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The first tokamul; experimental power reactor
(CPR) is planned for operation in the mid-ISSO's. The
logic lcuJing to the size of the OKNL reference
reactor, the technical features of the plasma and
energy conversion systems, and the predicted para-
meters consistent with several operating modes are
discussed in this paper. The mechanical aspects of
the blanket and shield systems and an evaluation of
their m'clear performance including tritiun breeding,
nuclear beating and radiation damage are also given.

Plasma System Parameters

All of the objectives for the CPU lead to the
requirement, that fast-charged particles, both fast
ions due to injection ami thermonuclear-produced

, alpha particles, be efficiently contained within
the plasma volume. The device imist be large enough
to contain the drift orbits followed by these parti-
cles. This in tun", suggests a high value of plasma
current. The current is given by,
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ivlicre B is the toroidal field strength at the coil
max

winding, q is the stability factor, A is the aspect
ratio, a is the plasma radius and A is the raUi.il
distance from the surface of the plnsna to the sur-
fac- of the toroidal field coil winding. For a given
plasma rajius, I is relatively insensitive to the
aspect ratio, A. Qualitatively, the distanco A must
include the blanket and shield thickness, insulation,
and the necessary tolerances to permit remote assem-
bly snd disassembly of these components. Quantita-
tively, A -"-' l.S in. for a .power-producing device with
,"- ~ 2 m. which is the physical size anticipated for
an EPR plasma. The niniiauB acceptable value of q(a)
depends on the radiai distribution of plasian current
density. Finally, the maximum toroidal field strength
chosen mnL-.t be compatible with tht eupvcatiuns for
advances in superconducting technology. These cri-
teria and the requirements of long puise time, a
compatible neutral beara system and an acceptable value
for the toroidal field ripple1 result in the choice
of the ORM.-tPR plasma-related parameters as shown in
Table 1.

Table I

EPR-1 Reference Parameters
Plasma Subsystem Requirements

Plasma radius, a (m) 2.25
Major radius, R (m) 6.75
Safety factor, q(a) 2.5
Maximum toroidal field, B (T) 11.

Toroidal field on axis. R- (T) 4.8
Plasma Current, I (MA) 7.2
Plasma edge to winding distance, A (m) 1.55
Volt-second, (V-s, 1,'h) 185
Injection power capability, P. (HW) 50
Deuteron energy, E. (keV) 200

Number of Injectors, il. 6

Number of toroidal .coils, N 20

Toroidal field ripple, 6(0'O; r=a) 2.2%

Plasma Performance

The scaling laws which ultimately «ill apply to
EPR-size plasmas are presently uncertain. A simulation
model which is time dependent and includes dissipativi
trapped particle diffusion, pseudoclassiciil and neo-
classical diffusion, conduction and cinvectlon losses,
impurity effects, radiation, col.1 fueling, and neutral
beam injection effects has hcen used to model the
plasma behavior. The reference plasma described here
assumes that the dissipative trapped partici» dif-
fusion terms are a factor of 10 more optimistic than
those given in reference (2). Figure 1 shows the
startup phase and approach to equilibrium for the

reference system described above. P and P * ̂  are the

Maxwellian or background and bean-plasma produced
fusion power levels, respectively. P /S is the
neutron wall loading. The plnsrca ignites in - 5 i..

In this operating mode tne total fusion paver is
225 UK immediately before igiiition and 171. Mv; after
the bea ics arc terminated at ignition. The neutron
wall loading is about 0.2 MW/m2, the ion temperature
is 9 keV and S 1_ = 6 x 1 8 " CBT'-S. !n this case

If a S : A could be. tclersted, the saoe sy?te;,i

could be operated diffcrendy and at a sijnifirantl
higher power level. Figure 2 shows the ion tcanora
ture as a function of tiise for an operating raode
where the system is initially impurity free
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ion temperature. Tin- fraction of tin- spul tore«!
particles ri-iuininj: to th>; plasma ;\:u! 'L.Vir tomain-

- ment time in the plasn.i arc given by f and i ,
respectively.
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The chemical sputtering yield3 is assumed to bo
constant (0.03), the charged particle sputtering
yields are energy dependent1* and in the same ratios
as thuse given by Buhrisch5 for Nb. The absolute
values are norrc.iiir.ed to that taken for douterons
(0.04'j. Tor the long burning cases shown in Figure 2,
PF s 800 Uh', R. = 2.7, and p y s = 1 f-!K/ia

!. This case

results in I' •- )60 MK, or 160 MW of heat loss which
must be removed by cooling the first wall.

ill an ko t_a nil Shi « Id Systra

•Jlit- |ihilu:up)iy usiJ to develop the reference
<Jr-"-.ij;ii was that its features i.iust be consjstcM.

Kith «/trn[.ti];itiun to a fusion reactor. This restraint
coupled vith t lie ret|tii recent s of useful heat produc-
tion, (.omji.'itnbility with rt-isote assen.bly, and the need
to demonstrate tritium breeding in 3t least one raoo'ule
resulted in the design shown in Figure 3.

Figure 3
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Theie ar.£ 00 blanket segments ^'hich, when ciaTnped
together an'J;?sal -welded,- comprise the plasna vacuum
enclosure. .These segments are wedge shaped and are
95 cenlii.iuli'rs wide on the citer circuir.ft.-r<;nce and
about 40 cciitimeters wide on the inner circuravurence.
The siie or the segments allows then to be ioajed be-
tween the toroidal field coils thus permitting rénovai
of ar.y or.-'nll segments for maintenance without ircter-
ferriiiE i,;ith the coils. Totally remote techniques
would be. used in the assembly and disassembly
procedures.

AÏ1 structure is 316 stainless steel, and the
iJrincijile neutron absorber material is liquid notai.
For the experimental breeding nodules, lithium is
used. For the non-breeding modules either sodium or
potassium is used. The blanket is cooled by helium
at a pressure of 70 atmospheres. The heliura inlet
temperature is 260° C and the outlet temperature is
S7i? C.

The blanket section (See Figure 3) is composed of
three basic regions inside of a stainless steel, wedge-
shaped, circular structure. The first region, which
Centaines liquid metal is 25 centimeters thick. This
section absorbs about 52% of t!,e neutron and gaima-ray
energy produced. In the case of. the breeding module,
it produces most of the tritium. The first two rows
of coolant tubes are in series so that the coolant
first passes near the inner wall to remove the heat
deposited there by plasma loss processes. The heiiun
then flows through the second row of tubes and into
the outlet header. The liquid metal conducts the nest
fron the first wall structure to the coolant cubes.

The second region is 10 centimeters thick and is
composed of graphite. This reflector modérâtes and
scatters the fast- neutrons so that a high fraction of
them return to the lithium. The slower neutrons are
captured by *I.i in the breeding modules. This graphite
reflector is cooled by radiation from all faces tr> the
cooler p-rtions of the blanket.



The third rep ion is the F.anœi-ray shield i.!iich
consists of concentric stai nie:, s steel shells with
»boni 0.& centimeters of li<;uid iurta! between them.
A third row of coolant tubes is mciuded to rc:v>ve
heat from the shield. Again, the liquid metal
provides a conduction path to the tubcu.

The blanket design is presunti/ capable of
performing under the operating conditions shown on
Figure 1. In the high power mode (cf. Figure 2) or
a beam driven nod?, the plasm:) losses approach 1611 MW;
and the neutron loading is <_ 6J0 MX. This is the most
severe case of EPR operation presently visualized.
For this case the thermal stress in the first vail is
too high. This problem will be solved by changing
the blanket first wall from a slab geometry to a
structured wall.

The temperatures, pressures, pumping power, and
other thcriiul-hydraulic parameters for this blanket
concept when it is operated in the driven node
(plasma losses are 1G0 MW and neutron loading is
240 MW) are shown in Table II.

Table II

Results of Thermal-Hydraulic Calculations
for the El'R Reference Blanket Design

Fusion Power, >St'(th) 300.
Neutral Ream Power lo Plasma, MW(th) 100.
Total Power from Plasma, (i.osses and

Fusion) MK(th) , 400.
Heat Deposited, F i rs t Wall MK/m 0.27
Neutron Wall Loading MW/rô  0.40
llclitiiR Flow Rate, Xg/s 658.
Helium Inlet Temperature, °C 2C0.
Helium Outlet Temperature, °C 371.
ISeliuiii Pressure, atm 70.
Helium Ptii.iJlr.E Power, MSf; % Output 22. ;S.
Max. Temp, in Graphite Curtain, °C 1,779.
Max. Temp, in SS. Blanket Structure,

°C 604.
Max. Teirp. in I.ithiui», °C 502.
Max. Temp, in Graphite Reflector, C 7S9.

was »sod here. Also, iion was takrit to lie the
stri i i tur. i l mitcri.il recuj'niring th.it, in prac t ice , ;i
st.iinlti.ss-stcc! alloy or refractory metal alloy will
probably be used.
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The neutron flux is reduced by a factor of ti,E
order of 7 in passing through the blanket and is
further reduced by a factor of the order of 700 jr.
passing through the shield. The blanket and th«
shield combine to produce a neutron attenuation t>i"
approximately 4900.

Although tritiuri breeding is not a major reciiire-
merit for the KI'R, it ir.ust be demonstrated in a fc-.
breeding blanket modules. In the calculations :.nd
as shown in Figure •), natural lithiun is used a the
breeding material. The total breeding in the reference
design is 1.213 ti'itiinn nuclei per incident neutron.
The contributions to the total breudinp fron 'Li «)<d
Li in the several zones arc summ"ri7ed in Table III.

Helium Tube BmiV. 1 2 3

Cooling Surface Area, m )523. 1673. 1772.
Average Gns Velocity, m/s 76. S3. 22.
Surface Heat Rux, w/cm2 16. S. 3.

Nuclear Performance

All of the neutronics calculations were carried
out using the one-dimensional discrete ordiiiates code
ANJSN,' using a P3 scattcrinR expansion, an S;2 quad-
rature, and the coupled neutron-p.n.~a-ray cross-
section library f 100 n - 21 f) of Plaster, Sriiitoro,
and Ford.7 Energy deposition in the reactor was
estimated using coupled neutron-photon V.err.a factors
obtained from H-\CKL[Be and SM'JG, respectively.
Radiation damage was calculated using the displace-
ment cross sections of Gabriel, Anburgey. and Greene'
and (n,p) and (n,a) reaction cross sections from
ENDF/B-4.

The nuclear performance of the EPR reference ..*'
design was estimated using the configuration shown
in Figure <i and previously described. Pue lo the
numorou., operati»;; modes possible, a standard c.-tse .>f
100 MîV source neutron wall loading (~ 0.2 Kis'/n')

Table III

Tritium Breeding Ratio

Zone

5
9
11
13
IS

Description

25-cm Absorber
2.5-cm Absorber
0.5-cra Absorber
0.5-cm Absorber
0.5-cm Absorber

Total

Tritium Nuclei
Incident Neutron

K'Li

0.6Î9
0.111
0.016
0.OB
0.012

0.771

0.-Î34
0.007
0.001
0.00GS
0.0003

0.443

Total

1.05i
0.11E
Ü.017
0.01s
0.012

1.215

Since the EPR is being designed to produce elec-
trical power, the blanket must absorb a sufficient
fraction of the fusion neutrons and secondary g;.pji.a
rays so that the hjanket coolant temperature can be
raised high enough to permit efficient convulsion tj
electrical power. The energy-doposition rate as a



function of rati)al di..lance from the plasma center is
shown in Hi-ure b.

Figure 5

Note thnt tlie abscissa is offset by 200 cm. The solid
curve shows the raJi.il dependence of the heating due
to neutrons anJ ^011 rays and the curve bearing the
tick marks shows the radia] dependence of the heating
fron neutroni, only. The heal deposition occurs pre-
dominantly in tha blanket followed by a someuhal
rapid reduction in the heati»E through the shield.
The effectiveness of the iron and the lead layers
in the shield in attenuating gamma rays generated
in both the nlanVct and the shield and converting
them to heat in the shield rather than in the
cryogenic TF coil Is shown clearly in the large
differences between the two curves for these
materials. The structure in the two curves in the
TF coil region shows the contributions to local
heating fro;;; liie copper coil windings and thrir iron
enclosures.

The tota) fraction of energy deposited in the
blanket assembly is S9.S%, which is consistent with
the design specification for 90%, energy deposition
in the blanket. The graphite curtain and the shield
absorb lo.l'c of the total heal, and the remainder
(« O.I») is absorbed in the TP coil assembly.

Estimates of the radiation damage in the first
iron wall and in the first copper winding in the TF
coil arc given ir. Table IV.

Table IV

Estimates of Radiation Damage

clpa/yca r
Hydrogen Atoms

cm year
Helium Atons

cm3 year

1.89

First Iron Wall

4.73 x l0lB

(56 nppn)

4.20 x 10

First Copper Winding
in TF Coil

3.75 x ID" 8.71 x 101

These results are continuous operation for one year at
a source neutron wall loading of Q.1GS MW/u*. The
displacement cross sections used in arriving at these
values have thresholds of 40 eV for iron and 50 eV for
copper. At the assumed power ievel, the atomic-
displacement rate and the gas-producticn rate are lou
and do not represent a significant level of damage to
either the first iron wall and, most certainly, to
the copper windings in the TF coil.

If these data are extrapolated to a wall loading
of 1.0 Mh'/m2, the atomic-displacement rate is 11.25
dpa/y, a value that is consistent Kith the rates
predicted by Kulcinski, Doran, and Abdou11 and by
Killiams, Santoro, and Gabriel.1* It should be noted
that in both References 11 and 12 stainless-steel alloys
rather than just iron were used in calculating the dpa
rates. Correspondingly, the hydrogen- and heliuis-
production rates in the first iron wall increase to
2.82 x IO19 hydrogen and 8.80 x 101" helium atoms per
year, respectively. These values correspond to 334
and 104 appra per year, respectively, and are consis-
tent with values obtained by Abdou and Conn13 in theÌT
comparison of radiation damage in several first-xall
materials. At the higher wall loading, the dpa and
gas-production rates are still low in the TF-coil
windings.

Conclusions
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The energy production and conversion systeas
aspects of the CR.'.'I.-L'PR described in the text wer
developed from a broad scoping study performed J.T
viously. Detailed physics and engineering design
ahead. The effort thus far Ins been te locate ti:
in a very complex raulti-dimensional psrsneter sp:
This task is complete. The H'R as described will
capable of producing several hundred thermal t.epa
Kith scaling marginally ir proved beyond that {-res
predicted, a demonstration of breakeven will be
achieved. The blanket, shield and cooling systen
sufficient to nake the heat available at a hit.h t
ature datum and to shield the cryogenic systems
excessive inputs as veil as provide suitable bio
protection.
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