel, 10X H,O,
10T B,C (0.7 density factor)
TABLE 2. AVERAGE ZONE HEATING IN THE TF COLL CASE AND WINDING MATERIAL
NORMALIZED TO 1 MH/mZ NEUTRON WALL LOADING AT THE FIRST WALL
Slot Average Zone Heating (aW/cmd)
TF Coil Case Front 2 cm of TF Coil
Type Width Sectlon Relative Winding Materlal Relative
(cm) to the Slot Exit to the Slot Exit
Away Facing Away Facing
S
No slot - 7.44-12(0.20)b - 6.74-1(0.20) -
Strafight 3.0 3.66+0(0.19) 1.23+1(0.27) 2.80+0(0.20) 6.71+0(0.23)
Stra! ght 5.0 1.02+1(0.18) 2.81+1(0.32) 8.61+0(0.19) 2.02+1¢(0.23)
Straight 7.0 1.95+1(0.20) 5.80+1(0.22) 1.57+1(0.19) 4.04+1(0.22)
24° Single bend 3.0 1.84+0(0.22) 3.33+0(0.31) 1.64+0(0.25) 2.80+0(0.36)
24° Single bend 5.0 5.62+0(0.20) 1.33+1(0.28) 4.48+0(0.22) L.34+1(0.45)
24° Single bend 7.0 9.69+0(0.14) 1.99+1(0.16) 7.42+40(0.15) L.41+1(0.16)

8 7.44~1 reads 7.44 x 10~1,
The aumber in parentheses

Is the fractional standard deviation.




TABLE 3. NUCLEAR HEATING FACTORS® IN THE TABLE 5. ATOMIC DISPLACEMENT AND THERMAL
TOROIDAL FIELD COIL INSULATOR DOSE FACTORS
i |
’ Slot Nucl. Htg. Factor : Slot Thermal Ins.
TF Cofl Width | Atomic Dis. Dose
Type Yidch TF Coil Winding Type (cm) Factor Factor
(cm) Case Material
I Straight 3 11.8 13.7
Stcaight 3 16.5 10.0 Stratght S 41.8 44,4
Straight 5 37.8 30.0 Straight 7 78.3 91.1
Straight 7 78.0 59.9 24° Single
I2h° Single bend 3 3.3 4.7
! bend 3 4.5 4.2 24° Single
24° Single bend 5 20.6 20.3
bend 5 17.9 19.9 24° Single
24° Single bend 7 22.5 25.3
bend 7 26.7 20.9

2 Nuclear heating factor is defilned as the
rati{o between the maximum nuclear heating
due to the slot divided by the nominal
nuclear heating without glot in the same

reactor component.

TABLE 4. ATOMIC DISPLACEMENT IN THE COPPER STABILIZER AND RADIATION DOSE
IN THE THERMAL INSULATOR NORMALIZED TO 1 MW.y/m

l Slot Atomic Displacement fa the
’ Type wideh Front 2 cm Section of the Thermal Insulator Dose
? (cm) Copper Stabilizer Relative Relative to the Slot
. to the Slot Exit, dpa Exit, rads
! Away Facing Away Facing
No slot - 5.77-4(0.20) - 2.25+9(0.19) -
Straight 3 2.23-3(0.21) 6.81-3(0.33) 9.44+9(0.21) 3.08+10(0.24)
Stratght 5 7.53-3(0.25) 2.41-2(0.27) 2.82+10(N.21) 1.00+11{G.31)
Straight 7 1.39-2(0.26) 4.52-2(0.26) 5.59+10(G.24) 2.05+11(0.30)
24° Single bend 3 1.36-3(0.25) 1.88-3(0.29) 5.96+9(0.25) 1.06+10(0.32)
24° Single bend 5 4.04-3(0.20) 1.19-2(0.41) 1.55+10(0.21) 4.56+10(0.25)
24° Single bend 7 5.97-3(0.20) 1.30-2(0.18) 2.57+10(0.18) 5.69+10(0.17)




1ife of the coil. Table 5 shows that the TF
coil has to be designed one to two orders of
magnitude below the radiation damage limits to
accommodate the slots in the iudoard shield.

1V. CONCLUSIONS

This gtudy demonstrates the strong impact
on the TF colls of narrow slots between the
reactor segments.

The 1impact was quantified for the
stralght and the 24° single bend slots ag a
function of the slot width. The results show
one to two order of magritude increase in the
nuclear responses of the TF coills relative to
the no slot case typically used in the design
studies. The single bend has half the impact
compared to the strajight slot. The usBe of
wotre than one bend in the slot snd a different
angle for the bend requires more investigation
to {mprove the shield performance.
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