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Rediation shielding requirements for fusion resctors present different problems than those for fisson reactors
and accelerators. Fusion devices, particularly tokamak reactors, are compliceted by geometry congraints that
complicate dispostion of fully effective shidding. This paper reviews some of these shidding issues and
suggested solutions for optimizing the machine and biologica shieldng. Radiation transport caculations are
essentid for predicting and confirming the nuclear performance of the reactor and, as such, must be an essentid
part of the reactor design process. Development and optimization of reactor components from the firgt wall and
primary shielding to the penetrations and containment shielding must be carried out in a sensble progresson.
Initid results from one-dimensond transport calculations are used for scoping studies and are followed by
detailled two- and three-dimensona andyses to effectively characterize the overal radiation environment.
These detal modd caculations are essential for accounting for the radiation leskage through ports and other
penetrations in the bulk shield. Careful anaysis of component activation and radigion damage is cardind for
defining remote handling requirements, ingitu replacement of components, and personnel access a  specific

locations ingde the reactor containment vessdl.
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|. Introduction

Shieding for fuson resctors depends on the
operding parameters and physics and  engineering
requirements pecified for the machine. Totd shied
thickness is determined from radiation congraints for in
vessd  components, particularly the superconducting
toroidd (TF) and poloidd (PF) fidd coils Shidd
composition is govened by blanket peformance
requirements,  criticd  component  replacement  and
remote maintenance criteria, and, in some cases, hands
on operations to expedite replacement of criticd
components or routine maintenance.

Dedgning shidding for a fudon reactor is
complicated by the geometry of the device large neutrd
beam injection, hedting, mantenance and diagnogtic
ports, gaps and dits, and dissmilar dose standards for
personnegl and equipment protection. Shielding must (1)
protect the TF and PF coils that are essentid to reactor
operation (invesd shiddingg ad (20 safeguad
operaing personnd and the public (ex-vessd shidding).
For fisson reectors and accderators, radiation can be
reduced by the dispodtion shielding around the reactor
core or acceeraor target. Penetrations in these shidds
are generaly tailored for specific experimentd use.

A summay of fuson reactor shidding issues is
presented. Much of the information presented here is
based on shidding andysss and nudear desgn
cdculations caried out for the  Internationa
Thermonuclear Experimental Reactor (ITER).

I1. Shielding vs. Reactor Geometry

Plasma phydcis and systems designers  specify
operding paameters for the reactor. These include the

firsg wal neutron loading and fluence, fuson power, and
component parameters that must be controlled to achieve
performance objectives. The mog criticad  shieding
requirement is protection of the superconducting coils
(SCC) from excessive nudear hedting, radiation damege,
dose, and neutron fluence. Radiation exposure of remote
maintenance equipment and diagnogic  indrumentation
must aso be within prescribed limits. Any requirement
for hands-on maintenance indde the cryodat will entall
further reduction of the plasma neutron flux..

A coss-sectiona view of a tokamek reactor is
shown in Fig. 1. The blanket-shiddd assambdy, having
nomina thickness Tgs surrounds the plasma and
converts the fuson energy to heat. The blanket, whether
desgned as a shidding or tritiumbreeding assembly, is
designed to convert ~99% of the neutron energy to hest.
A shidd that surrounds the blanket provides additiona
radiation protection to the TF coils. Tgs is determined
mainly on the bass of radiaion damage and nuclear
heeting rate limits specified for the TF coils. Radiation
atenuation must be sufficient to minimize the fast
neutron fluence and digolacement damege to the coil and
stabilizer as well as minimizing the total dose to the coil
winding insulation. For example, the redstance of the
sabilizer increases with displacements per atom (dpa) in
the conductor that is bdanced by increasng the
stahilizer cross-section area resulting in a larger Ty ad
gregter coil cost.

In tokamak reactors, the SSC's operate a cryogenic
temperature  (4°K). Each wat of therma power
deposited in the magnets by neutrons and secondary
gamma rays requires ~500 watts of refrigeration power
to remove the added heat. The blanket-shied attenuation
required to reduce the nuclear hegting rate in the TF
coils can be edtimated from (Pn/Psc) Where R is the total



fuson power and Py is the nudear hedting rate limit in
the SCC (TF plus PF). Heating rae limits in
superconducting TF coils are typicdly 10-20 kW. For
reactors designed to produce 1-10 GW of fusion power,
the blanket-shidd attenuation fector to assure hesting
rate limits are not exceeded in the coils is 10° to 10° In
generd, an inboard shidd thickness, Tes, of 31m is

required to achieve this reduction.
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Fig. 1. Cross Section of a Tokamak Resctor

One of the desgn requirements for ITER was that
dose raes insde the cryostat be low enough to permit
human access for rescue and maintenance activities. The
dose rate for limited human access insde the cryostat a
one-month after reactor shutdown was specified to be
~100 pSv/h. This corresponds to ~7-8 orders of
megnitude smdler dose rate than that a the first wall
region. In ITER the nuclear hedting rate limit in the
toroidd field coils was gipulated to be 17 kW, which is
nomindly five orders of magnitude smdler than the
ITER fuson power (1.5 GW). Allowing for decay after
shutdown, the congraint to reduce the doserate to ~100
uSv/h requires a shidd that provides an additiond ~2-3
orders of magnitude radiation attenuation than required
to satisfy the nuclear heating limit.

As seen in Fg. 1, the inboard shidld dimensions are
congtrained by the avalable space between the plasma
and the inboard TF coil leg dictating careful desgn of
the blanket-shidd thickness and compodition.  Although
there is more gspace avalable for shidding on the
outhoard sde of the plasma, the presence of the large
ports reduce shielding effectiveness and particular care

must be pad to shidding each mgor penetration
particularly the neutral beam injection ports.

I11. Methods of Shield Analysis

Table 1 ligs some of the radiaion transport and
activation codes and nuclear data currently being used to

support fusion reactor shield design.
Table 1. Radiation Transport Codes and Data
Geometry 1-D 2-D 3-D
Determinigtic Codes
ANISN, ONEDANT X
DORT, TWODANT X
TORT, THREEDANT X
Monte Carlo Codes
MCNP, MORSE X
Activation Codes
DKR-PULSAR, THIDA, X X X
FISPACT X X
Cross Section Data

FENDL-MC, -MG, -ACT

For initid nuclear andyses, onedimensond (1-D)
cdculaions ae used primarily for shidd configuration
and materid optimizaetion. These data offer reactor
designersinitid guidance on

- basic reactor neutronic parameters,
- component dimensions,

- material compositions,

- shidding efficiency,

- energy release distributions,

- sources of residud radioactivity and
- sengitivity analysis.

Two- and threedimensiona radiation transport
codes are required to teke into account the toroida
geometry and the presence of large ports and other
penetrations in the shield assembly. Two-dimensond
methads are used to analyze components of the reactor
that can be characterized by symmetry about a sngle
axis. Three dimensiona trangoort methods are used for
detaled andysis of ports and penetrations and for
asessing the effects of radigion on components outside
the primary shidding, i.e, eectricad connections, coolant
pipes, diagnostic systems, etc.

1. OneDimensional M odeling and Scoping Analyses

Scoping  cdculaions for  providing  preliminary
neutronics information are most readily performed using
one-dimensional  transport  methods. Fig. 2 shows a
toroida cylindrical reactor model that sSmultaneoudy
includes the inboard and outboard components of the
reactor. The dimensons of the components are taken




from the engineering drawings furnished by desgners
Plasma phydcigs define the plasma radius and the
disance from the main axis to the plasma center (mgor
radius). The 14.1 MeV neutrons produced in DT
reections in the plasma migrae through the components
depositing energy and producing secondary gamma rays.
Cdculated nuclear  responses are generdly normdized
to the first wal neutron loading (MW rﬁz) or the total
fuson power (MW). Onedimensond codes are used to
cdculate the radid dependence of the neutron and
gamme-ray flux in the machine components.
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Fig. 2. Toroidd One-Dimensionad Modd of aFusion
Reactor

Fig. 3. shows the radid dependence of the neutron
and gamma ray flux in the inboard components of the
reactor. The component dimensions correspond to those
in ITER. The flux distributions are plotted as a function
of distance from the reector axis. Included in the figure
are the totd neutron and gamma-ray fluxes, the neutron
flux >0.1 MeV, and the therma neutron and 14.1 MeV
neutron distributions.

Specific rediation responses, Rngr), ae ascertained
by folding the neutron and/or gammaray flux, F ng(EJ),
with desired response function, GgE), to estimate
parameters of interest using

Rngr) = OF (E,Y) G4E) dE.

The use of 1-D methods for sengtivity caculations
is demonstrated in Fig. 4. Plotted in the figure is the totd
nuclear heating in the TF coils as a function of the
compostion of the blanket shield assembly. For this
cdculation, it is assumed that the assembly is comprised
of danless sted and water. Caculdions are caried out
for different oedl-water mixtures in the blanket and

shidd. Hedating in the coil is minimized when the
materid  compodtion is ~75%SS-25%water. Also  shown
in the figure is the advantage gained when the boron
concentration in the SS is increased. Increesng the
concentration of boron in sed, particulaly in the
structural components a rear of the shidd, reduces the
therma neutron flux leeking form the shiedd and, as a
result, fewer neutron capture gamma rays (~8 MeV) ae
produced in the coil structure.
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Fig. 3. Radid Dependence of the Neutron and Gamma
Ray FHux in the Inboard Side of the Reactor in Fig. 1
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Fig. 4 Nudear Hedting Rate inthe TF Coilsvs. Stedl
Fraction inthe Blanket -Shidd Assembly

One of the difficulties encountered in 1-D andyses is
accurate  homogenization of blanket and  shidd
components. Homogenization of the blanket is difficult
because the disposition and compostion of materids
varies toroidadly and it is not posshle to accurately
account for joining assemblies, dectricd  connections,
and coolant manifold piping. The digribution of
materialsin the blanket and shield also vary poloidally.



V. Two Dimensional Modeling and Analysis

Reactor components that are symmetric about a
sngle axis can be effectivdy sudied usng two
dimensona trangport methods. Simplified and complex
2-D modes in RZ, XY ad RQ geomeries have been
used to determine

« radiation environments and nuclear responsesin
reactor in-vessel components,

* nuclear responsesin the divertor,

« radiation effectsin poloidd field coils from
streaming through vertical and equatoria ports,

« streaming through ICRF, ECRF, NBI, divertor and
diagnostic portsto assessthe effects of design
peculiarities (assembly gaps and penetrations) on
the nuclear hegting and radiation effectsin the TF
coils, and

* biologica shidding and building congtruction to
quantify dose rates to operating and casua
personnel and estimate skyshine during operation
and component replacement.

A two-dimensond RZ modd of a typicd neutrad
beam injector penetration through the blanket and shield
is shown in Fig. 5. Included in the modd are the plasma
region, outboard blanket and shidd, a neutrd beam
injection (NBI) port with a SSH2O-layered beam guard,
mid-plane port wals, an adjacent toroidd fidd coil
(modeled approximately), cryostat and biological shield.
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Fig. 5. RZ Modd of aNeutra Beam Injection Duct

This modd was used to cary out sengtivity
cdculations of the specific and integral responses in the
TF coil as a function of the port radius and wal
thickness Fg 6 shows a an example, that an
acceptable vaue for the TF  coil nudear hedting of ~0.15
kW can be redlized only for a port having an equivalent
radius of ~0.5 m and a port wal thickness not less than
~50 cm.
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Fig. 6 Nuclear Hegting in a TF Coil Near an Open
NBI Port as a Function of Port Radius

These data can be used to construct parametric
functions rdlating the nuclear responses in the coils to
radigtion sreaming through a neutra beam injection
duct having an equivdent radius of R, ad a wadl
thicknessof T,,. That is

Ry = N*exp(Kr Rp— K1 Tw)
where

Rn is the response to be determined, N is a normalization
factor, Kr is an exponentid factor for the port inner
radius R,, and Kt is an exponentia factor for the wall

thickness Tw. The expresson is vdid for vaues
50<Ry<130 cm and 20<Tw<50 cm.

Normdization and attenuation factors calculated for
ITER operating a 15 GW fusion power and 1 MW nf
neutron loading on the firs wdl are given in Table 2.
The minimum port wal thickness to achieve the
response design limits in a TF coil adjacent to the NBI
port is summarized in Table 3. For example, the totd
nucler energy release in a TFC can be edimated with an
accuracy of ~20 % using the expression

TFC-Hesting [kW] = 31 exp (0036 R,- 0.14T,,).

Loca and tota nuclear responses in the TF coil are
proportional to the fast neutron flux incident on the TF
coil surfaces. The fast neutron flux is aso proportiona
to the secondary photon source intensty and the nuclear
energy rdease in maerids in the space between the
shidd and the cryostat.



Table 2. Factors for Estimating Nuclear Responsesin a TF Coil Near aNBI Port

Response Dimensons N KR, cm-l KT, cm-l
Fast Neutron Flux in the Superconductor nem'’s 8x10" 0.040 0.15
Fast Neutron Fluence in the Superconductor nemfl MWa  25x10® 0040 0.15
Specific Energy releasein the Stedd TFG-Case Wient 0.023 0.038 0.13
Specific Energy releasein the NbgSh wier 0.0013 0.038 0.15
Damagein the Cu-stabilizer dpa/l MWa 0.00092 0.040 0.15
Epoxy -Dose rad /1 MWa 15x10° 0.040 0.15
Tota Energy RdeaeinaTFC kw 31 0.036 0.14

Table 3 Minimum Sidewall Thicknessto Achieve Response Design Limitsfor aNBI Port

(R,= 117 cm)
Parameter Limit Wall Thickness, cm
Fast newitron fluence in NbgSi+superconductor ~10" nfen? 25
Fast neutron flux ~10" nem’s 32
Specific energy releasein NbzSt-superconductor <1mwicm?® 34
Damagein Cu-stabilizer <5x10dpa 35
Integral dose in the Epoxy-insulation ~10° red 36
Specific energy releasein the steel TFC-case <2mwicm?® 53
Nudear hegting ratein the TF Coil near the port ~03 kW 63

VI. Three-Dimensional Modeling and Analyses

The performance of the bulk shidding in a fuson resctor
can be reasonably well estimated using one- and two-
dimensonad radiation trangport methods and modes.
The principd problems facing nucler andyss and
reector desgners is the impact on  component
performance from radiation dreaming  through  the
numerous gaps, dots, and mgor penetrations that exist
in the reactor. In ITER, for example, there are sixty
mgor large penetrations in the blanket and shidd thet,
unless properly shidded, will sgnificantly diminish
reector performance. The ITER ports are summarized in
Table 4. The principal sources of nuclear hegting in the
TF coils and cryogenic temperature components inside
the cryostat are due to plasma neutrons and prompt
secondary gamma rays produced by neutron reactions. A
large fraction of the energy from these radigtion modes
is depodted in the toroidd fiedd coils and inter-coil
structure that covers most of the outer surface of the
torus.
Table4. ITER Port Configuration

No. of Ports
Vertical Ports
Coolant 10
Diagnostic 10
Equatorial Ports
Neutral Beam Injection 3
Electron Cyclotron Heating 2
lon Cyclotron Heating 3
Remote Handling 4
Test Blanket 4
Diagnostic 4
Divertor Ports
Remote Handling 4
Pumping 16

Three-dimensiond Monte Calo calculdions
provide the most accurate estimates of radiaion
streaming through these ports. Modeling the ports is, to
some extent, |abor intensive and computation time may
be long but current computers have high processng
speeds tha make the effort both worthwhile and
effective. A few examples of port andyses are given
here to illusrae cdculationd methods and shidd
requirements to adequately protect the magnets.

In ITER, the shidding in and around dl ports were
to satisfy two criteria:

- minimize the nuclear hedting in the TF and PF
coils and cryctemperature components near the port
ad
- reduce the shutdown dose rates at specific pointsin
the cryostat to levels that would permit personnel
access operations at two weeks after shutdown.
The requirements to accomplish both place an extreme
burden on port shield design.

VI1.1. Vertical Port Shield Plug Efficiency

Threedimensond Monte Carlo caculaions were
caried out to determine the shidding as a function of
shiedd plug gructure in the vertical port to minimize the
nuclear heating rates and other nuclear responses in the
TF and PF coils in the vicinity of these ports. The
cdculationa geometry isshownin Fig. 7.

A port shidd plug assembly having the equivaent
thickness and compostion of the primary shiedd was
positioned at three different positions in the vertical port:



(1) originating a the mouth of the port opening, (2) in
the middle of the vacuum vessd and extending up
through the port, and (3) with the primary shidd in place
but no shield extending into the port.

It was shown that neutron and photon streaming
through the verticd port has a grester impact on the
toroidd coil nuclear hedting then sreaming through an
equatorid port. The verticd port is closer to the TF coils
and PF #2 and #3. With no shielding plugs in the port,
the tota nuclear heating (20 coils in ITER), particularly
in parts of the coils close to the vertica port openings, is
~50 kW; wdl above the dlowed limit of 17 kwW. A
shielding plug properly stuated in the port and similar in
composition  (60%SS40%Water) to the primary reactor
shidd reduces the nucdlear heating in the TF coils to an
acceptable leve of 1-2 kW. The hedting rates in the
nearby PF coils #2 and #3, because of their proximity to
the mouth of the port, are strongly dependent on the
vertical dispodtion of the shied plug in the port. See
Table5.

PF # 2 TF Coil

Shield P|ug\

Fig. 7.Vertical Port Modd and Adjacent Components

Table5. Heating Ratesin PF Coils 2& 3 vs. Verticd Plug

Configuraion

Configuration P2 PR3
No Shidding Plug 24KW 8kw
Vertical Plug in Position (1) 60 W 1.7 kW
Vertical Plug in Position (2) A 280 W
Vertica Plug in Position (3) 4w 0W
Vertical Plug in Pogtion (3): with mnow 50 W
coolant pipesin port

VI.2. Neutral Beam Injection (NBI) Ports

The NBI Ports are the largest potential source of
radigtion streaming among the equatorid ports and

require careful shidding desgn. Plasma hedting in ITER
is accomplished with three neutra beams tha enter the
plasma region tangent to the plasma axis @& R = 65 m
(~35° to the mgor radius). The interior spaces of the
NBI ports are completely opean to dlow injection of
deuterons from the source directly into the plasma
Neutrons from the plasma sream directly through the
ducts and deposit energy in the TF and PF cails,
components near the duct wadl, and sysems insde the
cryostat. The angle at which the injection duct enters that
plaama brings it in close proximity to the TF coils
limiting the thickness of shidding that can be added to
the port wals. Other equatorid ports, for example
eectron cyclotron (ECH), ion cyclotron (ICH),
diagnogtic, and test blanket assemblies, are largdy filled
with the components of these systems that reduce
streaming.

According to Table 3, the minimum NBI duct
Sdewadl thickness to achieve a nuclear hedting rate of
~0.3kW in a TF coil is 63 cm. Nuclexr hedting in TF
coils around the three NBI ports was caculated using
Monte Carlo methods with the model shown in Fig. 8.
After careful andyds it was determined that a ~60-cm-
thick shidd comprised of  60%SS-40%water extending
from the plasma region to the cryostat was necessary to
reduce the heeting rate in the magnet to an acceptable
vaue. Theresultsare givenin Table 6.

_Additional

Shield

Fig. 8. Cdculaiond Modd for Estimating Streaming
through the NBI Ducts

Table 6. Nuclear Heeting in the TF Coils around the NBI

Ports
TF Coil Location Nuclear
Intercoil Structure Location Heating Rate
(W)
TF coil between #2 - #3 NBI Ports 46
Intercoil Structure Above and Below Port #2 0.6
Total (for 3 NBI Ports) 140

Nuclear hegting rate distribution on the duct wall
aurface is adso important for the mechanica design of the




duct since much higher heat loads occur at locations nesr
the plasma than a the vacuum vessd surface. The heat
load is given by the source neutrons (volumetric heat
load) and by Xreys from the plasma (surfece heat |oad).
Monte Carlo calculations were conducted using the 90°
mode to evauate these quantities.

The nuclear heat deposition in the inner surface
layers of the NBI-ports was dso cdculated using Monte
Calo methods Two cases were studied to estimate the
nuclear heating in the firg Xcm of the duct wal. In Case
1 the first Xemthick layer is comprised of Be, Cu-HoO-

SS ad SSH2O while in Case 2, the firs 1-cmrthick

layer is pure danless gsed. The caculated nuclear
hesting profiles on the NBI port duct wal are shown in
Figure 9 (for Case 1) The figure shows the surface
nucleer hedting didributions (averaged over 1-cm-depth)
in the “facing” and “hidden” surfaces of the NBI duct.
The “facing” surface is that seen directly by neutrons
dreaming through the port and the “hidden” surface is
that in the shadow of the duct opening. Results ae
smilar for thedl SSliner (Case 2).

Nuclear Heat Density (W/cc)

10
—&—hidden surface

—li—facing surface

N
1L T PPested

0 50 100 150 200 250

Distance from the First Wall along the Beam Line
(cm)

Fig. 9. Nuclear Hesting Load on the NBI Port Wall
(Averaged over 1-cm Depth in the Be, Cu-H20O- SSad SS
H20 Layers)

V1.3. Divertor Pumping Ports

The divertor ports are comprised of sixteen pumping and
four remote handling ports. The pumping ports have
cryopumps in the duct space. The remote handling port
has a wider port cross section for remova of the divertor
cassttes for maintenance and replacement.

This section summarizes the results of 3-D Monte
Calo cdculations to edimate the nuclear hesting in the

TF and PF coils and asociated cryogenic components
from streaming through the divertor ports. Fig. 10 shows
the cdculationa modd of the divertor pumping port. All
of the cryogenic components are modded; i.e, TF and
PF cails, intercoil gructure, PF coil clamps, Bresk Box,
and cryogenic coolant feed lines. Six pipes that supply
water coolant to the divertor cassettes pass through the
top part of the port and through the cryostat. The pipes
are pardld to the top surface of the port and the upper
and sde port walls shidd the mgor length of the pipes.
The length of the pipes between the closure plate and the
cryostat are not shielded.
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Fig. 10. Divertor Pumping Port Model

The nucler hegting in the TF coll and associated
components around the divertor ports is summarized in
Table 7. In this table the nuclear heating rate in the coils
around the four remote handling ports has been included.

Table 7. Nuclear Hegting Rate in the TF Cail
Components around the Divertor Ports

Nuclear Heeting (W)
Location For one Port Total
(20 Cails)
TF Cail 18 350
Centrd Intercoil Structure ~35 70
Lower Intercoil Structure ~16 330
Total ~3 750

A few examples of the detalled caculationa effort
required to asess and desgn component shidding
minimize the nucdear heeting in the superconducting
coils have been briefly illustraed. A more complete
discusson of port shidding andyss may be found in the
ITER Find Design Report documentation.

VI11. Other Shielding | ssues
Other sources of radiation dso lead to exces

heeting the TF, PF and other cryo-temperature
components. In ITER, for example, and other fusion




reactors where water is proposed as the coolant,
radioactive °N will be produced via (np) reactions in
%0. Water coolant return lines that pass close to these
components will be exposed to 613 and 7.12 MeV
photons that arise from N decay. Detailed andyses are
necessary to determine optimum routing of the coolant
pipes and locd pipe shielding. Typica results obtained
from '°N photon energy deposition in the ITER TF and
PF coils are summarized in Tables 8 and 9, respectively.

Table 8. "N Decay Gamma-Ray Nudlear Hesting in the

Toroidd Fidd Cails
Port kW
Vertical Ports 0.34
Equatorial Ports 121
Divertor Ports <0.1

Table 9. "N Decay Gamma-Ray Nuclear Heating in tre
Poloidd Fidd Cails

|_ Port || kw
Vertical Ports 0.12
Equatorial Ports 1.00
Divertor Ports 0.08

The energy deposition in the ITER TF cails from al
sources is summarized in Table 10. The totd hegting rate
in the cols is ~7.3 kW giving a sfety factor of
gpproximately two compared to the design limit of 17
KW.

Table 10. Integrated Nuclear Hegting in the Toroidal
Field Coilsand Intercoil Structures

TF Coil Components and Locations kW
Inboard Legs ~1.2
Upper Ports (20):

Blanket cooling pipe ports (10) ~1.3

Diagnostic ports (10) ~0.2

Intercoil structures (20) ~0.3
Mid-Plane Ports (20):

ICRF Ports (3) <0.3

NBI Ports (3) 0.14

ECH Ports (2) <0.2

R. H. Ports (4) <0.1

Test Blanket Ports (4) ~0.05

Diagnostic Ports (4) ~0.07
Divertor Ports (20):

Toroida Field coils ~04

Intercoil structures ~0.4
N16 Decay Gamma Rays*

Verticd Ports 0.34
Equatorial Ports 121
Divertor Ports <0.1

Total ~7.3

" Includes the heating in the poloidal fidd coil clamps,
cryogenic lines, and bregk boxes.

VIII.Conclusion and Comments

This paper has focused on the shielding required to
minimize the nuclear hegting in the TF and PF coils of a
fusion reactor. As noted above, this is firgt requirement
facing nudear and dedgn enginears. Unless the coils are
properly protected from the plasma radiation by both the
blanket-shidd bulk shidding and the proper maor
penetration  shidding, the coils could be rendered
ineffective or require so much additiond refrigeration
that the cost would be overwhelming.

The meits of taloring shidding materid
compogition have only been mentioned briefly.
Reducing the fractions of cetan dements in the
sructurdl  materids, particularly if it is dainless-ded,
can condderably reduce activetion and, in so doing,
reduce the dose rae after shutdown thus meking human
acocess more feesible.

When the protection and performance of the in
vess?l components have been assured, then attention can
be drected to exvessd <hidding The reactor
containment  building condgruction will, to a lage extent,
determine the dispodtion of biological shidding. If the
reector is in ground as in the cae of ITER, the shidding
will serve largely for the protection of equipment in
odleries outsde the containment vessa. The shidding
dong the top of the contanment will have to be
sufficient to assure the safety of operating personnedl.
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